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Abstract 

In the last decades, biopharmaceutical proteins, especially monoclonal antibodies 

(mAbs), have become one of the fastest growing classes of pharmaceuticals, due to their 

high affinity, specificity, non-toxicity, and low immunogenicity. Despite their versatility and 

wide applicability, their production is costly and poses unique challenges due to their high 

molecular weight and structural complexity. One of the major challenges in formulation 

development is thus prevention of protein self-association that may lead into formation of 

potentially immunogenic aggregates. To achieve this, excipients are often added in relatively 

high concentrations to the final formulations. However, there is a lack of information 

available on the impact of co-solutes, including excipients on protein stability. In light of 

these inherent problems of mAbs, alternative systems, such as protein aptamers, have been 

developed for high affinity binders for specific targets. Some advantages of peptide aptamers 

are their smaller size, versatility, specificity for chosen targets, and ease of production. 

However, the insertion of binding loops may cause destabilisation of protein, leading to 

formation of inactive oligomeric species.  

In the first part of the Thesis we have used a stefin A derived scaffold protein, SQT, 

as a model to study solution behaviour and self-association of such systems. We have 

determined its crystal structure, and investigated possible pathways of oligomer formation. 

We studied the oligomerisation kinetics and determined the limiting steps of dimer and 

tetramer formation. Using mutagenesis, we created a more stable variant of the SQT 

scaffold. In the second part of this Thesis we have applied solution NMR spectroscopy to 

comprehensively evaluate protein-excipient interactions between seven biotherapeutically 

relevant proteins and a set of eleven commonly used excipients. Additionally, we evaluated 

the effect of excipients on thermal and colloidal protein stability, the aggregation kinetics at 

elevated temperatures and on the protein storage stability at accelerated conditions. In the 

last part of the Thesis we have combined both protein and ligand-observed NMR approaches 

to evaluate interactions between the stabilised SQT variant and various excipients. We used 

isotopically labelled protein to evaluate the potential interaction sites on the protein surface 

and estimated the binding constants for individual excipients. Furthermore, we compared the 

sensitivity of both protein- and ligand-observed methods and discussed how they could be 

applied to biopharmaceutical formulations. 
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General Introduction 

1 General Introduction 

The general introduction will begin with an overview of the structural biology of 

immunoglobulin G (IgG) proteins and their use as biotherapeutics, and continue with an 

introduction of engineered scaffold proteins as an alternative to monoclonal antibodies 

(mAbs). The introduction will then consider protein physical instabilities leading to the 

formation of oligomers, aggregates, and fragments, and introduce potential strategies to 

mitigate aggregation. Next, we will demonstrate examples of the use of NMR in drug 

development, and protein formulation, followed by an explanation of specific NMR methods 

relevant to the work in this Thesis. Finally, the aims and objectives of the Thesis will be 

introduced.  

 

1.1 Biopharmaceutical proteins 

1.1.1 Overview 

Since approval of recombinant insulin in 19821, biopharmaceuticals have been on 

the rise, with 316 biopharmaceutical products on the market in the EU and US in 20182. 

Biopharmaceuticals are ‘a protein- or nucleic acid-based pharmaceutical substance used for 

therapeutic or in vivo diagnostic purposes, which is produced by means other than direct 

extraction from a native (non-engineered) biological source3. According to the 

Biopharmaceutics Classification System (BCS), they are divided into four classes based on 

their solubility and permeability4. Alternatively, they can be grouped into three major 

categories: nucleic acids, proteins, and cell therapies5, with proteins representing the 

majority of approved therapeutics2.  

Biopharmaceuticals differ from traditional small-molecule drugs in various aspects, 

including product sources, composition, structure, and identity of active substances, 

manufacturing methods and equipment needed, as well as in intellectual property and 

regulations6. Traditionally drugs are mostly small molecules or other chemical substances, 

synthesised from chemical precursors using standardised chemical processes. Their 

production is highly consistent, and the purity of the final product can be easily analysed and 

demonstrated at the atomic level. Due to their structural simplicity, substances with high 

purity are assumed to be similar or even identical for all practical purposes, even if they are 

produced via different synthesis protocols6. In contrast, biopharmaceuticals are produced in 
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biological systems and are much larger molecules which exhibit various levels of structural 

complexity. The main advantages of biopharmaceuticals over small molecule drugs are their 

high specificity and activity at relatively low concentrations7-8. Also, biopharmaceuticals are 

in principle less toxic than small molecule drugs as they degrade to amino acids and sugars, 

but form aggregates that may be immunogenic9-10.  

 

1.1.2 Monoclonal antibodies 

Monoclonal antibodies (mAbs) are large blood plasma proteins involved in immune 

response against infection by pathogenic organisms. They belong to the immunoglobulin 

(Ig) superfamily, and consist of two heavy and two light chains. Based on the amino acid 

sequence of the heavy chain, antibodies can be divided into five isotypes, namely IgG, IgM, 

IgA, IgE and IgD (Figure 1.1)11. While the function of IgD antibodies is mostly unknown, 

IgM antibodies are involved in a primary immune response, IgA molecules are integral at 

protecting mucosal surfaces against pathogens, and IgE molecules are crucial in allergic 

reactions12. IgG is the most abundant of the antibodies classes, representing 75% of all 

antibodies in the serum. IgG molecules are involved in secondary immune response as well 

as in neutralisation of pathogens 12. 

 

 

Figure 1.1: Different classes of antibodies  

 

Monomeric IgGs (~150 kDa) consists of four polypeptide chains: two identical heavy 

(50 kDa) and two identical light (25 kDa) chains linked together by disulfide bonds forming 

the typical ‘Y’-shaped structure (Figure 1.2). Binding of antigens occurs at Fab regions while 

the Fc fragment has an effector function, triggering a highly specific immune response12. 
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The effector function depends on glycosylation patterns13-14 which may also affect antibody 

structure, thus requiring careful consideration during drug development15. The heavy chain 

comprises four Ig fold domains: three constant regions (CH1, CH2 and CH3) and a variable 

domain (VH). The light chain has two Ig fold domains: a constant (CL) and a variable (VL) 

domain. The variable region of the Fab fragment contains three complementarity-

determining regions (CDRs) responsible for the binding of the antigen. High variability of 

these regions ensures the specificity and diversity of antibodies16. 

 

Figure 1.2: Schematic structure of an IgG molecule  

The first monoclonal antibodies were produced in vitro in 1975, with the first mAb 

therapeutic approved in the US in 1986 – a murine mAb used to prevent kidney transplant 

rejection17. It was, however, removed from the market due to issues related to short half-life 

in humans, reduced efficacy and severe immunogenicity18. Since then more than 80 mAb-

based biopharmaceuticals have been approved in the EU and US. They are used to treat 

several types of cancer, rheumatoid arthritis, Crohn’s disease, lupus and other diseases2. 

Monoclonal antibodies now represent the fastest growing class of biopharmaceutics with 

market value projected to reach USD 131.766 billion by 202319. Moreover, antibodies are 

also the most commonly used molecules for affinity binding studies, immunoprecipitation 

and ELISA assays, as well as uses as bio-imaging agents and diagnostics tools20. Despite 

their versatility and broad applicability, production of antibodies is costly and poses many 

challenges due to their high molecular weight and structural complexity, as well as chemical 

and physical instabilities that often lead to protein degradation or formation of immunogenic 

aggregates21-23. Production of monoclonal antibodies is also associated with high 
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development and production costs, resulting in expensive treatments and reagents. The 

origin of these instabilities and strategies to prevent them will be discussed further in section 

1.2.2. In light of these inherent problems of mAbs, alternative approaches utilising 

recombinant DNA technology and offering design of molecules with improved specificity 

and efficacy with better reproducibility and lower production costs have been developed. 

The first class of antibody alternatives are recombinant antibody fragments, such as Fab 

fragments24, single-chain fragments of variability (scFv)25-27, nanobodies28, diabodies29, bi-

specific and tri-specific antibodies29-31. The second big class of monoclonal antibody 

alternatives are non-immunoglobulin protein scaffolds32-33 which will be discussed further 

in the next section. To date, more than 50 structurally diverse non-immunoglobulin scaffolds 

have been developed34-35. 

 

1.1.3 Engineered scaffolds as an alternative to monoclonal antibodies 

Scaffold proteins, also known as peptide aptamers, consist of short specific amino 

acid sequences placed within a small and stable backbone, the ‘scaffold’. Scaffold proteins 

have to be non-toxic, rigid, stable, soluble, and preferably monomeric proteins of known 

structure. Furthermore, their folding should not be affected by the insertions of various 

peptides, and, most importantly, they should not interact with any other cellular proteins or 

influence any biological pathways on their own36. As peptide aptamers can specifically bind 

to the target protein with high affinity and modulate its activity, they are useful tools in 

studies of protein function37-38 and molecular interactions 39 within complex networks, as 

well as bio-imaging agents40, diagnostic tools41, biosensors42-44 and as aids in the 

development of small molecule drugs45 and biotherapeutics46.  

Activity of the scaffold-based binding proteins very much depends on maintaining 

the structure and solution properties of the base scaffold. Therefore, the conformation and 

solubility of scaffolds should not be affected by peptide insertions that are typically up to 15 

residues long. This issue is well recognised; with most scaffolds engineered to improve their 

structural robustness and thermodynamic stability. Point mutations are often implemented 

to improve structural stability and resistance towards chemical denaturation47, while 

terminal peptide extensions are used to improve the solubility of scaffolds48. Despite 

improvements in the design of scaffold proteins, insertion of specific peptides, or peptides 

outside a defined length range can significantly perturb scaffold structure36, 49-50. Structural 
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analysis of scaffold-based binding proteins revealed that while most of them interact with 

their binding partner only through inserted loops, alternative binding sites may be present, 

especially where the topology of inserted loops is not complementary to the binding interface 

of the target protein50-52. While the design of scaffold-based binding proteins appears 

relatively straightforward, instabilities introduced by engineering for target binding are less 

well understood, and therefore a better understanding of the problems associated with their 

design is required. 

 

Figure 1.3: Model of SQT with insertion sites 

 

The first scaffold protein was designed by inactivation of thioredoxin from E. coli 37, 

followed by GFP and staphylococcal nuclease based scaffolds53, affibodies54, DARPins55 

adhirons50 and affimers, a group of human stefin A (SteA) based scaffolds; STM36, SQM51 

and SQT56. SteA is a monomeric, single domain, 11 kDa protein that has been studied 

extensively as an inhibitor of cathepsins. Its structure has been determined both by NMR57 

and x-ray crystallography58. Its binding interface includes three independent peptides: loop 

one, loop two and N-terminus58-59. The first in the SteA based series of scaffold proteins was 

STM. Mutations of three amino acids crucial for its inhibitor activity neutralised its 

biological function. Furthermore, an insertion site for short peptides into loop 2 was 

introduced36. SQM scaffold was an improved version of STM that enabled the replacement 

of SteA loop 2 with desired peptide as well as insertions into loop 1 and the N-terminus, 

which provided a scaffold for production of a large variety of peptide aptamers. However, 

peptide insertions into the N-terminus severely impacted the folding of SQM, while its 

stability was adversely affected upon longer insertions into the loop regions51. In the SQT 

variant (Figure 1.3) of SteA based scaffolds, reduction of the number of SteA amino acids 
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replaced upon peptide insertion into the loop 2 significantly improved the overall stability 

of the protein, and rendered insertion at all three insertion sites possible individually or 

simultaneously56. Affimers and adhirons have been patented by Avacta and are 

commercially available. Recently, they have been developed for various applications, 

including binding to BCL-2 family proteins60, toxin neutralization61, visualisation of 

ubiquitination62, diagnosis of plant viruses63 and as affinity reagents64-65.  

 

1.2 Stability of proteins 

1.2.1 Defining protein stability 

Protein stability is an essential consideration in the development of both antibody 

biopharmaceuticals and scaffold proteins. Protein stability is a broad term often used to 

describe different phenomena. It has various aspects that can be, in general, divided into 

chemical and physical stability. Chemical stability reports on the propensity of proteins to 

undergo chemical modifications, while physical stability reports on the ability of the proteins 

to remain in their stable form under defined conditions. In this thesis, we have primarily 

focused on physical stability, with stabilisation of proteins against chemical changes outside 

the scope of this work and as such discussed only briefly. We have therefore divided the 

term of protein physical stability into thermal, colloidal and conformational stability. 

Conformational stability is defined as the ability of the protein to remain in its folded active 

conformation, without converting into unfolded inactive states66. Thermal stability refers to 

protein stability in terms of ability to resist denaturation in response to temperature 

changes67. It is measured primarily in terms of the apparent melting temperatures (Tm). 

Colloidal stability refers to the propensity of a protein to interact with the neighbouring 

protein molecules. It reflects in the apparent aggregation temperatures (Tagg), the second 

virial coefficient (B22), and the mutual diffusion coefficient (kD)68. 

 

1.2.2  Challenges of biopharmaceutical protein formulation 

The major challenges during bioprocessing and formulation of biopharmaceuticals 

occur due to their large molecular weight, complex structure, structural instabilities and 

susceptibility to degradation and aggregation. In proteins, each amino acid residue represents 

a possible site of structural variation that affects not only its primary, but also higher orders 
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of structure. Structural changes and post-translational modifications (PTMs) that vary 

between batches may alter function, efficiency, and safety-related characteristics of 

biopharmaceuticals. One of the biggest concerns in antibody production and formulation is 

the formation of immunogenic aggregates. Though the immune response to 

biopharmaceuticals may be without any clinical impact, it may result in decreased efficacy, 

neutralisation of the endogenous counterpart or even in life-threatening severe immune 

system effects9. 

Protein degradation may occur due to chemical or physical instabilities. Chemical 

instabilities lead to new chemical entities. The most common chemical instabilities reported 

for therapeutic proteins involve deamination of asparagine residues; oxidation of histidine, 

methionine, cysteine, tryptophan or tyrosine residues; incomplete disulphide bond formation 

or their rearrangement; and glycation of proteins69-70. As mechanisms of chemical 

degradation have been studied extensively and are well understood, established guidelines 

on how to prevent chemical degradation of proteins during bioprocessing and formulation 

stages exist21, 71-72.  

Physical degradation pathways include denaturation, self-association, aggregation, 

precipitation, liquid-liquid phase separation and surface adsorption69. They depend not only 

on protein properties but also on solvent and co-solutes that are present in protein 

formulation. Antibody formulations are typically administered subcutaneously in small 

volumes (1-2 mL) of highly concentrated protein solutions (>150 mg/mL)73 as mAbs have 

limited permeability through cell membrane and degrade rapidly in the gastrointestinal 

tract21, 74. Under these high concentration conditions, protein self-association and 

aggregation are more likely to occur. These are detrimental for industry, not only due to 

possible immunogenicity, but also as monomeric protein species are the desired protein 

form. Protein self-association and aggregation are thus considered the major issues during 

biopharmaceutical production. 

 

1.2.3 Pathways of protein self-association and aggregation 

Proteins in solution are in dynamic equilibrium between native state and partially 

unfolded intermediates75. Formation of protein particles may occur through the association 

of native protein monomers, which is referred to as self-association76. Such oligomers are 

stabilised by weak electrostatic and hydrophobic interactions. They are typically reversible, 
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but may act as precursors to irreversible aggregates77. Alternatively, proteins may form well 

defined soluble oligomers through various mechanisms that do not result in the formation of 

larger aggregates. Processes that result in molecular assemblies larger than the monomeric 

native protein and contain unfolded, partially unfolded or misfolded protein chains will be 

referred to as aggregation, which is considered irreversible76, 78. This process is similar but 

should not be confused with amyloid aggregation during which partially unfolded proteins 

form well-defined fibrils with β-strand secondary structure79.  

 

Figure 1.4: Scheme of protein aggregation pathways 

 

Aggregation can occur through different pathways (Figure 1.4); however, a degree 

of conformational distortion is typically needed to expose the highly aggregation-prone 

regions and allow the formation of strong non-covalent interactions between polypeptide 

chains that stabilise the aggregates78. The potential pathways of protein aggregation and 

limiting steps in each of them are described in detail in several reviews76, 78, 80-82. Here we 

will consider only three mechanisms on which this thesis focuses. The first one is domain-

swap oligomerisation, the second is reversible protein self-association, and the third one is 

aggregation through the addition of partially unfolded protein monomers. 
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1.2.4 Oligomerisation through domain-swap 

Three dimensional (3D) domain swapping is a process in which one protein molecule 

exchanges domains in space with an identical partner, forming oligomeric species83. The 

exchanging domain connects to the rest of the protein through a so-called hinge region that 

typically adopts an extended conformation in the domain-swapped dimer and folds back on 

itself while in monomeric form. Except for the hinge region, the resulting domain-swapped 

oligomer has an identical structure to the monomer species (Figure 1.5).  

 

Figure 1.5: Schematic representation of domain-swap dimer formation 

 

Domain-swap oligomerisation may be one of the mechanisms by which proteins have 

evolved the ability to oligomerise. Such oligomerisation may be involved in regulating the 

activity of proteins84, however more commonly it results in the formation of inactive 

oligomers or fibrils that are often associated with the onset of diseases85. For example, 

mutation in human cystatin C, which causes spontaneous domain swap is related to the 

hereditary cystatin C amyloid angiopathy86. It has been shown, however, that domain-swap 

can be controlled by introducing mutations in the hinge region87-89. More recently it was 

established that domain swap could be induced in otherwise non-domain swapping proteins 

by introducing hinge regions from domain-swapping proteins90-91. This opened the 

possibility of building protein switches where domain swapping regulates protein activity91. 
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1.2.5 Reversible self-association 

Reversible self-association occurs when native protein molecules interact with each 

other through weak non-covalent interactions that are reversible, for example, upon dilution 

in buffer75, 92. The tendency to self-associate is intrinsic to the protein itself and is governed 

primarily by its primary sequence. The forces involved in reversible self-association are 

dipole-dipole, electrostatic, Van der Waals and hydrophobic interactions on protein surfaces, 

with electrostatic interactions being the predominant force in self-association process93-94. 

Additionally, non-specific long-range range repulsion and short-range attraction forces are 

crucial for cluster formation74, 95-96. Although these interactions are generally weak and 

reversible, they represent a challenge at high protein concentrations, where short-range 

attraction forces prevail, making the protein more likely to interact with neighbouring 

molecules74. Additionally, self-association can increase the viscosity of protein 

formulations, presenting processing and administration challenges92, 97-98. Protein self-

association is also sensitive to solution conditions and can be altered by changing pH, 

temperature, ionic strength, and the presence of cosolutes. Strategies for preventing 

reversible self-association will be discussed further in section 1.3.2. 

 

1.2.6 Aggregation through addition of partially unfolded protein monomers 

Generally speaking, protein aggregation proceeds as a series of sequential events. 

Initially, partial unfolding or other structural perturbation of the native species occurs, 

exposing ‘sticky’ patches through which proteins interact with each other. This first results 

in the formation of smaller oligomers, followed by aggregate growth and ultimately the 

formation of subvisible and visible particles81. In solution, proteins undergo various 

structural perturbations and hence exist in equilibrium with various partially unfolded states 

that typically fold back into the native state. However, structural perturbations may expose 

patches that are aggregation-prone, and through which the initial non-native oligomers form. 

These aggregation-prone regions can be located throughout the protein structure. The initial 

nucleation rate of aggregate formation correlates primarily with the protein conformational 

stability and flexibility99-101. While electrostatic interactions are the main driving force of 

initial oligomerisation, other protein-protein interactions play a role as well, yet their 

contributions are not fully understood and are discussed at length elsewhere81. 
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Figure 1.6: The F-W mechanism for protein aggregation 

 

Initially formed oligomers can grow further into larger aggregates. Aggregate growth 

can proceed through various mechanisms that are often protein-specific and have been 

summarised in detail elsewhere76, 78, 80. Here, we will mention only the most straightforward 

model where aggregate growth occurs through a polymerisation reaction via addition of 

partially unfolded monomer species to the initially formed oligomers102. Exact protein 

aggregation pathways usually include multiple steps, which may co-occur or proceed too 

fast to be experimentally observed. Therefore, aggregation mechanisms are often simplified. 

The simplest option is the general two-step, minimal, ‘Ockham’s razor’ model, also known 

as the Finke-Watzky (F-W) mechanism which was initially used to describe autocatalytic 

surface growth of metal nanoclusters103. It has been later applied to biological processes such 

as protein aggregation and formation of amyloids104-106. The F-W mechanism (Figure 1.6) 

describes protein aggregation as a two-step mechanism in which slow, continuous nucleation 

is followed by fast aggregate growth106. 

Conformational and colloidal stability of the protein control aggregation growth as 

well as nucleation. However, different molecular features of proteins do not necessarily 

correlate well with overall conformational and colloidal stability, let alone with aggregate 

growth. It is, therefore, challenging to predict aggregation rates from molecular descriptors 

such as exposed hydrophobic patches or charged amino acids alone107. 

 

1.2.7 Factors contributing to aggregation 

Factors like protein amino acid  sequence and structure, and environmental factors 

such as ionic strength, pH, temperature, surface interactions and exposure to mechanical 

stress70, 77 influence protein aggregation. As aggregation may occur at any stage of 

bioprocessing, all factors that potentially influence aggregation must be considered and 

closely monitored to prevent a reduction in product quality77, 108.  
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Protein sequence and structure 

Amino acid sequence and structure of a protein are one of the defining factors for 

protein aggregation and are inherent to the protein itself. Content of hydrophobic amino 

acids is especially relevant as they may form aggregation-prone regions, and the introduction 

of new hydrophobic amino acids may substantially increase the rate of aggregation109-110. 

Amino acid composition can be altered through rational design and mutagenesis. However, 

introducing such mutations may lead to conformational instabilities or loss of activity, both 

of which are not acceptable111. Additionally, glycosylation patterns can alter the 

conformational and thermal stability of proteins and in turn, affect their aggregation 

propensity as well112-113. The secondary and tertiary structures of protein can also influence 

their aggregation propensity as they determine the spatial orientation of aggregation-prone 

regions. Additionally, increases in protein concentration can result in enhanced aggregation, 

which presents a significant challenge in the formulation of high-concentration 

biopharmaceuticals for subcutaneous administration114.  

External factors 

Temperature affects protein aggregation by influencing protein-protein interactions, 

protein solubility, its conformational stability, and increasing the fraction of partially 

unfolded species. Increases in temperature typically result in accelerated aggregation, while 

decreases in temperature may result in increased reversible self-association that can 

potentially lead to opalescence, gelation, increased viscosity, and liquid-liquid phase 

separation81. Other solution conditions may also significantly affect protein physical 

stability. pH has the most significant influence on protein aggregation as it alters the surface 

charge of the proteins, thus influencing the nature and extent of protein-protein interactions, 

as well as the reactivity of partially unfolded species. Another critical attribute is the ionic 

strength of the solution that may alter the nature of protein-protein interactions due to 

screening or enhancement of electrostatic interactions. Additionally, ions can interact 

specifically or non-specifically with the protein, altering its aggregation propensity115-117.  
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1.3 Strategies for mitigating protein self-association and aggregation 

As protein self-association and aggregation are influenced by a wide range of factors, 

altering any of these factors can enhance or reduce the prevalence of these instabilities. In 

general, proteins can be stabilised by changing their structural characteristics through 

mutagenesis, by changing solvent composition, or by addition of excipients. In the next 

sections, we will discuss the three different approaches.  

1.3.1 Protein engineering 

It has been postulated that certain structural features, called aggregation-prone 

regions, drive protein aggregation. Multiple computational tools have been developed to 

identify them118, and rational design and engineering strategies developed to modulate 

protein stability through protein engineering of these regions. These include site-directed 

mutagenesis, incorporation of post-translational modifications and use of fusion partners119. 

Thermal and colloidal stability of proteins can be maximised using rational design methods. 

One of the most straightforward stabilisation strategies is to replace free cysteines with other 

small amino acids, such as serine, in order to prevent the formation of inter-protein 

disulphide bonds and reduce the formation of irreversible aggregates120. Conversely, 

introduction of additional disulphide bonds can also significantly improve the thermal 

stability of proteins and prevent the opening of the structure and subsequent oligomer 

formation121. Substituting exposed nonpolar amino acids with polar residues or altering the 

protein net charge and its isoelectric point (pI) improves the solubility of proteins122. 

Rational design and engineering of biopharmaceutical proteins that are less prone to 

aggregation has had limited success as it is still unclear how specific mutations influence 

aggregation and it is still challenging to predict the impact of introduced mutations on 

proteins overall stability76. 

 

1.3.2 Solvent conditions 

Physiochemical properties and chemical degradation of proteins depend on pH. 

Therefore, optimisation of buffer conditions is critical, especially in biopharmaceutical 

proteins stored for extended periods of time. pH of protein solutions is maintained using 

various buffering agents. The chosen buffering system should favour solubility and stability 

of the proteins and other molecules in the formulation, and should have an appropriate 

overall ionic strength. Proteins themselves have a buffering capacity, that increases with 
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increasing protein concentration, and which has to be taken into consideration when 

choosing the formulation buffer123. The most common buffers used in protein formulations 

are citrate, phosphate and acetate which are present in the majority of formulations approved 

by FDA124. In case of mAbs, histidine and phosphate are the most commonly used 

formulation buffers125. Some buffering agents change pH significantly upon temperature 

alterations; therefore, caution is needed when choosing storage conditions, or during 

temperature ramp experiments to study protein physical stability126. 

 

1.3.3 Excipients  

The addition of various excipients can further improve the protein stability. By 

definition, excipients are inactive substances added to the protein formulation to enhance or 

maintain solubility and stability of the active ingredient127. In general, excipients should be 

soluble, non-toxic and non-immunogenic. Their stabilising effects depend on excipient 

concentration, type of the protein, and other solution factors such as pH and ionic strength. 

Therefore, systematic screening is needed to determine optimal formulations128. Typically, 

excipients are most effective at moderate (0.1M) to high concentrations (1M). The main 

classes of excipients include salts, sugars, polyols, amino acids, polymers and surfactants.  

Salts 

Salts are usually added to protein solutions in the form of buffering agents, as well 

as viscosity and tonicity modifiers. They can either have a positive, no or a negative effect 

on protein stability. Based on the effect salts have on protein stability and solubility ions and 

cations could be ordered into the so-called Hofmeister series, which was named after the 

first researcher that tried ordering the salts based on their effect on protein stability129-130. It 

is also known that cations effect the protein stability to a smaller extant then anions131-132. 

The magnitude of the effect depends on the protein itself and on the ionic strength of the salt 

added. Typically, Hofmeister effects are observed at medium to high salt concentrations 

(100-1000 mM)117, 132. Additionally, anions and cations can have opposite effects on protein 

stability; therefore, careful selection and optimisation is needed128. Apart from buffering 

agents, the most commonly used salts are potassium chloride (KCl) and sodium chloride 

(NaCl) that are highly effective in stabilising proteins and reducing viscosity through 

screening of the repulsive repulsion between solutes133-134.  

Sugars and sugar alcohols 
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Sugars and sugar alcohols (polyols) are one of the most widely used excipients in 

protein formulation. They are often added as tonicity agents, stabilisers, or to protect during 

freezing (cryoprotectants) or lyophilisation (lyoprotectants). The most commonly used 

sugars and sugar polyols are sucrose, trehalose, maltose, lactose, mannitol, sorbitol and 

glycerol. They are added to protein formulations to improve protein thermal and colloidal 

stability of the proteins. The stabilising effect of sugars and sugar polyols depends on their 

concentrations, with relatively high concentrations (>0.3M) often required to achieve the 

desired effect128. Their mechanism of action, extensively studied in the 1980s, is most likely 

through a preferential exclusion mechanism, where the sugar/polyol molecules are excluded 

from the protein surface due to their size. This exclusion is thermodynamically unfavourable, 

which in turn shifts the protein towards the smallest solvent-exposed surface and stabilises 

the native structure, preventing aggregation135-138. While sugars and polyols are effective 

against thermal stress, they can promote aggregate formation upon mechanical stress139. 

Surfactants 

Surfactants are added to protein formulations to inhibit protein aggregation upon 

interfacial stress, prevent protein surface adsorption and protect against mechanical stress-

induced aggregation. They are present in the majority of protein formulations, with 

polysorbate 20 and 80 (also known as Tween 20 and Tween 80), and poloxamer 407 being 

the most common ones. However, they are susceptible to degradation, forming reactive 

oxygen species that chemically modify proteins, causing their degradation and 

aggregation140. The common consensus is that in some cases surfactants bind to the protein 

surface, especially to hydrophobic patches, increasing protein colloidal stability, but that 

major stabilising effect arises from the competitive adsorption of surfactants at the interfaces, 

keeping the protein in solution140.  

Amino acids 

Amino acids like histidine (His), methionine (Met), glycine (Gly), proline (Pro) and 

arginine hydrochloride (ArgHCl) are commonly used in protein formulation. His is primarily 

used as a buffering agent in mAbs formulation141, Met as an antioxidant142, Gly as a buffering 

and bulking agent143, Pro as a stabiliser144. ArgHCl is used throughout biopharmaceutical 

production as a solubilising agent, additive in the mobile phase in analytical size exclusion 

and as an excipient reducing the viscosity of protein formulation and preventing protein 

aggregation143. Among amino acids, ArgHCl is the most studied due to its unique properties. 

Despite numerous studies, the mechanisms by which ArgHCl stabilises proteins is not fully 
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understood. Generally speaking, three possible mechanisms have been proposed: 

stabilisation by surface tension effects, direct interaction with the protein, or stabilisation by 

preferential exclusion. However, none of these has been conclusively confirmed145-148. 

Recently, it has been shown that arginine in combination with alternative anions, such as 

glutamate (ArgGlu) has beneficial effects on protein stability149-151. 

It is important to note that while effects of excipients on protein stability are 

extensively studied, these studies are often limited to a handful of excipients in combination 

with a single protein or consider only one aspect of protein stability. The effect of excipients 

is often protein-specific, which means that the results of these studies are often conflicting 

and do not take into account the complexity of these systems and inter-relations between 

different parameters. This ambiguity ultimately means that we still have limited 

understanding of how the stability of proteins depends on the solution conditions. Therefore, 

for practical applications, creating a stable protein formulation still requires time- and 

material-consuming combinatorial screening152. While high-throughput screening methods 

enable fast characterisation of formulations, there is a need to gain a more fundamental 

understanding of aggregation mechanisms and the impact of co-solutes, including 

excipients, on different aspects of protein stability. 

 

1.4 Tools for characterising protein solutions 

1.4.1 Traditional tools for assessing protein stability 

Biopharmaceutics require thorough characterisation and quantification of chemical 

and physical instabilities as well as its degradation profile throughout bioprocessing, 

formulation, manufacturing and storage process to ensure structural and biological integrity 

of the product153. There is a large pool of methods available to characterise the thermal, 

colloidal and conformational stability of the proteins as well as study formation of oligomers 

and aggregates. Due to the limitations of each method, the most reliable results are obtained 

by comparing data from orthogonal techniques77.  

Apparent melting temperatures (Tm) are a measure of protein thermal stability, where 

an increase of Tm values reflects the stabilising effect of selected conditions on protein 

thermal stability. There are numerous methods available to obtain the Tm values, including 

differential scanning calorimetry (DSC)154, differential scanning fluorimetry (DSF)155 using 
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external fluorescent probes and its modified version that measures intrinsic fluorescence 

(nanoDSF)156, measuring the maximum of intrinsic fluorescence157, circular dichroism 

(CD)158 and others.  

The most straightforward measure of the protein colloidal stability is the onset of 

aggregation temperature (Tagg), which be determined by measuring static light scattering 

(SLS) or sample turbidity159. More accurate measures of the protein colloidal stability are 

diffusion interaction parameter (kD)160 and second osmotic virial coefficient (B22)
68, both 

determined using dynamic light scattering (DLS), and effective surface charge potential 

measured by electrophoretic light scattering161. 

Various biophysical methods are available to evaluate the amount and morphology of 

protein aggregates present in solution. As protein aggregates vary in size, complete 

physicochemical characterisation of protein and its aggregates cannot be achieved by a 

single analysis method162. The most commonly used technique is size exclusion 

chromatography (SEC) that separates particles based on their size. When coupled with a 

multi angle laser light scattering (MALS) detector, it also determines the size of soluble 

protein aggregates or their fragments163. Other commonly used techniques to study protein 

aggregation are dynamic light scattering (DLS) and static light scattering (SLS), which can 

determine the size of protein aggregates even in small amounts and in a high throughput 

manner164. Size of protein aggregates can also be assessed by analytical ultracentrifugation 

(AUC); however, the method is relatively low-throughput165. Infrared (IR), ultraviolet-

visible (UV-Vis), CD and Raman spectroscopy indirectly detect changes in secondary, 

tertiary and quaternary structures that may occur due to aggregation143. Size and morphology 

of subvisible particles can be studied by small-angle x-ray scattering or by electron and 

atomic force microscopy. Methods mentioned so far offer an indication of size and topology 

of aggregates but fail to provide in-depth structural information needed for a mechanistic 

understanding of protein-excipient and protein-protein interactions.  

While changes in protein’s primary sequence are relatively easy to analyse, differences 

in 3D structure or conformation are much more difficult and time-consuming to characterise 

or are, in some cases, even indistinguishable by state-of-the-art analytical tools. Recently, 

various computational tools were developed to predict the stability of proteins and guide 

protein formulation. They are discussed in section 1.4.2. One of the experimental methods 

that can be applied to investigate structural changes upon protein-protein or protein-excipient 
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interactions in solution is nuclear magnetic resonance (NMR) spectroscopy and will be 

discussed in more detail in sections 1.4.3 – 1.4.6. 

1.4.2 Computational tools for assessing protein stability 

Computational approaches are applicable in every step of the design and 

development of a biotherapeutic product. In-silico methods available allow for mechanistic 

studies, including protein (mis)folding and protein-protein interactions, as well as predict 

aggregation propensity and identify possible aggregation-prone regions (APRs). 

Some of the conventional computational approaches are homology modelling 

methods to guide protein design, docking, molecular dynamics (MD) or coarse-grain 

modelling to identify protein-protein interfaces and mutational studies to evaluate the effect 

of specific mutations on protein stability166-168. MD simulations are typically applied to 

smaller systems to explore forces and residues that drive the formation of oligomers169, while 

coarse-grain models can be used to study bigger aggregates170.  

In protein formulation, computational approaches focus on using the molecular 

information (sequence or structure) to predict aggregation propensity and protein stability, 

which aid product development from design through to formulation stages118, 171. Standard 

view of protein aggregation is that partial unfolding results in the association of APRs, 

therefore a significant effort is going into accurately predicting these regions. Computational 

algorithms that predict protein solubility and aggregation propensity generally divide into 

those based on sequence and those based on structure. Sequence-based schemes include 

many factors but are usually based on the β-forming propensity of short linear segments in 

the amino acid sequence172-175. Software like Aggrescan3D176, SAP177-178or CamSol179 

additionally take into account protein structure, eliminating the contribution of hydrophobic 

residues buried within the protein fold. They have been successfully applied in the screening 

of antibody libraries180. In contrast, Protein-sol predicts protein solubility by taking into 

account charge-based features as well as non-polar features of seven-amino acids long 

stretches in the sequence181. Additionally, tools for predicting hydrophobic and charged 

patches on the protein surface have been developed 182 and shown to correlate relatively well 

with experimental data182-183. Recently, several machine learning protocols were developed 

in an attempt to aid biopharmaceutical development184-185. These approaches, however, 

depend mainly on the quality of the dataset used to train the neural networks and results 

obtained can be difficult to interpret186. While computational tools cannot replace the 
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experimental methods, they can provide time and cost-efficient ways of guiding them which 

could significantly speed up the drug discovery and development187. 

 

1.4.3 Overview of biomolecular NMR to study protein-protein and protein-ligand 

interactions 

NMR detects nuclei of isotopes with spin angular momentum in a magnetic field 

providing structural/physical information about the molecule under investigation. In the case 

of protein biopharmaceuticals, these nuclei are typically 1H, 15N, 13C and 19F. The most 

significant advantage of NMR over other analytical techniques is the detail and variety of 

obtained molecular information. In principle, each NMR active nucleus acts as a probe that 

reports on its chemical environment, local flexibility and apparent molecular size through 

several observable and measurable parameters, such as chemical shifts (δ), line width, signal 

intensity, and relaxation and diffusion rates. NMR can thus be used to probe slight structural 

changes occurring in proteins upon self-association or interactions with other molecules at 

the atomic level. NMR methods for studying interactions can be grouped into two main 

categories based on the observed molecule. Excipient-observed methods monitor signals of 

the binding molecule, while protein-based experiments detect resonances of the target 

protein.  

However, certain limitations apply especially for protein-observed methods, as the 

increasing size of the observed system results in signal overlap. Therefore, proteins have to 

be sufficiently small or isotopically labelled using 15N, 13C or both in order to observe 

changes on per-residue bases in proteins. Additionally, line-widths in NMR spectrum depend 

on rotational correlation time, which is proportional to molecular mass, and thus large 

proteins result in broad NMR signals188. In practice this limited use of protein-observed 

solution NMR for proteins smaller than 40 kDa for a long time. However, the development 

of novel specific isotopic labelling methods189-190 together with advances in transverse 

relaxation-optimized spectroscopy (TROSY) has enabled NMR based studies for proteins 

and protein complexes with molecular weights greater than 120 kDa191-193. With these 

techniques, some structural information can be obtained even for systems up to 900 kDa194. 

Conversely, ligand observed methods, utilised to study protein-ligand interactions, are not 

limited by the size of the proteins, and are thus valuable tool in fragment-based drug design 

(FBDD)195, and more generally in studies of protein-ligand interactions196. 
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The following sections provide an overview of the application of NMR to protein 

formulation and highlight the NMR methods used for characterisation of protein-excipient 

and protein-protein interactions in this Thesis. 

 

1.4.4 Application of NMR to protein formulation 

NMR has been successfully applied in detecting transient oligomer formation197 of 

various small proteins and peptides, and has proved to be especially useful in determining 

the sparsely populated transient states on the amyloid fibril aggregation pathways198. More 

recently, an approach to measure protein aggregation through observation of transverse 

relaxation time (T2) of water signal at low magnetic fields has been developed199-201. In 

therapeutically relevant proteins, NMR has been used to compare the high-order structure of 

biosimilar drugs with the reference product using 2D NMR. Initially, this approach was used 

on a smaller recombinant human granulocyte macrophage-colony stimulation factor202 and 

filgrastim203. In parallel, 1H profiling of antibodies in different formulations was developed 

as well204. Recently, a similar approach has been applied to map monoclonal antibody 

structure by 2D 13C, and 15N NMR spectra at natural abundance205-206, which is particularly 

useful for biotherapeutic proteins where isotopic labelling is not feasible but achieving high 

protein concentration is usually not an issue. However, this typically requires enzymatic 

cleavage of mAbs to Fab and Fc fragments, and mAbs with high colloidal stability to ensure 

acceptable line shapes. Additionally, chemometrics analysis approach was developed to 

compare the higher-order structures of monoclonal antibody therapeutics207-208. 

NMR has also been applied to formulation design of pharmaceutically relevant 

monoclonal antibodies, using 1D 1H methods, where they explored the effect of excipient 

on protein self-association and aggregation, revealing the favourable formulation 

conditions149, 209-210. Similarly, rotational and translational diffusion methods were used to 

assess the solution behaviour of biopharmaceuticals211-212. Furthermore, 1D T2 filter 

experiments were applied to identify bioprocessing contaminants213-214. Additionally, 

ligand-observed NMR methods have been applied to study interactions of macrocycles215 

and surfactants with mAbs216 while protein-salt interactions were monitored using protein-

observed methods117. More recently, an approach using 19F labelled biopharmaceutical 

proteins to monitor reversible protein self-association has been developed217-219. 
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1.4.5 Protein-observed NMR methods 

Protein-observed methods provide straightforward, reliable and unambiguous 

information about structural changes occurring in the receptor protein upon formation of the 

complex. In theory, protein-observed analysis is not limited by the size or by the affinity of 

the ligand. It can reveal different binding sites, enables direct distinction between specific 

and unspecific binding and provides a range of structural information. However, several 

limitations apply. Information at the residue-specific level can only be obtained if the 

spectral assignments for the target protein are known. Assignment of amino acids can be 

quite challenging, especially for larger proteins, and often requires uniform 13C and 15N 

isotopic labelling of the target molecule. Even though recent advances in multidimensional 

and relaxation-optimised techniques, such as TROSY193, 220, combined with specific isotopic 

labelling of methyl groups enabled studies of proteins with molecular weights up to 120 

kDa190, the size of the target protein and formed complex still imposes the biggest limitation 

and a significant factor in determining what NMR experiments can be used. Additionally, 

specific isotopic labelling strategies are generally impractical for biopharmaceutical mAbs 

produced on an industrial scale in mammalian cell lines. 

 

Chemical-shift perturbation (CSP)  

Chemical shift perturbation (CSP) analysis is arguably the most frequently used 

NMR method to map protein interaction interfaces221. It follows changes in the chemical 

shifts of a protein upon interaction with a small-molecule ligand or another protein. This 

information can be utilised to determine the location of the binding site, calculate the affinity 

of ligand binding222 or be used as constraints in protein-protein docking223. Alternatively, 

the affinity of the binding molecule can be determined even without assignment of the target 

protein, which is a useful approach in protein-based screening assays in drug design224. 

Interaction of the binding molecule with the target protein typically induces 

environmental changes on the protein surface which reflects in chemical shift perturbations 

of the nuclei on the binding interface as well as those around it. Perturbations in the chemical 

shifts can be observed in a variety of NMR spectra, however 1H-15N Heteronuclear Single 

Quantum Coherence (HSQC) and TROSY experiments are most commonly used as they 

probe every amino acid (via its amide signal) in the protein (except prolines) and are highly 

sensitive experiments with well-dispersed signals. It can be foreseen that the protein of 
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interest has to be uniformly 15N labelled for these experiments to work on an appropriate 

timescale. More recently, a 1H-13C- HSQC based CSP method has been proposed for proteins 

containing 13C-labelled methyl groups, which extended the use of CSP to proteins with 

molecular weight over 100 kDa225. 

CSP is usually performed by acquiring a series of NMR spectra of choice with 

increasing amounts of unlabelled binding partner added to the target protein. The 

interpretation of results is, in principle reasonably simple: peaks that move the most are more 

likely to map to the interaction surface222. However, caution is needed when interpreting 

data as additional changes in the spectrum may be observed due to long-range or allosteric 

effects of ligand binding221. Chemical shifts perturbation induced by ‘real’ interaction vs 

long-range effects of binding can be distinguished by comparing the chemical shift changes 

of a protein upon addition of another, closely related ligand226. 

 

 

Figure 1.7: Dependence of chemical shift perturbation on the exchange rate. Left: Shape and 

number of 1H signals for molecules in slow, intermediate and fast exchange regime Right: Number 

and shape of signals in 2D 1H-15N HSQC spectrum during gradual titration of the ligand as observed 

for slow, intermediate and fast exchange regime of bound and free state of the protein. Blue colour 

denotes free, green and yellow partially bound and red fully bound states of the protein. 

For CSP analysis, it is essential to discuss the different chemical exchange regimes 

that are a result of the modulation in the isotropic chemical shift due to microsecond and 
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millisecond motions. At any given temperature, the observed molecule is macroscopically 

at equilibrium but each nucleus exchanges among different states which influence its 

magnetic properties and hence its chemical shift227. Chemical exchange phenomena can be 

grouped into three distinct regimes in terms of the ‘NMR timescale’: Firstly, if two distinct 

signals are observed for an individual nucleus, the exchange regime is referred to as slow. 

Secondly, if line broadening is observed upon addition of the ligand, the nucleus is in 

intermediate exchange. Thirdly, if a single average resonance is observed for a signal, it is 

in fast exchange228. Typical chemical shift perturbations patterns based on the exchange rate 

are depicted in Figure 1.7.  

In the case of slow off-rate, typical for tight binding molecules, two sets of signals 

are observed for the target protein, one corresponding to the bound and second one for a free 

state. Intensities of the signals change during the titration; signals corresponding to the bound 

state increase at each addition of binding partner, while those associated with the free state 

slowly diminish (Figure 1.7 top). Even though position of signals, corresponding to bound 

state cannot be predicted unless separate assignment of bound complex is performed, the 

binding constant can still be estimated. However, other methods, such as SPR and ITC, may 

be more suitable for the determination of affinities for tightly bound complexes229. In the 

case of an intermediate exchange, affected resonances exhibit severe signal broadening, 

often causing signals to ‘disappear’ from the NMR spectrum (Figure 1.7 middle). In 

principle, resonances that are directly affected by interaction will disappear much faster than 

those that are further away from the binding interface. Using this approach, crude estimation 

of the interaction surface is still possible even though the estimation of binding parameters 

for complexes in intermediate exchange is challenging221, 230. However, a method enabling 

accurate evaluation of data in intermediate exchange based on the direct fitting of the 2D 

experiments has recently been introduced231-232. 

In the case of fast complex dissociation (fast exchange), resonances of bound and 

free protein are averaged, which means that a single resonance that moves linearly during 

titration is observed (Figure 1.7 bottom). Fast dissociation constants are observed for weaker 

interactions (μM - mM range). Shape of trajectories for interactions in fast exchange regime 

indicates the stoichiometry of the complex. Linear trajectories, occurring at the same rate for 

all peaks denote single binding site, while different rates and curved trajectories point to 

multiple binding events221. 
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Relaxation experiments 

Rather than being rigid proteins are flexible molecules. Furthermore, there is a direct 

link between protein dynamics and its molecular function. Specific recognition of ligand 

molecules and their binding are often accompanied by structural fluctuations that in turn 

affect protein dynamics. Additionally, dynamics of protein may influence rates and pathway 

of its misfolding or aggregation233. NMR can be used to study these dynamic processes at 

the residue-specific level in terms of heteronuclear (15N-H, 13C-H) relaxation rates and 

relaxation dispersion. Similar to chemical shifts, relaxation rates of each nucleus are affected 

by the chemical environment as well as by dynamic processes such as chemical exchange 

between two states. 

Binding of a small molecule or another macromolecule to observed protein affects 

its structure and local motions, with the majority of changes occurring around the interaction 

interface. It can be foreseen that these changes are reflected in changes to the relaxation rates 

of nuclei affected by the interaction. Even though experiments that measure longitudinal 

(R1) and transverse (R2) relaxation rates of 13C and 15N were introduced in the 1950s, they 

have only relatively recently been applied to study protein dynamics234. Relaxation rates of 

13C and 15N nuclei indirectly probe dynamic processes occurring on pico- to nano-second 

time scale235. Processes that happen in this timeframe include bond vibration, side-chain 

rotamer inversion, loop motions and backbone torsion angle rotation. As these structural 

changes may occur during binding of a ligand molecule to the observed protein, changes in 

relaxation rates can be used to probe conformational changes during binding or aggregation 

events, their effect on structural flexibility of the target protein as well as to map the binding 

interface.  

Proton-deuterium (H-D) exchange  

Hydrogen exchange rates of amide groups (NH) measured by NMR can be used to 

characterise protein structure, stability and dynamics at amino acid resolution236. In order for 

proton-deuterium exchange to occur, the NH group has to be directly exposed to the solvent. 

This process is significantly decreased if the NH forms a hydrogen bond with neighbouring 

groups. Therefore, HD exchange rates can be used in the mapping of secondary structural 

elements and protein folding intermediates236 and evaluating protein dynamics237. However, 

it should be noted that the exchange rates are temperature and pH-dependent, making them 

difficult to measure in certain conditions238-239. 
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In the most basic proton-deuterium exchange (H-D) NMR experiment, decay of 

signal intensity in HSQC spectra is monitored over time upon exposure of protein to fully 

deuterated solvent. In this experiment, the exchange that occurs within minutes to hours can 

be detected240. Faster exchange rates can be measured using Phase-Modulated CLEAN 

Chemical Exchange (CLEANEX-PM) experiment241. 

 

1.4.6 Ligand –observed methods 

As mentioned in previous sections, NMR parameters of molecules depend on their 

size, shape and chemical environment (Table 1.1). Changes in line widths, NOE values and 

relaxation rates can, therefore, characterise the binding of a small molecule to a target 

protein. Ligand-observed methods are particularly useful if the target protein is too big to be 

directly studied by NMR, labelled samples are not available, or assignment is not possible242, 

as is the typical case for mAbs.  

 

Table 1.1: NMR properties of excipients in free and bound states 

Free Ligand properties Bound 

solvent Chemical environment protein 

𝛿𝑓𝑟𝑒𝑒 Chemical shift 𝛿𝑏𝑜𝑢𝑛𝑑  

fast Rotational tumbling slow 

slow Transverse relaxation fast 

fast Translational diffusion slow 

positive NOE negative 

 

Most NMR experiments used to characterise protein-ligand interactions exploit the 

transfer of NMR properties from the protein to the small molecule and rely on the difference 

between these to distinguish between binding and non-binding molecules. For example, 

small molecules with short correlation times exhibit weak positive NOEs, while 

macromolecules that have long correlation times exhibit negative NOEs of much stronger 

intensity. Upon binding to a protein target, ligand adopts tumbling rate of the receptor and 

its correlation time significantly increases, which ultimately results in strong negative 

NOEs243-244. Direct observation of proton resonances of ligand bound to protein target is 

often difficult or even impossible due to broadening of signals243. In the case of slow 
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exchange between free and bound states of excipient, only signals of free excipient are 

observed while proton resonances observed in the case of fast exchange regime are an 

average of signals from both, free and bound states. In case of fast exchange regime, 

chemical exchange occurs many times before the NMR signal relaxes, which leads to 

transfer of negative NOE build-up regime of bound excipient to easily detectable proton 

resonances of free excipient245. In practice, this means that signals corresponding to ligands 

that bind to protein target exhibit negative signals, while unbound ligands have positive 

signals. The same principle applies to all of the observables measured by experiments 

described below. 

T2-filter 

In NMR, relaxation describes the process in which the magnetisation restores to 

equilibrium after the radiofrequency pulse (RF) has been applied. The two main relaxation 

processes are the spin-lattice (longitudinal, T1) and spin-spin (transverse, T2) relaxation. 

While longitudinal relaxation describes the restoration of the magnetisation in the direction 

of the external magnetic field, the transverse relaxation depends on the fluctuations of the 

local magnetic field which leads to the dispersion of the phase coherence in the x-y plane246. 

The T2 relaxation of the small molecule significantly increases when it interacts with the 

protein, which can be measured by a standard Carr-Purcell-Meiboom-Gill (CPMG) pulse-

echo sequence247. CPMG uses a train of successive 180° pulses with variable delay between 

them during which the magnetisation relaxes. The experiment is typically acquired as a 

pseudo 2D experiment, where the number of refocusing elements is varied. This allows for 

accurate determination of transverse relaxation rates that are sensitive to protein-excipient 

interactions. However, such an experiment has fairly long acquisition times. Therefore, 

various alternative approaches have been developed in which CPMG spectra are acquired at 

only two different lengths of the echo train, and the ratio between signal intensities is used 

to evaluate binding to the protein248-249. 

Differential line broadening 

Linewidth of signals in NMR spectra depend primarily on T2 relaxation. Longer 

relaxation times result in narrow line widths while faster relaxation (short T2) result in 

broader signals. Upon binding of a small molecule to a large protein receptor, its transverse 

relaxation rate is significantly accelerated, which reflects in broadening of the ligand signals 

in 1H spectra224. Broadening of ligand resonances upon addition of potential protein target is 
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more significant for resonances that are in direct contact or in closer proximity to target 

protein therefore a clear indication of binding. By comparing the relative line broadening 

upon binding to the receptor protein, the receptor-binding site of the ligand can be 

mapped194. The same principle can be applied to identify the binding site of the receptor 

protein, provided we have uniformly 15N labelled sample with known assignment. In case of 

large protein complexes, mapping of interaction site can be achieved by methyl TROSY 

NMR spectroscopy of 13C methyl labelled protein interacting with non-labelled binding 

partner250.  

 

Saturation transfer difference (STD)  

Saturation transfer difference (STD) NMR spectroscopy allows qualitative and 

quantitative analysis of small molecules binding to macromolecular molecules251. Initially, 

the STD experiment was designed to screen libraries of small molecules for compounds with 

binding activity to the target protein251. It has since been successfully implemented in the 

characterisation of ligand-receptor interactions and analysing binding kinetics of ligand-

receptor complexes242.  

 

Figure 1.8: Schematic representation of the STD experiment 

 

STD experiments rely on intermolecular magnetisation transfer from protein target 

to its binding partner. While in contact with the receptor, the ligand is subject to the same 

NMR properties as the protein. Therefore, saturation applied spreads not only to all protein 

protons, but also to the protein-bound ligand via dipolar interactions. Saturation of ligand 

results in decreased intensity of its signals, compared to the spectrum of free ligand, which 
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is exploited in STD NMR spectroscopy. In STD pulse sequence, protein is first saturated 

with selective irradiation in a spectral range that does not contain ligand resonances. During 

selective saturation time, magnetisation spreads from protein to bound ligand. Spectrum 

acquired in this way is often referred to as ‘on-resonance’. A reference spectrum, also 

referred to as ‘off-resonance’, is obtained using selective saturation applied far off-resonance 

of the receptor (usually 30 ppm). Finally, the STD spectrum is obtained by subtracting the 

on-resonance spectrum from the off-resonance one251. In this difference spectrum only 

signals from bound ligands are present (Figure 1.8). Ligand protons in closer proximity to 

the protein target receive higher degrees of saturation, which reflects in more substantial 

STD effect. This phenomenon is used to map the binding epitope of the ligand at atomic 

resolution252. 

The STD effect increases with longer saturation times and signal to noise ratio 

improves with higher ligand to protein ratio252. The effect also depends on the kinetic 

parameters of complex formation and can be thus used to determine the KD value of binding 

ligands. As absolute STD effects cannot be directly compared, STD amplification factor 

(AFSTD) is calculated using the equation 1.1 where 𝐴𝐹𝑆𝑇𝐷  is the STD amplification factor, 

Ioff the intensity of excipient signal in the off-resonance spectrum, Ion the intensity of signal 

in the on resonance spectrum, and [L] and [P] represent total concentrations of the ligand 

and the protein, respectively. 

𝐴𝐹𝑆𝑇𝐷 =
𝐼𝑜𝑓𝑓 − 𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
∗

[𝐿]

[𝑃]
 (Eq 1.1) 

 

The build-up curve of AFSTD versus ligand concentration can be fitted using a simple one-

site binding model, assuming specific binding of the ligand. However, this approach does 

not result in accurate binding affinity constants253-254. More accurate Kd values can be 

obtained by performing competition binding studies255 or by determining STD initial growth 

rates256. The main advantages of the STD experiment are the small amounts of unlabelled 

protein needed for experiments, its excellent sensitivity and the relatively short experimental 

time compared to other NMR experiments. It can be applied to any protein with rapid spin-

diffusion (typically proteins >10 kDa), and does not impose any upper limit to the molecular 

weight of the protein. Furthermore, STD experiments are not limited to soluble proteins, but 

can also be applied to immobilized proteins257 or transmembrane proteins embedded in 
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liposomes258. It is, however, limited to systems where free and bound states of the ligand are 

in fast exchange with respect to the T1 relaxation time of the protein target. In practice this 

translates into KD values limited between µM and mM range242. For complexes with tighter 

binding, STD effect cannot be observed as the exchange between bound and free states of 

the ligand is too slow to reflect in attenuated signal intensities in on resonance spectrum, 

while magnetisation transfer is not sufficient enough to detect binding for protein-ligand 

systems with weaker binding affinity259. 

 

Water-Ligand Observed via Gradient Spectroscopy (WaterLOGSY) 

 

 

Figure 1.9: Schematic representation of the WaterLOGSY experiment. 

 

WaterLOGSY is an experiment derived from STD NMR. Both methods detect changes in 

the spectrum of free ligand upon transfer of magnetisation to the bound ligand. In 

WaterLOGSY, magnetisation is indirectly transferred by excitation of the bulk water 

magnetisation260. The excited water interacts with protein-excipient complex and transfers 

magnetisation through cross-relaxation and proton exchange, which is retained by the ligand 

after it dissociates. Non-binding and binding compounds in the mixture are easily 

distinguished from each other as they either have decreased intensity or the opposite sign of 

signals in WaterLOGSY spectrum (Figure 1.9)261. The reference spectrum of excipients 

mixture in the absence of protein is needed to eliminate possible false-positive signals 
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corresponding to exchangeable protons of excipients. Due to excess of solvent and large 

number of exchangeable protons in protein-excipient complex, WaterLOGSY is much more 

sensitive than other ligand-based screening methods. Therefore, WaterLOGSY is often used 

for screening mixtures of compounds against the target of interest in drug design261-262. 
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1.5 Introduction to the Thesis 

1.5.1 PIPPI consortium 

This PhD Thesis was part of the Innovative Training Network (ITN) named Protein-

excipient Interactions and Protein-Protein Interactions in formulation (PIPPI) funded by the 

European Horizon 2020 programme. The consortium consisted of both academic and 

industrial partners across Europe, namely Danish Technical University, Copenhagen 

University, Ludwig-Maximilians University Munich, Lund University, University of 

Manchester, Novozymes, AstraZeneca, Wyatt Technologies Europe, Roche, NanoTemper 

Technologies and MAX IV. More information about the consortium and contributing 

partners is available on the PIPPI website http://www.pippi.kemi.dtu.dk/contact. 

The overall aim of the PIPPI consortium was to systematically investigate the 

biophysical behaviour of biotherapeutic proteins to create a comprehensive database (PIPPI-

data) and a platform for successful protein formulation. Fifteen Early Stage Researchers 

(PhD students) were employed within the consortium, all using the same proteins supplied 

by the industrial partners but each of us focusing on a different aspect of protein formulation 

and different methods. My work focused on applying NMR to biopharmaceutical 

formulations using both unlabelled proteins provided by consortium members, and an 

isotopically labelled protein scaffold SQT expressed in-house.  

Within the consortium, special attention was given to the collaborative aspect of 

research that was organised in two levels. Firstly, each student had to invest part of their 

time in performing screening experiments for the database (PIPPI-data). In my case, the task 

was to apply NMR approaches to evaluate protein stability and protein-excipient interactions 

in biopharmaceutical formulations. Secondly, each student had to visit other partners within 

the consortium for the cumulative time of at least sixteen weeks and host other PIPPI fellows 

at their institution. I had the opportunity to spend ten weeks in the lab of Dr Gunther H.J. 

Peters at DTU, where we have applied various molecular dynamics approaches to 

complement our experimental results, and twelve weeks in the lab of Prof. Dr Gerhard 

Winter at LMU where I enhanced my knowledge of protein analytics. During my PhD, we 

have also hosted four PIPPI fellows from other universities in our lab, whom I assisted with 

planning, acquiring, processing and interpretation of NMR data that complemented their 

research.  

http://www.pippi.kemi.dtu.dk/contact
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These collaborations resulted in several publications, listed below, which are not 

included in this Thesis as results chapters. While some of these have already been published, 

others are still under review or in preparation at the moment. My contributions to each of 

these papers are outlined in section 7.1.  

• M. Martinez Morales, M. Zalar, S Sonzini, A. P. Golovanov, C. F. van der Walle, and J.P. 

Derrick, Interaction of a Macrocycle with an Aggregation-Prone Region of a 

Monoclonal Antibody, Molecular Pharmaceutics 2019 16 (7), 3100-3108. 

• S. Indrakumar, M. Zalar, C. Pohl, A. Nørgaard, W. Streicher, P. Harris, A. P. Golovanov, 

and G.H.J. Peters, Conformational Stability Study of a Therapeutic Peptide Plectasin 

Using Molecular Dynamics Simulations in Combination with NMR, The Journal of 

Physical Chemistry B, 2019, 123(23), 4867-4877. 

• H.L. Svilenov, A.V. Kulakova, M. Zalar, A. P. Golovanov, P. Harris and G. Winter, 

Orthogonal Techniques to Study the Effect of pH, Sucrose and Arginine Salts on 

Monoclonal Antibody Physical Stability and Aggregation During Long-term Storage, 

Journal of Pharmaceutical Sciences, 2020 109(1), 584-94. 

• S. Indrakumar, M. Zalar., N. Tschammer, A. Nørgaard, W. Streicher, P. Harris, A.P. 

Golovanov, G.H.J. Peters, Synergistic applications of molecular dynamics, microscale 

thermophoresis and NMR to probe excipient interactions with therapeutic peptide 

Plectasin, 2020, in review.  

• C. Pohl, M. Zalar, I. El Bialy, S. Indrakumar, G.H.J. Peters, A. P. Golovanov, W. Streicher, 

A. Nørgaard and P. Harris, The effect of point mutations on the protein properties in 

solution: development of a screening protocol of an anti-microbial peptide, 2020, 

Molecular Pharmaceutics, accepted. 

• A.V. Kulakova, L. Gentiluomo, H.L. Svilenov, D. Augustijn, I. El Bialy, ML. Greco, S. 

Indrakumar, S Mahapatra, M. Martinez Morales, C. Pohl, A. Roche, M. Zalar A Tosstorff, 

R. Curtis, J. P. Derrick, A.Nørgaard, Tarik A. Khan, A.P. Golovanov, G.H.J. Peters, A. 

Pluen, Å. Rinnan, W. Streicher, C. F. van der Walle, S. Uddin, G Winter, D Roessner, 

Wolfgang Frieß and P Harris, Advancing excipient selection for protein formulation 

through comprehensive biophysical characterisation, 2020, in preparation.  
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1.5.2 Aims and structure of the Thesis 

The main aim of this thesis was to characterise protein-protein and protein-excipient 

interactions in biopharmaceutical formulations using NMR spectroscopy and evaluate how 

these affect various aspects of protein stability using a range of complementary techniques.  

In Chapter 2, we used an SQT variant with AU1 and c-Myc insertion peptides (SQT-

1C) to study the effect of peptide insertions on scaffold protein structure and oligomer 

formation. The possible oligomer topologies were determined using NMR restrained 

protein-protein docking, and two possible mechanisms of oligomerisation were compared 

using molecular dynamics simulation. In Chapter 3, we studied in detail the oligomerisation 

kinetics of SQT-1C, determined the oligomerisation pathway and explored the factors 

contributing to tetramer formation. Furthermore, a new, more stable variant of SQT was 

developed using rational design. In Chapter 4, we employed NMR screening to characterise 

protein-excipient interactions, using PIPPI supplied proteins and commonly used excipient. 

We have also evaluated the effect of excipients on different aspects of protein stability and 

aggregation kinetics and explored the correlations between them. In Chapter 5, we employed 

ligand- and protein-observed screening of interactions between stabilised SQT-1C and 

commonly used excipients to evaluate how they can be applied to evaluation of protein-

excipient interactions and compare the two approaches. 

Each results chapter is in the form of a manuscript, including separate Introduction, 

Material and Methods, Results and Discussion sections, with additional Supplementary 

Information. Chapter 6 is a general discussion and conclusion where the overall results of 

this Thesis and future outlook are discussed with regard to the initial aims of the project. 
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2 Studies of the oligomerisation mechanism of a cystatin-based 

engineered protein scaffold 
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2.1 Abstract 

Engineered protein scaffolds are an alternative to monoclonal antibodies in research 

and drug design due to their small size, ease of production, versatility, and specificity for 

chosen targets. One key consideration when engineering such proteins is retaining the 

original scaffold structure and stability upon insertion of target-binding loops. SQT is a stefin 

A derived scaffold protein that was used as a model to study possible problems associated 

with solution behaviour of such aptamers. We used an SQT variant with AU1 and c-Myc 

insertion peptides (SQT-1C) to study the effect of peptide insertions on protein structure and 

oligomerisation. The X-ray structure of monomeric SQT-1C revealed a cystatin-like fold. 

Furthermore, we show that SQT-1C readily forms dimers and tetramers in solution. NMR 

revealed that these oligomers are symmetrical, with inserted loops comprising the interaction 

interface. Two possible mechanisms of oligomerisation are compared using MD simulations, 

with domain swap oligomerisation being thermodynamically favoured. We show that 

retained secondary structure upon peptide insertion is not indicative of unaltered 3D 

structure and solution behaviour. Therefore, additional methods should be employed to 

comprehensively assess the consequences of peptide insertions in all aptamers, particularly 

as uncharacterised oligomerisation may alter binding epitope presentation and affect 

functional efficiency.  

 

2.2 Introduction 

Monoclonal antibodies (mAbs) represent the major class of molecules used for affinity 

binding studies in research, and are the most commonly used diagnostic and biotherapeutic 

agents20, 263. Despite their versatility and wide applicability, production of mAbs is costly 

and poses many challenges due to their high molecular weight (>140 kDa) and structural 

complexity, including post-translational modifications typically requiring mammalian 

expression systems264. In light of these inherent problems of mAbs, alternative approaches 

to find high-affinity binders for a specific target have been developed, including using 

smaller antibody fragments265, or using engineered protein scaffolds (also called protein 

aptamers) based on non-immunoglobulin proteins33, 266. Protein aptamers are designed by 

insertion of a short (typically up to 10 – 15 residues) peptide containing the desired binding 

epitope into a loop of a stable protein scaffold37. In principle these aptamers mimic the 

antibody-based molecular recognition mechanism, but have a much smaller frame, simpler 

design, do not have post-translational modifications, and are often obtained using less 
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demanding recombinant expression systems37, 267. To date, more than 50 structurally diverse 

non-immunoglobulin protein scaffolds have been developed268-269. While they were initially 

used for construction and screening of combinatorial protein libraries for protein 

recognition37, 270, they have since then become widely used in studies of protein function and 

molecular interaction271-273, as diagnostic tools274-275 and biosensors43, as well as imaging 

agents40, 276 and biotherapeutics277-279.  

The correct presentation of peptide epitopes for binding, and hence the activity of the 

scaffold-based binding proteins, strongly depends on maintaining scaffold structure and 

solution properties. Often, point mutations are introduced to improve structural robustness 

and thermodynamic stability of scaffolds47, while tags are added to improve their 

solubility48. Whereas rigorous protein library evaluation is usually performed to check 

scaffold’s affinity and specificity towards the target protein, their 3D structural 

characteristics and solution behaviour are not always characterised comprehensively41, 272, 

280-281. During scaffold development, the effect of loop insertions on thermal stability and 

retention of secondary structure is typically tested; however, large variations are 

acceptable51, 56, 279, 282. Although it has been shown previously that insertion of specific 

peptides needed for function can significantly perturb scaffold structure36, 49, the origins and 

consequences of such instabilities have not been studied in detail. A better understanding of 

these problems is required, perhaps by looking at specific case studies first. 

SQT is one of many engineered scaffold proteins: it is based on human stefin A (SteA, 

also known as cystatin A) that has three possible insertion sites for peptides; namely the N-

terminus, loop 1 (L1) and loop 2 (L2). Although it has been previously shown to retain 

secondary structure upon insertion of a variety of peptide combinations into its insertion 

sites56, no tertiary or higher-order structural characterisation has been reported.  

Here we have used an SQT variant, named SQT-1C, with AU1 and Myc peptides 

inserted into loops L1 and L2, respectively, as a model to understand the effect of inserted 

peptides on scaffold structure, stability and oligomerisation properties. X-ray 

crystallography confirmed that monomeric SQT-1C exhibits typical cystatin fold but only in 

very specific conditions, when crystallised in the presence of 19% dioxane. However, in 

solution, in the absence of dioxane, monomeric SQT-1C exists in dynamic equilibrium with 

domain-swapped dimeric and dominant tetrameric species. NMR was used to determine the 

amino acid residues involved in oligomerisation of the SQT variant, while molecular 

dynamics (MD) simulations and molecular mechanics energies combined with the 
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generalized Born surface area continuum solvation (MM-GBSA) calculations were 

employed to explore the driving forces of SQT-1C self-association. We show that inserted 

peptide regions play a crucial role in scaffold protein oligomerisation via domain swapping, 

leading to significantly different conformations and surface exposure of these binding 

epitopes in monomeric, dimeric and tetrameric forms. We anticipate that due to general 

similarity of protein folding driving forces, the instabilities revealed in this case study may 

also be observed in other small protein aptamers, therefore justifying a thorough 

characterisation of the “functional” conformations using an appropriate range of techniques, 

helping to troubleshoot designs early in their development processes.  

 

2.3 Results 

2.3.1 Purification of SQT reveals defined oligomeric species 

 

 

Figure 2.1: Analysis of SQT-1C oligomeric states. SEC traces of A) monomeric, B) dimeric and 

C) tetrameric SQT-1C reinjected onto the column immediately after purification (solid line) and after 

24 h of incubation at 25 °C (dashed line). Protein concentration in monomeric, dimeric and tetrameric 

fractions were, 0.8, 1 and 0.5 mg/ml, respectively. The peak at 7.5 ml corresponds to a larger 

aggregate which is not in equilibrium with other species. 

 

The variant of a model scaffold protein SQT56 with AU1 and Myc peptide insertions 

and C-terminal hexa-histidine tag, named SQT-1C, was expressed and purified. After 

separation of refolded SQT-1C on size exclusion column, three distinct elution peaks were 

identified, corresponding to SQT-1C monomer, dimer and tetramer, as confirmed by size-

exclusion chromatography (SEC) coupled with multi-angle light scattering (MALS) (Figure 

S2.1). In addition, a low intensity polydispersed peak corresponding to higher oligomeric 
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species was observed; however, its concentration remained marginal even after extended 

periods of time. The isolated monomeric fraction oligomerised over time, again producing 

the same three well defined peaks on the chromatogram, with the tetramer species being 

predominant. Similarly, isolated dimeric and tetrameric species equilibrated into a mixture 

of all three species within 24 hours (Figure 2.1).  

Melting temperature of SQT-1C was 54°C±1°C, as measured by changes in intrinsic 

fluorescence (Figure S2.1), compared to 79.9°C reported for SQT alone56, which indicated 

that the inserted peptides significantly destabilised the scaffold. To understand the 

underlying mechanism and pathway of SQT-1C oligomerisation we attempted to crystallise 

fresh monomeric, dimeric and tetrameric SQT-1C fractions. 

 

2.3.2 Crystallised SQT-1C exhibits a cystatin-like monomer fold 

SQT-1C crystallised only from the freshly-purified tetrameric fraction, and, in the 

presence of 19 % dioxane, surprisingly yielded monomeric structure, which was solved to 

2.5 Å resolution. Essential data collection and refinement statistics is shown in Table 2.1, 

and extended statistics in Table S2.1. The structure coordinates were submitted to the Protein 

Data Bank under accession code 6QB2. Interpretable electron density was observed for 

polypeptide regions R4-L48 and A93-N113 whilst residues D49-F75 were visible but less 

well ordered, indicating higher flexibility of this region. The SQT-1C monomer exhibits a 

cystatin-like architecture with five anti-parallel β-sheets and a perpendicular α-helix (Figure 

2.2), showing that peptide insertions into loop regions do not affect the SQT scaffold 

backbone. For further analysis using MD simulations, the missing polypeptide stretches were 

added to the X-ray structure with homology modelling (see section 2.5.7 for more details). 

PDBePISA analysis283 of protein interfaces did not identify any specific interactions that 

would result in the formation of stable oligomers indicating that SQT-1C crystallises as a 

monomer. SQT-1C oligomerisation state in solution under crystallisation conditions was 

further assessed by SEC, which revealed that in the presence of 19% dioxane SQT-1C is 

monomeric (Figure S2.2A). NMR spectra of SQT-1C in the presence of dioxane were also 

consistent with the monomeric form of the protein (Figure S2.2B) additionally confirming 

that presence of high percentage of dioxane shifts the SQT-1C equilibrium exclusively 

towards the monomeric state, possibly by strengthening the salt-bridges within the protein284.  
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Table 2.1: Crystallography data collection and refinement statistics for SQT-1C 

 
SQT-1C* 

Data Collection  

Space group P 4212 

Cell dimensions  

a,b,c (Å) 96.12, 96.12, 29.86 

α,β,γ (°) 90, 90, 90 

Resolution range (Å) 42.99 - 2.5 (2.589 - 2.5) 

Rmerge 0.05822 (0.9239) 

I/σI 17.39 (2.37) 

Completeness (%) 99.79 (99.60) 

Redundancy 11.9 (12.6) 

  

Refinement  

Resolution (Å) 2.5 

No. reflections 5207 (497) 

Rwork 0.2725 (0.4411) 

Rfree 0.2892 (0.6248) 

No. atoms  

     Protein 753 

     Protein residues 95 

B-factors (Å2)  

Average 104.03 

Protein 104.03 

R.m.s. deviations  

Bond lengths (Å) 0.002 

Bond angles (°) 0.63 

Number of TLS groups 1 

*Statistics for the highest resolution shell are shown in 

parenthesis 
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Figure 2.2: Overview of SQT-1C structure. A) Cartoon representation of SQT-1C structure 

coloured by secondary structure element with termini and chain breaks labelled with residue 

numbers. B) Electron density and cartoon representation of SQT-1C structure. Black electron density 

is 2Fo-Fc map contoured at 1 sigma level, and brown electron density composite omit iterative 

rebuild map contoured at 1 sigma level. This map shows good density for the core of the protein but 

only weak density for the loops. For clarity, the electron density of the helix region has been omitted. 

 

2.3.3 SQT-1C forms symmetric oligomers in solution  

SQT-1C monomer in a normal buffer solution in the absence of dioxane freely 

oligomerises into dimers and tetramers over time. Far–UV CD spectra of freshly-separated 

SQT-1C monomers showed little difference when compared to dimers and tetramers, 

indicating that the overall fold of SQT-1C is retained upon oligomerisation (Figure S2.1C). 

Structural changes occurring upon SQT-1C oligomerisation were further assessed using 

NMR spectroscopy. The direct backbone assignment of SQT-1C was not possible due to 

signal loss and broadening, likely caused by chemical exchange between oligomeric species 

in the intermediate regime. Therefore, another construct, SQT-1N, was used for the 

backbone assignment following a standard sequential assignment strategy (submitted to 

BioMagResBank, ID 27757). The N-terminal tag and residues M20-V23, G55, D68-Y70, 

Y72, I73, G98, K102 and T128, could not be unambiguously assigned due to lack of cross-

peak connectivities in 3D spectra. The sequence-specific assignment of SQT-1C was derived 

from that of SQT-1N, as described in section 2.5.6. Backbone 1H and 15N chemical shift 

assignments of both constructs are shown in Figure S2.3. While SQT-1N exhibited better 

NMR spectral properties, it also formed dimers and tetramers, similarly to SQT-1C (Figure 

S2.4). 
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Figure 2.3: NMR characterisation of SQT-1C oligomeric species. A) Comparison of 1H-15N 

HSQC spectra of freshly isolated monomeric (blue), dimeric (black) and tetrameric (red) SQT-1C 

indicates symmetrical topology of oligomers and conformational exchange in intermediate regime. 

B) Dimer-monomer (black) and tetramer-monomer (red) peak intensity ratio plotted against SQT-

1C residue number. C) Regions with preserved signal intensities were identified and two arbitrary 

thresholds were set to 0.48 and 0.25, and mapped onto the SQT-1C structure Residues between 

threshold values are plotted in light blue while residues with intensity ratio above 0.48 are coloured 

with dark blue. They indicate regions of SQT that are less affected by oligomerisation. 

 

The 1D 1H NMR spectrum of the freshly-purified SQT-1C dimer exhibits line 

broadening without significant signal shifts when compared to the spectrum of monomer, 

which is expected due to increased molecular weight and possibly due to chemical exchange. 

These effects are even more prominent in the spectrum of the tetrameric fraction (Figure 

S2.5). Similar to the 1H spectra, line broadening was observed in 2D 1H-15N HSQC spectra 

of dimers and tetramers, but it was not uniform across all peaks (Figure 2.3). This non-

uniformity was indicative of the spectral resolution being influenced not only by an increase 

of molecular weight and local polypeptide mobility but also by conformational exchange 

processes in the intermediate regime. The intensity ratio of peaks measured in different 

oligomeric states of SQT-1C (Figure 2.3B) revealed that residues least affected by line 
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broadening are mostly situated on the part of the protein distant from the engineered N-

terminus, L1 and L2: the signals from latter regions were severely broadened in 2D 1H-15N 

HSQC spectra of dimers and tetramers, which further suggests their possible involvement in 

SQT-1C oligomerisation interface (Figure 2.3C). Additionally, no significant chemical shift 

perturbations or cross peak duplications were observed in 2D 1H-15N HSQC spectra of SQT-

1 oligomers indicating that both dimeric and tetrameric species have symmetrical topologies 

and are formed by self-association of SQT-1C monomeric units. 

To probe the local conformational stability of freshly-prepared SQT-1C monomers, 

residue-specific hydrogen/deuterium (H/D) exchange data on a timescale of minutes were 

collected using fast acquisition methods and fitted to exponential decays, to obtain exchange 

rates and protection factors (Figure S2.6). The H/D exchange for the whole protein occurs 

within less than an hour, suggesting that the whole protein fold is destabilised. However, we 

also observed some site-specific variations of the exchange times, with the amides located 

on the surface of the protein and/or in the loop regions exchanging within minutes or 

seconds. These data supported our hypothesis that SQT-1C has a highly flexible structure 

undergoing conformational exchange, consistent with spontaneous partial opening.  

 

2.3.4 Monomeric SQT-1C self-associates into oligomers through inserted peptide 

loops  

Self-association of isolated monomeric SQT-1C in solution was monitored by 

acquiring a series of 1H-15N HSQC spectra over a period of 36 h. During this time, 

approximately 70% of the signal intensity was lost due to oligomerisation, but no chemical 

shift perturbations were observed (Figure S2.7). Residue-specific ratios of signal intensities 

at the end and at the beginning of the experiment (If/I0) report on signal loss due to 

conformational exchange and increases in rotational correlation time as a consequence of 

oligomerisation (Figure 2.4). The highest If/I0 values were observed for residues that form 

β-sheets and the α-helix indicating conformational stability of these regions. Conversely, 

If/I0  values below average were observed for residues in the N-terminus, L1 and L2 

indicating regions most affected by conformational exchange and therefore most likely 

involved in the process of oligomerisation. Loops connecting α1 and β2 and β3 to β4 

exhibited slightly lower If/I0  values than the secondary structure elements. Additionally, 

the most severe signal broadening  was observed for residues Q46-T58 and F77-T96 which 
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correspond to inserted peptides in L1 (D49-L54) and L2 (E81-R93) and residues in their 

immediate proximity, as shown in Figure 2.4b. Overall, the NMR experiments performed 

indicated that inserted loops together with the N-terminal are involved in SQT-1C 

oligomerisation.  

The slow rates of signal loss and oligomerisation imply a relatively slow loop-

mediated structural rearrangement leading to symmetrical association of monomers in a non-

domain-swapped (NDS) or a domain-swapped (DS) manner. Although oligomerisation via 

domain swapping has been described for the cystatin protein family285-286, V48D mutation 

was engineered in SQT to prevent cystatin-like domain swapping51, 56. As the broadening of 

NMR signals upon oligomerisation and symmetrical nature of SQT-1C oligomers made it 

impossible to distinguish between NDS and DS mechanisms from NMR data alone, we have 

explored the relative stability of different oligomer models using MD simulations, to gain 

insight into the SQT-1C oligomerisation pathway. 
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Figure 2.4: NMR signal perturbation mapping of SQT-1C oligomerisation interface. A) The 

ratio between signal intensity after 36 h incubation at 25 °C (If) and intensity immediately after 

monomer fraction isolation (I0) plotted against residue number. The mean If/I0 ratio is depicted with 

a green line and standard deviation of mean depicted in the green region. The position of elements 

of the secondary structure is annotated for reference. B) Mapping of oligomerisation interface. If/I0 

values per residue for SQT-1C are represented on the structure. The thickness of ribbons is inversely 

correlated to the If/I0 ratio. Residues with lower than average If/I0 ratio are coloured in green while 

the rest are depicted in grey. Unresolved, unassigned, and proline residues are shown in black. 

 

2.3.5 Domain swap is the preferred pathway of SQT-1C oligomerisation 

Initial DS SQT-1C dimer and tetramer structures were obtained by homology 

modelling based on the domain-swapped stefin B structure (PDB ID 2OCT)287 using I-

TASSER288-290. Monomeric unit of stefin B has 43.8% sequence identity to SQT-1C and 

2OCT is, to the best of our knowledge, the only tetrameric structure of SQT-1C homolog 

available for use as a template. NDS dimer and tetramer SQT-1C models were obtained by 

ab-initio docking using the multi-body interface of HADDOCK 2.2 webserver223, 291-292. 

Structures of all four SQT-1C tetramer models, together with their chain orientations are 
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shown in Figure S2.8 and Figure S2.9. For full details also see Supplementary Methods in 

section 2.7.3. All SQT-1C oligomer models were subjected to 120 ns continuous MD 

simulation. For systems that did not converge within this timeframe, MD simulations were 

extended to explore the convergence on a longer timescale. MD simulations allowed 

assessment of relative stability of different models, and for the stable models, to determine 

the geometry at the binding interface and identify residues crucial for the oligomerisation 

process.  

Based on backbone RMSDs, structures of dimer 2 and tetramer of NDS cluster 2 were 

quickly disintegrating, indicating that such oligomers would not be stable in solution (Figure 

S2.10). The other models converged and were stable for the duration of the production runs. 

For these stable models, we have assessed the effect of oligomerization on loop flexibility, 

and mapped residues involved. In monomeric SQT-1C, N- and C- terminal residues together 

with inserted loops, represent regions of increased flexibility, as measured by root mean 

square fluctuations (RMSF). As expected, these regions exhibit lower RMSF values in the 

dimer simulations, and these are further decreased in tetramers, as the inserted loops together 

with terminal residues become constrained within the interaction interface (Figure S2.11). 

The same effect is also seen as a reduction of solvent accessible areas (SASA) for loop 

regions when compared to SASA values in monomeric SQT-1C. Whereas solvent exposure 

of both inserted loops in all of the NDS dimers is similar to that of the monomer, in NDS 

tetramers, it is decreased for L1 typically to 22-27% of that of a monomer (Table S2.2). In 

case of DS oligomers, L1 is entirely solvent inaccessible upon tetramer formation, and SASA 

is significantly decreased in DS dimer, while L2 solvent exposure is decreased to 21% when 

the DS tetramer is formed, but only marginally affected by DS dimerisation.  

To further understand the SQT-1C intermolecular interactions at the atomic level, 

binding free energies of each amino acid residue in the SQT-1C oligomers were calculated 

using the molecular mechanics generalised Born solvent area (MM-GBSA) methods 

implemented in AMBER 16 software293-294. We found that while the formation of both NDS 

and DS SQT-1C oligomers is highly energetically favourable, the total interaction energy of 

DS oligomers is much higher, indicating that DS oligomers would be more stable than their 

NDS analogues (Table 2.2). This further suggests that the domain swap mechanism might 

be the preferred pathway of SQT-1C oligomerisation. Detailed analysis of total free binding 

energy decomposition revealed that the unfavourable desolvation component (ΔGGB) is 

compensated for with favourable electrostatic energy (ΔEEEL), van der Waals interaction 
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contribution (ΔEVDW) and non-polar solvation energies (ΔENPOL and ΔESURF) (Table S2.3). 

This implied that both NDS and DS oligomerisation pathways are driven by both 

electrostatic and hydrophobic interactions. To assess whether SQT-1C dimer models are 

consistent with the electron density observed in the crystal, we attempted to superimpose the 

DS SQT-1C homology model onto the SQT-1C crystal lattice (Figure S2.12). However, such 

a model was clearly incompatible with the packing observed in the crystalline lattice, 

encroaching into two of the symmetry-related molecules, in agreement with SQT-1C being 

monomeric in the crystal state.  

 

Table 2.2: MM-GB binding free energy of SQT-1C oligomers 

  ΔGTOT 

(kcal/mol) 

NDS Cluster 1 

tetramer -291±25 

dimer 1 -47±6 

dimer 2 -63±9 

NDS Cluster 2 

Tetramer* NC 

dimer 1 -52±10 

dimer 2* NC 

NDS Cluster 3 

tetramer -177±19 

dimer 1 -29±7 

dimer 2 -34±5 

DS 
tetramer -662±24 

dimer -337±15 

*denotes conformations that were not stable during 

MD simulations. No values were calculated for these 

conformations (NC) 

 

2.3.6 Inserted loops are crucial for SQT-1C oligomer formation 

To further understand SQT-1C oligomerisation at the amino acid level, per residue 

free energy contributions to tetramerisation binding free energy were calculated using the 

MM-GBSA method and are shown in Figure 2.5A-D. Residues with an energy contribution 

larger than 2.5 kcal/mol were considered as interaction hotspots and are highlighted in Figure 

5E-G. In the NDS oligomers, even though domain orientation between the three tetramer 

clusters varies, T50-I55, which are a part of the inserted peptide in L1 region of SQT-1C, 

were the amino acids with highest free energy contribution to the overall binding free energy. 

Conversely, the energy contribution of L2 residues, also located within the interaction 

interface, to the total binding energy is significantly smaller, indicating that in NDS 



 

66 

Studies of the oligomerisation mechanism of a cystatin-based engineered protein scaffold 

tetramers, L1 is more crucial for the oligomer formation. In comparison, for the DS dimer, 

residues L38-R65, comprising the β2, extended L1 and β3 of the SQT-1C monomer and lie 

on the interface of the two domain-swapped chains have, unsurprisingly, the most significant 

energy contributions to free energy of dimerisation. Meanwhile, residues located in L2 are 

crucial for the formation of DS tetramers.  

 

 

Figure 2.5: MM-GBSA calculated residue contributions to total binding energy of SQT-1C 

complexes formed by NDS and DS mechanism A-D) Per residue total free energy contribution of 

amino acids to the stability of A) NDS Cluster 1, B) NDS Cluster 2, C) NDS Cluster 3 and D) DS 

SQT-1C tetramers, calculated with the MM-GBSA method. e-h) Total energy contribution of each 

amino acid to the stability of tetramers projected to E) NDS Cluster 1, F) NDS Cluster 2, G) NDS 

Cluster 3 and H) DS SQT-1C tetramers. Both interaction interfaces are shown. 

 

Overall, these results indicate that loop-mediated SQT-1C tetramerisation via both 

NDS and DS mechanisms is energetically favourable, and hence possible in principle. 
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However, the domain swapped mechanism results in much more stable oligomers, 

suggesting it is the preferred mechanism of SQT-1C oligomerisation in solution. 

 

2.4 Discussion 

The ability of scaffold proteins to retain their secondary and tertiary structure, and 

hence their structural, thermal and colloidal stability, upon insertion of various peptide loops 

needed for their target-binding function is critical for their industrial or research applications. 

Small frame of such scaffolds needs to absorb additional steric strains introduced by the 

modified loops, and resist forming alternative conformations, such as domain-swapped 

configuration. However, for small scaffold, these may be more difficult to achieve than for 

large-size mAbs. Although the general conservation of secondary structure of the scaffold 

proteins can be easily assessed by Far-UV CD spectroscopy, important structural 

perturbations upon peptide insertions may not always be reflected at the secondary structure 

level, and therefore detailed assessment of tertiary and quaternary structure is required.  

We show here that in the presence of 19% dioxane SQT-1C exists as a monomer in 

solution and also crystallises as a monomer. However, in the absence of dioxane SQT-1C 

monomer readily forms dimers and tetramers, which co-exist in equilibrium. It is likely that 

the presence of high amounts of dioxane shifts the equilibrium towards the monomeric 

state295. The crystal structure reflects the dynamic nature of SQT with higher than average 

B factors and less than ideal geometries (Table S2.1). However, despite these shortcomings, 

the backbone fold and lattice interactions can be confidently discerned and have been 

extensively validated. The slow timescale of SQT-1C oligomerisation when starting from 

isolated monomeric form indicates structural rearrangement prior to oligomerisation, which 

is in line with a possible domain swap oligomerisation mechanism, typical for other proteins 

of the cystatin family285, 296-297, despite SQT-1C being heavily modified in the loop regions 

in an attempt to engineer-out domain swapping51, 56. However, we observed that SQT-1C 

oligomerisation is spontaneous under standard buffer conditions and reversible, whereas the 

DS dimerisation of non-mutated cystatins is known to occur only at elevated temperatures, 

low pH or in the presence of chemical denaturants, is irreversible and leads to loss of 

function57, 286, 298-299. Furthermore, SQT-1C does not form oligomers bigger than a tetramer, 

whilst domain-swapped and non-domain swapped oligomerisation in the cystatin family 

leads to fibril formation296, 300. MM-GBSA calculations revealed that even though both NDS 
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and DS SQT-1C tetramers are in principle energetically favourable, the free binding energy 

of DS oligomers was much lower, suggesting that such a complex would be more stable in 

solution compared to its NDS analogue.  

Domain swapping in proteins, including in the cystatin family, is a well-characterised 

process that is highly energetically favourable, but is traditionally believed to have a high 

activation energy due to large structural rearrangement, which can be overcome only in 

denaturing conditions286, 301. It has been shown previously, however, that certain point 

mutations in cystatins can significantly increase the rate of domain swapping and 

amylodiogenesis87, 302-303. The effect of point mutations in the protein core on domain swap 

oligomerisation has been extensively studied on various proteins, including the B1 domain 

of the immunoglobulin G binding protein (GB1)304-305. Malevanets et al.306 simulated a 

monomer to domain swapped dimer transition of GB1 wildtype that does not form domain 

swapped oligomers in solution and its mutant that spontaneously oligomerises. They 

calculated a much flatter energy landscape than expected for this process and proposed that 

destabilisation of the protein core due to mutagenesis might be crucial for DS to occur. A 

similar principle may be applied to SQT-1C, where either backbone mutations of SQT 

scaffold, insertion of peptides or a combination of both results in a destabilisation of SQT 

structure that consequently lowers the energetic barrier for partial protein unfolding followed 

by domain swap, leading to a spontaneous formation of defined domain-swapped dimers 

which then form stable tetramers. It is reasonable to suggest that such a drastic 

conformational change driven by the inserted peptide relieves some of the strain introduced 

by an engineered loop. Consequently, conformation of the inserted peptide also drastically 

changes, from a hairpin to largely extended, which in turn influences its presentation for 

specific binding and recognition by the target protein. Further oligomerisation may cause an 

occlusion of the binding epitope. In the case of SQT-1C tetramers, both inserted loops appear 

hidden within the interaction interface. Therefore, the question of which of the distinct states, 

monomer, dimer or tetramer, has correct conformation for effective target binding will likely 

become important in determining the specific activity not only of SQT-1C, but also other 

engineered scaffolds which may suffer from the problems highlighted in the present case 

study. 

In conclusion, we have used SQT-1C protein as a model system to study in detail the 

effect of peptide insertions on secondary, tertiary and quaternary structure and have deduced 

that domain-swapping driven by inserted peptides is the most probable mechanism of 
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forming well-defined dimers and tetramers. We also show that retained secondary structure 

does not necessarily mean that protein tertiary and quaternary structures are unperturbed. 

Therefore, protein aptamer designs should always be characterised at tertiary and quaternary 

structure levels, to reveal the conformation of the inserted target binding epitopes and 

identify which of the conformers, if several are present, are actually functionally competent. 

If the insertion of the peptide(s) leads to structural heterogeneity, approaches may be 

considered to stabilise “active” conformation307-308. We also suggest that routine assessment 

using 2D 1H-15N correlation NMR spectra would reveal early problematic behaviour of 

designs, helping to troubleshoot protein instability and loss of structure, and confirm the 

presence or absence of well-behaved stable protein fold. Such NMR-driven assessment in 

combination with routine SEC-MALS characterisation would enable even faster 

development of protein aptamers with high specific binding activity attributed to a defined 

conformation, while minimizing unwanted behaviour such as aggregation and long-term 

instability.  

 

2.5 Materials and Methods 

2.5.1 Plasmids 

Synthesized codon-optimised gene construct encoding the SQT protein with AU1 

insert in L1 and Myc insert in L256, named SQT-1, was obtained from GeneArt 

(ThermoFisher Lifetechnologies) and subcloned as two variants, with a cleavable 

hexahistidine tag at the N-terminus (SQT-1N) or C-terminus (SQT-1C). Full sequences are 

presented in the Supplemental Materials and Methods, section 2.7.3. 

  

2.5.2 Protein expression and purification 

Both protein constructs were expressed in E. coli BL21 CodonPlus RP competent cells 

(Agilent Technologies) in lysogeny broth (LB) supplemented with 50 µg/mL ampicillin and 

34 μg/mL chloramphenicol (both Sigma Aldrich). LB was inoculated with 1% v/v overnight 

pre-culture. Cells were then grown at 37 °C with shaking until the optical density at 600 nm 

(OD600) reached 0.8 at which point protein expression was induced with 0.5 mM IPTG. After 

overnight incubation at 37 °C cells were harvested by centrifugation at 6000 g for 15 min. 

Uniformly 15N- and doubly 15N and 13C labelled samples were produced by growth in M9 
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minimal media supplemented with 15NH4Cl (99%), or both 15NH4Cl (99%) and 13C-D-

glucose (99%) (Sigma Aldrich), respectively. 

Cell pellets were resuspended in denaturing buffer (20 mM NaPi, 500 mM NaCl, 6M 

GndHCl, pH 8.0) with 0.5% v/v Triton X-100 (Sigma Aldrich) followed by lysis by 

sonication with Sonopuls HD 3200 ultrasonic homogenizer equipped with TT13/F2 probe 

(Bandelin). The lysate was then clarified by centrifugation at 30000 g for 30 min at 4 °C. 

Supernatant was transferred onto Ni-NTA resin (Quiagen) in a gravity flow column and 

incubated for 90 min at 25 °C. The column was then washed with denaturing buffer 

supplemented with 10 mM imidazole. The bound material was eluted with 500 mM 

imidazole in denaturing buffer. Protein containing fractions were refolded by 1:10 rapid 

dilution in refolding buffer (20 mM NaPi, 150 mM NaCl, 5 mM EDTA, pH 7.2) followed 

by one step overnight dialysis into refolding buffer. Finally, the protein was purified on 

HiLoad 26/600 Superdex 200 pg column (GE Life Sciences) attached to ÄKTAPrime plus 

system (GE Healthcare Life Sciences), pre-equilibrated with refolding buffer. Both SQT 

variants eluted as a set of well-defined oligomers, which allowed isolation of monomeric, 

dimeric and tetrameric fractions, which were further concentrated using Vivaspin 20 

centrifugal device with a 5 kDa molecular weight cut-off (Sartorius Stedium Biotech 

GmbH). Protein concentrations were estimated by absorbance at 280 nm (ε = 14900 M-1 cm-

1). Molecular weights of SQT-1C oligomeric species were determined using size-exclusion 

chromatography coupled with multi-angle light scattering (SEC-MALS) run at 25°C. 500 

μg of SQT-1C was separated on Superdex 200 10/300GL column (GE Life Sciences) and 

passed through a Wyatt DAWN Heleos II EOS 18-angle laser photometer (Wyatt 

Technology) coupled to a Wyatt Optilab rEX (Wyatt Technology) refractive index detector. 

Data analysis was performed in ASTRA 6.1 software (Wyatt Technology). 

Detailed explanation of SQT-1C and SQT-1N protein expression and purification protocol 

optimisation can be found in section 2.8. 

2.5.3 X-ray crystallography  

Crystal screening of SQT-1C was conducted by sitting drop vapour diffusion, by 

mixing 200 nL of protein at 20 mg/mL in buffer (20 mM HEPES pH 7.2, 150 mM NaCl) 

with an equal volume of reservoir solution and incubating at 4 and 21 °C. Despite broad 

screening, crystals only formed at 4°C when 38% v/v 1,4-Dioxane reservoir solution was 

added to the freshly-prepared tetrameric fraction of SQT-1C, giving the final concentration 
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of 19% dioxane in the droplet. Effect of 19% v/v dioxane on SQT-1C structure and 

oligomerisation state in solution was further assessed using NMR and SEC-MALS. Crystals 

were cryoprotected in perfluoropolyether cryo oil (PFO) prior to flash cooling in liquid 

nitrogen. Data were subsequently collected at io3 beamline at Diamond Light Source and 

scaled and merged with Xia2309. Preliminary phases were obtained by molecular 

replacement in Phaser310 using a search model derived from Protein Data Bank (PDB) entry 

3K9M. Iterative cycles of model building in Coot311 and refinement in Phenix.refine312 were 

used to generate the completed model. Validation with MolProbity313 was integrated into the 

iterative rebuild and refinement process. Complete data collection and refinement statistics 

are presented in Table 2.1 and Table S2.1. The SQT-1C coordinates were deposited to PDB 

(ID 6QB2).  

2.5.4 CD spectroscopy 

Far-UV CD spectra were acquired on an Applied Photophysics Chirascan using a 

0.01 cm path length quartz cell. The wavelength was varied from 190 to 280 nm with 0.5 

nm step and acquisition time of 3 s per point. CD measurements of individual oligomeric 

species were performed immediately after SEC step in protein purification at a protein 

concentration of 1 mg/mL. Three scans were averaged and smoothed for each CD spectrum.  

2.5.5 Intrinsic fluorescence 

Melting temperature of SQT-1C was determined by measuring the change of intrinsic 

fluorescence maximum upon heating, using UNcle (Unchained labs). The temperature was 

varied from 20 to 90°C with a heating rate 1°C min-1. Melting temperature was determined 

using the first derivative method. 

2.5.6 NMR experiments 

NMR samples were prepared by adding 5% v/v 2H2O to 1 mM 15N- or 15N,13C- 

labelled protein solutions in refolding buffer. All NMR spectra were acquired at 25 °C on 

800 MHz Bruker Avance III spectrometer equipped with 5mm triple resonance TCI 

cryoprobe with a temperature control unit. The spectra were acquired and processed using 

Bruker Topspin 3.5 and analysed using NMRFAM-SPARKY314, Dynamics Center 2.2.4 

(Bruker), and OriginPro 8.5.1 (OriginLabs).  
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NMR chemical shift assignment 

For backbone assignment of SQT-1N, 2D 1H-15N HSQC and HSQC-based triple-

resonance 3D HNCACB, HNCA, HNCO, HN(CA)CO and CBCA(CO)NH experiments 

from standard Bruker pulse program library were acquired using non-uniform sampling with 

multidimensional Poisson Gap scheduling strategy with sine bell weighting315. In addition, 

3D TOCSY-HSQC and NOESY-HSQC with mixing times of 30 ms and 120 ms, 

respectively, were used to facilitate the assignment of SQT-1N. The backbone assignment 

of SQT-1N was then transferred to SQT-1C by matching peak positions and verified using 

3D TROSY-based HNCA and HNCO spectra, together with 3D TOCSY-HSQC and 

NOESY-HSQC with mixing times of 30 ms and 120 ms, respectively.  

Proton-deuterium exchange 

After lyophilising the SQT-1C solution, 0.5 mL of 2H2O was added to SQT-1C, 

mixed vigorously and immediately transferred to NMR tube, and inserted into NMR 

spectrometer. A series of 10 BEST-TROSY experiments were acquired using pulse program 

b_trosyetf3gpsi.2 from standard Bruker library, with 6 min 20 s acquisition time per 

experiment. Decay of signal intensities was fitted to an exponential equation: 

𝐼(𝑡) = 𝐴 + 𝐵𝑒−𝑘𝐻𝐷∗𝑡 

where A and B are arbitrary constants, 𝐼(𝑡) is the signal intensity at a given time and 𝑘𝐻𝐷 is 

the rate of H-D exchange. Intrinsic exchange rates (𝑘𝑒𝑥) were calculated based on SQT-1C 

structure using SPHERE240, while protection factors (P) were calculated as 𝑘𝑒𝑥/𝑘𝐻𝐷 ratio. 

2.5.7 Molecular dynamics simulations  

Molecular system 

The SQT-1C X-ray structure was used as an initial template into which the missing 

polypeptide stretches were added by multiple template homology modelling in I-

TASSER288-290. SQT-1C oligomer models were obtained by ab-initio docking using the 

multi-body interface of HADDOCK 2.2 webserver223, 291-292, see section 2.7.3 for full details. 

Three possible tetramer topologies were identified, and the lowest energy structure from 

each group was used in further MD simulations. SQT-1C dimers were obtained by separating 

tetramers into two subunits. SQT-1C domain swapped tetramer and dimer models were 

obtained by homology modelling using PDB ID 2OCT287 as a template.  
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Molecular dynamics simulations  

MD simulations were performed in Amber 16293 with ff99SB force field316. 

Protonation states of individual amino acids at pH 7.2 and ionic strength of 150 mM NaCl 

were assigned using H++ 3.2 webserver317-318 and kept constant throughout MD simulations. 

Models were placed into an octahedron box of TIP3P319-320 water molecules with the box 

border of at least 10 Å away from atoms of the protein. Extra chloride or sodium ions were 

added to neutralize the charges of the protein complexes and achieve the final salt 

concentration of 150 mM NaCl. Prior to MD simulations, systems were subjected to a series 

of minimisation, heating and equilibration. The minimisation protocol started with 1000 

steps of steepest descent minimisation followed by 4000 steps of conjugate gradient 

minimisation with 10 kcal mol-1 Å-2 positional restraints on water molecules and backbone 

protein atoms. The system was then heated from 10 to 300 K during 300 ps followed by 700 

ps of initial equilibration at 300 K at constant temperature and volume. This was followed 

by a 1 ns pre-equilibration at a constant temperature of 300 K and a constant pressure of 1 

bar. The production simulations were carried out at constant temperature of 300 K, 

maintained using Langevin dynamics with collision frequency of 5.0 ps-1 in periodic 

boundary conditions. Electrostatic interactions were calculated by the particle mesh Ewald 

method321-322 with the non-bonded cut-off set to 8 Å. The SHAKE algorithm323 was applied 

to bonds involving hydrogen atoms. The simulations were run continuously for at least 120 

ns with an integration step of 2 fs and snapshots written every 5 ps. For systems that did not 

converge within this timeframe, MD simulations were extended until convergence was 

reached for at least 20 ns. All trajectories were analysed using the CPPTRAJ module324 of 

AMBER 16. For each model, the energy minimised structure (before the MD equilibration 

step) was chosen as a reference structure for RMSD and RMSF calculations.  

 

The binding free energy calculation 

The binding free energies of SQT-1C oligomers were calculated using the MM-

GBSA method325 implemented in the AMBER program. Snapshots at 4 ps intervals were 

extracted from the last 20 ns of the production MD runs and used for MM-GBSA analysis. 

In the GB calculation, variables α, β and γ were set to 0.8, 0.0 and 2.909225326-327. Binding 

free energy contributions of all residues were extracted using the energy decomposition 

scheme as implemented in AMBER328. Based on the individual contributions to the binding 
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free energy, amino acid residues with significantly higher than average energy contribution 

(> 2.5 kcal/mol) were considered as interaction hotspots. Solvent accessible surface areas 

(SASA) of all SQT-1C oligomer models were calculated using GETAREA webserver329 and 

compared to SASA of monomeric SQT-1C.  
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2.7 Supplementary information 

2.7.1 Supplementary Figures 

 

 

Figure S2.1: Biophysical characterisation of SQT-1C. A) SEC-MALS profiles of freshly isolated 

monomeric (dashed line) and dimeric-tetrameric (solid line) SQT-1C fractions. Relative refractive 

indexes are depicted in black, while molecular weight distribution across peaks is shown in red. B) 

Maximum intrinsic fluorescence of SQT-1C as a function of temperature. Melting temperature of 54 

°C±1°C was determined by the first derivative method. C) Comparison of Far-UV CD spectra of 

isolated SQT-1C monomers (blue), dimers (black) and tetramers (red). 

 

 

Figure S2.2: Biophysical characterisation of SQT-1C in the presence of 19% v/v dioxane. A) 

SEC traces of SQT-1C tetrameric fraction before (black) and after (red) addition of dioxane. B) 

Overlay of 1H-15N-HSQC spectra of tetrameric SQT-1C before (black) and after (red) addition of 

dioxane 
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Figure S2.3: Backbone assignment of SQT-1C and SQT-1N. A) 1H-15N TROSY spectrum of 

freshly isolated monomeric SQT-1C and B) 1H-15N HSQC spectrum of SQT-1N recorded on 800 

MHz spectrometer at 25 °C. The chemical shift assignments of backbone amide groups are annotated. 

Amine signals from the same sidechain groups appearing in 1H-15N HSQC spectrum are connected 

by horizontal lines 
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Figure S2.4: Biophysical characterisation of SQT-1N A) Purification SEC trace of SQT-1N using 

HiLoad 26/600 Superdex 200 pg column (GE Life Sciences). B) Overlay of 1H-15N-HSQC spectra 

of monomeric SQT-1N immediately after (black) and 48 hours after isolation (red). 1D projections 

of both 1H-15N-HSQC spectra are shown on top. 

 

 

Figure S2.5: Comparison of aromatic and methyl regions of 1D 
1
H spectra of freshly-separated 

SQT-1C monomers, dimers and tetramers 
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Figure S2.6: H/D exchange profile of SQT-1C. A) HD exchange rates determined by fitting 

signal intensities to exponential decay function plotted against residue numbers. Grey bars denote 

residues that were exchanged completely prior to collection of the first spectrum, while slower 

exchanging residues are denoted in red. B) Logarithm of protection factors (log(P)) values 

calculated as a ratio between observed and predicted exchange rates plotted against residue 

number. Value 0 was assigned to residues which exchanged completely prior to collection of the 

first spectrum. Gaps in data represent proline residues and unassigned amino acids. C) Top and side 

view of SQT-1C structure rendered by log(P) values. Residues for which protection factors could 

not be determined due to rapid H/D exchange are denoted in dark green, missing residues are 

represented in grey, while the rest of residues are rendered in green to magenta scale, where green 

represents more and magenta less solvent exposed residues. 
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Figure S2.7: Overlay of 
15

N-HSQC spectra of freshly prepared monomeric SQT-1C monitored 

over time.  
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Figure S2.8: Possible SQT-1C tetramer models formed by NDS or DS oligomerisation. 

Representative structures for A) cluster 1, B) cluster 2 and C) cluster 3 of HADDOCK docking 

solutions for the NDS SQT-1C tetramers. D) Homology model of DS SQT-1C tetramer. N-terminal 

(N), loop 1 (L1) and loop 2 (L2) amino acid residues together with their neighbours that were 

identified by NMR as potentially involved in the binding interface of tetramers are shown in orange, 

pink and blue, respectively.  
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Figure S2.9: Polypeptide chain orientation in SQT-1C tetramer conformation formed by NDS 

and DS mechanisms. Representative structures for A) NDS cluster 1, B) NDS cluster 2 and C) NDS 

cluster 3 of HADDOCK docking solutions for the self-associated SQT-1C tetramers. D) Homology 

model of DS SQT-1C tetramer. The most probable dimers are indicated by the different shades of 

the same colour. Chains A, B, C and D are coloured in dark green, light green, dark magenta and 

magenta, respectively. 
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Figure S2.10: Backbone root mean square deviation (RMSD) during production runs of NDS 

A) Cluster 1; B) Cluster 2; C) Cluster 3; and D) DS SQT-1C oligomers. For each run, the RSMD 

was calculated with respect to the reference structure, which was arbitrarily chosen as the starting 

structure before MD equilibration and simulations. For systems that did not converge during 120 ns 

of a production run the simulations were extended to probe further convergence in the longer runs. 
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Figure S2.11: Root mean square fluctuations (RMSF) of NDS A) Cluster 1, B) Cluster 2, C) 

Cluster 3 and D) DS SQT-1C oligomers calculated based on heavy backbone atoms over the entire 

production runs  
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Figure S2.12: Predicted DS SQT-1C dimer is not compatible with SQT-1C crystal lattice. Two 

layers of the crystal lattice based upon the parent SQT-1C molecule (green) have been generated. 

The bottom layer is shown in blue surface representation, while the top layer is depicted with grey 

ribbon and mesh representation. The predicted DS SQT-1C (shown as ribbon presentation) has been 

superimposed on to the green central SQT-1C structure and is incompatible with the packing 

observed within the crystalline lattice, encroaching into two of the symmetry-related molecules. 
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2.7.2 Supplementary Tables 

Table S2.1: Extended statistics for crystallography data collection and refinement for SQT-1C 

 SQT-1C* 

Data Collection  

Approximate crystal dimensions (μm) 150, 150, 100 

Crystal mosaicity (°) 0.145 

Wavelength (Å) 0.9 

Space group P 4212 

Unit cell dimensions  

a,b,c (Å) 96.124, 96.124, 29.8593 

α,β,γ (°) 90, 90, 90 

Resolution range (Å) 42.99 - 2.5 (2.589 - 2.5) 

Total reflections 62236 (6263) 

Unique reflections 5209 (497) 

Multiplicity 11.9 (12.6) 

Completeness (%) 99.79 (99.60) 

I/σI 17.39 (2.37) 

Rmerge 0.05822 (0.9239) 

Wilson B-factor (Ang.2) 84.09 

Rmeas 0.06114 (0.9636) 

Rpim 0.0181 (0.2712) 

Refinement  

Reflections used in refinement 5207 (497) 

Reflections used for Rfree 256 (27) 

CC1/2 0.998 (0.685) 

CC* 1 (0.902) 

Rwork 0.2725 (0.4411) 

Rfree 0.2892 (0.6248) 

CCwork 0.877 (0.551) 

CCfree 0.844 (0.290) 

Number of non-hydrogen atoms 753 

Protein 753 

Protein residues 95 

R.m.s deviations  

Bond lengths (Å) 0.002 

Bond angles (°) 0.63 

Ramachandran  

Favoured (%) 92.31 

Allowed (%) 4.4 

Outliers (%) 3.3 

Rotamer outliers (%) 6.33 

Clashscore 4.01 

B-factors (Å2)  

Average 104.03 

Protein 104.03 

Number of TLS groups 1 

*Statistics for the highest resolution shell are shown in parentheses 
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Table S2.2: Relative solvent-exposed surface areas of engineered loops in SQT-1C oligomers 

 Loop 1 Loop 2 

NDS Cluster 1   

Tetramer 22 72 

Dimer 1 90 96 

Dimer 2 120 79 

NDS Cluster 2   

Tetramer* NC NC 

Dimer 1 80 96 

Dimer 2* NC NC 

NDS Cluster 3   

Tetramer 27 86 

Dimer 1 96 84 

Dimer 2 140 100 

Domain swap   

Tetramer 0 21 

Dimer 24 84 

All units are given in % relative to SASA of 

SQT-1C monomer. The * denotes conformations 

that were not stable during MD simulations; no 

values were calculated for these conformations 

(NC).  
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Table S2.3: MM-GBSA Binding free energy components of SQT-1C oligomers 

 
1
ΔGTOTAL  

2
ΔEVDW  

3
ΔEEEL 

4
ΔEEGB 

5
ΔESURF 

NDS Cluster 1      

     Tetramer -291±25 -473±20 -1395±123 1643±108 -66±2 

     Dimer 1 -47±6 -53±7 -476±53 491±52 -9± 1 

     Dimer 2 -63±9 -99±8 -310±58 360±56 -14±1 

NDS Cluster 2      

     Tetramer* NC NC NC NC NC 

     Dimer 1 -52±10 -91±7 -341±73 396±72 -15±1 

     Dimer 2* NC NC NC NC NC 

NDS Cluster 3      

     Tetramer -177±19 -351±19 -31±115 251±107 -47±3 

     Dimer 1 -29±7 -80±7 116±56 -54±48 -10±1 

     Dimer 2 -34±5 -45±6 -62±28 80±26 -7±1 

Domain swap      

     Tetramer -662±26 -838±30 -1002±56 1268±53 -110±2 

…..Dimer -336±13 -420±15 -501±56 640±53 -56±2 

All units are given in kcal/mol 

1 ΔGTOTAL Total binding free energy  

2 ΔEVDW van der Waals interaction energy  

3 ΔEEEL electrostatic energy 

4 ΔEEGB General-Born polar solvation energy 

5 ΔESURF General-Born non polar solvation energy 

 The * denotes conformations that were not stable during MD simulations; no values were calculated 

for these conformations (NC).  
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Table S2.4: Restraints used for HADDOCK 2.2 docking. Active and passive residues used in the 

definition of the ambiguous distance restraints, non-crystallographic symmetry restraints (NCS) used 

to ensure same conformation of all chains and symmetry restraints used to enforce symmetry of the 

tetramer. 

Restraint type  

Active residues 1-10, 46-59, 76-96 

Passive residues* 
11-12, 15, 18-20, 22-23, 26-28, 30, 41-45, 60-62, 68, 73-75, 97-98, 104-105, 

107-112, 113-117, 120-130 

NCS restraints A=B, B=C, C=D 

Symmetry 

restraints** 
A=B, A=C, A=D, B=C, B=D, C=D 

*All surface exposed residues that are within 6.5 Å of active residues 

**symmetry was imposed on the whole protein (residue ID 1-130) 

 

 

Table S2.5: Structural statistics of the representative clusters from each NDS structural cluster 

of SQT-1C tetramers 

 Cluster 1 Cluster 2 Cluster 3 

HADDOCK score -692 +/- 7 -653 +/- 47 -654 +/- 13 

RMSD from overall lowest-energy 

structure (Å) 
3 +/- 1 14 +/- 1 18 +/- 1 

VDW energy (kcal/mol) -339 +/- 6 -259 +/- 32 -361 +/- 19 

Desolvation energy (kcal/mol) -240+/- 24 -78+/- 16 -318 +/- 21 

Electrostatics energy (kcal/mol) -1120 +/- 71 -1941+/- 123 -507 +/- 135 

Restraints violation energy(kcal/mol) 1084 +/- 80 698 +/- 69 1243+/- 156 

Buried surface area (Å
2
) 9320 +/- 354 8372 +/- 262 8421 +/- 100 
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2.7.3 Supplementary Materials and Methods 

Plasmids 

The amino acid sequence of SQT-1C construct was: 

1                     10                    20                       30                        40                         50  

MIPRGLSEAK PATPEIQEIV DKVKPQLEEK TNETYGKLEA VQYKTQVLDT  

                       60                        70                        80                     90                       100 

YRYILASTNY YIKVRAGDNK YMHLKVFNGP EQKLISEEDL ADRVLTGYQV  

                      110                    120                        130 

DKNKDDELTG FENLYFQSLE RYLEHHHHHH 

 

The amino acid sequence of SQT-1N construct was:  

-19                    -9                         1                      11                    21                        31  

MGSSHHHHHH SSGLVPRGSM IPRGLSEAKP ATPEIQEIVD KVKPQLEEKT  

                        41                        51                        61                       71                         81 

NETYGKLEAV QYKTQVLDTY RYILASTNYY IKVRAGDNKY MHLKVFNGPE 

                      91                        101                       111 

 QKLISEEDLA DRVLTGYQVD KNKDDELTGF 

 

Tetramer docking simulations 

The SQT-1C non-domain swapped (NDS) tetramers were obtained by protein-

protein ab-initio docking using the multi-body interface of HADDOCK 2.2 webserver223, 291-

292. The NDS SQT-1C tetramers were built from 4 monomeric units, where the minimized 

structure of SQT-1C was used as a starting structure for the docking. Ambiguous 

intermolecular restraints (AIR) that guided the docking in HADDOCK were defined as 

follows: For all four chains, the residues with the If/I0 ratio below 0.25 were selected as 

active residues while surface residues within 6.5Å of active residues were defined as passive. 

In addition, non-crystallographic symmetry restraints and six pairs of C2 symmetry restrain 

were used to ensure symmetrical topology of the tetramer while enabling the system to adopt 

either D2 or C4 symmetry (Table S2.4). Standard HADDOCK protocol was used to run the 

simulations. A total of 10000 structures were generated during the rigid-body docking, and 

the best 400 structures were subjected to semi-flexible and explicit solvent refinement. 
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Twenty-nine clusters of solutions were obtained with a 0.6 Fraction of Common Contacts 

(FCC) cut-off. Structural analysis of representative structures from each cluster revealed that 

SQT-1C could adopt three different tetramer topologies with similar energies and similar 

size of the buried surface area. Representative structures from each group with highlighted 

binding interfaces are shown in Figure S2.8; the orientation of monomeric units within each 

complex is shown in Figure S2.9 while their full statistics of docking can be found in Table 

S2.5. NDS SQT-1C tetramers in Cluster 1 exhibit D2 symmetry (Figure S2.8 and Figure 

S2.9). First interaction surfaces forms between C-terminal residues and L2. The second 

interaction surface forms through association of L1 loops. The tetramer is further stabilised 

by contacts between N-terminal residues and L2. Cluster 2 exhibits C4 symmetry with 

contacts between L1 and L2, forming both interaction surfaces. Additionally, the complex 

is stabilised by interactions between L2 and N-terminal residues (N). (Figure S2.8b and 

Figure S2.9b) Similarly to Cluster 1, Cluster 3 also exhibits D2 symmetry, with the 

interaction between L2, C-terminal residues and L1 forming one of the binding interfaces, 

while the other comprises only of contacts between N-terminal residues of binding partners 

(Figure S2.8c and Figure S2.9c). 
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2.8 Optimisation of protein expression and purification protocols 

 

As described in section 2.5.1, synthesized codon-optimised gene construct encoding 

the SQT protein with AU1 insert in loop 1 and Myc insert in loop 256, named SQT-1, was 

obtained from GeneArt (ThermoFisher Lifetechnologies) and subcloned as two variants, 

with a cleavable hexahistidine tag at the N-terminus (SQT-1N) or C-terminus (SQT-1C). As 

the initial tested purification protocol yielded insufficient protein amounts, expression and 

purification protocols were optimised for both SQT-1N and SQT-1C. 

 

2.8.1 Optimisation of SQT-1N expression 

In the first attempt, SQT-1N was expressed in E. coli BL21 T7 express competent 

cells in M9 minimal media and purified using the previously reported procedure56. Total 

protein yield from E. coli BL21 T7 express culture was approximately 10 mg per 1L of M9 

minimal media which was too low for NMR analysis and far less than previously reported56. 

Therefore, the optimisation of SQT-1N expression was carried out in M9 minimal media as 

described in Materials and Methods, section 2.8.7. In the first round of optimisation, E. coli 

BL21 (DE3), BL21 T7 Express (DE3), BL21 RosettaTM 2(DE3) and BL21 CodonPlus RP+ 

strains were transformed with pHis vector containing SQT-1N sequence. Cultures were 

grown at 37°C with shaking, with OD600 of each culture recorded regularly throughout 

incubation to follow the bacterial growth. In all cases, SQT-1N expression was induced with 

1 mM IPTG at OD600 0.6. 1 ml samples of cell cultures were retained prior to and 20 h after 

induction for SDS-PAGE analysis of protein expression levels (Figure S2.13). RosettaTM 2 

(DE3) exhibited the slowest growth and reached the lowest optical density among the tested 

E. coli strains, but it had the highest total expression yield of 15 mg per 1L of M9 media.  

 

 



 

92 

Studies of the oligomerisation mechanism of a cystatin-based engineered protein scaffold 

 

Figure S2.13: A) E. coli culture growth in M9 minimal media. The Optical density at 600 nm 

(OD600) of the E. coli BL21 (DE3), Rosseta™ 2 (DE3), BL21 T7 Express (DE3) and CodonPlus RP+ 

throughout incubation at 37 °C. B) SQT-1N expression yield in different E. coli strains. Total 

expression yield in E. coli BL21 (DE3) (8,7), Rosseta™ 2 (DE3) (6,5), BL21 T7 Express (DE3) (4,3) 

and CodonPlus RP+ (2,1) cell cultures was analysed and compared by SDS-PAGE analysis of 

samples taken prior to and 20 hours after induction. 

 

 

 

Figure S2.14: Growth of E. coli Rosetta
TM 

2 (DE3)
 
at different conditions. Cultures were grown 

at A) 37 °C, B) 30°C and C) 25°C, and induced with either 0.1 mM or 1 mM IPTG. 

In the second round of SQT-1N expression optimisation, the optimum temperature 

of growth and optimum IPTG concentration were determined. RosettaTM 2 (DE3) cultures 

were grown at 37, 30 or 25 °C and induced with either 0.1 or 1 mM IPTG (Figure S2.14). 

The fastest growth and highest optical density of RosettaTM 2 (DE3) cultures was observed 

at 37 °C with the similar plateau of growth reached at both IPTG concentrations. Cultures 

grown at 30 °C reached similar optical density that those grown at 37 °C, while those growth 
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at 25 °C resulted in significantly lower optical density. To compare total expression yields 

in different growing conditions, samples of each cell culture taken prior to and 20 h after 

induction were analysed by SDS-PAGE (Figure S2.15A). The highest total expression yield 

of SQT-1N was observed in the RosettaTM 2 (DE3) cultures grown at 30°C and induced with 

0.1 mM IPTG.  

To check whether SQT-1N is fully soluble in the cytoplasm or retained in inclusion 

bodies, samples of RosettaTM 2 (DE3) cultures obtained 2, 4, 6 and 20 hours after induction 

were treated with BugBuster Protein Extraction Reagent following manufacturer’s 

instructions to obtain the soluble protein fraction and isolate inclusion bodies. Samples were 

than prepared for SDS-PAGE analysis according to manufacturer’s protocol (Figure 

S2.15B). The concentration of SQT-1N in soluble fraction reached its maximum 4 hours 

after induction and did not change significantly with further incubation. On the other hand, 

concentration of SQT-1N in inclusion bodies increased with time, reaching its maximum 6 

hours after induction and did not change significantly with further cell growth. 20 h after 

induction, approximately 50% of SQT-1N was soluble in the cytoplasm, while the rest was 

packed into inclusion bodies. These results suggested that further purification should be done 

under solubilisation conditions to recover SQT-1N from inclusion bodies.  

 

 

Figure S2.15: A) SDS PAGE of total SQT-1N expression in Rosetta
TM 

2 (DE3) cells in different 

growth conditions. Samples of cell cultures grown in different conditions were retained prior to 

(denoted as 0 h) and 20 h after induction. B) SDS PAGE of soluble and insoluble SQT-1N expression 

in of RosettaTM 2 (DE3)
 
cells 2, 4, 6 and 20h after induction. Bands denoted with * correspond to 

lysozyme that was used during inclusion bodies purification 
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2.8.2 Optimisation of SQT-1N purification 

Three different protocols for SQT-1N purification were tested; first using standard 

solubilisation with 6 M guanidine hydrochloride (GndHCl) followed by refolding step, 

second applying mild solubilisation in Tris-HCl buffer with addition of Triton X-100, which 

eliminated the need of the refolding step, and third using native purification protocol 

published by Stadler et. al.56 In all three cases, the first step in purification was Ni2+ affinity 

chromatography using Ni-NTA agarose as described in section 2.8.7. Samples of unbound 

flow through, washing and 6 elution fractions were analysed using SDS-PAGE to determine 

efficiency of purification with Ni-NTA agarose (Figure S2.16). In all cases 90 min 

incubation was sufficient for binding of SQT-1N to Ni-NTA, negligible amount of SQT-1N 

was present in the wash fraction, and most of the SQT-1N was eluted from the resin after 

elution with 6 ml of elution buffer.  

 

Figure S2.16: Analysis of Ni2+-affinity chromatography efficiency for A) Denature-Refold, B) 

Mild solubilisation and C) Native purification of SQT-1N 

The second step in SQT-1N purification was size exclusion chromatography (SEC). 

In the mild solubilisation and native purification protocols, fractions containing SQT-1N 

after Ni2+ affinity chromatography were joined, centrifuged to remove any insoluble 

aggregates and injected directly onto the gel filtration column while in the denaturing 

protocol, eluted SQT-1N was first refolded by rapid dilution, dialysed against refolding 

buffer overnight, concentrated to 6 mL and centrifuged before injection onto the SEC 
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column. The next day, refolded SQT-1N was concentrated to 6 ml, briefly centrifuged to get 

rid of any aggregates and injected onto the SEC column pre-equilibrated into refolding 

buffer. It is important to note that a considerable amount of visible aggregates was present 

after centrifugation during denature-refold purification while no precipitation was observed 

during native and mild solubilisation purification. Traces obtained during SEC from native 

and denature-refold purifications are shown in Figure S2.17. In the denature-refold 

purification protocol, the majority of SQT-1N eluted as a monomer, with minor traces of 

oligomer formation. On the contrary, in mild solubilisation and native purification protocols 

majority of SQT-1N was eluted in oligomeric forms. These results suggested that the 

denature-refold purification protocol should be used for purification of SQT-1N. 



 

96 

Studies of the oligomerisation mechanism of a cystatin-based engineered protein scaffold 

 

Figure S2.17: SEC purification traces for both SQT-1 variants. SEC traces of SQT-1N purified 

by A) Native and B) Denature-Refold protocols, and SQT-1C purified by C) denature-refold and D) 

native purification protocol. Purification in panel A was achieved using HiLoad 26/600 Superdex 

200 pg column while HiLoad 26/600 Superdex 75 pg column was used in other purification 

protocols.  
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2.8.3 Assessing the stability of SQT-1N  

Stability and folding of SQT-1N was assessed by NMR spectroscopy. Sharp, well-

resolved peaks in amide-aromatic and methyl region in 1H NMR spectrum of SQT-1N 

indicated that SQT-1N is completely folded. To assess the effect of pH on SQT-1N folding 

1H NMR spectra of unlabelled SQT-1N that was buffer exchanged into 20 mM Na-phosphate 

buffers, 150 mM NaCl, 50 mM ArgGlu, pHs 6.1, 7.2 and 7.4 were acquired (Figure S2.18A). 

Upon change of pH, minor changes in 1H spectra were observed. However, there was 

insufficient evidence that changing pH would significantly improve the NMR spectrum. 

Hence, we decided to keep the pH at 7.2.  

 

Figure S2.18: A) Amide-aromatic (left) and methyl-aliphatic (right) regions of 
1
H NMR spectra 

of SQT-1N at different pH. B) 
15

N HSQC of SQT in refolding buffer with 150 mM NaCl (pink) 

and without any NaCl (blue). 1D projections of the 
1
H dimension are plotted above HSQC 

spectra. All spectra were recorded on the 800 MHz Bruker spectrometer at 25 °C. The concentration 

of all samples was 0.15 mM in their respective buffers, 5% 2H2O was added to each sample. 

 

To analyse the effect of NaCl on the stability of SQT structure, one aliquot of 0.15 

mM 15N SQT-1N sample was buffer exchanged into refolding buffer without salt while the 

other aliquot was kept in the original refolding No significant changes were observed 

between 15N HSQC spectra of both samples. However, comparison of 1D projections in the 

1H dimension revealed lower intensity of signals in the sample without salt (Figure S2.18B). 

To determine the short-term stability of SQT-1N with and without NaCl, 15N HSQC spectra 

of both samples were acquired across 5 days. During this time no significant changes were 
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observed in 15N HSQC spectra of the SQT-1N in refolding buffer with salt while the loss of 

signal intensities and peak broadening were noted after 2 days in the sample without NaCl 

indicating partial aggregation of SQT-1N (Figure S2.19A). The SQT-1N sample in the 

absence of salt ultimately precipitated in 5 days. This data suggested that NaCl stabilises 

SQT-1N and should be thus present in refolding and storage buffers. 

 

 

Figure S2.19: A) 
15

N HSQC spectra of SQT in the absence of NaCl immediately (pink) and 

after 2 days (blue). B) 
15

N HSQC spectra of SQT immediately (pink) and 2 days after (blue) 

concentrating. All spectra were recorded on the 800 MHz Bruker spectrometer at 25 °C. The 

concentration of samples in A and B was 0.15 and 5 mM, respectively, 5% 2H2O was added to each 

sample 

As we wanted to study the stability of SQT-1N in highly concentrated solutions, 

needed for industrial applications, the SQT-1N was gradually concentrated to 5 mM. Upon 

concentration, chemical shifts perturbation and peak broadening were observed in 15N 

HSQC spectrum compared to a spectrum of low concentration sample, which indicated 

oligomerisation. Almost complete oligomerisation of SQT-1N was observed after 2 days at 

high protein concentration (Figure S2.19B). 
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2.8.4 Optimisation of SQT-1C expression 

First E. coli BL21 T7 Express (DE3), BL21 RosettaTM 2(DE3) and BL21 CodonPlus 

RP+ strains were transformed with pET21a(+) vector containing SQT-1C sequence. 

Cultures were grown in 50 ml of Minimal M9 media at 30°C and 37°C in triplicates with 

shaking, where OD600 of each culture was recorded regularly throughout incubation to 

determine bacterial growth. SQT-1C expression was induced with 0.1 mM, 0.5 mM or 1 mM 

IPTG at OD600 0.6. 1 ml samples were retained prior to and 16 h after induction for analysis 

of expression levels (Figure S2.20). All strains reached the plateau of growth at OD600 1.95 

regardless of the incubation temperature, but the highest total expression yield was observed 

in CodonPlus RP+ strain induced with 0.1 mM IPTG grown at 37 °C; therefore, these growth 

conditions were used going forward. 

 

Figure S2.20: A) E. coli culture growth in M9 minimal media. The optical density at 600 nm 

(OD600) of the E. coli RossetaTM 2, BL21 T7 Express (DE3) and CodonPlus RP+ measured throughout 

incubation at 30 and 37 °C to determine culture growth of individual E. coli strains B) Total SQT-

1C expression yield in different E.coli strains at 37 °C Total Expression yield in E. coli T7 Express 

(DE3), RossetaTM 2 and CodonPlus RP+ cell cultures grown was analysed and compared by SDS-

PAGE analysis of samples taken prior to and 16 hours after induction. 

 

2.8.5 Optimisation of SQT-1C purification 

Native and denature-refold purification protocols for SQT-1C purification were 

tested. Both protocols consisted of two same two steps as SQT-1N purification. The 

efficiency of purification with Ni-NTA agarose was analysed by SDS-PAGE (Figure S2.21). 
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Figure S2.21: Analysis of Ni
2+-

affinity chromatography efficiency for A) the Denature-Refold 

and B) the Native purification of SQT-1C 

 

In both protocols, a significant fraction of SQT-1C did not bind to the column, which 

indicated that either incubation time should be longer or the capacity of the column was 

exceeded. The majority of bound SQT-1C eluted from the column in 6 ml of elution buffer. 

In native purification, elution fractions containing SQT-1C were joined, centrifuged to 

remove any aggregates and injected onto the SEC column. In denature-refold purification, 

elution fractions containing SQT-1C were first refolded by rapid dilution with refolding 

buffer followed by overnight dialysis in refolding buffer before injecting onto the SEC 

column. It is important to note that no visible aggregation was observed in neither of the 

tested purification protocols. SEC traces from both purifications are shown in Figure S2.17. 

Monomeric SQT-1C eluted from the column at 220 ml while SQT-1C dimer and tetramer 

eluted at 180 ml and 160 ml, respectively. In the denature-refold purification protocol, 

approximately half of SQT-1C was eluted as a monomer, with the other half forming dimers 

and tetramers. The final yield of monomeric SQT-1C in denature-refold purification was 50 

mg per 1L of M9 minimum media. In the native purification protocol majority of SQT-1C 

eluted as a tetramer with barely any monomers present, which was a clear indication that 

denature-refold protocol should be used for purification of SQT-1C. 

2.8.6 Assessing folding and stability of SQT-1C 

The accurate size of SQT-1C oligomers present in solution was determined by SEC-

MALS (Dawn Heleos II, Wyatt). The peak eluting at 14 ml had a molecular mass of 15.39 

kDa, which corresponds to monomeric SQT-1C. Molecular mass of peaks eluting at 11 and 

12 ml was determined to be 59.54 and 32.49 kDa, respectively, which are in agreement with 

dimeric and tetrameric species of SQT-1C. To assess whether different forms of SQT-1C 

are in equilibrium with one another, fractions containing monomers and dimers were re-run 
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on SEC-MALS immediately and 7 days after concentration. SQT-1C remained in its 

monomeric form after 1 h incubation, but the equilibrium between mono-, di- and tetramers 

was established after 7 days. Ratio between species was the same as in the initial sample run. 

In the rerun of dimeric SQT-1C fraction after an hour, peak characteristic for tetramers was 

already present, indicating that dimer and tetramers are in fast equilibrium. Transition of 

dimer into higher-ordered species was further observed with NMR spectroscopy. 15N HSQC 

of dimeric SQT-1C was recorded immediately and 48 h after purification. In this time, 

almost all dimers associated/aggregated into higher-order species as indicated by loss of 

signal intensity and line broadening (Figure S2.22). The stability of monomeric SQT-1C was 

assessed by regularly recording 15N HSQC spectra over two weeks. In that time, 

approximately 50% of SQT-1C was lost due to aggregation. (Figure S2.22).  

 

Figure S2.22: A) SQT-1C dimer immediately (pink) and 2 days (blue) after purification B) 

monomeric SQT-1C immediately (pink) and 2 weeks (blue) after purification 

 

To determine optimum buffer conditions for SQT-1C, we tested the effect of NaCl 

and pH on SQT-1C folding. First, NMR titration of desalted SQT-1C sample with the 

gradual addition of NaCl to the final concentration 300 mM was performed (Figure S2.23). 

Initially, peaks in amide-aromatic region of 1H NMR spectra sharpened and slightly 

increased in intensity with increasing NaCl concentration. The opposite effect was observed 

when the concentration of NaCl exceeded 100 mM. Therefore, it was concluded that NaCl 

should be used in the buffer at concentrations lower than 100 mM. Next, the effect of pH on 

SQT-1C was tested by gradual NMR titration from pH 7.5 to pH 6.5. Slightly narrower 

linewidths and a small increase of some signals in aromatic and amide region were observed 
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with decreasing pH. In 15N HSQC three distinctive behaviours of peaks were noted during 

pH titration (Figure S2.23): Firstly, chemical shifts of the majority of peaks did not change 

and their intensities remained the same throughout the titration. Secondly, less than 10 peaks 

exhibited chemical shift perturbation on the fast exchange scale. Thirdly, peaks noted with 

dashed arrows appear to be in slow chemical exchange and their perturbations most probably 

occurred due to pH-induced local conformational changes. It was additionally observed that 

SQT-1C sample at pH 6.5 precipitated overnight. pH 7.2 was chosen for further work as a 

compromise between spectral quality and stability of the SQT-1C. 

 

Figure S2.23: NMR assessment of SQT-1C stability. A) Amide and aromatic regions of 1H NMR 

spectra of SQT-1C at different concentrations of NaCl. B: 15N HSQC spectra of SQT-1C at pHs 7.5 

(dark blue), 7.2 (light blue), 7.0 (green), 6.8 (orange) and 6.5 (magenta). Solid and dashed arrows 

denote peaks in fast and slow exchange, respectively.  
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2.8.7 Materials and Methods 

Transformation 

All competent cells were transformed using a heat-shock protocol: 50 μl of 

competent cells were first incubated with 100 ng of appropriate plasmid on ice for 30 min, 

then placed into heat block at 42°C for 45 s and immediately transferred back to ice. After 

the addition of 0.5 ml SOC outgrowth media (NEB) cells were incubated at 37°C for an hour 

and then plated on LB agar plates with appropriate antibiotic (Table S2.6) and incubated at 

37 °C overnight.  

Table S2.6: Table of used competent cells and antibiotics 

E. coli Competent cells Antibiotics on LB Agar 

plates 

Antibiotics used in liquid 

media 

DH5α 

(Invitrogen) 

Amp 100 μg/ml Amp 50 μg/ml 

BL21 (DE3) 

(TransGen Biotech co. Ltd.) 

Amp 100 μg/ml Amp 50 μg/ml 

BL21 T7 Express 

(NEB) 

Amp 100 μg/ml  Amp 50 μg/ml 

RosettaTM 2 (DE3)  

(Merck Millipore) 

Amp 100 μg/ml, CAM 34 

μg/ml 

Amp 50 μg/ml, CAM 34 μg/ml 

BL21 CodonPlus RP  

(Agilent technologies) 

Amp 100 μg/ml, CAM 34 

μg/ml 

Amp 50 μg/ml, CAM 34 μg/ml 

 

Protein expression optimisation 

Protein expression optimisation was done in M9 minimal media. Transformed cells 

were grown in 50 ml of M9 minimal media with respective antibiotics (Table S2.6) to OD600 

= 0.600 at 25, 30 or 37 °C, and protein expression induced with either 0.1, 0.5 or 1mM IPTG. 

1ml samples were taken regularly pre and post induction to follow cell growth and analyse 

SQT-1 expression by SDS-PAGE. After overnight growth the cells were harvested by 

centrifugation at 6000 xg for 15 min and stored at -20 °C. 

After the optimisation, SQT-1N was expressed in RosettaTM (DE3) competent cells 

(Novagen), grown at 37 °C to OD600 0.6, and induced with 1 mM IPTG. After overnight 

incubation at 30 °C, cells were harvested by centrifugation at 6000 g for 15 min and stored 
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at -20 °C. Following optimisation, the SQT-1C variant was expressed in BL21-CodonPlus 

RP+ competent cells (Agilent technologies), grown at 37°C to OD600 = 0.6, and induced with 

0.5 mM IPTG. After overnight incubation at 37°C, cells were harvested by centrifugation at 

6000 g for 15 min and stored at -20 °C.  

Protein purification optimisation 

Aliquot of cell pellet was resuspended in 20 ml protein of respective lysis buffer (see 

Table 3). Cells were disrupted by sonication with Sonopuls HD 3200 ultrasonic homogenizer 

(Bandelin) equipped with TT13/F2 probe (Bandelin) on ice for 15 min with 15 s on/ 45 s off 

setting at 30% amplitude. After centrifugation of cell lysate at 48500 g for 30 min, the 

supernatant was transferred onto Ni-NTA column (Quiagen), that was pre-washed with 

distilled water and equilibrated into appropriate lysis buffer (Table S2.7), and left to incubate 

at room temperature for 90 min. The column was then washed with 50 ml of corresponding 

washing buffer and bound SQT-1N or SQT-1C eluted into six 1 ml fractions with respective 

elution buffer (Table S2.7) In case of native and mild solubilisation protein purification 10 

μl of each fraction was withdrawn for analysis by SDS-PAGE, while 50 μl was withdrawn 

in denature-refold protocol. Protein concentration in each fraction was determined using 

Bradford reagent. In native and mild solubilisation protocol fractions containing SQT-1 were 

joined, centrifuged for 10 min at 14000 g and injected on size exclusion Superdex-S75 

26/600 GL chromatography column (GE Healthcare life sciences), pre-equilibrated with 

appropriate SEC buffer (Table S2.7). In the denature-refold purification, fractions containing 

SQT-1 were joined and refolded by rapid dilution with refolding buffer (Table S2.7), 

followed by overnight dialysis into refolding buffer. Next day, the refolded protein was 

concentrated using Vivaspin concentrators with cut-off 3.5 kDa to the final volume of 6 ml. 

The sample was then centrifuged at 14000 g for 10 min to remove any aggregates and 

injected on size exclusion Superdex-S75 26/600 GL chromatography column (GE 

Healthcare Life Sciences), pre-equilibrated with refolding buffer. In all three purification 

protocols, fractions containing monomeric SQT-1 were collected, joined and concentrated 

using Vivaspin concentrators (cut-off 3.5 kDa) to the final concentration of approximately 

10 mg/ml in the stock solution. 50 μl of protease inhibitors without EDTA (Roche) were 

added per each ml of stock solution.  

  



 

105 

Studies of the oligomerisation mechanism of a cystatin-based engineered protein scaffold 

Table S2.7: Buffers used in protein purification 

         Purification 

type 

Buffer 

Native Mild solubilisation Denature-Refold 

Lysis  50 mM Na-phosphate 

buffer, 0.3 M NaCl, 

pH 7.4 

20 mM Tris-HCl, 0.3 

M NaCl, pH 8.0 

20 mM Na-phosphate 

buffer, 0.5 M NaCl, 6 

M GuHCl pH 8.0 

Washing  50 mM Na-phosphate 

buffer, 0.3 M NaCl, 

pH 7.4, 10 mM 

imidazole 

20 mM Tris-HCl, 0.3 

M NaCl, pH 8.0, 10 

mM imidazole 

20 mM Na-phosphate 

buffer, 0.5 M NaCl, 6 

M GuHCl pH 8.0, 10 

mM imidazole 

Elution  50 mM Na-phosphate 

buffer, 0.3 M NaCl, 

pH 7.4, 500 mM 

imidazole 

20 mM Tris-HCl, 0.3 

M NaCl, pH 8.0, 500 

mM imidazole 

20 mM Na-phosphate 

buffer, 0.5 M NaCl, 6 

M GuHCl pH 8.0, 

500 mM imidazole 

Refolding X X 20 mM Na-phosphate 

buffer, 150mM NaCl, 

50mM ArgGlu, 5 mM 

EDTA, pH 7.2 

SEC 50 mM Na-phosphate 

buffer, 0.3 M NaCl, 

pH 7.4 

20 mM Tris-HCl, 0.3 

M NaCl, pH 8.0 

20 mM Na-phosphate 

buffer, 150mM NaCl, 

50mM ArgGlu, 5 mM 

EDTA, pH 7.2 

 

SDS-PAGE 

SDS-PAGE was used to check the expression of SQT-1N and SQT-1C before and 

after induction of expression with IPTG. The 200 μl sample of the cell culture with the lowest 

OD600 was taken, while the volumes of other cell cultures were adjusted so that the amount 

of cells for analysis on the SDS-PAGE was the same across all samples. Cell culture samples 

were centrifuged at 14000 xg for 5 min, the supernatant was decanted, and the pellet was 

resuspended in 25 μl of MQ water. 25 μl of 2x SDS loading buffer (250 mM Tris-HCl, pH 

6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 0.002% (w/v) bromophenol blue) was added before 

heating at 95 °C for 5 min. Purity of SQT-1N and SQT-1C samples after each purification 

step was also checked with SDS-PAGE analysis. During native purification, 10 μl of tested 
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protein fraction was retained and 10 μl of 2x SDS-loading buffer added before heating at 

95°C for 5 min and loading on the gel. In the denaturing purification, 50 μl of protein samples 

were retained and precipitated by addition of 450 μl chilled 100% ethanol and thorough 

mixing. Samples were then centrifuged at 14000 xg for 10 min and the supernatant decanted. 

Pellet was resuspended in 25 μl of 1x SDS loading buffer before heating at 95 °C for 5 min. 

In all cases, 10 μl of each sample was run on 4-20% Mini-PROTEAN® precast 

polyacrylamide gels (Bio-Rad) together with pre-stained protein Ladder (Life technologies) 

in SDS-Tris running buffer at 250 V for 25 min. Protein bands were visualized using Instant 

Blue Coomassie solution.  

NMR experiments 

If not stated otherwise, 450 μl of SQT-1N/C stock solution was first dialysed into the 

buffer of choice using GeBaflex dialysis tube (GeBA) overnight, and then 50 μl of 2H2O 

and 2.5 μl of DSA standard (100 mM stock solution) were added. All NMR spectra were 

recorded on the 800 MHz Bruker Avance III spectrometer equipped with TCl cryoprobe a 

temperature control unit at 25 °C. 1H spectra were acquired using standard zgepsgp Bruker 

pulse sequences with excitation sculpting water suppression with 64 scans. 1H-15N HSQC 

spectra were recorded using hsqcfpfwg pulse sequence from the standard Bruker library with 

8 scans and 128 increments. 
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BLANK PAGE 
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3.1 Abstract  

Peptide aptamers built using engineered scaffolds are a valuable alternative to 

monoclonal antibodies in many research applications due to their smaller size, versatility, 

specificity for chosen targets, and ease of production. However, inserting peptides needed 

for target binding may affect aptamer structure, in turn compromising its activity. We have 

shown previously that a stefin A based protein scaffold with AU1 and Myc peptide insertions 

(SQT-1C) spontaneously forms dimers and tetramers, and that inserted loops mediate this 

process. In the present study, we show that SQT-1C forms tetramers by self-association of 

dimers, and determine the kinetics of monomer-dimer and dimer-tetramer transitions. Using 

site-directed mutagenesis, we show that while slow domain swapping defines the rate of 

dimerisation, conserved proline P80 is involved in the tetramerisation process. We also 

demonstrate that the addition of a disulphide bond at the base of the engineered loop prevents 

domain swapping and dimer formation, also preventing subsequent tetramerisation. 

Formation of SQT-1C oligomers compromises the presentation of inserted peptides for 

target molecule binding, diminishing aptamer activity, however introduction of the 

disulphide bond locking the monomeric state enables maximum specific aptamer activity, 

whilst also increasing its thermal and colloidal stability. We conclude that stabilising 

scaffold proteins by adding disulphide bonds at peptide insertion sites might be a useful 

approach in preventing binding-epitope-driven oligomerisation, enabling the creation of 

very stable aptamers with maximum binding activity. 

 

3.2 Introduction 

Peptide aptamers are proteins that consist of short target-binding polypeptide loops 

embedded within a stable protein scaffold, designed to bind specifically to a defined target. 

Engineered protein scaffolds are typically based on small native globular proteins, modified 

to remove original function and include new subcloning sites for adding the interchangeable 

loops. To achieve desired specificity and affinity, the sequences containing the desired 

binding epitope(s) (typically up to 10 – 15 residues) are usually inserted instead of the 

original loops. In principle, peptide aptamers mimic the antibody-based molecular 

recognition, but typically have a much smaller frame (often ~15 kDa), less complex structure 

and do not require post-translational modifications, and therefore can be often produced in 

simpler recombinant expression systems266. Peptide aptamers are applied in various research 

tasks, including the development of combinatorial protein libraries for protein recognition37, 
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270, studies of protein function and their interactions330, diagnostic tools274, biosensors43, 

imaging agents276 and as biotherapeutics277. As such, peptide aptamers are an emerging 

valuable alternative to monoclonal antibodies which until now have prevailed as the ‘gold 

standard’ for affinity binding studies.  

More than 50 structurally diverse non-immunoglobulin scaffolds have been reported 

to date266. While protein scaffolds are designed to be as stable as possible, insertion of 

modified loops may however unintentionally destabilise them, leading to aggregation and 

reduction in thermal stability51, or cause larger structural rearrangements such as domain-

swap oligomerisation331. Changes to protein tertiary and quaternary structures may influence 

conformation or presentation of the binding loops, thus compromising target binding.  

To explore in detail the structural and functional consequences of loop insertions, we 

are using a model engineered protein scaffold derived from stefin A, named SQT56. Stefin 

A belongs to the cystatin superfamily of cysteine protease inhibitors, which also includes 

stefin B and cystatin C332. SQT has three possible insertion sites for peptides, namely the N-

terminus, loop 1 and loop 2. While it has been shown in the original publication56 that SQT 

retains secondary structure upon various peptide insertions, we have demonstrated in our 

previous study that an SQT variant, named SQT-1C, with AU1 and Myc peptides inserted 

into loop 1 and loop 2, respectively, has decreased thermal stability and poor solution 

behaviour331. Insertion of these epitopes led to the spontaneous formation of interconverting 

monomeric, dimeric and tetrameric species in solution, with such oligomerisation directly 

mediated by the inserts in the engineered loops331. Although the problem with domain-swap 

oligomerisation and destabilisation has been identified, it was not clear what the functional 

consequences of this oligomerisation were, and how this structural instability could be 

prevented. 

In this study, we have further explored the kinetics and mechanism of SQT-1C 

oligomerisation. We determined that tetramerisation occurs through self-association of 

domain-swapped dimers, with the formation of these dimers being the rate limiting step. We 

have designed two SQT-1C variants. In the first variant, a P80G point mutation was 

introduced to explore the role of conserved proline 80 in tetramerisation kinetics. For the 

second variant, a double mutant was designed, creating a disulphide bond which locked the 

configuration of the inserted loop 1. This drastically stabilised the monomeric species and 

prevented the formation of domain-swapped dimers. Additionally, we show that 
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oligomerisation of SQT-1C reduces its target binding capacity, whereas the disulphide bond-

stabilised monomer had the highest specific activity. We conclude that stabilising protein 

scaffolds by adding disulphide bonds at peptide insertion sites to stabilise the engineered 

loops might be a useful approach for preventing binding-epitope-driven oligomerisation, 

while simultaneously also improving their thermal and colloidal stability. 

 

3.3 Results 

3.3.1 SQT-1C oligomerises through monomer-dimer-tetramer pathway 

As previously shown331 monomeric SQT-1C is in equilibrium with dimeric and 

tetrameric species in solution; however, the exact oligomerisation pathway has not been 

established. To determine the kinetic model of SQT-1C oligomerisation, we have isolated 

monomeric, dimeric and tetrameric protein fractions (Table 3.1), and followed the re-

equilibration kinetics of each fraction using size exclusion chromatography (SEC).  

 

Table 3.1: Molecular weights of protein oligomers (in kDa) as determined by SEC-MALS 

 SQT-1C SQT-1CP80G SQT-1CQ46C, N59C 

monomer 15.3±0.5 15.3±0.7 14.3±0.5 

dimer 32±1 32±1 30±1 

tetramer 62±2 59±2 61±2 

 

 

 

Figure 3.1: SEC analysis of SQT-1C species interconversion. Time evolution of monomers, 

dimers, and tetramers after incubation of 5 mg/mL SQT-1C samples at 25 °C starting from A) 

monomeric, B) dimeric and C) tetrameric pre-isolated species. 
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As shown in Figure 3.1A, monomeric SQT-1C first forms dimers, with tetramerisation 

occurring only after a substantial amount of dimers  have accumulated in solution. This 

indicates that dimers act as an intermediate state on the oligomerisation pathway to the 

formation of tetramers. In the isolated dimer fraction (Figure 3.1B), the dimer population 

quickly converts to monomers and tetramers. Over time, the fraction of monomers remains 

constant, while the association of dimers into tetramers becomes predominant and decrease 

in dimer concentration together with the increase of tetramer population is observed. This 

further supports the observation that tetramerisation occurs by association of dimers and that 

dimers are only an intermediate state in the oligomerisation pathway. Finally in the 

tetrameric fraction, partial dissociation of tetramers into dimers and monomers occurs 

already during sample preparation, with the final equilibrium of predominantly tetramer 

population followed by monomer and then dimer reached after 2 hours of incubation (Figure 

3.1C). This data clearly demonstrates that SQT-1C is in dynamic equilibrium between 

monomeric, dimeric and tetrameric species. Moreover, less than 1% of species with a 

molecular weight higher than 60 kDa were present throughout the SEC experiments, 

indicating that tetramers are the preferred final state with no further higher-order aggregation 

occurring in the time frame of the experiments.  

 

Figure 3.2: Model of SQT-1C oligomerisation. k1 and k-1 are the on- and off rates of dimer 

formation while k2 and k-2 are the on- and off rates for dimer-tetramer transition. 

 

SQT-1C oligomerisation can be described by a sequential monomer-dimer-tetramer 

self-association mode333 shown in Figure 3.2. All experimental SEC data on SQT-1C 

oligomerisation kinetics at various protein concentrations was successful fit to this model 

using DynaFit 4 software334, obtaining a single set of global kinetic parameters. As shown 

in Figure 3.3, the monomer-dimer-tetramer model describes the data completely, further 

supporting the choice of the model. 



 

113 

New disulphide bond in cystatin-based protein scaffold prevents domain-swap-mediated 
oligomerisation and stabilises the functionally active form 

 

Figure 3.3: SEC analysis of SQT-1C oligomerisation kinetics starting from the monomeric 

form. Time evolution of monomer (blue circle), dimer (black diamond), and tetramer fractions (red 

square), after incubation of monomeric SQT-1C samples at 25 °C at different concentrations: A) 1 

mg/mL, B) 5 mg/mL, and C) 10 mg/mL. Solid lines are global fits to a monomer-dimer-tetramer 

oligomerisation model. 

 

3.3.2 Structural rearrangement of SQT-1C monomers is the rate limiting step of 

protein dimerisation  

 

Table 3.2: Summary of estimated rate constants for SQT-1C oligomerisation at different 

temperatures. Reported errors are standard deviations obtained during data fitting in DynaFit 4 

using the default settings. 

SQT-1C 

T, °C 
k1 

(M-1s-1) 

k-1 (s
-1) 

*10-6 

k2 

(M-1s-1) 

k-2 (s
-1) 

*10-6 

20 0.018±0.003 0.1±5 0.52±0.2 9±5 

22 0.02±0.005 0.1±5 8.7±7.1 0.1±5 

25 0.058±0.008 0.1±0.1 1.7±0.6 2±2 

27 0.096±0.01 0.1±7 1.8±0.5 3±2 

30 0.47±0.12 210±40 6.4±3.7 2±0.1 

33 0.53±0.34 500±2000 7.7±3.9 6±2 

35 1.25±0.27 10±100 110±990 5±8 

 

In order to further explore the kinetics of SQT-1C oligomerisation, we measured the 

temperature-dependence of rate constants for SQT-1C dimerisation and tetramerisation, 
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which were then used to estimate the apparent activation energy of these processes. Fits to 

experimental data are shown in Figure S3.1, while the obtained estimates of rate constants 

are shown in Table 3.2. It should be noted that the back rates k-1 and k-2 are poorly defined 

due to the lack of experimental data on the tetramer and dimer dissociation. However, the 

on rates are well defined as the obtained values are consistent with temperature without 

imposing any restraints during fitting. The on-rates for both dimerisation k1 and 

tetramerisation k2 are significantly slower than expected for a simple diffusion-limited self-

association process where the rate constants typically range from 105 to 106 M-1s-1 335. This 

is consistent with structural rearrangements occurring on a slow timescale, responsible for 

both association steps. Furthermore, the rate for monomer to dimer (k1) reaction is an order 

of magnitude slower than that of dimer to tetramer transition (k2) indicating that the two 

processes are governed by different structural rearrangement mechanisms, and that dimer 

formation is the limiting step in SQT-1C oligomerisation pathway. Our previous molecular 

modelling data suggested that dimerisation proceeds via domain-swapping mechanism331.  

 

Figure 3.4: Arrhenius plot of the temperature dependence of SQT-1C A) monomer-dimer (k1) 

and B)) dimer-tetramer (k2) transition rates. Blue dashed line represents fit to Arrhenius equation. 

Data points coloured in red were discarded from line fitting due to excessively large errors. 

 

Figure 3.4 shows Arrhenius plots of the temperature dependence data of SQT-1C 

dimerisation and tetramerisation rates k1 and k2. Fitting the data to the linearized Arrhenius 

equation allowed estimation of the apparent activation energies (Ea) for both processes. Ea 

for SQT-1C monomer to dimer transition, 53±5 kcal/mol, was greater than that for dimer-

tetramer transition, 36±6 kcal/mol. Activation energies for SQT-1C dimerisation are 

consistent with previously reported values of 55±4 kcal/mol for domain swap 

oligomerisation of stefin B336. Similarly, the apparent activation energy for SQT-1C 

tetramerisation is similar to that of stefin B tetramerisation, 28±3 kcal/mol287, and is 

consistent with slow reactions accompanied by minor, local conformational changes.  
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3.3.3 Rationale for SQT-1C mutant design  

For the cystatin family, two distinct steps of protein association have been reported 

previously, both involving structural rearrangement and hence relatively slow timescale. The 

first one is domain swap dimerisation, where the domain swap occurs through the extension 

of the conserved hydrophobic five-residue ‘cystatin motif’ (QVVAG) in loop 1286, 296. In 

SQT, this motif has been mutated (to QVLAS) and split to accommodate peptide loop 

insertion into the scaffold51, 56; therefore this motif itself can no longer be responsible for the 

domain swapping (Figure 3.5). For SQT-1C our previous experiments and modelling 

suggest that it is the engineered loops themselves that drive domain-swap mediated 

dimerisation and further tetramerisation331. The second known step of cystatin association is 

a so-called hand-shaking mechanism, where the trans to cis isomerisation of conserved P74 

in loop 2 is required for association of two domain-swapped dimers into a stable tetramer287. 

To confirm the mechanism of SQT-1C oligomerisation, and to find way of 

preventing it, we have created two mutants. In the first mutant, named SQT-1CP80G, we have 

mutated the residue P80 (corresponding to P74 conserved in other cystatins) to glycine 

(Figure 3.5), removing the possibility of slow trans-cis isomerisation while allowing more 

conformational flexibility. Such a change could potentially either eliminate tetramerisation, 

as shown previously for stefin B 287 and Na+-K+-ATPase337, or accelerate it due to increased 

flexibility of the loop 2. In the second mutant (SQT-1CQ46C,N59C) we have introduced a 

disulphide bond across the base of loop 1, between β1 and β2 strands, by a double Q46C and 

N59C mutation (Figure 3.5), in an attempt to stabilise a specific topology and prevent 

structural rearrangement. A similar approach has been used previously on cystatin C, where 

prevention of domain swapping using disulphide bridges inhibited dimerisation and fibril 

formation338. The position of cysteines in SQT-1CQ46C,N59C was chosen for two reasons. 

Firstly, their position at the end of the β2 and start of β3 should prevent opening of loop 1 in 

the monomer, or covalently trap the domain-swapped dimer, preventing the interconversion 

of monomers and dimers, allowing their purification. Secondly, these mutations are 

positioned outside the restriction site NheI in loop 156 and hence should not affect the 

insertion of the target-binding peptides into the SQT scaffold between L48 and A56 residues 

situated at the base of the loop (Figure 3.5B, D). 



 

116 

New disulphide bond in cystatin-based protein scaffold prevents domain-swap-mediated 
oligomerisation and stabilises the functionally active form 

 

Figure 3.5: SQT-1C mutation scheme. A) Model of SQT-1C based on PDB ID 6QB2 B) Scheme 

of loop 1 and mutations present in SQT-1CQ46C,N59C mutant. C) Scheme of loop 2 and mutation 

introduced in SQT-1CP80G variant. D) Sequence alignment of stefin A, SQT, SQT-1C, SQT-1CP80G 

and SQT-1CQ46C,N59C. Secondary structure of SQT-1C, as determined from its structure (PDB ID 

6QB2) is shown below sequences. In all panels, positions and names of restriction sites used to add 

functional loops to SQT scaffold are shown in pink, inserted loops are shown in blue, and unmodified 

regions in grey. Mutation site P80G is depicted in orange while Q46C and N59C are shown in green.  
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3.3.4 Proline 80 is involved in SQT-1C tetramerisation 

After separation of refolded SQT-1CP80G variant on SEC coupled with multi angle 

light scattering (SEC-MALS) three elution peaks were identified corresponding to 

monomer, dimer and tetramer fractions (Table 3.1 and Figure S3.2A,B). Far-UV CD spectra 

of freshly isolated monomeric SQT-1CP80G species showed little difference to that of isolated 

SQT-1C, indicating that the secondary structure of SQT-1C is retained in the SQT-1CP80G 

mutant (Figure S3.2C). Additionally, only minor chemical shift perturbations of residues 

located next to the mutated residues were identified in 2D 1H-15N HSQC spectra, further 

indicating that the 3D structure of SQT-1C monomer is retained in the P80G mutant (Figure 

3.6A and Figure S3.2D).  

 

 

Figure 3.6: NMR chemical shift perturbation analysis of mutant variants. Per residue weighted 

backbone amide chemical shift perturbations for A) SQT-1CP80G and B) SQT-1CQ46C,N59C compared 

to SQT-1C show that chemical shift perturbations occur only around the mutation sites and at 

residues in spatial proximity of the mutated sites. Asterisks (*) denote mutation sites. 

 

Melting temperature of SQT-1CP80G was 54±1°C, compared to 56±1°C for SQT-1C, 

as measured by the intrinsic fluorescence peak shift upon heating, showing that the P80G 

mutation does not significantly affect thermal stability. The colloidal stabilities of SQT-1C 

and SQT-1CP80G, measured by static light scattering at 266 nm as onset temperature of 

aggregation (Tagg), were also very similar, and coincided with their melting temperatures, 

suggesting major aggregation happening once the protein becomes thermally unfolded 

(Figure 3.7). 
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Figure 3.7: Comparison of thermal and colloidal stability of SQT-1C and mutants. A) 

Temperature dependence of barycentric mean (BCM) of the intrinsic fluorescence signal. B) 

SLS266nm across the temperature ramp. In both panels, SQT-1C, SQT-1CP80G and SQT-1CQ46C,N59C are 

depicted in black, blue, and red, respectively. 

 

To evaluate how P80G mutation affects SQT-1C oligomerisation kinetics, the 

temperature dependence of SQT-1CP80G oligomerisation rate constants were analysed and 

used to estimate the activation energies of individual steps, similar to the analysis of SQT-

1C kinetics. Fits to temperature-dependent data are shown in Figure S3.3, while estimated 

rate constants are summarised in Table 3.3. For SQT-1CP80G both the dimerisation rates k1 

and their temperature dependence were similar to those of SQT-1C, as evident from 

Arrhenius plots (cf Figure 3.8A and Figure 3.4A), with similar apparent activation energy, 

indicating that the P80 is not involved in the dimerisation process. However, the estimated 

activation energy for dimer to tetramer transition was significantly lower for SQT-1CP80G 

compared to SQT-1C (cf Figure 3.8B and Figure 3.4B). These experiments overall reveal 

that whereas P80 in SQT-1C is not involved in the dimerisation process, it is however 

involved in tetramerisation, and the trans-cis isomerisation of this residue is likely a 

contributing factor. 

 

Figure 3.8: Arrhenius plot of the temperature dependence of SQT-1C
P80G

 A) monomer-dimer k1 

and B) dimer-tetramer k2 transition rates. Blue dashed line represents fit to Arrhenius equation.  
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Table 3.3: Summary of estimated rate constants for SQT-1C
P80G

 oligomerisation at different 

temperatures. Reported errors are standard deviations obtained during data fitting in DynaFit 4 

using the default settings. 

SQT-1CP80G 

T, °C 
k1  

(M-1s-1) 

k-1 (s
-1) 

*10-6 

k2  

(M-1s-1) 

k-2 (s
-1) 

*10-6 

22 0.02±0.01 0.1±10 3±2.1 6±4 

25 0.09±0.01 3±3 2.1±0.3 7±1 

27 0.14±0.01 5±3 2.8±0.6 10±20 

30 0.29±0.02 0.1±0.2 3±2 10±3 

33 0.88±0.03 0.2±3 7*106±3*108 14±3 

35 2.3±2 15±13 1.6±1.1 2±3 

 

3.3.5 Monomeric state of SQT-1C can be stabilised by addition of a disulphide bond  

To stabilise the monomeric form of SQT-1C and prevent structural rearrangement 

leading to dimerisation, a double Q46C and N59C mutant was produced so that a disulphide 

bond can spontaneously form at the base of loop 1 between β2 and β3 strands. Additionally, 

any domain-swapped dimers formed during refolding and oxidation will be also covalently 

stabilised, preventing their dissociation into monomers. The SQT-1CQ46C,N59C mutant was 

expressed, refolded, oxidised and purified as described in section 3.5.2. After separation on 

size exclusion column, individual monomeric, dimeric and tetrameric species of SQT-

1CQ46C,N59C were isolated for further analysis (Table 3.1 and Figure S3.4). Notably, large 

populations of higher molecular weight oligomers were visible on SEC-MALS trace (Figure 

S3.4A,B), likely formed by misfolding and crosslinking via disulphide bonds during the 

refolding/oxidation step. Far-UV CD spectra of freshly isolated SQT-1CQ46C,N59C monomer 

species showed little difference to SQT-1C monomer, indicating that the secondary structure 

of SQT-1C is retained (Figure S3.4C). Additionally, only minor chemical shift perturbations 

of residues located next to the mutated residues were identified in 2D 1H-15N HSQC spectra, 

further indicating that the 3D structure of SQT-1C monomer is retained in SQT-1CQ46C,N59C 

(Figure 3.6B and Figure S3.4D). Moreover, the CD spectra show that isolated covalently 

cross-linked SQT-1CQ46C,N59C dimers and tetramers are structurally similar to dimers and 

tetramers formed by SQT-1C (Figure S3.5). In addition to structure retention, introduction 

of disulphide bond drastically increased the melting temperature of the monomeric species 
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above 95 °C, with only minor changes in intrinsic fluorescence signal observed across 

temperature ramps (Figure 3.7A). Additionally, only a slight increase in SLS at 266 nm over 

increasing temperature was observed, much less than for SQT-1C or SQT-1CP80G, further 

indicating that this bridged mutant is colloidally stable up to very high temperatures (Figure 

3.7B). Hydrogen-deuterium (H-D) exchange rates for SQT-1CQ46C,N59C were lower than 

those for SQT-1C measured previously331 (see Figure S2.6), but H-D exchange still occurred 

within minutes (Figure S3.6), suggesting that even after addition of disulphide bond the 

monomeric structure somewhat lacks long-lived hydrogen bond networks.  

To test whether introduction of the disulphide bond between β2 and β3 sheets 

stabilised the monomeric species against transition into dimers and tetramers, we tested 

SQT-1CQ46C,N59C oligomerisation kinetics across a range of temperatures and protein 

concentrations. While a small fraction (<5%) of dimers was present in initially isolated 

monomeric species due to lack of column resolution and slight overlap between the elution 

peaks of monomers and dimers in SEC, there was no further significant interconversion of 

monomeric species into dimers or higher oligomers observed over time in any of the tested 

conditions, even at higher concentrations (Figure S3.7). We can therefore conclude that 

engineered disulphide bond prevents the opening of the monomeric species through loop 1, 

hence preventing the domain swapping and dimerisation, and subsequent tetramerisation. 

Consequently, SQT-1CQ46C,N59C stays in solution as a stable monomer, with greatly enhanced 

colloidal and thermal stability. 

 

3.3.6 Oligomeric state of SQT-1C influences its interaction with its binding partners 

One of the main, but often implicit, assumptions in the engineered scaffold design is 

that the inserted target-binding loops are held by the scaffold in a correct conformation 

optimal for their binding, and that the scaffold is stable enough to maintain this conformation 

throughout its preparation, storage and usage lifecycle. In the case of SQT-1C dimerisation 

and tetramerisation clearly changes the conformation of binding epitope within loop 1, from 

hairpin to extended conformation, and also changes its solvent exposure331. Therefore, the 

question arises whether this oligomerisation alters the functional competency of SQT-1C. 

While isolated monomeric and oligomeric fractions of SQT-1C could not be tested 

previously for functionality due to fast interconversion between the species, SQT-

1CQ46C,N59C mutant yielded stable monomers, dimers and tetramers which can now be 
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separated. Hence, we tested the binding efficiency of monomeric, dimeric and tetrameric 

species of SQT-1CQ46C,N59C using an ELISA experiment with commercially available 

polyclonal antibodies against AU1 and Myc peptides located in loops 1 and 2, respectively.  

 

 

Figure 3.9: ELISA titers for SQT-1C
Q46C,N59C 

binding to A) anti-AU1 and B) anti-Myc antibodies. 

Monomeric, dimeric and tetrameric fractions (shown in black, blue, and red, respectively) were tested 

for binding efficiency, in comparison with denatured 20 μg/mL SQT-1C (violet) and 20 μg/mL Myc 

protein (green) used as controls. While addition of denatured SQT-1C was used as positive control 

for both experiments, c-Myc protein served as a negative control in AU1 binding and as positive 

control in Myc binding experiments. 

 

The most efficient AU1-mediated binding (on total protein quantity basis) was 

observed for the monomeric protein, followed by dimer, and then tetramer, for a range of 

total protein concentrations (Figure 3.9A). Both dimers and tetramers have a smaller binding 

capacity than monomers, presumably due to a combination of several factors, namely steric 

clashes, partial burial and non-optimal extended conformation of loop 1 in domain-swapped 

oligomers. Binding efficiency of tetramer with AU1 antibody was not dissimilar to binding 

of this antibody to standalone Myc peptide, used as a negative control. Interestingly, 

efficiency of SQT-1CQ46C,N59C binding to Myc peptide present in loop 2 is only slightly 

reduced by dimerisation, while tetramerisation significantly decreases SQT-1CQ46C,N59C 

ability to present the Myc peptide to the respective antibody (Figure 3.9B), presumably due 

to burial of loop 2 within the tetramerisation interface. Control reactions performed with 20 

μg/mL standalone Myc peptide (positive control) showed similar efficiency of binding to 

Myc antibodies as denatured SQT-1C, however SQT-1CQ46C,N59C monomers exhibited even 

higher binding efficiency. 
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Binding of SQT-1CQ46C,N59C monomers to both AU1 and Myc antibodies was 

consistently more efficient than that of denatured SQT-1C which was added to ELISA 

reactions as a control . It can be envisaged that upon addition and dilution, this control WT 

SQT-1C partially refolds and partitions into usual mixture of monomers, dimers and 

tetramers, so it is expected to have an appreciable binding affinity for both antibodies. These 

results clearly indicate that SQT-1C monomers possess the highest specific activity towards 

target binding, whereas for domain-swapped dimers, and particularly tetramers, the specific 

binding activity is significantly reduced. This finding provides a rationale for stabilising a 

specific form of an engineered protein scaffold (in the case of SQT-1C this is the monomeric 

form) to achieve maximum specific activity, as well as to improve its thermal and colloidal 

stability and prevent domain swapping. These several beneficial effects can be achieved 

simultaneously by introduction of a single disulphide bond at the base of target-binding loop 

which otherwise drives domain swapping and oligomerisation.  

 

3.4 Discussion 

The ability of engineered protein scaffolds to retain their structural, thermal and 

colloidal stability upon insertion of various peptide loops needed for their target-binding 

function is crucial for their research and industrial applications. As such, the small frame of 

scaffolds needs to absorb additional steric strains introduced by the inserted loops, and to 

maintain the correct conformation. We have shown that protein scaffold SQT-1C forms 

domain swap dimers that further associate into stable tetramers, in a similar way to 

oligomerisation pathway of other proteins in the cystatin family287, 296, 336. Slow kinetics and 

high apparent activation energy of SQT-1C dimerisation are consistent with large structural 

rearrangement needed for dimer formation. Interestingly, the apparent activation energy for 

SQT-1C dimerisation is roughly twice smaller than that reported for stefin A286, and is 

similar to the activation energy in the nucleation phase of fibrillation reaction for stefin B, 

the less stable of the two stefins339. While monomer-dimer and dimer-tetramer transitions 

occur on a similar timescale to domain swap dimerisation and subsequent tetramerisation 

and fibrillation of other members of the cystatin family, SQT-1C oligomerises at room 

temperature, while oligomerisation of other members of the cystatin family, including stefin 

A286, stefin B336, and cystatin C88, 285, 296 occurs only at elevated temperature, in the presence 

of organic solvents or in the presence of denaturants. This suggests that insertion of the 
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specific peptides in SQT-1C significantly lowers the stability of the protein, making it more 

likely to form domain swapped dimers. 

Domain swap dimerisation in cystatin family has been previously reported to occur 

through extension of the conserved hydrophobic five-residue ‘cystatin motif’ (QVVAG) in 

Loop 1 as a consequence of frustration of this hairpin hinge region340-341. It has been shown 

recently that this motif, when engineered into the hinge of a β-hairpin, causes domain 

swapping of otherwise non-domain swapped proteins90. On the other hand, it has been 

established that mutations in this hinge region can slow down or even completely eliminate 

domain swap oligomerisation of cystatins87-88, 296. Even though V48L mutation has been 

introduced into this particular motif in SQT to introduce NheI restriction site for insertion of 

peptides between L48 and the following alanine into the scaffold and to prevent domain 

swap oligomerisation51, 56, SQT-1C still forms domain swap dimers at room temperature331. 

As we have shown previously by measuring the temperature of unfolding Tm and studies of 

H-D exchange rates331, SQT-1C structure somewhat lacks a stable hydrogen bonding 

network. It is likely that structural frustration introduced by AU1 peptide in the loop 1 

destabilises the construct, with the frustration relieved by fully extending AU1 peptide 

conformation. This is achieved in the domain-swapped dimers, which associate further into 

tetramers. Introducing the disulphide bond stabilising loop 1 in a hairpin configuration 

greatly increases thermal and colloidal stability of SQT-1CQ46C,N59C, and essentially prevents 

monomer-dimer transition, allowing isolation of a stable monomeric form, which also 

exhibits the highest specific activity towards binding antibodies for both loops 1 and 2. 

In proteins from the cystatin family, tetramerisation occurs via a so called hand-

shaking mechanism, where the trans to cis isomerisation of conserved P74 in loop 2 of these 

proteins drives association of two domain-swapped dimers into a stable tetramer287. In SQT-

1C, the correspondent residue is P80, which was mutated here to a glycine to remove 

contribution from proline isomerisation, producing SQT-1CP80G mutant. We show that P80G 

mutation significantly reduces the activation energy needed for tetramer formation. This 

suggests that trans-cis isomerisation of P80 in SQT-1C may be one of the transitions needed 

for loop 2 to adopt conformation favourable for tetramerisation and engage in interaction 

with the neighbouring chain. Overall the tetramers of SQT-1CP80G mutant are structurally 

similar to those formed by SQT-1C. This is in contrast to previous observations in stefin B, 

where mutation of the conserved proline disrupted the typical pathway of oligomerisation 

leading to fibril formation. Instead, amorphous aggregates were formed without clear 
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monomer-dimer-tetramer transition287. This highlights the subtle differences between the 

engineered protein scaffold, and its native ancestors. 

Engineering disulphide bonds into the protein core is generally a well-established 

method to increase protein stability121. A disulphide bond was successfully introduced 

previously in cystatin C to prevent its dimerisation and eliminate fibril formation338. Here, 

we have introduced a disulphide bond between β2 and β3 sheets of SQT by a double Q46C 

and N59C mutation in an attempt to stabilise the monomeric form and prevent 

interconversion of monomeric species into dimers and tetramers. However, the effect of this 

disulphide bond on SQT protein scaffold was quite dramatic, not only locking the structure 

in monomeric form and preventing oligomerisation, but also raising the melting temperature 

and onset temperature of aggregation above 95 °C. This increase surpasses the 79.9 °C 

melting temperature of the original “empty” SQT scaffold itself56. From our functional 

binding experiments, we found that this monomeric form had the highest specific binding 

activity, compared with dimers and tetramers, suggesting that monomers ensure the best 

presentation of the target binding epitopes. This further implies that in the case of SQT 

scaffold, its major degradation pathway, formation of soluble dimers and tetramers, is 

detrimental to its functional activity. As it can be anticipated that addition of target-binding 

loops in other small engineered protein scaffolds may introduce similar strains on the core 

structure, leading to domain swapping and subsequent oligomerisation, we propose that 

adding disulphide bonds at the base of ligand binding loop(s) may increase scaffold stability 

and maximise its specific target-binding activity.  

 

3.5 Materials and Methods 

3.5.1 Plasmids 

Synthesized codon-optimised gene constructs of SQT-1C and two mutants, SQT-

1CP80G and SQT-1CQ46CN59C were obtained from GeneArt (ThermoFisher Life 

Technologies), and subcloned into  pET21a+ vector with a cleavable hexa-histidine tag as 

previously described331.  

3.5.2 Protein expression and purification 

All three SQT-1C variants were expressed as previously described331. While SQT-1C 

and SQT-1CP80G were purified as previously reported331, cell pellets of SQT-1CQ46C,N59C 
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were resuspended in denaturing buffer (20 mM NaPi, 500 mM NaCl, 6M GndHCl, 5 mM 

TCEP, pH 8.0) with 0.5% v/v Triton X-100 (Sigma Aldrich). Resuspended pellets were then 

lysed by sonication with Sonopuls HD 3200 ultrasonic homogenizer equipped with TT13/F2 

probe (Bandelin) and clarified by centrifugation at 30000 g for 30 min at 4 °C. Supernatants 

were transferred onto Ni-NTA resin (Quiagen) in a gravity flow column and incubated for 

90 min at 25°C. After incubation, columns were washed with respective denaturing buffers 

supplemented with 10 mM imidazole. The bound material was eluted with 500 mM 

imidazole in denaturing buffer. Refolding and oxidation of SQT-1CQ46CN59C, enabling 

disulphide bond reshuffling, was achieved by 1:10 v/v rapid dilution where 1 mM reduced 

GSH and 0.25 mM oxidized GSH were added to refolding buffer (20 mM NaPi, 150 mM 

NaCl, 5 mM EDTA, pH 7.2), followed by overnight dialysis into refolding buffer without 

GSH. Finally, the proteins were purified on Superdex 200 26/600 HiLoad column (GE Life 

Sciences), pre-equilibrated with refolding buffer. All SQT-1C variants eluted as a set of well-

defined oligomers, allowing isolation of monomeric, dimeric and tetrameric fractions. 

Isolated species were then re-concentrated to the desired concentration using Vivaspin 20 

centrifugal devices with a 5 kDa molecular weight cut-off (Sartorius Stedium Biotech 

GmbH). Protein concentrations were estimated by absorbance at 280 nm (ε = 14900 M-1 cm-

1). Molecular weights of protein species were determined using size exclusion 

chromatography coupled with multi-angle light scattering (SEC-MALS) run at 25 °C. 200 

μg of protein samples were injected on Superdex 200 10/300GL column (GE Life Sciences) 

and passed through a Wyatt DAWN Heleos II EOS 18-angle laser photometer (Wyatt 

Technology) coupled to a Wyatt Optilab rEX (Wyatt Technology) refractive index detector. 

Data analysis was performed in ASTRA 6.1 software (Wyatt Technology).  

3.5.3 CD spectroscopy 

Far-UV CD spectra of individual oligomeric species were acquired on an Applied 

Photophysics Chirascan using a 0.01 cm path length quartz cell, immediately after separation 

in SEC column at protein concentration of 1 mg/mL. The wavelength was varied from 190 

to 280 nm with 0.5 nm step and acquisition time of 3 s per point. For each CD spectrum, 

three scans were averaged and smoothed.  

3.5.4 Static light scattering and intrinsic fluorescence 

Static light scattering (SLS) and intrinsic fluorescence measurements were 

conducted simultaneously using an UNcle (Unchained Labs) across a temperature ramp from 

20 °C to 90 °C with heating rate 1 °Cmin-1. Data was processed using the UNcle analysis 
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software, as per manufacturer’s recommendations. Melting temperatures (Tm) of all three 

SQT-1C variants were determined using temperature dependence of the first derivative of 

the barycentric mean (BCM) of fluorescence intensity, following standard instrument 

procedure. SLS at 266 nm was used as an indicator of protein colloidal stability, where the 

onset of aggregation temperature (Tagg) was defined as the temperature at which the 

measured scattering signal reaches 10% of its maximum value.  

3.5.5 Monitoring SQT-1C oligomer transitions by SEC 

Oligomerisation kinetics of all SQT-1C variants was measured using SEC, with a 

Superdex 200 10/300GL column (GE Life Sciences) attached to an Agilent 1100 Series 

HPLC system (Agilent Technologies) at 25 °C, and pre-equilibrated in refolding buffer. 

Elution of samples was detected at 280 nm. Isolated monomer fractions of SQT-1C fractions 

at 5 mg/mL were incubated for 24 hours at 20, 22, 25, 27, 30, 33, 35 and 40 °C with 10 μL 

sample aliquots injected onto the SEC column every 90 min. Kinetic data was obtained as a 

series of single independent runs, and kinetics at 25°C was measured twice to check for data 

reproducibility. For concentration dependent analysis of monomer-dimer-tetramer 

transition, isolated monomers were incubated at 25°C at 1, 5, and 10 mg/mL, and the kinetics 

of oligomerisation were analysed as described above. All peaks in SEC traces were 

integrated and finally the ratio between different oligomers was calculated. Data analysis 

was performed in ChemStation (Agilent Technologies) and OriginPro 9.1 (OriginLab). The 

experimental SEC data on oligomerisation kinetics at various concentrations and 

temperatures were then fit to the monomer-dimer-tetramer model using DynaFit 4 

software334. Apparent activation energies for monomer-dimer and dimer-tetramer transitions 

were estimated by fitting the data to the linearized Arrhenius equation: ln(𝑘) = ln(𝐴) −

𝐸𝑎/(𝑅𝑇), where k is rate constant for each oligomerisation step, A the pre-exponential factor, 

R a gas constant, T is absolute temperature and Ea the apparent activation energy. 

3.5.6 NMR experiments 

NMR samples were prepared by adding 5% v/v 2H2O to 1 mM 15N- labelled protein 

solutions in 20 mM sodium phosphate buffer, 150 mM NaCl, pH 7.2. All NMR spectra were 

acquired at 25 °C on 800 MHz Bruker Avance III spectrometer equipped with 5mm triple 

resonance TCI cryoprobe and temperature control unit. The spectra were acquired and 

processed using Bruker Topspin 3.5 and analysed using NMRFAM-SPARKY342 and 

Dynamics Center 2.2.4 (Bruker). Backbone assignment of SQT-1C has been previously 

described331 (BMRB ID 27757). The backbone assignment of SQT-1C was then transferred 



 

127 

New disulphide bond in cystatin-based protein scaffold prevents domain-swap-mediated 
oligomerisation and stabilises the functionally active form 

to SQT-1CP80G and SQT-1CQ46C,N59C 2D 1H-15N HSQC spectra by matching peak positions. 

Assignment of shifted cross-peaks of SQT-1CQ46C,N59C was additionally verified using 3D 

TROSY-based HNCA and HNCO experiments from standard Bruker pulse program library. 

Proton-deuterium (H-D) exchange rates of SQT-1CQ46C,N59C were measured as previously 

described331. The weighted chemical shift changes of backbone amide groups (∆𝛿𝑁𝐻) due to 

point mutations in SQT-1CP80G and SQT-1CQ46C,N59C were calculated as ∆𝛿𝑁𝐻 =

√0.5[(∆𝛿𝐻)2 + (0.1 ∗ ∆𝛿𝑁)2], where ∆𝛿𝐻 and ∆𝛿𝑁 were chemical shift changes in proton 

and nitrogen dimension, respectively. 

3.5.7 ELISA 

To examine the ability of SQT-1CQ46C,N59C oligomers to present inserted peptides to 

target antibodies, plastic Maxisorb plates (Nunc) were coated with 1, 2, 5, 10 and 20 μg/mL 

of SQT-1CQ46C,N59C monomers, dimers and tetramers in phosphate buffered saline pH 7.4 

(PBS) overnight at 4 °C with shaking. c-Myc protein at 20 μg/mL was used as a positive 

control for anti-Myc antibody binding, and as negative control for anti-AU1 antibody 

binding, whereas 20 μg/mL denatured SQT-1C was used as another positive control for both 

antibodies. Additionally, bovine serum albumin (BSA) was used as a negative control. 

Protein concentrations were measured by UV absorbance at 280 nm wavelength. C-Myc 

protein sample was kindly provided by Dr Matthew Cliff and Prof Jon Waltho (University 

of Manchester). All samples were measured in triplicates. Plates were blocked with 2% (w/v) 

BSA (SigmaAldrich) in PBS at 25 °C for 2 h. Plates were then incubated with either goat 

anti-AU1 primary antibody (ab3400, Abcam) diluted 1:2000, or goat anti-Myc tag primary 

antibody (ab9132, Abcam) diluted 1:25000 for 2h at 25°C, followed by incubation at 25 °C 

for 1 hour with rabbit anti-goat secondary antibody labelled with horseradish peroxidase 

(ab6741, Abcam) diluted 1:50000 with PBS. Between incubation steps, plates were washed 

using 0.05% (v/v) Tween 20 in PBS. After incubation with secondary antibody, plates were 

incubated with the 3,3’,5,5’-tetramethybenzidine (TMB) substrate (Abcam) for 15 min at 

25°C. The reaction was stopped by addition of 450 nm Stop Solution for TMB Substrate 

(Abcam) and the absorbance was read at 450 nm using a multiwall plate reader CLARIOstar 

(BMG LABTECH). Data was processed and analysed using MARS (BMG LABTECH) and 

OriginPro 9.5.1 (OriginLab). 
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3.7 Supplementary information 

 

3.7.1 Supplementary Figures 

 

Figure S3.1: Analysis of SQT-1C oligomerisation kinetics. Fits of SQT-1C oligomerisation data 

at various temperatures to the monomer-dimer-tetramer kinetic model were obtained by DynaFit 4 

software. Data points are shown as symbols while solid lines represent fits to the model. Attempts to 

fit the data to alternative models have been unsuccessful. 
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Figure S3.2: Biophysical characterisation of SQT-1C
P80G

. A) Purification traces of SQT-1CP80G 

(blue) and SQT-1C (black). B) SEC-MALS trace of SQT-1CP80G. Relative refractive indexes (Rel. 

RI) are depicted in magenta, while molecular weight distribution across peaks is shown in green. C) 

Comparison of Far-UV CD spectra of freshly isolated monomeric fractions of SQT-1C (black) and 

SQT-1CP80G (blue). D) Overlay of 15N HSQC spectra of monomeric SQT-1C (black) and SQT-1CP80G 

(blue). 
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Figure S3.3: Analysis of SQT-1C
P80G

 oligomerisation kinetics. Fits to the monomer-dimer-

tetramer kinetic model to SQT-1CP80G oligomerisation data at various temperatures were obtained by 

DynaFit 4 software. Data points are shown as symbols while solid lines represent fits to the model.  
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Figure S3.4: Biophysical characterisation of SQT-1C
Q46C,N59C

. A) Purification traces of SQT-

1CQ46C,N59C (red) and SQT-1C (black). B) SEC-MALS trace of SQT-1CQ46C,N59C. Relative refractive 

indexes (Rel. RI) are depicted in magenta, while molecular weight distribution across peaks is shown 

in green. C) Comparison of Far-UV CD spectra of freshly isolated monomeric fractions of SQT-1C 

(black) and SQT-1CQ46C,N59C (red). D) Overlay of 15N HSQC spectra of monomeric SQT-1C (black) 

and SQT-1CQ46C,N59C (red).  
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Figure S3.5: Comparison of structures of dimers and tetramers formed by SQT-1C and SQT-

1C
Q46C,N59C 

. A) Comparison of Far-UV CD spectra of freshly isolated dimeric fractions of SQT-1C 

(black) and SQT-1CQ46C,N59C (red). B) Comparison of Far-UV CD spectra of freshly isolated 

tetrameric fractions of SQT-1C (black) and SQT-1CQ46C,N59C (red). 

 

 

 

 

Figure S3.6: Hydrogen-deuterium (H-D) exchange rates of SQT-1C
Q46C,N59C

. H-D exchange rates 

were determined by fitting signal intensities to exponential decay function plotted against residue 

numbers. Grey bars denote residues that were exchanged completely prior to collection of the first 

spectrum (i.e., within 5 minutes), while slower exchanging residues are denoted in red. 
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Figure S3.7: SEC analysis of SQT-1C
Q46C,N59C 

oligomerisation kinetics starting from the 

monomeric form. Time evolution of monomer (blue), dimer (black), and tetramer fractions (red), 

after incubation of monomeric SQT-1CQ46C,N59C samples at 25 °C at different concentrations: A) 1 

mg/ml, B) 5 mg/ml, and C) 10 mg/ml. 
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4.1 Abstract 

One of the major challenges in formulation development of biopharmaceuticals is 

improving long-term storage stability, which is often achieved by addition of excipients to 

the final formulation. Finding the optimal excipient for a given protein is usually done using 

a trial-and-error approach, due to the lack of general understanding of how excipients work 

for a particular protein. Previously, preferential interactions (binding or exclusion) of 

excipients with proteins were postulated as a mechanism explaining diversity in the 

stabilisation effects. Weak preferential binding is however difficult to quantify 

experimentally, and the question remains whether the formulation process should seek 

excipients which preferentially bind with proteins, or not. Here, we apply solution NMR 

spectroscopy to comprehensively evaluate protein-excipient interactions between 

therapeutically relevant proteins and commonly used excipients. Additionally, we evaluate 

the effect of excipients on thermal and colloidal protein stability, on aggregation kinetics 

and protein storage stability at elevated temperatures. We show that there is a weak negative 

correlation between the strength of protein-excipient interactions and effect on enhancing 

protein thermal stability. We found that the overall protein-excipient binding per se can be a 

poor criterion for choosing excipients enhancing formulation stability. Experiments on a 

diverse set of excipients and test proteins reveal that while excipients affect all of the 

different aspects of protein stability, the effects are very much protein-specific, and care 

must be taken to avoid apparent generalizations if a smaller dataset is being used. 
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4.2 Introduction 

Protein therapeutics pose unique challenges throughout their production and 

formulation due to their high molecular weight, structural complexity as well as chemical 

and physical instabilities9, 21-22, 68, 143. Therapeutic proteins are prone to self-association and 

aggregation that can lead to the formation of potentially immunogenic particles during 

bioprocessing and storage, thus compromising the quality and safety of the final product343-

344. The common consensus is that protein aggregation often proceeds through partially 

unfolded reactive species that associate into irreversible aggregates80, however the 

mechanistic studies of aggregation pathways and how co-solutes and excipients affect these 

are scarce and often limited to model proteins such as insulin345-347, Aβ peptide348-349, sickle 

haemoglobin350, lysozyme351-352 or human serum albumin353-355. 

To prevent aggregation and improve the long-term stability of biopharmaceutics, 

excipients are often added at relatively high concentrations to the final formulation70, 77, 108 

to mitigate protein-protein interactions or to reduce the population of partially unfolded 

reactive species, thus preventing the formation of aggregates. The pool of commonly used 

excipients is relatively small and includes amino acids, sugars, polyols, polymers, 

surfactants, salts and buffering agents7, 133. Recently significant efforts were made to develop 

and characterise novel excipients that bind to protein aggregation hotspots and thus prevent 

aggregation215, 356-357. The most frequently used excipients are sugars and sugar polyols that 

have been shown to stabilise the native state of the proteins and reduce the population of 

partially unfolded reactive species135-138, 358. Amino acids, especially arginine salts, are often 

utilised, as they can reduce the aggregation and viscosity of protein solutions147, 149, 209, 359-

361, while surfactants can prevent the denaturation of proteins induced by interfaces362-363.  

To explain different effects of excipients on protein physical stability, Timasheff’s 

theory, which postulates preferential binding/exclusion of excipients to/from protein, is often 

used364. For example, excipients traditionally considered as ‘protein stabilisers’ such as 

glycerol and sucrose are assumed to be preferentially excluded from the surface of protein 

molecule365. Although this theory may explain some of the observed effects, it does not allow 

to predict the effects for a given protein, perhaps because some experimental assessment is 

needed of whether the excipient actually preferentially binds to a protein (albeit weakly) or 

not. As protein-excipient interactions are usually transient and weak, with dissociation 

constants Kd in higher mM range209, the standard methods for quantifying protein-ligand 

interactions like ITC, SPR or fluorescence are not applicable94, 366-367. Moreover, it has been 
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also shown that an increase in thermal stability itself does not necessarily correlate with other 

aspects of physical and long term stability126, 368-370. This raises the question of whether there 

is any correlation between experimentally-measured protein-excipient interaction 

(‘preferential binding’ or ‘preferential exclusion’) and various protein stability 

characteristics.  

Due to difficulties mentioned above, obtaining stable protein formulation still requires 

time- and material-consuming combinatorial screening. Such screenings usually rely on 

convenient measures of thermal stability parameters, i.e. by measuring the protein apparent 

melting temperature (Tm ) or the onset temperature of aggregation (Tagg), which correlate 

well with the rates of aggregation at elevated temperatures371 but often fail to predict 

aggregation rates at realistic storage conditions157, 368, 372-374. A recent systematic study on a 

set of pharmaceutically relevant proteins showed that correlations between results obtained 

by orthogonal methods are only weak and showed the need for developing combined risk 

scores that provide a more reliable measure of protein stability375.  

While high-throughput screening methods enable fast characterisation of formulations 

in practice, there is a need to gain more fundamental understanding of aggregation 

mechanisms and the impact of co-solutes, including excipients, on different aspects of 

protein stability. Protein degradation and aggregation can be evaluated with various 

biophysical methods such as size exclusion chromatography, dynamic and static light 

scattering, UV-Vis, FT-IR, and CD, however these methods fail to detect subtle differences 

in structure induced by protein-excipient interactions6. Solution NMR spectroscopy can 

detect structural changes but, importantly, can also detect weak protein-excipient 

interactions through range of experiments, such as saturation transfer difference (STD)251, 

Carr-Purcel-Meiboom-Gill (CPMG)247 and WaterLOGSY261-262. These experiments report 

on different aspects of weak binding and are frequently used as a combination in fragment-

based drug discovery. NMR has been successfully applied recently to detect specific protein-

surfactant interactions216, 376, to evaluate protein interactions and stability209, 219 and to 

analyse anion binding to a protein117.  

Here, we comprehensively characterise protein-excipient interactions with four 

different solution NMR spectroscopy approaches using a set of seven pharmaceutically 

relevant model proteins, with diverse molecular surface properties, and a representative set 

of eleven excipients typically used in protein formulation. We propose the use of a weighted 
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empirical interaction parameter to evaluate very weak interactions between proteins and 

excipients, and distinguish between non-interacting and interacting excipients. Using 

orthogonal biophysical techniques, we also evaluate how excipients affect the protein 

thermal and colloidal stability and assess the impact on protein aggregation kinetics at 

elevated temperature. Finally, we assess the effect of excipients on protein storage stability. 

We show that excipients affect both the nucleation and aggregate growth stages of protein 

aggregation, with nucleation rate weakly correlating with colloidal stability, and aggregate 

growth rate weakly correlated with protein thermal stability. We also show that there is only 

a very weak correlation between the empirical protein-excipient interaction parameter and 

the overall effect this excipient has on protein thermal stability. To our knowledge, this is 

the first study attempting to explore directly and systematically a link between weak protein-

excipient interaction and protein formulation stability. 

 

4.3 Results 

4.3.1 Experimental design 

In this study, we have used four IgG1 monoclonal antibodies, namely, PPI03, PPI04, 

PPI10 and PPI13, IgG2 monoclonal antibody PPI17, a bispecific antibody PPI08 and a 

human serum albumin conjugated to neprilisyn (HSA-NEP), PPI18. They were formulated 

at low ionic strength in 10 mM sodium phosphate buffer, pH 6.5 together with eleven 

commonly used excipients. Selected excipients were five amino acids or their combinations, 

namely, arginine hydrochloride (ArgHCl), sodium glutamate (NaGlu), arginine glutamate 

(ArgGlu), glycine (Gly), Proline (Pro), two most frequently used sugars trehalose and 

sucrose, two sugar polyols (glycerol and sorbitol) and two surfactants, namely Tween 20 and 

poloxamer 407. Chemical structures of these excipients are shown in Figure 4.1. Samples of 

protein in buffer alone and with NaCl added were used as controls. To thoroughly evaluate 

effect of excipients on different aspects of protein stability, we have assessed the protein-

excipient interactions using NMR, studied protein thermal stability using high-throughput 

fluorometric analysis of thermal protein unfolding with nanoDSF and light back-scattering, 

measured protein aggregation kinetics using light back-scattering at elevated temperatures, 

and performed an accelerated stability study. 
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Figure 4.1: Chemical structures of excipients used in this study together with annotations of 

NMR-visible atom positions.  

 

4.3.2 Characterisation of protein-excipient interactions using different NMR 

spectroscopy approaches 

First, protein-excipient interactions were assessed using NMR spectroscopy. A 

combination of four 1H experiments, namely simple 1D spectrum, transverse T2 relaxation 

filter (CPMG filter), saturation transfer difference (STD) and WaterLOGSY spectra, were 

acquired for each titration point. Chosen NMR experiments were complementary to each 

other, capturing different aspects related to the same protein-excipient interaction event. This 

approach was used to increase the chance of identifying real interactions rather than false-

positives and false-negatives. While STD and WaterLOGSY experiments rely on transfer of 

magnetization from protein or protein-bound water molecules to ligand by nuclear 

Overhauser effect (NOE)251, 262, a CPMG experiment measures changes in T2 relaxation 

times as small excipient molecule binds to large protein196. The ratio of excipients’ signal 

intensity in 1H 1D spectra in the presence and in the absence of proteins can report on binding 

when compared to the reference spectra of the excipient in the absence of protein, due to 

differential signal broadening377-379 that occurs upon protein-excipient interaction.  

In the first instance, a simple qualitative characterisation of protein-excipient 

interactions was performed (hit identification), to classify excipients into interacting and 

non-interacting. First, STD amplification factors (AFSTD) and ratios of excipients’ signal 

intensities in the presence and in the absence of protein were calculated as described in 

section 4.5.5. Control experiments were run on excipient samples in the absence of protein 

to prevent direct irradiation of excipients and eliminate false positive signals due to excipient 

cluster formation. If any excipient-specific effect was observed, these were subtracted from 
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the effects in the presence of proteins. To account for uncertainties in peak position, 

imperfection of baseline correction and differences in shimming, 5% permissible error 

threshold was chosen for 1H and CPMG filter experiments, while a 10% error threshold was 

used for WaterLOGSY experiments. It was assumed that the changes above these thresholds 

were caused by excipient binding. Excipient was identified as an interacting hit if positive 

AFSTD were calculated for its signals or if the calculated ratio for a particular experiment was 

smaller than 0.95 (0.9 for WaterLOGSY). The exemplary data for ArgHCl that was 

identified as a hit in the presence of PPI10 is shown in Figure 4.2 while the whole data set 

is presented in Table S 4.1. The results of the hit identification screen are summarised in 

Figure 4.3. It should be noted that in principle, NMR experiments used report not only 

whether an excipient interacts with the protein, but also reflect the strength of the 

interactions. For example, differential line broadening, as observed in decreased signal 

intensity in 1H spectra, is proportional to the amount of bound excipient and the strength of 

protein-excipient interaction380. Similar correlations have also been observed for CPMG and 

WaterLOGSY experiments, while AFSTD are directly proportional to the strength of the 

interaction, proximity of excipient molecule to the protein and residence time, which allows 

for direct comparison of the interactions and allows for evaluation of the binding mode of 

excipients with the proteins259.  

 

Figure 4.2: Example of using different NMR approaches for the evaluation of protein-excipient 

interactions. 1H reference, T2 CPMG filter, STD and WaterLOGSY spectra of ArgHCl in the 

presence of PPI10. Peak assignments are shown next to the corresponding peaks on the reference 

spectrum. In order to show the difference peaks more clearly, scaling of STD and WaterLOGSY 

spectra were increased 32 and 16-fold, respectively, relative to the reference spectrum. 
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From the qualitative analysis we can see that charged excipients (ArgHCl, ArgGlu 

and NaGlu) and surfactants (poloxamer 407 and Tween 20) bind to majority of the tested 

proteins, while the other interactions are more protein-specific. In general, different NMR 

experiments often identify different excipients as hits and thus can be considered 

complementary with each other. In this screen WaterLOGSY proved to identify the largest 

amount of positive hits, however we should note that only a decrease in signal intensity 

compared to the control sample(
𝐼𝑊

𝐼𝑅𝐸𝐹
𝑊 ) was observed, as the binding of excipients was too 

weak to completely invert the NOE signal. Therefore, some of the identified hits might be 

false positives. Differential broadening observed in the 1H spectra proved to be useful in 

determining potential binders, however, the linewidth in this experiment might be influenced 

not only by the interaction with the protein but also by the quality of shimming and changes 

in viscosity upon addition of protein, which might also result in false positives. The 1H T2 

CPMG filter experiment was the least sensitive to detect protein-excipient interactions in 

chosen experimental conditions, where excess of excipients was used and thus the observed 

signal was dominated by non-bound ligand from the bulk solution. 
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Figure 4.3: Qualitative screening of protein-excipient interactions by NMR. Qualitative 

evaluation of protein excipient interactions as detected by 1H (H), STD (S), WaterLOGSY (W) and 

CPMG (C ) NMR methods. Positive hits for excipient binding identified by individual method are 

denoted in blue, non-hits in grey while data points excluded from analysis due to experimental error 

are indicated with empty circles. 

 

4.3.3 Assessing protein-excipient interactions using NMR-derived parameter IN  

Since different NMR methods appear to identify excipients as binders somewhat 

inconsistently, some sort of scoring is needed for more reliable identification of binders, and 

to rank them relative to each other. Here we introduce a weighted empirical protein-excipient 

interaction parameter (IN) that reflects all four NMR observables at once. In the calculation 

of the interaction parameters equal weights were given to all four experiments but the 

numerical values obtained can be used as a proxy for interaction “strength” in a broad sense 

(Eq. 4.3). Interaction parameter also provides an empirical cut-off to distinguish between 

excipients which interact or not with proteins. The interaction was considered significant if 

IN was greater than an arbitrary threshold of 0.25. This threshold corresponds to a situation 

where at least one of the four NMR approaches used identified an excipient as the strongest 

binder of all tested, or several approaches identified excipient as an intermediate binder. The 
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theoretically-possible value of IN=1 corresponds to a situation when all four approaches 

identified excipient as the strongest binder. As seen from Table 4.1, charged amino acids 

bind to all the proteins, except to PPI03, but the interaction, reflected by IN, does noticeably 

vary between proteins. Interestingly, proline and glycine interact with the majority of the 

tested proteins, while sugars in sugar polyols generally do not interact with the tested protein, 

except in a few selected cases. Poloxamer 407 binds to PPI08, PPI10, PPI13 and PPI18, 

while Tween 20 is the strongest binding excipient in the test set, interacting with all of the 

tested proteins relatively strongly. It is interesting to note that PPI08, PPI10, PPI13 and 

PPI18 interact with more than half of the tested excipients. 

Such analysis provides a deeper insight into protein-excipient interactions, allowing 

for crude scoring and ranking of excipients based on the interaction parameter IN. As the 

next step we evaluated effect of these excipients on protein thermal stability, kinetics of 

aggregation and accelerated stability study using other biophysical techniques, to relate these 

with the values of protein-excipient interaction parameter IN. 

Table 4.1: NMR-derived excipient-protein interaction parameters IN 

Excipients PPI-03 PPI-04 PPI-08 PPI-10 PPI-13 PPI-17 PPI-18 

ArgHCl - 0.48 0.50 0.27 0.60 0.62 0.33 

ArgGlu - 0.46 0.57 0.29 0.29 0.39 0.30 

NaGlu - 0.30 0.52 0.33 - 0.49 0.27 

Glycine 0.29 - 0.39 0.30 0.42 - 0.29 

Proline - 0.33 0.43 0.41 0.41 0.40 0.43 

Sucrose - - - 0.43 - - - 

Trehalose - - - - - - 0.66 

Glycerol - - 0.26 - - - - 

Sorbitol - - - 0.40 - - - 

Poloxamer 407 - - 1.00 0.27 0.34 - 0.35 

Tween 20 0.65 0.52 0.56 0.53 0.50 0.46 0.79 

*interaction parameter could not be determined as the excipient does not have NMR observable signals 

- Protein-excipient interaction was considered insignificant, with IN<0.25 

 

4.3.4 Effect of excipients on protein thermal unfolding and aggregation 

The effect of excipients on thermal stability was studied in terms of the apparent 

melting temperature (Tm), and onset temperatures of aggregation (Tagg) for proteins used in 
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this study. All proteins exhibited two unfolding transitions during thermal unfolding as 

measured by the change in intrinsic fluorescence intensity ratio (F350/330), except for the 

conjugated protein, PPI18, which showed three transitions (Figure S4.1) Simultaneously, the 

back scattering data was collected and the onset temperature of aggregation was determined 

and was used together with the difference between the apparent first melting transition 

temperature and onset temperature of aggregation (Tm-Tagg) as a measure of colloidal 

stability (Figure 4.4). The full dataset on thermal stability is presented in Table S4.2, while 

the effect of excipients as compared to the control in buffer alone is shown in Figure S4.2. 

In general, we can observe that excipients have a bigger effect on the onset temperature of 

aggregation, and a smaller one on individual apparent temperatures of melting transitions. 

We can also see that for PPI04, PPI08, PPI17 and PPI18 aggregation precedes or coincides 

with Tm1, indicating low colloidal stability of these proteins, while for PPI03, PPI10 and 

PPI13 aggregation occurs well beyond it, indicating higher colloidal stability of the partially 

unfolded states. 

 

 

Figure 4.4: Relation between the first apparent melting transitions and aggregation onset 

temperatures. Outline of the data points indicates the protein while the fill colour corresponds to 

excipients. The black dashed line shows a guideline for x=y linear correlation. 

As evident from Figure 4.4 and Table S4.2, charged amino acids (ArgHCl and 

NaGlu) decrease the Tm1, however when used in equimolar mixture (ArgGlu), they have a 

much smaller effect on all of the melting transitions. Nonpolar amino acids used in this study 
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(Gly, Pro) do not significantly affect the Tm values and only marginally improve the Tagg. 

Addition of trehalose, sucrose and sorbitol increased both apparent melting temperatures and 

the aggregation onset temperatures. Glycerol and poloxamer 407 did not significantly affect 

the unfolding temperatures and only marginally affected the aggregation onset temperatures, 

while Tween 20 did not affect the apparent melting temperatures but significantly decreased 

onset temperature of aggregation of all proteins (Figure 4.4 and Table S4.2). In general, we 

observed that charged excipients improved the apparent colloidal stability of the proteins, 

while the neutral ones either did not affect or lowered the apparent colloidal stability of the 

proteins. The surfactants had the most profound negative effect on the protein colloidal 

stability, lowering it significantly for all of the tested proteins, except for PPI18. 

 

 

Figure 4.5: Effect of protein-excipient interactions on protein thermal stability. A) Correlation 

between the effect of excipients on protein first melting transition and NMR-derived excipient-

protein interaction parameter (IN) B) Correlation between the effect of excipients on protein second 

melting transition and NMR determined interaction parameter (IN). C) Correlation between the effect 

of excipients on aggregation onset temperatures and NMR-derived interaction parameter (IN) D) 

Correlation between Tm-Tagg values and NMR-derived excipient-protein interaction parameter (IN) 

Experimental data points are shown in black, while the 95 % confidence ellipse obtained during 

calculation of Spearman correlation coefficient (r ) is shown in pale red. 
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To see how protein-excipient interactions influence protein thermal and colloidal 

stability, we have explored the relationship between all of the parameters describing thermal 

and colloidal stability of the protein with NMR derived interaction parameter IN (Figure 4.5). 

Interestingly, we observed a weak negative correlation only between IN and Tm1, while no 

significant correlation was observed between other parameters. Stronger-interacting 

excipients were found to be mostly reducing Tm1 and destabilising proteins.  

 

4.3.5 Effect of excipients on protein aggregation kinetics 

 

 

Figure 4.6: Scheme of the proposed aggregation mechanism 

 

Next, the effect of excipients on protein aggregation kinetics was evaluated. As the 

formation of aggregates under typical storage conditions (4°C) is very slow, it was not 

practical to study the mechanism and kinetics of aggregation under these conditions within 

a realistic project timescale. The common consensus is that protein aggregation occurs 

through interactions of partially unfolded species 80. While the kinetics of this process is 

temperature dependant the aggregation itself is expected to proceed through the same 

mechanism. We have therefore monitored the effect of excipients on protein aggregation 

kinetics at temperatures above the Tm1 so that a uniform population of partially unfolded 

species was obtained. The process of aggregation was monitored for 12 h at this temperature, 

as detected by the back-scattering signal, as aggregates form in solution. It should be noted 

that in this type of turbidity measurement-based assay smaller aggregates cannot be detected 

which results in the typical lag-phase before the rapid growth of aggregates is observed. 

Such an assay allows for a quick assessment and selection of excipients that slow down non-

native aggregation. The acquired time dependant data was fitted to a simple two-step Finke-

Watzky polymerisation mechanism model (Eq. 4.1)103, that defines the aggregation process 
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in terms of rate of nucleation (knuc) and rate of aggregate growth (kagg). The overall scheme 

of the simplified two-step polymerisation mechanism of protein aggregation is shown in 

Figure 4.6 and example of experimental data is shown in Figure S4.4.  

Effect of excipients on the rate of nucleation (knuc) and aggregate growth (kagg) was 

evaluated relative to the reference sample without excipients added (Figure S4.5). In general, 

ArgHCl, ArgGlu and NaGlu slow down rate of nucleation to a similar extent as NaCl. 

Glycine, proline, glycerol and sorbitol do not significantly affect the nucleation stage of 

protein aggregation but they significantly slow down the rate of aggregation of PPI04, and 

increase the rate of nucleation for PPI17, most likely due to protein specific effects. Sucrose 

in general decreases the rate of nucleation, apart for PPI17 where it significantly increases 

it. Trehalose on the other hand does not significantly affect the rate of nucleation step. 

Interestingly, both surfactants speed up nucleation.  

 

Figure 4.7: Excipient-protein interaction parameter (IN) does not correlate with protein 

aggregation kinetics. A) Correlation between the effect of excipients on rate of nucleation (knuc) and 

NMR determined interaction parameter (IN) B) Correlation between the effect of excipients on rate 

of aggregate growth (kagg) and NMR determined interaction parameter (IN). No significant 

correlations were observed 

 

Effects of excipients on the rate of aggregate growth are on the other hand more 

universal (Figure S4.5). All non-ionic excipients slow down the apparent rate of aggregate 

growth. Excipients that increase the ionic strength of the protein solution generally decrease 

the rate of aggregate growth, except for PPI08 and PPI13. In general, we observed very little 

correlation between the effects of excipients on protein thermal stability and rate of 

aggregate growth, and even less for the nucleation step (Figure S4.5), indicating that the rate 

of aggregate growth depends primarily on the fraction of the unfolded species in solution. 

This behaviour is typical if the aggregate growth proceeds by amorphous addition of partially 
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unfolded protein monomers, while other mechanisms prevail in the nucleation stage. 

Additionally, no significant correlation was observed between the NMR-derived excipient-

protein interaction parameter IN (determined at lower temperature) and the effect of the 

excipient on the aggregation kinetics at temperature above Tm1, indicating that general 

binding of excipients to proteins is not a contributing factor in protein aggregation kinetics, 

especially at elevated temperatures (Figure 4.7). 

4.3.6 Effect on excipients on proteins in an accelerated stability study 

To comprehensively analyse the effect of excipients on different aspects of protein 

stability, an accelerated stability study was performed, during which the stability of all 

studied proteins was assessed with size-exclusion chromatography (SEC), dynamic light 

scattering (DLS) and measurements of total soluble protein concentration. The 

measurements were carried out at 0, 2 and 4 weeks of storage at elevated temperature and 

the results are summarised in Figure S4.6. Monomer recovery of PPI03, PPI10, PPI13, PPI17 

and PPI18 could be attributed to formation of soluble high molecular weight species (HMW) 

and to a lesser extent to fragmentation (LMW). On the other hand, the majority of monomer 

loss in the case of PPI04 and PPI08 was due to formation of larger insoluble aggregates that 

were filtered out prior to SEC analysis. Generally, addition of charged excipients (ArgHCl, 

ArgGlu, NaGlu and NaCl) depleted the amount of soluble aggregates, while the addition of 

sugars slightly increased the amount of soluble aggregates present in solution, but those were 

generally smaller and more uniformly sized than aggregates formed in the presence of 

charged excipients. While addition of proline, glycine and sorbitol did not significantly 

influence the formation or the size of aggregates in accelerated stability study, except in 

selected cases, addition of glycerol resulted in increased number of soluble aggregates that 

were generally smaller than those formed in the control conditions. Overall, these data with 

wide range of excipients and wide range of proteins, suggest no simple rules and no 

noticeable correlations, underlying the necessity to run extensive screening experiments to 

find best excipient for each particular protein target of interest. 

4.4 Discussion 

In the study presented here we have comprehensively assessed protein-excipient 

interactions in a range of pharmaceutically relevant formulations using a combination of 

several NMR approaches, and examined the effect of excipients on various aspects of protein 

stability using more traditional screening methods. We show that differential line 

broadening, CPMG, STD NMR, and WaterLOGSY, used here to assess these weak 



 

151 

Binding of excipients is a poor predictor for aggregation kinetics of biopharmaceutical proteins 

interactions, show slightly different picture of excipient binding, despite reporting on the 

same process. In our study, WaterLOGSY identified the biggest number of apparent positive 

hits for binders, possibly due to unspecific effects, while CPMG was the least sensitive one, 

because the observed relaxation rate was dominated by the large excess of non-bound ligand. 

The observed NMR effects in different experiments are influenced to different extents by 

off and on rates of binding, diffusion and residence times, different sensitivity to binding, 

and are affected by experimental and measurement artefacts to different extents. These 

effects mean that binding may be detected by one experiment, but not another, thus 

highlighting the need to use a consensus of multiple NMR approaches. A similar strategy is 

frequently employed in fragment-based screening where different types of NMR 

experiments typically identify different hits, which are then typically tested further with 

complementary biophysical methods to identify ‘true hits’381-383. In protein formulation 

similar approach cannot be easily implemented as there are no complementary non-NMR 

techniques readily available to test for such a weak binding. Therefore, an alternative could 

be to quantify excipient-protein binding in terms of the empirical parameter IN, which we 

have introduced here and which allows not only for quick identification of binding but also 

for rough ranking of the strengths of the interaction for different proteins and excipients. 

Additionally, artefacts originating from some features of the small molecule can affect the 

NMR results, causing false positive and false negative hits. For example, exchangeable 

protons always produce a false positive signal in WaterLOGSY experiments, while self-

association of the small compound itself may produce false positive results in all three types 

of the experiments. Therefore, it is important to use a consensus parameter such as IN to 

average out such a ‘noisy’ data. 

We show here that, under low-salt conditions chosen for the study, sucrose and polyols 

have a fairly universal effect on protein thermal stability, while the effects of other excipients 

are more protein specific. Excipients either increase or decrease the melting temperatures 

compared to the control samples. It has been established previously that if the small molecule 

binds to the native state of the protein and stabilises it, the melting temperatures increase, 

while preferential interaction with partially or fully unfolded state decreases the thermal 

stability384-385. As it is generally accepted that if excipient binds to the native state of the 

protein, this will stabilise the protein and increase its Tm value, the observed destabilisation 

of proteins here can be explained by excipient binding to partially-unfolded state. Therefore, 

maximising overall protein-excipient binding itself is unlikely going to be a successful 
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strategy: instead, binding to the folded form needs to be maximised. At the moment there is 

no clear way to discriminate, using NMR or other ligand-observed techniques, whether an 

excipient binds to the folded, or to the partially-unfolded state of a protein. Therefore, the 

excipient binding as detected by NMR in general cannot be used itself for predicting whether 

an excipient will be stabilising or destabilising in terms of melting temperature, neither it 

can be used to predict the change in colloidal stability. However, there is potential to further 

explore binding of excipients to different non-native states of the protein by using 

denaturants, temperature or high pressure to obtain a non-native protein states, methods that 

are often employ to study protein unfolding/folding pathways386-387. 

When we look at the wide range of proteins and excipients, there is a lack of obvious 

correlations or “hard rules” for different types of excipients as judged by the accelerated 

stability study and screen of aggregation kinetics. What may be beneficial for one protein 

may be detrimental for another one. Different parameters used as a measure of stabilising 

effects in protein formulation, e.g. general monomer loss, polydispersity index, rate of 

aggregation, apparent hydrodynamic radius, all reflect on different attributes of formulation 

and provide largely orthogonal views, not correlated with each other in any obvious way. In 

our study, no excipient showed universally stabilising effect in the comprehensive 

accelerated stability screen used. 

Additionally, we have observed that apparent trends that may be observed for one 

protein or a group of similar proteins disappear in a larger dataset, which raises a question 

of how relevant are case studies previously published on simple single model proteins (often, 

widely-available lysozyme and BSA), in terms of the effect of various excipients and 

conditions, and how such isolated case studies can help to understand the behaviour and 

response of other proteins to addition of excipients. The complexity observed here raises a 

question of how simple theoretical methods can capture the variety and complexity of the 

formulation space. New, more complex methods need to be developed to take into account 

much more parameters possibly considering not only the structures of the folded states, but 

also of partially-unfolded states, protein interactions between folded and partially-unfolded 

states, and interactions of excipients with both of these. One obvious difficulty for measuring 

weak binding is that the ligand needs to be in significant excess, which creates dynamic 

range problem, and overall fraction of bound ligand also becomes small and difficult to 

measure. New NMR methods may need to be developed to assess the very weak ligand 

binding to proteins, given that the need for these has now been identified.  
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4.5 Materials and Methods 

4.5.1 Sample preparation 

All the proteins used in the study, which included PPI03, PPI04, PPI10, PPI13 

(monoclonal IgG1 antibodies), PPI17 (IgG2 monoclonal antibody), PPI08 (bispecific 

antibody), and PPI18 (a human serum albumin conjugated to neprilisyn, HSA-NEP), were 

provided by the PIPPI consortium. Protein sequences and basic characterisation data will 

soon be available on the PIPPI-data database. Protein molecular weights, isoelectric points 

and extinction coefficients at 280 nm are summarised in Table 4.2.  

 

Table 4.2: Molecular weights, isoelectric points and extinction coefficients of proteins in the 

dataset 

Protein PPI03 PPI04 PPI08 PPI10 PPI13 PPI17 PPI18 

MW (kDa) 144.8 146.2 204.4 144.2 148.9 145.1 146.7 

pI 8.4 9.0 9.0 8.9 9.1 7.8 5.8 

ε280 (ml mg
-1

 cm
-1) 1.435 1.755 1.57 1.533 1.66 1.31 1.04 

 

All proteins were extensively dialysed at 20 °C using Slide-A-LyserTM cassettes 

(Thermo Fisher Scientific) with 10 kDa molecular weight cut-off against excess of 10 mM 

sodium phosphate buffer with pH 6.5 until components of original formulation were no 

longer visible in 1D 1H NMR spectra. Protein concentrations were determined by measuring 

UV-absorption at 280 nm using NanoDrop 2000 (Thermo Fisher Scientific). Protein stock 

solutions with concentration 5 mg/mL were then prepared. Stock 2x solutions of excipients 

(ArgHCl, ArgGlu, NaGlu, Gly, Pro, sorbitol, glycerol, sucrose, trehalose, poloxamer 407, 

Tween 20, and NaCl) were prepared in 10 mM sodium phosphate buffer, pH 6.5 and mixed 

in 1:1 ratio with protein stock solutions to obtain final formulations that are presented in 

Table 4.3. All formulations were sterile filtered with 0.22 μm cellulose acetate filter 

(Millipore). The solutions were then aseptically filled into pre-sterilised 0.5 ml Protein 

LoBind tubes (Eppendorf), with 330 μL in each tube.  
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Table 4.3: Final composition of each of the formulation tested 

Formulation 1 Formulation 2 Formulation 3 Formulation 4 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

100 mM ArgHCl 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

100 mM Arg 

100 mM Glu 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

100 mM NaGlu 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

200 mM Pro 

Formulation 5 Formulation 6 Formulation 7 Formulation 8 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

200 mM Gly 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

100 mM NaCl 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

200 mM Glycerol 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

200 mM sucrose 

Formulation 9 Formulation 10 Formulation 11 Formulation 12 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

200 mM trehalose 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

0.05 % poloxamer 407 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

0.05% Tween 20 

2.5 mg/ml protein 

10 mM sodium phosphate 

buffer pH 6.5 

 

4.5.2 Initial assessment of protein stability 

Apparent melting temperatures (Tm1, Tm2, Tm3 ) of the first, second and third thermal 

melting (unfolding) transitions and aggregation onset temperatures (Tagg) of proteins were 

determined with nanoDSF using a Prometheus NT.48 (NanoTemper Technologies). Protein 

samples were filled into standard glass capillaries (NanoTemper Technologies) and thermal 

unfolding was monitored by measuring intrinsic protein fluorescence intensity at 330 and 

350 nm after excitation at 280 nm across a temperature ramp, from 25 to 100 °C, with a 

heating rate of 1 °C/min. All measurements were performed in triplicates. Analysis of the 

fluorescence intensity ratio at these two wavelengths (F350/F330) plotted against temperature 

was performed using the PR.ThermControl V2.1 software (NanoTemper Technologies) 

where inflection points of thermal unfolding were determined using the first derivative 

method, and the inflection points were reported as apparent melting temperatures. 

Simultaneously, the back-reflection intensity of a light beam that passes through the sample 

capillary was measured and analysed using the PR.ThermControl V2.1 software 
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(NanoTemper Technologies). The aggregation onset temperature (Tagg) was determined 

from the increase in the back-reflection intensity over the temperature ramp, using the same 

software. 

4.5.3 Isothermal protein aggregation kinetics 

Protein aggregation kinetics were monitored using the Prometheus NT.48 

(NanoTemper Technologies) at elevated temperature. Incubation temperatures were chosen 

so that the proteins were only partially unfolded and were 60 °C for PPI04, 65 °C for PPI08 

and 18, and 75°C for PPI03, 10, 13 and 17. Isothermal time-dependent aggregation curves 

were fitted to a Finke-Watzky mechanism of nucleation, followed by aggregate growth104. 

The data was fitted using the equation Error! Reference source not found., where Y(t) is t

he back-reflection intensity, t is time, 𝑦𝑓 is maximal scattering intensity, 𝑘𝑛𝑢𝑐  is the apparent 

rate of nucleation, and 𝑘𝑎𝑔𝑔 is the apparent rate of aggregate growth 106. 

𝑌(𝑡) = 𝑦𝑓 −

𝑘𝑛𝑢𝑐

𝑘𝑎𝑔𝑔
+ 𝑦𝑓

1 +
𝑘𝑛𝑢𝑐

𝑦𝑓𝑘𝑎𝑔𝑔
𝑒

[
𝑘𝑛𝑢𝑐+𝑘𝑎𝑔𝑔∗𝑦𝑓

𝑡
]
 (Eq. 4.1) 

 

The effect of excipients on the rates of nucleation and aggregate growth were compared to 

𝑘𝑛𝑢𝑐 and 𝑘𝑎𝑔𝑔 values measured in the reference sample where no excipients were added to 

the formulation buffer. 

4.5.4 Accelerated stability study 

Based on initial assessment of protein thermal and colloidal stability, PPI04 and 

PPI08 were stored at 40 °C and other proteins at 50 °C, for the duration of the accelerated 

stability study. At each time point (0, 2 and 4 weeks of storage) three samples from different 

tubes were used for the analysis of each formulation using size-exclusion chromatography 

(SEC) and dynamic light scattering (DLS). 

Dynamic light scattering  

A 5 μL aliquot of each formulation was pipetted into 1536 well LoBase plate (Aurora 

Microplates Inc.) in duplicates. After the plate was centrifuged for 2 min at 2000 rpm using 

Heraeus Megafuge 40 centrifuge with M-20 well plate rotor (ThermoFisher Scientific), 5 μL 

of silicon oil (Sigma Aldrich) was added, and the centrifugation step was repeated. The 
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samples were measured with DynaPro plate reader III (Wyatt Technology) at 25 °C. For 

each well, 10 acquisitions of 5 s were collected and processed using the Dynamics V7.8 

(Wyatt Technology) software. Cumulant analysis was used to derive the polydispersity index 

(PDI) and apparent coefficient of self-diffusion (D). The apparent hydrodynamic radius (Rh) 

was calculated from the Stokes-Einstein equation using the measured D from DLS and 

sample viscosity. The viscosity of samples, needed for Rh calculations, was measured by a 

falling ball viscometer, AMVn (Anton Paar GmbH) in triplicates. 

Size exclusion chromatography 

A 50 μL sample of each formulation was injected onto a Superdex 200 10/300GL 

column (GE Life Sciences) attached to a Dionex Summit 2 system (ThermoFisher). The 

elution of the protein was detected at 240 nm. Running buffer contained 50 mM sodium 

phosphate buffer, pH 7.4 with 500 mM NaCl. The chromatograms were integrated with 

Chromeleon V7 (ThermoFisher) and the relative area of the monomer, low molecular species 

(LMW) i.e. fragments, and high molecular species (HMW) i.e. small soluble aggregates was 

calculated. All measurements were done in triplicates. 

 

4.5.5 NMR experiments 

Samples for NMR were prepared by addition of 5% v/v 2H2O to 300 μL of each 

protein formulation and transferred to 3 mm NMR tubes (Wilmad). All NMR spectra were 

acquired at 25 °C on 800 MHz Bruker Avance III spectrometer equipped with 5 mm triple 

resonance TCI cryoprobe and temperature control unit. The spectra were acquired and 

processed using Bruker Topspin 3.5 (Bruker). Additional analysis was done in OriginPro9.1 

(OriginLabs) and NMRFAM-Sparky342. Assignment of excipient signals was achieved using 

a combination of 1H-13C HSQC and 1H-13C HSQC-TOCSY experiments, acquired on the 

reference samples of excipients. 

For each sample, a set of 1D 1H, STD, WaterLOGSY and 1H T2 CPMG filter 

experiments were acquired. 1H spectra were acquired using a standard Bruker pulse sequence 

with excitation sculpting with gradients for water suppression (zgesgp) with 64 scans. For 

STD NMR studies a standard Bruker stddiffesgp.3 pulse sequence was used with the 

interleaved acquisition of on- and off-resonance spectra with 32 scans. On- and off-

resonance saturation frequencies were 0.175 ppm and 20 ppm, respectively. Saturation time 
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of 3 s was used, and 20 ms spin lock filter was applied to eliminate protein signals. STD 

spectra were obtained by subtracting on-resonance from off-resonance spectrum. 

Appropriate control experiments without addition of proteins were performed to confirm no 

direct irradiation of excipients. STD amplification factors were calculated using equation 

(Eq 4.2) where 𝐴𝐹𝑆𝑇𝐷  is the STD amplification factor, Ioff the intensity of excipient signal in 

the off-resonance spectrum,  Ion the intensity of signal in the on resonance spectrum, and [L] 

and [P] represent total concentrations of excipients and mAbs, respectively.  

𝐴𝐹𝑆𝑇𝐷 =
𝐼𝑜𝑓𝑓 − 𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
∗

[𝐿]

[𝑃]
 (Eq 4.2) 

 

For WaterLOGSY experiments, ephogsygpno.2 pulse sequence from standard 

Bruker library was used with mixing time of 3s and 64 scans acquired. To determine the 

reference spectra, appropriate control experiments of each excipient in the absence of protein 

were acquired. Changes in transverse relaxation rates of protons were monitored using two-

point Carr-Purcell-Meiboom-Gill (CPMG) experiments, with the number of echoes 1 and 

128. The fixed echo time to allow elimination of diffusion and J-modulation effect was 1.4 

ms. Temperature compensation was used to ensure equal heating of the sample over the 

course of the experiment. All spectra were recorded with 16 scans. Ratio between signal 

intensities in both spectra was calculated and compared to reference intensities of excipients 

alone, without the presence of protein.  

NMR-derived excipient-protein interaction parameter IN 

Effects of excipients in each type of the experiments were normalised by the 

maximum measured effect and summed across all four experiments to obtain the overall 

excipient-protein interaction parameter IN using (Eq 4.3), where 𝐴𝐹𝑆𝑇𝐷  is the STD 

amplification factor, 𝐴𝐹𝑚𝑎𝑥
𝑆𝑇𝐷  is the maximum STD amplification factor across all of the 

measurements, 
𝐼𝑊

𝐼𝑅𝐸𝐹
𝑊 , 

𝐼𝐻

𝐼𝑅𝐸𝐹
𝐻 , and 

𝐼𝐶

𝐼𝑅𝐸𝐹
𝐶  ratios between excipients signals observed in 

WaterLOGSY, 1H and CPMG experiments, respectively, in the presence of protein (𝐼𝑊,𝐻,𝐶) 

and its absence (𝐼𝑅𝐸𝐹
𝑊,𝐻,𝐶

), while (
𝐼𝑊,𝐻,𝐶

𝐼𝑅𝐸𝐹
𝑊,𝐻,𝐶)

𝑚𝑎𝑥

 are the maximum observed ratios among all 

excipients. 
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𝐼𝑁 = 0.25 ∗
𝐴𝐹𝑆𝑇𝐷

𝐴𝐹𝑚𝑎𝑥
𝑆𝑇𝐷 + 0.25 ∗

[
 
 
 
 

1 −

(
𝐼𝑊

𝐼𝑅𝐸𝐹
𝑊 )

(
𝐼𝑊

𝐼𝑅𝐸𝐹
𝑊 )

𝑚𝑎𝑥]
 
 
 
 

+ 0.25 ∗

[
 
 
 
 

1 −

(
𝐼𝐻

𝐼𝑅𝐸𝐹
𝐻 )

(
𝐼𝐻

𝐼𝑅𝐸𝐹
𝐻 )

𝑚𝑎𝑥]
 
 
 
 

+ 0.25 ∗

[
 
 
 
 

1 −

(
𝐼𝐶

𝐼𝑅𝐸𝐹
𝐶 )

(
𝐼𝐶

𝐼𝑅𝐸𝐹
𝐶 )

𝑚𝑎𝑥]
 
 
 
 

 (Eq 4.3) 

 

The values of the NMR derived protein-excipient interaction parameter IN therefore vary 

between 0 and 1, where 0 means the excipient does not interact with the protein, and 1 

denotes the strongest interaction among the tested combinations. An arbitrary threshold of 

0.25 was chosen as a cut-off, where excipients, scoring lower than 0.25 were determined as 

false positives.  
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4.7 Supplementary information 

4.7.1 Supplementary Figures 

 

Figure S4.1: Thermal protein unfolding. A) PPI03, B) PPI04, C) PPI08, D) PPI10, E) PPI13, F) 

PPI17, G) PPI18. Raw data is shown in black, while the first derivative from which the apparent 

melting temperatures were determined are shown in red. 
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Figure S4.2: Effect of excipients on thermal and colloidal stability of proteins from the dataset. 

Thermal stability was represented by melting temperatures for the A) first Tm1, B) second Tm2 and C) 

third Tm3 melting transitions, and the D) aggregation onset temperature (Tagg). The changes of the 

temperature are shown relative to the protein in buffer alone. The blue horizontal lines show the 

average effect of each excipient. 
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Figure S4.3: Correlation between first and second melting transitions. Data points are shown in 

black circles, while 95% confidence ellipse obtained during the calculation of Spearman correlation 

coefficient (r ) is shown in blue 

 

 

Figure S4.4: Isothermal aggregation of PPI03 in the presence of excipients at 70°C. Data was 

run in triplicates. 
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Figure S4.5: Effect of excipients on aggregation kinetics at elevated temperatures. A) Effect of 

excipients on nucleation rate (knuc) as compared to the control experiment in the absence of any 

excipients. B) Effect of excipients on the rate of aggregate growth (kagg) as compared to the control 

experiment in the absence of excipients. C) Correlation between the effect of excipients on knuc and 

first melting transition (Tm1) D) Correlation between the effect of excipients on kagg and first melting 

transition. E) Correlation between the effect of excipients on knuc and second melting transition (Tm2) 

F) Correlation between the effect of excipients on kagg and Tm2 
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Figure S4.6: Radar chart analysis of the accelerated stability study. Overall stability of proteins 

in accelerated stability was analysed by A) Monomer recovery during storage time B) fraction of 

higher molecular species (HMW), C) fraction of fragmentation (LMW) D) total soluble protein 

recovery as measured by SEC and in terms of E) apparent hydrodynamic radius and F) polydispersity 

index (PDI) determined from DLS data. Each axis in the individual radar chart represents one of the 

experimental conditions 
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4.7.2 Supplementary Tables 

Table S 4.1: NMR characterisation of protein-excipient interactions. 

Protein Excipient S W H C 

PPI03 ArgHCl 96.21 0.57 0.76 1.00 

PPI03 ArgGlu 0.00 0.47 0.70 0.97 

PPI03 NaGlu 176.14 0.68 0.81 1.16 

PPI03 Trehalose 14.23 0.92 1.03 1.02 

PPI03 Gly 0.00 0.30 0.53 1.04 

PPI03 Sorbitol 0.00 1.00 1.19 1.05 

PPI03 Pro 7.55 0.00 2.09 0.98 

PPI03 Sucrose 241.11 
  

1.16 

PPI03 Glycerol 0.00 1.66 2.46 1.12 

PPI03 Poloxamer 407 0.00 1.00 1.00 1.00 

PPI03 Tween 20 363.68 0.18 0.26 0.83 

PPI04 ArgHCl 393.82 0.54 0.52 0.97 

PPI04 ArgGlu 421.03 0.48 0.67 1.00 

PPI04 NaGlu 0.00 0.36 0.45 1.15 

PPI04 Trehalose 224.58 0.67 1.05 1.19 

PPI04 Gly 0.00 0.14 0.54 1.03 

PPI04 Sorbitol 0.00 
 

1.17 1.05 

PPI04 Pro 324.58 1.12 1.64 1.01 

PPI04 Sucrose 0.00 
 

1.90 1.15 

PPI04 Glycerol 0.00 0.76 2.65 1.07 

PPI04 Poloxamer 407 0.00 0.76 0.96 0.96 

PPI04 Tween 20 187.35 0.18 0.17 1.06 

PPI08 ArgHCl 462.59 0.52 0.58 1.09 

PPI08 ArgGlu 582.29 0.45 0.67 1.00 

PPI08 NaGlu 521.66 0.54 0.64 1.28 

PPI08 Trehalose 311.57 0.49 0.75 0.97 

PPI08 Gly 0.00 0.13 0.23 0.94 

PPI08 Sorbitol 0.00 0.74 1.17 1.05 

PPI08 Pro 133.51 0.65 1.69 1.00 

PPI08 Sucrose 0.00 0.25 0.70 1.06 

PPI08 Glycerol 0.00 0.68 1.83 1.19 

PPI08 Poloxamer 407 1460.6 0.75 0.65 1.69 

PPI08 Tween 20 196.80 0.06 0.15 1.23 

PPI10 ArgHCl 13.02 0.35 0.63 0.96 

PPI10 ArgGlu 40.55 0.31 0.68 0.95 

PPI10 NaGlu 165.20 0.36 0.71 1.06 

PPI10 Trehalose 25.90 0.23 0.61 1.12 

PPI10 Gly 0.00 0.09 0.28 1.03 

PPI10 Sorbitol 563.31 0.74 0.89 1.03 

PPI10 Pro 0.00 0.80 1.73 1.07 
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PPI10 Sucrose 0.00 0.42 2.88 1.74 

PPI10 Glycerol 584.26 0.80 1.94 1.20 

PPI10 Poloxamer 407 150.39 0.66 0.62 1.27 

PPI10 Tween 20 153.18 0.09 0.16 0.79 

PPI 13 ArgHCl 577.47 0.36 0.76 0.88 

PPI 13 ArgGlu 61.29 0.30 0.69 1.00 

PPI 13 NaGlu 0.00 0.36 0.68 1.05 

PPI 13 Trehalose 302.73 0.35 0.71 1.59 

PPI 13 Gly 0.00 0.08 0.27 1.00 

PPI 13 Sorbitol 0.00 0.91 0.63 1.05 

PPI 13 Pro 0.00 0.60 1.67 1.09 

PPI13 Sucrose 0.00 0.30 0.75  

PPI 13 Glycerol 37.84 0.85 1.95 1.15 

PPI 13 Poloxamer 407 254.89 0.59 0.66 2.15 

PPI 13 Tween 20 58.05 0.06 0.17 0.91 

PPI 17 ArgHCl 567.95 0.31 0.66 0.92 

PPI 17 ArgGlu 203.04 0.27 0.66 0.99 

PPI 17 NaGlu 428.38 0.35 0.71 1.11 

PPI 17 Trehalose 0.00 0.35 0.73 1.00 

PPI 17 Gly 0.00 0.08 0.31 1.03 

PPI 17 Sorbitol 0.00 0.92 0.59 1.06 

PPI 17 Pro 0.00 0.65 1.64 1.02 

PPI 17 Sucrose 0.00  1.03 1.51 

PPI 17 Glycerol 279.96 0.86 2.01 1.26 

PPI 17 Poloxamer 407 63.86 0.68 0.62 1.26 

PPI 17 Tween 20 9.05 0.02 0.17 1.04 

PPI 18 ArgHCl 90.29 0.28 0.64 0.98 

PPI 18 ArgGlu 78.68 0.29 0.68 1.02 

PPI 18 NaGlu 0.00 0.33 0.64 0.95 

PPI 18 Trehalose 41.40 0.33 0.71 0.89 

PPI 18 Gly 0.00 0.06 0.23 1.03 

PPI 18 Sorbitol 0.00 1.18 0.90 1.05 

PPI 18 Pro 939.02 0.62 1.76 1.39 

PPI 18 Sucrose 0.00  1.64 1.33 

PPI 18 Glycerol 0.00 0.82 2.06 1.10 

PPI 18 Poloxamer 407 278.31 0.63 0.63 2.35 

PPI 18 Tween 20 557.08 0.01 0.18 1.56 
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Table S4.2: Evaluation of thermal and colloidal stability of proteins in the presence of 

excipients 

 
PPI03 PPI04 

Excipient Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg 

ArgHCl 77.07 70.52 -6.55 78.33 1.27 66.33 66.75 0.43 75.57 9.24 

ArgGlu 79.32 71.64 -7.68 79.59 0.27 63.90 65.35 1.45 76.20 12.30 

NaGlu 78.08 71.31 -6.77 79.60 1.52 62.82 66.60 3.78 76.78 13.96 

NaCl 76.98 71.74 -5.24 78.71 1.73 63.36 65.94 2.58 75.53 12.17 

Glycine 77.68 72.52 -5.16 79.55 1.87 60.99 66.32 5.33 76.08 15.09 

Proline 77.79 72.67 -5.12 79.54 1.75 63.85 66.38 2.53 75.95 12.10 

No additive 76.48 72.65 -3.83 79.67 3.19 64.41 66.79 2.38 76.43 12.02 

Glycerol 76.86 72.81 -4.05 79.92 3.05 62.72 66.76 4.04 76.18 13.46 

Sorbitol 77.96 73.49 -4.47 80.32 2.36 64.17 67.08 2.91 76.55 12.39 

Sucrose 77.91 73.61 -4.30 80.39 2.48 65.31 67.49 2.18 76.98 11.67 

Trehalose 76.63 73.07 -3.56 79.99 3.36 59.61 66.69 7.08 76.01 16.40 

Poloxamer 407 76.05 72.47 -3.58 79.51 3.46 60.06 66.27 6.22 75.64 15.58 

Tween 20 74.72 72.22 -2.50 79.41 4.69 59.15 66.18 7.03 75.66 16.51 

           

 PPI08 PPI10 

Excipient Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg 

ArgHCl 64.33 73.03 8.70 83.70 19.37 82.18 71.09 -11.10 83.52 1.33 

ArgGlu 63.15 71.99 8.84 83.14 19.99 81.07 70.05 -11.02 82.46 1.39 

NaGlu 62.21 70.94 8.72 83.78 21.57 81.22 70.59 -10.63 83.05 1.83 

NaCl 62.62 71.19 8.57 83.34 20.72 80.60 71.04 -9.56 82.52 1.92 

Glycine 62.52 72.82 10.29 82.15 19.63 80.19 71.87 -8.32 83.23 3.04 

Proline 63.36 72.83 9.46 82.35 18.98 81.05 71.88 -9.17 83.27 2.23 

No additive 63.31 73.43 10.12 83.73 20.42 80.37 71.91 -8.45 83.38 3.02 

Glycerol 63.23 72.59 9.36 81.42 18.19 80.23 72.18 -8.05 83.88 3.65 

Sorbitol 64.25 74.24 9.99 84.37 20.12 80.57 72.59 -7.97 83.77 3.20 

Sucrose 64.57 74.22 9.66 84.57 20.00 81.24 72.80 -8.44 84.07 2.84 

Trehalose 63.06 73.81 10.74 84.03 20.97 80.13 72.18 -7.95 83.34 3.20 

Poloxamer 407 62.53 72.54 10.02 81.87 19.34 80.09 71.77 -8.33 83.28 3.19 

Tween 20 62.47 73.79 11.32 83.36 20.88 75.04 71.52 -3.52 83.11 8.06 
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 PPI13 PPI17 

Excipient Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg 

ArgHCl 82.20 64.99 -17.20 83.38 1.18 74.21 73.32 -0.89 79.56 5.35 

ArgGlu 80.67 64.00 -16.67 82.25 1.58 73.51 72.21 -1.30 78.16 4.65 

NaGlu 80.57 65.31 -15.27 82.63 2.05 73.99 72.47 -1.53 78.64 4.65 

NaCl 79.80 64.78 -15.02 82.42 2.62 73.39 73.36 -0.03 78.67 5.28 

Glycine 80.06 64.61 -15.45 82.64 2.58 72.95 74.21 1.26 79.22 6.27 

Proline 81.00 64.70 -16.30 82.66 1.66 75.20 74.32 -0.88 79.34 4.14 

No additive 80.99 64.89 -16.11 83.29 2.29 72.86 74.24 1.38 79.34 6.48 

Glycerol 80.36 65.00 -15.36 83.31 2.95 73.99 74.51 0.52 79.77 5.77 

Sorbitol 81.14 65.43 -15.71 83.19 2.05 74.45 74.90 0.45 79.94 5.49 

Sucrose 81.32 65.62 -15.69 83.41 2.10 75.50 75.16 -0.34 80.09 4.59 

Trehalose 80.16 64.98 -15.18 82.81 2.65 73.60 74.55 0.95 79.47 5.87 

Poloxamer 407 80.28 64.62 -15.66 82.71 2.43 74.27 74.15 -0.13 79.28 5.01 

Tween 20 71.68 64.36 -7.32 82.49 10.81 69.10 74.10 5.00 79.28 10.18 

           

 PPI18    

Excipient Tagg Tm1 Tm1-Tagg Tm2 Tm2-Tagg Tm3 Tm3-Tagg    

ArgHCl 56.50 53.81 -2.69 68.74 12.24 83.24 26.74    

ArgGlu 65.28 53.26 -12.02 69.94 4.65 82.16 16.88    

NaGlu 66.94 54.41 -12.53 71.34 4.40 82.75 15.80    

NaCl 65.06 54.29 -10.77 70.45 5.39 82.56 17.50    

Glycine 54.43 54.68 0.26 67.23 12.80 82.63 28.20    

Proline 56.36 54.65 -1.71 67.93 11.56 82.66 26.30    

No additive 55.42 54.66 -0.76 68.71 13.28 82.99 27.57    

Glycerol 56.28 54.42 -1.86 67.73 11.45 83.03 26.75    

Sorbitol 56.23 55.40 -0.83 68.87 12.65 83.22 26.99    

Sucrose 66.60 55.48 -11.12 69.60 3.00 83.41 16.81    

Trehalose 57.94 54.99 -2.95 69.33 11.39 82.98 25.04    

Poloxamer 407 55.15 54.66 -0.49 66.58 11.44 82.44 27.29    

Tween 20 55.57 54.23 -1.34 67.99 12.42 82.56 26.99    
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5.1 Abstract 

Formulation of protein solutions, including the addition of small molecule excipients, 

such as amino acids, sugars, sugar polyols and detergents, is vital for stability and 

development of biopharmaceutical products. However, this typically requires extensive 

screenings as the mechanisms and interactions which underly protein stabilisation with 

excipients are not clear. As protein-excipient interactions are weak and transient they are 

challenging to characterise and are traditionally assessed using non-direct methods such as 

vapour pressure osmometry and densimetry. One of the methods that have only recently 

been applied to characterise these weak interactions is NMR. In this study, we have used 

both ligand- and protein-observed NMR methods to characterise interactions between a 

model protein SQT-1CQ46C, N59C and eleven common excipients. We show that ligand-

observed methods have limited applicability at excipient concentrations typically used in 

biopharmaceutical formulation. However, 15N and 13C HSQC proved to be a sensitive tool 

in identifying transient excipient interaction sites on the protein surface, allow for 

distinguishing between preferential exclusion and interaction mechanism of action and even 

provide estimates of dissociation constants. 

 

5.2 Introduction 

In biotechnology and biopharmaceutical industries, stabilisation of proteins against 

chemical and physical instabilities is a critical quality attribute. During production and 

storage, proteins may undergo various stresses, leading to aggregation, fragmentation, 

liquid-liquid phase separation, and other forms of degradation388. Protein aggregation is one 

of the biggest challenges in protein formulation, particularly at high concentrations. 

Aggregation may be minimised through protein engineering approaches or optimisation of 

formulation conditions, including buffers, pH, ionic strength, and addition of small molecule 

excipients389. 

Excipients, such as amino acids, sugars, and surfactants, are added to protein 

formulations to solubilise the active ingredient, stabilise it and reduce solution viscosity. 

This typically requires relatively high excipient concentrations, in the 10s-100s mM range 

and in large excess compared to the active ingredient143. While there is a clear understanding 

that the addition of excipients may improve the stability of the active ingredient, their 

mechanisms of action are largely unknown. In general, excipients are thought to either 
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undergo preferential interaction with the protein surface, or preferential exclusion from the 

surface135-137, 147, 360. However, given the weak and transient nature of these processes209, lack 

of distinct binding sites and defined stoichiometry, studying protein-excipient interactions is 

challenging. 

Protein-excipient interaction (exclusion) parameters are typically measured using 

densimetry137, 390, vapour pressure osmometry148, 391, microscale thermophoresis357, or 

through thermal shift assays151, where it is assumed that the change in a measurable 

parameter, e.g., the extent of temperature shift, is proportional to the affinity of the ligand 

for a given protein392. Such methods are indirect and do not provide much detail into protein-

excipient interactions and often rely on complicated models with a lot of assumptions. 

Standard biophysical techniques used to study protein-ligand interactions, such as isothermal 

calorimetry (ITC), surface plasmon resonance (SPR), and fluorescence, are best suited to 

detect strong specific interactions in the nano- to micromolar range366-367, 393, and require a 

knowledge of the number of binding sites. Therefore, such techniques are not easily 

applicable to characterising protein-excipient interactions. Conversely, nuclear magnetic 

resonance (NMR) spectroscopy is widely used to study weaker protein-ligand interactions 

in the low millimolar range, for example, in fragment-based drug discovery (FBDD)394. 

Additionally, NMR can report of protein structure and the effect of ligand binding on this 

structure or changes in the local environment at the transient binding sites. Therefore, it may 

be suitable for studying both protein-excipient interactions and their mechanism of action, 

i.e., of protein stabilisation. 

NMR may either examine ligand signals (ligand-observed) or protein signals 

(protein-observed) to report on protein-ligand interactions. So far, efforts to characterise 

these interactions were predominantly based on ligand-observed experiments in solution215-

216, 395 and solid state396. Previously we attempted to quantify the weak protein-excipient 

interactions for non-labelled proteins using a weighed empirical interaction parameter based 

on ligand-observed 1D NMR methods, and showed that it poorly correlates with other 

measures of protein stability397. Furthermore, ligand-observed experiments do not provide 

the in-depth structural or site-specific information that is necessary to understand the 

mechanism of action of individual excipients and provide guidance which excipient might 

be best for certain proteins. Therefore, protein-observed experiments, which may report on 

both interactions and the influence of ligands on protein structure or local environment, may 

offer a greater understanding of the mechanisms of protein-excipient interactions. 



 

172 

Use of protein- and ligand-observed NMR to comprehensively study protein-excipient interactions 

Previously, 15N HSQC NMR fingerprinting was used to assess conformation of interferon-

alpha in various biopharmaceutical formulations398 while the protein-observe strategy has 

been applied to explore the binding of Hofmeister series ions to model protein and peptide 

surfaces117, 399-401.  

In this study, we have explored how commonly-used NMR experiments can be applied 

to probe protein-excipient interactions in biopharmaceutical formulations. We used a model 

protein, SQT-1CQ46C, N59C 402 and systematically applied both ligand and protein observed 

approaches to compare the two and see what their advantages and drawbacks are and whether 

they correlate. We show that while ligand-observed methods can detect protein-excipient 

interactions in our system at lower concentrations, they have limited applicability at 

concentrations of excipients typically used in biopharmaceutical formulations. We also show 

that both 15N and 13C HSQC provide a sensitive tool to identify transient interaction sites on 

the protein surface. 15N additionally allowed us to distinguish between preferential 

interaction and exclusion mechanism of individual excipients, while binding constants could 

be estimated using 13C HSQC spectra. 

5.3 Results 

5.3.1 Choice of the protein model and excipients 

In this study, we used 15N and 13C labelled SQT-1CQ46C, N59C, an engineered scaffold 

protein derived from stefin A56 and stabilised against domain swap oligomerisation402 as a 

model to probe potential protein-excipient interactions. Engineered scaffold proteins can be 

designed to bind to arbitrary targets, similar to antibodies but typically have a much smaller 

frame (often ~15 kDa), less complex structure and can be expressed in simpler recombinant 

expression systems266 which makes them good model systems to explore protein-excipient 

interactions. Backbone assignment of SQT-1CQ46C, N59C has been previously reported331, 402 

and is 80% complete. The unassigned peaks are not visible in the 15N HSQC spectra and 

involve five proline residues, N-terminal residues (M1-R4), and parts of the loop regions 

(L49-R52 and F77-L84).  

Here, we have tested a set of eleven biopharmaceuticaly relevant excipients including 

arginine hydrochloride (ArgHCl), arginine glutamate (ArgGlu), sodium glutamate (NaGlu), 

glycine (Gly), proline (Pro), glycerol, sorbitol, trehalose, sucrose, poloxamer 407 and tween 

20 against SQT-1CQ46C, N59C. Using 15N and 13C isotopically labelled protein allowed us to 
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compare systematically the results of ligand-observed and protein-observed experiments on 

the same samples. 

 

5.3.2 Ligand-observed screening depends on the protein to excipient ratio 

Initially, protein-excipient interactions were assessed using ligand-observed 

experiments as they are the simplest and fastest type of NMR experiments to detect protein-

ligand binding, at least for tighter-binding ligands. Additionally, they do not require any 

labelling or specific sample preparation. The results of such screening can, however, depend 

on the protein to excipient ratio which is typically very high in biopharmaceutical 

formulations, with active protein ingredient used at <1 mM concentration, and excipients at 

10s-100s mM. We have, therefore, applied a previously used combination of four ligand-

observed experiments397, namely 1D 1H, transverse T2 relaxation filter (CPMG filter), 

saturation transfer difference (STD) and WaterLOGSY spectra397 to detect excipient 

interactions with SQT-1CQ46C, N59C and explore how these methods perform at different 

protein to excipient (P:L) ratios. Results of the hit identification screen at different protein 

to ligand ratios are summarised in Figure 5.1.  

 

Figure 5.1: Screening of excipient interactions with SQT-1C
Q46C, N59C

 by ligand-observed 

NMR. Qualitative evaluation of protein excipient interactions as detected by 1H (H), STD (S), 

WaterLOGSY (W) and CPMG (C ) NMR methods and different protein to ligand ratios. Ratios 

used were A) 1:6.6, B) 1:66 and C) 1:660. Positive hits for excipient binding identified by the 

individual method are denoted in blue, non-hits in grey while data points excluded from analysis 

due to experimental error are indicated with empty circles. 

 

Our results show that ligand-observed screening depends heavily on the protein to 

ligand ratio used in the experiment which is in line with previous reports on these methods256, 
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403-404. We observed that line broadening, WaterLOGSY, and CPMG filter perform better at 

a lower concentration of excipients (P:L=1:6.6), which is to be expected as the binding 

effects are not masked by the bulk of the free excipients. On the other hand, STD performed 

better at higher concentrations of excipients (P:L=1:66), where other methods already failed 

to detect the interactions. At excipient concentrations (P:L=1:660) that are typically used in 

biopharmaceutical formulations, the ligand-observed methods performed very poorly, with 

only a small fraction of interactions identified typically by a single method. It is still 

important to mention that protein-excipient interactions can be detected to some extent using 

ligand-observed methods even when excipient is in more than 50-fold excess of the protein 

which is typically the case in biopharmaceutical formulations. Such ligand-observed 

methods can, therefore, provide a useful tool for distinguishing excipients that interact with 

proteins but have limited applications at excipient concentrations typically used in 

biopharmaceutical formulations. However, we have shown previously that there is a very 

poor correlation between the excipient interaction and the overall protein stability in the 

presence of this excipient397. Moreover, ligand observed methods do not provide any 

information about the number and the location of the interaction sites on the protein. We 

have therefore explored the application of 2D protein-observed methods, using the same 

protein model, SQT-1CQ46C,N59C, to detect weak protein-excipient interactions and 

potentially deduce the physical mode of action of individual excipients. 

 

5.3.3 Perturbation mapping of excipient interaction detected by 2D 1H-15N HSQC 

experiments 

Given that ligand detected experiments proved insensitive at excipients 

concentrations typically used in biopharmaceutical formulations, we next explored the use 

of two-dimensional protein-observed experiments to detect weak protein-excipient 

interactions. Additionally, these experiments may provide information about the number and 

location of interaction sites on the protein surface, and, potentially, estimates of the binding 

constants (Kd).  
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Figure 5.2: Maximum chemical shift perturbation plot. CSP values were calculated as change of 

chemical shifts in the absence of excipients and at the highest excipient concentrations. (200 mM, 

except for sucrose at 100 mM). 

Initially, we have monitored chemical shift perturbations (CSP) in 2D 15N HSQC 

across a wide range of excipient concentrations. 15N HSQC spectra report on the structure 

of the protein backbone, and changes to the local environment of amide groups. The 

maximum observed CSPs (Figure 5.2) reveal that the protein-excipient interactions occur 

across the entire protein surface without obvious specific binding sites, which can be perhaps 

expected. The absolute CSP values are relatively small, reflecting the weak and transient 

nature of protein-excipient interactions. However, it may be reasonable to suggest that the 

degree of changes in the local environment, represented by CSP values, may reflect the 

relative “strength” of the transient interactions: this appears to vary significantly between 

different excipient classes and also within excipient classes. For example, ArgGlu leads to 

much greater CSPs than ArgHCl and NaGlu on their own.  

Following the dependence of CSP values on increasing excipient concentrations 

(Figure 5.3, S1- S11) reveals three distinct patterns. Firstly, fast chemical exchange can be 
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present, where peaks move linearly, and may or may not reach saturation (Figure 5.3A,D). 

Secondly, step-like behaviour where significant CSP is observed only after a certain 

concentration of excipient is added to the solution (Figure 5.3B,E). This behaviour imply 

some cooperativity in local excipient binding. Thirdly, for some sites no significant CSP is 

observed (Figure 5.3C,F). We attempted to fit the CSP titration isotherms of peaks that 

moved linearly to a simple 1:1 binding model to estimate the binding constants (Kd) of 

protein-excipient interactions. However, the meaningful estimation of Kd values was not 

possible as the CSP did not saturate for any of the excipients. This implies that the nominal 

Kd values are >100 mM. 

The step-like change of CSP at a certain concentration is intriguing. It is also 

accompanied by the appearance of additional peaks in the 2D 15N HSQC spectrum (Figures 

S3, S6, S8 and S9). This behaviour was observed for trehalose, sucrose and sorbitol which 

are known to be preferentially excluded from the protein surface135-136, and for glutamate. 

As a sudden step-wise change in protein structure is unlikely (and such change should 

propagate to several sites, affecting multiple signals), it suggests that such sudden changes 

are caused by a cooperative change in the local environment, most probably due to a 

rearrangement of the water molecules indicating preferential exclusion mechanism of some 

of the excipients. Our results show that 2D 15N HSQC provides a sensitive tool to probe 

protein-excipient interactions, identify transient interaction sites on the protein surface, and 

detect changes in the local environment, such as rearrangement of solvent molecules. 
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Figure 5.3: Expansion of a region in the 
1
H-

15
N HSQC spectrum of SQT-1C

Q46C, N59C 
and 

chemical shift perturbations in the presence of increasing concentrations of A,D) ArgGlu, B,E) 

Trehalose and C,F) Tween 20.Assignments are show next to the peaks. Concentrations used: 0 

(red), 0.075 (orange) 0.15 (yellow), 0.3 (light green), 1 (green), 10 (turquoise), 50 (blue), 100 (pink) 

and 200 mM (purple). Concentration of SQT-1CQ46C, N59C was 150 μM.  

 

5.3.4 Analysis of protein-excipient interaction detected by 2D 1H-13C HSQC 

experiments 

Excipients typically do not bind into a specific binding pocket but are expected to 

interact with the protein surface. Therefore, the sidechains may be in more contact with 

excipients than the backbone amide groups, that are usually buried and involved in hydrogen 

bonds. We have therefore explored whether the signals from the sidechains, represented by 

the CH correlations in 2D 13C HSQC, are responsive to the excipient interactions.  

We have monitored chemical shift perturbations (CSP) in 2D 13C HSQC across a 

wide range of excipient concentrations (Figure S5.12-S5.22). Assignment of the CH 

correlations for SQT-1CQ46C, N59C  was unfortunately not available. Instead, we have 

arbitrarily numbered the signals and monitored CSP of Cα-H, Cβ/γ-H and CH3 correlations 

without reference to the protein sequence.  
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Figure 5.4: Maximum chemical shift perturbation of arbitrary-numbered spectral peaks, 

detected using 
13

C HSQC spectra. CSP values were calculated as change of chemical shifts in the 

absence of excipients and at the highest ±excipient concentrations. (200 mM, except for sucrose at 

100 mM). 

 

The maximum observed CSPs (Figure 5.4) reveal that the effects in the 13C HSQC 

seem to be more localised than in the 15N HSQC, as fewer signals were perturbed. However, 

these results might be biased due to the limited amount of peaks used in the analysis. Similar 

to N-H CSP, the majority of absolute C-H CSP values are relatively small, reflecting the 

weak and transient nature of protein-excipient interactions. More localised observed CSPs 

suggest that the effects observed in 13C HSQC would make it easier to determine the 

interaction sites on the protein if the assignments were available. However, the observed 

CSP patterns were similar to those obtained for the 1H-15N HSQC experiments, in that 

residues display all three chemical shift patterns (Figure S5.12-Figure S5.22). In contrast to 
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1H-15N HSQC experiments, saturation of CSP was observed for selected peaks and hence 

the Kd values could be estimated. For example, the Kd for NaGlu- SQT-1CQ46C, N59C 

interactions under the studied conditions is ~80±20mM (Figure 5.5). Our results indicate that 

excipients preferentially interact with side chains, which is in line with the common 

consensus. Additionally, we show that 2D 13C HSQC provides a valuable complement to 

15N HSQC experiments to probe protein-excipient interactions, and identify interaction sites 

on the protein surface, and can be used to estimate Kd values. 

 

Figure 5.5: A) Expansion of the methyl-aliphatic region in the 
1
H-

13
C HSQC spectrum of SQT-

1C
Q46C, N59C 

in the presence of increasing concentrations of NaGlu Labels with arbitrary 

numbering are shown next to the peaks. Concentrations used: 0 (red), 0.075 (orange) 0.15 (yellow), 

0.3 (light green), 1 (green), 10 (turquoise), 50 (blue), 100 (pink) and 200 mM (purple). Concentration 

of SQT-1CQ46C, N59C was 150 μM. B) Chemical shift perturbations in the presence of increasing 

concentrations of NaGlu for selected peaks. Solid lines represent the best fit to the data based on 

the 1:1 binding model.  

 

5.4 Discussion 

It has been established previously that weak protein-excipient interactions may 

influence certain protein stability indicators, and there has been a significant effort made 

towards trying to prevent protein aggregation by identifying an excipient that would bind to 

aggregation-prone regions thus masking them, and perhaps competitively inhibit protein-

protein interactions151, 357, 405. Typical methods involved in such screening rely on indirect 
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measurement of the observable and systematically fail to detect weak protein-excipient 

interactions. 

In this study, we have employed both ligand- and protein- observed NMR approaches 

to explore the potential of NMR to study weak and transient protein-excipient interactions 

that cannot be measured directly by any other method. Although side-chain assignment of 

SQT-1CQ46C, N59C was not available, the shifts of CH signals from the sidechains could still 

be analysed, for the degree of site-specific changes and shape of the concentration 

dependencies, for different excipients. Sequence-specific signal assignments were available 

for the amide signals, allowing sequence-specific analysis of perturbations caused by 

transient excipient binding. We show that ligand and protein-observed methods identify the 

same excipients as binders, especially when multiple ligand-observed experiments are 

combined to eliminate false positives and false negatives. Caution should, however, be taken 

as the results heavily depend on protein to ligand ratio in solution, making these experiments 

less reliable at higher concentration of excipients, as the effects are masked by the bulk 

solution.  

15N HSQC proved to be a sensitive tool to probe weak protein-excipient interactions, 

however it was not possible to estimate the Kd of these interactions due to their weak and 

transient nature, and possibly due to high salt concentration conditions, which screened some 

of the electrostatic interactions. We show, however, that such an experiment could be used 

to deduce whether an excipient acts by a preferential interaction or preferential exclusion 

mechanism, and determine the concentration of excipients needed to achieve this. 

In contrast with 15N HSQC perturbation data, CSP in 13C HSQC seems to be more 

localised, highlighting the residues that preferentially interact with the excipients. 

Additionally, saturation of selected peaks was observed, allowing for estimating the Kd 

values for protein- excipient interactions. However, interference of the water and excipient 

signals, and signal overlap make 13C HSQC more challenging to analyse. Often, full side-

chain assignment is also not possible. Overall, the 13C HSQC chemical shift perturbations 

offers a nice alternative to a more classical approach of detecting protein-excipient 

interactions with 15N HSQC. Additionally, it can be envisioned that methyl 13C HSQC at 

natural abundance could be used in screening protein-excipient interactions in 

biopharmaceutical formulations, especially where isotopic labelling is not an option or 
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where the protein is too big to be analysed by 15N HSQC (for example monoclonal 

antibodies). 

In our study, we have observed fairly small CSP values, which is to be expected as 

excipients interact weakly and transiently with the protein surface and there is no defined 

pocket for their binding. Additionally, we carried out our experiments at high ionic strengths, 

similar to the ionic strength typically used in biopharmaceutical formulations, masking the 

electrostatic interactions. In contrast, the majority of other studies where protein-excipient 

interactions have been evaluated so far were carried out at low ionic conditions 116-117, 400. 

They have subsequently observed much bigger effects in chemical shift perturbation data117. 

It can, therefore, be envisioned that our results may vary significantly if they were to be 

repeated at low ionic strength.  

In conclusion, using isotopically-labelled model proteins enables to test NMR 

approaches to measuring weak protein-excipient interactions, explore the protein-specific 

and site-specific mechanisms of excipient action and may be used to train computational 

models aimed at predicting site-specific interactions for arbitrary protein structure 359, 406 or 

design of novel excipients 356, 407. 

 

5.5 Materials and Methods 

5.5.1 Protein expression, purification and sample preparation 

13C and 15N labelled SQT-1CQ46C, N59C was expressed in M9 minimal media 

supplemented with 15NH4Cl and 13C6 glucose and purified as described previously 402. After 

purification, samples were extensively dialysed into 50 mM sodium phosphate buffer, pH 

7.2 with the addition of 150 mM NaCl. The stock solution of SQT-1CQ46C,N59C  contained 

0.15 mM 13C and 15N labelled SQT-1CQ46C,N59C, 10% v/v 2H2O in 50 mM sodium phosphate 

buffer, pH 7.2, 150 mM NaCl, and 0.0002 % 3-trimethylsilyl-2,2,3,3-(2H4) propionate (TSP, 

Sigma Aldrich). 1M stock solutions of ArgHCl, ArgGlu, NaGlu, Pro, Gly, glycerol, sorbitol, 

trehalose, and sucrose were prepared in highly purified water, and pH was adjusted to pH 

7.2. For poloxamer 407 and tween 20 1% w/v stock solutions were prepared in highly 

purified water, and pH was adjusted to pH 7.2. Aliquots of excipients were prepared from 

stock solutions, freeze-dried and successively reconstituted with protein solution to achieve 

accurate concentrations of excipients without sample dilution. 
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5.5.2 NMR experiments 

All NMR spectra were acquired at 25 °C on 800 MHz Bruker Avance III 

spectrometer equipped with 5mm triple resonance TCI cryoprobe and temperature control 

unit. The spectra were acquired and processed using Bruker Topspin 3.5 and analysed using 

NMRFAM-SPARKY314, Dynamics Center 2.2.4 (Bruker), GraphPad Prism 7.04 (GraphPad 

Inc.) and MATLAB. Proton chemical shifts were referenced to TSP signal at 0.0 ppm. 15N 

and 13C chemical shifts were calculated relative to TSP by using the gyromagnetic ratios of 

15N, 13C and 1H nuclei.  

The excipient titration experiments were carried out in 5 mm NMR tubes (Norell). 

Final concentrations of excipients were 0.075, 0.15, 0.30, 1, 2, 5, 10, 25, 50 100 and 200 

mM for ArgHCl, ArgGlu, NaGlu, Pro, Gly, glycerol, sorbitol, trehalose and sucrose. Final 

concentration of poloxamer 407 and tween 20 were 0.001, 0.0025, 0.005, 001, 0.005, 0.01, 

0.05, 0.1 and 0.5% w/v ). Pulse widths were calibrated at each addition of excipients, and 

for saturation transfer difference experiments, saturation power was recalculated to ensure 

the equal saturation of all samples.1H- 15N chemical shifts of SQT-1CQ46C, N59C were 

monitored by the acquisition of 1H-15 HSQC spectra using the hsqcfpf3gpphwg pulse 

sequence from the standard Bruker library. 1H- 13C chemical shifts were monitored by 1H-

13C HSQC experiment with sensitivity enhancement, gradient coherence selection, and 

multiplicity editing which enabled us to easily distinguish between CH2 and CH/CH3 groups. 

Chemical shift changes were calculated either as ∆𝛿𝑁𝐻 = √0.5[𝛿𝐻
2 + (0.1𝛿𝑁)2] where ∆𝛿𝐻 

and ∆𝛿𝑁 represent the chemical shift changes in proton and nitrogen dimensions or as 

∆𝛿𝐶𝐻 = √0.5[𝛿𝐻
2 + (0.3𝛿𝐶)2], where ∆𝛿𝐻 and ∆𝛿𝐶 represent the chemical shift changes in 

proton and carbon dimensions. All chemical shift changes were fitted either to the linear or 

equation describing 1:1 binding, using MATLAB R2018a (MathWorks Inc). The full script 

for the fitting of the data can be found in section 7.2.2. 

Additionally, a set of 1D 1H, STD, WaterLOGSY and 1H T2-filter experiments were 

acquired. 1H spectra were acquired using a standard Bruker pulse sequence with excitation 

sculpting with gradients for water suppression (zgesgp). For STD NMR studies a standard 

Bruker stddiffesgp.3 pulse sequence was used with the interleaved acquisition of on- and 

off-resonance spectra. On- and off-resonance saturation frequencies were 0.716 ppm and 40 

ppm, respectively. Saturation time of 3 s was used, and 50 ms spin lock filter was applied to 

eliminate protein signals. STD spectra were obtained by subtracting on-resonance from off-



 

183 

Use of protein- and ligand-observed NMR to comprehensively study protein-excipient interactions 

resonance spectrum. Appropriate control experiments without the addition of proteins were 

performed to confirm no direct irradiation of excipients. STD amplification factors were 

calculated using the following equation:  

 
𝐴𝐹𝑆𝑇𝐷 =

𝐼𝑜𝑓𝑓 − 𝐼𝑜𝑛

𝐼𝑜𝑓𝑓
∗

[𝐿]

[𝑃]
  

where 𝐴𝐹𝑆𝑇𝐷  is the STD amplification factor, Ioff the intensity of excipient signal in the off-

resonance spectrum, Ion the intensity of the signal in the on resonance spectrum, and [L] and 

[P] represent total concentrations of excipients and SQT-1CQ46C, N59C, respectively.  

For WaterLOGSY experiments, ephogsygpno.2 pulse sequence from standard Bruker 

library was used with mixing time of 3s. To determine the reference spectra, appropriate 

control experiments of each excipient in the absence of protein were acquired. Changes in 

transverse relaxation rates of protons were monitored using two-point Carr-Purcell-

Meiboom-Gill (CPMG) experiments, with the number of echoes 1 and 128. The fixed echo 

time to allow elimination of diffusion and J-modulation effect was 3 ms. Temperature 

compensation was used to ensure equal heating of the sample over the course of the 

experiment. Ratio between signal intensities in both spectra was calculated and compared to 

reference intensities of excipients alone, without the presence of protein.  
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5.6 Supplementary Information 

5.6.1 Supplementary Figures 

 

Figure S5.1 Overlay of 
1
H-

15
N HSQC spectra of SQT-1CQ46C,N59C

 in the presence of increasing 

concentrations of ArgHCl: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.2: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of ArgGlu: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (), 100 (light purple) and 200 mM (purple). 

 

 

Figure S5.3: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of NaGlu: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.4: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of glycine: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 

 

Figure S5.5: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of proline: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.6: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of sorbitol: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 

 

Figure S5.7: Overlay of 
1
H-

15
N HSQC spectra of SQT-1CQ46C,N59C

 in the presence of increasing 

concentrations of glycerol: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.8: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of sucrose: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), and 100 (light purple). 

 

 

Figure S5.9 Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of trehalose: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.10: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of increasing 

concentrations of poloxamer 407: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 

 

 

Figure S5.11: Overlay of 
1
H-

15
N HSQC spectra of SQT-1C

Q46C,N59C
 in the presence of increasing 

concentrations of tween 20: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 (green), 10 

(turquoise), 50 (blue), 100 (light purple) and 200 mM (purple). 
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Figure S5.12: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of ArgHCl: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.13: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of ArgGlu: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.14: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of NaGlu: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.15: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of Gly: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.16: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of Pro: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.17: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of glycerol: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.18: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of sorbitol: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.19: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of sucrose: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise) and 100 (light purple). 
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Figure S5.20: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of trehalose: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.21: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of poloxamer 407: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light 

green), 1 (green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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Figure S5.22: Overlay of 
1
H-

13
C HSQC spectra of SQT-1C

Q46C,N59C 
in the presence of 

increasing concentrations of tween 20: 0 (red), 0.075 (orange), 0.15 (yellow), 0.3 (light green), 1 

(green), 10 (blue), 50 (turquoise), 100 (light purple) and 200 mM (purple). 
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6 General conclusions and future directions 

 

The main aim of this thesis was to characterise protein-protein and protein-excipient 

interactions in biopharmaceutical formulations using NMR spectroscopy and evaluate how 

these affect various aspects of protein stability using a range of complementary techniques. 

In our work we have investigated two groups of proteins; biopharmaceutical antibodies 

supplied by the partners of PIPPI consortium and a peptide aptamer, SQT-1C, as an 

alternative to mAbs.  

The work presented in Chapter 2 and Chapter 3 has focused on the oligomerisation 

pathways of the model peptide aptamer, called SQT-1C, and approaches to prevent it. 

Peptide aptamers are typically built by inserting short peptides containing the desired 

binding epitope into a loop of a stable protein scaffold, and in principle mimic the CDR 

regions of an antibody. However, inserting peptides into the protein scaffold may 

unintentionally decrease thermal and colloidal stability of the scaffold protein51. In our case, 

we have inserted the AU1 and c-Myc peptides into the SQT scaffold, creating the SQT-1C 

and used it as a model system to study in detail the effect of peptide insertions on its 

conformational and thermal stability. In Chapter 2 we showed that while the secondary 

structure and the overall fold of SQT was not perturbed by the peptide insertions, it readily 

formed dimers and tetramers in solution. We furthermore established that inserted loops 

were directly involved in this process and determined using computational approaches that 

the oligomer formation most likely proceeds through domain swap mechanism. Formation 

of oligomers through loop regions that are involved in binding to the target of the protein 

may, however, decrease or fully diminish the binding activity of the peptide aptamer, which 

is detrimental to their use. This results also pointed out that instead of focusing solely on the 

stability of the scaffold protein on its own, routine assessment using a combination of 

analytical methods on the final peptide aptamers would reveal early problematic behaviour 

of designs, helping to troubleshoot protein instability and loss of structure and confirm the 

presence or absence of well-behaved stable protein fold.  

In Chapter 3 we continued the work on SQT-1C and characterised in detail the 

pathway and kinetics of SQT-1C dimer and tetramer formation. We established that tetramer 

formation occurs through the association of domain-swapped dimers, where domain swap 

occurs through loop1. We also showed that the conserved Pro80 located at the base of the 
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loop 2 is one of the factors in tetramer formation, but not the limiting one. By introducing a 

double mutation, introducing disulphide bond at the base of loop 1 we have designed a 

conformationally stable mutant SQT-1CQ46C,N59C that does not oligomerise and has improved 

thermal stability. Introduction of disulphide bonds into protein to improve their thermal and 

conformational stability is already an established strategy121, 338, while the so-called ‘peptide 

stapling’ is emerging technology to constrain peptides into a defined conformation308, 408-409. 

We propose that adding disulphide bonds at the base of ligand binding loop(s) may increase 

scaffold stability and maximise its specific target-binding activity and could as such be 

applied to various other scaffold proteins that are subject to destabilisation upon peptide loop 

insertions. In our work we focused on a single aptamer where c-Myc and AU1 peptides were 

inserted into the loops of SQT-1CQ46C,N59C scaffold while the N-terminal insertion site was 

not utilised. Stability and activity of SQT-1CQ46C,N59C scaffold could therefore be further 

tested by insertion of peptides of various lengths into all three insertion sites. 

In Chapter 4 and 5 we have addressed the interactions between biopharmaceutical 

proteins and excipients added to their formulation. Small molecule excipients, such as amino 

acids, sugars, sugar polyols, detergents, etc are typically added to protein formulations to 

ensure stability and solubility of the active ingredient whilst preventing aggregation and 

other pathways of degradation over longer periods of time. Due to the weak and transient 

nature of protein-excipient interactions, these are challenging to evaluate, which is the main 

reason for the lack of general knowledge on how excipients work/interact with a particular 

protein. In general, excipients act through preferential interaction or preferential exclusion 

mechanism, which were postulated in the 1980s135-137. These effects are usually measured 

indirectly and there are limited studies where NMR would be applied to study protein-

excipient interactions in biopharmaceutical formulations.  

In Chapter 4 we have used ligand-observed NMR spectroscopy to characterise 

interactions between seven biopharmaceuticaly relevant proteins and a set of eleven 

commonly used excipients. We applied a screening procedure, where a combination of 1H, 

CPMG, WaterLOGSY and STD experiments was used to identify excipients that interact 

with proteins. We introduced an empirical protein-excipient interaction parameter (IN) that 

reflects all four NMR observables at once and can be thus used as a proxy for interaction 

“strength” and as an empirical cut-off to distinguish between excipients which interact with 

proteins and those that do not. We have also measured the effect of excipients on thermal 

and colloidal protein stability, on aggregation kinetics and protein storage stability at 
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elevated temperatures. Our results showed that effects of excipients are very much protein 

specific and that there are no obvious correlations between the strength of protein-excipient 

interaction and different protein stability parameters. Therefore, the excipient binding as 

detected by NMR in general cannot be used itself for predicting whether an excipient will 

be stabilising or destabilising in terms of melting temperature, neither can it be used to 

predict the change in colloidal stability. Furthermore, we have also concluded that different 

parameters used as a measure of stabilising effects in protein formulation, e.g. general 

monomer loss, polydispersity index, rate of aggregation, apparent hydrodynamic radius, all 

reflect on different attributes of protein stability and provide orthogonal views, not correlated 

with each other in any obvious way. This further implies that multiple methods should be 

used to assess different aspects of protein stability and that case studies based on a single 

model protein may oversimplify the complexity of the formulation space and may produce 

misleading results that cannot be easily applied to another protein system. It would be 

interesting to expand this work to a larger number of proteins including other classes of 

biopharmaceuticals. Additionally, the meaning of empirical protein-excipient interaction 

parameter (IN) should be further assessed on a model protein with their known binders to 

validate our assumption that it reflects the strength of protein-ligand (excipient) interaction. 

In Chapter 5 we have explored the application of both ligand- and protein-observed 

NMR methods to characterise protein-excipient interactions in biopharmaceutical 

formulations. In this proof-of-concept study we have measured interactions between a model 

protein SQT-1CQ46C, N59C and the same eleven excipients we used in Chapter 4. For ligand-

observed experiments we have again used a combination of 1H, CPMG, WaterLOGSY and 

STD experiments. We show that results of the ligand-observed screen depend heavily on 

protein to excipient ratio in solution, making these experiments less reliable at higher 

concentration of excipients, as the effects are masked by the bulk solution. As ligand-

observed experiments proved somewhat insensitive at excipients concentrations typically 

used in biopharmaceutical formulations, we next explored the use of two-dimensional 

protein-observed 13C HSQC and 15N HSQC experiments to detect the transient protein-

excipient interactions. We show that both experiments can be used to probe transient protein-

excipient interactions on the protein surface. Our results based on 15N CSP data indicate that 

there is no specific, well defined binding site for excipients on the protein surface, which 

could perhaps be anticipated. While 13C CSP data seemed more site-specific, it was not 

possible to deduce potential interaction sites as C-H assignments were not available. We 
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could however, use the concentration dependent 13C CSP data to estimate the Kd values for 

excipients that interact with SQT-1CQ46C, N59C. On the other hand, no saturation of CSP was 

observed in 15N HSQC titration experiment. We show that 15N HSQC titration experiment 

can distinguish between a preferential interaction mechanism, where chemical shifts are in 

fast exchange, and preferential exclusion mechanism, where a sudden jump of CSP across 

the majority of cross-peaks was observed above a certain concentration of excipient. This 

opens up a possibility to study directly how excipients interact with individual proteins and 

to deduce their mechanism of action and the concentration needed to achieve a specific 

stabilisation effect. It can be envisioned that this type of data could be used to guide 

prediction models on possible protein-excipient interaction sites and guide the selection and 

the concentration of excipients used in biopharmaceutical formulations. For example, it 

would be interesting to apply this methodology to study how different point mutations that 

influence the overall charge of the protein affect protein-excipient interactions.  
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7 Appendix 

7.1 List of other publications 

 

• M. Martinez Morales, M. Zalar, S. Sonzini, A.P. Golovanov, C. F. van der Walle, 

and J.P. Derrick, Interaction of a Macrocycle with an Aggregation-Prone 

Region of a Monoclonal Antibody, Molecular Pharmaceutics 2019 16 (7), 3100-

3108. 

Contribution: Design of the NMR experimental setup, and help with data acquisition. 

Analysis of the data, interpretation of the NMR results, figure design and write up of the 

NMR sections of the paper. Substantial contribution to paper writing. 

 

• S. Indrakumar, M. Zalar, C. Pohl, A. Nørgaard, W. Streicher, P. Harris, A. P. 

Golovanov, and G.H.J. Peters, Conformational Stability Study of a Therapeutic 

Peptide Plectasin Using Molecular Dynamics Simulations in Combination with 

NMR, The Journal of Physical Chemistry B, 2019 123(23), 4867-4877. 

Contribution: Design of the NMR experimental setup, NMR data acquisition, 

processing and analysis. Interpretation of the results, figure design and write up of the 

NMR sections of the paper. Substantial contribution to paper writing. 

 

• S. Indrakumar, M. Zalar, N. Tschammer, A. Nørgaard, W. Streicher, P. Harris, A. P. 

Golovanov, G.H.J. Peters, Synergistic applications of molecular dynamics, 

microscale thermophoresis and NMR to probe excipient interactions with 

therapeutic peptide Plectasin, 2020, in review.  

Contributions: Design of the NMR experimental setup and helping with NMR data 

acquisition and processing. Performed analysis of the NMR data and interpreted the 

results, designed figures and wrote the NMR sections of the paper. 
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• H.L. Svilenov, A.V. Kulakova, M. Zalar, A. P. Golovanov, P. Harris and G. Winter, 

Orthogonal Techniques to Study the Effect of pH, Sucrose and Arginine Salts 

on Monoclonal Antibody Physical Stability and Aggregation During Long-term 

Storage, Journal of Pharmaceutical Sciences, 2020, 109(1):584-94. 

Contributions: Design of the NMR experimental setup, NMR data acquisition, 

processing and analysis. Interpretation of the data, figure design and write up of the NMR 

sections of the paper. Substantial contribution to paper writing. 

 

• C. Pohl, M. Zalar, I. El Bialy, S. Indrakumar, G.H.J. Peters, A. P. Golovanov, W. 

Streicher, A. Nørgaard and P. Harris, The effect of point mutations on the protein 

properties in solution: development of a screening protocol of an anti-microbial 

peptide, 2020, Molecular Pharmaceutics, accepted.. 

Contributions: Design of the NMR experimental setup, NMR data acquisition, 

processing and analysis. Interpretation of the data, figure design and write up of the NMR 

sections of the paper. Substantial contribution to paper writing 

 

• A.V. Kulakova, L. Gentiluomo, H.L. Svilenov, D. Augustijn, I. El Bialy, ML. Greco, 

S. Indrakumar, S Mahapatra, M. Martinez Morales, C. Pohl, A. Roche, M. Zalar A 

Tosstorff, R. Curtis, J. P. Derrick, A.Nørgaard, Tarik A. Khan, A.P. Golovanov, 

G.H.J. Peters, A. Pluen, Å. Rinnan, W. Streicher, C. F. van der Walle, S. Uddin, G 

Winter, D Roessner, Wolfgang Frieß and P Harris, Advancing excipient selection 

for protein formulation through comprehensive biophysical characterisation, 

2020, in preparation.  

Contributions: Design of the NMR experimental setup, NMR data acquisition, 

processing and analysis. Interpretation of the data, figure design and write up of the NMR 

sections of the paper.  

 

  



 

209 

Appendix 

7.2 MATLAB scripts 

7.2.1 Script for fitting aggregation data using Finke-Watzky 2-step mechanism 

 

%% SCRIPT FOR FITTING AGGREGATION DATA USING FINKE-WATZKY 2-STEP MECHANISM 

%Matja Zalar and Jack Bramham, February 2019 

clear 

infile = "PPI10 Isothermal 75C 3,17,13 rep2.xlsx"; 

outfile = "PPI8 3 13 17 FW_3 output.xlsx"; 

disp_fits = 1; %0 = no, 1 = yes 

out_dataandfits = 0; % 0 = output only fitted parameters, 1 = output fitted parameters 

and curves (can take a long time!) 

user_MaxNumChanges = 10; 

  

inmatrix = xlsread(infile,5); 

[~,titles,~] = xlsread(infile,1,'G:G'); 

titles(1)=[]; %remove first cell 

% separate time and scattering data 

sz = size(inmatrix); 

n = sz(2)/3; 

tn = sz(1); 

times = inmatrix(:,1:3:end); 

scat = inmatrix(:,3:3:end); 

  

%baseline scattering data 

scat_base = scat(1,:); 

corr_scat = scat - scat_base; 

  

%identify transitions 

%4 transitions per curve 

[trans_0_1,S1, S2] = ischange(corr_scat,'linear','MaxNumChanges',user_MaxNumChanges); 

%trans_0_1 = 1 means transition point 

%index of transition points 

trans = cell(1,n); 

for transi=1:n 

    snt = sum(trans_0_1(:,transi)==1); %identify number of transitions from previous 

step (=1), upto 10 

    trans = find(trans_0_1(:,transi)==1,snt); 

end 

%convert transition index to time 

trans_t = cell(1,n); 

for ni=1:n 

    sztrans = size(trans); 

    trans_t_hold = []; 

    for trans_ti=1:sztrans(1) 

        trans_t_hold(trans_ti) = times(trans(trans_ti),ni); 

    end 

   trans_t1 = trans_t_hold; 

end 
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%user evaluation of data 

try 

    load user_ins 

catch 

    user_in = zeros(1,n); 

    for ni=1:n 

        fign = figure(); 

        hold on 

        plot(times(:,ni),corr_scat(:,ni)) 

        sztrans = size(trans{ni}); 

        for li=1:sztrans 

            line([trans_t{ni}(li) trans_t{ni}(li) ],ylim); 

            text(trans_t{ni}(li),0,num2str(li)); 

        end 

        title(titles{ni}) 

        xlabel('Time') 

        ylabel('Scattering') 

        t_n = input(strcat('Line indicating end of first transition: 0-

',num2str(user_MaxNumChanges))); 

        while t_n < 0 || t_n > user_MaxNumChanges 

            t_n = input(strcat('Line indicating end of first transition: 0-

',num2str(user_MaxNumChanges))); 

        end 

        user_in(ni) = t_n; 

        close(fign) 

    end 

    save('user_ins.mat','user_in') 

end 

 

 

%fitting 

%initial parameters 

x0 = [0.000001, 0.00001, 70]; 

lb = [0, 0, 0]; % lower bounds 

ub = [inf, inf, 500]; % upper bounds 

  

out_param = zeros(n, 7); 

out_ci = zeros(n, 3); 

out_fit = zeros(n, 1); 

out_time = cell(1,n); 

out_data = cell(1,n); 

out_curve = cell(1,n); 

%fitting for each curve 

for ni=1:n 

    if user_in(ni)>=1 %use only first part of curve 

        x1 = times(1:trans{ni}(user_in(ni)),ni); 

        y1 = corr_scat(1:trans{ni}(user_in(ni)),ni); 

    else 

        x1 = times(:,ni); 

        y1 = corr_scat(:,ni); 

    end 

    out_time{ni} = x1; 

    out_data{ni} = y1; 

     

    [param, F2, fitresid, jacobian] = fitting(x0, lb,ub, x1, y1); 

    out_param(ni,1:3) = param; 

    paramfit = sig(param(1), param(2), param(3), x1); 

    out_curve{ni} = paramfit; 

     

    ci = nlparci(param,fitresid,'jacobian',jacobian,'alpha',0.05); 

    cie = param - ci(:,1)'; 

    out_ci(ni,:) = cie; 
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    %calculate extra parameters 

    %tlag = param(4) - (2*param(5)); 

    % rate = 1/param(5); 

    %out_param(ni,6) = tlag; 

    % out_param(ni,7) = rate; 

     

    cost_func = 'NRMSE'; 

    fit = goodnessOfFit(paramfit,y1,cost_func); 

    out_fit(ni,1) = fit; 

     

    if disp_fits==1 

        figure() 

        hold on 

        plot(x1,y1) 

        plot(x1,paramfit) 

        title(titles{ni}) 

        xlabel('Time') 

        ylabel('Scattering') 

    else 

    end 

end 

  

  

 

% export fit parameters to xls file 

xls_param_header = ["Code", "k1", "k1 CI","k2", "k2 CI","a0", "a0 CI", "nrmse fit"]; 

xlswrite(outfile,xls_param_header,'Fitted Values','A1'); 

xlswrite(outfile,titles,'Fitted Values','A2'); 

xlswrite(outfile,out_param(:,1),'Fitted Values','B2'); 

xlswrite(outfile,out_ci(:,1),'Fitted Values','C2'); 

xlswrite(outfile,out_param(:,2),'Fitted Values','D2'); 

xlswrite(outfile,out_ci(:,2),'Fitted Values','E2'); 

xlswrite(outfile,out_param(:,3),'Fitted Values','F2'); 

xlswrite(outfile,out_ci(:,3),'Fitted Values','G2'); 

xlswrite(outfile,out_fit,'Fitted Values','H2'); 

  

if out_dataandfits == 1 

%export times, exp, and fitted curves for each sample 

for ni=1:n 

    xls_data_header = ["Time 's'","Corr exp scattering","Fitted curve"]; 

    xlswrite(outfile,xls_data_header,titles{ni},'A1'); 

    xlswrite(outfile,out_time{ni}(:,1),titles{ni},'A2'); 

    xlswrite(outfile,out_data{ni}(:,1),titles{ni},'B2'); 

    xlswrite(outfile,out_curve{ni}(:,1),titles{ni},'C2'); 

end 

else 

end 

 

%% functions 

  

function F=sig(k1,k2,a0,x) 

out = zeros(length(x),1); 

for xi=1:length(x) 

    out(xi) = a0-((k1/k2+a0)/(1+k1/(k2*a0)*exp((k1+k2*a0)*x(xi)))); 

end 

F = out; 

end 

  

function F=chi(k1,k2,a0,x,data) 

%call function for fit 

fit = sig(k1,k2,a0,x); 

F = fit - data; 

end 

  

function [F, F2, F3,F4] =fitting(x0,lb,ub, x, data) 

fun = @(x0)(chi(x0(1),x0(2),x0(3),x,data)); 

options = optimoptions('lsqnonlin','FiniteDifferenceType', 'central','Algorithm', 

'trust-region-reflective', 'OptimalityTolerance', 1e-12,'TolFun',1e-12,'TolX', 1e-12, 

'MaxFunEvals', 2000); 

[param, resnorm,residual,~,~,~,jacobian] = lsqnonlin(fun, x0, lb, ub,options); 

F=param; 

F2 = resnorm; 

F3 = residual; 

F4 = jacobian; 

end 
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7.2.2 Script for fitting chemical shift perturbation data 

 

%SCRIPT FOR FITTING CSP DATA 

% Matja Zalar and Jack Bramham 

% August 2019 

clear 

infile = "infile.xlsx"; 

outfile = "outfile.xlsx"; 

imagefile = "imagename_"; 

sheetn = 1; %sheet number in excel file 

  

inmatrix = xlsread(infile,sheetn); 

[~,titles,~] = xlsread(infile,sheetn); 

titles(1)=[]; %remove first cell 

sz = size(inmatrix); 

n = sz(2)-1; 

conc = inmatrix(2:end,1); 

max_conc = max(conc); 

CSP = inmatrix(2:end,2:end); 

P = 0.015; %insert protein concentration in M 

  

%fitting 

%initial parameters [max chem shift, protein concentration, Kd] 

x0 = [0.05, 0.00001]; 

lb = [0, 0]; % lower bounds 

ub = [inf, inf]; % upper bounds 

x_fit = [0:0.00001:max_conc]; 

  

out_param = zeros(n, 2); 

out_ci = zeros(n, 2); 

out_curve = cell(1,n); 

out_fit = zeros(n, 1); 

%fitting for each curve 

for ni=1:n 

    y1 = CSP(:,ni); 

    [param, F2, fitresid, jacobian] = fitting(x0,lb,ub, conc,P, y1); 

    out_param(ni,1:2) = param; 

    paramfit = sig(param(1), P, param(2), conc); 

    fit_curve = sig(param(1), P, param(2), x_fit); 

    out_curve{ni} = fit_curve; 

     

    ci = nlparci(param,fitresid,'jacobian',jacobian,'alpha',0.32); 

    cie = param - ci(:,1)'; 

    out_ci(ni,:) = cie; 

     

    cost_func = 'NRMSE'; 

    fit = goodnessOfFit(paramfit,y1,cost_func); 

    out_fit(ni,1) = fit; 

     

    figure('visible','off') 

    hold on 

    scatter(conc,y1) 

    plot(x_fit,fit_curve) 

    title(titles{ni}) 

    xlabel('Concentration (mM)') 

    ylabel('CSP (ppm)') 

    ylim([0 0.1]) 

    imagefile_n = strcat(imagefile,titles{ni},'.emf'); 

    saveas(gcf,imagefile_n) 

    close gcf 

end 
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% export fit parameters to xls file 

xls_param_header = ["Name", "D", "D CI","Kd", "Kd CI", "nrmse fit"]; 

xlswrite(outfile,xls_param_header,'Fitted Values','A1'); 

xlswrite(outfile,titles,'Fitted Values','A2'); 

xlswrite(outfile,out_param(:,1),'Fitted Values','B2'); 

xlswrite(outfile,out_ci(:,1),'Fitted Values','C2'); 

xlswrite(outfile,out_param(:,2),'Fitted Values','D2'); 

xlswrite(outfile,out_ci(:,2),'Fitted Values','E2'); 

xlswrite(outfile,out_fit,'Fitted Values','F2'); 

  

%% functions 

  

function F=sig(D,P,Kd,x) 

out = zeros(length(x),1); 

for xi=1:length(x) 

    out(xi) = D/(2*P)*((P+x(xi)+Kd)-sqrt((P+x(xi)+Kd)*(P+x(xi)+Kd)-4*P*x(xi))); 

end 

F = out; 

end 

  

function F=chi(D,P,Kd,x,data) 

%call function for fit 

fit = sig(D,P,Kd,x); 

F = fit - data; 

end 

  

function [F, F2, F3,F4] =fitting(x0,lb,ub, x,P, data) 

fun = @(x0)(chi(x0(1),P,x0(2),x,data)); 

options = optimoptions('lsqnonlin','FiniteDifferenceType', 'central','Algorithm', 

'trust-region-reflective', 'OptimalityTolerance', 1e-12,'TolFun',1e-12,'TolX', 1e-12, 

'MaxFunEvals', 2000, 'Display', 'iter'); 

[param, resnorm,residual,~,~,~,jacobian] = lsqnonlin(fun, x0, lb, ub,options); 

F=param; 

F2 = resnorm; 

F3 = residual; 

F4 = jacobian; 

end 
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