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Abstract 

Since the introduction of recombinant human insulin in 1982, protein-based therapeutics have 

become an essential part of medical treatment. Every year many protein-drugs are introduced into 

the market and numerous are under clinical trials. Despite all the advantages of protein-based 

pharmaceuticals, stabilization is very challenging. Under inappropriate conditions, they might lose 

their activity and induce severe adverse effects. Stabilization (formulation) of protein-drugs is one 

of the most critical, time-consuming and expensive steps in drug development. Many promising 

protein-drugs have failed clinical trials due to their stability challenges. Unfortunately, no general 

rules for the formulation process have been reported and it is not yet possible to predict the 

behavior of different proteins under different conditions.  

Protein-excipient Interactions and Protein-Protein Interactions in formulation (PIPPI) is a 

consortium (EU grant nr 675074), which goal is to improve the molecular understanding behind 

protein stability and thereby of the formulation process. The strategy is to combine systematic 

investigations of the physicochemical behavior of different types of proteins with molecular 

interactions. The final goal is to combine all raw and analyzed data into a database that will become 

publicly available for the scientific community.  

This Ph.D. thesis is a part of the PIPPI project, which focus is to investigate stability of 

multidomain proteins using small angle X-ray scattering. In this study, three different types of 

multidomain proteins were investigated: transferrin, albumin-neprilysin fusion protein, and 

monoclonal antibodies. All of them were systematically studied under different physicochemical 

conditions using high-throughput techniques. These studies were used to choose conditions for 

small angle X-ray scattering. The resulting data were combined with other measurements, such as 

MD simulation to provide a better understanding of stability on the molecular level. Despite the 

common trends in stability, all studied multidomain proteins show different behavior and 

molecular interactions. Additionally, this work shows that combination of multiple methods leads 

to a better understanding of protein stability.  
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Resumé 

Siden rekombinant human insulin i 1982 blev introduceret som lægemiddel er protein-baseret 

medicin blevet en vigtig del af medicinske behandlinger. Hvert år bliver mange protein-baserede 

lægemidler introduceret på markedet, og adskillige er i kliniske forsøg. 

Der er mange fordele ved protein-baseret medicin, men stabilisering af proteinerne, så de 

kan holde sig i minimum to år, er en udfordring. Under forkerte forhold mister proteinerne og 

dermed medicinen sin aktivitet og kan enten blive virkningsløst eller forårsage alvorlige 

bivirkninger. Stabilisering (formulering) er et af de mest kritiske, tidskrævende, og dyreste trin i 

udviklingen af protein-baseret medicin. Mange lovende protein-baserede lægemidler fejler i 

kliniske test på grund af udfordringer med stabiliteten. Det er endnu ikke muligt at forudse, 

hvordan proteiner opfører sig under forskellige forhold, og derfor er formuleringsprocessen 

generisk. 

Protein-excipient Interactions and Protein-Protein Interactions in formulation (PIPPI) er et 

EU konsortium (EU grant nr. 675074), som har det mål at forbedre forståelsen af protein-stabilitet 

på molekylært niveau, og derved også forbedre effektivisere formulerings-processen. Strategien i 

PIPPI-projektet er at kombinere systematiske undersøgelser af den fysisk-kemiske opførsel af 

forskellige typer proteiner med de molekylære vekselvirkninger, der forsager deres mikroskopiske 

opførsel. Det endelige mål er at lægge både rå og behandlede data i en database, der er til rådighed 

for videre videnskabelige undersøgelser.  

Denne ph.d.-afhandling er en del af PIPPI-projektet, og fokuserer på at undersøge 

stabiliteten af multidomæne-proteiner ved hjælp af små-vinkel røntgenspredning. Tre typer 

multidomæne-proteiner blevet undersøgt: transferrin, albumin-neprilysin fusions-protein, og 

monoklonale antistoffer. Først er de blevet undersøgt systematisk ved brug af high throughput 

metoder som termisk denaturering og isotermisk kemisk udfoldning. Resultaterne herfra blev brugt 

til at udvælge under hvilke betingelser der skulle laves småvinkel røntgenspredning. Resultaterne 

er blevet kombineret med andre undersøgelser, som for eksempel molekyle-dynamik simuleringer, 

for at forbedre forståelsen af stabiliteten på et molekylært niveau. På trods af de generelle tendenser 

i stabilitet, opfører alle de undersøgte multidomæne-proteiner sig forskelligt, men ved at 

kombinere de forskellige metoder er der opnået en bedre forståelse af proteinernes opførsel. 
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Nomenclature  

A(q) Amplitude of X-ray or light 

apo-TrF iron-free transferrin 

BBB blood brain barrier  

C antibody constant region 

c½ concentration of denaturant required to unfold 50% of the protein  

CH antibody heavy constant region 

CL antibody light constant region 

cx concentration of x 

DLS Dynamic Light Scattering 

Dmax maximum dimension 

DMT1 Divalent Metal Transporter 1 

EOM Ensemble Optimization Method 

F fluorescence 

Fab fragment antigen-binding 

Fc fragment crystallizable region  

FDA Food and Drug Administration 

FeC-TrF partially open transferrin with iron bound to C-lobe 

FeN-TrF partially open transferrin with iron bound to N-lobe 

FT Fourier Transform 

GA Genetic Algorithm 

GuHCl guanidine hydrochloride 

hGH human growth hormone 

His histidine 

HSA human serum albumin 

I(q) intensity of X-ray at q 

ICD isothermal chemical denaturation 

IgG immunoglobulin G 

Kd dissociation constant 

kD interaction diffusion coefficient  

M molar (mol/L) 

mAb monoclonal antibody 
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MALS Multi-Angle Light Scattering 

MD Molecular Dynamics 

MST MicroScale Thermophoresis 

MW molecular weight 

NA Avogadro number 

nanoDSF nano differential scanning fluorimetry 

NEP neprilysin 

NMR nuclear magnetic resonance 

P(q) form factor 

PD polydispersity 

PDB Protein Data Bank 

p(r) pair-distance distance distribution 

PIC preferential interaction coefficient 

q scattering vector (momentum transfer) 

Rg radius of gyration 

Rh hydrodynamic radius 

rTrF recombinant human transferrin 

S(q)  structure factor  

SAS small angle scattering 

SAXS small angle X-ray scattering 

SEC size exclusion chromatography 

SLS static light scattering 

T½ temperature of unfolding 

Tagg onset temperature of aggregation 

Tm melting temperature 

TrF transferrin 

TrFR transferrin receptor 

V antibody variable region 

VH antibody heavy variable region 

VL antibody light variable region 

Vp Porod volume 

ΔG variation of Gibbs free energy 

Δρ electron density contrast 

υ partial specific volume 

λ wavelength 
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Chapter 1                                            

Introduction 

Protein-based therapeutics have become a significant part of current medical treatment. Since the 

approval of human insulin, recombinant DNA technology has led to a significant increase in the 

number of approved biopharmaceuticals1. In 2018, Food and Drug Administration (FDA) 

approved in total 59 drugs, from which 15 are protein-based therapeutics2.  

Protein-based therapeutics have a significant structural, functional, and pharmacological 

diversity. Molecular weight of the protein-drugs can range from 6 kDa (insulin) to 150 kDa 

(antibodies and botulinum toxin). Structurally, protein therapeutics can be single- or multidomain, 

mutated or linked together through recombinant DNA technology, resulting in fusion proteins. 

Due to their complexity, protein therapeutics are highly specific and have low potential to interfere 

with biological processes3, leading to the low number of side effects. However, production and 

manufacturing of the protein-drugs are complex and challenging.  

Protein’s structural complexity leads to challenges in stability: changes in secondary, 

tertiary, and quaternary structure can result in unfolding and/or aggregation. Those processes can 

lead not only to a loss of function, but also to undesirable adverse effects, e.g. immunogenicity4. 

One of the strategies for the protein stabilization is optimization of the protein solution 

(formulation). Various external factors, e.g. buffer, pH, and additives can influence protein 

stability, and therefore are tested during the formulation process4. No general rules for the 

formulation have been reported, as prediction of protein behavior under different conditions is not 

possible yet. Therefore, it remains one of the most expensive and time consuming steps in the 

protein-drug development. 

PIPPI (Protein-excipient Interactions and Protein-Protein Interactions in formulation)5 

consortium is focused on understanding the protein stability on a molecular level. The overall 

project consists of studying structurally different proteins, which are representative of different 

classes of biopharmaceuticals. Initially, extensive stability studies were performed to mimic the 

formulation process in industry. These were later complemented with structural studies, which 

provide understanding of conformational changes of each protein under different conditions. 

Combination of different methods provides better understanding of structural-stability changes in 

different proteins. Understanding of rationale behind the protein stability will improve formulation 
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process, making it faster and cheaper. Detailed description of PIPPI project is described in chapter 

2. 

The current work is focused on structural-stability understanding of multidomain proteins 

and is divided in eight chapters. Chapter 2 covers theoretical background of the formulation 

process and more detailed description of the PIPPI project. Chapter 3 describes theory behind the 

used methods. Chapter 4 includes structural classification of biopharmaceuticals according to the 

SCOP database. Chapter 5, 6, and 7 cover structural-stability studies on transferrin, albumin-

neprilysin fusion protein. Chapter 8 and 9 include overall discussion and conclusion. 
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Chapter 2 

Scientific background 

Biopharmaceuticals and formulation 

Biopharmaceuticals are pharmaceuticals that are biological in nature and manufactured using 

biotechnology6. Those include protein-based therapeutics, gene therapy, and cell-based therapy 

products7,8. In total, 17 gene/cell therapy products were approved by the Food and Drug 

Administration (FDA)9, whereas for protein and peptide drugs this number is around 18010, which 

makes them a very attractive topic for research.  

Protein therapeutics are structurally complex molecules, produced by recombinant DNA 

technology. In their native state, protein-drugs are highly specific, which generally results in low 

number of side effects. However, just like all the proteins, protein-drugs do not have a static 

structure. Due to their flexibility, proteins exist in equilibrium between multiple conformations11. 

Changes of environment around the protein can lead to less favorable conformational changes, 

which results in unfolding and/or aggregation. This can cause loss of function and 

immunogenicity1,12. Therefore, it is important to find right conditions (formulation) in which the 

native protein conformation is preserved. This is a quite challenging process, because there are 

many different factors that can have an impact, e.g. pH, buffer species, and additives (excipients), 

such as sugars, salts, amino acids, and denaturants4. 

Buffer 

Both pH and buffer species have an effect on protein stability. Usually, proteins are stable in 

narrow pH range, and hence accurate control of the pH during the formulation is essential for 

protein stability. pH changes modulate net charge property of the protein and also modify the 

degree of surface hydration: depending of pI of the protein, it has different charges at different 

pH4,13. 

Several studies show that both buffer species and concentration affect protein stability. 

Acetate, citrate, histidine, phosphate, tris, and glycine are commonly used buffering agents, which 

cover pH from 3 to 104,14.  
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Sugars and polyols  

Sugar and polyols are un-specific protein stabilizers, stabilizing protein by preferential exclusion 

(accumulation of water molecules around proteins)15–17 (see Figure 2.1). Sucrose and trehalose are 

the most often used as protein stabilizers.  They may have different effect on different proteins. 

Additionally, stabilizing effect of sugars depends on its concentration4.  

 
Figure 2.1: Protein stabilization by preferential binding and preferential exclusion (inspired from Ohtake et.al18). 

Surfactants 

Surfactants reduce the surface tension of proteins in solution and decrease protein 

adsorption/aggregation at hydrophobic surfaces. In protein formulation non-ionic surfactants are 

preferred over ionic surfactants, because ionic surfactants can bind to both polar and nonpolar 

groups in the protein and cause denaturation19. Tween 20, 40, and 80, and trixton X-100 are 

examples of surfactants that are used in protein formulation4.  

Salts 

Salts can stabilize, destabilize, or have no effect on proteins, depending on type and concentration 

of both salt and protein4,20. The effect of salt at high concentration correlates with the Hoffmeister 

lyotrophic series: 

(CH3)4N + > NH4
+ > K+/Na+ > Mg2+ > Ca2+ >Ba2+ > GdnH + 

CO3
2- > SO4

2- > S2O3 
2- > H2PO4

- > F - > Cl - > Br - > NO3 
- > I - > ClO4 

- > SCN - 

Ions listed to the right of Cl- are chaotropes (salting-in), while salts to its left are kosmotropes 

(salting-out)21,22. Chaotropes are known as “water structure breakers” that destabilize proteins by 

binding to charged groups and peptide bonds. This leads to decrease in protein surface tension, 

and increase in solubility and denaturation. Kosmotropes are known as “water structure makers” 
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that enhance hydrophobic interactions, which reduces solubility of hydrophobic groups and leads 

to a preferential exclusion (see Figure 2.1). This results in increasing surface tension and enhanced 

protein stability13,16.  Therefore, in the protein formulation kosmotropes salts are most commonly 

used.  

Salt effect not only depends of its nature, but also on the solution pH, which determines 

charged state of ionizable groups4. Additionally, positive or negative effect on the protein stability 

depends of pI of the protein. When pH is close to pI, proteins are neutral and have tendency to 

aggregate. In this case, both anions and cations interact with the protein surface. When pH is below 

pI, protein is positively charged, and therefore anions are more prone to interact with the protein 

surface. Contrary, when pH is above pI, proteins are negatively charged and cations have more 

tendency to interact with a protein surface13.  

Polymers 

Presence of polymers have shown positive and negative effects on protein stability. Stabilization 

of polymers is usually due to surface activity, preferential exclusion, steric hindrance of protein-

protein interactions, and increasing viscosity that limits protein movement4. Some hydrophilic 

polymers (e.g. dextran, hydroxyethyl starch, PEG4000, and gelatin) enhance protein thermal 

stability and suppress aggregation18. Charged polymers can stabilize proteins by electrostatic 

interactions4 however this effect is most likely protein specific18. For example, acidic fibroblast 

growth factor was stabilized by variety of sulfated and phosphorylated anionic polymers (e.g. 

heparin, dextran sulfate, pentosane sulfate, and others), while storage stability of lactate 

dehydrogenase was improved by polyethyleneimine, which is cationic polymer18.  

Poly ethylene glycols (PEGs) 

Due to a small non-polar moiety, PEG is different from the other polymers18. PEGs are 

hydrophobic in nature and interact with hydrophobic side chains, which can promote unfolding of 

the protein (especially at higher temperatures). However, multiple studies show PEGs stabilizing 

effect on certain proteins. Mechanism of action is not known yet, but it seems to be related to the 

protein type and PEG size4.  

Metal ions 

Multiple studies show that some metal ions stabilize proteins by binding and making them more 

rigid23. Metal ion are also used to enhance activity of certain proteins4. 

Amino acids  

Amino acids are widely used in protein formulation. Certain amino acids, e.g. glycine, alanine, 

and proline are classified as compatible solutes, due to their compatibility with protein structure 

and function in the cells. These do not interfere with enzyme activity or protein structure, and 

therefore stabilize proteins without affecting their function. As well as other solutes, amino acids 

can be classified as chaotropes and kosmotropes (described above in salts section)24. Some of 
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them, alone or in combination, can stabilize proteins mainly by preferential exclusion25 (see Figure 

2.1). 

In formulation, amino acids are mainly used to increase solubility and reduce aggregation. 

Arginine and lysine were shown to be effective against heat stress, while methionine and histidine 

are often used as anti-oxidants. Stabilization of the amino acids and other additives is manifested 

in the increasing temperature of unfolding. Unlike other amino acids, arginine usually does not 

have a significant effect on temperature of unfolding and is not considered a protein stabilizer24, 

but it is highly effective in suppressing protein aggregation4,18.The most common amino acids that 

are used in formulation are histidine, proline, arginine, and glycine14.  

 Some compounds can stabilize one protein, but destabilize another. In addition, changes in 

concentration and combination of different factors alter protein stability. Therefore, the lack in 

understanding protein stability on the molecular level makes the protein formulation process long, 

expensive and challenging.   
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PIPPI project 

The aim of the PIPPI project (mentioned in chapter 1) is to improve understanding of protein 

stability on the molecular level. In order to do so, structurally different proteins were selected to 

cover all existing classes of biopharmaceuticals (see Figure 2.2 and chapter 4). Stability of those 

proteins was studied under different conditions, varying pH, buffer species, NaCl, and in the 

presence of different excipients. With a number of different techniques, conformational and 

colloidal stability of the proteins were investigated. It was decided that chemical stability and 

container issues not were considered within the project.  

 
Figure 2.2: PIPPI project overview. Structurally different proteins selected to cover classes of biopharmaceuticals: 

albumin (in light green), interferon (in dark red), fusion protein (in cyan), antibody (in yellow/orange), lipase (in red), 

transferrin (in dark blue), and plectasin (in orange). Methods used for stability studies: dynamic light scattering (DLS), 

nanoscale differential scanning fluorimetry (nanoDSF), isothermal chemical denaturation (ICD), size exclusion 

chromatography with multi-angle light scattering (SEC-MALS), and PEG-precipitation. Methods used for structural 

studies: small angle X-ray scattering (SAXS), molecular dynamics simulations (MD), and NMR (nuclear magnetic 

resonance). 

Stability studies were divided in two parts: screen I and screen II (see Figure 2.3). Screen 

I was focused on pH and salt effect, where histidine and tris buffers were selected to cover pH 

range from 5.0 to 7.5, and 8.0 to 9.0. NaCl was chosen to study salt effect, as it is the most often-

used salt in protein formulation4. From the screen I, pH 5.0 and 6.5 were selected for the screen II, 

where effect of different buffer species and excipients was studied. For the buffer effect, acetate 

(pH 5.0), phosphate (pH 6.5), and histidine (pH 5.0 and 6.5) were chosen. To study effect of 

excipients, sucrose, arginine, and proline were selected to cover two major groups of excipients: 

sugars and amino acids. Additionally, chosen excipients are the most commonly used in protein 

formulation. 
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Figure 2.3: Schematic representation of stability studies. 

Both screen I and screen II include a variety of methods (see Figure 2.3), which can provide 

complementary information and lead to a more complete picture of protein stability (see Table 

2.1). All parameters that are relevant for this thesis are explained in the Chapter 3.  

Table 2.1: Methods used for Screen I and Screen II. 

Method Measured parameters* 

(Nano)DSF (Nanoscale) Differential Scanning 

Fluorimetry 

T½ 

DLS Dynamic Light Scattering Rh, PD, Tagg, kD 

SEC-MALS Size Exclusion Chromatography 

with Multi-Angle Light Scattering 

Retention time, monomer to 

aggregate/fragment ratio, Molecular 

weight (MW), PD  

ICD Isothermal Chemical Denaturation ΔGunfold, c½, m-value 

PEG-precipitation Turbidity midpoint 

*Definition: unfolding temperature (T½), radius of hydration (Rh), polydispersity (PD), onset temperature of 

aggregation (Tagg), interaction diffusion parameter (kD), variation of Gibbs free energy of unfolding (ΔGunfold), 

concentration of denaturant required to unfold 50% of the protein (c½), and slope of the unfolding curve (m-value).  

 Structural studies were performed on selected conditions from screen I and screen II using 

Small Angle X-ray Scattering, Molecular Dynamics, and Nuclear Magnetic Resonance. The main 

goal is to connect all obtained results and find structure-stability relation that will lead to a better 

understating of protein stability. 

All obtained data, raw and analyzed, will be uploaded into a database (PIPPI-data), which 

will become publicly available.  

My Ph.D. project is focused on structural stability studies of multi domain proteins, namely 

monoclonal antibodies, fusion protein, and human transferrin (see Table 2.2). It includes ICD and 

nanoDSF (as a part of screen I and II) and structural studies performed by SAXS. 
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Table 2.2: Overview of studied proteins: abbreviation and PPI number.  

Protein Abbreviation PPI number 

Human Serum Transferrin rTrF PPI44 

Albumin-Neprilysin fusion protein HSA-NEP PPI18 

Monoclonal Antibodies mAb1, mAb2, and mAb3 PPI04, PPI13, PPI17 
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Chapter 3 

Methods 

Differential Scanning Fluorimetry 

Differential scanning fluorimetry (DSF) is a thermal denaturation-based method, which is used to 

analyze protein thermostability and ligand interactions26–28. In DSF, the protein is heated at a 

constant heating rate from 20 to 95ºC in the presence of environmentally sensitive fluorescent 

dyes27. The stability of most of the proteins decreases with temperature27, leading to a loss of 

quaternary structure and unfolding. In the folded state, hydrophobic regions are buried in the core 

of the protein, while in the unfolded state these are exposed to the solvent. The dyes are highly 

fluorescent in non-polar environments, and therefore an increase in exposed hydrophobic residues 

leads to a rise in fluorescence28.  

It is also possible to perform label-free DSF by measuring changes in intrinsic fluorescence 

of aromatic residues (tryptophan and/or tyrosine)29. NanoDSF is a modified method that employs 

intrinsic fluorescence of the protein to follow the unfolding. Tryptophan and tyrosine, just as the 

other hydrophobic residues, are mainly located in the core of the molecule. When exposed to the 

solvent, emission maximum shifts towards higher wavelengths, from around 330 to 350 nm. 

Therefore, increase in F350/F330 is an indication of protein unfolding30. NanoDSF unfolding 

curve, represented as F350/F330 vs. temperature usually results in a sigmoidal curve and the point 

of inflection corresponds to the unfolding temperature (T½), where 50% of the protein is unfolded27 

(see Figure 3.1). Due to irreversibility of thermal denaturation, the point of inflection is defined as 

T½ instead of melting temperature (Tm). Often, multidomain proteins show multiple T½, due to 

district stability of individual domains30.   

Additionally, nanoDSF instruments (e.g. Prometheus NT.48, NanoTemper Technologies) 

require very low amount of protein (< 10 μg) and low sample volume (~10 μl)29, which makes 

nanoDSF very useful for high throughput screening. 
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Figure 3.1: Unfolding curves from nanoDSF (on the left) and ICD (on the right). 

Isothermal Chemical Denaturation  

Isothermal chemical denaturation (ICD) is used to study physical stability of the proteins by 

inducing denaturation with a chemical agent at constant temperature31. From all denaturants, urea 

and guanidine are the most commonly used in ICD experiments31,32. As for as nanoDSF, ICD can 

be performed in the presence of the dye and can also employ protein intrinsic fluorescence to 

follow the unfolding. The point of inflection in ICD curve corresponds to the c½ - cdenaturant 

necessary to unfold 50% of the protein (see Figure 3.1). 

Contrary to nanoDSF, chemical denaturation is a reversible process, which allows to 

calculate the Gibbs free energy. Variation in Gibbs energy (ΔG) is universally used to determine 

the direction and the equilibrium of chemical reactions and physical transformations33.  ΔG follows 

a simple linear dependence with denaturant concentration: 

𝛥𝐺 = Δ𝐺𝑜 − 𝑚𝑐𝑑𝑒𝑛𝑎𝑡𝑢𝑟𝑎𝑛𝑡 (3.1) 

where ΔGo is Gibbs free energy in the absence of denaturant and m is the m-value. The m-value 

corresponds to the slope of the denaturation curve (see Figure 3.1) and is correlated with the change 

in solvent accessible area of the protein during unfolding34. The relation  between ΔGo, m-value, 

and c½ is shown in eq. 3.2. 

𝑐½ = Δ𝐺𝑜/𝑚 (3.2) 

During chemical denaturation, multidomain proteins often show multi-step unfolding 

process, resulting in multiple ΔG, c½, and m-values35, giving insight to stability of individual 

domains. 

Despite providing valuable thermodynamic information, ICD was not used for industrial 

purposes, due to the lack of the automated instrumentation. Nowadays, they are several automated 

ICD instruments available, which perform automatic preparation, incubation, and fluorescence 

measurements (e.g. AVIA ICD 2304, Unchained Labs). 
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 In nanoDSF and ICD experiments, proteins undergo different unfolding processes (thermal 

and chemical unfolding), which might result in distinct denaturation profiles. Therefore, 

combination of these methods can provide complementary information and better understanding 

of protein conformational stability.  

SAXS 

Small Angle X-ray Scattering (SAXS) is a powerful method that is used to study structure and 

structural changes of biomolecules in solution36,37. The basic principles of the SAXS experiment 

are shown in the Figure 3.2. The experiment consists of irradiation of the protein sample with 

monochromatic X-rays. The incident beam is scattered by the sample components and recorded at 

the detector as intensity as a function of momentum transfer (I(q)). I(q) and q are parameters that 

define reciprocal space, which result from Fourier transform (FT).  I(q) results from FT applied to 

spatial distribution of scattering centers in the sample and q results from FT applied to real space 

coordinates36. The momentum transfer is defined as 

𝑞 =
4π sin 𝜃 

λ
 

(3.3) 

where 2θ is the scattering angle and λ the wavelength of the radiation. The total scattering intensity 

(I(q)) is a product of the amplitude (A(q)) and its complex conjugate. The total scattered amplitude 

depends on the scattering lengths of individual scatters (bi) and on the phase factors (eiq·ri), 

defended by 

𝐴(𝑞) =  ∑ 𝑏𝑖 𝑒
𝑖𝑞.𝑟𝑖

𝑁

𝑖=1

 

(3.4) 

where N is a number of scatters that can take any orientation37. Biomolecules can also be 

represented as continuous distribution of scattering length density ρ(r), which is defined as the 

total scattering length of the atoms per unit volume. SAXS experiments on macromolecules in 

solution require separate measurement for sample and identical buffer36,37. The scattering pattern 

of the solvent is subtracted from the scattering pattern of the sample, resulting in the net scattering 

from the particle (Δρ(r) = ρ(r) – ρs) and can be related to the amplitude by eq. 3.537. 

𝐴(𝑞) =  ℑ[𝜌(𝑟)] = ∫ 𝛥𝜌(𝑟) 𝑒𝑖𝑞𝑟 𝑑𝑟

𝑉

 
(3.5) 

Considering an ensemble of particles, the total scattering will depend on their distribution 

in the sample, therefore the total scattering density of the object is convolution of particle density 

distribution (Δρ(r)) and d(r), which describes position and orientation of the particles within the 

volume (Δρ(r)total = Δρ(r)*d(r)). As a result, the amplitude is a product of ℑ[𝛥𝜌(r)] and ℑ[𝑑(𝑟)].  

The measured intensity is also a product I(q) = P(q)*S(q). P(q) is a form-factor that depends 

on the particle structure, while S(q) is a structure factor that depends on the particle distribution37. 

P(q) contains information on size, shape, and structure of the molecules and molecular 

assemblies36, while S(q) describes interactions between macromolecules in solution37.  
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SAXS data analysis requires several assumptions of ideality. As already mentioned, 

intensity is a product of P(q) and S(q) and in order to obtain structural information, it is important 

to measure dilute sample, where S(q)  can be approximated to 1 (I(q) = P(q)), thus neglecting 

intermolecular interactions.  Additionally, all parameters are calculated assuming that the sample 

is monodisperse.  

SAXS data can be analyzed by multiple analyses, namely Guinier, pair-distance 

distribution (p(r)) function, Porod, and Kratky analyses (see Figure 3.2).    

 

 
Figure 3.2: Schematic representation of SAXS. Sample scatters incident X-ray beam, which is detected on the detector 

and from which scattering profile of the solution is obtained. Subtracting solution scattering from buffer scattering 

results in protein scattering profile, which can be analyzed by multiple analyses (Guinier, pair-distance distribution, 

and Kratky). In case of good quality data and monodisperse solution it is possible to perform modelling based on 

SAXS data.  

Guinier analysis (log(I(q) vs q2) takes into consideration only initial slope of the scattering 

curve (qRg < 1.3) and determines zero-angle intensity (I(0)) and Rg from the zero intercept. 

Moreover, I(0) is proportional to the molecular weight and can be calculated according to formula 

below: 

𝑀𝑊 =
𝐼(0)𝑁𝐴 

𝑐(𝛥𝜌𝜐)2
 

(3.6) 
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where NA is Avogadro’s number, c is the concentration of the sample, Δρ is the contrast, and υ is 

partial specific volume36.  In order to calculate MW it is necessary perform normalization of 

intensities from arbitrary units to absolute units. This can be performed by multiplication with a 

calibration factor, which can be determined by measuring the SAXS signal of pure water36. 

Practically, experimental MW is often determined from well-behaved standard proteins with 

known MW (e.g. β-amylase and bovine serum albumin):  

𝑀𝑊exp = 𝑀𝑊st

𝐼(0)𝑒𝑥𝑝/𝑐𝑒𝑥𝑝

𝐼(0)𝑠𝑡/𝑐𝑠𝑡
 

(3.7) 

This requires assumption that υ of standard and measured protein are similar37, therefore 

normalization with pure water is usually more accurate. 

Pair-distance distribution analysis takes into consideration more data points. The 

relationship between p(r) function and I(q) are described in eq. 3.836. The p(r) provides information 

about the intermolecular distances and the maximum diameter (Dmax) of the biomolecule. The p(r) 

function strongly depends on the shape of the molecule and can vary as a function of scattering 

contrast between the protein and the buffer36 (see Figure 3.3).  

𝐼(𝑞) = 4𝜋𝑟2 ∫ 𝑝(𝑟)
sin (𝑞𝑟)

𝑞𝑟
𝑑𝑟

𝐷𝑚𝑎𝑥

0

 

(3.8) 

 
Figure 3.3: Example of p(r) functions calculated from experimental data for plectasin (in orange), lipase (in red), 

albumin-neprilysin fusion protein (in cyan), and monoclonal antibody (in light green). 

Porod analysis is used to determine hydrated volume of the biomolecules. It employs a 

Porod invariant - an integral of the area of the Kratky plot (see eq. 3.9) and allows to determine 

the Porod volume (Vp),  which corresponds to 1.5-2 times the MW (in kDa). This determination 

does not depend on absolute scaling or protein concentration. Although, it is mostly used for 

globular protein, because Porod volume deviates for highly flexible and disordered proteins36.  

𝑄 = 4𝜋 ∫ 𝐼(𝑞)𝑞2𝑑𝑞 = 2𝜋𝐼0/𝑉𝑝 

∞

0

 

(3.9) 
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Flexibility of the protein can be accessed using Kratky plot (q2I(q) vs q), which allows to 

distinguish between globular and disordered protein. Globular protein has bell-shaped Kratky plot 

with well-defined peak, while disordered protein (flexible/unfolded) presents plateau instead (see 

Figure 3.4). 

 
Figure 3.4: Kratky plot for folded globular protein (in blue) and unfolded/flexible protein (in red). 

 SAXS data at higher protein concentrations provide information about protein-protein 

interactions through the structure factor (S(q)). S(q) can be calculated from the experimental 

intensity at concentration c using the eq. 3.10, where experimental data for low concentration (c0) 

is assumed to not have any interactions36. 

𝑆(𝑞, 𝑐) =
𝑐0 𝐼𝑒𝑥𝑝(𝑞, 𝑐)

𝑐𝐼(𝑞, 𝑐0)
 

(3.10) 

Increasing intensity with increasing protein concentration (S(q)>1)  is an indication of attractive 

interactions, while decreasing intensity (S(q)<1) is an indication of repulsion (see Figure 3.5). 

 

 
Figure 3.5: Guinier region for protein at different concentration illustrating attractive interactions (on the left) and 

repulsive interactions (on the right). 
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SAXS modelling 

SAXS not only provides information about MW, Rg, Dmax, flexibility, and interparticle interactions. 

It is also possible to perform modelling based on the SAXS data. The general principles of SAXS-

based modelling is to find optimal parameters to describe the model that fits to an experimental 

data. Therefore, it is important to minimize discrepancy (χ2) between the experimental data and 

computational model: acceptable χ2 value is around 1.0; however, χ2 highly depends on the data 

quality, as it will tend to be smaller, for noisy data. Therefore, it is important always to inspect 

how the model fits to the scattering curve. The challenge in reconstitution of three-dimensional 

model is that different models can provide the same scattering profile. To reduce this ambiguity, 

it is important to minimize function E (eq. 3.11), which includes χ2 and a weighted penalties (Pi). 

Those penalties can impose physical constrains and structural restriction, known from 

complementary structural, computational or biochemical techniques36.  

𝐸 =  χ2 +  ∑ 𝛼𝑖𝑃𝑖  
(3.11) 

Ab initio modelling  

Ab initio modelling is used for reconstruction of the protein shape and can be done in the absence 

of structural information. They are two most commonly used methods, both using beads: bead 

modelling and dummy residues modelling36.  

In DAMMIN38 (bead modelling) simulated annealing is employed to assign beads in the 

search volume (sphere with diameter Dmax) either to the particle or to the solvent. The search starts 

with random distribution of solvent/particle beads, which randomly changes to achieve the optimal 

E. The penalty terms are used to ensure that the model does not consist of separate fragments. 

DAMMIF39 is a newer available method with adaptive search volume and interconnectivity of the 

models, making the algorithm more efficient and 20-40 times faster (see example in Figure 3.6). 

Both DAMMIN and DAMMIF require p(r) function36.  

In GASBOR40 (dummy residues modelling) each aminoacid is represented by an averaged 

dummy residue centered at the approximate Cα atom position. The number of dummy residues 

corresponds to the number of amino acids in the protein. The search starts with a random special 

distribution of dummy residues and simulated annealing search is performed in spherical volume 

with diameter Dmax. At each step, randomly selected dummy residue moves 3.8 Å from another 

dummy residue. Resulting model needs to be compatible with typical distribution of Cα atoms in 

proteins and theoretical scattering curve should fit to experimental data36. Theoretical scattering 

curve are calculated using CRYSOL41.  
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Figure 3.6: DAMMIF ab initio model for albumin-neprilysin fusion protein (in light blue) superposed to one of the 

models from Ensemble Optimization Method (in dark red). 

Rigid body modelling 

Rigid body modelling is used to model complexes and multidomain proteins, when the structures 

of each component is available. The relative position of individual rigid bodies (proteins/domains) 

are modelled to fit the SAXS experimental data (e.g. SASREF42). In order to validate the obtained 

model, CRYSOL41 is used to calculate theoretical scattering curve of the model, which is compared 

with experimental SAXS curve.  

When some parts of the structure are missing or protein has flexibility e/or conformational 

heterogeneity, hybrid modelling is applied. It consists in rigid body positioning in combination 

with conformational analysis of linkers using dummy residues-chain representation (e.g. 

BUNCH42). In case of the missing fragments, hybrid modelling employs pre-generated library of 

loops (e.g. CORAL43).  

In order to perform analysis of multidomain proteins with conformational polydispersity, 

Ensemble Optimization Method (EOM)44,45 is often used. In EOM flexibility is taken into account 

by allowing co-existence of different conformations, which contribute to the scattering curve. 

Initially, EOM creates a large pool of possible conformation and computes theoretical scattering 

curves for each conformation. Then EOM employs a genetic algorithm (GA) to select subsets of 

conformation that minimizes χ2.  It is also possible to perform pool generation and ensemble 

selection separately using, respectively, RANCH and GAJOE (see Figure 3.7A). 

As already mentioned, most of the SAXS modelling programs are accounting for 

monodispersity of the sample. However, there are several programs that can be used to analyze 

polydisperse systems. OLIGOMER46 fits an experimental scattering curve from multicomponent 

mixture to find volume fractions of each component. Given intensities from all the components 

(form-factors originated by FFmaker), OLIGOMER calculates volume fractions with minimal χ2 

(see Figure 3.7B).  

It is also possible to perform rigid body modelling on polydisperse samples using 

SASREFMX43, where experimental data is fitted by the linear combination of scattering profiles of 

oligomer and from the dissociation products (e.g. dimer and monomers) (see Figure 3.7C).  
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Figure 3.7: Schematic representation of SAXS data analysis for polydisperse solution. A: EOM, B: OLIGOMER, 

and C: SASREFMX. 
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MicroScale Thermophoresis 

MicroScale thermophoresis (MST) is used to study and quantify biomolecular interactions by 

analyzing the direct motion of molecules through a temperature gradient47. In thermophoresis, the 

temperature difference in space leads to depletion of solvated biomolecules in the region of higher 

temperature, which is quantified by Soret coefficient (ST) and is described by eq. 3.12. The 

thermodynamic depletion depends on the interface between molecule and solvent47–49. 

𝑐ℎ𝑜𝑡/𝑐𝑐𝑜𝑙𝑑 =  𝑒−𝑆𝑇𝛥𝑇 (3.12) 

MST uses fluorescence to detect and quantify changes in the concentration of the molecules 

(chot/ccold)
50. Initially, homogeneously distributed molecules show a constant fluorescence. When 

IR-laser is turned on, it induces fast temperature changes that lead to a thermophoretic movement 

of labelled molecules out of the heated region. This is expressed by normalized fluorescence 

(Fhot/Fcold), which changes when protein is bound to the ligand, resulting in the different traces (see 

Figure 3.8A). Usually, MST experiment consist in titration of protein with the ligand, leading to 

the gradual changes that can be used to calculate binding constant (Kd)
47–49 (see Figure 3.8B). 

 
Figure 3.8: MST data representation. A: changes in normalized fluorescence with IR-laser on and off, in the absence 

(unbound) and presence (bound) of ligand. B: MST binding curve. 

MST can detect binding of small molecules to proteins, substrates to enzymes or ligands 

to liposomes47.  
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Chapter 4 

Structural classification of protein 

therapeutics 

Introduction 

Since the introduction of the first proteinaceous drug, society and pharmaceutical industries have 

shown an increasing interest in protein therapeutics. The increased molecular understanding of 

several medical conditions led to development of protein therapeutics that now are used in the 

treatment of numerous diseases, e.g. auto-immune diseases and cancer. Every year significant 

number of biopharmaceuticals is approved by Food and Drug Administration (FDA) and many 

other are under clinical trials and will be approved in the near future51,52.  

One of the challenges in the development of protein-drugs is their formulation. Normally, 

proteins have narrow window of conditions in which they are stable. Due to the low demand, some 

protein-drugs need to be stored for a long time and in order to avoid the loss of function and 

aggregation, it is very important to choose right formulation conditions.  

Protein stability, as well as every secret of protein behavior, lies in their three-dimensional 

fold. Changes in the structure due to protein-protein and protein-excipient interactions are the 

reason why certain proteins are stabilized under the certain conditions. Therefore, it is important 

to have an overview of the structural characterization of already existing protein-drugs. Knowledge 

of the protein’s structure combined with knowledge of their formulation conditions will eventually 

lead to a connection between the two followed by an easier formulation process.  

Current work is focused on structural classification of protein-drugs. Several databases 

were developed for the protein structural classification, such as SCOP (Structural Classification of 

Proteins)53,54, CATH (Class Architecture Topology Homology)55, 3DEE (The Protein Domain 

Database)56, FSSP57, and VAST58,59. From all listed databases, SCOP has more stringent definition 

of the protein fold, where only proteins with similar core are putted into the same fold53,54,59. 

Therefore, structural classification of existing protein-drugs was performed according SCOP 

database53,54. 

SCOP classification is based on the protein domain as fundamental unit. Protein domains 

are grouped at different levels according to their sequence and their structural and functional 
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relationship.  Proteins are divided in several domains that are organized according to the following 

hierarchy: class, fold, superfamily, family, protein, and species (see Figure 4.1)53.  Here the class, 

the fold, and the superfamily are determined based ion the 3D structure, whilst the family, the 

protein and species are based on the sequence: Species includes naturally occurred or artificially 

created variants with distinct protein sequences. Protein contains similar sequences with the same 

function that could be a different isoforms or originated from different species. Family contains 

proteins with similar sequences, but distinct functions. Superfamily includes different protein 

families that are inferred to be from a common ancestor and have a common structural and 

functional features. Fold and class are organized essentially by structural similarity: fold includes 

structurally similar superfamily and class is organized according to the secondary structure 

content. 

 
Figure 4.1: Protein classification hierarchy according to the SCOP database54,60. Classification levels are illustrated 

by: b – protein immunoglobulin heavy chain variable domain Chinese hamster – Cricetulus griseus (b.1, b.1.1, b.1.1.1, 

Heavy chain VD, Chinese Hamster); a - Granulocyte-colony stimulating factor Bos taurus; b.2 - Diphteria toxin C-

terminal domain Corynebacterium diphtheria; b.1.2 - Erythropoietin (EPO) receptor Homo sapiens; b.1.1.2 – Protein 

beta2-microglobulin Bos Taurus; Light chain VL – protein immunoglobulin light chain variable domain Chinese 

hamster – Cricetulus griseus; Norway rat – protein immunoglobulin heavy chain variable domain Norway rat – Rattus 

norvegicus. 
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The SCOP database contains seven true classes that are organized according to secondary 

structure. All alpha proteins class contains the structures that are essentially formed by α-helices 

and all beta proteins class includes structures essentially formed by β-sheets. SCOP classification 

contains two different alpha and beta proteins classes: a/b class is composed by α-helices and 

mainly parallel β-sheets, whilst a+b class is composed by α-helices and mainly antiparallel β-

sheets units. Multi-domain class includes proteins that have several domains that belong to 

different folds. The last two classes are membrane and cell-surface protein and peptide class and 

small proteins class. Example of the proteins for each class can be observed at the Figure 4.2.  

 
Figure 4.2: Protein examples for each true class of the SCOP database. Class a: all alpha proteins, class b: all beta 

proteins, class c: alpha and beta proteins (a/b), class d: alpha and beta proteins (a+b), class e: multi-domain proteins, 

class f: membrane and cell-surface protein and peptide, and class g: small proteins. 

Moreover, the SCOP database also contains several additional not true classes: h) coiled coil 

proteins, i) low resolution protein structures peptides and fragments, j) peptides, k) designed 

proteins and l) artifacts. Those classes include proteins that were not possible classify due the 

information lack. Those proteins will be re-classified when more information becomes available.  

Current study shows that most of protein therapeutics are distributed between three classes: 

all alpha, all beta, and small proteins. All beta and small proteins classes are mainly composed by 

monoclonal antibodies and insulins, which are structurally very similar within the class. Generally, 

protein drugs are not structurally diverse, occupying only around 2.1% of the total number of 

existing folds in SCOP database.   
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Results and discussion 

Structural classification of protein therapeutics 

After statistical data analysis it was possible to observe that the main part of protein therapeutics 

belongs to all alpha, all beta, and small proteins classes. As it is shown in a Figure 4.3, 40% of 

protein therapeutics are mainly composed by β-sheets, 11% by α-helices, and 18% are small 

protein therapeutics.  

 
Figure 4.3: Distribution of different classes of protein therapeutics selected from FDA database (excluding diagnostic 

compounds). a – all alpha proteins; b – all beta proteins; c – alpha and beta proteins (a/b); d – alpha and beta proteins 

(a+b); g – small proteins; h – coiled coil proteins; j – peptides. Complex – includes protein-drugs with multiple active 

ingredients, and multidomain proteins, which domains belong to the different folds. Unclassified protein contains 

proteins which the sequence is not available or which is not classified in SCOP. 

5% of protein therapeutics were classified in not true classes: 2% are coiled coil proteins (h class) 

and 3% are peptides (j class). As SCOP database contains only seven true classes, those proteins 

will be re-classified when more information will become available. One examples is botulinum 

toxin A coiled coil domain that belongs to coiled coil protein class. Also, 6% of the total number 

of protein therapeutics were not classified. Some of the antibodies, such as belimumab, and 

brentuximab vedotin, do not have amino acid sequence available. Other protein therapeutics, such 

as laronidase, sacrosidase, and nistride, where sequence and structure are available, are not 

classified in SCOP database yet. Also, it is worth noting that the only example of a protein in the 

membrane protein class was denileukin diftitox middle domain. This indicates that membrane 

proteins have not been explored at all in terms of protein therapeutic development.  

SCOP database englobes 1431 different folds and selected protein therapeutics were 

classified in 30 different folds, which corresponds to 2.1% of the total number of existing folds. 
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Almost 98% of existing folds in SCOP database are not explored in terms of protein therapeutics 

development. 

 
Figure 4.4: Protein therapeutic fold distribution for each class in comparison with total number of protein folds from 

SCOP database. In blue - folds that have at least one protein therapeutic domain included; In red - folds that have no 

single protein therapeutic associated. 

It is possible to draft three most common folds: a.26, g.1, and b.1. a.26 is 4-helical 

cytokines fold that represents 13% of total protein therapeutics. g.1 is insulin like and b.1 is 

immunoglobulin-like beta-sandwich fold that correspond to 13% and 22% respectively. 
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Overview of approved protein therapeutics 

Figure 4.5 shows how many new protein therapeutics have been approved the last 35 years. First 

generation protein therapeutics that were developed until 1980, includes mainly the small proteins, 

such as gonadotropin for tumor and insulin for diabetes. In the following five years, protein drug 

development was mainly focused on several insulin drugs, namely pork and beef insulins.  Those 

were purified from animal pancreas and were introduced in different formulation conditions. The 

first recombinant human insulin was approved in 1982. Since 1996, when first insulin analog was 

approved, several insulin analogs were developed and introduced into the market.  

 
Figure 4.5: Total number of approved protein therapeutic from 1985 to 2015. All protein-drugs in blue, insulins in 

red, and antibodies in green.  

One of the largest protein classes represented in Figure 4.3 are the monoclonal antibodies 

(IgGs). Muronomab-CD3 was the first mAb approved by FDA in 198661,62. However, a significant 

increase in the number of approved antibodies can be noticed from 2000 to 2005 where it has 

increased twice (see Figure 4.5). Reflecting that, this drug type has had a lot of focus in 

pharmaceutical industries due to its large variety of use.  

Additionally, antibodies can be obtained from different sources and are classified as 

murine, chimeric, mixed, humanized, and human (see Figure 4.6)63. Initially, several murine 

antibodies were introduced into the market61,64,65, but due to their immunogenicity were later 

replaced by chimeric, humanized, and fully human. In the last 5 years, mainly human and 

humanized antibodies were approved.  
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Figure 4.6: Distribution of different antibody types and fusion proteins approved up to 2016. Murine antibodies in 

orange, chimeric antibodies in red, humanized antibodies in green, human antibodies in blue, and fusion proteins in 

purple.  

Conclusions 

Current investigation showed that all protein therapeutics are mainly distributed between three 

classes: all alpha, all beta, and small proteins, where last two are mainly composed by antibodies 

and insulins. The number of represented folds/classes is very small when compared to the total 

number of folds listed in the SCOP database, including only 2.1%. Therefore, it is clear that there 

must be more protein therapeutics to be discovered.  

This study lay the basis for the choice of the PIPPI database that was chosen to contain all 

alpha, all-beta, alpha and beta proteins (a/b and a+b), small proteins, and multidomain proteins 

(see Table 4.1), covering 5 classes that comprise 76% of all biopharmaceuticals (see Figure 4.3). 

Table 4.1: Overview of selected proteins for PIPPI database. 

Class Chosen protein PPI nr 

a All alpha HSA-NEP, interferon 

alpha, HSA 

PPI18, PPI30, PPI49 

b All beta Monoclonal antibodies PPI01, PPI02, PPI03, PPI04, PPI08, 

PPI10, PPI11, PPI13, and PPI17 

c Alpha and beta (a/b) Transferrin, lipases 

(Thermomyces 

lanuginosus and 

Rhizomucor miehei) 

PPI44, PPI45, PPI46 

d Alpha and beta (a+b) HSA-NEP PPI18 

e Multidomain proteins HSA-NEP PPI18 

g Small proteins Plectasins PPI40, PPI41, PPI42, PPI43 
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Materials and methods 

For the current study, it was decided to exclude diagnostic compounds and focus on the protein 

therapeutics with functions that are related to disease treatment.  

Drug classification was started with selection of protein therapeutics from FDA database 

that also provided information regarding approval year, marketing status, drug target and disease. 

In order to complete this information and obtain details about amino acid sequence and CAS 

number, KEGG66, drugs.com and drugbank.ca67 databases were used. Some of the protein 

sequences were searched through SciFinder68 database using the CAS number. For some 

proteinaceous drugs, approval year was found in DrugPatentWatch database69.  

For the structural classification several steps were performed as shown in Figure 4.7. In the 

first step each sequence was analyzed by protein BLAST70 tool and it was possible identify PDB 

structure for some of protein therapeutics. In the second step structural characterization was 

performed. Each PDB structure was searched in SCOP53,54 database. For protein therapeutics, that 

do not have PDB file or where the structure is not classified in SCOP, the structure with highest 

similarity was used (>30%). Amino acid sequence of each domain was aligned to original protein 

therapeutic sequence using EXPASY71 tool. This step allowed to perform more accurate 

classification, especially for multi-domain proteins: in many cases protein therapeutic domains are 

100% aligned to domains that belong to different proteins. Some of most common examples are 

fusion proteins, and humanized and chimeric antibodies.  

 
Figure 4.7: Protein classification strategy scheme. Drugbank.ca16, KEGG66 and SciFinder68 databases were used to 

complete information obtained from FDA database and obtain amino acid sequence. Blast70 tool was used to search 

PDB structures with identical/similar amino acid sequence. SCOP53,54 database was used for classification of protein 

structures. Only identical sequences or sequences with similarity higher than 30% were considered. ExPASy71 tool 

was used to determine the level of similarity for each domain. 

Classification

ExPASy tool

Check similarity of each domain and select one with 
more similar amino acid sequence

SCOPe database

Select more similar structure that is classified in 
SCOP

Protein blast

Search for protein structures (PDB) with identical 
and similar amino acid sequence

Drugbank.ca, KEGG and SciFinder

Search for amino acid sequence for each protein 
therapeutic
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The structure classification includes class, fold, superfamily and family. Protein 

therapeutic with several active ingredients or multi-domain proteins, where the individual domains 

belong to different families, were classified in a separate sheet. Multi-domain protein drugs were 

not classified in class “e”, due to absence of information in SCOPe. Multidomain proteins, which 

individual domains belong to the same fold (e.g. antibodies) were classified in respective class, 

while the once, which domains belong to the different classes, were classified in “Complex”. That 

is why some protein therapeutic were considered multiple times for the statistical analysis.  

One of the most common protein therapeutics is insulin. Despite the fact that all insulin 

drugs belong to the same family, they were separated according to amino acid sequence. The 

protein therapeutics, which have amino acid sequence identity lower than 30%, were included in 

unclassified group, as well as proteins which sequences were not available.  
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Chapter 5 

Transferrin 

Introduction 

Human Serum Transferrin (TrF) is one of the most abundant proteins in human plasma73. It is 

synthesized in the liver and is considered to be a major iron-carrying protein in the blood74.  

TrF is an 80 kDa multidomain protein 

composed by two similar domains/lobes: the N-lobe 

and the C-lobe, each carrying an iron(III) ion, and is 

connected by a linker peptide (see Figure 5.1). Each 

lobe is divided into two subdomains: N-lobe: N1 

and N2, C-lobe: C1 and C2. Opening and closing of 

each lobe is restricted to the twisting of N2 and C2 

subdomains75. Those conformational changes are 

required for iron binding and release, which is 

essential for iron delivery to the cells.  

The mechanism of iron delivery is 

illustrated in the Figure 5.2. It starts with binding of 

iron-loaded TrF to the transferrin receptor (TrFR) located on the membrane (Figure 5.2, step 1). 

The TrF-TrFR complex enters into the cell via endocytosis (Figure 5.2, steps 2/3). The acidic pH 

of the endosome contributes to the release of iron from the TrF, which is exported from the 

endosome by divalent metal transporter 1 (DMT1) (Figure 5.2, step 4). Finally, the TrF-TrFR 

complex is recycled to the cell surface (Figure 5.2, step 5)76.  

Figure 5.1: Crystal structure of TrF (pdbid: 3V83). 
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Figure 5.2: TrF mechanism of iron delivery (adapted from figure 1)76. 

Besides being essential for iron delivery in human organism, TrF has multiple therapeutic 

applications77. In cases of atransferrinemia (genetic TrF deficiency), replacement therapy can take 

place by infusion of iron-free TrF (apo-TrF)78. Administration of apo-TrF can decrease oxidative 

stress by binding to free iron, which will improve the condition of patients with ischemia 

reperfusion injury and acute renal failure79. This is because presence of free iron catalyzes 

production of oxygen free-radicals, which leads to oxidative stress and, consequently, to 

inflammation and cell death80. In some cases of diabetes, oxidative damage leads to decreasing of 

TrF levels by around 10%. Therefore, administration of apo-TrF can recover TrF levels resulting 

in reduced oxidative damage and reduced frequency of cardiovascular diseases81. Removing free 

iron also prevents growth of patogens82. For instance, bacterial infections are common in bone 

marrow transplantation and usually lead to increased iron levels, which exceed binding capacity 

of TrF83. Therefore, infusion of apo-TrF increases the binding capacity of free iron. Some studies 

suggest that apo-TrF can be used in cancer therapy. In combination with other drugs, TrF can 

promote cytotoxicity and proliferation in lymphokine-activated killer and natural killer cells84. 

Finally, TrF can be used in targeted drug delivery. Different compounds, such as metal ions, small 

molecules proteins, and genes can be attached to TrF and can, through the TrF-TrFR pathway (see 

Figure 5.2) be delivered into the cells85 and across the blood brain barrier86. 

 Due to its potential applications, TrF is seen as an attractive protein to be used for 

therapeutic purposes. Therefore, understanding of its stability is crucial for potential drug 

development and the formulation process. We decided to investigate the overall stability of TrF 

and connect it to the conformational changes, which will lead to understanding the stability on the 

molecular level.  
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Abstract 

Transferrin is an attractive candidate for drug delivery due to its ability to cross the blood brain 

barrier. However, in order to be able to use it for therapeutic purposes, it is important to investigate 

how its stability depends on different formulation conditions. Combining high-throughput thermal 

and chemical denaturation studies with small angle X-ray scattering (SAXS) and molecular 

dynamics (MD) simulations, it was possible to connect the stability of transferrin with its 

conformational changes. The release of iron induces opening of transferrin, which results in a 

negative effect on its stability. Presence of NaCl, arginine, and histidine leads to opening of the 

transferrin N-lobe and has a negative impact on the overall stability.   
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Introduction 

Over the last decades, the number of approved protein-based therapeutics has increased 

significantly and these drugs have become essential for the treatment of various diseases, such as 

diabetes, hemophilia, hepatitis C, and cancer67. This is because, compared to small molecules, 

protein-based therapeutics show higher specificity and therefore, generally, have less side effects. 

However, due to their high complexity, protein-drugs are less stable and require special conditions 

(formulations) that will preserve their stability during production and storage. Under inappropriate 

conditions, proteins have a high tendency to unfold, which may lead not only to a loss of activity, 

but also to aggregation4. Unfortunately, no general rules for formulation have been reported, 

because it is not yet possible to predict the behavior of different proteins under different conditions. 

Therefore, it is important to obtain a detailed molecular understanding of the rationale behind 

protein stability and conformational changes. 

Typically, the protein-drugs cannot cross the blood brain barrier (BBB), which is essential 

for treatment of certain diseases, such as Alzheimer’s disease and brain cancer. One of the 

strategies to overcome this problem is to attach protein-drugs to a protein that is able to cross the 

BBB. Therefore, transferrin is an attractive candidate for drug delivery87–89, since it is one of the 

most abundant and stable proteins in human plasma73, and it is able to cross the BBB through 

receptor-mediated endocytosis90.  

 Human serum transferrin (TrF) is a major iron-carrying protein in the blood. TrF regulates 

iron levels in biological fluids, and not only  supplies the cells with ferric iron, but also prevents 

production of radicals in the blood by removing free iron74. TrF is a multidomain protein, which 

is composed of two similar lobes: the N- and the C-lobe each of them binding an iron ion hereafter 

referred to iron. The lobes alter between open and closed conformation by binding and releasing 

iron. TrF has been crystallized in three different conformations: open91, partially open92, and 

closed75 (see Figure 5.3). It has an open conformation when both lobes are free of iron. In the 

partially open conformation, in the presence of the transferrin receptor  iron is believed to be bound 

to the N-lobe93 (FeN-TrF) with the C-lobe open. However, in the absence of the transferrin receptor, 

iron release is faster in N-lobe93. Therefore, the crystal structure for the partially open conformation 

has the N-lobe open92 with iron bound to the C-lobe (FeC-TrF). Finally, TrF has a closed 

conformation when iron is bound to both lobes.  
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Figure 5.3: A: Crystal structure of the closed conformation of TrF (pdbid: 3V83)91 and conformational 

representations for B: closed, C: partially open, and D: open conformations. 

 Iron release and conformational changes have been studied using a variety of techniques, 

including small angle scattering (SAS). Before TrF’s crystal structures became available, SAS 

studies indicated that TrF has spheroidal shape94. In the presence and absence of iron, TrF showed 

differences in SAS curves and distance distribution functions that pointed towards conformational 

differences95. Reported values for the radius of gyration were lower in the presence of iron, which 

suggested a more compact conformation96–98. It has also been reported that the release of iron is 

pH-dependent and is induced by decreasing pH98.  Moreover, kinetic studies have shown that iron 

release is influenced by sodium chloride (NaCl). At neutral pH, chloride ions retards iron release, 

while at acidic pH, it accelerates iron release99. In addition, it has been shown that the mechanism 

of iron release is a complex process that involves cooperativity between the lobes100–102. 

This study is focused on thermal and chemical denaturation of recombinant human 

transferrin (rTrF) in different pH and salt concentrations and with different co-solutes. These 

studies are combined with structural analyses performed by Small-Angle X-ray Scattering (SAXS) 

and molecular dynamics (MD) simulations. The SAXS results confirmed previously reported 

results on the effect of pH and NaCl on the conformation: rTrF shifts towards an open 

conformation with decreasing pH98 and with addition of NaCl at low pH99, which has a negative 

impact on overall stability. Moreover, it was shown that arginine, which is used as common 

stabilizer in protein formulation, binds to rTrF destabilizing  the protein as indicated by an up to 

20ºC decrease in the temperature of unfolding (T½). MD simulations are in agreement with the 

SAXS results and show that NaCl, arginine, and histidine induce opening of the N-lobe. 
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Results 

The overall conformational stability of recombinant transferrin (rTrF) was analyzed by thermal 

denaturation using nano differential scanning fluorimetry (nanoDSF) and isothermal chemical 

denaturation (ICD). Two different denaturants, urea and guanidine hydrochloride (GuHCl) were 

tested. Due to the high conformational stability of rTrF, urea was not strong enough to unfold it 

completely (see Figure 5.4C), therefore, only GuHCl unfolding data were analyzed. The initial 

screen was performed as a function of pH (5-9) and ionic strength (0, 70, and 140 mM NaCl). 

NanoDSF thermal unfolding shows a single two-step transition (from folded to unfolded state), 

while chemical denaturation curves demonstrate the presence of an intermediate state, resulting in 

a three-state transition. In addition, the intermediate state is better defined at lower pH values (see 

Figure 5.4). Only the first transition in the chemical unfolding curves was further considered, as 

this is where unfolding process is initiated. Due to the poorly intermediate state, the calculated 

ΔGunfold shows high standard deviations and was therefore not considered for analysis.  

 
Figure 5.4: rTrF thermal and chemical unfolding curves. A: thermal unfolding curves from nanoDSF, B: chemical 

unfolding curves in the presence of GuHCl from ICD and C: chemical unfolding curves in the presence of urea from 

ICD. rTrF in 10 mM histidine (His) pH 5.0 (red), and 10 mM tris pH 9.0 (blue).  

pH dependence 

T½ measured by nanoDSF is shown in Figure 5.5A. An increase in T½ with increasing pH is seen, 

meaning that the thermal stability is higher at higher pH values. Likewise, chemical denaturation 

shows an increase in the amount of GuHCl needed to unfold 50% of the protein (c½) with 

increasing pH values (see Figure 5.5B).   
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Figure 5.5: Initial stability studies performed by NanoDSF and ICD at different pH and ionic strengths. A: changes in 

T½ and B: changes in c½ with pH in the presence of 0 mM (green), 70 mM (blue), and 140 mM (red) NaCl. 

In order to study conformational changes, SAXS concentration series data were collected 

at pH 4.0, 5.0, 6.5, and 8.0 with 0 mM NaCl (see Table S5.1 in Appendix B). All scattering curves 

and SAXS data analyses are shown in the Appendix B. At pH 6.5 and 8.0, the curves coincide and 

the intensity at low q-values decreases with increasing rTrF concentration, indicating a repulsive 

system. Contrary to this, at pH 5.0 the intensity increases with rTrF concentration, which is 

characteristic for aggregation. Both aggregation and repulsion are observed at pH 4.0 (see Figure 

S5.1A in Appendix B). Moreover, four representative curves (shown in Figure 5.6) differ in shape 

depending on pH, which indicates conformational dissimilarity. Finally, we observe that the 

estimated molecular weight (MW) at 1 g/L for most of the conditions is higher than the expected: 

75 kDa (see Table S5.3 in Appendix B), which means that a substantial fraction of the protein 

molecules form larger species. 

 
Figure 5.6: Comparison of SAXS curves from crTrF ~ 10 g/L collected at different pH. Blue: acetate pH 4.0; red: 

histidine pH 5.0; yellow: histidine pH 6.5; and purple: tris pH 8.0. 
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In order to characterize the size of the larger species, SEC-MALS was performed (see 

Table S5.5 and Figure S5.5 in Appendix B), confirming the presence of approximately 12%, dimer 

and 2% trimer at all tested conditions. Additionally, static light scattering was performed as a 

function of protein concentration showing a concentration independent MW (data not shown). 

It is known that rTrF exists in different conformations: open, partially open, and closed, 

which is related to iron binding and release96. In order to evaluate the rTrF conformation at 

different pH values, OLIGOMER46 analysis was performed using pdbid: 2HAU75 for the 

completely open conformation, pdbid: 3QYT92 for the partially open conformation (FeC-rTrF) and 

pdbid: 3V8391 for the closed conformation as input, while the dimer was modelled by 

SASREFMX43. Due to the very small amounts of trimer, this species was not taken into 

consideration.  

The OLIGOMER analysis is shown in Figure 5.7 (see also Table S5.4  in Appendix B). It 

shows that at 10 mM histidine pH 6.5 and 10 mM tris pH 8.0 rTrF is in the closed conformation 

(Figure 5.7D and E). At 10 mM histidine pH 5.0 and 10 mM acetate pH 5.0 rTrF is present in 

closed and partially open conformation (Figure 5.7C). By changing to 10 mM acetate buffer pH 

4.0, it allowed us to detect a small amount of the open conformation. At pH 4.0, rTrF shifts from 

partially open to open conformation, while the fraction of the closed conformation remains 

constant.  

NaCl dependence 

Overall thermal stability is independent of the NaCl concentration, except at pH 5.0, where 140 

mM NaCl cause a decrease in T½ from 65ºC to 45ºC (see Figure 5.5A). At higher pH values the 

addition of NaCl does not show any effect. The ICD experiments did not show an NaCl effect on 

c½.  

SAXS experiments were performed at 5 g/L rTrF in 10 mM histidine pH 5.0 and 6.5 with 

increasing NaCl concentrations. At pH 5.0, a gain in I(0) is seen with increasing cNaCl due to rising 

MW (up to 100 kDa), which points to the presence of aggregates (see Table S5.3 in Appendix B). 

The OLIGOMER output shown in Figure 5.7 shows an increase in the volume fraction of higher 

MW species. The observation of larger aggregates is in agreement with NanoDSF and ICD results 

showing lower conformational stability at pH 5.0 with increasing salt concentration. At pH 6.5, 

the repulsion decreases when NaCl is added, leading to higher I(0) (see Figure S5.1H in Appendix 

B). 
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Figure 5.7: Fraction of different monomer conformations (open (in red), partially open (in orange), and closed (in 

green), and dimer (in blue)). A: acetate pH 4.0; B: acetate pH 5.0; C: histidine pH 5.0; D: histidine pH 6.5; E: tris pH 

8.0; F: 5 g/L rTrF, histidine pH 5.0 with NaCl; G: 5 g/L rTrF, histidine 6.5 with NaCl; H: 5 g/L rTrF, acetate 5.0 with 

arginine; I: 5 g/L rTrF, histidine 5.0 with arginine. 

Buffer and excipient dependence 

For the investigations of excipient and buffer effects histidine buffer at pH 5.0 and 6.5 with 0 or 

140 mM NaCl, as well as acetate pH 5.0 and phosphate pH 6.5 were selected. Furthermore, three 

different excipients, 280 mM sucrose, 140 mM arginine, and 280 mM proline, were tested.  

T½ from nanoDSF and c½ from ICD are shown in Figure 5.8. With respect to the buffer 

dependence effect, it is seen that at pH 5.0 rTrF has a 5ºC higher T½ in acetate buffer compared to 

histidine buffer, while addition of 140 mM NaCl to the histidine buffer decreases T½ by 15ºC. The 

ICD measurements show a somewhat different picture for histidine buffer as the addition of NaCl 

does not influence c½, which is already significantly lower in the histidine buffer compared to the 

acetate buffer.  

At pH 6.5, T½ is about 15ºC higher in histidine buffer than in phosphate buffer. Addition 

of 140 mM NaCl to the histidine buffer decreases T½ by 5ºC. The ICD results are similar as c½ is 
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reduced by 1 M in phosphate buffer, while in histidine buffer, addition of NaCl only leads to a 

very small decrease. 

Adding sucrose or proline at pH 5.0 leads to minor effects on T½. In contrast, arginine has 

enormous impact on rTrF stability. Addition of arginine leads to a decrease of T½ by 20-25ºC at 

pH 5.0 except when 140 mM NaCl is present. Both arginine and 140 mM NaCl reduce T½ by 

around 20ºC, however, adding both of them together does not alter this already low T½ (see Figure 

5.8A). Chemical denaturation shows a different picture, where addition of excipients in histidine 

buffer does not have an effect on c½. In acetate buffer c½ is 1.6 M and addition of arginine or 

proline leads to a decrease of c½ by approximately 1 M.  

At pH 6.5 arginine decreases T½ by 5-10ºC in histidine buffer, but has no effect in 

phosphate buffer, where T½ is already low. Excipients do not show an effect on c½ at pH 6.5 in 

both buffers (see Figure 5.8D). 

 
Figure 5.8: NanoDSF and ICD stability studies using different buffers and excipients. Purple: 10 mM acetate pH 5.0; 

red 10 mM histidine pH 5.0; orange: 10 mM histidine pH 5.0 with 140 mM NaCl; blue: 10 mM phosphate pH 6.5; 

green: 10 mM histidine pH 6.5; cyan: 10 mM histidine pH 6.5 with 140 mM NaCl. A: changes in T½ at histidine (0 

and 140 mM NaCl) and acetate pH 5.0; B: changes in T½ at histidine (0 and 140 mM NaCl) and phosphate pH 6.5; C: 

changes in c½ at histidine (0 and 140 mM NaCl) and acetate pH 5.0; D: changes in c½ at histidine (0 and 140 mM 

NaCl) and phosphate pH 6.5. 
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The negative effect of arginine on the thermal rTrF stability can be explained by arginine 

binding to the protein. This was tested by performing MST using proline as a negative control, 

which does not have a significant effect on thermal stability. MST results show that arginine binds 

weakly to rTrF with Kd of 0.180 M (see Figure 5.9). 

 
Figure 5.9: MST binding curve for arginine (in green) from Kd-fit using proline (in red) as a negative control. 

 SAXS data were collected for rTrF in histidine and acetate buffers at pH 5.0 (see Figure 

S5.1 in Appendix B) and analyzed using OLIGOMER (see Figure 5.7B and C; and Table S5.4 in 

Appendix B). In both buffers, partially open and closed conformations are present, with the volume 

fraction of the partially open conformation decreasing with increasing rTrF concentration. 

However, acetate buffer shows higher volume fractions of closed conformation.  

Molecular Dynamics simulations 

In order to understand the interactions between rTrF and the other components in the solution at 

selected pH and buffer conditions, MD simulations were performed in the presence of NaCl, 

histidine, arginine, acetate, and phosphate.  

 MD simulations were performed for 100 ns in the presence of bound Fe3+ and bicarbonate 

(CO3
2-) in both lobes. All systems reached a constant root mean square deviation after 3 ns (data 

not shown). Patches that comprise at least three residues structurally close on the protein surface 

and have moderately strong interactions are colored based on 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒) (see Figure 5.10). 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒) 

given to a residue helps to deduct the preference of different additives on the protein surface, which 

in turn leads to an understanding of the different mechanism related to stabilization and iron 

release. At pH 5.0, both arginine and histidine are positively charged (+1), while acetate is 

negatively charged (-1). Even though excipients interact with the protein at several regions, only 

few patches interacting with the additives are relatively large and strong. Generally, arginine, 
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histidine, and NaCl bind more strongly in the C-lobe as compared to acetate, which binds stronger 

in the N-lobe. A particular region on the C-lobe that is a common interaction site for the different 

buffer components consists of residue D416 and D420 (see Figure 5.10A, B, and C).  

 
Figure 5.10: The closed structure of rTrF colored at the patches interacting strongly with buffer components based on 

the 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒) calculated at pH 5.0. A: arginine, B: histidine, C: NaCl, and D: acetate; and at pH 6.5 for E: phosphate, 

and F: histidine. The C-lobe is shown on the left and the N-lobe on the right.  Single letter code for amino acids is 

used.  
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 At pH 6.5, phosphate shows many weak interactions with single amino acids, and relatively 

large, but weak interacting patches on the protein surface that are highlighted in the Figure 5.10E. 

In contrast, although interactions with histidine are spread across the protein surface, there are few 

prominent patches with strong interactions (see Figure 5.10F). 

Discussion 

pH effect 

pH-dependent conformational changes in rTrF are aligned with its physiological function, which 

is binding and transporting iron into the cells. Due to the high toxicity of iron, it is important that 

rTrF remains in the closed conformation in blood74. Blood has a pH of 7.4 where according to the 

SAXS data only the closed conformation is present. However, rTrF should be able to supply cells 

with iron. Iron release occurs under acidic condition in the endosome103,104, where the pH is around 

5105. SAXS data analysis shows presence of the partially open conformation at pH 5.0, which 

supports conclusions of previous studies that prove conformational changes of rTrF being pH-

dependent98. Our SAXS studies do not show evidence of the presence of a fully open conformation 

at pH 5.0. At pH 4.0, a small fraction of fully open conformation was detected, accompanied by 

increasing aggregation (see Figure S5.1A in Appendix B). This suggests that the presence of the 

fully open conformation may induce aggregation and therefore, it is important to have a 

mechanism that reduces the possibility of full opening of rTrF. This data supports that iron release 

is not only pH-dependent but also involves cooperativity between the N- and the C-lobe100–102. 

Thermal and chemical denaturation showed a decrease in physical stability with decreasing 

pH, at which the partially open conformation is present.  Since this conformation has a higher 

solvent-accessible surface area than the closed conformation, it may unfold more easily.  

NaCl effect 

With addition of NaCl, T½ at pH 5.0 decreases by 20ºC and SAXS data indicate aggregation of 

rTrF. As already noted, at pH 5.0 both partially open and closed conformation are present. Addition 

of NaCl decreases the volume fraction of the closed conformation, and increases the one of the 

partially open conformation with the N-lobe open (see Figure 5.7F). Opening of the N-lobe can be 

explained by interactions of NaCl on the protein surface. Especially, the loop regions (residues 89-

94, 277-280, and 296-298), which are close to the iron binding cleft, are prone to strongly interact 

with salt ions. Previous studies have shown that crosstalk between the lobes leads to iron release 

first occurring from the N-lobe93,100. At this end, strong interaction in the C-lobe loop region 

(D416, D420) might be inducing conformational changes that result in iron release from the N-

lobe. (see Figure 5.10C). This is in agreement with previous studies, where NaCl has been proven 

to accelerate iron release at acidic pH, due to the higher anion-binding affinity of rTrF99 when 

compared to higher pH. In addition, presence of the partially open conformation, which has lower 

stability, contributes to the aggregation process.  
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 At higher pH values the presence of NaCl does not induce significant changes in thermal 

stability. The SAXS studies confirmed that rTrF is only present in the compact conformation at 

pH 6.5, and that the addition of NaCl has no impact (see Figure 5.7G). In a previous study, chloride 

was shown to slow down iron release at neutral pH99.  

Excipient effect 

Amongst the tested excipients, arginine has a pronounced negative effect on the stability of rTrF, 

especially at pH 5.0 where T½ decreases by 20ºC and c½ is reduced by 1M. According to SAXS 

results obtained with higher arginine concentration the fraction of partially open conformation 

increases at the expense of the closed conformation (see Figure 5.7H and I and Table S5.4 in 

Appendix B), leading to an aggregation. MST confirms weak arginine binding to rTrF at pH 5.0, 

whereas MD simulations show strong interactions in both C- and N-lobes (see Figure 5.10A).  

Adding proline in acetate has a slightly destabilizing effect seen in c½, but not in T½. Furthermore, 

MST did not show binding of proline. 

Buffer effect 

The buffer type has a clear effect on the protein stability4. At pH 5.0, replacing histidine by acetate 

buffer positively affects rTrF stability, while at pH 6.5, histidine buffer is preferable over 

phosphate buffer.  

SAXS studies show that in acetate buffer at pH 5.0  the volume fractions of the closed and 

partially open conformations are around 0.4 (see Figure 5.5G and Table S5.4 in Appendix B). In 

histidine buffer, the conformation of rTrF is shifted towards partially open, increasing the volume 

fraction to 0.5 (see Figure 5.7I and Table S5.4 in Appendix B). According to the MD studies, 

histidine has stronger binding to the C-lobe as compared to the acetate, which binds stronger in 

the N-lobe. However, both have a common loop region (89-94) around the iron binding site in the 

N-lobe, where Y96 coordinates with iron92. Previous studies have shown that in the absence of the 

TrF receptor, the mechanism of iron release starts with opening of the N-lobe93. This suggests that 

histidine, due to the stronger interactions with residues 89-94 in the N-lobe loop region, induces 

its opening and shifts equilibrium towards the partially open conformation, resulting in the lower 

stability.  

As already mentioned, at pH 5.0, histidine, arginine, and NaCl shift the equilibrium from 

the closed to the partially open conformation. All of them have strong interactions with regions in 

the N-lobe, particularly around the iron binding site comprising of loop region (89-94), which 

might cause a change in electrostatic field around the region leading to conformational changes 

that induces the opening. Additionally, they have one common interaction patch comprising D416 

and D420 and others residues around (Figure 5.10A, B, and C), pointing to a crucial role in rTrF’s 

conformational changes. These residues are present on the loop region close to C-lobe cleft, but 

not directly connecting the two subdomains. However, this loop is prone to high fluctuations as 

reflected in MD simulations (data not shown) and might be involved in the cooperativity between 
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two lobes, since conformational changes in this region can lead to lobe-lobe interaction, and 

contribute to the iron release from N-lobe.  

At pH 6.5 both phosphate and histidine have weak to negligible interactions in the loop 

region of the C-lobe and also in the loop region (89-94) of the N-lobe (see Figure 5.10E and F). In 

both buffers, rTrF is present only in the closed conformation, pointing to the involvement of these 

two loops (89-94, 416-420) in the iron release mechanism. Phosphate has a destabilizing effect 

compared to histidine, which might be due to few patches interacting strongly with phosphate on 

the protein surface. Contrary, histidine interacts weakly over many small patches on the protein 

surface. The overall charge of the phosphate at pH 6.5 is -2, while histidine is neutral, making 

phosphate more likely to interact strongly with the exposed hydrophilic patches as compared to 

histidine. Additionally, the preferential interaction coefficient values are higher for phosphate as 

compared to histidine implying higher preference of the protein surface for phosphate (see Figure 

S5.6 in Appendix B). 

Conclusion 

The presented work is a systematic study of the overall physical behavior of rTrF in a variety of 

different buffer conditions combined with structural studies using SAXS and MD simulations. The 

increase of T½ and c½ are both indicators of increased conformational stability. Although, some of 

the trends seem to be similar for these two indicators, some specific differences are seen probably 

because in one experiment temperature increases and in the other experiment a chemical 

compound is added (GuHCl). However, combining denaturation results with volume fractions of 

closed and partially open conformations seen in the SAXS studies (see Figure 5.11), it is possible 

to observe a decrease in volume fraction of the partially open conformation with increasing T½ and 

c½, and a corresponding increase in volume fraction of the closed conformation. Several 

conditions, such as the presence of arginine, NaCl, buffers, and pH changes can lead to opening 

and, consequently, to a decrease in rTrF stability. MD simulations indicate that this occurs due to 

the binding of the additives to the loop regions of the C-lobe, causing its opening for iron release. 
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Figure 5.11: Volume fractions of different rTrF species correlated to thermal and chemical denaturation studies. A 

and B: volume fractions correlated to T½; C and D: volume fractions correlated to c½. Partially open conformation 

colored in orange and closed conformation colored in green.  

Methods 

Dialysis and formulation 

Recombinant human transferrin (rTrF) was provided by Albumedix Ltd. in 20 g/L solution and 

was dialyzed into 10 mM histidine pH 5.5, 7.0, and 10 mM tris pH 8.5 for pH and NaCl screening. 

Concentration of rTrF was measured on a NanodropTM 1000 (Thermo Fisher Scientific, Waltham, 

USA) using extinction coefficient calculated from the primary sequence71 (see Table S5.2). For 

stability studies with different buffers and excipients, dialysis was performed at 10 mM histidine 

pH 5.0 and 6.5, 10 mM acetate pH 5.0, and 10 mM phosphate pH 6.5. Final solutions were obtained 

by diluting rTrF into the right buffer (with pH±0.1) (see Figure 5.12). 
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Figure 5.12: Schematic representation of dialysis and formulation process. 

Thermal stability studies 

Thermal denaturation studies were performed with the Prometheus NT.48 (NanoTemper 

Technologies, Munich, Germany). NanoDSF Grade Standard Capillaries were manually loaded 

with 10 μl of protein at 1 g/L in the final conditions. All experiments were performed from 20 to 

95°C with a linear thermal ramp using the heating rate of 1°C/min. Protein intrinsic fluorescence 

was measured and the unfolding process was monitored by looking at the shift in the fluorescence 

spectra (350/330 nm). All measurements were done in triplicates and the data analysis was 

performed using PR.Control v1.12.2 software (NanoTemper Technologies, Munich, Germany). 

Chemical Denaturation 

All chemical denaturation studies were performed on Unchained Labs HUNK system - AVIA ICD 

2304 (Unchained Labs, Pleasanton, USA). The excitation wavelength was 285 nm, and emission 

intensities were recorded from 300 nm to 450 nm. The gain setting was set for 100, based on a 

previously performed gain test. From the incubation test, 162 min of additional incubation time 

was used.  48-point linear gradient of denaturant was automatically generated for each condition. 

For the first screening urea and guanidine hydrochloride (GuHCl) were used as denaturants, while 

for the second screening GuHCl was selected. 10 M urea and 6 M GuHCl stock solutions were 

prepared in each tested condition. Protein stock solutions were prepared at 1 g/L and were 

subsequently diluted 12.5 times to the final condition. Data collection and analysis were performed 

using Formulator software v3.02 (Unchained Labs, Pleasanton, USA). Protein intrinsic 

fluorescence was measured and the unfolding process was monitored by looking at the shift in the 

fluorescence spectra (356/318 nm) with increasing GuHCl concentration. In order to minimize the 

error, a secondary fit was performed for each pH value combining different NaCl concentrations. 

Free energy of unfolding (ΔGunfold), c½, and m-values were calculated for both transitions. 
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Microscale Thermophoresis  

MicroScale Thermophoresis (MST) was performed using Monolith NT.115 Label Free system 

through the MO.Control software (NanoTemper Technologies, Germany). All measurements were 

carried out in 10 mM acetate pH 5.0 at 25ºC and two different ligands were chosen: arginine and 

proline with stock concentration of 1 M each. Each standard capillary was manually loaded with 

10 μl of protein at 1 μM with different ligand concentrations, covering the concentration range 

from 500 to 0.78 mM. All measurement were carried out at 20% excitation power. Data analysis 

was performed using the software MO. Affinity analysis. Initial fluorescence was used for data 

evaluation. For the arginine binding curve and Kd calculation eight independent experiments were 

performed. Proline binding affinity experiments were done in triplicates.  

Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) 

A Vanquish Horizon™ UPLC system with a variable wavelength UV detector was operated at 280 

nm (Thermo Fischer Scientific, Waltham, USA). All experiments were performed at 4°C and 

temperature was controlled by autosampler. The separation was performed with a Superdex 200 

increased 10/30 GL column. The aqueous mobile phase consisted of 38 mM NaH2PO4, 12 mM 

Na2HPO4, 150 mM NaCl, and 200 ppm NaN3 at pH 7.4 dissolved in HPLC-grade water. The 

mobile phase was filtered through Durapore VVPP 0.1 m membrane filters (Millipore Corporation, 

Billerica, MA, USA). All the samples were centrifuged and injected in duplicates at a volume of 

25 μl. Immediately after exiting the column, samples passed through the UV detector followed by 

static light scattering apparatus, a TREOS MALS detector (Wyatt Technology, Santa Barbara, 

USA), and differential refractive index detector (Optilab T-rEX, Wyatt Technology, Santa 

Barbara, USA). Data collection and processing were performed using the ASTRA® software V7.2 

(Wyatt Technology, Santa Barbara, USA.  

Small Angle X-ray Scattering 

Data collection was performed at the P12 beamline at the Petra III storage ring (DESY, Hamburg 

DE)106 and at the BM29 beamline (ESRF, Grenoble FR)107 (see Table S5.2 in Appendix B). Radius 

of gyration (Rg) and maximum dimension (Dmax) were derived from the experimental data with the 

graphical data analysis program PRIMUSQT43.  

The rTrF crystal structures are available in three conformations in the protein data bank108, 

i.e, partially open (PDB ID: 3QYT92), closed (PDB ID: 3V8391), and open (PDB ID: 2HAU75) 

conformations.  

Rigid body modelling of the dimer was performed using SASREFMX43. In order to 

calculate the volume fractions of each component in the mixture, the data program OLIGOMER43 

was used. FFMAKER43 was used to create an input file for OLIGOMER with a form factor for 

each component (open, partially open, and closed conformations retrieved from the protein data 

bank108 and dimer from SASREFMX as input). 
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Molecular Dynamics simulation 

The closed rTrF crystal structure was obtained from the protein data bank108 (PDB ID: 3V8391). 

This conformation was used as a start structure for molecular dynamics (MD) simulations. The 

Fe3+ ion and bicarbonate (CO3
2-) molecules were considered during the simulations. The structure 

was initially prepared at pH 5.0 and pH 6.5 using the H++ server 

(http://biophysics.cs.vt.edu/H++)109 which accounts for the protonation state of the titratable 

residues. Full details of the setup of the MD simulations has been  described previously110. The 

excipients, namely acetate, phosphate, arginine, histidine, and sodium chloride were included in 

the study. Structures were obtained from PubChem111 and Zinc Database112. These molecules were 

prepared at the desired pH using ligprep tool in Schrödinger 2016-3 suite (Schrödinger, LLC, New 

York, NY, USA)113. Parameter file for the excipients and bicarbonate were prepared using the 

antechamber114 module in Amber 16 at desired pH. Charges were estimated using the AM1-

BCC115 charge method. Using the 12-6-4 LJ-type nonbonded116,117 model in the amber force field, 

parameters for Fe3+ were obtained. All-atom classical constant pH molecular dynamics 

simulations118 in explicit solvent were carried out with the Amber 16 program119 employing the 

amber force field ff99SB120 for proteins. Titratable residues such as Asp, His, Lys, Tyr, 

surrounding the Fe3+ and the bicarbonate were titrated during the simulations. Ionic strength for 

each of the excipients was adjusted to 140 mM by additions of 124 solute molecules to the solvated 

system containing approximately 48000 water molecules. Finally, constant pH simulations were 

performed for 100 ns and coordinates were saved every 10 ps. Analyses were performed with 

CPPTRAJ121 in Amber 16, and VMD version 1.9.3122. Preferential interaction coefficient (PIC) 

for the specific simulated system was calculated using the method described previously110. 

Furthermore, an interaction score per 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒) was calculated to estimate binding capacity of co-

solute to residues on protein surface as described. Centre of mass of the co-solute was used for the 

determination of PIC and 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒). 
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Chapter 6 

Albumin-neprilysin fusion protein 

Introduction 

In protein-drug development, an optimization of protein biochemical characteristics is essential to 

achieve desirable biotechnological applications. This process is particularly challenging for novel 

biotherapeutics, as many different properties need to be optimized. One possible strategy is fusion 

technology, which can be used not only in development of novel protein drugs, but also in the 

optimization of already existing biotherapeutics.  

The first fusion protein, etanercept, was marketed in 1998 under the name Enbrel®. It fuses 

the ligand-binding portion of the human tumor necrosis factor receptor (TNFR) and the Fc portion 

of human IgG1. Etanercept is still used for the treatment of rheumatoid arthritis and chronic plaque 

psoriasis123. Since then, multiple fusion proteins have been approved51, and many other are under 

clinical trials52.  

Fusion proteins are created by joining two or more genes that originally coded for separate 

proteins52. Like most other protein-drugs, fusion proteins are produced by recombinant DNA 

technology (see Figure 6.1), resulting in a single polypeptide chain with functional properties of 

both proteins124.  

 
Figure 6.1: Recombinant DNA technology (inspired from Life, The Science of Biology124). 1 - DNA that codifies for 

the protein of interest is inserted into the expression vector. 2 - E.coli cells are transformed with the vector. 3 and 4 – 

the protein is produced in large amounts124. 

Typically, proteins for fusion are selected based on their functionalities: one part is involved in 

molecular recognition, while other part has additional functions, like extended half-life, stability, 

cytotoxicity, and novel targeting or delivery routes125.  
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Multiple advantages make fusion technology an attractive tool for protein-drug 

development. One fusion protein combines multiple functionalities, which might simplify 

manufacturing and drug discovery. Combination of two proteins in a single molecular entity results 

in identical distribution profiles. Moreover, it is possible to add new functionalities that are 

necessary for therapeutic purposes, that are lacking in natural proteins: like longer half-life or 

targeting specificity52.  

Despite these advantages, fusion proteins also give rise to multiple challenges. 

Combination of two different proteins can result in increased difficulty in manufacturing due to 

noncompatible properties, which can lead to aggregation and misfolding of one of the domains. It 

is challenging to control relative amounts of each component to reach the dose with optimal 

efficacy and safety52. Furthermore, fusion proteins have a high potential for immunogenicity due 

to novel epitopes that are formed at the junction between two proteins52. Finally, fusion proteins 

can be challenging to formulate because of conflicting stability requirements52. 

The current study addresses some of the challenges encountered in the formulation of these 

proteins. Understanding of stability on the molecular level is crucial for formulation of fusion 

proteins. Therefore, we decided to investigate the overall stability of an albumin-neprilysin fusion 

protein, HSA-NEP, at various physicochemical conditions and relate the results to the 

conformational changes providing a molecular understanding of the interplay between protein 

properties and stability. 
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Abstract 

Fusion technology is widely used in protein-drug development to increase activity, stability, and 

bioavailability of protein therapeutics. Fusion proteins, like any other type of biopharmaceuticals, 

need to remain stable during production and storage. Due to the high complexity and additional 

intramolecular interactions, it is not possible to predict the behavior of fusion proteins based on 

the behavior the individual proteins.  Therefore, understanding the stability of fusion proteins on 

the molecular level is crucial for the development of biopharmaceuticals. The current study on the 

albumin-neprilysin (HSA-NEP) fusion protein uses a combination of thermal and chemical 

unfolding with small-angle X-ray scattering and molecular dynamics simulations to show a 

correlation between decreasing stability and increasing repulsive interactions, which is unusual for 

most biopharmaceuticals. It is also seen that HSA-NEP is not fully flexible: it is present in both 

compact and extended conformations. Additionally, the volume fraction of each conformation 

changes with pH. Finally, the presence of NaCl and arginine increases stability at pH 6.5, but 

decreases stability at pH 5.0. 
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Introduction 

Stability and efficacy of protein-drugs are essential to achieve desirable biopharmaceutical 

applications. One of the strategies in optimization of protein-therapeutics is fusion technology, 

which consists of linking a target protein to a more stable protein. This approach has shown to 

improve catalytic efficiency, activity, stability, and solubility of protein-drugs126. Moreover, the 

fusion-protein approach is used to prevent fast renal clearance by connecting a target protein to a 

protein with a longer half-life. Human serum albumin (HSA), which is used in this study, and 

immunoglobulin Gs are proteins widely used in fusion technology due to their long half-life.  

HSA is a highly abundant and well-studied serum protein with a half-life around 19-22 

days127. Currently, multiple albumin fusion proteins are under clinical trials, and two are already 

accepted by the Food and Drug Administration (FDA)128. One of them is albiglutide: an albumin 

fusion protein connected to a glucagon like peptide-1 receptor agonist129. This therapeutic is 

administered for treatment of type 2 diabetes. The second albumin fusion drug is albutrepenonacog 

alfa, linked to the recombinant coagulation factor IX, which is used for treatment of hemophilia 

B130. In both therapeutics, the presence of HSA contributes to a significant increase in half-life: 

from 1.5-5 min131 up to 3.6-8 days for albiglutide, and from 17-34 h up to 92 h for 

albutrepenonacog alfa130,52. 

As shown above, fusion technology can be used to address a variety of problems in protein-

drug development. However, as any other type of biopharmaceutical, fusion proteins require 

special conditions (formulation) that will preserve their stability during production and storage. As 

it is not yet possible to predict the behavior of different proteins under different conditions, 

formulation remains a long and expensive process in protein-drug production. Formulation is 

particularly challenging for fusion proteins52, as additional intramolecular interactions lead to a 

change in stability, and therefore it is hard to predict the behavior of fusion proteins based on 

stability of individual proteins. 

The aim of this study is to provide a better understanding on fusion protein stability and 

relate it to conformational changes. Specifically, by investigating the stability of albumin fused to 

neprilisyn (HSA-NEP) (see Figure 6.2). NEP is widely distributed in mammalian tissues and is 

involved in the inactivation of a variety of signaling peptides132,133. Additionally, it is involved in 

the degradation of amyloid β peptides, which makes it an attractive candidate as a protein-drug for 

treatment of Alzheimer’s disease134.  
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Figure 6.2: HSA N-terminus fused with the NEP C-terminus via GGGGS linker.  

In this study, the overall stability of HSA-NEP was investigated by thermal and chemical 

denaturation by varying pH and buffer composition, complemented by small-angle X-ray 

scattering (SAXS) and molecular dynamics (MD) simulations. In combination, the stability studies 

and SAXS show a correlation between increasing protein repulsion and decreasing conformational 

stability. This contradicts conclusions from a previous study on a similar fusion protein: albumin 

fused with human growth hormone (HSA-hGH)135, where repulsion is concluded to have a 

stabilizing effect at certain conditions. Additionally, combining SAXS results with MD simulation 

results provided a molecular understanding of the determinants that cause the HSA-NEP 

conformational changes. 

Results 

The overall stability of HSA-NEP was analyzed by thermal and chemical denaturation using nano 

differential scanning fluorimetry (nanoDSF) and isothermal chemical denaturation (ICD). 

Initially, ICD was performed using two different denaturants: urea and guanidine hydrochloride 

(GuHCl). GuHCl is a strong denaturant that starts to unfold HSA-NEP at low concentrations. 

Therefore, urea was used for subsequent studies, in order to obtain well-defined denaturation 

curves. The initial analysis was performed as a function of pH (5-9) and NaCl concentration (0, 

70, and 140 mM).  

pH dependence 

The denaturation curves from thermal unfolding using nanoDSF are shown in Figure 6.3A. HSA-

NEP has a single two-state unfolding (from folded to unfolded state) at pH 5.0, which is shifted 

towards a three-state unfolding with increasing pH (with the presence of the intermediate state). 

However, from pH 7.5 to pH 8.5 the thermal unfolding shifts back to a two-state (see Figure 6.3A). 

Chemical denaturation results in a multi-state unfolding (with two intermediate states), which is 

shifted towards a three-state unfolding with increasing pH (see Figure 6.3B). This means that the 

first intermediate state has a clear plateau at pH 5.0, less clear at pH 7.5, and not apparent at pH 
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8.5. The second intermediate state is not well-defined at pH 5.0, but more pronounced at pH 7.5 

and 8.5. Hence, thermal and chemical denaturation of HSA-NEP show different unfolding 

mechanisms.  

 

 
Figure 6.3: NanoDSF (A) and ICD (B) curves at 10 mM histidine pH 5.0 (green), 10 mM histidine pH 7.5 (black), 

and 10 mM tris pH 8.5 (red). 

The temperature of unfolding (T½) and the denaturant needed to unfold 50% of the protein 

(c½) are shown in the Figure 6.4. At 0 mM NaCl, T½ decreases from pH 5.5 to 7.5, with the higher 

values at lower (pH 5.0 and 5.5) and higher pH (from pH 8.0 to pH 9.0) (see Figure 6.4A).  The 

c½ increases from pH 5.0 to pH 6.0, where it reaches a plateau. It increases again around pH 8.0 

(see Figure 6.4B).  

 
Figure 6.4: Initial stability studies performed using A: NanoDSF and B: ICD at different pH and ionic strengths.  

In order to study the associated conformational changes, SAXS concentration series data 

were collected at 10 mM histidine at pH 5.0, 5.5, 6.5, and 7.5, and 10 mM tris at pH 8.5 with 0 

mM NaCl. All scattering curves and SAXS data analysis can be seen in Appendix C (see Table 

S6.3 and Figure S6.1). The intensity at low q-values decreases with increasing HSA-NEP 

concentration at all pH values except pH 5.0, indicating a repulsive system (see Figure 6.5). 
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Moreover, repulsive interactions increase from pH 5.5 to 7.5 and decrease from pH 7.5 to 8.5, 

which correlates with the observed changes in T½ (see Figure 6.4A).  

  

 
Figure 6.5: SAXS scattering curves for concentration series at A: 10 mM histidine pH 5.0; C: 10 mM histidine pH 

5.5; D: 10 mM histidine pH 6.5; G: 10 mM phosphate pH 6.5; H: 10 mM histidine pH 7.5; I: 10 mM tris pH 8.5. 

SAXS scattering curves varying cNaCl at B: 10 mM histidine pH 5.0 and E: 10 mM histidine pH 6.5, with cHSA-NEP 

around 5.5-6 g/L; and varying carginine at F: 10 mM histidine pH 6.5 with cHSA-NEP around 2 g/L. 
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The Kratky plots of HSA-NEP show increase of the scattering at higher angles, which is 

characteristic for flexible systems37 (see Figure S6.2 in Appendix C). Therefore, conformational 

changes of HSA-NEP were studied using Ensemble Optimization Method (EOM)45,136, which 

accounts for flexibility. The EOM results were analyzed by looking at the distribution of the radius 

of gyration (Rg), the high-resolution models, and their volume distribution at different conditions. 

The Rg distributions shown in Figure 6.6A and B, indicate the presence of two overall populations: 

a more compact conformation with Rg around 4 nm and a more extended conformation with Rg 

around 5 nm. The Rg distribution around 4 nm shows multiple peaks, indicating the presence of 

multiple compact conformations. The detailed SAXS analysis of the high-resolution models shows 

the presence of three different compact conformations (see Figure 6.6E), whose distribution is pH 

dependent (see Figure 6.6C).   

The volume fraction of the extended conformation increases with increasing pH. Also, Rg 

increases with increasing pH. The analysis of the high-resolution models shows many different 

possible conformations, which is an indication of high flexibility of the extended conformation. 

This is illustrated in Figure 6.6E, where HSA is kept fixed, and the position of NEP is seen to vary 

amongst the suggested structures.  
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Figure 6.6: Analysis from EOM. A and B: Rg distributions, C: volume fractions of different conformations in 10 mM 

histidine  at pH 5.0, 5.5, 6.5, and 7.5, and 10 mM tris pH 8.5, D: volume fractions of different conformations at pH 

6.5 in histidine and phosphate buffers. E: high resolution models for extended and compact conformations. 

NaCl dependence 

With the addition of NaCl, the thermal denaturation studies show an increase in T½ above pH 5.5 

which points to an increase in thermal stability (see Figure 6.4A). The ICD studies do not show a 

clear trend for NaCl effect. A SAXS data was collected in the presence of NaCl at 10 mM histidine 

pH 5.0 and 6.5 (see Figure 6.5B and E). At pH 5.0, the scattering curves do not change with the 

presence of NaCl. However, at pH 6.5 the intensity at low q-values increases with addition of NaCl 

and calculated molecular weight (MW) shifts from 136 to 150 kDa (see Table S6.3 in Appendix 
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C), which is closer to the real MW of HSA-NEP. These results show that addition of NaCl screens 

the repulsive interactions present at pH 6.5, 0 mM NaCl. 

Buffer and excipients dependence 

Relative to the histidine buffer, both the acetate and phosphate buffers give rise to higher T½ and 

c½ (see Figure 6.7), which points to a higher conformational stability of the protein. Sucrose, 

arginine, and proline were selected as excipients and tested in the different buffers.  

pH 5.0 

At pH 5.0, both sucrose and proline have a weak positive effect on the HSA-NEP thermal stability, 

while the effect of arginine is negative and more pronounced. In acetate buffer, the presence of 

arginine is destabilizing, as it causes a decrease in T½ and c½ (see Figure 6.7A and C and Table 

6.1). In histidine pH 5.0, arginine does not have a significant effect on the thermal stability, but 

the ICD studies show a decrease in c½ by around 1 M in the presence of NaCl.  

pH 6.5 

The phosphate buffer at pH 6.5 was selected for SAXS measurements, as it has a clear positive 

effect in both ICD and nanoDSF experiments (see Figure 6.6B and D). Like in the histidine buffer, 

at low q-values the intensity decreases with increasing cHSA-NEP (see Figure 6.5D and G), which 

points to the presence of repulsive interactions. However, this decrease is less pronounced in 

phosphate buffer, which means that the system is less repulsive. At ~3 g/L, the calculated MWHSA-

NEP is lower in phosphate buffer (166 kDa) than in histidine buffer (180 kDa) (see Table S6.3 in 

Appendix C), which points to a lower amount of larger species/aggregates in phosphate buffer. 

Moreover, the volume fractions of the compact conformations differs significantly: in histidine 

buffer both conformations, compact1 and compact2, are present in equal amounts (0.27), while in 

phosphate buffer, the amount of compact1 has decreased to 0.13 and the amount of compact2 has 

increased to 0.41 (see Figure 6.6D). 

At pH 6.5, the three excipients affect the system differently. Sucrose is slightly stabilizing 

in phosphate and histidine buffers, but in combination with NaCl it has a destabilizing effect, 

decreasing T½ by 4.8ºC (see Figure 6.7B and Table 6.1). Proline has some stabilizing effect in 

histidine buffer, but in combination with NaCl it decreases T½ by 6.8ºC, which points to a decrease 

in stability. In phosphate buffer, both proline and arginine have a different effect in thermal and 

chemical denaturation studies: they have negative effect on thermal stability, but seem to protect 

HSA-NEP from chemical denaturation (see Figure 6.7B and D and Table 6.1). In histidine buffer 

at pH 6.5 arginine increases T½ by 5.4ºC, which means an increase in HSA-NEP stability. 

Additionally, SAXS data show a decrease in the intermolecular repulsion (see Figure 6.5F). 

Addition of arginine in combination with NaCl has low effect.  



 

 
61 

 
Figure 6.7: NanoDSF and ICD stability studies using different buffers and excipients. A: changes in T½ at histidine (0 

and 140 mM NaCl), and acetate pH 5.0; B: changes in T½ at histidine (0 and 140 mM NaCl) and phosphate pH 6.5; 

C: changes in c½ at histidine (0 and 140 mM NaCl) and acetate pH 5.0; D: changes in c½ at histidine (0 and 140 mM 

NaCl) and phosphate pH 6.5. Purple: 10 mM acetate pH 5.0, red: 10 mM histidine pH 5.0, orange: 10 mM histidine 

pH 5.0 with 140 mM NaCl, blue: 10 mM phosphate pH 6.5, green: 10 mM histidine pH 6.5, cyan: 10 mM histidine 

pH 6.5 with 140 mM NaCl. *It was not possible to perform ICD studies at pH 5.0 with sucrose and pH 6.5 with sucrose 

and proline, due to the crystallization of solution in high concentrations of urea. 
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Table 6.1: Overview of the effect of excipients deduced from nanoDSF (T½) and ICD (c½) data analyses. Suc: 

sucrose, Arg: arginine-HCl, Pro: proline. 

 10 mM acetate pH 5.0 10 mM histidine pH 5.0 

 + 140 mM NaCl 

Suc Arg Pro Suc Arg Pro Suc Arg Pro 

T½ + -- 0 + - + + + ++ 

c½ + -- 0 0 0 0 x -- + 

 

 10 mM phosphate pH 6.5 10 mM histidine pH 6.5 

 + 140 mM NaCl 

Suc Arg Pro Suc Arg Pro Suc Arg Pro 

T½ + -- - ++ +++ + -- - --- 

c½ x + ++ x 0 x x - x 

++++/----   ΔT½ > 10ºC                Δc½ > 1.5 M 

+++/---      5ºC < ΔT½ < 10ºC      1 M < Δc½< 1.5 M 

++/--          2ºC < ΔT½ < 5ºC        0.5 M < Δc½ <1.0 M 

+/-             0.5ºC < ΔT½ < 2ºC      0.2 M < Δc½ <0.5 M 

0                ΔT½ < 0.5ºC                Δc½ < 0.2 M 

Reference point for excipients: respective buffer without excipient. 

+ stabilizes 

- destabilizes 

x – data not acquired 

Molecular dynamics simulations 

In order to understand conformational changes of HSA-NEP under different physicochemical 

conditions, the interface between HSA and NEP in extended and compact conformations was 

studied using MD simulations. Subsequently, changes in the electrostatic surface potentials at the 

protein-protein interface were investigated to understand conformational preference with pH.  

Extended 

The inter-domain interface of the extended conformation is shown in Figure 6.8. The electrostatic 

surface at pH 5.0 shows less prominent positive and negative patches when compared to pH 8.5 

(see Figure 6.8A and B). Furthermore, the free energy of interaction at the interface region is 

similar as they do not share a large interface in extended conformation. However, at pH 8.5, some 

residues in the linker region contribute more to the interaction energy (see Figure 6.8C and D). 

Due to the neutral patches around the interface, HSA and NEP tend to be closer in space at pH 5.0 

(Rg of 45.97±0.22Å). Contrary to this, both proteins remain far from each other at pH 8.5 (Rg of 

50.20±0.73Å), due to repulsive negative charge-charge interactions (see Figure 6.8D). 
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Figure 6.8: Surface coloring of the representative structure from MD trajectory clustering for extended conformation. 

Surface coloring based on the electrostatic potentials at A: pH 5.0, B: pH 8.5 (color-scale: red, white, and blue indicates 

negative, close to neutral, and positive potentials). Surface coloring based on the interaction energy at C: pH 5.0, and 

D: pH 8.5 (color-scale: red, blue, and white, indicates strong, medium, and weak interactions, respectively). In all the 

figures HSA is located in the bottom and NEP in the top. 

Compact1 

The compact1 inter-domain interface is shown in Figure 6.9. With increasing pH, residues at the 

interface contribute less to the free energy of interaction (see Figure 6.9C and D). Additionally, 

electrostatics around the interface changes with pH. At pH 5.0 the interface has an equal balance 

of positive and negative charges resulting in more compact conformation (Rg of 37.58±0.23 Å) , 

which contrasts the result at pH 8.5, where a strong positively charged patch causes positive 

charge-charge repulsion resulting in higher Rg of 39.67±0.48 Å (see Figure 6.9A and B). Therefore, 

the balanced distribution of the positive and negative charges at pH 5.0 results in stronger interface 

interactions.  
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Figure 6.9: Surface coloring of the representative structure from MD trajectory clustering for the compact1 

conformation. Surface coloring based on the electrostatic potentials at A: pH 5.0, B: pH 8.5 (color-scale: red, white, 

and blue indicates negative, close to neutral, and positive potentials). Surface coloring based on the interaction energy 

at C: pH 5.0, and D: pH 8.5 (color-scale: red, blue, and white, indicates strong, medium, and weak interactions, 

respectively). In all the figures HSA is located in the bottom and NEP in the top.  

Compact2 

The compact2 inter-domain interface is shown in Figure 6.10. In the compact2 conformation, the 

electrostatics change with pH around the interface region, which include residues E694, R691, 

D1044, E396, and E400 (see Figure 6.10A, B, and C). With increasing pH, the interface region 

becomes more hydrophilic, resulting in negative charge-charge repulsion. Moreover, at both pH 

5.0 and 6.5, no significant differences in the interface electrostatics are seen. At pH 6.5 and 8.5, 

residues such as E1043, D553, and D549, have a higher contribution to the interaction energy, but 

no significant change in the interface interaction energy is seen (see Figure 6.10D, E, and F). 
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Figure 6.10: Surface coloring of the representative structure from MD trajectory clustering for compact2 conformation. 

Surface coloring based on the electrostatic potentials at A: pH 5.0, B: pH 6.5, and C: pH 8.5 (color-scale: red, white, 

and blue indicates negative, close to neutral, and positive potentials). Surface coloring based on the interaction energy 

at D: pH 5.0, E: pH 6.5, and F: pH 8.5 (color-scale: red, blue, and white, indicates strong, medium, and weak 

interactions, respectively). In all the figures HSA is located in the bottom and NEP in the top. 

Compact3 

The compact3 inter-domain interface is shown in Figure 6.11. At pH 5.0, compact3 conformation 

has a strong positive patch in the interface region, which makes HSA and NEP prone to repulsive 

behavior (see Figure 6.11A). With increasing pH, the interface becomes neutral, which makes 

compact3 conformation more favorable at pH 8.5 (see Figure 6.11C). Additionally, interface 

analysis shows that the residues around the linker region (from 584 to 590) have higher 

contributions to the free energy of interaction at pH 8.5 (see Figure 6.11D), compared to pH 5.0 

and 6.5, where this conformation is not seen. At pH 8.5, some of the interface residues, such as 

C492, G589, K746, and A606, have higher contributions to the overall interface energy in the 

presence of tris (see Figure 6.11D). Further, regions at the interface were identified which is prone 

to interacting more with tris (Figure 6.11F). In addition, the overall interface energy at pH 8.5 

favors compact3 in tris buffer (see Figure 6.11G). 



 

 
66 

 
Figure 6.11: Surface coloring of the representative structure from MD trajectory clustering for compact3 conformation. 

Surface coloring based on the electrostatic potentials at A: pH 5.0, B: pH 6.5, and C: pH 8.5 (color-scale: red, white, 

and blue indicates negative, close to neutral, and positive potentials). D: surface coloring based on the interaction 

energy at pH 8.5, and E: with tris at pH 8.5 (color-scale: red, blue, and white, indicates strong, medium, and weak 

interactions, respectively). F: Structure coloring based on tris interaction score (color-scale: white, blue, and red 

indicates no, weak, and strong interactions, respectively). G: MM-GBSA energy for compact3 at pH 8.5 in the presence 

and absence of 10 mM tris. In all the figures HSA is located in the bottom and NEP in the top. 
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Denaturation process 

Both urea and GuHCl were used as denaturants in the chemical denaturation studies, and both 

show a multi-state unfolding (see Figure 6.12A and B). However, they point to different unfolding 

mechanisms: in the presence of urea, the first two transitions are well separated with well-defined 

intermediate states, which is not the case with GuHCl. Unlike HSA-NEP, HSA alone has a simple 

two-state unfolding mechanism and requires higher concentrations of urea (~5M) and GuHCl 

(~2.3M) to unfold. It is seen in Figure 6.12B that HSA alone starts to unfold with addition of 

around 4 M urea, which corresponds to the beginning of the second transition of HSA-NEP. This 

suggests that in the presence of urea, the NEP domain unfolds first. 

 
Figure 6.12: Chemical unfolding curves for HSA-NEP (green) and HSA (black) in histidine at pH 5.0 with  A: 

GuHCl and B: urea. 

In order to confirm the previous statement and follow conformational changes during 

unfolding, SAXS experiments were performed at different concentrations of urea in 10 mM 

histidine at pH 5.5, where the transitions are more well-defined (see Figure 6.13A and B). Without 

denaturant, HSA-NEP has a Kratky plot with a well-defined maximum and pair-distance 

distribution (p(r)) function with a double peak, which is characteristic for multidomain proteins. 

In the presence of 1 and 1.5 M of denaturant, the shape of the peak changes, pointing to small 

conformational changes. By increasing the concentration up to 3 M, the shape of the peak shifts to 

a single peak, which indicates significant conformational changes. The maximum intensity in the 

Kratky plot decreases with increasing concentration of urea, due to decreasing contrast.  Finally, 

in the presence of 8 M urea, the Kratky plot has a plateau instead of a peak, meaning that HSA-

NEP is fully unfolded.  

The same experiment was performed with HSA alone (see Figure 6.13C). With addition of 

1, 1.5, and 3 M urea, the shape of the peak in p(r) function remains the same. By adding 5.5 M 

urea the peak becomes broader and the intensity increases at high q-values, which is characteristic 

for partially unfolded proteins. At the maximum concentration of urea, the Kratky plot of HSA (as 

well as HSA-NEP) has a plateau instead of a peak, which is characteristic of a fully unfolded 

protein.  
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Figure 6.13: HSA-NEP chemical denaturation study. A: HSA-NEP (1 g/L) chemical unfolding curve. Kratky plots for 

B: HSA-NEP (5 g/L) at different concentrations of urea, and for C: HSA (5 g/L) at different concentrations of urea. 

p(r) functions for D: HSA-NEP (5 g/L) at different concentrations of urea, and for E: HSA (5 g/L) at different 

concentrations of urea. Urea concentrations are given in the insets. 
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Discussion 

From the nanoDSF and SAXS data analyses it is clear that there seem to be a correlation between 

T½ and repulsive interactions in the system (see Figure 6.14A and B). A decrease in repulsion, seen 

as an increase in the structure factor, S(0), in the SAXS data, is followed by a increase in T½, which 

could be indicative of a destabilizing effect of repulsive interactions (see Figure 6.14A). The 

correlation seems to be dependent also on the choice of buffer, as seen in Figure 6.14B. This 

finding contradicts the findings of Cordes et. al.135, where repulsive interactions in 10 mM acetate 

at pH 5.0 show a positive effect on the HSA-hGH fusion protein stability135. Due to the similar 

pKa values for hGH and NEP (5.12 for hGH137 and 5.47 for NEP), similar non-specific protein-

protein interactions would be expected, however the specific interactions must be responsible for 

these differences. 

 
Figure 6.14: Correlation between thermal stability and repulsive interactions with pH. A: correlation between S(0) and 

T½, B: correlation between S(0) and T½ in histidine buffer (pH 5.0-7.5), phosphate buffer (pH 6.5), and tris buffer (pH 

8.5). Thermal stability represented as T½ (in blue); and repulsive interactions represented as S(0) at cHSA-NEP around 10 

g/L (in orange). 

The increase in repulsion seen in histidine buffer from pH 5.5 to 7.5 can be explained by 

the pI values of the individual proteins. HSA has pI of 5.67 and NEP has pI of 5.47, which means 

that both proteins are negatively charged at pH > 6. Therefore, increasing pH leads to an increase 

in repulsive interactions, which is also in agreement with MD simulations (see Figure 6.8). The 

increase in repulsion between the artificially connected HSA and NEP proteins could induce 

internal stress, which, according to the SAXS data, is followed by an increased volume fraction of 

the extended conformation. One possible scenario is that in order to minimize the internal repulsive 

interactions in the protein, both domains keep as far away from each other as possible, which leads 

to an increase in Rg (see Figure 6.6A and B). This results in increased flexibility and that HSA-

NEP is more easily unfolded. Additionally, from two possible conformations, HSA-NEP will 

prefer the extended conformation, where HSA and NEP are more separated in space (see Figure 

6.6C).  
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Furthermore, it is seen that at pH 6.5, where the protein clearly shows repulsive interactions 

and low thermal stability, the addition of NaCl to HSA-NEP increases T½ (see Figure 6.4A). At 

the same time, SAXS data indicates that NaCl screens the repulsive interactions (see Figure 6.5E).  

 
Figure 6.15: Schematic overview of HSA-NEP stability. 

 NanoDSF and ICD studies show that not only pH but also the buffer type influences HSA-

NEP stability. Changing histidine buffer for phosphate buffer at pH 6.5 increases both T½ and c½ 

(Figure 6.7B and D), decreases repulsion (see Figure 6.5E and G), and changes the volume 

fractions of compact1 and compact2 (see Figure 6.6D). One of the reasons might be the 

significantly higher ionic strength in 10 mM phosphate buffer at pH 6.5 (0.013 M vs 0.005 M for 

10 mM histidine buffer), which contributes to the screening of repulsive interactions. The changes 

in volume factions for the compact conformations might happen due to specific interactions 

between the phosphate buffer and HSA-NEP. At pH 5.0, HSA and NEP do not have significant 

intramolecular interactions in histidine buffer (see Figure 6.5A). However, replacing it by acetate 

buffer leads to an increase in T½ and c½, which also might happen due to specific interaction 

between buffer and HSA-NEP.  

 Among all tested additives, arginine has a pronounced effect on the HSA-NEP stability. At 

pH 5.0, it generally destabilizes, for both chemical and thermal denaturation, with an exception in 

the thermal denaturation in histidine with 140 mM NaCl. In general, the effect of arginine seems 

to be comparable to NaCl effect for thermal denaturation. However, the chemical denaturation 

curves indicate that arginine may have another role in this system: helping unfolding at pH 5.0 and 

hampering unfolding at pH 6.5 in phosphate. Proline seems to have a clear stabilizing effect at pH 

6.5 in phosphate buffer (chemical denaturation), and a clear destabilizing effect in histidine buffer 

+140 mM NaCl (thermal denaturation).  

 As already mentioned, HSA-NEP is present in different compact conformations: compact1, 

compact2, and compact3 (see Figure 6.6E). For better understanding of conformational changes, 

the interface between HSA and NEP was studied by MD simulations. Molecular understanding 
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about the preference of the different conformation in varying pH was explored combining the 

electrostatics surface study and free energy of interaction at the HSA-NEP interface. 

The SAXS data shows that up to pH 7.5 only the compact1 and compact2 conformations 

are present. According to the analysis of the MD simulations, compact3 is not present below pH 

7.5 due to highly unfavorable repulsive interactions in the interface region (see Figure 6.11C). 

Moreover, EOM analysis shows that up to pH 7.5, the volume fraction of compact1 decreases, 

while the volume fractions for extended and compact2 conformations increase (see Figure 6.6C). 

Analysis of the MD simulations shows that compact1 becomes less favorable due to increasing 

positive charge-charge repulsion and decreasing interaction energy between HSA and NEP. A 

slight increase in the volume fraction of compact2 can be explained by difference in interaction 

energy at the interface around residues E143, D553, and D549, which is higher for pH 6.5, and 

8.5, and lower for pH 5.0.  

Finally, SAXS data shows that at pH 8.5 HSA-NEP is present in compact1, compact3, and 

extended conformations. According to MD simulation results, the interface in compact3 becomes 

neutral, and the interaction energy increases due to  the contribution from the residues in the linker 

region. Additionally, using tris as a buffering system enhances the stability of compact3, making 

it more a favorable conformation along with the extended conformations (see Figure 6.6C). From 

MD simulations at pH 8.5, compact1 has less pronounced charge-charge repulsion when compared 

to compact2, which means that compact1 is more likely to be present at pH 8.5 than compact2.  

HSA-NEP unfolding 

In combination, ICD and SAXS provide better understanding of the HSA-NEP unfolding process. 

HSA-NEP unfolding starts with NEP unfolding, which is followed by unfolding of HSA. 

Additionally, the GuHCl and urea denaturation curves point to different unfolding mechanisms 

(see Figure 6.15). In the presence of urea, the first two transitions are well separated by well-

defined intermediate state, which suggests presence of a stable intermediate, where HSA is folded 

and NEP is unfolded. In the presence of GuHCl, HSA-NEP also has multi-state unfolding, but the 

transitions between different states are not well-defined. This suggests that with GuHCl, unfolding 

of NEP might affect the integrity of HSA, which leads to the absence of a well-defined 

intermediate state.   

Moreover, multiple transitions in ICD curves (see Figure 6.12) can also be explained by 

the presence of different HSA-NEP conformations. Compact conformations have multiple 

interactions at the interface, which might stabilize NEP. However, in the extended conformation, 

the NEP domain is more exposed, resulting in a faster unfolding. 

Conclusion 

From this study, we conclude that it is difficult to predict behavior and stability of fusion proteins 

in general based on the knowledge of individual proteins. While the HSA-NEP protein shows 

increasing stability with decreasing repulsion, HSA alone shows the opposite138. Furthermore, it 

is also not even possible to generalize the stability of albumin fusion proteins, as the MD 
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simulation results show the importance of the specific interactions indicating that for each system 

a separate analysis is needed.    

Unlike most proteins, HSA-NEP is less stable with increasing repulsion, due to 

intramolecular repulsion. Moreover, interactions between HSA and NEP do not allow for full 

flexibility: HSA-NEP is present in an extended and multiple compact conformations. The compact 

conformations are mainly stabilized by salt bridges in the interface between HSA and NEP and 

are therefore more rigid, while the extended conformation is more flexible. Changes in pH induce 

changes at the interface, which shifts the equilibrium between different compact and extended 

conformations. 

Methods 

Dialysis and formulation 

HSA-NEP was provided by AstraZeneca in 49 mg/ml solution and was dialyzed into 10 mM 

histidine pH 5.5, 7.0, and 10 mM tris pH 8.5 for pH and NaCl screening; and in 10 mM histidine 

pH 5.0 and 6.5, 10 mM acetate pH 5.0, and 10 mM phosphate pH 6.5 for buffer and excipients 

screening. After dialysis, HSA-NEP was diluted to 20 mg/ml with dialysis buffer, followed by 

1:20 dilution with final formulation buffer within pH of ±0.5 (see Figure 6.16). Concentration of 

HSA-NEP was measured on a NanodropTM 1000 (Thermo Fisher Scientific, Waltham, USA) using 

extinction coefficient provided by AstraZeneca (see Table S6.2). 

 
Figure 6.16: Schematic representation of dialysis and formulation process. 

Isothermal chemical denaturation 

All chemical denaturation studies were performed on Unchained Labs HUNK system - AVIA ICD 

2304 (Unchained Labs, Pleasanton, USA). The excitation wavelength was 285 nm and emission 

intensities were recorded from 300 nm to 450 nm. The gain setting was set for 10, based on 

previously performed gain test. From the incubation test, 1134 min of additional incubation time 

were set.  48-point linear gradient was automatically generated for each condition. For the first 

screening urea and guanidine hydrochloride (GuHCl) were used as denaturants, while for the 
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second screening urea was selected. 10 M urea and 6 M GuHCl stock solutions were prepared in 

each tested condition. Protein stock solutions were prepared at 1 mg/ml and were posteriorly 

diluted 12.5 times to the final condition. Data analysis was performed using Formulator software 

v3.02 (Unchained Labs, Pleasanton, USA). For the native protein, the emission wavelength was 

selected from the data of the first point of the gradient, which corresponded to 336 nm. For the 

unfolded state, data of the last point of the gradient was considered and the maximum wavelength 

was 356 nm. The fluorescence ratio 356/336 was plotted against denaturant concentration to 

monitor the unfolding process. Secondary fits were performed for each pH combining different 

NaCl concentrations in order to minimize the error. Free energy of unfolding (ΔGunfold), c½, and 

m-values were calculated for both transitions. 

Thermal denaturation 

Thermal stability studies were performed with the Prometheus NT.48 (NanoTemper Technologies, 

Munich, Germany). NanoDSF Grade  Standard Capillaries were manually loaded with 10 μl of 

protein at 1 mg/ml in the final conditions. All experiments were performed from 20 to 95°C with 

the linear thermal ramp with the heating rate of 1°C/min. Protein intrinsic fluorescence was 

measured and unfolding process was monitored by looking at the shift in the fluorescence spectra 

(350/330 nm). All measurements were done in triplicates and the data analysis was performed 

using PR.Control v1.12.2 software (NanoTemper Technologies, Munich, Germany). 

Small Angle X-ray Scattering 

Data collection was performed at the P12 beamline at the Petra III storage ring (DESY, Hamburg 

DE)106 (see Table S6.2 in Appendix C for experimental details). Radius of gyration (Rg) and 

maximum dimension (Dmax) were derived from the experimental data with the graphical data 

analysis program PRIMUSQT43.  

Ensemble Optimization Method (EOM) was used to analyze conformational polydispersity 

of HSA-NEP. EOM consists of two programs RANCH and GAJOE that were used separately. 

RANCH was used to generate a large pool of 10000 random conformations (genes) by using HSA 

(pdbid: 6EZQ139) and NEP (pdbid: 6GID140) from homology modelling. Flexible regions in C-

terminal of HSA (LGLG) and N-terminal of NEP (YDDGICKS) were removed from the 

structures, increasing the length of the linker. GAJOE was used to select ensembles of 

conformations, such that the average structure fits to the experimental data. Experimental curves 

acquired at different HSA-NEP concentrations were merged in order to remove the noise. 

Additionally, first 80 points were removed due to the presence of repulsive interactions. The output 

files contain fit to experimental data (see Figure S6.3 in Appendix C), distribution of volume 

fractions, and information about Rg and Dmax distribution (see Table S6.4 in Appendix C).  
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Molecular dynamics simulations 

HSA (PDB ID: 6EZQ139) and NEP (PDB ID: 6GID140) crystal structures were used as template 

structures for homology modelling of SAXS based fusion protein models using  Modeller9.20141 

program. Minimization was performed on the generated models to account for structure 

optimization. Using PDB2PQR142 plugin in pymol143, structures were prepared at different 

physicochemical conditions (pH 5, 6.5, and 8.5). Subsequently, these structures were taken for all-

atom classical constant pH MD simulation of 50 ns in explicit solvent utilizing ff99SB120 force-

field for proteins. In total, the solvated system contained approximately 60000 water molecules. 

Each system was neutralized with either sodium or chloride depending on the overall charge of 

the protein. The complete protocol used to setup MD simulations is described in our previous 

work110. HSA-NEP interaction interface is defined as follows: consider HSA, residues belonging 

to NEP within 5 Å of HSA’s protein surface, and vice versa is defined as interface residues for 

HSA-NEP interaction. The interface for each of the conformations is different, hence the interface 

was found separately for each conformation. The titratable residues such as Asp, Glu, His, and Lys 

in the interface were subjected to titration during constant pH MD simulations to account for 

change in protonation state upon protein structure dynamics. Using the MM-GBSA144,145 free 

energy method, the free energy of interaction at the interface was calculated. The last 10 ns of 

production run where systems had converged RMSD was taken for MM-GBSA calculations. 

Analyses were performed with CPPTRAJ121 in Amber 16, and VMD 1.9.3122. The electrostatic 

surface potential was calculated for the most representative structure found throughout the 

simulation using hierarchical clustering approach146,147. Additionally, interface interaction energy 

based surface coloring scale was chosen to highlight residues that strongly contribute to the 

interface interaction free energy.  

The compact2 conformation was simulated in 10 mM tris to understand the effect of tris on 

the conformational stability. In total, 11 tris molecules were added to the solvated system 

containing approximately 60000 water molecules. Tris was obtained from Zinc Database112. These 

molecules were prepared at pH 8.5 using the Ligprep tool in Schrödinger release 2016-3 

(Schrödinger, LLC, New York, NY, USA)113. Parameter file for the tris molecule was prepared  

using the antechamber114 module in Amber 16 at pH 8.5 and applying the AM1-BCC115 charge 

method. Furthermore, an interaction score per residue (𝑃(𝐼𝑠𝑐𝑜𝑟𝑒))110 was calculated to estimate the 

binding capacity of tris to the protein surface. Centre of mass of tris was used for the determination 

of 𝑃(𝐼𝑠𝑐𝑜𝑟𝑒). 
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Chapter 7 

Monoclonal antibodies 

Introduction 

Immunoglobulin G (IgG) monoclonal antibodies (mAbs) are one of the largest classes of 

biopharmaceuticals.  Due to their high binding specificity, mAbs are widely used in diagnostic 

tests and in protein-drug development: targeted transport of drugs, toxins, or radioactive 

compounds to tumors as a cancer therapy148. Due to their high stability, mAbs are also used in 

fusion protein technology (see chapter 6), by attaching an fragment crystallizable region to less 

stable proteins52.   

Immunoglobulins are Y shaped molecules, which is composed by four polypeptide chains: 

two light chains and two heavy chains that are connected by disulfide bonds (see Figure 7.1). These 

are interacting so that the IgGs can be divided in three domains: two fragments antigen-binding 

(Fab) and one fragment crystallizable region (Fc). The structure of immunoglobulin can also be 

divided into variable (V) and constant (C) regions. Constant regions (CL and CH) are very similar 

within the antibody class, while variable regions (VL and VH)  have different aminoacid sequences, 

which determines the diversity of antibody specificity149. Additionally, mAbs can have two 

different types of light chains, κ and λ, which differ in aminoacid composition in the CL
150.   
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Figure 7.1: The structure of IgG. Light chains (VL and CL) in green; heavy chains (VH, CH1, CH2, and CH3) in blue. 

Constant regions are defined as C and variable regions are defined as V. Additionally, mAb can be divided in two 

regions: fragment antigen-binding (Fab) and fragment crystallizable region (Fc).  

IgGs are divided into four different subclasses: IgG1, IgG2, IgG3, and IgG4, which mainly 

differ in the number of disulfide (S-S) bonds in the hinge region, and in relative abundance (see 

Table 7.1). Despite the fact that their sequence is more than 90% identical, each IgG subclass has 

a unique profile with respect to its function (i.e. antigen binding, half-life, placental transport, 

immune complex formation, and others)151. 

Table 7.1: Characteristics of different IgG subclasses151. 

 IgG1 IgG2 IgG3 IgG4 

MW (kDa) 146 146 170 146 

Amino acids in hinge region 15 12 62 12 

S-S bonds inter-heavy chain 2 4 11 2 

Relative abundance 60 32 4 4 

Additionally, mAbs can be obtained from different sources and are classified as: murine, 

chimeric, mixed, humanized, and human (see Figure 7.2)63. Muronomab was the first mAb 

approved by FDA in 1985 under the trade name Orthoclone OKT3®62. Muronomab is a fully 

murine antibody, which was administrated until 201172 against renal, hepatic, cardiac, and 

combined kidney-pancreas transplant rejection61. Due to the high immunogenicity of murine 

mAbs, some parts of the sequence were replaced by human sequences resulting in new types of 

the antibodies: chimeric and humanized. In chimeric antibodies both the CL and CH domains are 

fully human, while VL and VH remain murine. Humanized antibodies have 95% human sequence 

and only some of the regions in variable domains remain murine152.  The first fully human 

antibody, panitumumab (trade name Vectibix®), was produced in 2007 and is administrated 

against solid tumors153.  
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Figure 7.2: Classification of mAbs according the content of human aminoacid sequence (inspired from Lutz 

et.al.154)155. Murine regions in red and human regions in blue. 

 On average, mAbs are more stable than other protein-drugs, but they are still prone to a 

variety of physical and chemical degradation pathways, which can compromise their efficacy 

and/or safety156. Therefore, it is crucial to find adequate conditions (formulations) that will 

preserve the stability of mAbs during production, processing, and storage. Many different factors 

can affect protein-drug stability.  

The aim of this study is to provide better understanding on the stability of different mAbs: 

IgG1λ (mAb1), IgG1κ (mAb2), and IgG2κ (mAb3) (see Table S7.1). The overall stability of all mAbs 

was investigated by thermal and chemical denaturation studies under different conditions, which 

were complemented by Small Angle X-ray Scattering (SAXS). Generally, the mAbs have very 

similar trends in stability, showing increasing stability with increasing pH. However, at low pH, 

the  stability may be increased in the presence of repulsive interactions, which is in agreement with 

previous studies157,158. In most cases, the tested buffers (histidine, acetate, and phosphate) and 

excipients (sucrose, arginine, and proline) show very similar effects in different antibodies, which 

is also in agreement with previously performed studies157,158. However, there are few exceptions. 

Phosphate has a different effect on the stability of the different mAbs. Additionally, the 

combination of certain buffer types and excipients lead to different effects in stability. For instance, 

in histidine buffer at pH 5.0, arginine in combination with NaCl has positive effect on stability of 

all mAbs, while under other conditions it has strong negative effect. Moreover, in histidine at pH 

6.5, proline in combination with NaCl has a strong stabilizing effect on mAb3.  
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Results 

The overall stability of the antibodies was analyzed by thermal and chemical denaturation using 

nano differential scanning fluorimetry (nanoDSF) and isothermal chemical denaturation (ICD). 

The initial screen was performed as a function of pH (5-9) and ionic strength (0, 70, and 140 mM 

NaCl), and was later complemented by stability studies with varying buffers and excipients.  

 Thermal and chemical unfolding curves are shown in the Figure 7.3. According to 

nanoDSF and ICD, both mAb2 and mAb3 have a three-state unfolding, although mAb2 has a more 

defined intermediate state. Unlike other mAbs, mAb1 has a two-state thermal unfolding. Moreover, 

according to the ICD results, mAb1 is the least stable antibody, as its starts to unfold at very low 

concentrations of guanidine hydrochloride (GuHCl). Therefore, urea was selected as a denaturant 

for mAb1. 
  

 
Figure 7.3: Thermal and chemical unfolding curves for mAb1, mAb2, and mAb3 in 10 mM histidine pH 5.0. A: 

nanoDSF denaturation curves and B: ICD denaturation curves. Color code: mAb1 in orange, mAb2 in red, and mAb3 

in blue. 

The chemical refolding study points to reversibility of the chemical unfolding (see Table 

S7.2 in Appendix D), meaning that it is possible to calculate variation in the Gibbs energy of 

unfolding (ΔGunfolding). However, the obtained values have large errors, due to the low number of 

points in the transition area (data not shown). Therefore, chemical denaturation studies were 

analyzed by only looking at concentration of denaturant required to unfold 50% of the protein (c½). 

In order to obtain ΔGunfolding, additional experiments must be performed where more points are 

included in the transition area.  

pH dependence 

According to the thermal denaturation studies (see Figure 7.4A, C, and E), the temperature of 

unfolding (T½) increases from pH 5.0 to 6.0-6.5, which points to an increase in stability for all 

tested mAbs. The chemical denaturation shows a similar picture for mAb2 and mAb3, where c½ 

increases with increasing pH (see Figure 7.4D and F).   
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Figure 7.4: Thermal and chemical stability studies performed at different pH (5.0-9.0) and different NaCl 

concentrations (0, 70, and 140 mM). Changes in T½ for A: mAb1, C: mAb2, and E: mAb3; changes in c½ for B: mAb1, 

D: mAb2, and F: mAb3. Color code: 0 mM NaCl in green, 70 mM NaCl in blue, and 140 mM NaCl in red. mAb1 

denaturation was performed with urea, while mAb2 and mAb3 were denatured with GuHCl. 

In order to study the interactions and conformational changes, SAXS concentration series data were collected at pH 

5.0 and 6.5 for mAb2 and mAb3 and at pH 6.0 for all mAbs (see Figure S7.1, S7.2, and S7.4; and  

Table S7.5, S7.6, and S7.7 in Appendix D). The interactions were analyzed by looking at the structure factor (S(0)): 

S(0) > 1 is characteristic for attractive interactions, S(0) < 1 is characteristic for repulsion, and S(0) = 1 points to an 

absence of interactions. At pH 6.0, S(0) of mAb1 is 1.01, which is typical for an ideal solution, however, an 
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increasing MW and Dmax in combination with a decreasing Rg from the Guinier plot, indicates both repulsive and 

attractive interactions (see  

Table S7.5 in Appendix D). Unlike mAb1, both mAb2 and mAb3 have S(0) < 1, which 

implies repulsive interactions (see Figure 7.5A). At pH 6.5, while mAb3 remains repulsive, S(0) 

for mAb2 increases up to 1.13, which is characteristic for attractive interactions. Additionally, an 

increase of Dmax, Rg, and MW points to the presence of aggregates (see Table S7.6 in Appendix 

D).  

The pair-distance distribution (p(r)) functions of all mAbs have a double-peak, which is typical 

for multidomain proteins (see Figure 7.5B). The differences in shape of the peaks indicates 

conformational differences.  

 
Figure 7.5: Analysis of SAXS data. A: S(0) for mAb1, mAb2, and mAb3 at around  ≈10 g/L at different pH; B:  p(r) 

function for all mAbs at 1 g/L at 10 mM histidine pH 6.0. mAb1 in orange, mAb2 in red, and mAb3 in blue.  

The overall conformation at different pHs was investigated using CORAL (rigid body 

modelling). It was not possible to perform modelling on mAb1, such as CORAL requires amino 

acid sequence. Obtained models for mAb2 and mAb3 are shown in the Figure 7.6. Comparing the 

obtained models from pH 5.0 and 6.5, it is clear that mAb2 has significant conformational changes: 

with increasing pH mAb2 becomes more elongated and the Fab regions have a tendency to be 

closer in space (see Figure 7.6A). mAb3 also shows conformational differences when the Fc 

domains are superposed (see Figure 7.6C), however, the overall conformation of mAb3 does not 

change significantly (see Figure 7.6B), which means that pH does not induce significant 

conformational changes. Additionally, conformational changes with pH can be observed in the 

change of the peak shape in the p(r) functions (see Figure 7.6D and E). Changes in the peak shape 

for mAb2 are more pronounced than for mAb3, which means that the first of these goes through 

more conformational changes.  
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Figure 7.6: Conformational models for mAb2 and mAb3 obtained from the rigid body modelling (CORAL) at pH 5.0 

and 6.5. Rigid body models for A: mAb2 with Fc aligned, B: all mAb3 aligned, and C: mAb3 with Fc aligned. The p(r) 

functions for D: mAb2 and E: mAb3. Color code: pH 5.0 in red and pH 6.5 in blue. 

NaCl dependence 

The presence of NaCl has a different effect in the thermal and chemical denaturation studies. Up 

to pH 6.0 for mAb1 and up to pH 6.5 for mAb2 and mAb3, the addition of NaCl decreases T½, 

which is an indication of a negative effect on the thermal stability (see Figure 7.4A, C, and E). 

Meanwhile, chemical denaturation studies do not show a clear trend for the effect of NaCl (see 

Figure 7.4B, D, and F).  

The SAXS experiments performed on mAb3 do not show significant changes in 

intramolecular interactions (see Figure S7.4B and E). However, in the presence of NaCl both the 

radius of gyration (Rg) and Dmax are higher (see Table S7.7 in Appendix D). This, along with the 

change in the peak shape, (see Figure 7.7) points to conformational changes. 
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Figure 7.7: Effect of NaCl on the conformation of mAb3: changes in p(r) functions with addition of NaCl at pH 5.0 

and 6.5. Color code: pH 5.0 in red and pH 6.5 in blue. Solid line for a sample without NaCl and dashed line for the 

sample with NaCl. Experiments performed at mAb3 concentration around 1 g/L. 

Buffer and excipient dependence 

The effect of the different buffers and excipients was investigated at pH 5.0 and 6.5. Histidine 

buffer at pH 5.0 and 6.5 in combination with 0 and 140 mM NaCl was chosen, and additionally, 

acetate at pH 5.0 and phosphate at pH 6.5 were selected. Sucrose, arginine, and proline were 

selected as excipients (see Figure 7.8).  

 
Figure 7.8: NanoDSF and ICD stability studies for mAb1 using different buffers and excipients. A and B: thermal 

denaturation studies; C and D: chemical denaturation studies. Purple: 10 mM acetate pH 5.0, red: 10 mM histidine pH 

5.0, orange: 10 mM histidine pH 5.0 with 140 mM NaCl, blue: 10 mM phosphate pH 6.5, green: 10 mM histidine pH 

6.5, cyan: 10 mM histidine pH 6.5 with 140 mM NaCl. 
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Figure 7.9: NanoDSF and ICD stability studies for mAb2 using different buffers and excipients. A and B: thermal 

denaturation studies; C and D: chemical denaturation studies.  Purple: 10 mM acetate pH 5.0, red: 10 mM histidine 

pH 5.0, orange: 10 mM histidine pH 5.0 with 140 mM NaCl, blue: 10 mM phosphate pH 6.5, green: 10 mM histidine 

pH 6.5, cyan: 10 mM histidine pH 6.5 with 140 mM NaCl. 

 
Figure 7.10: NanoDSF and ICD stability studies for mAb3 using different buffers and excipients. A and B: thermal 

denaturation studies; C and D: chemical denaturation studies.  Purple: 10 mM acetate pH 5.0, red: 10 mM histidine 

pH 5.0, orange: 10 mM histidine pH 5.0 with 140 mM NaCl, blue: 10 mM phosphate pH 6.5, green: 10 mM histidine 

pH 6.5, cyan: 10 mM histidine pH 6.5 with 140 mM NaCl. 
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NanoDSF shows a more pronounced buffer effect at pH 5.0 (see Figure 7.8A, Figure 7.9A, 

and Figure 7.10A). Comparing the results in the histidine and acetate buffers, all mAbs have higher 

T½ (≈ 7 ºC) in the acetate buffer, which points to an increase in stability. Addition of NaCl to the 

histidine buffer decreases T½ by around 6ºC, indicating a decrease in stability. 

At pH 6.5, changing from histidine to phosphate buffer increases T½ by 2.2ºC for mAb1, 

which suggests a stabilizing effect. In case of mAb2 and mAb3, c½ decreases by around 1 M GuHCl, 

which indicates a decrease in stability (see Figure 7.8B, Figure 7.9B, and Figure 7.10B). Addition 

of NaCl to the histidine buffer at pH 6.5 does not change T½ and c½ significantly for mAb1 and 

mAb2. However, in case of mAb3, T½ decreases by 8ºC and c½ decreases by 0.4 M, which indicates 

a decrease in stability.  

From all tested excipients, sucrose is the only excipient that increases T½ and c½ for all 

mAbs in all tested conditions (see Figure 7.8, Figure 7.9, and Figure 7.10). Proline shows different 

effects under different conditions. In the histidine buffer pH 5.0 proline increases T½ by around 2-

4ºC for all mAbs and c½ by around 0.2-0.3 M for mAb2 and mAb3. In the acetate buffer, proline 

does not have a significant effect for mAb1 and mAb3, but it decreases c½ of mAb2 by 1.5 M, which 

is an indication of decreasing stability. At pH 6.5, for most tested conditions proline does not 

contribute to significant changes in stability, with one exception for mAb3. In histidine buffer, in 

combination with NaCl, proline increases T½ by 6ºC and c½ by 0.4 M, which suggests an increase 

in stability. 

Finally, the presence of arginine has a destabilizing effect in almost all tested conditions, 

with only one exception in histidine at pH 5.0 in the presence of NaCl. In combination with NaCl, 

arginine increases T½ by 0.6ºC for all mAbs, but decreases c½ for mAb1 by 1.5 M. According to the 

SAXS data collected for mAb2, the presence of arginine changes the peak shape of the p(r) 

function, which means changes in conformation and, also, increases Dmax (see Figure 7.11), which 

together with characteristic “tail” is an indication of the presence of aggregates. 

  

 
Figure 7.11: Effect of arginine on the conformation of mAb2: changes in p(r) functions at A: pH 5.0 and B: pH 6.5. 

The Solid line is a sample without arginine; dashed line is a sample with arginine.  Experiments performed at a mAb2 

concentration around 8 g/L. 
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Chemical denaturation 

As already mentioned, chemical unfolding is a multi-step process for all tested mAbs. In order to 

understand the unfolding mechanism SAXS studies were performed on mAb1 in the presence of 

urea, and on mAb2 in the presence of GuHCl (see Figure 7.12). 

In both cases, the intensity of the peak in the Kratky plot is decreasing with increasing 

concentration of denaturant, which happens due to decreasing contrast between the protein and the 

solvent. Despite that, the Kratky plot of mAb1 does not change significantly up to 2.5 M of urea 

(see Figure 7.12B). Only in the presence of 5 M urea the intensity at high q-value increases, which 

is characteristic for flexible/unfolded proteins. The p(r) functions for different concentrations of 

denaturants were obtained from scaled SAXS curves, in order to make it easier to monitor changes 

in the peak. In the p(r) function, up to 2.5 M of urea, intensity of the second peak is changing with 

urea concentration, pointing to small conformational changes (see Figure 7.12C). From 2.5 to 5 M 

of urea, the double peak changes into a single peak, pointing to significant conformational changes. 

Additionally, Dmax decreases with addition of urea up to 2 M, and increases from 2 to 5 M.   

Similarly to mAb1, the Kratky plot for mAb2 does not change significantly up to 3 M 

GuHCl. Only in the presence of 4.5 M an increase can be seen in the intensity at high q-values, 

which is characteristic for flexible/unfolded proteins (see Figure 7.12E). However, even at high 

concentrations of denaturant, the peak is still present, which means that mAb2 is not fully unfolded, 

and some structure is preserved. Just like mAb1, the second peak in the p(r) function for mAb2 is 

changing with concentration of denaturant, and at the highest concentration the double peak 

changes into a single peak (see Figure 7.12F). With increasing concentration of denaturant Dmax 

increases from 15 to around 25 nm. 
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Figure 7.12: SAXS denaturation studies for mAb1 with urea (A, B, and C) and for mAb2 with GuHCl (D, E, and F). 

A and D: ICD unfolding curves; B and E: Kratky plots; C and F: p(r) function created from the scaled data for better 

visualization of changes in the shape of the peak.  
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Discussion 

pH and NaCl effect 

The effect of different tested conditions is shown in the Figure 7.13. From the data analysis it is 

clear that all antibodies have a very similar pH and NaCl effect. Decreasing pH leads to a decrease 

in stability, which is especially pronounced from pH 6.0 for mAb1 and from pH 6.5 for mAb2 and 

mAb3. According to the SAXS data (collected for mAb2 and mAb3), decreasing pH leads to an 

increase in repulsion (see Figure 7.5A), which seems to be related to a decrease in stability. 

However, addition of NaCl that screens charges and decreases repulsion, leads to decreasing 

stability, meaning that at low pH repulsive interactions actually improve stability of tested 

antibodies, and the negative effect is not related to protein-protein interactions. Possibly, 

decreasing pH induces chemical degradation by activating multiple degradation pathways (i.e. 

disulfide bond formation/exchange, deamination, fragmentation, isomerization, and others)156. 

Negative effect of pH and NaCl on stability of mAbs is in agreement with previous studies 

performed by Feng et.al157. Additionally, despite the fact that mAbs are more stable at pH 6.5, 

SAXS points to the presence of larger aggregates when compared to pH 5.0, which is in agreement 

with study performed by Xinsheng et.al158.  

Moreover, rigid body modelling shows that decreasing pH induces significant 

conformational changes in mAb2, but not in mAb3 (see Figure 7.6). One of the reasons might be 

the number of disulfide (S-S) bonds in the hinge region. mAb3 is a IgG2, which has four S-S bonds, 

while mAb2 is IgG1, which has only two S-S bonds. The presence of additional two S-S bonds 

reduces the flexibility of the Fab region, which makes overall structure more rigid.  

 
Figure 7.13: Overview of the effect of pH, NaCl, buffers, and excipients on stability of tested mAbs. 
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Buffer and excipients effect 

In the current study, buffer effect was investigated by testing three different buffers: acetate at pH 

5.0, phosphate at pH 6.5, and histidine in both pH 5.0 and 6.5. Effect of excipients was analyzed 

by testing sucrose, arginine, and proline in different buffers at pH 5.0 and 6.5 (see Figure 7.8, 

Figure 7.9, Figure 7.10, and  

Table 7.2). NanoDSF and ICD do not show exactly the same effect, due to the different 

denaturation process. In most of the cases, when T½ increases/decreases, c½ shows no significant 

effect and vice versa. Therefore, general effect of buffers and excipients was analyzed by looking 

at both T½ and c½. 

 

Table 7.2: Overview of thermal and chemical denaturation studies using different buffers and excipients. 

 Additives nanoDSF ICD 

T½ c½  

mAb1 mAb2 mAb3 mAb1 mAb2 mAb3 

↑ pH  +++ +++ ++++ 0 ++ ++ 

NaCl -- -- --- 0 0 0 

Acetate pH 

5.0 

 ++ ++ +++ 0 + 0 

Sucrose + + + + 0 + 

Arginine --- -- --- --- - 0 

Proline 0 0 0 0 --- 0 

Histidine pH 

5.0 

Sucrose + + + x 0 ++ 

Arginine -- -- -- - 0 ++ 

Proline ++ ++ ++ 0 0 + 

+ NaCl Sucrose + + + x 0 0 

Arginine + + + ---- + + 

Proline ++ ++ ++ 0 + + 

Phosphate 

pH 6.5 

 ++ 0 - 0 -- -- 

Sucrose + + 0 x ++ 0 

Arginine - 0 - -- 0 0 

Proline 0 0 0 0 0 + 

Histidine pH 

6.5 

Sucrose + + + x 0 + 

Arginine - - --- - 0 - 

Proline 0 0 0 x - 0 

+ NaCl Sucrose ++ ++ +++ x 0 + 

Arginine -- - -- - 0 0 

Proline + - +++ x 0 + 

Reference point for buffers: pH 5.0 – histidine pH 5.0; pH 6.5 – histidine pH 6.5 

Reference point for excipients: respective buffer without excipient 

+ stabilizes 

- destabilizes 

0 no trend for pH/NaCl study 

x – data not acquired 

 

++++/----   ΔT½ > 10ºC               Δc½ > 1.5 M 

+++/---      5ºC < ΔT½ < 10ºC     1 M< Δc½ <1.5 M 

++/--          2ºC < ΔT½ < 5ºC       0.5 M < Δc½ < 1.0 M 

+/-             0.5ºC < ΔT½ < 2ºC     0.2 M < Δc½ < 0.5 M 

0                ΔT½ < 0.5ºC               Δc½ < 0.2 M 
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Comparing buffers tested at pH 5.0, all mAbs have higher T½ in acetate buffer, meaning 

positive effect on stability, which is in agreement with previous studies157. At pH 6.5, phosphate 

has different effect on stability of different mAbs: for mAb1 it has low positive effect (increases 

T½), while for mAb2 and mAb3 it has negative effect (decreases c½).  

From all tested excipients, sucrose is the only excipient that has a positive effect for all 

mAbs at all conditions, most likely due to the preferential exclusion of the sucrose from the protein 

domain, which results in increase of free energy of the system159,160. This is in agreement with 

previous studies performed by Feng et.al.157 and Xinsheng et.al158.  

Unlike sucrose, arginine has a destabilizing effect in almost all tested conditions, which is 

also in agreement with previous studies157. Additionally, according to the SAXS data (see Figure 

7.11), presence of arginine induces conformational changes in mAb2 and increases MW. In 

previous chapters it was shown that arginine binds to both transferrin and albumin (see chapter 5 

and 6). This could suggest that arginine also binds to mAbs, resulting in conformational changes 

inducing a decrease in stability and aggregation. In histidine buffer at pH 5.0 in combination with 

NaCl, arginine shows an opposite effect. When combined with NaCl, arginine slightly increases 

T½ for all mAbs and c½ for mAb2 and mAb3.. This could indicate that the interactions between 

arginine/NaCl and the mAbs is altered when the other constituent also is present.  

The presence of proline shows different effects in different conditions. In histidine pH 5.0 

proline increases overall stability of mAbs, but by switching to the acetate buffer it has no effect 

for mAb1 and mAb3, and negative effect for mAb2. At pH 6.5, proline does not have significant 

effect, with only exception in histidine in the presence of NaCl, where it increases stability of 

mAb3. mAb3 is a IgG2, meaning that the main difference between it and the other tested mAbs is 

in the hinge region: where mAb3 has four S-S bonds. Unlike other excipients, conclusions for 

proline is not fully in agreement with previous studies, where it is stated that proline has a minimal 

positive effect157. 

Chemical denaturation 

Comparing chemical denaturation of mAb1 and mAb2 (both IgG1), it is clear that different 

denaturant leads to a different unfolding process. As already mentioned, the SAXS data points to 

the presence of aggregates for mAb1 in histidine pH 6.0. Addition of up to 2 M of urea results in 

decrease of Dmax, which is an indication of decreasing amount of aggregates. From 2.5 M, Dmax 

starts to increase and the shape of the peak shifts from double peak to a single peak, pointing to 

unfolding of mAb1 (see Figure 7.12C).  

Unlike urea, GuHCl does not show stabilizing effect for mAb2. Compared to urea, GuHCl 

is a stronger denaturant, which induces significant conformational changes at the same 

concentrations (compare Figure 7.12C and F). With increasing concentration of GuHCl, Dmax 

increases and the shape of the peak has significant changes, which is an indication of unfolding. 

The multi-step unfolding can be explained by different stability of CH2, Fab, and CH3 domains. 

According to the previous studies, CH2 domain is the least stable domain, followed by Fab region 

that is the second least stable for IgG1 and IgG2
161,162,163. Therefore, chemical unfolding might start 
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with unfolding of CH2, creating the first partially-unfolded intermediate (see Figure 7.14). As Fab 

and CH3 remain folded, the overall structure of the antibody is preserved, and SAXS does not show 

significant differences in p(r) function up to 1.5 M of GuHCl (see Figure 7.12F). Increasing the 

concentration of GuHCl up to 3 M results in significant conformational changes, due to unfolding 

of the Fab domains. The shape of the peak of the p(r) function changes significantly, however it 

remains as a double peak, characteristic for multidomain proteins. This is because CH3 domain 

remains folded, while the rest of the mAb unfolds. Finally, increasing concentration up to 4.5 M 

of GuHCl results in an increase in Dmax and significant changes in the shape of the peak, which 

shifts from double peak to a single peak. At this stage, mAb2 is fully unfolded, but due to the 

presence of S-S bonds, the Kratky plot has a small peak instead of plateau that is characteristic for 

fully unfolded proteins.  

 
Figure 7.14: Chemical unfolding of mAb2. 

Additionally, ICD studies show that mAb2 and mAb3 have different unfolding curves, even 

though in both cases GuHCl was used as a denaturant. It can be explained by different thermal 

stability of Fab and CH3. Differential scanning fluorimetry studies performed by Garber et. al.163 

show that, in IgG1, Fab unfolds around 77ºC, while CH3 unfolds around 84ºC, pointing to a 

significant difference in thermal stability. This difference in stability results in presence of well-

defined intermediate state, where both CH2 and Fab are unfolded, but CH3 remains folded (see 

Figure 7.15).  Unlike in IgG1, Fab and CH3 domains in IgG2 do not have a significant difference in 

thermal stability and unfold, respectively, at around 78ºC and 80ºC. Hence, CH3 starts to unfold 

immediately after Fab and no clear intermediate state is observed (see Figure 7.15). 
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Figure 7.15: Proposed mechanism of chemical unfolding for mAb1 (in yellow), mAb2 (in red), and mAb3 (in blue). 

Conclusion 

In conclusion, despite the similar sequences and structures, the investigated mAbs show 

differences in stability. In most of the cases, tested conditions show similar effects on all three 

mAbs (i.e. pH, NaCl, acetate, sucrose, and arginine). This, however, is not the case for phosphate 

and proline with NaCl at pH 6.5. Phosphate stabilizes mAb1, but destabilizes the other two mAbs, 

while proline with NaCl has a strong positive effect on the stability of mAb3, but no effect on the 

other mAbs. Additionally, the combination of different excipients can result in an opposite effect: 

that both arginine and NaCl has a negative effect, but combined they result in an increase in thermal 

stability for all mAbs.  

Thermal and chemical denaturation studies do not always show the same result, most likely 

due to the different denaturation processes when we are performing these experiments. 

Finally, when combining SAXS and ICD it was possible to propose mechanisms of 

unfolding for all three mAbs. It was shown that the different mAbs have different unfolding 

mechanisms. Moreover, when using different denaturants, these also affect the unfolding process. 

This topic can be further investigated by performing ICD-SAXS studies on all mAbs using both 

urea and GuHCl.  

Some trends, e.g. stabilizing effect of acetate and different effect of certain 

excipients/combination of excipients (i.e. phosphate buffer, proline, and proline with NaCl) are 

difficult to explain. In order to understand those trends, it is necessary to perform in-silico 

modelling or other experiments that probes whether these have distinct binding to different mAbs, 

and where they bind.  
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Methods 

Dialysis and formulation 

AstraZeneca provided monoclonal antibodies in different concentrations: mAb1 in 21 g/L, mAb2 

in 48.9 g/L, and mAb3 in 54.3 g/L (see Table S7.1 in Appendix D). The stock solutions were 

dialyzed into 10 mM histidine pH 5.5, 7.0 and 10 mM tris pH 8.5 for pH and NaCl screening. For 

the buffer and excipients dependence study, all mAbs were dialyzed  into 10 mM histidine pH 5.0 

and 6.5, 10 mM acetate pH 5.0 and 10 mM phosphate pH 6.5. Final solutions were obtained by 

diluting dialyzed proteins into the right buffer (with pH±0.5 and/or including additives) (see Figure 

7.16). Protein concentration was measured on a NanodropTM 1000 (Thermo Fisher Scientific, 

Waltham, USA) using extinction coefficient provided by AstraZeneca (see Table S7.1 in Appendix 

D). 

 

Figure 7.16: Schematic representation of dialysis and formulation process. 

Thermal stability studies 

Thermal denaturation studies were carried out in the Prometheus NT.48 (NanoTemper 

Technologies, Munich, Germany) using NanoDSF Grade Standard Capillaries, which were 

manually loaded with 10 μl of protein at 1 g/L in the final conditions. All experiments were 

performed at the heating rate of 1°C/min from 20 to 95°C. Unfolding process was monitored by 

the shift in the intrinsic fluorescence spectra (350/330 nm). All measurements were done in 

triplicates and the data was analyzed using PR.Control v1.12.2 software (NanoTemper 

Technologies, Munich, Germany). 

Isothermal Chemical Denaturation 

Chemical denaturation studies were carried out in the Unchained Labs HUNK system - AVIA ICD 

2304 (Unchained Labs, Pleasanton, USA). The data was collected using excitation wavelength of 

285 nm, and emission intensities were recorded from 300 nm to 450 nm. The gain setting was set 

for 10 and the incubation time was set for additional 1134 min, based on previously performed 



 

 
95 

gain and incubation tests. 48-point linear gradient of denaturant was automatically generated for 

each condition. For the pH and NaCl screening both urea and guanidine hydrochloride (GuHCl) 

were used as denaturants. For the buffer and excipients dependence urea was selected for mAb1 

and GuHCl was selected for mAb2 and mAb3. Urea and GuHCl denaturation buffers were prepared 

by adding, respectively, 10 M of urea and 6 M of GuHCl in each tested condition. 1 g/L protein 

stocks were subsequently diluted 12.5 times into a final condition. The data collection and analysis 

were performed by Formulator software v3.02 (Unchained Labs, Pleasanton, USA). Unfolding 

process was monitored by looking at the shift in the maximum fluorescence with increasing 

concentration of denaturant: 356/344 nm for mAb1, 356/342 nm for mAb2, and 358/338 for mAb3. 

In order to minimize the error, a secondary fit was performed for each pH value combining 

different NaCl concentrations. Free energy of unfolding (ΔGunfold), c½, and m-values were 

calculated for all transitions. 

Small Angle X-ray Scattering 

Data collection was performed at the P12 beamline at the Petra III storage ring (DESY, Hamburg 

DE)106 (see Table S7.4 in Appendix D). Radius of gyration (Rg) and maximum dimension (Dmax) 

were derived from the experimental data with the graphical data analysis program PRIMUSQT46. 

Rigid body modelling was performed using CORAL43 against previously merged scattering curves. 
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Chapter 8 

Overall discussion 

This study shows that combination of multiple methods leads to a better understanding of protein 

stability. Studies of the conformational stability performed using nanoDSF and ICD give 

complementary information about the overall conformational stability of the proteins, whereas 

SAXS and MD provide molecular insides, which are important to understand the rationale behind 

the changes in stability. Moreover, the multidomain proteins (transferrin (rTrF), albumin-

neprilysin fusion protein (HSA-NEP), and monoclonal antibodies (mAb1, mAb2, and mAb3)), 

despite of their significant structural and functional differences, have some common stability 

trends. 

A summary of nanoDSF and ICD results for all proteins are shown in Table 8.1. It was not 

possible to find the same stability trends for all the proteins. NanoDSF shows clear pH and NaCl 

effects: rTrF and mAbs become more stable with increasing pH, while the NaCl effect depends on 

pH of the sample. Although these trends are similar, the molecular reasoning is different. In case 

of rTrF, increasing pH shifts the equilibrium towards the most stable (closed) conformation, while 

mAbs become less prone to chemical degradation at higher pH156. Presence of NaCl does not have 

an effect at high pH. For rTrF, NaCl at low pH enhances opening of the N-lobe, shifting the 

equilibrium towards the less stable (partially open) conformation (see Figure 8.1A). In case of 

mAbs, which are positively charged at low pH (pI ≈ 8), addition of NaCl leads to decreasing 

intermolecular repulsion, which results in increased tendency to aggregate and decreasing stability 

(see Figure 8.1B).  
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Figure 8.1: Effect of NaCl on rTrF, mAbs, and HSA-NEP. A: addition of NaCl shifts the equilibrium from closed to 

partially open conformation, which results in decreasing stability. B: chloride ions (Cl-) screen positive charges on 

mAbs surface, which leads to decrease in intermolecular repulsion and increase in stability. C: sodium ions (Na+) 

screen negative charged on HSA-NEP, which results in a decrease of intramolecular repulsion and increase in stability.  

HSA-NEP fusion protein has different stability trends: it is more stable at low and high pH 

values (at pH 5, and from 8 to 9) and in the presence of NaCl. Unlike rTrF and mAbs, HSA-NEP 

is fused using recombinant DNA technology and originally HSA and NEP exist as separate 

proteins. Both HSA and NEP have pI around 5, meaning that with increasing pH values both 

become negatively charged and therefore the protein will have destabilizing intramolecular 

repulsion. Addition of NaCl screens negative charges, which decreases repulsion and leads to an 

increase in stability (see Figure 8.1C). Surprisingly, from pH 8 specific interaction at the interface 

between HSA and NEP create new more stable conformation, which increases the overall stability 

of the fusion protein. 

 According to the nanoDSF results, most of the studied excipients have a similar effect on 

the thermal stability of all proteins (see Figure 8.2 and Table 8.1). Generally, acetate, sucrose, and 

proline improve stability, while arginine seems to have a negative effect. However, combination 

of different excipients can have an opposite effect: e.g. combination of arginine and NaCl has 

positive effect on all the proteins, whereas proline with phosphate decrease the stability of rTrF 

and HSA-NEP. For a better understanding, combination of different excipients must be further 

investigated with molecular dynamics.  
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Table 8.1: Overeview of thermal and chemical denaturation studies for rTrF, HSA-NEP (H-N), and mAbs using 

different buffers abd excipients. 

 Additives nanoDSF ICD 

T½ C½  

rTrF H-N mAb1 mAb2 mAb3 rTrF H-N mAb1 mAb2 mAb3 

Acetate pH 

5.0 

 ++ ++ ++ ++ +++ 0 + 0 + 0 

Sucrose + + + + + + + + 0 + 

Arginine ---- -- --- -- --- + -- --- - 0 

Proline 0 0 0 0 0 + 0 0 --- 0 

Histidine 

pH 5.0 

Sucrose + + + + + ++ 0 x 0 ++ 

Arginine ---- - -- -- -- ++ 0 - 0 ++ 

Proline ++ + ++ ++ ++ + 0 0 0 + 

 

+ NaCl 

 ---- - --- -- --- 0 0 0 0 0 

Sucrose + + + + + + X x 0 0 

Arginine + + + + + + -- ---- + + 

Proline ++ ++ ++ ++ ++ 0 + 0 + + 

Phosphate 

pH 6.5 

 ---- ++++ ++ 0 - - ++ 0 -- -- 

Sucrose ++ + + + 0 0 X x ++ 0 

Arginine - -- - 0 - 0 + -- 0 0 

Proline - - 0 0 0 + ++ 0 0 + 

Histidine 

pH 6.5 

Sucrose + ++ + + + + X x 0 + 

Arginine --- +++ - - --- - 0 - 0 - 

Proline - + 0 0 0 0 X x - 0 

 

+ NaCl 

 -- +++ 0 - --- ++ 0 0 0 - 

Sucrose +++ -- ++ ++ +++ - x x 0 + 

Arginine --- - -- - -- 0 - - 0 0 

Proline ++ --- + - +++ - x x 0 + 

Reference point for buffers: pH 5.0 – histidine pH 5.0; pH 6.5 – histidine pH 6.5 

Reference point for excipients: respective buffer without excipient 

+ stabilizes 

- destabilizes 

0 no trend for pH/NaCl study 

x – data not acquired 

 

++++/----   ΔT½ > 10ºC               ΔC½ > 1.5 M 

+++/---      5ºC < ΔT½ < 10ºC     1 M < ΔC½ < 1.5 M 

++/--          2ºC < ΔT½ < 5ºC       0.5 M < ΔC½ < 1.0 M 

+/-             0.5ºC < ΔT½ < 2ºC     0.2 M < ΔC½ < 0.5 M 

0                ΔT½ < 0.5ºC               ΔC½ < 0.2 M 
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Figure 8.2: Overview of the excipients and buffer effect on stability of rTrF, mAbs, and HSA-NEP. Arrow up/down 

symbolizes positive/negative effect on the protein thermal stability.   

ICD does not show a clear trend when NaCl is added, while pH and excipients effect is not 

always in agreement with the results from nanoDSF studies (see Table 8.1). The possible reason 

is the presence of the high concentration of denaturant, which might create additional interactions, 

leading to a different unfolding process. An example is the denaturant guanidine hydrochloride, 

which is salt that affects the ionic strength of the protein as it is added. Moreover, denaturation 

agent might interact with excipients, meaning that higher concentrations of excipients are required 

to be able to see a clear effect on the protein stability.  

Clearly, the combination of ICD and SAXS leads to a better understanding of the protein 

unfolding process. SAXS data collected for the protein at different concentrations of denaturant 

provides information about protein dimension, average molecular weight, overall shape, and 

flexibility. Additionally, ICD can provide valuable thermodynamic parameters: free energy of 

unfolding (ΔGunfold) and m-values (related to the changes in solvent accessible area). However, due 

to the low number of data points in the transition region from folded to unfolded state, ΔGunfold and 

m-values have high uncertainty. Therefore, in order to obtain the values with the acceptable error, 

it is important to optimize each the concentration range and perform the same experiment in 

duplicates or in triplicates.  

Moreover, initial stability studies for pH and NaCl correlate to long-term stability 

studies164, meaning that both nanoDSF and ICD are good tools for initial screening in 

biopharmaceutical development. A similar study will be performed to look at correlation for buffer 

species and excipients.  
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Chapter 9 

Conclusion 

High throughput stability studies in combination with structural studies lead to a better 

understanding of protein stability. The current study shows that despite of the common trends in 

stability between studied multidomain proteins, the molecular background is different and is highly 

dependent on the nature, structure, and function of the protein.  

Initial conformational stability studies show similar pH and NaCl effect for rTrF and mAbs. 

However, rTrF stability is highly related to its function, where iron release requires conformational 

changes resulting in the less stable partially open conformation, while mAbs stability decreases 

due to chemical degradation. Additionally, different mAbs have diverse stability trends in the 

presence of certain excipients (e.g. phosphate), highlighting the importance of specific interactions 

with the buffer components.  

Contrary to rTrF and mAbs, the HSA-NEP fusion protein has more distinct stability trends. 

Unlike mAbs and most of the single domain proteins, increasing repulsive interactions have a 

negative effect. Additionally, HSA-NEP is present in multiple conformations and the equilibrium 

between them changes with pH. From pH 8.0, despite of the intramolecular repulsion, changes in 

the interaction in the interface between HSA and NEP result in new conformation, which increases 

overall stability of the fusion protein.   

In conclusion, combination of high throughput methods with small angle X-ray scattering 

and molecular dynamics simulations leads to an understanding of protein stability on the molecular 

level. Therefore, using the same approach to study a statistically relevant number of buffer/protein 

combinations can provide enough information to propose a general stability model.  
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Appendix A 

All tables and figures are numbered according to the corresponding chapter: tables and figures S4 

correspond to the chapter 4 (structural classification of protein therapeutics), S5 to chapter 5 

(transferrin), S6 to chapter 6 (albumin-neprilysin fusion protein), and S7 to chapter 7 (monoclonal 

antibodies).  

Table S4.1: Structural classification of approved peptide- and protein-drugs according SCOP database, include class, 

fold, superfamily and family. Additional information, e.g. targets, bioactivity indicators, disease, CAS number, 

associated PDB files and URL address to relevant databases (e.g. SCOP, DrugBank, KEGG, Drug, and FDA) 

available, but not shown.   

Year Active ingredient Drug Class Fold Superfamily Family Marketing 

status 

1974 Gonadotropin Chorionic 

gonadotropin 

g g.17 g.17.1 g.17.1.4 Prescription 

1989 Epoietin alfa EPOGEN/PROCRIT a a.26 a.26.1 a.26.1.2 Prescription 

1989 Interferon alfa-N3 Alferon N Injection a a.26 a.26.1 a.26.1.3 Prescription 

1989 Interferon alfa-2b Intron A a a.26 a.26.1 a.26.1.3 Prescription 

1989 Human Serum 

Albumin 

Flexbumin a a.126 a.126.1 a.126.1.1 Prescription 

1990 Pegademase bovine Adagen c c.1 c.1.9 c.1.9.1 Prescription 

1974 Gonadotropin Chorionic 

gonadotropin 

g g.17 g.17.1 g.17.1.4 Prescription 

1991 Sargramostim Leukine a a.26 a.26.1 a.26.1.2 Prescription 

1991 Onabotulinumtoxin 

A 

BOTOX Complex active ingredient Prescription 

1991 Filgrastim Neupogen a a.26 a.26.1 a.26.1.1 Prescription 

1992 Aldesleukin Proleukin a a.26 a.26.1 a.26.1.2 Prescription 

1992 Muromonab-CD3 Orthoclone OKT3 b b.1 b.1.1 AB Prescription 

1993 Dronase alfa Pulmozyme d d.151 d.151.1 d.151.1.1 Prescription 

1993 Interferon beta-1b BETASERON a a.26 a.26.1 a.26.1.3 Prescription 

1993 Abciximab ReoPro b b.1 b.1.1 BD Prescription 

1994 Asparaginase 

Escherichia coli 

ELSPAR c c.88 c.88.1 c.88.1.1 Prescription 

1994 Imiglucerase Cerezyme Complex active ingredient Prescription 

1994 Pegaspargase Oncaspar c c.88 c.88.1 c.88.1.1 Prescription 

1995 Somatotropin 

recombinant 

Genotropin a a.26 a.26.1 a.26.1.1 Prescription 

1996 Insulin lispro Humalog g g.1 g.1.1 g.1.1.1 Prescription 

1996 Interferon beta-1a AVONEX a a.26 a.26.1 a.26.1.3 Prescription 
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1996 Alteplase Activase Complex active ingredient Prescription 

1996 Reteplase Retavase Complex active ingredient Prescription 

1996 Insulin susp 

protamine zinc 

Protamine zinc and 

iletin I 

g g.1 g.1.1 g.1.1.1 Prescription 

1997 Rituximab Rituxan b b.1 b.1.1 AB Prescription 

1997 Becaplermin Regranex g g.17 g.17.1 g.17.1.1 Prescription 

1997 Coagulation Factor 

IX 

BeneFIX Complex active ingredient Prescription 

1997 Daclizumab Zenapax b b.1 b.1.1 ABD Prescription 

1997 Oprelvekin Neumega Not classified in scope Prescription 

1998 Sacrosidase Sucraid Not classified in scope Prescription 

1998 Basiliximab Simulect b b.1 b.1.1 AB Prescription 

1998 Palivizumab Synagis b b.1 b.1.1 A Prescription 

1998 Etanercept Enbrel b b.1 b.1.1 B Prescription 

1998 Infliximab Remicade b b.1 b.1.1 no 

sequence 

Prescription 

1998 Glucagon 

recombinant 

Glucagon j j.6 j.6.1 j.6.1.1 Prescription 

1998 Thyrotropin alfa Thyrogen g g.17 g.17.1 g.17.1.4 Prescription 

1999 Trastuzumab Herceptin b b.1 b.1.1 AB Prescription 

1999 Interferon gamma-

1b 

Actimmune a a.26 a.26.1 a.26.1.3 Prescription 

1999 Antihemophilic 

factor 

ReFacto Not classified in scope Prescription 

1999 Denileukin diftitox Ontak Complex active ingredient Prescription 

2000 Botulinum Toxin 

Type B 

Myobloc Complex active ingredient Prescription 

2000 Insulin aspart NovoLog g g.1 g.1.1 g.1.1.1 Prescription 

2000 Choriogonadotropin 

alfa 

Ovidrel g g.17 g.17.1 g.17.1.4 Prescription 

2000 Tenecteplase TNKase Complex active ingredient Prescription 

2001 Darbepoetin alfa Aranesp a a.26 a.26.1 a.26.1.2 Prescription 

2001 Peginterferon alfa-

2b 

PegIntron a a.26 a.26.1 a.26.1.3 Prescription 

2001 Nesiritide 

Recombinant 

Natrecor Not classified in scope Prescription 

2001 Alemtuzumab Campath b b.1 b.1.1 BD Prescription 

2001 Anakinra Kineret b b.42 b.42.1 b.42.1.2 Prescription 

2001 Drotrecogin alfa Xigris Complex active ingredient Prescription 

2002 Peginterferon alfa-

2a 

Pegasys a a.26 a.26.1 a.26.1.3 Prescription 

2002 Rasburicase Elitek d d.96 d.96.1 d.96.1.4 Prescription 

2002 Ibritumomab 

tiuxetan 

Zevalin b b.1 b.1.1 ABD Prescription 

2002 Pegfilgrastim Neulasta a a.26 a.26.1 a.26.1.1 Prescription 

2002 Teriparatide 

recombinant human 

Forteo j j.15 j.15.1 j.15.1.1 Prescription 

2002 Adalimumab Humira b b.1 b.1.1 ABD Prescription 

2003 Pegvisomant Somavert a a.26 a.26.1 a.26.1.1 Prescription 

2003 Omalizumab Xolair b b.1 b.1.1 ABD Prescription 

2003 Agalsidase beta Fabrazyme Complex active ingredient Prescription 

2003 Enfuvirtide FUZEON h h.3 h.3.2 h.3.2.1 Prescription 

2003 Laronidase Aldurazyme Not classified in scope Prescription 

2003 Tositumomab Bexxar b b.1 b.1.1 ABD Prescription 

2003 Alefacept Amevive b b.1 b.1.1 AB Prescription 

2004 Bevacizumab Avastin b b.1 b.1.1 ABD Prescription 
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2004 Cetuximab Erbitux b b.1 b.1.1 ABD Prescription 

2004 Insulin glulisine Apidra g g.1 g.1.1 g.1.1.1 Prescription 

2004 Follitropin beta Follistim AQ g g.17 g.17.1 g.17.1.4 Prescription 

2004 Menotropins 

(FSH;LH) 

MENOPUR g g.17 g.17.1 g.17.1.4 Prescription 

2004 Immune Globulin 

Human 

Octagam b b.1 b.1.1 AB Prescription 

2004 Natalizumab Tysabri b b.1 b.1.1 AB Prescription 

2004 Palifermin Kepivance b b.42 b.42.1 b.42.1.1 Prescription 

2005 Pramlintide acetate Symlin Not classified in scope Prescription 

2005 Exenatide BYETTA j j.6 j.6.1 j.6.1.1 Prescription 

2005 Insulin detemir Levemir g g.1 g.1.1 g.1.1.1 Prescription 

2005 Mecasermin 

recombinant 

Increlex g g.1 g.1.1 g.1.1.1 Prescription 

2005 Galsulfase Naglazyme c c.76 c.76.1 c.76.1.2 Prescription 

2005 Calcitonin Salmon Fortical j j.6 j.6.1 j.6.1.1 Prescription 

2005 Hyaluronidase HYLENEX Not classified in scope Prescription 

2005 Abatacept Orencia b b.1 b.1.1 AB Prescription 

2006 Idursulfase Elaprase Not classified in scope Prescription 

2006 Ranibizumab Lucentis b b.1 b.1.1 AB Prescription 

2006 Panitumumab Vectibix b b.1 b.1.1 ABD Prescription 

2007 Eculizumab Soliris b b.1 b.1.1 ABD Prescription 

2008 Romiplostim Nplate b b.1 b.1.1 B Prescription 

2008 Certolizumab pegol Cimzia b b.1 b.1.1 ABD Prescription 

2008 Rilonacept Arcalyst b b.1 b.1.1 BD Prescription 

2009 Ecallantide Kalbitor g g.8 g.8.1 g.8.1.1 Prescription 

2009 Abobotulinumtoxin 

A 

Dysport Complex active ingredient Prescription 

2009 Ofatumumab Arzerra b b.1 b.1.1 ABD Prescription 

2009 Canakinumab Ilaris b b.1 b.1.1 AB Prescription 

2009 Pancrealipase Pancreaze Complex active ingredient Prescription 

2009 Ustekinumab Stelara b b.1 b.1.1 ABD Prescription 

2009 Golimumab Simponi b b.1 b.1.1 no 

sequence 

Prescription 

2010 Incobotulinumtoxin 

A 

Xeomin Complex active ingredient Prescription 

2010 Collagenase 

Clostridium 

Histolyticum 

XIAFLEX Not classified in scope Prescription 

2010 Liraglutide Victoza j j.6 j.6.1 j.6.1.1 Prescription 

2010 Pegloticase Krystexxa d d.96 d.96.1 d.96.1.4 Prescription 

2010 Velaglucerase alfa VPRIV Complex active ingredient Prescription 

2010 Denosumab XGEVA b b.1 b.1.1 AB Prescription 

2010 Alglucosidase alfa Lumizyme Complex active ingredient Prescription 

2010 Tocilizumab Actemra b b.1 b.1.1 ABD Prescription 

2011 Brentuximab 

vedotin 

Adcetris b b.1 b.1.1 no 

sequence 

Prescription 

2011 Belimumab Benlysta b b.1 b.1.1 no 

sequence 

Prescription 

2011 Asparaginase 

Erwinia 

chrysanthemi 

Erwinaze c c.88 c.88.1 c.88.1.1 Prescription 

2011 Ipilimumab Yervoy b b.1 b.1.1 AB Prescription 

2011 Aflibercept Eylea b b.1 b.1.1 BC Prescription 

2011 Belatacept Nulojix b b.1 b.1.1 AB Prescription 

2012 Taliglucerase alfa Elelyso Complex active ingredient Prescription 
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2012 Coagulation Factor 

VIIa 

NovoSeven Complex active ingredient Prescription 

2012 Pertuzumab Perjeta b b.1 b.1.1 AB Prescription 

2012 Raxibacumab Raxibacumab b b.1 b.1.1 no 

sequence 

Prescription 

2012 Glucarpidase Voraxaze Complex active ingredient Prescription 

2012 Ocriplasmin Jetrea b b.47 b.47.1 b.47.1.2 Prescription 

2013 Ado-Trastuzumab 

Emtansine 

Kadcyla b b.1 b.1.1 no 

sequence 

Prescription 

2013 Obinutuzumab Gazyva b b.1 b.1.1 ABD Prescription 

2014 Vedolizumab Entyvio b b.1 b.1.1 AB Prescription 

2014 Ramucirumab Cyramza b b.1 b.1.1 ABD Prescription 

2014 Metreleptin Myalept a a.26 a.26.1 a.26.1.1 Prescription 

2014 Blinatumomab Blincyto b b.1 b.1.1 AD Prescription 

2014 Pembrolizumab Keytruda b b.1 b.1.1 ABD Prescription 

2014 Siltuximab Sylvant b b.1 b.1.1 AB Prescription 

2014 Peginterferon beta-

1a 

Plegridy a a.26 a.26.1 a.26.1.3 Prescription 

2014 Elosulfase alfa Vimizim Not classified in scope Prescription 

2015 Alirocumab Praluent b b.1 b.1.1 AB Prescription 

2015 Insulin glargine Basaglar g g.1 g.1.1 g.1.1.1 Prescription 

2015 Insulin 

aspart/degludec 

Ryzodeg (70/30) g g.1 g.1.1 g.1.1.1 Prescription 

2015 Insulin degludec Tresiba g g.1 g.1.1 g.1.1.1 Prescription 

2015 Evolocumab REPATHA b b.1 b.1.1 ABD Prescription 

2015 Asfotase alfa Strensiq Complex active ingredient Prescription 

2015 Sebelipase alfa Kanuma c c.69 c.69.1 c.69.1.6 Prescription 

2015 Daratumumab Darzalex b b.1 b.1.1 AB Prescription 

2015 Elotuzumab Empliciti b b.1 b.1.1 AB Prescription 

2015 Dinutuximab Unituxin b b.1 b.1.1 AB Prescription 

2015 Necitumumab Portrazza b b.1 b.1.1 ABD Prescription 

2015 Secukinumab Cosentyx b b.1 b.1.1 AB Prescription 

2015 Idarucizumab Praxbind b b.1 b.1.1 ABD Prescription 

2015 Mepolizumab NUCALA b b.1 b.1.1 ABD Prescription 

2015 Nivolumab Opdivo b b.1 b.1.1 AB Prescription 

2016 Obiltoxaximab Anthim b b.1 b.1.1 ABD Prescription 

2016 Ixekizumab Taltz b b.1 b.1.1 AB Prescription 

2016 Reslizumab Cinqair b b.1 b.1.1 no 

sequence 

Prescription 

2016 Atezolizumab Tecentriq b b.1 b.1.1 ABD Prescription 

2016 Nusinersen Spinraza No sequence Prescription 

2016 Bezlotoxumab Zinplava b b.1 b.1.1 No 

sequence 

Prescription 

2016 Olaratumab Lartruvo b b.1 b.1.1 AB Prescription 

2017 Semaglutide Ozempic j j.6 j.6.1 j.6.1.1 Prescription 

2017 Emizumab Hemlibra b b.1 b.1.1 ABD Prescription 

2017 Vestronidase alfa MEPSEVII     Prescription 

2017 Benralizumab FASENRA b b.1 b.1.1 ABD Prescription 

2017 Inotuzumab 

ozogamicin 

Besponsa No sequence Prescription 

2017 Guselkumab TREMFYA b b.1 b.1.1 ABD Prescription 

2017 Sarilumab KEVZARA b b.1 b.1.1 ABD Prescription 

2017 Durvalumab IMFINZI b b.1 b.1.1 AB Prescription 

2017 Abaloparatide TYMLOS j j.15 j.15.1 j.15.1.1 Prescription 

2017 Cerliponase alfa BRINEURA c c.41 c.41.1 c41.1.2 Prescription 

2017 Ocrelizumab OCREVUS No sequence Prescription 
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2017 Dupilumab DUPIXENT No sequence Prescription 

2017 Avelumab BAVENCIO b b.1 b.1.1 ABD Prescription 

2017 Brodalumab SILIQ No sequence Prescription 

 OspA lipoprotein LYMerix b b.76 b.76.1 b.76.1.1 Prescription 

        

1966 Insulin Pork Iletin I g g.1 g.1.1 g.1.1.1 Discontinued 

1979 Insulin Purified 

Pork 

Iletin II g g.1 g.1.1 g.1.1.1 Discontinued 

1980 Insulin zinc susp 

purified pork 

Lente g g.1 g.1.1 g.1.1.1 Discontinued 

1980 Insulin Purified 

beef 

Regular iletin II g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin SUSP 

Isophane 

Semisynthetic 

purified pork 

Insulin Insulatard 

NPH Nordisk 

g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin purified 

pork, insulin susp 

isophane purified 

pork 

Insulin Nordisk 

Mixtard 

g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin Zinc SUSP 

purified beef/pork 

Lentard g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin zinc susp 

purified beef 

Lente g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin zinc susp 

beef 

Lente Iletin II g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin zinc susp 

pork 

Lente Iletin II 

(PORK) 

g g.1 g.1.1 g.1.1.1 Discontinued 

1982 insulin susp 

isophane beef/pork 

NPH Iletin I (beef-

pork) 

g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin zinc SUSP 

Prompt purified 

pork 

Semilente g g.1 g.1.1 g.1.1.1 Discontinued 

1982 Insulin zinc susp 

extnended purified 

beef 

Ultralente g g.1 g.1.1 g.1.1.1 Discontinued 

1986 Insulin susp 

isophane 

Insulatard NPH 

human 

g g.1 g.1.1 g.1.1.1 Discontinued 

1990 Sermorelin acetate Geref Not classified in scope Discontinued 

1991 Alglucerase Ceredase Complex active ingredient Discontinued 

1992 Interferin alfa-2a Roferon A a a.26 a.26.1 a.26.1.3 Discontinued 

1993 Aprotinin Trasylol g g.8 g.8.1 g.8.1.1 Discontinued 

1994 Streptokinase Streptase d d.15 d.15.5 d.15.5.1 Discontinued 

1997 Interferon alfacon-1 INFERGEN a a.26 a.26.1 a.26.1.3 Discontinued 

1998 Lepirudin Refludan g g.3 g.3.15 g.3.15.2 Discontinued 

2000 Gemtuzumab 

ozogamicin 

Mylotarg b b.1 b.1.1 AD Discontinued 

2003 Efalizumab Raptiva b b.1 b.1.1 BD Discontinued 

2004 Lutropin alfa Luveris g g.17 g.17.1 g.17.1.4 Discontinued 

2006 Insulin recombinant 

human 

Exubera g g.1 g.1.1 g.1.1.1 Discontinued 

2012 Lucinactant Surfaxin Not classified in scope Discontinued 

 

Note: A- b.1.1.1; B – b.1.1.2; C – b.1.1.3; D – b.1.1.4; Complex active ingredient includes multiple proteins that 

belong to different Family.  
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Table S4.2: Classification of protein-based drugs identified with complex active ingredient 

Drug Active 

ingredient 

Class Fold Superfamily Family 

Pancrealipase 

 

Chymotrypsin B b b.47 b.47.1 b.47.1.2 

Pancreatic alpha 

amylase 

b b.71 b.71.1 b.71.1.1 

Pancreatic alpha 

amylase 

c c.1 c.1.8 c.1.8.1 

Pancreatic 

triacylglycerol 

lipase 

c c.69 c.69.1 c.69.1.19 

Dysport, 

Xeomin, 

BOTOX 

 

Botulinum toxin 

A 

d d.92 d.92.1 d.92.1.7 

b b.29 b.29.1 b.29.1.6 

b b.42 b.42.4 b.42.4.2 

h h.4 h.4.2 h.4.2.1 

Ontak Denileukin 

diftitox 

a a.26 a.26.1 a.26.1.2 

d d.166 d.166.1 d.166.1.1 

f f.1 f.1.2 f.1.2.1 

Fabrazyme Agalsidase beta c c.1 c.1.8 c.1.8.1 

b b.71 b.71.1 b.71.1.1 

 

 

Lumizyme 

 

 

Alglucosidase 

alfa 

 

b b.71 b.71.1 b.71.1.1 

c c.1 c.1.8 c.1.8.3 

b b.30 b.30.5 b.30.5.11 

c c.1 c.1.8 c.1.8.13 

b b.71 b.71.1 b.71.1.4 

b b.150 b.150.1 b.150.1.1 

 

Activase 

 

Alteplase 

g g.27 g.27.1 g.27.1.1 

g g.3 g.3.11 g.3.11.1 

g g.14 g.14.1 g.14.1.1 

b b.47 b.47.1 b.47.1.2 

 

Myobloc 

 

Botulinum 

Toxin Type B 

 

d d.92 d.92.1 d.92.1.7 

h h.4 h.4.2 h.4.2.1 

b b.29 b.29.1 b.29.1.6 

b b.42 b.42.4 b.42.4.2 

BeneFIX Coagulation 

Factor IX 

g g.3 g.3.11 g.3.11.1 

b b.47 b.47.1 b.47.1.2 

NovoSeven Coagulation 

Factor VIIa 

g g.32 g.32.1 g.32.1.1 

g g.3 g.3.11 g.3.11.1 

b b.47 b.47.1 b.47.1.2 

Xigris Drotrecogin alfa b b.47 b.47.1 b.47.1.2 

g g.3 g.3.11 g.3.11.1 

Voraxaze Glucarpidase c c.56 c.56.5 c.56.5.4 

d d.58 d.58.19 d.58.19.1 

Cerezyme Imiglucerase b b.71 b.71.1 b.71.1.2 

c c.1 c.1.8 c.1.8.3 

Retavase Reteplase b b.47 b.47.1 b.47.1.2 

g g.14 g.14.1 g.14.1.1 

Elelyso Taliglucerase 

alfa 

c c.1 c.1.8 c.1.8.3 

b b.71 b.71.1 b.71.1.2 

 

TNKase 

 

Tenecteplase 

g g.27 g.27.1 g.27.1.1 

g g.3 g.3.11 g.3.11.1 

g g.14 g.14.1 g.14.1.1 

b b.47 b.47.1 b.47.1.2 
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VPRIV Velaglucerase 

alfa 

b b.71 b.71.1 b.71.1.2 

c c.1 c.1.8 c.1.8.3 

Ceredase Alglucerase c c.1 c.1.8 c.1.8.3 

b b.71 b.71.1 b.71.1.2 

Strensiq Asfotase alfa b b.1 b.1.1 b.1.1.2 

c c.76 c.76.1 c.76.1.1 
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Appendix B 

Table S5.1: SAXS data collection – overview of the different physicochemical conditions tested. 

Buffer pH Additives cacdditives (mM) crTrF (g/L) 

10 mM histidine 5.0 - - 1.0, 2.0, 4.9, 6.8 and 9.4 

NaCl 0, 35, 70 and 140 1.0 

5.69, 5.25, 5.28 and 5.17 

Arginine-HCl 0, 35, 70 and 140 3.5, 3.6, 3.7 and 3.7 

GuHCl 0, 1000, 1500 and 

2000 

1.0, 1.0, 1.0 and 1.0 

6.5 - - 1.0, 2.0, 5.0, 7.0 and 10.0 

NaCl 0, 35, 70 and 140 1.0, 1.0, 1.0 and 0.9 

5.53, 5.20, 4.98 and 5.02 

10 mM acetate 4.0 - - 0.69, 1.87, 4.80, 6.73 and 9.65 

5.0 - - 1.8, 3.5, 8.5, 12.0 and 17.5 

Arginine-HCl 0, 35, 70 and 140 1.5, 1.3, 1.2 and 1.1 

10 mM tris 8.0 - - 1.0, 2.0, 4.7, 6.4 and 9.0 

NaCl 0, 35, 70 and 140 1.0, 1.0, 0.9 and 1.0 
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Table S5.2: SAXS - experimental details. 

a) Sample details 

 Recombinant Transferrin165 

Organism Saccharomyces cerevisiae 

Source  Albumedix Ltd  

Extinction coefficient (A280, M-1cm-1)  85115  

Molecular weight from chemical composition (kDa) 75.135 

b) SAXS data collection 

Instrument P12 BioSAXS beamline (PETRAIII) BM29 BioSAXS 

Date 12.17 07.18 12.18 12.17 

Detector PILATUS2M PILATUS6M PILATUS1M 

Wavelength (Å)  0.124402 0.99 

Beam size (mm2) 0.2 × 0.12 0.7 x 0.7 

Detector distance (m)  3.000  2.867 

q-measurement range (nm-1) 0.027-5.078 0.026 -7.288 0.0261-7.263 0.039-4.9335 

 

Absolute scaling method 

Comparison with scattering 

from pure H2O 

Comparison with 

scattering from 

BSA 

Comparison with 

scattering from pure H2O 

Normalization To transmitted intensity by beam-stop counter  

Monitoring for radiation 

damage 

Frame-by-frame comparison 

Exposure time (s) 20 x 0.05 30 x 0.095 10 x 1.00 

Sample configuration Quartz glass capillary 

Sample temperature (ºC) 20 

c) Software employed for SAXS data reduction, analysis and interpretation 

SAS data reduction PRIMUSqt 46 from ATSAS 2.8.3 166 

Extinction coefficient estimate ExPaSy 167 

Basic analyses: Guinier, p(r), 

VP 

PRIMUSqt 46  

Volume fractions of 

components 

OLIGOMER 46 

Molecular graphics PyMOL (version 1.8.2.3, Schrödinger, LLC) 

 

 

 

  



 

 
127 

Table S5.3: Structural parameters derived from SAXS experiments. 

  

crTrF 

(g/L) 

 

cNaCl 

(mM) 

 

carginine 

(mM) 

Guinier p(r) Apparent 

MW (kDa) 

I(0)/c Rg (nm) I(0)/c Rg (nm) Dmax (nm) Guinier p(r) 

10 mM 

acetate 

pH 4.0 

1.00 - - - - 14310* 3.67 13.60 - 96 

2.10 - - - - 13620* 3.46 12.00 - 91 

4.80 - - - - 13500* 3.40 12.00 - 90 

6.69 - - - - 13090* 3.30 11.57 - 87 

9.72 - - - - 12500* 3.19 10.89 - 83 

10 mM 

acetate 

pH 5.0 

1.76 - - 0.060 3.52 0.060 3.54 11.36 83 83 

3.53 - - 0.075 3.55 0.060 3.57 11.90 90 83 

8.46 - - 0.062 3.37 0.060 3.42 11.00 86 83 

11.96 - - 0.061 3.34 0.060 3.39 11.00 84 83 

17.48 - - 0.060 3.27 0.060 3.33 10.70 83 83 

1.49 - 0 0.064 3.45 0.060 3.53 12.10 89 83 

1.32 - 35 0.070 3.86 0.080 3.94 13.13 109 111 

1.22 - 70 0.083 3.99 0.080 4.02 13.00 115 111 

1.05 - 140 0.084 3.96 0.080 3.95 12.28 116 111 

10 mM 

histidine 

pH 5.0 

1.00 - - 0.063 3.36 0.060 3.29 9.68 87 83 

1.98 - - 0.064 3.41 0.060 3.44 11.27 89 83 

4.92 - - 0.066 3.51 0.060 3.55 12.30 91 83 

6.76 - - 0.066 3.50 0.060 3.65 13.87 91 83 

9.39 - - 0.066 3.56 0.060 3.67 14.09 91 83 

1.66 - 0 0.063 3.45 0.060 3.53 12.00 87 83 

1.60 - 35 0.063 3.52 0.060 3.56 11.53 87 83 

1.42 - 70 0.064 3.61 0.060 3.65 11.90 89 83 

1.15 - 140 0.065 3.70 0.070 3.69 11.50 90 97 

5.53 0 - 11976* 3.53 12070* 3.67 14.57 80 81 

5.50 35 - 12919* 3.72 12980* 3.85 14.91 86 87 

5.26 70 - 13824* 3.95 13880* 4.09 16.70 92 93 

5.07 140 - 14931* 4.05 15160* 4.31 17.00 100 101 

10 mM 

histidine 

pH 6.5 

1.00 - - 62** 3.37 63** 3.40 11.00 69 70 

2.00 - - 64** 3.35 65** 3.41 11.20 71 72 

5.00 - - 66** 3.20 67** 3.29 11.52 73 74 

7.00 - - 66** 3.19 67** 3.29 11.59 73 74 

10.00 - - 64** 3.14 66** 3.27 11.56 71 73 

5.26 0 - 11279* 3.29 11410* 3.41 12.60 75 76 

5.20 35 - 11592* 3.47 11670* 3.61 14.40 77 78 

5.20 70 - 11288* 3.37 11590* 3.56 14.00 75 77 

4.92 140 - 11703* 3.58 11719* 3.65 15.00 78 78 

10 mM 

tris pH 

8.0 

1.00 - - 0.059 3.54 0.060 3.47 11.00 82 83 

1.95 - - 0.057 3.40 0.060 3.41 11.00 79 83 

4.71 - - 0.055 3.22 0.050 3.30 11.65 76 69 

6.37 - - 0.054 3.18 0.050 3.26 11.00 75 69 

8.98 - - 0.053 3.13 0.050 3.24 10.93 73 69 

 

Note: *DESY – BSA calibration; ** - data collected in ESRF 
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Table S5.4: OLIGOMER data analysis. 

 crTrF 

(g/L) 

cNaCl 

(mM) 

carginine 

(mM) 

Open Partially 

open 

Closed Dimer ꭓ2 

10 mM 

acetate 

pH 4.0 

1.00 - - 0.04 

(±0.04) 

0.60 

(±0.05) 

0.15 

(±0.02) 

0.201 

(±0.006) 

1.05 

2.10 - - 0.08 

(±0.02) 

0.62 

(±0.03) 

0.12 

(±0.01) 

0.178 

(±0.004) 

1.04 

4.80 - - 0.122 

(±0.009) 

0.59 

(±0.01) 

0.116 

(±0.006) 

0.176 

(±0.002) 

1.21 

6.69 - - 0.156 

(±0.007) 

0.550 

(±0.009) 

0.139 

(±0.005) 

0.156 

(±0.002) 

1.27 

9.72 - - 0.19 

(±0.01) 

0.52 

(±0.02) 

0.178 

(±0.009) 

0.109 

(±0.003) 

1.09 

10 mM 

acetate 

pH 5.0 

1.76 - - - 0.38 

 (± 0.03) 

0.41  

(± 0.04) 

0.236  

(± 0.005) 

0.98 

3.53 - - - 0.34  

(± 0.02) 

0.43 

 (± 0.01) 

0.230 

 (± 0.004) 

1.01 

8.56 - - 0.01 

(± 0.02) 

0.30 

 (± 0.03) 

0.50  

(± 0.02) 

0.186  

(± 0.004) 

1.03 

11.96 - - 0.007 

 (± 0.017) 

0.31 

(± 0.02) 

0.51  

(± 0.01) 

0.173 

 (± 0.003) 

0.96 

17.48 - - 0.06 

 (± 0.01) 

0.23 

 (± 0.02) 

0.558 

 (± 0.010) 

0.150 

 (± 0.002) 

1.03 

1.49 - 0 

- 

0.38 

(±0.05) 

0.41 

(±0.06) 

0.207 

(±0.006)  0.99 

1.32 - 35 

- 

0.57 

(±0.03) - 

0.434 

(±0.003) 1.27 

1.22 - 70 0.04 

(±0.004) 

0.48 

(±0.04) - 

0.480 

(±0.004) 1.42 

1.05 - 140 

- 

0.489 

(±0.005) - 

0.511 

(±0.004) 1.62 

10 mM 

histidine 

pH 5.0 

1.00 - - - 0.52 

(±0.02) 

0.28 

(±0.02) 

0.206 

(±0.002) 1.15 

1.98 - - - 0.68 

(±0.01) 

0.121 

(±0.014) 

0.199 

(±0.002) 

1.21 

4.92 - - - 0.551 

(±0.006) 

0.234 

(±0.006) 

0.215 

(±0.001) 

1.52 

6.76 - - - 0.519 

(±0.005) 

0.258 

(±0.005) 

0.223 

(±0.001) 

1.68 

9.39 - - - 0.509 

(±0.006) 

0.261 

(±0.004) 

0.229 

(±0.001) 

2.41 

5.53 0 - - 0.578 

(±0.004) 

0.201 

(±0.004) 

0.221 

(±0.001) 

2.77 

5.50 35 - - 0.637 

(±0.004) 

0.073 

(±0.005) 

0.290 

(±0.001) 

4.65 

5.26 70 - - 0.644 

(±0.005) 

0.003 

(±0.005) 

0.353 

(±0.001) 

6.16 

5.07 140 - - 0.546 

(±0.001) 

- 0.454 

(±0.001) 

8.00 
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1.66 - 0 - 0.52 

(±0.02) 

0.28 

(±0.02) 

0.206 

(±0.002) 1.15 

1.69 - 35 - 0.746 

(±0.003) - 

0.254 

(±0.002) 1.16 

1.62 - 70 - 0.684 

(±0.004) - 

0.316 

(±0.003) 1.05 

1.64 - 140 - 0.612 

(±0.005) - 

0.388 

(±0.004) 1.66 

10 mM 

histidine 

pH 6.5 

1.00 - - - - 0.829 

(±0.003) 

0.171 

(±0.002) 

1.13 

2.00 - - - - 0.812 

(±0.002) 

0.188 

(±0.002) 

1.61 

5.00 - - - - 0.893 

(±0.001) 

0.107 

(±0.001) 

4.72 

7.00 - - - - 0.904 

(±0.001) 

0.096 

(±0.001) 

9.28 

10.00 - - - - 0.929 

(±0.001) 

0.071 

(±0.001) 

19.33 

5.26 0 - - - 0.859 

(±0.001) 

0.141 

(±0.001) 

1.52 

5.20 35 - - - 0.835 

(±0.001) 

0.165 

(±0.001) 

2.64 

5.20 70 - - - 0.834 

(±0.001) 

0.166 

(±0.001) 

2.76 

4.92 140 - - - 0.835 

(±0.001) 

0.165 

(±0.001) 

2.75 

10 mM 

tris pH 

8.0 

1.00 - - - - 0.807 

(±0.004) 

0.193 

(±0.003) 

1.07 

1.95 - - - - 0.831 

(±0.002) 

0.169 

(±0.002) 

1.07 

4.71 - - - - 0.875 

(±0.001) 

0.125 

(±0.001) 

1.24 

6.37 - - - - 0.956 

(±0.001) 

0.044 

(±0.001) 

9.23 

8.98 - - - - 0.945 

(±0.001) 

0.055 

(±0.001) 

4.02 
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Figure S5.1: SAXS scattering curves for concentration series at A: 10 mM acetate pH 4.0; B: 10 mM acetate pH 5.0; 

D: 10 mM histidine pH 5.0; G: 10 mM histidine pH 6.5; I: 10 mM tris pH 8.0. SAXS scattering curves with varying 

cNaCl at E: 10 mM histidine pH 5.0 and H: 10 mM histidine pH 6.5 with crTrF around 5-5.5 g/L (see inset); and varying 

carginine at C (see inset): 10 mM acetate pH 5.0 and F: 10 mM histidine pH 5.0 with crTrF around 1-1.5 g/L (see inset). 
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Figure S5.2: Fit plots from OLIGOMER analysis for crTrF at 10 mM acetate pH 4.0 (A, D, G, J, and M) and 10 mM 

acetate pH  5.0 (B, C, E, F, H, I, K, L, and N). 
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Figure S5.3: Fit plots from OLIGOMER analysis for varying crTrF at 10 mM histidine pH 5.0 (A, D, G, J, and M), 

varying cNaCl at 10 mM histidine pH 5.0 (B, E, H, and K), and varying carginine at 10 mM histidine pH 5.0 (C, F, I, and 

L). 
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Figure S5.4: Fit plots from OLIGOMER analysis for varying crTrF at 10 mM histidine pH 6.5 (A, D, G, J, and M), and 

at 10 mM tris pH 8.0 (C, F, I, L, and N), and varying cNaCl at 10 mM histidine pH 5.0 (B, E, H, and K). 
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Table S5.5: SEC-MALS experiments - overview of molecular weight (MW) and %Area at different pH and salt 

concentrations. 

10 mM His pH 5.0 10 mM His pH 6.5 10 mM Tris pH 8.0 Oligomeric 

state MW (kDa) %Area MW (kDa) %Area MW (kDa) %Area 

                 0 mM NaCl   

79.1 85.2 75.3 85.4 74.9 85.2 Monomer 

157.3 12.6 152.2 12.3 149.3 12.5 Dimer 

241.6 1.9 240.3 1.9 229.0 1.9 Trimer 

 70 mM NaCl   

81.0 83.9 75.0 85.3 74.8 85.4 Monomer 

157.5 14.0 148.9 12.5 148.7 12.4 Dimer 

241.5 1.9 226.3 1.9 227.7 1.9 Trimer 

 140 mM NaCl   

83.8 86.0 75.0 85.5 74.9 85.7 Monomer 

167.6 11.8 149.2 12.2 149.7 12.2 Dimer 

267.3 1.7 225.5 1.9 230.6 1.8 Trimer 

 

 
Figure S5.5: SEC-MALS result at 10 mM histidine pH 5.0. 
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Figure S5.6: Preferential interaction coefficient (PIC) of histidine and phosphate to rTrF at pH 6.5. The tendency of 

phosphate to bind to rTrF is significantly higher than for histidine; PICphosphate~40 vs PIChistidine~15.  

 

Sequence165 

VPDKTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRAIAANEADAVTLDAGLVYDA

YLAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNIPIGLLYCDLP

EPRKPLEKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFKCLKDGAGDVAFVKHSTIF

ENLANKADRDQYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGKDKSK

EFQLFSSPHGKDLLFKDSAHGFLKVPPRMDAKMYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHH

ERLKCDEWSVNSVGKIECVSAETTEDCIAKIMNGEADAMSLDGGFVYIAGKCGLVPVLAENYNKADNCED

TPEAGYFAVAVVKKSASDLTWDNLKGKKSCHTAVGRTAGWNIPMGLLYNKINHCRFDEFFSEGCAPGSK

KDSSLCKLCMGSGLNLCEPNNKEGYYGYTGAFRCLVEKGDVAFVKHQTVPQNTGGKNPDPWAKNLNEK

DYELLCLDGTRKPVEEYANCHLARAPNHAVVTRKDKEACVHKILRQQQHLFGSNVADCSGNFCLFRSETK

DLLFRDDTVCLAKLHDRNTYEKYLGEEYVKAVGNLRKCSTSSLLEACTFRRP 
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Appendix C 

Table S6.1: SAXS data collection overview. 

Buffer pH Additives cadditives (M) cHSA-NEP (g/L) 

10 mM histidine 5.0 - - 1.05, 1.62, 3.72, 5.39, 7.42, 10.12, 

and 14.09 

NaCl 0, 0.035, 0.070, and 

0.140 

5.83, 6.06, 6.08, and 5.70 

5.5 - - 1.20, 2.03, 4.76, 6.62, 9.12, 12.45, 

and 16.66 

Urea 0, 1, 1.5, 3, 5.5, and 8 6.15, 5.39, 5.7, 5.85, 5.73, and 5.56 

6.5 - - 1.77, 3.50, 8.74, 12.07, and 17.30 

NaCl 0, 0.035, 0.070, and 

0.140 

6.05, 5.83, 5.69, and 5.44 

Arginine 0, 0.035, 0.070, and 

0.140 

2.80, 2.11. 2.20, and 1.82 

7.5 - - 1.16, 2.40, 5.65, 8.11, 11.30, 17.02, 

and 22.69 

10 mM phosphate 6.5 - - 2.09, 4.11, 9.59, 15.26, and 20.52 

10 mM tris 8.5 - - 1.02, 2.29, 5.49, 7.56, and 10.49 

 

  



 

 
138 

Table S6.2: SAXS experimental details. 

a) Sample details 

 HSA-NEP fusion protein 

Organism Chinese Hamster Ovary 

(CHO) cells 

Source  AstraZeneca  

Extinction coefficient (Abs 0.1% = 1 g/L)  1.04 

Molecular weight from chemical composition (kDa) 146.7 

b) SAXS data collection 

Instrument P12 BioSAXS beamline (PETRAIII) 

Date 12.17 07.18 12.18 

Detector PILATUS2M PILATUS6M 

Wavelength (Å)  0.124402 

Beam size (mm2) 0.2 × 0.12 

Detector distance (m)  3.000  

q-measurement range (nm-1) 0.027-5.078 0.026 -7.288 0.0261-7.263 

 

Absolute scaling method 

Comparison with scattering from 

pure H2O 

Comparison with 

scattering from 

BSA 

Normalization To transmitted intensity by beam-stop counter  

Monitoring for radiation damage Frame-by-frame comparison 

Exposure time (s) 20 x 0.05 30 x 0.095 

Sample configuration  Quartz glass capillary 

Sample temperature (ºC) 20 

c) Software employed for SAXS data reduction, analysis and interpretation 

SAS data reduction PRIMUSqt 46 from ATSAS 2.8.3 166 

Basic analyses: Guinier, p(r), VP PRIMUSqt 46  

Ensemble representation of 

atomic models 

EOM 45,136 

Molecular graphics PyMOL (version 1.8.2.3, Schrödinger, LLC) 

Figures  MatLab 
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Table S6.3: Structural parameters derived from SAXS experiments. 

 cHSA-

NEP 

(g/L) 

cNaCl 

(mM) 

carginine 

(mM) 

Guinier  p(r) Apparent MW 

(kDa) 

I(0)/c Rg (nm) I(0)/c Rg (nm) Dmax (nm) Guinier p(r) 

10 mM 

histidine  

pH 5.0 

1.05 - - 0.13 4.91 0.13 5.07 16.00 180 180 

1.62 - - 0.13 4.88 0.13 5.06 16.30 180 180 

3.72 - - 0.13 4.77 0.13 4.97 16.16 180 180 

5.39 - - 0.13 4.70 0.13 4.91 15.60 180 180 

7.42 - - 0.13 4.63 0.13 4.88 15.10 180 180 

10.12 - - 0.13 4.56 0.13 4.83 15.00 180 180 

14.09 - - 0.13 4.51 0.13 4.81 14.90 180 180 

5.83 0 - 23808* 5.03 23990* 5.19 17.72 159 160 

6.06 35 - 23961* 5.14 24030* 5.25 17.70 160 160 

6.08 70 - 23662* 5.05 23950* 5.25 18.00 158 160 

5.70 140 - 23984* 5.19 24010* 5.29 17.50 160 160 

10 mM 

histidine 

pH 5.5 

1.20 - - 0.11 4.86 0.11 5.05 15.60 152 152 

2.03 - - 0.10 4.78 0.11 4.98 15.40 138 152 

4.76 - - 0.11 4.76 0.11 5.08 15.70 152 152 

6.62 - - 0.10 4.45 0.10 4.83 15.10 133 138 

9.12 - - 0.09 4.33 0.10 4.75 15.10 129 138 

 12.45 - - 0.09 4.16 0.10 4.69 15.00 123 138 

 16.66 - - 0.08 3.68 0.09 4.45 14.50 107 125 

10 mM 

histidine 

pH 6.5 

1.77 - - 0.13 4.66 0.13 5.01 15.70 180 180 

3.50 - - 0.12 4.57 0.13 4.95 15.70 166 180 

8.74 - - - - 0.12 4.90 15.50 - 166 

12.07 - - - - 0.11 4.89 15.40 - 152 

17.30 - - - - 0.10 4.67 15.10 - 138 

6.05 0 - 20350* 4.14 22620* 4.85 15.10 136 151 

5.83 35 - 21725* 4.65 22110* 4.89 15.50 145 148 

5.69 70 - 22255* 4.76 22540* 4.96 15.70 149 150 

5.44 140 - 22498* 4.79 22830* 5.00 15.80 150 152 

2.80 - 0 0.086 4.62 0.09 4.95 15.77 119 125 

2.11 - 35 0.093 5.00 0.09 5.13 15.80 129 125 

2.20 - 70 0.093 5.03 0.09 5.17 16.00 129 125 

1.82 - 140 0.090 5.17 0.09 5.21 16.20 125 125 

10 mM 

phosphate 

pH 6.5 

2.09 - - 0.12 4.87 0.12 5.07 15.50 166 166 

4.11 - - 0.11 4.59 0.11 4.90 15.50 152 152 

9.59 - - 0.10 4.14 0.10 4.52 14.40 133 138 

15.26 - - 0.09 3.95 0.09 4.33 14.20 125 125 

20.52 - - 0.08 3.60 0.08 4.26 14.20 111 111 

10 mM 

histidine 

pH 7.5 

1.16 - - 0.12 5.03 0.12 5.45 16.60 166 166 

2.40 - - 0.12 4.92 0.12 5.43 16.60 166 166 

5.65 - - 0.12 4.98 0.13 5.50 17.00 166 180 

8.11 - - 0.12 4.92 0.13 5.42 17.00 166 180 

11.30 - - 0.12 4.76 0.13 5.53 17.80 166 180 

17.02 - - - - 0.13 5.22 16.60 - 180 

22.69 - - - - 0.13 5.11 16.00 - 180 

10 mM 

tris pH 8.5 
 

Note: * BSA 

calibration 

1.02 - - 23795* 4.92 24490* 5.28 16.80 159 163 

2.29 - - 22704* 4.70 24020* 5.18 16.20 152 160 

5.49 - - 20674* 4.30 23280* 5.05 16.00 138 155 

7.56 - - - - 24800* 5.21 16.50 - 166 

10.49 - - - - 24350* 5.14 16.50 - 163 
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Figure S6.1: SAXS data collected at different pH with and without additives. Concentration series: A: 10 mM histidine 

pH 5.0; B: 10 mM histidine pH 5.5; C: 10 mM histidine pH 6.5; D: 10 mM histidine pH 7.5; E: 10 mM tris pH 8.5; F: 

10 mM phosphate pH 6.5. Additives: 10 mM histidine pH 5.0 with G: arginine with cHSA-NEP around 2 g/L and H: NaCl 

with cHSA-NEP around 5.5-6 g/L; I: 10 mM histidine pH 6.5 with NaCl with cHSA-NEP around 6 g/L. 
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Figure S6.2: Kratky plot of a HSA-NEP at different pH: A: 10 mM histidine at pH 5.0; B: 10 mM histidine at pH 5.5; 

C: 10 mM histidine at pH 6.5; D: 10 mM histidine at pH 7.5; E: 10 mM tris at pH 8.5; F: 10 mM phosphate at pH 6.5. 
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Table S6.4: Structural parameters for merged files used for EOM. 

 Histidine Tris Phosphate 

pH 5.0 pH 5.5 pH 6.5 pH 7.5 pH 8.5 pH 6.5 

Guinier analysis 

I(0)/c (Lg-1cm-1) 0.11 0.09 0.11 0.10 20250* 0.10 

Rg (nm) 4.38 4.33 4.28 4.36 4.35 4.27 

qmin (nm-1) 0.2812 0.2839 0.2964 0.2875 0.2802 0.2964 

MW from I(0) (ratio 

to predicted) (kDa) 

152 (1.04) 127 (0.86) 152 (1.04) 133 (0.91) 135 (0.92) 138 (0.94) 

p(r) analysis 

I(0) (cm-1) 0.12 0.10 0.13 0.11 24520* 0.12 

Rg (nm) 4.83 4.93 5.05 5.15 5.28 5.06 

Dmax (nm) 15.00 15.30 16.00 16.80 16.40 16.00 

q range (nm-1) 0.2812-

1.9013 

0.2867-

1.9013 

0.2964-

2.0127 

0.2802-

1.9058 

0.2930-

1.9082 

0.2964-

1.9989 

ꭓ2 (total estimate 

from GNOM) 

2.897 2.650 3.622 2.908 3.083 1.395 

MW from I(0) (ratio 

to predicted) (kDa) 

166 (1.13) 138 (0.94) 180 (1.23) 152 (1.04) 164 (1.12) 166 (1.13) 

Porod volume (nm-3) 

(ratio Vp/calculated 

MW) 

235.2 (1.70) 243.7 (1.70) 245.0 (1.70) 241.4 (1.70) 245.03 

(1.70) 

236.43 

(1.70) 

V, MW using Fischer 

method (ratio of MW 

to expected) 

138.4 (0.94) 143.4 (0.98) 144.1 (0.98) 142.0 (0.97) 144.1 (0.98) 139.1 

(0.95) 
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Figure S6.3: Fit plots from EOM analysis against merged experimental data. A: 10 mM histidine pH 5.0; B: 10 mM 

histidine pH 5.5; C: 10 mM histidine pH 6.5; D: 10 mM histidine pH 7.5; E: 10 mM tris pH 8.5; F: 10 mM phosphate 

pH 6.5. 

 
Figure S6.4: SAXS scattering curves for A: HSA-NEP and B: HSA in 10 mM histidine pH 5.5 at different 

concentrations of urea with cHSA-NEP around 5 g/L. 
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Sequence  

DAHKSEVAHRFKDLGEENFKALVLIAFAQYLQQSPFEDHVKLVNEVTEFAKTCVADESAENCDKSLHTLF

GDKLCTVATLRETYGEMADCCAKQEPERNECFLQHKDDNPNLPRLVRPEVDVMCTAFHDNEETFLKKYL

YEIARRHPYFYAPELLFFAKRYKAAFTECCQAADKAACLLPKLDELRDEGKASSAKQRLKCASLQKFGER

AFKAWAVARLSQRFPKAEFAEVSKLVTDLTKVHTECCHGDLLECADDRADLAKYICENQDSISSKLKECC

EKPLLEKSHCIAEVENDEMPADLPSLAADFVESKDVCKNYAEAKDVFLGMFLYEYARRHPDYSVVLLLRL

AKTYETTLEKCCAAADPHECYAKVFDEFKPLVEEPQNLIKQNCELFEQLGEYKFQNALLVRYTKKVPQVST

PTLVEVSRNLGKVGSKCCKHPEAKRMPCAEDYLSVVLNQLCVLHEKTPVSDRVTKCCTESLVNRRPCFSA

LEVDETYVPKEFNAETFTFHADICTLSEKERQIKKQTALVELVKHKPKATKEQLKAVMDDFAAFVEKCCK

ADDKETCFAEEGKKLVAASQAALGLGGGGSYDDGICKSSDCIKSAARLIQNMDATTEPCTDFFKYACGGW

LKRNVIPETSSRYGNFDILRDELEVVLKDVLQEPKTEDIVAVQKAKALYRSCINESAIDSRGGEPLLKLLPDI

YGWPVATENWEQKYGASWTAEKAIAQLNSKYGKKVLINLFVGTDDKNSVNHVIHIDQPRLGLPSRDYYE

CTGIYKEACTAYVDFMISVARLIRQEERLPIDENQLALEMNKVMELEKEIANATAKPEDRNDPMLLYNKMT

LAQIQNNFSLEINGKPFSWLNFTNEIMSTVNISITNEEDVVVYAPEYLTKLKPILTKYSARDLQNLMSWRFIM

DLVSSLSRTYKESRNAFRKALYVTTSETATWRRCANYVNGNMENAVGRLYVEAAFAGESKHVVEDLIAQI

REVFIQTLDDLTWMDAETKKRAEEKALAIKERIGYPDDIVSNDNKLNNEYLELNYKEDEYFENIIQNLKFSQ

SKQLKKLREKVDKDEWISGAAVVNAFYSSGRNQIVFPAGILQPPFFSAQQSNSLNYGGIGMVIGHEITHGFD

DNGRNFNKDGDLVDWWTQQSASNFKEQSQCMVYQYGNFSWDLAGGQHLNGINTLGENIADNGGLGQA

YRAYQNYIKKNGEEKLLPGLDLNHKQLFFLNFAQVWCGTYRPEYAVNSIKTDVHSPKNFRIIGTLQNSAEF

SEAFHCRKNSYMNPEKKCRVW 

Linker 
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Appendix D 

Table S7.1: Protein overview. 

 Type MW (kDa) pI Extinction coefficient 

A280  (L g-1 cm-1) 

Sequence 

mAb1 IgG1λ YTE 146.2 8.99 1.76 Not available 

mAb2 Human IgG1κ TM 148.9 9.04 1.66 Available 

mAb3 IgG2κ 145.1 7.78 1.31 Available 

 

Table S7.2: Refolding test for ICD studies. 

 Without 

denaturant 

cmax*  1:10 dilution of 

cmax 

Conclusion 

 λmax 

mAb1 344 354 346 Reversible 

mAb2 342 356 346 Partially reversible 

mAb3 320 356 314 Reversible 
*maximum concentration of denaturant 

 

  



 

 
146 

Table S7.3: SAXS data collection overview. 

Buffer pH Additives cadditives (M) cmAb (g/L) 

mAb1 

10 mM histidine 6.0 - - 1.16, 1.90, 6.98, 8.32, and 12.46 

Urea 0, 1, 2, 2.5, and 5 2.29, 2.25, 2.30, 2.33, and 2.25 

mAb2 

10 mM histidine 5.0 - - 1.03, 2.03, 4.69, 6.37, 8.48, 11.17, 

and 15.15 

Arginine 0.14 2.63, 5.92, and 9.17 

GuHCl 0, 1, 1.5, 2, 3, and 4.5 1.08, 1.01, 0.96, 1.12, 1.12, and 

1.04 

6.0 - - 1.01, 2.29, 6.22, 9.24, 12.37, 18.54, 

24.95, and 36.32 

6.5 - - 1.52, 2.86, 7.47, 10.51, and 14.31 

Arginine 0.14 2.11, 5.51, and 8.77 

7.5 - - 1.29, 2.55, 7.20, 10.48, 14.86, 

22.02, and 28.80 

mAb3 

10 mM histidine 5.0 - - 1.03, 1.54, 3.62, 4.76, 7.09, 9.80, 

11.92, and 17.84 

NaCl 0, 0.035, 0.070, and 

0.140 

0.67, 1.00, 0.86, and 1.05 

6.0 - - 1.57, 2.54, 5.59, 7.75, 10.82, 15.95, 

21.68, and 31.50 

6.5 - - 0.98, 1.81, 4.30, 6.06, 8.49, 12.92, 

17.14, 27.20, and 41.16 

NaCl 0, 0.035, 0.070, and 

0.140 

1.27, 1.56, 1.50, and 1.48 

Arginine 0, 0.035, 0.070, and 

0.140 

1.90, 1.84, 1.61, and 1.60 
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Table S7.4: SAXS experimental details. 

a) SAXS data collection 

Instrument P12 BioSAXS beamline (PETRAIII) 

Date 06.17 12.17 07.18 

Detector PILATUS2M PILATUS6M 

Wavelength (Å) 1.241 1.240 0.124402 

Beam size (mm2) 0.2 × 0.12 

Detector distance (m) 3.000 

q-measurement range (nm-1) 0.025-5.036 0.027-5.078 0.026 -7.288 

Absolute scaling method Comparison with scattering from pure H2O 

Normalization To transmitted intensity by beam-stop counter 

Monitoring for radiation damage Frame-by-frame comparison 

Exposure time (s) 20 x 0.05 

Sample configuration Quartz glass capillary 

Sample temperature (ºC) 20 

Measured proteins mAb1, mAb2 

and mAb3 

mAb2 and mAb3 mAb2 and mAb3 

b) Software employed for SAXS data reduction, analysis, and interpretation 

SAS data reduction PRIMUSqt46 from ATSAS 2.8.3166 

Basic analyses: Guinier, p(r), VP PRIMUSqt46 

Ensemble representation of 

atomic models 

CORAL43 

Molecular graphics PyMOL (version 1.8.2.3, Schrödinger, LLC) 

Figures  MatLab 

 

Table S7.5: Structural parameters for mAb1 derived from SAXS experiments. 

 cmAb 

(g/L) 

Guinier p(r) Apparent MW (kDa) 

I(0)/c Rg 

(nm) 

I(0)/c Rg (nm) Dmax 

(nm) 

I(0)/c Rg (nm) I(0)/c 

10 mM 

histidine pH 

6.0 

1.14 0.100 5.08 0.100 5.31 17.20 138 138 169 

1.87 0.110 5.20 0.110 5.32 17.00 152 152 172 

6.85 0.110 4.87 0.120 5.67 19.00 152 166 212 

8.17 0.110 4.53 0.120 5.61 18.50 152 166 209 

12.23 0.100 3.58 0.120 5.66 18.60 138 166 220 
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Figure S7.1: Concentration series SAXS data collected at different pH. A: log scale and B: the Kratky plot for mAb1 

in 10 mM histidine pH 6.0. 

Table S7.6: Structural parameters for mAb2 derived from SAXS experiments. 

  

cmAb 

(g/L) 

 

cNaCl 

(mM) 

 

carginine 

(mM) 

 Guinier  p(r) Apparent MW (kDa) 

I(0)/c Rg (nm) I(0)/c Rg 

(nm) 

Dmax 

(nm) 

I(0)/c Rg 

(nm) 

I(0)/c 

10 mM 

histidine 

pH 5.0 

1.03 - - 0.092 4.93 0.090 5.07 15.60 127 125 146 

2.29 - - 0.089 4.82 0.090 5.03 15.20 123 125 145 

5.29 - - 0.074 3.32 0.090 4.91 14.80 102 125 139 

7.16 - - 0.080 3.74 0.090 4.96 14.80 111 125 144 

9.57 - - - - 0.090 4.88 14.70 - 125 139 

12.64 - - - - 0.080 4.74 14.40 - 111 128 

 2.63 - 140 0.110 6.01 0.100 5.44 19.10 152 138 168 

 5.92 - 140 0.110 5.69 0.110 5.63 18.40 152 152 184 

 9.17 - 140 0.110 6.01 0.110 6.05 20.80 152 152 203 

10 mM 

histidine 

pH 6.0 

1.01 - - 0.100 4.92 0.100 5.06 15.60 138 138 151 

2.38 - - 0.096 4.87 0.100 5.03 15.40 133 138 149 

6.50 - - 0.090 4.36 0.100 5.01 15.40 125 138 153 

9.72 - - 0.083 3.53 0.100 5.02 15.30 115 138 158 

13.03 - - 0.079 2.68 0.090 4.99 15.60 109 125 155 

10 mM 

histidine 

pH 6.5 

1.52 - - 0.110 5.22 0.110 5.29 17.50 152 152 170 

4.10 - - 0.110 5.37 0.110 5.49 18.20 152 152 182 

10.70 - - 0.140 6.19 0.140 6.23 21.50 194 194 251 

15.05 - - 0.150 6.54 0.140 6.46 21.60 208 194 283 

 2.11 - 140 0.110 5.44 0.100 5.38 18.40 152 138 169 

 5.51 - 140 0.110 5.63 0.110 5.74 21.60 152 152 186 

 8.77 - 140 0.110 6.01 0.110 6.03 23.20 152 152 202 

10 mM 

histidine 

pH 7.5 

1.29 - - 0.110 5.20 0.110 5.28 17.50 152 152 175 

2.34 - - 0.120 5.33 0.120 5.35 17.50 166 166 180 

6.61 - - 0.130 5.50 0.130 5.77 19.90 180 180 214 

9.63 - - 0.130 5.32 0.130 5.87 20.20 180 180 227 

13.66 - - 0.130 4.88 0.140 5.98 21.60 180 194 237 
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Figure S7.2: Concentration series SAXS data collected for mAb2 in 10 mM histidine at different pHs. A: pH 5.0, B: 

pH 6.0, C: pH 6.5, and D: pH 7.5. 
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Figure S7.3: Kratky plot of a mAb2 in 10 mM histidine buffer at A: pH 5.0, B: pH 6.0, C: pH 6.5, and D: pH 7.5. 
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Table S7.7: Structural parameters for mAb3. 

  

cmAb 

(g/L) 

 

cNaCl 

(mM) 

 

carginine 

(M) 

 Guinier  p(r) Apparent MW (kDa) 

I(0)/c Rg (nm) I(0)/c Rg 

(nm) 

Dmax 

(nm) 

Guinier p(r) Porod 

Volume 

10 mM 

histidine 

pH 5.0 

1.03 - - 0.110 4.85 0.110 4.91 15.00 152 152 139 

1.59 - - 0.100 4.73 0.100 4.87 14.80 138 138 135 

3.74 - - 0.092 4.05 0.100 4.82 14.70 127 138 138 

4.92 - - 0.085 3.53 0.100 4.77 14.30 118 138 135 

7.32 - - 0.075 2.47 0.100 4.74 14.30 104 138 134 

10.12 - -  - -  0.090 4.63 14.10 - 125 124 

12.31 - -  - - 0.090 4.53 13.80 - 125 116 

1.00 0 - 0.110 4.87 0.110 4.93 15.20 152 152 138 

1.35 35 - 0.110 5.01 0.110 5.01 15.60 152 152 147 

1.17 70 - 0.110 5.14 0.110 5.06 15.60 152 152 151 

1.41 140 - 0.110 5.13 0.110 5.07 15.60 152 152 154 

10 mM 

histidine 

pH 6.0 

1.57 - - 0.110 4.84 0.110 4.89 14.90 152 152 142 

2.53 - - 0.100 4.71 0.100 4.86 14.40 138 138 137 

5.58 - - 0.097 4.37 0.100 4.81 14.50 134 138 136 

7.73 - - 0.094 4.21 0.100 4.76 14.30 130 138 133 

10.24 - - 0.089 3.76 0.100 4.77 14.30 123 138 136 

14.54 - - 0.084 3.42 0.100 4.72 14.20 116 138 132 

10 mM 

histidine 

pH 6.5 

0.98 - - 0.110 4.96 0.110 4.99 15.20 152 152 148 

1.64 - - 0.110 4.93 0.110 5.00 15.10 152 152 147 

3.88 - - 0.110 4.84 0.110 4.95 15.20 152 152 144 

5.46 - - 0.110 4.84 0.110 4.95 15.20 152 152 146 

7.66 - - 0.110 4.77 0.110 4.94 15.10 152 152 144 

11.66 - - 0.110 4.89 0.110 5.00 15.50 152 152 148 

15.47 - - 0.110 4.80 0.110 4.97 15.50 152 152 145 

1.27 0 - 0.110 4.95 0.110 5.00 15.20 152 152 146 

1.56 35 - 0.110 5.14 0.110 5.04 15.40 152 152 150 

1.50 70 - 0.110 5.14 0.110 5.07 15.40 152 152 147 

1.48 140 - 0.110 5.21 0.110 5.07 15.40 152 152 157 

1.90 - 0 0.110 4.95 0.110 5.01 15.20 152 152 149 

1.79 - 35 0.110 5.33 0.110 5.04 15.50 152 152 156 

1.56 - 70 0.110 5.37 0.110 5.02 15.50 152 152 154 

1.55 - 140 0.110 4.61 0.110 5.07 16.40 152 152 157 
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Figure S7.4: SAXS data collected for mAb3 in 10 mM histidine at different pH with and without additives 

Concentration series: A: pH 5.0, C: pH 6.0, and D: pH 6.5. Additives: B: pH 5.0 with NaCl, E: pH 6.5 with NaCl, and 

F: pH 6.5 with arginine with cmAb around 1 g/L. 
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Figure S7.5: Kratky plot of a mAb3 in 10 mM histidine buffer at A: pH 5.0, B: pH 5.0 with NaCl, C: pH 6.0,  D: pH 

6.5, E: pH 6.5 with NaCl, and F: pH 6.5 with arginine with cmAb around 1 g/L. 
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Figure 7.17: Fit plots for rigid body models from CORAL to the experimental data. Rigid body models in 10 mM 

histidine for mAb2 at A: pH 5.0 and B: pH 6.5; and for mAb3 C: pH 5.0 and D: pH 6.5. 
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Sequences: 

mAb2 

Heavy chain 

QVQLQESGPGLVKPSETLSLTCTVSGGSISADGYYWSWIRQPPGKGLEWIGSLYYSGSTYYNPSLKGRVTIS

GDTSKNQFSLKLSSVTAADTAVYYCARTPAYFGQDRTDFFDVWGRGTLVTVSSASTKGPSVFPLAPSSKST

SGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPS

NTKVDKRVEPKSCDKTHTCPPCPAPEFEGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWY

VDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPASIEKTISKAKGQPREPQV

YTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQ

GNVFSCSVMHEALHNHYTQKSLSLSPGK 

Light chain 

DIQMTQSPSTLSASVGDRVTITCRASQGISSWLAWYQQKPGKAPKVLIYKASTLESGVPSRFSGSGSGTEFT

LTISSLQPDDFATYYCQQSHHPPWTFGQGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAK

VQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

Linker EPKSCDKTHTCPPCPAPEFEGG  

mAb3 

Heavy chain  

QVQLVESGGGLVKPGGSLRLSCAASGFTFSDYYMNWIRQAPGKGLEWVSYISSSGSIIYYADSVKGRFTISR

DNAKNSLYLQMNSLRAEDTAVYYCAREGRIAARGMDVWGQGTTVTVSSASTKGPSVFPLAPCSRSTSEST

AALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTK

VDKTVERKCCVECPPCPAPPVAGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVQFNWYVDGVETK

PREEQFNSTFREEQFNSTFRVVSVLTVVHQDWLNGKEYKCKGLPAPIEKTISKTKGQPREPQVYTLPPSREE

MTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPMLDSDGSFFLYSKLTVDKSRWQQGNVFSCSV

MHEALHNHYTQKSLSLSPGK 

Light chain  

DIQMTQSPSSLSASVGDRVTITCRPSQSFSRYINWYQQKPGKAPKLLIYAASSLVGGVPSRFSGSGSGTDFTL

TISSLQPEDFATYYCQQTYSNPPITFGQGTRLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKV

QWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

Linker RKCCVECPPCPAPPVA  

N-glycosylation site 

C – cysteines that form S-S bond 

 

 


