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Abstract 

Inclusion bodies (IBs) are cellular aggregates that commonly form upon overexpression of protein 

in heterologous hosts. The formation of IBs is of broad interest for protein production for research, 

medical or biotechnological applications, and soluble or insoluble forms such as self-immobilized 

catalysts, drug delivery systems, and functional protein release systems. These aggregates are 

known to be heterogeneous, containing different conformations of the constituent protein. 

Adnectins are engineered binding proteins with high global thermostability and expression levels 

but varying propensity to form IBs, providing an attractive system for studying IB formation. A 

single-point mutation and two sets of multiple-point mutations with increasing charged residues 

were designed to alter the Adnectin IB structure. Fourier Transform Infrared spectroscopy (FTIR) 

showed an increased amyloid-like signal for the four-point mutations. To further analyze IB 

structure, we combined protease digestion with mass spectrometry (MS). Proteinase K, as a non-

specific protease, can serve as an analytical tool by conducting parallel experiments digesting 

unlabeled and 15N-labelled IBs, followed by matrix-assisted laser desorption/ionization-time of 

flight (MALDI-TOF) MS. This procedure facilitated the identification of digested fragments. 

Comparing the fragments from the Adnectin variant IBs reveals both similarities between the IBs 

as well as different protease-accessible sites indicating structural differences. This new procedure 

for protease digestion analysis provides a valuable complementary tool to help overcome 

challenges in characterizing heterogeneous aggregation processes and advance the understanding 

and, ultimately, control of IB structure. 
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Chapter 1: Introduction 

1.1 Protein Aggregation 

1.1.1 Protein folding, misfolding and aggregation 

Proteins are macromolecules found in all organisms on Earth. These polymers are synthesized as 

linear chains of individual amino acids covalently linked by peptide bonds. This linear 

arrangement of the polypeptide is called the protein primary structure. For globular proteins, the 

polypeptide folds to adopt a native structure and achieve their function. The protein folding process 

can happen co-translationally or after the synthesized protein leave the ribosome1. Protein folding 

is also a highly complex and heterogeneous process, relying on the cooperation of many weak non-

covalent interactions, including the formation of hydrogen bonds, ionic bonds, hydrophobic effect, 

and van der Waals forces2.  However, as the thermodynamic hypothesis states, the native structure 

of a protein is encoded by its amino acid sequence3.  

Protein folding has been investigated extensively, resulting in models that describe this process. 

Generally, the models describe the native protein structure is relevant to the primary sequence, 

independent from the folding pathway, and the native state of a protein generally has the lowest 

Gibbs energy. Even though none of the models can fully explain the entire process of the various 

protein species, they all provide a better understanding of the factors that may influence the process 

and lead to better models. In one of the recent models shown in (Figure  1.1, left), the polypeptide 

chain is considered to explore the energy surface of the funnel as it follows several downhill routes 

toward the correct native structure4.  

Importantly, errors can occur during folding, leading to protein misfolding. The misfolding 

phenomenon can result in loss of biological function and can have a toxic effect on living cells5. 

Both internal and external factors can cause misfolding. Internal factors can influence protein 

folding in several ways. A protein may pass through several intermediate folding states to achieve 

native structure, and some intermediate states possess interactions that are not present in the protein 

native state of the protein. Falling into these kinetic traps can lead to protein misfolding5. Mutations 

in the primary sequence are another main internal factor of protein misfolding, as they influence 
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the folding process and affect the folded structure of a protein. Examples of external factors include 

the misfunction of protein-folding chaperones, high cellular stress, and temperature6,7. A common 

feature of misfolded protein is the exposure of hydrophobic regions. One of the main driving forces 

of protein folding is hydrophobic collapse, which usually results in a hydrophobic core in the 

natively folded protein4. The exposure of the hydrophobic region of proteins could greatly affect 

their natural biological function as well as disfunction. Interactions between these misfolded 

proteins can be thermodynamically favorable, leading to the formation of a variety of stable 

protein-associated states known as protein aggregates (Figure 1.1, right). Similar to protein folding, 

protein aggregation is driven by various non-covalent forces and involves the formation of 

aggregation intermediates4. Among all kinds of investigated aggregates, amyloid fibrils are 

commonly recognized as stable aggregate structures, typically a cross-β fold that occupies the 

energy minima of the protein aggregation energy landscape4.  

 

Figure 1.1: Protein folding and aggregation landscape. The non-amyloidogenic landscape is 
presented in green on the left, and the amyloidogenic landscape is presented in red on the right. 
The local minima represent possible stable folded or aggregated states4. 

 

1.1.2 Protein aggregation pathways 

Protein aggregation usually results in an insoluble protein assembly. Aggregated species are 

typically toxic and commonly found in neurodegenerative diseases, such as amyotrophic lateral 

sclerosis (ALS), Parkinson's disease, Alzheimer's disease (AD) and prion disease8.  Therefore, it 

is of great importance to study the aggregation process. However, the aggregation process is highly 
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complicated and heterogeneous and could vary between precursor proteins under different 

conditions9. Environmental conditions, including temperature, pH, and stress, can greatly 

influence protein aggregation, resulting in heterogeneous pathways4. This means in vivo and in 

vitro aggregation can be significantly different. Compared with the complex cellular environment, 

in vitro aggregation conditions are easier to control and have been extensively studied10. Research 

has confirmed that the final aggregates of the same precursor can vary with experimental 

conditions. Despite the differences, it is commonly recognized that the aggregation process can be 

classified into several stages: initiation, elongation, and reaching the stable final structure11. 

Proteins can contain flexible and dynamic regions that enable them to perform biological 

functions12. However, protein flexibility can also initiate protein aggregation9. A classical 

aggregation mechanism starts with the interaction between the dynamic region of the monomers. 

This nucleation then seeds the formation of soluble intermediates9. These oligomers undergo 

further aggregation processes and eventually reach a relatively stable aggregate structure. Figure 

1.2 describes various aggregation pathways starting from protein precursors with different 

flexibility9. On the flexibility scale, the intrinsically disordered proteins (IDP) are the most 

dynamic, including α-synuclein (αSyn), tau, and amyloid-beta (Aβ), followed by proteins with the 

intrinsically disordered region (IDR), such as prion proteins, and fully folded protein are 

considered having lowest flexibility such as transthyretin and β2-microglobulin (β2m)9.  

 

Figure 1.2: Generating ensembles of dynamic misfolding proteins on the scale of the 
flexibility of the precursors. A globular protein with local fluctuation may preserve native 
features in aggregates, and IDPs could have a greater tendency to form amyloid-like structures9. 
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For some of the well-folded proteins, one of the oligomerization processes is known as domain-

swapping (Figure 1.3). This process allows the monomeric proteins to exchange a strand or domain 

to generate multimers. It can also result in an open-ended aggregation. This mechanism has been 

found in both in vivo and in vitro13. 

 

Figure 1.3: Domain-swapping assembly illustration. The blue and green are swap domains, and 
loops form a β-sheet structure14. 

Studies have been performed experimentally and theoretically to investigate protein aggregation 

pathways. However, describing the species involved in the different stages of aggregation in terms 

of individual conformations is challenging since the proteins undergo conformation changes under 

different timescales. For example, the initiation of aggregation of an IDP could happen in a 

millisecond timescale15. Other proteins with a tight fold and less dynamic regions tend to be more 

resilient to aggregation. However, the aggregation may still be initiated by factors such as under 

misfolding conditions, proteolysis, or fusing to an aggregation-prone tag16. It has been proposed 

that the elongation phase is not only about the increase of the oligomer size or molecular weight 

but also about concomitant structural transitions. Such structural transitions can occur at all stages 

usually reach the final stable amyloid-like aggregates. Researchers can resolve some aggregate 

structures using high resolution by cryo-electron microscopy (CryoEM) and solid-state nuclear 

magnetic resonance (ssNMR)17. These techniques are powerful in providing atomic resolution 

structural information of homogenous aggregates. The solved amyloid or amyloid-like structures 

have been summarized in the amyloid atlas17. However, cryoEM and ssNMR biophysical methods 

has are both restricted to analyzing homogeneous structures with limited local fluctuations18. 

Therefore, many regions of aggregates are disordered and so cannot be characterized by these 

methods. 
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Another aggregation process that has been studied in great detail recently is liquid-liquid phase 

separation (LLPS), which has been reported to be an unconventional aggregation pathway19. LLPS 

is a phase transition process initiated by protein condensate forming from a homogenous solution, 

resulting in a two-phase solution: condensed and diluted. The condensed phase later passes through 

a phase transition to a solid phase, which contains the insoluble aggregates. Like the conventional 

aggregation pathway described above, the LLPS has also been observed in vivo and in vitro. Phase-

separated membrane-less organelles in cells can be important in regulating cellular functions20. 

However, LLPS is also reported to be relevant to various human diseases, such as 

neurodegenerative diseases and cancer. Compared to cellular LLPS, LLPS in vitro is easily 

observable by controlling protein concentration and buffer conditions. However, as a new concept 

of protein aggregation, the detailed mechanisms of LLPS are not yet fully understood. 

1.1.3 IB formation and structure 

Inclusions can broadly refer to all kinds of cellular aggregates, which range from protein 

aggregates associated with neurodegenerative diseases to those associated with the overexpression 

of recombinant proteins in E. coli. The latter densely packed insoluble intracellular protein 

aggregates formed in the cytoplasm of cells by overexpressed recombinant proteins are known as 

inclusion bodies (IBs). Due to the large size and complexity of IBs21, the mechanisms of formation 

and structures of IBs remain poorly defined.  

IBs are a nice system for systematically investigating mechanisms of cellular aggregation. Because 

of the ease of growth of E coli, defined genetics, and facile control of cell growth conditions. 

Different cell strains have also been derived for various purposes. Generally, the derived strains 

can produce target proteins with high efficiency or increase the tolerance for producing toxic 

proteins. It is also easy to design point mutations on the target protein to understand molecular 

aggregation mechanisms under the exact control of cellular environments. The growth conditions, 

such as time and temperature, are easily controlled. Early studies on IBs targeted preventing the 

forming of IBs in cells since it was considered a problem during protein production22. However, 

in recent years, there has been an increase in interest in IBs because of their potential for 

biomedical and biotechnological applications. IBs have been investigated to serve as self-

immobilized catalysts, drug delivery systems, and functional protein release systems23. 
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The complexity of IB formation lies not only in the in-cell environment but also in the varying 

cellular conditions during the IB formation process, with increasing cellular stress. The continual 

changing of the cellular environment could cause IB formation to vary significantly from other 

aggregation pathways. Studies have been conducted to capture the initiation of IB formation, but 

it is difficult to perform experimentally. The early-stage aggregates are too small to visualize by 

EM and also hard to monitor by other biophysical methods due to the strong interference by other 

cellular components caused by the low abundance of IB24.  A recent study confirmed the existence 

of dense, rod-shaped IBs in the early stage of aggregation. Using an auto-fluorescent protein GFP+ 

as a model protein for analyzing IB formation, this study successfully captured and analyzed the 

early stages of IB formation24. The structure of the rod-shaped aggregates is found to be porous in 

morphology, and multiple aggregates are found in each cell24. However, it has been found that 

there are differences between the IBs formed by various precursor proteins. Over decades, studies 

with both theoretical and experimental methods have been conducted to find the correlations 

between precursor protein properties and their ability to form IBs25. The studies mainly focus on 

protein folding kinetics and native monomer solubility and stability. Research has shown that 

protein in vitro solubility correlates with their propensity for IB formation22. Proteins with efficient 

folding pathways may have less probability of forming IBs22. Therefore, initiating IB formation is 

generally accepted to be in competition with protein folding, and the final IB structure may be 

highly dependent on the precursor folding pathway and solubility26. Over the decades of 

exploration, knowledge of IB composition has greatly increased, and evidence has shown that 

native-like structures, amyloid-like structures, as well as other native folding and aggregation 

intermediates are present in the IB structure (Figure 3). Such heterogeneity is generally observed 

in IB structures, and the final IB structure results from the competition of native folding and 

aggregation. 
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Figure 1.4: IB composition. Under high cellular stress, recombinant proteins may aggregate into 
higher-order structures. These large, dense aggregates can consist of different forms of the 
expressed protein, such as native, unfolded, and partially folded structures, along with their various 
assemblies21.  

Methods for characterizing aggregates, in general, can also be used for IBs structure analysis. 

However, high-resolution biophysical methods for analyzing insoluble protein complexes, such as 

cryoEM and ssNMR, cannot comprehensively determine the structure of IBs. Nonetheless, they 

still provide valuable insights into the ordered region. It has allowed the determination of amyloid-

like components in various IBs and further revealed the high similarity between IBs and their in 

vitro aggregates27. Fourier Transform Infrared Spectrometry (FTIR) is a common method for 

revealing the secondary structure and heterogeneity of IBs. Interleukin-1β, human growth 

hormone, β2m, and human Superoxide Dismutase 1 (SOD1) IB are all reported to have native-like 

components28–30. Some of the studies further dive into high quality IBs analysis such as native 

protein-releasing systems, which possess similar mechanisms to secretory granules31. Unlike the 

amyloid-like structure, the native component is hard to observe directly by high-resolution 

methods. Combining moderate-resolution methods such as FTIR with quenched 

hydrogen/deuterium exchange (qHDX)-NMR, the association of native-like SOD1 monomers in 

IBs has been revealed. The understanding of IB structure was greatly enhanced by the development 

of various structural characterization techniques. However, characterizing IB structure at high 

resolution is still challenging owing to the heterogeneity and lack of high-resolution methods. To 

conquer the challenge, studies on different protein models should be performed, and additional 

methods need to be developed, as will be explored further in this thesis. 
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1.2 10th Fibronectin Type III Domain and Adnectins 

A model system is required to understand IB formation. Adnectins, known as monobodies, are a 

family of engineered therapeutic proteins based on the 10th fibronectin type III domain (10Fn3)32. 

Adnectins have been designed to bind with high affinity and specificity to a wide variety of 

therapeutical targets for medical and biotechnological applications32. Applications of Adnectins 

have been developed in the field of biotherapeutics and biosensors33. With the development of 

Adnectins for such applications, the study of their production, storage, and aggregation in bacteria 

has become of great interest33. Adnectins also serve as a powerful system for unravelling specific 

molecular determinants of IBs formation owing to the existing knowledge of their aggregation 

behavior and propensity34. To better understand the folding and aggregation mechanism of 

Adnectin in IBs, it may be valuable to compare to the well-studied biological structure and function 

of 10Fn3. 

1.2.1 Unfolding, folding and biological function of 10FN3 

The 10FN3 is an evolutionarily conversed, stable β-sandwich fold single-domain protein without 

disulphide bonds35. The folding of 10FN3 is an extremely fast process that is hard to capture in 

cells. Many investigations were performed by simulations, and experiments to analyze the folding 

kinetics of 10FN3 are mainly performed in vitro with the assistance of denaturants. Studies have 

focused on the unfolding, refolding, and dynamics of 10FN335. Thus, it is a well-characterized 

model. 



 
9 

 

Figure 1.5: Fibronectin and the 10FNIII. A) Multidomain fibronectin and 9FN3, 10FN3 are 
responsible for cell-binding. B) 10FN3 monomer under cell-mediated traction force, a kinetic 
intermediate with unfolded N-terminus, is predicted by simulations. C) Sequence of 10FN3 with 
highlighted β-strands in native structure35.  

 

Biologically, fibronectin is a multidomain protein that exists as elastic fibrils in the extracellular 

matrix and undergoes reversible unfolding to perform its function. Among the domains in FN3, 
10FN3 is believed to be the first to unfold due to its low mechanical stability. During the unfolding 

of 10FN3, ‘cryptic binding sites’ are revealed to facilitate the aggregation of the individual domains 

to fibrils35. This mechanical unfolding has been extensively studied to gain insight into the 

initiation of fibrillogenesis. It has been confirmed that two distinct unfolding pathways exist under 

mechanical stress, tested experimentally and in computation. One is the releasing of the A and B 

strands, and the G strand is detached first for the other. On the other hand, the cellular-mediated 

unfolding of FN3 for performing biological function has also been simulated. As shown in Figure 

1.5, this prediction indicates that the unfolding intermediate will cause the exposure of β-strands 

A but not strand E35.  

10FN3 is also known to be able to refold after being denatured by strong denaturants, which allows 

the investigation of its refolding in a controlled environment36. A three-state transition has been 

proposed to describe the refolding of 10FN3, and one intermediate state during the refolding has 

been found under low-concentration of guanidine isothiocyanate36. Later, F-value analysis 
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revealed more details of the intermediate structure, that the C, D, E, and F β-strands form an 

extended nucleus, and among these strands, βD and βE have lower F-values compared to C and F 

strands37 (Figure 1.6). The higher F-value represents the residues are involved in a more stable 

structure. 

 

Figure 1.6: F-values analysis of FN10 domain. Different color-coded residue numbers 
representing different F-value ranges are presented in the schematic model37. 

Interestingly, the multimeric forms of 10FN3 have been observed by X-ray crystallography. These 

structures are mainly formed by domain swapping; as mentioned in 1.1.2, the β-strand A or β-

strand G is capable of initiating the swapping38. Figure 1.7 below shows the observed crystal 

structure of hexameric oligomers associated with G-strand and A-strand swapped dimers and 

corresponding higher-order multimers39. The G-strand swapped dimers have overall high 

similarities with differences caused by various FG loop lengths. Size exclusion chromatography 

showed that the oligomerization was present before the crystallization process. The domain 

swapping can be extended to an open-ended aggregation of the monobodies, as illustrated in 

Section 1.1.239. 
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Figure 1.7: Domain-swapped dimers and corresponding assembled FN3 oligomers. For each 
structure, the oligomers are presented on the left, and dimers are presented on the right. A) 4LPV 
and B) 4LPW are G-strand swapped hexamers with 8 and 9 residues in the FG loop. C) 4M6A 
represents a tightly packed A-strand swapped dimer38,39. 

 

1.2.2 Adnectin and rationally designed variants 

Adnectins are highly similar to 10FN3 in primary sequence and protein structure. The differences 

are focused on the binding loops for their designed biotechnical applications32. Adnectins have 

favorable characteristics of high thermostability and solubility and lack of disulfide bonds. 

Therefore, the solubility, structural dynamics, and production yield of Adnectin and its variants 

have been widely studied. Particularly, the effects of mutations on the FG loop and their relative 

solubility have been characterized34. Experiments on IB formation by FG loop variants have also 

been performed. It has been reported that the monomer solubility could be relevant to their IB 

formation propensity26. After that, more detailed structural characterization on Adnectin variant 

IBs has been performed. Research on IB chemical stability, secondary structure characterization, 

and high resolution to residue level protection pattern against backbone HDX has been conducted.  

However, in this fast-folding, high-stability model, most single-point mutations have little impact 

on their IB formation and structure. Multi-point mutations have been rationally designed to 

investigate the possibility of manipulating IB structure by primary sequence mutations. V75R is a 

well-characterized mutant that is confirmed to have a higher solubility compared to the Parent 

Adnectin. In the crystallized Parent Adnectin, a G-strand swapped dimer was found. Therefore, an 

increased surface charge modulates monomer solubility, and IB structure was hypothesized. In 

Figure 5, the design rationale of two other mutants is illustrated. One mutant RR has two surface 
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point mutations that lie on βA, V11R, and βB, L19R. The mutant aims to keep the monomer native 

fold but prevent N terminal aggregation. Another variant, RRGR, has two additional mutations in 

the hydrophobic core, W22G and I34R; these additional mutations are predicted to disrupt the 

native fold. Initial experiments have been conducted to determine the effects of these mutations 

on IB formation. Chemical denaturation, FTIR, and qHDX are all widely used to characterize IB 

structure. These methods have provided valuable information.  However, additional methods 

should be applied to better understand the IB structure, as discussed further below. 

 

Figure 1.8: Adnectin variants and IB formation. Designing rationale is listed on the left, with 
mutations on the ribbon structure present on the top. The native fold of the Adnectin ribbon 
structure is presented with mutation points labelled. The ribbon structure is presented in two side 
with a 180˚ rotation. One side βA, βB and βE, the other side includes βC, βD, βF, and βG. 

 

1.3 Protease Digestion as a Structure Characterization Tool 

Proteolysis is enzyme-catalyzed hydrolysis of peptide bonds between amino acid residues. In 

organisms, proteolysis is essential for converting nutrients and is important in regulating cellular 

activity by participating in post-translational modifications40. In the laboratory, it is widely used 

to digest large protein complexes into smaller fragments for MS analysis. It is a standard procedure 

in bottom-up proteomics and various methods that involve MS analysis41. Based on different 

protease properties, their different usage has been developed. 
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1.3.1 Trypsin 

Trypsin is a serine protease with high specificity for cleavage at the carboxyl side of Lys and Arg. 

The binding mechanism by which trypsin recognizes the basic side chains has been solidly 

established. As a serine protease, trypsin contains a catalytic triad involving aspartate, histidine, 

and serine42. Research also confirmed that trypsin cannot digest lysine and arginine derivatives43. 

Therefore, studies on localizing specific modifications of these two residues have been conducted 

and adopted for other covalent labelling and cross-linking methods for protein structure synthesis. 

Trypsin is commonly used in proteomics; the specificity of trypsin has a great advantage for MS 

analysis. Tryptic fragments are readily analyzable by commonly available MS methods. Therefore, 

trypsin has been commonly used to cleave the intact proteins into an MS-amenable fragment 

mixture. Trypsin is also used to extract Sodium Dodecyl Sulphate-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) separated proteins, combined with MS analysis, which allows for 

the accurate detection of proteins and their isoforms44. Other methods based on trypsin specificity 

have been developed, such as residue-specific covalent labelling. Chemicals like N-

hydroxysuccinimide ester and formaldehyde can serve as probes specifically covalently linked to 

Lys residues43. The modified Lys residues will increase the fragment masses, and covalently linked 

Lys cannot be recognized by trypsin, indicating the Lys residues are exposed to solvents. This 

strategy has been used to analyze intracellular conformational changes. Even without the help of 

chemical labelling, the trypsin digestion mechanism can reveal some extent of structural 

information of proteins. Since the digestion process requires Lys or Arg to be exposed, the buried 

residues are inaccessible to trypsin digestion. It has been reported that some amyloid fibrils are 

resistant to trypsin digestion45. Moreover, trypsin can reveal a protease-resistant fragment in vitro46. 

analysis of the fragment produced can be inferred to the overall structure of the large protein 

complex. 

1.3.2 Proteinase K (PK) 

Proteinase K (PK) is a serine endopeptidase similar to trypsin but differs in its broad specificity of 

digestion sites. This protease is commonly used for DNA and RNA extraction because it is 

powerful at degrading proteins into small fragments under strong denaturing conditions. It has 
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been reported that PK prefers cleaving after hydrophobic residues47. However, PK nevertheless 

has a much less specific cleavage pattern than trypsin. This lack of specificity makes PK 

particularly useful for analyzing aggregate resistance to proteolytic digestion and detecting 

protease-resistant fibril cores, as the PK can degrade most exposed protein regions while leaving 

the highly stable fibril cores intact48. Consequently, PK is widely used in biochemical research to 

analyze protein aggregate structures and study protein aggregation. 

PK digestion of protein aggregates provides valuable information both kinetically and structurally. 

The availability of the cleavage sites in substrate protein aggregates is essential for kinetics49. It is 

confirmed that PK has high activity with the presence of detergents and denaturants. Later, 

research showed that higher relative activity in the presence of these additives was caused by the 

significant increase in the exposure of the substrate binding sites when they were unfolded. It is 

also a result of the high stability of the PK structure and fragmented PK remaining active for 

performing proteolysis. With this basic understanding, the relative protease resistance of aggregate 

can be inferred by measuring the turbidity changes under the same digestion conditions. The 

outstanding difference in the kinetic time course of aggregation digestion proved the accessibility 

of the substrate could outweigh the PK preference of hydrophobic residues. Therefore, PK 

digestion can provide a potentially high-resolution technique in structural characterization. The 

cut sites of PK digestion on aggregates can be directly interpreted in terms of residue exposure. 

Longer fragments can be inferred to be a protected or buried region in the aggregate. 

 

1.4 Mass Spectrometry 

After proteolytic digestion, a method for identifying fragments is required. A turbidity scan or 

SDS-PAGE is a low-resolution method for visualizing the differences in aggregate digestion. MS 

can be a powerful tool for providing high-resolution results. In general, MS is an analytical method 

for detecting and separating ions based on their mass-to-charge ratio and providing numeric results. 

Based on this fundamental principle, numerous mass spectrometers have been developed for 

different purposes. There was a barrier to protein analysis with MS until revolutionary soft 

ionization methods were developed. Since then, MS has been a popular technique for large-scale 
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proteomics and protein structure analysis, complementing other biophysical methods. MS analysis 

includes several steps: sample introduction, MS analysis, ion detection, and data interpretation.  

The ion source determines the samples that the spectrometer can analyze. Early mass 

spectrometers were limited to analyzing gas-phase ions. The development of ionization methods, 

such as matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) 5051, 

greatly broadened the application of MS. These two methods can both convert ions to gas phase 

with limited fragmentation of macromolecules. Under certain conditions, MALDI can even retain 

the analyte structure for other imaging methods52. MALDI uses a certain matrix to transform 

macromolecules into ions. The mechanism is complicated and still not fully understood. However, 

it is certain that different matrices can be chosen for different analytes depending on their chemical 

properties and mass range for analysis. Commonly used matrices for protein and peptide analysis 

are sinapinic acid (SA), α-cyano-4-hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic acid 

(DHB)53. Typically, proteins are converted to a singly or doubly charged ion. The detection mass 

range for protein analysis can cover anything from lower than 1 kDa to higher than 100 kDa. For 

ESI, the ionization of a protein usually happens under denaturing conditions. The charge state of 

a denatured protein can easily reach 10 or more charges, generating an envelope of charge 

distribution. ESI is also commonly combined with a liquid chromatography system to further 

increase the resolution by the analysis of sample hydrophobicity. Both MALDI and ESI have a 

wide range of applications. They are capable of large-scale proteomics, metabolomics, structural 

biology, and pharmaceutical analysis.  

 

Another crucial component in a mass spectrometer is the ion analyzer. They have the same 

fundamental principle of separating ions by their mass-to-charge ratio. However, various versions 

exist with different bases for separation: time-of-flight (TOF) by ion flight time, quadrupole by 

the ions stability of the oscillation trajectories in electric fields, ion trap and magnetic sector by 

the ions oscillation frequency54. Among these ion separation methods, orbitrap, as a novel ion trap 

analyzer, has a very high resolution. A tandem or hybrid analyzer with more than one detection 

methods can further combine their strength and improve the performance of the analysis55. 
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The two mass spectrometers used in this project are MALDI-TOF and ESI-Quadrupole (Q)-

orbitrap, with different combinations of ion source and mass analyzer. Both instruments have 

proven to be powerful protein analytical tools. They have been widely used as structural 

characterization tools in various biochemical methods: proteolysis, cross-linking, or HDX56.  

 

 

1.5 Research Objectives 

The research presented here aimed to structurally characterize IBs using conventional low-

resolution methods and a novel approach involving proteolysis and MS analysis. Adnectin is the 

model system we use to analyze IB structure through chemical denaturation and FTIR. These low-

resolution methods will provide insights into the stability and secondary structure components of 

the IBs.  

Comparing the pure protein and IBs FTIR spectra (Figure 1.9) reveals similarities. IBs display 

significant native and β-sheet content and possess a significant unstructured signal. The β band 

shifts to a lower wavenumber, which is a characteristic of fibrils. Among the 4 Adnectin variants, 

the FTIR spectra show differences; notably, the RRGR IB has a considerably higher unstructured 

signal and a significant β band shift to a lower wavenumber. To further investigate structural 

differences, chemical denaturation using urea and guanidine hydrochloride (GdnHCl) will be 

performed. FTIR analysis of variant IBs in Milli-Q (MQ) will examine the potential influence of 

buffer environment changes on IB structure. Additional methods are required to obtain more 

detailed information on IB structure. 
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Figure 1.9: Secondary structure component in Adnectin IBs. Comparison of IBs to pure Parent 
Adnectin indicating native features in IBs. A) Absorbance spectra in the amide I region normalized 
to an area of 1. B) Second derivative calculated by OriginPro2018. 

This thesis introduces a new method that combines proteolysis with MS analysis. This technique 

involves conducting parallel proteolysis experiments on both unlabeled and 15N-labeled IBs, 

followed by MS analysis to identify protected fragments within the variant IBs. This approach will 

enable the identification of proteolytic fragments despite the presence of contaminants in the IBs. 

Several rationally designed Adnectin mutants will be used to investigate the IB structure. By 

combining conventional low-resolution methods with this newly developed technique, the study 

aims to characterize the heterogeneous aggregate structure of IBs. This research seeks to enhance 

the understanding of IB structure. This study aims to reveal the IBs structure and verify the effects 

of point mutations on mature IB structure and, ultimately, seek the control of IBs structure for 

medical and biotechnological applications. 
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Chapter 2: Methods 

2.1 Sample Preparation  

2.1.1 Cell growth and protein expression 

Adnectin variants were expressed in E. coli BL21(DE3) pLysS cells containing pET-9d vector. 

All solutions were made using MQ ultrapure water, and all chemicals were purchased from 

BioShop unless specified. The glycerol stocks were added to 50ml Luria Broth (LB) media using 

50 μg mL-1 Kanamycin and 34 μg mL-1 chloramphenicol with shaking at 37°C 225 RPM overnight. 

The cells were then collected by centrifugation at 4,500 xg for 10 minutes at 4°C then resuspended 

in 5 mL of the supernatant and transferred to a 4L flask containing 1L 1xM9 salts (12.8g 

Na2HPO4·H2O, 3.0g KH2PO4, 500mg NaCl) which was shaken overnight. 20mL 20% Glucose, 

1mL 100mM CaCl2, 2mL 1M MgSO4, 5mL 100mg/mL 14NH4Cl(or 15NH4Cl for isotopically 

labelled samples), 1mL trace metal solution (3μM (NH4)6Mo7O24, 400μM H3BO3, 30μM CoCl2, 

10μM CuSO4, 80μM MnCl2 and10μM ZnCl2) were added, alongside 50 μg/mL Kanamycin and 

34 μg mL-1 chloramphenicol. As the optical density reaches 0.7±0.1 at 600nm (OD600), the protein 

expression is initiated by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) 

incubation at the same condition (37°C, 225 rpm) for an overnight. The cells are harvested at 4,500 

xg for 15 minutes at 4°C. For parallel labelled experiments, the duplicate flask of 15N labelled 

growth was performed simultaneously with the unlabelled growth.  

2.1.2 IB preparation  

For each 500 mL culture pelleted cells, 15 mL of TEN buffer (containing 20 mM tris 

(hydroxymethyl) aminomethane (Tris), 1 mM ethylenediaminetetraacetic acid (EDTA), and 100 

mM sodium chloride (NaCl)) pH 8.1 or TE buffer (containing 10 mM Tris pH 8.0; 1 mM EDTA) 

pH 8.0 was added. For MS analysis of fragmentation during lysing, 1 mM phenylmethylsulphonyl 

fluoride (PMSF) was added to the samples, which is aimed at limiting the proteolytic digestion 

during the lysing process. The cell pellets were immediately resuspended. Then, in a freeze-thaw 

cycle, the mixture was flash-frozen in liquid nitrogen and thawed in a 37 ˚C water bath. 1.5 mg 

DNase I (Sigma-Aldrich) was added to every 15 mL mixture and inverted 25 times for full mixing. 
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The samples were then incubated at room temperature for 30 minutes. Three additional freeze-

thaw cycles were conducted. The insoluble fraction containing IBs was preserved in the pellets 

after centrifuging at 16,300 xg at 4 ˚C for 15 minutes. Each pellet from the 15 mL mixture was 

resuspended in 4 mL TEN buffer for the samples lysed in TEN buffer or 4 mL MQ water for the 

samples lysed in TE buffer. The approximate concentration of Adnectins in IB samples is 5 mg/mL. 

The samples were aliquoted and flash-frozen at -80˚C. Further washing treatments n-

Octylglucoside (nOG) (Thermo Scientific) were also conducted and served as a purification 

technique for IBs. IB samples were pelleted and resuspended in the same volume of 1% nOG. 

After 10 minutes of incubation at room temperature, the mixture was centrifuged at 20,000 xg, and 

the pellets were resuspended in their original buffer.  

 

2.2 Low-resolution Methods  

2.2.1 Chemical denaturation  

Chemical denaturation is a well-established method for characterizing the unfolding mechanism 

and chemical stability against denaturants of pure proteins or protein aggregates. For purified 

proteins, it is common to use a fluorometer to monitor the environmental changes of the fluorescent 

side chains. Tryptophan and tyrosine residues have distinct fluorescence wavelengths with specific 

excitation wavelengths. A two-state, one-step unfolding mechanism was fitted to a model in Eq 

157. In this equation, Cmid represents the midpoint denaturant concentration for unfolding, and the 

m value corresponds to the cooperativity of the protein unfolding against the denaturant.  

                                      Eq.1 

However, the unfolding mechanism of protein aggregates is believed to be a much more 

complicated process. The uncertainty of the position of fluorescent residues in aggregate structure 

and the contaminants in IBs greatly complicates the interpretation. Thus, turbidity measurement is 

commonly used for aggregate denaturation. The decrease in turbidity leads to a lower optical 
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density at 350 nm, which can be measured by a microplate reader. Urea and GdnHCl were used to 

perform the chemical denaturation. Adnectin IBs were diluted 10-fold in 20 mM Tris buffer (pH 

8.1) with either urea or GdnHCl concentrations 0-7 M. The solubilization kinetics was measured 

for 3 hours. However, it is observed that the denaturing process could take longer than 3 hours to 

reach the equilibrium for some denaturant concentrations. Therefore, an overnight measurement 

was taken on the next day for 1 hour, and the last 20 minutes absorbance values were averaged to 

plot the denaturation profile. 

2.2.2 Attenuated Total Reflectance (ATR)-FTIR 

FTIR has been proven valid for measuring the secondary structure of protein aggregates. Previous 

studies have used this method for various protein aggregates, including heterogeneous samples 

like IBs58. The analysis can be done with both solid powder and in solution. Due to the uncertainty 

of structural changes of IBs during the lyophilization process, using ATR crystal and optimized 

workflow, the measurement can be adapted to the liquid phase. The experiment was performed 

with a Tensor 37 FTIR spectrometer (Bruker Optics, Germany) installed with Bio-ATR II cell with 

a ZnSe crystal under constant N2 gas flow at 25˚C. The detection ranges from 4000-1200 cm-1. For 

each sample, a set of 256 air scans was performed, followed by 4 sets for each pre-sample buffer, 

sample, and post-sample buffer scan. Before loading the post-sample buffer, the ATR crystal was 

extensively flushed to remove the residue sample in the cell. However, some residue samples could 

still attach to the crystal, influencing both sample and post-sample buffer measurements. Buffer 

extraction was done using the fourth scan of the sample subtracted by the fourth scan of the post-

sample buffer to minimize the influence of the residue samples on the crystal and ensure the sample 

temperature. The workflow of data analysis is presented in Figure 2.1. The initial data processing 

for steps B and C was done on OPUS 6.5 software. Further analysis, including baseline correction 

between 1700 cm-1-1600 cm-1, normalization by area, and the taking of second derivatives, was 

performed on OriginPro2018. The wavenumber ranges were assigned to different secondary 

components in the literature. Intermolecular β-sheet (#): 1620-1625 cm-1, β-sheet: 1628-1630 cm-

1, unstructured: 1640-1660 cm-1, turns 1660-1680 cm-1, and antiparallel β-sheet: 1680-1690 cm-1 

59. However, the secondary structure peak assignment could shift for different variants, and it is 

believed that the intensity of the peak is not the only factor that provides structural information. It 

is still difficult to have a reliable model for accurate quantification, and the interpretation must be 
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done cautiously. For the four Adnectin variants IBs, the measurement was performed both in TEN 

buffer (Section 1.5) and in MQ water (Section 3.2). The effect of ionic strength on IBs structure 

will be discussed.  

 

Figure 2.1: ATR-FTIR data analysis workflow. After the sample measurement, the absorbance 
spectrum can be obtained. The data processing includes atmospheric correction, buffer extraction, 
baseline correction, structure determination and interpretation58.  

 

2.3 Method development for IB analysis by proteolysis and mass spectrometry 

As discussed in Section 1.3, proteolysis has long been used as a tool for structural characterization 

of protein aggregates. However, this method has not been combined with high-resolution MS to 

analyze IBs structure. The challenges include the impurity, insolubility, and heterogeneity of IBs. 

The development of a method for obtaining high-resolution detection of the protease digestion 

sites of IBs is presented in this Section. The digestion mainly focuses on IBs formed by variant 

Adnectins, but for accurate interpretation, digestion experiments were also performed on samples 

of pure Adnectin and denatured Adnectin IBs. 
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2.3.1 Determination of conditions for proteolytic digestion of IBs 

Since the susceptibility of different aggregates to proteolytic digestion can vary widely, it is critical 

to perform test experiments to determine suitable digestion conditions for Adnectin variant IBs. 

The concentrations of protease and IBs and the digestion time should be optimized for MS analysis. 

The conditions of 0.1 or 0.5 mg/mL PK were tested with IBs diluted 1:10 in MQ water for 5 

minutes. Digestion was then inhibited by adding 1 mM or 5 mM phenylmethylsulphonyl fluoride 

(PMSF) followed by incubating for 15 minutes. The samples were then centrifuged at 21,100g for 

10 minutes, the supernatant was removed, and the pellet was resuspended in the same amount of 

MQ water as the removed supernatant. It was found that 0.1 mg/mL of PK did not produce 

significant fragments detected by Tris-Tricine SDS-PAGE gels, and 0.5 mg/mL of PK produced a 

clear digestion pattern (Figure 2.2A). The fragments are from the pellet fraction. Another 

important factor for this experiment is the digestion time. In (Figure 2.2B), different digestion 

times were tried, and the fragment intensity was the highest for 5 minutes of digestion. It could be 

that the intensity decreases at longer times due to the fragments being further digested by proteases. 

Thus, the digestion condition for subsequent experiments was determined, which is 5 minutes of 

digestion with 0.5 mg/mL PK or trypsin.  

 

Figure 2.2: Tricine-SDS gel analysis for PK digestion condition determination. A) Digestion 
concentration determination. From left to right: undigested Parent Adnectin IB, 0.1 mg/mL PK 
digested pellets, and 0.5 mg/mL PK digested pellets. Red dots showing fragments. B) Digestion 
time determination. From left to right: increasing digestion time. Red boxes highlighting full-
length Adnectin and Adnectin fragments. 
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2.3.2 Digestion of Adnectin variants IBs and MS analysis 

2.3.2.1 Parallel proteolysis of unlabelled and 15N-labelled IBs 

Identifying the digested fragment sizes requires a higher resolution method than SDS-PAGE. MS 

is known to provide an accurate mass. However, it is challenging to identify the proteolytic 

fragments originating from the overexpressed protein in the IB since contaminant proteins may 

also undergo proteolysis and generate fragments, which could be a factor in restricting the MS 

analysis of IBs. MS, as a high-resolution method, also possesses relatively high sensitivity. The 

spectrum produced from the IB fraction is complicated, and it is challenging to determine whether 

the fragments produced from IBs are contaminant proteins. Furthermore, a high concentration of 

proteases is added to the sample, and autolysis of the proteases could also affect spectra analysis. 

Here, I describe a new method developed for identifying fragments of recombinant proteins in IBs. 

The method is based on a parallel digestion experiment for unlabeled and 15N-labelled IBs. The 

digestion was performed simultaneously for 10-fold diluted parallel-grown unlabeled and 15N-

labelled IBs with 0.5 mg/mL PK and inhibited with 5 mM PMSF for 15 minutes of incubation. In 

principle, the parallel experiment can provide an identical proteolysis process for all the proteins 

in the IBs sample, including protease autolysis. The MS spectra of the unlabeled and 15N-labelled 

IBs are expected to have a “mass shift” (Figure 2.3). This mass shift can not only help with 

identifying fragments arising from the proteins in the IB but can also help determine the amino 

acid sequence of the fragment by measuring the mass differences of unlabeled and 15N-labelled 

peptides. Different fragment species may have a different residue composition with varying 

amounts of nitrogen in the amino acid side chains. Thus, the fragment identification relies on both 

mass and the number of nitrogen atoms. As the primary sequence is known for the overexpressed 

recombinant protein, masses can be calculated for all possible peptide fragments with the natural 

isotope or with 15N. For example, a peptide fragment YRTEIDKPSQHHHHHH will have 

2059.1887 with natural isotope or 2091.9460 with 15N. The unlabelled and 15N mass could not 

match the possible fragment mass from Adnectin, which belongs to cellular contaminants.  
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Figure 2.3: “Mass shift” in MS spectrum. The upper figure represents the MS spectrum of PK 
digestion of unlabelled samples. The lower figure represents a mass shift for the 15N-labelled 
peptide fragments. The black peaks with no mass difference between the two spectra are expected 
to be the PK or PK self-digested fragments. 

 

2.3.2.2 MS analysis for identifying the fragment species 

Two MS instruments were used in this project for PK digested fragment identification, MALDI-

TOF and ESI-Quadrupole(Q)-MS/(MS). By combining results from these two instruments, we 

were able to identify many fragments based on their masses. The detailed procedure and instrument 

setup are described in this Section. 

For preparing samples for MALDI-TOF analysis, the undigested IBs samples were diluted 25-fold 

in MQ water. The 10-fold diluted digested IBs were further diluted 2.5-fold with MQ water. The 

samples are mixed with the saturated HCCA matrix in 1:1 acetonitrile/H2O+0.1% trifluoroacetic 

acid at a 1:1 ratio. After fully mixing, 1 µL of mixture was spotted on the stainless-steel plate for 

MALDI analysis. Linear positive ion mode with a detection range of 2-20 kDa was used for the 

fragment analysis. The calibration was done using [(CsI3)nCs]+ cluster ion series60. These ions 

were generated by freshly prepared CsI3 and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene] malononitrile (DCTB) in tetrahydrofuran (THF) with MALDI. A range of 2-13 kDa 

can be calibrated with m/z accuracy < 10ppm. For each IBs sample, a sum of 5000 laser shots was 

obtained. The MS spectrum was automatically generated by flexAnalysis 3.4 (Bruker). A set of 
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examples of undigested unlabelled and 15N-labelled samples is provided (Figure 2.4). The 

experimental fragment masses were also obtained from flexAnalysis 3.4 (Bruker). Full-length 

Adnectin variant sequence and experimental fragment masses were imported in protein calculator 

v3.4. Using scan MS results, a list of potential fragment sequences was exported. After manual 

comparison with the calculated theoretical 15N-labelled masses and comparing them with 15N-

labelled experimental data, a majority of the m/z peaks could be identified. However, for some 

peaks, it was hard to assign to fragments because the theoretical mass differences of candidate 

fragment ions were too close to be identified. To confirm the MALDI-based identification of 

fragments, ESI-MS was used to obtain a higher-resolution mass spectrum with isotopic resolution 

to identify the fragments that have similar masses.  

 

Figure 2.4: Parallel experiment PK digestion on unlabelled and 15N-labelled Parent IB. The 
red circle highlights the peaks that did not shift, indicating PK or PK fragment ions. 

The Thermos Q-Exactive mass spectrometer was used for fragment verification with high 

resolution. Compared to MALDI-TOF, ESI-Q-Exactive has a much lower tolerance for insoluble 

samples, salts, and detergents and requires higher sample purity. Therefore, a solubilization and 

purification process was conducted before ESI analysis. The sample preparation workflow is 

presented in Figure 2.5. The isolated insoluble fraction of the digested sample was first dissolved 

by 70% formic acid (FA) and then diluted 2-fold with MQ water to meet the requirement for the 
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centriprep® (EMD Millipore) centrifugal membrane filter compatibility. The initial MW cutoff 

was 10 kDa, and the flowthrough (FT) from each centrifugation (3000 xg, 30 minutes) was 

collected and then transferred to a 3 kDa MW cutoff centriprep® device. The FT from the second 

device of every centrifugation is then transferred to an Amicon® Ultra Centrifugal Filter, 3 kDa 

MW cutoff. After total purification and concentration of 3 hours, with rebalancing by transferring 

FT and adding MQ water for each 30 minutes, the concentrates from the centriprep® 3 kDa MW 

cutoff device and Amicon® 3 kDa MW cutoff device are collected for ESI-MS/(MS) analysis. The 

concentrates in MQ water were mixed with MeOH and FA to a final ratio of H2O: MeOH: FA of 

1:1:0.1 with the final peptide concentration lower than 10 µM.  

 

Figure 2.5: The sample preparation workflow for ESI-MS/(MS) analysis. The digested pellet 
of the IBs was solubilized by 70% formic acid and further purified and concentrated. Red circles 
highlight samples for ESI-MS analysis. 

An initial trial on solubilized undigested parent IBs was performed, and the concentrates from the 

first 3 kDa cutoff devices were used for ESI/MS analysis. Surprisingly, a significant amount of 

Parent Adnectin protein went through the 10 kDa cutoff device and observed by ESI/MS detection 

(Figure 2.6). The comparison of ESI-MS spectra of pure Parent Adnectin and solubilized Adnectin 

IBs shows the solubilized IBs spectrum has high similarities to pure proteins, after strong acid 

solubilization and purification, Parent Adnectin from IBs also presents a charge distribution from 

9 to 15 charge states. However, both the raw m/z and deconvoluted mass spectrum showed that 
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solubilized IBs had more peaks, possibly due to contaminants in the IBs sample. The comparison 

also proved it is a valid workflow to obtain solubilized protein from IBs. With this workflow, it is 

possible to perform higher-resolution detection with ESI/MS on the samples from IBs and 

potentially identify fragment species. 

 

Figure 2.6: ESI/MS of pure Parent Adnectin and solubilized Parent IBs. A) Pure Parent 
Adnectin m/z and deconvoluted mass spectra. B) Solubilized Parent IB sample m/z and 
deconvoluted mass spectra, sample preparation followed by the ESI/MS sample preparation 
workflow. Both m/z spectra show a charge distribution from 9 to 15 charge states. 17,500 
resolution @m/z200. 

With the highest resolution of 140,000 @ m/z 200 and scanning from 135 to 2000 m/z, a significant 

number of peptide ions were detected from the solubilized digested IBs, the theoretical 

monoisotopic m/z values for peptides were calculated, and the theoretical isotopic distribution was 

generated by Xcalibur (Thermos). By comparing the theoretical monoisotopic m/z and the 

theoretical isotopic distribution to the experimentally obtained spectra, the exact identification of 

fragment species was performed (Figure 2.7). ESI-MS/MS was conducted for fragment 

identification when the theoretical m/z ratio differences were lower than 0.03. (Figure A2.1) 
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Figure 2.7: Example of fragment identification by ESI/MS. A) High-resolution mode (14,000 
@m/z200), PK digested m/z spectrum. B) Zooming in, the isotopic distribution of full-length 
Adnectin and proteolytic fragments can be observed. C) Isotopic distribution of an example 
fragment ion. An experimental monoisotopic mass can be obtained from the lowest peak, as the 
black arrow highlights. The fragment identified here is 
EVRAATPTSLRISWSARLKVARYYRITYGETGGNSPVQEF with 5 charges, with a 
theoretical monoisotopic m/z of 906.87782. 

 

2.3.3 Control experiments on pure protein and denatured IBs 

The digestion of pure and denatured protein was performed to interpret the digested fragments 

more thoroughly and obtain structural information. Pure Parent Adnectin was diluted in MQ water 

to a similar concentration as Adnectin in IB samples, and the same digestion experiments were 

conducted. The digested sample was diluted 2.5-fold without centrifugation and then mixed with 

a freshly prepared HCCA matrix at a 1:1 ratio.  

Another control experiment was the PK digestion of denatured IBs. The unlabelled and 15N-

labelled Parent IB were dissolved in 2% w/v SDS and heated at 90 ˚C for 15 minutes. The PK 

digestion started immediately after the solution was lowered to room temperature. Since SDS 

strongly interferes with the MS signal, acetone precipitation isolated the digested fragments. After 

5 minutes of digestion, PMSF was added, and samples were incubated for 15 minutes. 800 µL of 

cold (-20˚C) acetone was added to 200 µL of digested samples. The samples were incubated at -
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20˚C for two days, the precipitated fragments were isolated by centrifugation at 1000 xg for 5 

minutes, and the pellets were dried for 20 minutes and then resuspended in 200 µL of MQ water. 

Then, two more precipitation processes were performed. The final precipitated fractions were 

insoluble in water. Thus, only MALDI-TOF was used to identify the digested fragments. 

2.3.4 Replicate samples 

The protein aggregation process could vary between replicates. Therefore, different final IB 

structures could present for repeated biological growth. All the PMSF uninhibited, lysed, 

undigested IB samples as well as PK digested samples for each variant IB were performed for four 

biological replicates. The MALDI analysis has overall high reproducibility between the biological 

replicates (Figure A2.2). The fragments that were detected in at least 3 of the 4 biological replicates 

were recorded and used for structural interpretation (Section 3.3.4). One additional ESI/MS 

analysis was conducted to verify the fragments. A set of IBs samples prepared with PMSF and 

subsequently digested by PK for verifying the cellular protease influence for PK digestion analysis. 

Two biological replicates were performed for nOG-washed IBs.  

2.3.5 Discussion and conclusion of the method development 

The method combining proteolysis and two types of MS analysis allowed the identification of 

many proteolytic fragments. However, fragment identification was mainly based on MALDI 

analysis since the preparation procedure for ESI/MS could result in the loss of fragments, and the 

strong acid solubilization could induce further fragmentation. Here, the newly developed method 

was introduced for the first time, allowing the identification of proteolysis fragments from 

heterogeneous aggregates in the presence of cellular contaminants. Detailed results and 

interpretation are presented in Chapter 3. The results show how this method ultimately provided 

information on protease accessibility for various IBs, and combined with other structural 

characterization methods, can be used as a tool for analyzing protein conformations in IBs. 
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Chapter 3: Results and Discussion 

Urea denaturation data from section 3.1 was acquired in collaboration with Grace DelMistro as 

part of an undergraduate research project. The denaturation experiment was optimized with Bruna 

Siebeneichler and Grace DelMistro from previous protocol written by Anna Schaefer and Dalia 

Naser. Unpublished qHDX results from Anna Schaefer and differential scanning calorimetry (DSC) 

data from Julia Steckner are included in section 3.3.4.2 for discussion. 

3.1 Chemical denaturation 

The denaturation profiles of the 4 Adnectin variants were determined by measuring OD350. Both 

urea and GdnHCl were used to analyze the relative stability of Adnectin variant IBs. As described 

in Chapter 2, the denaturation kinetics were also measured. The differences between 3 hours of 

urea denaturation and ON denaturation profiles are presented in Figure 3.1. The data for each 

variant IBs are from two growths, each with four technical replicates. The urea denaturation 

profiles were fitted on OriginPro2018 with a denaturant-dependent equation, as mentioned in 

Chapter 2. The midpoint of urea solubilization was decreased for the ON measurement, indicating 

that, at least for some denaturant concentrations, 3 hours was insufficient to reach the equilibrium. 

It is also clear that there is a significant difference between the denaturants. While the urea 

denaturation profiles are able to fit by a two-state model, the GdnHCl denaturation profile cannot 

fit into the same two-state unfolding model. 

 

Figure 3.1: Chemical denaturation profiles of 4 Adnectin variants IBs. OD350 nm is normalized 
to the initial signal intensity at 0M denaturants. A) 3 hours urea denaturation profiles. B) ON urea 
denaturation profiles. C) ON GdnHCl denaturation profiles. 
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GdnHCl and urea are both widely used denaturants, but they operate through different mechanisms 

to disrupt protein structures. Urea primarily denatures proteins by interfering with hydrogen bonds 

within the protein aggregates and the water molecule arrangement around the protein. This 

disruption weakens the hydrogen bonds that stabilize the protein structures, leading to unfolding. 

Urea also affects hydrophobic interactions. It can increase the solubility of hydrophobic residues 

in water and thus promote protein unfolding. The process can also result in a progressive loss of 

protein structure. At the aggregate level, this could cause global solubilization or a release of 

protein monomers and lower turbidity by reducing the aggregate amount or aggregate sizes. On 

the other hand, GdnHCl disrupts hydrogen bonds and interferes with ionic interactions within the 

protein. It can directly interact with the side chains, stabilizing the unfolded state through charge 

interactions.  

The guanidinium ion is particularly effective at disrupting protein structures due to its ability to 

form multiple hydrogen bonds, and it possesses a large planar structure that can interact with the 

protein backbone and side chains. This usually leads to a more complete and rapid unfolding 

compared to urea. GdnHCl also increases the solubility of hydrophobic residues, similar to urea, 

but to a greater extent due to its strong ionic nature. This can explain that for GdnHCl, the intensity 

drops significantly at even low concentrations. For GdnHCl denaturation, the 4 Adnectin IBs went 

through a fast denaturation at low concentrations, and then the slope of decline decreased 

significantly. Even between 6 and 7 M, the intensity was still decreasing. This could be a 

stabilization effect of the ionic strength provided by GdnHCl.  

It is important to remember the potential mechanism differences between the two denaturants. The 

differences in denaturation mechanism can also have variable effects on different mutants, 

especially charge mutations. From the urea denaturation, the Parent, V75R, and RR IBs had 

relatively similar Cmid, and the RRGR was more stable. This meets the expectation that by 

disrupting the core formation of the Adnectin monomer, RRGR could adopt an amyloid-like 

structure that increases its stability. However, in GdnHCl denaturation, the turbidity of RRGR IBs 

decreased the most with concentrations 0.5-1.5 M. This could be due to the three additional Arg 

residues. The ionic strength on the mutated sidechains could be the major denaturation factor for 

RRGR IBs at low concentrations. For 2M and higher concentrations, RRGR reached a steady state. 

This could be a result of the stable amyloid-like component resisting the denaturation. V75R IB, 
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which was much more unstable in urea, exhibited a high stability in GdnHCl. The additional charge 

would involve a stable and buried structure that prevented the charge effect introduced by Gdn+. 

The Parent and RR IB had little difference in urea denaturation. The differences lie in the higher 

concentrations of GdnHCl; the increasing ionic strength could influence the two additional charges 

in RR more. 

In summary, the relative stability of IBs is highly dependent on denaturant properties. In general, 

RRGR is relatively more stable in urea and high concentrations of GdnHCl. This once more 

suggests there could be a significant structure difference in RRGR IBs and complements previous 

FTIR data. The other 3 variants are not significantly different, except V75R had a strong resistance 

against GdnHCl. 

 

3.2 ATR-FTIR revealing secondary structure composition 

As shown in Section 1.5, FTIR spectra can reveal secondary structure components in IBs. The 

Adnectin IBs have high similarities to the purified Parent Adnectin, with most differences in the 

unstructured region and a peak shift representing intermolecular β (#)-sheet features. The 

experiment was performed with IBs in TEN buffer. However, for MS analysis, a low salt condition 

is required to avoid signal suppression. The IBs digestion was performed in MQ water, as 

mentioned in Section 2.3.  

The ionic strength difference could affect the IB structure. FTIR analysis with buffer subtraction 

can provide information on the potential influence of buffers on IB structure. Figure 3.2 shows the 

FTIR spectra of the 4 Adnectin variant IBs in MQ water. From the spectra, we can see that the 

general shape of each variant spectrum shows no significant difference compared to previous 

spectra of IBs in the TEN buffer (Figure 1.9). The spectra still show antiparallel β-sheet, 

unstructured β-sheet, and intermolecular β (#)-sheet features. The RRGR IB still exhibits distinct 

amyloid-like components, with a peak at 1622 cm-1, which is significantly lower than the other 3 

variants. Parent, V75R and RR have the peak at a higher wave number. For V75R, in particular, 

there is a significant decrease in unstructured components. The difference in the strength of ionic 

interactions could have effects on the V75R IB structure, which complements the denaturation 



 
33 

profiles. In summary, the overall structure of the 4 Adnectin variants in MQ water still exhibits 

native-like, unstructured, and amyloid-like structures. The differences between the variants of IBs 

are also preserved in the MQ water. 

 

Figure 3.2: FTIR spectra revealing secondary structure components of Adnectin IBs. Each 
spectrum is the average of 2 technical replicates from 2 growths. Secondary assignments are 
presented above the spectra. A) Normalized absorbance spectra in the amide I region. The 
absorbance spectra, focused on the amide I region (1600-1700 cm⁻¹), are normalized to an area of 
1, allowing for comparison of secondary structure content among the different variants. B) Second 
derivative spectra. The second derivatives of the absorbance spectra, calculated using 
OriginPro2018, providing more detailed insights into the secondary structural elements present in 
the IBs. 

 

3.3 Proteolysis and MS 

3.3.1 Post-translational modification of 4 Adnectin variant IBs 
 
Post-translational modifications (PTMs) refer to a chemical group covalently linked to a protein 

after it is synthesized on the ribosome. For Adnectin, N-terminal gluconoylation is a common PTM 

that coexists with phosphogluconoylation after methionine cleavage34,61. It has been reported that 

gluconoylation can readily occur in BL21(DE3)62. The process is reported as the methionine 

cleavage on the N-terminus by methionine aminopeptidase (MAP), followed by adding the 

gluconoyl group or phosphogluconoyl group63. The gluconoyl group can also be phosphorylated 

spontaneously, and the phosphate group can also be reversibly cleaved off by the host cell 

phosphatase63. These PTMs could affect protein structure and function, and it has been previously 

discussed that PTM can influence IB formation or solubility64. However, it has been found that the 
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relative intensity for PTM protein and unmodified protein bands in SDS-PAGE is the same for the 

soluble and IB fractions of Adnectins, which suggests the PTM has little effect on IB formation 

propensity34,61. It is still uncertain if these PTMs impact the IB structure. The composition of the 

two distinguishable bands on SDS gels was also discussed. There are several possible molecular 

weights (MW) for the Adnectin variant after the PTM, which are the full-length Adnectin, the full-

length Adnectin with Met uncleaved (+131 Da), the full-length Adnectin with gluconoyl group 

(+178 Da), and the full-length Adnectin with phosphogluconoyl group (+258 Da)65. The slight 

difference in the MW is unlikely to result in distinguishable bands on gels. Therefore, the PTM 

likely interferes with SDS binding and causes the separation of two bands. Due to the poor 

resolution of SDS page analysis, it is difficult to investigate further. 

 

MS is a powerful method for analyzing PTMs. The four possible final MWs after PTM have all 

been confirmed in Adnectin variants IBs in this project. However, the sample preparation for the 

MS analysis potentially influences the PTM analysis. Phosphogluconoylation, gluconoylation, and 

phosphorylation can occur without cellular enzymes63. It is clear that among the four Adnectin 

variants IBs, Parent, V75R, and RR IBs have three distinct peaks on MS spectra: full-length, 

gluconoylated, and phosphogluconoylated. The full-length Adnectin always appears with the 

highest intensity, followed by the gluconoylation (+178), and the phosphogluconoylation (+258) 

appears to be the lowest intensity (Figure A3.1). Due to the lack of knowledge of the ionization 

process, it is not possible to determine their relative abundance by their intensity. However, 

comparing the changes in the relative intensity of the PTMs between the different variants IBs can 

still be valid since the same PTM on different variants overall possesses similar chemical 

properties for ionization, and the same MS analysis process was performed. The data show that 

V75R IBs have a relatively higher gluconoylation fraction than Parent IBs and RR IBs. The pattern 

is markedly different for RRGR IBs, which is the only case where the uncleaved methionine (+131 

Da) species is detected, constituting approximately half of the intensity compared to the full-length 

RRGR (Figure 3.3). A low-intensity phosphogluconoylation (+258) peak is also present in RRGR 

IBs. 

Due to the abovementioned uncertainties and restrictions, it is difficult to deduce the causes of the 

PTMs and their potential to interfere IBs structures. However, the results observed can correspond 
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well to the SDS-PAGE analysis, which support that the two bands are caused by SDS banding and 

not the slight MW differences. RRGR without a distinct gluconoylation and 

phosphogluconoylation in MALDI also presents just one clear band on the gel (Figure A3.2). This 

observation can be relevant to the aggregation kinetics. As mentioned earlier, the cleavage of a 

Met residue significantly differs from the other PTMs. It is the only PTM that is required to take 

place in a cellular environment with the presence of MAP and potentially before the aggregation 

occurs, which results in the N-terminus being buried in the IBs66. It is also reported that the 

cleavage of the Met group with MAP is an efficient process63. It suggests that the other mutants 

underwent a cleavage of N-terminal Met before gluconoylation or phosphogluconoylation, then 

aggregated. This suggests the aggregation process took place much faster for RRGR than for the 

other variants. This finding is consistent with the previous result that during the growth of RRGR 

IBs, there is very little soluble RRGR for different growth times. This interpretation is reasonable 

because the RRGR is the only variant designed to strongly disrupt the native monomer core 

formation. These results provide additional evidence for the hypothesis that the monomer stability 

and its ability to achieve native folding can strongly alter the aggregation kinetics. The proteins 

that are not able to achieve a native state could prefer aggregation with significantly higher kinetics. 

 

Figure 3.3: PTMs of 4 Adnectin Variants IBs. The bar chart shows the relative abundance of 
different PTMs normalized to the full-length intensity of each Adnectin variant. The following 
PTMs are presented. M: Represents the full-length Adnectin with the N-terminal Met cleaved off. 
Met+M: Indicates full-length Adnectin with the N-terminal Met intact. Glu+M: Refers to 
gluconoylated full-length Adnectin after the N-terminal Met has been cleaved off. Phosphoglu+M: 
Represents phosphogluconoylated full-length Adnectin after the N-terminal Met has been cleaved 
off.  
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3.3.2 Proteolysis during lysing process 

 

It is well established that IBs can contain proteolytic fragments, which can influence the use of 

IBs for protein production67. Therefore, efforts have been made to reduce the composition of the 

proportion of proteolytic fragments in IBs and increase protein yield. Knockout of various 

proteases has been a standard and effective method for lowering proteolysis of target proteins.  The 

cell strain used in this project, E. coli BL21(DE3) pLysS has been designed to be deficient in lon 

protease and outer membrane protease OmpT expression. It has strongly enhanced the ability to 

reach a higher expression level, and adding pLysS improved the tolerance for toxic protein 

production. However, the proteolysis in the host cell protease can never be fully inhibited. For 

Adnectin variants IBs, the proteolytic digestion by the host cell protease has not been studied 

extensively. Despite faint bands below the full-length Adnectin sometimes being observed (Figure 

2.2), the full-length Adnectin always was the predominant band compared to insoluble 

contaminants and other smaller MW proteins or peptides contaminants. It was also uncertain if the 

lower MW bands were the proteolytic fragments from the IBs. Understanding the composition of 

IBs, including proteolytic fragments from the host cell protease, is central to this project. 

Fortunately, fragments could be identified using the parallel labelling methods developed here, as 

described in Chapter 2. 

Analysis of proteolytic cleavage sites was first performed for IBs prepared without the addition of 

PMSF during cell lysis (Section 2.1.2). Figure 3.4 shows the identified fragments with regular 

freeze-thaw lysing. Next, lysing with PMSF was conducted to further determine the source of the 

fragments, as described in Section 2.1.2. The results showed a significant decrease in MS signal 

for most fragments, suggesting that proteolysis by the host cell protease occurred during the lysing 

process. Moreover, digestion inhibited by the PMSF mainly follows aromatic residues Tyr and 

Phe. This indicates that serine proteases that possess chymotrypsin-like properties could dominate 

proteolytic digestion during IB sample preparation. However, some fragments are still present, 

even lysing with PMSF. This suggests that a trace of the proteolysis of the full-length protein 

occurred before harvest, or the protease could not be fully inhibited by PMSF. Previous research 

found that PMSF and other inhibitors did not fully eliminate the presence of fragments in IBs 

formed in BL21(DE3) and K1267. The digestion sites for the IBs in the research were found mainly 
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after L and R, and the paper concluded the fragmentation was not caused by common proteases 

such as Lon, ClpP, OmpT, and FtsH. The experiments also ruled out the possibility of the 

fragmentation of the mRNA of the target protein. However, the different cut sites and the fact that 

PMSF largely prevents fragmentation of the Adnectin IBs suggest that different proteolysis may 

occur during IB sample preparation and vary between the recombinant proteins. Therefore, the 

proteases excluded in the prior research could still be valid for our Adnectin IBs. More experiments 

are required to investigate the detailed proteolysis processes that occur during the preparation of 

IBs. 

 

Figure 3.4: Fragments identified from four Adnectin variants IBs samples. The β-strands of 
the native structure are shown as ribbon arrows above the sequence and are underlined within the 
primary sequence. Sequences are listed for each variant, with color-coded residues showing point 
mutations, and the black bars represent fragments identified and mapped under the sequences. The 
black arrows above each sequence show the cut sites. 

Despite the lack of understanding of the proteolysis by host cell protease, information could still 

be interpreted as IBs structural information. Since most of the fragments were suppressed by 

adding 1 mM PMSF during lysing, it suggests that the proteases were digesting the mature IBs 

after 18 hr growth during lysing instead of during the growth. Therefore, the fragments identified 

could be interpreted as structural information of IBs. Due to the lack of information on the host 

cell protease, the interpretation should be cautious. From Figure 3.4, the fragments identified are 

shown below each variant sequence. In general, the cut sites are highly similar between the 4 

variants IBs. The major cut site is located in the βD after F, with both N-terminal and C-terminal 

fragments present. Another 2 common cut sites for all 4 variants are on βC 36Y/37G and before 

βE 55Y/56T. This could suggest unstructured regions near these sites. However, there are also 

differences in the cut sites. Due to the lack of understanding of the host cell protease, it is hard to 
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interpret other fragments and their correlation with IBs structure. Further discussion will be 

provided in later Sections. 

3.3.3 Trypsin cut sites on variant IBs 

The 4 Adnectin variants IBs underwent trypsin digestion and MALDI analysis. The cut sites can 

be identified without parallel experiments. Trypsin is highly specific for the cleave after the Arg 

and Lys groups, except before proline. For Parent and V75R IBs, the experimentally cut sites were 

found at every theoretical possible cut site. However, for RR and RRGR IBs, the cut site after the 

Arg mutation on the βB and on the BC loop was not observed (Figure 3.5). It could suggest that 

the BC loop of RR and RRGR were more resistant to trypsin digestion. The additional R on the 

βA for RR and RRGR has become a cut site, as well as the mutation of V75R. These findings 

increased the possibility that the βB could be extensively protected in the IBs structure. Further 

interpretation of the relative preference on the cut sites and the relative protease resistance requires 

quantification of the fragment amounts, but MS analysis has limitations on doing exact 

quantification. Further interpretation will be made by combining the PK digestion results in the 

following Sections. 

 

Figure 3.5: Trypsin cut sites observed in Adnectin variant IBs from MS analysis. Red-colored 
R and K show cut sites were observed after digestion, and blue-colored R and K show theoretical 
cut sites for trypsin but were not observed after tryptic digestion. For Parent and V75R, all possible 
cut sites were detected experimentally. RR and RRGR have experimentally uncleaved sites that 
could suggest a protected region. 

 

3.3.4 PK digestion reveals information on protected structure in IBs 

In contrast to trypsin, PK is a non-specific protease, which allows obtaining more structural 

information without quantification of the fragments. Although it is described as having a 

preference for cutting after aromatic and hydrophobic residues, there is no clear evidence that it 
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possesses no ability to cut after other residues except before or after proline68. In addition, PK 

activity is highly dependent on substrate availability49. Based on these properties, PK has been 

used as a tool to probe the structure of protein aggregates68. However, interpretation should 

nevertheless be done cautiously. PK has often been found to digest a few specific sites for a 

homogenous amyloid structure. The corresponding fragments are typically considered to be 

involved in forming a PK-resistant core. However, IB is a kind of aggregate with high 

heterogeneity. The digestion results are much more complicated. Nonetheless, the fundamental 

logic for interpretation still applies: the fragment represents a region with lower protease 

accessibility and higher protection, which could be involved in the formation of a highly compact 

core, and the cut sites indicate unprotected regions that are potentially less structured or disordered. 

3.3.4.1 Logic of interpreting Parent Adnectin IBs digestion pattern 

To further explore the IB structures, Figure 3.6 A shows the fragments identified from the Parent 

Adnectin IBs lysed without PMSF after 5 min PK digestion. There are significantly more 

fragments than without PK digestion. Cut sites are present in βA, βC, βD, βE, and the end of the 

βG. βB and βF are uncleaved in all fragments identified, indicating these two strands are extremely 

PK-resistant and highly protected in the IB structure. Some digestion sites could indicate a native-

like structure, such as those before βA L8/E9, after βE at S60/G61, and after βG at N87/Y88. 

Surprisingly, there are no distinct cut sites in the loops. This suggests that the loops are involved 

in forming a stable and ordered structure in the IBs. Unlike BC, EF, and FG loops, which are 

uncleaved in many fragments, the CD and DE loops are only intact in some fragments. This could 

be interpreted in different ways as well. It could be that the regions, such as Y36-F48, which 

includes loop CD, are in a protected fragment that is too small (lower than 2 kDa) to be detected 

by the linear positive mode MS. It could also suggest that for some conformations in Parent 

Adnectin IBs, these regions are totally unprotected and fully degraded by PK. This could apply to 

the N-terminus G0-L8 and fragment T49-A57 as well. These interpretations could be that the 

different fragments with overlapping protected regions potentially represent heterogeneous 

conformations. Alternatively, it could be interpreted as a homogenous structure with varying 

protease accessibility in different regions. It is also possible that the smaller fragments can be 

formed by further digestion of the longer fragments. For example, G0-F48 could be further 

digested into G0-T35 or E9-F48. For this interpretation, the prominent F48/T49 cleavage site 
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would be the preferred cut site or more exposed to PK among these three cut sites since the two 

longest fragments resulting from the cutting site, G0-F48, and T49-H104, are still present in the 

digested sample, which means it is always the first site that protease accesses. Overall, all the 

interpretations support that the fragments cover protected regions and overlap more in the same 

region, which represents higher protection in this region. 

 

Figure 3.6: Structure analysis from PK digestion on Parent Adnectin IBs. A) PK cut sites 
labelled by black arrows were mapped on top of the Parent Adnectin sequence. Black bars under 
the primary sequence represent MS-identified fragments. The β-strands of the native structure are 
shown as ribbon arrows above the sequence and are underlined within the primary sequence. B) 
The Kyte-Doolittle hydropathy index for the Parent Adnectin sequence is displayed, illustrating 
the hydrophobic regions along the protein sequence69. C) ZipperDB (gray bars, left scale)70 and 
Tango (line, right scale)71 aggregation propensity prediction of the primary sequence of Parent 
Adnectin. Provide insights into regions of the sequence that are prone to aggregation. 

We can identify that for Parent Adnectin IBs, the fragment covering the βB and BC loop is a highly 

protected region; another region with high protection covers the EF loop, βF, FG loop, and βG. 

This protection pattern partially corresponds to predictions of aggregation-prone regions. For the 

hydrophobicity prediction (Figure 3.6B), the βB and βF are more hydrophobic than other regions. 

Other aggregation predictors, such as zipper DB70 and Tango71, also suggest that these regions 

have a high aggregation propensity. However, there are differences between predictions and the 

experimental digestion pattern in the DE loop and βE. According to Zipper DB, this region has a 

high propensity for aggregation; Tango also suggests that aggregation propensity exists in this 

region. However, as the digestion pattern shows, this region is protected in some fragments but 

can also be cut at three sites on the βE. The cut sites on the βE confirmed the cellular protease that 
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contributes to cleavage during lysis is a relatively specific protease because the βE is much more 

preferred for unspecific proteolysis (Fig. 3.6A), but the cleavage site was only after Y for the host 

cell protease (Figure 3.4). In summary, the cut sites partially correspond with the predictors. 

However, there are contradictions against the predictors. βE is reported to be a highly aggregation-

prone region but accessible to PK. 

A common challenge in almost all methods for characterizing IB structure is the similarities 

between native-like and amyloid-like aggregation. The driving forces of the two assemblies both 

involve the hydrophobic effect and hydrogen bonding. Even though FTIR shows that some native-

like structures exist in IBs, the resolution is not high enough for further local structure analysis. 

As we see in the monomer structure, the digestion sites are concentrated mainly in the edge β-

strands (A, D, E).  This could be evidence of native fold. However, a direct comparison between 

native folds and conformation in IBs can be conducted. The digestion of the pure Parent Adnectin 

exhibits a very different pattern than the Parent Adnectins IBs (Figure 3.7A, Figure 2.4). Overall, 

pure Parent Adnectin is highly resistant to PK digestion. The fragments are barely observable on 

SDS-PAGE, and the fragment species are much less than for IBs, with significantly lower intensity 

on the MALDI spectrum. The fragment species are hard to identify because of the lack of a parallel 

experiment of 15N labelling and a low abundance of fragments for detection by ESI (Sections 

2.3.2.1, 2.3.2.2). Nevertheless, the m/z of the fragment ions detected by MALDI for pure protein 

significantly differ from those produced by IBs (Figure 3.7A). Thus, it is not likely that the strands 

that are extensively digested are forming fully native structures. Thus, the results for digestion of 

pure Parent support the possibility that the βA, βD, and βE are less structured in IBs than in the 

native protein. This interpretation also partially fits the experimentally observed three-state folding 

of 10FN3 discussed in Section 1.2.1. The folding intermediate shows βC and βF are significantly 

structured, followed by βD and βE, βB was also discussed to possess structure, and βA, βG are 

completely unstructured. 
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Figure 3.7: MALDI spectra of PK digestion control experiments. A) PK digestion of pure 
Parent protein. Singly charged, doubly charged, triply charged, and quadruply charged full-
length Adnectin ions are detected, but no significant amount of peaks show digested fragments. 
B) PK digestion of SDS-denatured Parent IBs. No full-length Adnectin was detected, and a 
significant amount of fragments were present in the 2-4 kDa region. 

Another extreme condition to contrast with the native-fold protein is the fully unstructured state. 

It is difficult to achieve a fully unfolded state, especially for a β-sheet protein with high 

thermostability and high resistance to denaturants like Adnectins. Previously, it was found that 

Adnectins go through a slow unfolding but fast refolding process, which makes it very hard to 

perform a digestion experiment for the unstructured protein. Fortunately, PK retains activity in the 

presence of detergents and denaturants, which makes it possible to perform digestion experiments 

under highly denaturing conditions. The digestion of SDS-unfolded Adnectin IBs showed no full-

length Adnectin remaining and no detection of a fragment with MW higher than 4 kDa (Figure 

3.7B). Due to the difficulty of resolubilizing acetone-precipitated fragments, the experiment was 

restricted to MALDI analysis. Since there are a great many fragments between 2 to 4 kDa, even 

with the parallel labelling method, it is difficult to assign all the peaks. However, some peaks that 

could be assigned to fragments indicate that the cut sites are distributed throughout the primary 

sequence (Figure 3.8). βB and βF were found to have cut sites, and the corresponding fragments 



 
43 

have relatively high intensity. However, there are still a significant amount of fragments that have 

intact βB and BC loops; this could be due to the SDS being deficient in fully denaturing the 

aggregate or protein structure. Nonetheless, this finding further confirms that the βB and βF are 

well protected in the IBs structure, and the cutting sites result from the exposure of a region rather 

than the preferences of PK.  

 

Figure 3.8: PK digestion profile of SDS denatured IBs. The β-strands of the native structure are 
shown as ribbon arrows above the sequence and are underlined within the primary sequence. 
Fragments and cut sites identified are presented by black bars under the sequence and black arrows 
above the sequence. 

 

3.3.4.2 Adnectin variants IBs digestion patterns 

The PK digestion pattern of 3 other Adnectin variants IBs was also analyzed using the same 

method and compared with Parent Adnectin. Besides the digested fragments and digestion sites 

revealing the protease-resistance and unprotected regions, the similarities in digestion patterns 

could suggest similar structure components in IBs. The differences would suggest the effect of the 

point mutations on IB formation. Surprisingly, the digestion patterns between the variants are 

similar but with some local differences. Figure 3.9 shows the digestion patterns for all four 

Adnectin variant IBs. Compared to Figure 3.4, we can see that some of the fragments identified 

from the PK digested sample were present with host cell protease digestion. Regarding the source 

of these fragments, one simple explanation for the same fragments that still exist after PK digestion 

could be that the fragments are involved in a highly compact structure and, therefore, resistant to 

both cellular protease and PK digestion. Another possible explanation is that they can also be 

produced by PK digestion. Under these circumstances, the fragments produced by the host cell 

protease were digested into smaller fragments, but PK also preferred these unprotected sites similar 

to the host cell protease.  
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Figure 3.9: PK digestion profile on 4 Adnectin variants IBs. The PK cut sites and digested 
fragments are presented by vertical arrows above the primary sequence of each variant, with 
corresponding fragments represented by black bars beneath the sequences. Mutations in the 
primary sequences and ribbon structures are color-coded: V75R (green), RR (blue), and RRGR 
(red). The β-strands of the native structure are shown as ribbon arrows above the sequence and are 
underlined within the primary sequences of each variant. Point mutations specific to each variant 
are labelled in their respective colors. The PK cut sites unique to the mutant variants compared to 
the Parent Adnectin are marked by smaller colored arrows, with the corresponding fragments 
highlighted in the same colors. Additionally, smaller black arrows show cut sites common to more 
than one, but not all, of the variant IBs. 
 

It was discussed above that the host cell protease appears to prefer cleaving following accessible 

Try and Phe residues. PK digestion results further support this hypothesis since cut sites are 

observed after a wide variety of residues for PK, including but not restricted to aromatic residues. 

PK also identified additional unprotected regions, which resulted from its low specificity for 

cleavage sites. Among the common sites cleaved by both the host cell proteases and PK, the most 

obvious one is F48/T49 on the βD. After PK digestion, this cutting site is still observed for all 4 

Adnectin variants IBs. The cutting sites after Y32 on the βC for Parent, V75R, and RR are also 

present after PK digestion. However, the cleavage site after Y36, a common host cell protease 

cutting site for all 4 variants (Figure 3.4), was only observed with PK for RR and RRGR. For 

Parent and V75R, the cutting site for PK switched to after T35. This change could indicate that the 
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region near Y36 is overall exposed. However, PK is non-specific, so the digestion occurred after 

T35. These observations may be alternatively interpreted as T35 in RR and RRGR could still be 

involved in a protected structure, which prevented PK from accessing after T35. Another common 

cleavage site for host cell protease on all 4 variants IBs is Y55 at the end of the DE loop (Figure. 

3.4). This cut site is no longer observed after PK digestion; instead, there is cleavage before the 

βE, with cuts at 3 sites on the βE (Figure 3.9). The cut sites after A57, T58, and S60 appeared for 

all 4 variants of Adnectin IBs. Similar to Parent Adnectin IB discussed in the previous Section, 

this finding partially contradicts the predictors (Figure A3.3); for the 4 variants, the aggregation 

propensity is relatively high in this region.  

Another region with a few cleavage sites is around the βA, which corresponds well to the predictors. 

ZipperDB and Tango show no aggregation propensity for the βA (Figure 3.6, A3.3). The predictors 

suggest that the aggregation propensity for Parent and V75R is high on the βB and significantly 

decreased after mutating V11R. However, regarding the digestion pattern, the mutations did not 

cause only a simple local effect (Figure A3.4). The βB for RR and RRGR is still protected from 

trypsin and PK digestion. This partially corresponds to the qHDX NMR results, in which the βB 

is not assigned fully, possibly due to the residual aggregation in Dimethylsulfoxide (DMSO)72. 

After the L19R mutation on the βB, this region was still not fully assigned. The last common 

cleavage site among the 4 variants is at the end of the βG.  

Despite the extensive similarities, there are some notable local differences in the digestion patterns 

of variants. Surprisingly, the differences in the cleavage sites are not close to the mutations on both 

linear sequences or the native structure. V75R, with a charge mutation on the end of βF, did not 

exhibit an additional cleavage site near the mutation. The additional cleavage sites compared to 

Parent IBs are after S2 and E91. These two cleavage sites are near the chain termini and far from 

the mutation site in the linear sequence and 3D native folded structure (Figure 3.9, 3.10). This 

indicates the mutation did not cause a dramatic effect globally. However, V75R has been observed 

by native state HDX to be stabilized at the end of βG73, which may cause additional cleaving after 

E91. This finding correlates well with the qHDX results. The protection pattern of V75R IBs 

significantly increased on βG (Figure A3.5) 72. The melting temperature for the V75R monomer 

is 70.1˚C, and the Parent is 76.8 ˚C at pH 434. These findings correspond to the decrease in 

protection at sites close to V75R in the native structure but increased protection in βG.  However, 
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the decrease in protection did not reflect by additional protease cleavage near the mutation. On the 

other hand, the charge mutation potentially increased the stability of βG; it could be related to the 

negatively charged residue E91, which could also influence GdnHCl denaturation (Section 3.2), 

but more experiments need to be done to confirm the hypothesis. 

 

Figure 3.10: PK cut sites of 4 Adnectin IBs show on Adnectin native structure. The native 
structure of Adnectin is shown from two perspectives, rotated 180° to display both sides. Mutations 
in the variants are color-coded and shown as stick representations on the ribbon structure. PK 
digestion sites are represented by thin lines along the ribbon. The left view highlights the βA, βB, 
and βE strands, while the right view focuses on the βC, βD, βF, and βG strands. Common PK 
cleavage sites appeared in all four variants are shown with black lines. Variant-specific cleavage 
sites, differing from the Parent Adnectin, are indicated in their respective colors: V75R (green), 
RR (blue), and RRGR (red). 
 

For RR and RRGR IBs, the mutation on βA and βB did not cause additional cleavage sites very 

close to the mutations, but the cleavage sites on βC changed. Unlike Parent, RR and RRGR have 

a cleavage site after Y36 (Figure 3.9), which was also observed with host cell protease cleavage 

(Figure 3.4). In addition, for RRGR IBs an distinct cleavage site is observed after T39 on the CD 

loop, and multiple additional N-terminal as well as C-terminal fragments resulted from this cut site 

were detected. Overall, the cleavage pattern for RRGR differs the most from the other variants. 
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Unfortunately, it is hard to tell the exact cause of the additional cleavage site after T39 since it is 

once again far from the mutation sites in the linear sequence and native folded structure (Figure 

3.10). It could be a combination of decreased aggregation propensity in this region due to the 4 

mutations, together with less contribution of native protein to the IBs due to the lower stability of 

the native protein72. However, the fragment species covering the CD loop still exists for RRGR 

digestion. This increases the possibility that this cleavage site is caused by a heterogeneous 

structure of IB, taking a good percentage of all heterogeneous conformations. For this 

conformation, T39 is more exposed to PK than Y36 and F48. 

In summary, the 3 mutant IBs have more cleavage sites compared to the Parent Adnectin IB, which 

could suggest destabilization or heterogeneous conformations. V75R increased the protease 

resistance in the region of the end of βG and resulted in an additional cut site E91. The result also 

corresponds with the chemical denaturation that V75R is the most stable variant against GdnHCl. 

qHDX also suggests increased protection of βG, indicating a more stable native-like structure. RR 

and RRGR IBs differ from Parent IB on βC and CD loop. Both variants produced more fragment 

species by PK digestion. RRGR IBs, especially, have a distinct cleavage on the CD loop, which 

differs from the other 3 variants. This additional cut site could indicate a destabilization or a 

heterogeneous structure. The 4 additional mutations could cause a decrease of protection in the N-

terminal and result in additional cut sites. The extended N-terminal fragments could also suggest 

that the extended region is involved in a heterogeneous structure distinct from the other variants. 

The resulting C-terminal fragments also suggest a structure protecting the common cleavage site 

F48. The differences between RRGR and the other three variants in chemical denaturation, FTIR, 

PTM, and PK digestion are expected since the mutations are made to disrupt the native fold. The 

aggregation pathway and IB structure of RRGR could significantly differ from Parent, V75R, and 

RR. 

3.3.4.3 Additional experiments for further investigation 

Additionally, PK digestion on PMSF-inhibited lysed IBs was performed to test further confirm PK 

cut sites without cellular proteolysis influencing the interpretation. For PMSF-inhibited lysing, the 

organic solvent was unavoidably included because the PMSF is dissolved in isopropanol. Although 

a low amount of 1% v/v was added (Section 2.1.2), the influence of organic solvent on IB structure 
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is still uncertain. Reassuringly, the fragments detected by MALDI are almost identical to the 

digestion on IBs lysed without PMSF, but more replicates are required to ensure there are no 

additional cut sites caused by involving organic solvent. However, it is not the major point to study 

the influence of organic solvent influence on IBs structure. 

Digestion on washed variant IBs was also performed. However, the structural effect of nOG on 

IBs was uncertain. A previous qHDX experiment found that washed IBs had different changes for 

different mutant IBs72. Based on these observations, it was discussed that detergents could have a 

structural effect on IBs that may be highly protein-dependent. For digestion on washed IBs, the 

number of fragments detected by MALDI-MS were significantly more than for unwashed. The 

reason could be that the detergent washed away some contaminants, such as other proteins or lipids, 

and therefore, more cleavage sites are exposed for protease; it could also be the structural changes 

of IBs or the residue nOG affect ionization process.  
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Chapter 4: Conclusions and Future Work 

4.1 Conclusions 

IBs are aggregates formed during protein overexpression in heterologous hosts and are crucial for 

various applications in research, medicine, and biotechnology. Here, low-resolution methods 

(chemical denaturation and FTIR) provided information on IB stability and structure composition, 

and high-resolution methods were also used for characterizing IBs structure. Through 

characterizing IBs formed by different proteins, engineering IBs to produce specific structure 

properties can be the foundation for their practical applications. 

Proteolysis and MS analysis are newly developed methods for IBs. Adnectin is used as the model 

protein, which directly provides structure information on the segment level from the fragments 

and residue level from the accessible cut sites. With chemical denaturation and FTIR analysis, the 

variants of Adnectin IBs have shown heterogeneity, including native-like, unstructured, and 

amyloid-like structures. The different charge mutations show various effects on the denaturant 

resistance. RRGR IB, in particular, possesses the most amyloid-like features and is the most 

resistant to urea but very sensitive to GdnHCl. The proteolytic digestion showed high overall 

similarities in the 4 Adnectin variant IBs with some local differences. For Adnectin IBs, there is 

no strong evidence for a well-defined protease-resistant core. However, all the fragments detected 

covered either the region of βB or βF, which are the central strands in the native structure. The 

more accessible sites are located on βA, βD, and βE, which are on the edge of a native structure. 

The results could still indicate a native-like structure with lower protection of the edge strands. At 

the same time, the well-protected region could also be involved in amyloid-like structure formation. 

Proteolytic digestion is a conventional low-resolution technique for characterizing aggregate 

protease resistance. Using parallel experiments with 15N-labelled samples, the method has been 

broadened to a higher resolution at the segment level and potentially at the residue level of 

protease-resistant regions and accessible sites. This method can be applied to other protein IB 

systems and allows us to analyze aggregate structures without removing contaminants. This new 

method for protease digestion analysis and corresponding results have great significance for 
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overcoming challenges in characterizing heterogeneous aggregation processes and advancing the 

understanding and, ultimately, control of IB structure. 

 

4.2 Future Work 

To reach the highest potential of proteolysis interpretation, more information on the IBs is still 

required. An MS proteomic analysis on the IB samples can be conducted56. This analysis would 

require high sensitivity of the MS, and a large database is also required. With the background ions 

identified, quantifying fragments from IBs is also possible by using internal standards. However, 

the protein as internal standards should not overlap with the fragment region and stay within the 

CsI3 calibrated range, ideally around 12 kDa. With the quantification, the relative accessibility of 

the identified cut sites can be obtained. The differences in the fragment amounts from the Adnectin 

variant IBs can further confirm their relative protection. 

The method can also be expanded to other Adnectin variants or other IB models. Some mutations 

on the loop could help investigate the intermolecular association and potential structural transitions 

associated with the maturation of IBs. Other initial work of apomyoglobin IBs was performed in 

our group. With more proteolysis experiments performed, comparing the digestion profile for 

different proteins in IB can further help us understand the aggregation mechanism and engineer 

IBs for practical applications. 

MS without proteolysis is also a powerful tool for characterizing protein and aggregate structures56. 

Combined with other methods, such as qHDX, covalent labeling, and cross-linking, MS can 

provide more information on the structure of IBs. 
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Appendix 

Appendix-Chapter 2 

 

Figure A2.1: ESI-MS/MS for fragment identification. Data are shown for Parent IB PK digested 
fragment (T58-N87) ESI-MS/MS.  The peak for the intact fragment is at 1081.0 ±1.0 m/z, in the 
scan from 500.0 to 2000.0 m/z, NCE=10 (z=3). The peaks derived from the intact fragment are 
labelled on the primary sequence (top right) and on the spectra.  
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Figure A2.2: Fragment identification from MALDI MS, reproducibility analysis. 4 biological 
replicates were obtained for each variant. A) Parent. B) V75R. C) RR. D) RRGR. The experimental 
(black) and theoretical (red) m/z values are listed for each fragment.  Fragments that were observed 
in at least 3 replicates were considered to be reproducible.  
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Appendix-Chapter 3 

 

Figure A3.1: PTM analysis of Parent, V75R, RR, RRGR IBs. The 4 Adnectin variants are listed 
from top to bottom. Parent (gray), V75R (green), RR (purple), and RRGR (blue). RRGR IB shows 
no gluconoylated species but shows significant full length Met species. 
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Figure A3.2: SDS-PAGE analysis of 4 Adnectin variant IBs. Parent, V75R, and RR showed 2 
distinct bands, containing full-length Adnectin, gluconoylation and phosphogluconoylation. 
RRGR IB did not show clearly separated bands like the other 3 variants IBs, suggesting a faster 
aggregation process. 
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Figure A3.3: ZipperDB and Tango aggregation propensity prediction. The ZipperDB (bars, 
left scale)70 and Tango (line, right scale)71 profile of Adnectin variants. A) Parent (black), B) V75R 
(green), C) RR (blue), and D) RRGR (red). 
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Figure A3.4: qHDX protection of RR and RRGR IB compared to Parent IB. Some residues 
on the βB, BC loop, and FG loop were unassigned. Their relative protection against Parent IB is 
presented in the bar graph and mapped on the ribbon structure. Blue represents the less protected 
region; red represents the more protected region72. 

 

Figure A3.5: qHDX protection of V75R IB compared to Parent IB. Some residues on the βB, 
BC loop, and FG loop were unassigned. Relative protection against Parent IB is mapped on the 
ribbon structure. Blue represents the less protected region; yellow represents the more protected 
region72. 


