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Abstract 

It is undeniable that anthropogenic climate change is a pressing issue faced by governments and 
individuals worldwide. Although there are many factors involved in its propagation, the 
production of fossil fuels is arguably the largest culprit. Decades of research has been dedicated 
to the production of biofuels from ubiquitous natural polymers, such as chitin. Recently, a class 
of enzymes referred to as lytic polysaccharide monooxygenases (LPMOs) have been identified 
as having important applications in biofuel production. Specifically, these enzymes have the 
remarkable ability to breakdown chitin into digestible fragments that can be used in the 
fermentation of bioethanol. Furthermore, LPMO activity has been detected in proteins produced 
by various pathogenic bacteria, including Vibrio cholerae. These LPMO-active proteins act as 
colonization factors, thereby supporting the virulence of these microorganisms.  

The aim of this thesis was to contribute to the general knowledge of LPMO-containing proteins. 
By understanding LPMOs and their mechanisms, there is the potential for advancements in fields 
related to the production of both biofuels and antimicrobial agents.     

In this work, the production of a hypothetical chitin-binding viral protein believed to obtain 
LPMO activity was probed. It was demonstrated that this protein readily precipitated during 
expression, therefore multiple optimization efforts were attempted. Expression in cold-adapted 
Escherichia coli cells was successful in producing soluble protein. The structure of this protein 
was predicted by homology modelling, which eluded to the highly-conserved histidine brace of 
LPMOs. Therefore, it is assumed that this hypothetical protein would be LPMO active. 
Investigation of a second protein believed to be LPMO-active was pursued. Use of a novel 
LPMO activity assay demonstrated this protein’s ability to degrade chitin fibres. Furthermore, an 
interaction between this chitin-degrading protein and a superoxide dismutase (SOD) was 
hypothesized. This interaction is catalytically relevant, as SODs produce the co-substrate for 
oxidative cleavage of chitin by LPMOs. Various light scattering techniques, including small-
angle X-ray scattering and dynamic light scattering (DLS), were employed to assess this 
interaction. Preliminary DLS measurements revealed complex results, suggesting multiple 
docking sites between the two proteins or possible conformational changes upon interaction. 
Lastly, the X-ray crystal structure of an LPMO-active Vibrio anguillarum protein was solved to 
2.0 Å. In addition to the highly-conserved LPMO histidine brace, unusual torsion angles in two 
residues were observed that may be of structural or functional importance.              
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1 INTRODUCTION  

1.1 General introduction 

Anthropogenic climate change is arguably one of the most pressing issues facing modern society. 
Furthermore, a global economy dependent on the use of fossil fuels only adds urgency to the 
matter [75]. With expansion of the human population comes growth of demand for these non-
renewable energy sources. Not only does excessive consumption of fossil fuels create high levels 
of pollution, it also contributes to the reserve of greenhouse gases [74]. Therefore, it is vital to 
expend in research investigating alternative energy sources. One such alternative is the use of 
biomass fuels, such as bioethanol, which can effectively replace fossil fuels [76]. Two ubiquitous 
sources of biomass that can be applied to the production of bioethanol are cellulose and chitin, 
visualized in Figure 1 [74, 77, 78].       

!   
Figure 1. Structures of the biopolymers cellulose and chitin. This Figure was adapted from Deguchi et 
al. [73].   

Cellulose is composed of repeating units of glucose linked by β-1,4 glycosidic bonds, and is 
ubiquitous in plant cell walls [74, 77]. Similarly, chitin is composed of repeating units of N-
acetylglucosamine linked by β-1,4 glycosidic bonds, and is found in the exoskeletons of a variety 
of invertebrates [74, 78]. In the context of bioethanol production, biomass comprised of cellulose 

!1



or chitin must be pretreated to liberate the biopolymers for their subsequent breakdown into 
fermentable sugars [79]. Some of the traditional biomass pretreatment methods include 
mechanical breakdown (milling), acid hydrolysis, or enzyme hydrolysis [80, 81, 82]. 
Furthermore, the biopolymers must undergo enzymatic saccharification into their monomeric 
states for fermentation to ensue [74]. A major limiting factor of saccharification is that the 
enzymes must be able to associate with insoluble substrates [83]. It was recently discovered that 
some microorganisms produce proteins capable of interacting with and degrading chitin and 
cellulose in their insoluble crystalline form [16]. In a redox-dependent mechanism, these 
enzymes are able to increase accessibility of the biopolymer chains for additional enzymes, 
namely glycoside hydrolases, to hydrolytically break down the chains into their monomeric state 
for subsequent fermentation into bioethanol [16]. These novel enzymes are central to this thesis, 
and will be introduced below.                     

1.1.1 Lytic polysaccharide monooxygenases  

Lytic polysaccharide monooxygenases (LPMOs) are a group of metalloenzymes first described 
by Vaaje-Kolstad et al. in 2010 [16]. These enzymes are primarily characterized by their ability 
to oxidatively cleave crystalline polysaccharides, such as chitin or cellulose, into 
oligosaccharides [16, 64, 65]. The catalytic mechanism of LPMOs will be discussed in more 
detail in Section 1.1.2.    

LPMOs are categorized by the carbohydrate-active enzyme (CAZy) database, which classifies 
enzymes based on their amino acid sequence, protein fold, and catalytic mechanism [68, 71, 72]. 
Presently, this database places LPMOs into six families of auxiliary activities (AA). AAs are 
considered as enzymes that aid the catalysis of other enzymes, such as glycoside hydrolases, by 
facilitating access to carbohydrates for subsequent hydrolysis. One AA family, AA10, describes 
LPMOs that are mainly produced by bacteria, and degrade either chitin or cellulose [70]. All of 
the LPMO-containing proteins investigated in this thesis belong to the AA10 family of LPMOs.  

These enzymes are important in the development of biofuels, such as bioethanol. As previously 
mentioned, a major limiting factor of saccharification is the requirement to degrade insoluble 
substrates [83]. LPMOs are able to associate with chitin and cellulose in their crystalline form 
and catalyze cleavage of the β-1,4 glycosidic bonds to increase accessibility for hydrolysis by 
glycoside hydrolases [16]. Therefore, LPMOs can be employed in the process of biofuel 
production, specifically for saccharification, to increase the efficiency and reduce the economic 
barriers currently associated with this renewable energy source.      

!2



1.1.2 Lytic polysaccharide monooxygenase catalytic mechanism  

The first study to propose a possible mechanism for LPMO activity was by Phillips et al. in 2011 
[64]. Much work has been done since then to develop an understanding of the general catalytic 
mechanism, although many gaps in knowledge still remain. 

The active site of LPMOs consists of two highly conserved histidine residues, one of which is 
the N-terminal residue [48, 63]. These residues form what is known as the histidine brace (Figure 
2) [63]. The geometry of the coordinating residues changes with the redox state of copper. When 
reduced, the copper is coordinated by two histidine residues with the two histidine side chains 
and the N-terminal amino group. When oxidized, in addition to the histidine residues, copper is 
coordinated by a tyrosine and two water molecules (Figure 2). There is a highly conserved 
glutamate (or glutamine) residue that may be responsible for positioning a co-substrate near the 
active site [67, 102]. Studies have debated whether it is molecular oxygen or hydrogen peroxide 
that act as the co-substrate [65, 104, 105]. However, it has been demonstrated that hydrogen 
peroxide supports higher rates of catalysis compared to molecular oxygen [5, 66, 106]. Substrate 
binding is primarily driven by polar interactions. For AA10 LPMOs, there is contribution from a 
single aromatic amino acid in the active site to substrate binding [110]. In the case of AA9 
LPMOs, there can be contribution from more than one aromatic amino acid [111]. This complex 
catalytic mechanism results in an increased accessibility to the polysaccharide substrate for 
subsequent hydrolysis by glycoside hydrolases.          
   

!3



!   
Figure 2. Coordination of Cu(II) in the histidine brace. Two histidine (orange) residues and a tyrosine 
(green) residue coordinating oxidized copper with two water molecules (blue). This Figure was made 
with Apple Keynote (Appendix A).   
    
The general catalytic mechanism of LPMOs can be visualized in Figure 3. It should be noted that 
the true intermediate reactive-oxygen species involved in LPMO catalysis has not yet been 
experimentally determined [65]. For the purpose of this introduction, the intermediate will be 
assumed as copper oxyl, which is suggested by quantum calculations [112].  

The first step of catalysis is initiated when the copper ion is reduced by an external electron 
donor [64, 65, 67]. The identity of this electron donor remains elusive, but it has been suggested 
that small molecule reductants such as ascorbic acid or the fungal protein cellobiose 
dehydrogenase could be the source [67, 101]. The second step of catalysis involves the 
recruitment of a co-substrate, either hydrogen peroxide or molecular oxygen. This step results in 
the formation of a copper oxyl intermediate, which acts on the substrate to abstract a hydrogen 
atom and induce the formation of a substrate radical. The third step of catalysis involves a second 
reduction of the copper ion, which is bound by the substrate. It is unclear how this reduction step 
occurs, as the active site is not easily accessible [103]. This further complicates the question of 
what the second electron donor could be. It has been proposed that a tunnel gated by a conserved 
glutamate residue connects the active site to the solvent and is permeable to small molecules 
such as hydrogen peroxide or oxygen radicals [53]. Following reduction, the intermediate copper 
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oxyl hydroxylates the substrate, which destabilizes the glycosidic bond and causes bond cleavage 
by an elimination reaction.  

Furthermore, in the absence of a polysaccharide substrate, LPMOs have been shown to produce 
hydrogen peroxide [107]. Quantum calculations have suggested that hydrogen peroxide 
formation occurs only from reduced copper, and more favourably if the active site-proximal 
glutamate residue is involved [66].                          

!  
Figure 3. General LPMO catalytic mechanism. The reduced and oxidized states of the copper ion are 
colored in pink and blue, respectively. Catalytic activation is indicated by the star. The substrate chitin is 
indicated in purple. (1) Cu(II) is reduced by an unknown external electron donor. (2) Cu(I) is bound by 
the co-substrate (oxygen or hydrogen peroxide), yielding a reactive copper oxyl intermediate that 
abstracts a hydrogen atom from the substrate and generates a substrate radical. (3) Cu(II) gets reduced 
again by an unknown external electron donor, which regenerates reactive copper oxyl intermediate. The 
substrate gets hydroxylated, destabilizing the glycosidic bond and causing bond cleavage by an 
elimination reaction (4). In the absence of a substrate, it has been suggested that LPMOs produce 
hydrogen peroxide (5) [107]. This Figure was made with Apple Keynote (Appendix A).   
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Reporting on kinetics data for LPMOs has proven difficult, primarily due to insolubility of the 
substrate and lack of commercial standards. Currently, methods are being developed which 
quantify the products of LPMO catalysis. One such example is by Loose et al., 2014., where 
quantification of the C1-oxidation of chitooligosaccharides is achieved by spectrometric and 
chromatographic methods [15].     
     
1.1.3 N-acetylgulcosamine binding protein A   

One important example of an LPMO-containing protein is N-acetylgulcosamine binding protein 
A (GbpA), which is secreted by several Gram-negative bacteria including Vibrio cholerae [84, 
85]. This protein acts as a dynamic colonization factor, with an ability to adhere to mucin in the 
intestinal mucosa and to chitin on the surfaces of marine invertebrates for biofilm formation [84, 
85, 86]. The general process of GbpA-mediated colonization is visualized in Figure 3.  
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Figure 4. Bacterial colonization of chitin/mucin. Bacteria, such as V. cholerae, secrete GbpA (1), which 
bind surfaces containing chitin. Through an unknown intermediate (2), the bacterium is able to dock onto 
surfaces (3), which propagates colonization. LPMO characteristics of GbpA resides in domain one (red). 
This Figure was made with Apple Keynote (Appendix A).     

It is established that GbpA is a multifunctional protein with several domains. The crystal 
structure of V. cholerae GbpA was only solved for the first three domains, but SAXS data 
demonstrated that it is a four-domain, elongated protein [39]. The LPMO characteristics of 
GbpAs reside in domain one [39, 109]. Furthermore, it has been shown in V. cholerae that 
domain one is LPMO-active against chitin [15]. This finding is the first relation made between a 
virulence factor and LPMO activity, as was achieved by the novel LPMO assay described by 
Loose et al., 2014 [15]. The function of domains two and three remain somewhat elusive, 
although it has been suggested that they interact with the bacterial cell surface to propagate 
bacterial colonization [87]. The structure of domain 4 indicates a chitin binding domain, based 
on similarities with Serratia marcescens chitinase B [39, 88].      
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In addition to V. cholerae, GbpA is expressed by other pathogenic bacteria, including Listeria 
monocytogenes and Bacillus cereus [108, 109]. Therefore, insight into this protein could provide 
a basis for the development of novel antimicrobial agents through targeting LPMO activity and 
preventing colonization.      

1.2 Project background  

Three LPMO-active proteins were investigated in this thesis, namely: Apis mellifera filamentous 
virus LPMO (AmFV LPMO), Aeromonas bestiarum GbpA (Ab GbpA), and Vibrio anguillarum 
LPMO (Va LPMO). To follow, a brief introduction of each protein is provided.   

AmFV LPMO 

A. mellifera filamentous virus is a large double-stranded DNA virus that has been shown to infect 
honey bees [56]. Upon sequencing of its complete genome, it was revealed that this virus 
encodes a gene for the expression of a chitin-binding domain [57]. To date, no literature exists 
regarding this viral chitin-binding domain. If A. mellifera filamentous virus does indeed express 
this protein, it is likely that is LPMO-active. This assumption is based on the conservation of 
histidine residues forming the catalytic histidine-brace, which is highly conserved among 
LPMOs [48]. The gene construct for AmFV LPMO used in this thesis was truncated to only 
include the chitin-binding region, although this protein is thought to be part of much larger 
complex based on sequencing [57].  

Ab GbpA 

The Gram-negative bacterium A. bestiarum has demonstrated particularly detrimental effects on 
populations of Cyprinus carpio (carp) [55]. Ab GbpA is secreted from the periplasm of A. 
bestiarum into the extracellular environment, presumably by the type II secretion system. Ab 
GbpA is thought to act as a colonization factor, facilitating bacterial adherence to chitin in the 
scales of Cyprinus carpio and thereby contributing to the virulence A. bestiarum [39, 54]. The 
gene construct for Ab GbpA used in this thesis was full-length, therefore including all four 
domains of the protein. It is believed that domain one of Ab GbpA is LPMO-active, due to 
sequence similarities with LPMO-containing homologs [39]. 

!8



Va LPMO 

The occurrence of fatal hemorrhagic septicaemia in Salmo gairdneri (rainbow trout) can be 
accounted to the Gram-negative bacterium V. anguillarum [59]. As with Ab GbpA, Va LPMO is 
thought to act as a colonization factor aiding in adherence to chitin and is presumably secreted by 
the type II secretion system. The gene construct for Va LPMO used in this thesis was truncated to 
only include domain one of the protein, which is assumed to retain the LPMO activity based on 
sequence similarities with LPMO-containing homologs [39].                   

1.3 Thesis aim   

The overarching aim of this thesis was to contribute to the general knowledge of LPMO-
containing proteins. The field of LPMO-related research is relatively new and several gaps in 
knowledge exist, including details of the LPMO catalytic mechanism. Establishing a deeper 
understanding of LPMO activity is important, as it can have several useful applications in the 
production of biofuels and of antimicrobial agents for diseases such as cholera.     

Three LPMO-containing proteins were studied in this thesis, including: Ab GbpA, AmFV LPMO, 
and Va LPMO. Several light-scattering techniques were employed to reveal important structural 
and functional information of these proteins. A biologically relevant protein, namely MnSOD, 
that could potentially support LPMO activity was identified. Subsequently, an interaction 
between MnSOD and Ab GbpA was explored in hopes to gain insight into LPMOs and their 
catalytic mechanism.     

This thesis had three main objectives:   

A.   Production and purification: Establish an efficient protocol for expression and purification 
of both Ab GbpA and AmFV LPMO.    

B.   Interaction studies: Investigate the existence of a catalytically-relevant protein interaction 
between Ab GbpA and MnSOD using MST, DLS, and SAXS.  

C.  Structure determination: Solve and refine the X-ray crystal structure of Va LPMO. 
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2 THEORETICAL BACKGOUND  

2.1 Periplasmic protein expression  

Production of Ab GbpA and AmFV LPMO can be carried out in the ubiquitous bacterium 
Escherichia coli. The challenge with producing these proteins is that they require the formation 
of disulphide bridges for stabilization of tertiary structure, which cannot be readily formed in the 
reducing environment of the cytoplasm. A possible solution is to translocate the protein into the 
oxidizing environment of the periplasm. The translocation process is enabled by the N-terminal 
addition of a signal sequence to the plasmid containing the recombinant protein-encoding gene. 
The signal sequence, referred to as “pelB”, was included on the N-terminal of both Ab GbpA and 
AmFV LPMO. Periplasmic translocation is mediated by proteins of the SecB-dependent pathway 
[60]. The chaperone SecB binds to pelB-tagged pre-protein and shuttles it towards the 
membrane-bound SecA protein [60]. The pre-protein then gets translocated across the inner cell 
membrane through the SecYEG channel, and the pelB signal sequence gets subsequently cleaved 
by a signal peptidase [60].         

The expression of both Ab GbpA and AmFV LPMO is regulated by the lac promoter. The 
presence of glucose in the medium offers a preferential carbon source, leaving the lac repressor 
bound to the lac operator (located downstream of the lac promoter) [11]. When this occurs, 
genes regulated by the lac promoter will not be expressed. However, when lactose is added to the 
medium, it is converted to the isomer allolactose and causes dissociation of the lac repressor 
from the lac operator. RNA polymerase can then bind the lac promoter, thereby initiating 
transcription of the recombinant genes. It is common to use artificial inducers with higher 
affinity for the lac repressor, such as isopropyl β-d-1 thiogalactopyranoside (IPTG). In this study, 
IPTG was used to induce transcription of both Ab GbpA and AmFV LPMO.   

Isolation of periplasmic proteins involves a two-step protocol to lyse the outer cell membrane. 
The first step involves the resuspension of pelleted cells in a buffer containing sucrose, which 
rapidly enters cells through the outer cell membrane [61]. The second step involves resuspension 
of pelleted cells in a buffer where sucrose is absent. The sudden variance in sucrose 
concentration between the periplasm and extracellular space generates an osmotic flow of water 
molecules towards the periplasm, causing the outer cell membrane to break and release the 
periplasmic contents. In addition, ethylenediamine-tetraacetate (EDTA) and 
phenylmethylsulfonyl fluoride (PMSF) are supplemented to the lysis buffers as protease 
inhibitors.                 
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2.2 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is a structural biology technique that can be used to obtain 
low-resolution structures of proteins in their native soluble form. SAXS is particularly beneficial 
for multi-domain proteins with flexible linkers, as often these proteins are difficult to 
characterize by other structural techniques such as X-ray crystallography [92]. In addition to 
structural characterization, SAXS can be applied to the study of protein-protein interactions and 
the conformational changes associated with them [93].  

As the name suggests, SAXS uses X-ray radiation to exact structural information from proteins 
in solution. The intensities of X-rays scattered by the electrons of atoms in the molecular 
structure of the protein are recorded by a detector (Figure 5). The random orientations of proteins 
during data collection result in an isotropic scattering pattern, which is radially averaged [94]. 
The resulting scattering pattern provides information about the size and overall conformation of 
the protein.  

"  
Figure 5. Schematic of SAXS scattering. The incident X-ray beam (pink) and scattering (blue) is 
visualized. The scattering vector (q) is indicated on the detector. This Figure was made with Apple 
Keynote (Appendix A).   
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Information of the overall size and conformation of a protein can be determined by a Guinier 
analysis [95]. In brief, a Guinier plot of the logarithmic scattering intensities versus the squared 
scattering vectors (q) is made. From the slope of the linear region, the radius of gyration can be 
extracted, which provides information about the size and elongation of a protein [94, 95]. From 
the Y-intercept of the Guinier plot, the forward scattering is determined, which provides 
information about the protein’s molecular mass. In addition, the pair distance distribution 
function can be used to calculate a distribution of distances between scattering masses [94, 97]. 
From this distribution, approximations of the maximum dimension (Dmax) between atoms in a 
protein as well as the overall shape can be made [94, 97].        

2.3 Dynamic light scattering 

Dynamic light scattering (DLS) is a technique used to the study the size of particles in solution, 
which is dependent on Brownian motion [98]. In brief, a laser is passed through particles in 
suspension which scatter light based on particle size and shape. The scattering intensity 
fluctuations of larger particles will be slower, compared to smaller particles [99]. When the 
intensity fluctuations are correlated with respect to time, information about particle diffusion and 
in turn particle size can be obtained [99]. The relative intensities can be plotted as a function of 
the various particle sizes, and the mean of the intensity peaks is directly proportional to the 
particle diameter [99].  

DLS can be applied to the study of protein-protein interactions by measuring the distribution of 
particle sizes and relating it to the diameter of proteins involved in the interaction [100]. If an 
intensity peak is found to correspond to the sum of the particle diameters of each protein, it 
suggests an interaction.        
        
2.4 X-ray crystallography 

X-ray crystallography is a powerful structural biology technique that is used to obtain three-
dimensional structures of biomolecules at atomic-resolution. Protein structures solved by X-ray 
crystallography dominate the protein data bank (PDB; https://www.rcsb.org/stats/summary). The 
general work-flow of X-ray crystallography will briefly be described, including: crystallization, 
data collection, solving the “phase problem”, and model building. For more information, books 
by Blow and Rupp provide a great general overview of the method [50, 62].     
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As the name implies, X-ray crystallography requires proteins in crystalline form to obtain 
structural information by exposure to X-rays. The high number of regularly arranged scattering  
units within a crystal allows for the amplification of scattering intensity during data collection. 
Protein crystallization is often the bottleneck of structure determination using X-ray 
crystallography [91]. Additionally, crystallization requires a high concentration of pure protein, 
which is a challenge in and of itself. The most common crystallization technique is vapour 
diffusion, where a crystallization drop is enclosed with a reservoir solution. The reservoir 
solution typically consists of a precipitant and a buffer; the crystallization drop consists of a 
mixture of the target protein, its storage buffer, and reservoir solution. Equilibrium by vapour 
diffusion occurs between the crystallization drop and the reservoir solution, which causes drop 
shrinkage and a rise in the protein concentration of the drop [91]. With some luck, protein 
crystals will eventually form in the crystallization drop.         

During data collection, protein crystals are exposed to X-ray radiation in the form of a 
monochromatic beam. When the beam hits a crystal, the electrons surrounding the atoms in the 
molecule diffract the irradiating wave. When the diffracted waves interact with each other at 
certain angles, constructive interference occurs [90]. Constructive interference is observed as a 
pattern of intensity spots on a detector, and the angles at which this interference occurs is 
described by Bragg’s law [90, 96]. In contrast with SAXS, the scattering pattern resulting from 
X-ray diffraction is anisotropic due to high order within the crystal [90].   

A simple mathematical method, namely the Fourier transform, is used to relate the spatial 
arrangement of the scattering object (the crystal) to the scattering pattern. The amplitudes of the 
scattered waves can be calculated from the square root of the intensities. Determining the phase 
of the scattered waves is more difficult, as it cannot be directly observed during data collection. 
Therefore, it is referred to as the “phase problem”. The phase problem can be overcome by a 
variety of methods, one of which is referred to as molecular replacement (MR). Briefly, MR uses 
the phases of the structural model of a protein with high sequence identity to the unsolved 
protein, and combines them with the amplitudes derived from the X-ray data. This process 
results in an electron density map that can be used to build a model of the unsolved structure. 
The process of model building is referred to as refinement, and is usually performed in cycles 
until all of the electron density in the map is accounted for by a model.              
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3 MATERIALS AND METHODS 

Please see Chapter 2 for a theoretical background on light scattering techniques. The remaining 
experimental procedures described in this Chapter are preceded with a brief theoretical 
background. A complete list of equipment and materials used in this thesis can be found in 
Appendix A. A complete list of solutions, buffers and gels used in this thesis can be found in 
Appendix B.   
  
3.1 Cloning of AmFV LPMO 

The AmFV LPMO-encoding gene was designed by Kaare Bjerregaard-Andersen (Department of 
Chemistry, University of Oslo, Norway) and subcloned into a pET-22b(+) plasmid by GenScript 
using the CloneEZ cloning strategy. An N-terminal pelB signal peptide was included for 
periplasmic localization, and a C-terminal histidine-tag (His-tag) was included for purification.   

3.2 Transformation of AmFV LPMO 

BL21(DE3) cells 

Transformation of the plasmid (Appendix A) into chemically competent BL21(DE3) E. coli cells 
(Appendix A) was done following the BL21(DE3) transformation procedure.   

BL21(DE3) transformation procedure: On ice, 50 ng of plasmid (Appendix A) was added 
directly to competent cells (Appendix A) and left on ice for approximately 30 minutes until 
thawed, with brief mixing after 15 minutes. The mixture was then heat-shocked at 42 °C for 40 
seconds. Lysogeny broth (LB) media (Appendix B) was added to the mixture at a 10:1 volume 
ratio, and the resulting culture was incubated in the Kelvitron T incubator (Appendix A) at 37 °C 
for 1 hour. The culture was then plated on LB-agar (Appendix B) containing ampicillin (1 mg/L; 
Appendix B) and incubated in the Kelvitron T incubator (Appendix A) at 37 °C overnight. The 
following day, a single bacterial colony was selected and transferred to 10 mL of LB media 
(Appendix B) containing ampicillin (1 mg/L; Appendix B) and incubated in a Multitron standard 
incubator-shaker (Appendix A) at 37 °C overnight. After overnight incubation, 1 mL of the 
culture was mixed with 50 % glycerol (Appendix A) in a 1.5 mL Eppendorf (Appendix A), to a 
final glycerol concentration of 15 %. The mixture was then stored immediately at -80 °C for later 
use.  
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ArcticExpress(DE3) cells  

Agilent Technologies has engineered a strain of E. coli cells, including ArcticExpress(DE3) cells 
(Appendix A), that specialize in producing soluble protein at low temperatures. Therefore, with 
the goal to optimize soluble protein yield, the pET-22b(+) plasmid (Appendix A) containing the 
AmFV LPMO-encoding gene was transformed into chemically competent ArcticExpress(DE3) E. 
coli cells (Appendix A) following the ArcticExpress(DE3) transformation procedure.  

ArcticExpress(DE3) transformation procedure: On ice, 50 ng of plasmid (Appendix A) was 
added directly to competent cells (Appendix A) and left on ice for approximately 30 minutes 
until thawed, with brief mixing after 15 minutes. The mixture was then heat-shocked at 42 °C for 
20 seconds. LB media (Appendix B) was added to the mixture at a 9:1 volume ratio, and the 
resulting culture was incubated in the Kelvitron T incubator (Appendix A) at 37 °C for 1 hour. 
The culture was then plated on LB-agar (Appendix B) containing ampicillin (1 mg/L; 
Appendix B) and incubated in the Kelvitron T incubator (Appendix A) at 37 °C overnight. The 
following day, a single bacterial colony was selected and transferred to 10 mL of LB media 
(Appendix B) containing ampicillin (1 mg/L; Appendix B) and incubated in a Multitron standard 
incubator-shaker (Appendix A) at 37 °C overnight. After overnight incubation, 1 mL of the 
culture was mixed with 50 % glycerol (Appendix A) in a 1.5 mL Eppendorf (Appendix A), to a 
final glycerol concentration of 15 %. The mixture was then stored immediately at -80 °C for later 
use. 

3.3 Expression of AmFV LPMO 

A theoretical explanation of periplasmic protein production can be found in Section 2.1. Samples 
were collected during expression for analysis by sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE), and details of the SDS-PAGE procedure can be found in Section 
3.10. 

As one aim of this thesis, an investigation of effective expression conditions for AmFV LPMO 
was pursued. To improve the protein yield of AmFV LPMO, expression was optimized in two 
different expression systems: BL21(DE3) E. coli cells and ArcticExpress(DE3) E. coli cells.  

3.3.1 BL21(DE3) expression system 
  
Growth conditions: Bacterial cultures were grown in terrific broth (TB) media (Appendix B) 
containing ampicillin (1 mg/L; Appendix B) for selection of the plasmid (Appendix A). Medium 
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for an overnight culture was inoculated with transformed BL21(DE3) E. coli cells and grown 
overnight in a baffled Erlenmeyer flask loaded into a Multitron standard incubator-shaker 
(Appendix A) at 37 °C, 130 rpm. 1 L of growth medium was inoculated with overnight culture to 
obtain approximately an OD600 of 0.01 and incubated in a baffled Erlenmeyer flask loaded into a 
Multitron standard incubator-shaker (Appendix A) at 37 °C, 130 rpm until the OD600 reached 
0.8-1.0. At this point, the bacteria should have entered the exponential growth phase, therefore 
protein expression was induced by the addition of IPTG (1 mM; Appendix A). The induced 
culture was left overnight in a Multitron standard incubator-shaker (Appendix A) at 20 °C, 
130 rpm. 

To improve the yield of AmFV LPMO, the following parameters of the general growth 
conditions protocol were optimized: IPTG concentration, OD600 at time of induction, growth 
culture temperature, and duration of induction. A summary of the optimized conditions can be 
found in Table 1 and Table 2.  

Table 1.  AmFV LPMO expression optimization trial 1: IPTG concentration and OD600 at time 
of induction. 

IPTG concentration OD600 at time of induction

Condition 1 1 mM 0.6

Condition 2 1 mM 1.0

Condition 3 1 mM 2.5

Condition 4 0.5 mM 1.0

Condition 5 2.5 mM 1.0
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Table 2. AmFV LPMO expression optimization trial 2: growth culture temperature and 
duration of induction.    

Isolation of periplasmic protein: Cells from the induced culture were harvested by centrifugation 
for 30 minutes at 4000 x g, 4 °C the following day. The pellet was resuspended in ice-cold 
sucrose buffer (5 mL buffer per gram of cells; Appendix B) for 30 minutes with magnetic 
mixing, followed by centrifugation for 30 minutes at 4000 x g, 4 °C. Thereafter, the pellet was 
resuspended in ice-cold MgCl2 buffer (5 mL buffer per gram of cells; Appendix B) for 30 
minutes with magnetic mixing, followed by centrifugation for 30 minutes at 4000 x g, 4 °C. 
Soluble periplasmic proteins were obtained from the supernatant, which was immediately stored 
at -20 °C. 

3.3.2 ArcticExpress(DE3) expression system 

The growth conditions followed the suggested protocol in the Instruction Manual provided by 
Agilent Technologies [3].     
  
Growth conditions: Overnight cultures were grown in 100 mL LB media (Appendix B) 
containing ampicillin (1 mg/L; Appendix B) for selection of the plasmid and gentamicin (20 µg/
mL; Appendix B) for selection of cells. The overnight culture incubated in a Multitron standard 
incubator-shaker (Appendix A) overnight in a baffled Erlenmeyer flask at 37 °C, 130 rpm. 3 mL 
of the growth medium was inoculated with 60 µL of overnight culture and incubated in a 
Multitron standard incubator-shaker (Appendix A) at 30 °C, 130 rpm for 3 hours. No selection 
antibiotics were added to the growth medium, as recommended by the manufacturer [3]. Protein 

Growth culture temperature Duration of induction 

Condition 1 20°C 8 hours

Condition 2 20°C 15 hours

Condition 3 20°C 20 hours

Condition 4 25°C 8 hours

Condition 5 25°C 15 hours

Condition 6 25°C 20 hours

Condition 7 30°C 8 hours

Condition 8 30°C 15 hours

Condition 9 30°C 20 hours
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expression was induced in the exponential bacterial growth phase by the addition of IPTG 
(1 mM; Appendix A). The induced culture was left at 13 °C, 130 rpm for 24 hours.   

The isolation of periplasmic protein followed the same protocol as in Section 3.3.1.  

3.4 Purification of AmFV LPMO 

As one aim of this thesis, an investigation of effective purification conditions for AmFV LPMO 
was pursued. Samples were collected during purification for analysis with SDS-PAGE, and 
details of the SDS-PAGE procedure can be found in Section 3.10. 

3.4.1 Immobilized metal affinity chromatography 

The natural affinity of proteins for heavy metals was first exploited for purification by Porath et 
al. (1975), in a process known today as immobilized metal affinity chromatography (IMAC) 
[17]. This method exploits Ni2+ ion’s ability to interact with the imidazole rings in histidine 
residues. Therefore, proteins with a His-tag will have a high affinity for the Ni2+ immobilized 
columns, while the remaining contaminants in the crude protein sample will flow through the 
column. Desorption of the His-tagged proteins from the Ni2+ ions is achieved by elution with free 
imidazole containing buffer [18]. The imidazole in the elution buffer outcompetes the protein’s  
Ni2+ affinity, causing protein desorption.  

AmFV LPMO has a C-terminal His-tag to prevent interference with the N-terminal active site. 
Therefore, IMAC was used as a first step in purification following the IMAC procedure.               

IMAC procedure: The crude protein mixture collected after periplasmic lysis was filtered through 
a 0.2 µm PES membrane bottle-top filter (Appendix A) immediately prior to IMAC for 
particulate removal. A 5 mL HisTrap HP IMAC column (Appendix A) connected to the ÄKTA 
start (Appendix A) unit was equilibrated with binding buffer (Appendix B). Filtered protein 
mixture was loaded onto the column and eluted over a linear gradient (0-100 %) with elution 
buffer (Appendix B) in 12 column volumes. Absorbance was monitored at 280 nm and eluted 
proteins were collected into 1 mL fractions. The protein was then dialyzed using SnakeSkin 
dialysis tubing (Appendix A) into a storage buffer (Appendix B). Finally, the pooled fractions 
were concentrated using a 30 mL Vivaspin centrifugal concentrator with a 5K MWCO 
(Appendix A) at 6000 x g, 4 °C.  
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3.5 In silico modelling of AmFV LPMO 

Unfortunately, it was not possible to obtain a high enough yield of pure AmFV LPMO for 
crystallization and structural characterization using X-ray diffraction. Instead, an in silico 
structural model was obtained using the Phyre2 homology modelling server (Appendix A). 

Phyre2 is used for the prediction of the 3D structure of a query sequence of unknown protein 
fold [52]. The Phyre2 server workflow can be divided into 4 main steps. The first step involves 
the method HHblits, which matches the query sequence against a database of sequences with less 
than 20 % identity [20, 52]. The secondary structure of the query is then predicted using 
PSIPRED [20, 21, 52]. The second step results in a list of query-template alignments which are 
ranked based on coverage and confidence, and matched against a library of known structural 
folds [20, 52]. The third step involves a search for insertion and deletion mutations within the 
query sequence and including them in the model using the algorithm cyclic coordinate decent 
[20, 22]. The final step involves fitting the side chains to the backbone using the R3 protocol [20, 
23]. This workflow results in a predicted 3D structure of the query sequence. The amino acid 
sequence of AmFV LPMO was input into the server and the modelling mode used was “normal”.   
   
3.6 Cloning of Ab GbpA 

The Ab GbpA-encoding gene was designed by Kaare Bjerregaard-Andersen (Department of 
Chemistry, University of Oslo, Norway) and subcloned into a pET-22b(+) plasmid by GenScript 
using the CloneEZ cloning strategy. An N-terminal pelB signal peptide was included for 
periplasmic localization.      

3.7 Transformation of Ab GbpA 

Transformation of the plasmid (Appendix A) into chemically competent BL21(DE3) E. coli cells 
(Appendix A) was carried out by Henrik V. Sørensen (Department of Chemistry, University of 
Oslo, Norway) following the BL21(DE3) transformation procedure outlined in Section 3.2.  

3.8 Expression of Ab GbpA 

As one aim of this thesis, the establishment of effective expression conditions for Ab GbpA was 
pursued. A theoretical explanation of periplasmic protein production can be found in Section 2.1. 
Samples were collected during expression for analysis by SDS-PAGE, and details of the SDS-
PAGE procedure can be found in Section 3.10. 
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Growth conditions: Bacterial cultures were grown in terrific broth (TB) media (Appendix B) 
containing ampicillin (1 mg/L; Appendix B) for selection of the plasmid. 100 mL of TB media 
(Appendix B) was inoculated with transformed BL21(DE3) E. coli cells and grown overnight in 
a baffled Erlenmeyer flask loaded into a Multitron standard incubator-shaker (Appendix A) at 
37 °C, 130 rpm. 1 L of TB media (Appendix B) was inoculated with 10 mL of overnight culture 
to obtain an OD600 of approximately 0.01 and incubated in a Multitron standard incubator-shaker 
(Appendix A) at 37 °C, 130 rpm until the OD600  reached 0.8-1.0. At this point, the bacteria had 
entered the exponential growth phase, therefore protein expression was induced by the addition 
of IPTG (1 mM; Appendix A). The induced culture was left incubating overnight at 20 °C, 130 
rpm.  

The isolation of periplasmic protein followed the same protocol as in Section 3.3.1. 

3.9 Purification of Ab GbpA 

As one aim of this thesis, an investigation of effective purification conditions for Ab GbpA was 
pursued. Samples were collected during purification for analysis with SDS-PAGE, and details of 
the SDS-PAGE procedure can be found in Section 3.10. 

3.9.1 Anion exchange chromatography  

Kopaciewicz et al. (1983) extensively studied ion-exchange chromatography, a purification 
method that separates proteins based on ionic charge [19]. Ion-exchange chromatography is 
widely used today and can be separated into two main techniques: cation-exchange 
chromatography (CEC) and anion-exchange chromatography (AEC). The column used in CEC is 
lined with negatively-charged resin, whereas the column used in AEC is lined with positively-
charged resin [19]. Proteins are amphoteric biomolecules, meaning that their net charge is 
dependent on the environmental pH [19]. This relationship between pH and protein net charge is 
described as the isoelectric point (pI). For example, if the pH of the buffer is above the pI of a 
protein, the protein will have a net negative charge and therefore bind to an AEC column. During 
AEC, buffering is important for protein adsorption, while displacing salts are essential for 
protein desorption. Negative chloride ions in the elution buffers bind to the positively-charged 
resin, causing protein desorption.  
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The theoretical pI of Ab GbpA is 5.23 (Obtained from ExPASy (web.expasy.org/protparam)), 
resulting in a net negative charge at the running pH. As such, AEC was used as a first step in 
purification of Ab GbpA following the AEC procedure.           
         
AEC procedure: The crude protein mixture collected after periplasmic lysis was filtered through 
a 0.2 µm PES membrane bottle-top filter (Appendix A) immediately prior to AEC for particulate 
removal. A 5 ml HiTrap Q XL AEC column (Appendix A) connected to the ÄKTA start 
(Appendix A) was equilibrated with binding buffer at pH 8 (Appendix B). Filtered supernatant 
was loaded onto the column and eluted over a linear gradient (0-100 %) of elution buffer 
(Appendix B) in 12 column volumes. Absorbance was monitored at 280 nm and eluted proteins 
were collected into 1 mL fractions. Fractions collected under the UV peak were pooled and 
concentrated using a 30 mL Vivaspin centrifugal concentrator with a 10K MWCO (Appendix A) 
at 6000 x g, 4 °C. The protein was then aliquoted and stored at at -20 °C until later use. 
  
3.9.2 Size exclusion chromatography  

Size exclusion chromatography (SEC) is a purification method that separates proteins based on 
their hydrodynamic volume, which is the spherical volume of molecules as they move in solution 
[24, 25]. SEC columns are usually comprised of a matrix of cross-linked agarose, 
polyacrylamide, and/or dextran beads, which are inert to avoid protein adsorption [24]. Smaller 
proteins become trapped within the cavities of the matrix, which delays elution from the column; 
whereas larger proteins elute through the column without such delays. SEC was used as a last 
step in purification of Ab GbpA, according to the SEC procedure.  

SEC procedure: A 120 mL HiLoad 16/60 Superdex 200 prep grade column (Appendix A) 
connected to an ÄKTA purifier-900 (Appendix A) was equilibrated with running buffer 
(Appendix B). AEC-purified sample (500 µL) was loaded onto the column at 0.5 mL/min using a 
1 mL loop. Absorbance was monitored at 280 nm and eluted proteins were collected into 1 mL 
fractions. SDS-PAGE was performed according to the SDS-PAGE standard procedure (Section 
3.10), and fractions containing protein of the correct molecular weight were pooled and 
concentrated using a 30 mL Vivaspin centrifugal concentrator with a 10K MWCO (Appendix A) 
at 6000 x g, 4 °C. The final protein concentration was measured by spectroscopy at 280 nm using 
the theoretical extinction coefficient of 91 705 M-1 cm-1 for Ab GbpA assuming the reduction of 
all cystine residues (Obtained from ExPASy (web.expasy.org/protparam)). The protein was then 
aliquoted and stored at at -20 °C until later use.   
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3.10 SDS-PAGE  

SDS-PAGE was used for fraction analysis throughout protein isolation and purification. The 
assay is based on protein separation by molecular size. SDS is an anionic surfactant that binds 
amino acid residues at a ratio of 1:2 [8]. SDS forms hydrophobic interactions with the protein to 
induce unfolding while simultaneously masking intrinsic charges with negatively-charged 
hydrophilic components [8]. A reducing agent, dithiothreitol (DTT) is also present to cleave 
disulphide bonds stabilizing the tertiary structure [8]. This results in an approximate uniform 
mass-to-charge ratio for all proteins in a sample. Polyacrylamide gel is a porous matrix, with the 
average pore size depending on the cross-linking of acrylamide [9]. When an electrical current is 
applied to the polyacrylamide, the SDS-treated proteins will migrate towards an anode [9]. 
Smaller proteins will move through the pores more rapidly than larger proteins, resulting in the 
separation of proteins based on molecular size.   

SDS-PAGE standard procedure: A solution containing 20 µL of protein sample, 6 µL of 4X LDS 
sample buffer (Appendix B) and 2 µL DTT (0.1 M; Appendix A) was heated at 70 °C for 10 
minutes. 15 µL of each sample was loaded into a Bolt Bis-Tris 4-12 % polyacrylamide gel 
(Appendix A) pre-installed into an electrophoresis tank (Appendix A) containing 1X MES SDS 
running buffer (Appendix B).The SeeBlue Plus2 prestained standard (Appendix A) was used as a 
molecular weight ladder. The electrophoresis tank was connected to an electrophoresis 
powersupply-EPS601 (Appendix A) and run at 200 V for 25 minutes. Following SDS-PAGE, 
polyacrylamide gels were stained with Coomassie staining buffer (Appendix B) for 1-5 hours on 
a shaker. MQ-H2O was used to destain the polyacrylamide gels until adequate contrast between 
the protein bands and the background was achieved. The gels were stored at room temperature in 
MQ-H2O until analysis.    

SDS-PAGE modified procedure: For samples containing cell lysate, the OD600 was measured and 
normalized to the most dense sample. The samples were then centrifuged for 15 minutes at 
15 000 x g, 4 °C. 20 µL of the supernatant was discarded and 200 µL of 1X LDS sample buffer 
(Appendix B) containing urea (8 M; Appendix A) and 20 µL DTT (0.1 M; Appendix A) was 
added to the pellet. The rest of the preparations for SDS-PAGE followed the SDS-PAGE standard 
procedure. 

3.11 Mass Spectrometry 

Mass spectrometry (MS) is an analytical method used to obtain biological information, including 
sequence identity, from protein samples [10]. It is common practice for MS to be used to identify 
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unknown proteins. This method measures the mass-to-charge (m/z) ratio of ionized peptide 
fragments to generate a mass spectrum, which plots ion abundance versus m/z [10]. In brief, 
proteins are enzymatically fragmented, then ionized to generate gas-phase ions which are 
separated based on their m/z ratio [10]. The fragmentation data can then be matched to a peptide 
fragment database, for example using the software MASCOT, which uses a sequence library to 
identify proteins [12].           

MS was used to identify protein impurities discovered by SDS-PAGE after SEC purification of 
Ab GbpA. SEC-purified Ab GbpA was run on SDS-PAGE following SDS-PAGE standard 
procedure (Section 3.10). Bands at several molecular weights corresponding to the protein 
impurities were cut out and stored in MQ-H2O until analysis with MS. The MS samples were 
sent to Dr. Bernd Thiede (Department of Biosciences, University of Oslo, Norway) for analysis. 
A search comparing the peptide fragments with the Ab GbpA sequence and the E. coli K12 
proteome (expression host) was performed for identification.   
  
3.12 Protein stability studies  

Before proceeding with further studies of Ab GbpA, protein stability was assessed by two 
methods: nanoscale differential scanning fluorimetry (nano-DSF) and matrix-assisted laser 
desorption/ionization time-of-flight MS (MALDI-TOF-MS).   

Optimal buffer pH was determined by assessing the thermal stability of Ab GbpA in three 
different buffer conditions: pH 4.5 buffer (Appendix B), pH 6 buffer (Appendix B), and pH 8 
buffer (Appendix B). The thermal stability of Ab GbpA was determined using nano-DSF 
(Section 3.12.1).    

Optimal storage temperature was determined by assessing the LPMO activity of Ab GbpA after 
storage at three different temperatures: 4 °C, -20 °C and -80 °C (after flash freezing in liquid 
nitrogen). LPMO activity was assessed using MALDI-TOF-MS (Section 3.12.2).       

3.12.1 Nanoscale differential scanning fluorimetry  

Nano-DSF is a technique that can be used to evaluate the thermal stability of a protein and 
requires low protein concentrations (µM range), and small sample volumes (µL range) [29, 31]. 
This method can be applied to assess the stability of a protein under different conditions, 
including buffer pH [30]. The melting temperature of a protein is determined from the midpoint 
of the transition between the folded and melted forms [29]. This is estimated by monitoring 
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intrinsic fluorescence over a temperature gradient generated by infrared laser (IRL) exposure 
[31]. Specifically, the absorbances of tryptophan and tyrosine are monitored at 330 nm and 
350 nm, respectively [30]. As the temperature increases, an increase in fluorescence is expected 
due to the exposure of hydrophobic residues [30, 31]. Inflection points in a plot of fluorescence 
vs. temperature are calculated using the first derivative, from which the protein’s melting 
temperature can be estimated [30].  

Nano-DSF experiments were conducted in the lab of Dr. Bjørn Dalhus (Department of Medical 
Biochemistry, University of Oslo, Norway) on the Prometheus NT.48 instrument (Appendix A) 
to evaluate the stability of Ab GbpA in the three different buffer conditions (Section 3.12). The 
experiment was a conducted following the nano-DSF procedure.  

Nano-DSF procedure: 70 µM of Ab GbpA was diluted (1:10) into each of the experimental 
buffers, to a final volume of 10 µL. The samples were then loaded into 3 uncoated glass 
capillaries (Appendix A) by capillary forces. The capillaries were added to the sample loader and 
the nano-DSF experiment started at 20 °C until 90 °C. The temperature was increased 1.5 °C per 
minute by IRL exposures at 100 % excitation power. The fluorescence at 330 nm and 350 nm 
was monitored 7 times per minute.        

3.12.2 Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry LPMO assay 

MALDI-TOF-MS is a MS method that can be applied to protein biomolecules for analysis. In 
brief, protein samples are mixed with an absorbing matrix and added to a MALDI plate [13, 14]. 
The plate is placed into the MS by a sample loader, where the samples are then selectively shot 
with a laser [13, 14]. MALDI-TOF-MS produces gas-phase ions by a pulsed-laser irradiation 
[10]. The ions are accelerated through a TOF column at a fixed potential, which separates the 
ions based on their different velocities [10]. Velocity is inversely proportional to the m/z ratio, 
therefore a mass spectrum can be determined [10].  

Due to the complexity of LPMO activity, commercial enzyme assays are currently unavailable. 
Instead, MALDI-TOF-MS was applied to assess the LPMO activity of Ab GbpA after storage at 
three different temperatures (Section 3.12). This assay is based on experiments published in the 
context of LPMOs by Loose, et al. [15, 16]. Ab GbpA activity was indicated in the mass spectra 
of β-chitin fibres, an important substrate of LPMOs. Degradation of the β-chitin fibres would be 
evident in the mass spectra as several high-intensity ion peaks, indicating degradation of the 
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substrate by activity of Ab GbpA. MALDI-TOF-MS experiments were performed at Dr. Gustav 
Vaaje-Kolstad’s (Faculty of Chemistry, Biotechnology and Food Science, Norwegian University 
of Life Sciences, Norway) lab on the UltrafleXtreme instrument (Appendix A). The assay was 
conducted following the LPMO assay procedure.    

LPMO assay procedure: Ab GbpA concentration was measured by spectroscopy at 280 nm using 
the theoretical extinction coefficient of 91 705 M-1 cm-1 assuming the reduction of all cystine 
residues (Obtained from ExPASy (web.expasy.org/protparam)). For activation of LPMO catalytic 
activity, Ab GbpA (4 mg/mL) was saturated with a 3-fold molar excess of copper (Cu(II)SO4) for 
30 minutes at room temperature. Excess copper was removed by passage over a PD MidiTrap 
G-25 desalting column (Appendix A) pre-equilibrated with binding buffer (Appendix B). β-chitin 
fibres (100 mg/mL; Appendix A) were prepared by suspension in 1.8 mM acetic acid followed 
by 27 % amplitude sonication for 4 minutes using a Vibra Cell Ultrasonic Processor 
(Appendix A). A reaction solution (Appendix B) containing the copper-saturated Ab GbpA, β-
chitin fibres and ascorbic acid as a reducing agent was prepared and incubated at 37 °C in an 
Eppendorf Comfort Thermomixer (Appendix A) at 800 rpm for 2 hours. Thereafter, 1 µL of the 
reaction solution was mixed with 2 µL of matrix (9 mg/mL; 2,5- dihydroxybenzoic acid in 30% 
acetonitrile), then pipetted onto a MTP 384 target plate ground steel (Appendix A). Once dry, the 
plate was placed in the MS sample loader for MALDI-TOF-MS.   

3.13 Protein interaction studies 

Several proteins were found to co-purify with Ab GbpA following both AEC and SEC. The 
identities of these proteins were revealed using MS (Section 3.11). One protein was identified as 
FeSOD (Appendix C), which can be biologically relevant to LPMOs (Section 1.1.2). FeSOD was 
not commercially available, therefore MnSOD (Appendix A) was purchased for the interaction 
studies. These two proteins are structurally and functionally similar, and share 46.27 % sequence 
identity [51]. As an aim of this thesis, the interaction between Ab GbpA and MnSOD was 
explored using the following methods: microscale thermophoresis (MST), DLS, and SAXS.   

3.13.1 Microscale thermophoresis   

MST is a technique that can be used to quantify interactions between biomolecules, including 
protein-protein interactions [26]. Theoretically, MST refers to the diffusion of biomolecules 
through microscopic temperature gradients [26]. This relationship between biomolecule flow and 
heat flow is described as the Ludwig-Soret effect, or more commonly as thermophoresis [26, 27]. 
Thermophoresis depends on molecular size, shape, and conformation. Changes in any of these 
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parameters, indicated by fluctuations in a fluorescent signal, can be used to generate a binding 
curve [26, 28]. From the binding curve, binding constants can be calculated in a process of data 
fitting. Experimentally, a suspected interaction partner is titrated against a fluorescently-labelled 
protein, then loaded into a series of glass capillaries. A temperature gradient is microscopically 
induced by exposure of an IRL over the glass capillaries, which drives thermophoresis.  

MST experiments were conducted with Dr. Bjørn Dalhus (Department of Medical Biochemistry, 
University of Oslo, Norway) on the Monolith NT.115 instrument (Appendix A) to explore an 
interaction between Ab GbpA and MnSOD (Appendix A) following the MST procedure.                                   

MST procedure: Both proteins were dialyzed using SnakeSkin dialysis tubing (Appendix A) into 
a running buffer (Appendix B) lacking amine reactive species. MnSOD (2 µM; Appendix A) was 
mixed with NT647 dye (2 µM; Appendix A) at a 1:1 molar ratio, then incubated in the dark for 
30 minutes. NT647 dye interacts with the protein by a reactive ester group, which forms covalent 
bonds with primary amines found in lysine residues. Free dye was removed using a NAP-5 gel 
filtration column (Appendix A) equilibrated with binding buffer (Appendix B). Dye efficiency 
was calculated using a NanoDrop One spectrophotometer (Appendix A), and fraction 6 was used 
for the experiment (Table 3). A dilution series of Ab GbpA (70 µL stock) was prepared into 16 
PCR tubes (Appendix A), starting with 10 µL into tube 1, and transferring 5 µL into each 
remaining tube. Fraction 6 of the MnSOD-NT647 reaction was diluted (1:5) with running buffer 
(Appendix B), and 5 µL was added to each tube. The solutions were incubated for 5 minutes, 
then loaded into 16 uncoated glass capillaries (Appendix A) by capillary forces. The capillaries 
were added to the sample loader and the MST experiment was carried out at 23 °C with 10 
second IRL exposures at 90 % excitation power.                 
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Table 3. Dye efficiency for MST experiment. Protein concentration was measured at 280 nm 
using the theoretical extinction coefficient of 5 500 M-1 cm-1 for MnSOD assuming the reduction 
of all cystine residues (Obtained from ExPASy (web.expasy.org/protparam)), and NT647 
concentration was measured at 647 nm. 

  
3.13.2 Dynamic light scattering 

Please see Section 2.3 for a theoretical background on DLS. DLS experiments were conducted in 
the lab of Dr. Reidar Lund (Department of Chemistry, University of Oslo, Norway) on the LS 
spectrometer (Appendix A) according to the DLS procedure.   

DLS procedure: All DLS measurements were made at 25 °C at a detection angle of 120°. Protein 
samples were filtered through a 0.2 µm syringe filter (Appendix A) immediately prior to DLS 
measurements. Ab GbpA (1 mg/mL) and MnSOD (1 mg/mL; Appendix A) stored in storage 
buffer (Appendix B) were first measured individually, then mixed in an Eppendorf tube 
(Appendix A) immediately prior to the DLS measurements to final sample volumes of 200 µL. 
The samples were injected into a glass tube (Appendix A), then loaded into the sample loader. 
The software QTISAS (Appendix A) was used to determine the particle size distribution.  

3.13.3 Small angle X-ray scattering  

Please see Section 2.2 for a theoretical background on SAXS. SAXS experiments were 
conducted at the Norwegian National Resource Centre for X-ray Diffraction and Scattering 
(University of Oslo, Norway) on the Nanostar SAXS instrument (Appendix A). All experiments 
were conducted according to the SAXS procedure.  

MnSOD concentration NT647 concentration

Fraction 1 0.01 mg/mL 0 µM

Fraction 2 0.004 mg/mL 0 µM

Fraction 3 0.003 mg/mL 0 µM

Fraction 4 0.009 mg/mL 0.01 µM

Fraction 5 0.01 mg/mL 0.03 µM

Fraction 6 0.008 mg/mL 0.04 µM

Fraction 7 0.004 mg/mL 0 µM

Fraction 8 0.001 mg/mL 0 µM
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SAXS procedure: All SAXS measurements were made at 25 °C on a Våntec-2000 detector 
(Appendix A) and the wavelength of the X-ray beam was 1.54 Å (copper anode). All proteins 
were dialyzed into identical storage buffer (Appendix B) prior to the experiment using 
SnakeSkin dialysis tubing (Appendix A). Storage buffer (Appendix B) was measured for 1 hour 
for elimination of background scattering during data analysis. Ab GbpA (2 mg/mL) and MnSOD 
(4 mg/mL; Appendix A) stored in storage buffer (Appendix B) were first measured individually, 
then mixed in an Eppendorf tube (Appendix A) immediately prior to the SAXS measurements to 
final sample volumes of 400 µL. The samples were loaded into a flow-through capillary and 
measured for 2 hours each. The data analysis software ATSAS 3.0.2 (Appendix A) was used for 
data analysis and model determination. The software QTISAS (Appendix A) was used to plot 
SAXS scattering curves.       

3.14 X-ray diffraction studies   

Please see Section 2.4 for a theoretical background on X-ray crystallography. As one aim of this 
thesis, the crystal structure of Va LPMO was determined. Crystallization of domain 1 of Va 
LPMO was carried out by Jennifer Loose (Faculty of Chemistry, Biotechnology and Food 
Science, Norwegian University of Life Sciences, Norway). Crystallization occurred in well C6 of 
the JCSG+ crystallization kit (Appendix A) by hanging-drop vapour diffusion. The reservoir 
solution contained 0.1 M phosphate/citrate (pH 4.2) and 40 % w./v. polyethylene glycol 3000. 
25 % glucose was used as a cryoprotectant during crystal storage and data collection. Data was 
collected at 100 K at the MAX IV facility on the BioMax beamline. Data collection was done by 
the group of Dr. Gustav Vaaje-Kolstad (Faculty of Chemistry, Biotechnology and Food Science, 
Norwegian University of Life Sciences, Norway).  

The data was indexed, integrated and scaled by XDS (Appendix A), then merged with the CCP4 
program Aimless (Appendix A) [32]. Phases were determined by MR with the CCP4 program 
Phaser (Appendix A). The search model was the coordinates from an an Aliivibrio salmonicida 
LPMO homolog (79 % sequence identity), which was solved using single-wavelength anomalous 
dispersion by Gabriele Cordara (Department of Chemistry, University of Oslo, Norway) [34]. 
The MR search model was prepared for phasing using the CCP4 program Pdbset (Appendix A) 
to remove alternative conformations and the CCP4 program Chainsaw (Appendix A) to mutate 
or remove non-conserved residues [33]. The Matthews coefficient and solvent content of the 
asymmetric unit were determined using the CCP4 program Matthews (Appendix A). The 
structure was refined by iterations of model building in Coot software (Appendix A) and 
refinement in the CCP4 program Refmac5 (Appendix A) [35, 37]. The final structure was 
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validated with Ramachandran plot, rotamer analysis, and density fit analysis in Coot 
(Appendix A) [37]. Finally, PyMOL (Appendix A) was used to generate structure figures.   
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4 RESULTS AND DISCUSSION  

4.1 AmFV LPMO 
       
4.1.1 Protein production  

This thesis has laid the groundwork for expression of AmFV LPMO by a thorough assessment of 
effective culture parameters and host characteristics. Moreover, an efficient purification protocol 
was established by IMAC purification.      

Presently, there is no literature regarding AmFV LPMO, although it is assumed that this protein 
has LPMO activity based on sequence analysis. As such, no efficient protocol was available for 
the production of AmFV LPMO at project start. As an aim of this thesis, an investigation of 
effective expression and purification conditions for AmFV LPMO was pursued. The expression 
of AmFV LPMO proved very difficult, as the protein continually aggregated in the insoluble 
fraction. Additionally, soluble AmFV LPMO expressed in ArcticExpress(DE3) cells was lost 
during the process of protein concentration. Furthermore, AmFV LPMO has an expected 
molecular weight of 21 kDa (Obtained from ExPASy (web.expasy.org/protparam)). The only 
protein revealed post-induction as a highly intense band in SDS-PAGE analysis was at 14 kDa. It 
is hypothesized that this band may correspond to AmFV LPMO. Even after cleavage of the pelB 
signal sequence during translocation into the periplasm, a molecular weight of 14 kDa is too low 
to correspond to AmFV LPMO. Therefore, it is suspected that proteolytic cleavage by 
endogenous proteases occurred during expression, leading to a lower molecular weight detected 
during SDS-PAGE analysis. This hypothesis must be confirmed by MS analysis, which could 
reveal protease recognition sites in the AmFV LPMO-encoding gene sequence.    
           
Expression optimization  

There are many strategies that can be employed for improving the recovery of soluble protein, 
including altering culture parameters, trying different host cells, optimizing vectors, and co-
expression with other proteins such as chaperones [41]. It is important to evaluate a number of 
parameters when deciding what conditions are best for producing recombinant protein. 
Therefore, this thesis focused on assessing the effects of IPTG concentration, cell density, 
temperature, and induction time on the recovery of soluble AmFV LPMO.      

AmFV LPMO was first produced following standard growth conditions and isolation of 
periplasmic protein protocols (Section 3.3.1) commonly used for the production of periplasmic 
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proteins in Dr. Ute Krengel’s lab (Department of Chemistry, University of Oslo, Norway) [44]. 
SDS-PAGE analysis of pre- and post-induction samples revealed that the concentration of IPTG 
was sufficient to induce transcription of the AmFV LPMO-encoding gene, although it was not the 
major component of the final lysis fraction (Figure 6A).   

To begin optimization, the effects of IPTG concentration and cell density at the point of 
induction on the yield of AmFV LPMO were assessed (Section 3.3.1, Table 1). Previous studies 
have suggested that lowering the concentration of IPTG can improve the yield of recombinant 
protein [41, 42]. Additionally, it has been demonstrated that cell density at the point of induction 
can affect the total protein yield [41, 43]. SDS-PAGE analysis of pre-induction and post-lysis 
soluble fractions revealed that conditions induced at OD600 (indicating cell density) of 1.0 had 
improved protein yield (Lysis 2, Lysis 4, ( Figure 6B)). Considering conditions 2 and 4 (Section 
3.3.1, Table 1), there was no visible difference in inducing with either 0.6 mM or 1.25 mM of 
IPTG (Lysis 2, Lysis 4, respectively, (Figure 6B). Perhaps if the insoluble fraction was analyzed 
by SDS-PAGE, a better assessment of the conditions could have been made.             

!  
Figure 6. SDS-PAGE analysis of AmFV LPMO expression for preliminary trials (A) and 
optimization of  IPTG concentration and OD600 at time of induction trials (B). Proteins were 
separated using SDS-PAGE. Whole cell fractions were normalized to the highest OD600 following the 
SDS-PAGE modified procedure (Section 3.10). The “lysis” samples were collected immediately after 
periplasmic isolation, “pre” samples were collected prior to addition of IPTG, and the “post” sample was 
collected after induction, prior to periplasmic isolation. “L” indicates the SeeBlue Plus2 molecular ladder 
(Appendix A). Sections of the polyacrylamide gel where AmFV LPMO is expected (approximately 
14 kDa) are highlighted. The optimization conditions were as follows: (1) OD600 0.6, 1.25 mM IPTG, (2) 
OD600 1.0, 1.25 mM IPTG, (3) OD600 2.5, 1.25 mM IPTG, (4) OD600 1.0, 0.6 mM IPTG, (5) OD600 1.0, 
2.5 mM IPTG. This Figure was made with Apple Keynote (Appendix A).  
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To follow, the effects of growth temperature and induction duration on the yield of soluble AmFV 
LPMO (Section 3.3.1, Table 2) were evaluated. Cells were grown at either 20 °C, 25 °C or 30 °C 
until the OD600 reached 1.0, when transcription of the recombinant gene was induced with 
1.25 mM IPTG. After 8, 15 and 20 hours of induction, the outer cell membrane was lysed 
(Section 3.3.2). SDS-PAGE analysis of samples grown at 20 °C revealed that the bulk of AmFV 
LPMO was in the insoluble fraction (Lanes 2, 4, and 6, (Figure 7A)). It can be speculated that 
longer induction time (15 and 20 hours) improved the soluble protein yield (Lane 5, (Figure 7A)) 
when compared with preliminary results (Figure 6A). SDS-PAGE analysis of samples grown at 
25 °C further support this finding (Lanes 5 and 6, (Figure 7B)). Although, it appears that the total 
protein yield decreased when cells were grown at 25 °C (Figure 7B), compared with cells grown 
at 20 °C and 30 °C (Figure 7A, Figure 7C). One possible explanation of this is that the cells were 
mixed with lysis buffer for a shorter duration in the 25 °C condition due to human error. SDS-
PAGE analysis revealed that no soluble protein was recovered when cells were induced for 
8 hours after growing at 30 °C (Lane 1, (Figure 7C)). The protein yield for cells that were grown 
at 20 °C (Figure 7A) and 30 °C (Figure 7C) and induced for 15 and 20 hours is comparable. This 
suggests that perhaps induction length is more important than cell growth temperature when 
producing AmFV LPMO.  

!      
Figure 7. SDS-PAGE analysis of AmFV LPMO expression for optimization of duration of induction 
and growth culture temperature at 20 °C (A), 25 °C (B), and 30 °C (C). Whole cell fractions were 
normalized to the highest OD600 following the SDS-PAGE modified procedure (Section 3.10). The “lysis” 
samples were collected immediately after the final lysis step during periplasmic isolation at 8, 15, and 20 
hours post-induction. Soluble and insoluble fractions refer to the supernatant and pellet formed during the 
periplasmic isolation, respectively. “L” indicates the molecular ladder (Appendix A). Sections of the 
polyacrylamide gel where AmFV LPMO is expected (approximately 14 kDa) are highlighted. This Figure 
was made with Apple Keynote (Appendix A).  

Finally, the effects of low induction temperature on soluble protein recovery were evaluated. 
ArcticExpress(DE3) cells were transformed with the plasmid containing the AmFV LPMO-
encoding gene (Section 3.2). It has been established that protein expression at lower 
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temperatures (4 °C to 13 °C) can improve the recovery of soluble protein [1]. This experiment 
could not be performed in regular BL21(DE3) cells because the most common chaperones in E. 
coli, GroEL and GroES, only retain 30 % of their refolding activity at low temperatures, 
compared to 30 °C [2]. Fortunately, ArcticExpress(DE3) cells contain chaperones Cpn10 and 
Cpn60 expressed in psychrophilic bacteria, which retain activity at low temperatures [3]. 
Although these are cytosolic chaperones, there is potential for leaky expression into the 
periplasm due to the presence of lysozyme in the lysis buffer.  

Cells were grown at 30 °C for 3 hours, when transcription of the recombinant gene was induced 
with 1 mM IPTG. After 24 hours of induction at 13 °C, the outer cell membrane was lysed 
(Section 3.3.1). Analysis with SDS-PAGE showed a substantial improvement in the recovery of 
soluble protein (Lysis S, (Figure 8)) when compared with preliminary results (Figure 6A). 
Observation of the post-induction sample (Post, (Figure 8)) suggests that optimization of IPTG 
concentration could potentially improve the protein yield under these conditions, as seen with 
previous optimization efforts inducing with 0.6 mM or 1.25 mM IPTG (Lysis 2, Lysis 4, 
respectively, (Figure 6B)). Furthermore, protein continued to aggregate in the insoluble fraction 
(Lysis IS, (Figure 8)). Perhaps supplementing the lysis buffers with additives such as glycerol 
could improve yield in the soluble fraction [46].  

!      
Figure 8. SDS-PAGE analysis of AmFV LPMO expression in ArcticExpress(DE3) cells. Whole cell 
fractions were normalized to the highest OD600 following the SDS-PAGE modified procedure (Section 
3.10). The “lysis” samples were collected immediately after periplasmic isolation. Soluble and insoluble 
fractions refer to the supernatant and pellet formed during the periplasmic isolation, respectively. The 
“pre” sample was collected prior to addition of IPTG, and the “post” sample was collected after induction, 
prior to periplasmic isolation. “L” indicates the molecular ladder (Appendix A). Sections of the 
polyacrylamide gel where AmFV LPMO is expected (approximately 14 kDa) are highlighted. This Figure 
was made with Apple Keynote (Appendix A).  
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IMAC purification 

AmFV LPMO was purified from the crude periplasmic material using IMAC purification 
following the IMAC procedure (Section 3.4.1). The protein was eluted with a gradient of 
imidazole, and a concentration of 150 mM imidazole allowed for effective elution from the 
IMAC column (Figure 9A). All fractions collected during purification were analyzed by SDS-
PAGE to discover where the protein eluted. A band speculated to be AmFV LPMO (14 kDa) was 
visualized in fractions ten through thirteen (Figure 9B). Additionally, a significant band appeared 
at approximately 3 kDa (Figure 9B) which could potentially correspond to the degradation 
products produced during the hypothesized proteolytic cleavage of AmFV LPMO by endogenous 
proteases. Again, this must be confirmed by MS analysis before conclusions can be drawn. 
Chromatographic resolution could potentially be improved by increasing the concentration of 
imidazole in the binding buffer, or reducing the slope of the elution buffer gradient. Since there 
was no substantial UV absorbance peak observed during elution indicating over expressing of 
AmFV LPMO, it is more likely that expression needs to be further optimized rather than 
improvement of the chromatographic resolution.  
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Figure 9. Analysis of AmFV LPMO IMAC purification. (A) Bound proteins were eluted with a 
gradient of imidazole (20 mM to 500 mM; Appendix B), represented with the pink line. The blue line 
represents the UV absorbance at 280 nm. (B) Proteins were separated by SDS-PAGE following the SDS-
PAGE standard procedure (Section 3.10). Protein suspected to be AmFV LPMO eluted in fractions F8, 
F9, and F10, as highlighted. “L” indicates the molecular ladder (Appendix A). This Figure was made with 
UNICORN software and Apple Keynote (Appendix A).  

Following IMAC purification, fractions ten through thirteen were pooled and dialyzed into a 
storage buffer lacking imidazole. SDS-PAGE analysis revealed that the protein remained in 
solution and was not lost following dialysis (Figure 10A). In preparation for a final purification 
step using SEC, protein was concentrated. Samples of concentrated solution and flow through 
collected during the procedure were analyzed with SDS-PAGE and showed that no protein was 
present, likely due to protein precipitation (Figure 10B). This is not an uncommon outcome in 
the production of recombinant protein. Certain additives such as glycerol could be supplemented 
into the buffer to maintain protein solubility during concentration. Additionally, increasing or 
decreasing the salt concentration of the buffer may improve the maintenance of soluble protein. 
Furthermore, another study has demonstrated that storing His-tagged recombinant protein in a 
buffer containing imidazole actually improved protein stability [4]. If so, perhaps dialysis after 
IMAC purification can be removed from the protocol.            
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Figure 10. SDS-PAGE analysis of AmFV LPMO after dialysis (A) and protein concentration (B). 
Proteins were separated by SDS-PAGE following the SDS-PAGE standard procedure (Section 3.10). “L” 
indicates the molecular ladder (Appendix A). (A) Following IMAC purification, fractions (F8-F10) were 
pooled and dialyzed into a storage buffer (Appendix B). The “F8-10” sample was collected immediately 
after dialysis. (B) After dialysis, protein was concentrated (5K MWCO; Appendix A). The “F8-10” 
sample refers to the concentrated protein. The “flow through” sample was collected from the flow through 
generated during protein concentration to check for protein leakage. This Figure was made with Apple 
Keynote (Appendix A).   

4.1.2 In silico modelling 

A structural model of AmFV LPMO was determined in silico, from the coordinates of V. cholerae 
GbpA (PDB ID: 2XWX) using the Phyre2 homology modelling sever. The aligned structures 
(Figure 11A) have 40 % sequence identity, indicating that the model is sufficient for structure 
prediction. For all LPMO10s, there is a structurally variable loop believed to be involved in 
substrate recognition [7, 47]. Consistent with these findings, the alignment revealed structural 
variability in this loop (Figure 11). Additionally, the catalytic copper centre is highly conserved 
in all LPMOs [48]. Therefore, it is likely that His1 and His94 (Highlighted in Figure 11B) form 
the histidine brace that is necessary for enzyme catalysis. Lastly, it is possible that proteolytic 
cleavage occurred in one of the unstructured loops (Figure 11B), as these regions are pressured 
by environmental selection. This would need to be confirmed by MS analysis to determine if 
recognition sites for common E. coli proteases are present.    
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Figure 11. In silico structure of AmFV LPMO. A model of AmFV LPMO was generated by the Phyre2 
server (Appendix A). A structurally variable loop is highlighted in red. (A) Structural alignment between 
AmFV LPMO (orange) and the homology model from V. cholerae (blue, PDB ID: 2XWX). The aligned 
structures have a RMSD of 0.175 Å for 680 atoms. (B) Structural model of AmFV LPMO. Histidine 
residues suspected of involvement in catalytic activity are visualized in green. This Figure was made 
using PyMOL (Appendix A).      

While the most appealing characteristics of this server are accessibility and ease of use, there are 
several limitations to consider. Firstly, if a homolog to your protein does not exist in the PDB, 
tertiary structure prediction can be extremely unreliable [20]. Secondly, the effects of point 
mutations on the overall structure of a protein are difficult to accurately predict [20]. Despite 
these limitations, Phyre2 structure prediction can give important insight into structural 
characteristics.  
    
4.2 Ab GbpA 

4.2.1 Protein production 

An aim of this thesis was to establish an efficient protocol for the production of Ab GbpA.  
Expression of the Ab GbpA-encoding gene, controlled by the lac promoter, was triggered by 
addition of IPTG to the medium. Periplasmic proteins were isolated from the cells using a 
protocol based on osmotic lysis. Ab GbpA was subsequently purified with AEC purification 
followed by SEC purification. The final yield of purified Ab GbpA was approximately 5 g per L 
of culture. Therefore, this thesis was successful in establishing an efficient protocol for Ab GbpA 
production.   
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Expression 

SDS-PAGE analysis of pre- and post-induction samples revealed that 1 mM of IPTG was 
sufficient to induce transcription of the Ab GbpA-encoding gene (Figure 12A). Following 
induction, the outer cell membrane was lysed (Section 3.3.1). The lysis buffer was originally 
supplemented with lysozyme (0.25 g/L) to assist with membrane lysis. It is possible that the 
addition of lysozyme resulted in unwanted lysis of the inner cell membrane and release of 
cytoplasmic material. Therefore, by either removing or decreasing the amount of lysozyme from 
the protocol, the degree of contamination could be reduced. SDS-PAGE analysis of the soluble 
fraction after lysis revealed a band at 49 kDa (Figure 12A). MS analysis performed by Dr. Bernd 
Thiede’s group (Department of Biosciences, University of Oslo, Norway) confirmed that the 
49 kDa band corresponded to Ab GbpA (Appendix C).         

AEC purification 

Ab GbpA was purified from the crude periplasmic material using AEC purification following the 
AEC procedure (Section 3.9.1). The protein was eluted with a gradient of NaCl, and 
approximately 100 mM NaCl allowed for effective elution from the AEC column (Figure 12B). 
The fractions that were collected under the highest UV absorbance peak were pooled and 
analyzed by SDS-PAGE. A band of the expected Ab GbpA molecular weight (49 kDa) was a 
major component of the AEC sample (Figure 12A). However, the AEC contained several 
contaminants at approximately 45 kDa, 37 kDa, 30 kDa, 26 kDa and 24 kDa (Figure 12A). 
Chromatographic resolution could potentially be improved by reducing the slope of the elution 
buffer gradient or introducing a plateau in the gradient before and during elution of Ab GbpA.  
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Figure 12. Analysis of Ab GbpA expression (A) and AEC purification (B). (A) Whole cell fractions 
were normalized to the highest OD600 following the SDS-PAGE modified procedure (Section 3.10). The 
“pre” sample was collected prior to induction, and the “post” sample was collected after induction, prior 
to periplasmic isolation. The “lysis” sample is the periplasmic fraction. The “AEC” sample was collected 
from pooled fractions after AEC purification. “L” indicates the molecular ladder (Appendix A). Bands 
corresponding to Ab GbpA are highlighted. (B) Bound proteins were eluted with a gradient of NaCl 
(50 mM to 400 mM; Appendix B), represented with the pink line. UV absorbance at 280 nm is 
represented by the blue line. This Figure was made with UNICORN software and Apple Keynote 
(Appendix A).  

SEC purification  

The AEC-purified sample was further purified by SEC purification following the SEC procedure 
(Section 3.9.2). The UV absorbance revealed one main peak with a slight shoulder (Figure 13A). 
Fractions from the main peak and shoulder were divided, pooled, and concentrated. The peak and 
shoulder were analyzed by SDS-PAGE. The 49 kDa band was present in both samples, and a 
major component of fraction 1 (Figure 13B). Curious to what these impurities were, gel 
fragments were sent for MS analysis, performed by Dr. Bernd Thiede’s group (Department of 
Biosciences, University of Oslo, Norway), which suggested the 30 kDa and 24 kDa bands 
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corresponded to the protein FeSOD. This finding will be discussed in more detail in Section 
4.2.3. Despite the shoulder containing impurities, SEC allowed for separation of the majority of 
Ab GbpA from contaminants (F1, (Figure 13B)). 

!    
Figure 13. Analysis of Ab GbpA SEC purification. (A) SEC purification was performed on pooled 
fractions collected during AEC purification. UV absorbance at 280 nm is represented by the blue line. 
SEC fractions were pooled into two samples, as visualized on the chromatogram. (B) SEC fractions were 
analyzed by SDS-PAGE following the SDS-PAGE standard procedure (Section 3.10). A band 
corresponding to Ab GbpA is highlighted in black. The bands highlighted in yellow were sent to MS for 
analysis. “L” indicates the molecular ladder (Appendix A). This Figure was made with UNICORN 
software and Apple Keynote (Appendix A).     

Fraction 1 was used for further experiments with Ab GbpA, which was quantified, aliquoted and 
stored immediately at -80 °C. Besides FeSOD, the other remaining contaminant was identified 
by MS analysis as maltose dehydrogenase (37 kDa; Appendix C).  

4.2.2 Stability studies 

It is important to assess the stability of recombinant protein before proceeding with further 
studies. The stability of Ab GbpA at different buffering pH was determined by nano-DSF, and 
after storage at different temperatures by a novel MALDI-TOF-MS LPMO assay.     
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Nano-DSF experiments 

SEC-purified Ab GbpA was used in the nano-DSF procedure (Section 3.12.1) to investigate 
protein stability in various buffers. The melting temperature of Ab GbpA was determined from 
the maxima or minima of the first derivative. The pI of Ab GbpA is 5.23 (Obtained from ExPASy 
(web.expasy.org/protparam)). At pH 8, above the pI of Ab GbpA, the melting temperature of Ab 
GbpA at was 59°C (Figure 14). At pH 6, close to the pI of Ab GbpA, the melting temperature 
decreased to 57°C (Figure 14). This might be explained by the elimination of electrostatic 
repulsions at neutral charge. At pH 4.5, below the pI of Ab GbpA, the melting temperature 
decreased to 52°C (Figure 14). The decrease in melting temperature is likely explained by 
negatively-charged residues becoming neutral due to protonation, which eliminates electrostatic 
interactions in the protein. For example, the side chain of aspartic acid has an acid dissociation 
constant (pKa) of 4.25, meaning it is protonated at pH 4.5. Additionally, neutral residues 
becoming protonated at pH 4.5 might introduce repulsion effects. Based on these results, Ab 
GbpA is the most thermally stable at pH 8.       

!  
Figure 14. Ab GbpA pH stability study using nano-DSF. The stability of Ab GbpA at different pH was 
assessed by nano-DSF. The curves are labelled with the experimental pH (4.5, 6, 8). This Figure was 
made by the Prometheus NT. 48 instrument using PR. stability analysis (Appendix A) and Apple Keynote 
(Appendix A).  

LPMO activity assay 

The LPMO assay procedure (Section 3.12.2) was followed to investigate the stability of Ab 
GbpA after storage at various temperatures using MALDI-TOF-MS. Ab GbpA was saturated 
with copper prior to incubation with the substrate β-chitin, a polymer of N-acetylglucosamine. 
Ascorbic acid was included in the reaction mixture (Appendix B) for reduction of copper, which 
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is the first step in activation of LPMO activity (Section 1.1.2). Protein stability was inferred from 
the retention of LPMO activity against the substrate β-chitin. Upon observation of the mass 
spectra, several high intensity peaks were observed for each condition, suggesting degradation of 
the β-chitin (Figure 15). Since it can be assumed that all ions have the same charge following 
gas-phase ionization, the m/z ratio can indicate approximate molecular masses. Examples of 
molecular masses of the β-chitin degradation products are approximately: monomer (203.19 g/
mol), dimer (406.38 g/mol), trimer (609.57 g/mol), tetramer (812.76 g/mol), pentamer 
(1015.95 g/mol), hexamer (1219.14 g/mol). These roughly correspond to the high intensity peaks 
observed in the mass spectra (Figure 15). Based on these results, it has been shown that Ab GbpA 
is an active LPMO against chitin after storage at 4 °C, -20 °C and -80 °C.       
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Figure 15. Ab GbpA stability study using MALDI-TOF-MS. The stability of Ab GbpA after storage at 
4°C (A), -20°C (B) and -80°C (C) was assessed by a novel LPMO activity assay [15, 16]. The mass 
spectra of the LPMO substrate β-chitin was determined by MALDI-TOF-MS. The ion intensity peaks are 
labelled with the respective m/z ratio and the β-chitin degradation products are indicated.    
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4.2.3 Protein interaction studies 

It was discovered by MS analysis that Ab GbpA co-purified with FeSOD (Section 4.2.1). Co-
purification of FeSOD during AEC purification of Ab GbpA at pH 8 can be explained by similar 
pIs; Ab GbpA with a pI of 5.23 (Obtained from ExPASy (web.expasy.org/protparam)), and 
FeSOD with a pI of 5.76 (Obtained from ExPASy (web.expasy.org/protparam)). However, co-
purification of FeSOD during SEC purification of Ab GbpA is not as easily explained, as the 
proteins do not have similar molecular weights (21 kDa for FeSOD, 49 kDa for Ab GbpA). It has 
been shown that FeSOD forms homodimers in solution, meaning it would likely have a 
molecular weight of approximately 42 kDa during SEC [38]. This could explain why the two 
proteins eluted together during SEC purification, but separate during SDS-PAGE analysis. 
Furthermore, FeSOD is a cytosolic protein whereas Ab GbpA is periplasmic [40]. While it is 
possible that some cells had their inner membranes lysed during the periplasmic isolation 
process, it is unusual that a cytosolic protein would be found in high quantities in the periplasmic 
fraction. 

This thesis hypothesized that a potential interaction between Ab GbpA and FeSOD exists. 
FeSOD was unfortunately not commercially available, therefore MnSOD (Appendix A) was 
purchased for the interaction studies. These two proteins are structurally and functionally similar, 
and share 46.27 % sequence identity [51]. MnSOD can be considered biologically relevant in the 
context of LPMOs. These proteins produce hydrogen peroxide, which is growing to be known as 
an important co-substrate for LPMO activity. Hydrogen peroxide is thought to be involved in the 
formation of a copper-bound oxygen radical intermediate, which occurs during the second step 
of LPMO activation (Section 1.1.2) [5, 66]. Thus, as an aim of this thesis, an investigation of the 
existence of an interaction between Ab GbpA and MnSOD was pursued using MST, DLS, and 
SAXS.         

MST experiments 

MST was used to probe the investigation of a potential interaction between MnSOD and Ab 
GbpA  (Section 3.13.1). MST is optimal for preliminary screening of molecular interactions, as it 
requires minimal sample consumption. MnSOD was labelled with NT647 dye to track the 
protein during the MST experiment. If an interaction occurs, an increase in relative fluorescence 
should result as the rate of diffusion of MnSOD-NT647 decreases. The shift in fluorescence 
observed between ten and thirty seconds of the MST experiment is due to a change in mobility of 
MnSOD-NT647 (Figure 16A). Based on observation of the thermophoretic shifts alone, it 
appears that there was an interaction between MnSOD and Ab GbpA. It is expected that the 
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normalized fluorescence of MnSOD-NT647 would decrease with increasing concentrations of 
Ab GbpA. However, after analyzing the fluorescence shift of MnSOD-NT647 in response to 
titration with Ab GbpA (Figure 16B), it became evident that an interaction was not detectable. 
The observed change in thermophoresis can be probably traced to a conformational change of 
MnSOD-NT647 during the MST experiment, perhaps due to thermal instability, but likely not 
due to an interaction with Ab GbpA. To confirm or disprove the hypothesis, the experiment 
should be repeated by labelling Ab GbpA with the NT647 instead. If a significant shift in 
fluorescence occurs during both thermophoresis and titration with MnSOD, it would then 
suggest an interaction between the two proteins exists.      
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Figure 16. Ab GbpA-MnSOD interaction study using MST. Blue, green and red data points correspond 
to the same experiment, run in triplicates according to the MST procedure. Grey data points were 
excluded from the fit analysis. (A) A shift of relative fluorescence of MnSOD-NT647 was detected during 
the MST experiment. (B) The dose response analysis of the MST experiment. Data were fitted using the 
law of mass action as the fitting model [36]. There was no change in normalized fluorescence of MnSOD-
NT647 over a decrease in Ab GbpA concentration. This Figure was made with the Nanotemper MO. 
control software (Appendix A) and Apple Keynote (Appendix A).    

The main limitation of this method is that it typically requires labelling one of the interaction 
partners with a fluorophore. Certain buffers, for example those containing Tris, are not 
compatible with NT647 dye because of its amine reactivity. Furthermore, it is possible that the 
labelling dye interferes with docking sites between the two proteins. Ideally, in silico docking 
studies should be carried out before proceeding with MST studies to assess the possibility of 
such interferences. 
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DLS experiments 

DLS was the next step in the investigation of a potential interaction between Ab GbpA and 
MnSOD (Section 3.13.2). The proteins were first measured separately to determine their 
individual particle diameters. They were then mixed with MnSOD in excess and measured. If an 
interaction between Ab GbpA and MnSOD exists, the resulting particle size distribution should 
have an intensity peak corresponding to a particle diameter approximately equivalent to the sum 
of the individual particle diameters.  

During data analysis, broad intensity peaks greater than 100 nm were present in all conditions 
(Figure 17). This is likely dust, which could have been eliminated by using a syringe filter with a 
smaller diameter before measurements. Analysis of the particle size distribution of Ab GbpA 
revealed an intensity peak at 19.10 nm (Blue, ( Figure 17)). This likely corresponds to Ab GbpA 
based on the Dmax (16.0 nm) calculated from SAXS studies (Figure 18). Analysis of the particle 
size distribution of MnSOD did not reveal an intensity peak corresponding to the protein (Purple, 
(Figure 17). Analysis of the particle size distribution of the protein mixture revealed intensity 
peaks at 4.49 nm and 33.70 nm (Orange, (Figure 17)). The peak at 4.49 nm likely corresponds to 
MnSOD, which has a Dmax of 6.0 nm calculated from SAXS studies (Figure 18). The identity of 
the peak at 33.70 nm has several possibilities. Perhaps, three MnSOD proteins are interacting 
with one Ab GbpA protein at several domains, which would result in a particle diameter of 
32.57 nm. Alternatively, a conformational change of either proteins upon interaction could result 
in the shift in particle diameter. To follow, data collection of MnSOD should be repeated to 
determine the correct particle diameter. Furthermore, the data was analyzed with a cumulant fit, 
which is not ideal for polymodal distributions such as a protein mixture. Instead, a CONTIN 
analysis could be applied which considers polymodal distributions [6].                   
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Figure 17. Ab GbpA-MnSOD interaction study using DLS. Particle size distribution of the DLS 
measurements. The mean particle size was calculated from the peak maxima. Measurements included: Ab 
GbpA (1 mg/mL; blue), MnSOD (1 mg/mL; purple), and a 1:3 (w./v.) mix of Ab GbpA and MnSOD 
(orange). A cumulant fit was applied to the data by the LS spectrometer software (Appendix A). This 
Figure was made in QTISAS (Appendix A).     

SAXS experiments  

The DLS experiments were followed up by SAXS to gain insight into a potential interaction 
between MnSOD and Ab GbpA (Section 3.13.3). The proteins were first measured separately to 
determine their individual scattering. The proteins were then mixed with an excess of MnSOD 
and measured. If an interaction between Ab GbpA and MnSOD exists, the scattering of the 
mixture should differ from the sum of the scattering of the individual proteins. Furthermore, 
SAXS can be used to reveal changes in conformation of either proteins upon interaction. 
Analysis of the SAXS data did not reveal an interaction, since the sum of the scattering of the 
individual proteins is similar to the scattering of the mixture (Blue, Brown, (Figure 18A)). The 
lower scattering intensity detected for Ab GbpA (Green, (Figure 18A)) indicates that the 
experiment should be repeated with a higher concentration of Ab GbpA. Additionally, an 
envelope model of Ab GbpA was determined (Figure 18B), which shows an elongated 
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conformation and four separate structural domains. This finding is consistent with data from V. 
Cholerae GbpA [39].  
     

!  
Figure 18. Ab GbpA-MnSOD interaction study using SAXS. (A) SAXS plot of Ab GbpA (2 mg/mL) 
scattering (green), MnSOD (4 mg/mL) scattering (purple), Ab GbpA (2 mg/mL)/MnSOD (4 mg/mL) 
mixture scattering (blue), and sum of Ab GbpA and MnSOD scattering (brown). (B) Envelop model of Ab 
GbpA. Ab GbpA possess an elongated, modular conformation in solution. This Figure was made with 
QTISAS (Appendix A), ATSAS (Appendix A), and Apple Keynote (Appendix A).    

Guinier analysis of the SAXS data calculated the radius of gyration for both Ab GbpA and 
MnSOD to be 3.96 nm and 1.96 nm, respectively (Appendix D). The radius of gyration can be 
related to the overall conformation of a protein in solution, for example elongated vs. globular. 
When a protein has a lower molecular weight and a higher radius of gyration, it is speculated that 
the protein has an elongated conformation. This is indeed the case for Ab GbpA, which is 
consistent with results from V. Cholerae GbpA [39]. A distance distribution analysis of the SAXS 
data revealed the Dmax of both Ab GbpA and MnSOD to be 16.0 nm and 6.0 nm, respectively 
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(Appendix D). The Dmax is related to the maximum distance from end-to-end of a protein, or 
more simply stated as the diameter. The Dmax values calculated from SAXS were used in the 
interpretation of the DLS particle size distribution data (Figure 17).  

4.3 Va LPMO 

Domain one of recombinant Va LPMO crystals belonged to space group P212121 and diffracted 
to 2.0 Å. The structure was solved by MR using as the search model coordinates from the 
domain one of A. salmonicida LPMO (unpublished data). The overall structure is comprised of 
four-stranded and three-stranded antiparallel β-sheets forming a β-sandwhich-like fold 
(Figure 18B). There is a 92 residue region consisting of unstructured loops, six short α-helices, 
and a β-sheet (Figure 19B). Two disulphide bonds formed, one within the 92 residue region 
(Cys39 and Cys42), and the other between a β-strand of the four-stranded β-sheet and an α-helix 
within the 92 residue region (Cys96 and Cys211). These structural characteristics are common 
among most LPMOs [48]. Analysis of B-factors revealed high flexibility of residues in the 
unstructured loops and rigidity in regions surrounded the active site (Figure 19B). This rigidity is 
probably due to structural stabilization by the copper ion. LPMOs carry a copper-binding site 
known as the histidine brace motif, which is highly conserved across different classes of LPMOs 
[16, 48]. The electron-density map showed a large peak at the expected copper binding site, 
allowing modelling of a copper ion. Figure 19C shows the protein-copper interactions. The 
copper is coordinated by the N-terminal histidine (His1) with the side chain nitrogen and amino 
group, and by His110 with the side chain nitrogen (Figure 19C). When copper is in a reduced 
state, the histidine brace has T-shaped geometry [49]. When the copper is oxidized however, the 
histidine brace has trigonal bipyramidal geometry [49]. It can be speculated that the copper is 
coordinated by T-shaped geometry of the histidine brace (Figure 19C), which can be explained 
by photoreduction of the copper ion during data collection. Furthermore, Phe208 was shown in 
close proximity to the active site, which plays a role in substrate interactions.                        
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Figure 19. Va LPMO X-ray structure. (A) Structural alignment between Va LPMO (pink) and the search 
model (green). The aligned structures have a RMSD of 0.361 Å for 1209 atoms. (B) Crystal structure of 
Va LPMO coloured by B-factor from a minimum of 20 Å (orange) to a maximum of 50 Å (green). (C) 
Visualization of the histidine brace coordinating the copper ion with distances to the proximal nitrogens 
labelled.    
     
The Wilson B-factor represents the decrease in intensity that is experienced with increasing 
crystal disorder, and is a measure of crystal quality [50]. The Wilson B-factor was determined to 
be 34.81 Å2, which corresponds to a reasonably ordered crystal (Table 4).  

The data quality was assessed by multiplicity, completeness, mean intensity over error (I / σ(I)), 
and Pearson correlation coefficient (CC1/2). Multiplicity refers to the ratio between the total 
number of reflections measured and the number of unique reflections measured [50, 89]. The 
multiplicity was calculated to be 10.00 overall and 6.40 in the highest resolution shell (Table 4). 
Completeness refers to the ratio between the number of unique reflections measured and the total 
number of unique reflections [50, 89]. This measure depends on both the exposure time during 
data collection and the diffracting power of the crystal. The completeness was calculated to be 
99.00 % overall and 91.29 % in the highest resolution shell, which means that the majority of 
unique reflections were measured (Table 4). The I / σ(I) is a comparison of the estimated mean 
intensity (I) and the standard deviation of the measurements (σ(I)), and is essentially a signal-to-
noise ratio of the X-ray data [50, 89]. I / σ(I) was calculated to be 12.31 overall and 1.24 in the 
highest resolution shell (Table 4). CC1/2 is the correlation between two randomly selected half-
data sets, which are merged separately then compared [50, 89]. The CC1/2 was calculated to be 
99.70 % overall and 49.40 % in the highest resolution shell (Table 4). The significant decrease of  
CC1/2 in the highest resolution shell justifies a resolution cut-off at 2.0 Å.   
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The quality of model refinement was determined by Rwork, Rfree, and the isotropic B-factors. Rwork 

is a comparison between observed and calculated intensities from the reflection data [50, 89]. 
Rwork was calculated to be 22.90 %, which indicates that the structure factors determined from the 
model correspond well with those calculated by merging the calculated phases and the 
experimental amplitudes derived from the diffraction data. During refinement, a small subset of 
data (typically 5 %) is left out to assess over-refinement, and is referred to as Rfree [50, 89]. 
Generally, Rfree should fall within 5 % of Rwork to indicate good model quality. Rfree was calculated 
to be 26.20 %, which indicates that the amplitudes calculated from the model correspond well 
with the amplitudes of the reflection data (Table 4). Isotropic B-factors are refinement 
parameters that measure the level of disorder of each atom in the model. The average isotropic 
B-factor was calculated to be 35.60 Å2, which is reasonable for a high resolution structure 
(Table 4).      

The position of each amino acid in the Ramachandran plot was calculated to determine any 
residues that do not conform to expected main chain torsion angles. This is both a form of 
structure validation and structure analysis, as sometimes unusual torsion angles imply a 
structurally or functionally important role of that particular residue for the protein [58]. 0.26 % 
of residues were detected to be Ramachandran outliers (Table 4), which were identified as 
Lys168 and Asp121. Despite manually selecting the correct rotamers in Coot, Refmac modelled 
these residues with unfavourable torsion angles. 

!52



Table 4. Refinement statistics for Va LPMO. Data in parentheses correspond to the data in the highest 
resolution shell (2.07 - 2.00 Å).  

Resolution range (Å) 52.43 - 2.00 (2.07 - 2.00) 

Space group P212121

Unit cell parameters (Å) 42.39, 103.13, 182.64

Total reflections 547238 (31433) 

Unique reflections 54728 (4944)

Multiplicity 10.00 (6.40) 

Completeness (%) 99.00 (91.29)

I / σ(I) 12.31 (1.24)

Wilson B-factor (Å2) 34.81

CC1/2 (%) 99.70 (49.40)

Reflections used in refinement 54733 (4944)

Reflections used for Rfree 2745 (266)

Rwork (%) 22.07 (33.15)

Rfree (%) 25.64 (36.83)

Ramachandran favoured (%) 96.83

Ramachandran allowed (%) 2.91

Ramachandran outliers (%) 0.26

Rotamer outliers (%) 0.00

Average B-factor (Å2) 35.60

B-factor macromolecules (Å2) 35.64

B-factor ligands (Å2) 40.46

B-factor solvent (Å2) 33.01

Number of non-hydrogen atoms 6089

Number of water molecules 111

Number of protein residues 764

RMS (bonds; Å) 0.004

RMS (angles; Å) 0.63
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5 CONCLUSIONS AND OUTLOOK  

The focus of this thesis was to contribute to the general knowledge of LPMO-containing 
proteins.  

First, the development of efficient protocols for the expression and purification of two proteins, 
Ab GbpA and AmFV LPMO, was pursued. A sufficient protocol for the production of Ab GbpA 
was established. Following periplasmic expression, the protein was purified by AEC and SEC. 
Ab GbpA is LPMO-active towards chitin, which was demonstrated by the degradation of β-chitin 
during the MALDI-TOF-MS LPMO assay. While a sufficient protocol for the production of  
AmFV LPMO was not established, this thesis provided a solid base for future efforts. 
Specifically, it was demonstrated that longer induction time and lower induction temperature 
were necessary for producing soluble protein. After periplasmic expression, AmFV LPMO was 
purified by IMAC. The protein was lost, likely due to precipitation, during concentration. To 
follow, perhaps supplementing the buffer with copper could help maintain the protein in solution, 
as it was shown to stabilize Va LPMO in the crystal X-ray structure.                     

The existence of a catalytically-relevant protein interaction between Ab GbpA and MnSOD was 
investigated. The results of MST and SAXS experiments were inconclusive. MST should be 
repeated by fluorescently labelling Ab GbpA instead of MnSOD, while SAXS should repeated 
with a higher concentration of Ab GbpA. The results from DLS eluded to a potential interaction, 
suggesting either that multiple MnSODs interact with a single Ab GbpA, or that either protein 
undergoes a conformational change upon interaction. It would be interesting to follow-up this 
investigation with a pull-down assay using affinity chromatography or with other methods such 
as fluorescence resonance energy transfer.       

An X-ray crystal structure of Va LPMO was solved to 2.0 Å. The highly conserved histidine 
brace was modelled at the N-terminus coordinating a copper ion with T-shaped geometry. 
Furthermore, two unusual torsion angles were modelled, which may have structural or functional 
importance.            

While some of the results of this thesis were seemingly inconclusive, it is evident that a 
foundation was established for continued research of LPMOs. As such, The Tale of Three 
Proteins continues…   
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7 APPENDICES 

Appendix A: Equipment and materials 

Table S1. Software and suppliers.  

Table S2. Instruments and suppliers. 

Software Supplier

Aimless program CCP4 Suite

Apple Keynote Apple

ATSAS 3.0.2 Private: reference 45

Chainsaw program CCP4 Suite

Coot 0.8.9.2 EL software CCP4 Suite

Matthews program CCP4 Suite

Pdbset program CCP4 Suite

Phaser CCP4 Suite

Phyre2 V 2.0 Public servere: reference 52

ProtParam tool ExPasy

PyMOL 2.3.3 Schrödinger, Inc. 

Refmac5 CCP4 Suite

QTISAS Private: Vitaliy Pipich 

SnapGene® 5.0.7 GSL Biotech LLC

UNICORN™ 5.31 GE Healthcare

Instrument Supplier

5810R bench-top refrigerated centrifuge Eppendorf 

ÄKTA purifier-900 GE Healthcare

ÄKTA start GE Healthcare

Avanti J-26 XP centrifuge Beckman-Coulter

Biofuge Fresco centrifuge Heraeus
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Capsulefuge TOMY PMC-060 Tomytech

CO8000 OD600 spectrophotometer BioChrom-WPA

Dri-Block DB 2A heating block Techne 

EcoTron benchtop incubator-shaker InforsHT

Electrophoresis powersupply-EPS601 GE Healthcare

Eppendorf Comfort Thermomixer Eppendorf 

J-Lite JLA-8.1000 Fixed-Angle Rotor Beckman-Coulter

JA-25.50 Fixed-Angle Rotor Beckman-Coulter

Kelvitron T incubator Heraeus

LS Spectrometer LS Instruments 

Millipore Direct-Q5 Merck

Mini gel tank electrophoresis system Invitrogen

Miniorbital shaker SSM1 Thermo Scientific 

Monolith NT.115 instrument NanoTemper 

MS-3000 magnetic stirrer BioSan

Multitron standard incubator-shaker InforsHT

NanoDrop One- UV-Vis spectrophotometer Thermo Scientific 

Nanostar SAXS Bruker Daltonics

PCB scale Kern

PowerPack HC Bio-Rad

Prometheus NT.48 instrument NanoTemper 

Rocking platform VWR

UltrafleXtreme instrument Bruker Daltonics

Vapourline 80/135 VWR

Våntec-2000 detector Bruker Daltonics

Vibra Cell Ultrasonic Processor Sonics

VP 100 vacuum pump VWR

Water bath (462-0556) VWR 
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Table S3. Reusable materials and suppliers. 

Table S4. Disposables and suppliers. 

Reusable material Supplier

Ground steel MTP 384 target plate Bruker Daltonics 

Disposable Supplier

1.5 mL Eppendorf tube Eppendorf

15 mL Falcon tubes Thermo Scientific 

50 mL Falcon tubes Thermo Scientific 

Amicon Ultra Centrifugal Filter Units 10 000 
MWCO

Merck

Amicon Ultra Centrifugal Filter Units 5 000 
MWCO

Merck

BRAND PCR tubes, 0.2 mL Merck

Bolt 4-12% Bis-Tris Plus polyacrylamide gel Thermo Scientific 

Cell scraper 25 cm blade 20 mm VWR

Disposable cuvettes polystyrene 1.5 mL VWR

L-shaped cell spreaders VWR

Filter upper cup 500 mL bottle top filer 
0.2 µm filter PES membrane 

VWR

Filter upper cup 500 mL bottle top filer 
0.45 µm filter PES membrane 

VWR

Millex-GS MCE membrane 0.22 µm syringe 
filter 

Millex

NT. 115 standard treated glass capillaries NanoTemper 

Petri dish in polystyrene VWR

SnakeSkin Dialysis tubing 3 500 MWCO 22 
diameter  

VWR
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Table S5. Kits and suppliers  

Table S6. Reagents (chemicals, enzymes, ladders, etc.) and suppliers  

Kit Supplier

JCSG-plus crystallization kit Molecular Dimensions 

Monolith NT647 labeling kit NanoTemper

Reagent Supplier

Agar-agar Merck

Ampicillin sodium salt Applichem 

Benzeonase nuclease Sigma 

Beta-chitin fibres France Chitin 

Coomassi Brilliant Blue G-250 Fluka 

Di-potassium hydrogen phosphate Merck

DTT - (R,R)-1,4-dimercaptobutane-2,3-diol Applichem 

EDTA disodium salt dihydrate Sigma

Gentamicin sulfate Sigma 

Glycerol 95 % Sigma 

Imidazole Sigma

IPTG - isopropyl beta-D-1-
thiogalactopyranoside 

Sigma

Lysozyme from chicken egg white Sigma 

Magnesium chloride Sigma

4X NuPAGE LDS Sample Buffer Thermo Scientific 

Peptone Sigma

Potassium dihydrogen phosphate VWR

SeeBlue Plus2 Pre-stained protein standard Thermo Scientific 

!70



Table S7. Columns and suppliers.   

Table S8. Cells and plasmids and suppliers.   

Sodium chloride VWR

Superoxide dismutase from E. coli Sigma-Aldrich

Tris(hydroxymethyl)aminomethane Sigma

Urea VWR

Yeast extract Sigma

Columns Supplier

HiLoad 16/60 Superdex 200 prep grade 
120 mL column

GE Healthcare

HisTrap HP 5 ml column GE Healthcare

HiTrap Q XL 5 ml column  GE Healthcare

NAP-5 gel filtration column GE Healthcare

PD MidiTrap G-25 desalting column Sigma Aldrich

Cell line/plasmid Supplier

BL21(DE3) chemically competent E. Coli 
cells

Sigma

ArcticExpress(DE3) competent E. Coli cells Agilent Technologies 

pET-22b(+) cloning vector GenScript 
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Appendix B: Solutions, buffers and gels 

SDS-PAGE   

Table S9. SDS-PAGE buffers and suppliers  

Culture growth 

Table S10. Composition of LB medium (1 L).   

pH 7.1. The components were sterilized by the autoclave.

Table S11. Composition of TB medium (2 L). 

pH 7.1. The components were sterilized by the autoclave. The salts were autoclaved separately 
from the rest of the mixture in 250 mL of MQ-H2O. Glycerol was sterile filtered, then added to 
autoclaved medium. 

Buffer Supplier

20X MES SDS running buffer Thermo Fischer

Bolt LDS Sample Buffer (4X) Novex

Volume Amount

MQ-H2O 1L

Yeast extract 5 g

Peptone 10 g

NaCl 10 g

Volume Amount

MQ-H2O 2L

Yeast extract 48 g

Tryptone 24 g

Glycerol 8 mL

Potassium phosphate, dibasic 1.8 g

Potassium phosphate, 
monobasic

4.4 g
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Table S12. Composition of LB agar (250 mL).   

pH 7.1. Selection antibiotics were added prior to the solidification of the media.  

Table S13. Composition of 100 mg/mL ampicillin stock (50 mL).   

The solution was sterile filtered (0.2 µm), and stored at -20 °C.  

Table S14. Composition of 20 mg/mL gentamicin stock (50 mL).   

The solution was sterile filtered (0.2 µm), and stored at -20 °C. 

Periplasmic lysis 

Table S15. Composition of sucrose buffer (1 L) for periplasmic lysis.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Volume Amount

LB media 250 mL

Agar-Agar 3.5 g

Volume Concentration Amount

MQ-H2O 50 mL

Ampicillin 100 mg/mL 5 g

Volume Concentration Amount

MQ-H2O 50 mL

Gentamicin 20 mg/mL 2 g

Volume Concentration Amount

MQ-H2O  980 mL

Sucrose 25% 250 g

EDTA 0.25 M 20 mL 5 mM
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Table S16. Composition of MgCl2 buffer (1 L) for periplasmic lysis.   

The MgCl2 solution was sterile filtered (0.2 µm), and stored at  room temperature until the 
addition of the remaining components, which depended on the volume of periplasmic fraction. 
The final concentration of each component was: 1 mM PMSF, 0.25 g/L lysozyme, 1 µl stock 
benzonase (250 units).    

Protein purification  

Table S17. Composition of binding buffer (1 L) for IMAC.  
 

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Table S18. Composition of elution buffer (1 L) for IMAC.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Volume Concentration Amount

MQ-H2O  950 mL

MgCl2 (1 M) 5 mL 5 mM

Volume Concentration Amount

MQ-H2O  855 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

Imidazole (4 M) 5 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

MQ-H2O 760 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

Imidazole (4 M) 100 mL 400 mM

NaCl (1 M) 100 mL 100 mM
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Table S19. Composition of binding buffer (1 L) for AEC.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Table S20. Composition of elution buffer (1 L) for AEC.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Table S21. Composition of running buffer (1 L) for SEC.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Table S22. Composition of general storage buffer (1 L).    

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature.  

Volume Concentration Amount

MQ-H2O  910 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 50 mL 50 mM

Volume Concentration Amount

MQ-H2O  1 L

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 400 mL 400 mM

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM
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Coomassie staining solution  

Table S23. Composition of coomassie staining solution (1 L).  

The HCl was adding with stirring under a fume hood.  

Nano-DSF 

Table S24. Composition of pH 4.5 solution (1 L) for nano-DSF.   

pH 4.5. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Table S25. Composition of pH 6 solution (1 L) for nano-DSF.   

pH 6. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Volume Concentration Amount

Coomassie Brilliant 
Blue G-250

80 mL

HCl (concentrated) 3 mL

MQ-H2O 915 mL

Volume Concentration Amount

MQ-H2O 880 mL 

NaCl (1 M) 100 mL 100 mM

Ammonium citrate 
(1 M)

20 mL 20 mM

Volume Concentration Amount

MQ-H2O 880 mL 

NaCl (1 M) 100 mL 100 mM

Bis-Tris (1 M) 20 mL 20 mM
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Table S26. Composition of pH 8 solution (1 L) for nano-DSF.   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

MALDI-TOF-MS 

Table S27. Composition of reaction solution (500 µL) for MALDI-TOF-MS.   

pH 8. The reaction was incubated on a shacker before adding to the MALDI plate.  

Table S28. Composition of binding buffer for MALDI-TOF-MS (1 L).   

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

Protein (17 µM) 23.5 µL 0.5 µM

Tris-HCl  (5 M) 4 µL 5 mM

NaCl (5 M) 4 µL 10 mM

Ascorbate (1 M) 1 µL 1 mM

Chitin fibres  
(10 mg/mL)

250 µL 5 mg/ml

MQ-H2O 217.5 mL

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM
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MST 

Table S29. Composition of running buffer for MST (1 L).    

pH 7.5. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Table S30. Composition of binding buffer for MST (1 L).    

pH 7.5. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

DLS  

Table S31. Composition of running buffer for DLS (1 L).    

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

SAXS 

Table S32. Composition of running buffer for SAXS (1 L).    

pH 8. The solution was sterile filtered (0.2 µm), and stored at  room temperature. 

Volume Concentration Amount

MQ-H2O 860 mL

HEPES (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

MQ-H2O 860 mL

HEPES (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM

Volume Concentration Amount

MQ-H2O 860 mL

Tris-HCl  (0.5 M) 40 mL 20 mM

NaCl (1 M) 100 mL 100 mM
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Appendix C: MS analysis 

Figure S1. Ab GbpA database search results .  

!  
  
K12 E. coli proteome search 

Figure S2. FeSOD database search results  
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Figure S2. FeSOD database search results.  

!  

Figure S3. Malate dehydrogenase database search results.   

!  
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Appendix D: SAXS analysis 

Distance distribution  

Figure S5: Distance distribution analysis of Ab GbpA. 

Figure S5: Distance distribution analysis of MnSOD.  

!  
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Guinier analysis 

Figure S7: Guinier analysis of Ab GbpA.  
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Figure S8: Guinier analysis of MnSOD.  
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