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Summary  
 

Many enzymes need to be activated to perform their catalytic functions. Such activating 

networks in Bacillus cereus (B. cereus) involve both different flavo- and thioproteins. NADPH 

is used to deliver electrons to different flavin-based reductases, which deliver electrons to 

different flavodoxins (Flds) or thioredoxins (Trxs), which again activate different enzyme 

systems like ribonucleotide reductase (RNR). The class Ib RNR is activated through two 

redox pathways, one using thioredoxin reductase (TrxR) and Trx, and the other using a 

flavodoxin reductase (FNR) and NrdI (a flavodoxin-like protein). It was only recently 

discovered that the FNRs function in the RNR-system. These FNRs belong to a new so-

called TrxR-like FNR-type, which is structurally very similar to the TrxRs. Due to the 

structural similarity between TrxRs and FNRs, it is of interest to investigate whether TrxR 

could function as an FNR in the activation network.  

In this thesis, we present work on a TrxR wild type (wt) and a TrxR mutant that have been 

engineered to resemble an FNR. Both TrxR(wt) and the mutated TrxR has been successfully 

expressed and purified. In addition, the 2.2 angstrom (Å) resolution crystal structure of 

TrxR(wt) in the common FO (fully oxidized) form from B. cereus has been solved for the first 

time. The homodimeric TrxR crystal structure revealed co-binding of NADPH/NADP+ in only 

one of the monomers. A series of steady state kinetic measurements showed that both 

TrxR(wt) and TrxR(mutant) are able to shuttle electrons to NrdI (an Fld-like substrate), 

therefore the TrxR can to some extent function as an FNR. However, the mutant does not 

show a significant increase in the ability of reducing NrdI, in comparison to the TrxR(wt). 
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1 Background 

1.1 Introduction 
Many enzymes require cofactors to carry out their biological function. Cofactors can assist in 

donating/withdrawing electrons from the substrate and they can be either organic or 

inorganic. Commonly used cofactors include heme groups, flavins and metal ions. Organic 

cofactors are often vitamin derivatives. 

1.1.1 Flavoproteins  
All flavins are derived from riboflavin – a vitamin B derivative (Edwards, 2014). Riboflavin is 

an essential cofactor for a great number of proteins (García-Angulo, 2016) and proteins that 

hold the riboflavin derivative flavocofactor are referred to as flavoproteins. Flavoproteins are 

involved in many biological processes, including oxidative stress, apoptosis and 

bioluminescence (Massey, 2000, Gomez-Moreno, 2009).  

Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are the main riboflavin 

derivatives (García-Angulo, 2016). When flavoproteins catalyze oxidation-reduction 

reactions, either FMN or FAD act as coenzymes. As seen in Figure 1, flavin nucleotides 

consist of a fused ring structure (isoalloxazine) that can accept/donate electrons, and thereby 

undergo reduction and oxidation reactions (Figure 2) (García-Angulo, 2016). 
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Figure 1: The main riboflavin derivatives: FAD and FMN. Both nucleotides consist of fused ring structures 
(isoalloxazine) that act as cofactors in the protein where they are found. The fused ring structures can do redox 
chemistry by accepting or donating electrons and thereby undergo reduction or oxidation, respectively.  

 

Figure 2 shows the different oxidation states of flavins. In the yellow fully oxidized state 

(quinone), the flavin can receive either one or two electrons. When only one electron (and 

H+) is accepted, the blue semiquinone form is generated, abbreviated FADH• or FMNH•. The 

fully reduced form (hydroquinone) is colorless and abbreviated FADH2 or FMNH2, depending 

on whether the flavin cofactor is a mononucleotide or a dinucleotide. 
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Figure 2: Different oxidation states of flavin during catalysis. The flavin cofactor can go from a yellow, fully 
oxidized form and receive either one or two electrons to generate the blue semiquinone or colourless 
hydroquinone form, respectively.  
 

The redox-properties of the flavoproteins make them highly utilized as catalysts for many 

proteins. The color-change of the cofactor enables us to monitor changes that occur in the 

active site of flavoproteins using for example UV-vis spectroscopy. Depending on the 

oxidation state of the flavin, different absorption maxima are observed. When the flavin is 

fully oxidized it has absorption maxima at 450 nm and 370 nm. The blue semiquinone form is 

characterized by the absorption maximum around 600 nm (in addition to 450 nm). The flavin 

group binds and interact with the enzyme, allowing the flavoprotein to hold onto electrons 

temporarily, while catalyzing the transfer of electrons from a reduced substrate to an electron 

acceptor (Nelson et al., 2013). The reduction potential is a measure of the tendency for a 

substance to acquire electrons and thereby be reduced. A strong negative value of the 

reduction potential indicates a stronger tendency of losing electrons, thereby functioning as a 

strong reductant. The environment around the flavin group influences its reduction potential 

in a significant way. The ability of the flavin group to do its redox reaction is thereby tuned by 

the protein environment (Zhou & Swenson, 1996). Table 1 below shows an example of how 

the flavin (in different oxidation states) shifts its reduction potential upon binding to 

flavodoxin. For example, the tendency for FMN to donate electrons decrease about 1.5 times 

and increase  about 2.5 times, for the ox and sq form respectively, upon binding to a 

flavodoxin from Desulfovibrio vulgaris (Zhou & Swenson, 1996).  

Table 1: Comparison of reduction potentials of each oxidation state of FMN, when bound and unbound to 
flavodoxin from Desulfovibrio vulgaris.  

 Eox/sq (mV) Esq/hq (mV) 

Flavodoxin with FMN -148 -443 

Free FMN -238 -172 
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The enzyme thioredoxin reductase (TrxR), which is the focus of this thesis, is a flavoprotein, 

which also contains a thiol/disulfide active site. 

1.1.2 Disulfide proteins 
A disulfide bond is derived from the oxidation of two thiol groups (see Figure 3). Disulfide 

bonds play an important role in the secondary and tertiary structure of proteins, by forming 

cross-links between proteins and between specific groups in the same protein itself. The 

formation of disulfide bonds has been adapted to many different cellular processes, including  

oxidative stress, redox-regulation of cell signaling, stabilization of extracellular proteins, and 

regulation of biological activity (Gilbert, 1995).  

 

 

Figure 3: Disulfide proteins can undergo oxidation of two thiol groups and generate a disulfide bridge.  

 

Thiol / disulfide exchange is a reversible process, and is of high biological importance (Nagy, 

2013). The fact that disulfide proteins can undergo this reversible oxidation/reduction, is of 

great value for electron transport to essential enzymes like ribonucleotide reductase (RNR), 

which is involved in the de novo synthesis of deoxyribonucleotides (Arnér & Holmgren, 2000, 

Lofstad et al., 2016, Tomter et al., 2013, Jordan & Reichard, 1998, Holmgren & Sengupta, 

2010). By controlling the formation and breakage of the thiol (-SH) and the oxidized disulfide 

(-S-S-) bond in the catalytic site of the protein, the activity and function of the protein can be 

changed. The efficiency of the formation and breakage of the bond depends both on the 

nature of the compound that delivers the electrons, and the one that is to receive them. A 

compound that holds loosely on its electrons will cause a redox-enzyme to be activated at a 
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high speed, by delivering its electrons fast, whereas a reductant that binds tightly to its 

electrons, will cause the redox reaction to go slowly. In addition to the oxidant and reductant 

itself, the nature of the environment in which the reaction occurs is also important (Gilbert, 

1995). 

1.1.3  Thioredoxin reductase (TrxR) 
The extracellular surroundings of a cell have oxidizing conditions and proteins that contain 

disulfide bonds are thereby stabilized, due to the strong interaction between disulfides. In 

comparison, the inside of a cell has highly reducing conditions; therefore, disulfide-containing 

proteins are rare (Arnér & Holmgren, 2000, Holmgren & Sengupta, 2010, Gilbert, 1995, Lee 

et al., 2013).  

Thioredoxin reductase (TrxR) is a flavoenzyme and a member of the pyridine nucleotide-

disulfide oxidoreductase family of flavoenzymes (Williams, 1995). The enzyme is a disulfide 

reductase, and it is responsible for maintaining other disulfide proteins in a reduced state. 

There are two classes of TrxRs; a high molecular weight TrxR found in higher eukaryotes 

including humans, and a low molecular weight TrxR found mostly in archaea, bacteria and 

eukarya, including fungi, plants and the protozoan intestinal parasites (Zhong et al., 2000). 

The high molecular weight TrxRs is around 55 kDa in size, whereas the low molecular weight 

TrxRs are around 35 kDa in size (Skjoldager et al., 2017, Zhong et al., 2000).  

One important function of TrxR is to supply reducing equivalents to the small redox protein 

thioredoxin (Trx) using NADPH and FAD (Skjoldager et al., 2017). Both TrxR and Trx reduce 

their substrates through a highly conserved thiol (C-X-X-C) motif (Lee et al., 2013). 

The TrxR-Trx system is involved in the reduction of disulfide bonds inside the cell. The TrxR-

Trx system participates in multiple important biological processes in species where they are 

found to be present. Oxidative stress is one important process where TrxR plays a 

preventive  role in bacteria, archaea and eukarya (Arnér & Holmgren, 2000, Holmgren & 

Sengupta, 2010, Jordan & Reichard, 1998, Torrents, 2014). In bacteria, yeast and mammals, 

the TrxR-Trx system is also involved in regulation of DNA synthesis, gene transcription, cell 

growth, and apoptosis (Arnér & Holmgren, 2000, Holmgren & Sengupta, 2010, Jordan & 

Reichard, 1998, Torrents, 2014). 

The crystal structure of TrxR from Escherichia coli (E. coli) was solved in the 90s (Waksman 

et al., 1994). The crystal structure revealed two monomers, where each monomer consists of 

two globular domains - one for FAD and the other for NADPH and the redox active disulfide. 
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The two globular domains are attached through a double stranded β-sheet (Mulrooney & 

Williams, 1997). The mechanism by which TrxR reduces its substrate (see Figure 4) involves 

reduction of the enzyme-bound FAD group by NADPH. From the reduced flavin cofactor, 

electrons are transferred to the disulfide bond in the active site, which can further reduce the 

disulfide containing substrate Trx. The dithiol form of Trx can further reduce its target 

substrate, for example RNR (Williams, 1995).  

 
Figure 4: NADPH delivers electrons to the enzyme-bound FAD group, which further reduces the disulfide in the 
conserved C-X-X-C motif of TrxR.  Electrons are then shuffled from the dithiol of the TrxR to the disulfide-
containing substrate Trx, which donates electrons to its substrates (not shown).  
 

1.1.4 TrxR compared to other members of the pyridine nucleotide 
disulfide oxidoreductase family 
Glutathione reductase (GR), together with lipoamide dehydrogenase, tryphanothione 

reductase, mercuric reductase, and NADH peroxidase, are other members of the pyridine 

nucleotide-disulfide oxidoreductase family (Williams, 1995). All of these members have a 

redox-active disulfide/dithiol adjacent to a FAD (Arscott et al., 1997). GR catalyzes the 

reduction of disulfide bonds in glutathione (GSH), and is a well studied member of the 

enzyme family (Waksman et al., 1994). GSH is together with Trx also a significant supporter 

to the reducing environment inside the cell (Arnér & Holmgren, 2000). The flow of electrons 

in the two enzymes during catalysis goes from NADPH to FAD and further to the reduction of 

disulfides, and therefore the electron-flow is the same in both enzymes. Due to the known 

electron-flow similarity in GR and TrxR, GR has been used as a model when describing the 

reaction mechanism of TrxR in E. coli (Waksman et al., 1994). However, there are 

differences in the organization of the functional elements between TrxR and GR in E. coli. 

The differences are in the placement of the disulfide loop. The disulfide loop is placed in the 

NADPH domain in TrxR, and in the FAD domain of GRs (Lennon et al., 2000, Mulrooney & 

Williams, 1997). In addition, TrxR is 150-240 amino acids shorter than the other enzymes in 

NADP+

NADPH
+H +

TrxR-S 2	

FAD ox

TrxR-(S) 2	

FAD red

Trx-(SH) 2

Trx-S 2TrxR-S 2	

FAD ox

TrxR-(SH) 2	

FAD ox
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the enzyme family due to the shortage of an interface domain between the monomers 

(Mulrooney & Williams, 1997, Kuriyan et al., 1991). 

Due to the placement of the disulfide in the NADPH domain in TrxR, as opposed to in the 

FAD domain as seen in GR, a rotation is essential in TrxR. The rotation is needed because 

the localization of the active site disulfide is located at a different place than NADPH, in other 

words FADH cannot deliver the electrons received from NADPH directly to the disulfide, 

without a change in conformation between the two domains (see Figure 5) (Mulrooney & 

Williams, 1997, Arscott et al., 1997, Lennon et al., 2000). 

When the disulfide is to be reduced by FADH, the disulfide and FADH molecule is positioned 

close (FO-state (Flavin-oxidized)). After FADH delivers its electrons to the disulfide, it is 

oxidized.  A regeneration of the reduced flavin is achieved after accepting electrons from 

NADPH. For the regeneration, TrxR has to reorient, so that the FAD can be positioned over 

NADPH (FR-state (Flavin reduced)). The rotation between the two domains also allows the 

active site disulfide to interact with its substrate, Trx. (See Figure 6).  

 
Figure 5: This figure is based on a figure from (Mulrooney & Williams, 1997) showing the oxidized (FO) and 
reduced (FR) conformational states of TrxR respectively. In the FO form, the flavin becomes oxidized and 
positioned above the active site disulfide (SHSH). When going from FO to FR state, a conformational change is 
required (possibly a 66˚ rotation) and pyridine nucleotide (PN) (NADPH) is positioned close to FAD and can 
thereby reduce it (The figure shows a 180˚ rotation but is actually 66˚). 

 

136		139 139			136

S	HSH SH	SHPN PN

FAD	domain FAD	domain

Pyridinenucleotide
domain

Pyridinenucleotide
domain

FO FR
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Figure 6: Overlay of the FO (red) and FR (blue) state of TrxR from E. coli PDB IDs: 1tdf (FO), lf6m (FR). The 
arrows indicate where Trx will bind (disulfide-active site shown in yellow) in the structure. A 66˚ rotation is 
required when going from FO to FR state (see text below). 
 

A theory of how the rotation between the NADPH and FAD domain in E. coli TrxR takes 

place was proposed. The theory states that a 66˚ rotation between the FAD and NADPH 

domain of the enzyme is needed, when going from FR-state, to FO-state. A schematic figure 

of the mechanism can be seen from Figure 5 (shown as a 180˚ rotation in the figure) 

(Mulrooney & Williams, 1997, Skjoldager et al., 2017). 

1.1.5 Ferredoxin/Flavodoxin-NADP(H) reductase (FNR) 
Ferredoxin/(flavodoxin)-NADP(H) reductases (FNR) belong to another group of 

flavoenzymes. In contrast to TrxR, FNRs do not use Trx as a substrate, instead they use 

ferredoxin (Fd) or flavodoxin (Fld) (Lofstad et al., 2016). FNRs are found in both plastids, 

bacteria and eukaryotes, and are, as TrxR, also involved in electron donation to different 

redox proteins. FNRs have an attached FAD group that mediates the electron flow just as in 

TrxR. The function of FNRs is to catalyze electron transfer between Fd or Fld and NAD(P)H. 

Fd is an iron-sulfur protein and is an electron mediator in several biological processes, which 

include photosynthesis, nitrogen fixation, and sulfate assimilation (Bruschi & Guerlesquin, 

1988, Carrillo & Ceccarelli, 2003, Dumit et al., 2010). There are four different groups of 

FNRs, distributed over several different organisms. Molecular phylogenic analysis has been 

66°

66°

Active-site	
disulfide

Active-site	
disulfide NADPH	domain

FAD	domain
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the basis for the group division (Seo et al., 2009). The first group is referred to as plastid-type 

FNRs, found in plants and cyanobacteria. Here, the FNRs are involved in the electron 

transfer between Fd/Fld and NADPH, to activate processes like carbon assimilation and 

glutamate synthesis (Komori et al., 2010, Seo et al., 2009). A second group of FNRs are 

found in proteobacteria, and therefore referred to as proteobacterial-FNRs, thought to be 

induced under oxidative stress. Both FNRs referred to as type 1 and type 2 above function 

as monomers (Komori et al., 2010, Seo et al., 2009). A third group of FNR has been referred 

to as the mitochondrial-type-FNR and is connected with the reduction of cytochrome via iron-

sulfur proteins. The mitochondrial-type-FNR is found in bacteria like Mycobacterium 

tuberculosis (Komori et al., 2010, Seo et al., 2009). In some bacterial strains expressing the 

latter group of FNRs, the FNR functions as a dimer while in other, as a monomer. A fourth 

group of FNR was recently discovered, showing a higher amino-acid sequence resemblance 

to TrxR, than with the FNR-types found in other bacteria (Komori et al., 2010, Nogues et al., 

2004, Seo et al., 2009). However, the conserved C-X-X-C motif essential for catalysis in 

TrxR, is absent in FNR, showing that they are FNRs and not TrxRs. The fourth group of 

FNRs was first found in the green sulfur bacteria Chlorobaculum tepidum, and similarly to 

TrxRs, but in contrast to the other groups of FNRs, it operates as a homo-dimer (Seo et al., 

2009, Komori et al., 2010). The TrxR type FNR has a unique C-terminal extension which is 

not found in other FNRs. Despite the FNR in group four being more similar to TrxR than the 

rest of the FNR groups, the catalytic properties across these groups are well comparable 

when it comes to NADP(H) affinity and rate of catalysis (Komori et al., 2010).  

1.2 An enzyme activating network in Bacillus cereus  

1.2.1  Activation of ribonucleotide reductase  
Synthesis of deoxyribonucleotides from ribonucleotides is catalyzed by the enzyme RNR 

(Nordlund & Reichard, 2006). Activation of RNR involves redox proteins in an activating 

network. All RNRs are assisted by a short-lived cysteinyl radical (Cys•) in the active site, to 

perform the reduction of the ribonucleotides. There are three classes of RNRs, characterized 

by diversity in oxygen-dependency, structure, allosteric regulation, and cofactor requirement 

(Cotruvo and Stubbe 2011). Generally, the aerobic class I RNRs consists of homo-dimeric 

subunits with α2β2 configuration. The catalytic site is situated in the α subunit, where the 

generation of the Cys• is required for the reduction of ribonucleotides, while the radical-

activating β subunit contains a di-metal cofactor used to promote the formation of the Cys•. 

The β subunit is also activated by a TrxR/Trx network (Kolberg et al., 2004, Torrents, 2014, 

Zhang et al., 2014). Class I RNRs are further categorized into subclasses; Ia, Ib, and Ic. The 
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class Ib enzymes function catalytically by generating either an active di-Fe-Y•  or di-Mn-Y• 

(di-manganese/iron-tyrosyl radical) radical cluster, but the enzyme has been shown to have a 

higher rate of catalysis when using manganese (Cotruvo & Stubbe, 2010). NrdI, a flavodoxin-

like protein found in all organisms expressing the class Ib RNR, is required for the formation 

of the active MnII
2-Y• cofactor. The dimanganese cofactor is activated when the FMN of NrdI 

reacts with oxygen and most likely produces superoxide, which is channeled to the metal 

cluster of class Ib RNR to activate it. It is essential that NrdI is reduced for the production of 

superoxide (Cotruvo & Stubbe, 2010, Cotruvo & Stubbe, 2011, Lofstad et al., 2016, Zhang & 

Stubbe, 2011).  

Three homologous FNRs from B. cereus were recently found to belong to the class of TrxR-

like FNRs, sharing sequence identity with TrxR, but lacking their essential CXXC motif 

(Lofstad, Gudim et al. 2016). All the FNRs were shown to be able to reduce NrdI from 

B.  cereus, where one of them, namely FNR2, was found to be the most efficient reductase 

of NrdI (Lofstad, Gudim et al. 2016). Therefore, a Fld-like/FNR redox-network is needed, to 

activate the β-radical generating subunit of RNR. 

1.3 Project background  
This master project is focusing on the activation of the class Ib RNR system through the 

flavodoxin-like protein NrdI.  

Generally, the TrxR-like FNRs are found in the bacterial phylum firmicutes, however E.coli, 

which also contains the class 1b RNR and NrdI, does not possess the TrxR-like FNRs. Due 

to the lack of TrxR-like FNRs in E.coli, it should be explored if TrxR could possibly be an 

alternative to the TrxR- like FNRs. Because of the structural similarities between FNR2 and 

TrxR, it is of interest to see if TrxR(wt) can to some extent function as an FNR to reduce NrdI 

(Figure 7). 
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 Figure 7: Schematic representation of the activation network of class 1b RNR. PDB IDs: 2zbw (FNR), 1f6m 
(TrxR), 2x2o (Fld) and 3zij (Trx) 

 

Further on, the ability of TrxR(wt) to become a more functional FNR by the introduction of 

mutations, will be investigated. It is of interest to see if one can understand the differences 

between the TrxR and the TrxR-like FNRs, by monitoring the activity in reducing NrdI.  

The TrxR will be mutated to make it more like an FNR, in an attempt to understand which 

residues are most important in differentiating the FNRs and TrxR functions. The requirement 

of a rotation is different between TrxR-like FNRs and TrxR, due to the lack of a disulfide-

active site in FNR. Therefore, the sequences of selected TrxRs and TrxR-like FNRs were 

compared to see if one could observe some differences in the regions most likely involved in 

the rotation. A sequence alignment of TrxRs and TrxR-like FNRs can be seen from Figure 8. 

There are three extra residues observed in one of the linker regions in the FNRs compared 

to the TrxRs. The three extra residues in the linker region are thought to play a role in the 

rotation in FNR, and could be important in order to access Fld for reduction. The residues 

making up the extra linker region that is present in the hinge region of the TrxR-like FNRs are 

marked with a black box in figure 8. The changes that will be introduced to the sequence of 

TrxR include: (1) the redox active cysteines have been mutated to serines, (2) insertion of an 

extra linker between the FAD and NADPH domain named “GAF” consisting of tree amino 

acids; glycine, alanine and phenylalanine, (3) mutation of residue 320 (glutamate to serine), 

that is shown to form hydrogen bond with the N5 atom on FMN in FNRs. 

 

RNR

FNR                            TrxR

NrdI Trx

e־e־

e־ e־

NADPH e־e־

?
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Figure 8: Multiple sequence alignement of some selected TrxR and TrxR-like FNR sequences from: 
Methanosarcina mazei (mm), Aradioosis thaliana (at) Helicobacter pylori (hp), Entamoeba histolytica (eh), 
Campylobacter jejuni (cj), Thermoplasma acidophilum (ta), Gloeobacter violaceus (gv), Chlorobaculum 
tepidum (ct), Bacillus subtilis (bs), Bacillus cereus (bc), Bacillus anthracis (ba), Escherichia coli (ec), 
Lactococcus lactis (ll), Streptococcus sanguinis (ss), Thermus thermophilus (tt), Chlorobaculum tepidum (ct) 
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and Deinococcus radioduran (dr). The multiple sequence alignment was generated with Clustal Omega through 
Jalview. The coloring is according to Clustal X. The extra hinge region “GAF” that is present in the TrxR-like 
FNRs but not in TrxR is indicated by the black box. 
 

By introducing the GAF domain to TrxR, the ability of TrxR to bypass the disulfide active site 

and shuffle electrons directly from FAD to the Fld substrate (NrdI) can be examined.  

1.4 Aims 
The aim of this thesis is to investigate if (1) TrxR is able to work as an FNR in the activation 

network of RNR class 1b, and (2) to see if it is possible to make TrxR more similar to FNR, 

and thereby understand what features distinguish an FNR from a TrxR. So far, there is no 

structure of a TrxR available from B. cereus. We will attempt to solve the structure of TrxR 

(both wild type and a mutant) from B. cereus. The following will be done: 

(1) Over-express and establish a purification protocol for TrxR(wt) and TrxR(mutant) 

resembling FNR.  

(2) Crystallize and solve the structure of TrxR(wt) and TrxR(mutant).  

(3) Investigate the interaction between both TrxR(wt) and NrdI and TrxR(mutant) and NrdI by 

performing kinetics studies, and compare the results to published data on FNR-NrdI 

interactions. 

 

 

 

 

 

 

 

 



14 
 

2 Solving the structure of a protein by 
the use of X-ray crystallography 

2.1 Protein crystallography 
The underlying basis of X-ray crystallography was set in 1895 when Wilhelm Conrad 

Röntgen discovered the characteristics of radiation, when experimenting with cathode rays. 

The radiation was named X-ray. X-rays can be used to visualize protein structures because 

the wavelength are of the same magnitude as the interatomic distances (Krengel & Imberty, 

2007, Blow, 2002). 

As implied by the name “crystallography”, protein crystals are needed for the determination 

of protein structures. When the protein crystal is irradiated with X-rays, the X-rays are 

scattered by the electrons in the crystal in all directions. A single molecule would give a too 

weak signal for measurements, therefore, a crystal is used in order to amplify the scattering. 

The diffracted rays can be collected on a detector, and the result is an image of spots, called 

a diffraction pattern (Krengel & Imberty, 2007, Loll, 2008) 

In contrast to light microscopy, there are no lenses that can collect the diffracted X-rays to 

make an image. Instead, an image of the structure is generated by using the data collected 

in the diffraction image. Calculations in forms of Fourier Transformations are performed to 

mimic the action performed by a lens in light microscopy. What we get from such 

computations is an electron-density map that can be used to generate an atomic model (Loll, 

2008, Blow, 2002, Krengel & Imberty, 2007) 

2.1.1 Protein crystallization  
Being able to crystallize the protein is essential for structure determination by X-rays. The 

crystallization process can be explained through the phase diagram seen in Figure 9. 

Crystallization consists of two parts: nucleation and growth. For nucleation to start, that is the 

phase transition from solute in solution to formation of a crystal lattice, the protein sample 

must have a very high degree of purity. Nucleation requires a high degree of supersaturation, 

therefore the protein solution is attempted to be brought to a supersaturated state at first, and 

as nuclei are made the supersaturation will slowly decrease. A slow, ordered growth of large 

crystals is more favorable at lower levels of supersaturation (metastable zone) (Engh, 2006). 

There are different parameters that can be changed in the crystallization setup to change the 

solubility of a protein, these parameters include: pH, temperature, buffers and addition of 
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different additives (Engh, 2006). Because crystallization is dependent on so many variables, 

different screens (sets of many different conditions with altering pH, precipitant, buffers and 

additives) can be tested out to find conditions where crystals will form. When the 

crystallization condition is found, optimization of this condition can be done. Optimization can 

be achieved by changing a few of the parameters one by one (pH, temperature, buffer, 

protein concentration) from the screening condition. The changes are performed to try to find 

the most suitable growth conditions to get good quality crystals (Engh, 2006, Drenth et al., 

2007). 

 
Figure 9: The phase diagram, a graphical representation of the solubility range for a protein. Picture taken from: 
http://www-structmed.cimr.cam.ac.uk/Course/Crystals/Theory/phases.html. 

 

There are different crystallization methods, these include: batch, vapor diffusion, dialysis, 

micro batch and micro seeding (Watts, 1993). Vapor diffusion is the method used in this 

thesis and will therefore be further explained. The method is based on equilibrating the 

protein solution against a solvent reservoir with different vapor pressure. The difference in 

vapor pressure is due to different concentrations of the precipitant in the drop and in the 

reservoir. Usually the protein drop contains only half the concentration of precipitant 

compared to the reservoir (Drenth et al., 2007, Watts, 1993). The protein drop can be 

positioned above the reservoir (hanging-drop) or on a “pedestal” in the reservoir solution 

(sitting-drop). Due to the higher concentration of crystallization agent in the reservoir, the 

volatile species of the drop will move from the drop to the reservoir, until the vapor pressures 

are equal. The movement of solvent changes the volume of the drop and consequently also 

the concentration of protein and precipitant (Drenth et al., 2007, Watts, 1993). If the correct 

nucleation conditions are created, crystals will start to grow. 
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2.1.2 Protein crystals 
Protein crystals are built up from unit cells, which can be thought of as a shoebox that can be 

used to generate the whole crystal pattern by stacking these boxes side by side in all three 

dimensions of space (Loll, 2008). These shoeboxes can contain one or several molecules. 

As seen from Figure 10, when the unit cell contains more than one molecule, the unit cell can 

be divided into an even smaller part called the asymmetric unit. 

 

 

Figure 10: An illustration of the parts that makes up a crystal, from the smallest entity of the crystal (the 
asymmetric unit) which can, after application of symmetry operations, generate a unit cell. The unit cell can be 
translated in all three dimensions of space to generate the whole crystal. Picture taken from: 
https://www.researchgate.net/figure/279359555_fig16_Figure-7-7-Illustration-of-the-asymmetric-unit-of-a-unit-
cell. 

 

The unit cell is generated from the asymmetric unit by performing symmetry operations 

(Blow, 2002, Loll, 2008). Symmetry elements found in crystals include rotations, mirror 

planes, translations and inversions,  however mirror planes and inversions cannot be present 

in a protein crystal due to the chirality of the protein (Blow, 2002). The only accepted 

rotational symmetries in a crystal are twofold (180˚), threefold (120˚), fourfold (90˚) and six 

fold (60˚) (Loll, 2008). A translation can be combined with rotations and give screw axes 

(Loll, 2008). 

The symmetry of the crystal is defined by the space group. There are 230 space groups but 

only 65 of these apply to proteins due to the chirality restrictions (Blow, 2002, Loll, 2008). In 

order for the structure to be solved It is essential to know the space group that the protein 

has crystallized in (Loll, 2008). When both the asymmetric unit and the space group is 

known, the whole crystal can be generated, by applying necessary symmetry operations on 

the asymmetric unit to build the unit cell, followed by translation in the 3D dimensional space 
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(Blow, 2002, Krengel & Imberty, 2007, Loll, 2008). Information about the space group of the 

crystal can be extracted from the diffraction pattern that is generated when the crystal is 

irradiated with X-rays. A typical diffraction pattern can be seen in Figure 11 and will be 

explained further in the next sections. 

  
Figure 11: Diffraction pattern seen after irradiation of a crystal of TrxR during data collection.  

 

The unit cell is described above, and a simplified way of describing it is to describe it only by 

its corners. Repeating the unit cell in all three directions generates a lattice (as seen in 

Figure 12) (Allewell & Trikha, 1995). 

 

Figure 12: Crystal lattice, built from points that represents particles, which make up the crystal (left). The points 
are joined together by a line. The geometrical setup of a crystal lattice (right). Three directions; a, b and c and 
three angles: α, β and χ make up the dimensions of the unit cell. By repeating the unit cell in all tree directions, 
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different crystal lattices are formed. Picture taken from: 
http://eguruchela.com/chemistry/learning/Types_of_unit_cell.php. 

 

There are many different ways to put up a lattice, however there are only 14 different ways to 

put up a lattice that can generate a three-dimensional object in space, these are called the 

Bravais lattices (Allewell & Trikha, 1995). The 14 different Bravais lattices can be categorized 

into seven different crystal systems: triclinic, monoclinic, orthorhombic, tetragonal, 

rhombohedral, hexagonal and cubic. These seven different crystal systems describe the 

lattice and structure of the crystal (Allewell & Trikha, 1995, Blow, 2002, Krengel & Imberty, 

2007, Loll, 2008). 

2.1.3 Diffraction  
Crystallography is an imaging technique, and there are different parameters to consider in 

order to generate a diffraction image that contains good enough data to be interpreted into a 

structure. When a crystal is irradiated with X-rays a phenomenon known as interference 

occurs, which can be either constructive or destructive.  During destructive interference two 

diffracted X-rays cancel each other out and no spot is generated on the detector, however 

during constructive interference the two waves amplify each other and a spot can be seen in 

the diffraction image (Allewell & Trikha, 1995, Blow, 2002). To make sure that the crystal is in 

a diffracting position and all or most of the possible reflections are measured, the crystal is 

rotated in the beam, usually 0.2-1 degree between each image (Drenth et al., 2007, Engh, 

2006). The theory behind the scattering from a crystal can be visualized by using Bragg’s 

law: 

𝒏𝝀 = 𝟐𝒅𝒔𝒊n𝜽 

Bragg’s model can be explained by imagining the crystal intersected into evenly spaced 

parallel planes going in different directions through the lattice (Loll, 2008). Depending on how 

many times the unit cell edges x, y, z are cut, a value (h, k and l) is given, called Miller 

indices to name the different planes (Blow, 2002, Loll, 2008). The link between Miller indices 

and Bragg’s law comes from the fact that each set of planes give rise to different reflections. 

As noted previously, the rotation of the crystal during data collection brings the different 

planes into diffracting position, resulting in a reflection (Glasfeld, 2003). As shown in  

Figure 13, the two horizontal lines (x and y) are two planes with the spacing d. The planes 

can be thought of as acting like mirrors reflecting the incoming X-ray (A and D). The X-ray 

travelling path D+F will have a greater distance than the X-ray travelling A+C. This path 
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difference between D+F and A+C will be constructive only when the path difference equals 

an integer number of wavelengths (n) resulting in Bragg’s law (Blow, 2002, Loll, 2008). When 

the spacing between the planes, d, is small, a greater amount of details can be seen. Last 

but not least, λ is the wavelength used to irradiate the sample with. From Bragg’s formula it is 

possible to see that the spacing is determined by the wavelength used, and that the lowest 

possible d is ½ λ (Allewell & Trikha, 1995, Blow, 2002, Krengel & Imberty, 2007, Loll, 2008).  

 

Figure 13: Illustration of Bragg’s diffraction. Incoming waves (A and D) are scattered (C and F) from a two 
dimensional lattice (represented by X and Y). Picture taken from: https://www.sciencetopia.net/physics/braggs-
law. 

2.1.4 The phase problem 
Each diffracted X-ray has amplitude, wavelength and phase. The amplitude is referred to as 

the structure factor, and can be extracted from the diffraction image, as they are the square 

root of the intensities measured. 

After irradiating the protein crystal with X-rays, an image with well-defined spots will be 

generated if the data collection has been successful. An example of a good diffraction image 

is seen in Figure 11. Several diffraction images are made during data collection as the crystal 

is rotated. By processing these images, the information that is needed for structure solving 

can be extracted. Both the intensities and the phase of each diffracted X-ray is needed to 

solve the structure. Unfortunately, the diffraction image gives us only the intensities.  The 

phase of the diffracted X-ray is lost during data collection and is referred to as the phase 

problem. The phases are needed to locate the position of the atoms in the crystal. It is 

essential to overcome the phase problem in order to solve the structure of the molecule 

(Blow, 2002, Glasfeld, 2003, Loll, 2008). 
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2.1.5  Solving the phase problem  
There are three main methods that can be used to solve the phase problem, these are: 

multiple wavelength anomalous diffraction (MAD), multiple isomorphous replacement (MIR) 

and molecular replacement (MR).  

A phenomenon called anomalous scattering, which occur around the absorption edge of 

heavy atoms, is the principle behind MAD (Blow, 2002). By using a heavy atom in the protein 

and by doing data collection at different wavelengths, phases can be obtained (Glusker & 

Trueblood, 1985). This method is possible because heavy atoms do not obey “Friedels law” 

at this point. If we imagine a crystal dissected into evenly spaced planes (see Figure 14), the 

reflected X-ray from both sides of the plane, gets the same amplitude if they follow Friedels 

law (Blow, 2002, Glusker & Trueblood, 1985, Loll, 2008). Because Friedels law is not 

followed during MAD, the different amplitudes can be used to calculate the position of the 

heavy atoms in the crystal. The heavy atom is normally introduced by changing the 

methionine into selenomethionine during protein expression. 

 

Figure 14: Demonstration of incoming X-rays (arrows) from two sides of the plane (black line). If Friedels law is 
followed, both of these reflected rays (blue and red arrow) will have the same amplitude. During MAD the 
amplitudes of the reflected X-ray from different sides of the plane will not be the same. 

 

For MIR it is essential to have a crystal that has had heavy atoms soaked in. By comparing 

reflections from the native protein and the one with heavy atoms, the different intensities 

between native and heavy atom derivative can be used to obtain the phases (Blow, 2002, 

Glusker & Trueblood, 1985, Loll, 2008). 

MIR and MAD are methods used when the structure is fully unknown. If the structure to be 

solved is similar to an already solved structure, then MR can be used. MR is often used 

when the protein has a high sequence identity to an already known protein structure. The 

method is based on using the already solved protein structure as a search model for the 
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related protein. By placing the known protein structure in the unit cell of the protein to be 

solved, rotations and translations are performed to put the already solved structure correctly 

into the unit cell for the unknown protein structure. Together with the data collected on the 

new protein, phases can be extracted from the aligned molecule (Blow, 2002, Drenth et al., 

2007, Glusker & Trueblood, 1985, Loll, 2008). 

2.1.6 Refinement 
Together with the intensities, the phase estimates are used to produce an electron density 

map, giving a picture of how the electrons are positioned in the crystal. The structure has to 

be built/fitted into the electron-density (Loll, 2008). The fitting process is guided by the 

appropriate bond lengths and correct bond angles (called restraints) that is allowed for a 

chemical bond (Blow, 2002, Loll, 2008, Drenth et al., 2007).  

It is important to remember that the structures generated are only models. During the 

refinement process deviation between what we observe from the collected diffraction image 

and the model that we have created based on processing of the collected data is attempted 

minimized (Blow, 2002, Loll, 2008). The refinement process is examined by a decrease in 

what we call the R-factor (Kleywegt & Jones, 1997). The value of R (formula seen below) is 

used because it gives a statistic measure of the agreement between what we observe and 

what we calculate from our model  as structure factors (IFI) (Blow, 2002).  

                                                      

During refinement a drop in the R-factor is seen as the model improves, however the value of 

the R-factor depends on the resolution. Resolution and R-factor are both powerful quality 

indicators during refinement (Krengel & Imberty, 2007). To make sure the model is not over 

refined, that is doing refinements that are not justified, a factor called Rfree  is also monitored 

(Rhodes, 1993).  

The Rfree is usually 1.2 times higher than the R-factor after refinement, and is calculated from 

reflections omitted from the refinement process (usually 5%) (Rhodes, 1993, Loll, 2008, 

Blow, 2002). At a resolution of 2.5 Å or  better the Rfree  should be below 0.24 (Blow, 2002). 
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3 Methods  
 

3.1 Molecular biology methods 
Plasmids containing the desired genes (see appendix) were ordered from GenScript. 

TrxR(wt) and a TrxR mutant made to resemble FNR by the mutation of cysteine 136 and 

cysteine 139 into serines, in addition to insertion of a GAF motif (glycine, alanine and 

phenylalanine) in the linker region between the FAD and NADPH domain as well as mutating 

residue 320 (glutamic acid) into serine, were inserted into a pET-22b (+) vector (see 

appendix).  

3.1.1 Transformation of vector into host cells 
4 µg plasmids were delivered in vials from GenScript. The vials were centrifuged at 6000 x g 

for 1 minute at 4 ˚C. 20 µl of sterilized water was added to dissolve the DNA, to a final 

concentration of 0.2 µg/µl (4 µg/20 µl = 0.2 µg/µl). The vial was vortexed for 1 minute. Stocks 

containing 50 ng/µl plasmid were made to be used in the transformation procedure. 

Competent BL21 (DE3) cells (Novagen) were thawed on ice, and stirred carefully with a 

pipette tip. 10 µl cells were transferred to PCR-tubes while kept on ice. 

For each construct, tree different set-ups were tested; 0.5 µl, 1 µl and 3 µl of plasmid (50 

ng/µl) containing vector to mix with competent cells. Two control reactions were also 

prepared: a positive control containing a control plasmid (pUC19) (5 µl) and a negative 

control containing cells without plasmid. The reactions were incubated on ice for 5 minutes, 

followed by heating the reactions at 42 ˚C for 45 seconds. The reactions were then incubated 

on ice for 2 minutes. 125 µl of LB medium (see appendix) were added to the cells. The 

reactions were incubated at 37 ˚ C for 1 hour with shaking at 225-250 rpm. 

The transformation reactions were plated using a sterile spreader onto LB agar plates 

containing 100 µg/ml ampicillin. 

The agar plates were wrapped in parafilm and incubated at 37 ˚ C overnight. 

The following day the agar plates were inspected and cell cultures containing 5 ml LB and 

ampicillin to a final concentration of 100 µg/ml were made. Single colonies from each 

construct were taken from the agar plate and inoculated in the media, and incubated 

overnight at 37 ˚C. 
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3.1.2 Preparation of freeze stocks 
200 µl glycerol (60%) and 800 µl cell cultures from the transformation reactions were mixed 

in Eppendorf tubes, flash frozen in liquid N2, and kept at -80˚C. 

3.2 Protein methods 

3.2.1 Induction test with Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) 
A T7 RNA polymerase is responsible for transcribing the inserted gene in the competent 

BL21 host cell (Novagen). A lac repressor inhibits the transcription of the polymerase when 

bound to the promoter region. Isopropyl β-D-1-thiogalactopyranoside (IPTG) induces protein 

expression by inhibiting the lac repressor, allowing T7 RNA polymerase to be expressed, and 

thereby transcribe the inserted gene. 

An induction test was carried out to check if the right constructs had been successfully 

transformed into competent cells, and if the proteins were overexpressed. A 50x dilution of 

the ON (overnight) culture was made: 100 µl cell culture were added to tubes containing 5 ml 

LB and ampicillin with a concentration of 100 µg/ml. 

The tubes were placed in a shaking incubator at 37 ˚C for approximately 4 hours. The OD at 

600 nm was monitored. Samples were taken out prior to IPTG addition. IPTG was added to a 

final concentration of 0.5 mM, when the OD was measured to be around 0.8.  

After approximately 4 hours following IPTG addition, 100 µl samples were taken out into 

tubes and spun down at 11,000 x g for 1 minute. The supernatant was removed, and the 

pellet was stored in the freezer for further inspection of the degree of overexpression, by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

3.2.2 Sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis  
Polyacrylamide gel electrophoresis can be used to estimate the amount of different proteins 

in a sample, in other words, the degree of purity. Proteins migrate through the gel in a speed 

that is proportional to their mass-charge ratio. SDS binding causes the protein to unfold. SDS 

binding to protein causes the protein to unfold and give the protein a large net negative 

charge. The amount of SDS a protein will bind to is about 1.4 times the weight of the protein, 

because about one molecule of SDS binds for each amino acid residue. Each protein gets a 
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similar charge-to-mass-ratio, therefore electrophoresis in the presence of SDS separates 

proteins exclusively according to their mass (Nelson et al., 2013). 

Proteins were mixed with NuPAGE loading buffer in a 1:3 ratio. The solution was heated on a 

heat block at 95˚C for 5 minutes. The samples were vortexed and subsequently loaded onto 

a Bis-Tris 4-12% gel (Novex) at 170 V for approximately 35 minutes in MES buffer. Low 

molecular weight ladder (Novex) was loaded next to the protein samples in order to keep 

track of protein sizes.  

Following SDS electrophoresis the gel was placed in an instant blue staining solution 

(Expedeon). The following day, the gel was lightly rinsed with mq H2O and a picture was 

taken. 

3.2.3 Large scale expression of protein  
100 ml LB-medium were transferred to an Erlenmeyer flask, one flask was prepared for each 

construct. The Erlenmeyer flasks with medium were autoclaved. 

For large scale expression 13 L of TB-medium (see appendix) and 1.3 L phosphate buffer 

(see appendix) were prepared and autoclaved.  

The overnight cultures were made from 5 mL of autoclaved LB medium and ampicillin to a 

final concentration of 100 µg/ml that were transferred to 15 ml falcon tubes. The LB medium 

was inoculated with glycerol stocks (containing desired construct) directly. A pipette tip was 

used to transfer a few bacterial cells from the glycerol stock to the ampicillin-containing LB 

medium. Two parallels for each construct were made. The tubes were put on shaking (250 

rpm) overnight at 37˚C. 

The following day the ON-cultures were diluted 20x in fresh LB-medium (prepared the day 

before). Ampicillin was added to a final concentration of 100 µg/ml. 

After shaking for approximately 6-7 hours (250 rpm, 30˚C) the cultures were diluted 100x in a 

solution containing 900 mL TB-medium, 100 mL phosphate buffer (autoclaved and added 

just before use) and 100 µg/ml ampicillin in a two-liter baffled Erlenmeyer flask. The cell 

cultures were incubated at 30˚C (250 rpm). When the OD at 600 nm were around 0.8 the 

flasks were taken out from the incubator and quickly placed in ice water (~20 sec) to cool 

down the temperature to ~20 ˚C, in order to avoid the formation of inclusion bodies. The 

liquid cultures were induced with IPTG to a final concentration of 0.5 mM. 
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The cells grew at 250 rpm overnight at 20˚C, and ~500 µl of antifoaming agent were added 

to each flask the following day. The bacteria were harvested at 4400 x g in a JA-10 rotor, 10 

min for each centrifugation. 

The bacterial paste was stored in zip lock-bags and frozen at -20˚ C. 

3.2.4 Purification of proteins 

Lysis of bacterial cells 
In order to solubilize the overexpressed proteins in buffer, the bacterial cell wall must be 

broken down. An efficient method to lyse bacterial cell walls is to apply high pressure and 

mechanical stress to frozen bacterial cells. The bacterial pellet from the previous day was 

taken out from the freezer and ground into small pieces. Liquid nitrogen was used to prevent 

thawing of bacteria. Approximately 30 g of ground bacterial cells were transferred to a pre-

cooled X-press cylinder and mounted on the X-press machine (Edebo, 1960).  The bacteria 

were squeezed through a 2-3mm hole, causing the bacterial cell wall to break.   

When a larger amount was to be lysed, sonication was utilized, due to the 30 g limitation of 

the X-press. When performing sonication the cell wall is broken up by the use of high ultra-

sound, the energy from the high ultrasound creates bubbles in the liquid that will grow and 

implode the cell, causing its content to leak out in solution (Suslick, 1991).  Sonication was 

performed by dissolving the desired amount of bacteria in buffer (100 mM Tris-HCl, 2 mM 

DTT, and one protease inhibitor tablet (Roche)). The amount of buffer (ml) was about 4 times 

the weight of bacterial paste (g). 2 – 5 µg/mL of DNAase was added to the buffer in order to 

make the solution less viscous. Freeze/thaw cycles were done (3x) in order to weaken the 

bacterial cell wall before sonication.  

The sonication (SONICS VC 750) was performed on 80 % intensity with 20 sec vibration 

followed by 40 sec pause. The cycle was repeated three times. The sample was kept on ice 

during sonication to keep it cold, to compensate for the heat developing during sonication. 

Precipitation of DNA 
When the X-press was used for lysis, the paste with lysed bacteria were dissolved in a buffer 

(1:5 ratio) consisting of 100 mM Tris-HCl, pH 7.5, one protease inhibitor tablet and 2 mM 

DTT. The bacteria were dissolved using a magnetic stirrer while kept cooled. 
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Regardless of lysis method, the dissolved bacterial lysate was subjected to centrifugation at 

48 000 x g for 45 minutes (4˚C, JA 25.50). 

Following centrifugation, the pellet was thrown away and the supernatant volume was 

measured. The supernatant, representing the bacterial proteins and nucleic acids, were 

further purified. It is desirable to remove nucleic acids from solution before purification with 

chromatographic methods, in order to prevent clogging of the column due to the viscous 

DNA. Removal of DNA was done by adding 10% streptomycin sulfate solution, with a volume 

of 1/4 of the supernatant volume. The pH in the streptomycin solution was adjusted to 7.5 

with NH3. The streptomycin solution was added drop-wise to the supernatant, while carefully 

stirring over a 10-minute period. Streptomycin causes DNA to precipitate, which can then be 

removed from solution by centrifugation. The solution was centrifuged at 40 000 x g for 30 

minutes (4 ˚C, JA 25.50). 

 Following centrifugation, the supernatant was kept for further purifications. 

Precipitation of protein with ammonium sulfate 
Precipitation of proteins with ammonium sulfate ((AmSO4) is based on the fact that at high 

AmSO4 concentrations the protein will precipitate. As the amount of ammonium sulfate 

increase, the proteins form hydrophobic interactions with each other, forming large 

aggregated complexes, which can easily be removed from solution by centrifugation. 

Because different proteins have different amino acid composition and thereby different 

surface properties, the salt concentration required for precipitation varies from protein to 

protein (Wingfield, 2001).  

The minimum amount of salt needed to precipitate the proteins of interest was tested out by 

gradually adding ammonium sulfate (0.25, 0.35, 0.45 and 0.60 g/ml) to the protein solution.  

Samples were taken out and analyzed with SDS-PAGE, to check which ammonium sulfate 

concentration was needed in order to get our protein precipitated without a lot of impurities 

from other proteins that were present in the buffer after cell lysis.  The solution was 

centrifuged at 40 000 x g for approximately 20 minutes (4˚C, JA 25.50) after each step of 

ammonium sulfate addition. 

3.2.5 Chromatographic purifications 
The chromatographic purification was performed using the AKTA purifier system from GE 

Healthcare. Biomolecules can be purified by chromatography due to their difference in 

specific properties like charge, hydrophobicity and size (GE Healthcare, 2016). 
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When purifying on the AKTA purification system, absorption at different wavelengths can be 

measured and monitored while purification proceeds. Flavoproteins have an absorption 

maximum at 450 nm in its oxidized state, and therefore, following UV-vis (ultraviolet-visible) 

absorption at 450 nm help indicate in which fractions our protein elutes in. The absorbance 

was also monitored at 280 nm, to monitor impurities of other proteins in the sample as 

purification proceeded. 

Desalting 
It is essential to remove salt from the sample before anion-exchange; otherwise the salt will 

prevent the protein from binding to the anion-exchange resin. Removal of salt from the 

previous AmSO4 purification step can be done by the use of size-exclusion gel 

chromatography (GF) which separates the proteins in the sample based on their sizes. The 

salt will elute last.  

A 5 ml HiTrap desalting column was used on the AKTA purifier system equilibrated in buffer 

A (50 mM Tris-HCl, pH 7.5). Protein was eluted using buffer A and protein fractions of 

interest (peak at 450 nm) with conductivity lower than 10 mS/cm were collected and kept for 

the next purification step.  

Low resolution ion exchange chromatography and high resolution ion 
exchange chromatography 
Anion-exchange chromatography is a form of Ion Exchange Chromatography (IEX), where 

the column contains positively charged resins. Due to the repulsion between positive 

charges, positively charged proteins will not bind to the column and will therefore elute earlier 

than negatively charged proteins. The stronger the negative charge, the stronger the protein 

will bind the positively charged column. The bound proteins that are attached to the column 

can be eluted in two ways: either by gradually increasing the salt concentration or decreasing 

the pH of the buffer going through the column. The principle behind elution with increasing 

ionic strength is based on the fact that, as the ionic strength goes up, the number of ions 

competing with proteins for attachment on the stationary phase (column) goes up, and the 

bound substances begin to elute (GE Healthcare, 2016, Nelson et al., 2013). By decreasing 

the pH of the buffer, the protein is given more positive charges, causing it to release from 

bound resin.  

During purification of TrxR(wt) and TrxR(mutant) the ionic strength was varied to elute the 

protein from column during purification. 
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For purification of TrxR(wt) and TrxR (mutant), a desalted sample was loaded onto the anion-

exchange column.  

In the optimization process an initial test was run on a 5 ml HPQ column, to find out at which 

salt concentration TrxR elute, so that the salt gradient could be adjusted accordingly.  

WT: 

Two different types of anion-exchange columns were used during purification of TrxR(wt) 

after optimizing the protocol. A XK26 column containing 70 ml HP Q anion-exchange 

material (GE Healthcare) equilibrated with buffer A, followed by a polishing step by using a 

XK16 column packed with 50 mL Source 15Q material, equilibrated with buffer A (GE 

Healthcare) Initially GF (gel filtration) was performed between the two anion-exchange 

purifications, however this step was removed from the optimized protocol. Instead of doing 

GF, salt was removed from sample by dilution of the concentrated sample (done by 

centrifugation as described in section 3.2.6), with buffer A, followed by a second 

centrifugation, in the aim of changing buffer.  

After sample application to the anion-exchange columns, a linear gradient of buffer B (50 mM 

Tris-HCl and 1 M KCl, pH 7.5) was used to gradually elute proteins from the column, and 

fractions with a significant absorbance peak at 450 nm were collected. In order to wash out 

proteins that eluted at higher salt concentrations than TrxR, the concentration was increased 

to 100%. 

Different proteins interact differently with the mobile and stationary phase, and hence elute at 

different time points. Sometimes proteins with similar properties eluted close in time, when 

this was the case, optimization of the purification procedure was done by extending the linear 

gradient over more column volumes in order to get a better separation. 

MUTANT: 

The method described for TrxR(wt) was also applied for the mutant, however different 

degrees of purity between WT and mutant (se result section) required further purification. 

For TrxR (mutant) only the HPQ column was used as an anion-exchange chromatography 

step after optimization of the purification procedure. After the IEX a hydrophobic column was 

used (HIC). 

 



29 
  

Hydrophobic interaction chromatography (HIC) 
Proteins can be separated based on their hydrophobicity if the column contains hydrophobic 

resins. Proteins are then applied to a column in a high-salt buffer. The salt promotes binding 

between hydrophobic regions in the protein and hydrophobic column material. The protein 

will elute by applying a decreasing salt gradient.  

Only the TrxR(mutant) was applied to a HIC column (5 ml HiTrap phenyl HP). HIC was 

initially used after a XK16 column packed with 50 mL Source 15Q material, however in the 

optimized protocol the high resolution anion-exchange column was not included. Instead, 

HIC was used directly after HPQ (anion-exchange). The HIC column was equilibrated in 

buffer C (50 mM Tris-HCl and 0.75 M AmSO4, pH 7.5) and eluted with buffer A. Before 

application to the hydrophobic column the protein sample was mixed with buffer to a final 

concentration of 50 mM Tris and 0.75 M AmSO4, to promote binding between protein and 

column material.   

Gel filtration  
A hydrophobic purification leaves the sample with a high amount of salt. As a final 

purification step for the TrxR (mutant) salt was removed from sample after the previous 

purification step by the use of gel filtration. GF separates the proteins in the sample based on 

differences in their sizes. The sample was loaded onto a GF column (Superdex 200 

increase) and eluted with buffer D (50 mM HEPES, pH 7.5). A summary for purification 

columns used before and after optimization of purification procedures can be seen from 

Table 2 below. 

Table 2: Table summarizing columns tested out during establishment of purification protocol, and the final 
optimized chromatographic purification procedure for TrxR(wt) and TrxR(mutant). 

Protein TrxR(wt)  

During protocol 
establishment 

TrxR(wt) 

Optimized 
protocol                   

TrxR(mutant) 

During protocol 
establishment 

TrxR(mutant) 

Current protocol 

 

Purification Desalting  Desalting  Desalting Desalting 

 HPQ (IEX)  HPQ (IEX) HPQ (IEX) HPQ (IEX) 

 GF  Source 15Q GF HiTrap phenyl HP 
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(IEX) (HIC) 

 Source 15Q (IEX)  Source 15Q 

(IEX) 

Superdex 200 

increase (GF) 

   HiTrap phenyl 

HP (HIC) 

 

   Superdex 200 

increase (GF) 

 

 

3.2.6 Ultra filtration  
Because purification procedures on chromatographic columns dilute the protein sample, the 

sample was concentrated before the next column purification step. The sample was 

concentrated by using Amicon Ultra 10K/30K centrifugal filters. This was done before the 

next purification step and before freezing. The sample was centrifuged by the use of JA 

25.50 rotor at 4 ˚C (5000 x g) for approximately 15 minutes. 

3.2.7 Mass spectrometry analysis 
Mass spectrometry (MS) analysis was performed at the proteomics unit (Department of 

biosciences, University of Oslo) on TrxR(mutant), after chromatographic purification to 

ensure that purified protein was actually TrxR and not impurities. Samples were run on SDS-

PAGE as described in section 3.2.2, and the band of interest were cut out from the gel and 

placed in a tube together with milli-Q water (mQ-H2O) for MS analysis.  

3.2.8 Protein crystallography methods and preparation of cryo-
solutions 

Crystallization 
After verifying the purity and concentration of the protein samples as described in section 

3.3.1, different crystallization screens were tested out in order to find conditions where 

crystals are formed for TrxR(wt) and TrxR(mutant) (more details about setups are given in  

Table 3 and Table 4 below). A Mosquito robot (TTP Labtech) at Oslo University Hospital was 

used for the screening. Different protein concentrations were tested out for crystallization, 



31 
  

using the sitting drop set-up with a drop of 200 nl + 200 nm with a 1:1 mix of protein and well 

solution. 

Crystal drops prepared by the robot were inspected manually using a microscope, and 

conditions that gave crystals were optimized manually. Two different protein concentrations 

were used for the optimization of TrxR(wt) (12 mg/ml and 24 mg/ml). The optimized drop 

setup was of 1 µl protein solution with a 1:1 relationship between protein sample and well 

solution (500 µl). The sitting drop method was used.  

 
Table 3: Screening conditions for crystallization of TrxR(wt) using the sitting drop experiment. 

Concentration of Trxr(wt) Name of screen  Producer 

6 mg/ml  

12 mg/ml  

24 mg/ml 

PGA  

 

Molecular Dimensions 

6 mg/ml  

12 mg/ml  

24 mg/ml 

Morpheus  

 

Molecular Dimensions 

6 mg/ml  

12 mg/ml  

24 mg/ml 

MemGold 

 

Molecular Dimensions 

6 mg/ml  

12 mg/ml  

24 mg/ml 

JCSG  

 

Molecular Dimensions 

10 mg/ml 

20 mg/ml 

Wizard  Molecular Dimensions 

10 mg/ml 

20 mg/ml 

Natrix  

 

Hampton Research 

10 mg/ml 

20 mg/ml 

PEG/Ion  Hampton Research 
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Table 4: Screening conditions for crystallization of TrxR (mutant) using the sitting drop experiment. 

Concentration of Trxr (mutant) Name of screen  Producer 

10 mg/ml Morpheus  

 

Molecular Dimensions 

5 mg/ml 

10 mg/ml  

20 mg/ml 

MemGold 

 

Molecular Dimensions 

 

Freezing of crystals 
Prior to X-ray exposure during data collection the crystals were frozen in a cryo-solution to 

prevent the formation of ice when freezing in liquid nitrogen. Crystals were picked manually 

and transferred to a solution containing the crystallization solution with 30% glucose followed 

by flash-freezing in liquid nitrogen. 

3.2.9 Data-collection 
Data collection was done at the European Synchrotron Radiation Facility (ESRF), located in 

Grenoble – France, at beam line ID23-1. 

3.2.10 Structure determination 
Several programs from the CCP4-package were used for structure solving.  

The diffraction images were processed with the program iMOSFLM (Powell, 1999) - a part of 

the CCP4 package. After integration by iMOSFILM a list of hkl-values and their 

corresponding intensity was made.   

The program POINTLESS (Winn et al., 2011) was used to find symmetry from unmerged 

intensities, and prepared data for scaling by the program AIMLESS (Evans, 2006, Evans, 

2011). Scaling makes sure that reflections that have been collected more than once are 

combined and compared. 

PHASER (McCoy et al., 2005) was used for phasing the crystal structure by the use of MR.  
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SWISS-MODEL (Arnold et al., 2006, Kiefer et al., 2009) was used to generate a search 

model to use for MR in Phaser. Swiss-model is an automated program that can constructs a 

structural model of a protein, from a homologous model. The idea here is to create a 

structure that can be used for phasing. The model created is based on homology between 

the protein sequences.  

REFMAC5 (Murshudov et al., 1997) was used for restrained-refinement of the structure. 

Rwork and Rfree was calculated and monitored during refinement process, to make sure that 

the refinement done on the structure was justified. 

After each refinement step in Refmac5, COOT (Emsley & Cowtan, 2004) was used to view 

coordinates and maps. The 2Fo-Fc electron density maps in Coot contain both positive and 

negative peaks, indicating that something needs to be inserted or removed respectively. 

Cofactors were also modeled in (NADPH and FAD), water molecules were added and 

missing inserted amino acids were manually inserted and sidechains/rotamers were checked 

and adjusted. Refmac5 and Coot were run in cycles as refinement and modelling proceeded, 

until there were no more peaks to improve in the structure. As a final step, different validation 

procedures were performed. 

PYMOL (Schrodinger, 2015) was used at the very end of refinement as a molecular 

visualization tool to generate high quality structure figures.  

3.3 Spectroscopic techniques 

3.3.1 Measuring protein concentrations  
Before crystallization setup, the protein concentration of the purified protein was measured. 

An Agilent UV-vis spectrophotometer 8453 (Agilent Technologies) was used to determine the 

protein concentrations. Protein concentration is an important variable during protein 

crystallization. The concentration was determined from the absorption maximum at 450 nm, 

and calculated using the Beer-Lambert law, with an extinction coefficient (𝜺) for a FAD 

containing TrxR  (11.3 mM-1 cm-1) at 450 nm (Prongay et al., 1989). 

The Beer-Lambert law is the linear relationship between absorbance and concentration of an 

absorbing species. It can be written as: 

𝐀 = 𝛆 ∗ 𝐥 ∗ 𝐜 
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Where 𝜀 is the molar absorptive coefficient with units of M-1 cm-1, l is the length of the 

cuvette, A is the absorbance measured and c is the concentration (Swinehart, 1962). 

3.3.2  Kinetic measurements  
To measure the ability of TrxR to reduce NrdI, steady state kinetic measurements were 

performed. 

NrdI is rapidly reoxidized in air, so to prevent NrdI from reacting with dioxygen, experiments 

were performed under anaerobic conditions (91% N2, 9% H2, AGA) inside a glove box (Plas 

Labs 855-AC). All solutions were degassed on a Schlenk line before taking them inside the 

glovebox. Buffer and NADPH stock solutions were bobbled with pure argon gas for 2 h in a 

vented glass container, while proteins undervent cycles with evacuation (5 min) and refilling 

with argon gas (10 min), repeated 3 times. 

Reactions were carried out in buffer consisting of 50 mM HEPES and 50 mM KCl pH 7.5 

(buffer E), under constant stirring. A UV-visible spectrophometer was used to monitor the 

reduction of NrdI by TrxR(wt)/(mutant). The reduction of NrdI was followed by the 

disappearance of NrdI oxidized (ox) state (λmax = 447 nm) (𝜀ox
447 = 10.7 (Lofstad et al., 2016), 

and an increase (see Figure 15) in NrdI semiquinone (sq) state (λmax = 575 nm) (𝜀sq
575 = 

4.5)(Berggren et al., 2014). Consumption of NADPH was also followed by absorbance 

decrease at 340 nm.   

200 µM NADPH and 0.5 µM TrxR were stirred and incubated for 15 min, and variable 

concentrations of NrdI (2.5-20 µM) were added to start the reaction. 

The reduction of NrdI was plotted as a function of time, and the initial rate of reduction was 

determined for each concentration of NrdI from the slope. The reduction of NrdI(ox) peak at 

447 nm was used to follow the reduction of NrdI, were the small contribution from NrdI(sq) at 

447 nm (see Figure 15) had been subtracted. The increasing contribution from NrdI(sq) was 

determined from 𝜀 575 (sq) = 4.5 mM-1 cm-1. 
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Figure 15: Reduction of NrdI monitored by UV-vis spectroscopy. (Unpublished results Hammerstad, Røhr and 
Hersleth) 

 

The plots were fitted with the Michaelis-Menten equation using Origin (OriginLab 

Corporation). 
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4 Results and discussion 
 

The work that has been done during the master project is summarized in Figure 16 below. 

 

 

Figure 16: Flowchart of the master project.  

 

4.1 Overexpression of TrxR(wild type) and 
TrxR(mutant) 
The constructs ordered from GenScript were successfully transformed into competent BL21 

E. coli cells, and the protein expression levels were checked both before and after induction 

with IPTG (Figure 17). Both TrxR(wt) and TrxR(mutant) are shown to be highly over-

expressed after induction with IPTG, indicated by the strong band of ~36 kDa after SDS-

PAGE analysis. The band seen from the wild type on the SDS-PAGE below, seems to have 

a stronger color than the mutant, possibly indicating that there is a better expression upon 

induction with IPTG. 
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Figure 17: SDS-PAGE analysis of protein expression. Instant blue stained polyacrylamide gel showing 
expression of proteins before and after induction with IPTG. Both TrxR(wt) and TrxR(mutant) are ~36 kDa in 
size as indicated by the box. 

4.2 Purification of TrxR(wt) and TrxR(mutant) 
Protein purification is essential for the characterization of TrxR. In order to isolate TrxR from 

the rest of the cell lysate, and obtaining a protein sample with a high degree of purity, several 

chromatographic purification steps were tested out as described in the method section.  

In the following section the chromatogram from the purification will be viewed together with 

the SDS-PAGE, where collected fractions have been analyzed. 

After cell lysis and removal of DNA, the protein solution was subjected to protein precipitation 

with AmSO4. Unfortunately, as seen from Figure 18 below, the AmSO4 precipitation showed 

to be not that effective as a purification step. All the fractions tested (0.25, 0.35, 0.45 and 

0.60 g/ml) contained TrxR. However the precipitation was a way to obtain TrxR in pellet form 

after centrifugation, and for further purifications precipitation with 0.60 g/ml AmSO4 was used.   

WT mutant
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Figure 18: SDS-PAGE after AmSO4 precipitation. The expected weight of TrxR(wt) ~36 kDa is indicated by the 
box. 

Purification of TrxR(wt)  
A lower resolution anion-exchange column was used after desalting. 

Initially, the salt gradient was gradually increased up to 60 % over 20 column volumes (CV) 

(Figure 19), however due to the elution of TrxR from the column after around 25 % buffer B, 

the salt gradient was lowered to 33 % (both for the lower and higher resolution anion-

exchange columns). A further optimization is that the column was equilibrated in 10 % buffer 

B (0.1 M KCl), in comparison to 0 % buffer B initially tested. The final chromatogram after 

optimization of the lower resolution anion-exchange is shown in Figure 20. Extending the salt 

gradient over more column volumes gave a better separation of the closely eluting proteins. 

When comparing the two chromatograms from low resolution anion-exchange, before and 

after optimization of salt gradient, we can see that the 450 nm peak elutes very close to other 

impurities (seen from the 280 nm detection) before optimization. After extending the salt 

gradient (Figure 20) the impurities are better separated from the 450 nm main peak. 

However, as seen from the detection at 280 nm, the collected sample still contain some 

impurities (eluting after the peak maximum), this is also seen from the corresponding SDS-

PAGE (Figure 22). 
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Figure 19: Chromatogram after low res. anion-exchange on TrxR (wt), before optimization of the salt gradient. 

 

Figure 20: Chromatogram after low res. anion-exchange on TrxR (wt).  
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To begin with, the lower resolution anion-exchange was followed by a GF (SDS-PAGE and 

chromatogram not shown). The gel filtration showed little success in making the sample 

purer, but removed the salt from the sample.  The GF was later changed with buffer-

exchange by centrifugation as described under methods, to save time. The gel 

filtration/buffer-exchange was followed by a higher resolution anion-exchange column (Figure 

21). A high resolution anion-exchange chromatographic purification, can separate proteins 

based on minor differences in their charges (smaller differences than with low resolution 

anion-exchange).  

 

Figure 21: Chromatogram after high res. IEX on TrxR(wt). 
 

As seen from the SDS-PAGE gel in Figure 22, in the second anion-exchange 

chromatography step TrxR was purified to a higher degree of purity. The peak maximum at 

600 ml (seen from the chromatogram in (Figure 21) was pooled together with fraction: +1, -1 

and -3. Fraction -2 was left out due to the extra impurities (band around 60 kDa), while +1 

and +2 have an extra impurity around 50 kDa, and was therefore not pooled or saved. 
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Figure 22: SDS-PAGE analysis after purification of TrxR(wt) on chromatographic columns (low resolution and 
high resolution anion-exchange, respectively). Bands representing TrxR (36 kDa) are indicated by the box. The 
numbers (-1, -2, +1 and +2) represents fractions collected before and after the peak maximum (after 600 ml) at 
450 nm respectively. 

 

In the low resolution anion-exchange in Figure 20 it is the 450 nm absorbance peak that has 

been collected and analyzed on the SDS-PAGE above (Figure 22). The other peaks seen 

with a 280 nm absorbance (that does not have a 450 nm absorbance in addition) represents 

impurities from the sample.  

The chromatogram in Figure 21, after a higher resolution anion-exchange, shows a 

“shoulder” in the absorbance curve on 280 nm. The 280 nm peak elutes together with the 

450 nm peak, so the impurities seen in the SDS-PAGE can be explained by the shoulder. 

Further optimization of the salt gradient (starting elution from a higher salt concentration) 

could possibly remove the impurities, by separating the shoulder from the main peak. 

(Lower res.	anion-
exchange)

(Higher res.	anion-
exchange)
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As a summary of the purification on TrxR(wt) can be seen from the flow chart below in Figure 

23. 

 

Figure 23: Flowchart of optimized purification procedure of TrxR(wt). 

Purification of TrxR(mutant)  
The purification of TrxR(wt) showed to be successful, therefore the same procedure was 

initially applied on TrxR(mutant).  

Similarly, as described previously for purification of TrxR(wt), the TrxR(mutant) was 

subjected to AmSO4 precipitation and desalting. The SDS-PAGE after precipitation with 

AmSO4 is seen in Figure 24 below. Due to the smaller band-size at 36 kDa, it seems to be 

less of TrxR(mutant) precipitating at 0.60 g/ml salt, in comparison to the TrxR(wt). The 

precipitation was therefore done using 0.45 g/ml in further purifications.  

 
  
Figure 24: SDS-PAGE after AmSO4 precipitation. The expected weight of TrxR(mutant) ~36 kDa is indicated by 
the box. 

 

Ammonium	
sulfate	

precipita1on	
Desal1ng	 Low	res.	IEX	 High	res.	IEX	
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After running the sample on the HPQ anion-exchange column, it resulted in the protein 

separating into several peaks. As seen from Figure 25, there are several 450 nm absorbance 

peaks, and two are of the same magnitude (labelled 1 and 2 in the chromatogram). All of the 

peaks with a 450 nm absorbance were run and tested on an SDS-PAGE for analysis (result 

not shown).  

The SDS-PAGE analysis showed that three of the peaks with a 450 nm absorbance had a 

band corresponding with TrxR(mutant) (36 kDa) (gel shown in Figure 26). The peaks 

corresponding to the weight of TrxR are indicated with an arrow and number in the 

chromatogram presented in Figure 25 below. 

A step-wise salt gradient was introduced during purification, to give closely eluting impurities 

enough time to elute, before the fraction with TrxR(mutant) eluted. 

 

Figure 25: Chromatogram after lower resolution anion-exchange on TrxR(mutant). Arrow indicates 450 nm 
absorbance corresponding to TrxR(mutant) band size, when analyzed on SDS-PAGE. 
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The SDS-PAGE showing the purity of each peak can be seen below: 

 
  
Figure 26: SDS-PAGE analysis after low resolution anion-exchange on TrxR(mutant). Bands representing TrxR 
(36 kDa) are indicated by the box. Numbers (1, 2, and 3) corresponds to peaks indicated in corresponding 
chromatogram (Figure 25). 

 

As seen from the gel in Figure 26, the peaks labeled 1 and 2 are the fractions with most of 

the protein corresponding to the size of TrxR (36 kDa). In order to verify that both peaks 

actually were TrxR(mutant), and not an impurity of same size as TrxR, MS analysis was 

performed. Bands corresponding to the size of TrxR (36 kDa) were cut out from the gel. The 

result from the MS analysis showed however that all peaks were TrxR(mutant) (result not 

shown). 

Peak 1 and 2 were subjected to further purification separately. Due to the different degree of 

purity between peak 1 and 2 (result not shown), and the low protein level in peak 3, peak 1 

were the only peak used in the optimized procedure. 

The fractions collected were further subjected to higher res. anion-exchange, as done with 

TrxR(wt). Unfortunately, the purification was not as successful as for TrxR(wt), impurities 

were still present, as seen from the gel in Figure 27 below.  
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Figure 27: SDS- PAGE analysis after higher resolution anion-exchange on TrxR(mutant). Bands representing 
TrxR (36 kDa) are indicated by the box. 

 

Compared to TrxR(wt) after the same purification step, there is less TrxR(mutant) protein 

present in comparison to other impurities, indicated by a weaker color on the band 

representing TrxR(mutant). A new purification step was used after higher res anion-

exchange, in the hope of getting a purer sample. HIC was used to separate the proteins 

based on differences in their hydrophobicity. As the sample loaded on the column should be 

in the same conditions as the buffer used during purification, TrxR(mutant) was mixed with 

ammonium sulfate to a final concentration of 0.75 M before application to the column. 

As we can see from the chromatogram after HIC in Figure 28, TrxR did not bind to the 

column and is eluted in the flow-through before the decreasing step-wise salt gradient is 

applied. The sample was also run and tested on HIC with AmSO4 to a final concentration of 

1.5 M, to see if it was possible to get the protein to bind, but the same result was seen - 

TrxR(mutant) still didn’t bind.  
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Figure 28: Chromatogram after HIC on TrxR(mutant).  

 

When comparing the SDS-PAGE after the lower res anion- exchange from peak 1, with the 

SDS-PAGE after HIC, some of the smaller proteins at 3.5, 15 and 20 kDa has been removed 

from the sample (SDS-PAGE after HIC is seen in Figure 29 below). The chromatogram in 

Figure 28, was done directly after the lower resolution anion-exchange setup. When 

comparing the HIC purification above with the higher resolution anion-exchange, the two 

bands at 50 and 55 kDa have been removed with HIC.  

Purification with HIC left the protein sample with a high amount of salt in the buffer. In order 

to remove salt from protein sample before crystallization, the sample was subjected to GF as 

a final purification step (se Figure 29).  
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Figure 29: SDS-PAGE analysis after purification of TrxR(mutant) on chromatographic columns (hydrophobic 
chromatography and gel filtration, respectively). Bands representing TrxR (36 kDa) are indicated by the box.  
 

The SDS-PAGE above shows that GF were not successful in eliminating further impurities 

after HIC. There is a clear impurity with a band size of around 70 kDa seen on the gel in 

Figure 29, TrxR is present as a dimer during purification, and is therefore around 70 kDa in 

size, GF will therefore not be able to remove this band, because the impurities and TrxR are 

approximately the same size on column (chromatogram after GF can be seen in Figure 30 

below).  
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Figure 30: Chromatogram after GF on TrxR(mutant). 

 

A summary of the purification of TrxR(mutant) can be seen from the flow chart below in 
Figure 31. 

  

Figure 31: Flowchart of optimized purification procedure of TrxR (mutant). 

 

The concentrations of the purified samples were determined using UV-vis spectroscopy as 

described in the method section. The amount of protein (mg) obtained from 30 g of bacterial 

cells were calculated and can be seen from Table 5 below. There was a much lower yield of 

TrxR(mutant) in comparison to the wt, as the amount of the mutated TrxR purified was about 

20 times lower than for the wt. The lower yield for the mutated TrxR will affect the possibility 

of obtaining crystals. Crystallization and optimization of crystallization conditions require a 

Ammonium	
sulfate	

precipita1on	
Desal1ng	 Low	res.	IEX	 HIC	 GF	
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high amount of protein. The small amount of TrxR(mutant) obtained will limit the number of 

screens that can be tested.  A possible reason for the different yields could be that the 

mutated protein is more unstable than the wt, and a higher amount is therefore lost during 

purification. Also, as seen previously, the expression levels after IPTG induction were lower 

for the mutant than the wt.  

Table 5: Total protein yield per 30 g of cells and L of cell culture. 

Protein mg protein/30 g cells  mg/L cell culture  

TrxR(wt) ~10 ~5 

TrxR(mutant) ~0.5 ~0.5 

 

4.3 Protein crystallization and structure 
determination with X-ray crystallography 

4.3.1 Crystal growth and screening 
Seven different commercial screens were tested out for TrxR(wt) as seen in Table 6. PGA, 

Morpheus, MemGold and JCSG had a three-drop setup with three different concentrations; 

Natrix, Wizard and PEG/Ion however had a two-drop setup with two different concentrations 

(for concentrations see Table 3 in the method section). Hits were obtained from the 

MemGold screen in several conditions, giving crystals of variable quality and size. All of them 

had crystals growing in both the 12 mg/ml and 24 mg/ml drop setup, but nothing in 6 mg/ml 

drop. 

A much lower yield of the mutant gave restrictions on the number of screens which could be 

tested out for crystallization. MemGold and Morpheus were the only screens tested out for 

TrxR(mutant). Three different protein concentrations were tested out in MemGold (see Table 

4) and for Morpheus only one drop was put up. Unfortunately no crystals were obtained for 

TrxR(mutant) and the remainder of this section will therefore be on TrxR(wt). 
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Table 6: Screens tested  for crystallization of TrxR (wt) and TrxR-mutant. Crystallization conditions that gave 
rise to crystals are indicated with letter and number respectively. 

 

Screen 

 

TrxR(wt) 

 

TrxR(mutant) 

PGA No crystal hit N/A 

Morpheus No crystal hit No crystal hit 

MemGold A12, G6, G11, H3 No crystal hit 

JCSG No crystal hit N/A 

Natrix No crystal hit N/A 

Wizard No crystal hit N/A 

PEG/Ion No crystals N/A 

 

Figure 32 shows crystals obtained of TrxR(wt) from crystallization condition G6, A12 and H3 

after one day (conditions in each drop are given in Table 7). Crystals obtained in A12 were 

measured to be about ∼200-300 µm in size, crystals from conditions in G6 and H3, however, 

were rather small, as seen in the picture below.   

 

Figure 32: Picture of crystals obtained after initial screening of TrxR(wt) using the MemGold screen. The 
pictures are taken from conditions in G6, A12 and H3 respectively.  

 

One of the challenges in crystallography, as previously discussed, is to get high quality 

crystals that diffract X-rays to a high resolution. To increase the chance of bringing a crystal 

of good enough quality for data collection to the synchrotron, the conditions above that were 

found to give rise to crystals were optimized. Crystals obtained from G6 were, in contrast to 
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A12, rather small, so optimization of G6 was done by using a lower precipitant concentration, 

in the hope of getting bigger crystals. Due to time limitation before an upcoming synchrotron 

trip, only A12 and G6 were optimized.  

For optimization many drops were set up with conditions very similar to each other, in the 

hope that a few adjustments of the drop would give crystals of high enough quality for data 

collection. The protein concentration was varied between 12 mg/ml and 24 mg/ml set-ups. 

Drops were also set up as parallels in identical conditions. The experiment was performed at 

room temperature.  

Unfortunately, optimization of the A12 conditions on TrxR(wt) did not give any crystals, 

however one of the conditions from optimization of G6 gave rise to a few crystals as seen in 

the corner of the drop in Figure 33.  

 

Figure 33: Crystals of TrxR(wt) obtained after optimization of condition G6 from MemGold. 
 
Table 7: Conditions in drops where crystals were observed both from initial screening and after optimization of 
TrxR(wt) from MemGold screening kit. 

MemGold identification 

number 

A12 (screen) G6 (screen) G6 (optimized drop) 

Protein concentration 12 / 24 mg/ml 12 / 24 mg/ml  24 mg/ml 

Condition in drop:    

Additive 0.10 M magnesium 
acetate 

0.05 M zink-acetate 
dihydrate 

0.065 M zinc-acetate 
dihydrate 

Buffer 0.10 M sodium 
citrate pH 5.8 

0.05 M MES pH 6.1 0.05 M MES pH 6.1 
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Precipitant 14 % w/v PEG 
5000MME 

11 % w/v PEG 8000 
MME 

 

11 % w/v PEG 8000 
MME 

 

 

Adjusting the concentration of zinc-acetate dehydrate from 0.050 M to 0.065 M in the drop 

from G6 resulted in growth of bigger crystals of TrxR(wt). The crystals were brought to the 

synchrotron for data collection, together with the crystals obtained from initial screening. 

4.3.2 Collection of X-ray data 
Data collected at the synchrotron for TrxR(wt) can be seen from Table 8. Both the crystals 

obtained from initial screening (from A12, MemGold) and from optimized conditions in G6 

(MemGold) diffracted. A picture of the crystal inside the loop from A12 and G6 before 

exposure to X-ray can be seen from Figure 34, picture A and B respectively. The crystal from 

A12 diffracted to approximately 2.2 Å, while G6 diffracted to 2.5 Å. 

   

Figure 34: Crystal A12 (picture A) and crystal G6, optimized (picture B) in loop before exposure to X-rays 
during data collection. 

 

Table 8: Crystal data and data collection parameters. 

TrxR(wt)                     A12                                                       G6 

 Crystal data/ Data collection    

Space group P 41 21 2   P 21 21 21  

a, b, c (Å) 95.1/95.1/215   73.4/79.9/104.2 

B A 
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α, β, χ (°) 90/90/90                                      90/90/90 

X-ray source ID23-1, ESRF   ID23-1, ESRF 

Wavelength (Å) 0.9686Å   0.9686Å 

Resolution (Å) 86.99 – 2.20 (2.3-2.2)   73.4 – 2.5 (2.6-2.5) 

Temperature (K) 100   100 

Completeness (%) 100.0 (100.0)   99.9 (89.1) 

CC1/2 0.996 (0.483)   0.991 (0.891) 

I/σ(I) 11 (1.9)   8.0 (3.6) 

Rmeas 0.124 (1.491)   0.150 (0.503) 

Multiplicity 7.0 (6.6)   5.5 (5.5) 

 

4.3.3 Crystal structure determination 
The collected X-ray data seen in Table 8, obtained at beam line ID23-1 at the ESRF 

synchrotron, was processed in iMosfilm, Pointless and Aimless respectively. The structure 

was solved by MR using the known structure of TrxR from Staphylococcus aureus (PDB 

code: 4GCM) which shared 77 % sequence identity with TrxR(wt) from B. cereus. The known 

structure was used as a starting model after generating a homologous model in Swiss-

Model. The crystal from G6 showed to be difficult to solve as MR with Phaser did not give a 

single solution. The best solution was examined, however the R factor did not drop below 39 

% during refinement, due to twinning issues. The crystal from A12 was possible to solve, the 

refinement statistics below are therefore from A12. A model of the oxidized form of TrxR(wt) 

was solved with a resolution of 2.2 Å.  

The refinement of TrxR alternated between model building (in Coot) and refinement cycles 

(in Refmac5). During refinement the R value decreased from 0.4694 to 0.1688 (Rwork) and 

0.4736 to 0.2242 (R free). A total of 2 FAD cofactors was built into the model, one in each 

monomer (see Figure 35). In addition, a total of 277 waters, 6 glucose molecules and 2 

citrate molecules were built into the electron density. The Ramachandran plot of the final 
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model revealed only 0.3 % outliers. The refinement statistics can be seen from Table 9 

below. 

Table 9: Refinement statistics. 

                                           TrxR(wt) 

Resolution range  86.99 – 2.20  

                                   Refinement statistics 

Rwork 0.1688 

Rfree 0.2242 

Mean overall isotropic B-factor (Å2) 47.81 

Rmsd bond length (Å) 0.189 

Rmsd bond angle (°) 2.11 

Added waters 277 

Ramachandran plot (%) 96.06 (preferred regions) 

3.61 (allowed regions) 

0.33 (outliers) 

Presence of NADPH in crystal structure 
During refinement in Coot, electron density for NADPH/NADP+ was observed in one of the 

monomers. NADPH/NADP+ was not added during purification, so the presence of this 

cofactor was therefore not expected during model building. The clear electron density from 

NADPH/NADP+ seen in the structure of only one monomer indicates that a high percent of 

the protein molecules in the crystal structure had NADPH/NADP+ occupied during data 

collection in this monomer, but not in the other. The beta-strands flanking the NADPH/NADP+ 

had to be adjusted to make room for the NADPH/NADP+ as compared to the unbound 

model. The placement of NADPH/NADP+ in the electron-density can be seen in Figure 35. 
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Figure 35: Placement of the FAD (left) and NADPH (right) into the electron density map during refinement in 
Coot. 

 

Presence of NADPH/NADP+ in only one monomer is especially interesting because TrxR is a 

homodimer, and it is therefore expected that both monomers are the same. NADPH binds to 

the enzyme it donates electrons to. After the electrons have been transferred to the enzyme, 

it dissociates again. The binding of NADPH to TrxRs and FNRs is weak, and with a Kd in the 

4.6 µM range (Seo et al., 2014). 

Radiation damage to the active-site disulfide  
During refinement, negative peaks at the disulfide active-site were observed when the two 

cysteines making up the active site was positioned close together (see Figure 36). After 

removing the disulfide bond restraints and adjusting the rotamers, the distance after 

refinement increased from 2.05 to 2.71 Å, and the red density between the sulfur atoms 

disappeared. The distance between the two cysteines after the refinement is too long to be 

characterized as a disulfide bond. Radiation damage is an inherent problem in X-ray 

crystallography (Weik et al., 2000), and is causing changes in the active site in TrxR. The 

disulfide bridge has been cleaved by the X-rays, and is therefore not present in the structure. 

We expect that there is also radiation damage to the flavin. It has previously been studied 

how photo-electrons generated by the X-rays during data collection can reduce the flavin 

group (Røhr et al., 2010). However, no UV-vis spectra were collected before and after data 

collection of TrxR, and the resolution on the data collected is not high enough to see any 

FAD radiation damage in the structure.  
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Figure 36: The disulfides with the electron density maps. Fo-Fc contoured at ±3σ, and 2Fo-Fc contoured at 1σ.  
Red electron density is observed when the two disulfides are positioned closer together (left), after adjusting the 
distance the red electron density vanish (right).  

The overall structure 
A structural representation of TrxR(wt) can be seen in Figure 37 below. Figure 37 pictures 

the oxidized TrxR dimer, where the disulfide active site is located above the flavin group. The 

monomers are presented in separate colors, and it is clear that NADPH/NADP+ is located in 

only one monomer (green). It is clear that it is the common oxidized form (FO) that has been 

crystallized, where the disulfides in the active site is positioned above FAD. From the 

positioning of NADPH/NADP+ in the subunit seen in Figure 37 below, it is clear that a 

rotation is required between the NADPH/NADP+ and FAD domain, so that NADPH can 

reduce FAD, as they are positioned to far apart. The disulfide active site is marked in the 

structure below, positioned in the same domain as NADPH/NADP+, just above the FAD 

group so the reduction of the disulfides can take place.  

A well defined electron density around FAD and NADPH/NADP+ can be seen from Figure 38 

below. 
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Figure 37: The common FO TrxR structure from B. cereus displayed as cartoon. Cofactors are displayed as 
sticks. Each monomer is displayed in separate colors.  

 

 

Figure 38: The common FO TrxR structure from B. cereus displayed as cartoon, with electron-density around 
NADPH/NADP+ and the FAD cofactor (2FoFc contoured at 1σ, blue, and FoFc contoured at ±3σ, red and green). 
Cofactors are displayed as sticks. Each monomer is displayed in separate colors. 

 

NADP+

FAD

FAD

- SH	HS	-
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4.4 Characterization of TrxR 
Below, in Figure 39, is an UV-vis absorption spectrum of TrxR. We can see that TrxR has a 

typical flavin spectrum with absorbance peaks at 387 and 460 nm in its oxidized state. 

Figure 39: UV-vis absorption spectrum of oxidized TrxR. 

4.4.1 Steady state kinetic measurements – activity of TrxR against 
NrdI 
To see if TrxR(wt) could function as an FNR for NrdI and if the mutations introduced in the 

mutant TrxR had made it into a functional FNR, kinetic studies were performed by 

investigating the reduction of NrdI by TrxR (wt/mutant). Steady-state kinetics measurements 

between three different FNRs and NrdI has previously been investigated (Lofstad et al., 

2016), where the best FNR was shown to have a kcat of 100 min-1, while the least efficient 

FNR had a kcat of 2.94 min-1. 

The UV-vis spectrum below (Figure 40) shows the reduction of NrdI by TrxR over a time 

period. From the spectrum, it can be seen that there is a gradual decrease in the oxidized 

form (peak at 447 nm) and an increase in the peak representing the one-electron reduced 

NrdI (peak at 575 nm). 
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Figure 40: Reduction of NrdI monitored by UV-vis spectroscopy. The arrows indicate an increase/decrease in 
the reduced and the oxidized state respectively over a time period (s). (The different colored lines indicate time 
period in seconds). 
 

Seven different concentrations were tested against TrxR(wt and mutant) separately (see 

Figure 41). The measurements showed that both TrxR(wt) and TrxR(mutant) are able to 

reduce NrdI, however there are no significant differences between the wild type and mutant.  

The TrxR(wt) had a kcat of 3.24 min-1 while the TrxR(mutant) had a kcat of 3.9 min-1. Even 

though the turnover rate is low, the proteins are working in the same range as the least 

efficient FNR with a kcat of 2.94 min-1. It can therefore be concluded that TrxR is able to 

reduce an Fld like substrate but at a lower turnover than the best FNR`s. The mutant was 

designed to see if it was possible to make the linker region in TrxR more similar to FNR. This 

was assumed to affect the rotation, and thereby increase the activity of TrxR as an FNR. 

Because we could not see a significant difference in TrxR(wt) and the mutant, it means that 

the linker region has a minimal effect on activity. It is therefore not the increased rotation that 

possibly makes the FNR effective Fld reducers, but other differences compared to TrxR. Due 

to the fact that the disulfide-active site has been mutated into serines in addition to the 

insertion of the linker region, this also does not have an effect on the FNR activity. The 

reasons for the diverse reduction rates must reside in other residues in the protein.  
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Figure 41: Steady-state reduction of NrdIox by TrxR(wt) and TrxR(mutant). Variable NrdI concentrations, 200 
µM NADPH and 0.5 µM TrxR. The data are fitted with the Michaelis-Menten function.  

 

Table 10 below shows an overview of the kinetic parameters, and we can see that the Km 

value and the efficiency (kcat /Km) are relatively similar between the wild type and mutant.  

Table 10: Kinetic parameters. 

 kcat (min-1) Km (µM) kcat /Km (min-1µM-1) 

TrxR(wt) 3.24 10 ± 4 0.32 ± 0.14 

TrxR(mutant) 3.9 12 ± 7 0.32 ± 0.16 

 

 

 

 



61 
  

4.5 Summary and future perspectives  
The main aim of the master project was to purify and investigate TrxR from B. cereus, both 

the wild type and a mutant made to resemble an FNR.  

The two proteins were successfully transformed and over-expressed, and a purification 

procedure was established for TrxR(wt) where three chromatographic steps were utilized.  

TrxR(mutant) has been purified, using five different chromatographic columns, however the 

low yield and the lower purity in comparison to the wild type, means that further optimization 

of expression and purification protocols is needed.  

TrxR(wt) was successfully crystallized. The crystallization conditions were found through 

screening of TrxR(wt), while TrxR(mutant) require further screening to find suitable 

crystallization conditions.  

Data collection took place at the ESRF, where data from the TrxR(wt) crystal were collected 

to approximately 2.2 Å resolution.  

The diffraction data was used to solve the structure with MR. The structure showed that the 

TrxR(wt) had crystallized in the common FO form. NADPH was found to be bound in only 

one of the monomers of the homodimer protein. The co-binding of NADPH in only one of the 

monomers has not been found in other structures of TrxR before, and could indicate that 

there is a biological relevance for its occupancy in only one of the monomers. This has to be 

further investigated. The disulfide active-site was found to be reduced by the X-ray beam, 

and was therefore not present in the structure. For future data collections, attempts to obtain 

the oxidized –S-S- form should be made, by doing helical data collection or performing 

composite data collection.  

Steady state kinetic measurements were performed, where the ability of TrxR(wt) and the 

TrxR(mutant) to reduce NrdI, a substrate normally reduced by FNR, was investigated. They 

were both able to reduce NrdI, however, there were no significant differences in the activity 

between the TrxR that had been mutated to resemble an FNR and the TrxR(wt). Due to the 

similar kcat of the wild type and the mutant, the mutations introduced to the structure of TrxR 

cannot be the reason for the FNRs’ higher capacity in reducing NrdI compared to TrxR. 

Further differences between the FNR and TrxR would have to be established and 

investigated. In addition to finding more differences between FNR and TrxR, further studies 

could be done to see if FNR(wt) could function as a reductant for Trx, if FNR was mutated 

into a functional TrxR by inserting a disulfide active site in the sequence. It could also be 

investigated if an FNR with an inserted disulfide active site, together with removal of the 
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GAF-linker region, would still be able to reduce NrdI, and compare the reduction rate to that 

of the mutated TrxR investigated in this thesis.  
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5 Appendices 

5.1 Appendix 1 – Terms and abbreviations 
 

A 

 

absorption 

Å Ångstrøm, 10-10 m 

Amp Ampicillin  

B. cereus  Bacillus cereus 

B-factor  Temperature factor 

c concentration 

Cys· Cysteinyl radical  

DTT dithiothreitol 

E.coli Escherichia coli 

EDTA Ethylene diamine tetraacetic acid  

ESRF European synchrotron radiation facility  

FADH2 Fully reduced flavin adenine dinucleotide  

FAD Oxidized flavin adenine dinucleotide 

FADH Reduced flavin adenine dinucleotide 

Fd Ferrodoxin 

Fld Flavodoxin 

FMN Flavin mononucleotide 

FNR Ferrodoxin/(flavodoxin)-NADPH reductase 
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FO Flavin oxidized 

FR Flavin reduced 

GAF Glycine, alanine and phenylalanine 

GF Gel filtration  

GR Glutathione reductase  

GSH Glutathione 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HIC Hydrophobic interaction chromatography  

High res  High resolution 

IEX Ion Exchange Chromatography 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

Low res Low resolution  

MAD Multiple wavelength anomalous diffraction 

MES 2-(N-morpholino)ethanesulfonic acid 

MIR Multiple isomorphous replacement 

MME Methyl ether  

MR Molecular replacement 

MS Mass spectrometry  

N/A Not applicable  

NADP+ Nicotinamide adenine dinucleotide phosphate, oxidized form 

NADPH Nicotinamide adenine dinucleotide phosphate, reduced form  

OD Optical density 
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OX Oxidized 

PDB Protein Data Bank 

PEG Polyethylene glycol 

pH Potential of hydrogen  

PN Pyridine nucleotide  

RNR Ribonucleotide reductase 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SOC Super optimal broth with glucose 

Sq Semiquinone  

TAE Tris acetate EDTA 

TB Terrific broth 

Tris Tris (hydroxymethyl)aminomethane 

Trx Thioredoxin 

TrxR Thioredoxin Reductase 

UV-vis Ultraviolet visible light  

Wt Wild type 

ε Molar extinction coefficient  

λ Wavelength of electromagnetic radiation  
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Units of measurements  

°C Degrees celcius  M Molar  

µg  Microgram  mg Miligram 

µl Microliter  ml Millilitre  

cm Centimeter  mM Milimolar 

g G force  ng Nanogram 

g Gram  rpm Revolutions per minute 

kDa KiloDalton  V Volt 

L Liter    

 

 

5.2 Appendix 2 – Media and solutions 
Culture media 

LB medium  TB medium 

10 g  Tryptone  150 g Tryptone 

5 g Yeast extract  300 g Yest extract 

10 g Nacl  50 ml Glycerol 

1 L mq-H2O  12 L mq-H2O 

The medium was autoclaved  The medium was autoclaved, 

phosphate buffer was added and the 

medium was pH adjusted 
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Buffers:  

All buffers were pH adjusted to 7.5 with HCl or KOH. 

Buffer A  Buffer B 

50 mM Tris  50 mM Tris  

    1 M KCl 

       

Buffer C  Buffer D 

50 mM Tris   50 mM HEPES 

0.75 mM   AmsO4     

       

Buffer E  Phosphate buffer 

50 mM HEPES  0.17 M KH2 PO4 

50 mM KCl  0.72 M K2HPO4 

 

Agar plates: 

~ 40 ml / plate, ampicillin was added to a final concentration of 100 µg/ml 

5 g NaCl 

5 g Tryptone 

2.5 g Yeast extract 

10 g Agar 

0.5 L Mq-H2O 
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5.3 Appendix 3 - Sequences 

TrXR(wt) 
>BC5159 (locus tag) 

MNSVSEEKIYDVVIIGAGPAGMTAAVYTSRANLSTLMLERGIPGGQMANTEDVENYPGYESI

LGPDLSNK MFEHAKKFGAEYAYGDVKEVIDGKEYKTIIAGKKEYKARAIIVASGAEYKKIGVP

GETELGGRGVSYCAV CDGAFFKGKELIVIGGGDSAVEEGVFLTRFASKVTIVHRRDTLRAQ

KILQDRAFQNEKVDFIWNHTIKEI NEASGKVGSVTLVDVNSGEEKEVKTDGVFVYIGMLPLS

KPFVELGITNENGYLETNERMETKIPGIFAAG DVREKMLRQIVTATGDGSIAAQSAQHYVEE

LLEELKTVSEK  

DNA Sequence: 

>BC5159 (locus tag), length: 975 bp (codon optimized for E. coli by Gene Script), Vector 

name: pET-22b(+), 

Cloning site: NdeI-HindIII 

CATATGAACAGCGTTAGCGAGGAAAAGATTTATGACGTTGTGATTATTGGTGCGGGTCC

GGCGGGCATGACCGCGGCGGTTTATACCAGCCGTGCGAACCTGAGCACCCTGATGCT

GGAACGTGGTATCCCGGGTGGCCAGATGGCGAACACCGAGGACGTGGAAAACTACCC

GGGCTATGAGAGCATTCTGGGTCCGGATCTGAGCAACAAGATGTTCGAACACGCGAAG

AAATTTGGCGCGGAGTACGCGTATGGTGACGTGAAAGAAGTTATCGATGGCAAGGAGT

ACAAAACCATCATTGCGGGTAAGAAAGAATATAAAGCGCGTGCGATCATTGTGGCGAGC

GGTGCGGAGTACAAGAAAATTGGCGTTCCGGGTGAAACCGAACTGGGTGGCCGTGGT

GTGAGCTATTGCGCGGTTTGCGACGGCGCGTTCTTTAAGGGTAAAGAACTGATCGTGAT

TGGTGGCGGTGATAGCGCGGTGGAGGAAGGCGTTTTCCTGACCCGTTTTGCGAGCAAA

GTGACCATCGTTCACCGTCGTGACACCCTGCGTGCGCAGAAGATTCTGCAAGACCGTG

CGTTCCAAAACGAAAAAGTTGATTTTATCTGGAACCACACCATCAAGGAGATTAACGAAG

CGAGCGGCAAAGTGGGTAGCGTTACCCTGGTGGACGTTAACAGCGGCGAGGAAAAAG

AGGTGAAAACCGATGGCGTGTTCGTTTACATCGGTATGCTGCCGCTGAGCAAGCCGTTT

GTTGAACTGGGCATTACCAACGAGAACGGTTATCTGGAAACCAACGAACGTATGGAAAC

CAAGATTCCGGGTATTTTTGCGGCGGGTGATGTGCGTGAGAAAATGCTGCGTCAGATC
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GTTACCGCGACCGGTGATGGTAGCATTGCGGCGCAAAGCGCGCAACACTATGTGGAAG

AACTGCTGGAAGAACTGAAAACCGTTAGCGAAAAGTAAAAGCTT 

 

TrxR(mutant) 
>BC5159 (locus tag) 

MNSVSEEKIYDVVIIGAGPAGMTAAVYTSRANLSTLMLERGIPGGQMANTEDVENYPGYESI

LGPDLSNKMFEHAKKFGAEYAYGDVKEVIDGKEYKTIIAGKKEYKARAIIVASGAGAFEYKKI

GVPGETELGGRGVSYSAVSDGAFFKGKELIVIGGGDSAVEEGVFLTRFASKVTIVHRRDTLR

AQKILQDRAFQNEKVDFIWNHTIKEINEASGKVGSVTLVDVNSGEEKEVKTDGVFVYIGMLPL

SKPFVELGITNENGYLETNERMETKIPGIFAAGDVREKMLRQIVTATGDGSIAAQSAQHYVEE

LLEELKTVSSK  

Mutations are highlighted in yellow. 

DNA Sequence: 

>BC5159 (locus tag), length: 975 bp (codon optimized for E. coli by Gene Script), Vector 

name: pET-22b(+), 

Cloning site: NdeI-HindIII 

CATATGAACAGCGTTAGCGAGGAAAAGATTTATGACGTTGTGATTATTGGTGCGGGTCC

GGCGGGCATGACCGCGGCGGTTTATACCAGCCGTGCGAACCTGAGCACCCTGATGCT

GGAACGTGGTATCCCGGGTGGCCAGATGGCGAACACCGAGGACGTGGAAAACTACCC

GGGCTATGAGAGCATTCTGGGTCCGGATCTGAGCAACAAGATGTTCGAACACGCGAAG

AAATTTGGCGCGGAGTACGCGTATGGTGACGTGAAAGAAGTTATCGATGGCAAGGAGT

ACAAAACCATCATTGCGGGTAAGAAAGAATATAAAGCGCGTGCGATCATTGTGGCGAGC

GGTGCGGGCGCCTTCGAGTACAAGAAAATTGGCGTTCCGGGTGAAACCGAACTGGGTG

GCCGTGGTGTGAGCTATAGCGCGGTTAGCGACGGCGCGTTCTTTAAGGGTAAAGAACT

GATCGTGATTGGTGGCGGTGATAGCGCGGTGGAGGAAGGCGTTTTCCTGACCCGTTTT

GCGAGCAAAGTGACCATCGTTCACCGTCGTGACACCCTGCGTGCGCAGAAGATTCTGC

AAGACCGTGCGTTCCAAAACGAAAAAGTTGATTTTATCTGGAACCACACCATCAAGGAG

ATTAACGAAGCGAGCGGCAAAGTGGGTAGCGTTACCCTGGTGGACGTTAACAGCGGCG

AGGAAAAAGAGGTGAAAACCGATGGCGTGTTCGTTTACATCGGTATGCTGCCGCTGAG

CAAGCCGTTTGTTGAACTGGGCATTACCAACGAGAACGGTTATCTGGAAACCAACGAAC

GTATGGAAACCAAGATTCCGGGTATTTTTGCGGCGGGTGATGTGCGTGAGAAAATGCTG
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CGTCAGATCGTTACCGCGACCGGTGATGGTAGCATTGCGGCGCAAAGCGCGCAACACT

ATGTGGAAGAACTGCTGGAAGAACTGAAAACCGTTAGCAGCAAGTAAAAGCTT 

 

5.4 Vector maps 

pET-22b(+) Vector 

 

Picture taken from: https://media.addgene.org/data/easy-thumbnails/data/71/67/7c698664-af61-11e0-90fe-
003048dd6500.gif.848x848_q85_autocrop.png 
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