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Abstract 

In humans, noroviruses (NVs) cause acute epidemic and viral gastroenteritis. NVs do not only infect humans; viruses 

have also been found in pigs, cows, sheep, mice and dogs. The focus in this project has been on the murine norovirus 

(MNV). MNV is a member of the viral family Caliciviridae and it consists of a single-stranded, positive sense RNA 

genome. The genome includes three open reading frames (ORFs), ORF1 encodes for a polyprotein that consists of the 

precursor to the 6-7 non-structural (NS) proteins. The polyprotein is cleaved by the NS6 protease. The NS6 is 

responsible for all the cleaving in ORF1 and that makes it an attractive target for antiviral drugs. The NS6 protein 

structure has been determined at 1.66 Å resolution using X-ray diffraction techniques. Surprisingly, the electron 

density map revealed density for a peptide bound in the active site. The peptide had a length of 7 residues and 

originated from the C-terminus of another chain in an adjacent asymmetric unit. The active site triad was composed of 

the conserved residues; histidine 30, aspargine 54 and cysteine 139, however in the structure the cysteine 139 is 

mutated to an alanine to inactivate the protease. Activity assays were performed to probe the importance of the residue 

in position 109 in the β-ribbon located close to the active site. The three full-length constructs with the mutations; 

I109A, I109S and I109T were found to have less activity than the full-length wt (1-183). A truncated protease, lacking 

9 residues in the C-terminus, also had less activity. This indicates that the terminal residues are also important for 

activity. 

 



 

 

Abstract 

In humans, noroviruses (NVs) cause acute epidemic and viral gastroenteritis. NVs do not only 

infect humans; viruses have also been found in pigs, cows, sheep, mice and dogs. The focus in 

this project has been on the murine norovirus (MNV). MNV is a member of the viral family 

Caliciviridae and it consists of a single-stranded, positive sense RNA genome. The genome 

includes three open reading frames (ORFs). ORF1 encodes for a polyprotein that consists of the 

precursor to the 6-7 non-structural (NS) proteins. The polyprotein is cleaved by the NS6 

protease. The NS6 is responsible for all the cleaving in ORF1 and that makes it an attractive 

target for antiviral drugs. The NS6 protein structure has been determined at 1.66 Å resolution 

using X-ray diffraction techniques. Unexpectedly, the electron density map revealed density for a 

peptide bound in the active site. The peptide had a length of 7 residues and originated from the 

C-terminus of another chain in an adjacent asymmetric unit. The active site triad was composed 

of the conserved residues, histidine 30, aspartic acid 54 and cysteine 139; however in the 

structure the cysteine 139 is mutated to an alanine to inactivate the protease. Activity assays were 

performed to probe the importance of the residue in position 109 in the β-ribbon located close to 

the active site. The three full-length constructs with the mutations, I109A, I109S and I109T, were 

found to have less activity than the full-length wt (1-183). A truncated protease, lacking 9 

residues in the C-terminus, also had less activity. This indicates that the terminal residues are also 

important for activity. 

 

  



 

Sammanfattning  

Bland människor orsakar norovirus (NV) akut epidemisk och viral gastroenterit. NV infekterar 

inte bara människor, utan virus har även hittats hos svin, nötkreatur, får, möss och hundar. I detta 

projekt har fokus legat på noroviruset hos möss tillhörande familjen Caliciviridae, som har ett 

positivt enkelsträngat RNA som genom. I genomet finns tre öppna läsramar (ORFs) och ORF1 

kodar för ett polyprotein som består av föregångare till de 6-7 icke-strukturella (NS) proteinerna. 

Proteaset, NS6, ansvarar för alla klyvningar i polyproteinet, vilket gör det till ett attraktivt mål 

för antivirala droger. Med hjälp av röntgendiffraktion har proteinstrukturen för NS6 kunnat 

bestämmas till 1.66 Å upplösning. Elektrontskartan avslöjade något oväntat, densitet för en 

peptid bunden till den aktiva ytan. Peptiden, som har en längd på 7 aminosyror, har sitt ursprung 

ifrån den C-terminala delen från en annan kedja i en närliggande asymmetrisk enhet. Triaden i 

aktiva ytan består av de tre konserverade aminosyrorna: Histidin 30, Asparginsyra 54 och 

Cystein 139. Men i strukturen är Cystein muterad till en Alanin för att inaktivera proteaset. För 

att undersöka betydelsen av aminosyran i position 109, som befinner sig i området mellan två β-

flak nära aktiva ytan utfördes aktivitetstest. Detta visade att de tre fullängdskonstrukten med 

mutationerna, I109A, I109S och I109T, hade lägre aktivitet än fullängdsvildtypen (1-183). Det 

trunkerade proteaset (1-174), som saknar 9 aminosyror i C-terminalen, hade också lägre aktivitet 

än fullängdsvildtypen. Slutsatsen av detta kan vara att även de terminala aminosyrorna har 

betydelse för aktiviteten.  
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1. Introduction 

1.1 Project purpose 

The main purpose of this project was to determine the protein structure of the murine norovirus 

NS6 protease. The second purpose was to investigate the importance of a residue in the β-ribbon 

that was predicted to be located close to the active site.  

1.2 Background  

1.2.1 Norovirus 

Noroviruses (NVs) together with Lagoviruses, Sapoviruses and Vesiviruses belong to the family 

Caliciviridae. Caliciviruses are small, non-enveloped and have an icosahedral structure (Fields 

and Knipe, 2005). NVs do not only infect humans; NVs has also been detected in swine, bovine, 

ovine, murine and canine species. In animals, NVs can cause asymptomatic infections. In 

humans, NVs cause acute epidemic and viral gastroenteritis, also known as ―winter vomiting 

disease‖. As the name indicates, more outbreaks are reported during the winter months but the 

virus occurs all year around (Siebenga et al., 2010). People of all ages can be infected by the 

virus but children and the elderly are at greater risk. In developing countries there are an 

estimated 200,000 deaths per year amongst children under the age of 5 (Greening and Wolf, 

2010). The incubation time is 12-72 hours and symptoms normally last for 1-3 days, however 

studies have showed that 50 % of patients are still shedding viruses 4 weeks after infection. The 

virus can be transmitted through both water and food (Jiang et al., 1993) and is often transmitted 

by person-to-person contact. The most common symptom is diarrhoea followed by symptoms 

such as vomiting, abdominal pain, cramps and nausea. Less than 50% of the infected people also 

have fever. Outbreaks often occur in hospitals, school, institutions and long-term care facilities, 

creating not just a health burden, but also a great economic cost (Siebenga et al., 2010), 

(Greening and Wolf, 2010).  

1.2.2 Replication strategy 

The life cycle of the Calicivirus can be divided into six steps: entry, uncoating, translation, 

ribonucleic acid (RNA) replication, maturation and release. Initially, the virus interacts with virus 

specific receptors on the host cell. Carbohydrates are included as a component of the receptors. 
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Following entry, the virus will be uncoated and RNA is released into the cytoplasm. The first 

three steps are not yet fully understood (Fields and Knipe, 2005). In the initiation of the 

translation step, the 5’ end of RNA is covalently linked to a protein called viral protein genome-

linked (VPg). The VPg interacts with the initiation complex eIF4F (Willcocks et al, 2004). A 

negative strand RNA is first synthesised and then used as a template for the transcription. 

Packing, maturation and release are associated with the host cell membranes but these steps are 

also not fully understood (Fields and Knipe, 2005).   

1.2.3 Genome 

The NVs consist of a single-stranded, positive sense RNA genome that is about 7.5 kb long 

(Jiang et al., 1993). The genome includes three open reading frames (ORFs). ORF1 encodes for a 

polyprotein that consists of the precursor to the 6-7 non-structural (NS) proteins. The ORF2 

encodes for the major structural protein, the capsid protein, and the ORF3 encodes for the minor 

protein, although there is not much known about the minor protein (Siebenga et al., 2010), 

(Nakamura et al., 2005).  

1.2.4 3C-like protease (NS6) 

Caliciviruses have many similarities with other positive-strand RNA viruses, for example their 

proteases. In noroviruses, there is only one protease (NS6) that cleaves the polyprotein, into 6-7 

non-structural and functional proteins (Fig. 1). The protease is an attractive target for antiviral 

drugs because it is responsible for all the cleaving in ORF1 (Zunszain et al., 2010), (Nakamura et 

al., 2005). Figure 1 shows the cleavage sites for NS6 in ORF1. The protease needs a certain 

sequence for recognition. For instance, in HNV the recognition sequence P4-P4   in the cleavage 

site NS6-NS7 is: T T L E – G G D K. (where the ―–‖ is the scissile bond). For MNV the 

cleavage site NS6-NS7 is:  L E F Q – G      .  he calicivirus protease recognizes  lu or  ln in 

position   , which is a conserved residue.  he residue in position      can vary between the 

caliciviruses, but is most often a Gly or an Ala in the noroviruses. (Nakamura et al., 2005), 

(Sosnovtsev, 2010).   
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         341                705      870      994       1177   

              E/G   Q/N      E/G     E/A       Q/G  

          1                                                                       1687 

NS1-2 NS3 NS4 NS5 NS6 NS7 

            38 K        40K       19K   14K    19K                                 58K 

Figure 1. The ORF1 polyprotein proteolytic cleavage map of the Murine norovirus. The molecular mass is 

shown under the boxes with the proteins and the numbers on the top are where the cleavage occurs in the 

amino acid sequence. (Sosnovtsev, 2010). 

Even though the sequence similarity amongst the proteases from different Caliciviruses can 

differ and be quite low, some important residues are conserved. For instance, the residues are 

conserved in the catalytic triad in the active site. The residues in the active site are His 30, Cys 

139 and Asp 54 (Fig. 2). There has been discussion over the years as to whether the catalytic 

group is a dyad or a triad however according to Zeitler, et al (2006), mutation to Ala in position 

54 abolished the protease activity for some protein and peptide substrates. This indicates that the 

Glu or Asp in position 54 is still essential for activity. It has also been shown that there is a 

catalytic triad in foot-and-mouth disease virus (FMDV) 3C-protease. There is also the same 

catalytic triad mechanism in picornaviruses (Birtley et al., 2005). The mechanism of the cleaving 

starts with a nucleophilic attack from Cys/Ser on the backbone carbon in the peptide and His acts 

as a water-mediated base. The mechanism is shown in Appendix A. 

 

 

 

 

 

 

Figure 2. Alignment between human norovirus (HNV) and murine norovirus (MNV). The conserved residues 

in the catalytic triad are highlighted in yellow. The identity between the two proteases is about 57 %. 

 

HNV             APPTLWSRVVRFGSGWGFWVSPTVFITTTHVIPTGVREFFGEPIESIAIHRAGEFTQFRF 60 

MNV             APVSIWSRVVQFGTGWGFWVSGHVFITAKHVAPPKGTEIFGRKPGDFTVTSSGDFLKYYF 60 

                ** ::*****:**:*******  ****:.** *.   *:**.   .:::  :*:* :: * 

 

HNV             SRKVRPDLTGMVLEEGCPEGVVCSILIKRDSGELLPLAVRMGAIASMKIQGRLVHGQSGM 120 

MNV             TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKIGSAVVHGQTGM 120 

                :  ****:..****:** ****.*:*:** ***:*.******: *::** . :****:** 

 

HNV             LLTGANAKGMDLGTLPGDCGAPYVYKRNNDWVVCGVHAAATKSGNTVVCAVQAGEGETTL 180 

MNV             LLTGSNAKAQDLGTIPGDCGCPYVYKKGNTWVVIGVHVAATRSGNTVIAATHG---EPTL 177 

                ****:***. ****:*****.*****:.* *** ***.***:*****:.*.:.   *.** 

 

HMV             E      178 

MNV             EALEFQ 183 

      *  
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NS6 protease in caliciviruses and 3C protease in picornaviruses both have the typical 

chymotrypsin structure. The proteases have their active sites between the two domains. Six 

antiparallel β-strands form a β-barrel in the C-terminal domain. The N-terminal domain includes 

a number of antiparallel β-stands that form a twisted β-sheet.  he number of β-strands can differ 

between proteases however the normal number of β-strands in chymotrypsin is 8 (Ng and Parra, 

2010). Sweeney et al, (2007) have probed and shown that the β-ribbon in FMDV 3C protease 

(which is close to the active site) has an impact on the cleavage activity. This was probed by 

using mutagenesis of the residue (Leu) in position 142 at the apical tip of the β-ribbon. The 

apolar residue in the β-ribbon that interacts with hydrophobic residues in the substrate is a 

conserved hydrophobic residue (Curry et al., 2007). The corresponding residue in NS6 is Ile 109. 

This residue needs to be probed to see if it has the same function as the residue in position 142 in 

FMDV 3C protease. See Figure 3 for the structure of FMDV 3C. 

 

Figure 3. The structure of FMDV 3C. The Leu 142 in the β-ribbon is shown in the structure. 

 

In chymotrypsin-like protease, Gly-Xaa-Ser/Cys-Gly is a highly conserved sequence. It is this 

sequence that forms the oxyanion hole. In MNV NS6 protease the sequence is Gly-Asp-Cys-Gly.  

The cysteine in the oxyanion hole is the same cysteine as in the catalytic triad. The oxyanion hole 

helps to stabilise the substrate in the active site. The stabilisation is due to hydrogen bonding with 

the P1-backbone carbonyl oxygen, which is negatively charged. The oxyanion hole also helps the 

substrate to bind more tightly (Zeitler et al., 2006). 

Leu 142 

FMDV 3C 
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1.3 Project Aim  

The aim of this project was to obtain structural and functional information on NS6, a 3C-like 

protease in MNV. The protease is an attractive target for antiviral drugs because it is responsible 

for all the cleaving in ORF1. 

Due to the lack of a permissive cell culture system for human noroviruses, animal viruses are 

often used as a substitute (Nakamura et al., 2005). This project focused on murine noroviruses 

(MNVs) and their NS6 protease.  MNVs share several features with HNVs and that is why 

studies on MNV can be of interest. The NS6 is equivalent to the 3C protease from picornaviruses 

and there will be comparisons with the two virus families and proteases in this project.  

The structural aim of the project was to clone, express and purify MNV NS6 and set up for 

crystal trials where crystals grow and then diffract X-rays. The diffraction pattern was processed 

with the aim of determining the protein structure. It is easier to purify and set up crystals with an 

inactivated protein and the inactivation was done with a single mutation Cys139Ala (the Cys in 

the active site is substituted with an Ala). When comparing already determined structures of 

proteases, some of the structures have shown that the C-terminus is flexible (PDB codes: 2iph, 

2fyq and 2fyr). A truncated protein can sometimes be easier to crystallise if the C-terminus is 

flexible and this is something that was taken into account for this project. Both inactivated 

truncated and full-length proteins should therefore be purified for the crystallisation. 

The functional aim of the project was to probe how cleavage activity changes by varying the 

residues in position 109. Studies on picornaviruses have shown that the 3C protease in the 

FMDV has a β-ribbon that lies close to the active site.  This β-ribbon has a role in the proteolysis 

and this is why it is of interest to probe the functional significance of the β-ribbon in NS6 

protease. This was performed by using mutagenesis in position 109. The three full-length 

mutations Ile109Ala, Ile109Ser and Ile109Thr were chosen after comparing a similar assay with 

the 3C, FMDV (Zunszain et al., 2010).  The truncated protease (1-173) was also in the activity 

assay to see if the last residues in the C-terminus were important for the activity. The substrate 

for the activity assay was an inactive construct of NS6-NS7 (1-693).  
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1.4 Sources 

The main sources that have been used in this project are scientific papers and these can be 

obtained on the data base PubMed. The papers can be considered as trustworthy on the basis that 

they have all been published in various well-known scientific journals. Books and other literature 

have also been used as an information source and these have all been based on publications.   
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2. Methods Theory 

In this section the theory behind some of the methods used in this project are presented. 

2.1 Expression vector – pETM11 

An expression vector is an expression system for cloning and expressing proteins in Escherichia 

coli (E. coli). The chosen gene for encoding a protein can be inserted through restriction enzyme 

digestion followed by ligation into plasmid. Expression vectors have important components such 

as T7 promoter, lac operator and T7 terminator and these are all needed to achieve a protein 

expression. The ORF is located between the T7 promoter and the T7 terminator. The lac operator 

is a part of the lac operon, which is a sequence controlling the transcription of the enzyme β-

galactosidase that digests lactose into glucose. When no lactose is present, the repressor protein 

binds to the DNA sequence and hinders the RNA polymerase from binding to the T7 promoter. 

By adding a glucose analogue, namely isopropyl-β-D-thiogalactoside (IPTG), the repressor 

molecule can be removed through conformation changes. The RNA polymerase can then bind to 

the sequence and the gene that is inserted downstream of the T7 promotor can be expressed 

(Brown, 2010), (Novagen, 2003). 

The expression vector that has been used in this project is pETM11 (See Appendix B). There are 

six histidines, known as a His-tag, at the N-terminus of the ORF and these histidines can be used 

when the protein has to be purified. The pETM11 is resistant to kanamycin and this can be used 

as a selectable marker for cells that have been transformed by the plasmid (Brown, 2010), 

(Novagen, 2003). 

2.2 Competent cells 

In E.coli bacteria, the uptake of Deoxyribonuceic acid (DNA) is limited under normal 

circumstances. The bacteria have to undergo physical and/or chemical treatment to enable more 

efficient transformation and to increase the uptake of DNA (Brown, 2010). 

Cells that have been treated are called competent cells and these can be either cloning or 

expression cells. XL1-blue cells are cloning cells that can be transformed with plasmid DNA. 

The XL1-blue cells are endonuclease (endA) deficient and recombination (recA) deficient. These 
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two properties improve the quality of plasmid DNA minipreparation and improve the stability of 

the insert (Stratagene, 2004), (Brown, 2010). 

BL21 (DE3) cells are cells that have been infected by the bacteriophage T7 and that have the 

gene ―T7 bacteriophage gene 1‖. This is the gene that codes for RNA polymerase. BL21 (DE3) 

cells are expression cells and can express any gene that is under the control of a T7 promoter. 

The DE indicates that the cells are lysogen of λ prophage DE3 (Studier and Moffatt, 1985). There 

are different kinds of BL21 (DE3) cells, for example BL21 (DE3) pLysS and BL21 (DE3) C43.  

BL21 (DE3) PLysS cells contain the pLysS plasmid. T7 lysozyme is coded by pLysS and helps 

to lower the background expression and also provides a tighter control of toxic protein 

expression. T7 lysozyme inhibits the transcription by T7 RNA polymerase. These cells are also 

resistant to chloramphenicol, which can be used as a selectable marker together with kanamycin 

if transformation with PETM11 has occurred. The BL21 (DE3) C43 is also known to be effective 

in expressing membrane and toxic proteins (Brown, 2010), (Stratagene, 2006). 

2.3 Polymerase chain reaction (PCR) 

The result of a polymerase chain reaction (PCR) is selective amplification of a chosen DNA 

sequence. This is done with the assistance of two oligonucleotides (primers) that bind to each 

DNA strand at the borders of the chosen DNA sequence. A PCR reaction is carried out by 

mixing template DNA, the two primers, the polymerase, cofactor Mg
2+

 and a resource of 

nucleotides. The reaction takes place in a small PCR tube in a thermal cycler (Brown, 2010). 

The polymerase that was used for the PCR reactions in this project was the KOD Hot Start DNA 

polymerase. It is a premix of the high fidelity KOD DNA Polymerase and two monoclonal 

antibodies that can inhibit the DNA polymerase and 3’→5’ exonuclease activities at room 

temperatures. The antibody-mediated hot start increases the specificity. The premix reduces non-

specific amplification (Novagen, 2009). 

The PCR steps are polymerase activation, DNA denature, annealing of the primers and extension 

of the sequence. The three last steps are repeated, with the number of cycles depending on the 

source and amount of template DNA. To activate the polymerase and to remove the antibodies 

from the DNA strand, the mix has to be heated to 95 °C for 2 minutes. Maintaining the same 
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temperature for 20 seconds leads to denature of the DNA. The hydrogen bonds between the two 

strands are broken. At the annealing step, where the primers are binding to the DNA, the 

temperature should be around 55 °C. The annealing temperature is set to a couple of degrees 

below Tm for the primer. The final step is the extension step and this is when the new DNA 

strands are synthesized (Brown, 2009). (Fig 4). 

 

Figure 4. A schematic drawing of a PCR cycle. Before the denature step (1), the polymerase needs to be 

activated and this is done by maintaining the temperature at 95 ° C for 2 minutes. During step 1, hydrogen 

bonds between the two DNA strands are broken. The temperature is reduced at step 2 to let the primers 

attach to the annealing positions on the two DNA strands. Step 3 is the extension step and the temperature is 

raised to 68 ° C so that the DNA can be synthesized (Brown, 2009). 

2.4 Mutagenic PCR – Site-directed mutagenesis 

Site-directed mutagenesis can be used to introduce point mutations and switch, delete or insert 

amino acids. The method is similar to a normal PCR-reaction but with some changes. The 

primers that are used are overlapped and have the desired mutation. In this project the same 
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polymerase, KOD Hot Start DNA, was used in order to reduce non-specific amplification as per 

the PCR reaction. The same reaction steps occur here, namely: activation, denature, annealing 

and extension. After the temperature cycles, Dpn 1 endonuclease is added to the PCR product. 

The Dpn 1 digests the methylated and hemimethylated DNA that had been produced by E.coli. 

Following digestion with Dpn 1, the remaining DNA should be mutated with staggered, nicked 

ends. The product has to be transformed into XL1-blue cells to be a complete plasmid again 

(Stratagene, 2005)(Brown,2009) (Fig. 5). 

 

Figure 5. A Site-directed mutagenesis. A: Gene in a plasmid with a target site for mutation. B: The plasmid is 

denatured and mutagenic primers can anneal. C: KOD Hot Start DNA polymerase extends and incorporates 

the mutagenic primers, resulting in a nicked DNA. D: The parental DNA template is digested with Dpn 1. E: 

After transformation, E.coli repairs the nicked mutated plasmid. 

2.5 Ligation 

To be able to express the protein for which the gene is coding, the gene needs to be inserted into 

an expression vector, in this case pETM11. Both the plasmid and the expression vector need to 

be digested by the same two restriction enzymes. The restriction enzymes only cleave at the 

recognition sequence in the DNA. The restriction sites are introduced to the DNA by adding 

them to the primers when they are designed. It is good practice to choose two different restriction 

enzymes to minimize self-ligation. A map of the restriction sites in pETM11 is shown in 

Appendix C. Buffers and conditions for the digestion are selected in accordance with the 

manufacturer´s recommendations. The gene will be inserted where the old insert was in the 

plasmid (stuffer region). When the ligation has been performed the product needs to be 

transformed into E.coli to obtain more copies of the correct ligation product. Normally E.coli 

only takes up circular DNA and that is why non-ligated vectors and plasmids will not enter the 

cell. The method that is used to transform vector DNA into E.coli is called heat-shock 
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transformation. The E.coli cells and the vector DNA are first placed on ice and then put into a 42 

°C water bath for 45 seconds. The heat-shock helps the E.coli to take up the DNA (Brown, 

2010). 

2.6 Analytical DNA restriction enzyme digestion 

To confirm that ligation has worked, an analytical digestion can be performed. The same 

restriction enzymes that were used in the first digest can be used again. Alternatively, if new 

restriction sites have been introduced within the insert then these can be used in the control 

digest.  If there is a difference in size between the old and the new insert then this could be 

advantageous, as the two expression vectors can then be digested with the same enzymes. 

Different fragment sizes will occur when the samples are run on agarose electrophoresis. 

Electrophoresis uses the difference in electrical charges to separate the DNA fragments 

according to their size (Brown, 2010). 

2.7 Determination of DNA concentration and purity 

The concentration is measured at 260 nm where the DNA absorbs the light. The concentration is 

calculated using Beer-Lamberts equation:  

 

          

 

Where c is the nucleic acid concentration, A is the absorbance in AU, e is the extinction 

coefficient and b is the path length in cm. The extinction coefficient is generally 50 ng* µl
-1

*cm
-1

 

for double-stranded DNA. The ratio A260/A280 indicates how pure the DNA is. ~1.8 is generally 

accepted for pure DNA (Thermo Fisher Scientific Inc, 2008). 

Protein concentration is measured at 280 nm. This is where the aromatic amino acids absorb the 

light (Pace et al., 1995). 

2.8 Protein expression 

Proteins are expressed after transforming plasmids into competent expression cells (mentioned 

earlier) and allowing them to grow in LB-broth until the optical density (OD) at 600 nm reaches 

0.6. The OD is measured at 600 nm because the cells scatter light at this wavelength. 1 OD unit 
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corresponds to about 0.8 ×10
9 

cells/ml. When the OD600 = 0.6 has been achieved; IPTG is added 

to the culture and the cells can hopefully start to express the protein. The cells are harvested by 

centrifugation. Samples are taken before and after induction and are analysed using SDS-PAGE. 

A test expression is performed prior to the large scale expression to see if any conditions need to 

be optimised (Brown, 2010).  

 

2.9 Protein purification 

Protein purification can be performed by using several different purification techniques. The 

factors determining which technique should be used are protein size, charge solubility and 

binding affinity (Berg et al., 2002). Protein in this project will be purified in different ways 

depending on its purpose, be it crystallisation or activity assay.  

2.9.1 Cell lysis 

The first step in the purification is to rupture the cells and enrich the protein of interest. In this 

project the cells were first disrupted by using a lysis buffer containing buffer, lysozyme and 

TRITON-X100. The lysozyme breaks down the polysaccharide wall of the bacteria and the 

TRITON-X100 is a detergent to solubilise proteins.  Both phenylmethylsulfonyl fluoride (PMSF) 

and the lysis buffer are added to the cells. PMSF is a serine protease inhibitor and inhibits 

proteases that are released when the cell wall is broken. After the cells have been disrupted, 

sonication is performed to disrupt the cells and the DNA that has been released. The following 

centrifugations steps are concerned with separating the DNA from the protein. Separation is 

achieved through sequential centrifugation and by adding protamine sulfate between 

centrifugation cycles. Protamine sulfate binds and precipitates DNA. Finally, if the protein is 

soluble it will be found in the supernatant. 

2.9.2 His-Tag Purification (TALON) 

TALON
®

 is an immobilized metal affinity chromatography (IMAC) resin that contains cobalt 

which has a high affinity to His-tagged proteins. In this technique, the protein is incubated with 

the TALON and loaded into a column; the his-tag binds to the cobalt and other proteins or 

contaminations will be washed out as they have no affinity to the cobalt (Berg et al., 2002), 

(Clontech Laboratories, Inc, 2011). The column will be washed with different concentrations of 



13 

 

imidazole and the protein will be eluted in one of the concentrations. Imidazole competes with 

the histidines to bind the cobalt and when the concentration is high enough (100 mM imidazole) 

the protein will be released and eluted (Clontech Laboratories, Inc, 2011). 

2.9.3. Dialysis 

A dialysis is performed to decrease the imidazole concentration. Small molecules can pass 

through the semi-permeable membrane; however larger molecules, such as proteins, stay inside 

the dialysis tubing (Berg et al., 2002).  

2.9.3.1 Thrombin and TEV 

During dialysis some proteins need to have their His-tags cut off.  For proteins being prepared for 

crystal trials, the tag was cleaved by thrombin (36 kDa). The thrombin has to be removed with an 

additional purification step called gel-filtration chromatography. 

The substrate for the activity assay has a cleavage site for TEV protease (27 kDa). The TEV has 

a His-tag and can therefore be removed by putting it on TALON an additional time. The 

remaining proteins for the activity test were left with their His-tags. 

2.9.4 Size-Exclusion Chromatography (SEC) 

Size-exclusion chromatography is a gel-filtration chromatography technique. This technique was 

only used for proteins that were going to be in crystal trials. The sample is applied in the top of 

the column and has to pass through it and be collected in fractions. Small molecules will pass 

through the porous bead, whereas larger molecules will go through with the solution in the 

column at a much faster rate (Berg et al., 2002).  

In this project a Hiload 16/60 Superdex 75 prep grade column (GE Healthcare) was used. It is a 

column with covalent bonding of dextran to highly crossed-linked agarose. The column is used in 

conjunction with the ÄKTA system (GE Healthcare). 

2.9.5 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE is used to separate and control the purity of a protein.  It is a method that separates 

proteins according to their size. Polyacrylamide gels are formed by polymerization of acrylamide 

and cross-linked by Bis-acrylamide. The proteins can be separated by their mass due to the fact 
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that they are mixed with SDS, which is an anionic detergent. The SDS disrupts almost all non-

covalent interactions in native proteins. The SDS makes the proteins negatively charged and this 

can be roughly proportional to the mass of the protein. β-mercaptoethanol is also in the mixture 

and reduces the disulfide bonds in the protein. Only the primary structure of the protein remains 

(Berg et al., 2002). 

The system that is used is normally called Laemmli-SDS-PAGE or Glycine-SDS-PAGE. The gel 

is made by using two different gels; a stacking gel with a low percentage of Acrylamide and a 

separating gel with a higher percentage and smaller pores.  The system is a discontinuous buffer 

system meaning that there are different buffers in the gel and the tank and that there are also 

different buffers in the two gels. The protein becomes stacked and lines up between the chloride 

and glycinate ions in the stacking gel. All proteins start at the same line when they enter the 

separating gel (Laemmli, 1970). 

Protein samples are run on the gel and following this, the gel is stained so that the protein can be 

visualized. The protein bands can then be compared with the molecular marker (ladder) which 

has also been loaded on to the gel. 

2.10 Crystallisation and X-ray diffraction 

In order to determine a three-dimensional protein structure with X-ray crystallography, you need 

a well-ordered crystal that strongly diffracts X-rays. Crystallisation can often be difficult and it 

can sometimes take months for crystals to grow. The crystal formation is dependent on many 

different parameters such as protein concentration, pH, temperature, salt concentrations, 

precipitants and also the nature of the solvent.  In the past, the set up of crystal trials could take a 

long time, however this issue has been resolved with the development of fast robots and 

commercial crystallisation kits (Branden and Tooze, 1999). 

2.10.1 How to grow crystals 

Crystals are formed when surrounding molecules precipitate very slowly in a super-saturated 

solution. The formation of crystals is achieved through vapour diffusion techniques such as 

hanging or sitting drop. In the sitting drop method, precipitant solution is placed in the reservoir, 

and then equal volumes of protein and precipitant solution are mixed and put into the well. 
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Initially the precipitant concentration in the well is half of the concentration of the precipitant in 

the reservoir. Water is extracted from the well, which in turn increases the concentration of the 

protein and the precipitant. Equilibrium is slowly reached due to vapour diffusion (Fig. 6).The 

presence of ionic compounds or polymers which separate the protein from the water makes the 

protein less soluble and is beneficial to crystal growth (Blow, 2002), (Curry, 2010).  

                                       

Figure 6. The sitting drop method is a vapour diffusion technique. Equilibrium is slowly reached due to 

vapour diffusion and in some cases crystals form (Curry, 2010). 

The crystal set-up is normally done using a robot, but when conditions need to be optimised it is 

normally done by hand. 

2.10.2 Harvesting crystals 

When crystals have grown they need to be taken up from the well. The crystal is first put into a 

cryoprotectant solvent, which is used to prevent ice forming inside the crystal. The crystal is then 

fished out with a small nylon loop, with a diameter of 0.05-0.3 mm, and is then placed in liquid 

nitrogen. It is important to keep the crystal frozen to protect it from drying out and to prevent 

radiation damage from the X-ray beam (Curry, 2010). 

2.10.3 X-rays 

X-rays are electromagnetic radiation and are emitted when electrons jump from a higher to a 

lower energy state (Branden and Tooze, 1999). X-rays are produced at the home source (Imperial 
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College London) by accelerating electrons into a copper-target rotating anode generator. The 

wavelength depends on what the target is made of: in the case of copper, the wavelength is 1.54 

Å (Curry, 2010).  Synchrotrons are particle accelerators and thus create intense, powerful beams. 

The particles are accelerated around a circle and approach the speed of light (Branden and Tooze, 

1999). 

2.10.4 Data collection 

One narrow beam needs to go through the crystal and the crystal needs to be rotated to be able to 

produce all possible diffraction spots. All atoms in the crystal scatter the X-ray that goes through 

the crystal, however only those that interfere positively (according to Bragg´s law: nλ= 2dsinθ) 

(Fig. 7) with each other give rise to diffraction beams (which can be recorded as a diffraction 

spot). The planes scatter in phase if the path difference is an integer of wavelength, n. Each spot 

in the diffraction pattern is related to a specific set of planes in the crystal. By using Bragg´s law 

the position of the spots can be related to the size of the crystal unit cell (Branden and Tooze, 

1999). A unit cell is the smallest and possible volume that builds up the crystal (Blow, 2002).  

 

Figure 7. A: Bragg´s Law: nλ= 2dsinθ, positive interference is needed for the two planes to scatter in phase. B: 

The primary beam hits the crystal and some of the beam becomes diffracted. The pattern can be recorded on 

a film or detector (Curry, 2010).   

Every spot on the film, detector or on the charge-coupled device (CCD) image sensor is a 

diffracted beam that is defined by three properties: amplitude, wavelength and phase.  All three 

properties need to be known in order to determine the position of the atom giving rise to the 

diffraction. The amplitude can be measured by the intensity of the spots, and the wavelength is 
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known as it is set by the X-ray source. The problem in crystallography is the phase and that 

problem can be solved by using three different techniques: Multiple Isomorphous Replacement 

(MIR), Multi-wavelength Anomalous Dispersion (MAD) and Molecular Replacement (MR).  

MIR and MAD techniques rely on the presence of a heavy atom in the protein and are used when 

the structure is completely unknown. These two methods will not be explained in this report. The 

third technique (MR) will be used to solve the phasing problem (Blow, 2002). 

2.10.4.1 Molecular Replacement (MR) 

This method is used when similar structures are already known. The homologue protein needs to 

have at least 20 % identical amino acids in the sequence. Since MNV and HNV have more than 

50 % identity in the amino acid sequence, HNV structure can be used as a model to solve the 

phasing problem (Blow, 2002). 

 

A Patterson map (a map over the inter-atomic vectors) can be calculated from the intensities of 

the diffraction spots. The model map will be rotated until it fits the calculated map and gives the 

best orientation and position of the molecules in the unit cell. When the orientation and position 

of the protein are determined, the phase can be calculated. An electron-density map of the 

repeating unit can be calculated by using the amplitude together with the phase. To visualise the 

electron density of individual atoms, the resolution needs to be 2.5 Å or higher. Refinement and 

some rebuilding have to be done in order for the model to fit the electron-density map. There are 

some factors which need to have the correct size before the model can be considered accurate 

enough to be correct. The R-factor (Residual disagreement) is the difference between the model 

and the calculated electron density and this factor should have a value below 30 %. The B-value, 

or the temperature factor, says how flexible and disordered a region can be (Blow, 2002), 

(Branden and Tooze, 1999). 

To solve the phasing problem and the structure, several types of software are used to calculate 

and to obtain the best structure of the protein.  

2.11 Activity assay 

The activity assay is performed to see if the residue in position 109, in the β-ribbon, affects the 

protease activity.  The activity assay is easy to perform – protease and substrate are mixed and 
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incubated at 37 ° C, this being the temperature at which the virus and the protease are usually 

effective. Samples are then taken at specified intervals in time and are mixed with SDS loading 

buffer in order to stop the reaction. All the samples are then run with SDS-PAGE and it is then 

possible to compare the intensity of the protein at different points in time.  
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3. Materials and methods 

3.1 Overview 

An overview of all the methods used in the project is shown below in Figure 8. 

Figure 8. A flow chart summarising the different methods used in the project. The gene for NS6 needed to be 

amplified and digested to be able to ligate with the digested pETM11. Transformation into BL21-cells made 

protein expression possible. Protein purification is an essential step to enable the proteins to be used in 

further experiments. 
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3.2 Plasmid and cells 

 All E. coli cells containing pETM11 were routinely maintained with 25 µg/ml of kanamycin 

(Melford). The BL21 (DE3) pLysS cells also required 35 µg/ml of chloramphenicol (Duchefa 

Biochemics). 

 

3.3 PCR 

MNV DNA (NCBI accession number NC_008211.1) was used as template in all PCR reactions. 

PCR was performed to amplify NS6 (1-183) (wt), NS6 (1-174) and the NS6-NS7 (1-693).  The 

primers are listed in Appendix C. The PCR parameters for the NS6 constructs were as follows: 

Polymerase activation at 95 °C for 2 minutes; denature at 95 °C for 20 seconds; annealing at 55 

°C for 15 seconds and extension at 68 °C for 30 seconds. The last three steps were repeated for 

30 cycles. The annealing temperature was sometimes decreased from 55 °C to 52 °C to achieve a 

better yield. The extension time was increased to 45 seconds for the NS6-NS7 (1-693) construct. 

Products were analysed by gel electrophoresis using 1 % agarose. The protocol is described in 

appendix D. 

 

        1x  Final concentration 

10x Buffer for KOD Hot Start DNA Polymerase  5 µl   1x 

25 mM MgSO4       3 µl          1.5 mM 

dNTPs        5 µl          1.2 mM (each) 

PCR grade water            32.9 µl    

Forward Primer (10 µM)             1.5 µl                   0.3 µM 

Reverse Primer (10 µM)             1.5 µl                   0.3 µM 

Template DNA              0.1 µl  

KOD Hot Start DNA Polymerase (1U/µl)   1 µl          0.02 U/ µl 

Total reaction volume              50 µl       

 

3.4 Restriction enzyme digestion 

Double-digestion was performed on NS6 (1-183), NS6 (1-174) and the expression vector 

(pETM11) using BamHI and HindIII (New England BioLabs). 
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NS6 PCR products  Expression vector    

BSA 100x   0.4 µl    0.7 µl     

NEBuffer 2 10x     4 µl       7 µl 

DNA     30 µl     52 µl    

BamHI  20,000 U/ml     1 µl    1.5 µl 

HindIII 20,000 U/ml     1 µl    1.5 µl 

PCR grade water  3.6 µl    7.3 µl 

Total reaction volume  40 µl     70 µl  

 

The NS6-NS7 (1-693) construct and the expression vector were double digested with BamHI and 

EcoRI (New England BioLabs). 

 

      NS6-NS7 PCR product  Expression vector    

BSA 100x   0.4 µl    0.9 µl     

NEBuffer EcoRI 10x     4 µl       9 µl 

DNA     30 µl             75.5 µl    

BamHI  20,000 U/ml     1 µl       2 µl 

EcoRI 20,000 U/ml     1 µl       2 µl 

PCR grade water  3.6 µl    0.6 µl 

Total reaction volume  40 µl     90 µl  

 

The components were mixed and the PCR product was incubated for 1 hour and 35 minutes at 

37 °C. The expression vector was incubated for 3 hours at 37 °C.  See Appendix B for a plasmid 

map of pETM11. 

 

3.5 PCR purification 

The restriction enzyme digestion of the PCR products, NS6 (1-183) and NS6 (1-174), was 

followed by a PCR purification performed with a QIAquick PCR Purification Kit (Qiagen).  The 

purpose of this step was to remove enzymes and other contaminations from the DNA. The 

purified DNA was eluted in 30 µl of PCR grade water. 

 

3.6 Gel Extraction 

The PCR product and the expression vector were extracted from the agarose gel using the 

QIAquick gel extraction kit (Qiagen). The DNA was eluted in 30 µl of PCR grade water. 
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3.7 Determination of DNA concentration and purity 

The DNA concentration and purity was determined using a NanoDrop ND-1000 

spectrophotometer at wavelengths of 260 nm and 280 nm. 

 

3.8 Ligation into expression vector 

Ligation was performed using a rapid DNA ligation kit (Roche). 100 ng of expression vector was 

used per reaction of the two digested PCR products: full-length (1-183) and truncated (1-174). 

The expression vector was used in a 3:1 and 6:1 molar ratio to insert DNA. For the NS6-NS7 (1-

693), 50 ng of vector was used in a 3:1 molar ratio and 100 ng was used for a 1:1 molar ratio. 

 

The ligation was performed in accordance with the manufacturer’s instructions and the reaction 

was incubated at room temperature for 1 hour. 10 µl of the ligation product was then transformed 

into 90 µl of XL1 blue cells.  For the transformation protocol see Appendix D.    

 

3.9 Miniprep (plasmid preparation) 

Following the transformation, colonies grew on LB-agar plates. One colony was selected and put 

into 5 ml of fresh LB-broth. The culture was grown overnight with shaking (220 RPM) at 37 °C. 

The bacteria cells were harvested by 20 minutes of centrifugation at 5020 × g. The supernatant 

was then discarded and the protocol for the QIAprep Spin Miniprep Kit (QIAGEN) was 

followed. The plasmid DNA was eluted in 30 µl of PCR grade water.   

 

3.10 Analytical DNA restriction enzyme digestion 

Analytical restriction digestion was performed to identify clones for sequencing. This was 

performed in the same way as the restriction enzyme digestion but with a smaller total volume of 

10 µl and an incubation time of 2 hours. Following this step, the incubated samples were 

analysed using agarose gel electrophoresis. Different enzymes were used depending on the 

pETM11 in use and also the insert that was in the vector prior to the first digestion. Two different 

types of pETM11 were used. Due to mutations they had different restriction enzyme recognition 

sites. 
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3.11 Site-directed mutagenesis 

C139A, I109A, I109S, I109T and NS6-NS7 (C139A) mutations were introduced into full-length 

NS6 by site-directed mutagenesis. The site-directed mutagenesis was performed using the 

QuikChange method (Stratagene). The overlap primers were designed to have the desired 

mutation. The PCR parameters for the mutagenic constructs were as follows: Polymerase 

activation at 95 °C for 30 seconds; denature at 95 °C for 30 seconds; annealing at 55 °C for 1 

minute and extension at 68 °C for 3 minutes. The last three steps were repeated for 16 cycles. 

The annealing temperature was sometimes decreased from 55 °C to 52 °C. Post PCR 1 µl of 

Dpn 1 endonuclease 20,000 U/ml (New England BioLabs) was added to the mutagenic PCR 

product and was then incubated for 1 hour at 37 °C. 10 µl of the digested product was 

transformed into 90 µl of XL1 blue cells followed by overnight cultures and plasmid prep using 

the QIAprep Spin Miniprep Kit (Qiagen). For transformation protocol, see Appendix D. 

 

        1x  Final concentration 

10x Buffer for KOD Hot Start DNA Polymerase  5 µl   1x 

25 mM MgSO4       3 µl          1.5 mM 

dNTPs        5 µl          1.2 mM (each) 

PCR graded water               33 µl    

Forward Primer (10 µM)           1.25 µl                   125 ng 

Reverse Primer (10 µM)           1.25 µl                   125 ng 

Template DNA              0.5 µl    5-50 ng 

KOD Hot Start DNA Polymerase (1U/µl)   1 µl          0.02 U/ µl 

Total reaction volume              50 µl       

 

3.12 DNA sequencing 

Sequencing was performed on all constructs by Eurofins MWG Operon (UK). 

 

3.13 Test expression  

Transformation into three different cell types was performed at the point of the first test 

expression. A starter culture of 5 ml of LB-broth was inoculated with a single colony from an 

appropriate agar plate and was incubated overnight with shaking (220 RPM) at 37 °C. The next 

day, 0.1 ml of the overnight culture was used to seed 5 ml of fresh LB. The cells were induced 

with 1 mM final IPTG (Melford) when the OD600 had reached 0.6. Samples were taken prior to 

induction and then 3-4 hours afterwards. These samples were centrifuged for 10 minutes at 5020 
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× g. The supernatants were discarded and the pellets resuspended in 40 µl of SDS sample buffer.  

10 µl of each sample was then loaded on to a protein gel (SDS-PAGE). For SDS-PAGE protocol, 

see Appendix D. 

 

3.14 Large-scale expression of wt, NS6 mutants and NS6-NS7 (C139A) (1-693) 

A starter culture of 100 ml LB Broth was inoculated with a single colony from a LB-agar plate 

and was incubated overnight with shaking (220 RPM) at 37 °C. The next day, 50 ml of the 

overnight culture was used to seed 1000 ml of fresh LB-Broth. The cells were induced with 1mM 

final IPTG (Melford) when the OD600 had reached 0.6-0.8. Samples were taken prior to induction 

and then 3 hours afterwards when the expression was stopped. The cells in the 1000 ml cell 

culture were harvested by centrifugation for 20 minutes at 5020 × g. The pellet was put into a -80 

°C freezer for later use. 

 

3.15 Protein purification 

All steps were performed on ice or at 4 °C. The frozen pellet from the large-scale expression was 

thawed. 30 ml of sonication buffer (50 mM HEPES free acid pH 6.5, 300 mM NaCl, 1 mM DTT, 

30 µl TRITON-x100 and 60 mg lysozyme) and 30 µl of 0.1 M PMSF (Melford) were both added 

to the pellet. The pellet was solubilised by pipetteing and by hand agitation. The pellet was 

transferred into a 50 ml Falcon tube for sonication. Sonication was done for 15 seconds on 

followed by 15 seconds off. This process was repeated for approximately 10 minutes. The lysate 

was centrifuged in pre-chilled centrifuge tubes for 20 minutes at 30,000 × g. Following 

centrifugation, 35 mg of protamine sulfate (Merck) was added and the sample was once again 

centrifuged for 20 minutes at 30,000 × g. The supernatant was taken to the next purification step. 

 

3.15.1 Purification with TALON metal affinity chromatography resin 

1.5 ml bed volume of the TALON resin (Clontech) was prepared by washing it with Milli-Q 

water and equilibrating it with buffer B (50 mM HEPES free acid pH 6.5, 300 mM NaCl and 1 

mM DTT). This was done by centrifuging at 5020 × g for approximately 1 minute with the water, 

which was then discarded. The same process was then repeated with buffer B. The supernatant 

from the previous purification step was incubated with the equilibrated TALON for 1 hour whilst 

rotating at 8 RPM at 4 °C. The incubated supernatant and TALON were then loaded into a 
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gravity flow column (Biorad). The TALON beads were sequentially washed with 25 ml of buffer 

B containing the final concentrations of imidazole (Aldrich) as follows: 0 mM, 0 mM, 5 mM, 

10 mM, 10 mM, 100 mM, 100 mM and 500 mM. The fractions were collected in 50 ml Falcons 

and samples were taken and analysed by SDS-PAGE. The protein was eluted in the first 100 mM 

imidazole fraction. 

3.15.2 Dialysis with thrombin cleavage MNV NS6 (C139A)(1-183) 

Dialysis with thrombin was performed on those proteins that had been purified for crystallisation.  

The first 100 mM fraction was put into a pre-softened SnakeSkin pleated dialysis tubing (3,500 

MWCO) (Thermo Scientific). 200 units of thrombin (Sigma-Aldrich) were added to the protein. 

The tubing was placed in 4000 ml of dialysis buffer (50 mM HEPES pH 6.5, 300 mM, 2 mM 

CaCl2 and 1 mM DTT) for approximately 16 hours; efficient cleavage was determined using 

SDS-PAGE analysis. 

3.15.3 Dialysis with TEV protease cleavage – NS6-NS7 (C139A) (1-693) 

12.5 ml of the first 100 mM fraction was put into pre-softened SnakeSkin pleated dialysis tubing 

(3,500 MWCO) (Thermo Scientific). 0.25 mg of TEV protease was added to the NS6-NS7 

(C139A) (1-693).  The tubing was placed in 4000 ml of dialysis buffer (50 mM HEPES pH 6.5, 

300 mM and 1 mM DTT) for approximately 16 hours. Efficient cleavage was determined using 

SDS-PAGE analysis. The TALON was washed sequentially with 25 ml Milli-Q water, 0.05 M 

MES 0.1 M NaCl, Milli-Q water and filtered dialysis buffer. The protein was then reapplied on 

the washed TALON. The dialysed protein was incubated with the washed TALON for 1 hour 

whilst rotating at 8 RPM at 4 °C. The incubated protein and TALON were then loaded into a 

disposable gravity flow column (Biorad). The column was then sequentially washed, as 

previously, with 25 ml of buffer B containing 0 mM, 5 mM, 10 mM, 100 mM and 500 mM of 

imidazole. After collecting the fractions in 50 ml Falcons, samples were taken and run with SDS-

PAGE. The protein was eluted in the flow-through. 

 

The rest of the proteins for the activity assay did not require any cleavage and were put into 

dialysis buffer (50 mM HEPES pH 6.5, 300 mM and 1 mM DTT) for 16 hours without any 

additional treatment. 
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3.15.4 Chromatographic purification of MNV NS6 (C139A) (1-183) 

Protein was chromatographically purified for crystallisation. The protein was concentrated using 

a VIVA spin 10,000 MWCO concentrator (Sartorius Stedim biotech) prior to Size-exclusion 

chromatography (SEC). The Hiload 16/60 Superdex 75 prep grade column (GE Healthcare) was 

first washed with 2 column volumes of degassed Milli-Q water followed by 2 column volumes of 

crystallisation buffer (25 mM Tris-HCl pH 8.0, 200 mM NaCl and 5 mM DTT). Following 

concentration, the protein was centrifuged for 5 minutes at 13,000 × g.  The centrifuged protein 

was loaded, with a washed needle and syringe, into the 2 ml loop of the ÄKTA system (GE 

Healthcare). The purification was run with a flow rate of approximately 0.5 ml/min and was 

monitored by a UV detector. The eluted peak was collected in 1 ml fractions and each fraction 

was analysed using SDS-PAGE. The pure fractions were pooled and concentrated. 

 

3.16 Protein concentration 

Following the dialysis or chromatographic purification, proteins were directly concentrated by 

centrifugation at 2000 × g. The concentrator used was a VIVA spin 20 tube with MWCO of 

10,000 (Sartorius Stedim biotech) for the NS6 constructs and MWCO of 30,000 for the NS6-NS7 

construct. The proteins were centrifuged for varying amounts of time and the concentration and 

purity of the proteins was determined using a NanoDrop ND-1000, spectrophotometer at 280 and 

260 nm.  The 0.1 % (= 1g/l) absorption was 1.5. 

 

3.17 Protein thermal test 

20 µl samples (duplicates) were taken from the TALON wash fractions and mixed with 20 µl of 

SDS loading buffer. Half of the samples were heated for 10 minutes at 95 °C and the other half 

were loaded directly to the SDS-PAGE. The gel was stained and evaluated. 

 

3.18 Crystallisation  

3.18.1 Crystallisation of MNV NS6 (C139A) (1-183) 

The first crystallisation trials were set up in 96-well crystallisation trays. This was done using a 

Mosquito robot (TTP Lab Tech). The sitting drop method was used with 100 nl of protein (14.4 
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mg/ml) with 100 nl of reservoir solution. The plates were sealed with clear tape and incubated at 

20 °C. 

 

5 commercial sparse matrix screens were set up as per the following list: 

 ICL1 Hampton 1&2 (Hampton Research) 

 ICL7 PACT (Molecular Dimensions Ltd) 

 ICL3 PEG/ion & Natrix (Hampton Research) 

 ICL 8 JCSG+ (Molecular Dimensions Ltd) 

 ICL 2 Wizard screen 1 & 2 (Emerald BioSystems) 

 

Information about the contents in the matrix screens can be found at this website: 

http://www3.imperial.ac.uk/xraycrystallography/crystn [available as at 2011-05-15] 

 

Optimised set-ups were performed at a later stage following screening by changing the protein 

concentrations in the set-ups. The sitting drop method was used with different combinations of 

1000 nl or 2000 nl of protein and 1000 nl and 2000 nl of reservoir solution. These were set up by 

hand. 

 

The conditions where the biggest crystals were found were:   

 0.2 M KSCN, Bis-Tris propane pH 7.5 and 20 % PEG 3,350  

 0.2 M NaI, Bis-Tris propane pH 8.5 and 20 % PEG 3,350 

3.18.2 Freezing crystals 

Crystals were incubated for 5 min in the cryobuffer (0.2 M KSCN, 0.1 M Bis-Tris propane pH 

7.5 and 30 % PEG 3,350) before they were fished, flash-frozen and stored in liquid nitrogen. 

 

3.18.3 Crystal shooting at Diamond Light Source synchrotron  

The crystals were shot with X-ray beams at the Diamond synchrotron at beamline I04. The 

Diamond synchrotron is situated in Oxfordshire. The working wavelength was 0.91730 Å; the 

focused beam size was 110 × 65 µm and the detector was a Pilatus. 
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3.18.4 Structure determination 

To determine the structure, different software was used to process the data collected from the 

Diamond synchrotron. XDS was used for indexing, predicting spots and integrating. Xscale was 

used for scaling the intensity in the spots. Phaser was used to obtain the phase by using search 

models. The models pdb codes were: 1wqs, 2fyq, 2fyr and 2iph. Coot was used for the molecular 

visualization and it allowed building and changes to be done manually. Phenix was used for 

structure refinement. 5 % of the reflections were used to calculate the Rfree and the rest were used 

for the refinement. Structural figures were finally rendered with PyMOL. 

 

3.19 Activity assay 

The 5 proteases namely NS6 wt (1-183), NS6 wt (1-174), NS6 I109A (1-183), NS6 I109S (1-

183) and I109T (1-183) and the substrate, NS6-NS7 (C139A) (1-693) had a concentration of 1.3 

mg/ml.  Equal volumes of protease and substrate were mixed to give each a final concentration of 

0.6 mg/ml. 5 µl samples were taken at specified time intervals and the reaction was stopped by 

adding 5 µl 2x SDS loading buffer followed by snap-freezing in liquid nitrogen. For the loading 

controls, 2.5 µl samples of the proteases and the substrate at 1.3 mg/ml were taken and then 

mixed with 10 µl of 2x SDS loading buffer. The samples were analysed using SDS-PAGE. 
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4. Results and Discussion  

4.1 PCR reactions 

The PCR amplification of NS6 was analysed by running 6 µl of the dyed PCR product on an 

agarose gel. The two gels in Figure 9 show products for both NS6 (1-183) and NS6 (1-174). The 

annealing temperature had to be decreased to 52 °C for the NS6 (1-174) construct.  PCR 

reactions for both constructs worked successfully. 

 

   

        Neg.    1-183         Neg.   1-174 

                       

   A      B 

 

Figure 9. PCR amplification analysis. A: In agarose gel over NS6 (1-183), the size of the product should be 549 

kb and there is a band just above the 500 bp band in the ladder. B: The band for the NS6 (1-174) has a more 

curvilinear shape but also has the correct size of 522 bp. There are also negative controls on the gels; these 

controls do not contain any DNA. 

 

4.2 Site-directed mutagenesis, ligation and analytical restriction enzyme 

digestion 

 All constructs were successfully ligated into the expression vector. To check if the ligation 

worked, the samples were restriction enzyme digested and analysed using agarose gel. Samples 

were also sent for sequencing. Figure 10 is shown as an example. NS6-NS7 (1-693) was ligated 

0.5 

kbp 

0.5 
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into pETM11and BamHI and EcoRI were used for the analytical digestion. The original pETM11 

with only NS7 in the ORF was used as control. Since the Size of NS6-NS7 (1-693) is 2.1 kbp and 

the NS7 has a size of 1.5 kbp, a difference between the two samples was apparent on the gel.  

 

 

     NS6-NS7     NS7 

                                      

 Figure 10. Analytical digestion on agarose gel. Digested pETM11 and the cut-out insert NS6-NS7 (1-693) are 

shown to the right. A band with a size of about 2kbp can be seen. The control in the middle has a smaller 

insert, NS7, size 1.5 kbp. 

 

 

All mutations were successfully introduced as determined by sequencing. Sequence alignment of 

all mutations with the corresponding wt region is shown in Figure 11. The 61-120 region has 

been cut out from the full-length protein for the three mutations in position 109 and the 121-180 

region for C139A. The NS6-NS7 (1-693) sequence is too long for the whole construct to be 

sequenced. The construct was partly sequenced by using both T7 and T7 terminal primers. The 

sequencing did however show the C139A mutation was present in the protein and the cleavage 

site was intact (alignment not shown). 

 

 

 

 

 

 

kbp 
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C139A           LLTGSNAKAQDLGTIPGDAGCPYVYKKGNTWVVIGVHVAATRSGNTVIAATHGEPTLEAL 180 

wt              LLTGSNAKAQDLGTIPGDCGCPYVYKKGNTWVVIGVHVAATRSGNTVIAATHGEPTLEAL 180 

                ****************** ***************************************** 

 

I109A           TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKAGSAVVHGQTGM 120 

wt              TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKIGSAVVHGQTGM 120 

                ************************************************ *********** 

 

I109S           TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKSGSAVVHGQTGM 120 

wt              TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKIGSAVVHGQTGM 120 

                ************************************************ *********** 

 

I109T           TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKTGSAVVHGQTGM 120 

wt              TSAVRPDIPAMVLENGCQEGVVASVLVKRASGEMLALAVRMGSQAAIKIGSAVVHGQTGM 120 

                ************************************************ *********** 

 

 

 

Figure 11. A successful protein alignment of the mutated constructs. 

 

4.3 Test expression 

The test expression of NS6 wt and NS6 (1-174) was performed with different expression cells; E. 

coli BL21 (DE3) cells, BL21 (DE3) pLysS cells and BL21 (DE3) C43 cells. The test was 

performed as the proteins are toxic and it was therefore possible that some of the strains might 

not survive the expression of the protein. In figure 12 OD600 measurements were taken for 6 

hours for each of the 3 cell types. Figure 11 shows that the OD600 for the BL21 (DE3) cells 

decreased approximately 2 hours after the cells were induced.  BL21 (DE3) pLysS and BL21 

(DE3) both had a final OD600 of about 3. There was expression of the protein using the three cell 

types (data now shown). BL21 pLysS cells were chosen for the large scale expression due to the 

fact that they produce lysozyme that controls the leakage production of the protein.  pLysS cells 

have also been used more frequently in the laboratory and have previously been used with the 3C 

protease.   
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Figure 12. OD measurement for test expression. The cells were induced with 1 mM final IPTG when OD600 

was 0.6 at T=0. The OD600 for the BL21 cells is decreased over time. C43 and pLysS cells both have a similar 

final OD600.  

 

As an example, the test expression of I109A, I109S and I109T in BL21 (DE3) pLysS cells are 

shown on a 15 % SDS-PAGE gel in Figure 13. Samples were taken at the time when IPTG was 

added and 4 hours later when the test was finished. Fine protein bands at a size of 22 kDa can be 

seen in the samples taken at the 4 hour time point. The test expression for all constructs was 

performed under identical conditions. 
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                                                               I109A         I109S        I109T   

                                   

              1      2           3    4           5     6 

Figure 13. Test expression analysed with SDS-PAGE. For all three mutations (I109A, I109S and I109T) 

protein expression can be seen (2, 4 and 6). The expression test was performed in Bl21 (DE3) pLysS cells. 

 

4.4 Thermal test 

NS6 looked contaminated when analysed by SDS-PAGE in the initial purification experiments. 

The contamination looked to be of high molecular weight. To determine if this high molecular 

weight product was NS6 or a contaminating protein species, a thermal test was performed on 

IMAC purified C139A (1-183). Half the samples were mixed with SDS loading buffer and 

heated at 95 °C for 10 minutes, which is a normal procedure. The other half were mixed with 

SDS loading buffer and the unheated samples were loaded on to the gel. The result is shown in 

Figure 14. What appeared to be contamination was actually protein aggregation. This was 

surprising as when the protein, the β-mercaptoethanol and the SDS in the loading buffer are 

heated, the protein should be fully denatured. With this knowledge, the samples were no longer 

heated from this point onwards.  
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                          Unheated          Heated          

 

                                           1               2 

Figure 14. The thermal test analysed with SDS-PAGE. There is much more protein of the correct size, ~23 

kDa, in the unheated sample (nr 1). The high molecular contamination is shown in sample nr 2, which was 

heated. All the samples were taken from the 100 mM imidazole fraction of C139A (1-183). In both samples, 

contaminations at 80 kDa are shown. These were successfully removed by SEC. 

 

4.5 Protein purification 

The protein purification was followed by taking samples at the following points: post-sonication, 

post 1
st
 spin, post 2

nd
 spin, flow through and all fractions from the TALON bead washing. Protein 

was always eluted with the first 100 mM imidazole wash and that 25 ml fraction was put into 

dialysis buffer. Before the thermal test was performed, it was difficult to see the proteins on the 

gels because they mostly appeared as high molecular weight proteins. After the test, all analysed 

samples nonetheless looked correct. 

4.5.1 Chromatographic purification of MNV NS6 (C139A) 

Proteins for crystallisation trial were cleaved with thrombin to obtain normal length, with the 

exception of two extra residues in the N-terminus. The thrombin (36 kDa) was removed using 

SEC purification. The concentration of C139A full-length was 9.5 mg/ml when it was loaded 

25 

80 

kDa 
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into the ÄKTA system. The peak in the chromatogram showed when the protein started to come 

out in the collected fractions (Fig. 15). Fractions 16-27 were run on SDS-PAGE. 

 

 

Figure 15. The chromatogram over the purification of C139A, full-length. The first peak is the void volume 

peak (where all the high molecular weight proteins are). The big peak is for C139A, full-length. The peak 

fractions 16-27 were analysed using SDS-PAGE. (The big peak in the chromatogram looks slightly sharp on 

the left side as a result of the computer crashing.) 

 

The protein C139A (1-183) now had a lower molecular weight (19.4 kDa) since the His-tag has 

been cleaved. This is not obvious in Figure 16. Concentration dependent oligomerisation can be 

seen in the figure. 
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                              16    17    18     19    20    21    22     23    24     25     26     27   

Figure 16. Fractions 16-27 from the SEC purification. Fractions 19-27 were pooled and concentrated. 

Concentration dependent oligomerisation can be seen in the image. 

 

4.6 Crystal set-up trials 

Crystallisation was only performed with purified C139A full-length, 14.4 mg/ml. The plates were 

checked three days after the set-up and there where crystals in some of the wells. Different stages 

of crystallisation were seen: clear drops, precipitations, micro crystals, needles and rod clusters 

(Fig. 17). 

 

               

                       

         A                  B 

 

Figure 17. Crystal set-up results. A: Crystal needles were found in 0.2 M NaI, 0.1 M Bis-Tris propane buffer 

pH 6.5 and 20 % w/v PEG 3,350. B: Rod clusters were found in 0.2 M NaI, 0.1 M Bis-Tris propane buffer pH 

7.5 and 20 % w/v PEG 3,350 
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A protein sample was taken after every set-up to check the purity of the protein and also to 

observe if any changes occurred in the protein. The samples had the correct size and looked pure 

every time (Fig. 18). 

 

                                                        

Figure 18. Purified protein (14.4mg/ml) that was used for the first set-up. 

 

4.7 Optimised crystal trials 

Screening and scale up were done using changes in pH and protein concentrations. In the 

optimised and scale up trials, most of the crystals were plates that had a size of about 60×100 µm 

and the third dimension was very thin. Most of the crystals were observed in condition ―0.2 M 

KSCN, 0.1 M Bis-Tris propane buffer pH 7.5 and 20 % w/v PEG 3,350‖. Crystals were observed 

in other pH and other salt content but these were all in 20 % w/v PEG 3,350. A cryobuffer with 

30 % PEG 3,350 was used to protect the protein crystal from water crystals. Images of crystals in 

optimised 1000 nl protein + 2000 nl resolving solution are shown in Figure 19. Crystals were 

fished from the optimised set-up and some of these crystals diffracted the X-ray with positive 

results. 
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Figure 19. Crystals from the optimised crystal set-up. The crystals were found in the condition: 0.2 M KSCN, 

0.1 M Bis-Tris propane buffer pH 7.5 and 20 % w/v PEG 3,350. 

 

4.8 Structure determination 

The crystal that was shot with X-rays at the Diamond Light Source synchrotron is shown in 

Figure 20. The loop has a size of 0.1-0.2 mm and the crystal appears to be bigger than the loop. 

A representative image of the diffraction pattern is also shown in Figure 20.  

 

 

           

         A       B 

  

Figure 20. Crystal and diffraction pattern. A: The crystal in the nylon loop prior to being shot with X-ray. B: 

A typical diffraction pattern from NS6 at Diamond Light Source synchrotron. 
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The protease C139A crystal diffracted X-rays at 1.66 Å and had the space group C2221. Two 

molecules were found in the asymmetric unit and the RMS deviates with 0.296 Å between the 

two chains when they are aligned.  Data collection and refinement statistics are presented in 

Table 2. 

 

Table 2. Data collection and refinement statistics 

  

Diffraction data  

Resolution limit (Å) 48.03-1.65 (1.70-1.66) 

Space group C2221 

a, b, c (Å) 50.92, 70.14, 192.13 

α, β, γ (°) 90, 90, 90 

Total reflections 601,868 

Unique reflections 44,988 

Multiplicity 12.82 (10.1) 

Completeness (%) 99.8 (87.4) 

Rmerge (%) 4.0 (34) 

I/σ(I) 29.8 (4.3) 

  

Model refinement  

Rfree (%) 20.52 

Rwork (%) 17.91 

RMS bond lengths (Å) 0.006 

RMS angles (°) 1.002 

Avg B factor 32.6 

Ramachandran plot (%) 

Favoured/allowed/disallowed 

 

96.6/2.8/0.6 

   
 Rfree is calculated using a subset of 5 % of the reflections and was not included in the refinement. 

                         
 Values for the high resolution shell are in the parentheses. 

 

The NS6 has the typical serine protease-like fold that consists of two β-barrel domains with the 

active site in the cleft between. The first domain is at the N-terminus and begins with an α-helix 

(aa 3-8). The α-helix is followed by five antiparallel β-strands. The first domain is connected to 

the second by a long loop and the second domain consists of a twisted antiparallel β-barrel. The 

overall structure is shown in Figure 21, where it is compared to the human Norwalk protease. 
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Figure 21. Crystal structure of NS6. A: The first domain is at the N-terminus and begins with an α-helix; the 

α-helix is followed by five antiparallel β-strands. The first domain is connected to the second by a long loop. 

The second domain consists of a twisted antiparallel β-barrel. B: Alignment of two proteases - MNV in green 

and HNV in magenta. 

 

The active site triad consisting of His 30, Asp 54 and Cys 139 is located between the two 

domains. The electron density was too weak for the disordered loop in the region of 124-130. 

The same chain break was found in the HNV Norwalk virus protease (PDB ID 2fyq and 2fyr). 

124-130 appears to be a very disordered loop as it is missing in other structures. Surprisingly, the 

electron density map showed density in the active site. The molecules within the crystal lattice 

pack together with the C-terminal peptide of one molecule, binding to the active site of another 

(Fig.22). The peptide was stabilised with several residues around the active site. Since the 

protease cleaves itself out from the polyprotein, the peptide is recognisable by the protease. 

Residue Gln 183 in the C-terminal peptide is stabilised by hydrogen bonds from its amide group 

with the backbone carbonyl of Thr 134 and the backbone carbonyl of Val 158. The delta oxygen 

in Gln 183 has hydrogen bonds with the amide group of Ala 139 and with His 157. There is 

stabilising stacking interaction between Phe 182 and the active site residue, His 30.  The aromatic 

rings face each other. The carbonyl of Glu 181 has a hydrogen bond with the backbone amide of 

      A                     B 

   MNV NS6 MNV and HNV NS6 

N 

C 
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Ala 160.  The backbone amide of Glu 181 has a hydrogen bond with the backbone carbonyl of 

Ala 160, so there are two hydrogen bonds between these two residues. Leu 180 is stabilised in a 

hydrophobic pocket by Ile 107, Ile 109, Thr 118, Thr 166 and Ile 168. 

 

 

 
 

Figure 22.  The active site shown in two different ways. A: Surface model with the peptide in the active site. 

B: The important residues that stabilise the peptide. 
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4.9 Activity assay 

The cleavage resulted in two products: NS7 (57.5 kDa) and NS6 (C139A 1-183) (19.3 kDa). It 

was possible to see a difference between the protease NS6 and the product NS6. This was due to 

the fact that the substrate had been cleaved with TEV and all of the proteases still had their His-

tags. The uncleaved NS6 is 24 residues longer and this is 3 kDa more than the product. This was 

visible on the gels. Samples from all of the proteases and the substrate were run on a gel to see 

how they all looked separately (Fig. 23). Unfortunately there were some contaminations in 

I109A, I109S and I109T that were of the same size as the substrate and one of the products. This 

was something that had to be considered when the gels were evaluated. It was also not possible 

to compare the intensity to see the activity differences as a percentage. 

 

The result from the activity assay showed that the full-length wt had more activity than the 

truncated wt (1-174) and the three mutated constructs: I109A (1-183), I109S (1-183) and I109T 

(1-183). Unexpectedly, there was no difference in the activity of the three mutations. The results 

were expected to be more similar to the results presented in Sweeney et al., 2007. They showed 

that the activity was reduced to less than 1 % when a substitution to a Ser was made in the 

equivalent position to 109. Since the structure shows that the Ile 109 is in a hydrophobic 

environment, the change to the polar residue Ser should decrease and destabilise the hydrophobic 

pocket and should also have affected the activity negatively. Substitutions to Ala or Thr, which 

are more apolar residues, decreased the activity by about 50 % compared to the wt in Sweeney et 

al., 2007. Further studies have to be done in order to confirm the difference in the activity. It also 

seemed that the truncated and the mutated constructs had a decreasing level of activity over time. 

The 9 C-terminus residues that were removed to obtain the truncated construct seemed to be of 

importance, since truncated wt (1-174) also had less activity. At the 60 minute time point it 

looked as if the proteases had cleaved almost as much as the wt full-length. However at the 180 

minute time point there was a huge difference in the amount of substrate remaining. The full-

length wt had almost cleaved all of its substrate yet the reaction of the three mutations and the 

truncated wt had slowed down and they had much more substrate remaining. There were no 

visible signs of aggregation in the reaction tubes. 
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     Sub.  wt   trunc   I109A  I109S   I109T          wt   trunc  I109A  I109S  I109T   wt  trunc  I109A  I109S  I109T 

       

Figure 23. The result of the activity test. The first gel shows the inputs samples. Wt is the wt full-length 

protein while trunc is the wt truncated. Contaminations can be seen in the I109A, I109S and I109T samples. 

The second gel shows the cleavage after 60 minutes and 180 minutes.  The I109A, I109S, I109T and the trunc 

wt show signs of slower activity at 180 minutes.      

 

Someaya et al., 2005 have performed studies on a Chiba strain of norovirus and suggested the 

optimal pH, substrate, temperature and cation concentration for the proteolytic activity of the 3C-

like protease. These optimal conditions do not have to be the same for NS6 and since the results 

were not as expected, screening should be performed to obtain information about which 

conditions are optimal for the proteolytic activictity of NS6.  
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5. Conclusion 

It is possible to obtain protein crystals with the full-length MNV NS6 C139A and it is also 

known that these crystals can be reproduced. The structure was determined at 1.66 Å and a 

peptide that is seven residues in length is in the active site. The peptide originates from the C-

terminus of a nearby chain in another asymmetric unit. The whole structure is determined except 

for a loop in region 124-130. The loop has been shown to be disordered in other structures as 

well. 

 

The NS6 protease is for some reason sensitive to heat (95 °C) and this was previously unknown 

about the protease. If the protein was heated for a couple of minutes it somehow started to 

aggregate. When heated samples were analysed using SDS-PAGE, high molecular 

contaminations were seen on the gel. However when the proteins were not heated, the results on 

the gels appeared to be closer to the expected. It is a normal procedure to heat protein samples 

before loading them on to a polyacrylamide gel. 

 

Further studies have to be done to obtain more information about the β-ribbon. It has been shown 

that residues in β-ribbon are important for the activity in FMDV. It appears that the three 

mutations in 109 have less activity in NS6 but it is hard to say how much less. The three different 

mutations seemed to have the same low level of activity and this was unexpected. There was a 

huge difference in activity between the mutations in the similar position in 3C in FMDV. 

However, to be certain that the contaminations did not affect the assay, more pure protein should 

be used.   
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6. Future work 

There are numerous further studies that can be done on MNV and the NS6. 

 

One study that could be of interest would be to attempt to co-crystallise the protease with 

different peptides and inhibitor to see how the protease interacts with the different peptides. With 

co-crystallisation it may be possible to see if the protease changes conformation when it binds 

different peptides or inhibitors. The current structure has a peptide which is the C-terminus from 

a chain in another unit cell. It would also be interesting to see if it is possible to crystallise NS6 

(1-183) without its own peptide or crystallise the truncated NS6. Will the truncated protein 

crystallise in the same conditions? Will there be any differences in the structure? 

 

 

Screening should be performed to obtain information about which are the optimal conditions for 

the proteolytic activity of NS6. In order to confirm that the contaminations are not interfering 

with the assay, it would be useful to repeat the activity test with proteins that are made from 

scratch and which have fewer contaminations. It would also be interesting to perform the activity 

test with other mutations in position 109 and also to see if there are any other sequences in the 

protease that are important for the activity. It could be useful to perform the activity test using 

different concentrations of the protease for the purpose of seeing how the reaction and activity 

changes as a result of the concentration used. It would also be good to purify the proteins with an 

absence of PMSF to make sure that the proteases are fully active. Another substrate could also be 

used to do the activity assay. 

 

Further thermal studies would also be of interest to see the temperatures at which the protein 

starts to aggregate. 
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Appendices 

Appendix A: Mechanism for Chymotrypsin-like protease 

 

 

Figure 24. A catalytic triad is shown here. The cysteine acts as nucleophile and the histidine acts as a water – 

mediated base. The residues in the catalytic triad of NS6 are His 30, Cys 139 and Asp 54. (The peptide is not 

the peptide NS6 cleave.) (Daniels et al., 2004) 
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Appendix B: Expression vector, pETM11 

 

 

Figure 25. The expression vector, pETM11, is shown using PlasMapper. The T7 promoter is shown in clear 

green and the lac operator which is just next to the T7 promoter, is also shown in green. The Open reading 

frame is shown in pink followed by the T7 terminator. HindIII and BamHI were the restrictions enzymes 

used to cut open the expression vector, pETM11, so that the insert could be ligated into the vector. The 

kanamycin gene is used as a selectable marker. (The pETM11 that was used with the NS6-NS7 (1-693) 

construct has an EcoRI restriction site in proximity to the HindIII restriction site.  
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Appendix C: Primers 

 

PCR Primers 

 

Table 3. The primers to obtain the NS6 1-183, 1-174 and NS6-NS7 (1-693) constructs 

Primer Sequence Restriction  

site  

NS6_F 5' CATCATGGATCCGCCCCAGTCTCCATCTGG 3' + BamHI 

NS6_Full_R 5' CATCATAAGCTTACTGGAACTCCAGAGCCTC 3' + HindIII 

NS6_Trunc_R 5' CATCATAAGCTTATTCTCCGTGAGTGGCGGC 3' + HindIII 

NS7_R 5' CATCATGAATTCTCACTCATCCTCATTCACAAAGA 3' + EcoRI 

The restriction site is highlighted in bold. ―+‖ indicates that a restriction site has been introduced. 

 

 

Mutagenic primers 

 

Table 4. The primers that were used to introduce the mutations 

Primer Sequence Restriction 

site 

NS6_C139A_F 5' CTCGGGACCATCCCAGGCGACGCAGGCTGTCCCTATGTTTATAAG 3' - SmaI 

NS6_C139A_R 5' CTTATAAACATAGGGACAGCCTGCGTCGCCTGGGATGGTCCCGAG 3' - SmaI 

NS6_I109A_F 5' GTTCACAGGCCGCCATCAAGGCAGGTAGTGCCGTTGTGCATG 3'  

NS6_I109A_R 5' CATGCACAACGGCACTACCTGCCTTGATGGCGGCCTGTGAAC 3'  

NS6_I109S_F 5' CACAGGCCGCCATCAAGTCTGGTAGTGCCGTTGTG 3'  

NS6_I109S_R 5' CACAACGGCACTACCAGACTTGATGGCGGCCTGTG 3'  

NS6_I109T_F 5' CACAGGCCGCCATCAAGACAGGTAGTGCCGTTGTGCATG 3'  

NS6_I109T_R 5' CATGCACAACGGCACTACCTGTCTTGATGGCGGCCTGTG 3'  

The restriction site is highlighted in bold. ―-‖ indicates that a restriction site has been removed and the underlined 

sections show where the mutation is introduced. All primers are from Invitrogen. 
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Appendix D: Protocols 

Agarose gel 

The agarose gel electrophoresis was used to analyse and visualize PCR products. 1 % agarose 

gel, 0.3 g agarose (Melford) was dissolved into 30 ml of 1x TAE buffer. The solution was heated 

in a microwave oven for about 80 seconds until the agarose powder was fully dissolved. 3.0 µl of 

SYBR 10 000x, GelGreen Nucleic Acid stain or GelRed 10 000x (Biotium) was added after the 

dissolving of agarose. Before the samples were loaded on to the gel, Gel loading dye Blue (6x) 

(New England Biolabs) was mixed with the sample. This was done so that the samples could be 

tracked and visualized once the gel had been run. 6 µl of the dyed sample was loaded on to the 

gel together with 6 µl of 100 bp ladder and/or 6 µl of 1 kb ladder (New England BioLabs). The 

ladders, with known fragment sizes were put into wells next to the samples to help with the 

interpretation in the UV light. The samples were run at 90 V for 40 minutes.  

 

50x TAE buffer (1000 ml): 242 g Tris-HCl and 37.2 g Na2EDTA in 900 ml of Milli-Q water. 

57.1 ml of glacial acetic acid was added and the volume was adjusted to 1000 ml with Milli-Q 

water. 

 

SDS-PAGE 

Before 5-10 µl of the sample was loaded on to the gel, some SDS loading buffer was put into the 

well to denature the structure. An aliquot of 10-250 kDa protein ladder (New England BioLabs) 

was put beside the samples on every gel. The gel was run for 45 minutes at 230 V and stained 

according to the manufacturer’s protocols. 

 

Separating gel 15 %      Stacking gel 4 % 

Milli-Q water    3.6 ml    Milli-Q water           3.2 ml 

1.5 M Tris-HCl pH8.8     2.5 ml    0.5 M Tris-HCl pH 6.8     1.25 ml   

10 % SDS stock   100 µl              10 % SDS stock           50 µl 

40 % Acrylamide/Bis           3.75 ml              40 % Acrylamide/Bis         0.5 ml 

10 % APS     50 µl              10 % APS           25 µl 

TEMED     15 µl    TEMED           10 µl  
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The 12 % separating gel contains 4.35 ml Milli-Q water and 3.0 ml of 40 % Acrylamide/Bis 

(Biorad Laboratories). The rest of the components were the same volumes. The percentage of the 

separating gel was chosen based on the molecular weight of the proteins that were run on the gel. 

 

SDS loading buffer 2x (50 ml): 10 ml glyrecol, 2.5 ml β-mercapthoethanol, 10 ml 10 % SDS, 

20 mg bromophenol blue, 12.5 ml 4x stacking buffer pH 6.8. All the components were mixed 

and the volume was increased to 50 ml with Milli-Q water. Aliquots of 1.5 ml were put into the 

freezer. 

 

Staining solutions: The gels were stained with Instant blue (Expedeon) or Page blue (Generon), 

following the instructions. 

 

5x Running buffer: 72 g glycine, 5 g SDS, 15.5 g Tris. Everything was mixed and the volume 

was increased to 1000 ml using Milli-Q water. 

 

Transformation into XL1-blue cells/BL21-cells 

Competent cells were thawed on ice for 10-15 minutes. 50 µl of the thawed cells were then 

mixed with 0.5-1.0 µl of plasmid DNA in a pre-chilled 15 ml Falcon tube and put on ice for 30 

minutes. The reaction mixture was then heat-shocked for 45 seconds in a water bath at 42 °C and 

put back on ice for an additional 10 minutes. 450 µl LB-broth was then added to the falcon tube 

and the mixture was incubated at 37 °C for 1 hour with shaking (220 RPM).  After incubation, 

the tubes, with reaction mixture, were centrifuged for 10 minutes at 5020 × g.  350 µl of the 

supernatant was discarded and the rest was resuspended and spread out on LB-agar plates and 

incubated overnight at 37 °C. The LB-agar plates had the correct antibiotics on them for the 

selection of transformants. 

 

Ligation products or the mutagenic PCR products transformed into BL21-cells. 10 µl of DNA 

was mixed with 90 µl of BL21-cells. After the heat-shock, 900 µl of LB-broth was added. 

       


