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Abstract 
 

Hydrogen is an energy carrier that does not pollute when combusted, and is therefore ideal in 

a green economy. However, current production of hydrogen is catalyzed by expensive and 

noble metals, and a cheaper and non-polluting production method is desirable. Hydrogenase 

is an enzyme that catalyzes the reversible formation of hydrogen by reduction of protons: 

 

2H+ + 2e- = H2 

 

Hydrogenase can therefore potentially be used as a catalyst in the production of hydrogen, 

replacing the noble metals currently used. 

 

In this master thesis, I describe progress in producing hydrogen using a recombinant algal 

hydrogenase as a catalyst. This work is part of a larger research project aiming to produce 

hydrogen fuel in a solar cell by splitting water, using the hydrogenase as a bio-catalyst. 

Several methods were used in the master project, including anaerobic protein expression in E. 

coli, protein purification, mutagenesis and gas chromatography. Active hydrogenase enzyme 

was successfully produced. The hydrogenase activity was verified by gas chromatography. 

The enzyme was attached to several surfaces, in particular carbon nanotubes. In addition, 

attempts were made to produce oxygen-resistant mutants. These advances fulfill several of 

the subgoals of the project, in addition to bringing closer the realization of the combined solar 

and hydrogen producing cell. 
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1 Introduction 
 

1.1 Hydrogen and fuel cells 
 

The world is in need of a plentiful supply of energy, and a reliable delivery system for this 

energy. At present, fossil fuels supply roughly 80 % of the world’s energy needs (Shafiee & 

Topal 2008). When burned, hydrocarbons pollute both locally and globally, and these 

resources will eventually run out. Wind, solar, hydroelectric and geothermal energy and other 

green energy sources can replace energy derived from fossil fuels. However, when the 

electrical energy from renewable sources is not being used, the energy must be transferred to 

an energy carrier (Crabtree et al. 2004). Hydrogen, the simplest close-shell molecule, is a 

potentially ideal energy carrier. It is the most abundant element in the Universe (De Lacey & 

Fernandez 2007). Hydrogen is nonpolluting. In a fuel cell, hydrogen reacts with oxygen, 

yielding only water as a waste product (Lubitz & Tumas 2007) (see fig. 1.1). 

 

 
Fig. 1.1: Fuel cell. H2 enters the fuel cell and is split into protons and electrons at the anode. 

The electrons enter the circuit and provide electrical energy. At the cathode, protons, 

electrons and oxygen combine to form water, which then leaves the cell. Figure adapted from 

(Crabtree et al. 2004). 
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The reactions in the fuel cell are as follows: first (1), the splitting of molecular hydrogen into 

protons and electrons, followed by (2), the combination of protons, electrons and molecular 

oxygen into water. 

 

 (1) H2 = 2H+ + 2e- 

 (2) 2H+ + 2e- + 1/2O2 = H2O 

 

The major challenges with hydrogen as an energy carrier are producing hydrogen in a low-

carbon-intensive, low-polluting and energy-efficient way. Purification and delivery of 

hydrogen must be effective, as well as transport and combustion in fuel cells (Lubitz & 

Tumas 2007). 

 

1.2 Production of hydrogen  
 

Hydrogen (H2) can be produced in a number of ways. Most of the hydrogen produced today 

comes from fuel processing, which converts hydrocarbons into a gas containing hydrogen 

and carbon waste products. Hydrocarbon fuel processing requires catalysts such as the noble 

metals platinum, ruthenium or rhodium, which are rare and expensive (Holloday et al. 2009).  

Fuel processing also leads to the emission of greenhouse gases (Kalamaras & Efstathiou 

2013). Biomass is a potentially rich source of hydrogen, which can be derived by gasification 

and application of fuel processing methods. Hydrogen can also be derived from biomass by 

microbial fermentation (Kapdan & Kargi 2006). Water is a source of hydrogen. By running a 

current between two electrodes, water can be split into hydrogen and oxygen. At present, this 

electrolytic method is more expensive than hydrocarbon fuel processing (Holloday et al. 

2009), and only 3.9 % of the total hydrogen produced globally comes from the electrolysis of 

water (Kalamaras & Efstathiou 2013). A similar method is that of photolytic water splitting, 

using solar power instead of electrical energy to split water. Researchers are currently 

investigating the possibility of combining photolytic water splitting with hydrogen-evolving 

organisms for hydrogen production, which could be more energy-efficient than electrolysis or 

steam reforming (Holloday et al. 2009). This master project forms part of such an 

investigation.  
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1.3 Research project: PH2BioCat 
 

PH2BioCat is a multidisciplinary project involving the University of Oslo, SINTEF, and Oslo 

University Hospital. The goal is to construct a bio-hybrid photoelectrochemical (PEC) cell 

using modified hydrogenase enzymes as catalysts for hydrogen production, powered by solar 

radiation. Combining the photoanode with the hydrogen-evolving cathode, as well as using 

hydrogenase instead of noble metals, could yield a more efficient and less costly assembly. 

With this set-up, hydrogen can be produced locally using only solar power, wherever such a 

device can be installed. In this way, the cell could function as hydrogen fuel outlet. 

 

The cell is projected to work as follows: The nanocomposite photoanode is capable of 

absorbing light in both the UV- and visible part of the solar spectrum. At the porphyrin-

coated anode, water molecules are split, producing oxygen, protons and electrons. The 

protons diffuse through the electrolyte and the electrons travel in the external circuit. They 

meet at the cathode, where the hydrogenase enzyme catalyzes the formation of hydrogen (see 

fig. 1.2). 

 

 
Fig. 1.2: The PH2BioCat photoelectrochemical cell design. Sunlight hits the photoanode 

coated with porphytin and titanium oxide. Water molecules are split. Electrons travel in the 

circuit and protons diffuse in the electrolyte. Nafion membrane is a membrane that allows for 

the selective diffusion of protons. The protons and electrons meet at the cathode, where a 

hydrogenase catalyzes the formation of H2. In the final design, the electrolyte is projected to 

be solid-state, possibly ceramic. Figure from PH2BioCat project description. 
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The PH2BioCat design has the possibility of being greener, cheaper and more effective than 

the traditional platinum-catalyzed method of producing hydrogen. Currently, solar power is 

produced in solar cells and the energy is then transported to hydrogen-producing facilities. In 

the course of this transfer, energy is lost. A combined cell would prevent this energy loss. In 

addition, such a production method eliminates the need for fuel processing from 

hydrocarbons, since water is the hydrogen source in the PEC cell. Oslo University Hospital is 

responsible for the hydrogenase part of the project – producing an active enzyme, facilitating 

attachment to the electrode, and producing mutants that optimize hydrogen production and 

oxygen resistance. For the hydrogen-evolving cathode to be functional, certain criteria must 

be satisfied. The cathode must be electron-conducting, to allow the flow of electrons in the 

circuit to travel through the surface and into the active site of the enzyme. In addition, the 

enzyme must have a certain affinity for the surface, so that the enzyme is close enough to the 

electrode for electrons to enter the active site. 

 

Carbon nanotubes are good surface candidates (see fig. 1.3 for an image of carbon nanotubes). 

They provide a large surface area for hydrogenase attachment, and have good electron-

conducting properties (Alonso-Lomillo et al. 2007). In addition, hydrogenases have been 

shown to spontaneously self-assemble on carbon nanotubes (McDonald et al. 2007). After 

treatment with oxidizing agents, the carbon nanotubes present carboxyl (COO-) groups on the 

surface. The attachment is based on the positively charged side of the hydrogenase 

interacting non-covalently with the negatively charged carboxyl groups. Fig. 1.4 is a sketch 

of how the hydrogen-evolving cathode will function. 

 

 
Fig. 1.3. Scanning electron micrograph of oxidized multi-walled carbon nanotubes (MWNT) 

used for the project. Image from SINTEF, Bente Tilset. 
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Fig 1.4. Projected functioning of the hydrogen-evolving cathode. The protons diffuse through 

the electrolyte. They arrive at the cathode where they are combined with electrons from the 

circuit by the action of the hydrogenase. MWNT = multi-walled carbon nanotubes.  

 

1.4 Hydrogenases 
 

Hydrogenases are enzymes that catalyze the reversible oxidation of H2 to protons and 

electrons. Hydrogenases are found in bacteria, algae and archaea (Stiebritz & Reiher 2012), 

and hydrogenase-like genes are found in higher eukaryotes and humans (Huang et al. 2007). 

Hydrogenases can function in oxidizing H2 to derive energy, or in producing H2 to remove 

excess electrons in the organism. Different hydrogenases have different catalytic biases, some 

favoring hydrogen formation, others favoring hydrogen oxidation (Vignais & Billoud 2007). 

 

There are three classes of hydrogenase based on active site architecture: nickel-iron [NiFe], 

iron only [Fe] and iron-iron [FeFe] (De Lacey & Fernandez 2007) (see fig. 1.5). [NiFe] 

hydrogenases are found in bacteria and archaea. These enzymes mostly favor hydrogen 

oxidation. They consist of a main subunit containing the active site and an accessory subunit 

containing iron-sulfur (Fe-S) subclusters involved in electron transport (Volbeda et al. 1996). 

[Fe] hydrogenases are only found in a group of methanogenic archaea. This hydrogenase 
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cleaves H2, and the resulting hydride ion is transferred to the cofactor 5,10-

methyltetrahydromethanopterin, which provides reducing equivalents for converting carbon 

dioxide to methane (Korbas et al. 2006). [FeFe] hydrogenases show the highest ability to 

produce hydrogen, which makes them interesting for sustainable energy production (Vincent 

et al. 2007). These enzymes are found as monomers in anaerobic prokaryotes, in chloroplasts 

of unicellular algae and in hydrogenosomes of anaerobic protozoa and some fungi (Vignais & 

Billoud 2007). In addition to the active site, these hydrogenases can contain varying numbers 

of Fe-S clusters, which are likely involved in electron transport (Vignais & Colbeau 2004). 

Fig. 1.5 shows the active site structure of the three different classes of hydrogenase, as well 

as their oxygen inactivation susceptibility.  

 

 
Fig. 1.5. This figure illustrates the active site structure and oxygen susceptibility of the 

different classes of hydrogenase. [FeFe], [NiFe] and [Fe] refers to the central metal atoms 

of the respective active sites. Oxygen attacks at the distal (furthest from the cubane) Fe in 

[FeFe]-hydrogenases which produce ROS (like H2O2), which then attack the active site. In 

[NiFe] hydrogenases, oxygen forms an inactivating bridging compound in the active site. Ni-

B and Ni-A refer to different oxidation states of the [NiFe] hydrogenase. [Fe] hydrogenases 

are not affected by oxygen. Image from (Stiebritz & Reiher 2012). 
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1.5 Hydrogenases and oxygen  
 

Most hydrogenases are sensitive to oxygen, likely due to their evolution in anaerobic 

organisms (Stiebritz & Reiher 2012). Hydrogenases have an active site that is vulnerable to 

inactivation or destruction by oxygen. [NiFe] hydrogenases are oxygen-sensitive, but are not 

irreversibly destroyed by oxygen. Rather, they are reversibly inactivated by oxygen species 

binding to the active site (Teixeira et al. 1989). The oxygen species can be removed by 

reduction and protonation followed by water abstraction (Jayapal et al. 2006; Pandelia et al. 

2010). This reversibility and resistance is due to additional cysteine residues coordinating the 

active site. The redox chemistry of the active site allows the reduction of O2 to water (Fritsch 

et al. 2011; Shomura et al. 2011). [Fe] hydrogenases are resistant to oxygen exposure, as the 

active site does not bind O2 (Wang et al. 2008). However, [Fe] hydrogenases do not produce 

hydrogen, but cleave it. 

 

[FeFe] hydrogenases are highly oxygen sensitive, and can be irreversibly destroyed by 

reactive oxygen species (ROS) (see fig. 1.5) (Lambertz et al. 2011). Experiments show that 

oxygen attacks at the distal iron atom in the H cluster, the same place where H2 and protons 

bind (Peters et al. 1998). Oxygen is converted to ROS at the distal iron atom, and these ROS 

then attacks the Fe-S cubane (Bruska et al. 2011). X-ray absorption spectroscopy shows that 

oxygen exposure causes degradation and destruction of the Fe-S cubane (see fig 1.5., [Fe4S4] 

subsite decomposition) (Stripp et al. 2009). A separate inquiry finds that the 2Fe subsite is 

also exposed to oxygen inactivation (see fig 1.5., [2Fe]H subsite decomposition) (Swanson et 

al. 2015). 

 

Gas diffusion and oxygen sensitivity was found to be linked upon observation that two 

conserved hydrophobic residues at the end of a gas channel next to the active site are mutated 

in certain oxygen-tolerant hydrogenases (Montet et al. 1997). The amino acids valine and 

leucine had been mutated to bulkier isoleucine and phenylalanine, restricting oxygen access 

to the active site (Volbeda et al. 2002). However, mutation of residues lining the gas channel 

also restricts hydrogen access to the channel, leading to reduced catalytic activity (Dementin 

et al. 2009). In addition to channel blockage and adapted ligand environment, oxygen 

resistance can be conferred by Fe-S cofactors, such as in the case of the [NiFe] hydrogenase 

EcHyd-1, from Escherichia coli (Jordan et al. 2015). 
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1.6 HydA1 
 

The hydrogenase used for this project is a [FeFe] hydrogenase from the unicellular green alga 

Chlamydomonas reinhardtti (Happe & Kaminski 2002). In the alga, the enzyme is in the 

chloroplast stroma and linked by ferredoxin to the electron transport chain. It functions as an 

electron outlet and allows the alga to survive anaerobic conditions (Vignais & Billoud 2007). 

This hydrogenase is known as CrHydA1 or HydA1, hereafter referred to by the latter name. 

HydA1 is highly hydrogen evolving but also extremely sensitive to oxygen. In addition, 

expression tests of the hydrogenase in bacterial constructs have shown very low yields of 

enzyme (Stripp et al. 2009). HydA1 contains 497 amino acids and has a molecular mass of 49 

kDa. The enzyme has one positively charged side and one negatively charged side. The 

active site is situated in the middle of the enzyme (see fig. 1.6).  

 

 
Fig. 1.6. The charge distribution of HydA1, side and bottom view. This image is an isosurface 

showing the charge distribution of HydA1, not the enzyme itself. Blue denotes positive charge, 

red denotes negative charge. The green spheres represent the active site. From (Winkler et al. 

2013). 

 

The active site of the [FeFe] hydrogenase is called the H cluster (see fig. 1.7). This consists 

of a 4S-4Fe cubane attached to a 2-Fe subsite. This is a complex metal structure that needs 

careful assembly and ligand coordination in order for the catalytic site to be active. Several 

[FeFe] hydrogenases also contain additional Fe-S cubanes that act as an electron transport 

chain. HydA1 only contains the H-cluster and no other metal cofactors (Mulder, Shepard et al. 

2011). 
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Fig. 1.7. The structure of the [FeFe]-hydrogenase active site, the H cluster. The active site is 

attached to the enzyme by four cysteine residues, labelled "Cys" in the figure. CN and CO are 

ligands that interact noncovalently with residues in the active site area. The Fe atoms of the 

2Fe subsite are named in relation to the cubane. The Fe atom closest to the cubane is labeled 

the proximal Fe atom (Fep), and the Fe atom more distant to the cubane is labeled the distal 

Fe atom (Fed). The distal Fe atom is the probable location of hydrogen evolution. Figure 

adapted from (Stiebritz and Reiher 2012). 

 

There are several maturation proteins which coordinate the stepwise assembly of the H-

cluster. Chlamydomonas reinhardtti has its own set of maturation proteins, but these have 

proven difficult to express in bacterial constructs (Nicolet & Fontecilla-Camps 2012). 

Therefore, the construct used for this project uses maturation proteins from Clostridium 

acetobutylicum, which produces a homologous [FeFe] hydrogenase. The three maturation 

proteins HydF, HydE and HydG assemble the active site (Shepard et al. 2010). HydF acts a 

scaffold for the 2Fe subsite. HydE catalyzes the formation of the bridging dithiolate ligand 

using guanine triphosphate (GTP), and HydG donates CN- and CO ligands to the cluster, 

using tyrosine as a substrate (see fig. 1.8). 
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Fig. 1.8. Assembly of the 2Fe subsite. HydF acts as a scaffold for the active site. HydE 

catalyzes the formation of the bridging ligand, and HydG donates CN- and CO- ligands to 

the cluster, which will interact with the enzyme. From (Shepard et al. 2010).  

 

HydF then donates the 2Fe subsite to HydA1, which already contains the 4Fe-4S cubane (see 

fig. 1.9).  

 

 
Fig. 1.9. Transfer of the 2Fe subsite to the enzyme. HydF passes the active site to the 

hydrogenase, which already contains the 4Fe-4S cubane. The enzyme pictured is the 

hydrogenase from Clostridium acetobutylicum - HydA1 lacks the accessory Fe-S clusters 

pictured in the model (the orange and red spheres clustered at the bottom of the enzyme). 

Image from (Shepard et al. 2010). 

 

Finally, the active site is attached to the 4Fe-4S cubane, which is coordinated by four cysteine 

residues. The CN and CO ligands of the H cluster also interact with the protein. HydA1 
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contains several channels through which gases can diffuse. These have been mapped by 

Winkler and colleagues (Winkler et al. 2013). Through the channels, gases such as O2 can 

enter and diffuse into the active site, thus making the residues lining these channels potential 

candidates for mutagenesis (see fig. 1.10). 

 

 
Fig. 1.10. Channels in the [FeFe] hydrogenase. From (Winkler, Esselborn et al. 2013). The 

upper panel shows a section of the enzyme, the lower panel shows an outside view of the 

enzyme. PTP = Proton Transfer Pathway. This is the putative pathway through which 

protons diffuse into the enzyme. Through the A and B channels, oxygen can enter the active 

site and destroy it. The central cavity surrounds the H-cluster. Pathway A is posited to be the 

channel along which H2 travels. Both Pathway A and B allows for diffusion of gases like O2 

in a stepwise fashion, due to transient widening of the channels. Pathway W denotes a 

pathway which was found to be filled with water molecules in the crystal structure. 

 

Because of the oxygen sensitivity of HydA1, the protein must be purified anaerobically to 

produce an active enzyme, by sparging the bacterial culture with an inert gas to replace 

oxygen before induction and adding a reducing agent during purification (Yacoby et al. 2012). 
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The standard technique for assaying hydrogen production is gas chromatography (Jordan et al. 

2015). 

 

1.7 Aims 
 

This thesis investigates the possibility of using an algal hydrogenase as a bio-catalyst in the 

production of hydrogen. Part of the challenge will be to set up functioning protocols for 

successful expression, purification and assay of the enzyme. The mutagenesis of residues in 

the gas channel is a novel aspect of the master thesis, as is the integrated solar/hydrogen 

producing cell design. 

 

The aims of the master thesis can be summarized as follows: 

 

1. Produce and purify HydA1 anaerobically, and establish an assay to test the activity. 

 

2. Produce mutants with oxygen tolerance and increased activity, and test their activity. 

 

3. Attach the hydrogenase on an electron-conducting surface, such as carbon nanotubes. 
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2 Materials and methods 
 

For hardware and reagents, see appendix. 
 

2.1 Plasmid transformation in E. coli  
 

50 µL of electro-competent ER2566 E. coli cells were transformed with 1 µL each of two 

plasmids (concentration 5 ng/µL) obtained from Yacoby and colleagues (Yacoby et al. 2012) 

(see fig. 2.1). 

 

 
Fig. 2.1. Construct used for the project. E. coli (ER2566) with two plasmids co-expressing 

Fd-HydA1 with the maturation proteins HydE, HydF and HydG. One plasmid confers 

resistance to ampicillin, the other confers resistance to streptomycin. The plasmid on the left 

is called FdHydA1-HydE, the other HydFG. 

 

The enzyme is linked at the N-terminal to ferredoxin (Fd) with a Tobacco etch virus (TEV)  

protease cleavage site, and linked at the C-terminal to a Strep tag with a Factor Xa site (see 

fig. 2.2) (Yacoby et al. 2012). The ferredoxin allows for purification on an ion-exchange 

column, and the Strep tag allows for affinity purification on a StrepTactin column. The fusion 

with ferredoxin increases the yield of active protein (Yacoby et al. 2012). 
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Fig. 2.2. FdHydA1-HydE plasmid map. A) shows the Fd-HydA1 protein linked to ferredoxin 

and the Strep tag. B) shows the plasmid map for FdHydA1-HydE. 

 

The cells were transformed by electroporation at 2000 V, 10 pulses, 100 µs pulse length and 

100 ms interval between pulses. 950 µL of super optimal broth with catabolite repression 

(SOC) was added to the cuvette containing the electroporated cells and plasmids. This 

mixture of 1 mL was transferred to an eppendorf tube and incubated for 1 hour at 37 °C. 100 

µL and 200 µL of this mixture were seeded on plates containing ampicillin (0.1 mg/mL) and 

streptomycin (0.1 mg/mL) to select for uptake of both plasmids. 

 

After overnight growth, 5 mL of Lurio-Bertani (LB) medium  containing streptomycin (0.1 

mg/mL) and ampicillin  (0.1 mg/mL) was inoculated with a single colony and cultured 

overnight at 37 °C and shaking at 180 rounds per minute (rpm). A 20 % (V/V) glycerol stock 

was prepared by mixing 4 mL of the culture with 1 mL of 100 % glycerol. 

 

2.2 Protein expression and solubility test 
 

3 colonies from the overnight growth mentioned in the above paragraph were picked and 

seeded in 5 mL LB medium.  The cultures were incubated at 37 °C at 200 rpm until OD600 = 
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0.8. 1 mL of one colony was centrifuged and the pellet stored at - 20 °C. This is the 

uninduced sample. 3 µL IPTG (0.25 M) was added to 3 mL of the remaining culture, which 

was cultured ON at 23 °C. The following day OD600 was measured and a cell culture volume 

equal to 1 mL at OD600 = 0.8 was collected into two eppendorf tubes. The cells were 

centrifuged. One of the samples was taken for an expression test, the other for a solubility test. 

 

2.2.1 Expression test 
The cell pellet was resuspended in 100 µL 1X SDS-PAGE loading buffer. This solution was 

then boiled at 95 °C for 10 min and loaded on NuPage gel (10% 2,2-Bis(hydroxymethyl)-

2,2′,2″-nitrilotriethanol (BT)) along with other samples.  

 

2.2.2 Solubility test 
The cell pellet was resuspended in 1 mL cell lysis buffer (10 mg/mL lysozyme, 10 mM Tris 

and 1 mM ETDA) and incubated for 10 min. This solution was then centrifuged at 13 000 

rpm for 10 min at 4 °C. The supernatant was transferred to a new tube and 50 µL 2X SDS-

PAGE loading buffer was added to it. This sample is the soluble expressed soluble fraction. 

The remaining pellet was resuspended in 100 µL 1X SDS-PAGE loading buffer. This is the 

insoluble fraction. Samples were boiled at 95 °C for 10 min, cooled down to room 

temperature and loaded on a NuPage gel (10% BT). 

 

2.2.3 SDS-PAGE 
Samples were mixed 50/50 (10 µL + 10 µL) with 4x NuPage sample buffer, unless otherwise 

noted. Samples were boiled for 10 minutes at 95 °C and centrifuged, and 10 µL of the sample 

was loaded in a NuPage gel (10/12 % Bis-Tris) with 10/15/20 wells. The running buffer was 

MOPS buffer. The electrophoresis machine was run at 200 V, 360 mA, and 44.0 W, for 50 

minutes. 

 

2.3 Expression of active protein 
 

100 mL of LB medium with ampicillin (0.1 mg/mL) and streptomycin (0.1 mg/mL) was 

inoculated with cells scraped from the frozen glycerol stock of HydA1. This was incubated 

overnight at 37 °C with shaking at 180 rpm. 10 mL of the overnight culture was added per 1 
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L of autoclaved Terrific Broth (Sigma) (48 g per L) with 0.5 % glycerol (v/v) (5 mL 100 % 

glycerol in 1 L culture). This was grown until OD600 reached 0.8. The culture was then 

transferred to 2 L Pyrex bottles (GL45), and the following supplements were added (per L): 

0.5 % glucose (5 g), 25 mM sodium fumarate (4 g), 2.5 mM ferric ammonium citrate (0.657 

g) and 2 mM cysteine (0.242 g). Before induction, oxygen had to be removed from the 

culture by sparging with nitrogen and using water vacuum to remove oxygen. In subsequent 

steps where the protein is exposed to air, the reducing agent sodium dithionite (NaDT) was 

added. The culture was sparged with nitrogen for 2 hours (0.5 bar) (see 3.3 for details). At the 

end of sparging, 2 mL 0.25 M IPTG was added per liter of culture for a final concentration of 

0.5 mM in solution. The bottles were then sealed and set at 20 °C with shaking at 50 rpm 

overnight. For aerobic growth there was no sparging, no addition of extra nutrients and IPTG 

was added directly after OD measurement above 0.8. The bottle was not sealed during 

overnight incubation. 

 

2.4 Protein purification  
 

Buffer A: 100 mM Tris pH 8, 20 mM NaDT. 

Buffer B: 100 mM Tris pH 8, 20 mM NaDT, 0.5 M NaCl. 

Buffer C: 100 mM Tris pH 8, 20 mM NaDT, 1 M NaCl. 

Buffer D: 100 mM Tris pH 8, 20 mM NaDT, 12.5 mM d-desthiobiotin.  

 

For aerobic purification, sodium dithionite was not added to the buffers. 

 

2.4.1 Lysate preparation 
After overnight incubation, 3.48 g sodium dithionite was added per liter of culture for a final 

concentration of 20 mM sodium dithionite. The sodium dithionite was mixed with shaking at 

180 rpm for 1 minute. The culture was transferred to 1 L centrifuge cups and centrifuged at 

5500 rpm for 20 minutes at 4 °C. Pellets were dissolved in 15 mL of buffer A per liter of 

culture. The cell suspension was sonicated five times, with 1 minute on ice in between 

sonications, at amplitude 60, with 3 second pulses for 30 seconds. The sonicated cell 

suspension was centrifuged at 13 000 rpm for 30 minutes at 4 °C, to separate the protein-

containing lysate from the cell debris.  
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2.4.2 Ion-exchange chromatography 
Ion-exchange chromatography was performed on a HiTrap 5 mL DEAE Fast Flow column. 

The column was equilibriated with 5 column volumes of buffer B followed by 5 column 

volumes of buffer A. The lysate was loaded on the superloop and buffer A was pumped 

through the system until the lysate in the superloop was loaded onto the column. A 

flowthrough fraction was collected. The column was then washed with 50 mL of buffer A. 

This was collected in a wash fraction. Finally, the bound protein was eluted from the column 

with roughly 15 mL of buffer B. 

 

2.4.3 TEV cleavage  
Ferredoxin is attached to the protein by a TEV protease cleavage site. Fd was cleaved from 

HydA1 by TEV protease. 0.5-1.5 mg of TEV protease was added to the eluate from the ion-

exchange chromatography and incubated for 1 hour at 37 °C.  

 

Test of TEV cutting 

40 µL of Fd-HydA1 (1,5 mg/mL = 60 ug hydrogenase) was added to eppendorf tubes, to 

which was added varying amounts of TEV protease and incubated at 4 °C overnight. The 

following day, 10 µL of each sample loaded on a NuPage gel as described in section 2.2.3. 

 

2.4.4 Affinity chromatography 
Affinity chromatography was performed on a StrepTrap (StrepTactin) 5 mL High 

Performance column. StrepTactin binds to the Strep tag on HydA1. The eluting agent, 

desthiobiotin, has a higher affinity for StrepTactin and replaces HydA1 in the column (see fig. 

2.3). 
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Fig. 2.3. HydA1 binds to StrepTactin via the Strep tag. Desthiobiotin, which has a higher 

affinity for StrepTactin than the Strep tag, replaces HydA1.  

 

The column was equilibrated with 5 column volumes of buffer C. The eluate from the ion-

exchange chromatography was loaded on the superloop and a flowthrough fraction was 

collected with buffer C running. The column was washed with 50 mL of buffer C, and a wash 

fraction was collected. The protein was then eluted with buffer D in 10 1 mL fractions. 

 

The fractions from the purification were loaded on SDS-PAGE for analysis (see 2.3). The 

protocols for expression and purificaton were adapted from (Yacoby et al. 2012) (see fig. 2.4). 

 
Fig. 2.4. Purification of HydA1. Lysis is followed by ion-exchange chromatography (DEAE), 

after which TEV protease cleaves off ferredoxin (Fd). Finally affinity chromatography 

(StrepTactin) yields the purified enzyme.  
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2.5 Protein verification by Western blotting 
 

Fraction samples from the purification process (lysate, ion-exchange purification flowthrough, 

wash and eluate, and StrepTactin purification flowthrough, wash and eluate) were mixed 

50/50 with NuPage loading buffer and heated for 5 minutes at 95 °C. The electrophoresis 

chamber was assembled and filled with tris-glycine running buffer (TGS). The gel was run at 

200 V for 40 minutes. The gel was then transferred to Trans-blot Turbo from top to bottom in 

the following conformation: filter, gel, nitrocellulose membrane and filter. The Turbo 

protocol was run at 2.5 A and 25 V for 3 minutes. The membrane was blocked with 5 % 

milk/PBS-T at 4 °C overnight. The following day, 1 µL of the primary antibody (mouse, anti-

Strep tag) was added to 10 mL of PBS-T containing the membrane and incubated for 1 hour 

at room temperature. The membrane was then washed three times for 20 minutes with PBS-T 

at room temperature. 1 µL of the secondary antibody was added (anti-mouse, conjugated to 

alkaline phosphatase (AP)) to 10 mL of PBS-T containing the membrane and left to incubate 

at room temperature for 1 hour. The membrane was then washed three times for 20 minutes 

with PBS-T at room temperature. Finally, the membrane was incubated in a salt buffer (see 

appendix) for 5 minutes, then covered with 0.5 mL Enhanced Chemifluorescence (ECF) and 

scanned in a BioRad imager. ECF is a fluorescent substrate, that, when cleaved by the 

alkaline phosphatase linked to the secondary antibody, gives off a fluorescent signal. 

 

2.6 Protein yield  
 

2.6.1 Protein concentration measurement 
The protein concentration was determined by Bio-Rad assay. This assay is based on a change 

in a colorant, Coomassie Brilliant Blue, as a response to protein binding. When bound to 

protein, the absorption maximum for the colorant shifts from 465 nm to 595 nm. Absorption 

at 595 nm thus reflects protein concentration. 

 

A Bio-Rad solution was prepared by mixing Protein Assay Dye Reagent Concentrate with 

MQ water in a ratio of 1:4. 1, 2 and 4 µL of the purified enzyme solution was mixed with 1 

mL of the Bio-Rad solution in a cuvette and the absorbance at 595 nm was determined. The 
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protein concentration was determined by calculating the mean of the three measurements. A 

standard curve based on bovine serum albumin (BSA) had already been established.  

 

2.6.2 Concentration of protein 
The protein was concentrated using Amicon Ultra - 15 centrifugal filters made from 

regenerated cellulose, 10 000 NWML. 10 000 NWML means proteins bigger than 10 kDa 

will not go through the filter, but smaller molecules will. The protein was centrifuged at 4400 

rpm at 4 °C until the desired concentration was reached. 

 

2.7 Spectrophotometric hydrogenase activity assay 
 

This assay is based on the hydrogenase producing H2 by combining protons and electrons. 

The electron source is methyl viologen. A solution of methyl viologen is clear when oxidized, 

and purple when reduced, in this case with sodium dithionite (see fig. 2.5. and fig. 2.6). The 

hydrogenase is expected to draw electrons away from the methyl viologen, thus oxidizing it 

and turning the solution less purple. The difference in absorbance between the reaction 

mixture and the control can be quantified in a spectrophotometer.   

 

 
Fig 2.5 Methyl viologen turns purple in reduced solution, and oxygen turns the solution 

clearer by taking up electrons and forming superoxide, O2
-.  
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Fig. 2.6. HydA1 draws electrons away from reduced methyl viologen, thus turning the 

solution less purple. This forms the basis of the spectroscopic activity assay.  

 

4 mM sodium dithionite (0.075 g) and 2 mM methyl viologen (0.052 g) was added to 10 mL 

of 100 mM Tris pH 8. This reaction buffer was degassed by water suction for 3 minutes and 

sparged with nitrogen for 5 minutes. 1 mL of the reaction buffer was added to  ten wells in a 

48 well plate. 50 µg of hydrogenase was added to five wells, and five wells were left with the 

reaction buffer as a negative control. The wells were covered with parafilm and incubated at 

37 °C for 20 minutes, and then assayed in the spectrophotometer at 578 and 605 nm. The 

protocol for the spectroscopic activity assay was adapted from (Meuer et al. 1999). 

 

2.8 Gas chromatography hydrogenase activity assay 
 

Gas chromatography (GC) is a method for detecting gases by separation in a molecular sieve 

followed by detection and quantation. For a small molecule such as H2, a thermal 

conductivity detector (TCD) is used. This detector measures the conductivity of the sample 

gas and compares it with a reference gas, in this case argon. This is then visualized on a 

chromatogram, with different peaks representing different gases. 

 

To form the reaction buffer, 50 mM methyl viologen (0.128 g) and 100 mM sodium 

dithionite (0.174 g) were added to 10 mL 100 mM Tris pH 8 buffer. The reaction buffer was 

gently mixed in a 100 mL Pyrex bottle with a small magnet for 1 minute. 2.5 mL of this 

reaction buffer was pipetted into a 5 mL vial. 0.5 mL of purified HydA1 (1-5 mg/mL) was 

added and a silicone top attached to the top of the vial. The vial was then incubated at 37 °C 



	 22	

for 30 minutes to 4 hours. A syringe connected to a micro-GC was pushed through the 

silicone top stoppering the vial and H2 was assayed at different time points. 

 

Sparging of reaction vial  

The 5 mL vial was filled with 2.5 mL reaction buffer and fitted with a silicone cap. A needle 

was threaded through the cap and into the reaction buffer and connected to an argon channel. 

A second needle was threaded through the cap and used as an outlet. Argon was bubbled 

through the reaction buffer for 20 minutes. The purified hydrogenase (0.5 mL) was then 

injected through the cap with a 5 mL syringe, and the assay conducted as described above.  

 

2.9 Protein size distribution, attachment and storage 
 

2.9.1 Dynamic light scattering 
The size distribution of the hydrogenase enzyme in solution was investigated using dynamic 

light scattering (DLS). A laser is shined at the target sample and the resulting light scattering 

from the sample gives a measure of the particle size, as well as possible aggregation of the 

protein in the solution. The protein was tested in elution buffer D (see section 2.4). 

 

2.9.2 Protein immobilization on carbon nanotubes 
The affinity of the hydrogenase for the cathode surface was assayed as described below and 

shown in fig. 2.7. The enzyme solution was diluted to give the following three 

concentrations: 10 ng/µL, 100 ng/µL and 1000 ng/µL. 3 µL drops of these concentrations 

were placed on the surface surface and left to dry. The surfaces were then incubated with 5 

mL of PBS-T with the primary antibody (mouse anti-Strep tag) for 1 hour. The primary 

antibody had been diluted in PBS-T, 1 µL in 10 mL. This was followed by three 20 minute 

washes with 5 mL PBS-T, and then incubation for 1 hour with the secondary antibody (anti-

mouse), which is conjugated to alkaline phosphatase (AP). The secondary antibody was 

diluted in the same way as the primary antibody. After another three 20 minute washes with 5 

mL PBS-T, the surfaces were incubated in 5 mL of salt buffer (see appendix) before addition 

of ECF substrate and imaging. PVDF was used as a positive control. The samples were 

carbon nanotubes prepared by SINTEF (details in section 3.9.2). 
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Fig. 2.7. Setup for attachment assay. Protein (blue) is immobilized on a surface. The primary 

antibody (green) binds to the enzyme's Strep tag. The secondary antibody (red) binds to the 

primary antibody. Alkaline phosphatase (AP) is coupled to the secondary antibody. AP 

cleaves the ECF substrate to produce a fluorescent signal. The intensity of the signal 

indicates the affinity of the protein for the surface. 

 

2.9.3 Storage 
 

A test was performed to assay the stability over time of sodium dithionite in solution. Some 

grains of methyl viologen were placed in a dish and drops from a buffer containing 20 mM 

sodium dithionite and 100 mM Tris pH 8 were placed on the methyl viologen grains. A new-

made buffer colors the methyl viologen purple. This test was performed after daily for seven 

days to see how long the buffer solution retained its ability to color methyl viologen purple. 

This ability reflects the buffer's reductive potential. 

 

2.10 Protein engineering 
 

2.10.1  Site-directed mutagenesis 
Quikchange mutagenesis is a method for mutating a segment of DNA by using PCR 

(Polymerase chain reaction). Mutated primers are mixed with the template plasmid and a 

PCR program is run. A mutated plasmid is produced and the template plasmid is cleaved and 

by addition of DpnI, which recognizes methylated (older) DNA. The primers were designed 

and ordered from Eurofins Genomics. The primers were diluted to 3.5 pmol/µL and added to 
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the PCR master mix, after which the PCR cycle was initiated. The PCR master mix consisted 

of the following reagents: 

 

2.5 µL 10x Pfu buffer 

4 µL dNTPs (10 mM) 

1 µL template (HydA1 plasmid, 90 ng/µL) 

0.5 µL MgSO4 (1 M)  

1 µL DMSO 

1 µL Pfu polymerase 

5 µL MQ water  

5 µL forward primer 

5 µL reverse primer  

 

25 µL of this mix was added to several PCR tubes and and the polymerase chain reaction was 

initiated. The PCR machine was set to run the following program: 

 

 1. 105 °C (preheat lid) 

 2. 94 °C, 5 minutes (initial denaturation) 

 3. 95 °C, 2 minutes 

 4. Cycle (repeated 20 times):  

   .1 95 °C 30 seconds 

  4.2 55 °C 30 seconds 

  4.3 68 °C, 10 minutes 

 5. 69 °C, 2 minutes 

 

After PCR, 1 µL DpnI was added to each reaction and incubated for 2 hours at 37 °C. 2 µL of 

the PCR product was added to 50 µL of electrocompetent ER2566 cells. The mixture was 

incubated for 30 minutes on ice, and then transferred to a metal cuvette. The cells were 

transformed by electroporation at 2000 V, 10 pulses, 100 µs length of pulse and 100 ms 

interval between pulses. After the transformation, 950 µL of SOC medium was added to each 

cuvette and the mixtures transferred to an eppendorf tube. The tubes were incubated for 1 

hour at 37 °C, 200 rpm. 200 and 400 µL of these mixtures were plated on ampicillin-coated 
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plates and incubated at 37°C overnight. 5 mL cultures with ampicillin were inoculated with 

colonies from the overnight plates and left at 37 °C with 180 rpm shaking overnight. 

 

2.10.2  Miniprep for DNA plasmid extraction 
To extract plasmid DNA from the transformed cells, we used a miniprep kit from Macherey-

Nagel, Plasmid DNA purification Nucleospin Plasmid (NoLid) (November 2012 / Rev. 08, 

section 5). 5 mL of saturated bacterial culture was centrifuged at 11 000 rpm for 30 seconds. 

The pellets were dissolved in lysis buffers and mixed. The lysate was then centrifuged at 11 

000 for 5 minutes and the supernatant transferred to a collection tube with a membrane and 

centrifuged for 1 minute at 11 000 rpm. The membrane was washed with a wash buffer, and 

the tube was centrifuged at 11 000 rpm for 1 minute. The membrane was dried by 

centrifuging at 11 000 rpm for 2 minutes. The DNA was eluted by adding 50 µL elution 

buffer to the membrane, incubating for 1 minute at room temperature, and finally 

centrifuging at 11 000 rpm for 1 minute. 

 

2.10.3  Sequencing 
For sequencing we mixed 5 µL of template (concentration 100 ng/µL) with 5 µL of either 

forward or reverse primer (concentration 5 pmol/µL) for a total of 10 µL. We then sent these 

samples to GATC Biotech for sequencing. 

 

2.10.4  Tranformation of plasmids with mutated hydrogenase 
The FdHydA1-HydE plasmids containing the mutations L89F and L245F were ordered from 

Genscript. The mutant plasmids were diluted to 5 ng/µL. 1 µL of each of these was then 

mixed with 1 µL of the helper plasmid HydFG (5 ng/µL) and 50 µL of ER2566 cells. The 

mixture was electroporated at 2000 V with 10 pulses, 100 µs pulse length and a 100 ms 

interval between pulses. After electroporation, 500 µL of SOC medium was added, and the 

tubes incubated for 1 hour at 37 °C and shaking at 180 rpm. 100 µL was then plated on LB 

plates containing ampicillin and streptomycin and incubated at 37 °C overnight. The 

following day, a single colony from the mutant plates was seeded in 5 mL of LB medium 

containing ampicillin and streptomycin and grown overnight at 37 °C and shaking at 180 rpm. 

The next day, glycerol stocks (20 % v/v) were made from these liquid cultures. 
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3 Results & discussion 
 

3.1 Plasmid transformation in E. coli  
 

Uptake of both plasmids was selected for by growing transformed cells on LB plates 

containing ampicillin and streptomycin. Discrete colonies were obtained and one of these was 

selected and inoculated to grow in a liquid culture supplemented with ampicillin and 

streptomycin overnight. Glycerol was added to the culture (20 % v/v) and 1 mL stocks were 

stored at -80°C. 

 

3.2 Protein expression and solubility test 
 

Solubility is a prerequisite of activity and attachment to a surface. To produce a desired 

amount of enzyme, the protein in question must be expressed in the construct of choice. 

Therefore, a test was performed on the expression and solubility of HydA1 (see fig. 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.1 Expression and solubility test of HydA1. BE = before expression. E = expressed. IE = 

insoluble expressed. SE = soluble expressed. Numbers 1-3 refer to colonies mentioned in the 

methods section. Ladder = SeeBlue Plus2 Standard. 
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Figure 3.1 shows that the hydrogenase is highly expressed. However, most of the protein 

expressed is in the insoluble fraction. The IE (2) sample likely contains some cell debris, 

leaving a smear in the gel. The soluble and expressed samples show that part of the expressed 

protein is soluble, indicated by the red arrow. Faint bands can be observed at 50-60 kDa in 

the expressed soluble fractions. Fd-HydA1 has a molecular mass of 59 kDa, HydA1 has a 

molecular mass of 49 kDa, and ferredoxin has a molecular mass of 10 kDa. There are three 

other bands in the expressed fractions, and these are likely the bands for maturation proteins 

coexpressed with HydA1: HydE with a molecular mass of 39 kDa, HydF with a molecular 

mass of 45 kDa, and HydG with a molecular mass of 52 kDa. 

 

3.3 Expression of active protein 
 

Growing the enzyme anaerobically proved to be one of the biggest challenges of the project. 

The articles upon which the protocols are based state that the culture must be sparged before 

inducing expression of the hydrogenase. Sparge means bubbling an inert gas through a liquid, 

in this case a gas such as nitrogen or argon, to displace the oxygen in the solution. However, 

the papers did not specify exactly how to perform this process, so some improvisation was 

required. For the first protocol 2 L Erlenmeyer bottles were used, wrapped in Parafilm. A 

pipette was punched through the Parafilm and attached to a rubber hose, which was attached 

to the nitrogen gas outlet. However, suction was also needed to remove the headspace oxygen 

being displaced by the nitrogen, so a second pipette connected to a water vacuum was added 

through the top. Fig. 3.2 is a sketch of the desired system. 

 

 
Fig. 3.2. Rough sketch of sparging layout. Nitrogen enters the medium through the tube on 

the left and goes into the medium, which is stirred by a magnet. Oxygen leaves the headspace 

on the right due to attached water vacuum. A third cap is used to add IPTG. 



	 28	

 

However, this improvised system was sub-optimal, so a decision was made to buy a bottle 

and tubing system specifically for anaerobic growth of protein. The GL45 system from VWR 

proved a good fit (see fig. 3.3). 

 

 
Fig. 3.3. Sparging system from VWR, GL45. Nitrogen flows from the outlet (to the bottom left 

in the picture) and enters the medium through tubing which goes through the cap. Headspace 

gases, including oxygen, are sucked out by water vacuum through tubing in the headspace 

(right side of picture). Both bottles are placed on magnet stirrers. 

 

Nitrogen gas goes from the outlet to the left (see fig. 3.3), into tubing which goes through the 

bottle cap and down to the bottom of the bottle. A second tube in the headspace of the bottle 

goes through the cap and to the water suction, seen to the right in this picture. Both bottles 

are placed on magnet stirrers, to ensure that the whole culture is evenly sparged. The third 

mini-cap (red) in the bottle cap is used for adding IPTG. 
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3.4 Protein purification  
 

3.4.1 Lysate isolation 
The lysate isolation proceeded as expected. A lysate of 15 mL per L of bacterial culture was 

prepared with buffer A. 

 

3.4.2 Ion-exchange chromatography 
In the ion-exchange chromatogram (see fig. 3.4) two protein peaks are seen (blue line, 280 

nm): 0-60 mL (flowthrough) and 120-130 mL (eluate) (see fig. 3.4). 15 mL eluate from the 

ion-exchange chromatography was obtained. The solution was red/brown in color. This color 

is due to the ferredoxin attached to HydA1. 

 

 

Fig. 3.4. Chromatogram from an aerobic ion-exchange purification. The blue line, which 

represents UV-absorption at 280 nm, corresponds to protein concentration. The turquoise 

line is the salt concentration. The yellow line represents the concentration of the elution 

buffer as registered by computer. A, B, C and D mark time points in the purification process. 

 

In figure 3.4, A-B marks the stage before the protein is loaded on the column. B-C marks the 

stage where protein is loaded on the column and flowthrough is collected. The UV-reading is 

high at this stage. C-D marks the stage where the loaded protein is washed with the binding 

buffer, and a wash fraction is collected. D marks the point where the eluting buffer (buffer B) 
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is pumped onto the column, eluting the protein. This corresponds to a peak in the lines 

representing protein level (blue) and salt concentration (turquoise). 

 

3.4.3 TEV cleavage 
A test with TEV protease was performed, adding 60 µg of HydA1 to several eppendorf tubes 

and mixing with varying concentrations of TEV protease (see fig. 3.5). This was performed 

in order to see how much enzyme would be needed for a complete cleavage of Fd-HydA1. 

 

 
Fig. 3.5. Test of TEV enzyme. Fd-HydA1 is cleaved into Fd and HydA1. Ladder = SeeBlue 

Plus2 Standard. 

 

In fig. 3.5, the molecular masses of Fd-HydA1, HydA1 and Fd are all shown as expected. Fd-

HydA1 is 59 kDa, HydA1 is 49 kDa and Fd is 10 kDa. The figure also shows that 9 µg TEV 

protease cuts 60 µg Fd-HydA1 completely. A further increase in TEV protease concentration 

does not increase cleavage efficiency. This means that 0.15 mg TEV protease cuts 

approximately 1 mg Fd-HydA1, making the proportion TEV:Fd-HydA1 roughly 1:7. This 

information was useful in planning subsequent purifications. (Yacoby et al. 2012) states that 

a TEV:Fd-HydA1 ratio of 1:7.5 was sufficient for complete digestion, which corresponds 

with our findings. After collecting the eluate from the ion-exchange chromatography and 

cleaving off ferredoxin with TEV protease, a second round of purification based on affinity 

was carried out.  
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3.4.4 Affinity chromatography 
The affinity chromatography proceeded as expected, with two curves in the chromatogram 

showing where protein eluted (see fig. 3.6). The first (5-25 mL, see fig. 3.6) is where the ion-

exchange eluate was applied to the column and the second is where the protein of interest 

eluted (60 mL and onwards). 

 
Fig. 3.6. Chromatogram from an anaerobic affinity purification. The blue line, which 

represents UV-absorption at 280 nm, corresponds to protein concentration. Since sodium 

dithionite is added in this anaerobic purification, a continuously high UV-reading is shown. 

The turquoise line is the salt concentration. The yellow line represents the concentration of 

the elution buffer as registered by computer. A, B, C and D mark time points in the 

purification process. 

 

In figure 3.6, A-B marks the stage before the protein is loaded on the column. B-C marks the 

stage where protein is loaded on the column and flowthrough is collected. At this stage, the 

salt concentration (turquoise) goes down, since the protein solution has a lower salt 

concentration than the binding buffer (buffer C), which contains 1 M NaCl. C-D marks the 

stage where the loaded protein is washed with the binding buffer, and a wash fraction is 

collected. D marks the point where the elution buffer (buffer D, containing the eluting agent 

desthiobiotin) is pumped onto the column, eluting the protein. This corresponds to a drop in 

salt concentration, since the elution buffer does not contain NaCl. A NuPage gel was run on 

the fractions from the ion exchange and StrepTactin purification, (see fig. 3.7). 
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Fig. 3.7. Chromatography fractions from anaerobic HydA1 purification (1). FT = 

flowthrough. The other strong bands seen here are likely the bands for maturation proteins 

coexpressed with HydA1: HydE: 39 kDa. HydF: 45 kDa. HydG: 52 kDa. Ladder = Seeblue 

Plus2 Standard. 

 

A gel was run on the fractions (1 mL each) from the StrepTactin elution. This shows that at 

the end of purification the enzyme is quite pure, with the only clear bands those of Fd-HydA1 

and HydA1 (see fig. 3.8). 

 
Fig. 3.8. Chromatography fractions from anaerobic HydA1 purification (2). Most of the 

enzyme elutes in fractions 6 and 7 (corresponding to mL 6 and 7), with a small amount in 

fraction 8. There are two bands in these lanes, Fd-HydA1 and HydA1, since part of the 

enzyme was not cleaved by TEV protease. Ladder = SeeBlue Plus2 Standard. 
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The uncut HydA1 is between the 64 kDa and 51 kDa markers, and the cut HydA1 is below 

the 51 kDa band. This corresponds well with the known values for Fd-HydA1 (59 kDa) and 

HydA1 (49 kDa). 

 

3.5 Protein verification by Western blotting 
 

The enzyme was purified aerobically and a gel was run as well as a western blot with an anti-

Strep tag antibody to confirm the identity of the enzyme (see fig. 3.9 and fig. 3.10). In this 

image the bands appear a little higher than expected, possibly due to the buffer used, which 

was TGS. However, the signal from the western blot left no doubt that the correct enzyme 

was there and the project could move forward with anaerobic experiments. The signal is seen 

in the DEAE and StrepTactin eluate fractions and not in the other chromatography fractions, 

as expected. There seems to be some signal from higher in the gel which could be due to 

multimerization.  

 
Fig. 3.9 Chromatography fractions from aerobic HydA1 purification. The bands seen in the 

DEAE eluate fraction are likely the bands for maturation proteins coexpressed with HydA1; 

HydE with a molecular mass of 39 kDa. HydF with a molecular mass of 45 kDa and HydG 

with a molecular mass of 52 kDa. The two last lanes are loaded with eluate samples are from 

the StrepTactin purification, uncleaved (top, 59 kDa) and cleaved by TEV protease (bottom, 

49 kDa). Ladder = SeeBlue Plus2 Standard. 
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Fig 3.10 Western blot corresponding to fig. 3.10. This assay confirms the identity of the 

protein, as the first antibody has an affinity for the Strep tag linked to the protein. This 

corresponds to fig. 3.9. As expected, there is HydA1 in the DEAE (ion-exchange) eluate and 

in the StrepTactin eluate, and not in the other lanes. Ladder = SeeBlue Plus2 Standard. 

 

Fig. 3.9 shows that HydG is very strongly expressed, not just in the DEAE eluate fraction, 

but also in the flowthrough and wash fractions. HydF might be obscured by the thick band 

caused by HydG. The one clear band around the 36 kDa marker is probably HydE. Although 

HydA1 is clearly expressed, as shown in fig. 3.10, HydG has a much stronger expression. 

 

3.6 Protein yield 
 

Yacoby and colleagues report yields of up to 5 mg of purified protein per L of bacterial 

culture (Yacoby et al. 2012). Yields of this magnitude were not obtained in this project. For 

aerobic purification, yields of around 1 mg/L were obtained. For anaerobic purification, 

yields of 0.6-0.9 mg/L were seen. For the anaerobic purification, only 1 L of bacterial culture 

was used in one bottle to eliminate sources of error. Previously, an attempt had been made to 

sparge several bottles in parallel, which could lead to uneven removal of oxygen. As a 

consequence of this small batch volume, only small quantities of enzyme were isolated. The 

protocol from (Yacoby et al. 2012) is already optimized for protein yield. However, there are 



	35	

certain variables, especially sparging time and method, that could improve (1) protein yield 

and (2) protein activity. These variables should be further investigated as the project 

continues. 

 

3.7 Spectrophotometric hydrogenase activity assay 
 

The first hydrogenase assay was spectrophotometric (Meuer et al. 1999). As mentioned in 

section 2.7, this assay is based on color change due to the oxidation states of methyl viologen 

(see fig. 3.11).  

 

 
Fig. 3.11. Methyl viologen turns purple in a reduced solution (see also fig. 2.5). 

 

One positive result was obtained from this assay. The positive spectrophotometric assay 

indirectly indicates activity by measuring absorbance at 578 nm. The reaction solutions were 

seen going from black to purple to blue, presumably partly due to the influence of HydA1 

(see fig. 3.12-3.14).  

 

 

Fig. 3.12. Readout from spectrophotometer at 578 nm after 30 minutes of incubation. 

OVERFLW means the signal is too strong. Wells A1-5 are control wells (no enzyme), wells 

B1-5 are sample wells, to which have been added 50 µg HydA1. 



	 36	

 

 

 

 

 

 

 

 

 

Fig. 3.13. Picture of wells used for spectrophotometric assay after 50 minutes of incubation. 

This picture corresponds to fig. 3.15. Row A is clearly darker than row B, indicating that the 

methyl viologen is more oxidized. Wells A1-5 are control wells (no enzyme), wells B1-5 are 

sample wells, to which have been added 50 µg HydA1. 

 

 

Fig. 3.14. Readout from spectrophotometer at 578 nm after 50 minutes of incubation. The 

wells are readable by spectrophotometer, but there is much variation among the parallels. 

Wells A1-5 are control wells (no enzyme), wells B1-5 are sample wells, to which have been 

added 50 µg HydA1. This spectrophotometric reading corresponds to fig. 3.13. 

 

However, subsequent assays of other batches of enzyme were inconclusive, and demonstrated 

the instability of reduced methyl viologen when exposed to oxygen in solution. A solution to 

this could have been to saturate the solution with the reducing agent sodium dithionite, but 

then the solution would have been too dark to read in the spectrophotometer. Therefore, the 

seemingly positive results obtained at first were not reproduced. The spectrophotometric 

method is cheap, easy and quick, but ultimately unreliable and can only provide a rough 
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estimate of the quantity of active enzyme. For these reasons the possibility of measuring 

hydrogen production by gas chromatography was investigated. 

 

3.8 Gas chromatography hydrogenase activity assay 
 

The first hydrogenase test using micro GC yielded positive results. The initial test after 30 

minutes was negative, and the hydrogenase sample was left to incubate in the reaction buffer 

for several hours. Tests at later time points detected some hydrogen in the headspace of the 

vial (see fig. 3.15-3.17). The assay was performed with 0.3 mg of HydA1. 

 

 
Fig. 3.15. Gas chromatograph. Zoom (0). The leftmost peak is background signal. The 

hydrogen and helium peaks lie close to each other and are not visible at this magnification. 

To the right of these are the peaks for oxygen and nitrogen, and a marked area for methane 

(no methane in the sample). The green line is a sample taken after three and a half hours. 

The blue line is a sample taken shortly after this. For this and other gas chromatograms, the 

x-axis is time in minutes, and the y-axis is signal strength in µV. 
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Fig. 3.16. Zoom (1). A small peak in the hydrogen area can be discerned. 

 

 
Fig. 3.17. Zoom (2). The chromatogram shows that a small amount of hydrogen has been 

produced, demonstrating that the protocol used can produce active enzyme. 

 

In this round of purification, the bacterial culture had been sparged for two hours, not one 

hour as in the protocol of (Yacoby et al. 2012). Going forward with the project, care should 

be taken to identify the necessary and optimum sparging time. For this assay, the reaction 

buffer and the enzyme preparation were left in a vial that contained oxygen in the headspace. 

This oxygen could react with evolved hydrogen to form water vapor, thus reducing the 

amount of hydrogen detected by GC. Therefore, it was desirable to eliminate oxygen from 

the headspace to get a better reading and remove a potential source of error. 
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Sparging of reaction vial 

The sparging of the vial was successful in removing oxygen and nitrogen from the headspace, 

but no hydrogen was detected in the same assay, possibly due to low yield of hydrogenase 

(0.10 mg was isolated) (see fig. 3.18-3.20).  

 

 
Fig. 3.18. Zoom 1.1. No peak for hydrogen and reduced peaks for oxygen or nitrogen in the 

chromatogram. Compare with fig. 3.16. Samples were taken after 20 minutes, 40 minutes, 1, 

2 and 4 hours, corresponding to lines colored dark green, turquoise, brown, light green and 

blue. 

 

 
Fig. 3.19. Zoom (1). Magnified part of chromatogram showing the oxygen area. The oxygen 

and nitrogen peaks are much reduced with sparging (600 µV), compare with fig. 3.16 and fig. 

3.17 (more than 4500 µV for oxygen). 
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The signal for oxygen is low, as well as the signal for nitrogen. This shows that the sparging 

of the reaction vial has been successful in displacing air from the headspace of the vial. This 

is an advancement on the earlier protocol, since less nitrogen and oxygen can react with 

evolved hydrogen and produce an artificially low hydrogen signal in the gas chromatograph.  

 

 
Fig. 3.20. Zoom (2). No hydrogen was detected in this assay of wild-type enzyme. 

 

0.1 mg is a small amount of enzyme, but should be able to produce some hydrogen, given 

that a positive signal was obtained with only 0.3 mg, and without sparging. The different 

outcomes are likely due to variations in the sparging process, which is the part of the 

purification that seems the most variable. It is possible that the solution should be sparged for 

longer than two hours, and that such a modification of the protocol will yield a better and 

more consistent outcome. 

 

3.9 Protein size distribution, attachment and storage 
 

3.9.1 Dynamic light scattering 
A DLS assay was performed (see fig. 3.21) to investigate protein distribution and aggregation. 

If the enzyme tends to cluster and aggregate, this could interfere with enzyme activity. 

Ideally, the enzyme should be monodispersed. The DLS plot shows that almost all of the 

hydrogenase particles are monodispersed, with a small fraction aggregated in polymers. The 

average size of the hydrogenase particles is roughly 11.7 nanometers. Monodispersed 
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particles attach to substrates more readily than aggregates, and for this reason, the results 

from the DLS assay are promising. 

 

 

Fig. 3.21. Dynamic Light Scattering report sheet. This sheet contains information on size and 

distribution of the enzyme. 

 

3.9.2 Protein immobilization on carbon nanotubes 
One of the aims (see section 1.7) of this project was to attach HydA1 to a surface, preferably 

carbon nanotubes. To assess the affinity of the enzyme for the surface, a positive control was 

needed for comparison, in order to establish a relative measure of strong and weak 

attachment. PVDF (polyvinylidene fluoride) membrane was used as a positive control, as it is 

known that proteins in general have a high affinity for this membrane. After treatment with 

methanol, PVDF becomes hydrophilic, and proteins attach due to hydrophilic interactions 

(see fig. 3.22).  
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Fig. 3.22. Control sample (PVDF) and untreated nanotube sample with drops of HydA1.  

 

The control experiment shown in fig. 3.22 demonstrate that HydA1 has the general ability to 

attach to a PVDF surface. However, the first experiments with carbon nanotubes showed no 

Western blot signal and therefore no attachment (see nanotube 1 in fig. 3.22). Therefore, in 

the following experiments, nanotubes were treated with methanol and sodium hydroxide 

(NaOH) to facilitate attachment (see fig. 3.23). Methanol and NaOH oxidize the carbon 

nanotubes, forming negatively charged carboxyl groups that can have hydrophilic and ionic 

interactions with the positively charged side of HydA1 (see fig. 1.6). This method showed 

some success. However, when attaching to carbon nanotubes, a significantly higher amount 

of HydA1 (4000 ng) had to be used compared with the PVDF control (20-200 ng).  

 

 
Fig. 3.23. Control sample (PVDF) and nanotube samples treated with methanol and sodium 

hydroxide with drops of HydA1. 
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Treatment with methanol and sodium hydroxide seems to facilitate attachment (compare 

nanotubes 2 and 3 in fig. 3.23 with nanotube 1 in fig. 3.22). However, it must be noted that 

nanotube 1 was treated with 200 ng HydA1, whereas nanotubes 2 and 3 were treated with 20 

times more HydA1 (4000 ng).  

 

A third batch of carbon nanotubes were also tested for attachment, along with a new control 

(for control, see fig. 3.24, for the experimental set-up of the samples, see fig. 3.25, for the 

results, see fig. 3.26). The right half of each sample was incubated in advance for 5 minutes 

with methanol – the left half was left without methanol treatment. Two 3 µL drops of purified 

HydA1 were deposited on each half, one drop with the concentration 100 ng/µL (top), the 

other with the concentration 1000 ng/µL (bottom). 

 
Fig. 3.24. Control sample (PVDF) with three drops of purified enzyme: 10 / 100 / 1000 ng/µL 

(3 µL of each). 

 

 
Fig. 3.25. Experimental set-up for attachment assay (corresponds to fig. 3.26). Only the 

lower half of each surface (where the drops are placed) has been electrodeposited with 

carbon nanotubes. 
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Fig. 3.26. Carbon nanotubes deposited on surfaces 1-4. 1. Carbon nanotubes 

electrodeposited (EPD) from dimethylformamide. 2. Carbon nanotubes electrodeposited from 

water. 3. Carbon nanotubes electrodeposited from propanol. 4. Carbon nanotubes 

electrodeposited from methanol.  

 

These experiments (fig. 3.26) show no attachment. The positive control (PVDF membrane) 

shows that the enzyme used for these experiments is still able to attach to a general protein 

binding surface (see fig. 3.24). The results suggest that the enzyme has a lower affinity for 

carbon nanotubes. The signal in the carbon nanotube samples (black/red areas) (see fig. 3.26) 

is due to surface and optical effects, not due to enzyme attachment. The results from fig. 3.23 

suggest that a longer soaking in methanol or sodium hydroxide can facilitate better 

attachment. The electron-conducting properties of carbon nanotubes are well known, but the 

surface's affinity for the enzyme seems less than optimal.  

 

3.9.3 Storage 
Sodium dithionite (Na2S2O4) is not stable in water and dissociates:  

 

 Na2S2O4 + H2O → 2Na+(aq) + S2O4
2-(aq)  

 

The sulfur compound then reacts with water to form other sulfur compounds: 

 

2 S2O4
2− + H2O → S2O3

2− + 2 HSO3
−  

 

This makes sodium dithionite ill-suited for long term anaerobic storage. After five days, the 

sodium dithionite buffer colored methyl viologen weakly, and after seven days, the buffer did 

not produce a color change in methyl viologen at all. This indicates that sodium dithionite has 

a reductive and protective effect lasting less than seven days. Addition of sodium dithionite to 
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reduce the solution once more produces sodium dithionite crystals, the effect of which on 

HydA1 is unknown. For the next stage of this project, a long term anaerobic storage method 

will need to be implemented to protect HydA1 from oxygen inactivation. (Yacoby et al. 

2012) have frozen the enzyme in anaerobic gas-pak jars and stored it at -80 °C. However, 

after testing enzyme stored in this way, they found the activity reduced by more than half. 

The authors posit that this loss of activity is due to enzyme degradation in storage and 

breakdown of H clusters, leading to the release of CO ligands and the subsequent binding of 

these CO ligands to other active sites, inactivating them. 

 

3.10 Protein engineering 
 

The residues chosen for mutagenesis are leucine residues lining the "A" channel described at 

the end of section 1.6 and in (Winkler, Esselborn et al. 2013) (see fig. 3.27). This method for 

making HydA1 more oxygen resistant is based on published findings of restricting gas 

channels to the active site by mutating small hydrophobic residues to bulkier hydrophobic 

residues (Volbeda et al. 2002) (see fig. 3.28 and fig. 3.29). The residues chosen were the 

leucine (L) in position 89 (L89) and the leucine in position 245 (L245), both of which were 

mutated in separate plasmids to phenylalanine (F). These residues form part of a gas channel, 

and the desired effect is to produce a new gate in the channel, restricting oxygen access. 

Mutating small hydrophobic residues to bulkier hydrophobic resides has the potential to 

change the gas channel without altering the nature of the amino acid dramatically. Research 

was done to see what mutations have been previously attempted (Flynn et al. 2002). The two 

mutations presented here, L89F and L245F, are novel mutations. 
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Fig. 3.27. Pymol model of the HydA1 molecule. In the middle can be seen the Fe-S cubane 

(yellow), part of the active site. Channels allowing oxygen diffusion are colored:  

Red = A pathway. Blue = B pathway. Mutants were selected from residues lining the A 

pathway. Pymol model adapted from (Winkler, Esselborn et al. 2013). 
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Fig. 3.28. Pymol model side view of the A channel residues and the 4Fe4S cubane with 

attached cysteine residues. Green = carbon. Blue = oxygen. Red = nitrogen. Yellow = sulfur. 

Brown = iron. 

 

 
Fig. 3.29. Pymol model side view of the A channel residues with theoretical mutations in grey 

and the 4Fe4S cubane with attached cysteine residues. The residues L89 and L245 have been 

mutated to phenylalanine (grey). These bulkier residues potentially form a gate in the A 

channel, limiting oxygen access to the active site. Green = carbon. Blue = oxygen. Red = 

nitrogen. Yellow = sulfur. Brown = iron. 
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Site-directed mutagenesis, miniprep, and sequencing 

Several rounds of mutagenesis were attempted, after which minipreps were performed to 

isolate the plasmid DNA. The minipreps yielded DNA in concentrations of 100-200 ng/µL. 

Sequencing revealed that the desired mutations had not been introduced. Since the 

mutagenesis of the HydA1 plasmid was not successful, the mutated plasmids L89F and 

L245F were ordered from Genscript and ER2566 cells were transformed with these plasmids. 

 

Transformation of plasmids with mutated hydrogenase and solubility test 

The mutated plasmids were introduced into E. coli as described in section 2.10.4. An 

expression and solubility test was then carried out (see fig. 3.30). 

 

 
Fig. 3.30. Expression and solubility test on HydA1 mutant. 89 = L89F mutant, 245 = L245F 

mutant. BE = before expression. E = expressed. IE = insoluble expressed. SE = soluble 

expressed. The mutants are expressed, as shown by the bands that appear around the marker 

for 51 kDa. These bands are much less clear in the soluble fractions, indicating that much of 

the purified enzyme will be insoluble. The additional bands in the expressed fractions are 

likely the bands for maturation proteins coexpressed with HydA1; HydE: 39 kDa. HydF: 45 

kDa. HydG: 52 kDa. Ladder = SeeBlue Plus2 Standard. 

 

Similar bands as those in the wild-type expression and solubility test were seen (see fig. 3.1). 

On the assumption that a fraction of the mutants were soluble, purification and testing of the 

mutants proceeded. 

 

 



	49	

Expression, purification and gas chromatography assay 

The mutants were grown and purified as described in section 2.3-2.4 (see fig. 3.31 and fig. 

3.32 for chromatography fractions). 

 

 
Fig. 3.31 Chromatography fractions for L89F. Ladder = SeeBlue Plus 2 Standard. 

 
Fig. 3.32 Chromatography fractions for L245F. Ladder = SeeBlue Plus 2 Standard. No 

enzyme was isolated in this purification (no band in the rightmost lane). 

 

The gas chromatography assay of mutant L89F was negative (see fig. 3.33). 0.7 mg of 

enzyme was isolated, all of which was used for the assay. 
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Fig. 3.33. Gas chromatography assay of the mutant L89F. This assay was negative and 

showed no peak in the hydrogen area. 

 

The purification of L245F yielded a negligible amount of enzyme, only 0.025 mg. As can be 

seen in the chromatography fractions (fig. 3.32), no purified HydA1 was detected. The small 

amount of protein measured could be due to contamination. It is possible that L245F is 

completely insoluble, and that it forms inclusion bodies which are lost in the cell pellet. 

During purification, no red/brown color was seen in the DEAE eluate for L245F, which 

indicates that there was little or no HydA1 present at this stage. In fig. 3.30, L89F and L245F 

seem equally insoluble, but differences at small concentrations are difficult to discern in 

protein gels. Expression and purification shows  that L89F can be expressed and purified (see 

fig. 3.31), and L245 cannot. For this reason, a GC assay was not run on the L245F mutant. 

Since the mutants were expected to be oxygen resistant at best, and not oxygen immune, they 

were purified anaerobically, in the same way as the wild-type enzyme was purified. It is 

possible that introducing the mutation in HydA1 alters the enzyme so that the active site is no 

longer functional. Another possibility is that the gating of the gas channel interferes with the 

normal flow of H2, causing a buildup of molecular hydrogen at the active site and forcing the 
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reaction towards hydrogen oxidation rather than hydrogen formation, or simply stopping the 

reaction altogether. This restriction of hydrogen access to and from the active site has been 

noted by (Dementin et al. 2009). It must also be noted that, although active wild-type enzyme 

was produced, there were several wild-type purifications that did not produce active enzyme. 

The mutants were only purified once, and the inactivity of L89F could be due to the same 

factors as the inactivity of the inactive wild-type enzymes. A source of error from the 

expression and purification, such as variations in sparging or an unknown factor might be 

responsible for the inactivity of both wild-type and mutant hydrogenase. Going forward with 

the project, it would be desirable to optimize the protocol and eliminate sources of error, so 

that active wild-type enzyme could be consistently produced. 
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4 Conclusion and future perspectives 
 

The project has reached some goals, and some goals still lie ahead. A protocol has been 

developed that produces active enzyme under anaerobic conditions, and hydrogen production 

has been verified and monitored by gas chromatography. For future experiments, it would be 

useful to set up a hydrogen standard curve, so that hydrogen production can be accurately 

quantified. Of special interest is the sparging part of the protocol, which is a crucial step in 

obtaining active enzyme. Going forward, alternative storage options for the hydrogenase are 

needed. The shelf-life of sodium dithionite buffers is short, and a long-term anaerobic storage 

method should be determined in future studies. 

 

Some valuable results regarding the enzyme's aggregation tendencies have been obtained. 

Attachment to carbon nanotubes remains a challenge, but modifications have been proven to 

improve the affinity of the surface for the hydrogenase. Carbon nanotubes can be soaked in 

methanol or sodium hydroxide to oxidize the nanotubes and form carboxyl groups to which 

the positive side of the hydrogenase can attach. Our findings indicate that a long incubation 

time with the oxidizing agents produce the best results. Carbon nanotubes can also by treated 

with poly-lysine. These positively charged polymers can attach to the negative part of the 

enzyme. Even though HydA1 has a low affinity for carbon nanotubes, a solution could be to 

saturate the cathode with HydA1 enzyme, so that some enzymes will be in solution and some 

will be attached to the cathode, cycling on and off. An alternative solution to the affinity 

problems with carbon nanotubes is to deposit the hydrogenase on a different surface. Our 

collaborators at SINTEF have seen positive results using copper as a cathode material. 

Another possibility is using a material called reticulated vitreous carbon, which shares some 

of the properties of carbon nanotubes.  

 

Protein engineering could improve both stability and activitiy, and site-directed mutagenesis 

offers several interesting opportunities. There are several ways to change the access to and 

area surrounding the active site. As mentioned in the introduction, Ni-Fe hydrogenases are 

protected by extra coordinating cysteines (Fritsch et al. 2011). The feasibility of changing the 

ligand environment should be investigated. Blocking the channels leading into the active site 

can protect the active site from oxidization, but these alterations usually come at the cost of 

reduced or eliminated activity (Dementin et al. 2009). Lack of time and resources restricted 
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this project to investigate only mutations of this kind. Only one of the selected mutants gave 

reasonable yield of soluble protein, but we could not observe any H2 production using this 

mutant. It would be interesting to use protein modelling software to investigate blocking 

effects of a larger series of mutations.  

 

Researchers are also looking into mimicking the active site, that is, constructing the active 

site or something similar in vitro. These active site mimics would function as catalysts much 

in the same way as the noble metals do (Sun et al. 2005). Another possibility would be 

switching to a more oxygen-tolerant enzyme. Jordan and colleagues have reported favorable 

findings using an oxygen-tolerant Ni-Fe hydrogenase from Escherichia coli (Jordan et al. 

2015). Oxygen-tolerant hydrogenases still need to be expressed and purified anaerobically to 

preserve as much activity as possible. For this reason, the protocol developed and described 

in this thesis for anaerobic expression and purification will be useful for a wide range of 

hydrogenases. 

 

In conclusion, running the complete photoelectrochemical cell should be possible with the 

enzyme obtained in this master project. The cell has already been succcessfully run with a 

platinum catalyst (see fig. 3.34). 

 

 
Fig. 3.34. The combined solar and hydrogen-evolving cell. To the left is the cathode 

composed of carbon nanotubes with platinum nanoparticles. In the middle is the photoanode, 

consisting of titanium oxide nanotubes. The cathode and anode is separated by a Nafion 

membrane, which allows for the selective diffusion of protons. The electrolyte is Na2SO4. To 

the right is a reference electrode. 
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Appendix 
 
Hardware 

Hardware Manufacturer 

Centrifuges:   

Sorvall Lynx 6000 Centrifuge, F9-6X1000LEX 

& F21-8x50y 

Thermo Scientific 

Centrifuge 5702R Eppendorf 

Megafuge 1.0 Heraeus 

BIOFUGE fresco Heraeus 

Himac CT15RE Hitachi Koki 

Sm-30 CONTROL Edmund Buhler GmbH 

Incubators:   

Multitron Standard INFORS HT 

Innova 4230 Refrigerated Incubator Shaker New Brunswick Scientific 

GFL 3031 Incubator Shaker GFL 

Other hardware:  

Electroporator: ECM 830 Electro Square Porator 

& Safety Stand 630 B 

BTX, Harvard Apparatus Company 

Epoch microplate spectrophotometer Biotek 

Block heater SBH200D Stuart 

Western blot transfer: Trans-blot Turbo Bio-Rad 

Electrophoresis power source: PowerEase500 Thermo Scientific 

BioPhotometer  Eppendorf 

Chromatography column: 5 mL HiTrap DEAE 

Fast Flow Column 

GE Healthcare 

Chromatography column: 5 mL HiTrap 

StrepTrap HP Column 

GE Healthcare 

Dynamic light scattering: Zetasizer Nano Series 

Nano - S 

Malvern 

PCR Machine: Prime Thermal Cycler  Techne 
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Western imager: Universal Hood III Bio-Rad 

NanoDrop Saween Werner 

Spectrophotometer: UV-1601 Shimadzu 

Sonicator: Sonifier B-12 Branson Sonic Power Company 

Akta cromatography system: 

Components: 

UPC-200 

P-920 

GE Healthcare 

 

Micro GC: 3000 Plus Agilent Technologies 

 

Solutions and reagents 

Solution Manufacturer 

MOPS buffer, 3-(N-morpholino)propanesulfonic 

acid, NuPage MOPS-SDS x20 buffer 

concentrate 

Thermo Fisher 

TGS buffer, Tris-Glycine-SDS, 10x TGS buffer 

concentrate 

Bio-Rad 

PBS-T: phospho-buffered saline, 0.1 % Tween - 

Salt buffer (Western): 150 mM NaCl, 100 mM 

Tris pH 7.5 

- 

Vistra ECF substrate Sigma-Aldrich 

LB Lurio-Bertani medium Difco (Miller) 

TB Terrific Broth medium  Sigma-Aldrich 

SOC medium Sigma-Aldrich 

d-desthiobiotin Sigma-Aldrich 

Bio-Rad Protein Assay Dye Reagent 

Concentrate 

Bio-Rad 

 

Gas chromatography 

Carrier gas Argon 

Mol sieve column 30 um / 320 um / 10 m 

Procolumn PLoTU 30 um / 320 um / 3 m 
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Antibodies 

 Name Catalogue number Manufacturer 

Primary antibody Strep-tag antibody 34850 Qiagen 

Secondary antibody Anti-mouse IgG-AP sc-2047 Santa Cruz Biotechnology 

 

Primers 

L89F  

Forward primer 5' G GAA GAA GGT AGC GAA TTT CTC GAT CGT CTG ACC G 3' 

Reverse primer 5' C GGT CAG ACG ATG CAG AAA TTC GCT ACC TTC TTC C 3' 

Length 35 base pairs 

Location 249-283 

Melting temperature 74.1°C 

GC content 51.43 % 

Mismatched bases 3, underlined TTT (phenylalanine), changed from CTG (leucine) 

 
L245F  

Forward primer 5' GC GTT ATG GAA GCA GCA TTT CGT ACC GCC TAT GAA C 3' 

Reverse primer 5' G TTC ATA GGC GGT ACG AAA TGC TGC TTC CAT AAC GC 3' 

Length 36 base pairs 

Location 716-751 

Melting temperature 75.2°C 

GC content 50.00 % 

Mismatched bases 3, underlined TTT (phenylalanine), changed from CTG (leucine) 

 
The primers were ordered from Eurofins Genomics. 

 

 

 

 

 

 

 


