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Abstract 

Biofuels that are renewable and environmentally benign constitute an important area of 

research, as the supply of fossil fuels decreases and the amount of green house gases in the 

atmosphere increases. Biohydrogen is not as well explored as other biofuels, but its 

properties render it a promising complement, as it is clean and can be used directly in fuel 

cells to generate electricity, the only waste products being water and heat. Hydrogen-

producing microorganisms have the potential to be used to recycle industrial waste, such as 

carbohydrates from food manufacturing. Hence the cost of waste disposal could be reduced 

whilst biofuel is being produced through microbial processes. 

Escherichia coli is a well-known microorganism that produces hydrogen under fermentative 

conditions, through the conversion of formate to hydrogen gas and carbon dioxide, via an 

enzyme complex called formate hydrogenlyase (FHL). The complex is anchored to the 

inner cell membrane and consists of seven subunits: a formate dehydrogenase, a [Ni-Fe] 

hydrogenase, three electron carrier proteins, which together make up a large ‘hydrophilic 

domain’, and two integral membrane proteins (the ‘membrane domain’). 

Even though the entire bacterial genome is known, the FHL complex remains little 

understood and has proven difficult to isolate and characterise. During this project, a 

genetically modified strain producing only the hydrophilic domain of FHL was constructed, 

and the resultant sub-complex was purified. It was hoped that, if a stable and homogenous 

core complex could be isolated, it might be subjected to further analysis, such as elucidating 

the subunit stoichiometry and solving the structure. 

Furthermore, FHL is notoriously oxygen labile, which hampers its study and technological 

development. However, oxygen tolerance is a natural feature found in some other [Ni-Fe] 

hydrogenases, and recent research shows that this property is likely dependent on the 

presence of extra cysteine residues near an important metal cluster in the enzyme. These 

cysteines are not present in FHL and a complex that could be active in both aerobic and 

anaerobic conditions may be a useful tool in optimising microbial biohydrogen processes. 

Thus, three strains that each expressed a modified FHL variant carrying single Cysteine-for-

Glycine substitutions were constructed. The modified FHL complexes proved to remain 

active in vivo, and can serve as the basis of genetically engineering oxygen tolerance into 

this important enzyme. 
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1 Abbreviations 

Amp    Ampicillin 

Ampr / Cmls    Resistance / Sensitivity against a certain antibiotic 

APS    Ammonium persulphate 

AU    Absorbance unit 

BSA    Bovine serum albumin 

BP    Base pair 

B-PER    Bacterial protein extraction reagent 

Cml    Chloramphenicol 

DDM    n-dodecyl beta-d-maltoside 

dH2O    Distilled water 

DMSO    Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DNase    Deoxyribonuclease 

dNTP    Deoxyribonucleotide triphosphate 

E. coli    Escherichia coli 

EDTA    Ethylenediaminetetraaceticacid 

FDHF    Formate dehydrogenase 

FHL    Formate hydrogenlyase 

FPLC    Fast protein liquid chromatography 

Hyd   Hydrogenase 

H2    Hydrogen gas 

IMAC   Immobilised metal affinity chromatography 

kDa    Kilo Dalton 

LB   Luria broth 
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MW   Molecular weight 

Ni2+-NTA   Nickel-nitrilotriacetic acid 

OD    Optical density 

PCR    Polymerase chain reaction 

PEG    Polyethylene glycol 

SEC   Size exclusion chromatography 

SDM   Site-directed mutagenesis 

SDS-PAGE   Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

TAE    Tris-acetate and EDTA 

TEMED    Tetramethylethylenediamine 

TRIS    Tris (Hydroxymethyl) aminomethane 

TSB    Transformation reaction buffer  



3 

2 Introduction 

2.1 Hydrogen as biofuel 

2.1.1 Biofuels 

The world’s supply of fossil fuels is decreasing, yet the energy demand stays high. Holmes 

and Jones (2003) argue that an estimated 45% of the world oil reserves have been 

consumed and that demand will be higher than supply by 2050. Emission of carbon 

dioxide (CO2) into the atmosphere contributes to the greenhouse effect, which in turn 

causes an increased global temperature, and measurements conducted during 1850-2005 

show that since around 1900, the earth has become approximately 0.7 °C warmer (Stern, 

2006). In order to satisfy everyday energy demands without increasing the global warming, 

new options must be implemented. There is a need for fuels that can provide a stable 

energy economy, that are unlimited in supply and can be produced and used in a way that 

does not affect the environment in the same manner as fossil fuels do (Redwood et al., 

2008).  

Biofuels are derived from biomass, which consists of material from living organisms. 

Carbohydrates generated from atmospheric CO2 through photosynthesis are building 

blocks for biomass. When the material is broken down, for instance by fuel combustion, 

CO2 is returned to the atmosphere, thus with no net increase in CO2, and the cycle is 

closed. Yet, fossil fuels, such as coal or oil, were generated from CO2 millions of years 

ago, so when the fuels are combusted, ‘new’ CO2 is released and increases the amount in 

the atmosphere (Biomass Energy Centre, BEC). At present, there are quite a few biofuels 

that exist on the market, such as bioalcohol and biogas.  

Bioethanol is a common fuel produced by bacterial or yeast fermentation of carbohydrates, 

such as sugar and starch crops, or from waste products from other industries. Ethanol can 

be used as a fuel on its own, but it is not as efficient as when mixed with gasoline 

(Mussatto et al., 2010). Biomethane comes from bacterial anaerobic digestion or 

fermentation of biomass, such as sewage and food waste, and can be used as a single fuel. 

Biodiesel is produced from food or waste oil through a chemical reaction called 

transesterification, and is most effective when mixed with common diesel (BEC). One 

problem with these biofuels is that the production often demands a lot of energy for 
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processes such as distillation and separation, in order to get the desired end product 

without contaminating agents (Redwood et al., 2008).  

Another alternative fuel is hydrogen gas (H2), or biohydrogen (bioH2), which can be 

produced by microorganisms from biomass or photosynthetically by algae. This is a new 

approach to biofuel manufacturing, and bioH2 production is still on an experimental level. 

Yet, H2 as alternative fuel is produced today, for instance through the steam reformation of 

fossil fuel, such as methane (Bellona, 2002). However, traces of carbon monoxide (CO), 

which will poison the fuel cell catalyst, can be found in H2 produced in this manner, which 

must be removed or reduced before use. Pure H2 can be produced through electrolysis of 

water, and further used in fuel cells directly, but this demands large amounts of electricity. 

A proton electrolyte membrane fuel cell (PEM-FC) (Fig. 1) generates electricity in the 

same manner as a battery, but with the advantage that it does not need recharging (Fuel 

Cell Europe (FCE)). With H2 being the fuel, water and heat are the only products, and with 

an efficiency of 40% - 60%, the fuel cell provides competition to combustion engines of 

today. Yet, H2 is a low-density fuel, which means that if it is to be used in vehicles, large 

storage areas for H2 must be attainable. Moreover, several fuel cells might need to be 

combined in a fuel cell ‘stack’, in order to generate enough power, and the catalysts are 

made of precious metal (ibid.).  

 

Figure 1. Schematic illustration of a PEM-FC. H2 is broken down into protons and electrons at 
the anode, before the protons continue through the membrane and the electrons go through an 
external circuit, giving an electrical current. Both elements are reunited at the cathode, where 
they are combined with oxygen to form water molecules (BEC). 
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Downstream processes, such as distillation, separation, and removal of trace contaminants 

are dependent on exogenous energy sources, implying that fossil fuels can, paradoxically 

enough, be used in order to produce green fuels. Photovoltaic hydrogen is another option, 

which uses solar energy as source for splitting water into H2 and oxygen gas (O2), without 

the need of further processing. Yet, the costs are estimated to be ten times as a high as 

electrolysis, which makes it economically challenging (Tributsch, 2008).  

By utilizing the enzymatic metabolism processes of microorganisms to generate bioH2, 

clean fuel can be produced in a natural way. No extra energy is needed, since it is made 

from carbohydrates, and by using waste products from industry, waste handling is reduced 

at the same time as substrate is provided (Redwood et al., 2008). This is a cost-cutting 

factor, but since the development of other biofuels has reached much further, it is uncertain 

whether bioH2 is energy efficient and economically viable enough to implement in society. 

These questions raised about bioH2, in combination with the promising fact that there is a 

vast range of microbes that produce hydrogen in various ways, under different conditions, 

render it a very interesting area of research. 

2.1.2 Microbial solutions 

The wide range of H2-producing microorganisms present wide possibilities for creating a 

future bioH2 economy. The variety of capabilities that exist among the organisms opens up 

great opportunities for bioH2 to be implemented as a robust and renewable fuel. There are 

photoautotrophic microorganisms, such as cyanobacteria and microalgae, that convert 

water into H2 and O2 through solar energy, or artificial light sources. A second group are 

the photoheterotrophs, such as purple non-sulphur (PNS) bacteria, that apart from light 

require organic electron donors and anaerobic conditions as well (Redwood et al., 2008). 

There are also organisms that function in the absence of light, ‘dark fermenters’ that 

acquire energy through fermentation of carbohydrates.  

Both light and dark fermenters have advantages and disadvantages: phototrophs can easily 

utilise the substrates given, but require large areas where constant light is accessible. Dark 

fermenters can dispose of waste carbohydrates from industry, but the yield of H2 is limited, 

due to the cell’s minimum demand of ATP to survive, known as the Thauer limit (Thauer 

1997). Therefore, a two-stage production has been suggested, where two types of bacteria 

that produce H2 under different conditions are combined: firstly in a dark fermentation 

process, where carbohydrates are turned into organic acids and H2, and secondly in a light-



6 

driven photo-fermentation, where the fermentation products are turned into H2 (Redwood 

et al., 2008). Depending on which organisms are chosen, and their compatibility, the stages 

can take place in either a co-culture or in sequential reactors to get an efficient process in 

terms of productivity and cost (Fig. 2). 

 

Figure 2. Dual systems in two ways: A) Co-culture, and B) sequential reactors (Redwood et 
al., 2008). 

Genetic engineering of important enzymes involved in H2 evolution can be used as a tool 

for making them functional under different conditions, such as aerobic and anaerobic 

environments. Friedrich et al. (2011) discussed the possibility of forming new 

combinations of enzymes for optimised production, for instance by linking protein 

complexes from different organisms to create cells that are highly equipped to produce H2 

under certain conditions. An organism that has proven to be suitable for genetic 

engineering, and also possesses the ability to produce H2, is Escherichia coli. 

2.2 Hydrogen production in Escherichia coli 

2.2.1. Escherichia coli 

Escherichia coli is a Gram-negative, rod-shaped, non-sporulating bacterium, 

approximately 1 × 2 µm in size (Fig. 3). It belongs to the family of enteric bacteria and is a 

facultative anaerobe, which enables it to survive either in the presence of oxygen, through 

aerobic respiration, or in the absence of oxygen, through anaerobic respiration or 



7 

fermentation (Madigan et al., 2009). E. coli is one of the most common species found in 

the human intestinal tract and most strains are harmless. However, some strains are 

pathogenic and can cause for instance urinary tract infection, or, by producing 

enterotoxins, food poisoning (Tortora et al., 2010). 

E. coli is the best characterised of any organism known and the complete genome for strain 

K-12, consisting of 4,639,221 base pairs (bp), was sequenced in 1997 (Blattner et al.) It is 

a model organism used for research and genetic engineering worldwide, often as a host for 

expressing genes belonging to other species. The reasons for this lie within various factors 

that contribute to make E. coli suitable for a laboratory environment, such as being fast 

growing and able to survive on different kinds of nutrients. It can be cultured under 

different conditions, at different temperatures, as well as being easy to manipulate 

genetically (Madigan et al., 2009).  

 

Figure 3. Scanning electron micrograph of E. coli bacteria (Archimorph wordpress). 

The existing knowledge, combined with E. coli’s natural ability to produce H2, create an 

interesting candidate when it comes to finding a microbiological solution to the 

manufacturing of alternative, green fuel. This area of research is still very new and there 

are many aspects to consider, even though some basic mechanisms of H2 production are 

known. As a facultative anaerobe, E. coli can metabolize substrates both aerobically and 

anaerobically, yet H2 can only be produced under anaerobic conditions, through mixed-

acid fermentation (ibid.). 

2.2.2 Mixed-acid fermentation 

Mixed-acid fermentation is a typical characteristic of enterobacteria, where glucose or 

other sugars are fermented into acids through the Embden-Meyerhof pathway (glycolysis). 
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Through a number of reactions, glucose is converted to pyruvate, which is subsequently 

converted by different enzymes into fermentation products. During one step of glycolysis, 

the cofactor NAD+ is reduced to NADH, and by forming fermentation products, NAD+ can 

be regenerated in order for glycolysis to continue (Madigan et al., 2009). The end products 

from mixed-acid fermentation are acetate, ethanol, formate, lactate and succinate (the latter 

being formed by the precursor of pyruvate, phosphoenol-pyruvate (PEP)). Fig. 4 illustrates 

a simplified image of the process. Pyruvate is converted by lactase dehydrogenase (LDH) 

into lactate, and by pyruvate formatelyase (PFL) into Acetyl-CoA and formate. Acetyl-

CoA is then further reduced, by aldehyde dehydrogenase (ALDH) into acetaldehyde and 

then by alcohol dehydrogenase (ADH) into ethanol. In E. coli the ALDH and ADH 

activities are combined in a single enzyme, AdhE. Acetyl-CoA is also transformed by 

phosphotransacetylase (PTA) into Acetyl-P, and then acetate kinase (ACK) generates 

acetate and ATP. Succinate is formed by carboxylation of PEP, via the intermediate 

oxaloacetate (OAA). Formation of ethanol and lactate regenerates NAD+, and formation of 

acetate generates ATP. (Berríos-Rivera et al., 2002). 

 

Figure 4. Products formed (boxed) from mixed-acid fermentation. Dashed lines indicate 
omitted steps. 

At the end of fermentation, the products are considered as waste material and are thus 

transported out of the cell. In closed cultures these waste products can accumulate to toxic 

levels. In the case of formate, however, this can be re-absorbed and further metabolised. 

Formate can be cleaved by formate hydrogenlyase (FHL) into CO2 and H2 (ibid.). Formate 

transport across the cell membrane occurs via the formate channel FocA, in order to avoid 

acidification of the cytoplasm (Suppman and Sawers, 1994). Experiments showed that as 
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the formate concentration increased outside the cell, causing the pH in the growth media to 

decrease below 6.8, formate was transported back into the cell and converted into H2 and 

CO2 through the FHL pathway (ibid.).  

2.3 Formate hydrogenlyase 

2.3.1 Complex properties 

FHL is responsible for H2 evolution in E. coli, and was first described as a single enzyme 

named formic hydrogenlyase by Stephenson and Stickland (1932). They found that formic 

hydrogenlyase was not involved in cell growth, but rather expressed in the presence of 

formate, its only substrate, and catalysed the reaction of converting formate or formic acid 

to H2 and CO2 (ibid.). Peck and Gest (1957) established that hydrogenlyase activity 

required a multienzyme system, consisting of a formate dehydrogenase and a hydrogenase, 

as well as intermediate electron carriers to create an electron transport chain between the 

two enzymes.  

Dehydrogenases are part of the oxioreductase family and oxidise a substrate by transferring 

hydrogen to an electron acceptor (Tortora et al., 2010), whereas hydrogenases can either 

oxidise H2 or reduce protons in the presence of an electron acceptor or donor (Madigan et 

al., 2009). Three formate dehydrogenases (FDH-H, FDH-N, FDH-O), and four 

hydrogenases (Hyd 1-4) are known to exist in E. coli (Sawers, 1994, Andrews, 1997), all 

of which are metallo-enzymes containing iron-sulphur [Fe-S] clusters. The dehydrogenases 

also contain molybdenum and selenium, and the hydrogenases contain nickel, located in 

their active sites (Sawers, 1994).  

The enzymes that constitute the FHL complex are FDH-H (hereafter known as FdhF) and 

Hyd-3. The monocistronic fdhF gene that encodes FdhF was sequenced by Zinoni et al. 

(1986), and when sequencing an 8 kb DNA segment involved in Hyd-3 activity, Böhm et 

al. (1990) identified an operon, the hyc operon, encoding eight polypeptides of which six 

encode subunits, that together with FdhF, make up the FHL complex. Further 

investigations led to the identification of three accessory proteins (Sauter et al., 1992; 

Rossmann et al., 1995), and at present the hyc operon is considered to consist of hycA-I, of 

which hycB-hycG encode the FHL subunits (Fig. 5). 



10 

 

Figure 5. Genes encoding the subunits of the FHL complex (thick black lines) and its 
accessory proteins (grey boxes): The hyc operon and the monocistronic fdhF (Sargent, 
unpublished data). 

In addition, when the structure for the nickel-iron [Ni-Fe] hydrogenase from Desulfovibrio 

gigas (D. gigas) was solved (Volbeda et al., 1995), and two years later the structure for 

FdhF (Boyington et al., 1997), new information was given on the properties of FHL. A 

summary of the FHL proteins is shown in Table I.  

Table I. Protein subunits of the FHL complex, molecular weight (MW), and role (Zinoni et al., 
1986, Böhm et al., 1990, Sauter et al., 1992., Rossmann et al., 1995., Volbeda et al., 1995, 
Boyington et al., 1997). 

Subunit MW (kDa) Description 

HycA 17.6 Transcriptional repressor protein 

HycB 21.8 Electron transfer protein, four [4Fe-4S] clusters 

HycC 64.1 Membrane protein 

HycD 33 Membrane protein 

HycE 65 Large subunit of Hyd-3, [Ni-Fe] cofactor - active site 

HycF 20.3 Electron transfer protein, two [4Fe-4S] clusters 

HycG 28 Small subunit of Hyd-3, one [3Fe-4S], two [4Fe-4S] clusters 

HycH 15.5 Putative HycE maturation protein 

HycI 17 HycE-specific maturation protease 

FdhF 79.1 FdhF, metal cofactors* for active site and electron transport  
* one iron-sulphur [4Fe-4S] cluster, molybdenum, selenocysteine, two molybdopterin guanine 
dinucleotide (MGD) clusters. 

2.3.2 Isolation of FHL 

Attempts to isolate an active FHL complex in order to characterise it in terms of structure 

and stoichiometry have been made throughout the years, but so far proved unsuccessful 

(Sawers, 2005). When Böhm et al. (1990) sequenced the hyc operon, they discovered 

through alignment studies that some FHL components were homologous to the respiratory 

NADH:quinone oxidoreductase (Complex I), an enzyme complex that plays a vital role in 

cellular energy production in both eukaryotes and prokaryotes. The complete structure of 
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Complex 1 in Thermus thermophilus was recently solved (Efremov et al., 2010), and a new 

light was shed on the possible assembly of FHL (Fig. 6). A prediction of the architecture of 

FHL suggests that HycC and HycD are attached to the inner membrane and linked via 

HycD to the small and large subunit (HycG and HycE) of Hyd-3. The remaining subunits 

HycF and HycB probably extend away from the hydrogenase centre to create a long-range 

electron transport chain between the hydrogenase active site and the active site of the FdhF 

subunit (Sargent, unpublished data). 

 

Figure 6. A) Cartoon of the complete structure of Complex 1, in comparison to B) the 
predicted architecture of the FHL complex (Sargent, unpublished data). 

Expression of the complex is regulated by the formate-sensing transcriptional activator 

FhlA, and the repressor protein HycA (Sawers, 2005). Biosynthesis and formation are 

dependent on numerous genes and accessory proteins, such as maturation proteins HycH 

and HycI, which makes the complex difficult to over-express. Sanchez-Torres et al. could 

show an increased production of hydrogen when FhlA was engineered through random 

mutagenesis (2009), but an intact FHL complex had so far not been purified.  

The aim to isolate an active complex was further investigated by the Sargent lab, 

University of Dundee, by adding a Histidine (His) tag to the large subunit, HycE. It is not 

possible to add a tag to the C-terminal of the protein, since the last 32 amino acids are 

removed by the protease HycI after cofactor insertion, as a last maturation step for HycE 

(Rossmann et al., 1995). Attempts to add an affinity tag to the N-terminal site only 

provided inactive precursors, and previous work done by Maier et al., (1998) where a N-

terminal His-tag was added, resulted in decreased protein synthesis and reduced activity. 
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Yet, when adding an internal 10-His-tag between the amino acids glycine 83 and threonine 

84 (Fig. 7), Sargent managed to construct a strain that had full physiological FHL activity, 

and furthermore allowed rapid isolation of all seven subunits for the first time (Sargent, 

unpublished data). This achievement was an important step forward towards understanding 

and characterisation of the complex. 

 

Figure 7. The hyc operon showing the 10-His-tag inserted in the large subunit, hycE (Sargent, 
unpublished data). 

At first, the membrane proteins could not be detected after immobilised metal affinity 

chromatography (IMAC) and sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) (Fig. 8A). However, subsequent Blue Native PAGE revealed a single protein 

band and tryptic peptide mass fingerprinting identified all of the seven FHL subunits in this 

sample (data not shown). Optimisation of the IMAC and size exclusion chromatography 

(SEC) protocols lead to isolation of the entire complex, with all seven proteins clearly 

visible by SDS-PAGE (Fig. 8B). However, the membrane subunits had a tendency to 

migrate at an anomalous molecular mass than what was expected in terms of primary 

structure. In addition, the membrane domain could only be observed in the initial SEC 

fractions (B2-C3), after which only the cytoplasmic domain could be detected. It is likely 

that the complex is dissociating during the purification process. 

 

Figure 8. SDS-PAGE gels of FHL protein. A) First gel of isolated FHL components after Ni2+-
NTA purification showing the five hydrophilic subunits. B) Gel after Ni2+-NTA and gel 
filtration purification showing all seven subunits (B2-C3), followed by fractions without 
membrane proteins (C4-C7) (Sargent, unpublished data). 
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Despite the fact that FHL could now be purified some areas of variability remained during 

preparation, giving a mixture of complexes, some containing the membrane domain and 

some without. Additionally, the FdhF subunit was partially lost during purification (ibid.). 

In order to perform further analyses of FHL, especially crystallography, isolation of a 

stable and homogenous complex would be essential. In addition, further characterisation of 

the complex would give more knowledge of the H2-evolving Hyd-3, and how the enzyme 

could be modified to optimal function in terms of bioH2 production.  

2.4 Hydrogenases  

2.4.1 E. coli hydrogenases 

Hydrogenases are metallo-enzymes that can be found in many microorganisms. They are 

involved in energy metabolism and are responsible for catalysing the reversible cleavage of 

H2 into protons and electrons. They are divided into three different classes depending on 

the metal cofactor at the active site: iron [Fe], iron-iron [Fe-Fe], and nickel-iron [Ni-Fe] 

hydrogenases (Vignais and Billoud, 2007). E. coli expresses four [Ni-Fe] isoenzymes 

under anaerobic conditions, Hyd-1, Hyd-2, Hyd-3 and Hyd-4. Hyd-1 and Hyd-2 are uptake 

hydrogenases in vivo (i.e. they are obstensibly H2 oxidisers), while Hyd-3 and Hyd-4 are 

dedicated to H2 production. 

The physiological role of Hyd-1 is not fully elucidated, but it has been suggested that it 

recycles H2 produced by Hyd-3 under fermentative conditions, and additionally that it can 

be active in aerobic environments where it links H2 oxidation to O2 reduction (Lukey et al., 

2010). It is the only oxygen tolerant hydrogenase in E. coli. Experiments have shown that 

it is not bidirectional in vitro (ibid) but contradictive data showing that Hyd-1 may be able 

to evolve H2 has also been recently presented (Kim et al., 2010).  

The suggested function of Hyd-2 is to oxidise extraneous H2 with the electrons being used 

by fumarate reductase to produce succinate. H2 is then used as an energy source when E. 

coli is growing on non-fermentable compounds. It has also been shown that Hyd-2 is 

bidirectional in vitro (Lukey et al., 2010). As previously mentioned in section 2.3.1, Hyd-3 

holds the active site for converting protons and electrons into H2 in the FHL complex. 

Experiments have shown that Hyd-3 also can function as an uptake hydrogenase in vitro 

(Maeda et al., 2007), for instance by reducing redox dyes such as benzyl viologen (BV) 

(Sauter et al., 1992). The function of Hyd-4 is still unclear, but it has been suggested that it 
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forms a complex with FdhF, thus completing a putative FHL-2 complex (Andrews et al., 

1997), which may evolve hydrogen under ‘slightly alkaline’ conditions (pH 7.5), whereas 

Hyd-3 may be the major H2 producer under acidic conditions (pH 5.5) (Mnatsakanyan et 

al., 2004).  

2.4.2 Structure and oxygen tolerance 

Since the 3D crystal structures of the E. coli hydrogenases are unknown, the solved 

structure of the periplasmic D. gigas enzyme (Volbeda et al., 1995) has been a useful 

model to study the characteristics of [Ni-Fe] hydrogenases (Fig. 9). The enzyme consists of 

a large subunit containing the active site and a small subunit containing three metal 

clusters. The active site lies buried within the large subunit and holds a nickel atom that is 

ligated to the protein via four cysteine side-chains. Two of the cysteine residues are also 

bridged to an iron atom, which in turn is bound to one carbon monoxide (CO), and two 

cyanide molecules (CN-) (ibid.).  

 

Figure 9. Structure of the active site from D. gigas as described by Volbeda et al (1995) 
(Sargent, unpublished data). 

Further work by various authors, e.g. Volbeda et al. (2007), showed that the reduced, 

active form of the active site also has a bridging hydride (H-) ion between the nickel and 

iron atoms, and that the oxidised, inactive form has an oxygen-containing ligand.  

The small subunit contains three [Fe-S] clusters: a proximal [4Fe-4S] that lies closest to the 

active site, a medial [3Fe-4S], and a distal [4Fe-4S], that together create an electron-

transfer pathway to and from the active site and the surface of the protein. By investigating 

an oxygen tolerant membrane-bound hydrogenase (MBH) from Ralstonia eutropha (R. 

eutropha), Goris et al. (2011) could find a relationship between the architecture of the 

proximal cluster and the enzyme’s ability to function in aerobic environments, i.e. its 

oxygen tolerance. The proximal cluster is surrounded by an extra two conserved cysteines 
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(Fig. 10), which provides a structure that seems to be able to help remove oxygen species 

from the active site, and thus maintain the reversible cleavage of H2 even in the presence of 

air. Moreover, by substituting the conserved cysteines (C19 and C120) in the small subunit 

by glycines, the enzyme became sensitive to oxygen (ibid.). This very recent discovery is 

of great interest, since it gives a clue as to how oxygen sensitive hydrogenases might be 

genetically engineered into becoming oxygen tolerant.  

 

Figure 10. A) Predicted structure of MBH with the large subunit (blue) containing the active 
site (spheres), and the small subunit (green) containing the three metal clusters (yellow and 
orange spheres), of which the proximal is shaded and circled. B) Predicted proximal cluster 
with non-conserved cysteines in red (structure unknown), and C) actual structure of the 
proximal cluster of D. Gigas with glycines marked in red (Goris et al., 2011). 

By aligning the sequences of Hyd-1, Hyd-2, and Hyd-3 in E. coli (Fig. 11), it was shown 

that the oxygen tolerant Hyd-1 had six conserved cysteines around the proximal cluster 

(four acting as ligands to the Fe and S atoms, and two extra), whereas the oxygen sensitive 

Hyd-2 and Hyd-3 lacked the two extra cysteine residues (Sargent, unpublished data). The 

question was therefore raised as to whether Hyd-3 could be made tolerant and produce H2 

despite exposure to oxygen, a feature that would facilitate experiments, and moreover 

industrial applications of microbial H2 producers.  
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Figure 11. Sequence alignment of E. coli Hyd-1, Hyd-2, and Hyd-3. Yellow cysteines are 
thought to be the usual ligands of the proximal [4Fe-4S] cluster, and red are conserved in 
oxygen tolerant hydrogenases (Sargent, unpublished data). 

2.5 Aims 

There remains a great deal of information to be obtained about the FHL complex if E. coli 

is to be used as a tool for a future production of bioH2. Even though the nucleotide 

sequence is known, to gain knowledge of the complete protein structure would give 

important clues to the function and stoichiometry of the complex. Furthermore, if Hyd-3 

could remain active when exposed to oxygen, experiments could be performed under 

different conditions and more investigations could be done, for instance kinetic assays. It 

would also provide more options in terms of industrial applications of H2 manufacturing in 

E. coli or other microorganisms containing hydrogenases. In order to explore these aspects 

of FHL, two project aims were designed: 

2.5.1 Engineering a stable hydrophilic domain 

Isolating FHL with all subunits intact has been challenging, due to occasional loss of the 

membrane domain and the FdhF subunit, resulting in a heterogeneous mixture of protein 

complexes. If a homogenous and active complex could be purified, further analysis could 

be conducted, such as characterisation of the hydrophilic domain to elucidate the 3D 

structure and subunit interactions. Therefore the aim was to construct a bacterial strain 

carrying deletions in the genes encoding HycC and FdhF, which thus would express only 

the hydrophilic subunits of FHL (assuming also HycD may not be stably bound) (Fig. 12). 

Removing the areas of variability and obtaining a stable core protein could shed new light 

on the properties of the FHL complex. 
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Figure 12. Cartoon describing a hydrophilic domain constructed through deletions of the hycC 
and fdhF genes. 

2.5.2 Engineering oxygen tolerance into Hyd-3 

Hyd-1 is oxygen tolerant whereas Hyd-2 and Hyd-3 are not, and the answer seems to lie in 

the small subunit. Hyd-1 has the extra cysteine side chains at two positions close to the 

proximal [4Fe-4S] cluster, while Hyd-2 and Hyd-3 have glycines instead. Mutated strains 

expressing Hyd-1 containing a glycine residue in place of cysteine at positions 19 (47 in 

Hyd-3) and 120 have been shown to be oxygen sensitive (Lukey et al., 2011, manuscript 

submitted). Furthermore, in Hyd-1 position C120 lies within a WGC motif, whereas a 

WGG motif can be found in Hyd-2 and also in Hyd-3 in a section not aligned in Figure 11 

(W129, G130, G131). Thus it is possible that G131 might also contribute to the oxygen 

sensitivity in Hyd-3. The aim for this part was to construct three new strains where each 

contained a single Gly/Cys substitution in the positions of interest, G47C, G120C, and 

G131C, and to investigate whether Hyd-3 had become more tolerant to oxygen. If possible, 

double and triple mutants would also be constructed for further analysis. 
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3 Materials and methods 

3. 1 Strains and plasmids 

The different types of E. coli strains and plasmids used in the following experiments 

(Table II) were all kindly provided by the TP/FS group (Professors Tracy Palmer and 

Frank Sargent, Division of Molecular Microbiology, University of Dundee). 

Table II. Strains and plasmids. 

Strain Description 
  

JM110 EndA+, Dam- 
DH5α EndA-, Dam+ 

MG059e1 
MG1655 derivative, 

HycEHis 
MGE1dC MG059e1ΔhycC 
FTD89 MC4100ΔhyaB, ΔhybC 

FTD147 
MC4100ΔhyaB, ΔhybC, 

ΔhycE 
MACdF MGE1dCΔfdhF 
MAC47 MG059e1hycGG47C 
MAC120 MG059e1hycGG120C 
MAC131 MG059e1hycGG131C 

SK6600pMAK705 
SK6600 cells with 
pMAK705 plasmid 

  
Plasmid Description 

  
pMAK705 5.6 kb, Cmlr 

pMAK705ΔfdhF 

pMAK705 with fdhF 
flanking bases; 6.6 kb, 

Cmlr 

pBluescripthycG 

hycG + flanking bases 
cloned into pBluescript; 

4.2 kb, Ampr 
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3.2 Primers and media 

The list below shows the oligonucleotide primers designed and used in the experiments 

(Table III). All primers were supplied by Sigma Aldrich. 

Table III. Primer sequences. Primers for site-directed mutagenesis were kindly designed by 
TP. Substituted nucleotides underlined and marked in green. 

Confirmation of ΔfdhF mutants 
 
Forward flanking primer, 502 bp upstream of fdhF gene 
CGTCTGCAAACGCTCAAC 
Reverse flanking primer, 19 bp downstream of fdhF gene 
GGAGGCTGTAGAAAGGACG 
 
Site-directed mutagenesis 
 
HycG G47C Forward 
CCGCGTGGACTGCGGCTGCTGCAACGGTTGCG 
HycG G47C Reverse 
CGCAACCGTTGCAGCAGCCGCAGTCCACGCGG 
HycG G120C Forward 
CCTGCGGTAACAGTGGCTGCATCTTCCACGATCTC 
HycG G120C Reverse 
GAGATCGTGGAAGATGCAGCCACTGTTACCGCAGG 
HycG G131C Forward 
CTACTGCGTGTGGGGCTGTACGGATAAAATTGTCC 
HycG G131C Reverse 
GGACAATTTTATCCGTACAGCCCCACACGCAGTAG 
 
Colony PCR of hycG mutants 
 
HycG Forward, 223 bp upstream of G47C, 442 bp of 
G120C, 475 bp of G131C 
GACTTGCCCGGAATGTAAGC 
HycG Reverse, 244 bp downstream of G131C, 275 bp of 
G120C, 496 bp of G47C 
GCAATCTGACGACCGTAACG 
M13 Forward (design by supplier) 
GTAAAACGACGGCCAGT 
M13 Reverse (design by supplier) 
AACAGCTATGACCATG 
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Luria broth (LB) was used as growth medium in all experiments. Ampicillin (Amp) or 

Chloramphenicol (Cml) was added when necessary to a final concentration of 120 µg/ml 

and 25 µg/ml respectively. 

3.3 Preparation of competent cells 

Cells from frozen stock were used to inoculate 5 ml LB medium, which was incubated 

over night (O/N) at 37 °C. 50 µl of the O/N culture was added to 5 ml LB and incubated at 

37 °C until OD595 was approximately 0.4. After centrifugation for 10 min at 4000 rpm 

(AccuSpin, Fisher Scientific) the supernatant was discarded and the pellet was resuspended 

in 500 µl TSB buffer (20 ml LB, 1 ml 1M MgSO4, 1 ml DMSO, 2 g PEG 6000) and left on 

ice for 3 h before being used for transformation.  

3.4 General transformation protocol 

3.4.1 pMAK705 

On ice, 4 µl plasmid was added to 100 µl competent cells and left for 30 min, before being 

exposed to heat-shock for 5 min at 37 °C, and then returned to ice for 5 min. 1 ml LB was 

added and the cells were grown for 1 h at 30 °C, after which they were centrifuged (5415 

D, Eppendorf) for 4 min at 13 200 rpm. The pellet was resuspended in approximately 50 µl 

of supernatant, spread onto an LB-Cml plate and incubated O/N at 30 °C. 

3.4.2 Non-pMAK705 

The transformation was performed in the same way as for pMAK, with the following 

exceptions: 10 µl plasmid was added to the cells, heat-shock step was carried out for 90 s 

at 42 °C, cells were incubated at 37 °C and transformants selected on LB-Amp plates after 

O/N incubation at 37 °C. 

3.5 Engineering a stable hydrophilic domain of FHL  

3.5.1 pMAK705-generated mutation 

A single pMAK705 transformant was used to inoculate 5 ml LB-Cml which was incubated 

O/N at 30 °C. Serial dilutions of the O/N culture were prepared in LB to identify co-

integrates. 200 µl each of 10-3, 10-4 and 10-5 dilutions was plated onto three LB-Cml plates 
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and grown O/N at 44 °C. 200 µl of the 10-7 dilution was plated as a control (LB only) and 

incubated at 30 °C. 

Colonies from the dilution plates were streaked onto LB-Cml plates and grown O/N at  

44 °C to purify single colonies. Five cultures of 10 ml LB-Cml were each inoculated with 

five colonies from separate plates and grown for 24 h at 30 °C to induce homologous 

recombination and resolve the co-integrates. A loopful of every culture was then mixed 

with 10 ml LB-Cml and incubated for 24 h at 30 °C, after which this step was repeated. 

Each subculture was streaked onto LB-Cml plates and incubated O/N at 30 °C. Two 

colonies from each plate were streaked onto LB-Cml plates and incubated O/N at 30 °C to 

purify single colonies. 

To cure the plasmid from the cell, ten cultures were set up, consisting of one colony and 10 

ml LB without Cml, and grown O/N at 44 °C. A loopful of each culture was streaked onto 

LB plates (again with no Cml) and incubated O/N at 44 °C. Resultant colonies were then 

patched onto LB and LB-Cml plates and incubated O/N at 30 °C to test for Cml sensitivity 

(Cmls). Colonies that grew on LB plates, but not on those containing Cml, were repatched 

and incubated once more in the same manner. 

3.5.2 Colony PCR 

A colony was mixed with 60 µl dH2O to produce a PCR template, from which the 

appropriate region was amplified by Polymerase Chain Reaction (PCR) (Mastercycler 

personal, Eppendorf), using Go-Taq Flexi (Promega), according to protocol (Table IV) and 

PCR programme (Table V). 

Table IV. Protocol for colony PCR. 

Component Volume (µl) 
5 x Reaction buffer 10 
MgCl2 (25 mM) 6 
Flank For primer (10 µM) 1 
Flank Rev primer (10 µM) 1 
dNTP mix (10 µM) 1 
Colony mix 3 
dH2O 27.5 
Go Taq Flexi polymerase 0.5 
Total reaction volume 50 
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Table V. Colony PCR programme. 

 

 

 

 

 

3.5.3 Agarose gel electrophoresis 

50 µl colony PCR product was mixed with 5 µl Orange Dye (5 mg/ml Orange G, 50% 

Glycerol) and loaded onto a 1% agarose gel (1.5 g agarose, 150 ml TAE buffer (2 M TRIS 

pH 8.0, 5.71% (v/v) Glacial acetic acid, 50 mM EDTA)). 5 µl 1 kb DNA ladder (New 

England Biolabs (NEB)) was used as reference. Gel electrophoresis was carried out for 30 

min at 100 V and bands were visualised with a transilluminator (BIO-RAD). Note: If 

electrophoresis was carried out after non-colony PCR, 10 µl product was mixed with 1 µl 

Orange Dye and run on gel for 20 min.  

3.5.4 Immobilised metal affinity chromatography 

A single colony of the strain of interest was streaked out on an LB plate and grown O/N at 

37 °C. Two colonies were each used to inoculate 5 ml LB, which were incubated O/N at 37 

°C. The cultures were then transferred to 5 L LB containing 0.4% glucose and incubated 

O/N at 37 °C. The cells were centrifuged (J6-MI, Beckmann Coulter) for 30 min at 4200 

rpm, after which the pellets were resuspended in a small amount of supernatant and 

centrifuged again for 40 min at 4200 rpm. The pellets were weighed and homogenised with 

Bacterial protein extraction reagents (B-PER) solution (50 ml B-PER pH 7.5 (Thermo 

Scientific), 50 mM Imidazole (Sigma Aldrich), 5 Mini EDTA-free protease inhibitor 

tablets (Roche), DNase I (Sigma Aldrich) and Lysozyme (Fluka Analytical)), and 

incubated at room temperature with stirring for 30 min.  

The lysate was centrifuged for 12 min at 12500 rpm and the protein was purified from the 

supernatant on ÄKTA Fast protein liquid chromatography (FPLC) machine (Amersham 

Biosciences). The His-tagged protein was loaded on to a Nickel-nitrilotriacetic acid (Ni2+-

NTA) His-trap column (GE Healthcare), which had previously been equilibrated with 

Step 
Temperature 

°C 
Time 
(min) 

1 95 2 
2 95 0.5 
3 54 0.5 
4 72 3 

 
2-4  repeated 
for 30 cycles  

5 72 5 
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Buffer 1 (50 mM Imidazole, 150 mM NaCl, 20 mM Tris pH 7.5, 0.02% DDM). After 

washing with approximately 30 ml of Buffer 1, the protein was eluted using a gradient of 

50mM-1M imidazole. 1 ml fractions containing protein, indicated by an absorbance peak, 

were collected into 20 µl and 980 µl aliquots, frozen in liquid N2 and kept at -80 °C. 

3.5.5 Characterisation of purification products 

20 µl aliquots from the fraction samples eluted proteins were mixed with 10 µl Blue Dye 

(95% Laemmli sample buffer (BIO-RAD), 5% β-mercapthoethanol). 10 µl sample mix 

was loaded onto an SDS-PAGE gel (Table VI) and run for 15 min at 100 V, followed by 

40 min at 190 V. 8 µl Precision Plus Protein All Blue Standards (BIO-RAD) was used as a 

reference. The gel was stained with Instant Blue O/N and then destained with H2O O/N.  

Table VI. Protocol for making one SDS-PAGE gel. 

Resolving gel 14%  
Component   Volume 
1 M pH 8.8 Tris 1.875 ml 
H2O   0.56 ml 
Acrylamide (Protoflowgel) 2.33 ml 
20% SDS   25 µl 
APS   50 µl 
TEMED   5 µl 
     
Stacking gel 6%  
Component   Volume 
0.5 M pH 6.8 Tris 1.25 ml 
H2O   2.5 ml 
Acrylamide (Protoflowgel) 1 ml 
20% SDS   25 µl 
APS   50 µl 
TEMED   5 µl 

3.5.6 Size exclusion chromatography and mass spectroscopy 

Protein-containing fractions collected after elution from the His-trap column were pooled 

and concentrated down to 0.5 ml before being loaded onto a Superdex 200 gel filtration 

column (GE Healthcare) equilibrated with Buffer 3 (150 mM NaCl, 20 mM pH 7.5 Tris, 

0.02% DDM). Fractions were collected for approximately 1 h after loading, and samples of 

eluted fractions containing protein were mixed with Blue Dye and run on SDS-PAGE gel 
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followed by staining and destaining as described previously. Bands of interest were 

excised from the gel and investigated by mass spectroscopy (MS) (FingerPrints Proteomics 

Facility, University of Dundee).  

3.5.7 In vitro hydrogenase activity test 

A cuvette (1.6 ml) containing 100 µl 250 mM Methyl viologen (MV) was filled up to the 

brim with 50 mM Tris pH 7.5, which had been degassed for 30 min and then saturated with 

H2 gas for 1 h. 10 mg/ml Sodium dithionite (prepared in 1 mM NaOH) was added until a 

stable OD600  (approximately 0.8) could be measured in a spectrophotometer (LS 55 

Fluorescence spectrometer, PerkinElmer). The protein sample was added and any change 

in OD600 was observed.  

3.5.8 Protein concentration assay  

In a 96-well plate, 2 µg/µl BSA was added in different dilutions described in Table VII. 

The protein sample to be tested was added in the same manner, after which 25 µl Reagent 

A and 200 µl Reagent B were added and the plate incubated for 15 min at room 

temperature. (DC Protein Assay, BIO-RAD). The OD750 was measured in an ELx 808 plate 

reader (BioTek). A Bovine serum albumin (BSA) standard curve was created from which 

the sample protein concentration could be calculated. The total protein yield from the 

purification was also calculated. 

Table VII. Concentration assay volumes. 

 

 

 

 

3.5.9 In vivo gas test  

A single colony of the strain to be tested was used to inoculate 5 ml LB and grown O/N at 

37 °C. Cultures of FTD89, FTD147 and MG059e1 were also set up in the same manner as 

controls. Glass test tubes were filled with 20 ml LB and an upside down Durham tube, 

before autoclaving. After addition of 0.4% glucose and 20 µl O/N culture, the test tubes 

dH2O (µl) 
BSA / 

Sample (µl) 
5 0 
4 1 
3 2 
1 4 
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were incubated anaerobically for 24 h at 37 °C. Tubes were checked for bubbles, which 

would indicate that gas had been produced.  

3.5.10 MacConkey plates assay 

Single colonies of strains of interest were streaked out on MacConkey formate-fumarate 

plates (40g/L MacConkey agar base (Formedium), 0.2% formate, 0.4% fumarate) and 

incubated anaerobically O/N at 37 °C. FTD89, FTD147 and MG059e1 were also streaked 

out as controls. The formation of either yellow or red colonies on the plates indicated 

whether H2 had been produced (yellow) or not (red). 

3.6 Engineering oxygen tolerance into Hyd-3  

3.6.1 Site-directed mutagenesis of hycG 

In order to introduce three different single mutations, G47C, G120C and G131C, in the 

FHL subunit HycG, site-directed mutagenesis (SDM) of hycG was performed in triplicate. 

A DNA template covering hycG (see Appendix for gene sequence) in expression vector 

pBluescript was amplified and the mutation introduced with oligonucleotide primers 

(Table III), using Quikchange II Site-Directed Mutagenesis Kit (Stratagene). Mutagenesis 

was performed according to protocol and programme (Table VIII and IX). Subsequently 

the PCR products were digested with 10 U DpnI Endonuclease (NEB) for 1 h at 37 °C. 

Table VIII. Protocol for site-directed mutagenesis. 

Component Volume (µl) 
10 x Reaction Buffer 5 
DNA template (55 ng/µl) 1 
Forward primer (10 µM) 1.25 
Reverse primer (10 µM) 1.25 
dNTP mix (10 µM) 1 
H2O 39.5 
Pfu Ultra DNA polymerase  1 
Total reaction volume 50 
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Table IX. PCR programme for site-directed mutagenesis. 

Step Temperature (°C) 
Time 
(min) 

1 95 0.5 
2 95 0.5 
3 50 1 
4 68 12 

 
2-4 repeated for 18 

cycles  
5 68 5 

3.6.2 Plasmid purification 

A hycG transformant was inoculated with 5 ml LB-Amp followed by incubation O/N at 37 

°C. The cells were centrifuged for 10 min at 4000 rpm (AccuSpin, Fisher Scientific) and 

after the pellets had been treated using QIAprep SpinMiniprep Kit (QIAGEN), mutant 

pBluescripthycG plasmids were eluted and the concentrations were measured with 

nanodrop (ND-1000, Labtech) at λ= 230 nm. The presence of mutations was confirmed 

through sequencing with M13 primers (Table III) (DNA Sequencing & Services, 

University of Dundee). 

3.6.3 Cloning of mutated hycG genes into pMAK705  

Sample DNA concentration was measured using nanodrop and 400 ng of each plasmid was 

digested with restriction enzymes XbaI (20 U/µl) and KpnI (10 U/µl), in 10 × Reaction 

buffer (NEB) for 3 h at 37 °C. The total reaction volume was 10 µl for the mutants and 20 

µl for pMAK705. Digested products were identified by agarose gel electrophoresis, 

excised and extracted with QIAquick Gel Extraction Kit (QIAGEN), and subsequently 

ligated with T4 DNA-ligase (Roche) for 5.5 h at 23 °C (Table X). 

Table X. Protocol for ligation of mutant DNA and pMAK705. 

 

 

 

 

Component Volume (µl) 
pMAK705 vector 5 
DNA insert 15 
Buffer 2.5 
T4 DNA-ligase (1 U/ml) 2 
dH2O 0.5 
Total reaction volume 25 
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4 Results 

4.1 Engineering a stable hydrophilic domain of FHL  

4.1.1 pMAK705-generated deletion of the fdhF gene 

In order to purify an FHL hydrophilic domain – a complex lacking FdhF and the 

membrane subunits HycC and HycD – the pMAK705 system was used to delete fdhF from 

the chromosome of a strain already lacking hycC (MGE1dC). The method used was 

described by Hamilton et al. (1989) and is summarised in Figure 13.  

After transformation of E. coli MGE1dC with the pMAK705 plasmid carrying the ΔfdhF 

allele the strain was incubated at 44 °C. Since pMAK705 is temperature sensitive, it cannot 

replicate at this temperature. Instead Cml-resistant (Cmlr) colonies can only be isolated at 

44 °C if the plasmid integrates with the chromosome through recombination of 

homologous sequences (typically ~500 bp regions are included on either side of the 

deletion allele).  

Next, co-integrates are incubated in LB-Cml medium at 30 °C, the integrated plasmid tries 

to replicate and a second homologous recombination is therefore induced. The co-integrate 

is resolved and the plasmid is regenerated in the cell leaving either the native gene of 

interest or the deletion allele on the chromosome.  

The last step is to cure the plasmid by incubating the cells at 44 °C with only LB medium. 

As there is no antibiotic in the medium, there is no incentive for the cell to keep the 

plasmid and its replication is blocked. Finally, colonies are patched onto LB and LB-Cml 

plates in order to identify Cmls colonies that have been cured of the plasmid. 
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Figure 13. General method for gene replacement (Hamilton et al. 1989). 

After O/N incubation at 44 °C 17 colonies could be found on the LB-Cml plates and 56 on 

the control plate (30 °C). Fourteen colonies from the 10-3 dilution plate were used and the 

protocol was carried out as described in section 3.5.1. After each part, cell growth could be 

observed on either plates or in O/N cultures. In the final step, approximately 100 colonies 

were struck onto LB and LB-Cml plates, of which half the amount could not grow on LB-

Cml, and were thus cured of the plasmid.  

4.1.2 Confirmation of MGE1dCΔfdhF mutants  

To verify whether the fdhF deletion was successful or not, primers were designed to anneal 

to the flanking regions of the fdhF gene (Table III). By amplifying DNA from different 

colonies, successful fdhF deletion mutants could be detected by a difference in band size 

on an agarose gel when compared to the parent strain. 

The agarose gel image shown in Fig. 14 illustrates DNA that was amplified by PCR from 

six Cmls colonies to investigate whether the fdhF gene had been successfully deleted. 

 

 

 

 



29 

	    

Figure 14. Colony PCR of MGE1dCΔfdhF, 5 µl sample mix, 5 µl ladder (1kb). 

Three lanes which contain DNA derived from colony patches 10, 15 and 16, show bands 

approximately 500 bp in size, while the two others (19, 20), as well as the control 

(MGE1dC), show a band of around 2500 bp. As the primers were designed as to give a 

fragment size of approximately 520 bp without fdhF, and 2670 bp with fdhF, this result 

seems to indicate that in patches 10, 15 and 16, the gene deletion was successful. The 

strain from patch 10 was used in further experiments and named MACdF. 

4.1.3 Purification of a hydrophilic FHL domain 

The MGE1dCΔfdhF patch 10 was used to inoculate a 5 L LB cell culture containing 

glucose as an additional substrate. Good growth was observed after incubation O/N at  

37 °C and the cells were harvested and resuspended in B-PER solution. Incubation at room 

temperature in the B-PER solution supplemented with lysozyme and DNase I lysed the 

cells, and followed by centrifugation, the soluble His-tag protein could be separated from 

cell debris and purified on a Ni2+-NTA column. The protein was eluted from the column at 

an imidazole concentration of approximately 0.2 M (Fig. 15). The peak size was 250 mAU 

and the fractions under it were collected (A8-A12). The column was not thoroughly 

washed with Buffer 1 (indicated by a non-constant UV absorbance trace) before elution 

started. In addition, the imidazole used here was less pure than that chosen for the other 

experiments (same manufacturer), which can explain the shape of the elution profile after 

the peak.  
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Figure 15. Elution profile of FHL protein, Ni2+ column. 

4.1.4 Characterisation of purification products 

The collected fractions from the MGE1dCΔfdhF preparation were analysed by SDS-PAGE 

(Fig. 16). With the FdhF, HycC, and presumably also HycD subunits missing from the 

complex, four FHL bands should remain; HycB, HycE, HycF, and HycG. 

 

Figure 16. SDS-PAGE gel of FHL protein. 10 µl sample, 8 µl ladder (L). 

A strong band can be seen above 50 kDa, which is likely to be HycE, which has a 

predicted molecular weight of 61 kDa as a mature protein. The band around 25 kDa 

correlates to the 28 kDa HycG, and the two weak bands below 20 kDa were thought to be 

HycF and HycB, which are 20 kDa and 22 kDa respectively. A band around 75 kDa can be 

seen, as well as a weak band around 40 kDa, which, unexpectedly, might be FdhF and 

HycC respectively (previous work show that the membrane proteins tend to run further 

down than their weight suggests, see Fig. 8). 
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4.1.5 Size exclusion chromatography and mass spectroscopy 

Protein fractions thought to contain the FHL complex were combined and concentrated 

before being loaded onto a gel filtration column. Here, proteins are separated according to 

size where the larger complexes leave the column first. The FPLC elution profile shows 

three clusters of several different peaks of approximately 40, 150, and 15 mAU 

respectively (Fig. 17). The fractions under each peak were collected; C1-C7, D2-D5, and 

E1-E4, of which C1-C7 and D2-D5 were analysed by SDS-PAGE.  

 

Figure 17. Elution profile of FHL protein, gel filtration. 

The four subunits of the FHL complex (lanes C1-C7) can be seen more clearly after SEC 

(Fig. 18). The strong band around 13 kDa seen in the D2-D5 lanes (also in fractions A8-

A12, Fig. 16) explains the large peak seen in the chromatogram. This band was previously 

investigated with MS, which proved it to be lysozyme (courtesy of Jennifer McDowall 

(JM)). The bands indicated with arrows were further investigated with MS, as they had 

similar sizes to FdhF (79 kDa) and HycC (64 kDa). The upper band turned out to be 

Maltodextrin phosphorylase and the lower HycE, which confirmed that neither FdhF, nor 

HycC was part of the complex. A weak band just above HycG can be seen in fractions C2-

C5, which might be HycD. However, as mentioned earlier, previous work has shown that 

HycD runs further down than HycG, and this band was not further investigated. 
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Figure 18. SDS-PAGE gel of FHL protein. 20 µl sample, 8 µl ladder (L). Arrows indicate 
bands investigated with mass spectroscopy. 

4.1.6 In vitro hydrogenase activity test 

As Hyd-3 is a bidirectional hydrogenase, it can also oxidise H2 as well as produce it. In the 

presence of H2 saturated buffer and (methyl viologen) MV, Hyd-3 will oxidise H2 and pass 

the resultant electrons to MV. The reduction of MV results in a colour change that can be 

detected by a spectrophotometer, giving a positive absorbance slope, which is directly 

related to the activity of the protein. No colour change could be observed for the complex 

isolated from MACdF (1 of 3 triplicate samples gave a minimal slope), but FHL activity 

has been shown in previous work where FdhF and HycC have been deleted from the 

MG059e1 strain respectively (Sargent, unpublished data).  

4.1.7 Protein concentration assay  

The hydrophilic FHL domain was purified again, (section 3.4.4, other data not shown). 

Five fractions containing protein were pooled and used for the concentration assay. A BSA 

standard curve (Fig. 19) was used to calculate the total protein yield and the yield per g 

cells (Table XI). 
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Figure 19. BSA standard curve from which the protein concentration was calculated. 
 
 
 

Table XI. Yields after second MACdF purification. 

 

 

Subsequent purification has given a protein yield of 0.1395 mg (0.025 mg/g cells) 

(courtesy of JM). 

4.1.8 In vivo gas test  

When formate is converted into H2 and CO2 by the FHL complex, it manifests as bubbles 

in a small upturned Durham tube placed in the culture vessel. After 24 h bubbles could be 

observed from MG059e1 and FTD89 but none from MACdF or FTD147 (Fig. 20). FTD89 

has only Hyd-3 (no uptake hydrogenases, Hyd-1 and Hyd-2), while FTD147 has no 

hydrogenases at all. The results indicate that the mutant lacks the ability to convert formate 

into gas, and thus to produce H2. 
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Figure 20. In vivo gas test of (left to right) MG059e1, FTD89, FTD147 and MACdF. Cultures 
were grown anaerobically at 37 °C. 

4.1.9 MacConkey plates assay 

MacConkey formate-fumarate plates can be used to distinguish between strains that 

produce active FHL and strains that do not, under anaerobic conditions. The medium 

contains Neutral red, a pH indicator, which is red below 6.8 and yellow above 8.0 

(Winckler, 1974). Without hydrogenase function, the formate cannot be converted into H2 

but stays in the plates, making the environment acidic and so red colonies are formed (Wu 

and Mandrand-Berthelot, 1986). When FHL is functioning, the formate is used up making 

the environment less acidic. The pH is therefore raised and yellow colonies are produced. 

The results (Fig. 21) show that both FTD89 and MG059e1 produce yellow colonies, whilst 

FTD147 and MACdF produce red, indicating that no active FHL complex is being 

produced. 

 

Figure 21. Strains streaked out on MacConkey plates; (from left to right) FTD89, FTD147, 
MG059e1, MACdF. Colonies were grown anaerobically at 37 °C. 
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4.2 Engineering oxygen tolerance into Hyd-3  

4.2.1 Site-directed mutagenesis of hycG 

Starting with a plasmid harbouring the hycG gene, SDM was used to generate cysteine 

codon substitutions (section 3.6.1). Primers with substituted base pairs were designed to 

introduce the mutations to the gene (Table III). The agarose gel image (Fig. 22) shows the 

PCR products obtained. The size of the vector with the incorporated hycG gene and 

flanking bases is 4,2 kb, and so products are of expected size. The difference in band 

intensity is likely due to insufficient mixing of Orange dye and PCR product. 

 

Figure 22. Agarose gel of hycG mutants in pBluescript; G47C, G120C, G131C. 11 µl sample 
mix, 5 µl ladder (1kb). 

The products were digested in order to remove the parental DNA, and used to transform 

competent DH5α cells. After selection for successful transformants on LB-Amp plates, the 

mutant plasmids were isolated (section 3.6.2) and sequencing confirmed mutations in the 

pBluescripthycG DNA (Fig. 23).  
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Figure 23. DNA sequence alignment (bp 115-422) of the wild-type hycG gene and mutants. 
Substitutions are indicated by gaps (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

4.2.3 Cloning of mutated hycG genes into pMAK705  

Transformation of confirmed mutant plasmids into competent JM110 cells was performed. 

In addition, a culture of SK6600 cells containing pMAK705 plasmid was incubated O/N at 

37 °C, after which the plasmids from both strains were purified as previously mentioned in 

section 3.6.2. 

After digestion of plasmids with XbaI and KpnI, digested products were separated by 

agarose gel electrophoresis (Fig. 24). The 1.2 kb bands on the gel in the band lanes 

containing SDM constructs (Fig. 24A, lanes 1 and 2, Fig. 24B, lane 1) contain hycG plus 

flanking regions, and the higher band is the cut 3 kb pBluescript vector. For pMAK705, 

only one band can be seen due to the small number (~10) of bases that were cut out from 

the vector by the restriction enzymes. Bands containing hycG genes and pMAK705 were 

excised and extracted.  
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Figure 24. Agarose gel of digestion products. A) 1:G47C, 2: G120C, 3: 1 kb, B) 1: G131C, 2: 
1 kb, 3: pMAK705. 11 µl hycG mutant sample mix, 22 µl pMAK705 sample mix, 5 µl ladder 
(1kb). 

The digestion products were ligated with T4 DNA-ligase and used to transform competent 

DH5α cells (section 3.4.1). Colony PCR was performed according to the previous protocol 

in section 3.5.2, but with M13 primers, a 50 °C annealing temperature and a 90 s 

elongation step. Amplified products were analysed by agarose gel electrophoresis (Fig. 

25). M13 primers bind to the pMAK705 vector, producing a small fragment of 

approximately 100 bp if there is nothing inserted in the multiple cloning site, which is 

indicated by the strong single band in the control (pMAK705) lanes (Fig. 25A, lane 5, Fig 

25B, lane 11, Fig. 25C, lane 7). The strong bands around 1.2 kb (Fig 25A, lanes 2-4, Fig 

25B, lanes 6-9), Fig 25C, lanes 2-5) indicate that cloning had been successful. A colony of 

each clone was used to inoculate 5 ml LB-Cml which was grown O/N at 30 °C, after which 

the plasmids were prepared as previously mentioned. Sequencing of pMAK705hycG, 

confirmed that the cloning was successful (data not shown). 

 

Figure 25. Agarose gel of ligation products. A) G47C, B) G120C, C) G131C. 10 µl sample 
mix, 10 µl pMAK705, 5 µl ladder. 
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4.2.5 pMAK705-generated nucleotide replacement in chromosomal hycG  

The three plasmids containing mutated versions of hycG were used to transform competent 

MG059e1 cells (section 3.4.1), in order to introduce the single nucleotide changes into 

hycG within the MG059e1 chromosome. The pMAK protocol (section 3.5.2) was used 

with the exception of the 10-3 dilution and the two single colony purification steps being 

omitted as they were regarded unnecessary. Mutagenesis using pMAK705hycG G47C, 

G120C and G131C yielded 11 54, and 48 colonies respectively. All control plates showed 

hundreds of colonies. After the final patching, approximately 50 colonies from each 

mutagenesis were eligible for further investigation. 

4.2.6 Confirmation of MG059e1hycG mutants 

To confirm the introduction of single nucleotide substitution to the chromosome primers 

were designed to anneal to hycG and the flanking hycF to create PCR products of ~700 bp, 

which would cover the region containing the three mutation sites. The agarose gel (Fig. 26) 

shows strong bands around 500 bp for all three mutants. Two bands (Fig. 26B, lanes 8 and 

9) are weaker due to insufficient mixing of sample and dye. After gel extraction and 

sequencing, mutations were confirmed and strains containing substituted amino acids at 

positions 47, 120 and 131 in the HycG subunit were named MAC47, MAC120 and 

MAC131 respectively.  

 

Figure 26. Agarose gel of MG059e1hycG colonies. A) 20 µl G47C, B) 10 µl G120C, 10 µl 
G131C (last lane 15 µl). 5 µl ladder. 
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4.2.7 Purification of mutant FHL and characterisation of products  

The same purification protocol described in section 3.5.4 was used to purify the new 

MG059e1hycG mutants, as well as MG059e1. Purification products were analysed by 

SDS-PAGE, followed by staining and destaining in the same manner as above (section 

3.5.5)  

Note: A different ÄKTA FPLC (same manufacturer) was used for the purification, and as 

the protein detection was not accurate (probably due to faulty UV lamp), the yield seemed 

to be less compared to previous experiments as well as concentration calculations.  

Fig. 27 shows the elution profiles of the three FHL complexes isolated from the hycG 

mutants and MG059e1 after purification on a Ni2+-NTA column. In all purifications, the 

protein eluted from the column at an imidazole concentration of approximately 0.2 M. The 

peak sizes varied between 120-200 mAU and the fractions under them were collected 

(MG059e1: A8-B1, MAC47: A7-B2, MAC120: A8-B1, MAC131: A8-B1), analysed by 

SDS-PAGE and kept at -80°C. 

 

Figure 27. Ni2+-NTA elution profiles of complexes isolated from (top left to bottom right) 
MAC47, MAC120, MAC131 and MG059e1. 
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Similar to the purification of FHL from MACdF, the four hydrophilic FHL subunits can be 

seen on the acrylamide gels (Fig. 28). The membrane subunit HycD (33 kDa) seems to 

have fallen off the complex and was not detected. A weak band between 75 and 100 kDa, 

(which could also be seen on the MACdF gel (Fig. 16)), could possibly be FdhF, and the 

band under HycE (between 37 and 50 kDa) could possibly be HycC. 

 

Figure 28. SDS-PAGE gels of A) MG059e1, B) MAC47 (8 µl sample), C) MAC120 and D) 
MAC131 (15 µl sample). 8 µl ladder (L). 

4.2.8 In vitro hydrogenase activity test 

Samples from the four purified complexes were tested for in vitro activity as described in 

section 3.5.7. No activity could be seen in any of the samples (data not shown). 

4.2.9 Protein concentration assay 

The BSA standard curve (see section 4.1.7) was used to calculate the concentration of the 

pooled protein fractions and subsequent protein yield (Table XII). 

 

 



41 

Table XII. Table I. Yields after purification of MAC strains and MG059e1. 

 

The average yield from previous Ni2+-NTA purifications of the FHL complex from 

MG059e1 was 0.493 mg (0.07 mg/g cells) (courtesy of JM). 

4.2.10 In vivo gas test 

The hycG mutant strains, MAC47, MAC120 and MAC131, were submitted to an in vivo 

gas test, with MG059e1 and FTD147 as positive and negative controls respectively (see 

section 3.5.9). The results show that all three mutants have an intact H2 production system 

(Fig. 29). 

 

Figure 29. In vivo gas test of (left to right) MAC47, MAC120, MAC131, MG059e1 and 
FTD147. Cultures were grown anaerobically at 37 °C. 

4.2.11 MacConkey plates assay 

This assay was also carried out to assess the ability of the hycG mutant strains to produce 

H2. It resulted in yellow colonies on all three MAC strain plates, shown here as light 

patterns against a red background (Fig. 30). FTD89 was used as positive control and 

FTD147 as negative. Thus the hycG mutations do not significantly impair in vivo FHL 

activity. 
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Figure 30. MacConkey plates assay; (left to right) MAC47, MAC120, MAC131, FTD89 and 
FTD147. Colonies were grown anaerobically at 37 °C. 
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5 Discussion 

The pMAK705 method for generating mutations was successfully used to insert a complete 

deletion, as well as introducing single mutations, on the chromosome of E. coli. As 

pMAK705 is a low copy vector, the expression is not very high, which gave a small 

number of colonies compared to other vectors tried. The first stages of the experiment were 

therefore repeated several times to make sure that both cells and vector were fully 

functional. The protocol was also modified and improved, in particular the overall time 

taken to make MAC47, MAC120, and MAC131 was significantly shortened.  

The elution profiles and SDS-PAGE gels after Ni2+-NTA and gel filtration purification of 

MACdF give rise to a few speculations (Fig. 15-18). On the first gel, the four subunits of 

the hydrophilic domain are clearly shown. There are also weaker bands that after SEC were 

either investigated by MS, or removed during this second stage of purification. Yet, there 

is a very weak band that appears just above HycG in the last two fractions (A11-A12). This 

band can be discovered in the second gel image, now appearing in the first fractions (C2-

C4) and then disappearing. Previous work in the Sargent lab showed that the membrane 

proteins migrate at anomalous positions on acrylamide gels than can be expected by their 

predicted molecular mass (Fig. 8), which raises the question whether that band could be the 

membrane protein, HycD, or just an impurity. According to Fig 8, HycD runs just below 

HycG, and this band lies above, so the assumption was made that HycD was not present in 

the purified complex. Yet, the elution profile has two peaks, which, seem to indicate a 

larger protein complex followed by a smaller, indicating areas of variability. Since the 

membrane subunits tend to behave unpredictably, HycD might have run in a different way 

after this purification. Whether the band of interest is HycD or an impurity can only be 

determined through further experiments. 

Other bands than the ones representing FHL proteins can be seen on the gels. Non-specific 

protein binding to the IMAC column combined with the fact that a less pure form of 

imidazole (compared to the one commonly used) was used here by mistake, might have led 

to a less effective purification. This could have rendered unwanted proteins in the 

fractions, represented through more bands on the gels than expected. Previous experiments 

performed in the Sargent lab where a narrower imidazole gradient (50 mM – 500 mM) was 

used, resulted in a gel with fewer bands in total that still gave a clear image of bands of 

interest.  
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The elution profiles for enzymes isolated from the strains MG059e1, MAC47, MAC120, 

and MAC131 (Fig. 27) are smaller in comparison to that from MACdF, but the total 

protein yield was fairly similar, which can be explained by the deficiency of the UV-lamp, 

as previously mentioned. The SDS-PAGE gels look alike and all the hydrophilic subunits 

can be seen (Fig 28). HycD cannot be seen at all, and there are two bands, below 50 kDa 

and above 75 kDa respectively, which could be HycC and FdhF. Yet, as no further 

investigation was made, it is unsure whether the subunits are actually there or if the bands 

represent impurities from the Ni2+ -NTA purification.  

The MACdF strain showed no or minimal FHL activity when tested in vitro. Previous 

experiments in the Sargent lab have shown that mutants with deletions in hycC and fdhF 

respectively, have been able to reduce redox dyes, such as MV or BV, and hence kept their 

ability to cleave H2 (hydrogenase activity) despite a complete FHL complex that is not 

intact. A more likely explanation for the lack of activity is that the enzyme was inactivated 

by exposure to oxygen, due to the author’s inexperience. 

The same results were given for MG059e1, MAC47, MAC120, and MAC131. Previous 

experiments have shown that FHL isolated from MG059e1 is active in vitro so even in this 

case the proteins were not handled correctly, by freezing, thawing, and pooling procedures 

that exposed them to oxygen. An interesting aspect is that if oxygen still inactivates the 

mutant enzymes, a single mutation might not be enough for providing oxygen tolerance. 

As shown by Goris et al., (2011) strains producing R. eutropha MBH with either a single 

mutation in C19G, or double mutations in C19G/C120G of the small subunit, were no 

longer oxygen tolerant. These results seem to imply that both amino acids in positions 19 

and 120 (47 and 120 for the HycG subunit of Hyd-3) need to be cysteines in order for the 

removal of oxygenic species to be efficient enough. The HycG G131C mutation did not 

differ from the other two mutants, and the question whether HycG position 131 is involved 

at all in oxygen tolerance, remains unanswered. Further experiments, which include 

repetition of purification and activity tests, might provide more answers to this intriguing 

matter. 

The total protein yield from the first purification from the MACdF strain (5 L culture) was 

0.067 mg/g cells. The second time the new strain was purified in the lab, the same volume 

gave a yield of 0.025 mg/g cells. The yield is based on how many protein fractions that are 

pooled, the number of which can be decided from the FPLC peak, and by SDS-PAGE 

analysis. In the first attempt, fractions that where under the peak and adjacent to it that 
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contained both strong and weak bands were pooled in order to collect all the protein. This 

gave a high yield, but with the disadvantage of the sample containing other proteins as 

well. In order to estimate a more exact yield from MACdF, repetition of the assay needs to 

be conducted. 

The yield from MG059e1 and the three MAC mutants (5 L culture) gave a similar yield of 

approximately 0.075 mg/g cells (apart from MAC47), which correlates with previous 

concentration measurements of 0.07 mg/g cells. MAC47 showed a yield of over 0.1 mg/g 

cells, but the peak was slightly larger, and a larger fraction volume was pooled compared 

to the other proteins.  

The two forms of in vivo gas test that were carried out indicated that MACdF was unable 

to convert formate into H2 and CO2 in vivo. As the active site for formate is situated in the 

FdhF subunit, this result was expected. Earlier experiments, with the hycC and fdhF 

mutants gave the same result, indicating that both HycC and FdhF respectively are vital for 

formate conversion in vivo. This raises the question of the role of HycC, which seems to be 

crucial for gas production, even though both Hyd-3 and FdhF, that contain the active sites, 

are in the complex.  

When investigating MAC47, MAC120, and MAC131 with the same gas tests, the 

mutations proved not to affect the in vivo activity. To successfully substitute a glycine with 

a cysteine within the core of a protein there must be enough ‘space’ to accommodate such 

a bulky and reactive side-chain, or the protein fold must be flexible enough to handle such 

a change. Remarkably, in this case, with the enzyme activity kept intact, the area closest 

around the proximal [4Fe-4S] cluster might be structured in a similar manner to the 

naturally oxygen tolerant enzymes. If the structure surrounding the proximal cluster seems 

to allow Gly/Cys substitutions without affecting the activity, the possibilities of making 

double, or perhaps triple, mutants are many, which can lead to a development where bioH2 

production can occur in all kinds of environments. 
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6 Conclusions 

E. coli is a natural hydrogen producer, and being a well-known model organism it is an 

attractive candidate for future industrial hydrogen production, as an alternative to fossil 

fuels. There is still a long way to go before microbial biohydrogen can be implemented as 

a fully functional clean fuel that is possible to produce and distribute in a large scale. The 

manufacturing processes must also be able to meet the high energy demand, and at the 

same time be economically feasible. 

During this project, genetic engineering of the FHL complex has been conducted, in order 

to gain further insight into its properties. In research projects like this, time tends to pass 

quickly and many experiments that needed repetition for various reasons, such as errors, 

inexperience or hard luck, could only be carried out once. Therefore, the results must be 

interpreted in accordance.  

A new strain, MACdF, which lacks the FHL subunits HycC and FdhF was made, in an 

attempt to create a stable, hydrophilic domain to be used in characterisation of the 

complex. The strain could not produce any gas in vivo, and no or minimal activity in vitro 

could be detected, but a hydrophilic domain could be isolated. In future experiments, the 

purified complex could be further investigated with activity tests and subsequently with 

techniques such as NMR and/or crystallography in hope of elucidating its 3D structure. 

Oxygen tolerance in Hyd-3 is wished for, partly because it could facilitate experiments in 

terms of laboratory conditions, but mostly because various options of industrial 

manufacturing could be applied if the enzyme were to stay active in both absence as well 

as presence of oxygen. This feature would be useful in many applications, and especially if 

dual systems are to be used where different microorganisms demand different conditions. 

During this project, three single mutants, MAC47, MAC120 and MAC131 were created, 

and all strains proved to be active and produce gas in vivo. A complex could be purified 

with some areas of variability, but no in vitro activity could be detected. Whether it was 

due to the handling of the protein or to the notion that single mutations are not enough to 

provide oxygen tolerance in Hyd-3, can only be determined by future work. 
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9 Appendix 

The nucleotide sequence of hycG, holding the bases that are to be substituted, is shown 

below (Fig. 1). Note that all three mutations are displayed in the same sequence here, as an 

illustration, but that there are three individual mutations of hycG.  

ATGAGCAATTTATTAGGCCCCCGTGACGCCAACGGCATTCCGGTCCCCATGACGGTGGATG

AATCCATCGCCAGCATGAAGGCGTCGTTACTGAAAAAAATCAAACGTTCTGCCTATGTTTA

CCGCGTGGACTGCGGCGGCTGCAACGGTTGCGAAATCGAAATTTTCGCCACGCTTTCGCCG

CTGTTTGATGCAGAACGCTTCGGCATTAAAGTCGTTCCTTCACCGCGTCATGCGGATATTT

TACTGTTTACCGGCGCGGTCACCCGTGCAATGCGATCCCCTGCGCTGCGTGCGTGGCAGTC

CGCGCCGGACCCGAAAATTTGTATCTCCTACGGTGCCTGCGGTAACAGTGGCGGGATCTTC

CACGATCTCTACTGCGTGTGGGGCGGTACGGATAAAATTGTCCCTGTGGATGTTTATATCC

CTGGCTGCCCGCCAACGCCTGCCGCCACGCTGTACGGCTTTGCAATGGCGCTCGGCCTGCT

GGAGCAGAAAATTCACGCCCGTGGGCCGGGTGAACTGGATGAACAACCGGCGGAGATCCTG

CATGGTGATATGGTGCAGCCGCTGCGCGTGAAAGTGGATCGCGAAGCACGTCGCCTGGCGG

GTTATCGTTACGGTCGTCAGATTGCCGATGATTACCTTACACAGTTAGGGCAGGGCGAAGA

ACAGGTTGCACGCTGGCTGGAAGCGGAAAACGATCCGCGTCTGAACGAGATTGTCAGCCAT

CTGAATCATGTTGTTGAAGAGGCGCGTATCCGATGA 

Figure 1. Original sequence of hycG, 768 bp. Nucleotides to be substituted are underlined and 
marked in green. 

 

 


