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Summary 
One of the consequences of a growing world population is increasing energy 

consumption and a following environmental threat by continued use of fossil fuels. 

Therefore clean biofuels, such as biohydrogen (H2), Produced by photosynthetic 

organisms, are strongly needed as they might provide a new way for cheap 

production of H2. The aim of this Master thesis is to heterologously express the 

FeFe-hydrogenases HydA1 and HydA2 from Chlamydomonas reinhardtii, in order to 

facilitate the production of H2 from the cyanobacteria Synechocystis PCC 6803. The 

genes needed for heterologous expression of active HydA1/A2 hydrogenases 

include both the gene coding for the enzyme itself as well as several maturation 

genes needed for post-translational modification on HydA1/A2. The genetic 

constructs were assembled in E. coli, using principles from synthetic biology. 

Heterologous expression of HydA1/A2 was successful in both E. coli and 

Synechocystis, but only HydA1/A2 expressed in E. coli were fully functional. The lack 

of activity in Synechocystis was probably caused by insufficient expression of  the 

maturation genes in Synechococystis. Therefore a new genetic construct was 

designed, assembled and tested to be fully functional in E. coli.  
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Abbrevations 
 
ATP Adenosine triphosphate 
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea 
dH2O Demineralized and sterilized H2O 
E. coli Escherichia coli 
fd Ferrodoxin (or flavodoxin) 
GC Gas chromatograph 
H2 Hydrogen 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HydA1+/-fd Gene for [FeFe]-hydrogenase HydA1 from Chlamydomonas 

reinhardtii. +/- linkage to fd 
HydA2 Gene for [FeFe]-hydrogenase HydA2 from Chlamydomonas 

reinhardtii. +/- linkage to fd 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
kb Kilo base pairs 
kD Kilo dalton 
LB Lysogeny broth 
MatCa Maturation genes (hydE hydF and hydG) from Clostridium 

acebutylicum 
MatCr Maturation genes (hydEF and hydG) from Chlamydomonas 

reinhardtii 
MV Methylviologen 
O2 Oxygen 
OD Optical density 
RSBP Registry of Standardized Biological Parts 
SDS Sodium dodecyl sulfate 
TBS Tris buffered saline 
wt Wild type 
ΔHox Mutant of Synechocystic PCC sp. 6803wild type lacking the gene for 

native bidirectional [NiFe]-hydrogenase in Synechocystis. 
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Aim of this Thesis 
In this Master thesis at Uppsala University the aim was to heterologously express an 

active form of the [FeFe] hydrogenases HydA1 (~46.5 kD) and HydA2 (~ 47 kD) 

from the green alga Chlamydomonas reinhardtii in Synechocystis PCC 6803,. 

Concurrently the expression of a fused protein consisting of HydA1/HydA2 and PetF 

(ferrodoxin, fd~ 11 kD including linker) was tested. For obtaining the active form of 

HydA1 and HydA2, the maturation genes HydEF and HydG will be coexpressed with 

the hydrogenase genes. Also the activity of HydA1 and HydA2 will evaluated while 

they co-expressed together with the maturation genes HydE, HydF and HydG from 

Clostridium acetobutylicum. Assembly and testing of the HydA1 and HydA2 

constructs will be done in E. coli, using the principles and techniques from synthetic 

biology, and then subsequently transferred into Synechocystis PCC 6803. 

The work presented in this thesis is a continuation of the work done by the former 

Master students Thiaygarajan Gnanasekaran and Sean M. Gibbons in the Microbial 

chemistry section at Fotomol Ångström [1-2].  
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Background 

Introduction 

At some point around year 1800 the world population reached 1 billion. In 1999 the 

world population reached 6 billion and this year (2011) it is estimated that world 

citizen number 7 billion will be born [3]. The total world population is closely linked 

to the total world energy consumption and with a fast expanding world population 

the energy consumption will grow concurrently [4]. In addition there are many less 

developed countries, e.g. China, which are experiencing a rapid growth in living 

standards [5], which together with the population growth will cause rapid increase 

in the energy demand [6]. Supplying clean energy for the demands of the future will 

be a key challenge for the world society and it will be vital to develop new energy 

sources, to ensure a sustainable growth in living standards for the fast growing 

world population.  

Hydrogen as replacement for fossil fuels 

In order to meet future energy demands in times with scarcity of fossil fuel [7-9], 

new fuels have to be developed. 

One potential candidate as the fuel of the future is H2. The advantages of using 

H2 are that it has the lowest energy per mass ratio of all known fuels [10], health 

benefits for society, due to cleaner combustion of H2 than fossil fuels [11], being 

very easily and with very high efficiency transformed into electric energy with only 

water as combustion product and it can be produced from water,  a very abundant 

resource on earth. The drawbacks of using H2 as an energy carrier are storage 

problems and high costs related to H2 production [12]. However, major efforts are 

being undertaken to solve the various problems linked to the production of H2 fuel 

and it is expected that most of them will be resolved in the near future [10].  

Currently there are numerous ways to produce H2 e.g. through splitting of water by 

electrolysis, reforming natural gas, or a newly developed method of solar-driven 

thermochemical dissociation of water [13]. Hydrogen production from biological 

organisms was first discovered by Hans Gaffron in 1942, when he grew the algae 
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Scenedesmus under dark anaerobic conditions [14]. Later it was discovered that the 

enzyme hydrogenase is responsible for the H2 production in many algae species and 

in bacteria such as cyanobacteria. In the production of H2 biological organisms 

utilizes the abundant amounts of H2O, CO2 and sunlight on earth to produce H2 

without any pollution. This is denoted as biohydrogen.  

 

Cyanobacterial production of biohydrogen 

Cyanobacteria have many of the key features needed to be a suitable host organism 

for biohydrogen production. The main attraction of cyanobacterial biohydrogen 

production is that cyanobacteria contain a photosystem that can convert light 

energy into chemical energy, which can then be utilized for biohydrogen production. 

The photosystem consists of several protein complexes which can convert 

photoenergy into chemical energy in the form of reduced ferrodoxin (fd) and 

Adenosine triphosphate (ATP). ATP is an energy source for numerous chemical 

reactions in biological organisms (see Figure 1). 

Fd is an electron carrier common for many organisms. It can donate its electron to 

other electron donors such as NADPH or directly to an enzyme as energy for 

catalysis. By using cyanobacteria it is possible to link biofuel production, such as 

biohydrogen, to solar energy through the photosystem and a specific enzyme, 

without going through multiple energy loosing steps. For biohydrogen production 

the reduced fd can be directly coupled to hydrogenases, for H2 formation (see 

Equation 1)  
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Figure 1. Photosystem in the thylakoid membrane. Light hits Photosystem II (PS II) and an electron 

is transferred to the plastoquinone (PQ) and subsequently to the cytochrome b6-f complex (Ctb6f) 
pumping excess protons (H+) into the thylakoid lumen. The electron continues from Ctb6f to the 
plastocyanin (PC) and thereafter to Photosystem I (PS I), which utilizes light for transferring the 

electron to ferrodoxin (Fd). An electron can be transferred from Fd to NADP+ aided by ferrodoxin 
NADP reductase (not displayed). ATPase uses the H+ gradient across the thylakoid memebrane to 
catalyze ADP + Pi � ATP.  NADH, fd and ATP can be used as energy source for various reaction in 

biological systems. Adapted from [15]. 
 
With vegetative plants, solar energy is already today being used indirectly to 

produce other biofuels e.g. ethanol from maize or rapseed oil. However, the problem 

with biofuels from plants is that the solar energy is transformed into starch and or 

fatty acids, which subsequently are transformed into usable fuels. This multi-step 

approach for biofuel production is not very efficient, making the direct approach 

with cyanobacteria more favorable. Other advantages with cyanobacteria are that 

they grow much faster than terrestrial plants, they use less water that they can grow 

on marginal land thus not competing with agricultural land used for food 

production. Problems with biofuel production from cyanobacteria are related to the 

upscaling of biofuel production, stability of genetically modified cyanobacterial 

strains and contamination from wild type organisms [15]. However, current 
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research and development may in the near future solve many of the current 

problems, and thereby making biofuel, e.g. biohydrogen production, from 

cyanobacteria feasible. 

Enzymes catalyzing H2 formation 

Generally there are two types of enzymes, which can catalyze formation of H2: 

hydrogenases and nitrogenases. These are found in a wide array of eukaryotes and 

prokaryotes, both phototrophic and chemotropic. Nitrogenases and hydrogenases 

catalyze two different reactions. Nitrogenases reduce N2, giving NH3 and molecular 

H2 as products (see Equation 1) whereas hydrogenases are often bidirectional and 

capable of both oxidizing and reducing hydrogen (see Equation 2).  

 

iPMgADPHNHMgATPNeH 161621688 232 +++→+++ −+  
Equation 1. H2 evolution catalyzed by nitrogenase. For nitrogenase the electrons (e-) are most 

commonly delivered the electron donor fd [16]. Equation adapted from [17].  
 

222 HeH ↔+ −+ (2)  
Equation 2. H2 evolution catalyzed by hydrogenase. Electron are delivered from the electron donor 

fd. Adapted from [18]. 
   

 
Nitrogenase and hydrogenases are commonly seen as part of a system that can 

metabolize H2, either as a function incorporated in the enzymes itself, or in another 

enzyme(s) e.g. hydrogen uptake hydrogenase. For biohydrogen production 

however, H2 splitting into protons and electrons, is not favorable since recycling H2 

molecules inhibits H2 release from the biological system. Therefore removing 

enzymes or their capacity to recycle H2 is needed for obtaining sustained production 

of H2 from biological organisms, which can be collected externally.  

Hydrogenases 

As mentioned in the previous section hydrogenases are a main components in H2 

metabolism and are found in a wide range of both heterotrophic and autotrophic 

organisms [19]. The purpose of hydrogenases in different organisms is not fully 

understood yet, but it is certain that they play a vital part in microbial energy 

metabolism. In phototrophic organisms, H2 production is a means to dissipate 



11 

excess reducing equivalents, which can be harmful for the host organism. Other 

organisms can through hydrogenases obtain reduced electron donor e.g. fd, from the 

reverse reaction of reaction 2, which can be used in catalysis of other reactions [19]. 

Generally there are three classes of hydrogenases: (i) the [FeFe] hydrogenase, (ii) 

the [NiFe] hydrogenase, and (iii) the methylenetetrahydroxymethanopterin-

containing enzyme also known as Fe-hydrogenases [17]; group (iii) will not be 

described in this work.  

[NiFe] hydrogenase are αβ heterodimers with Fe and Ni in the active sites to 

catalyze H2 formation (see Equation 2 and Figure 2A). In the small β subunit are FeS 

clusters, which facilitate the conduction of electrons between the enzyme’s active 

site and a physiological electron donor/acceptor. [NiFe]-hydrogenases can facilitate 

both the formation and splitting of H2 [19].  

[FeFe] hydrogenases are generally considered to be monomeric, divided into 

modular domains [20]. One domain contains the active site with two Fe atoms 

facilitating catalysis of reaction 1. The FeS clusters are located in other domains of 

the [FeFe]-hydrogenase and serve the same purpose as in [NiFe]-hydrogenase (see 

Figure 2B).  

  
Figure 2. Protein structure of NiFe-Hydrogenase and [FeFe]-hydrogenase. (a) NiFe-hydrogenase protein 

structure from Desulfovibrio Gigas. Large and small subunits are shown in red and green respectively. 
The yellow and grey molecules are the FeS clusters. Adapted from [21]. (b) [FeFe]-hydrogenase protein 

structure from Clostridium pasteurianum. Active site shown in blue, subdomains containing FeS shown in 
green, cyan and purple. The red and yellow space-filled molecules are the FeS clusters. Adapted from 

[22]. 
 

(a) (b) 
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Both the NiFe-hydrogenase and [FeFe]-hydrogenase are O2 sensitive. NiFe-

hydrogenases become reversibly inactivated in an aerobic environment, whereas 

the [FeFe]-hydrogenase is more sensitive to O2 [19] and becomes irreversibly 

inactivated in the presence of O2. Another common feature of NiFe- and [FeFe]-

hydrogenases is the necessity of post-translational maturation of the enzymes in 

order to become active hydrogenases [23]. For NiFe-hydrogenases the maturation 

includes insertion of CO and CN ligands in active site and proteolytic cleavage of the 

C-terminus [21]. These maturation steps are facilitated by several enzymes that are 

co-expressed with the hydrogenase. For the [FeFe]-hydrogenase maturation is 

needed for the insertion of the iron cluster [24]. Some studies suggest that 

maturation system does not have to be type-specific, suggesting for example that 

NiFe maturation system not only can mature [NiFe]-hydrogenases but also Fe-only 

hydrogenases [25] and [FeFe]-hydrogenases [26]. These findings are however still 

controversial [24].  

 
O2 inactivation of hydrogenase 
While photosynthesis can provide the electrons needed for hydrogen production, it 

simultaneously inactivates the hydrogenases by producing O2 in the water splitting 

reaction. Overcoming the oxygen sensitivity is therefore a major obstacle for 

achieving cheap biohydrogen production in large quantities from phototrophic 

organisms. Huge efforts are being made in investigating methods for increasing the 

O2 tolerance of hydrogenases or compartmentalizing the hydrogenase to isolate 

them from O2. Heterocystous cyanobacteria can form specialized cells with reduced 

O2 concentration. Under nitrogen fixing conditions such cyanbacteria have been 

utilized for biohydrogen production by Lindblad et al [27].   

 

Heterologous expression of [FeFe]-hydrogenases 

Expression of [FeFe]-hydrogenases with E. coli 

The most commonly used host organism for heterologous expression of various 

proteins and enzymes is E. coli. Previously heterologous expression of active [FeFe]-

hydrogenases in E. coli have been done, but large scale biohydrogen production is 
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less desirable than with cyanobacteria, since E. coli uses sugars as their energy 

source. Still, E. coli is a bacterial strain that is widely used in genetic engineering 

today and is therefore used in this work for the assembly of the hydrogenase genes 

HydA1 and HydA2 from Chlamydomonas reinhardtii together with their 

corresponding maturation genes and non-native promotors and terminators. 

Subsequently the functionality of the assembled genetic constructs can be tested in 

E. coli before transferring the construct into the desired cyanobacterial host 

organism.  

For hydrogen evolution by heterologously expressed [FeFe]-hydrogenase, electron 

donors are needed. In King et al [24], hydrogen evolution was shown in vitro with 

reduced methylviologen (MV) as electron donor. For in vivo hydrogen evolution in 

Chlamydomonas reinhardtii catalyzed by [FeFe]-hydrogenase the electron needed 

for H2 formation is provided by reduced fd.  

E. coli contain an fd that are similar to the one found in Chlamydomonas reinhardtii. 

The fd in E. coli is reduced by NADPH when growing E. coli anaerobically [28-29]. 

Thus, anaerobic growth conditions can ensure the supply of reduced fd used by 

HydA1 and HydA2 to catalyze the formation of H2. Concurrently the anaerobic 

growth conditions prevent’s the O2 inactivation of the [FeFe]-hydrogenases that 

would have happened with aerobic growth conditions. 

 

Synechocytis PCC 6803 as a host organism for expression of [FeFe]-

hydrogenases. 

Synechocystis PCC 6803 is a cyanobacterial strain and it has mainly three properties 

favorable for using it as cyanobactarial model organism for heterologous expression 

of hydrogenases. Firstly, it has photosynthetic capabilities, which potentially could 

enable photo-biohydrogen production. Secondly, it is a very well known organism, 

the whole genome of Synechocystis PCC 6803 has been sequenced (see Table 1) and 

it is susceptible to genetic engineering [30], [31].  Third advantage is that 

Synechocystis PCC 6803 in its native form expresses a bidirectional [NiFe]-

hydrogenase, meaning that the molecular machinery guiding electrons to 

hydrogenases is already in place.  
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Table 1. Properties of Synechocystis PCC 6803 

Synechocystis PCC 6803 (also known as blue green algae) 

Size 2 µm diameter [32], unicellular 
Growth conditions Non- nitrogen fixing fresh water 

strain. Photo- and heterotrophic 
growth. [32-33] 

Growth rate 0.0201 h-1 [34] 
Pigments chl a/b 
Growth conditions Growth medium: BG11 

Temperature: 25-30 °C[30] 
Light intensity:  
50 μmol photons m−2s−1[30] 

Genome Sequenced. 1 chromosome (12 
copies) and 7 plasmids [35]. 

 

 
Figure 3 Two unicellular 

cyanobacterial cells, clustered 
together. Light microscope x1000. 

 
[FeFe]-hydrogenases have a higher specific activity compared to the native [NiFe]-

hydrogenase. In vitro studies have shown that [FeFe]-hydrogenase HydA1 from 

Chlamydomonas reinhardtii has a specific activity of 935 µmol H2*mg-1 * min-1 [36] 

and similarly the activity of purified [NiFe]-hydrogenase from Synechocystis has 

been shown to be 87.78 µmol H2*mg-1 * min-1 [37]. 

Several functions for [NiFe]-hydrogenase in Synechocystis have been suggested [38-

40]. The [NiFe]-hydrogenase is a bidirectional enzyme catalyzing both the formation 

H2 and the splitting of H2 (see Equation 2). As an incorporated part of the H2 

metabolism and with expression level controlled by intrinsic gene regulation 

Synechocystis does not favor [NiFe]-hydrogenase to remove reducing equivalents for 

H2 formation. The reducing equivalents can instead be used as energy source for 

other reactions in the cell and thus will the produced H2 most likely be recycled into 

electrons with a reducing potential, which can be utilized for other reactions. 

The heterologous expression of [FeFe]-hydrogenases, will be orthogonal to the 

Synechocystis gene expression, and therefore theoretically unrelated to its H2 

metabolism and optimized for H2 evolution.  

In this work a Synechocystis mutant lacking an active [NiFe]-hydrogenase (ΔHox) is 

used. This is essential for in vivo measurement of H2 from heterologously expressed 

HydA1 and HydA2. Removing the expression of the [NiFe]-hydrogenase will 

eliminate competition for electron donors and possible interplay between the native 

and heterologous hydrogenases. Also inactivation of the [NiFe]-hydrogenase will 
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ensure that no H2 will be recycled and that all produced H2 will originate from the 

[FeFe]-hydrogenase, making it easier to evaluate their activity and effect on the host 

organism.  

Another feature investigated in this work is to extend the peptide chain of the 

[FeFe]-hydrogenases and attach it to an electron donor e.g. fd. This could potentially 

facilitate the electron transfer and thereby, increase the activity of [FeFe]-

hydrogenase [41].  

 

The genome of Synechocystis PCC 6803 was sequenced in 1996 [35], leading to a 

broad understanding of the genes and proteins expressed by Synechococystis PCC 

6803. Still there are many details of the Synechocystis PCC 6803 gene expression and 

metabolism that are unknown. These have further to be investigated in order to 

understand how many reducing equivalents e.g. reduced fd, can be removed from 

photosynthesis to hydrogen production and still sustain a viable cell.  

New approach to genetic engineering: Synthetic Biology 

For expression of active [FeFe]-hydrogenases both the HydA1 and HydA2, 

potentially linked to an electron donor, has to be coexpressed with its maturation 

genes. Introducing multiple genes to a host organism requires extensive genetic 

engineering, which in the recent years has been simplified by the new emerging 

field of synthetic biology.  

With the rapid development in molecular biology research, and an increasing 

complexity of modifications in genetically modified organisms, a new framework 

called synthetic biology has emerged in recent years. Inspired by engineering, 

synthetic biology uses the key concepts of standardization, decoupling and 

abstraction hierarchy to design and build complex biological systems with novel 

applications [42].  

In synthetic biology, researchers promote standard techniques to assemble and 

characterize biological parts (e.g. genes), report their properties (e.g. promoter 

strength) and environmental setup (growth medium, bacterial strain etc.).  
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Standardization makes it easier to design, describe and understand biological 

systems, facilitating designs of elaborate genetic engineering.  

The decoupling concept ensures that complicated systems can be divided into 

several subsystems or devices, which can be designed individually and fitted into 

greater biological systems. It also makes it possible for different researchers at 

different labs to design and study their individual biological devices, and then 

subsequently combine them into a larger biological system. 

Large multiplex biological systems can become very complex. Synthetic biology tries 

to reduce complexity by dividing the biological systems into an abstraction 

hierarchy. At the lowest abstraction level are the biological parts often consisting of 

DNA sequences (e.g. gene, promoter, terminator etc.). The genetic parts can be 

assembled into genetic circuits or devices (e.g. gene expression controlled by a 

promoter), which subsequently can be assembled into a system (e.g. oscillating gene 

expression: Repressilator [43]).  

A widely used set of standardized biological parts, taking advantage of both the 

decoupling and abstraction hierarchy comes from the Registry of Standard 

Biological Parts (RSBP) [44]. All parts in RSBP are standardized in the Biobrick 

format and can all be assembled by the three antibiotic assembly (3A assembly) [45] 

(see Figure 1). 

In 3A assembly, the starting elements are three BioBrick plasmids all with similar 

restriction sites, but with individual antibiotic resistances. Two of the BioBrick 

plasmids are carrying the BioBricks that are to be assembled and the third is 

carrying a Ccdb “death gene” a DNA gyrase inhibitor (BBa_P1010 [44]) (see Figure 

4a). The plasmids carrying the biobrick parts are then digested with a combination 

of EcoRI (E), XbalI (X) or SpeI (S), PstI (P) restriction enzymes, depending on which 

order the parts should be assembled e.g. promoter in front of gene and a terminator 

the gene (see Figure 4). The plasmid carrying Ccdb will be digested with EcoRI and 

PstI. Restriction sites for XbalI and SpeI are compatible, hence after digestion with X 

or S these sites will ligate when treated with ligation enzyme. After plasmid transfer 

to competent cells, the bacteria carrying the correct plasmid with the correctly 



17 

assembled BioBricks will be selected for antibiotic resistance and by use of a ccdB 

sensitive strain [45-46].  

 
Figure 4. 3A assembly. Red construction initially contains ccdb and are cut with E&P. Part 1 cut with 

E&S and therefore placed in front of part 2. Part 2 is cut with X&P. (a) The starting elements for 3A 
assembly, three plasmids carrying different genetic parts and with different antibiotic resistance. (b) 
Digestion products after digesting with appropriate restriction enzymes. (c) Ligated plasmid with the 

assembled genetic parts. Adapted from [47] 

 
In addition to the cleavage sites are the BioBrick vectors provided with sites fitted to 

the primers VF2 and VR (see Table 3). These primer sites are in a well known 

position from the EcoRI and PstI restriction sites, and may therefore be utilized for 

size identification of the assembled construct. 

 

Synthetic biology in cyanobacteria 

Recently the BioBrick system has been utilized in cyanobacteria [30-31], expanding 

the possibilities for synthetic biology on phototrophic organisms. Essential for doing 

synthetic biology on cyanobacteria is the shuttle vector for transferring genetic 

constructs assembled in E. coli to cyanobacteria. In Huang et al. [31] the 

construction of a BioBrick shuttle vector pPMQAK1 was described and used for 

testing multiple promotors, terminators and report genes. pPMQAK1 is a self 

replicating, low copy number plasmid, carrying kanamycin and ampicilin resistance 

cassette, the BioBrick sites E, X, S and P and is functional in both Synechocystis and E. 

coli.  

(a) 

(c) 

(b) 
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Based on the work in Huang et al [31], this study will use a similar approach of 

assembling genetic constructs in E. coli and then subsequently transfer them in to 

Synechocystis.  

 

Results 

Assembled constructs in E. coli and Synechocystis. 

The HydA1 and HydA2 with or without fd were assembled together with promotors 

and expressed on one plasmid. Due to problems with adding the maturation genes 

HydEF and HydG genes from Chlamydomonas reinherdtii (MatCr) and HydE, HydF 

HydG from Chlostridium Acebutylicum (MatCa) on the same plasmid  as the 

HydA1/A2 [2], the MatCr and MatCa were assembled and expressed from another 

plasmid (see Figure 5). 

 
Figure 5. Genetic constructs inserted into E. coli, Synechocystis PCC 6803 and the ΔHox mutant. Trc1 

and Trc2 are the promoters used for expression, RBS is the ribosomal binding site and BBa_B0015a is 
a BioBrick terminator. RBS and BBa_B0015 was part of the synthesized DNA. Promotor, RBS and 

terminator have previously been characterized in Synechocystis [31]. KmR, AmpR and ChlR denotes 
the kanamycin, ampicillin and chloroamphinichol resistance genes for antibiotic selection. 

 
For expression of both the HydA1/HydA2 genes and the MatCr on separate plasmids 

different antibiotic resistance on the two plasmids were needed and in E. coli the 

BioBrick vector pSB1AC3 was used. The pSB1AC3 is not functional in Synechocystis 

so a new shuttle vector pPMQAC1similar to pPMQAK1, but with Chloroamphenicol 

resistance (CmR) was assembled. Positive selection of E. coli and Synechocystis 

clones carrying both plasmids could be done by dual antibiotic selection. Assembly 

of this new shuttle vector pPMQAC1 is described in [1-2]. 

The majority of the H2 measurements were performed on E. coli, Synechocystis and 

Synechocystis ∆Hox carrying the hydrogenase gene and maturation genes on 

separate plasmids and with dual antibiotic selection. However evaluating H2 

evolution from the different strains suggested that there might a problem with 

BBa_B0015 

pPMQAK1 (low copy #) 

HydA1 or HydA2 (+/-fd)  Trc1  

KmR 

 
X E S P 

VF2 

VR 

RBS 

AmpR 

VF2 BBa_B0015  

 pSB1AC3  (High copy # ) or  
pPMQAC1(Low copy #) 

MatCr/MatCa Trc2 

CmR 

 
X E S P 

VR 

RBS 

AmpR 
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pPMQAC1 (see Figure 14), and therefore a new genetic construct was made by 

assembling the HydA1 and MatCr on one plasmid under the control of Trc2 (see 

Figure 6). 

 
Figure 6. Assembly of HydA1 and MatCr on the BioBrick vector pSBK3 with Trc2 as promoter. 

Within the limits of this work it was possible to assemble Trc2HydA1MatCr on 

pSBK3 and test its functionality with respect to H2 evolution (see Figure 7). 

However due to time constraints it was not possible to transfer the genetic 

construct to pPMQAK1, and subsequently into ∆Hox, and thus we were not able to 

test functionality of the genetic construct in Synechocystis PCC 6803. 

In vivo hydrogen production from E. coli with HydA1 and HydA2 

constructs. 

To ensure that the E. coli containing the hydrogenase genes was able to 

heterologously express active HydA1 and HydA2, excess amounts of reduced MV 

was added to act as an electron donor. If the active forms of HydA1 and HydA2 were 

being expressed, they would produce H2 using the reduced MV similarly to the 

findings in [24]. If no H2 could be measured, it would suggest that the HydA1 or 

HydA2 were not active, maybe due to insufficient maturation activity from MatCr, or 

to the fact that the HydA1/A2 had been exposed to O2 and thereby inactivated (see 

Figure 7). Secondly to find out if E. coli was able to provide reduced fd sufficient for 

in vivo H2 production by HydA1/A2 in E. coli, the anaerobically growing E. coli cells 

were supplemented with only glucose (see Figure 8). 
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Figure 7.  Hydrogen production measured with GC on E. coli HydA1 and HydA2 constructs using 
reduced MV as artificial electron donor. The values expressed as µmol H2 per OD600 and mL cell 

culture and are the average of triplicate samples. Error bars represent the highest/lowest measured 
values.  All samples except Trc2HydA1MatCrK3 had the hydrogenase gene and maturation gene 

expressed from different plasmids. -AK1, -AC1, -AC3 and K3 denotes the plasmids pPMQAK1, 
pPMQAC1, pSB1AC3 and pSB1K3 respectively  

 
No hydrogen evolution was measured from the E. coli strains without the 

hydrogenase maturation genes, which is similar to previous studies [24]. 

Unexpectedly no hydrogen production was seen from the E. coli strain containing 

HydA1 and MatCr genes expressed from the shuttle vector pPMQAK1 and 

pPMQAC1, probably caused by a wrong labeling of stock sample (not shown).  

Due to time constraints a new E. coli mutant containing HydA1 and MatCr on shuttle 

vectors was not constructed. No difference was seen between the hydrogen 

productions from E. coli with maturation genes located on different types plasmid. 

Thus placing maturation genes on a low copy number plasmid, and thereby 

reducing the gene availability [48] did not have any effect on H2 production 

compared to placing maturation genes on a high copy number plasmid. Also, 

expressing the HydA1 together with MatCr both on the same plasmid, pSB1K3, 

showed a 2-fold increase H2 production, compared to HydA1 being expressed on 
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pPMQAK1 and MatCr on pSB1AC3. This could be caused by the increased gene 

availability of HydA1 and supports the notion that gene expression of HydA1 is the 

limiting factor rather than the expression of the maturation genes. Thus, using 

weaker promotors in the expression of the MatCr gene could reduce the metabolic 

load on the cell, but still produce the same amounts of H2. 

Additional in vivo H2 measurements showed that H2 evolution from E. coli 

expressing HydA1 (not shown) and HydA2 (see Figure 8) was possible without 

adding an artificial electron donor.  

Only glucose were added to the medium when expressing the HydA2, meaning that 

the native anaerobic metabolism can provide the electrons needed, by reducing 

native fd for hydrogen evolution by HydA2. No H2 evolution was seen from the 

native hydrogenases in E. coli.  
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Figure 8. Hydrogen production measured of HydA2 constructs without and with and different 
maturation systems measured in E. coli. All the samples had the HydA2 places on the pPMQAK1 
whereas the maturation genes were on the pSB1AC3 plasmid. For samples marked with a * no 

sample replicates were made. (a) H2 measured with GC after 3 hours of anaerobic growth of E. coli 
BL-21 with hydrogenase constructs. Measurements based on the average of sample duplicates. Error 
bars denote highest/lowest measured value. (b) Hydrogen evolution calculated from the linear slope 

of H2 measured continuesly with Clark type electrode. Measurements based on duplicate samples. 
 
From Figure 8 it is indicated that E. coli expressing HydA2 and MatCa has an 

increased H2 production compared to E. coli expressing HydA2 and MatCr. However, 

low sample replication precludes statistical analyses to conclude whether the 

difference is significant. 

(a) (b) 
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Low hydrogen evolution rate seen on Clark type electrode measurements for 

HydA2fdMatCa does not coincide with the hydrogen production measured by GC. 

Hydrogenase inactivation by O2 contamination of the sample might be a cause for 

this. Further measurements on sample replicates should be done to support the 

data. 

To investigate the time lag between culture inoculation and H2 production initiation 

a long term monitoring of multiple parameters, including H2 evolution, glucose 

concentration, pH and cell density, on E. coli expressing HydA2 and MatCr.  

 
Figure 9 Long term H2 evolution by E. coli mutant expressing HydA2 and MatCr. OD600 and glucose 

monitored 30 min intervals. pHstart = 6.25, pHend = 5.25. Figure (a) shows H2 concentration (blue line) 
measured with a sampling frequency (fs) of 1 Hz. OD600 is shown by the green line and green axis. 

Figure (b) shows the H2 concentration adjusted with the OD600. Hydrogen evolution rate was 
calculated from the slope of the increasing H2 concentration (red line). Glucose is shown by the 

orange line and axis.   
 
The data show that hydrogen evolution rate seems to follow the exponential growth 

phase of the anaerobically growing E. coli mutants (see Figure 9). No change in H2 

concentration was until t = 60 min. Cell activities such as division, transcription, 

translation and the specific activity of HydA2 is probably the cause of this time, 

(a) (b) 
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since a critical amount of HydA2 is needed before any change in H2 concentration 

can be detected. 

Decrease in glucose and pH suggests that the E. coli mutant has switched to 

anaerobic metabolism using glucose as substrate. Whether the H2 concentration 

stabilization at time = 150 min is due to H2 saturation of solution or hydrogenase 

inactivation is unknown. 

Raw signal from the H2 measurements by the Clark type electrode were very noisy. 

Most of the noise was filtered, and made it possible to interpret data, however 

further improvements should be made in removing noise.  

 

Expression of HydA1 and HydA2 with Synechocystis PCC 6803  

Previously the presence of HydA1 and HydA2 genes was confirmed by colony PCR 

on the Synechocystis wild type (wt) and ΔHox mutants with HydA1 and HydA2 

constructs, [1]. 

While growing the Synechocystis cultures it was seen that cultures with a high 

metabolic load e.g. expressing both the hydrogenase and maturation genes, were 

growing suboptimally compared to the wt or ΔHox mutants. Addition of antibiotics 

to mutants carrying the hydrogenase constructs can explain some of the poor 

growth. However improvement in growth was seen when the cultures were moved 

from 30°C to 25°C. By using a genetic construct where both the hydrogenase and 

maturation genes are assembled on one plasmid will reduce the antibiotic load on 

the Synechocystis, since only one selective antibiotic would be needed 

 

Protein content of Synechocystis cultures, both ΔHox and wild type was analyzed by 

SDS PAGE (see Figure 10) and subsequent confirmation of HydA2 expression was 

done in a Western Blot with primary antibodies specific against HydA2. 
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Figure 10 SDS PAGE gel of ΔHox mutants with different HydA1/HydA2 constructs. Wt sample was 

added for comparison. 
 
The density of the protein bands shows that the amount of protein in each sample 

varied, due to different growth rates.  

 

 
Figure 11 Western blot of ΔHox mutant cultures expressing HydA1 and HydA2 with and with out co-

expression of maturation genes. 
 
HydA2 was detected by the Western Blot showing a band between 70 kDa and 55 

kDa similar to the correct size of ~ 58 kDa 

Different band strength from the different samples can partially be explained by the 

difference in protein content of the different samples, seen in the SDS PAGE. 

Unspecific binding to the HydA1(+/-fd) hydrogenase was seen for the samples of 

protein extracts from the ΔHox mutants containing the HydA1 gene, combined with 

a high protein content. The ΔHox expressing HydA1 and MatCr (on separate 

plasmids) showed no unspecific binding, but this correlates to the low protein 

content in that sample (see Figure 10). No signal was seen from the ΔHox mutant 

with no genetic construct, but a small signal was seen from the wild type sample. 
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From the Western Blot, however it is not possible to confirm the presence of the 

mature and active hydrogenase.  

 

H2 evolution from Synechocystis 

During aerobic growth both glucose content and chl a (as a measure of density of 

viable cells) were measured on a daily basis. Synechocystis wild type strain was 

chosen as positive control due to the presence of the native [NiFe]-hydrogenase 

whereas the ΔHox mutant was a negative control. The wild type Synechocystis 

culture with the HydA1 construct, but no maturation system, was added to compare 

with results from Berto et al. [26]. Synechocystis cultures were grown aerobicly for 4 

days before the cultures were switched to anaerobic conditions. This was done to 

achieve a critical amount of cells expressing HydA1/A2 anaerobicly. Expression of 

functional HydA1/A2 is not possible in aerobic conditions since the [FeFe]-

hydrogenases becomes inactivated by O2.  
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Figure 12. Chlorophyll (a) and glucose concentration (b) in the ΔHox mutant and wt strain with and 
without hydrogenase constructs. Bacteria cultures were switched from aerobic growth condition to 

anaerobic growth condition at time = 168 hours. Time = 0 denotes the inoculation of the culture. The 
data were obtained from single samples. 

 
From the growth curves it is seen that all cultures reached the stationary growth 

phase and had metabolized all the supplemented glucose (except ΔHox), before the 

(a) (b) Aerobic → Anaerobic  Aerobic → Anaerobic  
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switching from aerobic to anaerobic conditions (see Figure 12). Unexpectedly the 

growth of Synechocystis wt and ΔHox mutant was slower than in mutants containing 

the hydrogenase constructs. No antibiotic stress was applied to the Synechocystis wt 

and ΔHox and thus the growth in these cultures was expected to be greater than the 

other bacterial cultures carrying a higher metabolic load and under antibiotic stress. 

Glucose consumption from the wild type and ΔHox cultures was initially greater 

than the other samples and thereafter the glucose consumption of ΔHox terminated. 

Rapid glucose consumption and slow growth rate suggested that the wild type and 

ΔHox were contaminated, but this assumption was rejected by the fact that no 

bacterial colonies were visible after spreading culture on LB agar plates. Repetition 

of experiment with replicate samples is needed to confirm whether the poor growth 

of wild type under the present conditions, is a general trend or a statistical outlier. 

During anaerobic growth samples were taken every day for analysis of hydrogen 

production. No hydrogen production was seen from ΔHox or any of the ΔHox 

carrying the hydrogenase constructs. H2 evolution was only seen on the positive 

control Synechocystis wt and the Synechocystis wt carrying the HydA1 gene.  
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Figure 13. Hydrogen production from samples taken at 24, 72 and 96 hours after growth condition 

change from aerobic → anaerobic conditions. No H2 was detected from the ΔHox mutants only or the 
ΔHox mutants with HydA1(+/-fd) and HydA2(+/-fd) with or without maturation genes (not shown). 
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Since Synechocystis wt itself produces H2 it is unknown whether the produced H2 is 

originating from the native bidirectional [NiFe]-hydrogenase or the heterologously 

expressed HydA1. Therefore to confirm the presence of active HydA1/A2 it is 

necessary to express them in the ∆Hox where no background H2 production is 

necessary.  

 

Digestion of pPMQAC1 

To investigate why no H2 evolution was seen from the ∆Hox carrying the 

hydrogenase gene and the Maturation genes on separate plasmids, the plasmids 

from the E. coli used for triparental mating was isolated and linearized by the 

restriction enzyme EcoRI. 

 
Figure 14 Agarose electrophoresis gel. Plasmid purified from E. Coli containing both pPMQAK1 and 

pPMQAC1, and linearlized with EcoRI.  (1) HydA1-pPMQAK1 and MatCr-pPMQAC1, (2) HydA1fd-
pPMQAK1 and MatCr-pPMQAC1, (3) HydA2-pPMQAK1 and MatCr-pPMQAC1, (4) HydA2fd-pPMQAK1 
and MatCr-pPMQAC1. The lack of bands for pPMQAK1 and pPMQAC1 with the HydA1 (+/-fd) support 

the notion of the stock sample being wrongly labeled. 
 
The result from the electrophoresis gel suggests that both plasmids are present in 

the E. coli, since two bands with distinct size appear when running the gel with the 

digestion products of the isolated plasmids. In the gel picture one band shows one 

DNA fragment with the size of ~10-11 kb, and another with the size of ~4-5 kb. The 

calculated size of pPMQAK1-HydA2(+/-fd) is ~ 10.2 kb (pPQMAK1 ~ 8.4 kb + 

(1) (2) (3) (4) 



28 

HydA2fd ~ 1.8 kb) which matched with the size of the large band in the 

electrophoresis gel. For pPMQAC1-MatCr the calculated size is ~13.8 kb (pPQMAC1 

~ 8.4 kb + MatCr ~ 5.4 kb). This does not correspond to the size found in the gel, 

hence some genes either maturation genes or genes needed for the plasmid to act as 

a shuttle vector,  are not present in pPMQAC1.  

Acknowledging the problems with pPMQAC1 resulted in the assembly of a new 

genetic construct with both the HydA1/A2 and MatCr on the same plasmid (see 

Figure 6).  
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Discussion 
In this project the H2 evolution from the HydA1/A2  construct in E. coli described in 

[1-2] were determined by GC and H2 measurements with a Clark-Type electrode, 

both with artificial and intrinsic electron donors. H2 evolution measurements were 

hereafter done on Synechocystis ΔHox mutants containing the same genetic 

constructs tested in E. coli. No H2 was measured from the Synechocystis ΔHox 

containing the genes for expression of active hydrogenases, due to problems with 

the pMQAC1 shuttle vector. Problems with pPMQAC1 lead to the construction of a 

new plasmid containing both the HydA1 and MatCr genes. 

 

In the E. coli  experiments using MV as an artificial electron donor, the amount of H2 

produced from HydA1 increased almost 2-fold, when expressing the HydA1 gene 

and MatCr gene on the same plasmid as compared to expression of HydA1 and 

MatCr on separate plasmids. Increased H2 production might be caused by an 

increase in gene availability [48], due to expression of HydA1 from a high copy 

number plasmid (pSB1K3), compared to expression from a low copy number 

plasmid (pPMQAK1). Changing the promoter from Trc1 to Trc2 should not change 

the gene expression since they have previously been shown to have similar 

promoter strength in E. coli [31]. Reducing the antibiotic stress on the E. coli might 

have a positive effect on the expression of HydA1.  

The negative effect of having HydA1 and MatCr controlled by one promoter Trc2 is 

that it won’t be possible to fine tune the expression of MatCr independently from 

HydA1. For later research this might be desirable for expression of HydA1 and 

MatCr optimized for H2 production. 

Reduction of gene availability of MatCr did not show an effect on the H2 evolution, 

but it can be speculated that if the gene availability becomes to low it might begin to 

have negative effects on H2 evolution, since it would imply limitations to the 

maturation process of HydA1/A2.  

Having HydA1 and HydA2 linked to fd did not seem to have any effect on hydrogen 

evolution when using the artificial electron donor MV (see Figure 7). This seems 
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explainable since adding excess amounts of electrons by reduced MV eliminate the 

fd linked HydA1/A2 possible advantages of grabbing electrons from metabolic 

pathways in the E. coli. In vivo measurements of H2 production with no artificial 

electron donor, showed that linking HydA1 and HydA2 to fd seem to have a small 

effect (see Figure 8a). However, these results could not be confirmed from H2 

measurements done with the Clark type electrode (see Figure 8b). 

 

In experiments in E. coli, taking advantage solely of the intrinsic electron donors, it 

was shown that H2 evolution was possible. Comparing H2 evolution from E. coli 

expressing HydA2 co-expressed with MatCr and MatCa showed that the expression 

of HydA2 and MatCa was a more favorable combination for H2 evolution than HydA2 

and MatCr (see Figure 7). This suggests that the maturation of HydA2 with MatCa is 

better than MatCr in maturing HydA2 into an active hydrogenase. The reasons for 

this are unknown and should be further investigated. 

 

Western Blot experiments with Synechocystis wt and ∆Hox confirmed the 

heterologous expression of HydA1/A2 with the Synechocystis strain (see Figure 11). 

However it was still not possible to show H2 evolution from HydA1/A2 expressed in 

Synechocystis. In the method used for H2 evolution excess amounts of reduced MV 

was added to the cell cultures. Reduced MV will probably act as an electron donor 

for many molecules in the cells, and thereby lose its reducing equivalent, limiting 

the chance of MV to donate its electron to the hydrogenase. The chance of MV 

donating all its electrons to other molecules other than hydrogenase seems unlikely 

since excess amounts of reduced MV was added to ensured that if any active 

hydrogenase was present, it would be reduced and facilitate H2 evolution. Both 

Berto et al [26] and King et al. [24] have used the method,  and its robustness is also 

confirmed by the fact that H2 evolution is seen in the positive control, while no H2 

evolution is seen in the negative control. 

The reason for not seeing any H2 evolution in Synechocystis is probably linked with 

problems with the pPMQAC1 expressing MatCr. From the digestion products from E. 

coli it was showed that pPMQAC1 did not have the right size (Figure 14). Reasons 
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for pPMQAC1 having the wrong size is unknown, but sequence similarities between 

pPMQAC1 and pPMQAK1 increases the chance that recombination has occurred 

between the two plasmids [49]. By sequencing the plasmids it would be possible to 

analyze possible recombination and find out which genes that are missing from the 

pPMQAC1.  

 

In the Synechocystis H2 evolution was only seen in the positive control Synechocystis 

wt, and in the Synechocystis wt solely containing the HydA1 gene. Lower amounts of 

H2 were measured in the wild type cultures with the HydA1 gene, than in 

Synechocystis wt. In Berto et al [26]  introduction of the HydA1 without maturation 

system showed a 5-fold increase in H2 evolution compared to Synechocystis wt 

cultures. From this result it was suggested that the maturation genes for the native 

[NiFe]-hydrogenase is capable of maturing the heterologously expressed HydA1. 

Experimental setup used by Berto et al. was imitated in the H2 measurements on 

Synechocystis wt, with the difference being that different promoters and terminators 

were used and that HydA1 in this work was expressed from a plasmid and not the 

genome as in Berto et al. Results in this work can however not support the results 

from Berto et al. since a lower H2 production is measured from Synechocystis wt 

with HydA1 than without.  

The reason for the reduced H2 production from Synechocystis wt with HydA1 should 

be further investigated. 

 

Future work 
Sequencing of the Trc2HydA1MatCr-pSB1K3 should be one of the first tasks to 

confirm the presence of the genetic construct. After conformation the genetic 

construct it should be transferred to the shuttle vector pPMQAK1 and 

heterologously expressed in Synechocystis ΔHox. Evaluating the HydA1/A2 

performance in ΔHox could provide the framework for introducing the genetic 

constructs into other cyanobacteria e.g. a heterocystous Nostoc. strain. Alternatively 

the genetic construct could be implemented in the ΔHox genome and thereby maybe 
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obtaining a genetically more stable genetic construct. Implementation of HydA1/A2 

and MatCr has previously been shown in Ducat et al [50]. 

 

Showing that H2 evolution from HydA1/A2 is feasible in Synechocystis can be 

considered as a proof of concept for the heterologous expression of active 

hydrogenases in cyanobacteria. Still, for H2 production in Synechocystis the switch 

from aerobic to anaerobic conditions is needed to remove inactivating O2 from the 

photosynthesis. Protection of the HydA1/A2 could be done by expressing them in 

heterocystic cyanobacteria, such as Nostoc Punctiforme, which have compartments 

with reduced O2 concentration. Expressing HydA1/A2 in Nostoc puntiforme could 

potentially reduce the need of switching the growth environment every time H2 

needs to be initiated. 
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Conclusion 
This work has shown that it is possible to build genetic constructs via the BioBrick 

system to heterologously express the [FeFe]-hydrogenases HydA1 and HydA2 from 

Chlamydomonas reinhardtii in E. coli. Expression of active HydA1 and HydA2 is, 

however, only possible if they are co-expressed with the maturation genes HydEF 

and HydG from Chlamydomonas reinhardtii or the maturation genes HydE, HydF, 

HydG from Clostridium acebotylicum. H2 evolution was both possible with an 

artificial electron donor and with the intrinsic reducing equivalents present in E. 

coli. 

In Synecocystis it was possible to heterologously express HydA1/A2, but it was not 

possible to measure any hydrogenase activity from those, due to problems related 

to the expression of the maturation genes. A possible method of enabling 

heterologous expression of HydA1 and HydA2 from Synechocystis, was to put 

together HydA1/A2 with MatCr on the same plasmid, as suggested and tested. It 

showed that HydA1 heterologously expressed together with MatCr on the same high 

copy number plasmid in E. coli was possible and that it gave a 2-fold increase in H2 

production, compared to E. coli expressing HydA1 on a low copy number plasmid 

and with MatCr expressed from high copy number plasmid.  
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Materials and Methods 

All chemicals have been supplied by Sigma-Aldrich, unless otherwise is specified. 

Protocols for protein extraction SDS PAGE gel electrophoresis and Western Blotting 

were adapted from [2] 

Growth conditions 

Synechocystis sp.PCC 6803 and a Synechocystis ΔHox mutant were grown at 25°C in 

liquid BG11 medium [51]. For solid medium the BG11 was supplemented with agar 

(10 g/L). The light intensity during growth was: 30 µEinstein m-2s-1. Synechocystis 

density in cell culture was evaluated from the chlorophyll a content (µg chla/mL) in 

the cell culture described in [52]. Glucose measurements were done with Accu-

Chek® Aviva [Roche] and the result was calculated from a standard curve of glucose 

in BG11 medium, see appendix B. 

All E. coli strains were grown aerobically at 37°C with shaking at 250 rpm in LB 

medium (10 g/L Tryptone [Merck], 5g/L Yeast extract, 10 g/L NaCl) containing the 

required antibiotics (100 mg/L Ampicilin, 50 mg/L Km and Cm). E. coli cultures 

designated for plasmid purification were grown in SOC medium (LB, 20 mM glucose 

and 20 mM Mg2SO4). Solid LB medium was prepared by adding 10 g/L agar. E. coli 

growth was estimated from OD600. 

Table 2 Bacterial strains used in cloning. 
Strain Genotype Origin 

Escherichia coli 
NEB5α 

fhuA2Δ(argF-lacZ)U169 phoA 
glnV44 Φ80Δ (lacZ)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17 

Invitrogen 

Escherichia coli 
DH5α 

F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 
nupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, 
hsdR17(rK- mK+), λ– 

Invitrogen 

Escherichia coli 
BL21 

F- dcm ompT hsdS(rB- mB-) gal [malB+]K-12(λS Invitrogen 

Synechocystis 

sp. PCC6803 
Wildtype Collection de l’Institut 

Pasteur 
ΔHox Synechocystis 

sp.PCC 6803 

Synechocystis sp. PCC6803 with inactivated 
genes coding for the native bidirectional NiFe-
hydrogenase. 

Paula Tamagnini’s group at 
Instituto de Biologia 
Molecular e Celular, 
Universidade 
do Porto, Porto, Portugal 
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Polymerase Chain reaction, gene amplification and isolation. 

Polymerase chain reaction (PCR) with DreamTaq polymerase (Fermentas) was used 

to identify genetic constructs by size. Phusion® High-Fidelity DNA Polymerase 

(Finnzyme) or PrimeSTAR® HS DNA Polymerase (Takara) were used for gene 

amplification and subsequent isolation. Standard PCR reaction for size identification 

in BioBrick plasmid was performed with: 16 µL sterilized deminiralized H2O (dH2O), 

2 µL 10X DreamTaq™ Buffer, 0.4 µL dNTP’s, 0.08 µL DreamTaq, 0.2 µL VF2 primer, 

0.2 µL VR primer (see Table 3) and 0.5 µL template in the form of either a cell 

culture or a purified plasmid (see Table 4). Thermocycler program: Initial 

denaturation: 3 min at 95°C, denaturation: 30 sec at 95°C, annealing 30 sec at a 

melting temperature (Tm) calculated from [53], extension 72°C for 1 min/kb. 

Denaturation, annealing and extension steps were repeated 25-35 times. With the 

use of Phusion and Primestar the PCR mix and termocycler programs were adjusted 

according to protocols enclosed with the enzymes. Size identification of PCR 

products was performed by electrophoresis with a 0.8% agarose gel, run for 25 min 

at 180 Volts. 

Table 3 Primers used. 
Name Sequence Purpose 

VF2 5'TGCCACCTGACGTCTAAGAA3' Identification of construct  
size in Biobrick site 

VR 5'ATTACCGCCTTTGAGTGAGC3’ Identification of construct 
in Biobrick site 

HydA1A2-f 5’GAATTCGCGGCCGCTTCTAGAGAAAGAGGAGAAATA
CTAGATG3’ 

Amplification of 
HydA1/HydA2 -
terminator 

HydA1-r 5’GGACTGCAGCGGCCGCTACTAGTACTCTAGTATTAT
TAACCGACGTAATGAGTATGTAAGAGT3’ 

Amplification of 
HydA1/HydA2 -
terminator 

HydA1A2fd-r 5’GGACTGCAGCGGCCGCTACTAGTACTCTAGTATTAT
TAGCTAGCGTACAATGCTTCTTCTTGG3’ 

Amplification of 
HydA1/HydA2 -
terminator 

HydA2-r 5’GGACTGCAGCGGCCGCTACTAGTACTCTAGTATTAT
TAACCCACGTAATGGGTATGCAGTAAT3’ 

Amplification of 
HydA1/HydA2 -
terminator 

MR1r 5’AAGTCACCACGTCGCCATAC3’ Conformation of MatCr in 
Biobrick site 

MR6f 5’CGGCACATTTGTGTTGTTTC3’ Conformation of MatCr in 
Biobrick site 
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Cloning 

Plasmid purification was performed with the GeneJET™ Plasmid Miniprep Kit 

[Fermentas], following the protocol enclosed with the kit. Digestion of plasmids was 

done with the FastDigest® EcoRI, XbalI, SpeI and PstI restriction enzymes and 1X 

FastDigest® buffer, incubated in a 37°C waterbath for 1 hour. Removal of digestion 

enzymes was done by GeneJET™ PCR Purification Kit [Fermentas]. Ligation of 

digested BioBrick part was done with the Quick T4 DNA Ligase and 1X Quick 

Ligation Buffer incubated for 10 minutes at room temperature. For transformation 

2-4 µL ligation mixture was gently mixed with 100 µL competent cells and incubated 

on ice for 30 minutes. Competent cells were heat shocked for 1 min at 42 °C, chilled 

on ice for 5 minutes, and incubated for 1-2 hours at 37°C after 900 µL LB medium 

was added. Cell culture was concentrated 10x through centrifugation and 

subsequently spread on LB agar plates. The cells were then allowed to grow 

overnight at 37°C. Confirmation of genetic constructs carrying positive clones was 

done by colony PCR. 

Table 4 Plasmids used in cloning. 
Plasmid Type Origin 

pSB1A3 Derived from pUC19. Self replicating, high copy 
number plasmid with AmpR 

Registry of Standard 
Biological Parts (http:// 
partsregistry.org) (RSBP) 
[44] 

pSB1AK3 Self replicating, high copy number plasmid with 
AmpR and KanR 

RSBP 

pSB1AC3 Self replicating, high copy number plasmid with 
AmpR and CmR 

RSBP 

pBlueScriptII Self replicating, high copy number plasmid with 
AmpR. Used for blunt end cloning 

[Stratagene, Agilent 
technologies] 

pPMQAK1 Shuttle vector, with KanR  and AmpR From [31] 
pPMQAC1 Shuttle vecor, CmR and AmpR From [2] 

Assembly of constructs 

The genes for the hydrogenases linked with fd (HydA1fd ~1,8kb, HydA2fd ~1,8kb) 

,and the maturation genes HydEF  and HydG, assembled into one operon denoted 

HydEFG (~ 5.4 kb), were designed by the Jaramillo group at École Polytechnique in 

Palaiseau, France and synthesized by Epoch Biolabs. 

Fd was removed by PCR so HydA1, HydA2 with and without fd and hydEFG were 

assembled together with lac operators Trc1 and Trc2. The terminator BBa_B0015, 
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and ribosome binding site (RBS) was an integrated part of the synthesized gene. 

Promotors and terminators have previously been shown to be functional in 

Synechocystis [31]. All parts were transferred into BioBrick plasmids in the BioBrick 

site. For a full overview of genetic constructs see appendix A. 

Triparental mating 

Transferring of genetic material from E. coli to Synechocystis was done by triparental 

mating. For this 10 mL E. coli containing the genes of interest on pPMQAK1 and 10 

mL E. coli HB101 with conjugal plasmid pRL443 and Ampicillin resistance were 

grown overnight, resuspended in fresh medium and mixed together. After mixing, 

the E. coli cells were pelleted and resuspended in 1-5 mL LB. The destination strain, 

either Synechocystis wild type or ∆Hox was grown for 2-3 week before mating and 

pelleted by centrifugation and resuspended in 5 mL BG11. Serial dilution of 

resuspended Synechocystis was done in BG11, with ratios of 1:1, 1:100 and 1:1000. 

About 100 µL of the serially diluted Synechocystis was then mixed with 200 µL of E. 

coli mix and incubated for about 1 hour at 30 °C. After incubation 300 µL of mixture 

was spread on a BG11 plate with no supplement antibiotics and grown at 30°C with 

low light. After 1-3 days of growth the cells were transferred to BG11 plates 

supplemented with antibiotics for selection of positive clones.  

 
Protein extraction 
5 mL E. coli overnight culture or 25-50 mL Synechocystis culture grown for 2-3 

weeks were centrifuged for 5 minutes at 5000 rpm. Cell pellet was resuspended in 

700 μl of protein extraction buffer (50 mM Tris- HCl pH 7.8, 0.1% Triton 

X-100, 2% sodium dodecyl sulfate, and 10 μl ß- mercaptoethanol). Resuspended 

cells were transferred to a 2 mL screw lid container together with 0.6 g acid treated 

glass bead (Ø~0.1 mm) and treated in the Precellys®24 [Bertin technologies] at 

6800 rpm for 30 seconds. 
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SDS PAGE 

A running gel consisting of 12% acrylamide SDS gel (2,5mL 1.5M Tris HCl pH 8.8, 

100 µL 10% (w/v) SDS, 3,35 mL dH2O, 4.0 mL acrylamide/bis (37.5:1), 100 µL 

freshly made 10% ammonium persulfate (APS) and 10 µL TEMED) was cast into the 

Multiple Gel caster system [Amershem Bioscience], with a stacking gel (3.05 mL 

dH2O 1.25 mM 0.5 M tris HCl pH 6.8, 50 µL 10 % (w/v) SDS, 655 µL acrylamide/bis 

(37.5:1), 25 µL 10% APS and 5 µL TEMED) on top.  After polymerization the running 

buffer (9 g Tris base, 43.2 glycine, 3g SDS and 600 mL dH2O) was added. Samples 

were mixed with 4x sample loading buffer (3.8 mL dH2O, 1.0 mL 0.8 mL glycerol, 1.6 

10% (w/v) SD, 0.4 mL 2-mercaptoethanol and 0.4 1% (w/v) bromphenol blue) 

whereas the protein ladder, PageRuler™ Prestained Protein Ladder [Fermentas] was 

diluted with running buffer. The SDS PAGE was run at 200 V for 45 min. Protein 

staining of SDS PAGE was done by fixing the protein to the gel with fixing buffer (7% 

glacial acidic acid and 40% methanol) for 1 hour with gentle shaking and staining 

the gel overnight in 4 parts of working solution (800mL dH2O and 1% w/v Brilliant 

Blue G-colloidal concentrate) and 1 part methanol. Subsequently, the gel was 

washed several time with dH2O and transferred to transparent plastic foil. Image 

processing was done with the ChemiDoc™ XRS+ System [Biorad] controlled by the 

Quantity One® software, using Epi white setting. 

 

Western blotting 

Unstained SDS PAGE gel was blotted onto Amersham™ Hybond™ ECL membrane 

(GE Healthcare, Waukesha, WI) by submerging the SDS gel together with the 

blotting membrane into T-buffer (3.03 g Trizma base, 14.4 g glycine, 800 mL 

deionized water and 200 mL Methanol) in the TE-22 Transfer tank [Amerchem 

Bioscience]. The transfer was done for 2 hours at 140 mA, 4°C while gently stirring.  

Blocking of the blotting membrane was done overnight with milk-T-TBS buffer 

(0.1% Tween, TBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) and 5% (w/v) skim milk 

powder [Fluka analytical]), followed by 2 x rinsing in T-TBS. Hybridization with 

primary antibody (polyclonal rabbit anti-HydA2 antibodies [Agrisera,Vännäs, 
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Sweden]) was done with dilution of 1:5000 in T-TBS for 2 hours, followed by 3 x 

washing with T-TBS for 15 min. Secondary antibody hybridization (anti-rabbit –IgG 

antibody conjugated to horseradish peroxidase (HRP), [GE Healthcare] was diluted 

1:5000 in T-TBS and added to the membrane. After 1 hour the secondary antibody 

solution was removed and the washing step from earlier was repeated. The blotting 

membrane was transferred to plastic foil and image processing was subsequently 

done with the ChemiDoc™ XRS+ System [Biorad] using Epi white mode and 

Chemiluminescience mode. Image analysis was done with the Quantity One® 

software (ver. 4.6.3.088 [Bio-Rad]). 

 

Hydrogen measurement of E. coli strains  with GC 

Hydrogen measurement with glucose as indirect electron donor 

Overnight E. coli culture with, the different hydrogenase constructs were diluted to 

OD600 = 0.1 in 4 mL solution of LB, 20mM glucose, 1mM IPTG and antibiotics, and 

transferred to an 8.4 mL airtight vial fitted with a septum at the top. All samples 

were flushed with argon for 10 min and incubated at 37°C and 250 rpm. GC 

measurement was performed 3½ hours after incubation initiation by removing a 

150 µL sample from the head space in the air tight vial and injecting it into the gas 

chromatograph (Clarus 500 [Perkin Elmer]). The amount of H2 was calculated from 

a standard curve. See appendix B. 

Hydrogen measurement with methyl viologen as electron donor 

The initial preparation for H2 measurements with MV was the same as described in 

the previous section, however initial OD600 was adjusted to 0.5. After incubation 1½ 

hour, 1 mL of cell culture was transferred to a new airtight vial and mixed with 1 mL 

H2 activity buffer (50 mM potassium phosphate buffer pH 7, 10 mM methylviologen, 

20 mM Sodium dithionite, 6 mM NaOH and 0.2 % Triton). The H2 activity buffer was 

flushed from the surface with Ar while stirring. Samples were incubated for 5½ 

hours before H2 evolution was estimated by a 250 µL head space sample.  The 5½ 



40 

hour incubation time can potentially be reduced by increasing the initial 1½ hous 

incubation . 

Hydrogen measurement of Synechocystis strains with GC 

Method for measuring hydrogen evolution was adapted from [24, 26]. Liquid 

sample from stock culture was used to inoculate 35 mL Synechocystis cultures with 

an initial [chl a] = 0.2 µg/mL. The cultures were grown aerobically for 4 days with 

stirring in BG11 supplemented with HEPES, 5 mM glucose at pH =8.0. Glucose level 

was monitored on daily basis. 5 µM DCMU was added after four days to inhibit O2 

evolution from PSII and the cultures were prepared for anaerobic growth conditions 

with 20 min flushing Ar. Samples were sealed with rubber stoppers and moved to a 

Unilab (1950/780) glove box [MBRAUN] with no oxygen, reduced light and no 

stirring. Hydrogen measurement was done by transferring 1 mL Synechocystis 

culture to 8.4 mL airtight vials and mixed with 1 mL H2 activity buffer. Samples were 

incubated for 24 hours at 37°C, before a 250 µL head space sample injected into the 

GC. 

 

Hydrogen measurement with Clark type electrode 

Plating and calibration of electrode 

The Clark-type electrode DW1 connected to the CB1-D control box [Hansatech] was 

prepared for H2 measurement: The anode and cathode of the electrode were cleaned 

by scrubbing the top and bottom electrodes with Actax toothpaste [Cederroth] and 

dH2O. First plating of upper electrode was done with a drop of 2M H2SO4 for 10 min 

at 0.3 mA and second was performed with Hexachloroplatinic(IV) acid solution 

(3.8% Pt) [Merck] at 0.1 mA for 1-1½ hours. In between the two platings the 

electrode was rinsed with dH2O. The (bottom) silver cathode was plated with 50% 

saturated KCl at 0.3 mA for ½ hour. After plating the cathode was flooded with KCl 

solution and a spacer paper together with a PFTE membrane was retained on the 

upper electrode by a rubber O-ring. The electrode was hereafter assembled 

according to instructions provided by the manufacturer [54]. Sampling of data was 
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done by a laptop PC with H2calmeter software and with sampling frequency of 1Hz. 

Calibration was done after the measurements from dH2O had stabilized and was 

done by adding 100 µL dH2O saturated with H2 to 900 µL Ar flushed dH2O.  

 

Measuring with H2 Clark type electrode 

Overnight E. coli culture was diluted in LB + 20 mM glucose, 1mM IPTG and 

antibiotics to OD600 = 0.1 in a airtight vial and subsequently flushed with Ar for 10 

minutes. 2 mL cell culture was transferred to the measure chamber of the Clark type 

electrode. 100 µL samples were removed every half hour for glucose and OD600 

measurements. pH was measured at the beginning and at the end of the 

measurement. 

 To filter out noise from data a median filter combined with a low-pass Butterworth 

filter [55] with a cut off frequency of 0.05 Hz was applied offline during data 

processing in Matlab ver. R2010b [Mathworks], see Appendix C 

 



42 

 

Acknowledgement 

Through the whole process of working on this project I have received help from 

numerous people, but I would in particular thank my supervisors Thorsten Heidorn 

and Peter Lindblad for their good supervision of this project, giving critical input 

and ideas on how to solve problems that occurred during the project. Also thanks to 

my fellow student Ingólfur Bragi Gunnarson for good cooperation while working on 

this project. Furthermore, I would like to express my gratitude to the many people 

that I bombarded with questions. Thank you, Daniel Camsund, Hsin-ho Huang, Paolo 

Oliviera, Pia Lindblad, Petra Kellers, Cherdsak “Pond” Maneeruttanarungroj and 

Karin Stensjö. Special thanks to Felix Ho and Elias Englund for proof reading and 

final comments on the thesis and to Frida Sofie Vang Petersen for helping with the 

image editing. 



43 

Appendix 

Appendix A: Overview of constructs 
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Appendix B: Standard curves 

Standard curve for gas chromatography: 

Parameters for 250 µL sample 

Slope 185778610 
intersect -1172677 
R2 0,983 

 

GC standard curve 250 µL sample

y = 2E+08x - 1E+06

R2 = 0,983
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Parameters for 150 µL sample 

Slope 48460529,07 
intersect -341036,877 
R2 0,988 
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GC standard curve 150 µL sample

y = 5E+07x - 341037

R2 = 0,9877
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Standard curve for Aviva glucose meter 

Parameters Aviva glucose measurements 

Slope 1.500 
intersect 0 
R2 0,9967 

 

Standard curve for Glucose in medium

y = 1,5008x
R2 = 0,9967

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6

Actual Glucose conc. [mM]

M
ea

su
re

d 
gl

uc
os

e 
in

 B
G

11
 [m

M
]

Calibration

Linear (Calibration)

 

Appendix C: Matlab script for data import and filtering data. 

loadH2.m 
% --------------------------  
% Author: Johan Andersen-Ranberg  
% Title: loadH2.m  
% 
% Description: Used for reading and filtering of data from H2 
measurements  
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%              at fotomol department, Ångström, Uppsala University  
%data:  measurement done on the H2 electrode in the fotomol lab  
%MedFdata: data filtered with a median filter  
%bFdata: data filtered with a median filter and a butterworth filter  
%cutoff: cutoff frequency for butterworth filter  
  
%------------------------------  
function  [data,MedFdata,bFdata]= LoadH2(filename,cutoff)  
  
fid = fopen(filename);  
  
%Finding where the measured data begins  
match = [];  
while  isempty(match)  
    tline=fgets(fid);  
    match = strfind(tline, 'Time (s)' );  
end  
     
% Extracting data. Time point in the 1st column voltage in second 
column  
data = fscanf(fid, '%f %f %*s %*s' ,[2 inf])';  
  
fclose(fid);  
  
  
MedFdata=zeros(size(data));  
MedFdata(:,2)=medfilt1(data(:,2));  
MedFdata(:,1)=data(:,1);  
  
  
fs=1; %hz. Sampling frequency  
L = length(MedFdata);  
cutoff = cutoff; %hz, cut off frequency  
  
%NFFT = 2^nextpow2(L); % Next power of 2 from length of y  
%FF = fft(MedFdata,NFFT)/L;  
%f = fs/2*linspace(0,1,NFFT/2+1);  
  
%plot(f,2*abs(FF(1:NFFT/2+1)))  
  
[b,a] = butter(5,cutoff/fs);  
bFdata=zeros(size(data));  
bFdata(:,1)=data(:,1);  
bFdata(:,2)=filter(b,a,MedFdata(:,2));  
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