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Summary 
 
Hydrogen gas is likely to become the energy carrier of the future.  Microorganisms 

already produce this gas in nature, but not efficiently enough to fit our needs.  The aim of this 
project was to modify genetically a filamentous cyanobacterium to increase the hydrogen 
yield.  This organism has special cells called heterocysts in which the oxygen level is very 
low so that the oxygen-sensitive enzyme nitrogenase can function there.  This enzyme also 
produces some hydrogen as a byproduct of its main reaction, the nitrogen fixation.  However, 
this process is very energy consuming and the hydrogen yield is very low.  Bidirectional 
hydrogenases are enzymes that can produce hydrogen much more efficiently by simply 
reducing protons.  These are also sensitive to oxygen however, and so one idea is to express 
the genes for this enzyme in the microaerobic heterocysts.  

Using common genetic methods, I attempted to express the structural genes encoding 
this hydrogenase as well as its specific protease in the heterocystous cyanobacterium Nostoc 
punctiforme ATCC 29133, which does not possess this kind of hydrogen-producing enzyme.  
An expression vector made for this organism is available and was tested with the gene for a 
green fluorescent protein.  A positive result was obtained, indicating that the vector is useful.  
The genes for a bidirectional hydrogenase from a purple sulfur bacterium were cloned into the 
vector, which was then transformed into N. punctiforme.  Colonies grew on plates, but so far 
no liquid culture of the organisms has been obtained.  However, sequencing showed a 
frameshift in one of the genes, and this meant that a new reverse primer was necessary to 
amplify the correct DNA fragment.  Transformation of this construct has not yet resulted in 
any colonies.   

The reason why the cyanobacteria do not grow in liquid media is unclear and more 
experiments with varying conditions are necessary.  Once they do grow it will be very 
interesting to see if the bidirectional hydrogenase actually becomes active. 
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Introduction 
 
Hydrogen, an energy carrier for the future 

The need for new and clean ways to produce an energy carrier is becoming more and 
more apparent as the threat of global warming is increasing and oil reserves are being 
depleted. Hydrogen gas (H2) could be a possible energy carrier for the future.  One appealing 
way of obtaining hydrogen in a sustainable way is through photobiological production by 
utilizing the biochemistry of microorganisms that are capable of using photosynthesis to 
harvest the energy in sunlight.  Combustion of evolved hydrogen gas would only yield water, 
making this a very clean energy cycle. The challenge is to optimize the hydrogen production, 
as the amount of gas produced naturally by the organisms is not enough to make this an 
economical possibility (13).     
 
Hydrogen production by cyanobacteria 

One group of organisms that have caught a lot of interest in this matter is the 
cyanobacteria.  Just as plants, they use photosynthesis to turn the energy in the sunlight into 
useful energy compounds. These bacteria also possess enzymes that can produce hydrogen: 
hydrogenases and nitrogenases.  The nitrogenase produces small amounts of hydrogen merely 
as a byproduct from nitrogen fixation (its main function), which is a very energy demanding 
process as can be seen in the reaction formula:  
N2 + 8H+ + 8e- + 16 ATP → 2NH3 + H2 + 16ADP + 16 Pi.   
This enzyme is therefore usually not thought to be the solution for hydrogen production. 
Hydrogenases do not require any ATP according to the formula: 2H+ + 2e- ⇔ H2.  They can 
produce hydrogen with a greater yield than the nitrogenase does (13), and might therefore be 
of greater interest.  

 
The heterocyst as a microaerobic environment for oxygen sensitive enzymes 

The nitrogenase is very sensitive to oxygen.  To use this enzyme in an aerobic 
environment, filamentous cyanobacteria have specialized nitrogen-fixing cells called 
heterocysts.  In these organisms, the vegetative cells of the filament carry out normal 
oxygenic photosynthesis.  The organic compounds resulting from this process are transferred 
into the heterocysts where they are decomposed to provide reducing power to the nitrogenase.  
The ATP required for nitrogen fixation can be produced through anoxygenic cyclic electron 
flow around photosystem I (1).  Photosystem II is degraded in these cells, meaning that no 
oxygen is produced from splitting water. The heterocysts also have a thicker cell wall, 
preventing oxygen from diffusing into the cell.  Proteins that scavenge any remaining oxygen 
are produced as well (16).  These solutions create a spatial separation of oxygen and the 
nitrogenase.  The heterocyst thereby provides a microaerobic environment where the enzyme 
can function. 

 
Hydrogenases 

Hydrogenases, which are also oxygen-sensitive, can be of two types: uptake or 
bidirectional hydrogenases.  An uptake hydrogenase is present in the heterocysts and recycles 
the hydrogen produced by the nitrogenase, which improves energy conservation.  The 
bidirectional hydrogenase can catalyze both the consumption and production of hydrogen.  
However, its physiological function(s) is still unclear, but one suggestion is that it mediates 
the release of excess reducing power (6,14,15,16).  
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The bidirectional hydrogenase is not found in all cyanobacteria, which shows it is not 
necessary for cell metabolism in all of these organisms. However, this enzyme has been found 
in all cyanobacteria incapable of nitrogen fixation.  This indicates that it has an important part 
in balancing the redox status of cells, especially the control of electron flow during 
photosynthesis (15).  

 
Expressing hydrogenases in heterocysts 

Based on the microaerobic environment presented by the heterocysts, and on the 
oxygen-sensitive hydrogenases, one promising idea is to introduce the genes for a 
bidirectional hydrogenase in a filamentous cyanobacterium that does not already possess it.  
This enzyme could then produce hydrogen in the heterocysts.  Obviously, the uptake 
hydrogenase would have to be inactivated if a significant amount of the gas is to be obtained. 

Another reason for using this kind of setup relates to the large-scale photobiological 
hydrogen production.  It would be energetically not possible to maintain a large anaerobic 
system, but by using heterocystous cyanobacteria, aerobic bioreactors can be used.   

 
Hydrogenases grouped based on the metals of their active sites 

Depending on the metal content in their active sites, hydrogenases are divided into three 
different groups (6).  All cyanobacterial hydrogenases have one nickel and one iron atom 
([NiFe]) in the active center (14,16), whereas other organisms can have either [NiFe], two 
iron atoms only ([FeFe]), or one iron along with sulfur ([FeS]).  The [NiFe] hydrogenases 
have been shown to be less sensitive to oxygen (8), but a completely oxygen-tolerant 
hydrogenase would obviously be preferred, partly due to the fact that heterocysts only 
constitute about 5-10 % of the cells in a filament in a nitrogen-fixing culture (3,5,9,11).  To 
make hydrogenases more oxygen tolerant, there is ongoing research on how to block the 
channel allowing oxygen to reach the active center of the enzyme (4,7).  

 
Maturation and activation of hydrogenases 

Each different [NiFe]-hydrogenase requires a specific protease to become active (8).  
Accessory proteins are also necessary for maturing hydrogenases (16).  In general there is one 
set of proteins per enzyme, but in for example the filamentous cyanobacterium Anabaena 
strain PCC (Pasteur Culture Collection) 7120 there is only one that functions for both its 
uptake and its bidirectional hydrogenase (16).  If this turns out to be a common trait even for 
cyanobacteria that do not possess the bidirectional hydrogenase, it might be possible to 
express such [NiFe] enzymes from different phyla in heterocystous cyanobacteria.  This 
might prove useful if non-cyanobacterial enzymes are found that produce hydrogen more 
efficiently than the ones in cyanobacteria.  

 
Expressing algal hydrogenases in heterocysts 

Heidorn et al (10) attempted to express an algal [FeFe] bidirectional hydrogenase in the 
heterocystous cyanobacterium Nostoc punctiforme ATCC (American Type Culture 
Collection) 29133, which only has the uptake hydrogenase.  Since cyanobacteria only possess 
the [NiFe] hydrogenases, they also introduced the genes encoding the accessory proteins 
belonging to the algal hydrogenase.  This enzyme has two or three of these accessory genes, 
which need to be co-transcribed, and so an expression vector designed for multicistronic 
cloning was used.  This project is still in progress. 

 
A strain evolving hydrogen during aerobic conditions 

As mentioned, the uptake hydrogenase is not desirable for the purpose discussed here.  
There is indeed a strain of N. punctiforme ATCC 29133 available in which the gene encoding 
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the large subunit of the enzyme has been inactivated by insertional mutagenesis (11).  This 
strain was also shown to evolve hydrogen during nitrogen-fixing, aerobic conditions, whereas 
the wild type did not (11).  This strain, called NHM5, would be of greater interest than the 
wild type for expressing a bidirectional hydrogenase. 

 
The Thiocapsa roseopersicina bidirectional hydrogenase 

The genes for a [NiFe] bidirectional hydrogenase (called the Hox-hydrogenase) from 
the purple sulfur bacterium Thiocapsa roseopersicina have been cloned and sequenced and 
are available as one gene cluster together with the putative protease (orf3, see figure 1) (8).  
Among non-cyanobacterial hydrogenases, it has been found to be the most similar to those of 
cyanobacteria (8). 

 

 
Figure 1. The solid arrows indicate the structural genes coding for the pentameric [NiFe] hydrogenase, 
apparently Hox-related genes are indicated by cross-hatched arrows. Primers for amplifying the cluster bind to 
the indicated primer locations.   
 
Aim 

So far there has not been any reported work where a bidirectional hydrogenase has been 
expressed heterologously in heterocystous cyanobacteria; therefore this was the main 
objective of the project.  I wanted to introduce and express the structural genes for the [NiFe] 
Hox-hydrogenase from T. roseopersicina, along with the enzyme specific protease, in the 
filamentous cyanobacterium Nostoc punctiforme ATCC 29133. Considering the similarities 
between the two species’ hydrogenases, as well as the situation regarding the accessory 
proteins in Anabaena strain PCC 7120, this project could show if the accessory proteins of the 
uptake hydrogenase in N. punctiforme would be sufficient for maturing the bidirectional 
hydrogenase as well.  Hence, the accessory proteins would not be introduced. The wild type 
strain was used in this project since a first step would simply be to examine if the enzyme 
could be expressed at all.  Obviously, NHM5 would be used if this were successful.  
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Results 
 
Cloning of the Thiocapsa roseopersicina bidirectional hydrogenase 

The structural genes for the Hox-hydrogenase and the protease belonging to it were 
isolated from purified plasmid preparations (4) by polymerase chain reaction (PCR) 
amplification.  The primers used were based on the known sequence and contained 5´- and 3´-
end restriction sites chosen for cloning into the expression vector pTHH001, which was 
designed for expression in N. punctiforme.  The DNA-fragment was isolated by gel 
electrophoresis and purified from the gel.  It was then blunt-cloned into pBluescript SK+.  
Positive clones were identified by colony PCR.  The plasmid was then purified and the hox 
gene cluster was cut out by restriction enzymes chosen to match restriction sites of the 
expression vector.  This fragment of 5764 basepairs (bp) was isolated by gel electrophoresis 
and purified from the gel (see figure 2). 

 
Figure 2. Gel electrophoresis of restricted pBluescript SK+ carrying the hox genes.  Lanes 2-6, different clones; 
lanes 1 and 7, 1000 bp (1 kb) ladders.  The top bands (arrow) in lanes 2-6 are the hox gene clusters (5764 bp).  

 
The fragment containing the hox gene cluster was cloned into pTHH001 and candidates 

again identified by colony PCR (see figure 3). The new construct was named pTL01. 

     
Figure 3. PCR of four (lanes 2-5) colonies transformed with pTL01.  Primers in the middle of the gene cluster 
were used, amplifying a fragment of 598 bp (arrow). Lanes 1 and 7 show 100-bp ladders. 
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Colonies were grown in liquid medium overnight.  The plasmid was then purified and 

electroporated into nitrogen-fixing N. punctiforme ATCC 29133, which was then grown 
overnight and plated.  The plasmid was sent for sequencing to verify that the correct fragment 
had been inserted.  Sequencing revealed one extra nucleotide in the protease gene compared 
to the published sequence.  As a result the stop codon of this gene appeared 150 bp 
downstream, and therefore the protease became about 50 amino acids longer.  By comparing 
the two different amino acid sequences to published ones in GenBank 
(http://www.ncbi.nlm.nih.gov/BLAST/), the longer sequence revealed more and better 
matches (see figure 4).  Some of these matches corresponded to proteases in other organisms. 

Since the annotated reading frame of the published sequence had been cloned, the new 
stop codon was not part of the fragment (see figure 1).  Hence, a new reverse primer was used 
to amplify the longer hox gene cluster, which was then cloned and transformed as described 
above.  No colonies from this transformation have become visible yet. 
 

 
Figure 4.  Comparison of two amino acid sequences with Genbank.  On top is the published sequence, and below 
the longer version after correction for the frameshift. The lines below indicate homologies to other GenBank 
entries, ordered from top down (best homologies on top). 
 

The already transformed cyanobacteria presented the opportunity to study the effects of 
a non-functioning (most likely) protease as well.  After about two-three weeks, single 
colonies became visible (see figure 5).  Single colonies were inoculated in liquid medium.  
However, no liquid cultures of these cells have been obtained so far. 
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Figure 5.  Colonies of N. punctiforme transformed with the gene cluster encoding a bidirectional hydrogenase 
and its specific protease. 
 
Testing the procedure of transformation using a gene for a green fluorescent protein 

Due to the problems of obtaining transformed cyanobacterial cells, the reporter gene for 
a green fluorescent protein (GFP) was used to test the whole transformation procedure as has 
been achieved before (10), where GFP expression was visualized by fluorescence microscopy 
(Leica DMRXE) (see figure 6).  

 

 
Figure 6.  GFP expression in pTHH001-transformed N. punctiforme filaments visualized by fluorescence 

microscopy (Leica DMRXE).  Illustrated with permission from author (10). 
 
gfp was amplified from purified plasmid preparations and blunt-cloned into pBluescript 

SK+.  Candidate clones were confirmed by colony PCR, as well as by DNA sequencing.  The 
fragment containing gfp was then cut out from this construct and cloned into pTHH001.  
Candidate colonies were checked for insertion of the gene with colony PCR.  The plasmid 
was purified and the presence of the gfp insert was verified by sequencing.  The construct was 
electroporated into N. punctiforme ATCC 29133, which had been grown under nitrogen-
fixing conditions in BG110-medium.  Colonies were later transferred to liquid medium, but no 
cultures were obtained. 

 
Testing different antibiotics 

Due to the facts that N. punctiforme grew on plates but not in liquid medium, an 
antibiotic experiment was initiated to make sure that the antibiotic worked.  The 
cyanobacteria were inoculated into liquid medium containing one of six different antibiotics 
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with concentrations varying from 5 to 80 μg/ml (see table 1).  According to the results shown 
in table 1, several antibiotics would inhibit cyanobacterial growth, including ampicillin, 
which was used in the present project.  The need for a different antibiotic was ruled out until 
any results are obtained from a similar experiment using plates.   
 
Table 1.  Growth of Nostoc punctiforme ATCC 29133 at different concentrations of different antibiotics. 

Intensity of green in antibiotic-containing N. punctiformes cultures1Antibiotic 
concentration 
(μg/ml) 

Chloram-
phenicol 

Ampicillin Kanamycin Neomycin Erythro-
mycin 

Spectino-
mycin 

5 2 1.5 2 1.5 2 2 
10 2 1 1.5 1.5 2 2 
20 1.5 1 1 1.5 2 2 
40 1.5 1 1 1.5 2 2 
80 1.5 1 1 1.5 2 2 
Numbers in the table quantify growth recorded as intensity of green (chlorophyll) on a scale from 1 (not green at 
all) to 5 (very green) 5 days after cultures were started in BG110 containing antibiotics as shown. Color intensity 
was estimated empirically. 
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Discussion 
 

The problems of obtaining liquid cultures 
After cloning the hox gene cluster into the expression vector and electroporating this 

into cells of N. punctiforme, no transformed cultures were obtained.  Cultures of transformed 
N. punctiforme with gfp as a reporter gene have been achieved before (10), and therefore the 
transformation procedure was repeated with gfp.  However, this did not result in any 
transformed cultures.  Considering the results from the antibiotics experiment, and that these 
cyanobacteria have been successfully grown with ampicillin before (10), the need for a 
different antibiotic was ruled out.  The antibiotic experiment should nevertheless be repeated 
using plates instead of liquid cultures, since the cyanobacteria did grow on plates but not in 
liquid.   

There is instead a risk that there is “tip-toeing” occurring on the plates, where bacteria 
that have not taken up the vector with the antibiotic resistance are able to grow on top of other 
(dead) ones and thereby escape the antibiotic.  These cells would later not survive in liquid 
media containing antibiotics.  In future experiments it would be useful to try different kinds of 
tubes as well as glass tubes/bottles, varying antibiotic concentrations and light conditions, to 
come to terms with this problem.  One possibility would be to dilute the culture after 
transformation to obtain a lower number of cells on the plates and thereby hopefully avoiding 
the "tip-toeing”. 

 
Implications of a heterologous expression 

When cyanobacterial growth in liquid media is achieved, the next step will be to check 
if the genes are transcribed and if the mRNA is translated, by using Northern and Western 
blot analyses respectively.  The plasmids pTL01 and pTL02, based on pTHH001 (10), are 
under the control of the promoter of the psaC gene (a subunit of photosystem I), and 
expression is therefore expected in both vegetative cells and heterocysts.  

 To confirm the activity of the hydrogenase, hydrogen production can be measured by 
gas chromatography.  A successful result would mean that the accessory proteins of the 
uptake hydrogenase of N. punctiforme are sufficient for maturing and folding the introduced 
bidirectional hydrogenase.  As NHM5 (11) will eventually be used, one would have to 
consider if the inactive uptake hydrogenase would have an affect on transcription regulation 
of the accessory proteins; perhaps an inactive enzyme would result in the genes for these 
proteins not to be transcribed at all if they no longer are of any use to the cell. 

A successful heterologous expression would also mean that similar, perhaps more 
efficient hydrogen-producing hydrogenases from other organisms could be expressed in this 
system as well. 

 
The two different protease sequences 

It was shown in this project how important bioinformatics is.  In the comparison 
between the two different amino acid sequences, it seemed clear that the longer sequence was 
the correct one as more sequences among other organisms were more similar to that one than 
to the shorter version.  However, in this case both sequences proved useful: they presented the 
opportunity to compare the effects of a functional and a non-functional protease on enzyme 
activity. 

 
The key for optimizing hydrogen yield 

The physiological function of the bidirectional hydrogenase is still unclear (6,14,15,16), 
and it would be very useful to learn more about this if one is to optimize hydrogen production 
using this enzyme.  Due to the lack of experiments in this specific area, there is not much 
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information available about how the heterologous expression of a bidirectional hydrogenase 
will affect an organism.  It could be that the cells develop into great hydrogen producers, but 
it could just as well result in a cyanobacterium incapable of surviving.  Obviously more 
similar experiments need to be carried out before anything can be concluded about the 
feasibility of this enzyme as a hydrogen-producing unit for future energy needs.   
 
Further studies 

Meanwhile, in order to improve the hydrogen evolution capabilities of filamentous 
cyanobacteria, an increased heterocyst frequency would be useful since more cells then would 
be capable of evolving hydrogen under aerobic conditions.  The organism in this project, N. 
punctiforme ATCC 29133, could be a candidate for achieving this goal, because it already has 
elevated heterocyst frequencies (<50%) in its symbiotic state (11).  In recent years, much has 
been learned about the regulation of heterocyst differentiation (3,5,9).  For example, in 
Anabaena strain PCC 7120, two suppression pathways have been identified that prevent 
heterocyst differentiation.  By inactivating these, almost all cells of a filament turned into 
heterocysts in the absence of a source of fixed nitrogen (3).  There is still a lot to learn in this 
area, but if an overall model of the regulatory network were to be developed, there might be a 
way to mimic this in non-symbiotic N. punctiforme to obtain increased heterocyst 
frequencies.  This work should be performed using the strain NHM5 that lacks an active 
uptake hydrogenase, since this strain has been shown to evolve hydrogen under aerobic 
conditions (11) and could be a very promising strain for the future of large-scale 
photobiological hydrogen production. 
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Materials and methods 
 
Strains and plasmids 

The strains used in this project are listed in table 2. 
 
Table 2.  Strains used in this project. 

Strain Description Source 

Escherichia coli 
DH5α 

Competent cells available in lab stored at -80 °C Invitrogen, 
Stockholm 

Nostoc punctiforme 
ATCC 29133 
 

Filamentous cyanobacterium forming heterocysts 
during nitrogen limiting conditions (wild-type) 

Available in lab 

Nostoc punctiforme 
UUTL 001 

Derivative of wild-type containing pTL01 This work 

Nostoc punctiforme 
UUTL 002 

Derivative of wild-type containing pTL02 This work 

 
The plasmids used in this project are listed in table 3. For a description of pTHH001, 

see figure 7. 
 
Table 3. Plasmids used in this project. 

1 For a description, see figure 7. 

Plasmid Description Source 

pSUN202 Carried the gfp gene encoding a green fluorescent protein Heidorn et al 
(10) 

pTCB4/2 Carried the hox gene cluster Gábor et al (8) 

pBluescript 
SK+ 

Carried a gene for ampicillin resistance, and the lac operon, 
which allows for blue-white screening 

Invitrogen 

pTHH0011 Designed to introduce genes, and to be replicated and 
transcribed, in N. punctiforme.  It also carried a gene for 
ampicillin resistance 

Heidorn et al 
(10) 

pTL01 pTHH001 with the shorter hox gene cluster inserted This work 

pTL02 pTHH001 with the longer hox gene cluster inserted This work 
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Figure 7. Map of expression vector pTHH001. Genes are to be inserted between the restriction sites Nco I and 
BamH I. Illustrated with permission from author (10). 
 

pTHH001 was designed for multicistronic cloning according to figure 8.  All genes to 
be cloned in this way would first be ligated into pTHH001.  

 
Figure 8.  Schematic view of multicistronic cloning in pTHH001.  Each gene to be inserted has been designed by 
PCR to create new Nhe I and BamH I restriction sites after ligation, allowing for further cloning.  Illustration 
from the “Protein Expression and Purification Core Facility” of the “European Molecular Biology Laboratory 
(EMBL)”, http://www.embl.de/ExternalInfo/protein_unit/draft_frames/index.html, 2007-01-23. 
 
Sterile work 

All work where bacteria needed to be kept uncontaminated was performed on a sterile 
bench that had been wiped clean with 70 % alcohol.  All equipment had been autoclaved 
(Varioklav, H+P LABORTECHNIK AG, Oberschleissheim, Germany) or wiped with 
alcohol.  Common sterile bench techniques were used to minimize the risk of contamination.    
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BG110-medium 
The cyanobacteria were typically grown in BG110, a medium lacking a nitrogen source.  

To prepare this, six different 1000X concentrated stock solutions were prepared (see table 4). 
One ml each of these was then added to one liter of purified water.  Each solution was then 
autoclaved.   
 
Table 4. Recipe for making the six 1000X stock solutions for BG110.  
Number Substance For 1000X stock solution (grams) 

1 K2HPO4 4.0 
2 MgSO4 x 7H2O 7.50 
3 CaCl2 x 2H2O 

Citric acid 
3.6 
0.6 

4 Ferric Ammonium citrate 
EDTA (Disodium salt) 

0.6 
0.1 

5 Na2CO3 2.00 
6 Trace metal mix: 

• H3BO3 
• MnCl2 x 4H2O 
• ZnSO4 x 7H2O 
• Na2MoO4 
• CuSO4 x 5H2O 
• Co(NO3)2 x 6H2O 

 
0.286 
0.181 
0.0222 
0.0395 
0.0079 
0.00494 

 
For BG110 with a nitrogen source, NH4Cl and 3-(N-morpholino) propanesulfonic acid 

(MOPS, a buffer for near-neutral pH) were added to obtain 2.5 and 5 mM final concentrations 
respectively, resulting in BG110/NH4Cl. 
 
BG110-plates with nitrogen and with antibiotics 

To prepare plates with BG110/NH4Cl, 900 ml of BG110 was autoclaved with 13.5 g 
noble Bacto-agar (Difco laboratories, Le Pont de Claix, France) (to 1.5 %) along with a 
magnetic stirrer in a flask. After cooling down to about 40 °C, the following were added to 
the indicated final concentrations: ampicillin (10 μg/ml), NH4Cl (2.5 mM) and MOPS (5 
mM).  The medium was poured in plates, which were stored in a fridge.  Cyanobacteria were 
grown on these plates on nitrocellulose filters with 0.45 μm pores (Millipore, Billerica, MA, 
USA). 
 
Luria-Bertani medium 

Luria-Bertani broth (LB) was made from 50 g Tryptone, 25 g yeast extract and 50 g 
NaCl. Purified water was then added to a final volume of five liters.  The pH was set to 7.0-
7.2 by adding a few drops of NaOH or HCl, both 6 M.  This was then autoclaved in smaller 
bottles.   

To make LB-plates, LB and Bacto-agar (Saveen Werner, Malmö) to 1.5 % were 
autoclaved in a flask.  At about 40 °C, the following were added to the indicated final 
concentrations: ampicillin (100 μg/ml), Xgal (X-galactose, a sugar, 35.56 μg/ml), IPTG 
(isopropyl β-D-1-thiogalactopyranoside, a mimic of a lactose metabolite that triggers the 
transcription of the lac operon, 150 μg/ml).  The medium was then poured in plates. 
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Growing cyanobacteria in liquid medium 
All N. punctiforme cultures were grown at 25 °C.  For large liquid cultures, about 600 

ml BG110 was inoculated with 50-100 ml of N. punctiforme wild type cells in 1000-ml E-
flasks.  The cultures were bubbled with air and stirred on a magnetic stirrer.  The air first went 
through a sterile filter, then into a bottle containing autoclaved purified water to humidify the 
air.  From this, the air went into the liquid culture and then out through a cotton-filled 5-ml tip 
covered with aluminum foil. 

Single colonies from plates were inoculated in 13-ml tubes with two ml BG110/NH4Cl 
and 10 μg/ml ampicillin. The tubes were covered with a layer of paper tissue (weak 
illumination, about 15 μmol m-2 s-1) and put in a rack on a shaker at 25 °C.   
 
Determining chlorophyll a concentration 

The chlorophyll a-concentration (Chla) was used as a measurement for the number of 
cyanobacterial cells.  To measure Chla, 1 ml of an exponential-phase culture was put in a 
small tube and centrifuged for one minute at full speed (about 20000 g).  900 μl of the 
supernatant was removed and replaced with 900 μl 100 % methanol (MeOH).  This was 
vortexed vigorously.  The tube was then wrapped in aluminum foil and left in the dark for at 
least five minutes for the extraction of Chla.  After this, the tube was centrifuged again just 
like before, and 800 μl of the supernatant was transferred to a cuvette.  The spectrophotometer 
was calibrated with 800 μl of 90 % MeOH at 665 nm.  The absorbance of the sample at 665 
nm was then used to calculate the Chla-concentration: A[665.0] x 12.7 = X μg Chla per ml. 
The value 12.7 comes from 1/78.74 x 103, where 78.74 is the extinction coefficient in liters x 
gram-1 x cm-1 (12).   
 
Sonication 

Cyanobacterial filaments were sonicated to separate the cells.  For the purpose of 
electroporation, 1.5 ml of a liquid culture in exponential phase with 100 μg chlorophyll a 
(Chla) per ml, was needed.  From an existing culture of N. punctiforme, ~100 ml were 
transferred to a flask with new BG110 media three days before sonication. Based on the Chla-
concentration, the amount of liquid culture needed to obtain 150 μg Chla (100 μg/ml x 1.5 
ml) was centrifuged (1620 g, 5 minutes), and the pellet was suspended in BG110 to bring the 
volume up to 1.5 ml.  This was put in a sterile glass tube, which then was put in an ice-bath.  
The sonicator was disinfected with alcohol.  The pulse was one second, the amplitude 45, and 
the cells were sonicated for 4 x 15 seconds with a five second break in between each 15-
second interval.   

The sonicated culture was resuspended in 25 ml BG110/NH4Cl but without antibiotics 
to recover over night with weak illumination in a growth room (25 °C). 
 
Polymerase chain reaction  

Machines (Mastercycler gradient, Eppendorf, Hamburg and GeneAmp PCR system 
2400, Applied biosystems, Foster City, USA) for polymerase chain reactions (PCR) were 
used to amplify double-stranded DNA-fragments.  Two different DNA-polymerases were 
used, depending on the purpose of the amplification: Taq (Fermentas, St.Leon-Rot, Germany) 
and Phusion (Finnzymes, Espoo, Finland).  DNA fragments to be cloned were amplified with 
Phusion since this is a proof reading enzyme, which creates double stranded DNA with blunt 
ends.  Taq was used when a proof reading function was not necessary. 

 For mixing the necessary reagents for the two different reactions, see table 5.  DMSO 
(dimethyl sulfoxide, Finnzymes) was used when the template DNA had a high G-C content 
since it facilitated strand separation.  
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Table 5.  Final concentrations in mM  (unless mentioned otherwise) or volumes of reagents for 20 μl PCR-
reactions with the two different DNA-polymerases.  
 Taq Phusion 
H2O (μl) varies1 varies1

Buffer 1 1 
MgCl2 2 N/A2

Deoxynucleotides (dNTPs) 0.2 0.2 
DMSO 8% 8% 
DNA-polymerase 0.02 0.02 
Forward primer3 0.2 μM 0.5 μM 
Reverse primer3 0.2 μM 0.5 μM 
Template (μl) 0.5 0.8 
1Autoclaved purified water was used to bring up the volume to the final reaction volume (usually 20 μl) and 
therefore varies.  2N/A stands for “not applicable”. 3 For a list of primers, see table 7. 
 

For a description of the PCR programs for the two different DNA polymerases, see 
table 6. 
 
Table 6.  PCR programs for the two different polymerases. 
 Taq Phusion 
Melting temperature 95 °C 98 °C 
Elongation temperature 72 °C 72 °C 
Initial elongation 30 s 30 s 
Cycle conditions   

Strand separation 30 s 10 s 
Primer annealing 30 s 30 s 
Elongation per kb 30 s 30 s 

Final elongation 5 min 5 min 
s = seconds; min = minutes. 

 
It is recommended to run a temperature gradient PCR for each new primer.  For a list of 

the primers used for PCR, see table 7.  
 

Oligonucleotides 
For a list of primers used for DNA amplification by PCR, see table 7.  Primers were 

designed to match the restriction sites of the expression vector pTHH001, and ordered from 
Thermo Electron Corporation, Ulm, Germany.  
 
Table 7. List of primers used for amplifying different fragments1. 
Primer name Primer sequence (5’ to 3’) Amplified fragment 
Tchox02f-BspHI GGGTCATGAGTCTGCAGCAAGCCA

AGCCGC 
Tchox02r-NheI-
BglII 

CGAAGATCTCTTGCTAGCTTACTAT
CAGCACGTAGTTGGAATA 

hox gene cluster with the shorter 
protease gene from pTCB4/2 

Tchox13r- BglII GGCAGATCTTTACTATCGGGCCTGA
AGCGG 

hox gene cluster with the longer 
protease gene (also with Tchox02f) 

GFP02f-BspHI TCATCATGAGTAAAGGAGAAGAAC
TTTTCACTGG 

GFP02r-NheI-
BglII 

TGGAGATCTCCAGCTAGCTTACTAT
CACGACGTTGTAAAACGA 

gfp from pSUN202 

1 Underlined sequences represent the restriction enzyme sites mentioned in the primer name. f = forward, r = 
reverse.  
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For a list of primers used for sequencing, see table 8. 

 
Table 8. List of primers used for sequencing1

Primer name Primer sequence (5’ to 3’) Relevant properties 
Tchox03f TGACCGACCTGGCCGAGAAATACC  
Tchox03r AGGGGTCGAAGCAGCGAATGAC  
Tchox04f CGGCGACCCAGAAATACGTC  
Tchox04r AGCCGTGCGGCTTGTAGTAG  
Tchox05f CGTGGACTACGACAGCCTCAAAAC  
Tchox05r TCCGGCGAGGAGAGATGAAAAAAC  
Tchox06f GAAGCGAAGCTCGGCGAGGTTTAG  
Tchox06r GACCTCGGTCAGGAACGCGATATC  
Tchox07f GAGGGGATGCAGATCCAGACCAAC  
Tchox07r TCGACCAATGGGCTATAAAC  
Tchox08f AATGAGCACACCGCCCAAGATTAC  
Tchox08r GACCCCGCACTTCTGAGCCATATG  
Tchox09f GCGGCTCGACAGCTTCGATATC  
Tchox09r GACGGCTCGACATCCTTTGTTCTC  
Tchox10f TACGCCTTCTTCAAGACGCTTGTG  
Tchox10r GGTCTGCACGGCCTTGAAAG  
Tchox11f GGCAACAATCTCCAGGAGGGAATG  
Tchox11r AAGGACACGATGCGGGTCTGACTC  
M13f GTAAAACGACGGCCAGT 
M13r GGAAACAGCTATGACCATG 

Binds close to the insert location in 
pBluescript and pTHH001  

T3 AATTAACCCTCACTAAAGGG 
T7 GTAATACGACTCACTATAGGGC 

Binds close to the insert location in 
pBluescript 

1 Also see figure 9 for a map of the hox gene cluster with the primers for sequencing. 
 
Gel electrophoresis 

Gels for electrophoresis were made of an electrophoresis solution with pH 8.0 made of 
5 mM Na2BB4O7, boric acid and thiazole orange (TO) staining, and 1 % agarose genetic 
technology grade (MP Biomedicals LLC, Aurora, OH, USA).  This was mixed and heated 
with a microwave until the agarose was dissolved (30-45 seconds).  After pouring the solution 
into a gel tray, the gel polymerized at room temperature for about 10-20 minutes.  The 
electrophoresis solution was also used as the buffer for electrical conductivity. To check the 
results of restrictions and PCRs, a thin gel (15 ml) with small wells (max 3 μl per well) was 
sufficient.  For the purpose of gel purification, a thick gel (25 ml) with 25 μl wells was used. 
A loading buffer (10X, consisting of: 6.25 ml H2O, 0.025 g of Xilene cyanol, 0.025 g of 
Bromophenol Blue, 1.25 ml of 10% Sodium dodecyl sulfate (SDS), 12.5 ml of glycerol) was 
added to samples before loading them.  

An electrophoresis power supply (Life Technologies PS 304) was used to run the gel 
electrophoresis.   

As a DNA size standard, a 100 basepair (bp) or a 1000 bp (1 kb) ladder was used 
(Fermentas’ GeneRuler). 
 
Gel band/DNA purification 

The illustra GFXTM PCR DNA and Gel Band Purification Kit (GE Healthcare, 
Buckinghamshire, UK) was used to obtain and purify the DNA from a gel, or from a 
restriction digest, by denaturing proteins, dissolving agarose and promoting the binding of 
double stranded DNA to a binding column. The DNA was eluted with autoclaved purified 
water. 
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Measuring DNA-concentration 

A spectrophotometer (Varian, Cary 50) was used to determine the DNA-concentration 
of DNA-samples (e.g. plasmid preparations).  The nucleic acid concentration was determined 
using the following formula: ((A[260.0] - Bg[320.0]) * N1) + ((A[280.0] - Bg[320.0]) * N2), 
where A[X] is the absorbance at that wavelength in nanometers (nm), N1 and N2 are nucleic 
factors for 260.0 (=62.9) and 280.0 nm (=36) respectively. Bg[320.0] is the absorbance at 320 
nm and is used for background correction.   
 
Restriction and dephosphorylation 

For a list of restriction enzymes, see table 9.  According to the manufacturer’s protocol, 
DNA, restriction enzyme(s) and the appropriate buffer were mixed to about 50 μl in a tube 
and incubated for two hours at 37 °C.  Two different buffers were used, depending on which 
one worked better for that specific enzyme pair: Tango (Fermentas) and NEB2 (New England 
Biolabs (NEB), Ipswich).  Gel electrophoresis was used to check the result as well as to 
purify bands with the DNA fragment of interest. 
 
Table 9.  List of restriction enzymes used in this work. 
Restriction enzyme Relevant properties Source 
NcoI Fermentas 
BspH I1 Compatible ends NEB 
BamH I Fermentas 
Bgl II1 Compatible ends NEB 

EcoR V Blunt restriction in the lac operon of 
pBluescript SK+ Amersham Pharmacia Biotech 

1These restriction sites were part of the primers for amplifying the hox-gene cluster because multicistronic 
cloning was not necessary and also because other restriction sites were already present in the cluster.   

 
For dephosphorylating the ends of a restricted vector, autoclaved purified water, shrimp 

alkaline phosphatase (SAP) (Fermentas) and SAP-buffer (Fermentas) was added to the 
restriction and incubated at 37 °C for two hours, according to the instructions of the 
manufacturer. The SAP enzyme was then heat-inactivated at 65 °C for 30 minutes.   
 
Ligation 

Blunt-ended DNA fragments were first inserted at the EcoR V-site (Amersham 
Pharmacia Biotech, Uppsala) of pBluescript SK+ and from his plasmid they were cut out and 
inserted at the appropriate site in pTHH001. The New England Biolabs Inc. Quick Ligation™ 
Kit was used for ligation: 50 ng of the vector and a three-fold molar excess of the insert were 
mixed and brought up to a final volume of 10 μl using purified water. 10 μl 2X Quick 
Ligation buffer (NEB) and 1 μl Quick T4 DNA Ligase (NEB) was added.  The sample was 
mixed thoroughly, centrifuged briefly and then incubated at room temperature for five 
minutes.  Next, the sample was chilled on ice and used for transformation, or stored at -20 °C.  
 
Transformation 

Competent E. coli DH5α (Invitrogen) were used for transformation.  These were kept in 
a freezer at -80 °C.  5 μl DNA were gently stirred into a tube with 50 μl of cells thawed on 
ice.  The mix was kept on ice for 30 minutes.  Next, the bacteria were heat-shocked at 37 °C 
for 45 seconds, and then kept on ice for five minutes.  After that, 950 μl room tempered LB 
was added to the tube, which then was incubated at 37 °C for one hour.  100 μl-samples were 
spread on LB-plates.  The plates were incubated overnight (< 20 hours) at 37 °C.   
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Single white colonies from LB-plates were transferred into 10 μl LB in a 1.5 ml tube.  
About 0.5 μl of this was used for colony-PCR.  The rest was grown in a shaker overnight at 
37 °C in 13 ml tubes with 6 ml LB and ampicillin (100 μg/ml final concentration).  

To save and store transformed E. coli, 885 μl of each overnight culture was put in a 1.5 
ml tube with 115 μl 87 % glycerol (10 % final concentration) and stored in a -80 °C freezer.  

To transform N. punctiforme, single cells were electroporated.  A sonicated culture was 
transferred to a 50-ml tube and centrifuged at 1620 g for 5 minutes, after which the 
supernatant was removed. Then, the cyanobacteria were washed by adding 20 ml room 
tempered autoclaved purified water three times, with centrifugation (as before) and removal 
of the supernatant in between.  Before the last centrifugation, one ml was taken out to 
measure the Chla content.  After washing, the pellet was dissolved into the volume needed to 
obtain 50-100 μg Chla per ml.   

10 μg of the DNA to be transformed was added to a tube and cooled on ice. Next, 400 
μl of the cells were added and mixed with the DNA.  This was then transferred to a pre-
cooled electroporation cuvette.  The cells were electroporated using two different settings (see 
table 10). 
 
Table 10.  Settings for electroporating sonicated cyanobacterial cells.  
 Voltage (V) Resistance (Ω) Capacitance (μF) ~ time (ms) 
Setting 1 1600 600 25 9-12 
Setting 2 800 200 25 4-5 

 
Immediately after electroporation, 600 μl medium was added to the cuvette.  The total 

volume of ~one ml was then transferred to 20 ml BG110/NH4Cl and incubated at 25 °C 
overnight with weak illumination.  The next day, the cells were concentrated by 
centrifugation at 1620 g for 5 minutes and plated on filters on plates with ampicillin and 
incubated.  The filters were transferred to new plates once a week. 
 
Plasmid preparation 

The GenEluteTM Plasmid MiniPrep Kit (Sigma-Aldrich, St. Louis, MO, USA) was used 
to isolate plasmid DNA from recombinant E. coli DH5α cultures.  Centrifugation for two 
minutes at 4500 g was used to harvest 6 ml of an overnight culture, which was then subjected 
to a lysis solution.  The DNA was then adsorbed onto silica in a binding column.  Autoclaved 
purified water was used to elute the purified plasmid DNA. 
 
Sequencing 

Plasmids were sequenced to verify that the correct fragment had been cloned.  Samples 
were sent to Macrogen, Seoul, Korea.  For a list of primers used for sequencing, see table 8 as 
well as figure 9. 
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Figure 9. Sequencing map of the hox gene cluster in pBluescript. For a list of primers, see table 8. 
 
Analyzing DNA- and amino acid-sequences 

 To compare both DNA and amino acid sequences with published ones, the BLAST-
function of the NCBI GenBank database was used (http://www.ncbi.nlm.nih.gov/BLAST/). 
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