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Summary  
 

Cyanobacteria offer great oppor tunities t o s upplement t he ne ed f or a lternative f uels. A s 
specialists in hydrogen production these bacteria provide a potential source of energy and may at 
the same time fulfill important criteria considering environmental i ssues. Carbon emission is a  
well-known problem with traditional fuel sources and their contribution to the greenhouse effect, 
and global w arming is  a s tudied fact. The model or ganism, Nostoc punctiforme, is a col ony-
forming filamentous bacterium that can fix nitrogen directly from the air. During the fixation and 
processing of  ni trogen, h ydrogen i s pr oduced. B eing a  hi gh e nergy c arrier, h ydrogen i s 
consumed b y a  h ydrogenase a nd t he e nergy i s harvested and us ed t o d rive ot her m etabolic 
processes. Both ni trogen f ixation and h ydrogen consumption t ake pl ace in di fferentiated cells, 
heterocysts, providing an oxygen-free environment in order for these processes to take place. In 
contrast phot osynthesis i s c arried out  i n ve getative cells. The m echanistic a ction be hind t hese 
processes is well-understood but the knowledge behind the maturation of hydrogenases and the 
proteins involved in the assembly of the functional complex is still on a semi-basal level. More 
focus needs to be put on the upstream elements and their impact on the activity on a regulatory 
level. I n this study I attempted to s tudy t he s pecificity o f a ccessory proteins i nvolved i n t he 
maturation of the small and large subunit of hydrogenases, HupS and HupL.  

The C -terminal cl eavage of  H upL cons titutes t he e nd of  t he m aturation pr ocess a nd 
promotes its interaction a nd di merization w ith H upS. T o d etermine specificity a nd hos t-
compatibility it is  of interest to express these genes in related cyanobacterial species. This study 
comprises t he individual transformation a nd e xpression of  H upS, H upL a nd H upW 
(endopeptidase c arrying out t he C -terminal cl eavage of  HupL) – or a  combination of  t hese – 
from the c yanobacterium Lyngbya majuscula in a N. punctiforme hydrogenase m utant s train, 
NHM5. T he r esults w ere e valuated w ith W estern a nalysis. U nfortunately, I w as unable t o 
construct the plasmids carrying the genes of interests. Because of the deadline, the project had to 
stop a t t he poi nt w here I had t he a mplified genes a nd b y ove rlap extension P CR managed t o 
construct a  pr omoter-HupL f usion gene. H ence, no t ransformation w as carried out . M oreover, 
the results showed unspecific binding of  the anti-HupSL-antibodies. They seemed to bind to a  
protein a bout t he s ame s ize a s H upL a nd thereby could not  be  us ed f or s creening of  H upL. 
However, t hese a ntibodies were f ound to be ap plicable for identification of HupS a nd c ould 
instead be used for this purpose in future experiments.  
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Introduction 
 
Global warming and future insights 
 

According t o the EU a nd I ntergovernmental P anel on C limate C hange’s ( IPCC) Fourth 
Assessment Report (AR4) and many independent research groups (Demenocal, 2003; Seiz et al, 
2007; Zemp et al, 2008), global warming is an alarming threat to common generations and, if it 
proceeds, probably also for the survival of the mankind. Without going in too much depth, the 
main factors for the temperature increments around the world are increased levels of molecules 
with high absorbing and emitting capacity of light in the infrared spectra, such as carbon dioxide 
in t he a tmosphere (IPCC). T he r esult of  this in practice is s imply a greenhouse e ffect w here 
sunlight i s t rapped i n t he a tmosphere c ausing global w arming, reduction of t he glaciers and 
raised sea l evels (Zemp et al, 2008) . T he s olution f or t his i s m ainly t he one  t hat ha s be en 
mediated t hrough t he ne ws f eeds vi a t elevision a nd pa per m agazines: c ease t he us e of  f ossil 
fuels. Whether or not  this is the key for a  secured future, alternative fuels are on hi gh priority 
because fossil fuels are depleted and cannot supply the world’s growing population in the future. 
Tremendous e fforts a re m ade world-wide in the s earch for the  ul timate f uel of  the  ne xt 
generation. There are many good candidates, but  what is more appealing than the extraction of 
energy from s unlight – the s ource of  a ll l iving organisms? O r dr iving a  c ar p roducing w ater 
rather than pol luting the air with carbon dioxide? All wrapped into one solution. Yes, i t might 
sound fictional and farfetched but we live in a transition period where we set the framework for 
the future. Basic research is the key for better understanding of how a single organism is able to 
obtain  both  energy  with  the  help  of  sunlight in t he phot osynthetic r eaction, a nd h ydrogen 
through f ixation of  a tmospheric ni trogen. We might s imply be  a ble to  mimic  na ture or  e ven 
control and optimize these processes to fulfill our future needs. 
 
Cyanobacteria and their sources of energy 
 

Cyanobacteria com prise a phylum of bacteria t hat differ f rom ot her ba cteria i n s everal 
aspects. These organisms can be  found in almost every environment in the world, and both in 
fresh- and in hypersaline waters (Ahoren, 2004). The name “cyano” originates from the Greek 
word f or “ blue”, w hich is a lso us ed a lternatively in popul ar s cience – commonly blue-green 
algae. T he de signation “algae” i s m isleading be cause i t r efers t o t he na me of  a b ranch i n t he 
eukaryotic domain of  l ife. However, this i s not  completely unreasonable when considering the 
properties t hat m ake c yanobacteria ex tremely i nteresting b oth from a n e volutionary poi nt of  
view, but  a lso within t he f ield of  e nvironmental bi oscience. T he pr operties t hat p rovide 
cyanobacteria a bi g advantage i n an e cological competition a re not  onl y their phot osynthetic 
ability, but also their capacity of nitrogen fixation. There are many organisms with the potential 
to fix ni trogen, but  non e of  t hem can m easure up w ith t he s pecialization i n c yanobacteria 
(Herrero et al, 2008). Throughout evolution some cyanobacteria have evolved different strategies 
to ha ndle di fferent pr operties a nd pr ocesses. S ome s pecies f orm c olonies, f or i nstance i n t he 
filamentous Nostoc punctiforme ATCC 29133 ( from now on r eferred to as N. punctiforme) the 
photosynthetic process takes place in cells called vegetative cells  – different from the nitrogen 
fixation process t hat t akes pl ace i n specialized cells cal led heterocysts ( Berman-Frank et al, 
2003), fig. 1.  
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Heterocyst-forming c yanobacteria contain nitrogenases and are s pecialized in fixing 
atmospheric ni trogen i nto ammonia ( NH3), but also, w ith t he i nfluence of  a ccessory cellular 
elements, nitrites ( NO2

−) and nitrates ( NO3
−). T his pr ocess i s a lso vi tal f or t he h ydrogen 

metabolism. The reduction of N2 into NH3 generates hydrogen (H2), which is then consumed by 
an uptake hydrogenase in a recycling event where the resulting protons are used to drive other 
metabolic and cellular processes, alternatively by a reversible (bidirectional) hydrogenase, found 
in many c yanobacteria ex cept Nostoc punctiforme which i s c apable of  bot h pr oducing a nd 
consuming h ydrogen (Tamagnini et al, 2005), f ig. 2. In contrast, t he c yanobacterium Lyngbya 
majuscula CCAP 1446/ 4 ( from now  on  r eferred t o a s L. majuscula) e xhibits a s imilar 
filamentous f ormation but t he phot osynthetic and ni trogen f ixing pr ocesses a re no l onger 
separated b y l ocalization, but  restricted to different time s of  the d ay, i .e. regulated b y the  
circadian rhythm. The photosynthesis is carried out during the day whereas nitrogen fixation is 
performed during the ni ght (Kondo et al, 1993) . T he r eason i s s imple, ox ygen, a pr oduct o f 
photosynthesis, has an inhibitory effect on t he nitrogenase and would otherwise block nitrogen 
fixation and hydrogen production would be prevented. 
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FIGURE 2.  S chematic pa th of  hy drogen e volution and c onsumption in heterocystous 
cyanobacteria. A  n itrogenase f ixates f ree n itrogen f rom t he a ir a nd c onverts it in to b iological 
ammonium compounds. As a  s ide product, hydrogen (H2) is produced. An up take hydrogenase 
oxidizes the hydrogen t o generate pr otons a nd e lectrons which i n t urn a re used t o produce 
NADPH.  

Nitrogenase Uptake Hydrogenase 

FIGURE 1. Light microscopic photo of a heterocyst (A) and a typical filamentous structure from the 
colony-forming b acteria N. punctiforme (B). Every 1 0th-12th cell in  the f ilament differentiates in to a  
heterocyst when a mmonium nutrients i n t he media i n which t he cel ls ar e g rown ar e d epleted an d 
atmospheric nitrogen instead is being fixed. Photo: Ellenor Devine 

10 µm 
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Hydrogenases and the maturation process 
 

Hydrogenases can be categorized according to the nature of the metal ion center present in 
the cat alytic s ite of  t he enz yme. A ll c yanobacterial h ydrogenases be long t o t he [ NiFe]-group 
(Albracht, 1994). N. punctiforme harbors a heterodimeric uptake hydrogenase that consists of a 
small subunit encoded by hupS, and a large subunit encoded by hupL. Uptake hydrogenases are 
present in all nitrogen fixing cyanobacteria, with few exceptions (Ludwig et al, 2006, Steunou et 
al, 2008). Nitrogenases have been shown to be localized strictly in the oxygen-free environment 
of he terocysts ( Fay, 1992). I n c ontrast, the loc alization of the upt ake h ydrogenase is s till 
controversial, with some evidence pointing to a membrane bound – or at least associated – state 
(Rai et al, 1992) and some researchers suggests the existence of an oligopeptide that anchors the 
HupSL com plex t o the m embrane ( Tamagnini et al, 2007). N evertheless, the l arge s ubunit, 
HupL, w hich contains t he c atalytic s ite, undergoes an e xtensive maturation pr ocess, w hich 
comprises the manufacturing of ligands and insertion of the vital metal ions. Not much is known 
about the process in cyanobacteria but extensive research has been done in other organisms like 
Escherichia coli. The accessory proteins HypC and HypD have been shown to be involved in the 
insertion of Fe into the active site of HupL. HypF and HypE in turn coordinates the Fe ligands 
CN− and C O, f ollowed by t he H ypA and H ypD-dependent i nsertion of  N i i n t he a ctive s ite 
(Blokesch et al, 2002). The C-terminal is not cleaved by an endopeptidase until the active site is 
fully assembled (Maier et al, 1993). This ends the maturation process and a com plex is formed 
between HupL and the small subunit, HupS, fig. 3. While most of the Hyp-proteins seem to be 
unspecific, studies indicate that the endopeptidases are not, and one type of endopeptidase will 
only cleave one type of hydrogenase (Wünschiers et al, 2003).  
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FIGURE 3. Ribbon structure of the [NiFe] hydrogenase dimer from Desulfovibrio gigas showing the active site 
in HupL (red spheres) and the iron sulfur clusters in HupS (yellow). Illustration: Ellenore Devine, PDBID: 1YQ9 
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The endopeptidase i s i n N. punctiforme encoded by t he hydrogenase up

 

take W (hupW) 
gene believed to be specific for the C-terminal cleavage of the uptake hydrogenase (HupL). In a 
Nostoc hydrogenase m utant, N HM5, t he hupL gene is knocked out . The N HM5 m utant w as 
constructed and provided by Pia Lindberg: the hupL gene was mutated by the insertion of an npt 
cassette carrying a ne omycin resistance gene. The s ite of  insertion is 3’  of the 496 th base f rom 
hupL start site. There are two TGA stop codons: one upstream of the npt gene and one for the 
translational s top of  npt. P revious gas c hromatography s tudies on  t he N HM5 m utant s howed 
high pr oduction of  h ydrogen, H 2, w hereas no  pr oduction w as obs erved in wild-type cel ls 
(Lindberg et al, 2004) . T he c onclusion w as that t he r elease of  H 2 was due  t o the l ack of 
functional hydrogenase.  

Aims 
 

 The  aim  of  this  study  was  to  construct  vectors  carrying  different  hup  genes, mainly 
hupL, hupS, hupW or a  combination of  t hese. T he ve ctor c arrying t hese g enes w ould t hen be  
introduced i n t he Nostoc hydrogenase m utant and the host-specificity of t hese w ould be  
investigated. T he i nformation resulting f rom the se e xperiments would be  t he ba sis f or f uture 
experiments i n t he i nvestigation of  which f actors, pr oteins a nd e lements a re i nvolved i n t he 
maturation of hydrogenases.  The  goal  was  to create an understanding for the cel lular factors  
and  mechanisms involved i n t he m aturation of  h ydrogenases. This w ill improve the know- 
ledge  of   how  genetic m odifications ne ed t o be  pe rformed i n order t o i ncrease the pro- 
duction  of  hydrogen  via  the organism’s  own proteins and/or through the introduction of genes   
from other organisms. 
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Results 
 
Growth and heterocyst isolation 
 

Wild-type and mutant strains of N. punctiforme and L. majuscula were grown for 10 da ys 
in constant light and were harvested at 2000xg for 5 m in. In case of Nostoc strains, heterocysts 
were i solated by sonication to disrupt vegetative cells, after which the more robust heterocysts 
could be pe lleted. Samples of  t he pur ified cells w ere ana lyzed under a l ight m icroscope t o 
determine purity, fig. 4. 

Total pr otein was ex tracted from t he cells and  conc entrations were measured us ing a 
biophotometer, which resulted in 8-10 mg/ml total protein. The two Nostoc strains were slightly 
different in phenotype; the NHM5 mutant formed small and compact colonies compared to wild-
type. E ven t hough t he c ultures w here i noculated i n pa rallel, t he w ild-type s train reached 
chlorophyll a concentration of 1 mg/ml twice as fast as the mutant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Verification of Thiocapsa roseopersicina antibodies 
 

As a  ve rification m ethod f or hydrogenase expression, pol yclonal a nti-HupLS a ntibodies 
were used in w estern blotting e xperiments. These ant ibodies w ere raised in rabbits a gainst 
proteins corresponding t o t he s ize of  HupL and HupS f rom Thiocapsa roseopersicina in 1995  
(Tamagnini et al, 1995) and has since then been stored in serum at -80ºC. There were reasons to 
believe the ant ibodies were incompetent and testing of  these was crucial before using them for 
this application.  

It was expected t hat i n t he N HM5 m utant, t he band c orresponding t o t he H upL pr otein 
would not appear. On the other hand, the cloned strain would be studied for its ability to express 
the i ntroduced H upL us ing pa rt of  t he hos t’s ow n pr omoter. T he s pecificity of  t he m aturation 
process could also be s tudied based on the ex istence of  a cleaved and an uncleaved version of  

FIGURE 4.  Light microscope ph otos showing t he fragmentation of  f ilaments a fter 0 , 3 a nd 8 x 10  
seconds o f sonication at  3 0 k Hz. After 8  r ounds, most o f v egetative cel ls were d isrupted, an d 
heterocysts were isolated. The magnified area shows the characteristic nodes (arrows) from which the 
filament was extended. 

0 3 8 
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HupL, 58 kDa  

HupS, 34 kDa  

FIGURE 5. Target specificity of T. roseopersicina anti-HupSL antibodies. Proteins from N. punctiforme wild-
type and mutant strains and L. majuscula were separated on 12 % SDS-PAGE and subjected to Western blotting. 
A a nd B  ar e p rotein s amples f rom heterocyst p reparations f rom t wo d ifferent c ultures, B  a s ample t hat was 
frozen two t imes and A being a s ample frozen four t ime. P rotein f rom Lyngbya and NHM5 f ilament samples 
were included to compare the difference in band pattern and intensity. In all cases, 20 µg of protein extract was 
loaded into the wells. 

HupL. If t he ac cessory m aturation proteins in  N. punctiforme were abl e to perform t he 
maturation mechanism on HupL from L. majuscula both types, cleaved and uncleaved, should be 
observed. The two versions would in this case correspond to fully mature -or immature HupL, 
respectively. 

To estimate target specificity, the antibodies were used in Western blotting experiments on 
total pr otein f rom he terocystous cells f rom bot h N. punctiforme wild-type a nd N HM5 m utant 
strain, fig. 5. Two strong bands appeared in the HupS-range and one strong band in the HupL-
range. Native wild-type HupS and HupL are estimated to be 34 and 58 kDa, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The blotting experiments were repeated several times with proteins from different cultures. 
The unknown band above HupL in the wild-type sample in fig. 5 did not always appear, but the 
lower band in the HupS-region appeared in all blots. The frequency of one or two HupS bands 
was i nvestigated a nd t he r esults l ead t o t he h ypothesis of  a  de gradation pr ocess i n pr otein 
extracts from the mutant strain. This was based on the observations that both HupS-bands were 
always visible in wild-type protein samples whereas the upper HupS-band indicated in fig. 5 was 
lost in older mutant samples, as visualized in fig. 6. 
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The appearance of a  band in the position expected for HupL in the HupL mutant NHM5 
required analysis of the genotype of this strain. Primers homologous to hupL on either side of the 
position where the npt cassette should have been integrated were used to investigate whether the 
cassette w as correctly i nserted, fig. 7. A  300 b p f ragment w as expected i n w ild-type DN A, 
whereas 1.3 kbp w as expected in the mutant strain, which has a 1 kbp insert between the primer 
annealing sites. The PCR on the mutant strain template generated a strong 1.3 kbp band – which 
is s trongly e vident f or a pr oper i nsertion of  t he npt cassette. The f act t hat no  ot her ba nds 
appeared  showed  that  unmutated copies of hupL in the NHM5 strain did not exist, as far as the 
primers used indicated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Native PAGE analysis was carried out to investigate complex formation patterns in NHM5 
mutant and wild-type cells, fig. 8. The results showed identical bands for the two strains with one 
exception: the NHM5 mutant yielded a slightly fainter upper band in comparison to wild-type. In 
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1500 

WT NHM5 

FIGURE 7. PCR amplification of N. punctiforme hupL region. In the wild-type genomic DNA sample, a 
strong band appears above the 250 bp marker. Corresponding genomic region was amplified in the NHM5 
mutant, showing a strong band in the 1000-1500 bp range. 

FIGURE 6. Western blotting on total protein from N. punctiforme wild-type and mutant strain separated on 12% 
SDS-PAGE. The existence or loss of upper HupS band was analysed an old (NHM5 1) and fresh protein sample 
(NHM5 2). This band was never lost in old wild-type samples. 
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55 
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28 

kDa 
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addition, the results for the wild-type sample were in full agreement with previously published 
data (Tamagnini et al, 1995).  
 
 
 
 
 
 
 
 
 
 
 
 

Isoelectric f ocusing and s ize s eparation i n t he second di mension followed b y Western 
blotting was performed to investigate if there was a pattern difference between NHM5 and wild-
type antibody targets to explain the appearance of a HupL band in the mutant strain. The results 
show a more or less identical spot pattern for the two strains where a series of spots appears at an 
estimated pH range of 5.2-5.6. Secondly, as shown in fig. 9, in the vertical direction, the spots 
were divided in two bulks with a size difference of few kDa. To mention, all spots appeared at 
the size of the expected HupL region, but no spots at the HupS region could be observed. The 
loss of HupS was explained with that this protein never left the loading cup, i.e. did not migrate 
in the electric field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This type of multiple spots of the same protein is usually due to post-translational modifications 
either by the influence of accessory proteins, or due to handling and buffer properties. Depending 
on the fluctuation in isoelectric point (pI), one or several amino acids could be modified by the 
addition of  e .g. phos phates or  a ny charged m olecules t hat could b e covalently bound t o t he 

NHM5 WT 100 

72 

55 

36 

FIGURE 9. Protein extracts were subjected to isoelectric focusing in the first dimension, followed by 
size separation on 12% SDS-PAGE in the second dimension. Western blotting reveals a group of 
spots in the 5.2-5.6 pH-range. The spots were not identified with MS-analysis. However, they appear 
within expected range in both size and pH, and could correspond to HupL or at least to a protein with 
similar size. As shown, same pattern appears in both WT and mutant samples. HupS spots could not 
be detected (not shown). 

FIGURE 8 . W estern analysis on na tive N. punctiforme and mutant p rotein extracts separated on 8 -
25% gradient gel. The results are the same in both wild-type and mutant samples with one exception: 
the u pper b and i s f ainter f or t he N HM5 mutant. P revious results made b y T amagnini et al, 19 95, 
showed same bands as in this case.  

232  

140  

kDa 
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protein a nd, he nce, s hift t he p I. Theoretical ( calculated) p I’s us ually r efer t o linear pe ptides 
completely stripped from any modifications and are rarely equivalent to the pI’s in vivo. 
 
Cloning of hup genes 
 

To s tudy t he m aturation pr ocess, hup genes f rom t he f ilamentous c yanobacterium L. 
majuscula were to be cloned into the N. punctiforme hydrogenase minus mutant strain (NHM5) 
as an attempt to investigate the compatibility and specificity of the gene products in the foreign 
host system. The cloning project was initiated with the amplification of a 317 bp N. punctiforme 
promotor region and the 1614 bp L. majuscula hupL gene. N. punctiforme promotor region was 
chosen because the knowledge on the sequence elements was far more comprehensive than for L. 
majuscula, and the influence of unforeseen properties for the foreign promotor region could be 
taken out of the considerations. Nevertheless, the given primers turned out to be poor and yielded 
little product and were partly unspecific, as shown in fig. 10 A. The primers were re-designed by 
elongation of  t he pr imers and P CR c onditions w ere opt imized b y increasing annealing 
temperatures. The new primers yielded more and specific product, fig. 10B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The pr oducts w ere e xcised f rom t he gel, pur ified a nd us ed i n a n ov erlap-extension P CR 

reaction to conjugate the fragments, as illustrated in fig. 11. In total, 1000 ng template was used. 
The expected product was almost 2 kbp, f ig. 12. Amplification of the whole construct using end 
primers was attempted  but generated no product whatsoever, even with gradient PCR annealing 
temperatures ranging from 53˚C to 63˚C for a total of 8 reactions and up t o 4 t imes dilution of 
the product shown in fig. 12 (results not shown). Hence, no primers were used in this reaction as 
the overlapping r egions were t o compensate for the pr iming, and the 2 k bp band was pur ified 
from the gel. 

A B 
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FIGURE 10. PCR amplification of Nostoc promoter region (lane 2) and Lyngbya hupL gene (lane 3) using given 
primers (A) and optimized primers (B) separated on 0.8 % agarose gel. The reverse primer used to amplify the 
promoter r egion was de signed with a  hupL overlapping r egion. I n c ontrast, t he hupL forward p rimer was 
constructed with a promoter overlapping region. Consequently, the amplified fragments had overlapping regions 
which was used for pr iming a nd c onjugation of  t he f ragments to cr eate a p romoter-hupL fusion g ene i n a n 
overlap extension PCR, see fig 11. Expected products were 317 and 1614 bp in length for promoter region and 
hupL gene respectively. 

  1               2               3  1                2                  3 
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The 1931 b p fragment was excised f rom t he g el a nd pur ified. S pectrophotometric 
measurements showed minute DNA concentration in the sample. Nonetheless, the fragment was 
used i n a  l igation r eaction w ith a pB lueScript® ve ctor and t ransformed i nto E. coli DH5α 
competent cel ls. Three candidates were i noculated i n L B m edium a nd i ncubated ove r ni ght, 
followed by pl asmid pur ification and sequencing. The results were negative, i .e. no i nsert was 
present i n a ny of  t he c andidates (data not  s hown). The c onclusion w as that m ore DNA wa s 
needed in order for the ligation to be successful. 

 
 

1500 
1000 

2000 

FIGURE 12. Overlap-extension PCR with the N. punctiforme promoter region and L. majuscula hupL gene. In 
lanes 2  a nd 3 , b oth fragments from p revious r eaction were mixed, k eeping the molar r atio b etween t he 
fragments 1:1. No primers were included – extension was carried out solely on intrafragmental priming with 
overlapping regions (see fig. 11) to generate the 1931 bp fragment. 

  500  

  250 

   1                2                  3 

FIGURE 1 1. S chematic i llustration o f the overlap ex tension P CR p rocedure. The N. punctiforme 
promoter region and L. majuscula hupL gene were amplified using primers with endonuclease restriction 
sites ( black o r r ed p rimers) an d o verlapping r egions ( partly r ed/black p rimers) (1). The a mplified 
fragments were purified and mixed to 1:1 molar concentrations and used in a PCR reaction without any 
primers ad ded (2). Annealing was c arried o ut through ba se-pairing b etween the f ragments i n the 
overlapping r egion a nd t he e xtension pr oceeded f rom t his poi nt t o f inally pr oduce a  pr omotor-hupL 
fusion gene (3). 
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Discussion 
 

To start w ith, the growing Nostoc wild-type a nd m utant s trains showed different 
phenotypes. The wild-type cells grew in big, smooth colonies whereas the mutant strain showed 
more compact and smaller colonies. The growth rate was almost two orders of magnitude greater 
for the wild-type strain. Light microscopic photos showed that the NHM5 filaments were much 
shorter than wild-type ones. This could explain why mutant filaments grew in smaller but denser 
colonies. As f ar as  known, t he h ydrogenase kn ock-out i s t he onl y difference between the t wo 
strains. Another difference is that the mutant strain has been grown in the lab for several years, 
whereas the wild-type cells are from a fairly fresh stock that had been stored in the freezer. The 
NHM5 mutant might have been subjected to some selective pressure to compensate for the loss 
of hydrogenase, which resulted in the phenotypic alteration observed. Another explanation could 
be t hat the a ddition of neomycin i nduces s tress on t he m utant, w hich in t urn r esponds b y 
shortening of th e f ilaments to decrease the  tot al a rea th at is  in contact w ith the antibiotic. 
Subtraction of  f ilaments a nd c ompact c olony f ormation m ight j ust be  t he be st w ay t o a void 
neomycin di ffusion i nto t he or ganism. However, a nd i t i s of  hi ghest i nterest f or f uture 
experiments, the addition of neomycin is unnecessary because the mutant seem mutated and no 
wild-type copies of hupL exist. 
 
Isolation of heterocysts and protein extraction 
 

The protocol for he terocyst i solation resulted in an enrichment of  he terocysts rather than 
total c learance of  t he ve getative c ells i n t he cell s uspension. A s t he l ight m icroscopic phot os 
showed, vegetative cells were still w idely abundant even a fter ei ght c ycles of  s onication at 
maximum a mplitude. It s eems like  it is  ve ry h ard to isolate not hing but  he terocysts w ith the 
method us ed i n t his s tudy. In c ontrast, i t i s not  c ompletely un reasonable t o be lieve t hat s ome 
fraction of the heterocysts would be disrupted in the same way as the vegetative cells were. The 
concentration of  he terocysts i n N. punctiforme is a pproximately 10 %  o f t he t otal num ber of  
cells. It i s a lso known that he terocysts are far more r igid, robust and can endure much greater 
physical f orces compared to vegetative cells (Tamagnini et al, 1995 ), he nce t he us e o f 
sonication. Due to these facts, in my sense, any treatment or buffer within suitable pH range, i.e. 
7-8.5, used would yield the same results, i .e. enrichment of  h eterocysts. However, enrichment 
rather than complete isolation of heterocysts was shown to be enough for these experiments. On 
the other hand, one critical factor for the quality of cells is the impact of osmosis during breakage 
of the filamentous structures. Physical fragmentation of cyanobacterial filaments results in direct 
contact between the cytoplasm and extracellular medium which in turn leads either to a dilution 
of he terocyst proteins w ith vegetative proteins i n t he medium, or  depletion of  t he c ytoplasmic 
content in the heterocysts. Due to the rigid structure of heterocysts, this effect would be hard to 
distinguish with the eye. The apparent normal morphology of  heterocysts could then be empty 
shells or cells with highly diluted content.  
 
Mysterious HupL and HupS bands  
 

As shown by the Western blot analysis, HupS and HupL bands appeared both in wild-type 
and NHM5 mutant samples. Concerning HupS, the 34 kDa band appeared as expected. However, 
a l ower ba nd at an approximate s ize of  31 -32 kD a w as not  e xpected but  ha s pr eviously 
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(Tamignini et al, 1995 ) been obs erved a nd e xplained b y uns pecific bi nding of  t he a ntibodies. 
This is, however, not very likely because Tamignini and coworkers, 1995, used a totally different 
antibody than the one used in this study. This lower band instead could be a degradation product 
of H upS. A s s hown i n results, t he upp er HupS ba nd s eemed to be de graded w ith time, to 
disappear completely after a  s eries of  f reezing a nd t hawing of  t he p rotein s ample, finally 
resulting in only the lower HupS band. It seems like this degradation was initiated only in the 
mutant c ells, because no de gradation w as obs erved i n t he w ild-type s amples e ven w ith 1 h  
incubation a t 37ºC . This would make sense based on t he consensus t hat accumulation of  i nert 
products i n t he c ytoplasm i nduces de gradation processes t o clear aggregated pr oteins w hich 
otherwise would have been toxic for the living cell (Jack et al, 1987; Thiel, 1989). In this case, 
high amounts of unbound HupS due to a lacking HupL in the NHM5 mutant would possible have 
the same effect. 

At t his s tage, the appearance o f HupL band in t he NHM5 samples r emains une xplained. 
The PCR results showed that the primers yielded a 1.3 kbp  fragment with no uns pecific bands 
what so ever, even with a  l oading of  30 µ g per well. This means tha t any copies of  hupL are 
mutated and no w ild-type hupL sequences ex ist i n the s ample. This c learly contradicts t he 
possibility of  a  functional H upL, which i s a lso c onfirmed b y pr evious g as chromatography 
studies. The primary antibodies still bind to something that corresponds to a full-length HupL. At 
this poi nt I started t o i nvestigate t he pos sibility of a  fusion pr otein ba sed on t he f act t hat t he 
neomycin cas sette w as inserted within the hupL gene i n or der t o di srupt i t a nd a bolish its 
function – a conventional knock-out. In order to create a fusion protein, the ribosome would have 
to skip both s top codons. In contrast, i f the t ranslation proceeded to the end of  the hupL’-npt-
hupL’  mRNA,  i t would generate a  fusion protein that was larger than native HupL and hence  
be  detected  with  SDS-PAGE  analysis.  This,  however,  was  not  the  case;  the apparent HupL  
migrated at the same rate as the wild-type.  

Western blotting analysis on the 2-D gel showed no notable difference in pattern formation 
between the samples. One group of spots might be due to post-translational modifications such 
as et hylations, methylations but m ore pr obably a lso a dditions of  c harged r esidues s uch as 
phosphorylations of different residues on  the pr otein. This in t urn would affect t he isoelectric 
point and gives rise to spots at different pHs. Mass spectrometric studies are needed to show if 
the s pots c orresponds t o a ctual H upL, pa rts of  i t or  s omething e lse. H owever, t he s mall s ize 
difference between the spots might indicate that the antibodies actually bind to both HupL and 
also something else of  about t he s ame s ize. This s ize d ifference ha s not been observed earlier 
with s eparation on 6  cm 12 % SDS-PAGE gels but t urns out  more obvious on 18 c m gels. It 
would not  be  t oo s urprising w hen t hinking of  t he m ethod us ed t o r aise t he a ntibodies: total 
proteins were separated on a gel and bands for the corresponding size of HupL and HupS were 
excised a nd i njected unde r t he s kin of  a  r abbit. It i s possible that the f oreign protein w as 
transferred along w ith HupL a nd t he r abbit pr oduced a ntibodies also against t his. T his could 
explain the appearance of a HupL band in the hydrogenase mutant, but not the lower HupS band. 
The conclusion is very difficult to make because it is not very likely that this unwanted protein, 
in native conditions, interacts with HupS in exactly the same way as the HupL in the wild-type 
sample. If thi s, how ever, was t he case, t hen t he uppe r b and on a  na tive bl ot w ould be  t he 
hydrogenase and the lower band the unwanted protein. Hypothetically, t his makes sense when 
considering a s ituation where the NHM5 mutant is actually a “leaky” mutant producing a basal 
amount of HupL, explaining the weak upper band in comparison with the wild-type sample. To 
be able to make this conclusion, the PCR results indicating proper insertion of the npt cassette 
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and pr evious gas c hromatographic s tudies w ould ne ed t o be  r ejected. B efore dr awing f inal 
conclusions, I have t o wait f or t he m ass s pectrometric ana lysis as  t oo many assumptions ar e 
made on this level. 
 
Cloning of hup genes in N. punctiforme mutant 
 

The construction of a plasmid was difficult. Due to the highly repetitive sequences, primers 
were hard to design and annealing temperature ranges were extremely narrow. The complexity of 
sequences promoted self-annealing and secondary structure formations but was circumvented by 
increased annealing temperatures, which, however, yielded less product. However, the primary 
gene fragments were not the problem but rather the amplification of the 1.9 kbp promotor-hupL 
conjugate product. Standard PCR with this fragment was performed using end primers without 
positive r esults e ven with g radient-PCR a nd di lution s eries. M ore i nvestigations a nd 
optimizations a re n eeded to find the b est w ay to amplify the conjugate f ragment but  t he first 
approach is to obtain more of the primary products, hupL and promoter, e.g. by setting up more 
reactions. Another way of optimization is to use one set of primers for the amplification of the 
genes, respectively, and create a 30 bp overlapping region instead of 52 bp, and use a second set 
of primers for the amplification of the whole fusion gene. This way each primer set is optimized 
for each step and application.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 15 

Materials and Methods 
 
Organisms and growth conditions 
 

Nostoc punctiforme ATCC 73102 ( Pasteur C ulture C ollection, P aris, F rance) a nd the 
Nostoc punctiforme hupL-mutant s train NHM5 (Lindberg et al, 2002) w ere g rown in B G110 
medium (table 1 and 2) under nitrogen f ixing conditions (no ammonium compounds added) at 
25°C for 10 da ys. The NHM5 strain was supplemented with 25 ng/µl neomycin in the medium. 
Lyngbya majuscule CCAP 1446/4 (The Scandinavian Culture Collection of Algae and Protozoa, 
University of  Copenhagen, Denmark) was grown in BG110 supplemented with 25 m M NH4Cl 
and 10 mM MOPS (3-(N-morpholino)-propanesulfonic acid). 
 
TABLE 1. BG110 medium (Allen et al, 1968) 
Component Stock solution Quantity L-1 Conc. [M]  in final medium  
Citric acid 6.0 g L-1 dH2O 1 ml 3.12 x 10-5 M 
Ferric ammonium citrate 6.0 g L-1 dH2O 1 ml 2.14 x 10-5 M 
K2HPO4 39.0 g L-1 dH2O 1 ml 2.24 x 10-4 M 
MgSO4 heptahydrate 75.0 g L-1 dH2O 1 ml 3.04 x 10-4 M 
CaCl2 dihydrate 27.0 g L-1 dH2O 1 ml 1.84 x 10-4 M 
Na2CO3 20.0 g L-1 dH2O 1 ml 1.89 x 10-4 M 
Na2SiO3 nonahydrate 58.0 g L-1 dH2O 1 ml 2.04 x 10-4 M 
All components including trace metals (table 2) were autoclaved in final medium prior to use 
 
TABLE 2. Trace metals in BG110 (Allen et al, 1968)  
Component Stock solution Quantity L-1 Conc. [M]  in final medium  
MgNa2EDTA trihydrate --- 1.000 g 2.26 x 10-6 M 
H3BO3 --- 2.860 g 4.63 x 10-5 M 
MgSO4 heptahydrate --- 2.500 g 1.01 x 10-5 M 
ZnSO4 heptahydrate --- 0.220 g 7.65 x 10-7 M 
CuSO4 pentahydrate 79.0 g L-1 dH2O 1 ml 3.16 x 10-7 M 
Na2MoO4 dihydrate 21.0 g L-1 dH2O 1 ml 8.68 x 10-8 M 
Co(NO3)2 hexahydrate 49.4 g L-1 dH2O 1 ml 1.70 x 10-7 M 
All components were autoclaved in final medium prior to use 
 
Isolation of heterocysts 
 

N. punctiforme ATCC 73102 and NHM5 cells were collected in 50 m l Falcon® tubes a t 
2000xg and resuspended in heterocyst washing buffer [0.4 M sucrose, 50 mM Hepes-NaOH pH 
7.8 and 1 tablet/10 ml Complete M ini™ proteinase i nhibitors cocktail (GE H ealthcare)] t o an 
approximate concentration of 1 m g chlorophyll a/ml (cells were extracted with 90 %  methanol, 
A665 was measured and chlorophyll a concentration was estimated using an extinction coefficient 
of 78.741 g-1cm-1). Lysozyme was added to a concentration of 1 mg/ml and the sample incubated 
at 37°C in shaking incubator for 1.5 h. A cell suspension of 5 ml was sonicated at 30 kHz with 
Vibra C ell™ ins trument ( SONICS) for 3x 10 s econds on i ce. H eterocysts w ere collected at 
1000xg, s upernatant di scarded followed b y resuspension i n w ashing b uffer and c ollected a t 
1000xg, repeated at  750xg, 500x g a nd 250x g for 5  m in a t 4°C . The h eterocysts were t hen 
resuspended in washing buffer and transferred to 1.5 m l eppendorf tubes, centrifuged at 250xg 
for 5 min to remove supernatant, and stored at -70°C. 
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Protein extraction 
 

Heterocyst pellets were dissolved in an equal volume of extraction buffer [50 mM Tris-HCl 
pH 7.8, 0.1 % T riton X-100, 0.02 % SDS, 14.2 mM β-mercaptoethanol a nd 1 tablet/10 ml 
Complete M ini™ pr oteinase i nhibitors cocktail (GE H ealthcare)] a nd 0.2 g  106 m icron glass 
beads (SIGMA) were added, f ollowed b y b eating using a  P recellys 2 4 instrument ( Bertin 
Technologies) at 5000 rpm f or 8x20 s econds i n 2 m l s crew-cap t ubes. T he t ubes w ere 
centrifuged at 20800xg for 10 min and the supernatant was transferred to a 1.5 ml eppendorf tube 
and centrifuged at s ame force for an additional 10 m in. T he s upernatant w as t ransferred t o a  
fresh tube and stored at -20°C. For analysis of native proteins, the cells were washed one t ime 
with w ashing buf fer [ 10 m M T ris-HCl pH  7.6 , 0.5 %  T riton X -100 a nd 2 m M D TT] a nd 
centrifuged a t 1000x g f or 2 m in. T he s upernatant w as di scarded and protein extraction was 
carried out  in the same procedure used for p rotein extraction in denaturing conditions. Protein 
concentration measurements w ere based on  RC DC colorimetric Bradford protein a ssay (Bio-
Rad Laboratories). 
 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis, native polyacrylamide gel 
electrophoresis and Western blotting analysis 
 

Samples containing 20 µg protein were diluted 1:4 in sample buffer [50 mM Tris-HCl pH 
6.8, 10 %  glycerol, 5 % S DS, 0.7 M  β-mercaptoethanol a nd 0.02 %  bromophenol bl ue] and 
heated at 95°C  f or 10  min, t hen l oaded on a 10 %  polyacrylamide/Bis 37.5: 1 gel (Bio-Rad 
Laboratories). Electrophoresis was performed at 45 mA and at most 220 V for 50 min at room 
temperature. In c ase o f native PAGE, the same sample buf fer was us ed with the ex ception of 
SDS, β-mercaptoethanol and heating, using pre-made (commercial) SDS-free 10-15 % gradient 
gels and native buffer strips (PhastSystem™, GE Healthcare). For Western-blot analysis, bands 
were transferred to a nitrocellulose membrane (Amersham Biosciences) at 400 m A and 8°C for 
1.5 h using Protean II xi Cell (Bio-Rad Laboratories).  Primary polyclonal rabbit-anti-Thiocapsa 
roseopersicina HupSL antiserum ( 1:1000 di lution) a nd s econdary do nkey a nti-rabbit IgG 
antibodies  linked  t o  hor seredish  pe roxidase  ( ECL™, GE H ealthcare)  w ere  us ed  for t he 
immunoblotting. The nitrocellulose membrane was blocked (in 5 % milk powder dissolved in 0.1 
% T ween-Tris B ase S aline (BioRad) (0.1% T -TBS)) for 1  h f ollowed b y 1 h i ncubation w ith 
primary antibodies. The membrane was washed 3x10 min in 0.1 % Tween-TBS on rocking bed, 
and the secondary antibody was added (1:5000 dilution) to the nitrocellulose membrane followed 
by 1 h i ncubation on a rocking bed at room temperature. A f inal wash with 0.1 %  T-TBS was 
carried out for 3x10 min before the membrane was incubated with detection reagents (Substrate 
A+B, GE Healthcare) for 1 min according to the manufacturer’s prescription. 
 
2-D gel analysis of N. punctiforme and NHM5 mutant 
 

Total proteins were extracted from 10-day old heterocysts with 8 M  urea, 2 M  thiourea, 2 
% C HAPS (3 -cholamido propyl di methyl a mmonio-1-propane s ulfate), 50 m M D TT ( dithio 
treitol), 0.5 %  isoelectric pH  gradient ( IPG) buffer pH  4 -7 ( GE Healthcare) and  C omplete 
Mini™ proteinase inhibitors cocktail (GE Healthcare): 350 µ l per 100 mg cells. The cells were 
disrupted w ith a bead beater as d escribed above. A s tandard curve w as created based on five 
different bovine serum albumin concentrations, the protein concentration was measured using a 
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spectrophotometer and sample was diluted to 1 mg/ml with the same buffer. Isoelectric focusing 
was performed on 18 cm DryStrips® pH 4-7 (GE Healthcare) and size separation was carried out 
with 12 %  S DS-PAGE according t o G E H ealthcare H andbook 2-D electrophoresis. Western 
blotting was performed according to previously described procedure.  
 
Cloning the hup genes 
 

Genomic wi ldtype DNA isolated from N. punctiforme and L. majuscula was provided by 
Marie Holmqvist and Ellenor Devine. Amplification of promotor region and hupL was attempted 
with given primers listed in table 3. The cycling parameters were as follows; initial denaturation 
at 95 ˚C for 2 min, 5 x (denaturation at 95˚C for 1 min, annealing at 53˚C for 20 sec and 
extension a t 72C  for 1.5 m in) followed b y 25 x  (denaturation a t 95˚C for 1 min, annealing at 
62˚C for 1 min and extension at 7˚2C for 1.5 min) and a final extension at 72˚C for 5 m in. 
Gradient PCR was performed with 53˚C-63˚C annealing temperatures for 20 sec. The alternative 
primers us ed t o i solate t he pr omoter r egion a nd hupL are lis ted in table 4, us ing t he s ame 
parameters as the ones for the given primers. 
 
      TABLE 3. Given primers used for isolation of N. punctiforme promoter region and  
      L.  majascule hupL 

 
 

TABLE 4. Alternative p rimers used for i solation of  N. punctiforme promoter r egion 
and L. majascula hupL 
Primer Sequence, 5’-3’ Template 

PstI-fwd CGCCTGCAG Nostoc TTCACCTTTAAATCTTAGCCC 

rev ACAATACAAAAACACCTAGCCCATGGTTGCACAACGAACATC Nostoc 

fwd CAATACAAAAACACCTAGCCCATGGTTGCACAACGAACATC Lyngbya 

SacI-Rev GCGGAGCTC Lyngbya TTAAGCAGTGCGGAACCG 

Abbreviations: fwd, forward; rev, reverse; underline, restriction site; bold, over-lapping sequence 

 
 

L. majuscula hupL DNA was amplified using a forward primer w ith an N. punctiforme 
promotor overlap at the 5’-end and a reverse primer with a PstI restriction site. For isolation of 
N. punctiforme promoter r egion, a  f orward pr imer with a SacI restriction at t he 5’ -end and a 
reverse pr imer with a hupL-promotor overlap at t he 3’ -end was used. In the overlap-extension 
PCR no pr imers were added in the first 20 cycles to allow extension from overlapping regions. 

Primer Sequence, 5’-3’ Template 

PstI-fwd CGCCTGCAG Nostoc TTCACCTTTAAAATCTTAGCCC 

rev TTCGTTGTGCAACCATGGGCTAGGTGTTTTT Nostoc 

fwd AAAAACACCTAGCCCATGGTTGCACAACGAA Lyngbya 

SacI-Rev GCGGAGCTC Lyngbya TTAAGCAGTGCGGAACCGGG 

Abbreviations: fwd, forward; rev, reverse; underline, restriction site; bold, over-lapping sequence 
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Amplification of the  promoter-hupL fusion ge ne was pe rformed with s tandard PCR procedure 
(initial denaturation at 95˚C for 2 min followed by denaturation at 95̊C for 1 min, annealing at 
62˚C and extension at 72˚C for 2 min, 30 cycles) using the PstI-fwd primer and the SacI-rev 
primer. Phusion™ High-fidelity DNA polymerase (Finnzymes) was used for amplification of the 
DNA f ragments, whereas P rimeStar™ ( Takara) was us ed to carry out  t he ove rlap-extension 
PCR. A  pB lueScripts® (Stratagene) vector w as c ut w ith EcoRV F ast D igest™ (Fermentas) 
restriction enzyme a nd pur ified from 0.8 %  agarose gel in 50 m M T BS buf fer p H 8.6  using 
Nucleospin® Extract II plasmid purification kit. The insert was used in a Quick ligation reaction 
(New E ngland Biolabs Inc.) and t he pr oduct w as t ransformed i nto E. coli DH5α chemically 
competent cells; heat shock was given at 42°C for 50 sec, incubated on ice for 2 min followed by 
the addition of 100 µl LB (1 % tryptone, 1 %  yeast extract and 0.5 %  NaCl, pH 7.8) and cells 
were spread on LB plate (1 % tryptone, 1 % yeast extract, 0.5 % NaCl and 1.5 % agar, pH 7.8) 
with 100 ng/µl ampicillin, 80 µg/µl X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) 
and 20 m M IPTG ( isopropyl β-D-1-thiogalactopyranoside). C olonies w ere t ransferred to 5 m l 
LB medium containing 50 ng/µl ampicillin and incubated on shaker at 37°C over night. Plasmid 
miniprep was performed using standard protocols (SIGMA, GenElute™ Plasmid Miniprep Kit p. 
13). The purified plasmids were sent to Uppsala Genome Centre (Genetics and pathology dep., 
Uppsala University, S weden) for s equencing using a  commercial pB lueScript f orward 
sequencing primer, GTAATACGACTCACTATAGGGC. 
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