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Abstract 
DNA-binding proteins from starved cells (Dps) in cyanobacteria perform efficient 
response to oxidative and nutritional stresses. In order to discover regulatory 
mechanisms of Dps protein in Nostoc punctiforme ATCC 29133, I focused on the 
promoter region in Npun_R5799, which is one of the five ferritin-like protein coding 
genes found in Nostoc punctiforme ATCC 29133 and homologous to alr3808 in 
Anabaena sp. PCC 7120.A recent differential RNA-sequencing study identified two 
transcription start sites (TSS) in the promoter region of Anabaena sp. PCC 7120 
alr3808, with different properties. One of the TSS appeared to be heterocyst 
differentiation dependent and could be induced by nitrogen deprivation. 
 
In this study I have used 5’RACE to locate the TSS in the Nostoc punctiforme ATCC 
29133 Npun_R5799, and promoter truncation-GFP constructs were made to 
investigate the in vivo regulation of the promoter. 
 
The 5’RACE study of N.pun_R5799 Dps promoter identified one TSS located at 44 nt 
upstream of Dps coding gene, which is just the same location as in alr3808. However 
the second TSS of alr3808 was not identified in Npun_R5799 upstream region. Six 
constructs were made which different promoter truncations have been fused to green 
fluorescent protein (GFP), both on the Nostoc punctiforme ATCC 29133 Npun_R5799 
promoters and the homologues region in Anabaena sp. PCC 7120 alr3808, with a GFP 
reporter on shuttle vector pSUN119. The constructs were transformed into 
cyanobacteria Nostoc punctiforme via electroporation, and the promoter activity and 
cell specificity were determined in vivo using Confocal Microscopy. 
 
The results indicated that there could be a complex regulatory function within the 
Anabaena sp. PCC 7120 alr3808 promoter, and the TSS1 region correlated to the 
initiation of heterocyst differentiation. However, even though the Npun_R5799 and 
alr3808 are close homologues, our results show that the regulation of the gene 
expression is different, indicating a different function in Nostoc punctiforme ATCC 
29133. 
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1. Introduction 
The rapid economic and industrial development results in an increase of energy 
demands. In order to solve the threatening issue of environmental pollution and 
energy crisis, searching for renewable clean energy approaches seems imminent for 
human beings in our generation. Hydrogen is a potentially sustainable clean energy 
compensating for the energy shortage in the future due to its high energy density 
(150.00 kJ/g), non-release of any green house gases. [Quintana, et al. 2011]  
 
Biological hydrogen production can overcome the deficiencies of traditional (physical 
and chemical) methods for producing hydrogen. Cyanobacteria have been regarded as 
having large potential of producing hydrogen from water and solar energy. 
Biohydrogen production from cyanobacteria has gradually turned into a hot field in 
both biotechnology and chemistry. 
 
However, the biochemical pathways of hydrogen production in cyanobacteria still 
require enhancement in order to compete with existing non-renewable chemical 
production methods from reforming of gasoline. The major destination is to develop 
sustainable processes with high productivity and tolerance. A combination of 
systematic experimental design, gene modification, nitrogen and carbon substrate 
utilization studies and other omics analyze in different levels would be necessary to 
overcome limitations. To discover new regulatory mechanisms to increase 
biohydrogen production yield is the main objective of our research group. 
 
1.1 Background 
 
1.1.1 Cyanobacteria 
Cyanobacteria are an ancient group of prokaryotes that can be found in both oceans 
and fresh water worldwide. They usually grow in unicellular or filamentous forms. 
Some strains of cyanobacteria have the special ability to perform both nitrogen 
fixation and oxygenic photosynthesis simultaneously. [Thiel , et al. 2004] 
 
Some filamentous strains, especially Anabaena spp. and Nostoc spp., are capable of 
differentiate into several different cell types: vegetative cells, akinetes and the 
heterocysts. Vegetative cells are normal photosynthetic cells. With extensive internal 
thylakoid membranes Heterocysts are formed in response to special environmental 
conditions such as nitrogen deprivation; they are responsible for nitrogen fixation. 
They have a thick cell wall. The akinetes are the resistant spores that are formed in 
response to environmental nutrient limitation other than nitrogen. [Meeks, et al, 2001] 
Some of the cyanobacteria also form motile filaments, called hormogonia; it is part of 
the developmental cycle in a symbiotic relationship with higher plants. [Damerval , et 
al. 1991] 
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1.1.2 Nostoc punctiforme ATCC 29133 and Anbaena sp. PCC7210 
Nostoc punctiforme ATCC 29133 and Anbaena sp. PCC7210 are both 
heterocyst-forming cyanobacteria (also called heterocystous cyanobacteria) that 
belongs to the family Nostocaceae in the order Nostocales.[ Castenholz and 
Waterbury. 1989] The genome of Anabaena sp. PCC 7120 has been fully sequenced. 
[Kaneko, et al, 2001] This provides a model for the study of cellular differentiation, 
pattern formation, and nitrogen fixation. 
 
N. punctiforme ATCC 29133 (deposited in the ATCC from the original PCC 73102 
cultures) is a closely related genus of Anabaena sp. PCC 7120. Besides the complex 
life cycle of cell differentiation into heterocysts, and akinetes. Nostoc species also 
produce short, motile hormogonia which can be used to distinguish them from 
Anabaena species. Complete sequencing of chromosome of Nostoc punctiforme 
ATCC 29133 has also been accomplished in 2008. [Copeland, et al. 2008] 
 
In this study, I use Nostoc punctiforme ATCC 29133 as a model organism. 
 
1.1.3 Nitrogen metabolism in Cyanobacteria 
Heterocystous cyanobacteria are specialized for nitrogen fixation. Nitrogenase is the 
enzyme reducing di-nitrogen to ammonia, while hydrogen evolves as a by-product 
accompany with ammonia production. As shown in the equation of nitrogen fixation 
(Reaction I) below, I can see that reaction requires lots of ATP and reduction power 
(e-) and is irreversible. 
 
Reaction I: 
 
Because nitrogenase being very sensitive to oxygen. Fe or FeMo proteins in 
nitrogenase can be oxidized easily by oxygen, which causes the irreversible 
inactivation and block nitrogen fixation. [Gallon.1992] However, in the specialized 
nitrogen fixing cell, the heterocyst, and nitrogenase can be perfectly protected by 
glycolipid and polysaccharide double-layer envelope surrounds the cells that reduce 
oxygen diffusion. [Thiel, et al. 2004] 
 
Since hydrogen from Nostoc punctiforme is produced by nitrogenase, I focus on 
heterocyst specific O2 scavenging and protection against oxidative stress. 
 
1.1.4 Heterocyst differentiation  
The heterocysts differentiate from vegetative cells in a regulated process with 
complex structure and metabolic changes. See Figure 1 for a model of some 
transcriptional regulated steps of the differentiation process. A semi-regular spacing 
pattern occurs after cell-signaling communication within long filaments in response to 
nitrogen starvation; about one cell out of ten will differentiate into a heterocyst. This 
differentiation process is repressed by combined nitrogen, for example nitrate or 
ammonium. [Thiel, et al. 2004] 
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Under nitrogen deprivation, an irreversible cell differentiation occurs during cell 
division. The extensive metabolic changes occur in vegetative cells of filamentous 
cyanobacteria. The differentiated cell, heterocyst, is specialized developed for 
nitrogen fixation and supply neighboring cells with fixed nitrogen, whereas the 
vegetative cells in return responsible for photosynthetic oxygen evolution and carbon 
dioxide fixation. [Bothe, et al. 2010] In this way, heterocysts have an anaerobic 
interior, allowing nitrogenase catalyzed nitrogen fixation and hydrogen production to 
proceed. 

 

Figure 1. Heterocyst differentiation in cyanobacteria. Low level of nitrogen will change 
the signaling in some cells or cell clusters to activate a regulatory gene called ntcA with the effector 
2-oxoglutarate, which activates the expression of another heterocyst differentiation control protein 
encoding gene called hetR. HetR activity is stimulated by heterocyst differentiation protein F (HetF). 
Assisting with the amplification loop of NtcA and HetR, another regulatory protein heterocyst 
inhibition-signaling peptide (PatS) produced to prevent neighboring cells from differentiating. On the 
contrary, PatA protein correspondingly recovers PatS inhibition in the differentiating cell. Finally, 
heterocyst has been formed after 18 to 24 hours response of nitrogen deprivation. (See Figure 1) 
[Flores, et al. 2009] The heterocysts supply nitrogen to vegetative cells in turn, since nitrogenase is 
distributed only in heterocysts. [Flores, et al. 2009] (Picture was modified from Flores, et al. 2009) 

 
The maturation of heterocysts during differentiation normally takes 24 hours after 
nitrogen deprivation. The formation of pro-heterocysts, formed within 24 hours, could 
be detected by fluorescence change under confocal microscopy due to the degradation 
of phycobilisome proteins.  
 
Within heterocyst cells, Photosystem II is mostly suppressed to avoid photosynthetic 
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oxygen evolution, and the reduced carbon sucrose is imported from nearby vegetative 
cells. Thicker cell walls reduce oxygen diffusion into the heterocyst cell. When 
oxygen residual reach the heterocyst thick cell envelope, it will be immediately 
consumed by the high respiratory activity. By this way, heterocysts create a micro 
aerobic environment. Thereby photosynthesis and nitrogen fixation has successfully 
spatially separated in heterocystous cyanobacteria (Figure 2). Some cyanobacteria 
could separate oxygenic photosynthesis and nitrogen fixation process temporally by 
biological circadian clock which means respiration and nitrogen fixation processes 
alternating between day and night. But it is not easy to be controlled and this 
biological cycle is varied between different strains. [Kumar, et al. 2010]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A schematic model of the cross talk between the heterocyst and 
vegetative cells as well as the hydrogen production and consumption in 
heterocysts. Hup: Uptake hydrogenase; Hox: bidirectional hydeogenase; PS: Photo System. (Made 
by Xin Li) 
 
1.1.5 Dps-proteins  
DNA binding Protein from Starved cells (Dps protein) is a class of intracellular iron 
binding proteins belonging to the bacterioferritin/ ferritin superfamily. [Pena, et al. 
1995] Compared to other ferritins, Dps proteins have various functions, such as iron 
storage, DNA binding, and oxidative stress prevention. Detoxification of reactive 
oxygen species (ROS) and iron storage are two main important functions of Dps 
proteins in protecting DNA and cell from oxidative stress. [Kornelius. 2012]  
 
Just like in other prokaryotes, Dps protein in cyanobacteria performs efficient and 
rapid response to oxidative and nutritional stresses. Just like other ferritins, Dps 
proteins contain ferroxidase centers, they prefer hydrogen peroxide as an efficient 
oxidant to sequester and store Fe (II) within a Fe (III) mineral as shown in Reaction 
II below. Free Fe (II) will be oxidized by H2O2 with production of hydroxyl radicals 
OH· (also known as the Fenton reaction) combine with strong expressed peroxidase 
activity which causes irreversible damage to DNA.  

Reaction II:          2 Fe (II) +H2O2 2 Fe (III) OOH+H+ 
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Therefore, Dps proteins are very important to maintain DNA stability during 
starvation properties, and also enhance cell stability to prevent radical damage 
through detoxification of ROS. [Kornelius. 2012] 
 
1.1.6 Homologue ferritin domains in Nostoc and Anabaena 
Several Dps homologues have been identified in different cyanobacteria. However, 
compared to Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120, Dps protein 
has not been studied that much in Nostoc punctiforme. The Nostoc punctiforme 
genome is approximately 7.54 Mb, which is maybe the largest of all cyanobacteria. 
[Rippka and Herdman, et al. 1992] A previous study of our group found five proteins 
coding gene with conserved ferritin domains in both Nostoc and Anabaena genomes. 
[Ekman, et al. 2011] 
 
Under combined nitrogen and nitrogen starvation conditions, gene expression levels 
of these five Dps have been quantitatively determined and proteins abundances have 
been investigated by shotgun proteomics both in heterocysts and whole filaments. 
[Ow,et al. 2009; Ekman, et al. 2011; Chen. MSc Thesis. 2010] One of the dps coding 
genes is Npun_R5799, which is homologous to alr3808 in Anabaena sp. PCC 7120.  
 
Furthermore, according to a recent dRNA-seq study by Mitschke J., et al (2011) two 
transcription start sites (TSS) were identified by northern blot in the promoter region 
of Anabaena sp. PCC 7120 alr3808 which encodes a DpsA homolog protein with 
function in nitrogen dependent redox regulation. The northern blot analysis showed 
that the transcript starting at TSS1 could be induced upon nitrogen deprivation in the 
wild type, but not in a hetR mutant, which could not undergo heterocyst 
differentiation. (See Figure 3) The conclusion from this study was that one of the TSS 
located upstream of the alr3808 promoter, named TSS1, appeared to be heterocyst 
differentiation dependent and could be induced by nitrogen deprivation. While the 
other one much closer to the ATG of Dps coding gene, named TSS2, was also 
nitrogen deficiency dependent but without heterocyst specificity. [Mitschke, et al. 
2011]  

 
Figure 3. Northern blot analysis of alr3808 mRNA in wild type (WT) and in the 
hetR mutant strain. Sample taken during nitrogen step down with time points: 0 hour, 3hours, 
6hours, 12hours and 24hours. [Mitschke, et al. 2011] (1): TSS1,(2):TSS2 
 

1.2 Aim and strategy of the project 
The overall objective of this master degree project is to study the transcriptional 
regulation of the Dps protein encoding gene Npun_R5799 in the cyanobacteria Nostoc 

6 
 



punctiforme ATCC 29133, primarily in relation to cell specificity 
(heterocyst/vegetative cell). 
For the experimental work, I designed six constructs with different truncations both 
on the Npun_R5799 promoter region and the homologues region in Anabaena PCC 
7120 alr3808. They were fused with the transcriptional reporter protein GFP in the 
pSUN119 shuttle vector. Then the constructs were transformed into Nostoc 
punctiforme cyanobacterium via electroporation or conjugation with Escherichia coli 
as a donor. The induction of gene expression was investigated during nitrogen 
deficiency and the promoter activity and in vivo cell specificity were determined by 
investigating the fluorescence from GFP with Confocal Microscopy. 
 
The project has significance for understanding oxidative stress protection and oxygen 
reduction in cyanobacteria, which in turn is a foundation for resolving the oxidative 
tolerance problem during biohydrogen production from cyanobacteria. The procedure 
outline of the experimental work in this study is demonstrated in Figure 4： 
 

 
Figure 4. Flow chart of the experiment design of this study  

5'RACE study of Npun_R5799 promoter 

PCR  amplify target promoter fragments from genomic DNA 

Restriction digestion & Ligation with pSUN119 vector  

Transformation into E.coli. XL1Blue 

Constructs' confirmations 

1.Colony PCR test 

2.Restriction digestion 
test 

3.Sequencing confirm 

Electroporate into N. punctiforme ATCC 29133 and 
Anabaena sp. PCC 7120 

Visualize & Identify the cell specificity of  GFP expression 
by Confocal Microscopy  
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2. Materials and methods 
 
2.1 Chemicals and reagents 
All chemicals were analytical pure from Sigma or Merck. All reagents used for this 
experiment are listed in Appendix7.1.  
The recipes of all the medium and buffers used in this study are listed in 
Appendix7.2.  
All the solutions were autoclaved or filter sterilized before use. 
 
2.2 5’RACE for detecting Transcription start site (TSS) 
 
2.2.1 Cyanobacterial strains and growth conditions 
The cyanobacteria, Nostoc punctiforme ATCC 29133 and Anabaena sp. PCC 7120 
were used as test organisms in this study. The wild type and all the mutants with 
Npun_R5799 and alr3808 Dps promoter truncation-GFP constructs were grown under 
30℃ with a low illumination around 40 μmol of photons m-2s-1. [Rippka and Herdman. 
1992] A construct containing only an empty vector pSUN 119 was also grown as a 
control culture under the same condition.  
 
Original cell intended for this study and mutant strains with our constructs were 
pre-grown at 30℃ on BG11 plates containing combined nitrogen source,2.5mM nitrate 
chloride (NH4Cl) with 5mM HepeS buffer (pH 7.5) for N.punctiforme or Ammonium 
(NH4SO4) for Anabaena. For the culture containing promoter-GFP constructs, 
25mg/ml Neomycin was added for selection of strains containing pSUN119 vector. 
Then the colonies from the plates were inoculate into small Erlenmeyer flasks for 
liquid cultures which contained 50ml BG11 media with combined nitrogen for normal 
growth or only BG110 media without nitrogen source for nitrogen starvation to induce 
heterocysts. [Rippka, et al. 1971] During normal culture growth, addition of 
combined nitrogen source were operated every 3 days to make sure the presence of 
nitrogen source in the culture and prevent pre-heterocysts formation. 
 
2.2.2 Heterocysts preparation 
The isolation strategy of heterocyst cells was referring to [Cardona, et al. 2009], and it 
was modified from Razquin‘s protocol. [Razquin, et al.1996]  
 
The cells were harvested by centrifugation at 5000×g for 10min at 4℃. Then dissolved 
with 8ml heterocyst prep buffer (pH 7.2) after supernatant removed, and incubated the 
mixture for 30 min at 4℃. The composition of this buffer has been listed in 
Appendix7.2. Lysozyme was added to a concentration of 1 mg/ml and incubated in 
37℃ incubator shaking for 2 hours. The heterocyst cells were separate during another 
sonication step with an ultrasonicator (Vibracell VC-130TM, Sonics, USA) at full 
amplitude performed three times with 10 sec for each time. The cells were incubated 
on ice during sonication. The purity of the heterocyst was checked by light 
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microscopy. After that, the cells mixtures undergo five washing steps with the same 
buffer but in different centrifugation speeds, which were 1000×g, 1000×g, 750×g, 
500×g and 250×g, respectively, for five minutes each at 4℃. After all the supernatant 
was removed, all the cell pellets were kept in -80℃ for further usage. 
 
2.2.3 RNA extraction for cyanobacteria 
A large culture for both N. punctiforme and Anabaena strains were grown in 2L flask 
with 1.2 L BG11 (with combined nitrogen). All the cells were used for RNA 
extraction. Total RNA extraction of Nostoc punctiforme 29133 and Anabaena sp. PCC 
7120 under different growth conditions were operated with TRIzol reagent. The 
protocol given by Karin is described below. 
 
200 ml green (and nice) cyanobacteria culture was sediment down. The cell pellets 
were transfer into 2 ml sterilized capped tubes and mixed with 1ml per-chilled TRIzol 
reagent (Sigma-Aldrich, Missouri, USA) and 0.2g acid washed sterilized glass beads 
(0.2mm in diameter). After all the tubes had been balanced, the cells were disrupted 
by a Mini Bead Beater for 35sec and repeated 4 times. All the tubes were kept on ice 
for 2 min in between of each disruption round. After this homogenization step, the 
insoluble material was removed by centrifugation at 14000×g for 10 min at 4 ℃. The 
clear homogenate solution was transferred into new sterilized per-chilled Eppendorf 
tubes, and then kept at room temperature. 
 
Subsequently, the homogenized samples were used in phase separation. First, 0.2 ml 
99.98% chloroform was added and thoroughly mixed, and then the samples were 
incubated them at room temp for 3min, centrifuged at 12000 × g for 15min at 4℃. The 
upper aqueous phases were carefully transferred into a sterilized Eppendorf tubes. In 
order to get more pure and high quality RNA sample, this step was repeated twice. 
 
The third step was RNA precipitation using 0.25ml isopropanol followed by 0.25ml of 
high salt precipitation solution. This solution contained 0.8 M sodium citrate and 1.2 
M NaCl, and it was filter-sterilized and per-chilled before using. The mixed samples 
were incubated at 25℃ for 10min, and then 4℃centrifugation for 10 min at12000×g. 
After supernatant had been removed, the gel-like pellet was washed step with 1ml 75% 
ethanol at 4℃ for each sample. Finally, the RNA samples were dissolved in DEPC 
treated water and incubated at 55℃ for 10 min. 
 
2.2.4 RNA quality check 
Before sample storage, the quality of RNA samples were checked with 
spectrophotometer (Cary 50 Bio, UV-Visible spectrophotometer, Varian, USA) under 
the absorbance of 260 and 280nm against the blank (DEPC water). The ratio of 
A260/A280 shows if there is significant protein and DNA contamination. The ratio of 
A260/A280 should be between 1.9 and 2.1 for a high quality RNA sample. Additional 
gel electrophoresis was also used for visualizing the total RNA samples. 
If the RNA sample was free of DNA, I would use additional DNase I (FermentasTM, 
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Ontario, Canada) treatment combined with phenol-chloroform extraction and then 
precipitate RNA again with 70% ethanol. 
 
2.2.5 Invitrogen 5’ RACE 
The strategy of 5’ RACE study,  to identify transcriptional start sites for 
Npun_R5799 promoter was modified based on InvitrogenTM 5’ RACE System for 
Rapid Amplification of cDNA Ends, Version 2.0 instruction manual. 
 
The procedure is shown in Figure 5 below: 
 

 
Figure 5. Npun_R5799 5' RACE Procedure (Modified from InvitrogenTM 5’ RACE System 
for Rapid Amplification of cDNA Ends, Version 2.0 instruction manual) 
 
The first strand of cDNA was synthesized from total mRNA of Nostoc punctiforme 
29133 under different growth conditions for both vegetative cells and heterocysts, 
using a gene-specific primer GSP1 with the help of SuperScript™ II Reverse 
Transcriptase. The original mRNA template was removed by RNase treatment with 
the mixture of RNase H and RNase T1 (Thermo Scientific®). The dNTPs, GSP1, and 
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enzymes were removed from cDNA products using PCR Purification Column 
performed with PCR Purification Kit (Fermentas®). A homopolymeric dC-tail was 
then added to the 3'-end of the cDNA by TdT.  
 
First nested PCR amplification was accomplished using primer GSP2, which was also 
gene-specific to the cDNA sequence, accompany with a commercial anchor primer 
provided with the InvitrogenTM 5’ RACE System, and the PCR reactions were 
performed by Taq DNA polymerase. 
 
After the first nested PCR, I diluted the purified PCR products 200 times and then 
took 5ul as template for an additional PCR amplification. It could be necessary to 
enrich the primary PCR products. In this nested PCR step, I used Nested GSP coupled 
with a universal anchor primer UAP (provide by the system). The PCR products of 5' 
RACE result were checked by gel electrophoresis, and then sent to Macrogen Inc. for 
sequencing after PCR purification. Those PCR products can also be cloned into an 
appropriate vector for sequencing and other research requirements.  
Figure 6 shows the location of different primers designed for this experiment. The 
GSP3 was designed for troubleshooting to check cDNA quality. More detail 
information about the primers has been listed in Appendix 7.3 
 

 

Figure 6. Primer design strategy for 5’ RACE study of Npun_R5799 Dps 
promoter 

 
2.3 PCR amplification 
The PCR amplification of different promoter parts of Npun_R5799 and alr_3808 were 
completed with Stratagene’s PfuUltra TMII fusion HS DNA polymerase. PRC 
reactions were performed under optimized conditions, based on the typical protocol 
given by the company Stratagene. Primer design strategy has been listed in Part 3 
Table 4. The genomic DNA was taken from Photochemistry and Molecular Science 
group -80℃ glycerol stock.  
 
 
 
 
Table 1. Reaction Mixture of PCR amplification reaction, 50μL total reaction volume. 
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Components Amount 
Distilled water (dH2O) Add up to 50μL 
10×PfuUltra TM II reaction buffer (+2mM Mg2+) 5.0μL 
dNTP mix(25mM each dNTP) 0.5μL 
Forward Primer(10μM) 1.0μL 
Reverse Primer(10μM) 1.0μL 
Template DNA (genomic DNA) 100ng/μL 100 ng 
PfuUltra TM II fusion HS DNA polymerase 1.0μL 
 
PCR reactions were performed using optimized cycling conditions. The PCR machine, 
MJ Mini BIO-RAD®, was programmed as follow:  
 
First I started with initial denaturation at 98℃ for 30sec, which was followed by 30 
cycles of: denaturation at 98℃ for 10sec, then annealing at 64℃ for 20sec, and 
extension at 72℃ for 30sec. Final extension was at 72℃ for 7min and then store at 4℃ 
until use. 
 
2.4 Gel electrophoresis 
PCR amplification products were analyzed on the 1.0 %( w/v) agarose gel. 
Two types of agarose gel have been used in this experiment, which were the Tris 
Acetate EDTA (TAE) gel and Sodium Borate (SB) gel. 
 
These two types of gel were prepared with 1×TAE buffer and 1×SB buffer 
respectively, containing 0.16 % Thiazole orange for DNA detection. The stock 
solutions for these two buffers were 50 times concentrated: 50×TAE buffer with 2M 
Tris acetate and 0.05M EDTA, and 50×SB buffer with 250nM NaOH and 950nM 
Boric acid. Electrophoresis was performed under 80 V with 1×TAE buffer or 1×SB 
buffer and then visualized under UV-light. A CCD camera was used for imaging. 
 
2.5 DNA Purification 
The PCR product purification step was performed with Fermentas ® GeneJET TM PCR 
purification kit.  
 
The Fermentas ® GEL purification kit was then used for gel purification for specific 
requirements such as purification of target fragments in digestion products. According 
to the protocol and instruction given by the company, these kits could also be used for 
digestion products clean up. 
 
2.6 Plasmid preparation 
The pSUN 119 plasmid was taken from Photochemistry and Molecular Science group 
-80℃ glycerol stock. pSUN119 is a transcriptional reporter shuttle vector contains a  
green fluorescence protein (GFP) reporter gene and a gene encoding kanamycin 
resistant. [Argueta, et al. 2004] See the vector map in Figure 7. 
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Figure 7. Vector map of pSUN119 transcriptional reporter shuttle vector. (Made by 
Vector NTI) [Argueta, et al. 2004] 
 
The insertion fragments (promoters) were inserted into a multiple cloning site of the 
pSUN119 vector to precede a non-promoter GFP gene. This self-replicating plasmid 
could help us to report cell specific gene expression (or promoter activity) in Nostoc 
punctiforme. Escherichia coli XL1Blue were used as the host for this cloning 
experiment. 
 
Plasmid preparation was performed via Fermentas® Plasmid Mini preparation Kit 
afterwards. This kit using alkaline solution and detergent to lyses cells and then purify 
the plasmid with ion exchange column. DNA concentrations for all the plasmid 
samples were determined with Thermo Scientific Nanodrop under OD260nm 
measurement 
 
2.7 Digestion and ligation 
 
2.7.1 Fast Digestion 
Digestion reactions for the purified PCR products and pSUN119 plasmid were 
performed by FastDigest® restriction enzymes Kpn I and Pst I, follow Fermentas® 
standard protocol given by the supplier together with enzymes. The incubation time 
was extended to 2 hours for a complete digestion. The digestion products will undergo 
a gel purification step by Gel Purification Kit, Fermentas®, to eliminate metal ions, 
restriction enzymes and other impurities in the reaction system to guarantee efficiency 
of the next ligation step. 
 

pSUN119
10074 bp

npt

GFP

Multiple cloning site

E. coli ColE1 ori

pDC1 Cyanobacterial oriV

T7 term
ApaLI (2225)

BamHI (411)

ClaI (1016)

PstI (1291)

SmaI (1005)
XmaI (1003)

KpnI (1002)

EcoRI (213)

EcoRI (992)

NcoI (765)

NcoI (3288)

AvaI (510)

AvaI (986)

AvaI (1003)

HindIII (1021)

HindIII (1552)

HindIII (4577)HindIII (5305)

HindIII (6547)

HindIII (10047)
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2.7.2 Quick ligation 
The DNA concentration for each sample was measured via Thermo Scientific 
Nanodrop 2000 spectrophotometer at absorption of OD260nm and OD280nm before 
ligation reaction. 
 
Two hours of ligation reaction was performed by Quick ligase BioLabsTM in PCR 
machine at 25℃. According to the protocol of BioLabs® Quick ligation system, 
100ng of pSUN119 vector and 6-fold molar (10 to 15 ng) excess of insert DNA 
fragment were mixed with 2×Quick ligation buffer and 1 u of Quick T4 DNA ligase in 
PCR reaction tubes. This ligation reaction mixture (total reaction volume 20μL) was 
incubated at 25 ℃ for 1 hour then kept on ice for further use. (Performed in a PCR 
machine) 
 
2.8 Transformation 
 
2.8.1 Competent cell preparation 
The bacteria strain used for cloning was E.coli XL1Blue, which was prepared from 
Photochemistry and Molecular Science lab -80℃ glycerol stock. XL1Blue E. coli 
competent cells were made by CCMB method. The protocol described in [Hanahan, et 
al.1991].  
 
One single colony from the streaked XL1Blue plate was picked up for inoculating in 5 
mL LB medium Then it was grown on a shaker with the speed of 200 rpm at 37 °C 
overnight. 4 mL of the overnight culture was inoculated into 400 mL pre-warmed LB 
medium in a sterile 2 L flask and grown on a shaker with 200 rpm at 37°C until the 
culture has growth reach to OD600nm 0.375. The culture was transferred to pre-chilled 
50ml falcon tubes keep on ice for five minutes. Then the cells were collected by 4 °C 
centrifugation at 3000 rpm for 7 min, and the cell pellets were gently re-suspended the 
cell pellet in 80 mL of ice cold CCMB80 buffer and incubate on ice for 20 min. 
Glycerol was added up to 10% and shock frozen via liquid nitrogen. Then the samples 
were kept in the -80 °C freezer for long time storage. 
 
2.8.2 Transformation 
The E.coli XL1Blue competent cells were taken directly from -80℃ and then thawed 
on ice. 100 μL of competent cells were mixed with 10 μL of each per-chilled ligation 
product ligation product and then incubated on ice for 20 min. A quick heat chock 
performed at 42℃ for 1 min for all the transformation samples afterwards, then 
immediately chilled on ice for 5 min. After that, all the transformation tubes were put 
at room temperature for 10 min before addition of 900 μL of fresh LB medium, and 
incubated at 37 °C in a shaking incubator with the speed of 220 rpm for one hour for 
the cell growth and expressing the kanamycin resistant system. Then the cultures were 
centrifuged at 3000 x g for one minute and the cell pellets were re-suspended by 500 
μL LB medium. The re-suspened cells were spread separately, with 150μL and 350μL, 
on two LB agar plates containing 50 μg mL-1 kanamycin (Kan). After dried in the 
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sterile-bench, the plates were put upside-down in 37 °C incubator for an overnight 
growth. 
 
2.9 Confirmation of constructs 
 
2.9.1 Colony PCR 
Colony PCR reactions were used for quick scanning of 15 colonies for each construct 
I got from the transformation plates. 
 
Single colonies were picked from the plates and then suspended with 10μL d H2O in a 
PCR tube. The cell suspensions were heated up at 98℃ for 5 min on a heater, and then 
chilled on ice for 2 min. Taken 5 μL cell suspension as template for colony PCR. (See 
Table 2) The rest 5 μL cell suspensions was inoculated into 6mL LB + Kan (50 μg 
mL-1) medium and incubated at 37 ℃ on 220 rpm shaker overnight. 
 
The PCR reactions were performed with DreamTaqTM DNA polymerase. The primers 
used for construct checking were designed by other people in the group before, see 
the primer sequence in Table 5. 
 
Table 2. Reaction Mixture for colony PCR reaction, 20μL total reaction volume. 

Components Amount 
Distilled water (dH2O) Add up to 20μL 
10×DreamTaq buffer (+2mM Mg2+) 2.0μL 
dNTP mix(25mM each dNTP) 0.5μL 
Forward Primer(10μM) 1.0μL 
Reverse Primer(10μM) 1.0μL 
Template DNA (cell suspension)  5.0μL 
DreamTaq DNA polymerase 0.5μL 
 
I performed PCR reaction using optimized cycling conditions. The PCR machine, MJ 
Mini BIO-RAD®, was programmed as follow:  
 
Denaturation at 95℃ for 3min, which was followed by 25 cycles of: denaturation at 95℃ 
for 10sec, then annealing step at 58℃ for 30sec, and extension step at 72℃ for 1min. 
Final extension was at 72℃ for 7min and then store at 4℃. 
 
2.9.2 Restriction test 
I picked up three single colonies from each of the transformation plates which gave 
positive results in colony PCR, inoculated them into 6 mL LB medium with 50 μg 
mL-1 Kan in a 15 mL culture tube for an overnight culture at 37 °C incubator with 220 
rpm shaking speed. Then the cells were spun down by 3000 x g centrifugation at 4 °C 
for 5 min. All the plasmids preparation was done by Fermentas® Plasmid Mini 
preparation Kit. (See 2.6) Fast digestion performed with double restriction enzymes, 
KpnI and Pst I. After purification with Fermentas® PCR clean up kit, the digestion 
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products were analysis on a 1.0% agarose gel together with an uncut pSUN119 
plasmid DNA. 
 
2.9.3 Sequencing 
After I got the interesting constructs confirmed by restriction test, I sent the plasmid 
DNA for sequencing to MacrogenTM Company (Korean) for final confirmation of 
successful cloning. 
 
2.10 Electroporation into cyanobacterial cells 
 
2.10.1 Cell preparation for electroporation 
The method I used to electroptate promoter-GFP constructs into filamentous 
cyanobacteria was optimized by Dr. Petra Kellers. [Holmqvist, et al. 2009] The reason 
why I chose this method was because I can simply use sonication and several water 
washing steps to prepare cells for electroporation. It was very efficient and there was 
no special reagent or buffer required. 
 
200 ml Nostoc punctiforme 29133 and Anabaena sp. PCC 7120 wild type strains were 
grown to an appropriate optical density (OD). (See 2.2.1) The cells were first 
sedimented by centrifugation at 5000×g for 5min and then re-suspended with 30ml 
BG11 medium and separated into five 15ml per-chilled culture tubes. Before washing 
the cells, I used four times of soft sonication steps (10sec, 4-6 W at 50% pulse) in 
order to break long filaments into single cells or at least three to four cells long 
(checked with microscope). The cells after sonicaiton were diluted four times with 
BG11 medium and separated into 50ml volume in sterilized 100ml E-flasks for 
overnight recover at 25℃ under low light conditions. Cultures in the E-flasks were 
combined later for each sample. Finally the cells were centrifuged with 5000×g for 
5min, and then re-suspended in 20ml d H2O. This washing step was repeated three 
times. 
 
1ml of cells was taken out for Chlorophyll α content measurement by methanol 
treatment. Firstly, I sedimented the cells at 13000 rpm centrifuge for 1min. The pellets 
were re-suspended with 900μL methanol and vigorously vortexed until the pellet was 
dissolved completely. Chlorophyll was extracted in darkness for 5min. After that, I 
centrifuged the cells again at 10000 ×g for 1min. The supernatants were taken to be 
measured with spectrophotometer under the absorbance of 655 nm against the blank 
(90% methanol). The Chlorophyll α content was calculated with A655nm×12.7 (μg 
ml-1). According to the Chlorophyll α content I got, the cell culture would be diluted 
or concentrated to match the range of 50 to 100 μg Chl α ml-1 before use. 
 
2.10.2 Electroptation into Nostoc punctiforme 29133 and Anabaena sp. PCC 7120 
I mixed 50μL cells with 10μg pre-chilled DNA and kept the mixture on ice. Then I 
transferred mixture into pre-chilled sterilized disposable cuvette (BioRad Gene Pulser 
Cuvette, 0.2 cm). The electroporation performed with BioRad Gene Pulse 
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XcellTM under 1600 V Voltage and 300 Ω resistance with 25 μF capacitatnce. 
 
After electroporation was done, the cells were transfer to a 100 ml E-flask with 20ml 
BG11 medium without antibiotics and incubate over night under low illumination. On 
the second day, the cells were sedimented again and re-suspended with 200μL BG11 
medium with combined nitrogen and 25μg/ml Neomycin. Everything was spread on a 
sterile membrane filter (Millipore HATF) of BG11-Neomycin (25μg ml-1) plates, and 
then incubated at 30℃ under low light condition. The membrane was changed to new 
BG11+Neomycin (25μg ml-1) plates every 3 weeks. 
 
2.11 Nitrogen step down  
After electroporation, single colony of the Nostoc mutants containing different 
promoter- GFP constructs were taken up from the BG11+Neomycin(25μg ml-1) agar 
plates, and inoculated into 50ml BG11-Neomycin (25μg ml-1) liquid medium with 
2.5mM NH4Cl and 5mM Hepes buffer (pH 7.5) and cultivated under low light 
illumination. After a week, these cultures were scaled up into 400ml with air bubbling 
under the same growth condition. 
 
Another week later, 50ml of each culture were taken out for the nitrogen step down 
experiment. First the cells were harvested with 5000 rpm centrifugation under 4 ℃ for 
5 minutes, and then washed the cell pellets three times with 25ml fresh BG110 media. 
After washing, the cell pellets were re-suspended with 50ml BG110 media. 1ml of 
each culture was taken out as testing sample for the first time point (0 hours), spread 
on BG110 agar plates. And then the rest of the cultures were transferred into small 
E-flasks to grow under low light condition on the shaker. 
 
Different samples were taken from the E-flasks from 6 hours, 12 hours, 24 hours 36 
hours and 48 hours after nitrogen deprivation and also after two days to determine if 
heterocysts were formed. 
 
2.12 Confocal microscopy for determination of GFP presence and location  
Lecia TCS SP5TM (Leica Microsystems®) was used to determine the location of GFP 
expression in vivo of cyanobacteria for each promoter-GFP construct strains. Samples 
were taken from different time points during nitrogen step down. At each time point, 
the cells were first spread on BG110 agar plate and then 4 cm2 pieces of culture on the 
agar plate were cut out and placed on microscopy slides with cover slips. After that, I 
had to locate and find interesting cells by optimizing light microscope settings. The 
sequential settings include two excitation wavelengths during the fluorescence 
measurement. One of the focal point was selected by the image on the monitor under 
the spectral range of 600 to 700 nm. This guided laser beam was used for detection of 
auto-fluorescence to identify the heterocyst cells. The second spectral range was 500 
to 525nm, which was used for GFP expression detection. The cells with GFP 
expressed in vivo obtained green fluorescence.  
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Fluorescence quantification measurement could use commercial program LAS-AF, 
but it was not done since in this study since I was only interested in the location at the 
research stage. 
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3. Results 
 
3.1 Homology investigation of the regulatory sites in the promoters 
From the sequence alignment result of Npun_R5799 and alr3808 Dps upstream region, 
see Figure 8 and 9 below, I found two highly conserved regions around both TSS2 
and one upstream of TSS1 in alr3808 Dps promoter (highlight with yellow color in 
Figure 9).  

 
Figure 8. Sequence alignment of Npun_R5799 and alr3808 Dps promoter region 
Alignment performed by Clustal Omega method with EBI Online Tools. The highly conserved 
regions are circled with red boxes. Red triangles show the two different TSSs in alr 3808 Dps 
promoter. 

alr3808 Dps promoter region 

 
Npun_R5799 Dps promoter region 

 
Figure 9. Sequences comparison of Npun_R5799 and alr3808 Dps promoter 
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region Green boxes highlighted: Starting sequence of Dps coding gene; Yellow boxes highlighted: 
Highly conserved regions; Blue boxes highlighted: Ending sequence of upstream hypothetical gene. 
Grown boxes highlighted: NtcA binding site, with the consensus sequence GTA N8 TAC/GTA N8 AAC 
(color by red); Gray boxes highlighted: Transcription start sites. 
 
Moreover, among the five Dps genes in N. punctiforme, Npun_R5799 is the only one 
that has a putative NtcA binding site upstream; indicating nitrogen related regulation, 
because NtcA protein will participate in regulation of gene expression during 
heterocyst differentiation. (See 1.1.4)   
 
The homology and all these research backgrounds described above indicate that, there 
maybe two different regulatory transcription start sites (TSS) upstream of 
Npun_R5799, just like the alr3808. One of the TSS may have heterocystous 
specificity, and also response to nitrogen deprivation. However, the 5’RACE and 
Confocal Microscopy results shown something else, which was very interesting. 
 
3.2 Identification of TSS by 5’RACE results 
In order to identify the transcription start sites of the R5799 promoter, a 5’ RACE 
study was performed with Invitrogen 5’ RACE kit. Total RNA was extracted from 
both nitrogen fixing culture and cultures at different time points during nitrogen step 
down of N. punctiforme 29133 wild type, and also from isolated heterocyst cells only. 
The RNA quality was first checked by gel electrophoresis (Figure 10), and then the 
concentration was determined by spectrophotometer. 

 
Figure 10. Gel electrophoresis of RNA samples. RNA gel electrophoresis used 1% agarose 
with 1×TAE buffer. 2×RNA Loading Dye was used both for sample RNA and RNA ladder (Low 
range, 100 - 1000 bases). M: RNA ladder 100-1000bases (2ul); ①：Total RNA of N. punctiforme under 
nitrogen fixing culture (without DNase I treatment) ②：Total RNA of N. punctiforme ATCC 29133 
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under nitrogen fixing culture (after DNase I treatment) ③：Total RNA of N. punctiforme ATCC 29133 
heterocyst cell (after DNase I treatment) 
 
There are four bands displayed on the gel. The samples after DNase I treatment 
showed sharper bands which smears has been degraded. In lane ② and ③, four 
bands are visible, from the top which are the 23s rRNA, 16s rRNA, 5s rRNA and 
small tRNAs of N. punctiforme 29133.[Genetic statistics of N. punctiforme PCC 
73102 in JGI database, 2012] 
 
The quality and concentration of all RNA samples are listed in table 3. 
 
Table 3. Quality and concentration of the RNA samples. 
 RNA sample A260/A280 A260/A230 Concentration(ng/ul) 
1 N.pun 29133 N2-fixing 1.97 2.58 928.4 
2 N.pun 29133 N2 step down 0hour 2.03 2.37 2668.7 
3 N.pun 29133 N2 step down 6hour 2.10 2.35 2106.7 
4 N.pun 29133 N2 step down 12hour 2.11 2.35 1918.6 
5 N.pun 29133 N2 step down 21hour 2.12 2.32 8136.1 
6 N.pun 29133 N2 step down 24hour 2.07 2.31 3228.3 
7 N.pun 29133 Heterocyst 1,97 2.40 65.6 

 
The two different TSS in Npun_R5799 Dps promoter might have different regulation 
properties during heterocyst differentiation. In order to investigate whether there are 
two TSS or not, the 5’RACE were performed with RNA sample taken from isolated 
heterocysts as well as from culture with combined nitrogen (no heterocysts, mainly 
vegetative cells) of N. punctiforme 29133. In the 5’RACE results (Figure 11 and 12) 
all the PCR products show the same length between 250bp and 500bp at 
approximately 300bp. 

 
Figure 11. 5’ RACE results of Npun_R5799 during heterocysts differentiation and 
nitrogen deprivation. All the PCR products were separated with gel electrophoresis using native 
1% agarose with 1×TAE buffer. M: 1kb DNA ladder (1ul); N: Negative control in PCR reaction 
without template for checking PCR contamination ① : Result for the cDNA sample from N. 
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punctiforme 29133 heterocysts only ② to ⑥: Result for the cDNA samples from 0, 6, 12, 21 and 24 
hours after nitrogen starvation 

 
Figure 12. 5’ RACE results of Npun_R5799 within heterocysts and nitrogen fixing 
filaments. M: 1kb DNA ladder (1ul); N: Negative control in PCR reaction without template for 
checking PCR contamination ①: PCR result from cDNA of N. punctiforme 29133 heterocysts ②: 
PCR result from cDNA of N. punctiforme 29133 vegetative cells 
 
One transcription start site (TSS) of N. punctiforme ATCC 29133 Dps promoter was 
confirmed by the sequencing of the 5’RACE PCR products. The TSS was the same 
independent on culture conditions of the cells. This TSS is an Adenine (A) located at 
44 nt upstream of Dps coding gene, which is just the same location as in Anabeana 
sp.7120 alr 3808 homologue (alr 3808 TSS2). Therefore I name it as N.pun R5799 
TSS2. 
 
Additional two nested gene-specific primers forward and reverse, designed on the 
location cross-over the N.pun R5799 TSS2, and then using the dc-tailed cDNA during 
5’RACE to perform RT PCR reactions with UAP and GSP2 primer, respectively. 
However, I got nothing after this. 
 
3.3 Promoter GFP reporter constructs cloning results 
According to the sequence similarity and the identified TSS, I designed eight pairs of 
primers (See Table 4 below) for six different truncation parts of the promoter regions 
(three in each of N. punctiforme R5799 and its homologue alr3808 in Anabaena). The 
primer design strategy is demonstrated in Figure 13 and 14 below. 
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Table 4. Summary of the cloning primers with annealing temp, length and GC content 

Primer Sequence(5’-3’) 
Tm 
(°C) 

Length 
(nt) 

GC% 

TS1 F ACGA CTGCAG GAG AAT TGC CCT CAA AGT 66.6 28 50% 
TS1 R GC TGA TGGGGTACC TAT CAA GGT GCA TAA 65.3 29 44.8% 
TS2 F ATTT CTGCAG TTA TTC TCC CTC TTG CAG AC 65.4 30 43.3% 
TS2 R TTCG GGTACC AGT TTG CGT TTC AGA CAT 65.1 28 46.4% 
*ATS1 F AACA CTGCAG CTT ATT CAT CAG ATC GCT 63.7 28 42.9% 
*ATS1 R ACTCA GGTACC AAC GTT TAG TTA CTA CTC 63.9 29 41.4% 
*ATS2 F AATC CTGCAG CTT TCC TCT ACT AGC AAG 65.1 28 46.4% 
*ATS2 R TT TTG GGTACC AGT TTG TGT ATC AGC CAT 63.9 29 41.4% 
*The A indicates that the primers would be used for Anabaena alr3808 amplification. 
The restriction sites designed in primers are shown in red.  

 
Figure 13. Truncation designed for Anabaena sp. 7120 alr3808 Dps promoter 
constructs. Green highlighted sequence: Starting sequence of Dps coding gene; Yellow highlighted 
sequences: Highly conserved regions; Gray highlighted amino acids: Transcription starts sites in 
alr3808. [ Mitschke J. , et al. 2011] The sequence with red dotted box: Truncation part for the alr3808 
TSS1 construct; The sequence with pink dotted box: Truncation part for the alr3808 TSS2 construct  
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Figure 14. Truncation designed for Nostoc punctiforme 29133 R5799 Dps 
promoter constructs.  Green highlighted sequence: 5’-starting sequence of Dps coding gene; 
Yellow highlighted sequences: Highly conserved regions; Blue highlighted sequence: 3’-ending 
sequence of upstream hypothetical gene. Grown highlighted sequence: NtcA binding site, with the 
consensus sequence GTA N8 TAC/GTA N8 AAC (color in red); Gray highlighted amino acid: 
Transcription start site in Npun_R5799. The sequence with red dotted box: Truncation part for the 
putative Npun_R5799 TSS1 construct; The sequence with pink dotted box: Truncation part for the 
Npun_R5799 TSS2 construct  
 
The PCR amplification of the different promoter region from N.punctiforme 29133 
R5799 and Anabaena sp. PCC 7120 alr_3808 were accomplished with Phusion Hot 
Start DNA polymerase. The PCR products were analyzed by gel electrophoresis. 
Figure 15 shows the PCR products with the expected sizes. The promoter sequences 
amplified as shown in Figure 13 and 14. 

 
Figure 15. PCR amplification of different promoter truncation parts. M: 1kb DNA 
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ladder (1ul); N: Negative control in PCR reaction without template for checking PCR contamination 
①: Positive control a 978nt gene in Nostoc punctiforme ②: Npun_R5799 Dps “complete” promoter 
(489bp) ③: Alr_3808 Dps “complete” promoter (466bp) ④: Npun_R5799 Dps promoter TSS2 
truncation (273bp) ⑤: Alr_3808 Dps promoter TSS2 truncation (283bp) ⑥: Npun_R5799 Dps 
promoter putative TSS1 truncation (323bp) ⑦: Alr_3808 Dps promoter TSS1 truncation (290bp) 
 
A few colonies were obtained after an overnight culture in 37℃ incubator. Ten 
putative positive colonies of each construct were analyzed with colony PCR. After 
that Three to five colonies of each constructs gave the expected result. These were 
further analyzed with restriction test. (See Figure 16 and 17)  

 
Figure 16. Restriction test for Npun_R5799 constructs in pSUN119 vector. M: 1kb 
DNA ladder (1ul); ①: pSUN119 digested with PstI and KpnI; ②: Npun_R5799 Dps complete 
promoter (target fragment 489bp) ③: Alr_3808 Dps complete promoter (466bp); ④: Npun_R5799 
Dps promoter TSS2 truncation (target fragment 273bp) ⑤: Alr_3808 Dps promoter TSS2 truncation 
(283bp); ⑥: Npun_R5799 Dps promoter TSS1 truncation (target fragment 323bp) ⑦: Alr_3808 Dps 
promoter TSS1 truncation (290bp) 

 
Figure 17. Restriction test for alr 3808 constructs in pSUN119 vector. 
M: 1kb DNA ladder (1ul); B①: pSUN119 uncut plasmid ; B②: pSUN119 digested with PstI and KpnI; 
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B③, B④ and B⑤: alr 3808 Dps complete promoter (target fragment 466bp); B⑥: alr 3808 Dps 
promoter TSS2 truncation (target fragment 283bp); B⑦: alr 3808 Dps promoter TSS1 truncation 
(target fragment 290bp). 
 
According to the positive restriction test results, two of each construct were sent for 
sequencing. All the constructs listed below has been confirmed by the sequencing 
result. 
 
Table 5. Promoter truncation- GFP constructs with pSUN119 vector. 
CCoonnssttrruuccttss   IInnsseerrttss   DDiiffffeerreenntt  ttrruunnccaatteess  ooff  tthhee  pprroommootteerr  rreeggiioonn   

ppUUXXSS11 NNppuunn__RR55779999  DDppss  

pprroommootteerr  TTSSSS11   

 

ppUUXXSS22 NNppuunn__RR55779999  DDppss  

pprroommootteerr  TTSSSS22   

 

ppUUXXSS33 NNppuunn__RR55779999  DDppss  

ccoommpplleettee  pprroommootteerr   

 

ppUUXXSS44 aallrr33880088  DDppss  

pprroommootteerr  TTSSSS11   

 

ppUUXXSS55 aallrr33880088  DDppss  

pprroommootteerr  TTSSSS22   

 

ppUUXXSS66 aallrr33880088  DDppss  

ccoommpplleettee  pprroommootteerr   

 

* Red boxes showing the truncated promoter sequences for each constructs that were 
fused to GFP in pSUN119 vector. 
 
3.4 Introduction of shuttle vector to cyanobacteria 
After confirming all the constructs were correct, the construct plasmids containing 
bothe alr 3808 and Npun_5799 promoter truncates were transformed into our two 
model cyanobacteria, N. punctiforme ATCC 29133 and Anabaena sp. PCC 7120 by 
electroporation. The cyanobactieria grew very slow. It took two weeks for putative 
positive clones of N. punctiforme ATCC 29133 mutants to show up on the Millipore 
HATF membrane filter of BG11-Neomycin (25μg/ml) plates.  
 
Single colonies of the Nostoc punctiforme mutants containing different promoter- 
GFP constructs were picked from the plates, and inoculated into BG11-Neomycin 
(25μg/ml) liquid medium with 2.5mM Nitrate and 5mM Hepes buffer ( pH 7.5). After 
growing under low light illumination for a week, these cultures were used for 
confocal microscopy study detection of GFP fluorescence during nitrogen step down 
experiments. 
 
I took seven samples for each plasmid strain during nitrogen step down treatment, at 
the time point of 0 hour, 7 hours, 12 hours, 18 hours, 24 hours, 38 hours, and 48 hours 
after nitrogen deprivation, within the period when vegetative cells differentiated into 
heterocysts. 
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However, due to some unknown reasons, I never suceeded to get any putative positive 
clones from the constructs that were electroporated into Anabaena sp. 7120. I 
repeated the electroporation into Anabaena twice, but still didn’t get any colonies on 
the plates. 
 
3.5 Cellular localization of the promoter GFP constructs 
In order to investigate the cellular location and the time of induction of the promoter 
activity during heterocyst differentiation, all the Dps promoter–GFP construct mutants 
of N. punctiforme ATCC 29133 were determined at different time point during 
nitrogen step down via Confocal Microscopy.  
 
Under the illumination of green light, the vegetative cells showed a bright red 
auto-fluorescence. This was due to the presence of pigment of phycobilisome (PBS) 
proteins and chlorophyll a. However, as the heterocysts lack the antenna PBS and 
Photosystem II (PSII), they lost the red signal of auto- fluorescence and presented a 
interspace on the cell chain. 
 
Samples with different promoter-GFP constructs were taken from four time points 
after nitrogen step down, which are 0 hour, 7 hours, 12 hours and 24 hours after 
nitrogen starvation. The fluorescence for each sample is shown in Figure 18. If 
illuminated with green light, they will show a bright red auto-fluorescence. This is 
due to the presence of photosynthetic pigments and chlorophyll a.  
The complete Npun_R5799 Dps promoter and TSS2 truncate promoter showed 
activity in both ammonium-grow filaments as well as during nitrogen starvation 
treatments. There was no cell specificity expression displayed in Npun_R5799 Dps 
promoter-pSUN119 constructs during the first 24 hours of heterocyst differentiation. 
The time point after 36 hours and 48 hours were similar to the 24 hours’, just more 
heterocysts coming and more GFP accumulated in some of the cells along the 
filaments. However, the GFP signal locations are exclusively towards the heterocysts, 
especially after 24 hours when matured heterocysts formed. The image for 36 hours 
and 48 hours are not shown here. The 24 hours’ samples are a little bit darker than 
others because of zooming in focus, only with the purpose of getting clear image for 
the heterocyst, but the settings were the same. There was no GFP signal detected from 
TSS 1 truncation construct of R5799 Dps promoter under any kind of condition which 
has been investigated. 
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0 hour          7 hours         12 hours        24 hours    
Npun_R5799 TSS 1 truncation-pSUN119 

 
Npun_R5799 TSS 2 truncation-pSUN119 

 
Npun_R5799 Complete promoter-pSUN119 

 
Figure 18. Confocal Microscopy study during heterocyst differentiation of R5799 
Dps promoter-GFP constructs in N. punctiforme ATCC 29133. The auto fluorescence 
color has been changed from red to purple and GFP fluorescence from green to yellow, in case of 
colorblind people cannot see the difference. The images in each row represent of each constructs are 
combined picture with both auto- (purple color) and GFP (yellow color) fluorescence. The last 
micrographs behind the 24 hours’s images, directed with arrows, are with auto- fluorescence (purple 
color) only. These are used for displaying the heterocyst, which could not obtain auto- fluorescence 
from pigments. The clear heterocysts have been marked with white arrows. 
A weak GFP fluorescence has been detected from the complete alr3808 Dps promoter 
in the start point of nitrogen starvation. There is no clear cell specificity displayed in 
alr3808 complete promoter-GFP constructs in the beginning. However after 24 hours 
when the matured heterocysts were formed, the GFP signal became focusing on 
matured heterocysts. The alr3808 TSS1 promoter truncates did not have GFP 
fluorescence in the start point of nitrogen starvation. However, it clearly shows cell 
specific expression in both pro-heterocysts at 12 hours and fully matured heterocysts 
during 24 hours.  
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0 hour          7 hours         12 hours        24 hours 
alr3808 TSS 1 truncation-pSUN119 

 
alr3808 Complete promoter-pSUN119 

 
Figure 19. Confocal Microscopy study under nitrogen starvation of alr 3808 Dps 
promoter-GFP constructs in Nostoc punctiforme ATCC 29133.  
The auto fluorescence color has been changed from red to purple and GFP fluorescence from green to 
yellow. The images in each row represent of each constructs are combined picture with both auto- 
(purple color) and GFP (yellow color) fluorescence. The last micrographs behind the 24 hours’s images, 
directed with arrows, are with auto- fluorescence (purple color) only. These are used for displaying the 
heterocyst, which could not obtain auto- fluorescence from pigments. The clear heterocysts have been 
marked with white arrows. 

 
In order to find the start time point of heterocysts formation, the alr 3808 Dps 
promoter TSS1 construct was also checked by every 60 min from zero to six hours 
after nitrogen deprivation with two biological replicates. I found the early spacing 
pattern formed in 2.5 hours after nitrogen starvation. (See Figure 20) A reduced 
auto-fluorescence appeared in some of the cells, which indicates that proheterocysts 
start forming. (Explained in 2.2.2) GFP expression signal was starting to accumulate 
at this time point in some of the cells which appear less auto-fluorescence then the 
neighborhood cells. 
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Figure 20. Confocal Microscopy study 2.5 hours after nitrogen starvation of 
alr3808 Dps promoter TSS1 construct in Nostoc punctiforme ATCC 29133. Left: 
GFP fluorescence detection; Right: Auto-fluorescence detection. Arrows indicate the cells with less 
auto-fluorescence and higher GFP fluorescence 
 
I also found some cell specific expression in neighbor dividing cells. In another 
experiment, samples taken from 18 hours after nitrogen step down of alr3808 Dps 
promoter TSS1 construct in Nostoc punctiforme 29133 were also studied. (See Figure 
21 ) These images indicate the early stage of heterocysts formation. In the A part I can 
see clear reduced auto-fluorescence in the cell marked with white arrows, and one on 
to the right side is showing two dividing cells both with reduced auto-fluorescence 
and high GFP expression. In the B image group part, I can find almost all the cells are 
dividing, and white arrows are indicating the spacing pattern in early heterocysts 
formation stage, which both have reduced auto-fluorescence and high GFP expression 
in the neighbor cells. 
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Figure 21. Confocal Microscopy study 18 hours after nitrogen starvation of 
alr3808 Dps promoter TSS1 construct in Nostoc punctiforme 29133. A and B rows 
are showing different filaments taken from the same sample at 18 hours after nitrogen starvation 
treatment. Left: GFP fluorescence detection; Middle: Auto-fluorescence detection; Right: Combined 
image of GFP and auto fluorescence. The arrows indicate the cells with less auto-fluorescence and 
higher GFP fluorescence along the filaments. 
 
  

A 

B 
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4. Discussion 
 
4.1 Different regulation of gene expression of the two homologous 
Only one TSS of Npun_R5799 Dps promoter was identified by 5’RACE. This TSS 
was located as the same location as in Anabeana sp. PCC7120 alr 3808 homologues 
gTSS2, Npun_R5799 TSS2 is an Adenine (A) located 44 bp upstream of the dps 
coding gene. I got the same result using different mRNA samples from N. 
punctiforme 29133 wild type, heterocysts, and during nitrogen step down. After these, 
I also tried to find out if there is another TSS upstream of TSS2.  
 
Scrutinizing the dRNA-seq study by Jan Mitschke’s group, geneTSS1 in alr3808 
promoter region has a relatively low signal comparing with geneTSS2. (See the 
Figure 22 below) Therefore, another reason why I cannot identify the putative 
upstream TSS in Npun_R5799 by 5’RACE method might be because it is not 
sensitive enough to detect TSS1 in Npun_R5799, since a dominant number of mRNA 
was stopped at TSS2. Therefore another 5’RACE study for the Anabaena alr_3808 is 
necessary in further study just for checking the sensitive of the method. Otherwise, 
there might be only one transcription start site in the Npun_R5799 Dps promoter. 

 
Figure 22. Graphical representation for the alr3808 promoters. [ Mitschke J., et al. 
2011] 
 
4.2 Constructs with different Dps promoter truncates 
Six promoter-GFP constructs have been accomplished based on pSUN119 vector. 
Truncation of the promoters to cover different TSS regions in Anabaena alr3808 and 
putative TSS in Npun_R5799 Dps promoters have been fused with GFP reporter. 
However, since I did not find the putative upstream TSS1 in Npun_R5799. If there is 
actually no other TSS upstream, then that could be reasonable to explain why there 
was on GFP expression in this construct during Confocal Microscopy study. Maybe 
the functional region or regulatory part has been cut out, thus the promoter lost its 
function. (See Figure 14 primer design) 
 
The transcriptional reporter shuttle vector pSUN119 is a good option for making those 
constructs and easily operated between different E coli. and cyanobacteria. 
Nevertheless, the low copy number in Nostoc punctiforme and low GFP fluorescence 

TSS TSS 
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affected the sensitivity during GFP expression detection. Therefore, I also made 
another six constructs with the same truncation but using pPMQAK1 vector 
containing Biobricks part BBa_13504 as a backup, which ranging from 10 to 30 per 
cell but with more stronger brighter GFP. [Huang H.H., et al. 2010] This cloning 
strategy, which first sub-clone the promoter truncates into cloning vector pSB1AC3 
using Biobricks assembling method, and then transfer into shuttle vector pPMQAK1. 
After that the constructs will be transformed into N. punctiforme ATCC 29133 and 
Anabaena sp. PCC 7120 via conjugation. This was a “branch” of the whole project.  
 
Since I mainly focused on the pSUN119 constructs, there was not time to perform the 
conjugation steps for the pPMQAK1 constructs. Thus I didn’t introduce the cloning 
results in Part 3. However it is still worth to try them later, and these constructs could 
become a good comparison and make the conclusion more reliable. 
 
4.3 Cell localization of the activity of the different truncated promoters 
According to the dRNA-seq result of Mitschke’s paper, the two TSSs in alr3808 
promoter region have different properties. The upstream TSS1 is heterocyst 
differentiation dependent, which has been reconfirmed by this project. I got GFP 
signal highly specific in heterocysts for the alr3808 TSS 1 truncation construct in N. 
punctiforme ATCC 29133.  
 
In response to nitrogen starvation, a semi-regular spacing pattern occurs after 
cell-signal communication within long filaments; about one out of every ten cells will 
differentiate into a heterocyst. The spacing pattern of alr3808 TSS 1 construct 
appeared very early from 2.5 hours after nitrogen starvation. In the early 
proheterocysts formation stage I found that many dividing cells formed daughter cells 
in which both showed a reduced auto-fluorescence and high GFP expression in the 
neighborhood cells. The reduction auto-fluorescence was caused by phycobilisome 
degradation, and the proheterocysts formation in this stage was initiated by induction 
of hetC and hetP gene expression. [Yoon H-S., Golden J.W., 1998] Therefore, the 
alr3808 TSS 1 might be functionally take part in the initiation of heterocysts 
differentiation. The earliest signal of nitrogen limitation is NtcA activation (See 1.1.4). 
But, since there is no NtcA binding site within alr3808 TSS 1 region, maybe there are 
some other unknown global nitrogen regulators or transcriptional activators involved 
in this regulation.  
 
Sample with Npun_R5799 TSS1 construct showed no GFP fluorescence. But the 
“complete” Npun_R5799 Dps promoter construct with NtcA binding site performed 
highly overall-GFP expression in both heterocysts and vegetative cells without 
induction by nitrogen deprivation. The diversity indicated that NtcA, as a key 
transcription factor in heterocysts differentiation, maybe also affected the regulation 
of dps transcription. In addition, after 24 hours of nitrogen starvation, matured 
heterocysts were formed. GFP signal became relatively “concentrated” towards the 
heterocysts. There could be a possibility that this promoter behaves cell specific in 
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matured heterocysts. Therefore, further investigation at the growth steady state, 6 to 7 
days after nitrogen starvation will be done. 
 
However, comparing with alr3808 TSS1 construct, the alr3808 complete promoter 
construct did not have such specific expression property. It has an overall expression 
with strong GFP fluorescence signal from the first time point. It could be 
automatically induced without nitrogen starvation treatment. But there is no indication 
that it has cell specificity in matured heterocysts after 24 hours. Therefore, alr3808 
TSS1 construct is the only one we got which was inducible by nitrogen deprivation. 
This might be an interesting subject for further study to understand the regulatory 
relationship between the two TSS regions in alr3808 Dps promoter. Meanwhile, 
without the TSS2 region in alr3808 Dps promoter, the TSS1 promoter performed 
perfect cell specificity in heterocysts. Therefore the regulatory relationship between 
the two TSSs in alr3808 Dps promoter becomes interesting to be further investigated. 
 
According to the location and time of GFP expression, even though Npun_R5799 and 
alr3808 are close homologues, but they are not functionally regulated in the same 
way.  
 
The heterocysts specific activity of alr3808 promoter when regulating expression in N. 
punctiforme is an interesting result in itself. However I wanted to confirm this result 
by investigating the same constructs in Anabaena sp. PCC 7120. But in the end this 
was not possible as the electroporation in Anabaena strain did not succeed. 
 
One of the reasons could be the origin of replication. The origin in pSUN119 is pDC1 
cyanobacterial oriV, which originated from Nostoc sp. MAC PCC 8009, a different 
genus of Nostocaceae family. [Grant L. and Noel C., 1983] Maybe this ori V is not 
suitable for Anabaena genus, and it is a problem for pSUN119 plasmid to 
self-replicate in Anabaena. Thus the Anabaena mutants could not grow on 
BG11-Neomycin (25μg/ml) plates. 
 
4.4 One step forward base on the previous study 
In the previous quantitative proteomic investigation with isobaric tagging technology 
(iTRAQ), the metabolic changes under N2 fixation and other related processes in N. 
punctiforme and Anabeana sp. PCC7120 has been studied. [Ow. S.Y., et al. 2009] A 
number of proteins affected oxygen reduction mechanisms has been found which 
benefit for further investigations. The Function of different Dps family proteins is 
related to support uptake hydrogenase in oxygen reduction in heterocysts. 
Npun_R5799 is one of them. [Ekman. M, et al. 2011] 
 
In this study, we got a more in-depth understanding of the transcriptional regulation 
features of Npun_R5799 Dps promoter. Besides, the Confocal microscopy study also 
indicated that the alr3808 Dps plays an important role during heterocyst 
differentiation under nitrogen deprivation. It could also become a candidate of 
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interesting targets with heterocyst specificity for synthetic biology study. 
 
4.5 Conclusion 
In this project, I located one TSS in Nostoc punctiforme 29133 Npun_R5799 Dps 
promoter. Further study still need to be preceded to find out whether there is another 
TSS in Npu_R5799 or not. The results of promoter activity and cell specificity in vivo 
study indicated that there could be a complex regulatory function within the 
Anabaena sp. PCC 7120 alr 3808 promoter, and the TSS1 region correlated to the 
initiation of heterocyst differentiation. Further confocal microscopy study with the 
Npun_R5799 Dps promoter constructs is necessary to investigate if it has cell 
specificity regulation in matured heterocysts.  
 
The observations of different regulatory properties of two close homologues 
(Npun_R5799 and alr 3808) promoters could be one of the typical examples 
indicating that homologous sequences do not necessarily serve the same physiological 
function. The Dps expression in Nostoc punctiforme 29133 should have more 
complicated genetic regulation mechanisms behind. It's something that needs to be 
investigated in further study. 
 
It would also be very exciting to find an inducible native promoter in cyanobacteria 
with heterocysts specificity, which could be used in synthetic biology study and gene 
modification to boost inner cellular biohydrogen production for the future. 
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7. Appendix  
7.1 Chemicals and reagents used for this experiment  

 
  

Chemicals / Reagents Company 
5’RACE 
10X Taq PCR buffer +Kcl–MgCl2 
[200 mM Tris-HCl (pH 8.4), 500 mM KCl] 

Fermentas 

25 mM  MgCl2 Fermentas 
10 mM dNTP mix Fermentas 
SuperScript™ II Reverse Transcriptase  
(200 units/μl) 

Invitrogen 

RNase mix A/T1  Thermo Scientific 
5 X tailing buffer [50 mM Tris-HCl  
(pH 8.4), 125 mM KCl, 7.5 mM MgCl2] 

Invitrogen 

2 mM  dCTP Invitrogen 
Terminal deoxynucleotidyl transferase 2u/ul Thermo Scientific 
5 X TdT buffer Thermo Scientific 
5' RACE abridged anchor primer  
(AAP, 10 μM) 

Invitrogen 

Universal amplification primer  
(UAP, 10 μM) 

Invitrogen 

Abridged universal amplification primer 
(AUAP, 10 μM) 

Invitrogen 

DEPC-treated water Invitrogen 
PCR Purification Kit Fermentas 
PCR amplification 
10 X PfuUltra TM II reaction buffer Thermo Scientific 
PfuUltra TM II fusion Hot Start DNA polymerase Thermo Scientific 
10 mM dNTP mix Fermentas 
Ligation 
2 X Quick ligation buffer BioLabs 
Quick DNA ligase BioLabs 
Restriction digestion 
10 X FastDigest® buffer /Green buffer Thermo Scientific 
FastDigest® Pst I Thermo Scientific 
FastDigest® Kpn I Thermo Scientific 
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7.2 Recipes of all the medium and buffers used in this study  
Medium / Buffer Recipes Remarks 

BG110 K2HPO4 Stock solution with 1000 
X concentration； 
 
Working solution with 
1000 X dilution with d 
H2O for growth media 
  

MgSO4 ·7 H2O 
CaCl2·2 H2O, Citric acid 
Na2EDTA, Ferric ammonium citrate 
Na2CO3 
H2BO3, MnCl2 · 4H2O, ZnSO4 · 7 
H2O 
Na2MoO4·2 H2O, CuSO4·5 H2O, 
Co(NO3)2·6 H2O 

Heterocyst preparation 
buffer 

0.4M Sucrose Sigma-Aldrich 
50 mM Hepes/NaOH 
10 mM NaCl 
10 mM EDTA 

 
7.3 Primers used in 5’ RACE study  
#1:(cDNA First Strand Synthesis) 
(5'RACE Abridged Anchor Primer)  Sense Primer:  
   5’- GGCCACGCGTCGACTAGTACGGGGGGGGGG -3’ 

Similarity: 100.0% 
    Length: 30  Tm: 79.2 C  %GC: 76.7 
    dH: -267.9 kcal/mol  dS: -669.8 cal/mol  dG: -66.4 kcal/mol 
GSP1   Antisense Primer: (XGSP1) 
    5’- GGAATATACACCTTCAGAC -3’   
    Similarity: 100.0% 
    Length: 19 Tm: 37.4 C %GC: 42.1 
    dH: -132.9 kcal/mol  dS: -353.4 cal/mol  dG: -25.8 kcal/mol 
   

#2: (dC-tailed cDNA Amplification) 
(5'RACE Abridged Anchor Primer)   Sense Primer:  
   5’- GGCCACGCGTCGACTAGTACGGGGGGGGGG -3’ 

Similarity: 100.0% 
    Length: 30  Tm: 79.2 C  %GC: 76.7 
    dH: -267.9 kcal/mol  dS: -669.8 cal/mol  dG: -66.4 kcal/mol 
GSP2   Antisense Primer: (XGSP2) 

5’- GGTCGCTACTGGAACACCACC -3’ 
Similarity: 100.0% 

    Length: 21  Tm: 55.7 C  %GC: 61.9 
    dH: -158.8 kcal/mol  dS: -406.4 cal/mol  dG: -35.9 kcal/mol 
GSP2   Antisense Primer: (XGSP2) (Finding TSS1) 

5’- CTGCTTATTCTCAACATATTAAC -3’ 
Similarity: 100.0% 

    Length: 23  Tm: 43.3 C  %GC: 30.4 
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    dH: -165.4 kcal/mol  dS: -442.6 cal/mol  dG: -31.7 kcal/mol 
 #3: (Nested Amplification) 
(5'RACE Abridged Anchor Primer)   Sense Primer:  
   5’- GGCCACGCGTCGACTAGTACGGGGGGGGGG -3’ 

Similarity: 100.0% 
    Length: 30  Tm: 79.2 C  %GC: 76.7 
    dH: -267.9 kcal/mol  dS: -669.8 cal/mol  dG: -66.4 kcal/mol 
Nested GSP   Antisense Primer: (Xested GSP) 

5’- GTCCATCCAAGCGTTCTCC -3’  
Similarity: 100.0% 

    Length:19  Tm: 51.7 C  %GC: 57.9 
    dH: -145.4 kcal/mol  dS: -373.0 cal/mol  dG: -32.4 kcal/mol 
Nested GSP   Antisense Primer: (Xested GSP) (Finding TSS1) 

5’- GTGCAAGGCAATCCGCCATC -3’  
Similarity: 100.0% 

    Length:20  Tm: 59.9 C  %GC: 60 
    dH: -162.3 kcal/mol  dS: -411.0 cal/mol  dG: -38 kcal/mol 
 

#4: (TROUBLESHOOTING TEST) 
GSP3  Sense Primer: (XGSP3) 
   5’- ATGTCTGAAACGCAAACT -3’ 
    Similarity: 100.0% 
    Length: 18  Tm: 42.0 C  %GC: 38.9 
    dH: -131.7 kcal/mol  dS: -344.4 cal/mol  dG: -27.2 kcal/mol 
GSP2   Antisense Primer:  

5’- GGTCGCTACTGGAACACCACC -3’ 
Similarity: 100.0% 

    Length: 21  Tm: 55.7 C  %GC: 61.9 
    dH: -158.8 kcal/mol  dS: -406.4 cal/mol  dG: -35.9 kcal/mol 
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