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Summary  
The demand of energy resources is increasing dramatically during the last several decades. 
Hence, renewable energy resources became a popular research topic. The third generation 
biofuel is one of the renewable energy resources, which is more eco-friendly and efficient. 
This master degree thesis focuses on the production of 1-butanol, which can be use as a 
sustainable biofuel. The natural 1-butanol metabolic pathway was isolated from Clostridium 
acetobutylicun and was modified by changing two enzyme groups. AtoB from E.coli was 
used instead of ThlL and Ter was used to replace Bcd-EtfA-EtfB complex. With these two 
modifications, the efficiency of the whole pathway could be increased and the problem of 
oxygen sensitive enzyme expression can be avoided. The plasmid pUFCR that contains the 
modified metabolic pathway was designed and will be introduced into Synechocystis sp. 
PCC6803 by homologous recombination. Since some parts of pUFCR are synthesized by the 
company and we haven’t got them, so another plasmid pBMR was designed to keep other 
genes in. All the construction work was done by one-step isothermal recombination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   4	  

Abbreviations 
CoA                      coenzyme A 
RFS                      Renewable Fuels Standard 
dH2O                     sterilized demineralized water 
dNTP                     deoxyribonucleotide 
bp                        base pairs 
kb                        kilo base pairs 
LB                       lysogeny broth 
PCR                      polymerase chain reaction 
TAE                      Tris base, acetic acid and EDTA 
NADH                     
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Aim  
The aim of this Master thesis is to construct a better 1-butanol metabolic pathway, which can 
be introduced into Synechocystis sp. PCC6803 by homologous recombination. With this 
metabolic engineering modification, Synechocystis sp. PCC6803 can produce 1-butanol by 
consuming the energy and substrates that produced during the photosynthesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   6	  

Introduction: 

Biofuels 
Biofuels are a kind of fuels whose energy is from biological carbon fixation. The first solid 
form of biofuel was wood. It has been in use since the discovery of fire. But all the traditional 
biofuels are not renewable or sustainable. Along with the development of our modern world, 
the need of energy resources is increasing continuously. If we continue using wood or fossil 
oil without control, they will be used out one day and the time is not far away. From the last 
decade till now, the interest for the production of fuels from renewable resources has 
increased dramatically (Naik SN 2010). There are several reasons. From the natural 
perspective, global warming, climate changing and the lack of traditional nonrenewable 
resources all force the research on biofuels while from the social perspective, the increase of 
crude oil price and the political strategies of energy in every country also drive the 
development of the sustainable fuels. 
 
The newest Renewable Fuels Standard was set in 2010. According to its schedule, the 
production of renewable fuels should be 136.27 liter by 2022 (Atsumi) . The RFS (Renewable 
Fuels Standard) classifies the renewable fuels into 4 types (Table 1) depending on different 
greenhouse gas emission reduction levels(Atsumi): 
 
Table 1.  Categories of different biofuels 

Categories  GHG emission  

Cellulosic biofuels 60% 

Biomass-based diesel 50% 

Advanced biofuels 50% 

Total renewable fuel 20% 

 
Nowadays, there are two kinds of industrial producing biofuels that are utilized in the 
worldwide, bioethanol and biodiesel. The major technique contributes to the production of 
bioethanol is fermentation. Normally by utilizing the metabolic pathway of glycolysis (Fig. 1) 
(Bai, Anderson et al. 2008). Crops, sugarcane, trees and even grasses can be the feedstock. 
For biodiesel, the trans esterification of vegetable oils and animal fats is the main producing 
way. Bioethanol and biodiesel have their own benefits as supplementary fuels for gasoline. 
For example, ethanol with high octane rating can be well used in Otto engine and spark 
ignition since it has very good anti-knock characteristics (Refuel 2011). In addition, biodiesel 
can be used as a blend with fossil diesel in a percentage up to 20% and this kind of lend 
diesel can be applied in existing vehicle engines (Refuel 2011). Even so, bioethanol and 
biodiesel also have many shortcomings. 
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The transportation and storage of bioethanol contain high safety risk due to its very high 
vapor pressure and corrosive nature. The lower energy content compared with gasoline 
reduces the gas mileage of vehicles (Nexant 2009). Furthermore, a modified engine is 
required when a high proportion blend bioethanol, like E85, is used. Similarly, biodiesel is 
not ideal either since it can get contamination easily during storage.  

	  
Fig. 1. Metabolic pathway of ethanol fermentation in S. cerevisiae (Bai, Anderson et al. 
2008).  
 

Biobutanol  
All the weak points of bioethanol and biodiesel can be remedied by developing a more 
optimal biofuel. In the last few years, biobutanol gained lots of attention from the society as 
an attractive, efficient and eco friendly biofuel. Biobutanol has growing acceptance since its 
high energy content, low vapor pressure, wide range of blend and flexible condition while 
being used (Berezina, Zakharova et al. 2010). 
 
In particular, biobutanol contains 27MJ energy per liter, which is 25% higher than that of 
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ethanol and is similar to gasoline. This means if butanol is used as transportation fuel, the 
vehicles will have larger mileage. The 11 times lower vapor pressure compared with ethanol 
gives butanol-gasoline blend the opportunity to be used with lower cost octane enhancers 
(Minteer 2006) . Biobutanol is also eco-friendly because of the lower water solubility. It 
reduces the possibility to spread into ground water (Minteer 2006). Moreover, biobutanol can 
be blended with gasoline at any ratio and with diesel and kerosene at specific ratios, 30% and 
20% respectively. At the same time, the addition of biobutanol won’t influence the utilization 
of existing vehicle engines. In this case, biobutanol is economically to be the replacement for 
gasoline, diesel or ethanol. It also doesn’t have the problem on transportation and storage 
since it is not corrosive towards to the materials of tanks or pipelines (Minteer 2006).  
 

Natural 1-butanol metabolic pathway 
Butanol can be produced naturally in Clostridium acetobutylicun through the CoA-dependent 
metabolic pathway. (Fig. 2) The process starts from 2 acetyl-coA, which is produced during 
the aerobic cellular respiration. This is why the pathway is called CoA-dependent. All the 
reactions in this pathway are reversible and NADH dependent. Seven kinds of enzymes and 5 
NADH molecules are required to produce one butanol molecule via this pathway (Inui, Suda 
et al. 2008).  
 

 
Fig. 2 The CoA-dependent metabolic pathway in Clostridium acetobutylicun (Lutke-Eversloh 
and Bahl 2011) 
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More concretely, ThlL (thiolase) is the acetyl-CoA acetyltransferase. The thiolase family can 
be divided into two groups, one is the degradative thiolase group and the other one is the 
biosynthetic thiolase group. Both of them can be found in eukaryotes and also in prokaryotes. 
Acetoacetyl-CoA acetyltransferase belongs to the biosynthetic thiolase group. It catalyzes the 
reaction from acetyl-CoA to acetocetyl-CoA: 

2 acetyl-CoA  CoA + acetoacetyl-CoA      

 
Hbd (beta-hydroxybutyryl-CoA dehydrogenase) is a member of oxidoreductases family. The 
reaction, which is catalyzed by Hbd has three substrates, 3-hydroxybutanoyl-CoA, NADPH 
and H+ (Madan, Hillmer et al. 1973).  

3-acetoacetyl-CoA + NADPH + H+  (S)-3-hydroxybutanoyl-CoA + NADP+ 

 
Crt (3-hydroxybutanoyl-CoA dehydratase) belongs to lyases enzyme family. This enzyme is 
about 158kDa and has 4 subunits (Gheshlaghi, Scharer et al. 2009).The products of its 
catalysis are crotonoyl-CoA and H2O. This reaction is sensitive to the concentration of 
crotonyl-CoA that means it is a substrate inhibition mechanism (Gheshlaghi, Scharer et al. 
2009). 

(S)-3-hydroxybutanoyl-CoA  crotonoyl-CoA + H2O 

 
Bcd (butyryl-CoA dehydrogenase) is an oxygen sensitive protein and it may prefer to use 
FAD as the cofactor of electron transfer but not NADH (Gheshlaghi, Scharer et al. 2009). It 
catalyzes the reverse reaction between crotonyl-CoA and butyryl-CoA (Boynton, Bennet et al. 
1996). 
 

EtfA/EtfB (electron transfer flavoprotein) is a heterodimer, which contains ETFA and ETFB 
two subunits. This dimer is an acceptor for dehydrogenases and the electrons transfer 
happens via ETF-ubiquinone oxidoreductase (Gheshlaghi, Scharer et al. 2009). 

 
 
AdhE (aldehyde/alcohol dehydrogenase) exists in a wide range of organisms like human and 
Saccharomyces cerevisiae. In Clostridium acetobutylicun, it catalyzes the last step in the 
CoA-dependent metabolic pathway, from butyryl-CoA to butyraldehyde and finally to 
butanol.  
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Biobutanol production 
Acetone butanol ethanol fermentation (ABE) is the supplementary method to produce butanol 
while the traditional chemical synthesis is still the main choice (Verónica García 2010) (Fig. 
3 and 4). ABE fermentation is an anaerobic bacterial fermentation method, which use crops, 
sugars or grains as the substrates and it can produce acetone, n-butanol and ethanol at the 
same time in a ratio of 3:6:1. During the First and Second World War, ABE fermentation 
played an important role in the production of butanol and acetone solvents (Y. Tashiro 2010). 

Since 1990s, many improvements have been made to increase the production of butanol 
during fermentation. The most popular one is about the metabolic engineering. The studies 
can be divided into two aspects. One is focusing on the natural butanol production in 
clostridia (Fig. 3) and the other one emphasizes the setting up of butanol metabolic pathway 
in other organisms (Verónica García 2010). The aims of these two aspects are to reduce the 
byproducts and increase the production of biobutanol by knocking out or overexpressing 
some specific genes. 
 

 
Fig. 3 Butanol production pathways in clostridium (Verónica García 2010). 
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Fig. 4 Chemical synthesis of butanol (Verónica García 2010) 

 
Because of the instability of the fermentation substrates’ price and the competition between 
energy production and food supply, it is necessary to develop a novel economic way to 
produce biobutanol, which should be more efficient and environmental friendly. The 
utilization of photosynthetic microorganism such as algae and cyanobacteria is an optimal 
choice to produce biofuels. The photosynthetic organisms can generate energy-rich 
compounds by incorporating sunlight and CO2 directly (Atsumi). There is also a hard stone in 
this strategy, that is the requirement of complex bioreactor design since the optimal growth 
conditions of the photosynthetic organisms are not understood clearly. In this project, we use 
cyanobacteria as the platform to produce biobutanol with the help of metabolic engineering 
technology. 
 

Synthetic biology for biofuels 
Synthetic biology is a fantastic novel technique to design and construct artificial biological 
parts or systems, which can carry out the specific target functions (Benner and Sismour 2005). 
Base on this technology, novel entities can be synthesis and existing organisms can be 
modified accurately. Nowadays, synthetic biology is being used in variety fields, such as 
drug production, biosensor design, biofuel production and bioremediation engineering.  
 
Significantly, for the production of biofuels (Fig. 5), the balancing and modification of the 
metabolic pathway can be achieved by controlling the regulation factors and post-translation 
systems, which influence the expression and activation of multi-enzyme complexes (Atsumi). 
Furthermore, the development of synthetic biology made it possible to produce biofuels by 
introducing heterologous catalytic units into more kinds of organisms, not only the 
user-friendly ones.  
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Fig. 5 Schematic for biofuel metabolic pathway (Atsumi) 

 

One-step isothermal recombination  
In the last half century, with the discovery and utilization of DNA ligase and restriction 
endonucleases (Smith and Wilcox 1970), recombination technique has been initiated very 
soon (Gibson, Young et al. 2009). But if dozens of DNA pieces need to be put together in a 
specific order, then the traditional recombination technique seems to be time and labor 
consuming.  
 
In 2009, a synthetic biology group in America published a new in vitro recombination system, 
which can be used to join numbers of DNA fragments into a whole piece up to hundreds of 
kilobases in one step. According to their results, the joined DNA molecule can be as large as 
583 kb. (Gibson, Young et al. 2009) 
 
The fragments can be obtained via PCR. The specific primers, which are used in PCR should 
be overlapped between every adjacent two fragments. The one step isothermal recombination 
(Fig. 6) occurs when incubate the mix of equimolar amount of purified DNA and Reaction 
Master Mixture, which contains T5 exonuclease, Taq DNA ligase, Phusion DNA polymerase 
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and isothermal reaction buffer (Table 5). 

 
Fig. 6 Reaction process of one-step isothermal recombination (Gibson, Young et al. 2009)  

 
In the condition of 50℃, T5 exonuclease can chew back from the 5’ ends of the double 
strands DNA, then the complementary single strand DNA overlaps explore to each other and 
with the help of Phusion polymerase they can anneal together and fill the gap (Gibson, 
Young et al. 2009). After that, Taq DNA ligase catalyzes the sealing of double strands DNA 
molecules. The whole process just takes up to 60 minutes. Only one reaction is enough no 
matter how many DNA pieces need to be assembled. The simplicity and little consumption of 
time and labor make it to be a novel efficiency method to synthesis target constructs and 
DNA molecules. A work that would take several months can be finished during 1 day now.  
 

Cyanobacteria 
Cyanobacteria are thought to be the oldest known fossils on the earth. (Fig. 7) They are even 
older than 3.5 billion years old. They did contribute to the development of biodiversity on the 
earth because they participated in the formation of the oxidizing atmosphere. Till now, the 
phylogeny of cyanobacteria has not been studied clearly. The classification we are following 
now just depends on the shape of the cells and colonies. It can’t be used as the true 
evolutionary classification. 
 



	   14	  

Cyanobacteria exist almost everywhere, from the ocean to the soil. They use the sunlight 
energy to dive the photosynthesis Calvin cycle. During the energy transformation process, 
water molecules act as the electron donor and they are disassembled into H+, O2 and e-. The 
electrons can be utilized by cyanobacteria themselves and also by the external environment 
(Pisciotta, Zou et al. 2010).  
 
Cyanobacteria reduce carbon dioxide to form carbohydrates efficiently in the Calvin cycle. 
Almost 20-30%of the photosynthetic productivity is profited from cyanobacteria. They also 
can fix inert atmospheric nitrogen into nitrate or ammonia in heterocysts since the 
nitrification can’t occur with oxygen (http://www.ucmp.berkeley.edu/bacteria/cyanolh.html 
1993).  

 

 

Fig. 7 Different forms of cyanobacteria. They can be coccus, robs and filaments. 
 
Synechocystis sp. PCC6803 is a strain of Cyanobacteria, which was discovered in fresh water 
lake in 1968. After being isolated, it was deposited in Pasteur Culture Collection (PCC). The 
full sequence of Synechocystis sp. PCC6803 was mapped in 1996 and this organism became 
the most widely used model strain in cyanobacteria family. 
 
The living conditions for Synechocystis are flexible. It even can grow without photosynthesis 
if there are enough suitable fixed-carbon sources (http://synechocystis.asu.edu/). There are 
other reasons why it is used as the ideal model all over the world. For example, Synechocystis 
sp. PCC6803 has a relatively high growing speed and easy to be modified genetically since it 
can integrate foreign DNA into its genome easily by homologous recombination (Englund 
2011). Above all, in this project, Synechocystis sp. PCC6803 is used as the final platform of 
the CoA-dependent butanol metabolic pathway.  
 

  



	   15	  

Project plan 
In this project, the CoA-dependent pathway was modified by changing some enzymes. ThlL 
would be replaced by AtoB. AtoB is the acetyl-CoA acetyltransferase in E.coli, which has the 
same function with ThlL but almost 5 times higher specific activity than that of ThlL (Shen, 
Lan et al. 2011). It was also reported to have the ability to increase the production of 
1-butanol in E.coli more than 3 folds. (Atsumi, Cann et al. 2008). 
 
The second modification is using another NADP-dependent enzyme Ter instead of Bcd, EtfA, 
EtfB complex to reduce Crotonyl-CoA (Atsumi, Cann et al. 2008). The hydrogenation from 
Crotonyl-CoA to Butyryl-CoA is irreversible with the catalysis of Ter. Ter can use NADH 
directly without ferredoxin or flavoproteins (Atsumi, Cann et al. 2008) and the use of Ter can 
avoid the expression problem of Bcd-EtfA-EtfB complex. The polyhistidine-tag is also 
considered to add on Ter because the previous result showed that the T.d Ter enzyme activity 
was increased100-fold after adding the polyhistidine-tag and the 1-butanol production also 
increased around 5-fold. Therefore, T.d Ter-His is the optimal choice to replace the bcd, etfA, 
etfB complex. 
 
Finally, all the functional genes in the modified pathway are atoB, adhE, crt, hbd, ter-his. All 
the genes will be assembled together by using one-step isothermal recombination method. 
We planed to utilize the homologous recombination method to introduce the plasmid that 
contains modified1-butanol metabolic pathway into Synechocystis. The plasmid is 9565bp 
large (Fig. 8). 
 
 

Hbd 1705..2569

gap1 1693..1704

gap2 2570..2585

Crt 2586..3387

gap3 3388..3395
R09 3396..3449
gap4 3450..3465

AdhE 3466..6058

gap5 6059..6071

replicon 8892..9565

pUFCR

9565 bp

upstream 1..484
XbaI Prefix 485..491

AtoB 492..1692

Ter-His 6072..7323

gap6 7324..7336
Terminator 7337..7465

Suffix 7466..7486
Cm cassette 7487..8386

BamHI 8386..8391
downstream 8392..8892

 
Fig. 8 The pUFCR construct.  
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The upstream and downstream parts are homologous with Synechocystis genome DNA.  
After the homologous recombination occurs, an autologous promoter will be in front of the 
upstream part and initiate gene atoB, hbd and crt. In pUFCR, a novel promoter L09 is used 
because it can work well both in E.coli and t Synechocystis. Another reason is that L09 is a 
TetR-regulated promoter. The effector “anhydrotetracycline” is able to induce TetR-regulated 
promoter in Synechocystis so L09 can be controlled as we like in Synechocystis. There are 
two big parts in pUFCR that are being synthesized by a company since the same sequence 
will be used in another project later. One of them is from upstream till the end of gene atoB 
and the other part is from the terminator till the end of replicon. So we need to amplify hbd, 
crt, L09, adhE and ter-his by ourselves. Before getting the two synthesized parts, a stable 
plasmid should be made to keep gene hbd, crt, L09, adhE and ter-his in. According to this 
aim, another construct was designed (Fig. 9). Plasmid pBMR is 7461bp large and the replicon 
and antibiotic (ampicillin) cassette parts are form pBlueScript. The order of the functional 
genes is the same as that of pUFCR. This plasmid would be made also by using one-step 
isothermal recombination method. In this step, we only need to change some of the primers 
when we prepare the large fragments since the corresponding overlap is needed. 
 
 

gap3 1746..1761
R09 promoter 1692..1745
gap2 1684..1691

Crt 883..1683
gap1 866..882

AdhE 1762..4354

Ter-His 4368..5619

gap4 4355..4367

pBlueScript 5620..7461

pBMR

7461 bp

Hbd 1..865

 

Fig. 9 The pBMR construct.  
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Material and Method  

DNA amplification  
C.acetobutylicum genome DNA was used as the template to amplify some of the genes 
included in CoA-pathway. Since gene adhE was amplified and constructed into vector 
pSB1A3 by senior researcher several weeks ago, the plasmid pSB1A3:A** could be used 
directly as template after sequencing check. Plasmid pBlueScript was utilized to isolate the 
antibiotic cassette and replicon parts of the new construct. Phusion ® High-Fidelity DNA 
Polymerase (Thermo Scientific) catalyzed all the regular PCR reactions (Table 2). It has high 
quality and faster performance even during large genomic amplifications. Other ingredients 
in the PCR mixture are demineralized water (autoclaved), 10× Phusion Reaction Buffer 
(Thermo Scientific, contains 7.5mM MgCl2), 10mM dNTP Mix (Fermentas, 0.2mM each), 
Primers (Table 3) are synthesized by Eurofins MWG Operon. The PCR products were 
checked on 1% TAE Agarose gel (Tris-Acetate-EDTA) by electrophoresis at the voltage of 
70V for 45min since the TAE gel has best resolution ratio for large DNA when it runs under 
lower voltage for a longer time. The correct bands were cut after the electrophoresis and used 
the GeneJET Gel™ Extraction kit (Fermentas) to purify the gel pieces. Then measured the 
concentration of each product by using NanoDrop2000 Spectrophotometer (Thermo 
Scientific) 
 
Table 2.  Regular PCR cycling instruction  

Reaction system volume: 50µl        Cycle: 30 
Reaction  Time   Temperature  
Initial denaturation 30s 98℃ 
Denaturation  10s 98℃ 
Annealing  30s Depends on the primers 
Extension  30s/1kb 72℃ 
Final extension 10min 72℃ 
Hold  Forever  4℃ 
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Table 3.   The summary of primers, which were used to amplify the fragments for pBMR 
Primers  Sequences 
AdhE_F CAGTGATAGATATAATGCGCACGGAGGTTCAAACTAGATAGTGGAGGTATATAAATGAAAGTT

ACAAATC	  

AdhE_R CATTCTTTATTTTTTAAAATGATTTTATATAGATATCCTTAAGTTC	  

Hbd_pBlue_For CCGTATTACCGCCTTTGAGTGAGCTAGTGGAGGTTGTTTAATGAAAAAGGTATGTG	  

Hbd_R GGGGATTCTTGTAAACTTATTTTGAATAATCGTAG	  

Crt_F GATTATTCAAAATAAGTTTACAAGAATCCCCTAGTGGAGGTTTAGTCATGGAACTAAAC	  

Crt_R9_Rev1 GGGATGTCAATCTCTATCACTGATAGGGACTTACCTCCTATCTATTTTTGAAGCCTTC	  

Crt_R9_Rev2 GAACCTCCGTGCGCATTATATCTATCACTGATAGGGATGTCAATCTCTATCACTGATAGGG	  

Ter-His_F CTATATAAAATCATTTTAAAAAATAAAGAATGTAGTGGAGGTGGTAGAATGGGCAGC	  

Ter_pBlue_Rev GTATTTAGAAAAATAAACAAATAGGGGTTCCGTTAGATCCTGTCGAACCGCTCAAC	  

pBlue_Ter_For GTTGAGCGGTTCGACAGGATCTAACGGAACCCCTATTTGTTTATTTTTCTAAATAC	  

pBlue_Hbd_Rev CACATACCTTTTTCATTAAACAACCTCCACTAGCTCACTCAAAGGCGGTAATACGG	  

 

Constructs assembly 
Plasmid pBlue:Insert was constructed by 1-step isothermal DNA assembly method. After 
getting all these fragments, equimolar amount of each fragments were put together into a tube 
and concentrated by the Concentrator-5301 (Eppendorf). 5µl demineralized water and 15µl 
1.33× Reaction Master Mix (Table 4) was added into the tube when the concentration was 
completed. The mixture of DNA and Reaction Master Mix was incubated at 50℃ for 1 hour. 
Then a 1% TAE Agarose electrophoresis was taken to check whether all the fragments were 
assembled together. 
 
Table 4.  1.33× Reaction Master Mix protocol 

Taq ligase (40u/µl) 50µl 
5× isothermal buffer (Table. 6) 100µl 
T5 exonuclease (1u/µl) 2µl 
Phusion polymerase (2u/µl) 6.25µl 
Nuclease-free Water 216.75µl 
Total: 375µl        25 reactions 
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Table 5.  5× Isothermal Buffer protocol 
25% PEG-8000 0.075g 
500mM Tris-HCl pH 7.5 150µl 
50nM MgCl2 7.5µl 
50mM DTT 15µl 
1mM dATP 3µl 
1mM dTTP 3µl 
1mM dCTP 3µl 
1mM dGTP 3µl 
5mM NAD 30µl 
Nuclease-free Water remainder 
Total: 300µl 

 

Transformation 
The assembled plasmid should be transformed into E.coli strain XL1-Blue and DH5alphaZ1 
with chemical method. Mixed 2µl of the assembled product and 100µl competent cells 
thoroughly, incubated on ice for 30min then heat shocked at 42℃ for 1min and incubated 
again on ice for 5min because the cells needs icy condition to recover. After that, added 
950µl ampicillin contained LB culture into the Eppendorf tube, mixed gently then put the 
tube in the 37℃ incubation shaker for 1 hour. Lastly, centrifuged the incubated culture and 
discard 850 of the supernatant, suspended the cells in the rest culture then spread it on the 
ampicillin LB plates which would be put into 37℃ thermostat for overnight incubation. 
Picked the colonies on the plates the next day for screening check. 
 

Screening 
PCR (Table 6) was applied again to check the quality of the colonies. But this time we 
changed Phusion ® High-Fidelity DNA Polymerase to 5u/µl DreamTaq ™ DNA polymerase 
(Fermentas). Therefore, other components for the reactions were nuclease-free water, 
10×DreamTaq ™ Buffer (Fermentas, includes 20mM MgCl2), 10mM dNTP Mix (Fermentas, 
0.2mM each), primers were synthesized by Eurofins MWG Operon. For templates, each 
colony was picked up and mixed with 10µl nuclease-free water then 1µl of this suspension 
was used as the template for screening PCR. When PCR reactions finished, the results were 
shown on TAE Agarose gel with the 0.5µg/µl 1kb DNA Ladder (Fermentas, GeneRuler™).  
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Table 6.  Screening PCR cycling instruction 
Reaction system volume: 20µl        Cycle: 35 
Reaction  Time   Temperature  
Initial denaturation 30s 95℃ 
Denaturation  30s 95℃ 
Annealing  30s Depends on the primers 
Extension  1min/1kb 72℃ 
Final extension 10min 72℃ 
Hold  Forever  4℃ 

 
The positive colonies were cultivated overnight with new ampicillin contained LB culture. In 
order to sequencing the construct, GeneJET Gel™ Plasmid Miniprep kit was used to extract 
the plasmids. The plasmid samples were sent to Microgen for sequencing. 
 
Restriction enzyme cutting also was utilized as a way to check the size of the plasmids.  
In this project the enzymes have been used are EcoRV, HindIII and BamHI. After preparing 
the reaction mixture (Table 7), 1hour 37℃ incubation is needed.  
 
Table 7.  Restriction enzyme cut system 

Component  Volume  
Nuclease-free water 15µl 
10× FastDigest® Buffer 2µl 
Plasmid DNA Up to 1µg 
Enzyme 1µl each 
Total  20µl 
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Results  
Because of the requirement of one-step isothermal recombination, primers with around 40bp 
overlap, which can join adjacent genes during the assembly were designed and synthesized. 
The fragments for pBMR were amplified by the regular PCR and all of them were sent for 
sequencing. For gene adhE, the sequencing result showed three mutations so the one-step 
isothermal recombination method was utilized for the first time to construct the correct 
plasmid pSB1A3: adhE. Specific primers (Table 9) cover the points of mutations were 
designed. Hence, the whole plasmid was divided into 4 parts：pSB1A3: adhE part 1, pSB1A3: 
adhE part 2, pSB1A3: adhE part 3 and pSB1A3: adhE part 4. The sizes of them are 1142bp, 
683bp, 878bp and 2261bp respectively (Fig. 10). After amplifying and purifying all the 4 
fragments successfully, 3× 10-4 nmol of each fragments were added together, the volumes 
depended on their own concentrations and molar masses (calculated by GENtle online 
software). The calculation was done following the formula below.  
 
Volume (µl) = 3× 10-4 (nmol) × molar mass (g/mol) ÷ concentration (ng/µl) 
 
Then, the mixture of fragments was concentrated to 5µl and 15µl 1.33× Master Mix (Table 4) 
was added into it. A visible result (Fig. 11) was gained after 1hour incubation at 50℃.	  
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Fig.	  10	  PCR results of fragments amplification for pSB1A3TA  

(A) pSB1A3: adhE part 4  pSB1A3: adhE part 2  pSB1A3: adhE part 3 
(B) pSB1A3: adhE part 1 
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Fig.	  11	  Result of one-step isothermal recombination for pSB1A3: adhE  
	  
	  
Table	  9.	   	   Summary of primers, which were used to amplify the fragments for pSB1A3TA	  
Primers  Sequences  
Gibson_AdhE1_F GATCGTTGTCAGAAGTAAGTTG	  

Gibson_AdhE1_R CGGCAATTGTAGATTTTTTTGCACGTGGATGTGGTG	  

Gibson_AdhE2_F CGTGCAAAAAAATCTACAATTGCCGCAGCAAAATTA	  

Gibson_AdhE2_R ATGACGTGTGTCCCACTTCCACCTA	  

Gibson_AdhE3_F TAGGTGGAAGTGGGACACACGTCAT	  

Gibson_AdhE3_R GCATCTATTCCAGTTGCTGCTGTTA	  

Gibson_AdhE4_F TAACAGCAGCAACTGGAATAGATGC	  

Gibson_AdhE4_R GGCCAACTTACTTCTGACAACG	  

	  
The thick band on the top (Fig. 11) was expected to have the product that we expected since 
the size of the whole plasmid is 4964bp. The reason why we got such a thick band up there is 
that during the assembly, not all the fragments molecules can be joined together, there must 
be some left and some others are incomplete assembled, for example, pSB1A3: adhE part 2 
and pSB1A3: adhE part 3 could bind together so a band around 1.5kb appeared. In order to 
confirm the expectation, 2µl of the assembly product was transformed into 100µl XL1-Blue 
competent cells. Hundreds of colonies were got on the medium plate. Then we screened 7 
colonies with primer AdhE_F and AdhE_R, 5 of them showed positive results (Fig. 12). The 
plasmids of these 5 positive colonies were extracted and sent for sequencing. It was 
demonstrated that the mutations in the old plasmid pSB1A3: A** was corrected by using the 
one-step isothermal recombination method and the new plasmid pSB1A3: adhE was set up 
successfully. That means we could amplify gene adhE exactly by using pSB1A3: adhE as 

	   	   	   	   	   	   	   	   	   L	   	   pSB1A3:adhE	  L	  

pSB1A3: adhE part 4	  
pSB1A3: adhE part 1	  
pSB1A3: adhE part 2	  

	   	   	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	   PRODUCT	  
      
       pSB1A3: adhE part 3	  
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template.  
 

 

Fig. 12 PCR screening result for pSB1A3: adhE, the bands are on the size of adhE gene 
 
The promoter L09 is only 53bp, this length is too short to be used in one-step isothermal 
recombination since during the 50℃ incubation, T5 exonuclease would chew all of them.  
Therefore, we used extention PCR to add L09 at the end of gene crt. We also assembled hbd 
and crt-L09 together first because they are only 865bp and 853bp respectively but according 
to the previous experiences, we wanted the fragments that would be used in the construction 
of pBMR have the similar size. So far, we’ve got all the fragments that we need to construct 
pBMR. As before, 300fmol of each fragment were added together for the assembly, this time, 
a control group was also made to confirm the existence of the assembled products and the 
visible differences of the amount of every fragment (Fig. 13). The 1.33× Master Mix was 
replaced by the same volume of water in the control tube while other conditions were all the 
same. Because there’s no enzyme in the control tube, so after the 1hour incubation at 50℃, 
we couldn’t see any other bands on the gel but only the bands of the original fragments. The 
bands between 1.5kb and 2kb in well 1 and 2 are much thicker than others because there are 2 
fragments at the similar size here.  
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Fig. 13 The control and assembly results after incubating at 50℃ for 1hour 

Well No. 1: control result 
Well No. 2: experimental result 

  
We can see the differences between the control and the assembled sample clearly. All the 
bands in well 2 (assembled sample) are not as bright as those in well 1 (control). It means 
they were consumed during the assembly. Furthermore, the additional bands and the smeared 
mass in the red square are the products of the one-step isothermal recombination. Some of the 
fragments were positively assembled into larger linear molecules and some others were 
suspected to assemble into the circular plasmid since the circular plasmid can’t be seen 
clearly on the gel. So transformation was done to make sure whether we got the right 
assembled product. We used strain DH5alphaZ1 from E.coli as the competent cells to match 
the characteristic of L09 promoter since DH5alphaZ1 can constitutively express TetR 
repressors from chromosome in around 7000 molecules per cell. [21] On the other hand, 
DH5alphaZ1 has a relatively low growth rate so the large number of colonies seems to be 
luxurious. Not surprisingly, we only got 6 colonies after incubating on the ampicillin LB 
plate for overnight. The PCR screening was taken by using 4 different pairs of primers. 
(Table 10) 
 
 
 
 
 
 

  L       1     2     L 
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Table 10.  The screening primers 
Primers  Expected size of the band 
Gibson_AdhE4_F; Ter-His_R 1911bp 
SeqCrtF; Gibson_AdhE2_R 1523bp 
Hbd_F; Gibson_AdhE2_R 2870bp 
CF; pBlue_Hbd_R 3104bp 
 
The results (Fig. 14) were not that good and we couldn’t confirm directly that the plasmids 
were correct since all the bands were on the wrong size in (B), (C), (D). Then restriction 
enzyme cutting was utilized to check the size of the plasmid. Here EcoRV, BamHI, HindIII 
were used to cut the same plasmids since these 3 enzymes only have single specific 
restriction enzyme cutting site in pBMR, the sites are at 4331, 4419and 455 respectively. 
Unfortunately, the results were all negative since the bands are much smaller than the 
theoretical size (Fig. 15). The expected size of the bands should be 7461bp long but actually 
all the bands we got were around 3000bp long.  
 
  
 
       L  1  2  3  4  5  6                  1   2   3  4   5   6   L 

          
                 (A)                                   (B) 
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       L   1    2   3   4   5   6         L   1  2  3  4   5  6  L 

        
                  (C)                                  (D) 
Fig. 14 Screening results: (A) Primers: Gibson_AdhE4_F and Ter-His_R  
                     (B) Primers: SeqCrtF and Gibson_AdhE2_R 
                     (C) Primers: Hbd_F and Gibson_AdhE2_R 
                     (D) Primers: CF and pBlue_Hbd_R 

 
 

        
                 (A)                                  (B) 
 
Fig. 15 Restriction enzyme cutting results.(A) Cut by EcoRV  
                                  (B) Cut by BamHI (up) and HindIII (below) 

 



	   27	  

Discussion 

Introducing the optimal CoA-dependent 1-butanol metabolic pathway from C.acetobutylicum 
into Synechocystis and analyzing the production of 1-butanol is a long-term project. It 
includes the construction of modified metabolic pathway, the cultivation of engineered 
Synechocyitis, the isolation and detection of 1-butanol from culture and the building of new 
strategy to improve the product yield. Therefore, this master thesis is only the initial part of 
the whole project. Lots of theoretical work was done to design the favourable plasmid, which 
is expected to have better ability to produce 1-butanol.  
 
The thermodynamic and enzymatic balances are both reversible in natural CoA-dependent 
1-butanol metabolic pathway (Atsumi, Cann et al. 2008) (Fig. 16). If we can reconstruct the 
pathway into an irreversible one, then the production of 1-butanol will be more efficiency. In 
the aim of achieving higher titer 1-butanol production, an artificial driving force should be 
used. Since CoA-dependent 1-butanol metabolic pathway uses NADH and reduced 
ferredoxin as the sources of reducing power (Atsumi, Cann et al. 2008), if NADH becomes 
the only cofactor of power reducing, the accumulation of NADH is suitable to be used as the 
driving force, which can direct the carbon flux through the pathway (Shen, Lan et al. 2011). 
These are the reasons that why we used Ter instead of the Bcd, EtfA and EtfB complex.  

 
Fig.13. NADH consuming reactions and 1-butanol production pathway from Acetyl-CoA 
(Shen and Liao 2008)  
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Most of the previous data about the efficiency of 1-butanol producing were gotten in other 
microorganisms but not in Synechocystis. The decision about which genes to use is made 
based on the data and evidences in those literatures. That means actually, till now, I can’t 
give a peremptory conclusion whether this pathway is suitable for Synechocystis to produce 
1-butanol and to live with since the growth status and the rate of 1-butanol producing have 
not been detected yet, though Synechocystis has a flexible living condition requirement and 
the oxygen sensitive enzymes has been kicked out. So the only way to make sure of this is to 
test after transforming the plasmid into Synechocystis. That will be almost the last step of the 
whole project. The plane for it will be decided during the later work. 
 
The majority of the methods that were employed in this thesis are traditional and well 
characterized (Englund 2011) except the one-step isothermal recombination. We have tried 
many times to construct large plasmids from around 9kb to 16kb, none of them worked well. 
The reason has not been ascertained till now but several possibilities have been concluded. 
Firstly, more fragments may means higher risk. Because more overlaps are needed, though J5 
was used to design the primers we still can’t confirm that all the overlap parts on the primer 
are able to bind specifically to each other. There’s still a probability that some unspecific 
binding happened during the assembly. Secondly, the size of the fragments is another factor 
that can influence the assembly. According to the experiments we did, we found that the 
assembly result could be better if we assembled some small pieces into a larger one first. This 
larger piece has the similar size with other big fragments so all the fragments that we wanted 
to put together don’t have big difference in size. It would be good for the function of T5 
exonuclease. Lastly, we also considered about the amount of DNA that we added. Based on 
the protocol in previous literature, equimolar amount of each fragment should be put together. 
Here we decided to use 300fmol of each DNA for the assembly, in another word, the more 
volume of DNA should be used when the size of it is bigger. We were not sure if the 
equimass of the DNA could work better, so we gave a try but the result was also not good.  
 
To conclude, more work about optimizing the assembly method should be done during the 
rest of the project time. How to detection the 1-butanol production should also be considered 
later.  
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