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ABSTRACT
Two cyanobacterial alkanes biosynthesis operons, one from Synechocystis sp.
PCC 6803 and one from Nostoc punctiforme, were introduced into various sites in the
genome of Synechococcus sp. PCC 7002 by transformation. Aldehyde Decarbonylating
Oxygenases were produced at high levels in both cases, were active when assayed in
vitro, but were shown to be iron deficient. Gas Chromatography coupled to mass
spectrometry showed that all four strains were produced alkanes (mainly heptadecane)
with the highest yield being 1.387 mg heptadecane/OD730 nm/L. The fact that all strains
produced alkanes, while the wild-type strain cannot, demonstrates that the acyl-ACP
reductased (AAR) enzyme was also produced and was active in these strains. These
results establish a baseline for alkanes production in a robust cyanobacterium and allow
for further optimization of alkanes biosynthesis in future studies.

ii

TABLE OF CONTENTS
List of Figures

iv

List of Tables

vi

Acknowledgements vii
Chapter 1 Introduction ...............................................................................1	
  
1.1	
  Potentials	
  in	
  Photosynthetic	
  Cyanobacteria	
  in	
  Fuel	
  Production	
  .................	
  1	
  
1.2	
  Synechococcus	
  sp.	
  PCC	
  7002	
  as	
  A	
  Candidate	
  for	
  Alkanes	
  Production	
  .........	
  3	
  

Chapter 2 Transforming Synechococcus 7002 to Produce Alkanes .......9	
  
2.1	
  Introduction	
  ...................................................................................................................	
  9	
  
2.2	
  Material	
  and	
  Methods	
  ...............................................................................................	
  11	
  
2.2.1	
  A+	
  Growth	
  Media	
  and	
  Standard	
  Growth	
  Conditions	
  ............................................	
  11	
  
2.2.2	
  PCR,	
  Restriction	
  Digestion	
  and	
  Ligation	
  ..................................................................	
  11	
  
2.2.3	
  DNA	
  Fragment	
  Purification	
  and	
  Plasmid	
  Purification	
  .......................................	
  12	
  
2.2.4	
  Oligonucleotides	
  Used	
  in	
  This	
  Study	
  .........................................................................	
  13	
  
2.2.5	
  Plasmid	
  Construction	
  .......................................................................................................	
  14	
  
2.2.6	
  Alkanes	
  producing	
  Synechococcus	
  7002	
  strains	
  construction	
  .......................	
  19	
  
2.3	
  Results	
  ...........................................................................................................................	
  25	
  
2.4	
  Discussion	
  .....................................................................................................................	
  27	
  

Chapter 3 Protein Production, Purification and Enzyme Assays .........40	
  
3.1	
  Introduction	
  .................................................................................................................	
  40	
  

iii
3.2	
  Material	
  and	
  Methods	
  ...............................................................................................	
  41	
  
3.2.1	
  SDS-‐PAGE	
  ...............................................................................................................................	
  41	
  
3.3.2	
  Immunoblotting	
  Assay	
  .....................................................................................................	
  42	
  
3.2.3	
  Ni2+	
  Affinity	
  Column	
  Purification	
  ................................................................................	
  42	
  
3.2.4	
  Protein	
  Concentration	
  Determination	
  ......................................................................	
  44	
  
3.2.5	
  Decarbonylase	
  Assay	
  ........................................................................................................	
  44	
  
3.2.6	
  Ferrozine	
  Assay	
  ..................................................................................................................	
  45	
  
3.2.7	
  Inductively-‐Coupled-‐Plasma	
  Atomic	
  Emission	
  Spectroscopy	
  (ICP-‐AES)	
  ..	
  46	
  
3.3	
  Results	
  ...........................................................................................................................	
  47	
  
3.4	
  Discussion	
  .....................................................................................................................	
  50	
  

Chapter 4 GC-MS Quantitative Analysis of Alkanes Production ........62	
  
4.1	
  Introduction	
  .................................................................................................................	
  62	
  
4.2	
  Material	
  and	
  Methods	
  ...............................................................................................	
  63	
  
4.2.1	
  Extraction	
  from	
  Whole	
  Cell	
  ............................................................................................	
  63	
  
4.2.2	
  Gas	
  Chromatography-‐	
  Mass	
  Spectra	
  (GC-‐MS)	
  Analysis	
  .....................................	
  63	
  
4.2.3	
  Alkanes	
  Production	
  Time	
  Course	
  ................................................................................	
  64	
  
4.3	
  Results	
  ...........................................................................................................................	
  64	
  
4.4	
  Discussion	
  .....................................................................................................................	
  65	
  

Chapter 5 Conclusion ................................................................................73	
  
5.1	
  Summary	
  .......................................................................................................................	
  73	
  
5.2	
  Future	
  Directions	
  .......................................................................................................	
  74	
  

References ..................................................................................................79	
  

iv

LIST OF FIGURES
FIGURE	
  1	
  SCHEME	
  FOR	
  CYANOBACTERIAL	
  ALKANES	
  BIOSYNTHESIS	
  ..........................................................................................	
  5	
  
FIGURE	
  2	
  SYNECHOCOCCUS	
  SP.	
  PCC	
  7002	
  ....................................................................................................................................	
  6	
  
FIGURE	
  3	
  SYNECHOCYSTIS	
  SP.	
  PCC	
  6803	
  ......................................................................................................................................	
  7	
  
FIGURE	
  4	
  	
  NOSTOC	
  PUNCTIFORME	
  ....................................................................................................................................................	
  8	
  
FIGURE	
  5	
  MAP	
  FOR	
  PAQ1	
  APR/GMR	
  EXPRESSION	
  PLASMID	
  CARRYING	
  PCPCBA::YFP	
  .............................................................	
  14	
  
FIGURE	
  6	
  MAP	
  FOR	
  PAQ1	
  APR/GMR	
  EXPRESSION	
  PLASMID	
  CARRYING	
  PCPCBA::SLL0208-‐SLL0209	
  ...............................	
  15	
  
FIGURE	
  7	
  MAP	
  FOR	
  PAQ1	
  APR/GMR	
  EXPRESSION	
  PLASMID	
  CARRYING	
  PCPCBA::NPUNR1711-‐NPUNR1710	
  ................	
  17	
  
FIGURE	
  8	
  SCHEME	
  FOR	
  DOUBLE	
  HOMOLOGOUS	
  RECOMBINATION	
  .........................................................................................	
  19	
  
FIGURE	
  9	
  MAP	
  FOR	
  EXPRESSION	
  PLASMID	
  PAQ1	
  APR/GMR	
  PCPCBA::SLL0208-‐SLL0209	
  ..................................................	
  21	
  
FIGURE	
  10	
  MAP	
  OF	
  EXPRESSION	
  PLASMID	
  PAQ1	
  APR/GMR	
  HARBORING	
  PCPCBA::NPUNR1711-‐NPUNR1710	
  .............	
  23	
  
FIGURE	
  11	
  SLL0208-‐SLL0209	
  OPERON	
  PARTIAL	
  REPLACING	
  SYNPCC7002_A1414	
  IN	
  SYNECHOCOCCUS_FUEL1	
  
STRAIN	
  ....................................................................................................................................................................................	
  30	
  

FIGURE	
  12	
  SLL0208-‐SLL0209	
  OPERON	
  CAN	
  BE	
  INSERTED	
  INTO	
  SYNPCC7002_A2712	
  IN	
  SYNECHOCOCCUS_FUEL2	
  
STRAIN	
  ....................................................................................................................................................................................	
  33	
  

FIGURE	
  13	
  NPUNR1711-‐NPUNR1710	
  OPERON	
  PARTIAL	
  REPLACING	
  SYNPCC7002_A1414	
  IN	
  
SYNECHOCOCCUS_FUEL3	
  STRAIN.	
  .......................................................................................................................................	
  35	
  
FIGURE	
  14	
  NPUNR1711-‐NPUNR1710	
  OPERON	
  IS	
  INSERTED	
  INTO	
  PLASMID	
  PAQ1	
  IN	
  THE	
  SYNECHOCOCCUS_FUEL4	
  
STRAIN.	
  ...................................................................................................................................................................................	
  37	
  

FIGURE	
  15	
  SDS-‐PAGE	
  ANALYSIS	
  OF	
  WHOLE-‐CELL	
  EXTRACTS	
  OF	
  STRAINS	
  OF	
  SYNECHOCOCCUS	
  7002	
  PRODUCING	
  
SYNECHOCYSTIS	
  6803	
  ADO.	
  ..............................................................................................................................................	
  52	
  
FIGURE	
  16	
  IMMUNOBLOTTING	
  ANALYSIS	
  OF	
  SYNECHOCOCCUS	
  7002	
  STRAINS	
  HARBORING	
  THE	
  SYNECHOCYSTIS	
  6803	
  
ADO	
  GENE.	
  ............................................................................................................................................................................	
  53	
  
FIGURE	
  17	
  SDS-‐PAGE	
  ANALYSIS	
  OF	
  WHOLE-‐CELL	
  EXTRACTS	
  OF	
  STRAINS	
  OF	
  SYNECHOCOCCUS	
  7002	
  PRODUCING	
  N.	
  
PUNCTIFORME	
  ADO.	
  .............................................................................................................................................................	
  54	
  

v
FIGURE	
  18	
  IMMUNOBLOTTING	
  TO	
  DETECT	
  THAT	
  N.	
  PUNCTIFORME	
  ADO	
  POLYPEPTIDE	
  USING	
  RABBIT	
  ANTIBODIES	
  TO	
  
ITS	
  POLY-‐HISTIDINE	
  TAG.	
  .....................................................................................................................................................	
  55	
  

FIGURE	
  19	
  SDS-‐PAGE	
  ANALYSIS	
  OF	
  AAR	
  EXPRESSION	
  IN	
  SYNECHOCOCCUS_FUEL4	
  STRAIN	
  ...........................................	
  56	
  
FIGURE	
  20	
  SDS-‐PAGE	
  ANALYSIS	
  OF	
  TWO	
  PURIFIED	
  ADO	
  ENZYMES.	
  ...................................................................................	
  57	
  
FIGURE	
  21	
  DECARBONYLASE	
  ASSAYS	
  FOR	
  PURIFIED	
  ADO	
  ENZYMES.	
  ....................................................................................	
  58	
  
FIGURE	
  22	
  STANDARD	
  CURVE	
  FOR	
  FE2+	
  CONCENTRATION	
  BASED	
  ON	
  THE	
  FERROZINE	
  ASSAY	
  (ABSORBANCE	
  AT	
  562	
  
NM).	
  ........................................................................................................................................................................................	
  59	
  

FIGURE	
  23	
  DECARBONYLASE	
  ASSAY	
  AFTER	
  IN	
  VITRO	
  ADDITION	
  OF	
  FE2+	
  TO	
  PURIFIED	
  ADOS	
  ............................................	
  61	
  
FIGURE	
  24	
  HEPTADECANE	
  PRODUCTION	
  IN	
  SYNECHOCOCCUS_FUEL1	
  AND	
  SYNECHOCOCCUS_FUEL2	
  STRAINS	
  ...............	
  69	
  
FIGURE	
  25	
  HEPTADECANE	
  PRODUCTION	
  IN	
  SYNECHOCOCCUS_FUEL3	
  AND	
  SYNECHOCOCCUS_FUEL4	
  STRAINS	
  ...............	
  71	
  
FIGURE	
  26	
  HEPTADECANE	
  PRODUCTION	
  TIME	
  COURSE	
  FOR	
  SYNECHOCOCCUS_FUEL4	
  STRAIN	
  ..........................................	
  72	
  
	
  

vi

LIST OF TABLES
TABLE	
  1	
  OLIGONUCLEOTIDE	
  USED	
  FOR	
  PLASMID	
  CONSTRUCTION,	
  STRAIN	
  CONSTRUCTION	
  AND	
  SCREENING	
  .................	
  13	
  
TABLE	
  2	
  GENOTYPES	
  FOR	
  ALKANE	
  PRODUCING	
  STRAINS	
  ........................................................................................................	
  20	
  
TABLE	
  3	
  IRON	
  CONTENT	
  OF	
  ADO	
  PREPARATIONS	
  AS	
  DETERMINED	
  BY	
  THE	
  FERROZINE	
  ASSAY	
  AND	
  ICP-‐AES	
  ASSAY	
  FOR	
  
SYNECHOCYSTIS	
  6803	
  AND	
  N.	
  PUNCTIFORME	
  ADO	
  ........................................................................................................	
  60	
  
	
  

vii

ACKNOWLEDGEMENTS
First, I would like to thank Dr. Donald A. Bryant for giving me this precious
opportunity to do research in his lab. I have gained graduate-level research training and
experience under his supervision. I also need to thank Shuyi Zhang, my research
supervisor, who taught me many useful biochemical techniques and analytical skills,
which allowed me to conduct my independent research. Also, I need to thank Fei Gan,
Dr. Gaozhong Shen, Dr. Chi Zhao and other Bryant lab members who provided valuable
advices during my research. Also, I really appreciate the collaboration with Bollinger
Laboratory and Booker Laboratory at Penn State University.
My research involves two projects: gene regulation in Synechococcus sp. PCC
7002 and metabolic engineering Synechococcus sp. PCC 7002 to produce alkanes. I have
participated in the gene regulation project since I started to conduct the research in the
lab. The nature of this project is very time consuming, which requires many trials of
different conditions, RNA sequencing and data analysis, but can reveal secrets of gene
regulation that will indirectly impact many other research projects in the lab. The second
project, metabolic engineering of Synechococcus sp. PCC 7002 to produce alkanes, was
proposed in the summer 2013, and approved by Dr. Bryant and Penn State BMB
Department. Even though I worked on this project for less than 8 months, many
breakthroughs have been achieved. This project really attracted my attention and has
changed my goal towards biofuel and synthetic biology research in the future. These two
projects are not completely separated. Some research results from gene regulation could
be applied to improve the metabolic engineering.

1

Chapter 1
Introduction

1.1 Potentials in Photosynthetic Cyanobacteria in Fuel Production
Fossil fuels, which include gasoline, natural gas and coal, provide the power for
normal life and industrial production. Coal is called the bone of industry, and gasoline is
called the blood of industry, which shows the importance of the fossil fuels to industry.
Fossil fuels are products of ancient organisms that have been transformed through
processes requiring millions of years and are thus considered non-renewable fuels.
However, as Earth’s population increases, the need for fossil fuels also increases. As
predicted by the Klass model (1), oil, coal and gas will be depleted in approximately in
35, 107 and 37 years, respectively, which means that coal will be the only available fossil
fuel after 2042. There is an urgent need to find alternative energy sources. Many
investments have been made to develop alternative biofuels, together with other
renewable energy sources, such as wind power, tide power, heat power, and hydropower.
Biofuels are renewable energy produced from annually renewable biomass through
chemical, thermochemical, fermentation and biocatalytic processes (2). Currently, widely
used so-called first generation biofuels includes ethanol and biodiesels. Ethanol is
commonly produced from fermentation of cornflour and cane sugar. Biodiesels are
produced from transesterification of vegetable oil and animal fats. The first generation
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biofuels is using up large amount of food, which can increase both food and fuel price
(3).
Cyanobacteria are photosynthetic bacteria that can convert light energy into
chemical energy and that can reduce inorganic carbon to support life. Cyanobacteria are
important for the study of photosynthetic processes and the photosynthetic apparatus,
which are similar to processes and complexes used by plants. Based on their
photosynthetic properties, cyanobacteria are also ideally suited to be metabolically
engineered to produce carbon-neutral fuel products, for instance, ethanol and 2,3butanediol and valuable chemical and nutritional products (4). In addition to that,
cyanobacteria also possess many potential genes, which can be utilized to produce
biofuels, for example, H2 producing hydrogenase genes. In 2010, Schimer et al. (5) in
Science magazine showed that two novel genes, encoding fatty aldehyde generating acylACP reductase, since this enzyme has a higher affinity for Acyl-ACP, and fatty aldehyde
decarbonylase, are responsible for producing alkanes that had been identified in many
cyanobacteria. Later studies on the mechanism by Li et al. (6) showed that fatty aldehyde
decarbonylase is an actually a di-iron oxygenase, which catalyzes carbonyl cleavage
through oxygenation without oxidation. Thus, this enzyme was renamed Aldehyde
Decarbonylating Oxygenase. The general scheme of cyanobacterial alkanes biosynthesis
is shown in Figure 1. acyl-ACP reduces Acyl-ACP to fatty aldehydes and thereby
provides the substrate for the next enzymatic reaction. aldehyde decarbonylating
oxygenase cleaves the aldehyde group from these fatty aldehydes by oxygenation to
generate a long-chain hydrocarbon and formate. These interesting findings potentially
provide a new way to produce biofuels through microbial engineering.
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1.2 Synechococcus sp. PCC 7002 as A Candidate for Alkanes Production
Not all cyanobacteria harbor the genes that enable some to produce alkanes.
Synechococcus sp. PCC 7002 (hereafter, Synechococcus 7002), shown in Figure 2, does
not have these two genes. However, Synechococcus 7002, has a much faster doubling
time, about 4 hours, than cyanobacteria like Synechocystis sp. PCC 6803 (hereafter,
Synechocystis 6803), which has a doubling time about 12 hours but which harbors the
alkanes biosynthesis operon. Synechococcus 7002 also can divert up to 40% of its carbon
fixation capacity to the production of organic products without affecting its growth rate
(7). These features, as well as other physiological properties of this organism, make it an
ideal candidate for metabolic engineering to produce alkanes. Compared to metabolic
engineering research done in Escherichia coli with these two genes, engineered
Synechococcus 7002 requires inexpensive growth media to produce alkanes, which in
turn would lower the cost and increase the net profit for industrial production. Besides
that, these two interesting enzymes have been purified from transformed Escherichia coli
and have been used for many biochemical experiments. Considering the different
physiological properties between E. coli and cyanobacteria, such as ion requirements and
pH, the proteins expressed in foreign E. coli system might be different than their native
forms. Because it is a cyanobacterium, Synechococcus 7002 might provide a more
suitable physiological environment for the production of these proteins, and thus might
give a more accurate insight into the properties of these proteins in their native
physiological environment.
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Two different operons from two different cyanobacteria were taken for
modification, plasmid construction and the metabolic engineering in Synechococcus 7002:
sll0208-sll0209 operon from Synechocystis 6803 (shown in Figure 3) and Npun R1711
and Npun R1710 operon from Nostoc punctiforme (N. punctiforme hereafter) (shown in
Figure 4). According to Coates et al. (8), alkanes such as pentadecane and heptadecane
are detected among alkane-producing cyanobacteria. According to Partnaik (9), the
toxicity of aldehydes decreases as the length of the hydrocarbon chain increases, and
long-chain aldehydes such as decanal are almost non-toxic. Based on the alkanes
products, the aldehyde intermediates should be long-chain aldehydes, which should be
less toxic or even non-toxic. Therefore, the toxicity of the fatty aldehyde intermediates
may not be a factor influencing transformation. However, the other product formate,
which is a one-carbon organic acid and could be toxic to cells if overproduced but not
excreted. formic acid or formate has a low to moderate toxicity, but is a high caustic
compound, which might lead to many toxic effects in cells (9). Introducing and
overexpressing alkanes biosynthesis genes could potentially deplete fatty acids and
disrupt biosynthesis of important lipids, such as phospholipids. According to Zhang et al.
(10), bacterial membrane homeostasis could be greatly affected as a result. Even though
the alkanes biosynthesis operons are derived from closely related cyanobacterial species,
introducing the alkanes biosynthesis operon could be difficult due to unknown protection
mechanisms or toxicity problems inside the cells. These difficulties could become
barriers of transforming Synechococcus 7002.
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Figure 1 Scheme for cyanobacterial alkanes biosynthesis

Fatty acyl-ACP is first reduced by acyl-ACP reductase (AAR) to produce fatty
aldehyde. Aldehyde decarbonylating oxygenase (ADO), a di-iron oxygenase, will
subsequently cleave the aldehyde group by oxygenation to form alkanes and formate.
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5 µm

Figure 2 Synechococcus sp. PCC 7002

Synechococcus 7002 is a rod-shaped, marine/coastal cyanobacterium with one of the
fastest growth rates known among cyanobacteria. The cells divide by binary fission but
sometimes do not separate after division, which leads to the formation of short chains of
cells. The bar equals 5 µm.

7

5 µm

Figure 3 Synechocystis sp. PCC 6803

Synechocystis 6803 is a freshwater cyanobacterium. It is one of the best studied
cyanobacterial

model

organisms.

The

cells

have

coccus-shaped

morphology.

Synechocystis 6803 possesses an alkanes biosynthesis operon (open reading frames
sll0208 and sll0209). The bar equals 5 µm.
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5 µm

Figure 4 Nostoc punctiforme

N. punctiforme is a filamentous, heterocyst-forming cyanobacterium isolated from soil,
which can form symbiotic associations with fungi and plants. The N. punctiforme genome
encodes a very active aldehyde decarbonylating oxygenase. The bar equals 5 µm.
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Chapter 2
Transforming Synechococcus 7002 to Produce Alkanes

2.1 Introduction
The alkanes biosynthesis operon contains two genes responsible for the synthesis
of alkanes, including pentadecane and heptadecane, among cyanobacteria (8). Because
this operon is not natively present in Synechococcus 7002, incorporation of this operon
into Synechococcus 7002 can theoretically lead to production of alkanes. Two alkanes
biosynthesis operons from two different cyanobacteria were selected for introduction into
Synechococcus 7002: the sll0208-sll0209 operon from Synechocystis 6803 and
NpunR1711-NpunR1710 operon from N. punctiforme. The operon from Synechocystis
6803 has been suggested to encode enzymes with moderate activity, and the operon from
N. punctiforme has been shown to encode the most active enzymes (5).
These two alkanes biosynthesis operons were targeted to three candidate sites for
incorporation into the genome of Synechococcus 7002: open reading frame (ORF)
SynPCC7002_A1414 is the ppc gene (2988 bp), encoding phosphoenolpyruvate
carboxylase (PEPCase); SynPCC7002_A2712 (159 bp) is a neutral site in the
chromosome that is not expressed under most growth conditions (11); a neutral site in the
high copy number plasmid pAQ1 in Synechococcus 7002 (12). PEPCase is involved in
regenerating oxaloacetate for replenishment of TCA cycle intermediates and provides
oxaloacetate as a biosynthetic precursor metabolite in cyanobacteria, which is important
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for the synthesis of important compounds such as chlorophyll a and phycobilins (13).
Thus, PEPCase plays an important role in cyanobacteria and other microorganisms. As
suggested by (14), knocking down the expression of PEPCase could potentially increase
the fatty acid and lipid contents of cells. Knocking down ppc to reduce the amount of
PEPCase produced should increase acetyl-CoA availability for fatty acid biosynthesis by
reducing the activity of the TCA cycle. Because fatty acids are the substrates for alkanes
biosynthesis, knocking down PEPCase should theoretically provide more substrates for
alkanes biosynthesis and provide an integration site for the constructed alkanes
biosynthesis operon.
SynPCC7002_A2712 has been shown to be a neutral site for expression of genes
in the Synechococcus 7002 genome (11). The gene is not expressed under many different
physiological conditions as suggested by many transcription profiling results (15,16),
SynPCC7002_A2712 can be used as an incorporation site for stable expression of genes
in the genome.
Synechococcus 7002 has 6 endogenous plasmids (12). Among these plasmids,
pAQ1 is the smallest (4809 bp) and has the highest copy number (12). These properties
make pAQ1 an ideal expression platform in cells because it allows the introduction of
more copies of the desired genes than can be achieved when genes are inserted into the
chromosome. In principle, this should increase the amounts of products that can be made
by increasing the levels of introduced enzymes.
The toxic end product formate and unknown bacterial protection mechanisms
could present some barriers to transform Synechococcus 7002. Despite all the difficulties,
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four potentially alkane-producing strains with the two selected alkanes biosynthesis
operons were successfully obtained.

2.2 Material and Methods

2.2.1 A+ Growth Media and Standard Growth Conditions
Medium A+ (medium A containing Na-nitrate) contains: 18 g/L NaCl, 0.6 g/L
KCl, 1.0 g/L NaNO3, 5 g/L MgSO4.7H2O, 0.05 g/L KH2PO4, 0.27 g/L CaCl2, 0.03 g/L
tetra-Na EDTA, 0.004 g/L FeCl3.6H2O, 1 g/L Tris, 1 mL/L P1 Metals, and 0.004 mg/L
vitamin B12. The P1 Metals solution consisted of 34.26 g/L H3BO3, 4.32 g/L
MnCl2.4H20, 0.315 g/L ZnCl, 0.03 g/L MoO3, 0.003 g/L CuSO4.5H2O, and 0.01215
g/L CoCl2.6H2O (17). Synechococcus 7002 wild type and different strains are inoculated
in 20 mm culture tubes with autoclaved A+ media. The culture tubes were incubated in a
38°C water bath, under 250 µmol photons m-2 s-1 fluorescent light and were sparged with
1% (v/v) CO2 in air (defined as standard growth conditions). For alkanes producing
strains, medium A+ containing 20 mg/L gentamycin was used.

2.2.2 PCR, Restriction Digestion and Ligation
All polymerase chain reactions (PCR) were carried out using Phusion HighFidelity DNA polymerase (New England BioLabs Inc. 240 County Rd, Ipswich, MA
01938). All restriction digestion procedures were carried out using restriction enzymes
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obtained from the same supplier and used according to the recommendations of the
supplier. Ligation of DNA fragments was performed using T4 DNA ligase from the same
supplier.

2.2.3 DNA Fragment Purification and Plasmid Purification
All DNA fragment purifications were performed using EZ-10 Spin Column DNA
Gel Extraction Kit (BIO BASIC INC. 20 Konrad Crescent, Markham Ontario L3R 8T4
Canada). All plasmid purification procedures were performed using EZ-10 Spin Column
Plasmid DNA MiniPreps Kit (BIO BASIC INC. 20 Konrad Crescent, Markham Ontario
L3R 8T4 Canada).
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2.2.4 Oligonucleotides Used in This Study

Table 1 Oligonucleotide Used for plasmid construction, strain construction and
screening
Primer Name
5’ to 3’ Sequence
Sll_1NdeI

AAAATCATATGCCCGAGCTTGCTGTCCGCA

Sll_2BamHI

TCCTGGATCCCTAAAGAGCTACTAAAGGGC

Npun_1NdeI

GCACCATATGCAGCAGCTTACAGACCAATC

Npun_2BamHI

CGACGGATCCCTAAACCAACAACGGTCTAA

A1414_1

AATATTGGGCGATCGCCTGGGGATAACCGA

A1414_2EcoRI

ATTGGAATTCGGTACTTAGACGTTTGGGGC

A1414_3SalI

CCCGGTCGACTCTCAAACAGCCCTGTAAAC

A1414_4

TGTCTTCGTATTGGAGTTTAGCCACCTGGG

A2712_1

GTTTGATCGGCGTAGGTAATGGCTTTGGGT

A2712_2SalI

TGAGCGGTCGACATTTGAATTCCTCGTGCT

A2712_3EcoRI

CGCGGGGAATTCTTTAAAAACTAAGCTTTA

A2712_4

CGGTAATTTGCGCGATCCCACTGCTGTTTG

PcpcBA

GAATTCAAAGACGATCCCGACTTCGTTATA

pAQ1 B

TTTTTGTTCCTTGATGTAAACAAGTATGAC

*Text in Red indicates the according restriction digestion sites.
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2.2.5 Plasmid Construction
The pAQ1 expression plasmids used in this study for constructing overexpression
plasmids and alkanes biosynthesis plasmids were previously described by Xu et al. (12).
A physical map of the parental pAQ1 expression plasmid is shown below in Figure 5.
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Figure 5 Map for pAQ1 ApR/GmR expression plasmid carrying PcpcBA::yfp
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pAQ1 ApR/GmR expression plasmid carrying PcpcBA::sll0208-sll0209
The plasmid map below in Figure 6, shows pAQ1 ApR/GmR expression plasmid
PcpcBA::sll0208-sll0209.
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Figure 6 Map for pAQ1 ApR/GmR expression plasmid carrying PcpcBA::sll0208-sll0209

Alkanes biosynthesis operon sll0208-sll0209 was amplified by PCR from
genomic DNA of the cyanobacterium Synechocystis 6803 using Sll_1NdeI and
Sll_2BamHI primers. The PCR product was subjected to agarose gel electrophoresis and
the DNA amplicon was purified. The purified sll0208-sll209 DNA fragment was digested
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with BamHI and NdeI restriction enzymes and the product was again purified. Plasmid
pAQ1 carrying ApR/GmR PcpcBA::yfp was digested with BamHI and NdeI restriction
enzymes and the larger fragment subjected to agarose gel electrophoresis and fragment
purification. The digested DNA fragment encoding the sll0208-sll0209 alkanes
biosynthesis operon was ligated to the purified and digested pAQ1 plasmid fragment.
Top10 E. coli competent cells were transformed with the ligated products by heat-shockmediated transformation, and transformed cells were selected on 20 µg/mL gentamycinLB plates overnight. Colonies were picked and inoculated into tubes containing on 20
µg/mL gentamycin-LB liquid media and the inoculated cultures were incubated at 38 °C
overnight. Amplified plasmids were purified from the transformed cells. The plasmids
were digested with BamHI and NdeI restriction enzymes and the digestion mixture was
used to verify DNA fragment sizes by agarose gel electrophoresis. The potentially correct
plasmids were sent for DNA sequence analysis at the Genomics Core Facility of the
Huck Institutes for the Life Sciences at Penn State University-UP.

17

pAQ1 AmpR/GmR expression plasmid carrying PcpcBA:NpunR1711-NpunR1710
The plasmid map in Figure 7 shows the pAQ1 ApR/GmR expression plasmid
carrying PcpcBA::NpunR1711-NpunR1710.
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Figure 7 Map for pAQ1 ApR/GmR expression plasmid carrying PcpcBA::NpunR1711NpunR1710

Alkanes biosynthesis operon NpunR1711-NpunR1710 was amplified by PCR
from genomic DNA of cyanobacterium N. punctiforme using primers Npun_1NdeI and
Npun_2BamHI. The PCR amplicon was purified by agarose gel electrophoresis and
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extraction as described above. The purified DNA fragment encoding the NpunR1711NpunR1710 operon was digested with restriction enzymes BamHI and NdeI and the
digestion product was again subjected to electrophoretic purification. Expression plasmid
vector pAQ1 ApR/GmR carrying PcpcBA::yfp was digested with restriction enzymes
BamHI and NdeI, and the larger fragment produced was purified by agarose gel
electrophoresis and extraction. The DNA fragment encoding the NpunR1711NpunR1710 operon was ligated to the purified pAQ1 plasmid fragment. Top10 E. coli
competent cells were transformed with the ligated products using a heat-shock
transformation procedure, and transformed cells were plated on LB-agar plates
containing 20 µg gentamycin ml-1 and incubated overnight at 37°C. Colonies were picked
and inoculated into tubes containing liquid LB medium amended with 20 µg gentamycin
ml-1, and the cultures were incubated at 38°C overnight. The amplified plasmids were
purified from the incubated transformed cells. The plasmids were subjected to restriction
digestion with BamHI and NdeI, and agarose gel electrophoresis of the digested plasmids
was used to verify the size of cloned inserts. The potentially correct plasmids were sent
for DNA sequence analysis at the Genomics Core Facility of the Huck Institutes for the
Life Sciences at Penn State University-UP.
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2.2.6 Alkanes producing Synechococcus 7002 strains construction
Strain construction using homologous recombination followed the protocol
described by Frigaard el al. (18). Double homologous recombination can be simply
illustrated using the figure below.

Upstream

Target Region

Sequence

Downstream
Sequence

K
mR
Alkane Operon
Figure 8 Scheme for Double Homologous Recombination

20

Table 2 Genotypes for Alkanes Producing Strains
Strain

Genotype

Description

Names
Synechococcus_fuel1

Synechococcus_fuel2

Synechococcus_fuel3

PcpcBA::sll0208-sll0209 GmR,

SynPCC7002_A1414 encodes

replacing SynPCC7002_A1414

Phosphenolpyruvate Carboxylase

PcpcBA::sll0208-sll0209 GmR,

SynPCC7002_A2712 is a

replacing SynPCC7002_A2712

demonstrated neutral site

PcpcBA::Npun_R1711-Npun_R1711

SynPCC7002_A1414 encodes

GmR, replacing

Phosphenolpyruvate Carboxylase

SynPCC7002_A1414
Synechococcus_fuel4

PcpcBA::Npun_R1711- Npun_R1711

pAQ1 plasmid is a high copy

GmR, incorporating to endogenous

number endogenous plasmid in

pAQ1 plasmid

Synechococcus 7002
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Synechococcus_fuel1 Strain
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Figure 9 Map for expression plasmid pAQ1 ApR/GmR PcpcBA::sll0208-sll0209

The upstream DNA sequence of SynPCC7002_A1414 gene was amplified from
Synechococcus 7002 genomic DNA using by PCR primers A1414_1 and A1414_2EcoRI.
The downstream DNA sequence for SynPCC7002_A1414 gene was similarliy amplified
by PCR with primers A1414_3SalI and A1414_4. The PCR products were separated by
agarose gel electrophoresis and purified after extraction. The upstream DNA amplicon
was digested with restriction enzyme EcoRI and purified. The downstream DNA was
digested with restriction enzyme SalI and purified. The previous purified pAQ1 ApR/GmR
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expression plasmid PcpcBA::sll0208-sll0209, shown above in Figure 9, was digested with
restriction enzymes EcoRI, SalI and ScaI. The largest fragment after digestion was
electrophoretically separated, extracted and purified. The DNA fragment from vector
GmR PcpcBA::sll0208-sll0209 was ligated to the digested upstream and downstream DNA
fragments. The ligation product was mixed with 1.5 ml of wild-type Synechococcus 7002
cells with OD730 nm = ~0.7. The cell suspension was incubated with the ligation products
under standard growth conditions overnight. The 1.5-ml overnight culture was then
plated on agar plates prepared with medium A+ containing 20 µg gentamycin ml-1. After
about one week, individual colonies could be seen on the plates. Direct colony PCR was
performed with Sll_1NdeI and Sll_2BamHI primers to screen for the presence of sll0208sll0209 operon. After confirming that the genes were present in the cells of the colony,
the colony was streaked on a fresh agar plate prepared with medium A+ containing 20 µg
gentamycin ml-1. Purified strains were maintained on solid media until required for other
experimentation.

Synechococcus_fuel2 Strain
The construction of Synechococcus_fuel2 strain followed the same procedure of
constructing Synechococcus_fuel1 strain, except the SynPCC7002_A2712 upstream
flanking sequence was amplified by PCR with primers A2712_1 and A2712_2EcoRI.
The downstream flanking sequence for SynPCC_A2712 was amplified by PCR using
primers A2712_3SalI and A2712_4.

Synechococcus_fuel3 Strain
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Figure 10 Map of expression plasmid pAQ1 ApR/GmR harboring PcpcBA::NpunR1711NpunR1710

The upstream DNA sequence of SynPCC7002_A1414 gene was PCR amplified
with primers A1414_1 and A1414_2EcoRI. The downstream DNA sequence of
SynPCC7002_A1414 gene was PCR amplified with primers A1414_3SalI and A1414_4.
The PCR products were gel purified. The upstream DNA was digested with EcoRI
restriction enzyme and gel purified. The downstream DNA was digested with SalI
restriction enzyme and gel purified. The previous purified pAQ1 AmpR/GmR expression
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plasmid carrying PcpcBA:NpunR1711-NpunR1710, shown above in Figure 10, was
restriction digested with EcoRI, SalI and ScaI restriction enzymes. The larger fragment
after digestion was gel purified. The purified GmR PcpcBA:NpunR1711-NpunR1710
fragment was ligated to the digested downstream and upstream DNA fragments. The
ligated product was put into 1.5 ml wild type Synechococcus 7002 with OD730~0.7. The
1.5ml wild type culture with ligation product was incubated under normal condition
overnight. The overnight 1.5ml culture was then plated on gentamycin A+ agar plates.
After 1 week, single colonies could be seen on the gentamycin A+ plates. Direct colony
PCR was performed with Npun_1NdeI and Npun_2BamHI primers to screen the
incorporation of the npu:Npun R1711-Npun R1710 operon. After confirming
incorporation of the genes, the colony was streaked on a gentamycin A+ plate for future
experiment.

Synechococcus_fuel4 Strain
The ScaI digested pAQ1 AmpR/GmR expression plasmid 1µg of carrying
PcpcBA:NpunR1711-NpunR1710 was added to 1.5ml of wild type Synechococcus 7002
with OD730 ~ 0.7. The 1.5ml wild type culture with plasmid was incubated under normal
condition overnight. The overnight 1.5ml culture was then plated on gentamycin A+ agar
plates. After 1 week, single colonies could be seen on the gentamycin A+ plates. Direct
colony PCR was performed with Npun_1NdeI and Npun_2BamHI primers to screen the
incorporation

of

the

npu:NpunR1711-NpunR1710

operon.

After

confirming

incorporation of the genes, the colony was streaked on a gentamycin A+ plate for future
experiment.
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2.3 Results
Regardless of the difficulties in transforming foreign genes and toxic genes, it was
possible to obtain several transformed in this study. Through analytical PCR methods, the
alkanes biosynthesis genes were detected in transformed strains of Synechococcus 7002.
As shown in Figure 11, the sll0208-sll0209 operon was detected in the
Synechococcus_fuel1 strain through colony PCR. Further PCR testing using A1414_1
and A1414_4 primers and a restriction digestion study indicated that the sll0208-sll0209
operon

was

correctly

incorporated

into

SynPCC7002_A1414,

but

the

SynPCC7002_A1414 the wild-type and modified alleles were incompletely segregated.
Based on the intensity of the amplified DNA fragments, the copy number of the alkanes
genes was present in about half of the chromosome copies. The sll0208-sll0209 operon
was

also

successfully

incorporated

at

neutral

site

SynPCC7002_A2712

in

Synechococcus_fuel2 strain. Figure 12 shows that the sll0208-sll0209 operon could be
amplified by PCR from the Synechococcus_fuel2 strain. Complete segregation was
successfully obtained. As a result, the sll0208-sll0209 operon could be expressed stably
in the genome without interference from undeleted genes. An obvious conclusions is that
the product of SynPCC7002_A1414 is essential under the conditions tested.
N. punctiforme ADO was previously found to have the highest catalytic activity
among the enzymes studied (REF). It is a promising way to improve the production of
alkanes in principle. The Npu:NpunR1711-NpunR1710 operon was also successfully
incorporated into SynPCC7002_A1414 and into plasmid pAQ1, and the corresponding
strains were named Synechococcus_fuel3 and Synechococcus_fuel4, respectively (see
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Table 2). The Npu:NpunR1711-NpunR1710 operon can be amplified in the transformed
Synechococcus_fuel3 strain. Further PCR and restriction digestion experiments shown in
Figure 13 indicate that SynPCC7002_A1414 was only partially knocked down, as was
found for the Synechococcus_fuel1 strain (see above). Excitingly, the NpunR1711NpunR1710 operon could also be successfully integrated into the endogenous plasmid
pAQ1. However, the NpunR1711-NpunR1710 operon cannot be amplified directly in the
Synechococcus_fuel4 with flanking region primers due to interference from endogenous
wild-type pAQ1 plasmids. If the operon was correctly incorporated into the endogenous
pAQ1 plasmid, the homology region A to homology region B of pAQ1 AmpR/GmR
expression plasmid carrying PcpcBA:NpunR1711-NpunR1710 should be intact. Therefore,
the gene fragment can be specifically amplified from PcpcBA promoter to homology region
B. To verify the successful incorporation of N.Punctiforme operon into pAQ1, PCR was
carried out with designed PcpcBA and pAQ1_B primers. The fragment containing the
Npu:NpunR1711-NpunR1710 operon was successfully amplified using total DNA from
Synechococcus_fuel4 as well as the control pAQ1 AmpR/GmR expression plasmid
carrying PcpcBA::NpunR1711-NpunR1710, as shown in Figure 14. This fragment could
not be amplified using genomic DNA from wild type Synechococcus 7002. The
nucleotide sequences for the incorporated alkanes synthesis operons are provided under
each figure.
Nostoc. punctiforme ADO was examined previously to have the highest catalytic
activity. It is a promising way to improve the production of alkanes in theory.
Npu:NpunR1711-NpunR1710
SynPCC7002_A1414

and

operon
pAQ1

was
plasmid,

also

successfully

named

incorporated

into

Synechococcus_fuel3

and
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Synechococcus_fuel4 strain respectively. Npu:NpunR1711-NpunR1710 operon can be
amplified in the transformed Synechococcus_fuel3 strain. Further PCR test with A1414_1
and A1414_4 primers showed that the SynPCC7002_A1414 was still partially knocked
down as Synechococcus_fuel1 strain, shown in Figure 13. Excitingly, Npu:NpunR1711NpunR1710 operon was also integrated in pAQ1 plasmid. Npu:NpunR1711-NpunR1710
operon can not be amplified directly in the Synechococcus_fuel4 with flanking region
primers due to interference of high copy number of wild type pAQ1 plasmids. In order to
verify that the genes were correctly incorporated in pAQ1 plasmid, the fragment
containing the Npu:NpunR1711-NpunR1710 operon can be amplified specifically with
designed PcpcBA and pAQ1 primers, by amplifying from the PcpcBA promoter to pAQ1
homology region, shown in Figure 14. The nucleotide sequences for the incorporated
alkanes synthesis operons were provided under each figure.

2.4 Discussion
Transformation of Synechococcus 7002 with alkanes biosynthesis genes was quite
difficult. The transformation efficiency was very low, about 1 in 200 colonies. Typically,
more than 200 colony PCRs had to be screened to detect only a single transformed
colony. After a long period of time, the colonies that could not be detected with alkanes
biosynthesis genes would die out slowly by turning to yellow and white, while other
colonies transformed with alkanes biosynthesis genes were still green. Incorporation of
alkanes biosynthesis operons with strong promoter PcpcBA could disrupt lipid synthesis by
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pulling fatty acids into alkanes biosynthesis, which might disrupt normal metabolism
inside the cells and influence the membrane integrity. The alkanes biosynthesis operons
could not be detected in most colonies maybe due to toxic formate if not secreted
denatured important macromolecules, including DNA and proteins. The transformed
colonies may survive from the toxic effects through unknown mechanisms.
Four potential alkane-producing Synechococcus 7002 strains were successfully
constructed, based on the amplification of alkanes biosynthesis operons and segregation
results in the Synechococcus_fuel strains (see Table 2). Incorporation and segregation at
SynPCC7002_A1414 suggested that ppc gene is essential for the survival of the bacteria
and full segregation was not achieved even after several restreakings. Based on the
intensity of the amplicon bands on the agarose gel, the alkanes biosynthesis operons
appear to be present in about half of the chromosomes for both Synechococcus_fuel1 and
Synechococcus_fuel3 strains. The partial knockdown of the ppc gene causes obvious
growth defects in Synechococcus 7002, which supports the importance of this gene in
cyanobacteria. Incorporation and fully segregation of the Synechocystis 6803 alkanes
biosynthesis operon at a neutral site SynPCC7002_A2712 was achieved. The transformed
Synechococcus_fuel2 shows no growth defect and should be the most stable alkaneproducing strain. Despite the challenges presented by toxicity and transformation, the N.
punctiforme operon was successfully incorporated into the high copy number pAQ1
plasmid. Because of the nature of this high copy number plasmid, it is impossible to
convert all plasmids into plasmids containing the N. punctiforme operon, so in the
absence of selection, the transformed plasmids could revert to wild-type pAQ1. The copy
number of plasmids containing the Npu:NpunR1711-NpunR1710 operon might decrease
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over time due to the slow adaptation to the antibiotics. Even though there is a possible
stability issue in using plasmid pAQ1 as an expression platform, the expression level of
the operon on pAQ1 is much higher than other target sites because of gene dosage
effects. The Synechococcus_fuel4 strain should be the most productive strain for alkanes
production, considering the reported catalytic activity of N. punctiforme operon and high
plasmid copy number.
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Figure 11 sll0208-sll0209 operon partial replacing SynPCC7002_A1414 in
Synechococcus_fuel1 strain

Lane 1, Synechococcus_fuel1 strain; Lane 2, wild type Synechococcus 7002; Lane 3, wild
Synechocystis 6803. 2-log DNA ladder is shown in Lane L. The sll0208-sll0209 operon
was detected in the Synechococcus_fuel1 strain with sll_1NdeI and sll_2BamHI primers
(left panel). Lane 1, Synechococcus_fuel1 strain; Lane 2, wild type Synechococcus 7002.
2-log DNA ladder is shown in Lane L. A1414_1 and A1414_4 primers were used to
investigate

segregation.

The

upstream

and

downstream

sequences

of

SynPCC7002_A1414 were both ~700 bp. The GmR PcpcBA::sll0208-sll0209 operon
(3316bp) is slightly larger than SynPCC7002_A1414 (2988bp). Complete segregation of
SynPCC7002_A1414 could not be achieved even after several restreakings (middle
panel). Lane 1, After KpnI digestion; Lane 2, Before KpnI digestion. 2-log DNA ladder is
shown in Lane L. The PCR products obtained from the Synechococcus_fuel1 strain were
purified and digested with KpnI to reconfirm segregation cannot be achieved (right
panel).
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Nucleotide Sequence:
*Text in red shows the poly-His-tag
p1 primer:
>E12_s14-p1_2014-03-07
NNNNNNNNNNNNNNNNGNAGGAGATTANTTCCATGGGCCATCATCATCATC
ATCATCATCATCATCACAGCAGCGGCCATATCGAAGGTCGTCATATGCCCGAGCTTG
CTGTCCGCACCGAATTTGACTATTCCAGCGAAATTTACAAAGACGCCTATAGCCGCA
TCAACGCCATTGTCATTGAAGGCGAACAGGAAGCCTACAGCAACTACCTCCAGATGG
CGGAACTCTTGCCGGAAGACAAAGAAGAGTTGACCCGCTTGGCCAAAATGGAAAAC
CGCCATAAAAAAGGTTTCCAAGCCTGTGGCAACAACCTCCAAGTGAACCCTGATATG
CCCTATGCCCAGGAATTTTTCGCCGGTCTCCATGGCAATTTCCAGCACGCTTTTAGCG
AAGGGAAAGTTGTTACCTGTTTATTGATCCAGGCTTTGATTATCGAAGCTTTTGCGAT
CGCCGCCTATAACATATATATCCCTGTGGCGGACGACTTTGCTCGGAAAATCACTGA
GGGCGTAGTCAAGGACGAATACACCCACCTCAACTACGGGGAAGAATGGCTAAAGG
CCAACTTTGCCACCGCTAAGGAAGAACTGGAGCAGGCCAACAAAGAAAACCTACCC
TTAGTGTGGAAAATGCTCAACCAAGTGCAGGGGGACGCCAAGGTATTGGGCATGGA
AAAAGAAGCCCTAGTGGAAGATTTTATGATCAGCTACGGCGAAGCCCTCAGTAACAT
CGGCTTCAGCACCAGGGAAATTATGCGTATGTCTTCCTACGGTTTGGCCGGAGTCTA
GTCCCGGCTAGAAATATCTTCAACTATTTCATGAGCCCACAAATCCCAAGCTTCTTAG
GATCTGTGGGTTTTTCCCTATTCTGGAGTGCTTTTAGGAAGCTGGCCCATGCCAACGG
GAAGTTCGTCAAATTGTGCCATACTGNGTAAAGCTTTATGGCGATCGGAATCCGTTA
ACTNGAGCGGAAAGCGATACCTTCCC
T7 term primer:
>F12_s14-T7-term_2014-03-07
NNNNNNNNNNNNNNNNNNNTTCGGGCTTTGTTAGCAGCCGGATCCCTAAAG
AGCTACTAAAGGGCAAAAGCCATGCTTGACAGAAGCTTCACCAATCGCCTCCATTTT
ATTAACGGAAATTTGGTTGCGGCCCCAGGAAAAATTAGTGCGCCAGCCCTCAAACTC
TAGCAAAATGGCCTCCGCAAAACAGGCGAACATTTGCCGGGAGGGAATATCCATCTC
CACAATCTTCATAATTTCCCAGGTAATATCAAGGGAATGTTCTACAATCCCCCCCTTG
AGAATATGCACCCCATCCGCTTTCACCCTGGTGTCTAAATTCTTGGGATAGCCCCCAT
CCACAATCAAACAGGGCTTTTTCAGCATTTCCCCCGCAATTTCTACCCCCTTGGGCAT
ACTAGCCACCCAAACAATAATATCTGCCTGGGGCAGGGCTGTTTCCAAATCCATAAT
TTTGCCCCGACCCAATTCCTCTTGGAGATTTTCCAATCTTTGGCGGTTACGGGCAATT
AGCAATAATTCCTTAACTTGATGTTTGCTATCTAACCAACGACATACGGCGCTACCA
ATATCTCCCGTGGCGCCACAAACCGCTACCGTTGCCTGACTTAGATCAATACCCAAC
TGTTTAGCTCCAGACTCGACCTGACGGCAGATCACATAAGCGGTGTGGGTATTACCA
GTGGTGAACCGCTGAAAATCTAGTTCCACATTGCGGACTTGATTATTTTGCTTGAGGT
TAAATTCTTCAAATACGATTGAAGAAAAGCCTCCCAGGGCCGTAATATCCAAGCCCA
CCTTTTGGGCCAGGGCCATAGCATTGAGGATTTTACGAATGGCCGCTTTGATCCGCC
GTTGGGTTAACATTTCCGGCAAAAAGCAAGACTCCACATATTTGCCTTCAATCACCT
GCCCCGTCACACTTTTCACCTGAAAATTATCAACCACTTGGGGGAGGAGCCGAACAC
CAAAAATCCAGGCCTTGGTTGGCGTACTCAGGATAGCCTAAATCTTCAGCAACCGCT
TGGGGCGTGTTCTAAACTCCGGGAGATGACCAATAANGACCAAACATTNGATAATA
GTCCAGAATAAATAGGGNNAAGGTATCGCTTNNCNNNNCAGTTAACGACTCCGAAT
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NGCCATNAAGCTTTTNNNNNNTATGGGCCNAATTTTGANCAANNNTNCCCGNTNGGN
ANGGGNNNNNNN
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Figure 12 sll0208-sll0209 operon can be inserted into SynPCC7002_A2712 in
Synechococcus_fuel2 strain

Lane 1, Synechococcus_fuel2 strain; Lane 2, wild type Synechococcus 7002; Lane
3, wild Synechocystis 6803. 2-log DNA ladder is shown in Lane L. Synechocystis 6803
sll0208-sll0209 operon were detected in the Synechococcus_fuel2 strain with Sll_1NdeI
and Sll_2BamHI primers (left panel). Lane 1, Synechococcus_fuel2 strain; Lane 2, wild
type Synechococcus 7002. 2-log DNA ladder is shown in Lane L. PCR was carried out
with A2712_1 and A2712_4 primers to investigate segregation. The upstream and
downstream sequences of SynPCC7002_A2712 were both ~400 bp. The GmR
PcpcBA::sll0208-sll0209 operon was 3316bp and A2712 neutral site was 159 bp. Complete
segregation was confirmed in the Synechococcus_fuel2 strain (right panel).
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Nucleotide Sequences:
*Text in red shows the poly-His-tag
p1 primer:
E08_sllADO12-p1_2014-03-06
NNNNNNNNNNNNNANNNAGATTAATTCCNTGGGCCATCATCATCATCATCAT
CATCATCATCACAGCAGCGGCCNNATCNAAGGTCGTCATATGCCCGAGCTTGCTGTC
CGCACCGAATTTGACTATTCCAGCGAAATTTACAAAGACGCCTATAGCCGCATCAAC
GCCATTGTCATTGAAGGCGAACAGGAAGCCTACAGCAACTACCTCCAGATGGCGGA
ACTCTTGCCGGAAGACAAAGAAGAGTTGACCCGCTTGGCCAAAATGGAAAACCGCC
ATAAAAAAGGTTTCCAAGCCTGTGGCAACAACCTCCAAGTGAACCCTGATATGCCCT
ATGCCCAGGAATTTTTCGCCGGTCTCCATGGCAATTTCCAGCACGCTTTTAGCGAAGG
GAAAGTTGTTACCTGTTTATTGATCCAGGCTTTGATTATCGAAGCTTTTGCGATCGCC
GCCTATAACATATATATCCCTGTGGCGGACGACTTTGCTCGGAAAATCACTGAGGGC
GTAGTCAAGGACGAATACACCCACCTCAACTACGGGGAAGAATGGCTAAAGGCCAA
CTTTGCCACCGCTAAGGAAGAACTGGAGCAGGCCAACAAAGAAAACCTACCCTTAG
TGTGGAAAATGCTCAACCAAGTGCAGGGGGACGCCAAGGTATTGGGCATGGAAAAA
GAAGCCCTAGTGGAAGATTTTATGATCAGCTACGGCGAAGCCCTCAGTAACATCGGC
TTCAGCACCAGGGAAATTATGCGTATGTCTTCCTACGGTTTGGCCGGAGTCTAGTCCC
GGCTAGAAATATCTTCAACTATTTCATGAGCCCACAAATCCCAAGCTTCTTAGGATCT
GTGGGTTTTTCCCTATTCTGGAGTGCTTTTAGGAAGCTGGCCCATGCCAACGGGAAGT
TCGTCAAATTGTGCCATACTGTGTAAAGCTTTATGGCGATCGGAGTCGTTAACTGAG
CGGAAAGCGATACCTTCCCCTNNTTAATTCTGACTATTATCAATGTNTGGNNTTATTG
GTCATCNNNCGAAGTTTANAANNC
T7 term primer:
>F08_sllADO12-T7-term_2014-03-06
NNNNNNNNNNNNNNNNNNNNNNNNNNNTTGTTAGCAGCCGGATNCCTAANG
AGCTACTAAAGGGCAAAAGCCATGCTTGNNAGAAGCTTCACCAATCGCCTCCATTTT
ATTAACGGAAATTTGGTTGCGGCCCCAGGAAAAATTAGTGCGCCAGCCCTCAAACTC
TAGCAAAATGGCCTCCGCAAAACAGGCGAACATTTGCCGGGAGGGAATATCCATCTC
CACAATCTTCATAATTTCCCAGGTAATATCAAGGGAATGTTCTACAATCCCCCCCTTG
AGAATATGCACCCCATCCGCTTTCACCCTGGTGTCTAAATTCTTGGGATAGCCCCCAT
CCACAATCAAACAGGGCTTTTTCAGCATTTCCCCCGCAATTTCTACCCCCTTGGGCAT
ACTAGCCACCCAAACAATAATATCTGCCTGGGGCAGGGCTGTTTCCAAATCCATAAT
TTTGCCCCGACCCAATTCCTCTTGGAGATTTTCCAATCTTTGGCGGTTACGGGCAATT
AGCAATAATTCCTTAACTTGATGTTTGCTATCTAACCAACGACATACGGCGCTACCA
ATATCTCCCGTGGCGCCACAAACCGCTACCGTTGCCTGACTTAGATCAATACCCAAC
TGTTTAGCTCCAGACTCGACCTGACGGCAGATCACATAAGCGGTGTGGGTATTACCA
GTGGTGAACCGCTGAAAATCTAGTTCCACATTGCGGACTTGATTATTTTGCTTGAGGT
TAAATTCTTCAAATACGATTGAAGAAAAGCCTCCCAGGGCCGTAATATCCAAGCCCA
CCTTTTGGGCCAGGGCCATAGCATTGAGGATTTTACGAATGGCCGCTTTGATCCGCC
GTTGGGTTAACATTTCCGGCAAAAAGCAAGACTCCACATATTTGCCTTCAATCACCT
GCCCCGTCACACTTTTCACCTGAAAATTATCAACCACTTGGGGGAGGAGCCGAACAC
CAAAAATCCAGGGCTTGGGTTGGNGTACTNCGGGATAGCCTAAAATCTTTCAGCAAC
CCGCTTGGGGCGTGGTTNNAAANCNCNGGGAGAT
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Figure 13 NpunR1711-NpunR1710 operon partial replacing SynPCC7002_A1414 in
Synechococcus_fuel3 strain.

Lane 1, Synechococcus_fuel3 strain; Lane 2, wild type Synechococcus 7002; Lane 3, wild
N. puctiforme. 2-log DNA ladder is shown in Lane L. The NpunR1711-NpunR1710
operon could be amplified from the Synechococcus_fuel3 strain with Npun_1NdeI and
Npun_2BamHI primers (left panel). Lane 1, Synechococcus_fuel3 strain; Lane 2, wild
type Synechococcus 7002; 2-log DNA ladder is shown in Lane L. A1414_1 and A1414_4
primers were used to amplify the fragments to investigate segregation. The GmR
PcpcBA::NpunR1711-NpunR1710 (3234bp) is slightly larger than SynPCC7002_A1414
(2988bp). Complete segregation of SynPCC7002_A1414 was not achieved after several
restreakings (middle panel). Lane 1, After KpnI digestion; Lane 2, Before KpnI digestion.
2-log DNA ladder is shown in Lane L. The PCR products from Synechococcus_fuel3
were purified and digested with KpnI reconfirmed that the segregation cannot be
achieved (right panel).
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Nucleotide Sequence:
*Text in red shows the poly-His-tag
p1 primer:
>G12_n14-p1_2014-03-07
NNNNNNNNNNNNNNNANNAGGANNNTATTCCNTGGGCCATCATCATCATCA
TCATCATCATCATCACAGCAGCGGCNNTATCNAAGGTCGTCATATGCAGCAGCTTGC
TGACCAATCTANAGAATTACTTTTCAAGAGCGAAACATACNAAGATGCTTATNGCCG
GATTAATGNGATCGTGATTGAAGGGGAACANGAAGCCCATGAAAATTACATCACAC
TAGCCCAACTGCTGCCAGAATCTCATGATGAATTGATTCGCCTATCCNAGATGGAAA
GCCGCCATAANAAAGGATTTGAAGGTGGTGGCCNCCTTTTAGCTGTTCCCGCTAATT
TGCAATTTGCCGAATATTTTTTCTCCCTCCTACACCATTTTTTTCAAACTGCTGCCGCA
GAANGAAAAGTGGCTAGTTGTCTGTTGATTGATTCTTTAATTATTGAATGTGTTGCCA
TCGCCTCTTATAACTTTTTCCTCCCCGTTGACGACTATTTCCCCCGTAACATTACTGAA
GGAGTAGTTGACGAATACTACCACCTCNTCAATTTTGGAGAATGTTGGTTGAAAGAA
CACTTTGCCGAATCCAAAGCTGAACTTGANCTTGACAATCGCCAGATCCTACCCNTC
GGCTGGATGATGCTCCACCAAGTAGGAGGCGACGCCCAATCGATGGTGATGGAAAA
AGATGCTTTGGTAGATTACTTCATGATTTACTGTGATGAACTATTGAGTAACATTGGC
TTTTCGANNCACATTATGATGCGCTTGTCTCCTACTNGNCTCNNAGNTGCTTAAANNA
GTANCGAGTCAACNAGTGCTGAGTGATNANACATTAAATNNNNANCTTAGGAACTC
CTGACTCATNACTCNTAACNCCTAGCTCTCCTAAATTCGNCCCCTNGCTACGAGAAN
NTANGCCNTAATGATNCACTACNTGNTAGGCCTANTTGGNNATCNGANTAGTTTAAN
ANNNCGNNAANNCNNNCNCNCACCNATGGGATN
>H12_n14-T7-term_2014-03-07
NNNNNNNNNNNNNNNNCNNNNNNNNNNNNNNNNNCTTTGTNAGCAGCCGG
ATCCCTAAACAACACGGTCTAAATCCATGTTGCNNTGNCAACCGGTCAATCTGCTCC
ATTTTATCTACGGNAATCTGATTCCGTCCCCCCNAAAAGTTCGTGNATAACTTCTCCT
ATTCCACTAGCATTGATTCGGCAAAACAGGCAAACAACTGACGGGCTGGGGAATCC
ATATTGACTATTTCCATAATTTTCCAGTCGATATCCNGGGGATGCGCTACAATCCCCC
CCTTTAACACGTGTACGCCACGTTATTGAATTTTTGGTGCTAAGTTTTTAGGATATCC
ACCATCTATCCACTAACACGGGTGTTTCTCAGTGTTGGGGTCAATTTCCACACCTCTG
GGGGTACTAGCAACCCCCACTACAACATCGGCTTGGGGTAGTGGTTCTGTCAAACCC
ATGATTTTCCCCCCCCCCCCTTCTCCTTGCGACTATTTGAGACTCTCTTGATCGCGGGC
GATTAGCAGGAGTTCTTGGACATCTGATCTCNGNTCTAGCCAGCGTGACACGGCACT
ACCCATATCCCCAGTTGCTCCACATACCGCAACACNCTCGTTTGATAGATAAATTCCC
CCATGTGTGNATGCTTCTACCACCTGCTTACAAATAATGCATGCAGTATGCGNGTNTC
CTGNGNNGAANNGNNCTNACTCTCTCTTGATATTTCGNACACGNNTNAACTGCTCTA
ACTNNNAAATTNCACAAATACTCNAGGANAATCCNCTTANAGGTGCGATGTNAATG
CCGTGCTNCTGTGCATGGGGCATANCGTTGAGNNANNTTNCANGNNGNGNCTTTGAT
GCNNCCACTAGCTANANNTTNCCGGNAAAANAAGATCNNCATATCGTCCNTCAATTT
GTCNNCCACNACACTGNTNNNATNATAATNTCNACAATNTGGGGGNGGNNNTNCAC
CAAAAATCTAGCNCTTNNNNNGCNTATTCNGGG
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Figure 14 NpunR1711-NpunR1710 operon is inserted into plasmid pAQ1 in the
Synechococcus_fuel4 strain.

Lane 1, Synechococcus_fuel4 strain; Lane 2, wild type Synechococcus 7002; Lane 3, wild
N. puctiforme. 2-log DNA ladder is shown in Lane L. The NpunR1711-NpunR1710
operon was amplified from the Synechococcus_fuel4 strain with Npun_1NdeI and
Npun_2BamHI primers (left panel). Lane 1, Synechococcus_fuel4 strain; Lane 2, pAQ1
ApR/GmR carrying PcpcBA::NpunR1711-NpunR1710; Lane 3, wild type Synechococcus
7002. 2-log DNA ladder is shown in Lane L. To confirm that the alkanes biosynthesis
genes were transformed into the pAQ1 plasmid, primers PcpcBA and pAQ1 B were used to
amplify the inserted fragment. No product was obtained when wild-type Synechococcus
7002 DNA was used as template. However, amplicon was obtained when the template
DNA came from the Synechococcus_fuel4 strain. A product was also obtained when the
transforming plasmid, pAQ1 ApR/GmR carrying PcpcBA::NpunR1711-NpunR1710 was
used as control (right panel).
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Nucleotide Sequence:
*Text in red shows the poly-His-tag
p1 primer:
>G08_npunp-p1_2014-03-06
NNNNNNNNNNNNNNNGGAGANTATTCCNTGGGCCATCATCATCATCATCATC
ATCATCATCACAGCAGCGGCCATATCGAAGGTCGTCATATGCAGCAGCTTACAGACC
AATCTAAAGAATTAGATTTCAAGAGCGAAACATACAAAGATGCTTATAGCCGGATTA
ATGCGATCGTGATTGAAGGGGAACAAGAAGCCCATGAAAATTACATCACACTAGCC
CAACTGCTGCCAGAATCTCATGATGAATTGATTCGCCTATCCAAGATGGAAAGCCGC
CATAAGAAAGGATTTGAAGCTTGTGGGCGCAATTTAGCTGTTACCCCAGATTTGCAA
TTTGCCAAAGAGTTTTTCTCCGGCCTACACCAAAATTTTCAAACAGCTGCCGCAGAA
GGGAAAGTGGTTACTTGTCTGTTGATTCAGTCTTTAATTATTGAATGTTTTGCGATCG
CAGCATATAACATTTACATCCCCGTTGCCGACGATTTCGCCCGTAAAATTACTGAAG
GAGTAGTTAAAGAAGAATACAGCCACCTCAATTTTGGAGAAGTTTGGTTGAAAGAAC
ACTTTGCAGAATCCAAAGCTGAACTTGAACTTGCAAATCGCCAGAACCTACCCATCG
TCTGGAAAATGCTCAACCAAGTAGAAGGTGATGCCCACACAATGGCAATGGAAAAA
GATGCTTTGGTAGAAGACTTCATGATTCAGTATGGTGAAGCATTGAGTAACATTGGT
TTTTCGACTCGCGATATTATGCGCTTGTCAGCCTACGGACTCATAGGTGCTTAAAAAA
GTACCGAGTAACGAGTGCTGAGTGCTGAGTAGTTTAAATTCAGAACTCAGAACTCCT
AACTCACAACTCCTAACTCCTAACTCTCCTAAATTCCCCCCGCGCTCAAGATAGCATA
AGCCTAATAATCACTACATGTTTGGTCTAATTGGACATCTGACTAGTTTAGAACACGC
TCAAGCCGTAGCCCAAGAATTGGGATACCCAGAATATGCCGATCAAGGGCTAGACTT
TTGGTGCAGCGCCCCGCCGCAAATTGTCGATAGTATTATTGTCACCAGTGTTACTGGN
CAACAAATTGAAGGACGATATGTAGAATCTTNNNTTTTTGCCGGAAATGCTAGCTAG
TCGNCNCATCAAANN
T7 term primer:
>H08_npunp-T7-term_2014-03-06
NNNNNNNNNNNCTNNTTCGGGCTTTGTTAGCAGCCGGATCCCTAAACCAACA
ACGGTCTAAATCCATGTTTTACTGACACCCGGCCAATCTGCTCCATTTTATCTACGGT
AATCTGATTCCGTCCCCACGAAAAGTTCGTGTATAACTTCTCAAATTCCAGTAGCATT
GATTCGGCAAAACAGGCAAACAACTGACGGGCTGGCACGTCCATATTGACTATTTTC
ATAATTTTCCAGTCAATATCCAGGGAATGCTCTACAATCCCACCATTTAACACGTGTA
CGCCAGGATATTGAATTTTTGTTGCTAAGTTTTTAGGATAGCCACCATCAATCAACAA
ACAGGGTTGTTTCAAAGTGGTGGGGTCAATTTCCACGCCTCTGGGCATACTAGCAAC
CCAAACTACAACATCGGCTTGGGGTAGTGCTTCTGTCAAACCCATGATTTTCCCCCGC
CCCAGTTCGCCTTGCAACTCTTTGAGACGTTCTTGATCGCGGGCGATTAGCAGGAGTT
CTTGGACATCTGTTCTCGCATCTAGCCAGCGTGTAACGGCACTACCAATATCCCCAGT
TGCTCCACATACCGCAACAGTCGCGTTTGATAGATTAATTCCCAGTTGTTTGGATGCT
TCTTCCACCTGCTTACAAATAATGTAGGCAGTATGCGTGTTTCCTGTGGTGAAGCGTT
CAAACTCTAGCTTGATATTTCGGACTTGGCTAAACTGCTCTAACTTAAAGTTTTCAAA
AATAATCGAGGAAAATCCGCCTAAAGCTGTGATGTTAATGCCGTGCTTCTGTGCATG
GGCCATAGCGTTGAGGATTTTCCGTGTTGCGGCTTTGATGCGGCGACTAGCTAGCATT
TCCGGCAAAAAGCAAGATTCTACATATCGTCCTTCAATTTGTTGCCCAGTAACACTG
GTGACAATAATACTATCGACAATTTGCGGCGGGGCGCTGCACCAAAAGTCTAGCCCT
TGATCGGCATATTCTGGGTATCCCAATTCTTGGGCTACGGCTTGAGCGTGTTCTAAAC
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TAGTCAGATGTCCAATTAGACCAAACATGTAGTGATTATTAGGCTTATGCTATCTTGA
GCGCGGGGGGAATTTAGGAGAGTTAGGAGTTAG
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Chapter 3
Protein Production, Purification and Enzyme Assays

3.1 Introduction
From Chapter 2, Synechococcus 7002 was successfully transformed with alkanes
biosynthesis operons from two other cyanobacteria. The transformed strains should
potentially produce alkanes. However, even though the genes were stably incorporated
into the Synechococcus 7002 chromosome or plasmid pAQ1, it is unknown whether
these genes are expressed and if so, to what extent and when. The expression of the genes
should be investigated before attempting to detect alkanes. The proteins Aldehyde
Decarbonylating Oxygenase (hereafter ADO) and Acyl-ACP Reductase (hereafter AAR),
the final products of expression of alkanes biosynthesis operon, must be detected and
characterized to demonstrate the correct gene expression is occurring. During the plasmid
construction, a poly-histidine tag was inserted at the N-terminal of ADO. Thus, SDSPAGE and immunoblotting can be used to detect ADO.
The poly-histidine tag can also be used to purify ADO through affinity
chromatography. A decarbonylase assay was used to investigate the activity of the
purified ADO. ADO is a di-iron oxygenase and incorporation of iron into the catalytic
site is critical to the activity of the protein (6). A ferrozine assay can be used to examine
the iron content of the purified ADO. There is still some debate among researchers who
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question whether the metal (Fe) found in ADO expressed in E. coli represents the metal
ion(s) that occur in the native enzyme. Targeted mutagenesis was done to replace two
conserved tyrosine residues responsible for forming the iron(III)-tyrosyl radical cofactors
in other di-iron enzymes, but these mutations had no effects on the activity of ADO.
Therefore, researches could not exclude the possibility that ADO has a stable
manganese/iron cofactor at the active site (5). By expressing ADO in a cyanobacterium,
Synechococcus 7002, it should be possible to establish the actual metal content of the
enzyme by performing Inductively-Coupled-Plasma Atomic Emission Spectroscopy
(ICP-AES).

3.2 Material and Methods

3.2.1 SDS-PAGE
Aliquots (2.0 ml) of a cell culture (OD730

nm

= 2.0) were harvested by

centrifugation, and the supernatants were removed. BugBuster® Master Mix (80 µl;
Merck KGaA, Darmstadt, Germany) was used to suspend each cell pellet. The
suspensions were then shaken for 10 min. Then 20 µl of 5× SDS loading buffer was
added to each cell suspension, and the samples were incubated in boiling water for 20 s.
The samples were electrophoresed on a 12% (w/v/) polyacrylamide gel for 40 min
together with with Pageruler Prestained Protein Ladder (Thermo Scientific Inc., 3747N.
Meridian Road, Rockford, IL USA 61105) (19). After electrophoresis, the gel was stained
with Coomassie blue stain solution (2.5g Coomassie Brilliant Blue R250 in per L of 50%
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methanol, 10% acetic acid in ddH2O) for 4 h and destained with destaining solution (12%
acetic acid and 20% v/v methanol per L of ddH2O) overnight.

3.3.2 Immunoblotting Assay
The proteins separated by SDS-PAGE were transferred to Protran BA83
nitrocellulose membrane (Whatman GmbH, Germany) by a semi-dry electrophoretic
method. The nitrocellulose membrane was then blocked with 1% BSA in TBST buffer
(137 mM NaCl, 20 mM Tris-HCl, 0.1% (w/v) Tween®, pH 7.6) for 1 h. The
nitrocellulose membrane was incubated with rabbit antibodies raised against the 6×-His
epitope and conjugated to peroxidase (Rockland, Inc, 191 Thomaston Street Rockland,
ME 04841) in 1% BSA-TBST buffer for 1 h. After the incubation, the nitrocellulose filter
was washed three times for 5 minutes with TBST buffer. The nitrocellulose membrane
was treated with Pierce ECL immunoblotting chemiluminescence substrate (Thermo
Scientific

Inc.,

3747N.

Meridian

Road,

Rockford,

IL

USA

61105).

The

chemiluminescence was detected with photosensitive film, and the film was treated in
Typhoon 9400 to show the presence of the proteins.

3.2.3 Ni2+ Affinity Column Purification
Large scale purification
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Synechococcus_fuel strains (2-3 L) were harvested at OD730 nm = 2.0 and
centrifuged with SORVALL® SLC-4000 at 13,000g for 30min. The cell pellet (~10 g
total wet weight) was resuspended with 50 mL lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0). The cells were broken using a chilled French pressure
cell operated at 138 MPa at 4°C. The 50ml cell lysate was centrifuged with SORVALL®
SLC-1500 rotor at 29,000g for 20min, and the supernatant was transferred to a clean 50mL tube. The supernatant was shaken with High-Density Nickel resin (GOLD
BIOTECHNOLOGY, 1328, Ashby Rd., St. Louis, MO 63132) for 1 h on ice, and the
resulting mixture was used to pack a column~30ml. After the column was packed, 400ml
wash buffer (50 mM NaH2PO4 300 mM NaCl 40 mM imidazole, pH 8.0) was used to
remove unbound protein. After the column had been extensively washed, bound protein
was eluted with 50mL elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole, pH 8.0), and fractions were collected. The eluted protein sample(s) were
dialyzed against 4 L of 50 mM phosphate buffer, pH 8.0, for 1 h. After dialysis, the
protein sample was concentrated by ultrafiltration using a Centriprep® Centrifugal Filter
Ultracel® 10K with SORVALL® SLC3000-rotor at 10,000g for 1h to obtain a final
volume of 3-4 ml.
Small Scale Purification
Synechococcus_fuel strains (200 ml) were harvested at OD730 nm = 2.0 and
washed by centrifugation. The cell pellet (~0.5 g total wet weight) was resuspended with
10 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0). The
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remaining purification procedures were similar to those for large-scale purification except
that a smaller column (~4 ml) was packed and the final protein volume was ~1 ml.

3.2.4 Protein Concentration Determination
The protein stock solutions were diluted 40 times in a cuvette. The absorbance
spectrum was measured using Genesys 10UV spectrometer (Thermo Fisher Scientific, 81
Wyman St, Waltham, 02452). The calculated extinction coefficient at 280 nm for the
ADO proteins is 22920 M-1cm-1 for ADOs (calculated using sequences for the enzymes
and the ExPASy Bioinformatics Research Portal). According to the Beer-Lambert Law,
A=εcl, the concentration of diluted protein samples can be calculated.

3.2.5 Decarbonylase Assay
The ADO assay was carried out in a final volume of 100 µL. It contained the
following components: 10 µM ADO enzyme solution, 100 µM octadecanal, 1 mM
NADPH, 50 µg/mL ferredoxin, 50 mU/mL spinach ferredoxin:NADP+ reductase, 0.1 %
Triton X-100, 100 mM HEPES buffer, pH 7.4, 10% (v/v) glycerol. Reaction mixtures
were incubated in 37 °C water bath for 5 min. For heptadecane analysis, assays were
quenched and extracted by addition of an equal volume of ethyl acetate subsequent to the
addition of hexadecane as an internal standard. Extracted samples were analyzed on a
Shimadzu GC-17A gas chromatograph connected to a Shimadzu GCMS-QP500 mass
spectrometer using a HP-5-MS 30 m column (ID: 0.25 narrow bore; film: 0.25 µm)
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(Agilent Technologies; Foster City, CA). The inlet and oven temperatures were set to 320
and 80 °C, respectively. Upon injection, the oven temperature was maintained at 80 °C
for 5 min before being ramped up to 320 °C at 35 °C/min. Upon reaching 320 °C, this
temperature was held for an additional 5 min. Total ion chromatograms were generated
by scanning from 50-500 m/z. Under conditions of single ion monitoring (SIM), m/z
values of 71 and 82 were monitored (20).

3.2.6 Ferrozine Assay
Standard curve for Fe2+ concentration versus absorbance at 562 nm in the
ferrozine assay
A stock solution of 100 mM ferrous ammonium sulfate (Fe(NH4)2(SO4)2 ) was
prepared by completely dissolving the solid in 30% H2SO4. The solution should be green
to indicate low oxidation level of Fe2+. A solution of 7.5 mM ascorbic acid solution was
prepared as an antioxidant solution for dilution purposes. A ferrozine stock solution (10
mM) and 5 M ammonium acetate buffer solution (pH 9.5, adjusted with 30% ammonium
hydroxide) were also prepared. The ferrous iron stock solution was diluted with 7.5 mM
ascorbic acid to make 1.0 mL each of 10 µM, 8 µM, 6 µM, 4 µM, 2 µM and 1 µM ferrous
iron solutions. Ferrozine solution (100 µL of the 10 mM stock) and 50 µL of 5 M
ammonium acetate buffer were added in a cuvette. For the blank, 1 mL of 7.5 mM
ascorbic acid solution was added. The Genesys 10UV spectrometer (Thermo Fisher
Scientific, 81 Wyman St, Waltham, 02452) was zeroed the latter solution at 562 nm. For
the remaining standard solutions, 1mL of each standard solution was added to the cuvette
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(the solutions turn purple after mixing). The absorbance at 562 nm was measured
immediately and recorded according to each standard solution. The data was plotted in
Excel to produce a standard curve.
Ferrozine Assay for ADO
The ferrozine assay was performed in a final volume of 150 µl (final protein
concentration of 22.7 µM). The amount of protein added can be adjusted depending on
the concentration of the stock solution. TCA (10 µ 50% w/v trichloroacetic acid) was
added to the protein samples, and the mixed solutions were incubated for 5 min to allow
precipitation of proteins. The precipitate was removed by centrifugation, and the
supernatant was transferred to a fresh tube. 5µl 10mM Ferrozine solution (5 µl of a 10
mM stock solution) and 2.5 µl of 5 M ammonium acetate were added to the supernatant.
The volume was adjusted to 150 µl with 7.5 mM ascorbic acid solution. The absorption
of the sample was then measured at 562 nm as described above.

3.2.7 Inductively-Coupled-Plasma Atomic Emission Spectroscopy (ICP-AES)
The ADO sample was prepared in 5 ml. The total preparation consisted of 2.5 ml
7% (v/v) nitric acid, purified ADO (10 µM final concentration in 5ml) and ddH2O was
added to produce a total volume of 5.0 ml. The prepared sample was incubated at room
temperature overnight. The sample was centrifuged with SORVALL® SLC-1500 rotor at
29,000g for 2min. The clear supernatant was transferred to a clean tube and sent to Penn
State Emission Spectroscopy Lab for analysis.
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3.3 Results
As shown in Figures 15 and 16, the poly-histidine tagged Synechocystis 6803
ADO was expressed in the Synechococcus_fuel1 and Synechococcus_fuel2 strains, and
the immunoblotting analiysis showed that the fairly intense bands at 26-kDa on SDSPAGE were in fact the Synechocystis 6803 ADO. From the data shown in Figures 17 and
18, N. punctiforme ADO was similarly expressed in the Synechococcus_fuel3 and
Synechococcus_fuel4 strains. The Synechocystis 6803 ADO and N. punctiforme ADO
were purified from Synechococcus_fuel2 strain and Synechococcus_fuel4 strains
accordingly, and the purity of purified ADOs was assessed by SDS-PAGE. Based on the
information in these Figures 15 to 18, ADO polypeptides were confirmed to be highly
expressed. However, these data do not show whether AAR was also expressed. Because
the Synechococcus_fuel4 strain had the highest expression of N. punctiforme ADO, it
seemed most likely that AAR was also expressed in this strain. The SDS-PAGE analysis
of whole cell extracts for the Synechococcus_fuel4 strain was improved as shown in
Figure 19. The N. punctiforme ADO was again highly expressed, as shown by the 26-kDa
polypeptide that was readily visible. However, a ~37-kDa polypeptide was also readily
apparent,

which

was

not

present

in

wild-type

Synechococcus

7002

and

Synechococcus_fuel2, which has a fair high level expression of Synechocystis 6803
ADO. According to its size, this ~37-kDa polypeptide is likely to be AAR. The N.
punctiforme ADO and Synechocystis 6803 ADO were purified through Ni2+ affinity
chromatography. As shown in Figure 20, the ADOs were sufficiently pure for conducting
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subsequent protein assays. The decarbonylase assays for the purified ADOs were
conducted and were compared to results obtained for the N. punctiforme ADO purified
from iron-supplemented E. coli (shown in Figure 21). Based on the decarbonylase assay
results, both Synechocystis 6803 ADO and N. punctiforme ADO purified from
Synechococcus 7002 had enzymatic activity, which indicates the correct enzymes were
expressed. The N. punctiforme ADO from iron-supplemented E. coli had much higher
activity than the enzyme purified from the Synechococcus_fuel4 strain. However, N.
punctiforme ADO from strain Synechococcus_fuel4 had higher activity than
Synechocystis 6803 ADO from strain Synechococcus_fuel2. Cyanobacterial ADO is a diiron oxygenase (6). Therefore, adequate iron incorporation into the enzyme is critical for
the catalytic function. To investigate the relationship between catalytic differences of
these ADOs and iron incorporation, further protein assays were conducted. Through
ferrozine assay and ICP-AES assay, the Fe and protein ratio can be determined.
Theoretically, for a di-iron ADO enzyme with one active site per monomer, the
Fe:protein ratio equals 2.0 the enzyme is fully saturated with Fe. A standard curve for the
ferrozine assay was generated to calculate the Fe2+ concentration, which has a linear
regression equation of y = 0.0207x + 0.0063. Based on the data in Table 3, the
absorbance at 562 nm for 22.7 µM of Synechocystis 6803 ADO (since the final protein
concentration was standardized to 22.727 µM, as mentioned in the methods) was 0.074,
which was in within the range of the standard curve. Based on the linear regression
equation, the concentration of iron was 3.27 µM in final volume 150 µL. The iron:protein
ratio was 0.144:1, which means the di-iron:protein ratio was 0.072:1, because ADO is a
di-iron oxygenase. The same principle applies to calculating the Fe:protein ratio and di-
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iron:protein ratio for N. punctiforme ADO. The ratios were 0.148:1 and 0.074:1,
respectively. For the ICP-AES result for Synechocystis 6803 ADO, the final
concentration of Synechocystis 6803 ADO was 10 µM in a total volume of 5 mL (1.3 mg
in 5 mL). From the ICP-AES results presented in Table 3, iron was the only transition
metal ion present, and the suspected manganese ion was not present. The iron
concentration reported in Table 3 was 0.09 µg/ml. After calculation, the concentration of
iron was 1.61 µM. Because the final concentration for the protein was 10 µM, the
iron:protein ratio and di-iron/protein ratio were 1.61:1 and 0.0805:1. The Fe assays
suggested that both 6803 ADO and N. punctiforme ADO from 7002 were severely Fe
deficient, but on the other hand, these enzyme preparations had the decarbonylase
activities shown in Figure 21. Because the ADOs were Fe deficient, Fe2+ (prepared in
7.5mM ascorbic acid) addition to the enzymes might increase the activity. Decarbonylase
assays after Fe2+ addition were conducted to determine if in vitro Fe supplementation
would increase the decarbonylase activity. The Fe2+ solution was made freshly and added
to the sample to make a final concentration of 20 µM (enough to saturate the 10 µM
ADOs used in the assay). In Figure 23, the enzymatic activities did not change and were
similar to the activities observed in Figure 21. ADOs purified from iron-supplemented
Synechococcus_fuel strains did not help to improve the Fe incorporation and enzymatic
activity as well (data not shown).
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3.4 Discussion
Based upon protein production, protein purification and enzymatic activity assays,
two alkanes biosynthesis operons were correctly expressed in Synechoccus_fuel strains
and the ADOs were functional based on the catalytic activity. Based upon the data in
Figure 15 to Figure 18, ADO was produced at a much higher level when the alkanes
biosynthesis genes were incorporated on endogenous plasmid pAQ1. Expression of ADO
from a fully segregated neutral site SynPCC7002_A2712 gave a higher expression level
than a partially segregated strain at SynPCC7002_A1414. This suggests that gene copy
number played a clear role in allowing higher levels of operon expression. The AAR was
indeed expressed, but at lower level compared to ADO, and was only visible strain with
the highest level of ADO expression, Synechoccus_fuel4 (shown in Figure 19). This
might be caused by a polarity effect due to the arrangement of the operon. Throughout
alkanes biosynthesis operons in cyanobacteria, there are ~200 base pairs of noncoding
DNA between the ado gene and the aar gene. These noncoding regions might further
enhance the polarity of gene expression in the alkanes biosynthesis operon. Because both
genes of the biosynthesis operons were expressed, the pathway for alkanes biosynthesis
was completed in Synechococcus_fuel strains. Therefore, theoretically speaking, alkanes
should be produced by these strains. Conversely, alkanes production would verify that
both enzymes were being expression. .
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A problem with the purified ADOs was found by several protein assays. The
ADOs purified from Synechococcus 7002 were iron-deficient. Decreased catalytic
activity results from this iron deficiency. To determine if in vitro iron addition could
increase the catalytic activity of the ADO, an iron solution (prepared with Fe2+) was
directly supplied to the enzyme, but this did not improve the catalytic activity. This
indicates that Fe2+ or Fe3+ is probably incorporated into the enzyme during protein
translation and folding. However, N. punctiforme ADO had a higher catalytic activity
than Synechocystis 6803 ADO, which suggested that the two ADOs purified from the
different strains were converted into holoproteins differently. Iron supplementation of the
growth media for the cultures did not help to increase the Fe incorporation in ADO. This
may indicate that Synechococcus 7002 cells may not actively take up additional iron
because the iron concentration is sufficient in the media even without iron supplement.
Ni2+ affinity chromatography is still a fairly good purification method, which has
less impact on the real nature of the proteins. The low iron:protein ratio can still give
some indications about iron deficiency of ADOs. Approaches should be examined to
improve the activity of the ADO in the future, because the catalytic activity of ADO will
play a very important role in alkanes production. According to the result from ICP-AES
assay, it can be confirmed that the purified Synechocystis 6803 ADO did not contain
manganese ions, and the only transition metal detected was iron. This result supports the
hypothesis that cyanobacterial ADOs are di-iron oxygenases.
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Figure 15 SDS-PAGE analysis of whole-cell extracts of strains of Synechococcus 7002
producing Synechocystis 6803 ADO.

Whole-cell extracts of Synechococcus 7002 strains were analyzed by SDS-PAGE and
Coomassie blue staining. Lane, 1, Synechococcus 7002 wild type control cells; Lane 2,
Synechococcus 7002_fuel1 cells; Lane 3, Synechococcus_fuel2 cells. The arrow on the
right points to a 26-kDa polypeptide seen in strains harboring the gene encoding
Synechocystis 6803 ADO. Molecular mass markers (lane M, sizes in kDa) are shown at
the left.
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Figure 16 Immunoblotting analysis of Synechococcus 7002 strains harboring the
Synechocystis 6803 ADO gene.

SDS-PAGE (see Figure 15) was performed to resolve proteins from whole-cell extracts
of Synechococcus 7002. A peroxidase-conjugated rabbit antibody to the poly-histidine
tag as used to detect the Synechocystis 6803 ADO polypeptide by chemiluminescence. As
expected no protein was detected in the Synechococcus 7002 wild type control cells
(Lane 1), but a 26-kDa (see Figure 15) was detected in Synechococcus_fuel1 (Lane 2)
and Synechococcus_fuel2 cells (Lane 3). The bars at the left indicate the sizes of marker
proteins in kDa.
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Figure 17 SDS-PAGE analysis of whole-cell extracts of strains of Synechococcus 7002
producing N. punctiforme ADO.

Whole-cell extracts of Synechococcus 7002 strains were analyzed by SDS-PAGE and
Coomassie blue staining. Lane, 1, Synechococcus 7002 wild type control cells; Lane 2,
Synechococcus 7002_fuel3 cells; Lane 3, Synechococcus_fuel4 cells. The arrow on the
right points to a 26-kDa polypeptide, the anticipated size for ADO, seen in strains
harboring the gene for N. punctiforme ADO. Molecular mass markers (Lane M, sizes in
kDa) are shown at the left.
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Figure 18 Immunoblotting to detect that N. punctiforme ADO polypeptide using rabbit
antibodies to its poly-histidine tag.

SDS-PAGE (see Figure 17) was performed to resolve proteins from whole-cell extracts
of Synechococcus 7002. A peroxidase-conjugated rabbit antibody to the poly-histidine
tag as used to detect the Synechocystis 6803 ADO polypeptide by chemiluminescence. As
expected, no protein was detected in the Synechococcus 7002 wild type control cells
(Lane 1), but a 26-kDa (see Figure 15) was detected in Synechococcus_fuel3 (Lane 2)
and Synechococcus_fuel4 cells (Lane 3). The bars at the left indicate the sizes of marker
proteins in kDa.
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Figure 19 SDS-PAGE analysis of AAR expression in Synechococcus_fuel4 strain

Whole-cell extracts of Synechococcus 7002 strains were analyzed by SDS-PAGE and
Coomassie blue staining. Lane 1, Synechococcus 7002 wild type control cells; Lane 2,
Synechococcus fuel2 cells; Lane 3, Synechococcus_fuel4 cells. One arrow (ADO) on the
right points to a 26-kDa polypeptide, the anticipated size for ADO; the other arrow on the
right points to a ~37-kDa polypeptide (missing in lane 1 and lane 2), which has the
anticipated size for AAR. The AAR polypeptide is seen much more clearly in the
Synechococcus_fuel4 strain, which had the highest expression level for the N.
punctiforme alkanes biosynthesis operon. Molecular mass markers (lane M, sizes in kDa)
are shown at the left.
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Figure 20 SDS-PAGE analysis of two purified ADO enzymes.

Two different cyanobacterial ADOs were purified by metal affinity chromatography, and
the purified proteins were analyzed by SDS-PAGE. Lane 1, purified ADO from N.

!

!

punctiforme (~1µg). Lane 2, purified ADO from Synechocystis 6803 (~1µg). Lane M,
PageRuler Protein molecular mass markers with sizes in kDa indicated.
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Figure 21 Decarbonylase Assays for purified ADO enzymes.

Decarbonylase assays were conducted with purified ADO preparations. The internal
standard peaks (hexadecane, eluting at ~ 9min) were normalized to the same
height/value. The product peaks (heptadecane, eluting at ~ 9.5 min) then show the
relative activity of the different ADO enzymes. N. punctiforme ADO purified from E.
coli (green line) with iron supplementation had the highest activity. N. punctiforme ADO
purified from the Synechococcus_fuel4 strain (red line) had much lower activity than N.
punctiforme ADO purified from E. coli (green line), but had higher activity than
Synechocystis 6803 ADO (blue line).
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Figure 22 Standard curve for Fe2+ concentration based on the ferrozine assay
(absorbance at 562 nm).

This standard curve for iron in the ferrozine assay was measured with standard solutions
of ferrous ammonium sulfate. The Fe2+ concentration and absorbance at 562 nm were
linear with a linear regression equation of y = 0.0207x + 0.0063.
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Table 3 Iron content of ADO preparations as determined by the ferrozine assay and
ICP-AES assay for Synechocystis 6803 and N. punctiforme ADO
Proteins
Abs at
Final Fe
Iron:protein Di-iron:protein

Synechocystis

562nm

Concentration

ratio

Ratio

0.074

3.27 µM

0.144:1

0.0719:1

0.076

3.37 µM

0.148:1

0.074:1

6803 ADO
N. punctiforme
ADO

The iron concentration from the ferrozine assay was calculated based on the linear
regression equation determined from the standard curve. The iron:protein ratio was
determined based on calculated concentrations of iron and final concentration of protein
in the assay of 22.7 µM. For ICP-AES assay, the amount of ions and the concentration of
ions were shown per 10 µM protein.
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Figure 23 Decarbonylase assay after in vitro addition of Fe2+ to purified ADOs

Decarbonylase assays were conducted with the purified ADOs. The internal standard
peaks (hexadecane, eluting at ~ 9min) were standardized to the same height. The relative
product peaks (heptadecane eluting at ~ 9.5 min) are shown accordingly The ADO
enzymatic activities did not change significantly after addition of 20µM Fe2+ prepared in
7.5mM ascorbic acid.
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Chapter 4
GC-MS Quantitative Analysis of Alkanes Production

4.1 Introduction
Alkanes are straight-chain saturated hydrocarbons, with the general chemical
formula, CnH2n+2. In crude oil, Alkanes make up about 40-50% by weight (21). Through
crude oil refining process, alkanes mixtures can be separated and refined into different
useful components: petrol (C5H12 to C8H18), diesel and jet fuel (C9H20 to C16H34), and
other fuel oil and lubricating oil (22).
In cyanobacteria, two distinct pathways have been identified to produce
alka(e)nes. The AAR/ADO pathway is responsible for producing mainly heptadecane
among most of cyanobacteria examined possessing this pathway. The OLS (olefin
synthesis) pathway with end products containing mainly heptadecene and nonadecene
involves a polyketide synthase pathway and olefin synthase pathway (8). Based on the
carbon number, the alka(e)nes found in cyanobacteria are potential biodiesel and jet fuel
sources after isolation and refining.
The long-chain alkanes are very hydrophobic, so their secretion is unlikely to
occur. An effective extraction method must be developed for detection and future
purification purposes. According to Wang et al. (23), methanol:chloroform (1:2) seems to
be a very effective solvent system for extracting alkanes. Therefore, methanol:chloroform
was applied as the main extraction system with attempts of other solvent systems.
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4.2 Material and Methods

4.2.1 Extraction from Whole Cell
The alkanes producing strains were grown to an approximate OD730 nm = 2.0.
Cells from an aliquot (2.0 ml) of cell culture were collected by centrifugation, and the
resulting pellet was resuspended in ddH2O (100 µl). The cell suspension was transferred
into a glass tube. An internal standard (1.0 ml of 20 µM hexadecane in
methanol:chloroform, 1:2) was then added to the cell suspension, and the mixture was
shaken for 1 h. After that, the suspension was spin at 6000g for 10 min. The bottom layer
was then transferred to a clean glass tube for evaporation overnight. After drying, ethylacetate (200 µl) was added to each glass tube and mixed well.

4.2.2 Gas Chromatography- Mass Spectra (GC-MS) Analysis
Extracted samples were analyzed on a Shimadzu GC-17A gas chromatograph
connected to a Shimadzu GCMS-QP500 mass spectrometer using a HP-5-MS 30 m
column (ID: 0.25 narrow bore; film: 0.25 µm) (Agilent Technologies; Foster City, CA).
The inlet and oven temperatures were set to 320 °C and 80 °C, respectively. Upon
injection, the oven temperature was maintained at 80 °C for 5 min before being ramped
up to 320 °C at 35 °C/min. Upon reaching 320 °C, this temperature was held for an
additional 5 min. Total ion chromatograms were generated by scanning from 50-500 m/z.
Under conditions of single ion monitoring (SIM), m/z values of 71 and 82 were
monitored (20).
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4.2.3 Alkanes Production Time Course
Cells of the Synechococcus_fuel4 strain were inoculated into 200 ml of
autoclaved A+ culture medium containing 20 mg/L gentamycin. The culture was grown
under standard growth conditions as described in Chapter 2. At T0, the initial OD730 nm
was recorded and a 2-ml aliquot of cells were collected and centrifuged to collect the cell
pellet. Then OD730

nm

was recorded at each time point and 2 ml aliquots of cells

corresponding to each time point were collected and centrifuged to pellet the cells. The
cell pellets were extracted using the extraction method described above, and each
processed samples was analyzed by GC-MS as described in Section 4.3.2 above. The data
were graphed using Excel.

4.3 Results
Due to the hydrophobic nature of alkanes, the heptadecane produced in
Synechococcus_fuel strains was found mainly in the cell pellet. Very small amounts of
heptadecane were detected in the supernatant (data no shown), which possibly resulted
from small amount of cells in supernatant as well as lysed (dead) cells. After extraction
and GC-MS analysis, heptadecane, shown by Mass Spec data in Figure 24, was detected
in all transformed 7002 strains in varying amounts. Based on Figure 24, the
Synechococcus_fuel1

and

Synechococcus_fuel2

strains,

which

harbored

the

Synechocystis 6803 alkanes biosynthesis operon, produced 3.26 µM heptadecane and
2.76 µM heptadecane in the 200 µL ethyl-acetate solution, respectively. By calculation,
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the Synechococcus_fuel1 strain can produce 38.88 µg heptadecane/OD730

nm/L

and

Synechococcus_fuel2 strain can produce 33.12 µg heptadecane/OD730 nm/L. From the data
in Figure 25, Synechococcus_fuel3 and Synechococcus_fuel4 strains, which harbor N.
punctiforme alkanes biosynthesis operon produced 37.9 µM and 115.6 µM heptadecane
in the 200 µl ethyl-acetate solution, respectively, from 2.0 ml of cells. Therefore, the
Synechococcus_fuel3 strain can produce 0.455 mg heptadecane/OD730
Synechococcus_fuel4 can produce 1.387 mg heptadecane/ OD730

nm/L

nm/L.

and the

Because the

Synechococcus_fuel4 strain had the highest heptadecane production, a time course was
performed to determine at which growth phase the cells have the highest production
capacity. As shown in Figure 26, the alkanes production was fairly constant throughout
the batch growth curve, ranging from 0.934 mg heptadecane/OD730

nm/L

to 2.09 mg

heptadecane/OD730 nm/L. Cells in exponential growth phase had slightly lower alkanes
production rate, and cells in stationary phase had a slightly higher production rate.

4.4 Discussion
Through extraction and GC-MS analysis, Synechococcus_fuel strains harboring
alkanes biosynthesis operons were shown to produce heptadecane, which apparently was
produced inside and remained inside of the cells. The hypothesis that introducing the
alkanes biosynthesis operons into Synechococcus 7002 can lead to alkanes production is
therefore

confirmed.

Based

on

GC-MS

data,

the

Synechococcus_fuel1

and

Synechococcus_fuel2 strains had low heptadecane production levels, which correlate with
the low catalytic activity of Synechocystis 6803 ADO that was demonstrated in Chapter
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3. Synechococcus_fuel1 seems to have a slightly higher heptadecane production than
Synechococcus_fuel2, which may suggest the partial knockdown of ppc might provide
more substrates for alkanes biosynthesis. However, the Synechocystis 6803 operon has a
fairly low activity, the small amount of difference is not convincing. Compared to the
Synechococcus_fuel1 and Synechococcus_fuel2 strains, the Synechococcus_fuel3 and
Synechococcus_fuel4 strains had the highest heptadecane production. From the
successful detection of heptadecane, it can be concluded that AAR was expressed in all
Synechococcus_fuel strains, since ADOs, which were catalytic active determined
experimentally (Figures 21 and 23) must have the octadecanal substrates generated by
AAR to make heptadecane.

Based on the data in Figures 16 and 18, the protein

expression level in the Synechococcus_fuel3 strain was similar as Synechococcus_fuel1
strain. However, with the similar expression level of N. punctiforme ADO, the
Synechococcus_fuel3 strain (0.455 mg heptadecane/OD730 nm/L) produced a much higher
amount of heptadecane than the Synechococcus_fuel1 (38.88 µg heptadecane/OD730
nm/L).

This could be related to the higher catalytic of N.Punctiforme ADO than

Synechocystis 6803 ADO, even with the low incorporation of iron. The highest
production in Synechococcus_fuel4 strain (1.387 mg heptadecane/ OD730

nm/L)

was

correctly predicted based on the incorporation of N.punctiforme and highest expression
alkanes biosynthesis operon (Figures 17,18,19).
Based upon Figures 18 and 25, the Synechococcus_fuel4 strain had a higher
expression of N. punctiforme alkanes biosynthesis operon, ~3 to 4 times than that of
Synechococcus_fuel3

strain.

The

amount

of

heptadecane

produced

in

Synechococcus_fuel4 strain was approximately 3 to 4 times than that of the
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Synechococcus_fuel3 strain. Therefore, hyper-expression of the alkanes biosynthesis
operon by increasing gene dosage can help increase the overall production of
heptadecane. This is consistent with results in Synechocystis 6803, which showed that
overexpressing multiple copies of the Synechocystis 6803 alkanes biosynthesis operon in
Synechocystis 6803 can increase alkanes production, as suggested by Wang et al. (23).
This might indicate that the substrates, such as fatty acids, are not starting to limit the
heptadecane yet. In the time course, the heptadecane production in a larger culture was
slightly higher than that in standard, small-scale culture. The Synechococcus_fuel4 strain
had a longer lag phase, but the exponential phase was not much affected by hyperexpressing the enzymes, according to the data in Figure 26. In the future, duplicate time
courses should be performed to obtain more accurate results.
According to Wang et al (23), wild type Synechocystis 6803 was reported to be ~
300µg heptadeca(e)ne/OD730/L and after overexpressing multiple copies of Synechocystis
6803 alkanes biosynthesis operon or several metabolic engineering approaches, the
heptadeca(e)ne production was increase to the highest ~1.3mg heptadeca(e)ne/OD730/L.
With hyper expressing N.Punctiforme alkanes biosynthesis genes in Synechococcus_fuel
4 strain, the production of only heptadecane reaches 1.387 mg heptadecane/ OD730 nm/L,
with no or slightly reduced growth rate. Some heptadecene should be present, but the
elution time need to determined with a heptadecene standard. The production of
heptadecane in Synechococcus 7002 reaches or exceeds the amount produced in the
modified Synechocystis 6803 strains done by current researchers, and the hyper
expression of alkanes biosynthesis operon in Synechococcus_fuel 4 has not or slightly
altered growth rate of the fastest growth cyanobacteria strain Synechococcus 7002.
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Overall, the amount and rate of heptadecane (some heptadecane present) are much
feasible in Synechococcus 7002 as proposed.
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Figure 24 Heptadecane production in Synechococcus_fuel1 and Synechococcus_fuel2
strains

The peaks for the internal standard hexadecane (20 µM) were adjusted to the
same height. Based on the area integration value, the concentration of hepatadecane
produced was calculated. After extraction, wild type Synechococcus 7002 (blue line)
showed no heptadecane production. The Synechococcus_fuel1 strain can produce 3.26
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µM heptadecane (red line) and Synechococcus_fuel2 strain can produce 2.76 µM
heptadecane (green line). The Mass Spec data shows the peak at 9.5 min is heptadecane.
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Figure 25 Heptadecane production in Synechococcus_fuel3 and Synechococcus_fuel4
strains

The internal standard hexadecane (20 µM) was adjusted to the same height. Based
on the area integration value, the concentration of heptadecane produced was calculated.
After extraction, wild-type Synechococcus 7002 contained no hepatadecane (blue line).
The Synechococcus_fuel3 strain yielded 37.9 µM hepatadecane (red line) and the
Synechococcus_fuel4 strain produced 115.6 µM heptadecane (green line).
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Figure 26 Heptadecane production time course for Synechococcus_fuel4 strain

The highest alkanes producing Synechococcus_fuel4 strain was grown in larger
format, 200 mL-culture under standard growth conditions. The growth curve and the
concentration of heptadecane in cells were recorded at each time point.
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Chapter 5

Conclusion

5.1 Summary
Through constructing alkane-producing Synechococcus_fuel strains, protein
production, purification and assays and GC-MS analysis of whole cell extracts of
transformed strains, I have demonstrated that alkanes biosynthesis operons could be
introduced into Synechococcus 7002, which naturally lacks the alkanes biosynthesis
operons. The transformant strains produce alkanes (heptadecane mainly), and these may
serve as better tools for investigating the biochemistry of the alkanes biosynthesis
enzymes, which are produced under conditions more similar to those under which they
are normally produced than is the case for enzymes produced in E. coli.
Incorporation of alkanes biosynthesis operons in the gene encoding PEPCase
(SynPCC7002_A1414) caused an obvious growth defect although the gene was only
partially knocked down. Hence, it is not feasible to incorporate the genes for alkanes
biosynthesis

within

the

coding

sequence

of

SynPCC7002_A1414.

However,

incorporation of the genes into a neutral site (SynPCC7002_A2712) and into plasmid
pAQ1 has no effect on growth or only slightly reduced the growth rate. Incorporation into
SynPCC7002_A2712 should be better site for incorporate alkanes biosynthesis operons
due

to

improved

stability

and

reasonable

expression

level.

Compared

to

SynPCC7002_A2712, however, incorporation into pAQ1 results in a significant gene
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dosage effect. This led to the highest expression level of the alkanes biosynthesis operon,
as verified in Chapter 3. However, the alkanes biosynthesis operon will face a stability
issue due to presence of wild-type pAQ1 plasmids in these strains, and must be
maintained on antibiotic selection.
Through protein purification and protein assays, both Synechocystis 6803 ADO
and N. punctiforme ADO were shown to be catalytically active based on the
decarbonylase assay, but both had lower activity than expected. Through ferrozine and
ICP-AES assays, these ADOs were shown to be iron deficient, which result in the low
activity observed. In vitro supplementation with Fe2+ did not improve the activity.
Amazingly, heptadecane was detected in all four Synechococcus_fuel strains.
Synechococcus_fuel4 produced the highest amount of alkanes, ~1.3 mg/OD730

nm/L.

Because all four transformed Synechoccous 7002 strains are capable of producing
heptadecane, this result also shows that the AAR enzyme is expressed and active in all
four strains, because wild-type Synechococcus 7002 lacks the ability to reduce acyl-ACP
derivatives to the corresponding aldehydes.

5.2 Future Directions
Based on the data in Chapter 3, expressing the alkanes biosynthesis genes in
Synechococcus 7002 may lower iron levels in cells, which could result in a low catalytic,
activity for the purified ADOs. Alternatively, some loss of iron may occur during
purification of the ADO enzymes using metal chelation chromatography. Synechoccocus
7002 is a marine cyanobacterium, which has very efficient iron uptake even in the iron-
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limited marine environment (24). According to measurements of iron concentration in
marine and freshwater (25,26), the concentration of iron in freshwater is much high than
sea water. Interestingly, the alkanes biosynthesis operons were both taken from
freshwater cyanobacteria. Synechococcus 7002 probably takes up just enough iron to
support growth to avoid toxic reactions (24). Therefore, iron availability for ADO
maturation could become limiting. However, the heptadecane production was quite good
in the hyper-expression strain, which contrasts with the low in vitro activity of the
purified ADO. This possibly supports the notion that iron may be lost during purification
of ADO enzymes from cells.
Based on the high heptadecane production observed in the Synechococcus_fuel4
strain, the previously determined in vitro activity and iron concentration might not
actually reflect the in vivo situation. The ferrozine assay and ICP-AES assay are good
methods to demonstrate the iron deficiency in the purified protein, but these assays do not
exclude the possibility that some protein bound iron is displaced during purification,
which could have resulted in a low iron content in the purified ADO enzymes. In future
studies, the buffer and the methods used for ADO purification should be modified to
determine if the purified ADO produced is truly iron-deficient. One approach to solving
this problem would be to use a completely different type of affinity tag for purification
(e.g., FLAG-tag or a Strep-tag). Through some new approaches, the catalytic activity and
iron ratio can be determined to determine if this problem can be overcome.
Based on the results obtained so far, a better understanding of alkanes
biosynthesis in Synechococcus 7002 has been achieved. However, the limiting factors for
improving heptadecane production have still not been thoroughly examined, because the
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other enzyme AAR is not well understand. Attempts to express AARs in E. coli have
produced little progress, because overexpression leads to inclusion body formation and
low yields of functional AAR (27). However, based on the high heptadecane production
in Synechococcus_fuel4 strain, N. punctiforme AAR must be well expressed and
probably has quite high catalytic activity. Currently, I am attempting to tag the N.
punctiforme AAR for future investigation of biochemistry of this interesting enzyme and
to determine if AAR is the rate-limiting factor in alkanes (heptadecane) production by
quantitative examining the formation of aldehyde products by AAR and consumption of
aldehyde products by ADOs. As communicated by Dr. Douglas M. Wauri, a collaborator
on this project in the Booker laboratory, the N. punctiforme AAR purified from E. coli
has a quite high catalytic activity despite its very low yield. One hypothesis now is that
the less active ADOs in Synechococcus_fuel strains could not match the activity of AAR.
However, excess fatty aldehydes were not detected in Synechococcus 7002 by GC-MS.
Clearly, further studies are required to understand which enzyme or substrate is ratelimiting for alkanes production in Synechococcus 7002, but this is an important issue to
be resolved prior to optimizing alkanes production.
The low incorporation of iron into ADOs could still be a problem that should be
solved. Some approaches must be examined to make the Synechococcus 7002 to active
uptake iron despite of the physiological need. One approach is to take advantage of a
ferric uptake regulator (fur) in Cyanobacteria. According to Ghassemian et al. (28),
partial knockdown of fur (which is an essential gene) in Synechococcus sp. PCC 7942
can stimulate the iron starvation response and induce siderophore-based iron-scavenge
system in order to uptake more iron in the environment. Dr. Marcus Ludwig (personal
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communication) found the similar results in Synechococcus 7002. A fur knock-down
merodiploid strain shows full induction of transcripts for siderophore biosynthesis and
iron uptake transporters under iron-replete conditions. Thus, it is possible that a fur
knockdown strain would exhibit better incorporation of iron into ADOs.
Metabolic engineering and pathway modification could also be performed to
determine if the fatty acids are the limiting factor for alkanes production. Currently, many
approaches can be considered to increase the substrate availability for alkanes
biosynthesis. According to Wang et al. (23), overexpressing acetyl-CoA carboxylase
complexes (accBDCA) in Synechocystis 6803 can improve the heptadeca(e)ne production
by 56%. Also, overexpressing acyl-CoA ligase, involved in fatty acid recycling and
degradation pathways, also enhanced heptadeca(e)ne production by 60%. Overexpressing
thioesterase and triacylglycerol can also enhance heptadeca(e)ne production. As reported
by Kuo et al., β-ketoacyl ACP synthase (fabH) is the rate-limiting step in the
Synechococcus 7002 fatty acid synthase complex. Therefore, overexpressing fabH can
possibly speed up fatty acid biosynthesis and provide more substrates for alkanes
biosynthesis. Manipulating certain regulatory genes in Synechococcus 7002 could also
potentially enhance alkanes production in transformed strains. A previously examined
carbon concentration mechanism regulator (CcmR) occurs among cyanobacteria (29).
Through my global transcription profiling of the ccmR knockout mutant of
Synechococcus 7002, up-regulation for several metabolic pathways was observed.
Recently, I obtained a ccmR knockout in the Synechococcus_fuel4 strain, and this mutant
exhibited a 10-20% increase in heptadecane production (data not shown). However, the
experiment must be repeated several times to confirm the results.
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Overall, the results will serve as a great reference for continuing on investigating
the biochemistry of alkanes biosynthesis in cyanobacteria and optimizing alkanes
(heptadecane) biosynthesis in Synechococcus 7002.
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