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ABSTRACT

CONSTRUCTION OF CHIMERIC RIBULOSE-1,5-BISPHOSPHATE
CARBOXYLASE/OXYGENASE LARGE SUBUNIT-

CHLORAMPHENICOL ACETYLTRANSFERASE (rbcL-CAT) GENE

LOW YIN HUIE

Rubisco catalyzes the primary step of photosynthesis that produces usable sugar
for plant growth. However, due to its slow and non-specific catalysis, extensive
efforts have been made to re-engineer the enzyme to enhance agricultural
productivity. Directed evolution or engineering experiment requires a rapid
screening method to determine functionality that would enhance mutants
screening. This study aims to construct a rbcL-CAT chimeric gene which can
be used for the establishment of a model system to distinguish between
functional rbcL from non-functional form by inferring from the functionality of
CAT protein that confers chloramphenicol resistance. In this study, rbcL from
Chlamydomonas and Synechococcus were used as eukaryotic and prokaryotic
rbcL, respectively. Unlike prokaryotic rbcL, eukaryotic rbcL protein is unable
to assemble properly in Escherichia coli. Sequences encoding rbcL of
Chlamydomonas and Synechococcus, and CAT were separately amplified by
PCR, and the rbcL-CAT fusions were constructed by overlap extension PCR.

The chimeric rbcL-CAT constructs were separately ligated into the cloning



vector, pPENTR/D-TOPO and transformed into competent E. coli. Colonies on
selective plates were screened by colony PCR. Plasmids isolated from positive
clones were confirmed with DNA sequencing and the inserted genes further
transferred into the expression vector, pDEST™17. Recombinant plasmid
PENTR-rbcL-CAT derived from Chlamydomonas was obtained. Recombinant
plasmids

PENTR-rbcL derived from both Chlamydomonas and Synechococcus were also
successfully obtained, and the inserted rbcL gene subcloned into pDEST ™17,
Chimeric rbcL-CAT derived from Synechococcus was constructed, but the
cloning of rbcL-CAT into pENTR™/D-TOPO was unsuccessful. In future
study, recombinant pDEST™17 carrying the chimeric gene constructs will be
expressed in E. coli to determine the concentration of chloramphenicol that can
distinguish between functional and non-functional rbcL. When this functional
selection system is established, sequence swapping between DNA libraries of
Chlamydomonas and Synechococcus rbcL genes can be performed and selection

of functional rbcL can be performed based on chloramphenicol resistance.
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CHAPTER 1

INTRODUCTION

1.1 Rubisco and Its Limitation

Ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39, Rubisco), the
most abundant protein on earth (Ellis 1979) can comprise up to fifty percent of
total soluble protein of certain leaf or microbes (Andersson and Backlund 2008).
It is found in all photosynthetic organisms within all three domains of life
(Tabita 1999) and responsible for global assimilation of atmospheric carbon
dioxide into biosphere by catalyzing carboxylation of ribulose-1,5-bisphosphate
(RuBP), first step of Calvin cycle. In fact, virtually every carbon containing
molecules in biosphere are derived from Rubisco catalysis. However, despite of
its crucial role in sustaining life, Rubisco is perhaps the slowest metabolic
enzyme because it catalyzes only few RuBP per second at atmospheric CO;
(Parikh et al 2006), while most of the enzyme able to catalyze about one
thousand per second (Alberts 2002). Besides, carboxylation activity of Rubisco
is compromised by competing oxygen, which drives photorespiration, the
opposite reaction of photosynthesis, where oxygen is used but carbon dioxide is

released.



1.2 Engineering Rubisco

Identification of Rubisco had caught more than usual interest as its enzymatic
activity is regarded as the rate limiting step on photosynthesis (Greene, Whitney
and Matsumura 2007). Hence, numerous studies had been carried out with the
ultimate aim of engineering Rubisco to alter the ratio in favor of carboxylase in
order to increase agricultural productivity. Furthermore, extensive efforts of
researchers on manipulating Rubisco had been sparked by the finding that

Rubisco carboxylation Kinetic varies among species (Esquivel ,

Anwaruzzaman and Spreitzer 2002). Kinetic of Rubisco is measured based on
its ability in discriminating CO> from O which also termed as specificity factor
(Greene, Whitney and Matsumura 2007). It was found that Rubisco enzyme in
thermophilic red algae Galderia parita have the highest noted specificity factor
of 328 (Sugawara et al 1999) whereas the rest of reported Rubisco specificity
varies from 5 to 100 (Andersson and Backlund 2008). Researchers had also
suggested that substituting land-plant Rubisco with kinetically superior variant
which already exists in nature would boost carbon fixation of C3 plant by 27%

(Zhu, Long and Ort 2010; Whitney et al 2001).

1.3 Functional Screening Method for Rubisco

Although numerous crystals structure or site-directed mutants had been
determine and form a basis attempts to understand functional details of Rubisco,
a great deal of progress is still needed in order to elucidate the molecular basis
that govern variant specificity in Rubisco. However, these efforts have so far
been stiffed by the inability to reconstitute the enzyme in vitro and hurdle by

2



the current slow mutant screening methods. A highly sensitive, precise and
dynamic screening assay is important in determining the outcome of any
mutagenesis study (Parikh et al 2006). Photosynthetic microbial functional
selection system for Rubisco had been developed and widely used based upon
complementation of auxotrophic mutants such as Chlamydomonas reinherdti
(Du and Spreitzer 2000), Anacystis nidulans (Synechococcus) (Greene, Whitney
and Matsumura 2007) and Rhodobacter capsulatus (Paoli, Vichivanives and
Tabita 1998). Recently, two groups of researchers (Parikh et al 2006; Mueler-
Cajar, Morell and Whitney 2007) had demonstrated a high throughput and
sensitive screening assay which is based on heterotrophic Rubisco-dependent E.
coli. E. coli-based screening assay is used in directed evolution study of Rubisco
because of the superior transformation efficiency of E. coli, which is at least
three orders of magnitude higher than photosynthetic microbes (Parikh et al

2006).

1.4 Significance and Experimental Design of This Study

Instead of employing a screening method that select for metabolically active
Rubisco mutants, it is suggested that a method that utilize selectable marker may
be useful for screening of functional Rubisco. Rubisco large subunit, rbcL
derived from Chlamydomonas and Synechococcus were used as eukaryotic and
prokaryotic rbcL, respectively. Although both prokaryotic and eukaryotic rbcL
can be expressed in E. coli, the bacterial chaperone only folds and assembles
rbcL derived from prokaryotes. In this project, CAT gene, which codes for the

enzyme chloramphenicol acetyltransferase (EC 2.3.1.28) that detoxifies



antibiotic chloramphenicol, was used as selectable marker. CAT gene was fused
in frame at downstream of rbcL gene with a GS rich linker. A 5’CACC was also
placed at the upstream of rbcL gene to facilitate subsequent cloning step. The
nucleotide sequence of rbcL derived from Chlamydomonas and Synechococcus,
CAT genes and GS linker were shown in Appendix A, B and C, respectively. It
is postulated that E. coli expressing a functional rbcL-CAT would confer
chloramphenicol resistance. On the other hand, rbcL derived from eukaryotes
are unable to be folded properly and might have distorted structures, which may
subsequently affect the folding of the CAT that is downstream. Denatured
proteins with altered conformations are also more sensitive to proteases and
have increased susceptibility to proteolysis (Goldberg 1972). Therefore, E. coli
carrying the non-functional rbcL-CAT are expected to have limited resistance

or are susceptible to chloramphenicol.

Apart from constructing Rubisco-dependent E. coli, there are other components
required in developing the functional assay, i.e. a positive and negative
experimental controls and optimum parameters for the selection. rbcL gene
derived from both Chlamydomonas and Synechococcus were amplified and
expressed in E. coli. Both rbcL construct are important as experimental control
to reaffirm that eukaryotic rbcL are unable to be folded properly in this system,
thus are insoluble and that prokaryotic rbcL is able to be folded properly into
soluble enzyme by E. coli. Once the experimental hypothesis that E. coli
expressing the chimeric genes derived from Chlamydomonas and
Synechococcus possess different extents of susceptibility or resistance towards

chloramphenicol has been established, an optimum concentration of
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chloramphenicrol that can distinguish functional and non-functional rbcL can
be determined. E. coli expressing chimeric rbcL-CAT construct will be plated
on selective media comprising different concentrations of chloramphenicol.
When this functional selection system is established, sequence swapping
between Chlamydomonas and Synechococcus rbcL sequences can be performed,
thereby forming libraries of chimeric rbcL-CAT that can be rapidly identified

and selected.

1.5 Objectives of This study

As preliminary step in developing this new functional screening assay,

this project focused on construction and molecular cloning of rbcL-CAT.

The objectives of this project include:

i.  Amplification of rbcL gene derived from Chlamydomonas and
Synechococcus

ii.  Amplification of CAT gene from pYES-DEST52 (Invitrogen)

iii.  Fusion of PCR-amplified rbcL gene with CAT gene via overlap
extension PCR

iv.  Directional cloning of rbcL and rbcL-CAT into entry vector,
pENTR™/D-TOPO

v.  Subcloning of inserted rbcL from pENTR-rbcL into expression vector,

pDEST™17



CHAPTER 2

LITERATURE REVIEW

2.1 Rubisco Enzyme and Agricultural Productivity

Rubisco catalyzes the fixation of atmospheric carbon dioxide by carboxylation
of RuBP, the primary step in Calvin cycle. Global biological cycle relies on
Rubisco catalysis and it is estimated Rubisco catalyzed more than 101! tons of
atmospheric carbon annually and is a key player in the geochemistry of our
biosphere (Andersson 2008). Of equal important, Rubisco presence in oceanic
phytoplankton catalyzes dissolved carbon dioxide in ocean and provides almost
half (>45%) of global net primary production annually (Andersson and
Backlund 2008). Carbon fixation into biosphere not only sustains all life on
Earth, earliest life derived carbon from CO: and carbon fixation accounts for
the foundation of most major early divergence in the tree of life (Braakman and
Smith 2012). Furthermore, the assimilated carbon dioxide is converted into 3-
phosphoglycerate which is crucial in building biomass, produce energy for
growth and development, hence responsible for plant productivity which

directly impact on origin of food sources.



2.2 Structure of Rubisco

All Rubisco are multimeric. Each Rubisco comprises identical even number of
large subunits (rbcL) and small subunits (rbcS). There are several variant forms
of Rubisco with distinct composition of rbcS and rbcL. Most Rubisco studies
focus on plant Rubisco which comprises of eight rbcL and eight rbcS in
hexadecameric structure (known as Form-I Rubisco). Form-1 Rubisco not only
found in higher plants, it is also present in most chemoautotrophic bacteria,
cyanobacteria, rhodophyta and phaeophytes (Andersson and Backlund 2008).
This enzyme have a core of four rbcL dimers which are capped by eight rbcS at
each end (Andersson and Backlund 2008). Each rbcL dimer forms two active
sites, whereas rbcS is not necessary for catalysis (Spreitzer 2003). However, in
the absence of rbcS, catalysis of rbcL reduces substantially and suggested that
rbcS does has profound influence on catalysis (Andrews 1988). The presence of
rbcS in Form-1 Rubisco distinguishes it from Form-Il1 and Form-111 Rubisco
protein complexes which only consist of rbcL. The simpler form Il Rubisco in
some cynabacteria and dinoflagellates is a dimer of rbcL subunits, whereas
Form Il Rubisco which comprised of pentamer of rbcL dimers is found in

thermophilic archaeon (Saschenbrecker et al 2007).

2.3 Rubisco Catalysis and Limitation

Despite the pivotal role of Rubisco, it is extremely ineffective with
characteristic slow catalytic activity, perhaps the slowest metabolic enzyme
(Parikh et al 2006). While most enzymes able to catalyze over thousand per

second, Rubisco only able to carboxylate few RuBP per second (Alberts 2002).



Rubisco carboxylation activity is mainly compromised by its non-specific
properties which also able to oxygenate RuBP concomitant with release of
assimilated CO: (as shown in Figure 2.1). Moreover, this catalysis of competing
0. at the same active site yields phosphoglycolate which had limited use to most
organisms (Andersson 2008; Raghavendra and Sage 2010). The recycling of
phosphoglycolate consumes energy and 20-50% of fixed carbon is again
released as CO» (Raghavendra and Sage 2010), which considerably reduces CO-

fixation by up to fifty percent (Andersson and Backlund 2008).

Ribulose 5-Phosphate

Glycerate
LA
[ Calvin cycle eI NE  Photorespiration Ty
SF p Triose phosphate
CO. Serine Rubisco p P

NH3

Glycine
yeine 2-PGlycolate + 2 x 3PGlycerate

3PGlycerate _
(Bloom and Davis 2009)

Figure 2.1 Photorespiration and Calvin cycle drives by Rubisco catalysis.

2.4 Engineering Rubisco to Improve Photosynthetic Efficiency

Increasing agricultural production had been one of the challenges to keep pace
with increasing food demand and support forecast growth in population (Evans
2013). Although there is a remarkable increase of yield during green revolution
through better fertilization and enhance disease resistance through genetic
engineering, there is little potential for further improvement (Zhu, Long and Ort

2010). Hence, researchers had drawn new attention into metabolic engineering



approaches and the most identified target for manipulation in order to secure
food demands in coming decades is Rubisco, enzyme which catalyzes
cornerstone of photosynthesis (Zhu, Long and Ort 2010). Photosynthesis is the
basis of plant growth and evidence had shown that increasing photosynthesis
efficiency in crop plants able to raise yield potential (Evans 2013). Moreover,
engineered Rubisco with better catalysis enable plant to use and convert CO>
more efficiently and thus reduce the rate of global climatic change due to
growing levels of greenhouse gases. Rising greenhouse gases particularly CO>
have resulted in 0.76 °C increases in global temperature since 1800s, and it is
predicted that there will be an additional increase of 1.3 to 1.8 °C by 2050

(Ainsworth, Rogers and Leakey 2008).

2.5 Rubisco Screening Applications

Site-directed mutagenesis and directed evolution had been frequently applied in
order to generate a library of mutants with the ultimate aim of understanding the
novel structure-function interactions (Parry et al 2003). Subsequently,
development of screening assay is required to link changes in genotype with a
measurable or selectable phenotype (Mueller-Cajar and Whitney 2008b). The
common Rubisco selection system involved transformation of mutagenic
libraries into host cells, followed by expression of interest gene and measuring
of particular protein activity separately. E. coli had been the model host in
expressing and assembly of engineered prokaryotic Rubisco since 1980s
(Gatenby 1988). The transformed E. coli cells expressing engineered Rubisco

were lysed and Rubisco holoenzymes were purified from cell extracts by



gradient centrifugation (Andrews 1988). Quantification of Rubisco is able to
achieve by immunolabeling using anti-Rubisco polyclonal antibodies or dye-
binding method (Andrews 1988; Parikh et al 2006). Subsequently, activity of
Rubisco was quantified as the incorporation of acid-stable *CO. from
NaH*CO; and radioactivity was measured in a scintillation counter (Lee, Read
and Tabita 1991). The overall screening process by classical mutagenesis and
enzyme assay was tedious, labor extensive, time consuming and hence slow
mutant screening. Moreover, the key to the activity and efficiency of any
enzyme lies hidden in the fine minutia of its three-dimensional structure and
several lines of evidence had indicate slight alteration in primary structure may
yield denatured protein (Goldberg 1972). Thus, when feasible, it is favorable
to use functional screening method which selects enzymes based on activity by

linking desired phenotype with the survival of host (Reyes-Duarte et al 2012).

2.5.1 Rubisco Functional Selection Strategies

The first reported engineered host for Rubisco bio-selection, which was created
by Paoli, Vichivanives and Tabita (1998), was a Rubisco-deletion strain of
Rhodobacter capsulatus mutant. R. capsulatus, a nonsulfur purple facultative
bacterium, grow aerobically by utilizing hydrogen as electron source,
photoheterotrophically with presence of reduced carbon substrate or
chemolitotrophically on CO2-H,-O2> (Hallenbeck and Kaplan 1987).
Phototrophic growth of R. capsulatus occurs only under anoxic condition (Paoli
and Tabita 1998). Complementation of mutants with functional Synechococcus

Rubisco enables photoautotrophic growth of mutant R. capsulatus can be
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screened and characterized with ease by plating on growth medium followed by
altering culturing conditions, such as concentration of
CO,, incubation temperature etc. This in vivo study of Rubisco had identified
several novel Rubisco mutants and demonstrated alteration of amino acids
remote from active site able to affect Rubisco specificity and function (Smith
and Tabita 2003). Other comparable auxotrophic photosynthetic microbial
mutants had also been developed in the subsequent years and being widely used,
including Chlamydomonas reinhardtii (Du and Spreitzer 2000) and
Synechococcus (Greene, Whitney and Matsumura 2007). While these selection
methods provide insight into development of functional screening assay for
Rubisco, limitation of its throughput diminish its validity for screening large
mutagenic libraries (Mueller-Cajar and Whitney 2008b). Thus, in order to
enhance directed evolution schemes, a highly throughput screening method is

essential.

2.5.2 Functional Screening Method for Rubisco in Escherichia coli

E. coli based screening assay is attractive mainly contributed by its high
transformation efficiency, of up to 101° transformants per microgram of
plasmid (Mueller-Cajar and Whitney 2008b). The superior transformable
property is at least three orders of magnitude greater compared to photosynthetic
microbes and exploits the potential to screen millions of mutants each day
(Parikh et al 2006). However, rate of carbon fixation in photosynthetic cells is
not solely depends on Rubisco catalysis, but interaction with an array of

biochemical accessories (Parikh et al 2006). Moreover, some photosynthetic
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microorganisms had developed unique biological adaptation to compensate
slow Rubisco catalysis, including CO2-concentrating mechanism found in algae
(Moroney and Ynalvez 2007) and terrestrial plants (Parry et al 2003). This
accessories and mechanisms obviate the further evolution of its intrinsic
catalytic parameters (Parikh et al 2006). In contrast, heterotrophic E. coli does
not ordinarily possess carbon fixation and hence Rubisco variants evolved
within it will be under greater selective pressure. Moreover, the measured rate
of carbon fixation in E. coli could be contributed by Rubisco characteristic

solely.

The first reported E. coli-based strategy for selection of functional Rubisco was
based on cloning of phosphoribulokinase (PRK) and rbcL/S genes into E. coli
which subsequently cultured in medium supplemented with L-arabinose. Wild
type E. coli converts L-arabinose into D-ribulose-5-phosphate and the
intermediate is subsequently being converted into RuBP (Parikh et al 2006). E.
coli intrinsically does not utilize RuBP and its accumulation diverts carbon flux
from phosphogluconate shunt into metabolic dead end. However,
co-expression of functional Rubisco rescue prkA-expressing E. coli from
growth arrest and provided a relatively simple yet effective selection system to
screen shuffled DNA libraries of Rubisco gene that able to form functional
enzyme. The demonstrated E. coli-based screening method is sensitive and

highly throughput, yet low validity due to frequency of false positive.
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Another comparable Rubisco-dependent E. coli was demonstrated by Mueller-
Cajar, Morell and Whitney (2007). A glycolytic blockage E. coli mutant was
developed by removing glyceraldehyde-3-phosphate dehydrogenase (gapA),
enzymes which converts D-glyceraldehyde-3-phosphate into
1,3-diphosphoglycerate and crucial in both glycolytic and gluconeogenesis
pathway (Charpentier and Branlant 1994). Thus, co-expression of PRK and
functional Rubisco is crucial in order to by-pass the blockage, particularly when
cell are provided with minimal medium containing carbon source upstream of
glycolytic lesion. Accumulation of RuBP is toxic in E. coli (Greene, Whitney
and Matsumura 2007). E. coli with AgapA mutation is more susceptible towards
toxic RuBP compared with wild type E. coli and had further prevents false
positive (Mueller-Cajar, Morell and Whitney 2007). However, due to the
stringency of selective pressure towards E. coli mutants, a longer incubation

period is needed (4 to 10 days according to incubation parameter).

2.6 Species Specific Assembly Barrier of Rubisco

Factors influencing the folding and subsequent assembly of Rubisco into
biologically active oligomeric complexes had been studied extensively with
prokaryotic system, particularly E. coli (Tabita 1999). Expression and
production of functional prokaryotic Rubisco in E. coli, such as Rhodospirillum
rubrum Rubisco enables convenient assay and had aids the preliminary studies
on structure and function of Rubisco enzyme (Somerville and Somerville 1984;
Gutteridge et al 1984). In contrast, plant Rubisco genes, which have 80%

identical in sequence to cyanobacteria (Cloney, Bekkaoui and Hemmingsen
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1993), are readily expressed in E. coli due to high similarities between
chloroplast and bacterial transcription-translation signals (Gatenby 1988), yet
properly assembled functional eukaryotic Rubisco in E. coli has not been
possible (Spreitzer 2003). In fact, despite the likelihood that all plastids belong
to common lineage, the folding and assembly mechanism between higher plants
and non-green algal had also diverged substantially that properly assembled
algal Rubisco has not been recovered from transformed plant (Whitney et al
2001). Thus, it is suggested that the folding requirements vary between different

origins and is mainly due to incompatible chaperonin system.

Molecular chaperone primarily prevents the aggregation of polypeptides chain
and mediates folding followed by assembly of newly-synthesized polypeptides
(Saschenbrecker 2007). Eukaryotic plastid molecular chaperone are structurally
distinct from bacterial (Cloney, Bekkaoui and Hemmingsen 1993). GroEL, with
its cofactor GroES from E. coli recognize as one of the best characterized
chaperone system and plays pivotal role in assisting assembly of Rubisco (Liu
et al 2010). Studies had also reported that expression of rbcX, genes juxtaposed
between rbcL and rbcS in several cyanobacteria had efficiently enhances the
production of functional enzymatic Rubisco in E. coli (Tabita 1999).
Subsequent to GroEL/GroES-mediated folding, RbcX specifically recognize
the C-terminal of RbcL and assists the formation of stable RbcLsg followed by
the displacement of RbcX with RbcS (Saschenbrecker et al 2007). However,
co-expression of plastid chaperone system with plant Rubisco in E. coli did not

aid the assembly of plant Rubisco, hence it is suggested that additional factors
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had participate in the post-translational processes (Cloney, Bekkaoui and

Hemmingsen 1993).

Newly-synthesized
Rbcl

Other
chaperones

ATP+
GroES

GroEL

intermediates

@%Q}J

RbcLssg Rbd.e -RbcXg

(Saschenbrecker et al 2007)
Figure 2.2 Proposed model of RbcX role in assembly of cyanobacterial Rubisco.
RbcX dimer recognizes C-terminal of RbcL and protects it from undergoing
aberrant interactions by bounding to RbcX central binding cleft, subsequent to
GroEL/GroES-mediated folding. Role of RbcX in Rubisco assembly is not
essential in some Rubisco homologs.

2.7 Recombinant Protein Consisting rbcL and Reporter Gene

rbcL promoter and translation elements had been used in driving expression of
exogenous reporter gene due to its intrinsic abundance in photosynthetic
microbes (Salvador, Klein and Bogorad 1993). Muto, Henry and Mayfield
(2009) had demonstrated expression of rbcL-luxCt (chloroplast lucriferase gene)
in Chlamydomonas reinhardtii and exploit its potential to enhance
accumulation of poorly-expressed protein. The study used C. reinhartii mutant
with rbcL knocked out, and hence mutants depend on incorporated rbcL gene
for photosynthetic growth. For construction of chimeric gene, luxCt gene was
fused and framed with downstream of rbcL with a GS linker and enzymatic
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cleavage site. After cleavage of protease site by endogenous enzyme, rbcL with
short linker peptide on carboxy terminus are found able to assemble into
functional multimeric holoenzyme and support photoautotrophic growth.
Western blot analysis also demonstrated predominant processing of rbcL to
mature length and production of stable Rubisco. This study had also suggested
Chlamydomonas rbcL with a short linker on carboxy terminal does not

substantially affect its assembly or catalysis.

2.8 Degradation of Unstable Protein in Escherichia coli

Protein catabolism plays an important role in physiology of living cells. It
involves the cleavage at multiple sites within target protein followed by
complete degradation into amino acids, where intermediates and degradation
products are generally not found (Gottesman and Maurizi 1992). This statement
is supported as researchers found that while wild type B-galactosidase and lac
repressor are stable in E. coli, both B-galactosidase fragments and denatured lac
repressor produced by E. coli mutant are both rapidly degraded (Nath and Koch
1971). Proteolysis generally occurs in two conditions: (i) degradation of
abnormal protein and denatured proteins (Varshavsky 2003) resulting from
mistakes in transcription or translation, or genetic mutation (Goldberg 1972);
(i) degradation of cell proteins during starvation for new protein synthesis
(Strauch and Backwith 1988). Intracellular proteolysis is also crucial in

modulating the levels of metabolic enzymes.
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2.9 Overlap Extension PCR

Overlap extension PCR, which also known as restriction-free cloning is one of
the PCR-mediated cloning which is relatively straightforward, efficient and
reliable (Bryksin and Matsumura 2010). In contrary to classical Ligation-
Dependent Cloning approach, which constructs recombinant plasmid by
cleaving DNA fragment with restriction enzyme followed by ligation of
respective fragment into cloning vector (Unger et al 2010), overlap extension
PCR is able to clone any DNA insert into desired plasmid without restriction
endonucleases and DNA ligase (Bryksin and Matsumura 2013). Overlap
extension PCR enables the cloning of any interest sequence, without any extra
sequences, into any desired destination vector at any location (Bond and Naus
2012). Furthermore, this method is also known to be reliable, due to its
simplicity in monitoring and optimization where pre-treatment of fragment and
destination vector is omitted (Unger et al 2010). Moreover, its simplicity
enables inexperience users to construct recombinant DNA without mastering
idiosyncrasies of restriction enzymes. Two desired DNA fragments are
amplified separately using overlapping primers encoding homologous sequence
at the 5’ ends and 3’ ends, respectively. Hence, after PCR-amplification, two
DNA fragments with homologous region are obtained. Both amplified
fragments are mixed and use as DNA template for second round of PCR
amplification. During the denaturation phase of PCR, both templates denatured
into single-stranded and ligated at homologous region at annealing phase. The
recombined fragment is then amplified at full length during elongation phase

(Nelson and Fitch 2011).
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2.10 Gateway® Recombination Cloning Technology

Construction of transgene and generation of expression clone are often
hampered by laborious conventional cloning method and difficulty in generate
appropriate expression clone which enables protein production in high amount
(Curtis and Grossniklaus 2003). Trial and error is fundamental in construction
of suitable expression clone and it usually requires repeatedly designing new
experimental setup which may involves divergent multi-cloning sites to move
gene from one vector to another (Esposito, Garvey and Chakiath 2009).
Gateway® Technology, which patented by Invitrogen in year 2000 provides a
simple way to generate constructs and enables moving gene of interest into
multiple vector systems (Invitrogen Corporation 2006). Among recombination
vectors available, Gateway® Technology poses the highest flexibility with
amenable parallel generation of expression clones (Esposito, Garvey and
Chakiath 2009). It is a relatively efficient method which utilizes 3’ to 5’
exonuclease activity of T4 DNA polymerase to cleave specific site and yield
complementary overhang in target vector and insert that ligate together when
mixed (Dortay et al 2011). The cloning vector is then transformed into E. coli
to replicate and subjected to subsequent construct of compatible expression
vector by performing LR recombination (Dortay et al 2010). Introduction of
resulting expression construct into appropriate host enable expression of protein

of interest in high amount (Invitrogen Corporation 2006).
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2.10.1 pENTR™/D-TOPO Cloning Vector

PENTR™ TOPO Cloning enables directionally clone of blunt-end PCR product
into entry vector by exploiting the reaction of topoisomerase | from Vaccinia
virus (Invitrogen Corporation 2006). Respective topoisomerase cleaves one of
the strands of pENTR™/D-TOPO vector and leaving 3° GTGG overhang
followed by formation of bonding between topoisomerase and cleaved
phosphodiester bond. Insert which possess complementary sequence reversed
the reaction and releasing topoisomerase by binding to the cleavage site. The
homologous region is created by adding 5> CACC to forward primer while
amplifying insert (Invitrogen Corporation 2006). The attL1 and attL2 sites in
PENTR vector enable cloning of insert into a choice of destination vector
comprising attR sites via LR recombination (refer Appendix D). Besides, this

vector also consists of kanamycin resistance gene for screening in E. coli.

2.10.2 pDEST ™ 17 Expression Vector

pDEST™vectors consists of attR1 and attR2 (refer Appendix E) which enables
cloning of gene of interest from entry vector which consists attL into expression
clone via LR recombination (Invitrogen Corporation 2012). Expression clone
consists of ampicillin resistance gene and transformed E. coli are plated on
ampicillin plate for selection. Purified plasmid from positive clone is further
transform into BL21(DE3) E. coli for protein production. Bacteriophage T7
promoter tightly regulates the expression of insert and is inducible with IPTG

(Invitrogen Corporation 2012).
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CHAPTER 3

MATERIALS AND METHODS

3.1  Summary of Procedure for Molecular Cloning of rbcL

Preparation of media and solutions required was the preliminary step of
experiment. Next, E. coli Top10 cell culture was revived from glycerol stock
prior proceeding to preparation of electocompetent cells. Gradient PCR was
then carried out in order to determine optimum parameter for amplification of
both rbcL and CAT. PCR-amplified rbcL and CAT gene were fused together via
overlap extension PCR. Purified PCR products were cloned into cloning vector
and transformed into electrocompetent E. coli through electroporation. Positive
clones grown on selective plate which carrying recombinant plasmid consisting
inserted gene in accurate orientation was screened through colony PCR.
Plasmids isolated from positive clones were further verified through
amplification of respective inserted gene and followed by DNA sequencing.
Verified recombinant cloning vector was further shuffled into expression vector
and transformed into E. coli. Essential screening and verification steps were

carried out in order to identify the desired recombinant plasmid.
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3.2  Experimental Design for Amplification of rbcL and rbcL-CAT

The ultimate goal of this project is to amplify and clone rbcL gene derived from

Chlamydomonas and Synechococcus with and without fusion of CAT gene. The

molecular cloning of rbcL started off with the amplification of rbcL derived

from Chlamydomonas and Synechococcus using pLS-H (Du and Spreitzer 2000)

and pTrcSynLS-MC (Mueller-Cajar and Whitney 2008a), respectively as

template. Meanwhile, CAT gene was amplified from pYES-DEST52

(Invitrogen). For construction of rbcL-CAT, amplification of both rbcL and

CAT gene respectively were carried out by using one of the primers of each gene

consists of homologous sequence. Subsequently, ligation of rbcL with CAT

gene at the short homologous region and amplification of the resulting chimeric

gene was performed via overlap extension PCR. Sequences of all primers used

in this project were tabulated in Table 3.1. A schematic diagram showing the

amplification of both rbcL and rbcL-CAT were also summarized in Figure 3.1

and 3.2.

Table 3.1 List of primers used in amplification of rbcL and rbcL-CAT.

Primer Sequence (5’ — 3”)
F-RbcL-Syn CACCATGCCCAAGACGCAATCTGC
R-RbcL-Syn GAGCTTGTCCATCGTTTCGAATTCG
F-RbcL-Chl CACCATGGTTCCACAAACAGAAACTAAAG
R-RbcL-Chl TTAAAGTTTGTCAATAGTATCAAATTCG
F-Rbcl-Cat GAAACGATGGACAAGCTCGGTGGAGGGTCTGGCGG
AGGTGAGAAAAAAATCACTGGATATACC
R-Rbcl-Cat GGTATATCCAGTGATTTTTTTCTCACCTCCGCCAGAC

CCTCCACCGAGCTTGTCCATCGTTTC

F-RbcL-Chl-Cat

CGAATTTGATACTATTGACAAACTTGGTGGAGGGTC
TGGCGGAGGTGAGAAAAAAATCACTGGATATACC

R-RbcL-Chl-Cat

GGTATATCCAGTGATTTTTTTCTCACCTCCGCCAGAC
CCTCCACCAAGTTTGTCAATAGTATCAAATTCG

R-cat

TTACGCCCCGCCCTGCCA
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Figure 3.1 Schematic diagram showed the amplification of rbcL derived from both Chlamydomonas and Synechococcus using different
primers. Two primer sets are used for amplification of each gene in order to yield full sequences of rbcL with 5’CACC and 5’CACC rbcL
with linker and CAT gene homolog sequence (end product termed as rbcL-linker). The latter acts as one of the template for subsequent
construction of rbcL-CAT chimeric gene, while amplified 5’CACC rbcL were subjected to TOPO cloning and LR recombination.
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Figure 3.2 Schematic diagram showed amplification of CAT gene and fusion of amplified rbcL and CAT via overlap extension PCR. (A)
CAT gene was amplified with two different set of primer consist of a linker and a rbcL segment derived from either Chlamydomonas or
Synechococcus. Amplified CAT gene with the Chlamydomonas rbcL overlapping sequence is termed as (Chl)CAT-linker, while CAT gene
with Synechococcus rbcL overlapping sequence is termed as (Syn)CAT-linker. (B) CAT-linker and rbcL-linker were fused at the overlapping
sequences and amplified as a chimeric gene consists of both full length of rbcL and CAT(termed as rbcL-CAT) via overlap extension PCR.
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3.3  Equipment and Materials Used

Table 3.2 List of equipment used and their respective manufacturers

Equipment

Manufacturer

ABJ Analytical Balance

KERN

Autoclave Sterilizer

HIRAYAMA HVE-50

Electrophoresis System

Electrophoresis system Mupid®-
2plus

Electroporator 2510 Eppendorf

Imaging System UVP

Incubator Memmert

Laminar Flow ESCO Laminar Flow Cabinet

Microcentrifuge

Thermo Electron Corporation

Micropipette

i.  ThermoScientific

ii. Eppendorf
Microwave SHARP
Nanophotometer Implen
PCR Thermal Cycler Kyratec
Shaking Incubator B-Biotek
Spectrophotometer BIO-RAD SmartSpec™
Table Top Refrigerated Centrifuge Dynamica

UV Transilluminator

UVP
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Table 3.3 List of chemicals used and their respective manufacturers

General materials and
reagents

Manufacturer

1 kb DNA ladder

I.  Vivantis VC 1 kb DNA ladder
ii.  BioLineHyperLadder™ 1 kb DNA

ladder
100 bp DNA ladder Genedirex 100 bp DNA ladder
Acetic acid SYSTERM®
Agar powder MERCK
Agarose powder SeaKem® LE Agarose
Ampicillin sodium Wako
Boric acid QR&C™
D-Glucose AMRESCO
DNA polymerase I.  Takara PrimeSTAR HS DNA
Polymerase
ii.  Homemade Taq polymerase
(Cheah 2012)
DNA polymerase buffer i.  Takara 5x PrimeSTAR Buffer-Mg?*
plus
ii.  Homemade DNA polymerase buffer
(Cheah 2012)
dNTPs Fermentas (2.5 mM)
Ethidium bromide BIO BASIC INC.

Ethyknediaminetetraacetic
acid (EDTA)

Merck Millipore OmniPur®

Glycerol QRéC™

Hydrochloric acid MERCK

Kanamycin sulfate Wako

Loading dye Fermentas 6X MassRuler DNA Loading
Dye

Magnesium chloride MERCK

Sodium chloride MERCK

Streptomycin sulfate United States Biological

Tris BIO BASIC INC.

Tryptone CONDA pronadisa

Yeast extract

Thermo Scientific Oxoid
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34 Formulation of Solutions and Media Used

3.4.1 Culture Medium

Two types of culture medium were used in this project, Super Optimal broth

with Catabolic repressor (S.0.C.) and 2x Yeast extract and Tryptone (2x YT)

medium. 2x YT was used for culturing of bacteria while S.0.C. medium was

only used in the final step of bacterial transformation. S.0.C. medium prolonged

the logarithmic phase and enhanced the chances of harvesting bacterial culture

at proper phase prior artificially induced competent state via physiochemical

approach (Karcher 1995). The recipes for both media were tabulated in Table

3.4.

Table 3.4 Preparation of media.

S.0.C.

2.5 mL of 1 M KCI
**5 mL of 2 M MgCl;
**20mL of 1 M
glucose solution

Medium Composition Method of preparation
16 g tryptone A_II _the ingredients were dissolved in
distilled water and topped up to 1 L. pH
10 g yeast extract : .
2xYT 5 g NaCl was adjusted to 7.0 before autocla\_/lng.
*15 g Agar *Agar was excluded for preparation of
2x YT broth
20 g tryptone
5 g yeast extract All the ingredients were dissolved in
0.5 g NaCl distilled water and topped up to 1L. pH

was adjusted to 7.0 before autoclaving.
**MgCl> and glucose solution were
sterilized by passing through 0.2 pm
filter and added before use.

3.4.2 Antibiotic

Antibiotics, as tabulated in Table 3.5, were used in selecting transformants and

propagation of bacteria cells.
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Table 3.5 Antibiotics used and their respective application.

Antibiotic Concentration Usage
(Hg/mL)

Streptomycin - Propagation of Top10 for preparation
sulfate of electrocompetent cells

Ampicillin 100 Screening of transformants carrying
sodium recombinant pDEST ™17

Kanamycin - Screening of transformants carrying
sulfate recombinant pPENTR™-D/TOPO
3.4.3 Solution

Two types of electrophoresis buffer, TAE and TBE buffer were used in this

project. The latter was used in preparation of agarose gel for visualizing PCR

products while TAE buffer is only used when agarose gel were subjected to gel

purification of PCR product. The recipe of both buffers were tabulated in Table

3.6.

Table 3.6 Recipe of electrophoresis buffers

Solution

Ingredients

5x TBE buffer

54 g Tris base
27.5 g boric acid
20 mL of 0.5 M EDTA (pH 8.0)

10x TAE buffer

48.5¢g Tris base
11.4 mL glacial acetic acid
20 mL of 0.5 M EDTA (pH 8.0)

All the ingredients were dissolved in distilled water and topped up to 1 L.
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3.5  Sterilization and Decontamination of Biological Materials

Culture media, solutions, glassware and materials such as pipette tips, toothpick,
PCR tubes and microcentrifuge tube were all autoclaved at 121 °C, 15 psi for 15
minutes. Meanwhile, heat-sensitive solution including antibiotics and glucose
solution were sterilized by passing through 0.2 um syringe filter. On the other
hand, waste materials and used glassware including petri dishes and tips were
decontaminated by autoclaving at 121 °C, 15 psi for 30 minutes before washing

or washing.

3.6  Preparation of Competent Cells

Isolated single colony of Top10 E. coli was picked and inoculated into 3 mL of
culture medium for overnight culture with agitation of 220 rpm at 37 °C.
Overnight culture was diluted until the ODegoo was approximately 0.1. The diluted
culture was then continue to agitate until the ODsoo reading reaches 0.6 and
rapidly being transferred to an ice water bath for 30 minutes with occasional
swirling. The cells were spun down at 3,000 g, 4 °C for 15 minutes. Supernatant
was removed and pellet was re-suspended with equal volume of ice cold 10%
glycerol and spun down again with same parameter. The resulting cell pellet was
re-suspended again with half and 1/25 volume of ice cold 10% glycerol. After
the last centrifugation, the cell pellet was then re-suspended with adequate
volume of 10% glycerol and aliquoted into ice cold cryo tubes with 50 pL per

tube. The cells were frozen by dipping into liquid nitrogen and stored at -80 °C.
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3.6.1 Cell Competency Test

Transformation efficiency of prepared competent cells was measured by
transforming an aliquot with known amount of plasmid DNA. Both transformed
and non-transformed aliquot (as negative control) were plated on selective plate

and culture overnight in 37 °C incubator.

3.7  Polymerase Chain Reaction (PCR)

The overall PCR reaction including primer set and template used in each
amplifications were shown in Figure 3.1. A negative control which consisting

PCR reaction mixture without template was included in each amplification.

3.7.1  Amplification of rbcL

rbcL genes derived from Chlamydomonas and Synechococcus were used in this
project. As shown in Figure 3.1, two sets of primer were used in amplification
of each rbcL gene, in order to yield rbcL with and without CAT homologous
sequence. The PCR parameter for amplification of rbcL was summarized in

Table 3.7 and 3.8.

3.7.2  Amplification of CAT Gene

CAT gene was also amplified using two primer sets which comprised of different

forward primer that consists of overlapping sequences of Chlamydomonas and
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Synechococcus rbcL, respectively. PCR reaction mixture and thermocycling

conditions for amplification of CAT gene were summarized in Table 3.7 and 3.9.

3.7.3 Overlap Extension PCR for Ligation of rbcL and CAT Gene

PCR product from amplification of rbcL-linker and CAT-linker were purified
and adjusted to 1:1 molar concentration prior proceeding to fusion of genes.
Overlap extension PCR comprised of 2 stages. At the initial stage, rbcL and CAT
gene were fused at the complementary region and 3’ overlap of each strand
serves as primer for 3’ extension of complimentary strand. The resulting fusion
from first stage was used as the template for subsequent PCR and primers were
added in order to amplify the fused gene. PCR conditions for both stages of

overlap extension PCR was summarized in Table 3.10 and 3.11.

Table 3.7 PCR reaction mixture for amplification of rbcL and CAT gene.

Composition Volume (uL)
DNA template 0.1
*2.5 mM dNTPs 0.6
*Forward primer (10 mM) 0.2
*Reverse primer (10 mM) 0.2
PrimeStar HS DNA Polymerase (2.5 units/pL) 0.1
5 x Thermo buffer 2.0
ddH.0 10 in total

*For amplification of (Chl)rbcL-linker, 1.0 uL of 2.5 mM dNTPs and 0.4 pL of
each primer were used.
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Table 3.8 Thermocycling conditions for amplification of rbcL gene.

Temperature Time Number of cycles
96.0 °C 15 sec 1
96.0 °C 15 sec
*Varied **15 sec 30 cycles
72.0 °C 90 sec
72.0 °C 90 sec 1
10.0 °C 00 1

*The primer annealing temperature for amplification of (Chl)rbcL, (Syn)rbcL,
(ChlrbcL-linker and (Syn)rbcL-linker were 57.6 °C, 60.0 °C, 52.8 °C and 58.2
°C respectively.

**30 seconds of primer annealing time was used in amplification of (Chl)rbcL-
linker.

Table 3.9 Thermocycling conditions for amplification of CAT gene.

Temperature Time Number of cycles
96.0 °C 15 sec 1
96.0 °C 15 sec
*Varied 5 sec 30 cycles
72.0 °C 42 sec
72.0 °C 42 sec 1
10.0 °C 00 1

*Primer annealing temperature for amplification of (Chl)CAT-linker and
(Syn)CAT-linker were 61.2 °C and 66.9 °C respectively.
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Table 3.10 PCR mixtures for both stages of overlap extension PCR.

Stage 1
Composition Volume (pL)
Amplified CAT-linker 0.1
Amplified rbcL-linker 0.1
2.5 mM dNTPs 0.6
PrimeSTAR HS DNA Polymerase (2.5 units/pL) 0.1
5 x Thermo buffer 2.0
ddH20 10 in total
Stage 2
Composition Volume (uL)
PCR product from Stage 1 0.2
2.5 mM dNTPs 0.6
Forward primer (10 mM) 0.8
Reverse primer (10 mM) 0.8
PrimeSTAR HS DNA Polymerase (2.5 units/pL) 0.1
5 x Thermo buffer 2.0
DMSO *Varied
ddH20 10 in total

*5% and 4% of DMSO were used in amplification of (Chl)rbcL-CAT and

(Syn)rbcL-CAT, respectively.
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Table 3.11 Thermocycling conditions for overlap extension PCR.

Stage 1
Temperature Time Number of cycles
96.0 °C 60 sec 1
96.0 °C 30 sec
*Varied 30 sec 10 cycles
72.0 °C 130 sec
72.0 °C 180 sec 1
10.0 °C 00 1
Stage 2
Temperature Time Number of cycles
96.0 °C 60 sec 1
96.0 °C 30 sec
**Varied 5 sec 30 cycles
72.0 °C 130 sec
72.0 °C 180 sec 1
10.0 °C 00 1

*Annealing temperature used for fusion of both template was 63.7 °C for
(ChDrbcL-CAT and 65.6 °C for (Syn)rbcL-CAT.

**Primer annealing temperature for amplification of (Chl)rbcL-CAT and
(Syn)rbcL-CAT was 58.2 °C and 60 °C, respectively.

3.8  Colony Screening

Colony PCR screens the presence of interest gene in recombinant plasmid by
amplifying the particular desired gene using bacterial cells as template. First,
PCR pre-mix was prepared and aliquoted into labeled PCR tubes. Single isolated
colonies grown on overnight culture selective plate were picked by toothpick.
The toothpick was gently touched on master plate and followed by mixing with
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reaction mixture by stirring lightly. Thermocycling conditions of colony PCR
resembles normal PCR, except ten minutes of initial denaturation at 96 °C was
required for breaking of bacterial cell wall and releasing of plasmid. Primer
annealing temperature of all colony PCR was set at 55 °C accompanied with 30
seconds of primer annealing time. The ingredients for PCR premix was tabulated

in Table 3.12.

Table 3.12 PCR premix for colony PCR

Composition Volume (uL)

ddH20 5.9
*Forward primer (10 mM) 1.0
*Reverse primer (10 mM) 1.0
10 x Taq buffer 1.0
2.5mM dNTPs 0.6
Homemade Taqg DNA 0.2
Polymerase (2 units/pL)

50mM MgSOQOg4 0.3

Total : 10

*Primer set for colony PCR varied according to the plasmid screened. In this
project, universal primer either F-M13 or R-M13 which binds to upstream and
downstream of cloning site (refer Appendix D) was used in screening of
recombinant pENTR™/D-TOPO. On the other hand, T7 terminator that binds to
downstream of swapping region (refer Appendix E) was used for screening of
recombinant pDEST ™17.

3.9 Agarose Gel Electrophoresis

Agarose gel electrophoresis facilitates the visualization of PCR products. 1.0%
of agarose gel was used in gel imaging and prepared by dissolving 1 g of agarose
powder in 100 mL of 0.5x TBE (or TAE). All agarose gel electrophoresis was

conducted with voltage of 80 V for 40 minutes. The resulting gel was stained

34



with ethidium bromide (in dark) for 10 minutes and visualized using UVP UV

Transilluminator.

3.10 Purification of PCR Product

PCR product was purified in order to remove salt, dNTPs, primer and enzyme
from reaction mixture which may affect downstream processes. Purification of
PCR product was done using Thermo Scientific GENEJET PCR Purification Kit
(Fermentas). It was carried out via direct purification or agarose gel purification

and strictly followed the manufacturer’s protocol.

3.11 Transformation

In this project, all transformation was conducted via electroporation. A volume
of 2 pL (1 pL for competency test) of plasmid was mixed with 50 pL of
electrocompetent cells and incubated on ice for 6 minutes. The mixture was then
transferred to chilled electroporation tube and pulsed at 1.55 kV. A volume of
500 pL of pre-warmed S.O.C. broth was then quickly added into the
electroporation tube and cells was re-suspended by pipetting the mixture up and
down repeatedly. The mixture was transferred to microcentrifuge tube and
agitated at 200 rpm, 37 °C for an hour and subsequently centrifuged at 300 g for
5 minutes before plated on selective agar. Centrifugation step was excluded

when prepared electrocompetent cells were subjected for competency analysis.
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3.12 Plasmid Extraction

All plasmid extraction was carried out using Geneaid High-Speed Mini Plasmid
Kit by following the recommended protocol. The purity and concentration of

isolated plasmids were measured with Nanophotometer.

3.13 Cloning of rbcL and rbcL-CAT

Gateway® technology (Invitrogen) enables insertion and moving of blunt-end
DNA sequences into multiple vector systems depends on the requirement of
particular study. There are two parts in Gateway® cloning: (1) insertion of rbcL
or rbcL-CAT into entry vector; and (2) transferring of inserted gene from entry

vector into destination vector for gene expression.

3.13.1 TOPO Cloning Reaction and LR Cloning

rbcL and rbcL-CAT was inserted into pPENTR™-D/TOPO and/or pDEST™17
by following protocol listed in user manual of respective cloning kit. A slight
modification was made in term of incubation time, where recommended 5

minutes incubation was extended to overnight incubation.

3.14 DNA Sequencing

Purified recombinant plasmid extracted from positive clones were sequenced by
1st Base Laboratories Sdn. Bhd. Recombinant pENTR™/D-TOPO carrying

rbcL gene were sequenced with M13R and M13F, whereas recombinant
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pDEST™17 were sequenced with T7 terminator and T7 promoter. On the other
hand, considering the larger size of rbcL-CAT, recombinant vector carrying
(Chl)rbcL-CAT was sequenced with two extra internal primers that target the
insert. Primer F-RbcL-Chl-CAT and R-RbcL-Chl-CAT were used for screening

of recombinant vector carrying (Chl)rbcL-CAT.
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CHAPTER 4

RESULTS

4.1 Competency of Electrocompetent Cells

Prepared electrocompetent cells were transformed with pBR322 in order to
facilitate the measuring of transformation efficiency prior proceeding to the
downstream cloning steps. It was done by transforming 50 pL of freshly
prepared electrocompetent Top10 with 1 pL of pBR322 (5 ng/uL) and topped
up with 500 pL of S.0.C. medium. A serial dilution was carried out before

plating of cells on selective agar containing 50 pg/mL Ampicillin (Figure 4.1).

(A) (B) (o)
Figure 4.1 Analysis of transformation efficiency of competent cells. Standard
plate count (SPC) was used in enumeration of bacterial, where serial dilution
was carried out in oder to obtain a countable plate. (A) A total of 490 colonies
were found on plate with 10~ dilution, while (B) A total of 37 colonies were
observed on plate with 1072 dilution. (C) No colony was observed after
overnight incubation of negative control.
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Transformation efficiency =

Number of colonies _ Total transformation volume (puL)

Amount of DNA (ug) Amount plated (pL) x dilution factor

Transformation efficiency was calculated from 107 dilution of cells (Figure 4.1;
B) because its cell density is within the suitable colony counting range (25-250
CFU) recommended by U. S. Food and Drug Administration (2001).

Transformation frequency was calculated as follows:

Number of colonies (on countable plate) = 37
Amount of DNA (pBR322) =5ng=5x 1073 pg
Total transformation volumes (uL) = 551

Amount plated = 1 pL

. . 551
Dilution factor = =

37 551 uL _ 551

Hence, transformation efficiency = =
5x107° ug 1uL 51

=4.41x 107/ug DNA

The competency of electrocompetent cell was deemed acceptable for molecular

cloning.

4.2 Polymerase Chain Reaction (PCR)

4.2.1 Amplification of rbcL

(ChDrbcL and (Syn)rbcL were amplified through PCR by using pLS-H and
pTrcSynLS-MC as template, respectively. Figures 4.2 and 4.3 showed the PCR
product at about 1.5 kb (lane 2 to 6) in amplification of rbcL, where five

replicates of reaction mixtures were made. In Figure 4.2, there is also a faint

39



band lower than 200 bp in all the loaded lanes with highest intensity in the
negative control lane. PCR products were then purified, the purity and

concentration of purified PCR products are shown in Figure 4.4 and Table 4.1.

Lane Ladder 2 3 4 5 6 7

1,500 bp
1,000 bp

200 bp

Figure 4.2 Amplification of (Chl)rbcL. Lane 1: BioLine HyperLadder™ 1 kb;
Lane 2-6: PCR products of amplification of Chlamydomonas rbcL using F-
RbcL-Chl and R-RbcL-Chl at annealing temperature of 57.6 °C; Lane 7: The
negative control.

Lane

1,500 bp
1,000 bp

Figure 4.3 Amplification of (Syn)rbcL. Lane 1: VC 1 kb DNA ladder; Lane 2-
6: PCR products of amplification of Synechococcus rbcL using F-RbcL-Syn and
R-RbcL-Syn at annealing temperature of 60.0 “C; Lane 7: The negative control.
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Lane Ladder 2 3

1,500 bp
1,000 bp

Figure 4.4 Purified (Chl)rbcL and (Syn)rbcL. Lane 1: BioLine HyperLadder™
1 kb; Lane 2: Purified (Chl)rbcL; Lane 3: Purified (Syn)rbcL.

4.2.2 Amplification of rbcL-linker

(ChlrbcL-linker and (Syn)rbcL-linker were also amplified from plasmid pLS-
H and pTrcSynLS-MC, respectively, using different reverse primer from
amplification of (Chl)rbcL and (Syn)rbcL. After PCR optimization, a distinct
single band with desired size of about 1.5 kb was successfully achieved (Figures
4.6 and 4.7; Lanes 3, 4). Purity and concentration of resulting purified PCR

products are showed in Table 4.1.

4.2.3 Amplification of CAT-linker

The CAT gene was amplified by using plasmid vector pYES-DEST52 as
template with two different sets of primer which consists of homologous
sequence of (Chl)rbcL and (Syn)rbcL, respectively. The gel image of resulting
PCR products, (Chl)CAT-linker and (Syn)CAT-linker showed single desired
band of about 700 bp (Figure 4.6 and 4.7; Lane 5, 6), while the purity and

concentration of purified PCR products are tabulated in Table 4.1.
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4.2.4 Fusion of rbcL-linker with CAT-linker and Amplification of the

Resulting rbcL-CAT Chimeric Gene

Fusion and amplification of rbcL-CAT gene was carried out using overlap
extension PCR. Template for (Chl)rbcL-linker is (Chl)rbcL-linker and
(ChI)CAT-linker. On the other hand, (Syn)rbcL-CAT was constructed by fusing
(Syn)rbcL-linker with (Syn)CAT-linker. Optimization of PCR was done via
varying the annealing temperature of second PCR, as shown in Figure 4.5.
Further optimization for strict PCR condition such as adding in DMSO to 5%
and reducing primer annealing time to 5 sec had results in desired single band at
about 2.1 kb in amplification of (Chl)rbcL-CAT (Figure 4.6, Lane 7, 8), but not
(Syn)rbcL-CAT (Figure 4.7 Lane 7, 8). PCR product from amplification of
(Syn)rbcL-CAT was purified using agarose gel purification, to isolate the
fragment with desired size (Figure 4.8; Lane 3) Concentration and purity of both

purified chimeric genes are noted in Table 4.1.

- B B B B

(A) (B)
Figure 4.5 PCR products of overlap extension PCR of chimeric gene. Gradient
PCR for amplification of (A) (Chl)rbcL-CAT and (B) (Syn)rbcL-CAT were
carried out by setting Ta ranging from 55 °C to 60 °C using overlap extension
PCR. Lane 1: BioLine HyperLadder™ 1 kb DNA ladder; Lane 2: To=55.0 °C;
Lane 3: Ta=55.8 °C; Lane 4: Ta=57.9 °C, Lane 5: Ta=59.1 °C; Lane 6: T, =
60.0 °C; Lane 7: The negative control.
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1kb 100 bp
Lane Ladder Ladder 3 4 5 6 7 8

2,500 bp
2,000 bp
1,500 bp

700 bp

Figure 4.6 Construction of (Chl)rbcL-CAT. Lane 1: VC 1 kb DNA ladder; Lane
2: Genedirex 100 bp DNA ladder; Lane 3,4: Amplified (Chl)rbcL-linker; Lane
5, 6: Amplified (Chl)CAT-linker; Lane 7,8: Amplified (Chl)rbcL-CAT.

1kb 100 bp
Lane Ladder Ladder 3 4 5 6 7 8

2,500 bp
2,000 bp

1,500 bp

700 bp

Figure 4.7 Construction of (Syn)rbcL-CAT. Lane 1: VC 1 kb DNA ladder; Lane
2: Genedirex 100 bp DNA ladder; Lane 3,4: Amplified (Syn)rbcL-linker; Lane
5, 6: Amplified (Syn)CAT-linker; Lane 7,8: Amplified (Syn)rbcL-CAT.

43



44



Lane Ladder 2 3

Figure 4.8 Purified rbcL-CAT. Lane 1: BioLine HyperLadder™ 1 kb DNA
ladder; Lane 2: Purified (Chl)rbcL-CAT; Lane 3: Purified (Syn)rbcL-CAT.

Table 4.1 Concentration and purity of all purified PCR product.

Concentration

Purified PCR product Aseo/Azs0
(ng/uL)

(Chl)rbcL 174.7 1.83
(Syn)rbcL 90.2 1.83
(ChDrbcL-linker 87.8 1.85
(Syn)rbcL-linker 107.6 1.86
(Chl)CAT-linker 112.6 1.82
(Syn)CAT-linker 56.3 1.80
(ChlrbcL-CAT 170.8 1.86
(Syn)rbcL-CAT 106.3 1.86

4.3 Colony PCR of Recombinant pENTR™/D-TOPO

4.3.1 rbcL Gene

Both purified (Chl)rbcL and (Syn)rbcL were cloned into pENTR™/D-TOPO
and transformed into electrocompetent E. coli Topl10 through electroporation.
Approximately 40 colonies were found on both selective plate and 23 colonies
were selected randomly to proceed with colony PCR. In order to screen for

positive transformants which carry the recombinant vector in accurate
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orientation, M13F was used as forward primer. As shown in Figure 4.9, three
positive clones which were designated as C8, C12 and C18 showed positive
result for colony PCR that screened for cloning vector carrying (Chl)rbcL gene.
On the other hand, one colony (designated as S20) showed positive result for

screening of recombinant pENTR bearing (Syn)rbcL (Figure 4.10).

Lane 1 234 56 7 8|9[1011 12[13]14 15 1617 18/19]20 21 22 23 24 25

PRIAVEARNIIDE BREBES -2

1.5kb

Figure 4.9 Colony PCR to screen for positive clones which consists of
recombinant pENTR™/D-TOPO bearing (Chl)rbcL by using M13F and R-
RbcL-Chl. Lane 1: BioLine HyperLadder™ 1 kb DNA ladder; Lane 2-24:
Products of colony PCR with randomly selected colonies C1-C23; Lane 25: The
negative control. Boxed lanes are those with positive result.
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1.5 kb

Figure 4.10 Colony PCR to screen for positive clones which consists of
recombinant pPENTR™/D-TOPO bearing (Syn)rbcL by using M13F and R-
RbcL-Syn. Lane 1: BioLine HyperLadder™ 1 kb DNA ladder; Lane 2-24:
Products of colony PCR with randomly selected colonies S1-S23; Lane 25: The
negative control. Boxed lane is that with positive result.

4.3.2 Chimeric Gene

Both purified chimeric gene were also cloned into pENTR™/D-TOPO and
transformed into electrocompetent Topl0 E. coli. Figure 4.11 showed the gel
visualization of colony PCR for screening of positive transformants consists of
recombinant plasmid (Chl)rbcL-CAT. A band with desired size at approximately
2.5 kb was observed on lane 3, 8 and 9 where the respective colonies were

designated as CC1, CC6 and CC7. On the other hand, positive transformants

which bearing (Syn)rbcL-CAT was not found.
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Figure 4.11 Colony PCR to screen for positive clones which consists of
recombinant pENTR™/D-TOPO bearing (Chl)rbcL-CAT by using M13F and R-
Cat. Lane 1: BioLine HyperLadder™ 1 kb DNA ladder; Lane 2: The negative
control; Lane 3-12: Products of colony PCR with randomly selected colonies
CC1-Cc10.

4.4 Plasmid Extraction of Recombinant pPENTR™/D-TOPO
4.4.1 pENTR-rbcL

Overnight culture of four colonies which showed positive result in colony PCR
for screening of recombinant vector bearing (Chl)rbcL (C8, C12, C18) and
(Syn)rbcL (S20) were proceeded with plasmid extraction. Purified plasmids
were then used as PCR template for amplification of gene of interest. Two sets
of primer were used in this verification steps: (1) M13-F paired with reverse
primer of respective rbcL gene; (2) Forward primer of respective rbcL gene
paired with M13-R. Gel image which visualizes the respective PCR products
were showed in Figure 4.12 and Figure 4.13, band size at approximately 1.5 kb
were observed with amplification of plasmid C8 and S20. Beyond expectation,
extracted plasmid from colony C12 and C18 showed negative results in this
verification step (Figure 4.12). The concentration and purity of extracted

plasmids were tabulated in Table 4.2.
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Lane Ladder 2 3 4 5 6 7 8

2,000 bp
1,500 bp

200 bp

Figure 4.12 Verification of isolated recombinant pENTR™/D-TOPO bearing
(ChhrbcL. Lane 1: BioLine HyperLadder™ 1 kb DNA ladder; Lane 2, 4, 6: PCR
product of plasmid extracted from colonies C8, C12, C18 using M13-F and R-
RbcL-Chl as primer; Lane 3, 5, 7: Plasmid extracted from colonies C8, C12, C18
were used as template for PCR using F-RbcL-Chl and M13-R as primer; Lane 8:
The negative control

Lane Ladder 2 3 4

1,500 bp

Figure 4.13 Verification of isolated recombinant pENTR™/D-TOPO bearing
(Syn)rbcL. Lane 1: VC 1 kb DNA ladder; Lane 2: PCR product of plasmid
extracted from colony S20 using M13-F and R-RbcL-Syn; Lane 3: Plasmid
extracted from colony S20 were used as template for PCR using F-RbcL-Syn
and M13-R as primer; Lane 4: The negative control.
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4.4.2 rbcL-CAT Chimeric Gene

Plasmid of positive transformants that consists of pPENTR™/D-TOPO bearing
(ChlrbcL-CAT (CC1, CC6, CC7) were extracted and used as template for
amplification of insert. PCR products of extracted plasmids with band size at
approximately 2.5 kb were observed in Figure 4.14. Purity and concentration of

extracted plasmids were tabulated in Table 4.2.

Lane
Ladder 2 3 4 5

2.5kb
2.0kb

(A) (B)
Figure 4.14 Verification of isolated recombinant pENTR™/D-TOPO bearing
(ChDrbcL-CAT. Extracted plasmid of all three positive clones were undergone
PCR using (A) M13-F with R-Cat and (B) F-RbcL-Chl with M13-R. Lane 1: VC
1 kb DNA ladder; Lane 2-4: PCR product of plasmid extracted from colony CC1,
CC6 and CC7, respectively; Lane 4: The negative control.

Table 4.2 Concentration and purity of all purified recombinant pENTR.

Purified pPENTR™/D-TOPO Concentration Ao /A
Recombinant Plasmid (ng/uL) 260/ Azg0
C8 232.1 2.06
C12 253.5 2.08
C18 261.4 2.12
S20 144.7 1.88
CC1 736.8 1.88
CCo6 752.5 1.88
CC7 726.4 1.87
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4.5 DNA Sequencing of pENTR™/D-TOPO Recombinant

Purified recombinant pENTR™/D-TOPO that possessed positive result in
plasmid identification (C8, S20, CC1, CC6, CC7) were sent for sequencing. The
sequencing results were aligned with known sequences of respective rbcL gene
by using A plasmid Editor (ApE) software. DNA sequencing results and
alignment shown clones C8 and S20 had correct sequences and the cloned genes
were inserted in correct orientation. On the other hand, a mismatch at position
2031 (C-T mismatch) which causes a silent mutation was found on CC1, CC6

and CC7.

4.6 Colony PCR of pDEST ™17 bearing rbcL

Recombinant pENTR™-D/TOPO C8 and S20 which carrying (Chl)rbcL and
(Syn)rbcL, respectively were further transformed into pDEST™17 via LR
recombination reaction. Four and five colonies were found on selective plates
screening for pDEST-rbcL derived from Chlamydomonas and Synechococcus,
respectively. As shown in Figure 4.15 and 4.16, three colonies showed positive
result for presence of (Chl)rbcL, while four positive clones of (Syn)rbcL were

also identified.
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Lane

1.5kb

Figure 4.15 Colony PCR of cells transformed with pDEST™17 carrying
(ChlrbcL using T7 terminator and F-RbcL-Chl. Lane 1: VC 1 kb DNA ladder;
Lane 2-5: PCR product with colonies DC1-DC4; Lane 6: The negative control.
Boxed lanes are those with positive results.

Lane Ladder 4 IE 7

1.5kb

Figure 4.16 Colony PCR of cells transformed with pDEST™17 carrying
(Syn)rbcL using T7 terminator and F-RbcL-Syn. Lane 1: VC 1 kb DNA ladder;
Lane 2-6: PCR product with colonies DS1-DS5; Lane 7: The negative control.
Boxed lanes are those with positive results.

4.7 Plasmid Extraction of Recombinant pDEST ™17

Recombinant pDEST™17 from overnight culture of colonies DC1, DC3, DC4,
DS1, DS2, DS4 and DS5 were isolated and used as PCR template for

amplification of respective rbcL. All extracted plasmids shown positive result
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for presence of respective rbcL in the correct orientation. Purity and

concentration of purified PCR products are tabulated in Table 4.3.

Lane Ladder 2 3 4 5

1.5kb

Figure 4.17 Verification of isolated recombinant pDEST™17 carrying
(ChDrbcL. Extracted plasmids of all positive clones were undergone PCR using
T7 terminator and F-RbcL-Chl. Lane 1: VC 1 kb DNA ladder; Lane 2-4: PCR
product of plasmid extracted from colony DC1, DC3, and DC4, respectively;
Lane 5: The negative control.

Ladder 2 3 4 5 6

Lane

1.5kb

Figure 4.18 Verification of isolated recombinant pDEST™17 carrying
(Syn)rbcL. Extracted plasmids of all positive clones were undergone PCR using
T7 terminator and F-RbcL-Syn. Lane 1: VC 1 kb DNA ladder; Lane 2-5: PCR
product of plasmid extracted from colony DS1, DS2, DS4 and DS5 respectively;
Lane 6: The negative control.
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Table 4.3 Concentration and purity of all purified recombinant pDEST™17.

Purified pPENTR™/D-TOPO Concentration A4
Recombinant Plasmid (ng/uL) 260/ A2s80
DC1 91.9 1.83
DC3 121.4 1.89
DC4 100.4 1.85
DS1 159.4 1.96
DS2 191.4 1.91
DS4 112.2 1.91
DS5 137.0 1.89

4.8 DNA Sequencing of Recombinant pDEST™17

Purified recombinant pDEST™17 (DC1, DC3, DC4, DS1, DS2, DS4 and DS5)
that possessed positive result in plasmid identification were sent for sequencing.
Based on alignment of sequencing result with respective rbcL gene sequences,
all plasmids shown correctly oriented incorporation of desired gene into

pDEST™17 with 100% correct sequences.
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CHAPTER 5

DISCUSSION

5.1 Transformation by electroporation

Transformation is the uptake of naked DNA and incorporation of foreign DNA
into genome by an organism (Karcher 1995). Extracellular DNA are abundant
in natural environment and DNA uptake by bacteria plays important roles in
genetic transformation, DNA repair, and as source of nutrients during starvation
(Palchevskiy and Finkel 2006). It was named by Frederick Griffth, who
demonstrated first ‘heritable alteration’ in Streptococcus pneumoniae prior
discovery of DNA as genetic materials (Tu 2013). It has been observed that at
least 40 bacterial species under certain genera of bacteria such as Streptococcus,
Acinetobacter and Neisseria possess natural transformation system (Chen and

Dubnau 2004).

Transporting exogenous DNA across outer membrane barrier into cytosolic
compartment is a complex task, and it was until early 1970 that Mandel and Higa
demonstrated induced transformation in E. coli by altering the permeability of
cell membrane through addition of calcium chloride (Nicholl 2002). Besides, the
bacterial bilayer lipid membrane that acts as permeation barrier is readily
modified by imposing a transmembrane electric potential, which brought up

another fascinating transformation approach-electroporation (Casali and Preston
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2003). It is reported that electroporation is probably the most efficient and

reliable method for transformation of E. coli.

In this project, introduction of plasmid by transformation was done via
electroporation using Top 10 E. coli as host cell. Eppendorf electroporation
cuvettes with 1 mm gap width were used together with 1.55 kV, which
corresponds to 15.5 kV/cm. The voltage applied is within the optimum field
strength for E. coli recommended by Nickoloff (1995), which is 12.5-16.7
kV/cm. Although Zhang et al (2007) demonstrated that the optimum voltage for
electroporation varied with different size of inserts, yet all the plasmids used in
this project (p)DEST™17, pPENTR™/D-TOPO, pBR322) do not varied much in
size (2.6 to 6.3 kb), thus all the transformation were carried out with constant
voltage. Another influencing factor of electroporation is time constant.
Eppendorf electroporator 2510 used in this project featured with exponential
decay pulse with fixed time constant (5 ms), which is ideal for E. coli

transformation (Eppendorf 2005).

E. coli is not known to be naturally transformable and hence E. coli in competent
state are artificially induced by physiochemical method. The ability of an
organism to uptake DNA is measured as competency. The calculation showed
in Section 4.1 indicated that the competency of prepared electrocompetent cells
was 4.41x107/ug DNA. Commercially prepared competent E. coli generally
possess 10° competency and according to Casali and Preston (2003),

transformation efficiencies of 10° to 107 are typical. The commercially
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prepared high competency competent cells are needed mostly for making a
complete library of complex genome (Karcher 1995), thus the prepared
electrocompetent cells in this research are sufficient for cloning experiment.
Furthermore, there was no sign of cells growing on negative control (Figure 4.1;
C) and hence indicated that prepared electrocompetent cells were not

contaminated throughout the preparing process.

5.2 Polymerase Chain Reaction

5.2.1 Amplification of rbcL and CAT gene

rbcL genes derived from both Synechococcus and Chlamydomonas were
amplified with two sets of primers which comprised of different reverse primers
in order to yield PCR products with and without CAT overlapping sequence at
downstream of rbcL (Figure 3.1). A 5> CACC was placed at the upstream of
rbcL gene by incorporating as part of forward primer. The incorporated 5’
CACC sequence facilitates cloning by subsequently binds to the 3° GTGG
overhang of pENTR/D-TOPO. On the other hand, CAT gene was amplified
using two set of primers which comprise of different forward primers that
encodes for overlapping sequence of Chlamydomonas and Synechococcus rbcL

gene, respectively.

Optimization of PCR involves manipulating of several variables, and one of the
critical factors is annealing temperature. Annealing temperature (Ta) plays

crucial role upon the molecular interaction between primer and template, and
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hence affecting the specificity of PCR product (McPherson and Mgller 2006). In
general, lower Ta shows higher tolerance towards mismatches between primer
and template, and hence leading to non-specific binding and amplification of
secondary products. On the other hand, high Ta ensures high specificity binding
of primer and yet exceeding optimum Ta. may cause low product yield due to
poor annealing of primers (Rychlik, Spencer and Rhoads 1990). DNA melting
temperature (Tm), temperature at which 50% of a given DNA sequence are
hybridize as a double strand, while the remaining are denature and present as
single strands, gives the best clue of optimum annealing temperature. Primers
purchased from 1% Base were given Ty value which attached as product info.
However, most of the primers used in this project consist of additional sequences,
including CAT and rbcL overlapping sequence, and 5’CACC which is absence
in template, indicates that primer will not anneal to the template 100%. Thus, it

is not surprising that optimum T, for amplifications were slightly lower than Tpm.

As shown in Figure 4.2, 4.3, 4.6 (Lane 3-6) and 4.7 (Lane 3-6), all lanes
displayed a distinct band in gel image visualizing the PCR product for
amplification of rbcL and CAT gene. The size of (Chl)rbcL, (Syn)rbcL,
(ChDrbcL-linker, (Syn)rbcL-linker, (Chl)CAT-linker and (Syn)CAT-linker were
1465 bp, 1416 bp, 1510 bp, 1461 bp, 704 bp and 697 bp respectively. All the
PCR products were in expected size, which were approximately 1.5 kb for rbcL
and 700 bp for CAT gene. Thus, suggested that rbcL gene derived from
Synechococcus and Chlamydomonas together with CAT gene had been
successfully amplified from template at optimum parameter. Furthermore, it was

also noted that a faint band with size smaller than 200 bp was found in
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amplification of (Chl)rbcL, and the intensity of band was much higher in
negative control (Figure 4.2). The non-specific product was known as primer
dimer, product of duplex formation among two primers (Das, Mohapatra and
Hsu 1999). Based on primer analysis done via OligoAnalyzer 3.1 (Integrated
DNA Technologies), it is found that there is a higher extent of complementarity
between primer set used in amplification of (Chl)rbcL, compared to other
amplification reaction. Accumulation of primer-template during PCR greatly
reduces formation of primer-dimer, and hence the
primer-dimers were observed at higher intensity in the negative control which

does not contain of template.

By comparing the PCR reaction mixture and thermocycling conditions among
the six PCR-amplification reactions, the amplification of (Chl)rbcL-linker
possesses the most sophisticated requirements. It is mainly due to non-specific
binding of primer set at lower T, that results in amplification of secondary
product which has size of approximately 4 kb (result not shown). However,
while increasing Ta, a lower yield of desired product was observed. Thus, in
order to compensate for high T which gives high specificity, a less stringent
PCR condition was set up by varying other PCR parameters, including
increasing the volume of dNTPs to 1.0 pL, and doubling the primer annealing

time and amount of primer added.

5.2.2 Overlap Extension PCR
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PCR-amplified rbcL and CAT gene which both comprised of overlapping
fragments were fused via overlap extension PCR. Prior to ligation, the amplified
fragments were purified in order to remove PCR reaction mixture, particularly
magnesium ions. According to McPherson and Mgller (2006), concentration of
Mg?* is critical in PCR as it formed complex with dNTP which subsequently
interact with sugar-phosphate backbone of nucleic acid and substantially
influenced the activity of DNA polymerase. Without Mg?" removal prior
processing to subsequent PCR amplification may lead to excessive Mg?* that
reduces the fidelity of DNA polymerase and results in amplification of
nonspecific products. Purification also removes interfering proteins, and the

products were pure, with Azeo/A2go 0f 1.8 to 2.0 (Table 4.1).

The purified fragments with a 1:1 molar ratio were then subjected to fusion via
overlap extension PCR. Optimization of overlap extension PCR was carried out
with varying primer T, from 55 °C to 60 °C of second PCR. The expected size
of fusion product (Chl)rbcL-CAT and (Syn)rbcL-CAT were 2103 bp and 2094
bp respectively. As shown in Figure 4.5, PCR products with the desired size
were observed with high background of non-specific products in all the lanes
and intensity of PCR product (both desired and undesired secondary product)

does not seem to be affected by varying T..

Chakrabarti and Schutt (2001) had reported the relationship of low yield and
specificity in amplification of high GC content target sequence, which resulted

by increased hydrogen bond strength and formation of intermolecular secondary
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structure that caused difficulty in primer annealing (Hardjasa et al 2010). Thus,
it is suggested that the high background of non-specific products in amplification
of rbcL-CAT was mainly due to high GC content of template used, particularly
(Syn)rbcL-CAT (53.8% GC). Addition of DMSO is particularly useful in this
case as DMSO with high polarity and high dielectric constant, forms hydrogen
bond with major and minor grooves of template, destabilizes double helix

structure and eliminate secondary structure (Weiner 2008).

Adding in dimethyl sulfoxide (DMSO) to 5% and reducing the primer annealing
time to 5 sec at subsequent optimization step had resulted in the desired single
band in the amplification of (Chl)rbcL-CAT (Figure 4.6; Lane 7,8), but not
(Syn)rbcL-CAT (Figure 4.7; Lane 7,8). The non-specific binding in
amplification of (Syn)rbcL-CAT (2.1 kb) resulted in amplification of secondary
products which were approximately 650 bp and 1.6 kb. Several attempts
including reducing template in both PCR respectively and further increasing Ta
still unable to yield the desirable result. In general, smaller inserts are cloned
more efficiently than larger inserts. Since undesired PCR products were smaller
in size compared to the desired chimeric gene, gel purification was carried out
in order to isolate and purify desired DNA fragments based on size. The purified
PCR product from amplification of (Chl)rbcL-CAT and (Syn)rbcL-CAT were
determined to be pure and consist of only desired overlap extension PCR product,

based on agarose gel electrophoresis (Figure 4.8).

5.3 Colony Screening of Recombinant pENTR™/D-TOPO
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All purified PCR products, including (Chl)rbcL, (Syn)rbcL, (Chl)rbcL-CAT and
(Syn)rbcL-CAT  were subjected to cloning into entry vector,
PENTR™/D-TOPO followed by transformed into Top 10 E. coli for expression.
Colony screening was carried out in order to screen E. coli that bearing
recombinant plasmid with properly incorporated insert. Since primer that
targeting both vector and insert were used in colony PCR, additional sequence
was included in the amplification, and the expected size of PCR products is
approximately 150 bp longer compared to original insert, making the expected
size of PCR product were about 1.6 kb and 2.2 kb for screening of recombinant

entry vector bearing rbcL and rbcL-CAT, respectively.

Comparing the cloning of rbcL and chimeric rbcL-CAT, the former was easier
to achieve and suggested smaller inserts will be cloned more efficiently
compared to the larger one. Positive clones carrying recombinant plasmids of
(ChDrbcL, (Syn)rbcL and (Chl)rbcL-CAT were obtained (Figure 4.9, 4.10 and
4.11), but not (Syn)rbcL-CAT. Colonies were observed on selective plate
screening for transformants carrying recombinant plasmid with (Syn)rbcL-CAT,
yet colony PCR of colonies obtained did not yield PCR products with the desired
size. On the contrary, distinct bands with sizes smaller than 1.5 kb (result not
shown) were observed in every attempts of colony PCR. Perhaps the absence of
PCR product in desired size from colony screening of (Syn)rbcL-CAT may due
to failure in incorporation of (Syn)rbcL-CAT gene into the entry vector, or ,
(Syn)rbcL-CAT was being incorporated yet unable to be amplified fully via

colony PCR.
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Despite cloning of rbcL-CAT derived from Synechococcus was failed, the PCR-
amplified product of respective chimeric gene were sent for DNA sequencing to
identify its identity. Sequencing using two internal primers targeting the insert
unable to yield full sequence of PCR product. However, based on alignment of
sequencing result with known sequence, it showed the presence of both desired
genes in the PCR-amplified product, suggesting that chimeric rbcL-CAT derived

from Synechoccocus was successfully constructed (refer Appendix F).

5.3.1 Troubleshooting Cloning of Chimeric Synechococcus rbcL-CAT

PCR-amplification of (Syn)rbcL-CAT resulted in multiple non-specific products
which was subsequently removed via agarose gel purification using Thermo
Scientific GeneJET PCR purification kit (Fermentas). It is suggested that the
unsuccessful downstream PCR reaction may due to presence of reaction mixture
residual that interferes with PCR reaction enzymes. Ethanol aids precipitation of
nucleic acid during elution, yet insufficient centrifugation may results in eluate
with residual ethanol. Residual ethanol not only leads to samples floating out of
agarose wells when attempting to load followed by loss of purified DNA product,
it also acts as PCR inhibitor (Mackay 2007). In addition, excessive salt resulting
from ineffective washing is also known to affect PCR activity (Kennedy and
Oswald 2011). Guanidinium isothiocyanate, one of the reagents of GeneJET
DNA purification kit can also inhibit some enzymatic activities when present in

trace amounts (Gerstein 2001). Apart from residual reaction mixture, it is
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reported that residual traces of agarose may also inhibits subsequent

manipulation (Tabak and Flavell 1978).

Taq polymerase used in colony PCR lack proofreading activity and had higher
error rate which is approximately 2 x 10 per nucleotide per cycle, corresponds
to ~1 substitution per 1000 bp fragment (Zylstra et al 998). It is reported that
proofreading activity IS substantially important in
PCR-amplification of large sequence (Fromenty 2000). This is mainly because
misincorporated nucleotides at 3’ terminal may subsequently lead to prematurely
termination of strand synthesis (Cheng et al 1994) and yielded PCR products
with smaller size. Furthermore, the processivity of Taq polymerase reduces
while amplifying long sequence and further increase the rate of mismatches (Su
et al 1996), where processivity is the number of nucleotides being incorporated
by polymerase during elongation before it dissociates. The inherent limitation of
Taq polymerase is even more significant in crude sample PCR application
(including colony PCR) where polymerase inhibitors, including bacterial cell
debris and components of cellular media are generally presence (Costa and

Weiner 2006).

According to Lonza Group (n.d.), the choice of agarose is also regarded as one
of the important factors in recovering DNA. SeaKem LE Agarose used in this
project possess Molecular Biology grade and are generally appropriate for
analytical separation of DNA, yet it is not the best choice for recovery of DNA.

SeaKem LE Agarose required high temperature for melting and potentially
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causes denaturation of double-stranded DNA which substantially interfered with

the downstream cloning reaction.

Besides, repeated thermocyling and prolonged high temperature elongation time
in amplification of large sequence may also lead to template damage, such as
DNA depurination which may also block progress of DNA polymerase. In this
project, the PCR parameter of colony PCR was generalized including fixed 55
°C of Ta and reaction mixture regardless features of target sequence and primer
set used. Thus, the PCR conditions used may not be suitable for screening of

recombinant pPENTR™/D-TOPO bearing (Syn)rbcL-CAT.

In order to resolve the potential problems that affect the cloning of chimeric
(Syn)rbcL-CAT, several solutions were proposed. First and foremost, it is
suggested that some precaution steps such as longer centrifugation time, efficient
membrane wash and longer incubation time of purification column in Wash
Buffer should be taken in order to remove residual from agarose gel purification,
including ethanol and excessive salt that may interfere with downstream PCR
reaction (Thermo Fisher Scientific Inc. 2013). In addition, contaminant such as
guanidinium isothiocyanate can also be efficiently eliminated with efficient

ethanol wash (Gerstein 2001).

On the other hand, Cambrex Corporation (n.d.) offered Low Melting

SeaPlaque® Genetic Technology Grade (GTG) and Standard Melting SeaKem
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GTG Agarose, modified agarose which characterized with lower gelling and
melting point. Since conventional agarose required high melting temperature and
potentially causes denaturation of DNA template followed by unsuccessful
downstream cloning reaction. It is suggested that modified agarose gel with low

melting point gives better alternatives for purification of DNA.

Besides, failure in detecting positive chimeric Synechecoccus rbcL-CAT clones
through colony PCR may also cause by inability to amplify desired gene in
colony PCR. The failure of amplifying desired gene may categorize into two
main factors, non-favorable amplification conditions or limitation of reaction
enzymes involved. It is suggested that more optimization steps particularly
primer annealing temperature should be carried out in order to screen the desired
gene under optimum condition. On the other hand, considering limitation of Taq
polymerase in amplifying long fragments, an internal primer targeting desired
gene should be used. Thus a smaller fragment is being amplified and increases

the efficiency of colony PCR.

According to research carried out by Su et al (1996), they suggested that
processivity of Taq polymerase is greatly reduced when amplifying AT rich
sequences at 72 °C and a reduced extension temperature of 60 °C is advisable.
Thus, it is postulated that a reduction of elongation temperature may increases
the efficiency of colony PCR. Furthermore, decreasing temperature of
elongation further reduces the chances of template damage. Besides, instead of

using colony PCR solely to screen transformants carrying recombinant plasmid
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bearing desired insert, it is postulated that additional confirmation methods can
be carried out. Restriction digestion of extracted plasmids and screening of
desired plasmids by evaluation of its digested size may plays as a classic yet

reliable additional confirmation assay.

5.4 Verification of Recombinant pENTR™/D-TOPO

Purified plasmids of positive clones carrying recombinant pENTR™/D-TOPO
with (Chl)rbcL, (Syn)rbcL and (Chl)rbcL-CAT, respectively, were used as
template for another round of PCR. Figure 4.12, 4.13 and 4.14 shown the gel
image visualizing the PCR products and band with expected size were found for
each construct (C8, S20, CC1, CC6, CC7), thus suggesting that desired inserts
were successfully being incorporated into the entry vector at appropriate
orientation. On the other hand, out of three positive clones, which shown positive
results in screening of transformants carrying recombinant pPENTR™/D-TOPO
with (Chl)rbcL via colony PCR, of which two shown negative results
(designated as C12 and C18) with another round of PCR using extracted plasmid.
Both clones C12 and C18 were re-streaked from the master plate and subjected

to colony PCR again. However, negative results for both clones were observed.

Most purified plasmids shown desired Azeo/Azs0 Value, which is between 1.8 to
2.0 that indicates relatively pure nucleic acid samples (refer Table 4.2). Purified
plasmids (C8, C12, C18) that shown slightly higher than expected of Azso/A2s0
purity ratio, suggested that it may had contaminated with RNA. It is also

suggested that slight deviant from desired purity ratio would also be due to
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improper handling such as measurement of blank on dirty pedestal as all samples
showing higher purity ratio were measured on same particular day (Thermo
Fischer Scientific Inc. 2011). However, since RNA contamination may lead to
serious consequences including overestimation of plasmid concentration and
interferes with sequencing reaction, it is suggested that precaution step should
be implemented. Apart from measuring Azeo/Azgo purity ratio, agarose gel
electrophoresis is a simple method that reviews the yield and purity of purified
plasmid where a faint and smeary band below plasmid DNA band would be

observed if RNA contamination is present.

5.5 DNA Sequencing of Recombinant pENTR™/D-TOPO

Purified plasmids from positive clones bearing recombinant pPENTR™/D-TOPO
with incorporated rbcL (C8, S20) and rbcL-CAT (CC1, CC6, CC7) were sent for
DNA sequencing. Aligning sequencing result with expected sequence using ApE
software shown that plasmids C8 and S20 consists of recombinant pPENTR™/D-
TOPO with incorporated rbcL derived from Chlamydomonas and
Synechococcus, respectively, with 100% identities and desired orientation.
According to sequencing result of CC1, CC6 and CC7, rbcL-CAT was also
successfully incorporated into entry vector at appropriate orientation, yeta C-T
mismatch in the CAT gene at position 2031 (‘clean’ peaks were observed from
two reads which covered the particular nucleotide) was found on all three clones
(refer Appendix G). However, due to the redundancy of genetic code, nucleotide
mismatch at position 2031, which also third position of triplet codon causes only

a silent mutation, thus it does not affect the function of the protein. The sequence
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chromatogram of CC1 and CC6 had a region with low signal intensity and high
background noise. Since the respective gap was covered only by single read, the
identity of CC1 and CC6 was doubtful. Hence, plasmid CC7 was subjected for

subsequent cloning reactions.

In addition, the sequencing results are unreadable for clones C12 and C18, which
shown false positive results in colony PCR. Their results were shown in
Appendix H and I. The chromatogram data of both clones were messy and
multiple peaks of differing heights were observed with low number of readable
peaks. Moreover, both sequencing results showed early signal drop with ‘blank’
sequence found. It is suggested that the ‘dirty’ sequence was mainly due to RNA
contamination as Azeo/A2go Of both plasmids exceeded 2.0. From the alignment,
perhaps clones C12 and C18 had truncated insert that resulted in failure of

amplifying the respective insert.

5.6 LR Recombination of Recombinant pENTR-rbcL with pDEST ™17

Incorporated rbcL derived from Chlamydomonas and Synechococcus in
recombinant pENTR™/D-TOPO C8 and S20, respectively, were further
subcloned into expression vector, pPDEST™17 via LR recombination. In colony
PCR screening of positive clones bearing rbcL, rbcL gene was being amplified
with additional sequence (sequence between TOPO cloning site 2 and attL2, and
sequence between pDEST ™17 attR2 and T7 terminator complementary site),
thus the expected size of PCR products were approximately 161 bp longer

compared to gene size of rbcL solely. The expected size for colony PCR of
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pDEST-rbcL derived from Chlamydomonas and Synechococcus were 1589 bp
and 1577 bp, respectively. As shown in Figure 4.15 and 4.16, bands with desired
size of approximately 1.5 kb were found on gel image visualizing PCR products
of colony PCR. Positive clones comprising pDEST-rbcL derived from
Chlamydomonas were designated as DC1, DC3 and DC4. On the other hand, 4
colonies shown positive result for screening of recombinant pDEST "™17 bearing
(Syn)rbcL were designated as DS1, DS2, DS4 and DS5. Plasmids isolated from
the positive clones were subjected to further identification by proceeding to
another round of PCR. All purified plasmids shown desired Azeo/A2g0 value,
which is between 1.8 to 2.0 that indicates relatively pure nucleic acid samples
(refer Table 4.3). Based on Figure 4.17 and 4.18, PCR of extracted plasmids
shown a band with the expected size of about 1.5 kb, indicating that
recombination between entry clone and destination clone was obtained. All the
isolated plasmid were also sent for DNA sequencing and alignment of
sequencing result with sequence of respective rbcL shown that insert from
TOPO vector was subcloned into destination vector while retaining its correct

sequence and desired orientation.
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CHAPTER 6

CONCLUSION

This project focused on construction and cloning of rbcL-CAT derived from
Chlamydomonas and Synechococcus. rbcL gene derived from Chlamydomonas
and Synechococcus were amplified by polymerase chain reaction (PCR) from
pLS-H (Du and Spreitzer 2000) and pTrcSynLS-MC (Mueller-Cajar and
Whitney 2008a), respectively. Two set of primers were used in PCR-
amplification of each rbcL gene in order to yield both PCR product with and
without CAT gene overlapping sequence at downstream of rbcL gene. On the
other hand, CAT gene was also being amplified successfully by PCR from pYES-
DEST52 (Invitrogen) using two set of primers that comprising overlapping
sequence of Chlamydomonas and Synechococcus rbcL gene, respectively.
Fusion of PCR-amplified rbcL gene with CAT gene at the overlapping sequences
via overlap extension PCR was also successfully performed. Amplified
fragments were cloned into entry vector, pPENTR™-D/TOPO, then subcloned
into expression vector, pDEST'™17. Each cloning step was followed by
transformation into Top 10 E. coli for expression and screening of transformants
bearing recombinant vector via colony PCR. Extracted plasmids from positive
clones were further identified through PCR of insert and DNA sequencing.
Alignment of sequencing results with known sequences was done via A plasmid

Editor (ApE) software.
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Recombinant plasmids pENTR-rbcL derived from both Chlamydomonas and
Synechococcus were successfully obtained and sub-cloned into pDEST™17,
Besides that, recombinant plasmid pENTR-rbcL-CAT derived from
Chlamydomonas was also obtained. Although chimeric rbcL-CAT derived from
Synechococcus was constructed, cloning of rbcL-CAT into pENTR™/D-TOPO
was unsuccessful and the actual cause was unable to be identified. However,
some potential causes were discussed, including limitation of Taq polymerase in
amplifying long fragment, residual reaction mixture and agarose that interferes
with downstream reaction, inappropriate agarose gel used in gel purification of
PCR product and non-favorable amplification conditions. Thus, it is proposed
that efficient removal of residual, using modified agarose gel that characterized
with lower melting point in gel purification of PCR product, further optimization
of PCR parameter, reducing PCR elongation temperature, targeting a smaller
fragment during colony PCR and restriction digestion of suspicious plasmids

should be considered for cloning of (Syn)rbcL-CAT.

From the course of this project, four out of five objectives were successfully
obtained. For future works, (Syn)rbcL-CAT should be re-amplified in order to
obtain fresh PCR product prior proceeds to subsequent cloning reaction. After
successfully cloning of (Syn)rbcL-CAT into pENTR™-D/TOPO, both pENTR-
rbcL-CAT derived from Chlamydomonas and Synechococcus will be subcloned
into expression vector, pDEST™17. It is postulated that Chlamydomonas
(eukaryotic) rbcL unable to be folded properly by bacterial chaperone will
possess distorted structure that subsequently disrupts conformation, thus

function of CAT downstream to it. Furthermore, denatured protein with altered
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conformation is also more sensitive for protease and increases its susceptibility
to protease. Therefore, E. coli carrying the non-functional rbcL-CAT is expected
to have limited resistance or susceptible to chloramphenicol. On the other hand,
Synechococcus (prokaryotic) rbcL is able to be folded properly by bacterial
chaperone and E. coli expressing a functional (Syn)rbcL-CAT would confer
chloramphenicol resistance. By plating BL21(DE3) E. coli expressing
(ChlrbcL-CAT and (Syn)rbcL-CAT on culture medium consisting different
concentration of chloramphenicol (5 to 34 pg/mL), the susceptibility towards
chloramphenicol among transformants expressing (Chl)rbcL-CAT and
(Syn)rbcL-CAT can be compared and it is postulated that a suitable
concentration of chloramphenicol that able to distinguish between functional and
non-functional rbcL is able to be determined. When this functional selection
system is established, sequence swapping between DNA libraries of
Chlamydomonas and Synechococcus rbcL genes can be performed and selection

of functional rbcL can be performed based on chloramphenicol resistance.
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APPENDIX A

Gene Sequence of rbcL Derived from Chlamydomonas

ATGGTTCCACAAACAGAAACTAAAGCAGGTGCTGGATTCAAAGCCG
GTGTAAAAGACTACCGTTTAACATACTACACACCTGATTACGTAGT
AAGAGATACTGATATTTTAGCTGCATTCCGTATGACTCCACAACCA
GGTGTTCCACCTGAAGAATGTGGTGCTGCTGTAGCTGCTGAATCTTC
AACAGGTACATGGACTACAGTATGGACTGACGGTTTAACAAGTCTT
GACCGTTACAAAGGTCGTTGTTACGATATCGAACCAGTTCCGGGTG
AAGACAACCAATACATTGCTTACGTAGCTTACCCAATCGACTTATTC
GAAGAAGGTTCAGTAACTAACATGTTCACTTCTATTGTAGGTAACGT
ATTCGGTTTCAAAGCTTTACGTGCTCTACGTCTTGAAGACCTTCGTA
TTCCACCTGCTTACGTTAAAACATTCGTAGGTCCTCCACACGGTATT
CAGGTAGAACGTGACAAATTAAACAAATATGGTCGTGGTCTTTTAG
GTTGTACAATCAAACCTAAATTAGGTCTTTCAGCTAAAAACTACGGT
CGTGCAGTTTATGAATGTTTACGTGGTGGTCTTGACTTTACTAAAGA
CGACGAAAACGTAAACTCACAACCATTCATGCGTTGGCGTGACCGT
TTCCTTTTCGTTGCTGAAGCTATTTACAAAGCTCAAGCAGAAACAGG
TGAAGTTAAAGGTCACTACTTAAACGCTACTGCTGGTACTTGTGAA
GAAATGATGAAACGTGCAGTATGTGCTAAAGAATTAGGTGTACCTA
TTATTATGCACGACTACTTAACAGGTGGTTTCACAGCTAACACTTCA
TTAGCTATCTACTGTCGTGACAACGGTCTTCTTCTACACATCCACCG
TGCTATGCACGCGGTTATTGACCGTCAACGTAACCACGGTATTCACT
TCCGTGTTCTTGCTAAAGCTCTTCGTATGTCTGGTGGTGACCACCTT
CACTCTGGTACTGTTGTAGGTAAACTAGAAGGTGAACGTGAAGTTA
CTCTAGGTTTCGTAGACTTAATGCGTGATGACTACGTTGAAAAAGA
CCGTAGCCGTGGTATTTACTTCACTCAAGACTGGTGTTCAATGCCAG
GTGTTATGCCAGTTGCTTCAGGTGGTATTCACGTATGGCACATGCCA
GCTTTAGTTGAAATCTTCGGTGATGACGCATGTCTTCAGTTCGGTGG
TGGTACTCTAGGTCACCCTTGGGGTAACGCTCCAGGTGCTGCAGCT
AACCGTGTAGCTCTTGAAGCTTGTACTCAAGCTCGTAACGAAGGTC
GTGACCTTGCTCGTGAAGGTGGCGACGTAATTCGTTCAGCTTGTAAA
TGGTCTCCAGAACTTGCTGCTGCATGTGAAGTTTGGAAAGAAATTA
AATTCGAATTTGATACTATTGACAAACTTTAA
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APPENDIX B

Gene Sequence of rbcL Derived from Synechococcus

ATGCCCAAGACGCAATCTGCCGCAGGCTATAAGGCCGGGGTGAAG
GACTACAAACTCACCTATTACACCCCCGATTACACCCCCAAAGACA
CTGACCTGCTGGCGGCTTTCCGCTTCAGCCCTCAGCCGGGTGTCCCT
GCTGACGAAGCTGGTGCGGCGATCGCGGCTGAATCTTCGACCGGTA
CCTGGACCACCGTGTGGACCGACTTGCTGACCGACATGGATCGGTA
CAAAGGCAAGTGCTACCACATCGAGCCGGTGCAAGGCGAAGAGAA
CTCCTACTTTGCGTTCATCGCTTACCCGCTCGACCTGTTTGAAGAAG
GGTCGGTCACCAACATCCTGACCTCGATCGTCGGTAACGTGTTTGGC
TTCAAAGCTATCCGTTCGCTGCGTCTGGAAGACATCCGCTTCCCCGT
CGCCTTGGTCAAAACCTTCCAAGGTCCTCCCCACGGTATCCAAGTCG
AGCGCGACCTGCTGAACAAGTACGGCCGTCCGATGCTGGGTTGCAC
GATCAAACCAAAACTCGGTCTGTCGGCGAAAAACTACGGTCGTGCC
GTCTACGAATGTCTGCGCGGCGGTCTGGACTTCACCAAAGACGACG
AAAACATCAACTCGCAGCCGTTCCAACGCTGGCGCGATCGCTTCCT
GTTTGTGGCTGATGCAATCCACAAATCGCAAGCAGAAACCGGTGAA
ATCAAAGGTCACTACCTGAACGTGACCGCGCCGACCTGCGAAGAAA
TGATGAAACGGGCTGAGTTCGCTAAAGAACTCGGCATGCCGATCAT
CATGCATGACTTCTTGACGGCTGGTTTCACCGCCAACACCACCTTGG
CAAAATGGTGCCGCGACAACGGCGTCCTGCTGCACATCCACCGTGC
AATGCACGCGGTGATCGACCGTCAGCGTAACCACGGGATTCACTTC
CGTGTCTTGGCCAAGTGTTTGCGTCTGTCCGGTGGTGACCACCTCCA
CTCCGGCACCGTCGTCGGCAAACTGGAAGGCGACAAAGCTTCGACC
TTGGGCTTTGTTGACTTGATGCGCGAAGACCACATCGAAGCTGACC
GCAGCCGTGGGGTCTTCTTCACCCAAGATTGGGCGTCGATGCCGGG
CGTGCTGCCGGTTGCTTCCGGTGGTATCCACGTGTGGCACATGCCCG
CACTGGTGGAAATCTTCGGTGATGACTCCGTTCTCCAGTTCGGTGGC
GGCACCTTGGGTCACCCCTGGGGTAATGCTCCTGGTGCAACCGCGA
ACCGTGTTGCCTTGGAAGCTTGCGTCCAAGCTCGGAACGAAGGTCG
CGACCTCTACCGTGAAGGCGGCGACATCCTTCGTGAAGCTGGCAAG
TGGTCGCCTGAACTGGCTGCTGCCCTCGACCTCTGGAAAGAGATCA
AGTTCGAATTCGAAACGATGGACAAGCTC

85



APPENDIX C

Nucleotide Sequences of Linkers and CAT Gene

Nucleotide sequence of linker for (Chl)rbcL-CAT

GGTGGAGGGTCTGGCGGAGGT

Nucleotide sequence of linker for (Syn)rbcL-CAT
GGTGGATCTGGCGGAGGT

Nucleotide sequence of CAT gene

GAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCG
TAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCA
GACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATA
AGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATG
CTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGG
GATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTT
TCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATA
TATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAA
GGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTC
ACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTT
TTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCT
GGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTCCATGTCGGCAGAAT
GCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAA
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APPENDIX D

Map of pPENTR™/D-TOPO

Asc |

Mot |

Comments for pENTR™/D-TOPO*®
2580 nucleotides

mB T2 transcription termination sequence: bases 268-295
mB T1 transcription termination sequence: bases 427-470
M13 forward (-20) priming site: bases 537-552

atflL1: bases 569-668 (c)

TOPQO” recognition site 1: bases 680-684

Overhang: bases 685-688

TOPQO” recognition site 2: bases 689-693

atfl2: bases 705-804

T7 Promoter/priming site: bases 821-840 (c)

M13 reverse priming site: bases 845-861

Kanamycin resistance gene: bases 974-1783

pUC origin: bases 1904-2577

(c) = complementary sequence

(Invitrogen Corporation 2006)
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APPENDIX E

Map of pDEST-17

Iwm ATG 6xHis |attRl CmR ccdB attR2 I

Comments for pDEST™17
6354 nucleotides

T7 promoter: bases 21-40
Ribosome binding site (RBS): bases 86-92
Initiation ATG: bases 101-103
6xHis tag: bases 113-130
aftR1: bases 140-264
Chloramphenicol resistance gene (CmR): bases 373-1032
ccdB gene: bases 1374-1679

aftR2: bases 1720-1844

T7 transcription termination region: bases 1855-1983

bla promoter: bases 2471-2569

Ampicillin (bla) resistance gene: bases 2570-3430
pBR322 origin: bases 3575-4248

ROP ORF: bases 4619-4810 (C)

C=complementary strand

(Invitrogen Corporation 2012)
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APPENDIX F
Sequence Alignment of Expected (Syn)rbcL-CAT Sequence and PCR

Product of Amplification of (Syn)rbcL-CAT

Matches:1151; Mismatches:5; Gaps:938; Unattempted:0

* * * * * * * * * *
1> >100
[ip:3 >0

* * * * * * * * * *
101> »>200
[ip:3 >0

* * * * * * * * * *
201> >300
[ip:3 >0
* * * * * * * * * *
301> >400
[ip:3 >0
* * * * * * * * * *
401> >500
[ip:3 >0
* * * * * * * * * *
501> >600
[ip:3 >0
* * * * * * * * * *
601> >700
[ip:3 >0
* * * * * * * * * *

T01>ETCACTACCTGRACGT GACCGUGCCGACCTGCGAAGAA A TGATGAAACGEGCTGAGTTCGCTARAGAAC TCGGCATCCCGATCATCATGCATGACTTCTT>E00

1 GCCGRCCTGCGRAGRRAATGRAT GAAACGGGEI GAGTTCGCTRARAGRRCT CGGCAIMCCGAI CATCRTGCATGACTICIT>TE
* * * * * * * * * *

201 >GACGECTGETTTCACCECCARCACCACCTTGECARAATGETGCCEOGACAACGECGTCCTGCTGCACATCCACCCTEC AR TGCACGCGETGATCGACCET >S00

T9>GRCGECTGETITCACCGCCARCACCACCTTGECAR AT GETGCCGCGACRACGECGT CCTGCTGCACAT CCRCCGT GCARTGCACGCGETGATCGACCGT >178

* * * * * * * * * *

901 >CAGCETANCCACGGGATTCACTTCCGTGTC TTGECCAAGTGTTTGCETC TG TCCGETGETGACCACCTCCACTCCGECACCGTCGTCGECAAMCTGEAAG>1 000

179>CAGCETARCCACGEEATTCACTICCEIGTCTIGECCARGTGTTTGCGTCTGTCOGET GETGACCACCTCCACT CCGECACCET CETIGGL! CTGGRRAG>2TE
* * * * * * * * * *

1001 >GOGACARAGCTTCGACCTTGEGCTTTGTTGACTTGATGCGOGAAGACCACATCGAAGC TGACCGCAGCCGTGEEETCTTCTTCACCCARGATTGGECGTC 1100

279>GCGRCAN A GCTICGACCTTGEECTITGTIGACT TGATGCGCGRAGRCCACATCGARGCTGACCGCAGCCGIGEEETCTICTICACCCARGRATTGEEOGTC>3TE

* * * * * * * * * *
1101>GATGCOGEECETGCTGOCGETTGCTTCOGETGETATOCACGTGTGECACATGCOCGCACTGETGEARATC T TCGETGATGACTCOGTTCTCCAGTTCGGET>1200

3T9>GRTGCCGEECGTGCTGCCGETIGCITCCGET GETAT CCACGT T GECACAT GOCCGCACT GETGEARAT CTTCGETGAT GACTCCGTTCTCCAGTTCGET >4 T

* * * * * * * * * *
1201>GGCEECACCTTGEETCACCCCTGEEETARTGCTCCTGETECAACCGCGAACCGTET TEOCTTGEAAGCTTGOGTCCAAGC TCGEAMC GAAGGTCGCGACC 1300

479>G606ECACCTTGEETCACCCCTGEGETART GCTCCTGETGCARCCGCGRRCCETGTTGCCTIGERAGCTTGCGT CCARGCTCEGEARCGRAGETCGCGRCC>5TE

* * * * * * * * * *
1301>TCTACCETGAAGGCGECGACATCCTTCGTGAAGC TGECANGTGETCGCCTGAACTGECTGCTGCCCTCGACCTCTGEARAGAGATCARGTTCGAATTCGA> 1400
579>TCTACCGTGARGECGECGRCATCCTTCGT GRAAGCTGECAAGT GET CGCCTGRACT GECTGCTGOCCTCGACT CIGGAAAGAGAICAAGIICGAAIIE}G?S

* * * * * * * * * *
1401>AACEATGEACAAGCTCGETGGAGEETCTGOCGEAGGTGAGRA AR AATCACTGGATATACCACCETTGATATATCCCARTGGCATCETARAGARCATTTT>1500

7 6 i T - S T 7 7 T 7 B s T I T 1701
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* * * * * * * * * *
1501 >GAGECATTTCAGT CAGT TGCTCART GTACCTATARCCAGRACCGTTCAGCTGEATATTACGECCTITTTARAGACCGTARRAGRAR AR TARGCACRRAGTTIT>1600

702>/ 7T TR

* * * * * * * * * *
1601 >ATCCEECCTTTATICACATTCTTGOCCGCCTGATGAR TG TCATCCGGAATTCCOTATGGCAATGAAAGACGTGAGCTGGTGATATGEGATAGTGTTCAS 1700
706>/ -, A TT CT TG CCCGCCTEAT GARTGCTCATCCGGARTTCCGTAT GGCART GALAGACGGTGAGCTGGETGATATGEGATAGTGTTCAST90

* * * * * * * * * *
1701>0CCTTGTTACACCGTTTTCCATGAGCAMACTGAANCGTTTTCATCGC TCTGGAGTGAATACCACGACGATTTCCGECAGT TTC TACACATATATTCGCARS1E00
T91>CCCTIGITACACCGTTITCCATGAGC AR R TGARACGT TITCATCGCTCTGEAGT GRATACCACGRACGATTTCCGGCAGT TTICTACACATATATTCGCRA>ES0

* * * * * * * * * *
1801 >GATGTGECGTGTTACGGTGAAAACCTGECCTATTTCCCTARAGGETTTAT TGAGRATATGTTTT TCETCTCAGCCAA TCCCTGEETGAGT TTCACCAGTT>1 500
891 >GATGIGECETGTTACGET GRAR A CCTGECCTAT I TCCCTARAGGET TTAT TGAGARTATGTITITCGI CTCAGCCARTCCCTGEETGAGT TTCACCAGTT 990

* * * * * * * * * *
1501 >TTGATTTAAMCGTGECCARTATGGACAMCTTCTTCGCOCCCGTTT TCACCATGEGCAAM TATTATACGCAAGGCGACAAGGTGCTGATGCOGCTGECGAT >2000
991>TTGATTTARRCGTGGCCARTATGGEACARCTTCTICGCCCCCGTITICACCATGEECARATATTATACGCRAAGECGACRRAGETGCTGATGCCGCTGECGAT 10590

* * * * * * * * *
2001>TCAGETTCATCATGCCGTCTETGATGECTTCCATGTCGGCAGANTGCTTAAT GAATTACAACAGTACT GCEATGAGTGECAGEECGEEECETAR> 2094
10915TCAGETTCATCATGCCETIIGTGATGECTTCCATGTCEECAGRATGCTTAN MR AT TH o A I N - I - - - T 1 1 5 &
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APPENDIX G

Sequence Alignment of Expected (Chl)rbcL-CAT Sequence with

Recombinant pENTR/D-TOPO Extracted from Clone CC1

Matches:2105; Mismatches:1; Gaps:0; Unattempted:0

* * * * * * * * * *
1 >ATGETTCCACAARCAGAAACTAANGCAGETGC TGEAT TCAAAGCCGE TG TAAAAGAC TACCGTTTAACATACTACACACCTGATTACGTAGTAAGAGATAS100
1>ATGETTCCACARRCAGRRRCTARAGCAGETGCTGEATTCARAGCCGGTGTARRRGACTACCGTTTARCATACTACACACCTGATTACGTAGTARGAGATA>100

* * * * * * * * * *
101 >CTGATATTTTAGCTGCATTOCGTATGACTCCACAMCCAGETGT TCCACCTGAAGHA TG T GETGC T GC TG TAGC TGC TGAATC TTCAACAGGTACATGGAC>200
101>CTGATATTTTAGCTGCAT TCCGTATGACT CCACRACCAGETGT ICCACCTGRRAGRATGTGETGCT GCTGTAGCTGCT GRAT CTTCARCAGGTACATGGAC>200

* * * * * * * * * *
201> TACAGTATGGACTGACGGTTTAACAAGTCTTGACCGTTACAMAGETCGT TGT TACGATATCGAACCAGT TCCGEETGAAGRCAMCCANTACATTGCTTAC>300
201>TACAGTATGEACTGACGET TT AR AL GTCTTGACCGT TACAR ARG TCGT TG TACGATAT CGARCCAGT TCCGEET GRAGRACARCCARTACATTGCTTAC 300

* * * * * * * * * *
301>GTAGCTTACCCAATCGACT TATTCGAAGARAGG T TCAGTAACTAAC A TG T TCACTTCTAT TG TAGGTARC GTATTCGETT TCAAAGCTTTACGTGCTCTAC 400
301xGTAGCTTACCCAR T CGRCTTATTCGRARGARGET TCAGT AR TAR CATGT TCACTICT AT IGTAGGTARCGTATTCGGI TTCARRGCTITACGTGCTCTAC>400

* * * * * * * * * *
401G TCTTGAAGACCTTCGTAT TOCACC TGC T TACGTTAAARCATTC G TAGG TCCTCCACACGETAT TCAGGTAGARCGTGACAAATTAAACARATATGGETCG>300
401 >GTCITGARGRCCTTCGT AT ICCACCTGCTTACGT TAR R A CATTCGTAGETCCT CCACRCGETATTCAGETAGRRCGT GACARATTARACARRTATGETCG>500

* * * * * * * * * *
50 1>TGEETCTTTTAGGTTGTACAATCARACCTARA TTAGETCTTTCAGC TARA AN CTACGETCGTGCAGT TTATGAATGT T TACGTGETGETCTTGACTTTACT »600
S01>TEEICTITIAGET TGTACARTCAR R CCT AR TTAGET CTTTCAGC TARA RN CTACGETCGT GCAGTITATGRATGT TTACGTGETGETCTIGACTTTACT »600

* * * * * * * * * *
801 >AAAGACGACGAAAMCGTAAACTCACAACCATTCATGOGT TEECGTGACCGTTTCCTTTTOGTTGC TGAAGCTATTTACAARGCTCARAGCAGAAACAGGTG>T00
a0l CGAC AR A G T AR A CT A A AT T CAT GG IGECGT GACCGTTTCCT I TICGTIGCTGAAGCTAT TTACARRGCTCARGCAGARRCAGETGT00

* * * * * * * * * *
701 >AAGTTAANGGTCACTACTTARACGCTACTGCTGETACT TG TGAAGAAAN TGATGARACGTGCAGTATGTGC TAAAGAA TTAGGTGTACCTATTATTATGCA>E00
T0l>ARGT TR A GET CACTACT TAR R CGCTACTGCTGETACT TG T GARG AR A T GATGARACGTGCAGTATGTGCTARAGAL T TAGGTGTACCTATTATTATGCRA>E00

* * * * * * * * * *
301 >ATTGACCETCANCGTANCCACGETAT TCACT TOCG TG T TCT TG TARAGC TCT TG TAT G TC TG TGETGACCACCTTCACTCTGETACTGTTGTAGGTA>1000
S01>ATTGACCETCARCGTARCCACGETATTCACTTCCGIGI TCT IGCTARAGCTCITCGTATGI CTGET GET GACCACCTTCACTCTGETACTGITGTAGETA>1000

* * * * * * * * * *
1001 >AMCTAGARAGGTGAACGTGAAGT TACTC TAGGTT TG TAGAC T TAATGCGTGATGACTACGT TGAAMAMGACCGTAGCCGTGGTATT TACTTCACTCAAGA>1100
1001 >R CTAGRAGGETGRACGT GRAGT TACTCTAGGT TTCGTAGRCTTARTGCGT GATGACTACGT TGAR AR GACCGTAGCCGTGGTATTTACTTCACTCARGRA>1100

* * * * * * * * * *
1101 >CTGETGTTCAA TGCCAGETGTTATGOCAGT TGC TTCAGETGETAT TCACGTATGECACATGOCAGC TTTAGT TGAAA TCTTCGETGATGACGCATGTCTT>1200
1101 >CTGETGITCARTGCCAGETGT TATGCCAGT TGCT ICAGET GETAT ICACGTATGECACATGCCAGCTITAGT TGARATCTTCGETGATGACGCATGTCTT>1200

* * * * * * * * * *
1201 >CAGTTCGETGETGETACTCTAGETCACCCTTGEEETANC GCTOCAGG TG TGCAGCTAACCGTGTAGCTCTTGAAGC TTGTACTCAAGCTCGTAACGARG>1300
1201 >CAGTTCGETGETGETACT CTAGET CACCCT TGEEGETARCGLTCCAGETGCT GCAGCTARCCGTGTAGCTCTTGAAGCTIGTACT CARGCTCGTARCGARG>1300

* * * * * * * * * *
1301 >GTCGTGACCTTGCTC G TGAAGG TGO GACGTAA TTCGT TCAGC T TG TARATGETC TCCAGAACT TGC TG TGCATGTGAAGTTTGEAMAGAAATTAAATT > 1400
1301 >6TCGTGACCTTGCTCGT GRAAGET GECGACGTART TCGTTCAGCTIGTARAT GET CTCCAGRACTIGCIGCTGCATGTGAAGT TTGGARAGRRRTTARATT >1400

* * * * * * * * * *
1401 >CGAATTTGATACTATTGACAAACTTTAAGGETGGAGGETCTGEOGEAGETGAGAAMAMA A TCACTGGATATACCACCGTTGATATATOCCAATGGCATCGT>1500
1401 >CGRATTIGATACT AT TGACA R AT TTARGETGEAGGETCT GECGEAGETGRGAA AL AN TCACTGGATATACCACCGTIGATATATCCCRAATGECATCGT 1500
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* * * * * * * * * *
1501 -ARAGAACATTT TGAGGCAT T TCAGTCAGT TGC TCAA TG TACC TATAACCAGACCGTTCAGC TGGATATTACGECC TTTTTAAAGACCGTAAAGARARATA1600
1501 >R RGRRC AT TTTGAGGC AT I TCAGT CAGT TGCTCA AT GTACCTAT A ACCAGRCCGT TCAGCTGEATATTACGGCCTTTITARAGRACCGTARAGARRRATR>1600

* * * * * * * * * *
1701 >GGATAGTGTTCACCCTTGT TACACCGTTTTCCATGAGCAAMCTGAMACGTTTTCATCGCTCTGEAGTGAR TACCACGACGATT TCCGECAGTTTCTACAC>1 800
1701 >G6ATAGTGTTCACCCITGTTACACCGTITTCCATGAGC AR CTGARRCGT TTITCATCGCTCIGGAGT GAATACCACGACGATTTCCGECAGTTICTACAC>1E00

* * * * * * * * * *
1801 >ATATATTCGCAAGATGTGECOGTGT TACGETGARAACCTGECCTATTTCCCT GEETTTATTGAGARATATGTTT T TCGTCTCAGCCAATCCCTGEETGA>1900
1801>ATATATTCGCARGAT GTGECGTGT TACGET GRARR A CCTGGCCTATTTCCCTARAGGGTTTAT TGAGRRTATGTTTITCGT CTCAGCCARTCCCTGEETGRA 1900

* * * * * * * * * *
1901 >GTTTCACCAGTTTTGATTTAAACGTGEOCAATATGEACAACTTCTTCGCCCCCGTTTTCACCATGEECAMATATTATACGCAAGGCGACAAGETGCTGAT >2000
1901>GTTITCACCAGTTITGAT T TARACGT GECCARTATGEACARCTICTICGCCCCCGTITITCACCATGEGCARATATTATACGCARGECGACRAGETGCTGAT >2000

* * * * * * * * * *
2001 >GC0GCTEECGATTCAGETTCATCATGCCGTCTGTGATGECTTOCATGTCGECAGRATGCTTAATGAA TTACARACAGTACT GCGATGAGTGECAGGECGEG>2100
2001>GCCGCTGECGATTCAGGTICATCAT GCCGIEI GIGATGGCTTCCATGICGGCAGRATGCTTARTGAATTACRRCAGTACTGCGAT GAGT GECAGEECGEE>2100

2101>GCGTAA>2108
2101>GCGTAR>2106
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Matches:540; Mismatches:48; Gaps:112; Unattempted:771

* * * * * * * * * *
1>ATGETTOCACAAMCAGRANCTARRGCRGETGCT G-GA'I'I'CAAAECCGG‘I‘GTMGACI ACCGTTTAACATACTACRACACCTGATTACGTAGTARGAGATRA>100

15>ATGET TCCACARACAGARACT AN I T Yt T TR A AR IR T >97

* * * * * * * * * *
101>CTGATATTI TAGCTGCATTCCGTAT GACT CCRCA R CCAGGTGT TCCACCT GRAGAATGT GET GCTGCTGTAGCTGCTEGAAT CTTCARCAGETACATGGAC>200

R Gl GCTTARCHR R c TGS GAACAGGTRACTAT CAGT CanaA TR RMCA T TA T TR GECcecA T ca ccaTRG1CTeTHACHCRY

* * * * * * * * * *
201>TACRGTATGEACTGACGET T TARCANGT CTTEGACCGT TACRARGEGTCGI TGTTACGATAT CGARCCAGT TCCGGETGRAGACRACCARTACRTTGCTIAC>300

198>BACETE

GCATGGAC

* * * * * * * * * *

* * * * * * * * * *
401>ETCTTGARGACCTTCGTAT ITCAETG(E'IACGTTAAA&QITCGTAGGT CCT CCA(‘_.ACG-GT ATTCAGETAGRACETGACAAATTARACAARTATGETCG>500

e TG CT T AGACRTRCCAT TR GC o A ST EG> 4197

* * * * * * * * * *
5 rJ 1 >'I'GG'I'C'I'I'ITAGGTTG'I'ACAMCAAACC'IAAATTAGGTC'I'I’ICAGCTAAAAMTACG-GTCG'I‘GCAGITTATGAATGTTTMGTGGIGGTCITGACITTACI >600

* * * * * * * * * *

* * * * * * * * * *

ST 1 T BB CBEN AR TATGCR> 797

* * * * * * * * *
£801>CGACTACTTAACAGETGETTTCACAGCTAACACTTCATTAGCTATCTACTGTCETGACAACGETCTTCTTCTACACATCC -ACCGTGCTATGCACGCGGT> 299
798GR C T A CT T N SCTATCTACTGTICGTGACAACGETCTTCTCTACACATCCAACEGTGCTATGCACGEGET>249

* * * * * * * * * *
S00>TATTGACCETCAACGT- AR A GETA T TCAC T TCC G TG T T T TG TAA A GC T T TOGTAT G TC TG T GG TGACCACCTTCACTC TGETACTGTTGTAGG 998
&70 >TATTGACCGTCAACGTEAACCACGGTATTCACITCCGTGTTC'ITG-C'IAAAG-C'IC'I'ICGTATGTC'IG-GTG-GTGACCAC{.'ITCAC'IC'IGGTAC'IGTTGTAGG}Q 69

* * * * * * * * * *
999> TAAACTAGAAGGTGAACGTGAAGTTACTCTAGE TTTCETAGACTTAATGCGTGATGACTACGTTGARAAAGACCGTAGCCGTGETATTTACTTCACTCAR>1 098
970>TARACTAGALGETGAACGTGAAGTTACTCTACR T TRCATAGACT TAATGCGTGATCARMTACGT TCANAR AGACCATAGCCGTEETATITACT TCARTCAA> 1069

* * * * * * * * * *
1099>GACTGETETTCARTGCCAGETETTATGCCAGTTGCTTCAGETGETATTCACG-TATGGCACATGCCAGCTTTAGTTGARATCTTCGETGATGACGCATGT>1197
1070>CENTGETCTTCART GCCRGETGTTATGCCAGTTGCT TCleNT GG TATTCAN G T ATCECACATGCCAGCTTTAGTTGAARTCTTCGETGATGACGCATAT >1168

* * * * * * * *

1198 >CTTCAGTTCGG-———1G—-GTGETACTCTAGGT - ———C-AC-C-CT-T-GEGG-TARC-GCTCCAGG-TGCT GCAGCTAACCG—-TETAGCTCTTGARGC > 1277

1169>cT1CReTT o RN caT ol cHcl e T cEAcicAcT i Bececdaficlecr Bt ciliccaMiran e ia B firrcallic>1254

* * * * * * * * *
1278>T--T-GT-ACTCAAGCTCGT - —-AACGAAGGETCG-TGA-CCT TGC-TCGTRA-AGGTGGCGACGTAA-TTCGTT CAGCT TGTARAT G- GTCTCCAGRAC>1 363

12555180 Se1EAcHcHReRTcoTieBAn BT el caE i oo iR Becl i S Tier Bl BB cE eclclic> 1336

* * * * * *

1364>TTIGCIGCTGCATGETGA--A-GT TTGEA-AAGA-A-ATTARA T TCGAATTTGATACTATTGACARACTTTAAS1425

13575 HEeCec R T TR oE TS B 8 B B AR TTTGATACTAT TGACRRACTTTAR> 1399

APPENDIX I

Sequence Alignment of (Chl)rbcL Sequence with Recombinant

PENTR/D-TOPO Extracted from Clone C18
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Matches:578; Mismatches:38; Gaps:86; Unattempted:769

* * * * * * * * * *

L>ATGETTCCACAAACAGANACTANGCAGETGCTGEATTCARAGCCEET T ARAAGACTACCGT TTARCATACTACACACCT GATTACGTAGTARGAGATA>100
1>ATGGETTCCACARACAGRRRCTRARL

* * * * * * * * * *
101> >200
L T »25

* * * * * * * * * *
201> »300
L T »25
* * * * * * * * * *
301> >400
L T »25
* * * * * * * * * *
401> ¥500
L T »25
* * * * * * * * * *
501> >600
L T »25
* * * * * * * * * *

&

110>8ac/eEAE T A TEEeACHR

* * * * * * * * * *

301 >CGACTACTTAACAGGETGGT T TCACAGC TAACAC T TCAT TAGC TATC TACT G TCGTGACAACGETC TTCT TC TACACATCCACCGTGCTATGCACGCGETT>300

210>CGRCTACTTARCAGGTGGET ITCACAGCTARCRCTTCAT TAGCTATCTACTGTCGTGRACAL GGTC'ITEIT\"'T& ACATCCACCGTGCTATGCACGCGGETT>S09

* * * * * * * * * *
30 L-ATTGACCGTCANC GTAACCACGGTATTCAC T TCCGTGT T TTGC TARAGC TC TTC G TATGTC TGETGETGACCACCTTCACTCTGETACTGTTGTAGGTA1000
F10xATIGRCCEICARCGTARCCACGETATICACTICCGIGITCIIGCTARAGCTCITCGIATGICIGETGETGACCACCTICACTCIGETACTGITGIAGETA>409

* * * * * * * * * *
1001 >AMCTAGAMGGTGAACGTGAAGT TACTCTAGGT TTCGTAGACTTAR T GCGTGATGACTACGTTGARAAAGACCGTAGCCGTGETATT TACTTCACTCAAGR>1100
410 >AAC'IAGAAGGTGAACGTGAAGTTACICIAGGTTTCGTAGACITAATGCGTGATGAC'IACGTTGAEAAAGACCGTAGCCGTGGTATTTAC'ITCAC'ICAAG-E)S 0g

* * * * * * * * * *
1101>CTGETGTTCARTGCCAGETGTTATGCCAGT TGCTTCAGETGETATTCACGTATGECACATGOCAGC TTTAGT TGAAA TCTTCGETGATGACGCATGTCTT>1200
510 )CIGGTGTTCAATGCCAGGTGTTATGCCAGTTG-C'ITCAGGTGGTATTCACGTATGGCACATGCCAGCITTAGTTGAAATCITCGGTGATGACGCATGTEIT >609

* * * * * * *

1201>CAGITC--GG----TG--GTGETACTCTAGGT -—--C-AC-C-C—- TTG-GGETARC-GCTCCAGG- TGO T GCAGCTAACCG--TETAGCTCTTGARGCT> 1278

a10>TaccElcc R g cHAcHcH e cEAcEAc I 1cRecdaficlecT B el cllicca i e firaE i rcallcT> 693

* * * * * * * * *

12795>--T-GT-ACTCAAGCTCGT---AACGAAGETCG-TGA- CCTTGE - - TG TGA-AGGTEGCGACGTAA-TTCGTT CAGCT TG TARAT G--GTCTCCAGRRAC>1 363

a94> e EackcBcircoTiEsancla B RclreaE i coi clriniA B ool ricTEAS s fogcEcTcclelc> 774

* * * * * *

1364>TIGCTGCTGCATETGA--A-GI TTGEA-AAGA-A-ATTARA TTCGAATTTGATACTATTGACAAACTTTAA 1428

775> EEeCH e H T HT B AN CE T T HeA R B S A B i AT TTGATACTATTGACARACT TTARSE3T
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