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Abstract

Abstract

The concept that assenger RNA (mRNAdegradation irk. coli begirs with endonucleolytic
cleavage has beahallenged by theecent discovery thahe conversion of thé&oterminus
from a triphosphate to a monophosphiateequired prior teendonucleolyticactivity. RNA
pyrophosphohydrolase(RppH) initiates the degradation of transcripts by rermg
pyrophosphate from the-8hd of mMRNAs which allows binding of RNase E RNase Jn
bacteria.A putative RNA pyrophosphorylase is present in cells ofuthieellular green alga
Chlamydomonas reinhatid and several lines of élence suggest that theopeinis involved
in mMRNA degradation in the chloroplast order to determine thecation of the protein in
Chlamydomonasells, the5 degion of therppH genewas tagged ta codon optimizedjyreen
fluorescent proteiand introduced int€hlamydomonasells.

This study focuseon developingareporter vector construct that can be used to trandfoem
Chlamydomonas reinhardtiuclear genome. GFEZggreenl) was codon optimized by using
aCodon Usage Database. The reading frame of the optimized sg@fé&ivas adjusted and
cloned intothe pBluescriptS5 ppH S K+ v e ¢ t gpH-GFA deree frégdent was then
sequentially cloned intthe pE coli-Cterm 6HNprotein expression vectantermediaterector

and finallyin the pChlamitransformationvector. All constructswere verified by restriction
cutting and sequencingrransformantsvere screenetbr the presence of the chime@FP
gene byPCR. The screening experiments have led us to choose one transformant that could
be used for further work. In additiadthough fluorescence was not checked, the optimized
syntheticGFPwas expressed i&. coli (BL21DE3) cells confirming the functionality of the
syntheticGFPconstrucin vivo.
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Introduction

1.INTRODUCTION

1.1 Chlamydomonas reihardtii

Chlamydomonass a genus of unicellular green algdorphologically the cells are spherical

or ellipsoidalwith a size of ~ 1Qum in diameterandhave two flagella of the same size that

are situated at the anterior end of the cell. They are found mostly in fresh water, on damp soil,
and there is a report that few occur also in the sea.

Chlamydomonas reinhardtis one of the moswidely used model organism€ells have the
ability to grow quickly with a generation time of approximatelydbits They arehaploidand
canreproduce asexuallyr sexually

It has been used as a model organism for photosynthesis and chloroplastdisoggeities,
mitochondrial biogenesis, gametogenesis and mating, assembly of flagella and motility, and
cellular metabolism. It is an excellent system to study mutations as it has only a single copy of
each gene and chloroplast, mitochondrial and nuclkeammges have been sequahfdaul et

al. 2002 Merchant et al. 20Q7Smith and Lee 200Q8Cells havethe capacity to grow with

light as sole energy source or on acetate in darkness, facilitating detailed examination of genes
and proteins critical for photosynthetic or respiratory functidms haploid organi® grows

rapidly an both solid and liquid mediuifirossman et al. 2003

1.2 Geretics and Chlamydomonas

Wholegenome segncing provides a platform fordentificaion of mutations in
ChlamydomonagDutcher et al. 2012 Besides thisC. reinhardtiiis one of the best studied
alga in circadian rhythm resear¢Matsuo et al. 2008which arebiological rhythms that
continueunder constant conditions of light and temperature wigierdod of about 24 dur
(Schulze et al. 20)0Biogenesis and the mode of action of miRNAs and siRWAge also
studied inC. reinhardstii (Ibrahim et al. 2010 Based on the degree a@dmpelimentary of their
small ~21 nt sequence and their target mMRNA, miRNAs exert or regulate gene expression by
cleaving or degrading mRNAs. The degradation effect of these miRNAghiy lobserved in
plants, in contrast animal miRNA are involved in translational repression. Despite the whole
genome complexity differences between thoislkeigher organisms andhlamydomonasells,

the unicellular algal genome has been shown to corestitany of the small RNAs. Strikingly

the miRNAs identified inC. reinhardtii share structural and functional homology with both
plant and animal miRNAg&hao et al2007).

Based on the completed annotationtlod C. reinhardtii genome micro array platform was
designed tovalidate the function of genesthat arerelated to efficient light harvesting and
photosynthetic electron transpdifoepel et al. 2001 Because chlorophyll synthesis also
occurs in the dark irC. reinhardtii the photosynthetic apparatus can be assembled in the
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absence of lightTherefore itis possibleto studyphotosynthetic reactions in ligkensitive
mutants(Rochaix 2002Nishimura 201D

It is anenable to a diversity of genetic and molecular manipulations. In addition engineering
of the plastid genome was first undergon€imreinhardtii (Boynton et al1988. The recent
sequencing ofhe nuclear genome atide availability of numerous molecular tools including
transformation of the three (nuclearlagtid and mitochondrial) genoemakes C.
reinhardtii an attractive model for molecular investigations.

1.30rganelle Gene regulation

Chloroplast genomes encode the most important gengsotosynthesigMaliga and Bock
201]). Thegenome has uniform densitiesg#gnes, simple sequence repeats and transposable
elementgMerchant et al. 2097 Chloroplast gene expression@ reinhardtiiis a complex
process that can bafluenced bymRNA processing, mRNA stabilitgnd protein turnover
(Rasala et al. 2031But unlike nuclear genes, genes encoded by chloroplast are not affected
by transcriptional silencing and position effe(4ichelet et al. 201}l The Chlamydomonas
chloroplast genome hamly a fewintrons located in thesbA, psaA, and 23S rRNA genes
(Herrin and Nickeden 2004

Studies on higher plants have shown that there are two RNRIRA polymerases)NEP
(Nuclear encode®NA polymeraseand PERPlastid encode®NA polymerase)PEP has a
catalytic core consisting of Ug reqgbie 0'°fiké and
factors that specifies initiation of transcription downstream of promoter sequences which
resemble bacterial 10/35 promoters (consensi®. TATAAT,- 35 TTGACA). Chloroplast

gene expression is also dependent on factors that are engottedNEP. Characterizing this
polymerase has revealed that it is a single catalytic subunit polymerase homologous to the
T7/T3 phage polymerases. Unlike those of higher plabldamydomonadacks NEP. A

recent study has shown th@t reinhardtii expresse a singleti’®like factor which likely
functions in chloroplast transcriptigBohne et al. 2006

1.3.1 Anterograde/Retrograde signaling

The chloroplast genome encodes protéiagare involved in transcriptional and translational
apparatus.Concentration of chloroplast proteins and their function is dependent on the
anterograde (nucleus to chloroplast) and retrogradhidorpplast to nucleus) signaling
mechanisms. Anterograde alm@anisms coordinate gene expression in organelles in response
to endogenous and environmental stimuli that are perceived by the nucleus. Retrograde
mechanisms transmit signals that originate in the organelles to regulate nuclear gene
expression, which cahen alter anterograde contfgoodson and Chory 2008

The continuous flux of proteins into and out of the nucleus as well as amongunotear
compartments controls centelents such as DNA replication amiRNA processingGorski

et al. 2008. In C. reinhardtii many DNA-binding proteins directly or indirectly involved in

the regulation of gene expression have been shown to be at least transiently located in the

2
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nucleus(Winck et al. 2012 Nucleus encoded proteins @hlamydononasare the basis for
anterograde signalling that enables the nuclgoplasmic compartment to control chloroplast
gene expressiofMichelet et al. 201)1

The nuclear genome @. reinhardtiiis 100 to 110 million bp, comprising 17 genetic linkage
groups(Kathir et al. 2008 presumabily corresponding to 17 chromossifMerchant et al.
2007, with a very high GC content (nearly 65%hlamydomonasiuclear genome is
haploid, in contrast to approximately 80 copies of therdplast genoméEberhard et al.
201]). The number of selection markers available for genetic engineerf@glamydomonas

is relatively small compared to thedor other model systems. Foreign genetic material
introduced toC. reinhardtii nuclear genome recombines randomly at any site in its genome
(Kindle et al. 1989 which mayresult in deletiorof functionally important genes. Moreover
transgene expression level is very low even if the transformation reaction is highly efficient
due to the following possible reasonthe first being inadquate amount of promoter and
regulatory regions affecting the transcription legkthe genglLeonBanares et al. 2004f
interest. Inaddition epigenetic silencing of transgenes, especially single copy transgenes can
be transcriptionally silezed without detectable cytog methylationJeong et al. 2002The

other being due to codon usdges, codon frequently used in certain organisms is rarely used
in others(Nakamura et al. 2000This has hampered the applicability ©f reinhardtii for
biotechnological expressi@analysesRecently new geneticalgngineered resistance markers
were develope@iesletCladiere and Vallon 20)1

1.4 Chloroplast mMRNA Turnover

The level of mRNA witin a cell depends onhe balance between transcription and
degradation. mMRNA is the most varied class of RNA with respect to its size and stabaity.
activity of RNA is determined by its structugBuker et al. 1999 As such he stability ofa
given mMRNAt r anscri pt can be determined by the pr
(untranslated region(Salvador et al. 20Q4which can be bound byamsacting RNAbinding
proteins to inhibit or enhance mMRNA degradatidfollams et al. 2002 In addition he
structural characteristics of bhtranslated regignsuch as length, the presence of AUG
upstream of the inigitor greatly affect the efficiency of the translational pro¢essole et al.
2000 and thereby the longgy of the transcript. Moreover sequences that are found in the
protein coding region have &e shown to control promoter activity i@hlamydomonas
chloroplastbcL gene(Klein et al. 1994

Regulated mRNA stability is achieved through fluctuations itf-lhges in response to
environmental stimuli like nutrient levelBnd temperature shif§Guhaniyogi and Brser
200)). In bacteria for example, mRNA hdifes can be in seconds or in hours, whereas in
vertebrates they range from minutes to days. Thelikkal of stable RNAs approach or even
exceed the doubling times of the cells in which they are r{ideéger et al. 2004 and thus
their concentration does not depend on cell growth.

MRNA turnover implys rapid synthesis and equally rapid destru¢hMeyer et al. 2004
Selective degradation of messenger RNAs enables cells to regulate the levels of particular
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MRNASs in response to changes in the environridiackie 1998. The current knowledge of
chloroplassmRNA degradation begins by endonucl eoly
polyadenylation ofthe cleavage products. Addition of poly A rich sequences to the
endonucleolytic cleavage products of mRNA is required to target these molecules for rapid
exonucleolytic degradatiofSchuster et al. 1999The polyadenylated cleage products are
subsequentl yb5degxanad!| bps 8 6(sedohdary SRIEWreshat i r pi n
are found at the -B® de¢xomualieaspse,det HedreeBY st
(Pfalz et al. 200p Essetial factors that control mRNA turnoveém chloroplastsuch ascis

elements, proteins that bind to them, ribonuclease susceptibility, and redoxastatugfly

discussed below

Endonuclease cleavage
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Figure 1.1.Model for chloroplast mRNA degaradation Endonuclease cleavage is initiated by the

RNase Jnd RNase E enzymes. The polynucleotide tail addition is facilitated by PNPase or PAP. The
RNA fragment where the 36 end i s Inaf Dhe &bsedcedry a Pl
|l ow frequency of secondary seracBaVBé decanebywo
RNase II. Image modified froifStern et al2010.
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1.4.1 Cis acting elements

The function of RNA can only be understood in terms of its secondary or tertiary structure
(Zuker et al. 199p Cis regulatory elements on chloroplast RNA are regions that are required
foritsstability or its degradati on. They are us:¢
Sequences within the-BITR are essential for translati¢Anthonisen et al2001). The 56
UTR have been shown to regulate the translation ofpgieC (Zerges et al. 1997 psbA

(Trebitsh et al. 2000 psbD (Nickelsen et al. 1999genes.In addition inverted repeat

structurs which are nucleotide sequences that are the reverse complement of another
sequencelownstreanhave been found iohloroplast genome of allhlamydomonaspecies
examinedHarris 200). These inverted repeats have been shown to determine the stability of
chloroplast rbcL mRNA irC. reinhardtii (GoldschmidtClermont et al. 2008 Sequence and

conditond ependent Hd&jradatign paRwa wakso showrin the chloroplast of

C. reinhardtii (Salvador et al. 2031 The requirement o6 peci f i ¢ froRNA e q u e n «
longevityis also determined by anteraction of this element with a traasting factor(Suay

et al. 2005.

1.4.2 Trans acting factors

Trans acting factors are proteins that are mostly nuclear encoded. They are synthesized in the
cytosol and subsequently imported into the chloroplastyevtieey interact with their target
sites on either chloroplast RNAs or protefNsckelsen et al. 1999

Several protein families playing essential rolethe mRNA metabolism in chloroplast are
characterized by the occurrence of tandem repeat motifs. PPR members of the
pentatricopeptide repeat proteins function in RNA processing, and tranglxlomson et al.

201Q Stern et al. 2000 PPR family, which comprise of 35 amino acid repeats, primarily
interact wth specific RNAtargets. 11 PPIRroteinencoding geneBave been identified i@.
reinhardtii (UniProt). The stabilizing mechanism tliesePPR protein is by giving a shelter

to a specific region of RNA from nucleases, in the manner of a protei@dohpson et al.
2010. Functionally they werealso implicated in protecting internal transcript sequence
elementqgZhelyazkova et al. 20)2Moreover n C. reinhardtii a PPR protein is required for
stabilization of the rocL mRNAJohnson et al. 20)0

The tetratricpeptide epeat (TPR) is a degenerateddino acid repeat motif, proteprotein
interaction module found in multiple copies in a number of functionally different proteins
(Blatch and Lassle 19%9For instanceRaa 1 with five copies of octatricopeptide repeat is
thought to improve the affiency of psaAmRNA maturation inC. reinhardtii chloroplasts
(Merendino et al. 2006 NAC2 isalsoinvolved in stabilization opsbDtranscrips (Boudreau

et al. 2000.
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Figure 1.2.Model for posttranscriptional modifications in chloroplasts. Various nuclear encoded
RNA-binding proteins participate IRNA processingevents by binding déctly to their target RNAs.
These events involveseveral steps, such as splicing atabilizationwhich control chloroplast gene
expressior{Jacobs an&uck 2017.

1.4.3 Effect of redox state

During photosynthesis, the source of electron is wadteithe photosynthetic machinery,
different components are involved in redox reacti@iganges in the reduction/oxidatistate
of these componentreused as sigals in gene regulatiorfPfannschmidt et al. 20D3Light
influences chloroplast gene expression, RNA processing, transcript stadkalitylationand
turnoverof proteirs (Salvador and Klein 1999In C. reinhardtii the redox state reguéstthe
degradation of chloroplast transcrif&alvadorand Klein 199%.

1.4.4 Ribonuclease susceptibility

As has been mentiongdhe extent to which mRNA is susceptible to degradation by
ribonucleases is dependent on its secondary structure. Thus secondaugestaret important

to preventmRNA from degradatio. Moreover the binding of trarecting proteins to a target
MRNA sequence can change its susceptibility to ribonucleases thereby ipgpm&NA
degradationThese ribonucleases determine the longevity of mRNA in prokaryotes such as
bacteria.

Chloroplast nRNA and that of prokaryotic have certain differences. The distinguishing
features are the predominance of introns and complex patterns of processing from
polycistronic precursorgStern et al. 2010 In addition polyadenylation is associated with
RNA instabiity in prokaryotic cells, whegs in chloroplast nucletencoded mRAs,
polyadenylation is to enhance their stability and promote translational init{&ommine et al.

2000. Moreover the poly (A) tail sequences are compodedusters of adenosinesastly

bound by guanosines, aod rare occasions, by cytidines and uridi(@shuster et al. 1999
wheras in bacteria, the sequences are composed of clusters of adenosine residues.

6



Introduction

But the nolecular bidogy of plastids is basically prokaryoti(Salvador et al. 2031
Sequencesomposed 0f35 and-10 elementsesembling promoters d&. coli genes direct
transcriptionin vitro as chloroplast promotens vivo (Blowers et al. 1990 Translation
regulation in chloroplasts has been also reported to be very similar to prokaioredk
2005. The poly (A) tails found inChlamydomonashloroplass are similar in length to those
of E. coli, being mostly between 20 and 50(Kbmine et al. 2000 Chloroplast ribosomes
and that of bacterisshare similaritis on the mechanism @rotein synthesis initiation and
inhibition (Ellis 1970. In addition higher plants plastid genome encodes subunits Bf an
coli-like RNA polymerase (PEP) which initiates transcription fréncoli &'°-type promoters
(Hajdukiewicz et al. 1997 Furthemore the ribonucleases involved in chloroplast mRNA
turnover aralerived from bacterigBarkan 2011

1.5Bacterid gene regulation

RNA degradation is a major component of RNA metabolism in determining its intracellular
levels during which rapid decay servas a mechasm to adjustto environmental change
(Deutscher 2006

Most of the mRNA found in bacteria is polycistronic where its genetic information is
translated to severgolypeptides that are functionally related to each other. The genetic
information consists of functional gene clusters, termedpason. Bacterial operons share
similarity wth the polycistronic transcription units of the chloroplast gen@aean 2011

1.6 mMRNA decay in bacteria

RNA stability, degradation and processing is determined by ribonucleases in bacteria. There
are two main classesof ribonucleases endorbonuclease and exoribonuclease.
Endoribonuclease cleave RNA segment at the natephosphodiester bonds. Whesethe
exoribonucleases cleave at the end of RNA
end or 306 end of an RNA segment.

1.6.1 Bacterial mMRNA stability

Stabilizing el etnipkosphate oSpuirsaly transcripts Anel sty secondary
structures are crucial in bacterial mMRNA stabiliBvguenievaHackenberg and Klug 2009
EvguenieveHackenberg and Klug 20115' secondary steitoop structurs are able to protect
MRNA from attack by cellular ribonucleaseathinitiates mRNA degradatiofEmory et al.
1992 Sharp and Bechhofer 200®Ribosome bindingit Shiné Dalgarno elemerstadjacent to

the translationinitiation codon (collectively called ribosome binding sit@lso serves to
protect specific endonucleolytic target sites required for the initiation of dgtetgrsen
1992.
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1.6.2 Bacterial mRNA processing and degradation

RNA processing and degradation determine transcript accumulatidntraus are key
processes in the control of gene expression. RNA processinged to describe RNase
catalyzed events leading to the generation of a functional ,RN¥e RNA degradations

used to describe its degay which RNA processing leads to acrease in RNA hallife

relative to the primary transcripthereas RNA degradation leads ta decreasen half life.

RNA processing is relevant The mRNA @rocésfing mat ur
depends usually, but not always, on the activity o Lehnik-Habrink et al. 201

RNA turnover in E. coli requires pathways that involve endoribonucleasesl

3 &xoribonucleasethat modify RNA or affect its conformatiai€arpousis et al. 2009The

decay of most mMRNAs i&. coliis initiated by RNase E, a 10&lInino acidenzyme which is

specific for single stranded regions in MRNA. The endoribonuclease RNaseoEserved

among proteobacteria and is essential for viability due to its role in turnover of mREA in

coli (Anupama et al. 20)where it acts on mRNAndsmall noncoding RNA.RNase E is
organized into a number of catalytic core domains that are arranged to differelunsains

and has a long necatalytic Gterminal extensiotiCarpousis 2007 The larger subdomain is
composed of RNA b isendorPnegioussiudy&arrey enah 2009%Here

the RNA bindng subdomain and the 5N sensor inter ac
enhances 50monophosphate binding was .shown
RNase E is important in mRNA decay which cleave single stranded AU rich(RNAd et

al. 1990. A 5 @ndindependent mRNA decay pathway which requires endonuclease activity

is also reporte@Deikus and Bechhofer 2011

Exoribonucleases can act on mRNA either in t
are involed in the maturation and stability of mRNA for instance, RNag#&ladthy et al.

2007 whereaas otherareinvolved in quality control, or degradation of defective RNAs such

as RNase RVincent and Deutscher 200PNPas@r RNase Il E. colicells contain multiple

30Y50 acting e€wamnoieba. 2000 | eTehxees3 6 end of bact e
protected fron8 60-5 6 e X 0 n u ¢ byesscandary attudtuaéCokdon 200Y. Thus,the

action of endonucleasege ner at e new unprotected 36 ends
exonucleasesHencesinceE. colil acks 506 e x(&Kabérdinoeh al.c20ld tase s
believed that endonucleolytic cleavage gatgrprecedes3 Nj e x o n udegradatdny t i ¢
(Belasco 201p

Similarly stem looghairpin loop) which is the building block for a secondary structtréhe

50 e rEdolidranscripts can inhibit mMRNA degradation by RNaséMackie 2000.

RNase E endoribonucleolytic activity is incr
MRNA st abi | i zterhinalo sterldoy has als® been reported B.subtilis
(Hambraeus et al. 20p2Similar toE. coli,t h e pr e s 4riphosphate haveastal®blinpg

effectson the downstream genesBrsubtilis(Lehnik-Habrink et al. 201R In both organisms

RNA degradation begins with theonversion of the ®&terminal trphosphate to a
monophosphateThe hydrolysis of a variety of nucleoside triphosphates is catalgzéso

by the Nudix hydrolases.
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1.7 Nudix Hydrolase

The terminal RNA sequences are modified by various enzymes of different gene families.
These modifications are present in organelles. And since RNA metabolism octhesein
organeles as well as in cytosplcharacterizing theole that these enzymes havemRNA
turnoveris important

ANudi x 0 Hwpfdmilp df widely distributed pyrophosphohydrolase enzyme found in

all clasesof organisms. Catalysis depends on Nudiotif which is 23 amino acids long. The
domain structurehiegtfopme dhelibey thae i wed daptedlto
binding and hydrolysis of a wide range of nucleos{tcLennan 200% The defining
characteristic of Nudix enzymes is their ability to catalyze the hydrolysis of a variety of
nucleoside diphosphate derivatives with varydegrees of specificityKraszewska 2008

Nudi x hydrol ases could be considered fAhousec
cell of potentially deleterious endogenous metabolites and to modulate the accumulation of
intermediates in biochemical pathwafBessman et al. 1996In E. colihydr ol ysi s of
terminal triphosphate to monophosphatecatalyzed by a member of theudiix hydrolase

family calledRppH (RNA pyrophosphohydrolase).

1.8 RNA pyrophosphohydrolaséRppH)

RNA pyrophosphohydrolaséRppH) formerly designated as NudH/YgdR a recetly

discovered protein thdtas RNA pyrophosphohydrolase activityE. coli. It is a member of

the Nudix family with the Nidix signature motif GX5EX7REUXEEXGU where U is a
hydrophobic residue and 8 any residugMcLennan 200§ It catalyzes the conversion of a

50 triphosphosphat &mgnaphosphateyRNAAsansctcirngt i hot &
MRNA degradation{Deana et al. 2008 Like in E. coli, RNA pyrophosphohydrolase .

subtilisthat catalyzes this event is a Nudix protein that prefers unpaired 5' ends. However, in

B. subitlis, this modification exposes transcripts to rapid 5' exonucleolytic degradation by
RNase J, which is absenttn coli but present in most bacteria lacking RNas@&iEhards et

al. 201). Yet Chlamydomonaappears to encode RNasSdern et al. 2010

Recent findings that goes al onr3gd wiptphH pnmeedviiac
degradation can be regulated by ribosome binding close to the translation s{&ichkideds

et al. 2012 Someevidencs suggest thatppH is involved in mMRNA degradation in the
chloroplast Recently ann vivo study done omlegradation of transcripis a spedic reporter
geneconstructs inChlamydomonasells shows that ni t i ati on of degradat
end (Salvador et al. 2001 The same study has indicated thatitis kel v t hat an e
terminal nucleotide with itsphosphate groups the binding site of a proteifirans acting

factor)that initiates mMRNA breakdown in chloroplagBalvadoretal. 20X r om t he 5086 e
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Figure 1.3.Bacterial RNA decaymodel. A) The removal of pyrophosphate by rppH enhanceshihe

RNase E compartment bindings® monop ho s p h or ylyadiwtihg dedRadationtofh e r e
MRNA in E. coli. B) RNA decayin bacteria containinghe exonuclease RNase(B. subtilig,
endonucl ease activity exposes the primary transc
pyrophosphate removal by rppH analogue results in degrada#timonophosphorylated transcripy

586 e x o rtivity ef RNase JBelasco 201D

1.9 Sub-cellular localization

Transcripts are thought to contain localization signals, consistindisofete stem loop
structuresf ound at ftalgene which aenrecogized by transacting factor for the
screening of localized transcripts among the general population of RNAs .

Cellular asymmetry itChlamydomonais determined by the anterior and posterior position of

the flagella and chloroplasespectively with the nucleus in between these two organelles.
The nuclear architecture @hlamydomonasgs organized as a series of concentric spheroids,
the innermost being the nucleolus that serves as the site for the ribosomal RNA synthesis.
Surroundig the nucleolus is a spherical compartment that presumably contains the sites of
synthesis and processing of pnessenger RNAs i@hlamydomonas\uclear organization is

linked to cytoplasmic events such as transcript targé@o¢prn-Ramos et al. 2003

1.10 GFP

Bioluminiscence incnidaria is due to oxidation of luciferin via luciferase or’Eactivated
photoprotein that excitesclass of proteins called greduorescent proteins (GFP&rasher
et al. 1992 GFPR first named(Shimomura et al. 19622 s @A Aequ or inndhavewas s
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emission of light on addition of &aions. Unlike the other fluorescent proteifsvictoria
wild type GFP has chromophores in protonated state.

The green fluorescent protein (GFP) from the jelly#slvictoria is a 238 amino acid protein
thatexhibits bright green fluorescence under ultraviolet blue light exposure. Neutral wild type
GFP has a dual absorption wave length at 395nm and 475nm and emits green light at 509nm
(Brejc et al. 199y, Crystallographic structuranalyseson the wild type and mutant S65T

GFP has shown that, this dual absorption spectra is caused by a change in the ionization state
of the chromophore, which is the structural uniGeiP.

GFP tagging permianalysesof proteins in living cells easier and offer distinct advantages
over conventional immunofluorescence. Among these are lower background, higher
resolution, and avoidance of fixation artifa¢idichaelson and Rlips 2009. Various GFP
variants have been mutated to give reporters of different spectral properties so that multicolor
labeling is now a practical option (Paddock 2008). Transgenic expression of GFP within any
given cell requires simply placing the topized versions of GFP sequence under the
transcriptional control of appropriate regulatory sequences and in the correct reading frame
(Chytilova et al. 1999 The spectral properties of the recombinant GFP suggest that
production of the fluoresoee isnot speciespecific(Chalfie et al. 1994

11



Aim of the project

1.11  Aim of the project

The am of this projectwasto develop a reporteeneconstruct that could be used to localize
RNA pyrophosphohydrolase . reinhardtii cells. The project lhalso sukaims;

Vv

Vv

Selection ofareporterGreen fluorescent prote{(iGFP).

Codon gtimization of & Green 1from Zoanthus Spo codon usagen the nucleus of
C. reinhardtii.

Linking thecodon optimizedsFPt o  trgpld regiof which is thought to have the
localization signal for RNA pyrophosphohydrolase.

Construction of g coli -5 fppH-GFP vectorto expressGFP constructin E. coli.

Construction of ransformation vector pChlarsi 6pRH-GFP that could be used to
transformC. reinhardtii.

Nuclear transformation o. reinhardtii.

Selection andseening of positiv€. reinhardtii transformants by PCR.

12



Materials and methods

2.Materials and methad
2.1PCR

By using thermocycler (Biometra), standard PCR procedure was followed to ampliy
fragments byusing Taq polymeraseAmplification of fragments for cloning experiments was
carried out in three steps, two denaturatioo tye s at 98e C f or 1ymin
30 anneal i ngforc39 set, ared twa elongabon Sep t 72eC for 1
reaction cycle. In all PC&the primerconcentratios were 10 pMol/pL. For genomic DNA

(1 ng/ uL) amplifications the annealing temperatureere different for different reactions
involving different primers (se@ppendix V). Since different primershat were usedhave
different melting temperatusethe annealing temperature was adjusted accordingly.

2.2 Construction of fuson proteins and vectors

Standard molecuar biology techniques were used as explainghimbrook and Russell
2001, and all restriction enzyes for vector digestiorwas done according to the
manufacturers general guide lindew England Biolabs). Furthmore for all restriction site
check up; for ligatia or specific sequencanalyseswas doneby NEB cutter V 2.0 (New
Englands BioLabs). Thiollowing vectors were constructed for the expression of the fusion
protei n i n-rppMhegionti207t),lwas fusdi to the f&rminus of the optimized
GFP. An extra amino acid (GLY) was added inorder to have the cagading framef GFP

by includng an extra nucleotide [C] just upstream of the start cad@¥FP. The synthesized
lyophilized plasmid containingFP gene was manipulated according to the manufacturers
instruction (Life technologies) for further usemad and Eag sites were used forlaning of
GFP to a pBluescript Il SK45 @pH vector received fronwe Klein. GFP which is flanked

by Smd andEad sites was cloned to pBluescript Il SK+5 fppH at theSmd andEagd sites
which wasdigestedwith Smad andNotl restriction enzymes T mppH-GFB gene was then
amplified byone PCR thereby introducing thdcd restriction sitein the PCR productSee
AppendixV for primess.

The PCR product wasgurified by using gel purification kit GE Healthcarg cut with
restriction enzymesdlcd/Notl andwas cloned intopE coli vector (Clontech) afterdigesting
the vectowith Ncd andNotl enzymes T hpeH-G-B fragmentwas then amplified by 3
PCR reactions to incorporatenew Ndel site and replace thélcd site in pE coli vector.
ThreeNdd forward pimersandXbd reverse primer were used for the oligonuclecfdAT]
synthesigseeAppendixV). At each interval of the PCR, amplifi@CRproducts were run on

agarose gel (1%@gnd purified. Subsequently each purified PCR products were diluted to meet

the startingemplateamountrequiredfor the next PCR.

After purification of the final PCRroduct from a gelthe Nde¥Xbal digested PCR product
was cloned into the pBlueggt 11 SK+ vector Jwe Klein). The vector contain¥Xhad-Xbal

13
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gene fragmenthat istaken frompChlamiRNAS3int vectofMolnar et al. 2009 for clarity this
vector isnamed as adntermediate vect@from now on.

To form the transformationwector, the Xhd-Xba fragment which was digested from the
intermediate vector was cloned into pChlami ve¢kolnar et al. 200pwhich had released
its original Xhd-Xba fragment region after restriction cuttiig form the pChlamb @pH-
GFP vector In the nextsections the termpChlami vector is used to refer to the
pChlamiRNAS3int vector thatas released thecS2-intron sequence.

2.3 Agarose gel electrophoresis

Determination of the size of DNA was dohg running DNA samples oa 1%agarosegel
containing ethidium bromid¢0.17 ug/mL] in TAE buffer (see Appendix ). A 1Kb plus
standard ladder was used to estimate the size of the DNA fragond?@R productsThe gel
was run at 90 V for 30 min, and for longer durasiernen separation of smaller bands were
needed. Pictures were taken for furtapalyses

2.4Ethanol precipitation

All DNA samples were precipitatedby adding1/10 volume of Na acetat8¥l] and 2x
volume of 96% ethanol on ider 30 min Centrifugation at dC, washing with 70% ethanol
was respectively done afterwards.

2.5Bacterial ells

TB1 E. coli strain was the host bacteria thatasvused for all plasmid and vector
transformationin this study except for recombinant protein expressioalysesProcedures

for E. coli growth, transformationmaxipres andminiprepswas done by following the lab
manual and coarse book (Uwe Kleid)l E. coli transformants were growon agar plates

containingampicillin (60 pg/mL) as a selection marker, and overnight growthudfures was

done for all on LB mediumSee Apendx I) supplenented withampicilin (100 pg/mL).

2.6 Transformation of Chlamydomonas

Nuclear transformation of the cellall-lessChlamydomonastraincw-15 cells was done by
Uwe Klein, by following the protool of (Kindle et al. 1989 Cells werevortexed in the
presence ofinearized DNA (transformation vectoy)glass beads and polyethylene glycol
(PEG). Cells were plated out on paromycin containing agar plates and ihated under
sterile condition.

14
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2.7 Selection of transformants

Individual colonies were picked once their sizes were clearly visible opdaieenomycin
(50mg/mL)containing agar plate. Each colony thsts picked was marked at the back of the
plate.

2.8 Cell culture

The mutant straiew-15 of C. reinhardtii was obtained from cell culture @halmaydomonas
genetic center at duke university NC, USA. Transformants of the alga groparamomycin
containingagar plates were inoculated in 2@ liquid culture. Cells were maintained on HS
(high salt)(Sueoka 1960medium supplimented with [salt stock, phosphate stock and trace
elementsseeAppendix|] at ~24C on light intensity~ [500 W/nf]. Cells were supplimented
with 2% CQ in bubblingwaterchamber \fater bath supplimentd with air) until the growth
confluency is about 2x10° cellssmLa t  3n212 HBurslight and 12 bursdark cycle For
genomic DNA isolation purposes,etls were cokcted from the cell culturaccording to
laboratory manuglUwe Klein).

2.9 Selective marker

Different marker genes are used for developing of transformatiGhlaamydomonad~or this
experiment, theaphVIIl gene(encodes folaminoglycoside 3phosphotransferasevas used

which confersparomomycinresistance to th€hlamydomonascells. aphVIll has a codon
usage similar taChlamydomonagenes(GC content 0f68.9%), thereby expression of this

gene inChlamydomonas el | s doesnodt c r(Szavh et ala200L Ugmallynut at i
expression of a gene from chimeric gene constructs requires strong, constitutive or inducible
promoter system. Previously a linearized plasmid used to exqgbs4ll under the control of
RBCSHSP70 chimeic promoter and the RBCS terminator generated ~22,000
ChlamydomonatransformantgGonzalezBallester et al. 2005Moreoverhigh sensitivity of

C. reinhardtii cells to paromomycin and the efficient inactivation of paromomycin by
aphVlll, made theaphVIll gene a good candida{&izova et al. 2001 Concentréion of

marker gene will impact the number of transformants obtained per transformation event and
the number of integrated marker gene copies per transfarmant

2.10 Codon optimization

Codors used frequently in a certain organisare oftennot used in others. fAis causes a
change in the number of tRNAs and significantly affects the translation efficiency. GFP
(Clontech) which was derived frordoanthus Spwas opimized toC.reinherdtii nuclear
codon sequencéNakamura et al. 2000Graphical analysesof codon usagevas done by
using Graphical Codon Usage AnadytFuhrmann et al. 2004

15
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2.11  Screeningof transformants withPCR

PCR was used to cheekhetherC.reinherdtiiwild type cells have integrated the trgese.
Template DNAs fromC.reinhadtii genome of selected transformamtere amplified by
different primers to analyze the PCR product. The list of primers and the melting temperatures
can be refferedAppendixV).

2.12  Recanbinant protein expression ifk. coli (BL21DE3)

The E coli expressiorvector systemlontech)contains the hybrid Tlac promoteras well

as alacl gene, which encoddsac repressornn lac hybrid promoter system (Clontech), basal
expression of the protein of interest is repressed by the Leessep lacl), that binds to the

lac operator, preventing expression of genes from the promoter p lac in the absence of IPTG.
Isopropyl b-D-1-thiogalactopyranoside (IPTG) is a lactose metabolite in which up on
addition, causes allosteric conformational change in the reprdastyr @llowing T7 RNA
polymerase to gain access to the promoter and initiate transcription of gene coding-for bet
galactosidase.

P't‘
IPTG induction High expression High protein expression
Transcription proceeds L of T7 RNA in induced cells

l 7 gane xJ polymerase
L s e 4D

/ | 4
lecUvs polymerase | vector |
promoter N, /
o \\-\.

E. coliRNA
polymerase

Figure 2.1. Recombinant protein expression inE. coli (BL21DES3) transformed with pE coli-C-
term 6HN vector. Induction ofE. coli (BL21 DE3) cells with IPTG enables the T7 RNA polymerase
machinery to initiate transcriptioand translation. Basal protein expression is inhibitethblin the
absence of IPT@C lontech)

The vector also contains an ampicillin resistance gene (Ampr) and a pBR322 origin of
replication, which maintains the vector at a {o@py-number to reducedsal levels of the
protein of interest. An origin of replication is sequence of DNA at which replication is
initiated in plasmids. It determines the vector copy numbee. pBR322 replication origin is

a site from where two RNAs (RNA | and Il) are tranbed. RNA | serves as the primer
initiating transcription which is attached
rop gene product. Hence the stabilization prevents change in the conformation of RNA I
which would otherwise lead to RNAse H clege. Therefor this stabilized bond between the
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two RNAs maintain replication initiation from a single site or origin and inturn the
mechanism should also maintain the number of copies of the vector at low level.

E. coli strain (BL21DE3) was transformed WitpE coli-5 @pH-GFP vector. The
transformants werergwn on agar pkgs containing ampicillin at . A 3 mL LB/Amp
culture was inculated and was grown overnight. The next day, 2ofrthe overnight culture
was iroculated inLOOML fresh LB/Amp medium. The culture was incubatech@haker(200
rpm) for 2 hours (until the OD reaches 0@B8). Thecell culture was induced by adding IPTG
to a final concentration df0.22 ng/ull. Cells werecontinouslyinduced for6 hours on a
shaker(200 rpm) Samples were centrifuged 200 rpm/5 min, supernatant was descarded
and pellet was resuspended in bufferApgendixIl).

2.12.1 Purification of Histidine-tagged GFP

BL21DE3 cells exprssing Hisagged GFP (always kept on ice) suspended in low imidazole
buffer A (Binding/wash buffer, se&ppendixll) were thawed, sonicated three times 5/10 sec

burst on /off cycle while maintainingtharsp | es on i ce, then centrif
at 10,000 rpm. Sequential extraction of samples and washing was done according to the
laboratory manugUwe Klein).

Preparation of ALON Co resins (Clontechwas done according to the manufacturers guide
Il i nes . TALONDCo gekinwas centrifuged al500 rpm for 5 min. Supernatant was
discarded and theesinwas resuspended 5 mLdH,O and centrifuged once more 2300
rpm for 5 min. The procedure was repeated with buffer A instead £3 dFheresinwas then
added to Empty P20 Desalting column (Brad).

2.13 SDS PAGE

In sodium dodecyl sulfate polyacrylamide gel electrophoresis {&BSE), proteins are
separated according to their molecular mass under denaturing conditions. Treatment with the
anionic detergent SDS in heating eand n me n t (92eC) destabilizes
structures, thus denatured proteins gain a uniform net negative charge thereby movement of
proteins on the gel depends on their size.

A 12% polyacrylamide solution was prepared by using solstidh,O, A, B and APS
(Appendix II) by carefulyy mixing. The gel was pouredtma casting strand between glass

plates leaving 1 cm of space between the top of the short plate and the resolving gel level. The

top part was filled with water. After 30 min polymerizatjdhe floating water was removed

from the top. Stacking sdion was prepared by carefully mixing solutions@H A, Bo, ar
APS (Appendix Il). The stacking solutioii4%) was quickly added to the top of the 12%
polyacrylamide solution. Then the comb wasedrted on top before the stacking solution
polymerizes. After 30 min polymerization, the comb was taken out and the space between the
glass plates was rinsed with water to get rid of bubbliing electrophoresis was done at 90

V for 15 min and susequentht 120V for 30 min.

17



Results

3.Resuls
3.1 Optimization of GFP

Sequencing ofC. reinhardtii nuclear genome revealedhigh GC content (65%) Usage of
codors specific forChlamydomonasiuclear geness essential. Previous works have shown
that adaptation of codonsage of transgenes greatly enhances the expression of transgenes
because ofdifferences in tRNA abundanc@.eonBanares et al. 20041t significantly
improves traslation and even promotes efént integration into the genom@leslet
Cladiere and Vallon 20)1

This study focused mainly cstevelopmenbf a reporter construct fdhe localization othe
putative RNA pyrophosphohydrolase C. reinhardtii We usedZsGreenl GFP as reporter
moleculefrom (Clontech) which hasa size of 69 bpbecause oits bright green fluorescence
with excitation and enission maxima at 493 and 505 nm, respectivelifP was codon
optimized using the Codon Usage DatabagBlakamura et al. 2000 Standard format was
used for code selectioithe databasksts C. reinhardtid sodon usagén genes and sum of
codon usal. Thecodon usage tablests therelative frequeng of each codon for a particular
amino acid Triplet codonsare groupedaccording tothe fraction of each triplet in thetal
nuclear genomic sequencand the frequency of eadhplet per thousandp of genomic
sequencetseeAppendixIV).

By usingthe GCUA tool (Fuhrmann et al. 2004the GFP sequence assplit into triplet, and
the frequencyf eachcodonwascomparedo that 0f420,455nuclearC. reinhardtii codors
from the codon usage tablBhus, the relative adaptivenedsfined bythe GCUA tool shows
the percentage of each codascompared to that of thmost preferredC. reinhardtii codon
Each GFP codowas manuallyoptimizedto codons that are msbpreferred andrequently
usedin the total nuclea€. reinhardtii genome Almost all codonsof GFPwere optimizedo
themostprefared C. reinhardtii nuclearcodons as shown fig. 3.1

Thesequenceavas further modifiegbrior to GFP synthesidor cloning into thepE coli-Cterm
6XHN (Clontech) vectorThis vectorencodes a 6XxHN tag composed of 6 repeatingAdis
subunits For the purpose dBEFPexpression and purification . coli cells, the6xHN tagis
incorporated in our gene construct. The stodan for GFP was removed and extra [C]
nucleotide was included just upstret&orthe start codon of GEHhe optimized and adjusted
GFP sequence was then synthesized (Life technologies).
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sequence derived from Zoanthus sp.
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Figure 3.1 Graphical Codon Usage Analyses GFP (Zsgreenl) ha99 total codos. Most codons
were optimized to a relative adaptiveness (vertical liney 5% (black bar). Codons thaave
relative adaptiveness of 20% are also shown (grey bar). Thealyseswas done by (GCUA)

(Fuhrmann et al. 2004
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3.2Cloning

Step by step cloning of the synthesized GFP is shovig.i8.2 There are four cloning steps
designated as A, B, Cand D

pBluescriptIl

A pBluescriptll SK+-35 rppH-
SK+3 rppH- l:> GFP

PCR
ﬂ Restriction digest Neol/Nod

‘ - Neol Nod

Smal Nod

PE coli-5°rppH-
= GFP-C term 6xHN
B pE coli-C-term

6xHN

PCR
@ Restriction digest Ndel Xbal

N 6 HN g

vaer 1 o
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Intermediate
vector-5 rppH-

Ligation at Ndel/ Xbal

Intermediate vector

GFP-6xHN

@ Restriction digest Xhol Xbal
Xhol Xbal
Ligation at Xhol Xbal
D pChlami- 5°7ppH-
= GFP-6xHN tag

Figure 3.2 Cloning of GFP. Four steps (A) of cloning procedures and the restriction sites used are
shown. Step AGFP was cloned ito pBluescripts foppHv e ¢t o r . rpfH-GFPwa8clonell i

pE coli-C-term vector. & e p rgpH-GFPavas cloned ito intermediate vector. Step BEPSAD

5 ppH-GFP was cloned ito pChlami vector (transformation vector). Red ceBoBSAD promoter
sequencg Grey color5 fppH region; Black coloicGFP;, Y e | | o WSADterminator secRigies.

3.2.1 pBluescript Il SK+5 dppH-GFP vector: Cloning step A

For the purpose of localization 8ppH inC. reinhardtii, t he 5 &®ppHwagtaggea o f
to GFPto be able tdfollow the localization of theGFP-tagged gene producAlthough not
proven a sigral peptide that direstlocdization of the RppH protein was assumedo be
present in RppHe 506 region of

The pBluescript Il SK+5 6 r pgxctdr was received from Uwe Kleiit. is a pBluescript Il

SK+ with 2961 bp (stetagene) that hatshe 56 r e g ippHNnGF® Was &oned into
pBluescript Il SK+5 6 r paptihe Smd and Ead sitesto form pBluescript Il SK+5 6 r p p H
GFP as shown irfig. 3.2 A andfig. 3.3.The restriction site fobma (CCCGGQ is found one
nucleotide upstream of the start codsnGFPi.e.at t he e mppgH segfience, lared 5 6
Ead (CGGCCQG)is foundat the end of thecoding region ofGFP (seeAppendixlll). By
restriction cutting the vectorfig. 3.4 (pSK+-5 pph-GFP), at ECOR//Ead restriction sites
andsubsequergel-electrophoresianalyses the vector released a fragment which is 3 19

in sizeas expectedfig. 3.4). The vectorusedfor cloningpBluescript || SK+5 6 r pgig Bi4
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(C) was also cut with the same restriction enzymes. From the gel electrophosdgsesit
can be seenthat the restriction digestedector released a band (lower) of ~ 2B
corresponding to thg& éppH region(seefig. 3.4 ).

700bp

| GFF !
EcoRV Pstl Smal Eagl

Figure 3.3. Restriction map for pBluescript Il SK+-5 fpH-GFP. T h e rppHdis represented by vertical

lines. GFP is represtad with diagonal linesThe di ffer ent rest rmppld-GFPgane si t es
fragment Smd, Ead) as well as in the pBluescript SK+ vect@&cpR/, Pst) are shownEcoRV site is found

253bp upstream to the start codon@¥P in the pBluescript IISK+ vector Smd andEad flanked GFP region

has a size of 700p. Dotted line represents sequences ingB&iescript Il SK+ vectar

o
(TR
=
T
Q
=
0
&
.
. l |
1000bp » -
300bp » -——
1 2 3

Figure 3.4 Gel electrophoresisanalysesof pBluescriptll SK+-5 fpH-GFP vector cut with
EcoRV/Eag. Lane 1(L); is 1kb+ ladder. Lane ZpSK+-5 ppH-GFP); is restriction digested

pBluescriptll SK+5 ippH-GFP construct. Lan& (C), is pBluescript Il SK+5 @pH used for cloning
as a control.
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3.2.2 pE coli-C-term-5 ppH-GFP 6xHN vector: Cloning step B

T h erppbl-&FP gene was amplified by PCR thereby introducamNcd restriction site in
the PCR productAfter cutting the PCR product viatNcd/Not restriction enzymes, the
5 @pH-GFP geneflanked byNcd/Not siteswas clonednto Ncd/Not restrictionsites of pE
coli-C-term 6xHNvector withthe same enzymess shown irfig. 3.2B. The ligation was
checked withrestriction digesif the Igated vector gE coli-5 ppH-GFP-6HN) by using
Ncd/Xbd, that releasesaeakfragment which is- 990 bp as shown ifig. 3.6.

In the control experiment fig. 3.6 (C), the restriction digest reteasdragment that
corresponds to the multiple cloning esit (MCS) in the pE colC-term 6<HN vector
(Clontech)betweenNcad/Xbal sites.But since the size is very small and the band is too weak,
it is not seen in the gel electrophoremmslyses

GFP
|
SppH
207 |
+1 005 +990
Heel Smal Mot hal

N N N O P O B | o o o o At b A A S A S E ST E IS AT EEEESETEEEESET IS d

-~
-

.-"J.

tL—‘-:.—'ﬂI' CATAATCATAATCATAATCATAAT L'.!.-'L['.L-‘L—‘JTT AATTAATTA ATCTA L'.r-"l
f=HN tag

Figure 3.5 Restriction map of r@pld-GFP in pE coli vecta. The map showshe different
restriction sitesNcd, Smd, Notl, Xba. +1 refers to thdranslation starsite of the fusion protein

[5 ppH-GFP-6xHN (boxed)Juntil the Xbd site. Single dot line represent 39 nucleotide sequences
that arepresentin the pE coli-C-term 6xHN vectofMCS). The verti cal | i(20@ s
bp) and the diagondines represent the GFP region.
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1000bpp-

Figure 3.6. Gel-electrophoresisanalysesof pE ¢ o | rppH-&BP vector digestedwith Nca/Xbal.
Lanel (L) is 1 kb+ ladder; Lane 2 (VC) and Lane 3 (@je restriction digesteekctor construct and
PE coli Gterm 6xHNvectors(used for cloning) respectively witkicd/Xbd.

3.2.3 Intermediate 56 r {#pRH6xHN vector: Cloning step C

The intermediaterector which was received frokdwe Klein, isa pBluescriptHSK+ vector
that has a 1233 hyhd/Xbd fragmenttaken fromthe pChlamiRNA3int vecto(Molnar et al.
2009. This fragment has &hlamydomona® -®SAD promoter region from th&hd site
until theNdd siteas can be seen fig. 3.8.

RBCS2 intront
PSAD promoter Spel (280)
truncated miRNA precursor cre-MIR1157
Pl it
s % PSADterminator
. % Xmal (797)
HindIll (5378)
Sl (79)
Not1(969)
pChlamiRNA3int
HSP70A-RBCS2 promoter::aphVll:: RBCS2 terminator 6481bp
BamHI (4085)
Kprl (3349)

Figure 3.7. pChlamiRNAS3int vector background. Vector map showing the restriction sites,
selective markeraphVIIl) and the regulatory promoter and terminator reg{Manar et al. 2009
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One of the characterstic feataref nuclear genes is the presence of introns in the coding
region. Transgene expression was shown to significantly increase by the presence of an intron

in constructs used for ectopic expressiorChlamydomonagLumbreras et al. 1998 The

RBCS intron has been widely used in transgegxpression il€. reinhardtii. Although this

system is possibjat takes time to insert thRbcS2 intron into the coding sequence. The
nuclearencoded BeD proteinwhich has a size of@®kDa, encodesan abundant chloroplast

protein found in the stromalide of the photosystem | complex. TheaD reading frame
doesndét have any introns i mplyinmgthebbatandha&or
untranslated regions.

For cloningof 56 r p-@HR geneinto theintermediate vector, a restriction sitddd) was
introducedby PCRat the translation start sitéd pE coli5 6 r gGpR{seeAppendixV). The

Ndd site was introduced in 3 PGRsection2.2). Each PCR anlfication gave a product that

changea singl e nucl eotide. TBhmeagd edi3fofXdparstamie r5 &t
were usedor oligonucleotide synthesi¥he PCR prodct which is flanked by thldd site at

50 enxbd amdte at thehaooned idto theNdd/Xba aligestedintermediate

vector. Cloning of thePCR productwvas checked byligestingthe vector withPvul which

cutsGFP at two sites that are 186 bp ap@efig. 3.8) andat two othersites in the vector
backgroundsee fig 3.9) The restrictiordigestwas run ora 1% agarose gedffig. 3.9).

5 psal) promoter GFP
Tegion

}E'_cl:-I M Je{ E-Llual :"J..H _‘"J-H }I-Lﬂ
+1 +464 +850

+++++++++++++ T T TR A - q

bal

L | L1
S'rppH 6=HN tag

Figure 38. Red r i ¢t i on PIARDMpld-GFP-6x3IN gene segmenin the intermediate
vector. Shown here are restriction site¢h@l, Ndd, Smd, Pvul, Notl and Xbal) relative to +1 which

is the translation stadodon T hRSADprdmoter region is shown in black,rtieal and diagonal

Il i nes r eppH andGF-R regioBsdespectivelyBold dots represent sequences that are part of
the vector.
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L | (
3000bp=
\-n) \a=mn/
~-
- .
200bp»
1 2 3

Figure 3.9. Gel electrophoresisanalysesof Pvull digested Intermediate vector. Lane 1(L); is
1kb+ ladder, lane2 (1); is an intermediate vectavith gene construdt 3ppH-GFP) andLane 3 (C);
is an intermediate vector without the gene cons{rusppH-GFP) used as a control.

3.2.4 Transformation vector pChlami-5 6 r pGFP6xHN: Cloning step D

Finally, the gene fragent flanked byXhd/Xbd was cloned ito pChlami vector First
pChlamiRNAS3int vector was digestedby cutting the vector akhd/Xbd sites. The gene
fragment flanked byhd/Xbd was also cubut from the intermediate vemt and ligated into
the opened &msformatiorvectorat theXhd/Xbd sites It is important to note here that the
transformatiorvector has no longer thbcS2-intron sequence which is present in the original
pChlamiRNAS3intvector(fig 3.7).

5 psaD promoter GFP
region 3' psaD termunator

hil wda $tnal Nbi ﬁ%
824 <1 4990 378

Figure 310.Re st r i ct i ®PBADIm@H-G&ER-6xHINGIn pChlami vector. Shown here are

positions ofrestriction sitesxhd, Ndd, Smd, Xba and Sma relative to+1 which isthe translation

startcodon The PSADpr omot er regi on i rppH arfd &KWPhregions ard | ac Kk ;
represented in vedia | and diagonal | PSAD&eaMinatee seguence is shoavh in . The

dotted gray color.

Cloning of the insert in theansformatiorvector was checked by restriction cuttthg vector
at Xhd/Xbd site andsubsequenagarose gel electrophaie analyses The expected insert
sizefrom the Xhd site to theNdd site and further to thXbd site is 1814 bp seefig. 3.10.
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This fragment(approximate sizeyvas released when analyzed by getwtgphoresis as can
be seenn fig.3.11

Figure 3.11. Gel electrophoresisanalysesof pChlami- 5 fppH-GFP-6xHN vector digestedwith
Xhol/Xbal restriction enzymes Lane 1L) is 1kb+ladder; lane 2(pC)is digested pChlamb fppH-
GFP-6xHN vector releasing a fragment of 1810 bp (lower band) Lane 3 (C) is digested
pChlamRNASint vector (control) used for cloningeleasing a fragment of ~ 13@p (lower band).
Thedifference between the two lower bands corresptmtise differencdetweerthetwo (pC and C)
total vector sequences (58p).

3.3 Transformation and selection of transformants

The cell wallless Chlamydomonastrain cwl5 cellswere transformed by Uwe l&in as
explained insection 2.6 Cells were grown on agar plates containing paromomgsntion

2.7). Cells which have integrated the rar gene gphVIIl) were selectedt is impossible to
conclude that cells that have exhibited resistance to paromomycin are all positive
transformantgor the GFP construcihis is because of random integratiorsefuencesto

the Chlamydomonasucleargenome.Thus further screeninfpr GFP positive transformants

at the genomic DNAevelwas needed
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3.4 Analysesof transformantsby PCR

Genomic DNAwas isolated as described section2.8. Identification ofcells harboring the
introduced gene at the ganic level wagloneby PCR. More than 15 transformathat were
resistant to paromomyciwvere analyzed. And we proceededhafive transformants thawve
thought were GFP positivé combination of different primers was used to ampdiecific
sequencesf genomic DNAat different sitesas can be seen fig.3.12.

GFP
[ |
5'mopH GrHM
e ]
SPsaD IPsaAD Aphwlll

-3 4+l +23 4] +225 +4000  +5321
| e irarssiirsesiss Ml --------nn-H"""
5 PSADE4D1 |5 NUIIJB'- FGFP 3 P3AD4AS S'paro Fparo
SCOMP ] 433 4743,
5'NUD-
GFP :
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'E;-c.tgccgz: b-cogectoacca aggagatgac-i |E.+-alc'.ggagctcggaggc‘t‘l‘tcgc-ﬂ-.ll
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I:gl‘t-3' e .':'.

S [s  ) [5-scggccoscergeeeeacgtl| ;
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Figure 3.12. Map of the transformation vector (pChlami 5 BSAD-5 ppH-GFP-6xHN) with the

different primers that were used to amplify specific sequences by PCEach primer (boxed) and

the respetive startingnucleotidepositionsin each strand depicteate shown relative to +1 which is

the translation stadodon T h e P&A\Dpr omot er r egi on rppdand@rBregionsi n bl a
are represented in vertical and diagonal lines respectivelyN6euntil the Xba site (se€fig. 3.5) is

shown as a back gPSADtemrmihatar setjuence is shdwe in 8ofied gray cdlbe

selective marker geneghVIll) is shown in gray. Dotted lines represent sequences ipGh&mi

vector.
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Genomic DNAfrom the five transformants were amplified H¥SAD6401and3 #SAD495 (see
fig. 3.13). As a positive controltemplategene fragmentrom the tranformation vectowvas
amplified by the same primers. Similarly, as a negative cor@adamydomonasvild type
genome wasised as a template

Samples 1-5 I+Ve WT L
Primers:
psaD @ — - - «850bp 5'PSAD6401
3'PSAD495

Figure 3.13. Gel electrophoresisanalysesof PCR products usinggenomic DNA as a template
Lanes 1-5; represent r a n s f osampéeslH éespectively genomic DNAamplifications The
PCR gave a product which hasiaesof ~780 bp tha corresponds to the endogenqsaD Lane 6
(+Ve) positive contral is amplified templategene fragmenfrom thetransformation vector; Lane 7
(WT); is the negative contrgamplifiedwild type, Chlamydomonagenomic DNAas a templaje The
positivecontrol (+Ve) shows amplification at 780bp (lower band)and atl178 bp (upper band)The
latter is the expected band size from this PCR. The negative control also shows amplifisation
expected at780bp (psaD gene sizeLane 8 (L) is ladderused(1Kb+).

The above figure shows that the genomic DNA of the five transforrhamsa PCR product
which is ~ 780 bp that corresponds ta fragment from the endogenopsaD gene The
expected PCR product~ 1178 bp, in the positive control (ampled template from
transformation vector), upper band is agwwn infig. 3.13 On the negative control, the
primers have amplified a gene fragment that has a similar size to the PCR gfoolucthe
genomic DNA ofthe transformants an the positivecontrol (ower band. In the negative
control (amplified wild type Chlamydomonagenomic DNA as a templgtethe expected
PCR product is/78 bp that corresponds to the wild type endogenpsaD genefrom the
primers used fothis amplification
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Next, a specific genomic DNA fragment was amplifieg bsingN U D $60MP and3 6 GF P
primers(seefig. 3.14). These primers amplify a gene fragment that has a si285dfp (see
fig. 3.12) The amplification reactiomives PCR prodats that are205 bp in size This is
expeced from this PCR reaction. The positiy@amplified template from transformation
vecto) and negative controlgamplified wild type Chlamydomonagienomic DNA as a
templat@ were also includedn the PCR The positive controhasa PCR producthat is
similar in size to that of the transformantsamples 15 respectively)genomic DNA
amplification. In the negative contrglthe DNA amplification has a size of ~ 659ip. This is
unexpected in a way that one of the prim& (G kshgt supposed tamplify the wild type
genomic DNAused as a templateince GFP is not present in tBdlamydomonagenomic
DNA.

L Samples 1-5 +Ve WT
I . ]
e
Primers:
NUD3'-5COMP
3'GFP
—
200bp» —
—

Figure 3.14. Gel electrophoresisanalysesof PCR products using genomic DNA as a template

Lane 1(L) is 1kb+ ladder used.ane 26 (samplel-5 respectively)r e pr esent transf or ma
DNA amplifications.Lane7 (+Ve); is amplified transformation vectocane 8 (WT); is thenegative

control (amplified wild type Chlamydomonagenomic DNA as a templgteSamples b hawe PCR

products at205 bp which is similar to the positive contréhmplification product in thenegative

controlhas a size of ~ 65@p.

The transformants werdsoscreened fothe gene that confeggaromomycirresistancavhich
is present in théransformatiorvector butabsent in the wild type genomic DNFigure 3.15
shows PCR products ofienefragments amplifiedy using5 6 p a r @ad3 gato4743 primers
(see fig 3.15)The PCR produstfrom all sampleg1-5 respectivelyhave size o##33bp. The
positive control(amplified template from transformation vect@)so hasa PCR product of
approximatelythe same size. The wild typéhlamydomonagdacks the gene thatonfers
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paromomycinresistanceaphVIll. Thus, no amplification is seen in the negative cordsol
expected

Samples 1-5 +Ve WT L
= j

| —

Primers:

5'paro4331
3'paro4743

Figure 3.15. Gel electrophoresisanalysesof PCR products using genomic DNA as a template
Lanes 15 (samples b respectively)show PCR amplification at ~ 83p as expected.ane 6 (Ve);
is transformation vector thahows amplified fragmentvhich has a size of 430 bp.Lane 7 (WT); is
negative contro{amplified wild type Chlamydomonagenomic DNA as a templat@hich shows no
amplification since it lacks thaphVIIl. Lane 8 (L); is 1Kb+ ladder.

Finally transformants (samples5lrespectivly) were screened by usirgyé N UBP and 36
PSAD 495 (seefig. 3.16). From the gel electrophoresis result, only transformant number 5
(sample 5)yives a PCR producthat has a size ofl070 bp as expectedrhe amplified gene
fragmentof the positive contro(transformation ector) also has the same si2@70 bp). The
negative contro{amplified wild type Chlamydomonagenomic DNA as a templatshows
weak products that have sizes of ~ 200 and another at ~ 1000 bp.
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. Samples 1-5 +Ve WT L
' — Primers:
= 5'NUD GFP
s 3'psaD 495
- e - <1000bp
-

1 2 34 5 6 7 8

Figure 3.16. Gel electrgphoresis analysesof PCR products using genomic DNA as a template
Lanes 15 (samples -b respectively). Lane 5 (transformant number 5); shows a PCR product that has
a sizeof ~ 1070bp. Lane 6 (Ye); is amplifiedtransformation vector thaivigsa PCR prduct which

has a size of ~ 107bp similar toPCR product frontransformant number 5. Lane 7 (WTs a
negative controlamplified wild type Chlamydomonagenomic DNA as a templgtéhat showsveak
bandsat ~200bp and at ~ 100Bp. Lane 8 (L); is 1Kb+ddder.

3.5Recombinant protein expression and purification

Recombinanexpression of GFP from the jellyfish victoria was first accomplished iE&.
coli (Chalfie et al. 1994 To determine if the GFP construct transformed into
Chlamydomonass capableof producing functional GFP proteiffluorescence)n vivo, the
constructwas expressed ift. coli cells as described irsection 2.2. But fluorescence
microscopywas not done ue to shortage of time. Rath&r coli BL21DE3 lysateswere
purified by His-tag affinity chromatographyusing cobaksepharose. W examinedE. coli
BL21DE3cell lysatedor the expression of th@FPfusion protein.

pL CE FT S C

37kDa=p

ZSkDa-’ll I | l‘36 B
1 2 3 4 5

Figure 3.17. SDSPAGE analysesof E. coli BL21DE3 lysates purified by Co spharoseaffinity
chromatography. Lane 1; is prestained protein ladder. Lane 2 (CE); is crude extract showing all
proteins that are presenttn coli cells. Lane3 (FT); is the flow through, all proteins that aregent

in the crude extract except for thiN taggedGF P p r apgple-GRP). Larke @ (S); is the purified

cell lysatesample {ransformed withpE coli-5 6 r #5pR-6xHN) that was made in this experiment.
Lane 5 (C); rppHsGFR6xHNuproieih ase abntrd@.dhe purified sample (S) does not

show any proteins that are puri fi erdpHGHPIGEHNp ur i f i

tagged protein size whidh 36 kDa.
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The SDSPAGE analyses shows E. coli BL21DE3 lysates purified by affinity
chromaography Crude extract{CE) in Lane?2 in fig. 3.17, are all proteins in the cell’he
flow throw (FT), arepolypeptides that have radfinity to the metal (cobalt) therefore directly
pass through the column. Due to the high affinity of histidine whictagged to the N
terminal region of GFPto the metal ion, théagged proteimemains bound to the resihhe
tagged proteins elutedwith elution bufferwhich has a higher imidazole concentration than
the washing buffer. The size tife fusion protein (6 r p@FR6xHN) is 36 kDa. We have
tried to express this protein . coli. Fromfig. 3.17, the construct that was made in this
experi ment (a$purified pdoteid signad. Bustheralready inducedt. coli cells
received from Uwe Klein represted as (C) ofiig. 3.17 shows a band th& ~ 36 kDain size
which is the expected band size for the fusion GFP protein.
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4.Discussion

To develop a reporntegene for expression in th@. reinhardtii nucleus a codon optimized
GFP genewas synthesizedl'he reportertGFP fused tothe 56 region of therppH genewas
used to transforn®. reinhardtii cells. Transformarg were then screened at the genomic level
for GFP positives.

Codon optimization of syntheti@FP

Nuclearbasedectopic expression inC. reinhardti is highly codon tased with G or C
preferred at the third positiofEvents causingene silencing irC. reinhardtii are related to
inappropriate nucleotide sequea¢Euhrmann et al. 1999In addition previousreports have

shown thatcodon usage affects the level of expression of recombinant proteins @. the
reinhardtii (Franklin et al. 2002 Otherexperimentdave alscshown that the cellular tRNA
abundance is correlated with the number of tRNA genes and is adjusted to the codon usage to
optimize translatn efficiencyin C. reinhardtii (Cognat et al. 2008 Moreoverthe extent of

codon bias for each gene is related to the protein productionMsiehmura et al. 1999

Previously synthetiGFPtagged to a proteireflectingthe C. reinhardtiinuclearcodonusage
was expressedn C. reinhardtii which allowed the isualization of the recombinaprotein
We have optimizedsFP according tathe nuclearC. reinhardtii codonusagepreferenceoy
using Codon Usage Databa3ée fraction ofeach codomsagerom theGFP was computed
to that of C. reinhardtii nuclear genome codon usage. Amongttital 233 codons in GFP,
198 were optimized to the most frequently used codors. reinhardtiii.e. 100% relative
adaptivenesas defined by the GCUA tao# of the GFP codons were optimizedthose that
are not asnostfrequently used, but moderately used in @ereinhardtii nuclear genome.
There isone codon in th&FP sequence that codes fdygne (GGT) which is not optimized
atall( r el ati ve ad.&Gpresencalingehilsly expiefséioteins tend to utilize
codonswhose levels of tRNAs are particularly abundahtL which is highly expressed in
the C. reinhardtiigenome was computed in the same way as was dor@Her From the
analysesit is evident thataround 7% of the total codon sequence have relative adaptiveness
(as defined by GCUAbelow 20%.

Expression of GFP ik. coliBL21DE3

GFP was expressed . coli cells to validate its function (fluorescende) vivo. Due to
shortage of time, f | uor é&scoliBh2dRE3elblysdtedrer@t b e
purified by Co sepharosaffinity chromatographyo detect the chimeric GFP protelBDS

PAGE analyseof the synthesized GFExpressed irkE. coli cells showsthat he expredsn

level of the protein is lovas seen in the contrekperimentThis is expected in a way that the

GFP codon sequences were not optimized to that of bacterialgegitsme codon usagather

to C. reinhardtiinuclear genome
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Nuclear tansformation ofC. reinhardtii

Nuclear transformation €. reinhardtii is random.Although billiors of cells were used to
transform C. reinhardti, we could onlyproceed with5 transformants that integrated the
paromomycinresistance genéVe primarily usd PCR for transformant screeningt the
genomic level Since results from PCR do not differentiate between genomic and ectopic
fragment amplification, we used our constriichnsformation vectoryis a positive control

and wild typeC. reinhardtii genomic DNA as a negative controto determine positive
transformants

Transformants were first screened for gene fragment that is amplified by primers that anneal
at t he PSADreguladory 8egions. Thexpected PCR produetmplification for the
transgenes 1178 bp. This could not be verified from this PCR for all the transformants. In
additionthe wild typeC. reinhardtiigenomic DNAhaspsedDgene f |l anked by 50
Amplification product of the negative control by the primers usedsg\®RCR prodat which

is ~ 780bp, expected product for the endogenous amplificatiothe same experiment the
positive control has amplification products of two siaes 1180 and at ~780bp. This could

either be contamation with the wild type genomiDNA or tha the PCR was not optimal to
amplify a template gene fragment that has a larger size. The possibility that the positive
control is contaminated is less likely that all the P@Rgents were prepared in mastex

first and that the template DNA was addedhe respective reaction tubes. In addition the fact
that only the endogenous genomic DNA amplification from the transformants imply that the
PCR was not optimalconcentration, annealing temperature and elongation fiondarger

size template DNAThe PCR was optimized by altering tia@nealinggemperature, but valid
results could not bebtained Additional experiment anbe done to optimize the PQRore

by altering the primer concentrations and adjlnstoncentration of magnesium ions.

We further sreened the transformants with primé¢hat amplifya gene fragmentrbm t he 56
rppH region to the5 6  efnGdFP. The PCR product for aljenomic DNA from the
transformants and the positive contrgtansformation vectorhas a size o205 bp as
expected.The negative contro{wild type genomic DNA)on the other hand has a PCR
product which was not expected in this PCR since there is BoiGtHhe wild type genome.

But other resultgnot shown)havei mp |l i cat ed t-5hGOMP primer birddwoD 3 6
specifically. Transformants were also screened faphVIIl gene which encodes for
aminoglycoside 3phosphotransferaséhat confers resistance to paromomyciAll the
specifictransformant genomic DNA amplification with primers that amplifyab&aVIIl gene
sequace have product sizesf ~ 43 bp similar to the amplification product from the
transformation vector (pdasie control). The wild type genomic DNA lackphVIll therefore

no amplification is seen in the negative control.

Finally all transformants were =ned with primers that ampéga gene fragment that has a
size 0of1072bp. We found one transformant™ ) tbat is positive for this screening that has a
similar amplification product with the positive control. The wild type genomic DNA
amplificationshows that there is nespecific binding of therimers. Further optimization of

35



Discussion

the primers an be applied by altering the annealingtemperature and changing the
concentration of the magnesium ions in the PCR.

36



Conclusion

5.Conclusion

Vector constructs made for this experiment were analyzed by restriction cuttingesnAlys
analysesshow that the vectors hava t or p o r a trppldGFP beee fraginent. The
transformation vector, which is the reporter vector construct was as well validated by
restriction cuttinganalyses

The screeningf transformants for positvdsas | ed us t o chootha one
seems to harbor tH8FP transgeneFurtheranalysesieeds to be done to verify expression of

the transgene at thelRNA and protein levels. From these experiments it is possible to
conclude that transformanthat have incorporated tiparomomycin resistance gedeo n 0 t
necessarily have teFP transgene

Further work

Even though there was an attempt to express GFP by the pE coli vector construct which was
made in this study, it was not possible to detect @REn the purified sample was run on
SDSPAGE. NormallyE. colicells transformed with a protein expression vector induced with
IPTG (depending on the concentration, timing and length of induction) should be able to
express the protein of interest. Evenugh the cells were induced by following the protocol

and later with slight modification, such as various timing of induction (result not shown), it
was impossible to detect the fusion protein in all cases. Moreover, the construct has been
validated by resiction cutting as shown irfig. 3.6. Nevertheless the vector was not
sequenced. So further workrcbe done to sequence the vector constructadsmdetect the
fluorescence of the protein i colicells.

In addition in the control experiment, the piedl sample shows other purified proteins in
addition to what is expected for the fusion GFP protein. Thus to be certain that GFP is indeed
expressed in thede. coli cells and that the result is not an artifact of certain experimental
error, the sampleould be analyzed by mass spectrometry (MS). By applying pvashing

and elution conditionghe presence of imidazole and high salt concentration can be adjusted
unless and otherwise would increasass spectrometry backgrounésirthermore bysing

specfic antibody against GFP or HN tagnmunoprecipitation technique can be applied to
precipitate théusionprotein.

Conventional PCR provides limited information on the number of ingeoisy number). In
addition false negativeganresult from problemsvith longrange PCR or low amounts of
DNA. Therefore further validation of the transformardncbe done to have further
information on the copy number of the transgene before proceeding with the transcription
analyses Even thoughSouthern analyses labaious, time consumingnd requires large
amounts of higilguality DNA when compared to conventional PGRreeningvith Southern
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blot analyse&dentifies targetedransformantand permitsanalyseof the copynumber of the
transgene

Furthermore, before ocaluding that r a n s f o r noald ke used for 8¢ localization of

RNA pyrophosphohydrolase 1. reinhardtiicells it is advisable to confirm the transcription

of the transgene. RNA can be isolated and further hybridization based experiments (e.g
Northern blot) ca be done by designing specific probes. Alternatively, the RNA template can
be reversibly transcribed to synthesize cDNA, and gene expression could be analyzed by
using reaktime reverse transcription polymerase chain reaction-RRR) which uses
fluorescet reporter molecules to monitor the production of amplification products during
each cycle of the PCR reaction
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Appendixes

APPENDIX |

Agarose gel electrophoresis:

TAE (50x)/L

2429 Tris base

Loading buffer

0.25% bromphenol blue

100 mL 0.5M EDTA (pH 8.0) 30% glycerol

LB medium/L :

10 g tryptone
5 g yeast extract

10 g NaCl

psaD gene

HS media

Salt stock50x%)/0.5 L:

12.59 NHCI
0.50g MgSQ.7H,0

0.25g CaGl.2H,0

57.1 mL glacial aceticackdé € € 0. 25% xyl ene cyanol FF
LBAmp/L Plates:
10 g tryptone
5 g yeasbexktr
10 g NaCl
15 g agar
100 pg Amp
Phosphate stocf60x)/Q5 L: Hutner trace elementis:
47pKP0O,.3H,0 compound amount water
18g KKPOy EDTA disodium salt 50¢g 250 mL
ZaSOH,0 22 g 100 mL
HsBO; 11.4g 200 mL
MnCI2 . 4 HO 5.069g 50 mL
CoClI2. 6 HO 161g 50 mL
CusSQ.5H0 1579 50 mL
(NH,)6M070s4. 4 H,O 1.10¢g 50 mL
FeSQ.7H,0  4.99g 50 mL
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APPENDIXII

SDS page buffers

Solution A (Acrylamide)30%]
Solution B (TrisHCI)-[1.5M]

Sol uti o#CLB@SM]TTr i s
12% polyacryl amide gel
dH,O-1.425 mL

Solution A-1.65 mL

Solution B1.03mL

Ammonium persulfate [10%]6.25 pL
4% Stacking gel

dH,O-1.8 mL

Solution A0.4 mL

Sol ut-0.tbmL B o
Ammonium persulfate [10%30 pL

1xelectrode buffer

Trisbase 3¢
Glycine 14.6¢g
SDS 19

Affinity chromatography buffers :

Buffer A(Binding/wash buffgr Sodium phosphatf0 mM]
NaCH500 mM]
Imidazole, pH 7.920 mM]
Buffer B(Elution buffej: Sodium phosph{2@ mM]
NaCH500 mM]

Imidazole, pH 7.4500 mM]
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APPENDIX I

pChlami-5 mpH-GFP 6HN transformation vector sequence

1 C ATATGGACGA GGGAGACGCG

22 CCCGCTGCCG CCCCTGGTGG EIEGGCTG CTTGTGGTGG TGREIGGT CAGGCTGGAC
82 GACCCACTGT GGGACCACGA GACGGGCGAG CCCAGCAAGG GCGCCGLLCGL CGCGGATCGG
142 CCTGTGCGGG TGCTGCTGGC TCGGCGGCCT GTGGGCAAGA GCAACGCGGG GCTGTGGGAG
202 TT CCCGGCGA TGGCCCAGAG CAAGCEGC CTGACCAAGG AGATGMT GAAGTACCGC
262 ATGGAGGGT GCGTGGACGG CCACAAGTTC GTGATCACCG GCGAGGGCAT CGGCTACCCC
322 TTCAAGGGCA AGCAGGCCAT CAACCTGTGC GTGGTGGAGG GCGGCCCCCT GCCCTTCGCC
382 GAGGACATCC TGAGCGCCGC CTTCATGTAC GGCAACCGCG TGTTCACCGA GTACCCCCAG
442 GACATCGTGG ACTACTTCAA GAACAGCTGC COOGGCT ACACCTGGGA CCGCTCGTTC
502 CTGTTCGAGG ACGGCGCCGT GTGCATCTGC AACGCCGACA TCACCGTGTC CGTGGAGGAG
562 AACTGCATGT ACCACGAGAG CAAGTTCTAC GGCGTGAACT TCCCCGCCGA CGGCCCCGTG
622 ATGAAGAAGA TGACCGACAA CTGGGAGCCC AGCTGCGAGA AGATCATCCC CGTGCCCAAG
682 CAGGGCATCC TGAAGGGCGA CGTGTCCATG TACCTGCTGC TGAAGGACGG CGGTCGCCTG
742 CGCTGCCAGT TCGACACCGT GTACAAGGCC AAGAGCGTGC CCCGCAAGAT GCCCGACTGG
802 CACTTCATCC AGCACAAGCT GACCCGCGAG GACCGCAGCG ACGCCAAGAA CCAGAAGTGG
862 CACCTGACCG AGCAUGSAT CGCCAGCGGC AGCGCCCTGLCE®WG@HBCCE CTGGTTCCG
922 CGTGGCTCTC CGGGCGCTGC AGGT
982 TAATTAATTA A TCTAGAgg cagcagctgg accgcctgta ccatggagaa gagctttact

1042 tgccgggatg gecgatttcg ctgattgata cggg atcgga g ctcggagagc tttcge gcta

1102 ggggctaggc gaagggcagt ggtgaccagg gtcggtgtgg ggtcggecca cggtcaatta

1162 gccacaggag gatcaggggg aggtaggcac gtcgacttgg tttgcgaccc cgcagttttg

1222 gcggacgtgc tgttgtagat gttagcgtgt gcgtgagceca gtggccaacg tgccacaccce

1282 attgagaaga ccaaccaact tactggcaat atctgccaat gccatactgc atgtaatggc

1342 caggccatgt gagagtttgc cgtgcctgcg cgcegce CCcC gg g ggcgcagtt tagctgacca

1402 gccgtgggat gatgcacgca tttgcaagga cagggtaatc acagcagcaa catggtgggce

1462 ttaggacagc tgtgggtcag tgg acggacg gcaggggagg gacggcgcag ctcgggagac

1522 agggggagac agcgtgactg tgcaatgcg g ccgccaccgce ggtggagcte caattcgecc

1582 tatagtgagt cgtattacgc gcgctcactg gccgtegttt tacaacgtcg tgactgggaa

1642 aaccctggcg ttacccaact taatcgcctt gcagcacatc cccctttcg C cagctggcgt

1702 aatagcgaag aggcccgceac cgatcgecct tcccaacagt tgcgcagcect gaatggcgaa

1762 tgggacgcgc cctgtagcgg cgcattaagc gcggegggtg tggtggttac gecgecagcegtg

1822 accgctacac ttgccagcgce cctagcgcecc gcetectttcg ctttcttecc ttectttete

1882 gccac gttcg ccggctttcc ccgtcaagct ctaaatcggg ggcetcccttt agggttccga

1942 tttagtgctt tacggcacct cgaccccaaa aaacttgatt agggtgatgg ttcacgtagt

2002 gggccatcgce cctgatagac ggtttttcgce cctttgacgt tggagtccac gttctttaat

2062 agtggactct tgttccaaac tggaacaaca ctcaacccta tctcggtcta ttcttttgat

2122 ttataaggga ttttgccgat ttcggcectat tggttaaaaa atgagctgat ttaacaaaaa

2182 tttaacgcga attttaacaa aatattaacg cttacaattt aggtggcact tttcggggaa

2242 atgtgcgcegg aacccctatt tgtttatttt tctaaataca ttcaaatatg tatccg ctca

2302 tgagacaata accctgataa atgcttcaat aatattgaaa aaggaagagt atgagtattc

2362 aacatttccg tgtcgcecctt attccctttt ttgcggcatt ttgecttect gtttttgete

2422 acccagaaac gctggtgaaa gtaaaagatg ctgaagatca gttgggtgca cgagtgggtt

2482 acatcgaact gg atctcaac agcggtaaga tccttgagag ttttcgcccc gaagaacgtt

2542 ttccaatgat gagcactttt aaagttctge tatgtggcgce ggtattatcc cgtattgacg

2602 ccgggcaaga gcaactcggt cgecgceatac actattctca gaatgacttg gttgagtact

2662 caccagtcac agaaaagcat cttacggatg gcatgaca gt aagagaatta tgcagtgctg

2722 ccataaccat gagtgataac actgcggcca acttacttct gacaacgatc ggaggaccga

2782 aggagctaac cgcttttttg cacaacatgg gggatcatgt aactcgcctt gatcgttggg

2842 aaccggagct gaatgaagcc ataccaaacg acgagcgtga caccacgatg cctgtagcaa

2902 tggcaacaac gttgcgcaaa ctattaactg gcgaactact tactctagct tcccggcaac

2962 aattaataga ctggatggag gcggataaag ttgcaggacc acttctgcgc tcggcccttc

3022 cggctggctg gtttattgct gataaatctg gagccggtga gegtgggtct cgeggtatca

3082 ttgcagcact ggggccagat ggtaagccct cccgtatcgt agttatctac acgacgggga

3142 gtcaggcaac tatggatgaa cgaaatagac agatcgctga gataggtgcc tcactgatta




Appendixes

3202 agcattggta actgtcagac caagtttact catatatact ttagattgat ttaaaacttc

3262 atttttaatt taaaaggatc taggtgaaga tcctttttga taatc tcatg accaaaatcc
3322 cttaacgtga gttttcgttc cactgagcgt cagaccccgt agaaaagatc aaaggatctt

3382 cttgagatcc tttttttctg cgcgtaatct getgettgca aacaaaaaaa ccaccgcetac

3442 cagcggtgat ttgtttgccg gatcaagagc taccaactct ttttccgaag gtaactggct

3502t cagcagagc gcagatacca aatactgtcc ttctagtgta gccgtagtta ggccaccact

3562 tcaagaactc tgtagcaccg cctacatacc tcgctctgct aatcctgtta ccagtggcetg

3622 ctgccagtgg cgataagtcg tgtcttaccg ggttggactc aagacgatag ttaccggata

3682 aggcgcagcg gtcgggctga acgggag gtt cgtgcacaca gcccagcttg gagcgaacga
3742 cctacaccga actgagatac ctacagcgtg agctatgaga aagcgccacg cttcccgaag

3802 ggagaaaggc ggacaggtat ccggtaagcg gcagggtcgg aacaggagag cgcacgaggg

3862 agcttccagg gggaaacgcc tggtatcttt atagtcctgt cgggtttcge ca cctctgac
3922 ttgagcgtcg atttttgtga tgctcgtcag gggggcggag cctatggaaa aacgccagca

3982 acgcggcctt tttacggttc ctggcectttt getggccttt tgctcacatg ttetttectg

4042 cgttatcccc tgattctgtg gataaccgta ttaccgcctt tgagtgagct gataccgctc

4102 gccgcagec g aacgaccgag cgcagcgagt cagtgagcga ggaagcggaa gagcgeccaa

4162 tacgcaaacc gcctctccee gegegttgge cgattcatta atgcagcetgg cacgacaggt

4222 ttcccgactg gaaagcgggc agtgagcgca acgcaattaa tgtgagttag ctcactcatt

4282 aggcacccca ggctttacac tttatgcttc cggc tcgtat gttgtgtgga attgtgagcg
4342 gataacaatt tcacacagga aacagctatg accatgatta cgccaagcgc gcaattaacc
4402 ctcactaaag ggaacaaaag ctgggtac CC gcttcaaata cgcccagcecc gecccatggag

4462 aaagaggcca aaatcaacgg aggatcgtta caaccaacaa aattgcaaaa ctcctccgcet

4522 ttttacgtgt tgaaaaagac tgatcagcac gaaacgggga gctaagctac cgcttcagca

4582 cttgagagca gtatcttcca tccaccgcecg ttcgtcaggg ggcaaggctc agatcaacga

4642 gcgcectecat ttacacggag cggggatccc aacgtccaca ctgtgctgtc acccacgcga

4702 cgcaacccta cccagc cacc aacaccatca ggtccctcag aagaactcgt ccaacagccg

4762 gtaaaacgcc agcttttcct ccgataccgce cccatcccac ccgegeccgt actceccgeag

4822 gaacgccgceg gaacactccg gecccgaacca cgggtectee tcgtgggeca getcgegeag

4882 caccagcgcg agatcggagt gcecggtecgce acggccgacc ¢ __gccccacgt  cgatcagccc
4942 ggtcacctcg caggtacgag ggtcgagcag cacgttgtcc gggcacaggt gaccgtggca

5002 aaccgccaga tcectegteeg caggcecgagt ccgetccage tcggecgagaa gecgcetecece

5062 cgaccacccc ttccgctect cgtccagatc ctccaagtcg acgctccctt cagcgacagce

5122 acgggccgcec tgcggceaccg tcaccgecgag actgcgatcg aacggacacc getcccagte

5182 cagcgcgtgc agcgaacgag cgagccccge gagcgecacce gecacgtecca geecgetgcete

5242 ccgcggcecac cgcgeactgg ccggacgcecc cggaaccgct tcggtgacca accaggcgac

5302 cctctcgtce ccaccaccct cc acaacacg aggtacggga atc cccacct ccgeccaacca
5362 caccagccgc tcagcctcac ccaacaagcc caccccggcec cccagagcetg ccaccttgac

5422 aaacaactcc cgcccaccac cccgaagcecg ataaacacca gecccccgagg ccceatccte

5482 cacaacaacc cactcacaac cgggataccg accccgcagt gcacgcaac g catcgtccat
5542 gcttcgaaat tcttcagcac cggggagggce ggagtggceca tcctgcaaat ggaaacggceg

5602 acgcagggtt agatgctgct tgagacagcg acagaggagc caaaagcctt cgtcgacaca

5662 atgcgggcgt tgcaagtcaa atctgcaagc acgctgectg atccgeccggg cttgetcgtc

5722 gactc acctg gccattttaa gatgttgagt gacttctctt gtaaaaaagt aaagaacata

5782 ggccccectgg ccggtttatc aggagggcac cgctccaggg getgcatgeg aactgcettge

5842 attggcgcct agcectttgtg ggccaggggg cttccggata agggttgcaa gtgctcaaat

5902 accccatcaa acatcatcct ggtttggcetg cgctccttct ggegegeccg gecatgcaagce
5962 ttgatgggat cttaagctag ctgagtggtt atgtatagcg gcagaatagt cgcgtatgta

6022 taagtgctcg tttgtcgctg aaagtggagg tcaccgttcg gggtcgeggg cttttatacc

6082 ggatgggtgc cgccageggg ccgtatggeg ccttctggac gecgegegec ccatcg cggc
6142 ccttccagag cttcccgegce cctcatagec cgccaaatca gtcctgtagce ttcatacaaa
6202 catacgcacc aatcatgtca agcctcagcg agctceecg c tcgag cacac acctgcccegt

6262 ctgcctgaca ggaagtgaac gcatgtcgag ggaggcctca ccaatcgtca cacgagcecct

6322 cgtcagaaac ac gtctcege cacgctctec ctetcacgge cgacceccgcea geccttttge

6382 cctttcctag gccaccgaca ggacccaggc getctcagca tgcctcaaca acccgtactc

6442 gtgccagcegg tgeccttgtg ctggtgatcg ctiggaagcg catgcgaaga cgaaggggcg

6502 gagcaggcgg cctggctgtt cgaagggctc gcecgecag tt cgggtgcctt tctccacgeg
6562 cgcctccaca cctaccgatg cgtgaaggca ggcaaatgct catgtttgce cgaactcgga

6622 gtccttaaaa agccgctict tgtcgtegtt ccgagacatg ttagcagatc gcagtgccac

6682 ctttcctgac gcgcetcggcec ccatattcgg acgcaattgt catttgtagc acaattggag

6742 caaatctggc gaggcagtag gcttttaagt tgcaaggcga gagagcaaag tgggacgcgg

6802 cgtgattatt ggtatttacg cgacggcccg gcgcegttage ggecctteec ccaggccagg

v
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6862 gacgattatg tatcaatatt gttgcgttcg ggcactcgtg cgagggctcc tgcgggcetgg

6922 ggagggggat ctgggaattg gaggtacgac cgagatggct tgctcggggg gaggtttcct
6982 cgccgagcaa gccagggtta ggtgttgcgc tettgactceg ttgtgcattc taggacccca

7042 ctgctactca caacaagccc a

Features

Purple5 6 r p(4.20).

GreenGFP (210..9®).

Light Blue-Histidine tag (946..982).

Orarge-3 BSAD terminator region (994..1379.

Dark blue HSP70ARBCS2_promoter::aphVIIl ::RBCS2_terminator (4430..6241).
Red5 BSAD promoter region (6242..7062).

Double UnderlineeDifferent primers used.

Single UnderlineeNdd/Xbal/Notl/Xhol/Smad/Eagl restriction sites

TT-The5 6 a n d of 8edondeanddirst primersin their respective strand
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APPENDIX IV

Codon Usage Table

Chlamydoemonas reinhardtii [ghpln]: 846 CDS's (420455 codons)

fields: [triplet] [amino acid] [fraction] [frequency: per thousand] ([number])

oo F 0.1e 5.0 ( 2110) ©UCO 5 0.07 4.7 ( 1892) ©UAU Y 0.10 2.6 ( 1085) UGU C 0.10 1.4 ( 601)
Uoc F 0.84 27.1 ( 11411y ©CC 5 0.25 16.1 ( 6782) UAC Y 0.80 22.8 ( 9579%) ©UGC C 0.90 13.1 ( 5498)
UUA L. 0.01 0.6 { 247) UCR 5 0.05 3.2 ( 1348) UaR * 0.52 .0 441) UGR * 0.27 0.5 ( 227)
U0z L 0.04 4.0 ( 1673) ©UCG 5 0.25 1e6.1 ( 6763) UAG * 0.22 0.4 ( 183) UGG W 1.00 13.2 ( 5359)
Coo L. 0.05 4.4 ( 1869) CCO P 0.13 8.1 ( 3416) CAUH 0.11 2.2 ( 91%) CGU R 0.09 4.9 ( 2071)
Coc L 0.15 13.0 ( 5480) CCC P 0.47 29.5 ( 1240%) CAC H 0.89 17.2 ( 7252) CGC R 0.62 34.9 ( 14676)
coa 1. 0.03 2.6 ( 1086) CCh P 0.08 5.1 ( 2124) CAA Q 0.10 4.2 ( 1780) CGA R 0.04 2.0 ( 841)
COG L. 0.73 €5.2 ( 27420) CCG P 0.33 20.7 ( 8684) CAG Q 0.90 36.3 ( 15283) CGG R 0.20 11.2 ( 4711)
AUOD I 0.22 8.0 ( 3360) ACO T 0.10 5.2 ( 2171) ARO N 0.0% 2.8 ( 1157) AGUD 5 0.04 .6 ( 1089)
AOC I 0.75 26.6 ( 11200) ACC T 0.52 27.7 ( 11663) ARC N 0.91 28.5 ( 11977) AGC 5 0.35 22.8 ( 95530)
AUA I 0.03 1.1 { 443) ACRA T 0.08 4.1 ( 1713) &AM K 0.05 2.4 ( 1028) AGA R 0.01 0.7 ( 287)
AUG M 1.00 25.7 ( 10798) ACG T 0.30 15.9 ( 6684) ARG K 0.895 43.3 ( 18212) AGG R 0.05 2.7 ( 1150)
GOO Vv 0.07 5.1 ( 2158) GCOU A 0.13 16.7 ( 7030) GAU D 0.14 6.7 ( 2805) GGU G 0.11 9.5 ( 39384)
GUC Vv 0.22 15.4 ( 6€4%6) GCC A 0.43 54.6 ( 22960) GAC D 0O.8e6 41.7 ( 17513) GGC G 0.72 82.0 ( 2e0e4)
GUA V 0.03 2.0 ( 857) GCA A 0.08 10.6 ( 4467) GAR E 0.05 2.8 ( 1172) GGA G 0.06 5.0 ( 2084)
GUG V 0.67 46.5 ( 19558) GCG A 0.35 44.4 ( 18688) GAG E 0.95 53.5 ( 22486) GGG G 0.11 S.7 ( 4087)

Coding GC 66.30% 1st letter GC 64.80% 2nd letter GC 47 90% 3rd letter GC 86 21%
Genetic code 1: Standard

(Nakamura et al. 2000

Vi
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APPENDIXV

Primer List:

Genomic DNA amplificatian

PCR at annealing temperature of 63 eC
5BSAD6 4 0 1- CGCC&AGCAAGCCAGGGTTA3 dm( 63 . 5e C)
3BSAD 9 5 -GCGAAAGCCTCCGAGCTCCGARB d( 65. 8e C)
PCR d annealing temperature of 63¢5C

N UD HOOMP: BHTTCGGCTGCTTGTGGTGGTGGE 0, (54e T

306 GBRTCATCTCCTTGGTCAGGCCG3 a1, (64e T

PCR at annealing temperature of 61C

50par o-AGGHGLCCEAGBCCGCCCCACGB d,(69.6e T

36 par-op BEAATECCGTACCTCGTGTTGT 0 (59.8e £

PCR at annealing temperature of 61C

506 NP P:C5@CCGCCCCTGTGGCGTB d(67.6€

3 #SAD4 9 5 -GCGAAAGCCTCCGAGCTCCGAT3 odn(65. )8 e C

Plasmid DNA amplification

PCRat annealing temperature of &5 JpBluescriptl SK+
5NUD-22F o r w a FAEGCTTTGEGACCATGGACGAG3 6
5'NUD-22R e v e r $S6AAACABGCTATGACCATG3 0
PCRPCRat annealinge@mperature of 68 CN ¢ o Nd¢l
For wa rABGAAGEAGATATACTATGGACGA3 6

5 AAGAAGGAGATATAATATGGACGA-3 6

5 AAGAAGGAGATAT CATATGGACGA-3

(@}

Rever £AACTCAGCTTCCTCTAGATS 0

Vi
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APPENDIX VI

Abbreviations:

Ampr-Ampiciline regstant

AphVIll- Aminoglycoside 3phosphotransferase type VIII

APS Ammonium persulfate

MCS-Multiple cloning sites

NEP- Nuclearencoded plastid RNA polymerase

ORFOpen reading frame

PER Plastid encoded RNA polymerase

PPR Pentatricopeptide repeat proteins

RBCS2HSP 70 Ribulose bisphosphate carboxylase small chaitedt shock prtein 70
RpmRounds per minute

SDSPAGE-Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TAE- Tris-acetateEDTA

UTR- Untranslated region

VIii
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APPENDIX VII

Bioinform atic tools:

C.U.D (http /lwww.kazusa.or.jp/coddn

Expasy lttp://www.expasy.ord/
GCUA((http://gcua.schoedl.de/)

KEGG pathwayhttp://www.genome.jp/kegg/pathway.htmi
NCBI (http://www.ncbi.nlm.nih.gov/)

NEB cutter V2.0 (http://tools.neb.com/NEBcutter2/)

Uniprot (http://www.uniprot.org/)



