University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
4-18-2012

Studying the Functional Role of Protein Presequence Domains In
Euglena gracilis
Vamsi Krishna Vejerla

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Vejerla, Vamsi Krishna, "Studying the Functional Role of Protein Presequence Domains In Euglena gracilis"
(2012). Electronic Theses and Dissertations. 431.
https://digitalcommons.memphis.edu/etd/431

This Dissertation is brought to you for free and open access by University of Memphis Digital Commons. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

STUDYING THE FUNCTIONAL ROLE OF PROTEIN PRESEQUENCE DOMAINS
IN Euglena gracilis
by
Vamsi Krishna Vejerla

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for Degree of
Doctor of Philosophy

Major: Biology

The University of Memphis
May 2012

Dedication
I dedicate my dissertation to my loving parents, Mr. Vejerla Satyanarayana Raju
and Mrs. Vejerla Hemalatha whose words of courage, encouragement, and push for
tenacity have been a torch for me in my darkest hours. My elder brother, sister in law Mr.
Vejerla Raghuveer and Mrs. Vejerla Lavanya, who has never left me and was by my side
giving the necessary moral support.
I also dedicate this work to my late maternal and paternal grandparents for always
believing in me and making others believe in me. Finally I dedicate this work and give
thanks to my beautiful wife Mrs. Vejerla Srividya and friends for being with me to the
end of this doctorate program

ii

Acknowledgements
I would like to sincerely thank my major professor, Dr. Steven Donald
Schwartzbach for his genuine support and guidance throughout my work for
accomplishing this dissertation as well as my career goals. Working with him has made
me realize the value of patience, hard work, honesty and confidence to attain success in
my career. I would also like to thank the committee members Dr. Judith A. Cole, Dr.
Carlos E. Estraño, Dr. Charles A. Lessman, and Dr. Tit-Yee Wong for their support,
guidance to finish my thesis, and invaluable timely career advises. I would also express
my hearty thanks to Dr. Barbara Taller for supporting me in using her lab equipment for
my research.
I would like to express my eternal appreciation towards my parents, wife, and
family who have always been with me no matter where I am, for all the unconditional
support and patience. This dissertation would not have been possible without the help of
so many people in so many ways. I feel grateful for all my friends for their extreme
support and encouragement. Finally, a big thanks to my brother for being around, and for
never ending motivations I have been getting all this while.

iii

ABSTRACT
Vejerla, Vamsi K. Ph.D. The University of Memphis. December 2011. Studying
the functional role of protein presequence domains in Euglena. Major Professor: Steven
D. Schwartzbach. Ph.D.
The Euglena plastid is thought to have evolved from a phagocytosed eukaryotic
algae residing within a vacuolar compartment. Critical to the conversion of endosymbiont
into a plastid was development of a mechanism to return nuclear encoded plastid proteins
back to the chloroplast. The chloroplast protein targeting bipartite presequence contains
an ER targeting signal peptide and a plastid targeting transit peptide. Cleavage of the
signal peptide within the ER exposes the transit peptide. Since only some Euglena plastid
targeted proteins contain a transit peptide hydrophobic domain, the evolutionary origin
and function of this domain remains unclear. Targeting sequence function is
evolutionarily conserved as evidenced by the in vitro co-translational translocation of
Euglena chloroplast preproteins into canine microsomes and pea chloroplasts. Taking
advantage of evolutionary functional conservation, Euglena presequence-GFP deletion
and insertion constructs were expressed in mammalian cells to determine the function and
evolutionary origin of the bipartite presequence regions. The presence of the transit
peptide hydrophobic domain confers signal peptide functionality to the transit peptide.
The addition of the Euglena hydrophobic domain to Arabadopsis transit peptides makes
them functional signal peptides. This suggests that transit peptides evolved from signal
peptides.
A nuclear Genome transformation protocol has been developed for the Euglena
gracilis. A transformation cassette encoding the selectable zeocin resistant marker was
iv

constructed by inserting the Sh ble gene conferring zeocin resistance between the 5‘ and
3‘ end of the Euglena LHCPII gene. Zeocin resistant cells were isolated after
electroporation and three rounds of zeocin selection. PCR demonstrated the presence of
the Sh ble gene linked to the 5‘ and 3‘ end of the Euglena LHCPII gene in transformed
cells. Expression of the Sh ble protein in cells maintained for one year under
nonselective conditions under control of the LHCPII promoter was demonstrated by
western blotting. The presence of zeocin resistant gene and Sh ble protein was
demonstrated by PCR and Western blotting indicating that stable transformation of
Euglena has been achieved.
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Preface
This manuscript from chapter 2 was written and intended to be submitted for
publication in Current Opinion in Biotechnology. Additionally, two sections that include
the introduction explaining the rationale behind this work and conclusion discussing the
significance of this work were appended for better understanding.
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Chapter 1
Introduction
In higher plants most of the proteins required for chloroplast functions are nuclear
encoded and are transported from the site of synthesis on cytoplasmic ribosomes to the
chloroplast. Protein import into the primary chloroplasts of higher plants has been
extensively characterized. Plant chloroplasts are surrounded by two membranes (Buetow
et al., 1988). The nuclear encoded chloroplast proteins are synthesized on free
cytoplasmic polysomes as precursor proteins having an N-terminal leader sequence also
referred to as the transit peptide (von Heijne et al., 1989). The transit peptide interacts
with several chloroplast outer envelope proteins targeting the protein to the chloroplast
for translocation into the organelle. TOC (translocon at the outer envelope of chloroplast)
and TIC (translocon at the inner envelope of chloroplast) complex proteins involved in
precursor import were characterized by studies in Pisum sativum and Arabidopsis
thaliana (Schleiff et al., 2003; Jackson-Constan and Keegstra, 2001). Though the transit
peptides perform the common function of transport into specific organelles, no consensus
sequence was found. The common properties found in the transit peptide involve a 10-12
amino acid N-terminal with no charge, a central hydrophobic region followed by Cterminal 10-12 amino acids which form amphiphillic β-strands (Von Heijne et al., 1989;
Von Heijne and Nishikawa, 1991). In an import study conducted in plants, a potential
phosphorylation site was identified in the presequence which was phosphorylated by a
protein kinase. Specific phosphorylation of chloroplast-destined precursor proteins was
observed. The import into the chloroplast was achieved due to phosphorylation and
dephosphorylation events (Waegemann and Soll, 1996). However studies performed by
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mutating the potential phosphorylation site in the transit peptide of tobacco and pea
ribulose bisphosphate carb-oxylase/oxygenase small subunit tagged with GFP, showed
that removal of the phosphorylation site by mutagenesis did not affect the targeting of the
GFP tagged precursor to chloroplast, sugesting that the phosphorylation event does not
help in specific chloroplast import. The rate of transport was decreased by mutating the
phosphorylation site, but mutant GFP tagged precursors were still imported which
suggests that phosphorylation may affect the rate of chloroplast-destined precursor
protein import. The fidelity of transport of the precursor protein is more dependent on
recognition of the transit peptide than post translational modification (Nakrieko KA et al.,
2004). Proline and glycine were often found to be conserved and alter the conformation
of the presequence folding (Schleiff et al., 2002; Pilon et al., 1995). Transport studies
using in vitro translated precursors of the small subunit of Rubisco (preSS), the precursor
of plastocyanin, and the precursor of the chlorophyll a/b binding protein of photosystem
II were performed in dgd1 mutant. The dgd1 mutnat has a secondary mutation inhibiting
the synthesis of DGD show significant reductions in protein import into chloroplast
(Chen and Li, 1998). Interaction of chloroplast targeted transit peptide precursor to the
membrane lipids of chloroplast show a possible way to discriminate from protein
precursors targeted to different cellular organelles. Recognition of the preprotein by
Toc159 and Toc33/34, two GTPase subunits of the outer envelope preprotein translocon
initiates the import process (Strittmatter P et al., 2010). Transfection studies were done in
homozygous and heterozygous ppi2 (plastid protein import mutant 2) mutants with a TDNA insertion in TOC159 gene. Small subunit of Rubisco (pSSU) and pyruvate
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dehydrogenase E1 α subunit (pE1α) fused to GFP show the selective binding of Toc159
receptor to the chloroplast-specific photosynthetic proteins (Smith MD et al., 2004).
Studying individual protein precursor presequences revealed the presence of
multiple targeting domains which are necessary for protein transport inside the higher
plant chloroplast. Alanine substitution experiments in ribulose-1,5-bis-phosphate
carboxylase/oxygenase complex (RbcS), chlorophyll a/b binding protein (Cab), biotin
carboxyl carrier protein (BCCP), protochlorophyllide oxidoreductase A (PORA), DnaJJ8, tocopherol cyclase (TOCC), and ferredoxin-dependent glutamate synthase 2 (GLU2)
precursors indicate the presence of multiple sequence motifs which are essential in
protein translocation (Lee et al., 2008 , 2009). The N-terminal transit peptides sequences
upstream of predicted cleavage sites of the above mentioned proteins were fused with
GFP and introduced into Arabidopsis protoplasts. The data generated by the plasmids
showed the import of GFP into the chloroplast. Further studies were performed by
substituting 10 amino acid segments at a time from the start of transit peptide with
alanine residues and expressing in protoplasts. The effective import of presequence
substituted precursors into the chloroplast was used to identify multiple sequence motifs
in the transit peptide necessary for precursor import. For the presequence precursors
which show defects in import, restoring the first or second half of substituted amino acid
sequences showed increases in import efficiency into chloroplast. These results indicate
the presence of functional redundancy in the transit peptide sequence. Absence of
similarities in the amino acid sequence of the motifs might suggest the interaction of the
motifs with different parts of translocon during the import process.
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Chloroplasts in Euglena are surrounded by three membranes (Gibbs, 1981;
Kishore R et al., 1993). The chloroplasts in Euglena are complex plastids evolved
through secondary endosymbiosis. A leader sequence containing a bipartite signal was
used to direct the proteins into Golgi for targeting through secretory pathway. A series of
in vitro and in vivo experiments delineated the transport pathway from the site of
chloroplast precursor protein synthesis in the cytoplasm to the chloroplast and identified
the functional domains within the Euglena chloroplast protein presequence. Chloroplast
protein precursors are made on membrane bound polysomes and co-translationally
inserted into the endoplasmic reticulum (Sulli C et al., 1996). In vivo pulse chase labeling
immunoprecipitation experiments showed the presence of the given protein precursor
first in the ER, then in the Golgi apparatus and finally in the chloroplast where the
precursor was processed to the mature protein. Transit time from the ER to the
chloroplast was approximately 10 minutes for SSU and 20 minutes for LHCPII. When
the ER and Golgi membranes were isolated and washed with sodium carbonate buffer,
the protein remained associated with membrane fraction indicating it was an integral
membrane protein. Protease protection assays and immunoprecipitation showed that
pLHCPII was attached to the membranes with a small portion in the ER lumen and the
majority of the protein on the cytoplasmic membrane face (Sulli and Schwartzbach,
1995).
In vitro studies using pLHCPII plasmids with deletions in presequence were made
to identify the presequence functional targeting domains, domains responsible for
anchoring the precursor proteins in the ER membrane and the topology of the protein
within the membrane. Studies with canine microsomes identified an ER targeting cleaved
4

signal peptide which included the first hydrophobic domain at the N-terminus of the
Euglena chloroplast protein presequence. The second hydrophobic domain within the
presequence functioned as a stop transfer membrane anchor sequence. The hydrophobic
regions within mature LHCPII which are responsible for protein insertion into the
thylakoid membrane (Brink S et al., 1995) functioned as stop transfer membrane anchor
sequences in the canine microsome experiments.
Proteins are co-translationally glycosylated in the ER lumen. Glycosylation can
be used to determine the portion of a protein precursor in the ER lumen. To identify the
pLHCPII region in ER lumen, pLHCPII constructs were made with an N-glycosylation
site N-terminal to the second hydrophobic domain or C-terminal but close to the
presequence mature protein junction. The constructs were translated in the presence of
canine microsomes and glycosylation was determined by a change in electrophoretic
mobility before and after Endo H digestion. When the glycosylation site was N-terminal
to the second hydrophobic domain there was a change in electrophoretic mobility upon
Endo H digestion but there was no change in electrophoretic mobility if the glycosylation
site was C-terminal to the second hydrophobic domain These results indicate that the
second hydrophobic domain acts as a membrane anchor stop transfer sequence orienting
the precursor with the presequence within the ER lumen and the mature protein on the
hydrophobic face (Sulli C et al., 1999).
A surprising finding of the canine microsome experiments was that the
presequence region C-terminal to the signal peptidase cleavage site functioned as a signal
peptide. Signal peptide function was lost if the second hydrophobic domain of the
presequence was removed. Studies with isolated pea chloroplasts showed that this same
5

region, with or without the second hydrophobic domain functioned as a transit peptide
initiating import into the isolated chloroplasts (Slavikova S et al., 2005). In vitro studies
with isolated Euglena Golgi membranes and intact chloroplasts demonstrated transport of
pLHCPII from the Golgi apparatus to the plastid, import of the pLHCPII into the
chloroplast and precursor processing within the isolated chloroplasts in an ATP and GTP
dependent fashion. Taken together, the in vitro and in vivo studies support a model of
Golgi to chloroplast transport of precursor proteins with the transit peptide domain within
the vesicle lumen and the presequence mature protein region C-terminal to the second
hydrophobic domain in the cytoplasm. Upon fusion of transport vesicles with the
outermost envelope membrane, the presequence transit peptide domain interacts with
receptors on the middle envelope membrane initiating transport through the middle and
inner envelope membranes. Studies performed show a different set of Euglena proteins
with no second hydrophobic domain are imported into the chloroplast (Shashidhara et al.,
1992). The presence of an alternative import mechanism was observed in higher plants.
Alpha carbonic anhydrase, an enzyme in Arabidopsis thaliana was observed to be
imported into chloroplast through ER. The presequence with fused a GFP signal and a
KDEL retention signal show the localization of the protein in Golgi (Villarejo et al.,
2005). The presence of remnants of import pathways in different organisms indicates the
necessity to develop a transfection system in Euglena.
Euglena is a unicellular flagellate organism which grows in fresh water ponds.
Recent studies showed the abundance of Euglena in industrial water effluents
(Rodríguez-Zavala et al., 2007; Miot et al., 2009) and studies were performed using
Euglena as a potential organism for bioremediation. Euglena can be grown under
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difficult conditions and a wide range of pH. The use of Euglena as feed for animals and
in aquaculture due to their higher nutritional value and digestibility was previously
suggested (Chae et al., 2006). Euglena also produces a huge amount of α-tocopherol
(Vitamin E). The cell commonly uses α-tocopherol as an antioxidant to prevent oxidative
damage. Euglena can grow using various organic carbon sources due to the presence of
various metabolic pathways. A mixture of glucose and ethanol was used to enhance the
production of α-tocopherol. Production of α-tocopherol in photoheterotrophic cultures
was dependent more on the activity of mitochondria than chloroplast. Euglena cells are
much valuable if the production of α-tocopherol is increased in chloroplast (Fujita et al.,
2008). Developing a successful transfection system in Euglena would allow to further
improve the strains for biotechnological aplications and also to study the protein import
from Golgi into the chloroplast in vivo.
The secondary endosymbiosis theory states the origin of Euglena (Van Dooren et
al., 2001). Euglena is believed to be originated by a secondary endosymbiosis event
where in a green algal cell (Kroth, 2002) was engulfed by a non-photosynthetic
eukaryote. The endosymbiotic green algal cell surrounded by four membranes underwent
changes by losing an additional membrane. The genetic material that was required for the
function of endosymbiont was transferred into host nucleus. The chloroplast proteins
required for functioning of chloroplast were encoded in host nucleus. The transport of the
chloroplast proteins from the site of synthesis to the chloroplast was interesting and of
much concern due to the presence of three membranes around the chloroplast in Euglena.
The experimental work on Euglena primarily focused on understanding the mechanisms
of transport using in vitro and in vivo techniques in a heterologous system. The outer
7

chloroplast membrane in Euglena represents green algal cell plasma membrane or the
non-photosynthetic eukaryotic host cell vacuole membrane. The inner two membranes
were believed to be the chloroplast membranes of the endosymbiont. However the
membranes were not characterized. The presence of a TOC/TIC complex in the inner two
membranes was assumed to play a role in transport of proteins inside chloroplast.
Understanding the protein import into the chloroplast was limited due to reasons
involving characterization of the proteins present on the three membranes, proteins
involved in binding to presequence. Developing a transfection system in Euglena would
help us to isolate and characterize the membrane proteins using a biochemical marker.
The development of a stable transfection system can address issues regarding the
transfer of the protein precursors into the chloroplast. The development of a transfection
system can also help in using Euglena for research and commercial uses. Developing a
transfection system involves better understanding of genome, transcriptional and
translational regulation of the proteins. The absence of genomic libraries for Euglena thus
limited the study. Based on the number of endosymbiotic events, plastids can be grouped
into primary plastids and secondary plastids. Apicomplexans, dinoflagellates,
cryptophytes, haptophytes, heterokont algae, euglenids and chlorachinophytes have
secondary plastids. Trypanosomes (lack plastids) are the closest relatives to Euglena,
having evolved from a green algal cell secondary endosymbiosis. The absence of plastids
in trypanosomes makes it hard to study the similarities in protein import by comparative
study. The only other system that is functionally similar is dinoflagellates. The
similarities in protein import into plastids between dinoflagellates and euglenids can be
explained by parallel evolution. The secondary plastid in Euglena and dinoflagellates are
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believed to be originated from green and red algae. The secondary plastids in
dinoflagellates and Euglena are surrounded by three membranes. Dinoflagellate protein
presequences show similarity to the Euglena proteins. Dinoflagellates have a
hydrophobic domain in the stromal targeting region of the protein precursors as in
Euglena. In vitro studies performed using dinoflagellates protein precursors showed the
anchoring of protein onto the ER and suggesting trafficking via ER. Homology was also
found in the presequences (Nassoury et al., 2003; Patron et al., 2005). Trypanosomes
belong to kinetoplastida along with diplonemida and Euglenida they belong to the
phylum Euglenozoa. Transformation protocols using a Bio-Rad Gene pulser were
successfully developed in chlorella (Chow and Tung, 1999) and trypanosomes (Jefferies
et al., 1993). Studies performed earlier show double stranded RNA was used to
knockdown photoactivated adenydyl cyclase to study the phototaxis response in Euglena.
Electroporation was successfully used in the study to transfer the dsRNA into Euglena
(Iseki et al., 2002).
The event of secondary endosymbiosis has resulted in either degradation or gene
transfer of the endosymbiont genetic material. Study of the Euglena genome may show
similarity to heterotrophic eukaryotes and genes that are transferred during the
endosymbiotic events from a cyanobacterium and green algae. Studies through Euglena
EST (Expressed sequence tag) showed around 14% of the screened ESTs have homology
to photoautotrophic eukaryotes and out of it 25% are genes involved in photosynthesis
(Ahmadinejad et al., 2007). The Euglena genome encodes a large number (30-50) of light
harvesting chlorophyll a/b binding proteins of photosystem II (Muchhal and
Schwartzbach, 1992). The 5’ end and 3’ untranslated regions of LHCP II are been
9

mapped and characterized (Muchhal and Schwartzbach, 1994). Comparison between the
mapped intron regions showed no significant similarity (Vesteg M et al., 2010). Though
the lack of similarity between the intron regions they could act as potential sites for
recombination by exon-shuffling (Patthy L, 1999). The presence of multiple copies of
LHCPII encoding gene, makes it an ideal gene for inserting and regulating the zeocin
resistance marker in the genome. Selectable zeocin resistance markers driven by CMV
promoter or the Euglena Light harvesting chlorophyll photosystem II promoter region at
5’ end and Euglena LHCP II untranslated region at the 3’ end were constructed. The
plasmid pCMV/Zeo was purchased from Invitrogen. pCMV/Zeo is a 3.6 kb vector with
CMV and EM7 promoters upstream of the Sh ble gene. This work describes the
establishment of a successful transformation protocol for developing stable nuclear
transformed Euglena cell lines. Successful transformation was demonstrated by stable
resistance to zeocin, the presence of the intact Sh ble gene used for transformation, and
expression of the Sh ble protein conferring zeocin resistance.
Though the in vitro studies show the topology of Euglena protein precursors,
these studies have some limitations. The transport of the precursor protein from ER to
Golgi was proved in vitro and in vivo. The next question that arises is how are the
proteins sorted out in the Golgi? To answer this question we need to look at transport of
proteins with a specific presequence region deleted. Hence attempts are being made to
develop a reliable transformation technique for Euglena (Chapter 2). This study may
provide insights into the sorting signals in Euglena presequence. Preliminary studies
performed in the lab showed the Euglena SSU protein fused with the GFP protein
expressed in CV1 cells localized to the Golgi. Mammalian cells can also be used as a
10

heterologous expression system for studying the role of the presequence domains. Since
mammalian cells do not have a chloroplast, studies in mammalian cells are limited to the
study of transport signal from ER to Golgi. The deletion of specific domains of the
presequences can reveal the role of the domains and presence of redundancy in
trafficking from ER to Golgi membranes (Chapter 3). The confocal studies performed
using several deletion constructs of LHCPII and SSU define the function of transit
peptide. Plant transit peptides from Arabidopsis were fused to Euglena second
hydrophobic domain to study the function of Euglena transit peptides.
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Chapter 2
Development of an effective transformation system for the genome of the flagellate
Euglena gracilis
Introduction
Euglena is a free-living, flagellated, unicellular organism belonging to
Euglenazoa commonly found in fresh water. Recent studies showed the abundance of
Euglena in industrial water effluents resistant to several toxic heavy metals (RodríguezZavala et al., 2007; Miot et al., 2009). Research studies were performed to use Euglena as
a potential organism for bioremediation. Euglena can be grown under controled
conditions and a wide range of pH. The use of Euglena as feed for animals and in
aquaculture due to their higher nutritional value and digestibility was previously
suggested (Chae et al., 2006). Euglena is also known to produce a large amount of αtocopherol. The cell commonly uses α-tocopherol as an antioxidant to prevent oxidative
damage. Euglena can grow using various organic carbon sources due to the presence of
variety metabolic pathways. A mixture of glucose and ethanol was used to enhance the
production of α-tocopherol. Production of α-tocopherol in photoheterotrophic cultures
was dependent more on the activity of mitochondria than chloroplast. Euglena cells are
much valuable if the production of α-Tocopherol is increased in chloroplast (Fujita et al.,
2008). It is clear that although there are a large number of potential commercial uses for
Euglena, the lack of a transformation system has prevented the realization of this
potential.
Based on the number of endosymbiotic events, plastids can be grouped into
primary plastids and secondary plastids. Apicomplexans, dinoflagellates, cryptophytes,
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haptophytes, heterokont algae, euglenids and chlorachinophytes have secondary plastids.
The secondary endosymbiosis theory states the origin of Euglena (Van Dooren et al.,
2001). Euglena is believed to be originated by a secondary endosymbiosis event where in
a green algal cell was engulfed by a non-photosynthetic eukaryote. The endosymbiotic
green algal cell surrounded by four membranes underwent changes by losing one of the
additional membranes. The genetic material that was required for the function of
endosymbiont was transferred into the host nucleus. The chloroplast proteins required for
functioning of chloroplast were encoded in host nucleus. The transport of the chloroplast
proteins from the site of synthesis to the chloroplast was interesting and of much concern
due to the presence of three membranes around the chloroplast in Euglena. The
experimental work on Euglena primarily focused on understanding the mechanisms of
transport using in vitro and in vivo techniques in heterologous systems (Slavikova S et al.,
2005; Sulli C et al., 1999; Sulli C et al., 1996; Sulli and Schwartzbach, 1995; Shashidhara
et al., 1992). The outer chloroplast membrane in Euglena represents either the green algal
cell plasma membrane or the non-photosynthetic eukaryotic host cell vacuole membrane.
The inner two membranes are believed to be the chloroplast membranes of the
endosymbiont. However the membranes were not characterized. The presence of a
TOC/TIC complex in the inner two membranes was assumed to play a role in transport of
proteins inside chloroplast. Understanding the protein import into the chloroplast was
limited because the proteins involved in binding to presequence within the three
membranes have not been characterized. Developing a transformation system in Euglena
would help us to better characterize the targeting sequences, especially identify the Golgi
sorting signal within the presequence responsible for the plastid import.
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Trypanosomes belong to kinetoplastida and along with diplonemida and
Euglenida, they belong to the phylum Euglenozoa. Trypanosomes which lack plastids are
the closest relatives to Euglena. The absence of plastids in trypanosomes makes it hard to
study the similarities in protein import between Euglena and trypanosomes by
comparative study. The only other system that is functionally similar in dinoflagellates
(Patron NJ et al., 2005). The similarities in protein import into plastids between
dinoflagellates (Nassoury N et al., 2003) and euglenids can be explained by parallel
evolution. Unfortunately as with Euglena, a facile nuclear transformation system is not
available for dinoflagellates. Euglena is however a more controlled biochemical system
making it the organism of choice for exploring this evolutionarily important
biochemically interesting import system. The biochemical analysis of the import pathway
is extremely difficult and development of a transformation system would greatly facilitate
these studies.
Electroporation using the Bio-Rad Gene pulser is a common method for nuclear
transformation which has been successfully used for nuclear transformation of chlorella
(Chow and Tung, 1999) and trypanosomes, a close relative of Euglena (Jefferies et al.,
1993). Studies performed earlier used double stranded RNA (dsRNA), to knockdown
photoactivated adenylyl cyclase levels allowing the study of the phototaxis response in
Euglena. The dsRNA was introduced into Euglena using electroporation (Iseki et al.,
2002) which produces transient holes in the plasma membrane allowing nucleic acids to
enter the cell. Electroporation thus appeared to be the most promising method for
transformation of Euglena. In addition to a method to get DNA into a cell, successful
transformation is dependent upon a method to allow the foreign gene to be expressed in a
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cell and a way to select for cells that were expressing the foreign gene. Zeocin is an
antibiotic that is lethal to both eukaryotic and prokaryotic cells. Zeocin kills cells by
intercalating into and cleaving the DNA. The Sh ble gene product binds Zeocin
conferring resistance on cells expressing the Sh ble protein making zeocin resistance an
excellent selectable marker for transformed cells expressing the foreign Sh ble gene. The
Euglena genome encodes a large number (30-50) of light harvesting chlorophyll a/b
binding proteins of photosystem II (Muchhal and Schwartzbach, 1992). The 5’ end and 3’
untranslated regions of LHCP II have been characterized (Muchhal and Schwartzbach,
1994) allowing them to be used to control foreign gene expression. A selectable
transformation cassette was therefore constructed by fusing the Sh ble gene 5’ end
promoter region of the Euglena LHCP II gene and to the 3’ end untranslated region of the
Euglena LHCP II gene. Using this expression/selection cassette, stable Euglena
transformants have been obtained as demonstrated by the selection of cells resistant to
zeocin, the detection by PCR of the intact Sh ble transformation cassette in DNA
extracted from the resistant cells and the detection by Western blotting of the Sh ble
protein in total protein extracted from the zeocin resistant cells.
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Materials and Methods
Growth conditions
Euglena gracilis Klebs var. bacillaris cori was grown axenically at 28 C in EM
7.5 media under constant shaking in the light at a photon flux of 30 µE m-2s-1. Stock
solutions of Euglena were maintained in EM 3.5 (Greenblatt and Schiff, 1959) media and
EM 3.5 1% agar slants. EM 7.5 was used for performing selection assays. 1X EM 7.5
was prepared by mixing 5.0 g EDTA, 0.5 g FeCl3•6H2O, 13.6 g KH2PO4, 1.84 g
CaCl2•2H2O, 4.0 g NH4Cl, 5.0 g MgSO4•7H2O, 0.5 g trace metal mix, 10 g NaC2H3O2,
1.74 g K2HPO4, 10 mg thiamine-HCl (1 ml of a 10 mg/ml stock solution), and 4 g
vitamin B12 (0.4 ml of a 10 µg/ml stock solution) with deionized water for a final
volume of 10 L. Trace metals mix powder is prepared by grinding 52.8 g ZnSO4•7H2O,
24.8 g MnSO4•H2O, 28 g Fe(NH4)2(SO4)2•6H2O, 4.8 g CoSO4•7H2O, 0.8 g CuSO4•5H2O,
0.36 g (NH4)6Mo7O24, 0.37 g Na3VO4•16H2O, 1.14 g H3BO3 in a mortar and pestle. The
ground powder was stored in dark in a tightly sealed container. The pH of EM7.5 was
adjusted to 7.5 using 10 M KOH before autoclaving. Media was autoclaved and stored at
room temperature or in a cold room until use. EM7.5 0.8 % agar plates were prepared by
adding 0.8 g agar /100 ml EM 7.5 and autoclaving. Plates containing zeocin were
prepared by adding 200 µg zeocin /ml EM 7.5 after removing the agar medium from the
autoclave and cooling the media to 42 C.
Transformation of Euglena and selection of transformed cells
The following procedure was developed for Euglena electroporation using the
Gene Pulser XcellTM Microbial system from Bio-Rad. One Hundred ml of EM 7.5 was
inoculated with a stationary phase culture for a final cell density of 5 X 10 5 cells/ml. Cell
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number was determined manually by counting cells in a hemocytometer. The culture was
incubated at 26 C in the light with shaking for 10 days until the culture was in early
stationary phase having a cell density of approximately 5 X 10 5 cells/ml. The early
stationary phase was detected by the presence of a constant cell number for two
consecutive days. The culture was aseptically harvested by centrifugation at 1306 x g in a
SA600 Sorvall rotor for 3 minutes. All manipulations were performed aseptically at room
temperature. The pellet was washed twice with 100 ml of double distilled water at 1306 x
g for 3 minutes. The harvested cells were resuspended in 10 ml of EM 7.5 media and the
cell concentration adjusted to 5X106 cells/ml. One hundred microliters of resuspended
cells (5X105 cells) were added to a 0.4 cm gap sterile electroporation cuvette containing
20 µl (25 µg) of the plasmid DNA used for transformation. Eighty microliters of EM7.5
media was added to the electroporation cuvette. Electroporation was performed at 25 µF,
with infinite resistance, a voltage of 1.2 KV which has been used for transformation of
trypanosomes (Jefferies et al., 1993) and a single exponential decay pulse. A time
constant between 5.0-6.0 milliseconds was observed. Electroporated cells were incubated
at room temperature for 10 minutes after adding 800 µl of EM7.5 media to the cuvette. A
200 µl aliquot of transformed cells (105 cells) was removed from the cuvette and spread
over EM7.5 media plates containing 200 µg/ml of zeocin. The plates were incubated at
28 C for a period of 15-21 days under light. Resistant colonies were picked and
transformed cells were subjected to three rounds of selection to obtain transformed zeocin
resistant Euglena that do not segregate with zeocin sensitive cells. For the first round of
selection, single colonies were picked and resupsended in 1ml of EM7.5 containing 200
µg/ml of zeocin and grown for 10 days under light. After 10 days, cell number was
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determined and ten thousand resistant cells were plated onto EM7.5 media plates
containing 200 µg/ml of zeocin for the second round of selection. A minimum of 5
colonies were picked from each second round plate and each colony resuspended in 1 ml
of EM7.5 media containing 200 µg/ml of zeocin for round 3 of selection. After the
culture reached stationary phase, it was used to inoculate 50 ml EM7.5 media containing
200 µg/ml of zeocin. Cells were cultured for a period of 10 days. The resistant cells were
streaked onto EM3.5 slants for long term maintenance of the transformed cells. Half of
the culture was used for genomic DNA isolation and the other half for protein extraction.
To monitor the efficacy of zeocin selection, Euglena cells were electroporated without
plasmid and plated onto EM7.5 plates containing 200 µg/ml of zeocin.
Plasmid construction
PCR was used for plasmid preparation. All PCR reactions were performed using 1
ng plasmid template or 500 ng of genomic DNA template with 20 pmoles of each primer
and cloned Pfu DNApolymerase (Agilent Technologies, Santa Clara, CA) as
recommended by the manufacturer. Amplification conditions were 95 C for 5 minutes, 40
cycles of 95 C for 45 s, 55 C for 45 s, 72 C for 2 minutes and a final cycle of 72 C with
an extension time of 5 minutes (Apt et al., 1996). The plasmids were transfected into
Escherichia coli strain XL1 blue competent bacterial cells and stored at -80 C.
Plasmid PromSMR encoding the 5’ untranslated region of the Euglena LHCPII
gene driving expression of the aadA gene conferring streptomycin resistance was
constructed by two steps PCR. The plasmid PROM1KS+ was constructed using PCR to
amplify the 5’ untranslated region of the Euglena LHCP II gene. The genomic fragment
7ES52 (Muchhal and Schwartzbach, 1994) cloned in pBluescript II KS+ was digested
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with BamHI-BglII and religated to form the plasmid p7BB52KS+ containing an
approximately 2000 bp genomic insert. A PCR fragment encoding the 5 ‘ untranslated
region of the LHCPII gene was prepared using plasmid p7BB52KS+ as template, the
5’primer (5’ ATATCTAGAGTCGACAGCGCACTATGGCC 3’), and the 3’primer (5’
ATAGGATCCCCATGGTTTGAAGTGAGTGGATGAAACC 3’). The PCR product
was digested using XbaI-BamHI and ligated into XbaI-BamHI cut pBluescript KS+
(Agilent Technologies), creating plasmid PROM1KS+. The aadA gene was obtained by
cutting pUC-atpX-aad (Goldschmidt-Clermont, 1991) with NcoI-PstI gel purifying the
aadA encoding sequence and ligating it into NcoI-PstI digested PROM1KS+ forming
plasmid PromSMR.
Plasmid EUGSMR encoding the 5’ untranslated region of the Euglena LHCPII
gene, the aadA gene conferring streptomycin resistance and the 3’ untranslated region of
the Euglena LHCPII gene was constructed by two steps PCR. The genomic fragment
GC18 (Muchhal and Schwartzbach, 1992) cloned in pBluescript KS+ was digested with
SalI-EcoRI, the fragment was gel purified and the 1.8 Kb fragment was subcloned into
Bluescript KS+ forming plasmid pES18KS+. A PCR fragment encoding the 3’
untranslated region of the LHCPII gene was prepared using pES18KS+ as template, the
5’ primer (5’ATACTGCAGTAGTGATGTGGACAACGCAAC 3’) and the 3’ primer (5’
ATAAAGCTTACTTCTAGCCGTAGTTGCTTGG 3’). The 391 bp PCR product
obtained was gel purified, digested with PstI-HindIII and ligated to PstI-HindIII digested
pBluescript KS+ creating plasmid UTR1KS+. Plasmid UTR1KS+ was digested with
PstI-HindIII, the 391 bp fragment encoding the 3’ untranslated region of the Euglena
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LHCP II gene was gel purified and ligated into PstI-HindIII digested plasmid
PROMSMR, creating plasmid EUGSMR.
The plasmid PROMZEOR encoding the 5’ untranslated region of the Euglena
LHCP II gene and the Sh ble gene was constructed by PCR. The zeocin resistant Sh ble
gene was amplified using plasmid pfcpB/ble containing the Sh ble gene as template (Apt
et al., 1996), the 5’ primer (5’CCCGAGCTCACCATGGCCAAGTTGACCAGTCC 3’)
and the 3’ primer (5’ CCCAAGCTTCTGCAGTCAGTCCTGCTCCTCGGCCA 3’). The
PCR product was digested with NcoI-PstI and ligated into the NcoI-PstI digested plasmid
PROMSMR.
The plasmid EUGZEOR encoding the 5’ untranslated region of the Euglena
LHCP II gene, the Sh ble gene conferring zeocin resistance and the 3’ untranslated region
of the Euglena LHCPII gene was constructed from plasmids PROMZEOR and
EUGSMR. Plasmid PROMZEOR was digested with SacI-PstI, the fragment encoding the
5’ untranslated region of the LHCP II gene and the Sh ble gene was gel purified and
ligated into SacI-PstI digested plasmid EUGSMR forming plasmid EUGZEOR.
The plasmid EUGGFP encoding the 5’ untranslated region of the Euglena LHCP
II gene, GFP and the 3’ untranslated region of the Euglena LHCP II gene were
constructed by PCR. The GFP gene was amplified using plasmid SSUGFP (Sarath and
Schwartzbach, 2002) as template, the 5’ primer,
(5’AAGTCCATGGCCCGGGATCCACCAGTCGCCACGATGGTGAG 3’) and the 3’
primer (5’ATAGCTGCAGCTTTACTTGTACAGCTCGTCCATGCCGA 3’). The PCR
product was digested with NcoI-PstI and ligated into NcoI-PstI digested plasmid
EUGSMR creating plasmid EUGGFP.
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The plasmid EUGZEOGFPR encoding the 5’ untranslated region of the Euglena
LHCP II gene, the Sh ble gene conferring zeocin resistance, GFP and the 3’ untranslated
region of the Euglena LHCPII gene was constructed by PCR. The Sh ble gene was
amplified using plasmid pCMV/Zeo (Invitrogen, Carlsbad, CA) as template, the 5’
primer, (5’CCCGAGCTCACCATGGCCAAGTTGACCAGTGCC 3’) and the 3’ primer
(5’GCGGGATCCCAGTCCTGCTCCTCGGCCACGA 3’). The PCR product was
digested with NcoI-BamHI and ligated into NcoI-BamHI digested plasmid EUGGFP
creating plasmid EUGZEOGFPR. Plasmid pCMV/Zeo containing the zeocin resistant
gene under the control of the CMV promoter was purchased from Invitrogen.
Plasmid Isolation and transformation
All plasmids were propagated and amplified in E. coli XL1-Blue competent cells.
Competent cells were thawed on ice and incubated with 10 µl of the ligation reaction or
10ng of plasmid DNA for half an hour. The cells were then heat shocked for exactly 2
minutes at 42 C and then immediately chilled on ice for 2 minutes.1 ml of LB media was
added to the tubes and incubated for 1 hour or more at 37 C. Approximately 300 µl of
transformed cells were used to spread for selection on ampicillin plates.
Newly transformed cells were plated on plates containing 100 µg/ml of ampicillin
and single colonies were picked and cultured overnight in 4 ml of LB media with100
µg/ml of ampicillin. The cells were frozen with equal volumes of sterile 70% glycerol
solution in a sterile screw cap tubes. For isolation of plasmid for transformation, frozen
cells were inoculated onto LB plates containing 100 µg/ml of ampicillin and selected.
Single isolated colonies were picked and grown in 4 ml LB media with respective
selective antibiotic and cultured overnight. Plasmid preparations were carried out using
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the QIAprep Spin Miniprep kits (QIAGEN, Inc) according to the manufacturer’s
protocol. After growth 1.5 ml of the culture was transferred to a microfuge tube and spun
down for 1 minute. The supernatant was carefully discarded retaining the cell pellet. The
pellet was then resuspended by vortexing in 250 µl of buffer containing RNase A that
was provided with the kit (Buffer P1). Once the pellet was completely resuspended, 250
µl of Buffer P2 (200 mM sodium hydroxide, 1% SDS) was added and the tubes were
inverted immediately 4-5 times until the solution was viscous. The buffer was warmed at
55 C for 5 minutes before using if a precipitate was observed. The reaction was not
allowed to proceed for longer than 5 minutes. To this solution, 350 µl of Buffer N3
(QIAGEN, Inc) was added to precipitate proteins, SDS, chromosomal DNA, and cellular
debris. The microfuge tube was inverted 4-5 times and spun at 16,000 x g in a
microcentrifuge for 10 minutes to pellet the precipitate. The supernatant was then
transferred into a spin column supplied by the manufacturer and spun for 50 seconds. The
flow-through was discarded and the DNA was washed with 500 µl of Buffer PB
(QIAGEN, Inc). The flow-through was discarded and the DNA was washed twice with
750 µl of wash buffer PE (QIAGEN, Inc) containing 80% alcohol. At the end of second
wash, the column was dried by spinning for 1 minute to remove residual ethanol. The
DNA was eluted in 50 µl of elution buffer containing 10 mM Tris-HCl (pH 8.5) or sterile
water. Plasmid DNA prepared was tested for the presence of insert using appropriate
restriction enzymes before further usage.
Fresh plates were inoculated from frozen cultures once a week for plasmid
isolation due to spontaneous rearrangements observed in the Euglena 3’ UTR region of
the vectors EUGZEOR and EUGGFP. These rearrangements were found in single
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colonies picked for plasmid isolation from plates older than 10 days. It is therefore
necessary to use colonies from newly plated plates for plasmid amplification and to check
the integrity of the extracted plasmid by restriction digestion prior to use for Euglena
transformation.
Total Genomic DNA Extraction
Total cellular DNA was extracted by the method of Geimer (Geimer S et al.,
2009). 40 ml of Euglena growing axenically in EM7.5 media in presence of light for 10
days (early stationary phase) were harvested at 4 C by centrifugation for 2 minutes at
1306 x g in a SA 600 Sorvall rotor and washed twice with 25 ml of sterile double distilled
water. The harvested cells were resuspended at room temperature in 3 ml of extraction
buffer (100 mM Tris-HCl pH 8.0, 100 mM EDTA, 250mM NaCl) containing 160 µg/ml
of proteinase K ( Sigma, 8 µl of 20mg/ml stock,cat#P2308) and 1% N-Lauroyl Sarkosyl
(150 µl of 20% N-Lauroyl Sarkosyl in 3 ml) (SIGMA, St. Louis, MO). The tube was
covered with parafilm, and incubated in a water bath at 55 C for 1 hour. Cell debris was
removed by centrifugation at room temperature for 30 minutes at 28,450 x g in a SA 600
Sorvall rotor. The supernatant was poured into a clean 50 ml centrifuge tube, 2 ml of 2propanol (isopropanol) was added and the tube was incubated for 30 minutes at -20 C.
Precipitated DNA was recovered by centrifugation at 4 C for 15 minutes at 9,290 x g in a
SA 600 Sorvall rotor. The pellet was resuspended in 1.5 ml of TE (10 mM Tris-HCl pH
8.0, 1 mM EDTA), fifty microliters of RNase A (SIGMA, 10 mg/ml, cat#R-4642) was
added and the sample was incubated for 15 minutes on ice. The sample was divided into
two 2 microcentrifuge tubes, 750 µl per tube, an equal volume of phenol was added, and
the samples were transferred to a fume hood and gently mixed for 3 minutes by inverting
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the tube. The phases were separated by centrifugation at 4,000 x g for 7 minutes at room
temperature and the top layer was removed taking care not to disturb the protein
interface. The phenol extraction was repeated followed by extraction of the supernatant
with 1 volume (750 µl) of 24:1 chloroform: isoamylalcohol. The sample was mixed
gently by inversion for 3 minutes and the phases were separated by centrifugation at
4,000 x g for 7 minutes at room temperature. The aqueous layer, approximately 700 µl
was transferred to a new tube, 60 µl of 3M Na-Acetate pH5.2 (SIGMA, cat#S2889), and
750 µl 95% ethanol was added to each tube. DNA was precipitated by incubation
overnight at -20 C and recovered by centrifugation at 4 C for 15 minutes at 16,000 x g in
a microfuge. The supernatant was removed. The pellet was washed with 70% ethanol and
DNA resuspended in TE buffer (pH 8.0).
PCR analysis conditions
PCR reactions using 10 ng of plasmid DNA or 500 ng of genomic DNA were
used to determine if the zeocin resistant phenotype of transformed cells was due to the
presence of the Sh ble containing gene in the transformed cells. For all PCR reactions, the
EUGZEOR plasmid was used as a positive control and reactions without DNA were used
as negative controls to ensure the reactions were not contaminated with traces of target
DNA. PCR reactions were performed in sterile PCR tubes (United laboratory plastics, St.
Louis, MO, cat#UP2070).
PCR was carried out in 20 µL reaction volumes with 10 mM Tris-HCl (pH 8.3),
1.5 mM MgCl2, 50 mM KCl, 8 p moles each of forward primer, reverse primer, 0.2mM
each of dATP, dGTP, dCTP and dTTP (New England Biolabs, Ipswich, MA, cat#
N0447L), 10 ng of plasmid or 500 ng genomic DNA, and 2.5 units of Taq DNA
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polymerase (New England Biolabs, cat#M0273S). A master mix was prepared by mixing
4.4 µl of 10 mM deoxynucleotide solution (New England Biolabs, cat# N0447L), 22.0 µl
of 10X standard Taq reaction buffer containing 25 mM MgCl2 (New England Biolabs,
cat# B9014S) and 193.6 µl of molecular grade double distilled water for a final volume of
220 µl. Reactions were initiated by mixing 15.9 µl master mix, 2 µL DNA, 0.8 µl
forward and reverse primer and 0.5 µl Taq DNA polymerase for a final reaction volume
of 20 µl. Amplification conditions were 95 C for 5 minutes, 30 cycles of 55 C for 30
seconds, 75 C for 3 minutes, 95 C for 1 minute and a final cycle of 75 C for 5 minutes
(Slavikova S et al., 2005).
The primer Prom1newfor (5’ GGCGGTGGCGTGGGGGTTCTCT 3’) produces
an amplification product whose 5’ end starts 99 bp downstream from the first nucleotide
of the Euglena LHCPII promoter. The primer Prom1newrev (5’
GTCTCGGGGGTGCACGTCAGTAAG 3’) generates an amplification product whose 5’
end starts 183 bp upstream of the last nucleotide of Euglena LHCPII promoter region.
The primer pair Prom1newfor and Prom1newrev produces a was used to detect 786 bp
PCR product corresponding to the 5’ LHCP II promoter region referred to as PROM. The
primer Utrnewfor (5’ GTGATGTGGACAACGCAACTTC 3’) produces an amplification
product whose 5’ end starts at first nucleotide of the Euglena LHCPII 3’UTR. The primer
Utrnewrev (5’ ACAACCAAAATTACAAACGTGCCTGAT 3’) produces an
amplification product whose 5’ end starts 32 bp upstream of the last nucleotide of the
Euglena LHCPII 3’UTR.The primer pair Utrnewfor and Utr newrev was used to detect
the 354 bp 3’ LHCPII untranslated region referred to as UTR.
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The primer Zeornewfor (5’ CCAAGTTGACCAGTGCCGTTCC 3’) produces an
amplification product whose 5’ end starts 4 bp downstream from the first nucleotide of
the Sh ble gene. The primer Zeonewrev (5’ TGCTCCTCGGCCACGAAGTGC 3’)
produces an amplification product whose 5’ end starts 7 bp upstream of the last
nucleotide of the Sh ble gene. The primer pair Zeonewfor and Zeonewrev was used to
detect the 364 bp Sh ble gene. The primer Gfppcrfor (5’
ACCCTCGTGACCCTGACCTAC 3’) produces an amplification product whose 5’ end
starts 217 bp downstream from the first nucleotide of the GFP gene. The primer
Gfppcrrev (5’ GACCATGTGATCGCGCTTCTCGTT 3’) produces an amplification
product whose 5’ end starts 68 bp upstream of the last nucleotide of the GFP gene. The
primer pair Gfppcrfor and Gfppcrrev was used to detect the 480 bp GFP gene.
The primer Proutrfor (5’ GGAACCCAGATCGCTCAGAAACTC 3’) produces
an amplification product whose 5’ end starts 90 bp upstream from the last nucleotide of
the Euglena LHCPII promoter. The primer Proutrrev (5’
TAACTTGAAAGGTGGCAGACATTG 3’) produces an amplification product whose 5’
end starts 111 bp downstream from the first nucleotide of Euglena LHCPII 3’UTR. The
primer pair Proutrfor and Proutrrev was used to detect the 586 bp zeocin resistant cassette
containing the 5’ LHCPII untranslated region, the Sh ble gene and the 3’LHCPII
untranslated region between the 5’ end of PROM and the 3’ end of UTR. The primer pair
AMP1FOR (5’ GTTGCCTGACTCCCCGTCGTGTAGA 3’) and AMP1REV (5’
CATTTCCGTGTCGCCCTTATTCCC 3’) was used to detect the 788 bp ampicillin
resistant gene present in the plasmid used for transformation.
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Gel electrophoresis and conditions
PCR products were analyzed on 0. 8 % agarose gels for transformed cells and on
1 % gels for isolation of PCR products for subsequent cloning. Gels were run in 1X TAE
buffer (40 mM tris acetate, 1 mM EDTA; Sambrook and Russell, 2006) at a constant
voltage of 70 V for 50 minutes. A 50X TAE stock solution (2 M tris-acetate, 50 mM
EDTA pH 8.0) was prepared by mixing 121 g of tris base, 50 ml of 0.5 M EDTA (pH
8.0), 28.55 ml of glacial acetic acid and sterile double distilled water to make a final
volume of 500 ml. The 50 X stock solution was diluted to 1 X with sterile double distilled
water just prior to preparing and running the gels. The gels were made by mixing the
appropriate amount of agarose (molecular biology grade, Bio Rad) in 1X TAE and
heating the slurry in a microwave until the agarose dissolved. The solution was cooled to
60 C and a final concentration of 0.5 µg/ml of ethidium bromide was added. The solution
was thoroughly mixed and poured into the gel mold. The comb was positioned and the
agarose was allowed to solidify at room temperature. The sample DNA was mixed with
6X gel loading dye (New England Biolab, Cat# B7021S) at a ratio of 1 volume to 5
volumes of sample DNA. The solidified gel slab was immersed in a gel electrophoresis
tank containing 1X TAE buffer. The comb was removed, the samples loaded and, the gel
was run at constant voltage of 70 V for 50 minutes.
Bacterial expression of the Sh ble gene
To obtain Sh ble protein for loading onto Western blots as a positive control,
bacteria were transformed with the plasmid pCMV/Zeo containing the Sh ble gene under
the control of the EM7 bacterial promoter. Cells were grown overnight at 37 C in 25 ml
low-salt LB media containing 25 µg/ml of zeocin with constant shaking according to the
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manufacturers protocols (Invitrogen). Cells from 20 ml of culture were harvested at 3,000
x g for 3 minutes. The pellet was washed twice with 20 ml of sterile double distilled
water by centrifugation at room temperature for 3 minutes at 3,000 x g. The pellet was
resuspended in 300 µl of SDS lysis buffer (60 mM Tris-HCl pH6.8, 2% SDS), boiled for
2 minutes and cell debris was removed by centrifugation for 30 sec in a microfuge at
16,000 x g. The pellet was discarded and the supernatant was stored at – 20 C. The total
protein content was determined by the Bradford method (Bradford MM, 1976).
Western Blots
Approximately 25 ml of cells grown for 10 days in EM7.5 media (5 X 105
cells/ml) under constant shaking were harvested by centrifugation at room temperature
for 3 minutes at 3000 x g and the pelleted cells were washed twice with 20 ml of sterile
double distilled water by centrifugation at room temperature for 3 minutes at 3000 x g.
The washed pellet was resuspended in 300 µl of SDS lysis buffer (60 mM Tris HCl ,pH
8.6, 2% SDS), boiled for 2 minutes and cell debris was removed by centrifugation for 30
sec in a microfuge at maximum speed. The pellet was discarded and the supernatant was
stored at – 20 C. The total amount of protein was measured by modifying the Bradford
assay for measurement of proteins dissolved in SDS lysis buffer. The standard procedure
was performed as described by Bradford (Bradford MM, 1976) except the 100 µl protein
sample contained 10 µl protein dissolved in SDS lysis buffer and 90 µl water. The blank
and protein standards also contained 10 µl SDS lysis buffer in the final 100 µl protein
sample in order to correct for the effect of SDS on color development. The 100 µl protein
sample was mixed with 5 ml Bradford reagent, the samples were incubated at room
temperature for about 5 minutes and absorbance was determined at 595 nm. A standard
32

curve was generated during each assay and protein amounts for the unknown samples
were determined using the standard curve. Bradford reagent was prepared by dissolving
100mg of Coomassie-G in 50 ml ethanol, adding 100 ml 85% phosphoric acid and
sufficient water for a final volume of 1 liter. The solution was filtered and stored at 4 C in
a brown bottle.
Proteins were separated on 12% SDS-polyacrylamide gels at 25 mAmp constant
current (Laemmli UK, 1970) until the dye front reached the bottom of the gel usually
after 60 minutes. Proteins were transferred in 100 mM CAPS (N-cyclohexyl-3aminopropanesulfonic acid), pH 11 with, 9.9% methanol overnight at 4oC, 200 mAmp
constant current onto 0.45 µm Optitran nitrocellulose membranes (Fischer Scientific,
Pittsburgh, PA). The blots were developed using the Super Signal West Pico rabbit IgG
detection kit (Thermoscientific, Rockford, IL, cat#34084). Blots were blocked by
incubation with shaking for 60 minutes at room temperature or overnight at 4 C in
blocking reagent made by adding Tween 20 for a final concentration of 0.05 % to
SuperBlock TBS (Thermoscientific, cat#37535). After blocking, the membrane was
incubated overnight at 4 C in 10 ml of rabbit anti-Sh ble (Cayla, Toulouse, France)
diluted 1:500 in blocking reagent. The membrane was washed 3 times for 10 minutes in
20 ml of wash buffer (25 mM Tris-HCl, 0.15 M NaCl at pH 7.2, 0.05% Tween 20). The
washed blot was incubated for at least 1 hour at room temperature in 10 ml of horseradish
peroxidase conjugated goat anti-rabbit IgG secondary antibody provided in the kit
(Thermoscientific) diluted to 1:30,000 with blocking reagent. The membrane was washed
3 times for 10 minutes each in 20 ml of wash buffer. The blot was developed by
incubation for 5 minutes in 5 ml of a freshly made solution containing equal parts of the
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stable peroxide solution and the luminol/enhancer Solution. Excess solution was removed
and the chemiluminescent signal was visualized using a Gel DocTM 2000 gel
documentation system (Biorad, cat#170-8100, Hercules, CA, USA) with images captured
at 30 sec intervals over a ten minute period. The images presented represent the longest
exposure that did not result in excessive overexposure of the positive samples.
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Results
Euglena zeocin sensitivity
Zeocin is a copper/glycopeptide complex belonging to the pheomycin/bleomycin
antibiotic family. When zeocin enters the cell, the copper is reduced and removed by
cellular sulfhydryl compounds forming the active antibiotic which binds to and cleaves
DNA causing cell death (Berdy J, 1980). Virtually all plants, protists and animal cells
studied are killed by zeocin. A 13.6 kDa protein encoded by the Sh ble gene confers
zeocin resistance by binding stoichiometrically to zeocin inhibiting DNA strand cleavage
(Calmels et al., 1991; Drocourt et al., 1990; Gatignol et al., 1988). Zeocin resistance can
thus be used as a selectable marker for cells transformed with and expressing the Sh ble
gene.
Euglena is sensitive to a variety of antibiotics but high antibiotic concentrations
are normally required presumably due to permeability problems. Whether Euglena is
sensitive to zeocin and the concentration required for complete culture lethality is
unknown. The activity of zeocin is pH sensitive with maximal activity at pH 7.5. The pH
6.8 Euglena medium (Diamond and Schiff, 1974) was therefore modified by adjusting
the pH to 7.5 and using acetate as the sole carbon source in order to determine the
sensitivity if any of Euglena to zeocin. Growing Euglena cells at different zeocin
concentrations in liquid cultures (Fig. 1.1) showed that within 7 days, a zeocin
concentration of 200 µg/ml resulted in cell death. A concentration of 175 µg/ml killed
cells by 14 days of exposure in liquid media (Fig. 1.1) while lower concentrations of
zeocin inhibited cell growth in a concentration dependent manner over a three week
period.
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The initial isolation of primary transformants is done by isolating clonal lines of
zeocin resistant cells by plating. As transformation efficiency is expected to be low, cells
must be plated at high density onto plates containing lethal concentrations of zeocin.
Confluent growth, reported as more than 1000 cells per plate, was observed five days
after plating 10,000 cells onto plates containing 0 to 100 µg/ml zeocin (Table 1). Plates
containing 175 µg/ml zeocin contained only 33 colonies five days after plating and
colonies continued to appear with confluent growth seen by 11 days after plating.
Colonies did not appear up to 21 days after plating cells on plates containing 200 to 400
µg/ml zeocin. Plates containing a concentration of 200 µg/ml zeocin were therefore used
for the clonal selection of zeocin resistant cells and for growth in liquid media to produce
large numbers of a clonally selected zeocin resistant lines for biochemical analysis.
Design of zeocin resistant expression cassette
Heterologous promoters are often used to drive foreign gene expression but in
both Chlamydomonas and Phaeodactylum, it has been shown that homologous promoters
are more effective (Apt et al., 1996; Kindle et al., 1989; Hasnain et al., 1985). The
Euglena LHCPII gene is one of the few Euglena genes that have been extensively
characterized. LHCPII gene transcription appears to be increased approximately two fold
upon light exposure while LHCPII mRNA translation appears to be increased
approximately 100 fold upon light exposure. Translational rather than transcriptional
regulation is not a unique property of LHCPII light induction but appears to represent the
mechanism by which light regulates the expression of all Euglena genes. Based upon our
knowledge of Euglena transcriptional regulation, it appeared that the LHCPII promoter
was a representative Euglena promoter for light driven heterologous gene expression.
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Euglena gene expression cassettes were constructed containing the 5’ promoter and 3’
untranslated region of the Euglena LHCPII gene flanking the Sh ble gene, EUGZEOR,
the GFP gene, EUGGFP, and a Sh ble-GFP fusion protein, EUGZEOGFPR for
expression of the Sh ble protein, GFP and a Sh ble –GFP fusion protein in Euglena (Fig.
1.2). For comparison purposes the ability of a heterologous promoter to drive Sh ble gene
expression in Euglena was studied using the transformation vector, pCMV/Zeo which
contains the mammalian CMV promoter and the SV40 polyadenylation signal flanking
the Sh ble gene to drive Sh ble gene expression in mammalian cells and a number of other
eukaryotic cells.
Euglena transformation and selection of transformed cells
Electroporation has been used to introduce dsRNA into Euglena for gene
silencing (Iseki et al., 2002) and it is routinely used for nuclear transformation of
trypanosomes (Jefferies et al., 1993; Ngô H et al., 1998), the closest relative of Euglena.
Starting with the conditions for electroporation of dsRNA into Euglena and the nuclear
transformation of trypanosomes, an electroporation protocol producing zeocin resistant
cells was developed. The number of transformants obtained by electroporation is
dependent upon a large number of variables including the cell growth phase, the ionic
composition of the electroporation buffer, the amount of transforming DNA, the cuvette
chamber gap, the voltage, the capacitance and the resistance used. The experimental
optimization of all of these parameters would be time consuming especially in light of the
fact that large numbers of cells can be easily screened allowing transformants to be
recovered with a relatively low transformation frequency. The initial transformation
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protocol was therefore optimized using the EUGZEOR vector for the most critical
factors, cellular growth phase, DNA concentration and voltage.
Few if any zeocin resistant colonies were seen when 5 x 105 cells/ml harvested in
mid exponential growth phase or late stationary phase were electroporated with plasmid
EUGZEOR and plated on zeocin containing plates. A significant number of zeocin
resistant colonies were seen when 5 x 105 cells/ml harvested in early stationary phase
were electroporated (Table 2). Zeocin resistant colonies were not seen when 5 x 105
Euglena cells were electroporated in the absence of DNA and plated on zeocin containing
plates. Confluent growth was seen when cells electroporated in the absence of DNA were
plated in the absence of zeocin. This indicates that the colonies produced on zeocin
containing plates by cells electroporated with EUGZEOR are zeocin resistant
transformants. Transformation conditions were optimized by removing 10 5 cells from the
electroporation cuvette, plating them on plates containing 200 µg / ml zeocin and
determining the number of colonies present 21 days after plating (Table 2). Using a
constant amount of plasmid EUGZEOR DNA (25 µg), 6 zeocin resistant colonies were
obtained with a voltage of 0.6 Kv while over 139 colonies were obtained with a voltage
of 1.2 Kv (Table 2). At a voltage of 1.2 Kv with 12.5 µg of plasmid EUGZEOR DNA,
the number of colonies obtained, was virtually identical to the number of colonies
obtained using 25 µg plasmid DNA, indicating that the critical factor is voltage rather
than DNA concentration. The transfection frequency defined as the percent zeocin
resistant cells/ total cells electroporated was 0.14 % using either 12.5 or 25 µg
EUGZEOR plasmid DNA and a voltage of 1.2 Kv. Although this is a low efficiency, the
ability to rapidly screen large number of cells, 105 cells/plate makes obtaining Euglena
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transformants using this protocol feasible. Zeocin resistant colonies were not obtained
when Euglena was transformed with the heterologous promoter plasmid pCMV/Zeo
under the identical conditions used for successful transformation using the homologous
promoter plasmid EUGZEOR suggesting that the extent if any of Sh ble gene
transcription from the heterologous promoter was not sufficient to confer zeocin
resistance (Table 2).
The initial zeocin resistant colonies obtained must be grown in liquid culture in
order to obtain sufficient cells for biochemical analysis. When colonies obtained by
plating the newly transformed cells were inoculated into EM 7.5 containing 200 µg/ml
zeocin and replated, the number of colonies obtained represented a small and variable
fraction, usually less than 10 %, of the cells plated based on manual microscopic cell
counts. This suggested that the zeocin resistant phenotype segregated during growth of
the initial isolate. A three phase selection system, growth of the initial colony in a small
volume of zeocin containing liquid media, plating 104 cells on zeocin containing plates,
growth of an individual colony in zeocin containing liquid media was developed to select
zeocin resistant transformants. The number of colonies obtained when cells from the third
phase selection liquid culture were plated in the presence or absence of zeocin at densities
of 100, 200, or 300 cells/plate as determined by cell counts were approximately the same
as the number obtained when untransformed Euglena were plated at the same densities in
the absence of zeocin. Clonal lines of zeocin resistant transformed cells obtained after the
three phase selection procedure were maintained on slants for over one year in the
absence of zeocin, non-selective conditions. Upon plating the cells maintained under
nonselective conditions in the presence or absence of zeocin at densities of 100, 200, or
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300 cells/plate as determined by cell counts, the number of colonies obtained was the
same, approximately 90%, as the number obtained when untransformed Euglena were
plated in the absence of zeocin or newly transformed cells were plated at the same
densities in the presence or absence of zeocin (Fig. 1.3). This suggests that stable
transfectants have been obtained.
Detection of the Sh ble expression cassette in transformed cells
The retention of the zeocin resistant phenotype in cells grown for over a year in
the absence of zeocin, nonselective conditions, suggests that the Sh ble gene has been
transferred, replicates and is expressed in the zeocin resistant cells. PCR has been used to
demonstrate the presence of the zeocin expression cassette in the resistant cells. Euglena
zeocin resistant clonal cell lines ZEOR3, ZEOR4, ZEOR6, ZEOR8, and ZEOR10 were
isolated by the three phase zeocin resistance selection protocol after electroporation with
plasmid EUGZEOR. The lines were maintained for over a year on slants in the absence
of zeocin and genomic DNA was isolated for PCR using primer pairs amplifying
different regions of the zeocin resistant cassette and the entire cassette. For each primer
pair, reactions containing plasmid EUGZEOR and reactions without added target DNA
were used respectively as positive and negative controls for the PCR reaction. The 5’ end
of the zeocin resistant cassette contains the promoter of the Euglena LHCPII gene and the
3’ end contains the 3’ untranslated region of the Euglena LHCPII gene. These sequences
should be present in all Euglena genomic DNA samples providing a positive control for
the quality of the extracted genomic DNA ensuring that the failure to obtain a PCR
product is not due to the presence of PCR inhibitors in the genomic DNA samples.
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PCR using primer pairs amplifying the 5’ promoter region or 3’ untranslated
region of the Euglena LHCPII gene and the plasmid EUGZEOR, Euglena genomic DNA
from untransformed cells, or Euglena genomic DNA from zeocin resistant transformants
ZEOR3, ZEOR4, ZEOR 6, ZEOR8 or ZEOR10 as template produced the expected 354
bp 3‘UTR and 786 bp 5’ promoter region amplification products, respectively (Fig. 1.4
A, B). The presence of the expected amplification product in all samples indicates that all
of the DNA templates are suitable PCR targets. All PCR reactions lacking template DNA
did not produce an amplification product indicating that the products found cannot be
attributed to contaminating genomic or plasmid DNA (Fig. 1.4, A-G). As expected the
plasmid EUGZEOR and all of the Euglena clonal lines contain the 5’ and 3’ regions of
the LHCPII gene.
To demonstrate the presence of the Sh ble gene in genomic DNA of the zeocin
resistant transformed cells maintained for a year under nonselective conditions, PCR
reactions were performed using a primer pair that amplifies a 364 bp fragment of the Sh
ble coding region and the plasmid EUGZEOR, Euglena genomic DNA from
untransformed cells, or Euglena genomic DNA from the zeocin resistant transformants
ZEOR3, ZEOR4, ZEOR 6, ZEOR8 or ZEOR10 as template. An amplification product
was not found when genomic DNA from untransformed cells was used or when DNA
was left out of the reaction (Fig.1.4 C). The expected 364 bp Sh ble amplification product
was obtained when EUGZEOR plasmid DNA or genomic DNA from the zeocin resistant
transformed cells ZEOR3, ZEOR4, ZEOR6, ZEOR8, and ZEOR10 were used as targets
(Fig. 1.4 C). Amplification products identical in size to the products obtained using
plasmid EUGZEOR as target DNA were obtained when Euglena genomic DNA from the
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zeocin resistant transformants ZEOR3, ZEOR4, ZEOR 6, ZEOR8 or ZEOR10 was used
as a target in amplification reactions using primer pairs Proutrfor and Proutrrev
amplifying a 586 bp fragment starting in the zeocin cassette 5’ Euglena promoter region
91 bp upstream from the Sh ble insertion site and ending in the 3’ Euglena UTR region
94 bp downstream from the Sh ble insertion site (Fig. 1.4 D). Primer pairs Prom1newfor
whose 5’ end starts 99 bp downstream from the first nucleotide of the Euglena LHCPII
promoter and, Zeonewrev whose 5’ end starts 7 bp upstream of the last nucleotide of the
Sh ble gene produce an amplification product of 1318 bp (Fig.1.4 E). Primer pairs
Zeonewfor whose 5’ end starts 4 bp downstream from the first nucleotide of the Sh ble
gene and, Utrnewrev whose 5’ end starts 32 bp upstream of the last nucleotide of the
Euglena LHCPII 3’UTR produce an amplification product of 703 bp (Fig. 1.4 F). Primer
pairs Prom1newfor and Utrnewrev produce an amplification product of 1678 bp which
includes the complete expression cassette (Fig. 1.4 G). The intact zeocin resistant cassette
is clearly present in the clonal Euglena transformants maintained for a year under
nonselective conditions indicating that stable transformants have been produced Plasmid
EUGZEOR containing the zeocin expression cassette contains the ampr bla gene
encoding beta lactamase. The beta lactamase gene is 861 bp from the 3’ end of the
insertion site of the of the zeocin expression cassette. Cells were electroporated with the
EUGZEOR plasmid and not simply with the zeocin resistant cassette raising the
possibility that stable transformation is due to the maintenance of the intact EUGZEOR
plasmid as a self replicating unit in transformed Euglena. To test this possibility, we used
the primer pair AMP1FOR and AMP1REV to determine if the amp r region of the plasmid
was present in the transformed cells. Numerous attempts to amplify the amp r region using
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Euglena genomic DNA from zeocin resistant transformants were unsuccessful The ampr
region was successfully amplified from the EUGZEOR DNA isolates and the Sh ble
region was successfully amplified from each genomic DNA sample used as targets in the
attempt to amplify the amp r resistant gene. The failure to amplify the ampr region was not
due to problems with the PCR reaction but rather is indicative of the absence of the intact
plasmid within the zeocin resistant Euglena stable transformants containing the zeocin
resistant cassette. Taken together, these results strongly suggest that stable transformation
results from incorporation of the zeocin resistant cassette into the Euglena genome.
Attempts to express GFP in Euglena
Transformation is used to obtain cells expressing a foreign gene of interest. When
the transformation efficiency is low as with our method for transforming Euglena, it is
necessary to transform cells with a gene of interest and with a selectable marker that
allows the transformed cells to be isolated from the large number of untransformed cells.
Green fluorescent protein (GFP) fusion proteins have facilitated a variety of biochemical
studies. One method for transforming cells with a selectable marker and a gene of interest
is to construct a dual expression cassette for transformation. Due to the instability of the
plasmid EUGZEOR and the lack of characterized Euglena promoters, the alternative
approach of cotransfecting the cells with two plasmids, one containing the selectable
marker and the other the gene of interest, was attempted. Co-transformation of Euglena
with equal amounts (12.5 µg or 6.5 µg) of plasmid EUGZEOR and EUGGFP expressing
the Sh ble gene or GFP respectively under the control of the homologous LHCPII
promoter produced a small but significant number of zeocin resistant transformants
(Table 2). The transformation frequency appeared to be dependent on the total amount of
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DNA electroporated and was approximately four fold lower than the transformation
frequency obtained using a single plasmid.
EZEOR2 and EZEOR5 are zeocin resistant transformants selected after cotransfection with plasmids EUGZEOR and EUGGFP. Amplification using primer pairs
for the 5’ promoter region or the 3’ untranslated region of the Euglena LHCPII gene and
the plasmid EUGGFP, EUGZEOR, Euglena genomic DNA from untransformed cells, or
Euglena genomic DNA from zeocin resistant co-transfected transformants, EZEOR2, or
EZEOR5, as target produced the expected 354 bp 3‘UTR and 786 bp 5’ promoter region
amplification products (Fig. 1.5 A, B) indicating that all genomic DNAs are suitable
amplification targets. All PCR reactions lacking target DNA did not produce an
amplification product indicating that the products found cannot be attributed to
contaminating genomic or plasmid DNA (Fig. 1.4, A-G). A primer pair amplifying the Sh
ble gene produced the expected 364 bp amplification product when DNA from plasmid
EUGZEOR or genomic DNA from EZEOR2 or EZEOR5 was used as templates but an
amplification product was not seen with genomic DNA from untransformed Euglena or
the GFP encoding plasmid (Fig. 1.5 C). The plasmid EUGGFP was the only target DNA
that produced an amplification product using a primer pair amplifying a 480 bp portion of
the GFP coding region (Fig. 1.5 D). To confirm the absence of portion of the GFP coding
region from the co-transfected cells, a 5’ primer starting in plasmid EUGGFP or plasmid
EUGZEOR 91 bp upstream from the Sh ble/GFP insertion site and a 3’ primer ending in
the Euglena UTR region 94 bp downstream from the Sh ble/GFP insertion site was used.
This primer pair will amplify a 586 bp fragment from targets containing the Sh ble gene
and a 962 bp fragment from targets containing the GFP gene flanked by the Euglena
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LHCPII promoter and UTR. Smaller amplification products will be detected if even only
a portion of the Sh ble or GFP gene is present in the template DNA. As expected from the
zeocin resistant phenotype of the transformants, a 586bp Sh ble amplification product
was found using the transforming plasmid or genomic DNA from the two Euglena
transformants as amplification templates (Fig. 1.5 E). The 962 GFP amplification product
was only found when DNA from plasmid EUGGFP was used as template. GFP
containing amplification products equal to or smaller in size than the expected product
were never seen using Euglena genomic DNA from the zeocin resistant cells indicating
that the cells only contained the zeocin resistance selectable marker (Fig. 1.5 E). Primer
pairs amplifying the Euglena LHCPII promoter Sh ble gene, the Sh ble gene Euglena
UTR, and the entire zeocin expression cassette produced the expected 1318 bp (Fig. 1.5
F), 703 bp (Fig. 1.5G), and 1678 bp amplification products. A primer pair amplifying the
entire GFP expression cassette produced the expected 2079 bp amplification product
using DNA from plasmid EUGGFP as template but this product was not produced using
genomic DNA from the co-transfected zeocin resistant cells (Fig. 1.5 H). Taken together,
the PCR results clearly show that the co-transfected cells contain only the transforming
DNA encoding the zeocin resistance selectable marker.
A possibility exists for the failure of zeocin resistant transformants to retain the
GFP expression cassette, that GFP is toxic which would provide a selection pressure
against cells transformed with the GFP plasmid. In an attempt to determine if the
humanized GFP can be expressed in Euglena we constructed the plasmid
EUGZEOGFPR for expression of a Sh ble-GFP fusion protein under the control of the
Euglena LHCPII promoter (Fig. 1.2 A) providing a positive selection for fusion protein
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and thus GFP expressing cells. EZEOGFPR3, EZEOGFPR5 and EZEOGFPR7 are zeocin
resistant transformants selected after transfection with plasmid EUGZEOGFPR encoding
a Sh ble-GFP fusion protein. Amplifications using plasmid EUGZEOGFPR DNA,
Euglena genomic DNA from untransformed cells, Euglena genomic DNA from the
zeocin resistant transformants EZEOGFPR3, EZEOGFPR5, and EZEOGFPR7 as
templates with primers amplifying the 5’ promoter region or the 3’ untranslated region of
the Euglena LHCPII gene produced the expected 354 bp 3‘ UTR and 786 bp 5’ promoter
region amplification products (Fig. 1.6 A, B) indicating that all DNA samples do not
contain contaminants preventing PCR amplification. Amplification products were not
obtained when DNA was omitted from the PCR reaction, indicating that the amplification
products obtained were not due to contaminating plasmid or genomic DNA (Fig. 1.6 AF). Primer pairs amplifying the 364 bp Sh ble (Fig. 1.6 C) or 480 bp GFP coding regions
produced the expected fragments from all DNA templates except the Euglena DNA from
untransformed cells (Fig. 1.6 C-F). Primer pairs amplifying the 1049 bp fragment
encoding the Sh ble-GFP fusion protein (Fig. 1.6 E) or the 2445 bp Sh ble-GFP fusion
protein expression cassette (Fig. 1.6 F) produced the expected amplification products
indicating that rearrangements have not occurred in the expression cassette.
Western blot Analysis for gene expression
Zeocin binds to and cleaves DNA causing cell death. Expression of the Sh ble
gene confers zeocin resistance on cells by binding zeocin preventing it from binding to
and cleaving the DNA. Since the Sh ble protein is required in stoichiometric rather than
catalytic amounts, it is expected that zeocin resistant cells will contain significant
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amounts of the Sh ble protein. Western blotting was therefore used to demonstrate that
zeocin resistant transformants expressed the Sh ble gene.
Western blots using antibody to Sh ble protein detected a 13.6 kD protein in 5
individually isolated zeocin resistant Euglena transformed with plasmid EUGZEOR and
maintained on slants for over a year being transferred at 60 day intervals (Fig. 1.7 A).
The 13.6 kD protein was found in extracts from bacteria transformed with commercially
available pCMV/Zeo plasmid expressing the Sh ble gene under the control of the
bacterial EM7 promoter. The 13.6 kD protein was absent from untransformed Euglena
clearly indicating its production was due to expression driven by the Euglena LHCPII
promoter present in the plasmid EUGZEOR. A comparison of Sh ble expression levels in
zeocin resistant transformed cells harvested after three rounds of selection for zeocin
resistance, newly transformed cells, and zeocin resistant transformed cells maintained
under non-selective conditions for over a year show lower Sh ble levels in the newly
isolated cells (Fig. 1.7 B). Euglena is thought to be polyploidy. Since promoter strength
should not increase in a time dependent manner after transformation, the simplest
explanation is that three rounds of selection is sufficient to ensure that at least one copy
of the plasmid is present per genome and this number increases as the cells are
maintained in culture.
A Sh ble-GFP fusion protein has been found to confer zeocin resistance and
exhibit GFP fluorescence (Bennett RP et al., 1998). It was therefore surprising to find
that cells transformed with plasmid EUGZEOR encoding a Sh ble-GFP fusion protein
were zeocin resistant, contained the gene encoding the Sh ble-GFP fusion protein but did
not exhibit GFP fluorescence. Western blotting was therefore used to determine whether
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the Sh ble-GFP fusion protein was in fact expressed in these cells. Antibodies to the Sh
ble protein or to GFP failed to detect a cross reacting protein on Western blots containing
proteins extracted from stable phenotypically zeocin resistant cells transformed with
plasmid EUGZEOGFPR (data not shown). It is not known how much Sh ble protein is
actually required to confer zeocin resistance. The simplest explanation of the zeocin
resistant phenotype of cells with undetectable Sh ble protein is that the actual amount
required for resistance is low and that the Sh ble-GFP fusion protein is unstable
increasing the turnover rate of the fusion protein and thus reducing the steady state fusion
protein level to below the detection level of Western blots.
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Discussion
The research performed was targeted to develop an efficient transformation
system in Euglena which would help in better understanding the metabolic pathways,
protein targeting and introduction of novel genes. The basic transformation protocol for
Euglena utilized electroporation. Limited success was achieved using micropartical
bombardment which requires expensive instrumentation and supplies. The largest number
of transformants was obtained using 1.2Kv voltage, 25µF capacitance, infinite resistance,
and 25µg of DNA concentration. Zeocin resistant transformants were obtained using the
homologous LHCPII 5’ untranslated promoter region driving expression of the Sh ble
gene. The heterologous promoter, CMV, which has driven gene expression in some
mammalian cell lines such a CHO-K1 cells (Banno Y et al., 2003) appeared ineffective in
Euglena. Transformants were not obtained in cells transformed using CMV promoter
under conditions identical to those producing transformants when cells are transfected
with the LHCP promoter construct. Slow growth of initial transformants and low plating
efficiencies suggested that for an extended period of time after transformation, cell
division produced both zeocin sensitive and resistant cells. Three selection cycles were
the minimum required to obtain stable transformed clones. The reporter gene was
expressed using LHCPII gene 5’ and 3’ untranslated regions. LHCPII is nuclear-encoded
chloroplast polyprotein synthesized co-translationally and targeted to the chloroplast.
LHCPII polyprotein is found to have intron regions in 5’ and 3’ untranslated regions.
Intron regions in Euglena do not possess the consensus splicing borders (5’-GT/AG3’).The presence of these introns was found by comparing the Euglena LHCPII
maximum amino acid sequence analogy with Arabidopsis LHCPII (Muchhal and
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Schwartzbach, 1992). Presence of these intron regions could increase the hot spots for
recombination thereby inserting the construct into the Euglena genome (Patthy L, 1999).
Confirmation that the zeocin resistant phenotype was due to successful
transformation with the Sh ble gene and expression of the Sh ble protein was obtained by
PCR and western blotting. PCR of genomic DNA extracted from 4 zeocin resistant
transformants maintained on slants for over a year in the absence of zeocin detected the
zeocin encoding DNA fragment and demonstrated it was fused to the Euglena promoter
and UTR. Attempts to demonstrate the presence of the ampicillin resistant gene contained
in the transforming plasmid were unsuccessful suggesting that the zeocin resistance
expression cassette is the only portion of the transformation vector present in the
transformed cells. Western blotting detected the 13.5 kDa Sh ble protein in the stably
transfected cells but not in untransfected cells clearly showing that the Sh ble gene was
expressed under the control of the LHCP II promoter. Although light exposure controls
the translation of the LHCP II transcript, transformed cells were zeocin resistant in the
dark suggesting that the Euglena LHCPII promoter and UTR regions present in the
transformation vector do confer stringent photoregulation of Sh ble expression. This is
not unexpected as it appears that the translation rather than transcription is the major level
at which regulates Euglena LHCPII expression. Taken together, the stability of the zeocin
resistant phenotype, the presence of zeocin resistant cassette and the production of the Sh
ble protein indicates that the protocol we have developed results in stable expression of a
heterologous gene in Euglena presumably through integration of the transforming DNA
into the Euglena genome.
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Figure 1.1. Representative time–kill curve plot for Euglena gracilis cells in EM7.5
media flasks containing zeocin antibiotic at different concentrations. One thousand
Euglena cells were used to inoculate the medium.
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Figure 1.2. Plasmids used for nuclear transformation of E.gracillis. The promoter regions
in the plasmids are represented by black closed boxes. The open box represents the
coding sequence of Sh ble gene (364 bp). The grey box represents the GFP gene (757 bp).
The 3’ UTR regions were represented by boxes with pattern. The 5’ untranslated region
of LHCPII (1068 bp) and the 3’ untranslated region of LHCP II (354 bp) were used for
driving the expression of Sh ble and GFP gene. A control plasmid pCMV/Zeo with a 5’
CMV promoter (508 bp), EM7 promoter (66 bp) and a 3’ SV40 polyadenyl tail (81bp)
was used. Restriction sites B, BamHI; H, HindIII; N, NcoI; Nt, NotI; P, PstI; S, SacI; X,
XbaI.(A) EUGZEOGFPR. (B) EUGZEOR. (C) EUGGFP. (D) pCMV/Zeo.

52

Stable phenotype of transformants
400
100 cells

200 cells
300 cells

number of colonies

300

200

100

ZEOR3

ZEOR4

ZEOR6

NZEOR1

NZEOR3

NZEOR7

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

EM7.5-Zeo

EM7.5

0

Wt

transformants

Figure 1.3. Selection of transformed cells in the presence and absence of zeocin. EM 7.5
represent growth of cells in EM7.5 media, EM7.5-Zeo represents selection of cells in
EM7.5 media containing 200 µg/ml of zeocin. NZEOR1, NZEOR3, and NZEOR7
represent transformants obtained after transformation. ZEOR3, ZEOR4, and ZEOR6 are
transformants grown without selection over a period of year on EM3.5 slants.
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Figure 1.4. Genomic PCR analysis of screened transformants. Gene specific primers
were used to detect the introduced gene from total genomic DNA extract. The plasmid
EUGZEOR (Vec) used for transformation was used as positive control. A negative
control was set up using all the components of mixture without DNA. The DNA from
wild type cells that were not transformed was represented as wt. The transformants that
were tested are zeoR3, zeoR4, zeoR6, zeoR8, zeoR10. (A) UTR region- Utrnewfor and
Utrnewrev, (B)PROM region- Prom1newfor and Prom1newrev, (C) Sh ble- Zeonewfor
and Zeonewrev, (D) Proutrfor and Proutrrev, (E) Prom1newfor and Zeonewrev, (F)
Zeonewfor and Utrnewrev, (G) Prom1newfor and Utrnewrev.
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Figure 1.5. Genomic PCR analysis of transformants obtained through co-transfection
assays. Gene specific primers were used to detect the introduced gene from total genomic
DNA extract. The plasmids EUGGFP and EUGZEOR used for transformation were used
as positive control. The DNA from wild type cells that were not transformed was
represented as wt. The transformants that were tested are EZEOR2 and EZEOR5. (A)
UTR region- Utrnewfor and Utrnewrev, (B) PROM region- Prom1newfor and
Prom1newrev, (C) Sh ble- Zeonewfor and Zeonewrev, (D) Gfppcrfor and Gfppcrrev, (E)
Proutrfor and Proutrrev, (F) Prom1newfor and Zeonewrev, (G) Zeonewfor and
Utrnewrev, (H) Prom1newfor and Utrnewrev
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Figure 1.6. Genomic PCR analysis of transformants obtained through transfection
assays. Gene specific primers were used to detect the introduced gene from total genomic
DNA extract. The plasmid EUGZEOGFPR used for transformation was used as positive
control. The DNA from wild type cells that were not transformed was represented as wt.
The transformants that were tested are EZEOGFPR3, EZEOGFPR5 and EZEOGFPR7.
(A) UTR region- Utrnewfor and Utrnewrev, (B) PROM region- Prom1newfor and
Prom1newrev, (C) Sh ble- Zeonewfor and Zeonewrev, (D) GFP- Gfppcrfor and
Gfppcrrev, (E) Zeonewfor and Gfppcrrev, (F) Prom1newfor and Utr new rev
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Figure 1.7. Western Blot analysis of Euglena gracillis transformants. Total cell extract (2
µg) was applied on each lane. The bacterial cell extract transfected with pCMV/Zeo
vector were used as positive control. Euglena cells that had not been transformed were
used as negative control wt. (A) Cell lines transformed with EUGZEOR. (B) Transfected
cell lines expressing Sh ble without selection for a prolonged period. NZEOR1,
NZEOR3, NZEOR7 represent cell lines transformed with EUGZEOR plasmid and
selected with zeocin.
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Table 1: Sensitivity of Euglena cells to zeocin on EM7.5-0.8% agar plates. Ten
thousand Euglena cells were inoculated onto the plates. The colony count >1000 means
the number of colonies observed was more than 1000. The 0 represents no growth on the
plates.
EM7.5 0.8% agar plates
with zeocin
concentrations

Colony counts
5 days

7days

11days

14days

21days

0 µg/ml

>1000

>1000

>1000

>1000

>1000

50 µg/ml

>1000

>1000

>1000

>1000

>1000

100 µg/ml

>1000

>1000

>1000

>1000

>1000

175 µg/ml

33

69

>1000

>1000

>1000

200 µg/ml

3

0

0

0

0

300 µg/ml

0

0

0

0

0

400 µg/ml

0

0

0

0

0
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Table 2. Electroporation conditions. An aliquot containing 105 cells was removed from
the electroporation cuvette and inoculated onto plates containing 200 µg/ml zeocin.
Twenty one days after inoculation the number of colonies was counted. TF; transfection
frequency defined as number of zeocin resistant colonies/number of cells plated.

EUGZEOR

DNA concentration
(µg)
25

Voltage
(Kv)
1.2

Number of
colonies
139

0.139

2

EUGZEOR

25

0.6

6

0.006

3

EUGZEOR

12.5

1.2

136

0.136

4

EUGZEOR

12.5

0.6

2

0.002

5

pCMV/Zeo

25

1.2

0

0

6

pCMV/Zeo

25

0.6

0

0

7

pCMV/Zeo

12.5

1.2

0

0

8

PCMV/Zeo

12.5

0.6

0

0

9

EUGZEOR
& EUGGFP
EUGZEOR
& EUGGFP
EUGZEOR
& EUGGFP
EUGZEOR
& EUGGFP

12.5 + 12.5

1.2

33

0.033

12.5 + 12.5

0.6

0

0

6.25 + 6.25

1.2

17

0.017

6.25 + 6.25

0.6

1

0

Exp

Plasmid

1

10
11
12
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Chapter 3
A possible signal peptide origin of chloroplast targeting transit peptides
Introduction
Higher plants have primary plastids that evolved through an endosymbiotic
association between a primitive eukaryotic host and a cyanobacterial endosymbiont.
Primary plastids are seen in three lineages, rhodophytes, glaucophytes and higher plants.
The evolution of an endosymbiont into a chloroplast involved transfer of most
endosymbiont genes to the host cell nucleus and development of a mechanism to
transport the nuclear encoded cytoplasmically synthesized proteins across the three
chloroplast membranes of plastid. Protein import into the primary chloroplasts of higher
plants has been extensively characterized. The nuclear encoded chloroplast proteins are
synthesized on free cytoplasmic polysomes as precursor proteins having an N-terminal
leader sequence also referred to as the transit peptide (von Heijne et al., 1989). The transit
peptide interacts with several chloroplast outer envelope proteins targeting the protein to
the chloroplast for translocation into the organelle. Comparative studies performed to find
similarities between transit peptides showed they are characterized by the presence large
amounts of hydroxylated amino acids and no acidic amino acids. The plastid targeting
sequences are believed to be more heterogenous in length and secondary structure. In an
import study conducted in plants, a potential phosphorylation site was identified in the
presequence which was phosphorylated by a protein kinase. Specific phosphorylation of
chloroplast-destined precursor proteins was observed. The import into the chloroplast
was achieved due to phosphorylation and dephosphorylation events (Waegemann and
Soll, 1996). However studies performed by mutating the potential phosphorylation site in
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the transit peptide of tobacco and pea ribulose bisphosphate carboxylase/oxygenase small
subunit tagged with GFP, show the transport of the precursor into chloroplast. Removal
of the phosphorylation site by mutagenesis did not affect the targeting of the GFP tagged
precursor to chloroplast. The phosphorylation event thus does not help in specific
chloroplast import. The rate of transport was decreased by mutating the phosphorylation
site, but mutant GFP tagged precursors were still imported which suggests that
phosphorylation may affect the rate of chloroplast-destined precursor protein import. The
fidelity of transport of the precursor protein is dependent on recognition of the transit
peptide than post translational modification (Nakrieko KA et al., 2004).
Plastid membranes possess several polar neutral lipids which represent the most
abundant lipid class in the biosphere because of high proportion (80%) in plastid
membranes. The outer envelope membrane is enriched in DGDG and PC, whereas the
main glycerolipid constituent of the inner envelope membrane and thylakoids is MGDG
(monoglactosyldiacylglycerol). Genetic mapping of the Arabidopsis mutant dgd1 shows a
secondary mutation inhibiting the synthesis of DGDG. The total fatty acid content
remained the same in wildtype and dgd1 mutant leaf extracts. A strong reduction in
relative amount of DGDG was observed in dgd1 mutants (Dormann P et al., 1995). The
dgd1 mutant shows increases in the relative amounts of other lipids but none that can
substitute for DGDG. In vitro transport studies in isolated dgd1 mutant chloroplasts using
in vitro translated precursors of the small subunit of Rubisco (preSS), precursor of
plastocyanin (prePC), and the precursor of the chlorophyll a/b binding protein of
photosystem II (preCAB) show significant reductions in protein import into chloroplast.
Defects in dgd1 chloroplast protein import of fusion proteins PC-DHFR (prePC transit
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peptide fused to mouse dihydrofolate reductase) and waxy-GUS ( maize waxy protein
transit peptide fused to E.coli β-glucuronidase) indicate the defect in protein import must
be related to interaction of the transit peptide with the protein import machinery. An
import time course experiment using preSS as substrate showed that there is 50% more
accumulation of preSS on the membrane of chloroplast compared to wild type cells
(Chen and Li, 1998). Interaction of chloroplast targeted transit peptide precursor to the
protein import machinery is affected by membrane lipids of chloroplast, demonstrating a
mechanism for discriminating protein precursors targeted to different cellular organelles.
Recognition of the preprotein by Toc159 and Toc33/34, two GTPase subunits of
the outer envelope preprotein translocon initiates the import process (Strittmatter P et al.,
2010). Transfection studies were done in homozygous and heterozygous ppi2 (plastid
protein import mutant 2) mutant with a T-DNA insertion in TOC159 gene, using small
subunit of Rubisco (pSSU) and pyruvate dehydrogenase E1 α subunit (pE1α) fused to
GFP. A patched fluorescence pattern characteristic of chloroplast localization was
observed for both the transit peptide GFP fusion transfected into heterozygous ppi2
mutant protoplasts. The patched fluorescence was shown to merge with the red
fluorescence of the chloroplast. However the pSSU-GFP fusion transfected into
homozygous ppi2 protoplasts show no detectable GFP fluorescence. The selective
binding of atToc159 receptor to transit peptides of chloroplast-specific photosynthetic
proteins was shown by in vitro pull-down assay with transit peptides derived from pE1α,
the precursor to plastid ribosomal subunit L11 (pL11), and the precursor to
protochlorophyllide oxidoreductase A (pPORA) fused to c-terminal dihydrofolate
reductase(DHFR). The results show none of the three transit peptides compete for
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binding to the atToc159 receptor. The above observations support the hypothesis of
transit peptides binding to specific receptors for import into chloroplast (Smith MD et al.,
2004). Precursor proteins are transported into chloroplast in the presence of mutation in
GTP binding site of Toc159, showing the protein transport is independent of GTP
binding to Toc159 (Agne B et al., 2009). Toc34 is a GTPase membrane translocon which
binds to preprotein complex and transit peptide. Toc34 facilitates active transfer of
phosphorylated protein precursors. The kinetics of the protein transport by Toc34 was
found to be dependent on GTP concentration (Schleiff E et al., 2002).
Complex chloroplasts (chloroplasts surrounded by 3 or 4 membranes), are thought
to have evolved through a secondary endosymbiosis between a eukaryotic host and a
photosynthetic eukaryotic endosymbiont. Evolution of the endosymbiont into a
chloroplast was accompanied by loss of the membranes surrounding the chloroplast,
transfer of most endosymbiont genes to the host cell nucleus and development of a
mechanism to transport the nuclear encoded cytoplasmically synthesized proteins across
the multiple chloroplast membranes into the plastid. The common feature of the
presequence of proteins imported into complex plastids is that they are bipartite
composed of an ER targeting signal peptide and a transit peptide. The addition of the
signal peptide to a transit peptide containing precursor can be explained by exonshuffling (Durnford and Gray, 2006).
Phenylalanine residue is found in the transit peptide domain in precursors
imported into complex plastids evolved from red algal endosymbionts. Transit peptides
targeted to the primary plastids of Glaucophytes, red algae, and the complex plastids of
heterokonts, cryptophytes, haptophytes, and apicomplexans which are of red algal origin
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have a phenylalanine residue in the N-terminal region of the transit peptide often at the
+1 position of the predicted signal peptide cleavage site (Patron and Waller, 2007). This
phenylalanine residue was demonstrated to be required for protein import into the
primary plastids of Cyanophora paradoxa a glaucophyte (Steiner et al., 2005) and is a
distinctive feature of red algal derived transit peptides which is not found in transit
peptides targeting proteins to primary plastids of green algal origin. Site directed
mutagenesis of phenylalanine residue in five transit peptides (γ-subunit of chloroplast
ATPase, triose phosphate translocator, oxygen evolving enhancer protein 1, fructose-1, 6bisphosphate aldolase, phosphoribulokinase) targeted to the complex plastids of the
diatom Phaeodactylum tricornutum, inhibited plastid import. The proteins were localized
in blob like structures which are tightly associated with plastids showing the necessity for
the phenylalanine in targeting proteins to complex plastids of red algal origin. Western
blot analysis was performed using transformant cell lysates expressing phenylalanine
modified and unmodified ATPC: GFP (γ-subunit of chloroplast ATPase:GFP) to analyze
the processing of preproteins. The data show processing of signal peptide in modified and
unmodified transformants. However, the transit peptide was not processed in the
modified transformants indicating elimination in protein import into the plastid stroma
(Kilian and Kroth, 2005). The complex plastids of Euglena are surrounded by three rather
than four membranes as found for the complex plastids of heterokonts, cryptophytes,
haptophytes, and apicomplexans whose complex plastids are of red algal origin. The
complex plastids of Euglena are thought to have arisen through engulfment of a
photosynthetic eukaryotic chlorophycean alga by a phagocytic non-photosynthetic
euglenozoan host (Gibbs 1981; Triemer et al. 2006; Ahmadinejad et al. 2007; Turmel et
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al. 2009; Vesteg et al. 2010). The green algae within the phagocytic vacuole evolved into
the Euglena chloroplast through loss of one of the four membranes surrounding the
chloroplast, transfer of most endosymbiont genes to the host cell nucleus and
development of a mechanism to transport the nuclear encoded cytoplasmically
synthesized proteins across the three chloroplast membranes into the plastid. Protein
precursors imported into these plastids have a bipartite targeting signal composed of an
ER targeting signal peptide and a plastid targeting transit peptide as found for the
presequence targeting proteins to red algal derived complex plastids that are surrounded
by 4 envelope membranes. The Euglena presequence however lacks phenylalanine and
some but not all presequences contain a hydrophobic stop transfer membrane anchor
(second hydrophobic domain) sequence downstream of the transit peptide.
A series of in vitro and in vivo experiments delineated the transport pathway from
the site of chloroplast precursor protein synthesis in the cytoplasm to the chloroplast and
identified the functional domains within the Euglena chloroplast protein presequence.
Chloroplast protein precursors are made on membrane bound polysomes and cotranslationally inserted into the endoplasmic reticulum (Sulli C et al., 1996). In vivo pulse
chase labeling immunoprecipitation experiments showed the presence of the given
protein precursor first in the ER, then in the Golgi apparatus and finally in the chloroplast
where the precursor was processed to the mature protein. Transit time from the ER to the
chloroplast was approximately 10 minutes for SSU and 20 minutes for LHCPII. When
the ER and Golgi membranes were isolated and washed with sodium carbonate buffer the
SSu and LHCPII proteins remained associated with membrane fraction indicating it was
an integral membrane protein. Protease protection assays and immunoprecipitation
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showed that pLHCPII was attached to the membranes with a small portion in the ER
lumen and the majority of the protein on the cytoplasmic membrane face (Sulli and
Schwartzbach, 1995).
In vitro studies were performed to identify the presequence functional targeting
domains, responsible for anchoring the precursor proteins in the ER membrane and the
topology of the protein within the membrane. The primary protein sequence of the
polyproteins that are imported into the chloroplast was found to be conserved especially
in the case of light- harvesting chlorophyll a/b-binding proteins of photosystem II
(LHCPIIs) (Koziol and Durnford, 2008). Studies with canine microsomes identified an
ER targeting cleaved signal peptide which included the first hydrophobic domain at the
N-terminus of the Euglena chloroplast protein presequence. The second hydrophobic
domain within the presequence functioned as a stop transfer membrane anchor. The
hydrophobic regions within mature LHCPII which are responsible for protein insertion
into the thylakoid membrane (Brink S et al., 1995) functioned as stop transfer membrane
anchor sequences in the canine microsome experiments. Proteins are co-translationally
glycosylated in the ER lumen. Glycosylation can be used to determine the portion of a
protein precursor in the ER lumen. To identify the pLHCPII region in ER lumen,
pLHCPII constructs were made with an N-glycosylation site N-terminal to the second
hydrophobic domain or C-terminal but close to the presequence mature protein junction.
The constructs were translated in the presence of canine microsomes and glycosylation
was determined by a change in electrophoretic mobility before and after Endo H
digestion. When the glycosylation site was N-terminal to the second hydrophobic domain
there was a change in electrophoretic mobility upon Endo H digestion but there was no
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change in electrophoretic mobility if the glycosylation site was C-terminal to the second
hydrophobic domain. These results indicate that the second hydrophobic domain acts as a
membrane anchor stop transfer sequence orienting the precursor with the presequence
within the ER lumen and the mature protein on the hydrophobic face (Sulli C et al.,
1999).
A surprising finding from the canine microsome experiments was that the
presequence region C-terminal to the signal peptidase cleavage site functioned as a signal
peptide. Signal peptide function was lost when the second hydrophobic domain within
the presequence C-terminal of signal peptide was removed. Studies with isolated pea
chloroplasts showed that this same region, with or without the second hydrophobic
domain, functioned as a transit peptide initiating import into the isolated chloroplasts
(Slavikova S et al., 2005). In vitro studies with isolated Euglena Golgi membranes and
intact chloroplasts demonstrated transport of pLHCPII from the Golgi apparatus to the
plastid, import of the pLHCPII into the chloroplast and precursor processing within the
isolated chloroplasts in an ATP and GTP dependent fashion. Together, these in vitro and
in vivo studies support the model of a Golgi to chloroplast transport of precursor proteins
with the transit peptide domain within the vesicle lumen and the presequence mature
protein region C-terminal to the second hydrophobic domain in the cytoplasm. Upon
fusion of transport vesicles with the outermost envelope membrane, the presequence
transit peptide domain interacts with receptors on the middle envelope membrane
initiating transport through the middle and inner envelope membranes (Martoglio B et al.,
1995).
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The Euglena plastid is thought to have evolved from a phagocytosed eukaryotic
algae residing within a vacuolar compartment. Critical to the conversion of the
endosymbiont to a plastid was the development of a mechanism to return proteins
encoded by genes transferred to the host nucleus back to the chloroplast. The chloroplast
protein presequence can be viewed as a fossil record of this evolutionary process.
Addition of an N-terminal signal peptide allowed chloroplasts to enter the ER and utilize
the exiting ER to vacuole transport system to deliver the protein to the evolving
chloroplast. Signal peptidase cleavage of the signal peptide during translocation into the
ER exposed the transit peptide which with the extant chloroplast import apparatus of the
algal endosymbiont allowed import into the chloroplast. The missing link in the protein
import is the sequence responsible for targeting the Golgi vesicles to the vacuole rather
than to the plasma membrane. A likely candidate for this missing link is the presequence
domain between the second hydrophobic domain and the mature protein junction.
Unfortunately, GFP-fusion proteins cannot be expressed in Euglena making it impossible
to determine the effect of presequence deletions on chloroplast protein targeting.
Targeting sequence function is highly conserved as evidenced by the co-translational
translocation of Euglena chloroplast preproteins into canine microsomes and pea
chloroplasts. Taking advantage of this functional conservation expression of Euglena and
Arabadopsis presequence-GFP deletion constructs in easily transformed mammalian cells
was used in an attempt to determine the function of the presequence region C-terminal to
the second hydrophobic domain and the evolutionary origin of the second hydrophobic
domain within the presequence.
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Materials and Methods
Plasmid construction
The plasmid pEGFP-N1 (Clontech) was used for expression of Euglena pLHCP
and pSSU GFP fusion proteins in mammalian cells. Plasmids encoding the intact and
presequence deletion fusion proteins were made by PCR. All PCRs were carried out in 50
µl reaction volumes with 200 mM Tris-HCl (pH 8.8), 20 mM MgSO4, 100 mM KCl, 100
mM (NH4)2SO4, 1% Triton X-100, 1 mg/ml nuclease-free BSA, 20 Pico moles each of
forward primer and reverse primer, 0.2 mM each of dATP, dGTP, dCTP and dTTP(New
England Biolabs, Ipswich, MA, cat# N0447L), 10 ng of plasmid or 500 ng genomic
DNA, and 2.5 units of cloned Pfu DNA polymerase (Agilent technologies, Santa Clara,
CA, cat#600153). A master mix was prepared by mixing 4.4 µl of 10 mM
Deoxynucleotide Solution (New England Biolabs, cat# N0447L), 22.0 µl of 10 X cloned
Pfu buffer containing 20 mM MgCl2 (Agilent technologies, cat#600153-82) and 193.6 µl
of molecular grade double distilled water in a final volume of 220 µl. Reactions were
assembled by mixing 43 µl master mix, 2 µl DNA, 2 µl forward and reverse primer and 1
µl cloned Pfu DNA polymerase for a final reaction volume of 50 µl. Amplification
conditions were 95 C for 5 min, 40 cycles of 95 C for 45 s, 55 C for 45 s, 72 C for 2
minutes and a final cycle of 72 C with an extension time of 5 min. The PCR products
were cloned into the multiple cloning site of plasmid pEGFP-N1. All plasmids encode
fusion proteins with the GFP at the C-terminal end.
Construction of LHCPII deletion clones
The plasmid P138-438LHCPGFP (Fig. 2.1) encoding a truncated Euglena
pLHCPII lacking amino acids 1-46 of pLHCPII was constructed by PCR using plasmid
73

1NLHCPglyco40 (Sulli C et al., 1999) as template, the 5` primer T7, 5’CGACTCACTATAGGGCGAATTGGAGC-3’, and the 3` primer lhcrevAge, 5’TAATATATACCGGTATGGCGAAGCCAGGGGTCAGCTG-3’ and cloned Pfu DNA
polymerase as recommended by manufacturer. The PCR product was gel purified,
digested with the restriction enzymes HpaI-AgeI, and ligated into the SmaI-AgeI digested
plasmid pEGFP-N1 destroying the HpaI site.
The plasmid PLHCPGFP (Fig. 2.1) encoding the complete Euglena pLHCPII
presequence and a mature pLHCPII was constructed by PCR using the 5` primer T7, the
3` primer lhcrevAge and plasmid 1NLHCP (Sulli C et al., 1999) as template. The PCR
product was gel purified, digested with XhoI-AgeI, and ligated to XhoI-AgeI digested
plasmid pEGFP-N1. The plasmid MLHCP encoding a mature pLHCPII was prepared by
amplifying plasmid 1NLHCP (Sulli C et al., 1999) using the 5` primer matLHCfor, 5’AGATCTCGAGATGGCAACCAGCGGGAAGAAGAGC-3’, and 3` primer lhcrevAge.
The PCR product was gel purified and digested using restriction enzymes XhoI-AgeI. The
restricted fragmented was ligated into XhoI-AgeI cut plasmid pEGFP-N1.
Plasmid P1-138,330-438LHCPGFP (Fig. 2.1) encoding a protein lacking Euglena
pLHCPII presequence amino acids 46 to 110 was constructed by two-step fusion PCR
using plasmid 1NLHCP as a template. The 5’end of plasmid 1NLHCP was amplified
using the 5’ primer T7 and the 3’ primer 138-330rev, 5’CCGAGGAACGGATTTCCAAGCGGGAGCCTGCTGTAT -3’. The 3’ end of plasmid
1NLHCP was amplified using the 5’ primer 138-330for, 5’ATACAGCAGGCTCCCGCTTGGAAATCCGTTCCTCGGCAA-3’, and the 3` primer
lhcrevAge primer. The 5’ and 3’ end PCR products were gel purified and 1ng of each
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was used as template to run an overlapping PCR using the 5’ primer T7 and the 3` primer
lhcrevAge primers.
Plasmid P1-138LHCPGFP (Fig. 2.1) encoding a Euglena pLHCPII lacking
presequence amino acids 46-146 was made using the 5` primer T7 and the 3` primer
lhcrevAge using plasmid 1NLHCPΔ138-438 (Sulli C et al., 1999) as a template for PCR
amplification. The PCR product was gel purified, digested with XhoI-AgeI and inserted
into XhoI-AgeI digested plasmid pEGFP-N1.
Plasmid P1-274,330-438LHCPGFP (Fig. 2.1) encodes a Euglena pLHCPII
protein lacking the presequence second hydrophobic domain corresponding to amino
acids 92-110. Plasmid P1-274,330-438LHCPGFP was constructed by two-step fusion
PCR using plasmid 1NLHCP as a template. The 5’end of plasmid 1NLHCP was
amplified using the 5` primer T7 and the 3` primer 1LHCPdmar reverse, 5’CCGAGGAACGGATTTCCAAGTTGACTTCTCAGTTGCAGGAAGC G-3’. The
3’end of plasmid 1NLHCP was amplified using the 5` primer LHCPdmar forward , 5’GAGAAGTCAACTTGGAAATCCGTTCCTCGGCAACAAG AC-3’, and the 3` primer
lhcrevAge. The 5’ and 3’ end PCR products were gel purified and 1ng of each was used
as template to run an overlapping PCR using the 5` primer T7 and the 3` primer
lhcrevAge. The PCR product was gel purified, digested with XhoI-AgeI and inserted into
XhoI-AgeI digested plasmid pEGFP-N1.
The plasmid P1-274LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 92 to 146 corresponding to the presequence region between the
start of the second hydrophobic domain and the mature protein junction (Fig. 2.1).
Plasmid P1-274LHCPGFP was constructed by two-step fusion PCR using plasmid
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1NLHCP as template. The 5’ end of plasmid 1NLHCP was amplified using the 5` primer
SSUprefor ,5’- GCTACCGGACTCAGATCTCGA GCTC-3’, and the 3` primer 274-438
rev , 5’- GTCTGCAGCAGGTGCTTTAGTTGACTTCTCAGTTGCAGGAAG-3’. The
3’end of plasmid 1NLHCP was amplified using the 5` primer 274-438 for, 5’GCAACTGAGAAGTCAACTAAAGCACCTGCTGCAGACAAC-3’, and the 3` primer
lhcrevAge. The 5’ and 3’ end PCR products were gel purified and 1 ng of each was used
as template to run an overlapping PCR using the 5` primer SSUprefor and the 3` primer
lhcrevAge . The amplified PCR product was gel purified, digested with XhoI-AgeI and
inserted into XhoI-AgeI digested plasmid pEGFP-N1.
Plasmid P138-274,330-438LHCPGFP encodes a protein lacking Euglena
pLHCPII presequence amino acids 1 to 43 which constitute the presequence signal
peptide domain and amino acids 92 to 110 which constitute the second hydrophobic
domain (Fig. 2.1). Plasmid P138-274,330-438LHCPGFP was made by two step fusion
PCR. The 5’ end of plasmid P138-438LHCPGFP was amplified using the 5` primer
SSUprefor and the 3` primer 1LHCPdmarreverse. The 3’end of plasmid 1NLHCP was
amplified using the 5` primer LHCPdmarforward and the 3` primer lhcrevAge. The 5’
and 3’ end PCR products were gel purified and 1ng of each was used as template to run
an overlapping PCR reaction using the 5` primer SSUprefor and the 3` primer lhcrevAge
. The PCR product was gel purified, digested with XhoI-AgeI and inserted into XhoI-AgeI
digested plasmid pEGFP-N1.
Plasmid P138-274LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 1 to 43 which constitute the presequence signal peptide domain
and amino acids 92 to 146 which constitute the second hydrophobic domain followed by
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the remaining downstream presequence region (Fig. 2.1). Plasmid P138-274LHCPGFP
was made by two-step fusion PCR. The 5’end of plasmid 1NLHCPΔ1-138 was amplified
using the 5` primer SSUprefor and the 3` primer 274- 438 rev. The 3’end of plasmid
1NLHCP was amplified using the 5` primer 274-438 and the 3` primer lhcrevAge. The 5’
and 3’ end PCR products were gel purified and 1ng of each was used as template to run
an overlapping PCR using the 5` primer SSUprefor and the 3` primer lhcrevAge primers.
The PCR product was gel purified, digested with XhoI-AgeI and inserted into XhoI-AgeI
digested plasmid pEGFP-N1.
Construction of SSU deletion constructs
Plasmids for expression of GFP fusion proteins with deletions in the presequence
of the small subunit of ribulose-1, 5-bisphosphate carboxylase (pSSU) were made by
ligating PCR products encoding the deletion protein into SacI-BamHI cut plasmid
PEGFPBam. Plasmid PEGFPBam was made using PCR to remove the AgeI site in
plasmid pEGFP-N1. PCR was performed using plasmid pEGFP-N1 as template the 5`
primer EGFPtran forward, 5’AAGTCCATGGCCCGGGATCCACCAGTCGCCACGATGGTGAG-3’and the 3`
primer 3`EGFrreverse, 5’-TCGAGTGCGGCCGCTTTACTTGTA-3’. The PCR product
was gel purified and digested using restriction enzymes SmaI-NotI. The restricted
fragmented was ligated into SmaI-NotI cut plasmid pEGFP-N1. Plasmid PSSUGFP (Fig.
2.1) encoding the complete Euglena pSSU presequence and a mature pSSU was
constructed by digesting plasmid 1PSSU (Slavikova S et al., 2005) with SacI-BamHI.
The restriction fragment was separated from the plasmid, gel purified, and ligated into
SacI-BamHI cut plasmid PEGFPBam.
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Plasmid P111-402SSUGFP (Fig. 2.1) encoding a protein lacking Euglena pSSU
presequence amino acids 1 to 37 was made by digesting plasmid 1PSSUΔ1111(Slavikova S et al., 2005) with SacI-AgeI. The restriction fragment was gel purified
and ligated into SacI-AgeI digested plasmid PSSUGFP.
Plasmid P1-141,342-402SSUGFP (Fig. 2.1) encoding a protein lacking Euglena
pSSU presequence amino acids 47 to 114 was constructed by two-step fusion PCR using
plasmid PSSUGFP as a template. The 5’end of plasmid PSSUGFP was amplified using
the 5` primer SSUprefor and the 3` primer 141-342rev, 5’CTTCATCATCGCCATTTTAGTCACTGACAGCTGCGTTCC-3’. The 3’end of
plasmid PSSUGFP was amplified using the 5` primer 141-342for, 5’ACGCAGCTGTCAGTGACTAAAATGGCGATGATGAAGCCTAAG-3’, and the 3`
primer EGFrreverse. The 5’ and 3’ end PCR products were gel purified and 1ng of each
was used as template to run an overlapping PCR using the 5` primer SSUprefor and the
3` primer EGFrreverse . The PCR product was gel purified, digested with SacI-AgeI and
inserted into SacI-AgeI digested plasmid PSSUGFP.
Plasmid PSSU1-141SSUGFP (Fig. 2.1) encoding a protein lacking Euglena pSSU
presequence amino acids 47 to 134 was made in two step fusion PCR using plasmid
PSSUGFP as template. The 5’ end of plasmid PSSUGFP was amplified using the 5`
primer SSUprefor and the 3` primer 141-402rev, 5’GGGGTTCCACACCTTCATAGTCACTGACAGCTGCGT -3’. The 3’ end of plasmid
PSSUGFP was amplified using the 5` primer 141-402for primer, 5’ACGCAGCTGTCAGTGACTATGAAGGTGTGGAACCCCGTCAAC -3’and the 3`
primer EGFrreverse. The 5’ and 3’ end PCR products were gel purified and 1ng of each
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was used as template to run an overlapping PCR using the 5` primer SSUprefor and the
3` primer EGFrreverse . The PCR product was gel purified, digested with SacI-AgeI and
inserted into SacI-AgeI digested plasmid PSSUGFP.
Plasmid P1-289,342-402SSUGFP encodes a protein lacking Euglena pSSU
presequence amino acids 97 to 114 which constitute the second hydrophobic domain
(Fig. 2.1). The plasmid P1-289,342-402SSUGFP was made in two-step fusion PCR using
plasmid PSSUndestopKS+ (Muchhal and Schwartzbach, 1994) and plasmid PSSUGFP as
templates. The 5’ end of plasmid PSSUndestopKS+ was amplified using the 5` primer T7
and the 3` primer SSUdmar reverse primer, 5GCTTCATCATCGCCATTTTCCAACGGCGAGATTCGCTCTCTGCGC-3’. The 3’end
of plasmid PSSUGFP was amplified using the 5` primer SSUdmar forward, 5’CGCCGTTGGAAAATGGCGATGATGAAGCCTAAGGTGGC -3’ and the 3` primer
EGFrreverse. The 5’ and 3’ end PCR products were gel purified and 1ng of each was
used as template to run an overlapping PCR using the 5` primer T7 primer and the 3`
primer EGFrreverse. The PCR product was gel purified, digested with SacI-AgeI and
ligated to SacI-AgeI digested plasmid PSSUGFP.
Plasmid P1-289SSUGFP encodes a protein lacking Euglena pSSU presequence
amino acids 97 to 134 (Fig. 2.1). The plasmid was made by two step fusion PCR using
plasmid PSSUGFP as template. The 5’end of plasmid PSSUGFP was amplified using the
5` primer SSUprefor and the 3` primer 3’PSSUdw2rev, 5’GTTGACGGGGTTCCACACCTTCATCCAACGGCGAGATTCGCTCTCTGCGCC3’). The 3’end of plasmid PSSUGFP was amplified using the 5` primer 5’PSSUdw2for,
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GGCGCAGAGAGCGAATCTCGCCGTTGGATGAAGGTGTGGAACCCCGTCAAC3’ and the 3` primer EGFrreverse. The 5’ and 3’ end PCR products were gel purified and
1ng of each was used as template to run an overlapping PCR using the 5` primer
SSUprefor and the 3` primer EGFrreverse. The PCR product was gel purified, digested
with SacI-AgeI and ligated to SacI-AgeI digested plasmid PSSUGFP.
Plasmid P111-289,342-402SSUGFP encodes a protein lacking Euglena pSSU
presequence amino acids 1 to 37 which constitute the presequence signal peptide domain
and amino acids 97 to 114 which constitute the second hydrophobic domain (Fig. 2.1).
Plasmid 1PSSUΔ289-342(Slavikova S et al., 2005) was digested with SacI-AgeI, the
restriction fragment was gel purified and ligated into SacI-AgeI digested plasmid
PSSUGFP.
Plasmid P111-289SSUGFP encodes a protein lacking Euglena pSSU presequence
amino acids 1 to 37 which constitute the presequence signal peptide domain and amino
acids 97 to 134 which constitute the second hydrophobic domain followed by the
remaining downstream presequence region (Fig. 2.1). Plasmid 1PSSUΔ289-402
(Slavikova S et al., 2005) was digested with SacI-AgeI. The restriction fragment was gel
purified and ligated into SacI-AgeI digested plasmid PSSUGFP at the sites.
Construction of LHCPII Presequence GFP fusion deletion constructs
A series of plasmids encoding intact or altered pLHCPII and pSSU presequences
fused directly to EGFP were prepared. The encoded proteins differ from the altered
pLHCPII and pSSU fusion proteins only by the absence of the mature SSU or LHCP.
Plasmid pre138-438LHCPGFP (Fig. 2.2) encoding a truncated Euglena pLHCPII
lacking amino acids 1 to 46 of pLHCPII was constructed by PCR using plasmid P13880

438LHCPGFP as template, the 5` primer LHCP pre forward, 5’GGCTCGAGATGGCTTCTGCAGTTATTCCT-3’ and the 3` primer LHCP pre reverse,
5’-TCCACCGGTTCTGCAGCAGGTGCTTTG-3’, and cloned Pfu DNA polymerase as
recommended by manufacturer. The PCR product was gel purified, digested with XhoIAgeI, and ligated into XhoI-AgeI digested plasmid pEGFP-N1.
Plasmid preLHCPGFP (Fig. 2.2) encodes the complete Euglena pLHCPII
presequence. Plasmid PLHCPGFP was digested with XhoI-PstI. The restriction fragment
was gel purified and ligated into XhoI-PstI digested plasmid pre138-438LHCPGFP.
Plasmid pre1-138,330-438LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 46 to 110 which constitute transit peptide of presequence.
Plasmid P1-138,330-438LHCPGFP was digested with XhoI-PstI. The restriction
fragment was gel purified and ligated into XhoI-PstI digested plasmid pre138438LHCPGFP.
Plasmid pre1-138LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 46 to 146 which constitute the stromal targeting domain within
presequence (Fig. 2.2). Plasmid P1-138LHCPGFP was digested with XhoI-PstI. The
restriction fragment was gel purified and ligated into XhoI-PstI digested plasmid pre138438LHCPGFP.
Plasmid pre1-274,330-438LHCPGFP encodes a protein lacking Euglena
pLHCPII presequence amino acids 92 to 110 which constitute the second hydrophobic
domain of presequence (Fig. 2.2). Plasmid P1-274,330-438LHCPGFP was digested with
XhoI-PstI. The restriction fragment was gel purified and ligated into XhoI-PstI digested
plasmid pre138-438LHCPGFP.
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Plasmid pre1-274LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 92 to 146 which constitute the beginning of second hydrophobic
domain following downstream presequence (Fig. 2.2). Plasmid P1-274LHCPEGFP was
digested with XhoI-PstI. The restriction fragment was gel purified and ligated into XhoIPstI digested plasmid pre138-438LHCPGFP.
Plasmid pre138-274,330-438LHCPGFP encodes protein lacking Euglena
pLHCPII presequence amino acids 1 to 46 which constitute the presequence signal
peptide domain and amino acids 92 to 110 which constitute the second hydrophobic
domain (Fig. 2.2). Plasmid pre138-274,330-438LHCPGFP was constructed by PCR
using P138-274,330-438LHCPGFP as template, the 5` primer LHCP pre forward and the
3` primer LHCP pre reverse. The PCR product was gel purified, digested with XhoI-AgeI
and ligated to XhoI-AgeI restricted plasmid pEGFP-N1.
Plasmid pre138-274LHCPGFP encodes a protein lacking Euglena pLHCPII
presequence amino acids 1 to 46 which constitute the presequence signal peptide domain
and amino acids 92 to 146 which constitute the second hydrophobic domain followed by
the remaining downstream presequence region (Fig. 2.2). Plasmid P138-274LHCPGFP
was digested with PstI. The restriction fragment was gel purified and ligated into PstI
digested plasmid pre138-274,330-438LHCPGFP. The constructed obtained was
sequenced with rest of the constructs to check for alignment.
Construction of SSU Presequence GFP fusion deletion constructs
Plasmid preSSUGFP (Fig. 2.2) encoding a truncated Euglena pSSU lacking
amino acids 1 to 46 of pSSU was constructed by PCR using plasmid PSSUGFP as
template, the 5` SSUpre forward, the 3’ SSUprereverse, 5’82

CACCGGTGGATCCTTATCCTTCTCTGATGTA-3’, and cloned Pfu DNA polymerase
as recommended by manufacturer. The PCR product was gel purified, digested with SacIAgeI, and ligated into SacI-AgeI digested plasmid pEGFP-N1.
Plasmid pre111-402SSUGFP (Fig. 2.2) encoding a protein lacking Euglena pSSU
presequence amino acids 1 to 37 was made by PCR using plasmid P111-402SSUGFP as
template, the 5` SSUpre forward, the 3’ SSUprereverse, and cloned Pfu DNA polymerase
as recommended by manufacturer. The PCR product was gel purified, digested with SacIAgeI, and ligated into SacI-AgeI digested plasmid pEGFP-N1.
Plasmid pre1-141,342-402SSUGFP (Fig. 2.2) encoding a protein lacking Euglena
pSSU presequence amino acids 47 to 114 was made by PCR using plasmid P1-141,342402SSUGFP as template, the 5` SSUpre forward, the 3’ SSUprereverse, and cloned Pfu
DNA polymerase as recommended by manufacturer. The PCR product was gel purified,
digested with SacI-AgeI, and ligated into SacI-AgeI digested plasmid pEGFP-N1.
Plasmid pre1-289,342-402SSUGFP (Fig. 2.2) encoding a protein lacking Euglena
pSSU presequence amino acids 97 to 114 which constitute the second hydrophobic
domain in presequence was made by PCR using plasmid P1-289,342-402SSUGFP as
template, the 5` SSUpre forward, the 3’ SSUprereverse, and cloned Pfu DNA polymerase
as recommended by manufacturer. The PCR product was gel purified, digested with SacIAgeI, and ligated into SacI-AgeI digested plasmid pEGFP-N1.
Plasmid pre111-289,342-402GFP encodes protein lacking Euglena pSSU
presequence amino acids 1 to 37 which constitute the presequence signal peptide domain
and amino acids 97 to 114 which constitute the second hydrophobic domain (Fig. 2.2).
Plasmid pre111-289,342-402GFP was made by PCR using plasmid P111-289,34283

402SSUGFP as template, the 5` SSUpre forward, the 3’ SSUprereverse primer. The PCR
product was gel purified, digested with SacI-AgeI and ligated to SacI-AgeI restricted
plasmid pEGFP-N1.
Plasmid pre1-289SSUGFP (Fig. 2.2) encoding a protein lacking Euglena pSSU
presequence amino acids 97 to 134 which constitute the second hydrophobic domain and
downstream presequence was made by PCR using plasmid P1-289SSUGFP as template,
the 5` SSUpre forward, and the 3’ Pre289-402 rev, 5’TCTACCGGTATCCAACGGCGAGATTCGCTCT-3’. The PCR product was gel
purified, digested with SacI-AgeI, and ligated into SacI-AgeI digested plasmid pEGFPN1.
Plasmid pre111-289SSUGFP encodes a protein lacking Euglena pSSU
presequence amino acids 1 to 37 which constitute the presequence signal peptide domain
and amino acids 97 to 134which constitute the second hydrophobic domain followed by
the remaining downstream presequence region (Fig. 2.2). Plasmid pre111-289SSUGFP
was constructed by PCR using P111-289SSUGFP as template, the 5` SSUpre forward,
and the 3’ Pre289-402 rev primers. The PCR product was gel purified, digested with
SacI-AgeI, and ligated into SacI-AgeI digested plasmid pEGFP-N1.
Plasmid pre1-141SSUGFP (Fig. 2.2) encoding a protein lacking Euglena pSSU
presequence amino acids 47 to 134 which constitute the stromal targeting domain was
made by PCR using plasmid P1-141SSUGFP as template, the 5` SSUpre forward, and the
3’ 141-402 PRE reverse,5’-CTACCGGTATAGTCACTGACAGCTGCGT-3’. The PCR
product was gel purified, digested with SacI-AgeI, and ligated into SacI-AgeI digested
plasmid pEGFP-N1.
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Construction of Arabidopsis and Euglena chimeric fusion plasmids
Plasmids RbcS-nt:GFP, Cab:GFP,BCCP:GFP,DnaJ-J8:GFP,PORA: GFP,
GLU2:GFP, and TOCC:GFP constructed by Lee and kim were obtained upon request
(Lee et al., 2008).The plasmids RbcSGFP, CABGFP, BCCPGFP, DnaJGFP, PORAGFP,
GLUGFP, and TOCCGFP encode the transit peptide of RbcS, Cab, BCCP, DnaJ-J8,
PORA, GLU2, and TOCC fused to a C-terminal GFP in pEGFP-N1 vector (Fig. 2.3). The
N-terminal regions of the transit peptides used contain the processing site as predicted by
chlorP. The plasmids were made using PCR to amplify the transit peptides. NheI site was
introduced in the amplified 5’ end and XhoI site in the amplified 3 ‘end of transit peptide
using PCR. The restriction sites were inserted by constructing forward and reverse
primers with modified 5’ end containing the necessary restriction site. The amplified
PCR products were inserted into NheI and Sall restricted pEGFP-N1 vector. XhoI and
Sall sites are compatible thus ligation destroys the site in the newly formed plasmid.
Plasmid RbcSGFP (Fig. 2.3) encoding a protein containing Arabidopsis RbcS
transit peptide followed by GFP fusion was made by PCR using RbcS-nt:GFP (Lee et al.,
2006) as template, the 5’ primer RbcS For, 5’AGGCTAGCATGGCTTCCTCTATGCTCTC-3’,and the 3’ primer RbcS Rev,5’TTCTCGAGCAGTTAACTCTTCCGCCGTTGC-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-SalI digested plasmid pEGFP-N1.
Plasmid CABGFP (Fig. 2.3) encoding a protein containing Arabidopsis CAB
transit peptide followed by GFP fusion was made by PCR using CAB:GFP (Lee et al.,
2008) as template, the 5’ primer CAB For, 5’GGGCTAGCATGGCGTCGAACTCGCTTAT-3’,and the 3’ primer CAB Rev,5’85

AGCTCGAGGATGGTCGTGGCTCGCCAGG-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-Sall digested plasmid pEGFP-N1.
Plasmid BCCPGFP (Fig. 2.3) encoding a protein containing Arabidopsis BCCP
transit peptide followed by GFP fusion was made by PCR using BCCP:GFP (Lee et al.,
2008) as template, the 5’ primer BCCP For, 5’ATGCTAGCATGGCGTCTTCGTCGTTC-3’,and the 3’ primer BCCP Rev,5’CTCGAGGTCCCATCAACTTTGGCAGC-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-Sall digested plasmid pEGFP-N1.
Plasmid DnaJGFP (Fig. 2.3) encoding a protein containing Arabidopsis DnaJ-J8
transit peptide followed by GFP fusion was made by PCR using DnaJ-J8:GFP (Lee et al.,
2008) as template, the DnaJ-J8 For, 5’- ATGCTAGCATGACAATTGCTTTAACG3’,and the 3’ primer DnaJ-J8 Rev,5’-GCCTCGAGCGAACGACTTTTGATCTG-3’. The
PCR product was gel purified, digested with NheI-XhoI, and ligated into NheI-Sall
digested plasmid pEGFP-N1.
Plasmid PORAGFP (Fig. 2.3) encoding a protein containing Arabidopsis PORA
transit peptide followed by GFP fusion was made by PCR using PORA:GFP (Lee et al.,
2008) as template, the 5’ primer PORA For, 5’ATGCTAGCATGGCCCTTCAAGCTGCT-3’,and the 3’ primer PORA Rev,5’GCCTCGAGCGTCTCAATGAGGAAGAGAC-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-Sall digested plasmid pEGFP-N1.
Plasmid GLUGFP (Fig. 2.3) encoding a protein containing Arabidopsis GLU2
transit peptide followed by GFP fusion was made by PCR using GLU2:GFP (Lee et al.,
2008) as template, the 5’ primer GLU2 For, 5’86

ATGCTAGCATGGCTCTACAGTCTCCC-3’,and the 3’ primer GLU2 Rev,5’GCCTCGAGCGTTTCACCGAAAACGGAGA-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-SalI digested plasmid pEGFP-N1.
Plasmid TOCCGFP (Fig. 2.3) encoding a protein containing Arabidopsis TOCC
transit peptide followed by GFP fusion was made by PCR using TOCC:GFP (Lee et al.,
2008) as template, the 5’ primer TOCC For, 5’ATGCTAGCATGGAGATACGGAGCTTG-3’,and the 3’ primer TOCC Rev,5’GCCTCGAGCGCGAAACCCTAGAAATGG-3’. The PCR product was gel purified,
digested with NheI-XhoI, and ligated into NheI-Sall digested plasmid pEGFP-N1.
The chimeric plasmids with Arabidopsis transit peptide followed by Euglena
pLHCPII or pSSU presequence from the start of second hydrophobic domain to the
presequence mature protein junction were directly fused with a GFP protein.
Plasmid preRbcS274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis RbcS transit
peptide followed by Euglena pLHCPII presequence amino acids 92 to 146 which
constitute start of second hydrophobic domain to the presequence mature protein
junction, was made by PCR using RbcSGFP as template, the 5’ primer RbcS For and the
3’ primer RbcS Rev. The PCR product was gel purified, digested with NheI-XhoI, and
ligated into NheI-XhoI digested plasmid pre274-438LHCPGFP.
Plasmid preCAB274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis CAB transit
peptide followed by Euglena pLHCPII presequence from the start of second hydrophobic
domain to the presequence mature protein junction, was made by PCR using CABGFP as
template, the 5’ primer CAB For and the 3’ primer CAB Rev. The PCR product was gel
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purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested plasmid pre274438LHCPGFP.
Plasmid preBCCP274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis BCCP
transit peptide followed by Euglena pLHCPII presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
BCCPGFP as template, the 5’ primer BCCP For and the 3’ primer BCCP Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre274-438LHCPGFP.
Plasmid preDnaJ274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis DnaJ-J8
transit peptide followed by Euglena pLHCPII presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
DnaJGFP as template, the 5’ primer DnaJ-J8 For and the 3’ primer DnaJ-J8 Rev. The
PCR product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI
digested plasmid pre274-438LHCPGFP.
Plasmid prePORA274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis PORA
transit peptide followed by Euglena pLHCPII presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
PORAGFP as template, the 5’ primer PORA For and the 3’ primer PORA Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre274-438LHCPGFP.
Plasmid preGLU274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis GLU2
transit peptide followed by Euglena pLHCPII presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
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GLUGFP as template, the 5’ primer GLU2 For and the 3’ primer GLU2 Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre274-438LHCPGFP.
Plasmid preTOCC274-438LHCPGFP (Fig. 2.3) encoding Arabidopsis TOCC
transit peptide followed by Euglena pLHCPII presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
TOCCGFP as template, the 5’ primer TOCC For and the 3’ primer TOCC Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre274-438LHCPGFP.
Plasmid preRbcS289-402SSUGFP (Fig. 2.3) encoding Arabidopsis RbcS transit
peptide followed by Euglena pSSU presequence amino acids 97 to 134 which constitute
start of second hydrophobic domain to the presequence mature protein junction, was
made by PCR using RbcSGFP as template, the 5’ primer RbcS For and the 3’ primer
RbcS Rev. The PCR product was gel purified, digested with NheI-XhoI, and ligated into
NheI-XhoI digested plasmid pre289-402SSUGFP.
Plasmid preCAB289-402SSUGFP (Fig. 2.3) encoding Arabidopsis CAB transit
peptide followed by Euglena pSSU presequence from the start of second hydrophobic
domain to the presequence mature protein junction, was made by PCR using CABGFP as
template, the 5’ primer CAB For and the 3’ primer CABRev. The PCR product was gel
purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested plasmid pre289402SSUGFP.
Plasmid preBCCP289-402SSUGFP (Fig. 2.3) encoding Arabidopsis BCCP transit
peptide followed by Euglena pSSU presequence from the start of second hydrophobic
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domain to the presequence mature protein junction, was made by PCR using BCCPGFP
as template, the 5’ primer BCCP For and the 3’ primer BCCP Rev. The PCR product was
gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested plasmid
pre289-402SSUGFP.
Plasmid preDnaJ289-402SSUGFP (Fig. 2.3) encoding Arabidopsis DnaJ-J8
transit peptide followed by Euglena pSSU presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
DnaJGFP as template, the 5’ primer DnaJ-J8 For and the 3’ primer DnaJ-J8 Rev. The
PCR product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI
digested plasmid pre289-402SSUGFP.
Plasmid prePORA289-402SSUGFP (Fig. 2.3) encoding Arabidopsis PORA
transit peptide followed by Euglena pSSU presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
PORAGFP as template, the 5’ primer PORA For and the 3’ primer PORA Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre289-402SSUGFP.
Plasmid preGLU289-402SSUGFP (Fig. 2.3) encoding Arabidopsis GLU2 transit
peptide followed by Euglena pSSU presequence from the start of second hydrophobic
domain to the presequence mature protein junction, was made by PCR using GLUGFP as
template, the 5’ primer GLU2 For and the 3’ primer GLU2 Rev. The PCR product was
gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested plasmid
pre289-402SSUGFP.
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Plasmid preTOCC289-402SSUGFP (Fig. 2.3) encoding Arabidopsis TOCC
transit peptide followed by Euglena pSSU presequence from the start of second
hydrophobic domain to the presequence mature protein junction, was made by PCR using
TOCCGFP as template, the 5’ primer TOCC For and the 3’ primer TOCC Rev. The PCR
product was gel purified, digested with NheI-XhoI, and ligated into NheI-XhoI digested
plasmid pre289-402SSUGFP.
Cell culture and transfection
COS-7 cells (African Green Monkey SV40-transformed kidney fibroblast cell
line) were cultured in complete medium containing Dulbecco’s modified Eagle’s medium
(DMEM) (Fisher Scientific, Pittsburgh, PA) with 10% fetal bovine serum (Fisher
scientific) at 37 C in 5%CO2. Cells were cultured for 3 days in 60 mm culture dishes until
80% confluent. Cells were detached from the culture dish by incubation for 3 minutes at
37 C with 3 ml of trypsin EDTA (0.25% Trypsin, 2.21 mM EDTA in HBSS without
sodium bicarbonate, calcium and magnesium), the reaction was terminated by addition of
3 ml of DMEM containing 10% fetal bovine serum and the detached cells were
transferred to a sterile 15 ml disposable conical centrifuge tube. The detached cells were
recovered by centrifugation for 3 minutes at 1400 x g in a desktop centrifuge. The cells
were resuspended in 5 ml of DMEM containing 10% fetal bovine serum and cell number
was determined using a haemocytometer. Cells were seeded onto round cover slips in the
wells of a 24 well tissue culture plate (Fisher Scientific) at a final density of 20,000 cells
per well. COS-7 cells were inoculated into each well containing a round circular cover
slip. Complete medium was added to each well and the cells were incubated at 37 C
overnight to allow the cells to attach to the cover slip.
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Cells were transfected by the calcium phosphate procedure (Schenborn and
Goiffon 2000). DNA (3 µg) was mixed with 3 µl of 2.5 M CaCl2 and the final volume
was adjusted to 30 µl using sterile double distilled water. The mixture was vortexed and
30µl of sterile 2XHEPES buffer (280 mM NaCl,50 mM HEPES acid,1.5 mM
Na2HPO4.2H2O, pH 7.05 and filter sterilized using 0.2 µm membrane) was added. The
transfection mixture was maintained at room temperature for 20 minutes. The media was
removed from the wells in the culture dish and replaced with 500 µl of incomplete media
(DMEM without Fetal bovine serum) media containing 30 µl of transfection mixture. The
plates were swirled gently and the cells were incubated at 37 C, 5 % CO2 for 5 hours. The
transfection mix containing medium was removed, the cells were washed twice with
DPBS (Dulbecco`s Phosphate Buffered Saline, 0.0095 M (PO4) without calcium or
magnesium) (Fisher Scientific) and fresh complete media was added to each well.
Cultures were incubated for 12 hours after transfection and stained for confocal
microscopy.
Confocal Imaging
Approximately 12 hours after transfection, the cells were stained with Bodipy TR
ceramide (Invitrogen, Carlsbad, CA), an ER Golgi specific dye, and with Lysotracker
(Invitrogen), a lysosomal specific dye. The cells were stained for 30 minutes with 5 µM
final concentration of Bodipy-TR or 1µM final concentration of Lysotracker and washed
twice for 10 minutes with DPBS. The PBS was removed and the coverslip was placed
over a depression slide, cell side down containing incomplete DMEM media. The images
were acquired at 543 nm for GFP and 638 nm for dye fluorescence using a Nikon Eclipse
E800 Confocal Microscope using a 60 X objective. The cells were stained with respective
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dyes 12 hours after transfection and watched for GFP signal under a confocal
microscope.
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Results
Localization of complete presequence constructs with constructs lacking
presequence, only mature protein:
Computer analysis and in vitro experiments have identified a functional Nterminal signal peptide, a chloroplast targeting transit peptide and a stop transfer
membrane anchor sequence within the presequence of Euglena chloroplast proteins. The
functionality of the region C-terminal to the stop transfer sequence remains undefined. A
stop transfer function was also identified within the mature LHCPII protein. The in vitro
studies also found that the transit peptide responsible for uptake by pea chloroplasts also
functioned in the presence of canine microsomes as an ER targeting signal peptide. In
vitro results are not always indicative of what occurs in vivo. Targeting sequences have
been evolutionarily conserved, a fact exemplified by the in vitro studies with Euglena
presequences. In vivo localization studies using GFP fusion proteins provide a rapid and
simple method to dissect presequence functional domains. Unfortunately, GFP fusion
proteins have not been expressed in Euglena. To better delineate the functional domains
within the Euglena presequences, we have therefore taken advantage of the evolutionary
conservation of targeting sequence function and studied the intracellular localization of
Euglena presequence GFP fusion proteins in COS-7 cells.
A major problem with in vivo localization of transiently expressed GFP fusion
proteins is mislocalization due to overexpression. Preliminary experiments found that 12
hours post transfection was the earliest time that GFP fluorescence could be detected in
COS-7 cells transiently transfected with plasmid pEGFP-N1 and plasmid PSSUGFP. The
intracellular localization at 12 hours was the same as at 16 hours. Based on these results,
94

12 hour post transfection was chosen as the optimal time to examine intracellular
localization of the expressed GFP fusion proteins.
Cells transfected with plasmid PLHCPGFP and plasmid PSSUGFP exhibited
intense perinuclear green fluorescence with less intense punctuate cytoplasmic and
nuclear membrane fluorescence. Plasma membrane fluorescence was not seen. The
perinuclear GFP fluorescence suggests the PLHCPGFP and PSSUGFP fusion proteins
are localized to the Golgi apparatus but a perinuclear and punctuate cytoplasmic
fluorescence would also be consistent with localization to an endosomal compartment. To
distinguish Golgi apparatus from endosomal localization, cells were stained with the red
fluorescing Golgi-ER specific dye, or the endosomal/lysosomal specific dye, Lysotracker.
Bodipy TR ceramide stained cells exhibited intense perinuclear and nuclear membrane
staining while Lysotracker stained cells exhibited a more punctuate cytoplasmic staining
pattern. Merging the GFP fusion protein and Bodipy TR ceramide fluorescence clearly
shows that the GFP fusion protein and the Bodipy TR ceramide are localized to the same
perinuclear compartment, the Golgi apparatus (Fig. 2.4). Merging the Lysotracker and
GFP fusion protein fluorescence clearly shows that the GFP fusion proteins are not
localized to the endosomal compartments identified by Lysotracker fluorescence.
To demonstrate that the bipartite Euglena chloroplast protein presequence is
necessary and sufficient to target proteins to the Golgi apparatus the intracellular
localization of direct presequence GFP fusion proteins and mature proteins(GFP fusion)
lacking a presequence was determined. Intense perinuclear GFP fluorescence without
plasma membrane fluorescence was seen 12 hour post transfection in cells transfected
with plasmid preLHCPGFP encoding a protein containing the Euglena pLHCPII
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presequence fused directly to GFP and preSSUGFP encoding a protein containing the
Euglena pSSU presequence fused directly to GFP. The GFP fluorescence colocalized
with Bodipy TR cerimide staining but was not co-localized with Lysotrakcer
fluorescence clearly demonstrating that the fusion proteins were not in an endosomal
compartment (Fig. 2.4). Diffuse cytoplasmic and nuclear fluorescence was observed in
cells transfected with plasmid MLHCPGFP encoding a protein containing the mature
LHCP fused to GFP, plasmid MSSUGFP encoding a protein containing mature SSU
fused to GFP and plasmid pEGFP-N1 encoding a variant of wildtype GFP (Fig. 2.5). The
cytoplasmic localization of the mature LHCPGFP fusion protein and the mature SSU
GFP fusion protein clearly demonstrates that the Euglena chloroplast protein bipartite
presequence is necessary and sufficient for targeting proteins to the Golgi apparatus.
A Functional signal peptide in the bipartite presequence is sufficient for ER
translocation and Golgi localization
Euglena presequence GFP fusion proteins were always localized to the Golgi
apparatus and never to the plasma membrane suggesting that they are either secreted
from the cell or retained in the Golgi apparatus. In vivo studies in Euglena and in vitro
studies with canine microsomes have shown that the Euglena pLHCP and pSSU are
inserted into the membrane as integral membrane proteins. Integral membrane proteins
transported from the Golgi apparatus are not secreted but become part of the plasma
membrane. Since both the complete precursors encoded by plasmid PLHCPGFP and
PSSUGFP and the direct presequence GFP fusion proteins encoded by preLHCPGFP and
preSSUGFP did not show plasma membrane fluorescence, it appears that the Euglena
bipartite presequence contains a Golgi localization signal. In vitro experiments with
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canine microsomes identified two presequence domains corresponding to the regions
containing each of the hydrophobic domains within the bipartite presequence as signal
peptides. The intracellular localization of a series of proteins with presequence deletions
was studied in order to identify the signal peptide and Golgi localization domains within
the presequence.
Intense GFP perinuclear fluorescence with less intense punctuate cytoplasmic and
nuclear membrane fluorescence was observed in cells transfected with plasmid P1138,330-438LHCPGFP encoding a pLHCPII GFP fusion protein lacking the presequence
region between the end of the presumptive N-terminal signal peptide to the end of the
second hydrophobic domain, plasmid P1-138LHCPGFP encoding a pLHCPII GFP fusion
protein lacking the presequence region between the end of the presumptive N-terminal
signal peptide to the presequence mature LHCPII protein junction, plasmid P1-274,330438LHCPGFP encoding a pLHCPII GFP fusion protein lacking the presequence second
hydrophobic domain and plasmid P1-274LHCPGFP encoding a pLHCPII GFP fusion
protein lacking the presequence region between the start of the second hydrophobic
domain and the presequence mature LHCPII protein junction (Fig. 2.6). Plasma
membrane fluorescence was not seen. Merging the LHCPII GFP fusion protein
fluorescence and the Bodipy TR ceramide fluorescence clearly showed that all the fusion
proteins were localized to the Golgi apparatus. Similar results were obtained in cells
transfected with plasmid pre1-138,330-438LHCPGFP encoding a pLHCPII presequence
GFP direct fusion protein lacking presequence region between the end of the presumptive
N-terminal signal peptide to the end of the second hydrophobic domain, plasmid pre1138LHCPGFP encoding a pLHCPII presequence GFP direct fusion protein lacking the
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region between the end of the presumptive N-terminal signal peptide in presequence and
the presequence mature pLHCPII protein junction, plasmid pre1-274,330-438LHCPGFP
encoding a pLHCPII presequence GFP direct fusion protein lacking the presequence
second hydrophobic domain, and plasmid pre1-274LHCPGFP encoding a pLHCPII
presequence GFP direct fusion protein lacking the region between the start of the second
hydrophobic domain in presequence and the presequence mature pLHCPII protein
junction (Fig. 2.7) indicating that only the presequence and not the mature protein
determined intracellular localization.
Intense perinuclear GFP fluorescence with less intense punctuate cytoplasmic and
nuclear membrane fluorescence was also observed in cells transfected with plasmid P1141,342-402SSUGFP encoding a pSSU GFP fusion protein lacking the presequence
region between the end of the presumptive N-terminal signal peptide and the end of the
second hydrophobic domain, plasmid P1-141SSUGFP encoding a pSSU GFP fusion
protein lacking the presequence region between the end of the presumptive N-terminal
signal peptide and the presequence mature SSU protein junction, plasmid P1-289,342402SSUGFP encoding a pSSU GFP fusion protein lacking the presequence second
hydrophobic domain and plasmid P1-289SSUGFP encoding a pSSU GFP fusion protein
lacking the presequence region between the start of the second hydrophobic domain and
the presequence mature SSU protein junction. Merging the SSU GFP fusion protein
fluorescence with the Bodipy TR ceramide fluorescence showed that all of the fusion
proteins were localized to the Golgi apparatus (Fig. 2.8). As found for the direct LHCPII
deletion presequence GFP fusion proteins, the corresponding direct SSU deletion
presequence GFP fusion proteins encoded by plasmids pre1-141,342-402SSUGFP
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encoding a pSSU GFP fusion protein lacking the presequence region between the end of
the presumptive N-terminal signal peptide and the end of the second hydrophobic
domain, plasmid pre1-141SSUGFP encoding a pSSU GFP fusion protein lacking the
presequence region between the end of the presumptive N-terminal signal peptide and the
presequence mature SSU protein junction, plasmid pre1-289,342-402SSUGFP encoding
a pSSU GFP fusion protein lacking the presequence second hydrophobic domain and
plasmid pre1-289SSUGFP encoding a pSSU GFP fusion protein lacking the presequence
region between the start of the second hydrophobic domain and the presequence mature
SSU protein junction were localized to the Golgi apparatus (Fig. 2.9). Taken together, the
studies with the pSSU and pLHCPII presequence deletions demonstrate that the Euglena
chloroplast protein presequences contain an N-terminal signal peptide that is necessary
and sufficient for ER translocation and Golgi localization.
Dual targeting role of transit peptide in initiating import into chloroplasts or into
the ER
In vitro studies with pea chloroplasts have identified the pSSU presequence
region between the end of the N-terminal signal peptide and the beginning of the second
hydrophobic domain as the minimal presequence region that functions as a transit peptide
initiating precursor translocation into higher plant chloroplasts. The entire pSSU
presequence between the end of the N-terminal signal peptide and mature protein
junction including the second hydrophobic domain retains transit peptide function
indicating that the hydrophobic domain within this region which functions as a stop
transfer sequence during translocation into the ER does not prevent the transfer of the
precursor into chloroplasts. Studies with canine microsomes found that the pLHCPII
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region between the end of the N-terminal signal peptide and mature protein junction, the
region of the pSSU precursor constituting the chloroplast transit peptide functioned as a
signal peptide initiating translocation into the ER and anchoring the protein in the ER
membrane. In order to determine whether the Euglena chloroplast protein presequence
region between the end of the N-terminal signal peptide and mature protein junction
functioned as both a chloroplast targeting and ER targeting signal, COS-7 cells were
transfected with plasmids encoding GFP fusion proteins having deletions in the SSU and
LHCPII presequence N-terminal signal peptide and the intracellular localization of the
fusion protein was determined.
Intense perinuclear GFP fluorescence was seen in cells transfected with plasmid
P138-438LHCPGFP or plasmid P111-402SSUGFP encoding respectively a pLHCPII or
pSSU GFP fusion protein lacking the presequence region between the N-terminus and the
signal peptidase cleavage site (Fig. 2.10). Plasma membrane fluorescence was not seen.
Merging the green GFP fluorescence with the red fluorescence from cells stained with the
ER Golgi marker, Bodipy TR ceramide or the lysosomal marker Lysotracker clearly
shows that the GFP fusion proteins are localized in the Golgi apparatus and not the
endosomes or lysosomes. Intense perinuclear GFP fluorescence without plasma
membrane fluorescence was seen in cells transfected with plasmid pre138-438LHCPGFP
or plasmid pre111-402SSUGFP encoding respectively an LHCPII or SSU presequence
lacking the presequence region between the N-terminus and the signal peptidase cleavage
site fused directly to GFP. Merging the green GFP fluorescence with the red fluorescence
from cells stained with the ER Golgi marker, Bodipy TR ceramide or the lysosomal
marker Lysotracker clearly shows that the GFP fusion proteins are localized in the Golgi
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apparatus and not the endosomes or lysosomes indicating that it is the presequence region
and not the mature protein that is responsible for Golgi localization (Fig. 2.10). The
presequence region in the protein encoded by plasmid P111-402SSUGFP and plasmid
pre111-402SSUGFP is clearly a dual targeting signal capable of initiating import into
chloroplasts or translocation into the ER (Slavikova S et al., 2005). The DNA sequences
of plasmid P111-402SSUGFP and pre111-402SSUGFP DNA encoding the presequence
region without signal peptide at the amino terminus of the precursor protein failed to
recognize the rest of the presequence as signal peptide when submitted for query in
Signal p and target p.
Signal peptides are characterized by three domains, a positively charged Nterminal region, a central hydrophobic core of variable length and a short polar uncharged
region preceding a potential signal peptidase cleavage site. To demonstrate that the signal
peptide function of the Euglena bipartite presequence was dependent on the functional
transit peptide domain, COS-7 cells were transfected with plasmids P274-438LHCPGFP
or plasmid P289-402SSUGFP encoding respectively an LHCP presequence or SSU
presequence GFP fusion protein lacking the transit peptide domain and containing only
the presequence region from the start of the second hydrophobic domain to the mature
protein junction. To demonstrate that the second presequence hydrophobic domain that
functions as a stop transfer membrane anchor sequence during translocation into the ER ,
COS-7 cells were transfected with plasmid P138-274,330-438LHCPGFP or plasmid
P111-289,342-402SSUGFP encoding respectively a pLHCPII and a pSSU GFP fusion
protein whose bipartite presequence lacks the N-terminal signal peptide domain and the
second hydrophobic domain containing only the N-terminal transit peptide domain and
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the region between the C-terminus of the second hydrophobic domain and the mature
protein junction. A diffuse GFP fluorescence throughout the cytoplasm and nucleus was
observed in cells transfected with all of the plasmids (Fig. 2.11). Merging the green GFP
fluorescence with the red fluorescence from cells stained with the ER Golgi marker,
Bodipy TR ceramide or the lysosomal marker Lysotracker clearly shows that the GFP
fusion proteins are localized in the cytoplasm and not the endomembrane system. The
GFP fluorescence pattern seen in cells transformed with plasmid P274-438LHCPGFP,
plasmid P289-402SSUGFP, plasmid P138-274,330-438LHCPGFP or plasmid P111289,342-402SSUGFP was identical to the pattern obtained in cells transformed with
plasmid MLHCPGFP or plasmid MSSUGFP which lack a presequence encoding only a
mature chloroplast protein GFP fusion. Similar cytoplasmic fluorescent patterns were
seen in cells transfected with plasmid pre274-438LHCPGFP or plasmid pre138-274,330438LHCPGFP or plasmid pre289-402SSUGFP or plasmid pre111-289,342-402SSUGFP
encoding the presequence deletions fused directly to GFP (Fig. 2.12). These results
clearly indicate that the Euglena bipartite presequence contains two ER translocation
signal peptides; one at the N-terminus and a second whose charged N-terminal region is a
functional transit peptide and whose central hydrophobic core is the second presequence
hydrophobic domain that functions as a stop transfer sequence during ER translocation
(Sulli C et al., 1999).
Transit peptides can function as the positively charged N-terminal signal peptide
domains.
The presequence region of two Euglena chloroplast proteins precursors that
mediates import into isolated pea chloroplasts, the presequence transit peptide domain,
102

were found to function as the N-terminal domain of a signal peptide mediating
translocation into the ER. The ER targeting properties of this domain were dependent on
the presence of the presequence second hydrophobic domain, hydrophobic core of the
signal peptide that functions as a stop transfer membrane anchor sequence during
translocation into the ER. Signal peptides are the most diverse of targeting signals with
approximately 20 % of random generated peptide sequences having signal peptide
function (Kaiser CA et al., 1987). The functionality of the Euglena transit peptide as a
signal peptide could be fortuitous or it could be an ancestral property related to its
evolutionary origin. To see whether signal peptide functionality is a general property of
transit peptides, the Euglena presequence transit peptide was replaced with the
Arabidopsis transit peptide for SSU encoded by plasmid RbcS nt: GFP, LHCPII encoded
by plasmid Cab:GFP, protochlorophyllide oxidoreductase A (PORA) encoded by plasmid
PORA:GFP, biotin carboxyl carrier protein encoded by plasmid BCCP:GFP, DnaJ-J8
encoded by plasmid DnaJ-J8:GFP, tocopherol cyclase encoded by plasmid TOCC:GFP
and ferredoxin-dependent glutamate synthase 2 encoded by plasmid GLU2:GFP to
plasmid pre274-438LHCPGFP or pre289-402SSUGFP producing plasmids encoding
chimeric Arabidopsis Euglena presequence GFP fusion proteins with an N-terminal
Arabidopsis transit peptide fused to the region of the Euglena SSU or LHCPII
presequence between the N-terminus of the second hydrophobic domain and mature
protein junction (Fig. 2.3).
In Arabidopsis protoplasts transfected with plasmid RbcS-nt:GFP, Cab:GFP,
PORA:GFP, BCCP:GFP, DnaJ-J8:GFP, TOCC:GFP, and GLU2:GFP, the GFP
fluorescence localizes to the chloroplast as expected for a GFP fusion protein having a
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functional transit peptide(Lee DW et al., 2008). A diffuse green GFP fluorescence
throughout the cytoplasm and nucleus was seen in COS-7 cells transfected with plasmids
RbcSGFP( Fig. 2.13), CABGFP (Fig. 2.14), PORAGFP (Fig. 2.15), BCCPGFP (Fig.
2.16), DnaJGFP (Fig. 2.17), TOCCGFP (Fig. 2.18), and GLU2GFP (Fig. 2.19) encoding
each of the Arabodopsis transit peptide GFP fusion proteins indicating that like the transit
peptide domain of the bipartite Euglena presequence encoded by plasmids P138438LHCPGFP and P111-402SSUGFP, the higher plant transit peptide does not target
proteins to an intracellular compartment in COS-7 cells. On the other hand, intense GFP
perinuclear fluorescence was seen in COS-7 cells transfected with each of the seven
plasmids encoding either chimeric Arabidopsis Euglena LHCP presequence GFP fusion
proteins or chimeric Arabidopsis Euglena SSU presequence GFP fusion proteins (Fig.
2.13-2.19). Plasma membrane fluorescence was not seen. Merging the green GFP
fluorescence with the red fluorescence from cells stained with the ER Golgi marker,
Bodipy TR ceramide or the lysosomal marker Lysotracker clearly shows that the GFP
fusion proteins are localized in the Golgi apparatus and not the endosomes, lysosomes or
plasma membrane indicating that just like the Euglena presequence transit peptide
domain, higher plant transit peptides have the functional characteristics of the N-terminal
domain of a signal peptide.
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Discussion
Euglena is one of a group of organisms having complex chloroplasts, chloroplasts
enclosed by 3 or 4 envelope membranes (Van Dooren et al., 2001). Complex chloroplasts
are thought to have arisen through an endosymbiotic relationship between a eukaryotic
host and eukaryotic algae (Gibbs 1981; Triemer et al. 2006; Ahmadinejad et al. 2007;
Turmel et al. 2009; Vesteg et al. 2010). In all organisms with complex chloroplasts, the
first step of protein import from the cytoplasm is transport across the ER. Depending on
the organism, the ER is one of the membranes surrounding the plastid or proteins are
transported from the ER in vesicles to the organelle. The two inner most membranes are
derived from the chloroplast envelope of the endosymbiont. The presequence of
cytoplasmically synthesized chloroplast proteins from all organisms having complex
chloroplasts is bipartite being composed of an ER targeting signal peptide and a
chloroplast targeting transit peptide reflecting the evolutionary origin of the complex
plastid membranes (von Heijne et al., 1989).
The Euglena and dinoflagellate complex chloroplast is surrounded by three
membranes and some but not all bipartite targeting presequences contain a second
hydrophobic region within the transit peptide domain. In vivo experiments have shown
that in Euglena and dinoflagellates the preproteins are transported from the ER to the
Golgi apparatus and then to the chloroplast as integral membrane proteins (Nassoury et
al., 2003; Patron et al., 2005). Studies with canine microsomes have shown that either the
N-terminal signal peptide domain with first hydrophobic region or the transit peptide
domain containing the second hydrophobic region functions as the signal peptides
anchoring the proteins in the microsomal membrane (Sulli C et al., 1999). In vivo
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experiments with COS-7 cells and GFP fusion proteins found that both the presequence
signal peptide domain and the transit peptide domain targeted the precursor to the Golgi
apparatus. As the hydrophobic region of each domain has been shown to be a membrane
anchor sequence that results in the precursors being integral membrane proteins, the
failure to detect the GFP fusion proteins in the plasma membrane suggests that the signal
peptide and transit peptide domains in addition to having signal peptide function also
contain a Golgi localization signal. One type of Golgi localization signal is a membrane
spanning domain suggesting that the presequence hydrophobic domains are responsible
for Golgi localization.
In vivo studies with the Dinoflagellate presequence have shown that the transit
peptide domain containing the second hydrophobic region is a functional transit peptide
in higher plants localizing the protein to the chloroplast (Nassoury et al., 2003). In vitro
studies with the Euglena presequence have shown that the transit peptide domain
containing or lacking the second hydrophobic region functions to mediate precursor
import into pea chloroplasts (Slavikova S et al., 2005). In COS-7 cells, the transit peptide
domain containing the second hydrophobic region functions as a signal peptide with the
Golgi localization signal localizing a GFP reporter to the Golgi apparatus. The transit
peptide domain lacking the second hydrophobic region is not a functional signal peptide.
Taken together, the in vitro and in vivo studies of the Euglena presequence transit peptide
domain clearly demonstrate that the presence of a hydrophobic region within the transit
peptide domain converts a stromal targeting transit peptide into a dual targeting
presequence that can function both as a chloroplast targeting transit peptide and an ER
targeting signal peptide.
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ER targeting signal peptides are characterized as having a charged N-terminal
region, a central hydrophobic core of variable length and a short sequence preceding a
potential signal peptidase cleavage site (Von Heijne et al., 1989; Von Heijne and
Nishikawa, 1991). The dependence of the dual ER chloroplast targeting properties of the
Euglena bipartite presequence transit peptide domain in the presence of a hydrophobic
region suggests that chloroplast targeting transit peptides have the properties of the
charged N-terminal region of a signal peptide. Seven subclasses of higher plant transit
peptides have been identified (Lee et al., 2008). The addition of the Euglena bipartite
presequence transit peptide hydrophobic domain at C-terminal region to representatives
of all seven subclasses of higher plant chloroplast transit peptides converted them into
functional ER targeting signal peptides thus confirming that transit peptides and the
charged N-terminal region of signal peptides have common properties.
Two classes of bipartite presequences have been identified for Euglena and
dinoflagellate nuclear encoded cytoplasmic proteins. Both classes have an N-terminal
signal peptide with a hydrophobic domain while a hydrophobic region is found in the
transit peptide domain of some but not all presequences (Shashidhara et al., 1992; Patron
et al., 2005). The bipartite presequence targeting proteins to complex plastids of all other
organisms lack a hydrophobic region within the transit peptide domain. The Euglena
presequences lacking a hydrophobic region within the transit peptide domain are fully
functional transit peptides efficiently targeting proteins to the Euglena chloroplast. In
vitro studies have shown that the transit peptide domain of the Euglena pSSU
presequence which contains a hydrophobic region and a deletion construct lacking this
hydrophobic region are imported into pea chloroplasts indicating the hydrophobic domain
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has no effect on transit peptide function. Since this presequence second hydrophobic
domain is not required for import into Euglena chloroplasts and it is not found in all
Euglena presequences, it must be an ancestral presequence feature that has subsequently
been lost as the import system evolved.
All chloroplasts are believed to have evolved through a singular endosymbiotic
association between a cyanobacterial endosymbiont and primitive eukaryotic host. Red
and green primary plastids as well as all secondary plastids are derived from this singular
endosymbiosis (Van Dooren et al., 2001). Chloroplast protein presequences can be
viewed as a fossil record of chloroplast evolution. Transit peptides are used to target
proteins to the plastids of Glaucophytes, red algae, green algae, higher plants and to all
complex plastids suggesting that the transit peptide as a targeting signal evolved prior to
divergence of red and green primary plastids (Patron and Waller, 2007). Phylogenetic
studies have shown that some components of the chloroplast protein import system
evolved from endosymbiont, cyanobacterial, proteins while others have a eukaryotic host
origin. Toc 159 is the transit peptide recognition protein found in all primary plastids.
The GTP binding domain of the TOC 159 has similarity to one of the subunits of
eukaryotic SRP (Keegstra and Froehlich 1999), the signal peptide binding protein. Taken
together, the similarity of TOC 159 to a SRP subunit, the conversion of all seven
subclasses of higher plant signal peptides into transit peptides by addition of a
hydrophobic C-terminal region and the ability of the Euglena transit peptide domain of
the bipartite chloroplast protein presequence to function as a signal peptide provide
strong evidence that transit peptides evolved from signal peptides.
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It is thought that the primary singular endosymbiosis from which all plastids
originated resulted from phagocytosis of a cyanobacteria by a eukaryotic host. The
cyanobacterial endosymbiont probably resided within a phagocytic vacuole enclosed by
three membranes, the phagocytic vacuolar membrane, the outer cyanobacterial plasma
membrane and the inner cyanobacterial plasma membrane. The signal peptide targeted
ER to Golgi to phagocytic vacuole protein transport pathway existed within the host.
Upon transfer of endosymbiont genes to the nuclear genome, the addition of a signal
peptide presequence to a protein allowed it to be returned to the endosymbiont using the
existing vesicular transport system. As the endosymbiont evolved into a plastid, one of
the three membranes was lost, host proteins such as SRP and endosymbiont proteins such
as OMP 85 evolved into components of the protein import pathway, the amino acid
composition of the N-terminus of the signal peptide on chloroplast targeted proteins
became enriched in hydroxylated amino acids converting it into a sequence targeting
proteins post-translationally to the chloroplast, a transit peptide, and the hydrophobic
region was lost and with it all traces of the signal peptide origin of this presequence.
The presequences of Euglena and dinoflagellate proteins support this view of
transit peptide evolution. Some but not all contain a transit peptide domain which have a
hydrophobic region which has no effect on import into primary plastids. The simplest
explanation for the loss of the hydrophobic region within the transit peptide from some
presequences is that it is an ancestral trait. It has been argued that the presence of a
hydrophobic domain within the transit peptide domain of Euglena and dinoflagellate
chloroplast protein presequences represents convergent evolution because the Euglena
chloroplast was acquired through endosymbiosis with green algae while the
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dinoflagellate endosymbiont was red algae. This view fails to consider that the Euglena
and dinoflagellate endosymbiont did share a common ancestor, the cyanobacteria that
were acquired during the singular primary endosymbiosis that gave rise to both red and
green primary plastids. Rather than representing a case of convergent evolution, the
hydrophobic region within the transit peptide domain of Euglena and dinoflagellate
chloroplast proteins is indicative of the fact that transit peptides evolved from the signal
peptides that were used to return proteins to the primary endosymbiont residing in a
vacuolar compartment; the endosymbiont from which all primary and secondary plastids
evolved.
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Figure 2.1. Structure of LHCP II and SSU protein encoding deletion plasmids. The
hydrophobic domains are indicated by black boxes. The open boxes refer to pLHCPII and
pSSU presequence, the mature pLHCPII and pSSU were represented by LHCPII and
SSU, The GFP protein is indicated by grey boxes. The lines connecting segments show
the deletion in the respective plasmids
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Figure 2.2. Structure of LHCP II and SSU presequence GFP fusion protein encoding
deletion plasmids. The hydrophobic domains are indicated by black boxes. The open
boxes refer to pLHCPII and pSSU presequence, the GFP protein is indicated by grey
boxes. The lines connecting segments show the deletion in the respective plasmids.
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Figure 2.3. Structure of chimeric Arabidopsis Euglena presequence GFP fusion proteins
with an N-terminal Arabidopsis transit peptide fused to the region of the Euglena pSSU
or pLHCPII presequence between the N-terminus of the second hydrophobic domain and
mature protein junction. The sequence PLHCPGFP represents the typical structure of a
pLHCPII sequence. The hydrophobic domains are indicated by black boxes. The open
boxes refer to pLHCPII and pSSU presequence, the GFP protein is indicated by grey
boxes. Arabidopsis chloroplast targeted protein transit peptide was indicated by
.The
lines connecting segments show the deletion in the respective plasmids.
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Figure 2.4. Sub-cellular localization of pLHCPII, pSSU protein GFP fusions with and
without the mature protein unit. COS-7 cells were transfected with PLHCPGFP,
preLHCPGFP, PSSUGFP and preSSUGFP plasmids for 12 hours. Deleted regions within
the protein were shown by missing regions between the diagramatic representations of
the proteins and subcellular location was detected by confocal microscopy. Structure of
the plasmids transfected into COS-7 cells was detailed above the confocal images. Live
cells were stained with ER-Golgi specific marker (upper panels) and Lysosomal marker
(Lower panels) to determine protein localization. Expressed constructs show green
fluorescence due to the C-terminal fused GFP. Plasmids PLHCPGFP and preLHCPGFP
show co-localization in Golgi. COS-7 cells transfected with PSSUGFP and preSSUGFP
plasmids show co-localization in ER-Golgi. No co-localization is seen for all the fusion
proteins with the lysosomal marker.
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Figure 2.5. Sub-cellular localization of pLHCPII, pSSU mature protein GFP fusions
without presequences, and pEGFP-N1 detected by confocal microscopy. COS-7 cells
were transfected with MLHCPGFP, MSSUGFP and pEGFP-N1 plasmids for 12 hours.
Structure of the plasmids transfected into COS-7 cells was detailed above the confocal
images. Live cells were stained with ER-Golgi specific marker (upper panels) and
Lysosomal marker (Lower panels) to determine protein localization. Expressed plasmids
show green fluorescence due to the C-terminal fused GFP. Plasmids MLHCPGFP and
MSSUGFP show GFP signal diffused throughout the cell similar to pEGFP-N1. No colocalization is seen for all the fusion proteins with the ER-Golgi and lysosomal marker.

117

118

Figure 2.6. Sub-cellular localization of pLHCPII protein GFP fusions with deletion in
transit peptide, second hydrophobic domain and presequence downstream to the mature
protein junction. COS-7 cells were transfected with P1-138,330-438LHCPGFP, P1138LHCPGFP, P1-274,330-438LHCPGFP, and P1-274LHCPGFP plasmids for 12 hours.
Deleted regions within the protein were shown by missing regions between the
diagramatic representations of the proteins and subcellular location was detected by
confocal microscopy. Structure of the plasmids transfected into COS-7 cells was detailed
above the confocal images. Live cells were stained with ER-Golgi specific marker (upper
panels) and Lysosomal marker (Lower panels) to determine protein localization.
Expressed constructs show green fluorescence due to the C-terminal fused GFP. Plasmids
P1-138,330-438LHCPGFP, P1-138LHCPGFP, P1-274,330-438LHCPGFP, and P1274LHCPGFP show co-localization in Golgi. No co-localization is seen for all the fusion
proteins with the lysosomal marker.
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Figure 2.7. Sub-cellular localization of pLHCPII protein presequence GFP fusions with
deletion in transit peptide, second hydrophobic domain and presequence downstream to
the mature protein junction. COS-7 cells were transfected with pre1-138,330438LHCPGFP, pre1-138LHCPGFP, pre1-274,330-438LHCPGFP, and pre1274LHCPGFP plasmids for 12 hours. Deleted regions within the protein were shown by
missing regions between the diagramatic representations of the proteins and subcellular
location was detected by confocal microscopy. Structure of the plasmids transfected into
COS-7 cells was detailed above the confocal images. Live cells were stained with ERGolgi specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids pre1-138,330-438LHCPGFP, pre1-138LHCPGFP, pre1-274,330438LHCPGFP, and pre1-274LHCPGFP show co-localization in Golgi. No colocalization is seen for all the fusion proteins with the lysosomal marker.

121

122

Figure 2.8. Sub-cellular localization of pSSU protein GFP fusions with deletion in transit
peptide, second hydrophobic domain and presequence downstream to the mature protein
junction. COS-7 cells were transfected with P1-141,342-402SSUGFP, P1-141SSUGFP,
P1-289,342-402SSUGFP, and P1-289SSUGFP plasmids for 12 hours. Deleted regions
within the protein were shown by missing regions between the diagramatic
representations of the proteins and subcellular location was detected by confocal
microscopy. Structure of the plasmids transfected into COS-7 cells was detailed above
the confocal images. Live cells were stained with ER-Golgi specific marker (upper
panels) and Lysosomal marker (Lower panels) to determine protein localization.
Expressed constructs show green fluorescence due to the C-terminal fused GFP. Plasmids
P1-141,342-402SSUGFP, P1-141SSUGFP, P1-289,342-402SSUGFP, and P1289SSUGFP show co-localization in Golgi. No co-localization is seen for all the fusion
proteins with the lysosomal marker.

123

124

Figure 2.9. Sub-cellular localization of pSSU protein presequence GFP fusions with
deletion in transit peptide, second hydrophobic domain and presequence downstream to
the mature protein junction. COS-7 cells were transfected with pre1-141,342402SSUGFP, pre1-141SSUGFP, pre1-289,342-402SSUGFP, and pre1-289SSUGFP
plasmids for 12 hours. Deleted regions within the protein were shown by missing regions
between the diagramatic representations of the proteins and subcellular location was
detected by confocal microscopy. Structure of the plasmids transfected into COS-7 cells
was detailed above the confocal images. Live cells were stained with ER-Golgi specific
marker (upper panels) and Lysosomal marker (Lower panels) to determine protein
localization. Expressed constructs show green fluorescence due to the C-terminal fused
GFP. Plasmids pre1-141,342-402SSUGFP, pre1-141SSUGFP, pre1-289,342402SSUGFP, and pre1-289SSUGFP show co-localization in Golgi. No co-localization is
seen for all the fusion proteins with the lysosomal marker.
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Figure 2.10. Sub-cellular localization of pLHCPII, pSSU protein GFP fusions with and
without mature protein and deletion in signal peptide. COS-7 cells were transfected with
P138-438LHCPGFP, pre138-438LHCPGFP, P111-402SSUGFP, and pre111402SSUGFP plasmids for 12 hours. Deleted regions within the protein were shown by
missing regions between the diagramatic representations of the proteins and subcellular
location was detected by confocal microscopy. Structure of the plasmids transfected into
COS-7 cells was detailed above the confocal images. Live cells were stained with ERGolgi specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids P138-438LHCPGFP, pre138-438LHCPGFP, P111-402SSUGFP,
and pre111-402SSUGFP show co-localization in Golgi. No co-localization is seen for all
the fusion proteins with the lysosomal marker.
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Figure 2.11. Sub-cellular localization of pLHCPII, pSSU protein GFP fusions without
signal peptide and deletion in transit peptide or second hydrophobic domain. COS-7 cells
were transfected with P274-438LHCPGFP, P138-274,330-438LHCPGFP, P289402SSUGFP, and P111-289,342-402SSUGFP plasmids for 12 hours. Deleted regions
within the protein were shown by missing regions between the diagramatic
representations of the proteins and subcellular location was detected by confocal
microscopy. Structure of the plasmids transfected into COS-7 cells was detailed above
the confocal images. Live cells were stained with ER-Golgi specific marker (upper
panels) and Lysosomal marker (Lower panels) to determine protein localization.
Expressed constructs show green fluorescence due to the C-terminal fused GFP. Plasmids
P274-438LHCPGFP, P138-274,330-438LHCPGFP, P289-402SSUGFP, and P111289,342-402SSUGFP show diffused GFP signal throughout the cell. No co-localization
with ER-Golgi or lysosomal marker was seen for all the fusion proteins.
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Figure 2.12. Sub-cellular localization of pLHCPII, pSSU protein presequence GFP
fusions without signal peptide and deletion in transit peptide or second hydrophobic
domain. COS-7 cells were transfected with pre274-438LHCPGFP, pre138-274,330438LHCPGFP, pre289-402SSUGFP, and pre111-289,342-402SSUGFP plasmids for 12
hours. Deleted regions within the protein were shown by missing regions between the
diagramatic representations of the proteins and subcellular location was detected by
confocal microscopy. Structure of the plasmids transfected into COS-7 cells was detailed
above the confocal images. Live cells were stained with ER-Golgi specific marker (upper
panels) and Lysosomal marker (Lower panels) to determine protein localization.
Expressed constructs show green fluorescence due to the C-terminal fused GFP. Plasmids
pre274-438LHCPGFP, pre138-274,330-438LHCPGFP, pre289-402SSUGFP, and
pre111-289,342-402SSUGFP show diffused fluorescence throughout the cell. No colocalization with ER-Golgi or lysosomal marker was seen for all the fusion proteins.
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Figure 2.13. Sub-cellular localization of Arabidopsis RbcS transitpeptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preRbcSGFP, preRbcS274-438LHCPGFP, and preRbcS289-402SSUGFP plasmids for
12 hours. Deleted regions within the Euglena presequences were shown by missing
regions between the diagramatic representations of the proteins and subcellular location
was detected by confocal microscopy. Structure of the plasmids transfected into COS-7
cells was detailed above the confocal images. Live cells were stained with ER-Golgi
specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids preRbcSGFP show diffused GFP fluorescence throughout the cell.
Plasmids preRbcS274-438LHCPGFP and preRbcS289-402SSUGFP show co-localization
in Golgi. No co-localization with lysosomal marker was seen for all the proteins.
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Figure 2.14. Sub-cellular localization of Arabidopsis CAB transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preCABGFP, preCAB274-438LHCPGFP, and preCAB289-402SSUGFP plasmids for 12
hours. Deleted regions within the Euglena presequences were shown by missing regions
between the diagramatic representations of the proteins and subcellular location was
detected by confocal microscopy. Structure of the plasmids transfected into COS-7 cells
was detailed above the confocal images. Live cells were stained with ER-Golgi specific
marker (upper panels) and Lysosomal marker (Lower panels) to determine protein
localization. Expressed constructs show green fluorescence due to the C-terminal fused
GFP. Plasmids preCABGFP show diffused GFP fluorescence throughout the cell.
Plasmids preCAB274-438LHCPGFP and preCAB289-402SSUGFP show co-localization
in Golgi. No co-localization with lysosomal marker was seen for all the proteins.
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Figure 2.15. Sub-cellular localization of Arabidopsis PORA transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
prePORAGFP, prePORA274-438LHCPGFP, and prePORA289-402SSUGFP plasmids
for 12 hours. Deleted regions within the Euglena presequences were shown by missing
regions between the diagramatic representations of the proteins and subcellular location
was detected by confocal microscopy. Structure of the plasmids transfected into COS-7
cells was detailed above the confocal images. Live cells were stained with ER-Golgi
specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids prePORAGFP show diffused GFP fluorescence throughout the cell.
Plasmids prePORA274-438LHCPGFP and prePORA289-402SSUGFP show colocalization in Golgi. No co-localization with lysosomal marker was seen for all the
proteins.
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Figure 2.16. Sub-cellular localization of Arabidopsis BCCP transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preBCCPGFP, preBCCP274-438LHCPGFP, and preBCCP289-402SSUGFP plasmids for
12 hours. Deleted regions within the Euglena presequences were shown by missing
regions between the diagramatic representations of the proteins and subcellular location
was detected by confocal microscopy. Structure of the plasmids transfected into COS-7
cells was detailed above the confocal images. Live cells were stained with ER-Golgi
specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids preBCCPGFP show diffused GFP fluorescence throughout the cell.
Plasmids preBCCP274-438LHCPGFP and preBCCP289-402SSUGFP show colocalization in Golgi. No co-localization with lysosomal marker was seen for all the
proteins.
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Figure 2.17. Sub-cellular localization of Arabidopsis DnaJ-J8 transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preDnaJGFP, preDnaJ274-438LHCPGFP, and preDnaJ289-402SSUGFP plasmids for 12
hours. Deleted regions within the Euglena presequences were shown by missing regions
between the diagramatic representations of the proteins and subcellular location was
detected by confocal microscopy. Structure of the plasmids transfected into COS-7 cells
was detailed above the confocal images. Live cells were stained with ER-Golgi specific
marker (upper panels) and Lysosomal marker (Lower panels) to determine protein
localization. Expressed constructs show green fluorescence due to the C-terminal fused
GFP. Plasmids preDnaJGFP show diffused GFP fluorescence throughout the cell.
Plasmids preDnaJ274-438LHCPGFP and preDnaJ289-402SSUGFP show co-localization
in Golgi. No co-localization with lysosomal marker was seen for all the proteins.

141

142

Figure 2.18. Sub-cellular localization of Arabidopsis TOCC transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preTOCCGFP, preTOCC274-438LHCPGFP, and preTOCC289-402SSUGFP plasmids
for 12 hours. Deleted regions within the Euglena presequences were shown by missing
regions between the diagrammatic representations of the proteins and subcellular location
was detected by confocal microscopy. Structure of the plasmids transfected into COS-7
cells was detailed above the confocal images. Live cells were stained with ER-Golgi
specific marker (upper panels) and Lysosomal marker (Lower panels) to determine
protein localization. Expressed constructs show green fluorescence due to the C-terminal
fused GFP. Plasmids preTOCCGFP show diffused GFP fluorescence throughout the cell.
Plasmids preTOCC274-438LHCPGFP and preTOCC289-402SSUGFP show colocalization in Golgi. No co-localization with lysosomal marker was seen for all the
proteins.
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Figure 2.19. Sub-cellular localization of Arabidopsis GLU2 transit peptide and the
chimeric proteins formed by fusion of Euglena pLHCPII and pSSU proteins presequence
region downstream of the transit peptide. COS-7 cells were transfected with
preGLUGFP, preGLU274-438LHCPGFP, and preGLU289-402SSUGFP plasmids for 12
hours. Deleted regions within the Euglena presequences were shown by missing regions
between the diagramatic representations of the proteins and subcellular location was
detected by confocal microscopy. Structure of the plasmids transfected into COS-7 cells
was detailed above the confocal images. Live cells were stained with ER-Golgi specific
marker (upper panels) and Lysosomal marker (Lower panels) to determine protein
localization. Expressed constructs show green fluorescence due to the C-terminal fused
GFP. Plasmids preGLUGFP show diffused GFP fluorescence throughout the cell.
Plasmids preGLU274-438LHCPGFP and preGLU289-402SSUGFP show co-localization
in Golgi. No co-localization with lysosomal marker was seen for all the proteins.
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Chapter 4
Conclusion
Transport of proteins into higher plant chloroplast was directed by the presence of
a sequence at the N-terminal of protein precursors called as transit peptide. The origin of
chloroplast and mitochondria are believed to be through secondary endosymbiosis
(Cavalier-Smith, 2000). The endosymbiont localized in the host cell by undergoing
modification. The genetic information required for biogenesis of the endosymbiont was
transferred into the host nucleus. The protein required for biogenesis of the endosymbiont
was nuclear encoded and transferred from the site of synthesis into the respective
endosymbiont through several mechanisms. The differentiation mechanisms of
precursors with transit peptide imported into different organelles plays a key role in the
transport.
Euglena is one of a group of organisms having complex chloroplasts, chloroplasts
enclosed by three or 4 envelope membranes (Van Dooren et al., 2001). Complex
chloroplasts are thought to have arisen through an endosymbiotic relationship between a
eukaryotic host and eukaryotic algae (Gibbs 1981; Triemer et al. 2006; Ahmadinejad et
al. 2007; Turmel et al. 2009; Vesteg et al. 2010). In all organisms with complex
chloroplasts, the first step of protein import from the cytoplasm is transport across the
ER. Depending on the organism, the ER is one of the membranes surrounding the plastid
or proteins are transported from the ER in vesicles to the organelle. The two inner most
membranes are derived from the chloroplast envelope of the endosymbiont. The
presequence of cytoplasmically synthesized chloroplast proteins from all organisms
having complex chloroplasts is bipartite being composed of an ER targeting signal
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peptide and a chloroplast targeting transit peptide reflecting the evolutionary origin of the
complex plastid membranes (von Heijne et al., 1989).
The Euglena and dinoflagellate complex chloroplast is surrounded by three
membranes and some but not all bipartite targeting presequence contain a second
hydrophobic region within the transit peptide domain. In vivo experiments have shown
that in Euglena and dinoflagellates the preproteins are transported from the ER to the
Golgi apparatus and then to the chloroplast as integral membrane proteins (Nassoury et
al., 2003; Patron et al., 2005). Studies with canine microsomes have shown that either the
N-terminal signal peptide domain with first hydrophobic region or the transit peptide
domain containing the second hydrophobic region function as signal peptides anchoring
the proteins in the microsomal membrane (Sulli C et al., 1999). In vivo experiments with
COS-7 cells and GFP fusion proteins found that both the presequence signal peptide
domain and the transit peptide domain targeted the precursor to the Golgi apparatus. As
the hydrophobic region of each domain has been shown to be a membrane anchor
sequence that results in the precursors being integral membrane proteins, the failure to
detect the GFP fusion proteins in the plasma membrane suggests that the signal peptide
and transit peptide domains in addition to having signal peptide function also contain a
Golgi localization signal. One type of Golgi localization signal is a membrane spanning
domain suggesting that it is the presequence hydrophobic domains that are responsible
for Golgi localization.
In vivo studies with the Dinoflagellate presequence have shown that the transit
peptide domain containing the second hydrophobic region is a functional transit peptide
in higher plants localizing the protein to the chloroplast (Nassoury et al., 2003). In vitro
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studies with the Euglena presequence have shown that the transit peptide domain
containing or lacking the second hydrophobic region functions to mediate precursor
import into pea chloroplasts (Slavikova S et al., 2005). In COS-7 cells, the transit peptide
domain containing the second hydrophobic region functions as a signal peptide with
Golgi localization signal localizing a GFP reporter to the Golgi apparatus. The transit
peptide domain lacking the second hydrophobic region is not a functional signal peptide.
Taken together, the in vitro and in vivo studies of the Euglena presequence transit peptide
domain clearly demonstrate that the presence of a hydrophobic region within the transit
peptide domain converts a stromal targeting transit peptide into a dual targeting
presequence that can function both as a chloroplast targeting transit peptide and an ER
targeting signal peptide. The dependence of the dual ER chloroplast targeting properties
of the Euglena bipartite presequence transit peptide domain on the presence of a
hydrophobic region suggests that chloroplast targeting transit peptides have the properties
of the charged N-terminal region of a signal peptide. Seven subclasses of higher plant
transit peptides have been identified (Lee et al., 2008). The addition of the Euglena
bipartite presequence transit peptide hydrophobic domain at C-terminal region to
representatives of all seven subclasses of higher plant chloroplast transit peptides
converted them into functional ER targeting signal peptides thus confirming that transit
peptides and the charged N-terminal region of signal peptides have common properties.
Two classes of bipartite presequences have been identified for Euglena and
dinoflagellate nuclear encoded cytoplasmic proteins. Both classes have an N-terminal
signal peptide with a hydrophobic domain while a hydrophobic region is found in the
transit peptide domain of some but not all presequences (Shashidhara et al., 1992; Patron
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et al., 2005). The bipartite presequence targeting proteins to complex plastids of all other
organisms lack a hydrophobic region within the transit peptide domain. The Euglena
presequences lacking a hydropobic region within the transit peptide domain are fully
functional transit peptides efficiently targeting proteins to the Euglena chloroplast. In
vitro studies have shown that the transit peptide domain of the Euglena pSSU
presequence which contains a hydrophobic region and a deletion construct lacking this
hydrophobic region are imported into pea chloroplasts indicating the hydrophobic domain
has no effect on transit peptide function. Since this presequence second hydrophobic
domain is not required for import into Euglena chloroplasts and it is not found in all
Euglena presequences, it must be an ancestral presequence feature that has subsequently
been lost as the import system evolved.
Chloroplast protein presequences can be viewed as a fossil record of chloroplast
evolution. Transit peptides are used to target proteins to the plastids of Glaucophytes, red
algae, green algae, higher plants and to all complex plastids suggesting that the transit
peptide as a targeting signal evolved prior to divergence of red and green primary plastids
(Patron and Waller, 2007). Phylogenetic studies have shown that some components of the

chloroplast protein import system evolved from endosymbiont, cyanobacterial, proteins
while others have a eukaryotic host origin. Toc 159 is the transit peptide recognition
protein found in all primary plastids. The GTP binding domain of the TOC 159 has
similarity to one of the subunits of eukaryotic SRP (Keegstra and Froehlich 1999), the
signal peptide binding protein. Taken together, the similarity of TOC 159 to a SRP
subunit, the conversion of all seven subclasses of higher plant signal peptides into transit
peptides by addition of a hydrophobic C-terminal region and the ability of the Euglena
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transit peptide domain of the bipartite chloroplast protein presequence to function as a
signal peptide provide strong evidence that transit peptides evolved from signal peptides.
It is thought that the primary singular endosymbiosis from which all plastids
originated resulted from phagocytosis of a cyanobacteria by a eukaryotic host. The
cyanobacterial endosymbiont probably resided within a phagocytic vacuole enclosed by
three membranes, the phagocytic vacuolar membrane, the outer cyanobacterial plasma
membrane and the inner cyanobacterial plasma membrane. The signal peptide targeted
ER to Golgi to phagocytic vacuole protein transport pathway existed within the host.
Upon transfer of endosymbiont genes to the nuclear genome, the addition of a signal
peptide presequence to a protein allowed it to be returned to the endosymbiont using the
existing vesicular transport system. As the endosymbiont evolved into a plastid, one of
the three membranes was lost, host proteins such as SRP and endosymbiont proteins such
as OMP 85 evolved into components of the protein import pathway, the amino acid
composition of the N-terminus of the signal peptide on chloroplast targeted proteins
became enriched in hydroxylated amino acids converting it into a sequence targeting
proteins post-translationally to the chloroplast, a transit peptide, and the hydrophobic
region was lost and with it all traces of the signal peptide origin of this presequence.
The presequences of Euglena and dinoflagellate proteins support this view of
transit peptide evolution. Some but not all contain a transit peptide domain which have a
hydrophobic region which has no effect on import into primary plastids. The simplest
explanation for the loss of the hydrophobic region within the transit peptide from some
presequences is that it is an ancestral trait. It has been argued that the presence of a
hydrophobic domain within the transit peptide domain of Euglena and dinoflagellate
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chloroplast protein presequences represents convergent evolution because the Euglena
chloroplast was acquired through endosymbiosis with green algae while the
dinoflagellate endosymbiont was red algae. This view fails to consider that the Euglena
and dinoflagellate endosymbiont did share a common ancestor, the cyanobacteria that
were acquired during the singular primary endosymbiosis that gave rise to both red and
green primary plastids. Rather than representing a case of convergent evolution, the
hydrophobic region within the transit peptide domain of Euglena and dinoflagellate
chloroplast proteins is indicative of the fact that transit peptides evolved from the signal
peptides that were used to return proteins to the primary endosymbiont residing in a
vacuolar compartment; the endosymbiont from which all primary and secondary plastids
evolved.
Euglena belongs to euglenozoa which contains Euglenida, Diplonemea,
Kinetoplastea. Trypanosomes belong to the group kinetoplastea and have kinetoplasts
(Van Dooren GG et al., 2001). Trypanosomes lack plastid and is believed to have lost a
plastid in earlier stages of evolution. Transformation protocols are well developed in
Trypanosomes using electroporation (Jefferies et al., 1993). Previous studies in Euglena
to insert dSRNA involve using electroporation (Iseki et al., 2002). The Transformation
protocols were thus made using the existing parameters. The foreign gene used for
expression in Euglena is Sh ble. The gene confers resistance to the antibiotic zeocin
belonging to bleomycin family. The presence of a relatively impermeable membrane and
different metabolic pathways rendered Euglena resistant to most antibiotics, except for a
few exceptions. Streptomycin, chloramphenicol and cycloheximide were extensively
studied and found to inhibit individual cell metabolisms. Chloramphenicol and
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cycloheximide inhibits protein synthesis on 70S (chloroplast) and 80S (cytoplasmic)
ribosomes (Krajcˇovic et al., 2002). Streptomycin bleaches the Euglena cell permanently.
The zeocin antibiotic mode of action is by binding to the DNA and degrading the
nucleus. The 5’ and 3’ untranslated regions of LHCPII were used to express the foreign
gene in Euglena. LHCPII was well characterized in Euglena. The presence of 4 introns in
1.05Kb 5’UTR and 10 introns in the 3’UTR regions increases the recombination chance
of the construct. The presence of intron regions in the untranslated regions made the
construct less stable. The construct was screened for any rearrangement before
transformation. PCR was used to identify individual regions of the construct within the
transformed cells genomic DNA. The PCR data show different individual regions of the
constructs in transformed cells. The construct was checked for rearrangements by using
primers in between different regions of the construct. PCR was performed using primers
to amplify the ampicillin resistance gene in the genomic DNA. The absence of
amplification product for ampicillin primers shows the integration of the insert into the
genomic DNA. Further studies were performed using western blots to identify the
expressed protein. The studies show the expression of zeocin resistance gene in the
presence of zeocin antibiotic. The cells were transferred to slants and were grown for a
period of 1 year without selection. The cells showed the zeocin resistance phenotype after
a year without selection. PCR and western blots were used to confirm the genotype of the
cells. The results indicate a stable transformation in Euglena. A better understanding of
the Euglena polyprotein transport can be achieved by selectively using transformation
protocols to express the presequence deletion plasmids in Euglena. However the
expression of GFP protein within Euglena using the current protocol was not achieved.
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