Mitochondrial gene expression system involving extensive

frameshift in a shellfish pathogen Perkinsus

BHIEEHEAH Perkinsus IZBITAEBEER 7LV —AT 7 M EfED

T b R TEEFREER

HEHE )



CONTENTS

ABBREVIATIONS

ABSTRACT

Chapter 1. GENERAL INTRODUCTION
1.1. The apicomplexan parasites
1.2. Mitochondria, the center of energy metabolism in eukaryotic cells
1.3. Unique mt genome of apicomplexan parasites
1.4. Uniformity of biological features of apicomplexans and related lineages
1.5. General description of a shellfish pathogen Perkinsus
1.6. Advantages in using Perkinsus as a related organism to apicomplexans

1.7. The purpose of this study

Chapter 2. PRELIMINARY ENRICHMENT OF PERKINSUS
MITOCHONDRIA
2.1. Introduction
2.2. Materials and methods
2.2.1. Strain and culture conditions
2.2.2. Preparation for enriched Perkinsus mitochondria
2.2.3. Enzyme activity assay
2.3. Results
2.4. Discussion

2.4.1. Partial enrichment of Perkinsus mitochondria

14

14

15

15

15

16

17

18

18



2.4.2. Toward further refinements of the purification protocol

Chapter 3.  GENOMIC AND BIOCHEMICAL CHARACTERIZATION OF
P. MARINUS MITOCHONDRIAL ETC PROTEINS
3.1. Introduction
3.1.1. General description of the mitochondrial ETC
2.1.2. Modified ETCs found in apicomplexan parasites
3.2. Materials and methods

3.2.1. Sequence search of P. marinus mitochondrial ETC proteins

3.2.2. Enzyme activity assay of P. marinus mitochondrial ETC complexes

3.3. Results

3.3.1. Repertoire of P. marinus mitochondrial ETC proteins

3.3.2. Enzyme activities of P. marinus mitochondrial ETC complexes

3.4. Discussion
3.4.1. Perkinsus has an active mitochondrial ETC

3.4.2. Missing Perkinsus mt genes should be present and expressed

Chapter 4. ANALYSIS OF P. MARINUS MITOCHONDRIAL GENE AND
ITS SPECIFIC EXPRESSION SYSTEM
4.1. Introduction
4.1.1. Mt genome diversity and nonstandard decoding events
4.1.2. Enigmatic mt genomes of apicomplexans and dinoflagellates
4.1.3. Analysis of Perkinsus mt genome
4.2. Materials and methods

4.2.1. Strains and culture conditions

i

18

25

25

25

26

27

27

29

29

31

31

33

39

39

39

40

42

42

42



4.2.2.

4.2.3.

4.2.4.

4.2.5.

Nucleic acid preparation
PCR, RACE, cloning and sequencing
Sequence analysis

Southern hybridization

4.3. Results

4.3.1.

4.3.2.

4.3.3.

4.3.4.

4.3.5.

Primary sequence of P. marinus cox1

Genomic localization of Pmcox1

Prediction of amino acid sequence

Codon usage and base composition

BLAST-based searches of the database for other possible Perkinsus

mt genome sequences

4.4. Discussion

4.4.1.

4.4.2.

4.4.3.

Pmcox1 shares the features with apicomplexan and
dinoflagellate mt genes

Mt gene translation of Perkinsus involves multiple frameshifts
Possible mechanisms suggested for frameshift in Perkinsus mt

genes

SUMMARY AND CONCLUSIONS

PERSPECTIVES

REFERENCES

ACKNOWLEDGEMENTS

i1

43

43

45

45

46

46

48

49

50

51

52

52

54

55

74

76

7l

93



ABBREVIATIONS

ADP
AOX
ATP
BLAST
BSA
COX
COX1
cDNA
EDTA
ETC
EST
gDNA
GFP
indel
LSU rDNA
MRNA
mt gene
mt genome
NAD(H)
NCBI
NDH
NDH2

PCR

adenosine diphosphate
alternative oxidase

adenosine triphosphate

basic local alignment search tool
bovine serum albumin
cytochrome c oxidase
cytochrome c oxidase subunit 1
complementary DNA
ethylenediaminetetraacetic acid
electron-transport chain
expressed sequence tag
genomic DNA

green fluorescent protein
insertion and deletion

large subunit ribosomal DNA
messenger RNA

mitochondrial gene
mitochondrial genome

nicotiamide dinucleotide

National Center for Biotechnology Information

NADH dehydrogenase
type 11 NADH dehydrogenase

polymerase chain reaction

iv



QCR ubiquinol-cytochrome c reductase

RACE rapid amplificaion of cDNA end
rDNA ribosomal DNA

rRNA ribosomal RNA

SDH succinate dehydrogenase

SDS sodium dodecyl sulfate

SQR succinate-ubiquinone reductase
TBE tris-borate EDTA

TBS-T tris-buffered saline with 0.05% (v/v) Tween-20
TCA tricarboxylic acid

TIGR The Institute for Genomic Research
Tris tris(hydroxymethyl)amino methane
tRNA transfer RNA

WHO World Health Organization



ABSTRACT

Apicomplexan parasites are the causative agents of human infectious diseases
including malaria. Modified metabolic pathways and unique gene expression systems of
the parasites’ mitochondria are promising drug targets. From an evolutionary viewpoint,
in this study, I investigated mitochondria of Perkinsus, a relative of apicomplexans. The
enrichment method for Perkinsus mitochondria was preliminarily established using
Percoll density gradient ultracentrifugation. Perkinsus cells obviously showed enzyme
activity ensuring the presence of the active mitochondrial electron-transport chain, and
homologs of major subunits of mitochondrial electron-transport chain proteins of P.
marinus were found from a public database. Although the sequence searches did not
detect possible Perkinsus mitochondrial genes, I could determine the full-length mRNA
sequence of coxl. Similar to apicomplexans, this gene lacked canonical start and stop
codons in terminal regions. Curiously, this mRNA was not translated in a single reading
frame with standard codon usage. Careful examination of the nucleotide sequence and
its three-frame translation suggested that the reading frame must be shifted 10 times, at
every AGG and CCC codon to yield a consensus COX1 protein. Two possible
mechanisms were proposed for the frameshifts: ribosomal frameshifts in which stalled
ribosomes skip the first bases of these codons or specialized tRNAs recognizing
non-triplet codons, AGGY and CCCCU. Notably, this is the most extensive frameshift
case described to date, which would utilize active and efficient machinery. It is valuable
that this is a fundamental study on Perkinsus mitochondria and would provide
evolutionary insights into mitochondrial functions of Perkinsus and their relatives

including apicomplexans.



Chapter 1. GENERAL INTRODUCTION

1.1. The apicomplexan parasites

The spread of infectious diseases has long been one of the big worldwide problems.
The most devastating infectious diseases are AIDS (caused by virus), tuberculosis (by
bacterium), and malaria (by parasitic protist). Despite the generations of efforts in
preventing the outspread of the diseases, they led to the deaths of as many as 4,000,000
people in total, annually (WHO, 2009) and also cause serious economic losses. Among
the three prevalent and potentially fatal infectious diseases, malaria is majorly
widespread in tropical and subtropical areas, and most prevalent in sub-Saharan Africa.
According to the annual report on malaria by World Health Organization (WHO), there
were 243 million cases of malaria and 863,000 people died in the world per year (WHO,
2009).

The etiological agents of malaria are the parasitic protists belonging to the genus
Plasmodium. This parasite is a member of the phylum Apicomplexa, one of the largest
assemblages comprised of parasitic protists (Levine et al., 1980; Levine, 1988; Adl et
al., 2005). This phylum encompasses diverse parasitic species which cause human
infectious disease. For example, Toxoplasma gondii induces influenza-like symptoms
and Cryptosporidium parvum causes watery diarrhea; remarkably, patients with
weakened immune system become critically ill. In order to treat and control these
parasitic diseases, it is an urgent task to characterize the apicomplexan parasites’
biological features (e.g., ultrastructure, life cycle, metabolic network, and gene
expression) and to discover antiparasitic compounds and their targets. For this purpose,
a number of molecular biological and biochemical studies have extensively been

undertaken along with ecological, epidemiological, and evolutionary studies.



1.2. Mitochondria, the center of energy metabolism in a eukaryotic cell

Eukaryotic cells contain various organelles forming a complicated network with a
number of metabolic pathways. Among them, mitochondria take part in various
important functions like iron-sulfur cluster assembly and beta-oxidation of fatty acids.
Most importantly, mitochondria take a pivotal role in the generation of adenosine
triphosphate (ATP) in the cell. The tricarboxylic acid (TCA) cycle is operated in
mitochondria, which is the final steps in oxidation of carbohydrates (reviewed in
Sweetlove et al., 2010). The reduction potential from TCA cycle provided in
nicotiamide dinucleotide (NADH) and succinate facilitates the generation of proton
gradient across the mitochondrial inner membranes through the electron-transport chain
(ETC, or respiratory chain). The proton gradient drives the ATP synthase, finally
producing ATP from adenosine diphosphate (ADP) by oxidative phosphorylation (for a
detailed review, Saraste, 1999; Schultz and Chan, 2001 and references therein). ATP
thus produced in mitochondria is utilized as the main energy source around the cell.

Mitochondria contain important processes for the energy conversion of organisms
and the dysfunction of these reactions can give rise to negative effect on the organisms’
proliferation. Therefore, apicomplexan mitochondria have been studied as a promising
target for chemotherapy for parasitic diseases (Kita et al., 2001; Kita et al., 2007,
Mather et al., 2007; Sen and Majumder, 2008). Notably, it has been discovered that
apicomplexan parasites have modified metabolic pathways in their mitochondria to
survive in the host cells. C. parvum seems to lack conventional ETC complexes I-IV
and instead has the cyanide-resistant, alternative oxidase (AOX) (reviewed in Mogi and
Kita, 2010). One most recent study characterizes the unique, branched TCA cycle in

Plasmodium mitochondria (Oslzewski et al., 2010). In fact, several drugs are reported to



show inhibitory effects on the apicomplexan mitochondrial ETCs. For example,
ascofuranone, a potent inhibitor of mitochondrial AOX of the causative agent of African
sleeping sickness Trypanosoma brucei, was shown to inhibit the Cryptosporidium AOX
as well (Suzuki et al., 2004). Atovaquone and its analogs specifically bind to
mitochondrial complex III and effectively stop the electron flow in Plasmodium (Barton
et al., 2010). However, there are several problems like still high cost of drugs for poor
people and the emergence of drug-resistant strain (Perry et al., 2009). Hence, it is still
necessary to characterize the parasite’s physiology and thereby to find additional drug

targets.

1.3. Unique mt genome of apicomplexan parasites

Most mitochondria possess their own DNA called mitochondrial genomes (mt
genomes). It is generally accepted that mitochondria are the reduced form of an
endosymbiotic a-proteobacterial progenitor (endosymboitic theory, Sagan, 1967) and
that the mt genomes are derived from the ancestor’s genomic DNA. It is known that
another notable feature of apicomplexan mitochondria is observed in their mt genomes.
The mt genome is most commonly organized into a circular genome encoding 40 to 50
genes on average across the eukaryotic taxa (Burger et al., 2003). Mt genomes encode a
series of genes (mt genes) mainly for respiratory ETC proteins, ATP synthase proteins,
ribosomal RNA (rRNA), and transfer RNA (tRNA). These components are essential for
mitochondrial ETC and mt gene expression, and the mt genes are actually transcribed
followed by translation. The importance of the accurate expression of the mt genes has
been emphasized, as several human diseases are associated with the mutations both in

nuclear genes encoding the proteins for mitochondrial expression machinery and mt



genes (reviewed in Jacobs and Turnbull, 2005; Taylor and Turnbull, 2005).

In contast to the conventional mt genomes, the mt genomes of apicomplexans are
generally comprised of 6- to 8-kb long linear molecules, the smallest of the known mt
genomes (Hikosaka et al., 2010). The first completely sequenced mt genome of
apicomplexa is the 6-kb element of Plasmodium falciparum (Feagin, 1992), which was
later found to exist as a concatemer (Preiser et al., 1996). The apicomplexan mt genome
element contains a strictly limited set of genes: only three protein-coding genes, Cox1,
cox3, and cob, and several fragmented rRNA genes. These mt genes are
polycistronically transcribed with 3’ oligoadenylation (Ji et al., 1996; Gillespie et al.,
1999; Rehkopf et al., 2000). Curiously, the three protein-coding genes lack canonical
start (AUG) and stop (UAA, UAG, UGA) codons in the 5’ and 3’ terminal regions,
respectively (Conway et al., 2000; Rehkopf et al., 2000). Transfer RNA genes have not
been detected in any of the apicomplexan mt genomes. The gene expression system for
the apicomplexan mt genes is thus divergent and remains to be characterized well.
Given the importance of the gene products and the probable difference in the expression
mechanism between parasites and mammalian hosts, they can also be potential drug

targets (Mather et al., 2007).

1.4. Uniformity of biological features of apicomplexans and related lineages

Some of the characteristic features of the apicomplexan mitochondria are shared in
the related lineages. Phylogenetically, apicomplexans form a sister clade with
dinoflagellates, and further with their outer group ciliates, and comprise the
superphylum Alveolata (Cavalier-Smith, 1993; Figure 1-1). In particular, the sister
lineage dinoflagellates share some features seen in mt genomes with apicomplexans.

The dinoflagellate mt genomes encode the same set of genes as apicomplexans, and the



canonical start and stop codons are absent in protein-coding genes (this topic will be
revisited in Chapter 4). Although investigations on each species of these lineages are
being performed, it only can characterize the physiology only of the species among the
diverse assemblage. Meanwhile, researchers have recently paid attentions to the
ancestral species of apicomplexans and dinoflagellates, as it can be anticipated that a
comprehensive understanding on physiology of many apicomplexan and dinoflaegllate
species is obtained. The closest species to the common ancestor of the two groups
described to date are a photosynthetic coral symbiont Chromera (Moore et al., 2008;
Janouskovec et al., 2010; Figure 1-1) and a shellfish pathogen Perkinsus (Mackin et al.,
1950; Levine, 1978; Figures 1-1 and 1-2). According to this close relationship,
Perkinsus is expected as a model species that would characterize the parasitic

apicomplexans’ physiology, elucidating the evolution and function of mitochondria.

1.5. General description of a shellfish pathogen Perkinsus

All species belonging to the genus Perkinsus are parasites infecting shellfish such as
clams, oysters and abalones and they have been found in American, European,
Australian, and Asian coastal areas (Choi and Park, 2010; Table 1-1). The most studied
species P. marinus was initially described as a parasitic fungus Dermocystidium
marinum, causing the eastern oyster Crassostrea virginica “Dermo” disease in the Gulf
of Mexico (Mackin et al., 1950). After reclassification as Labyrinthomixa marina
(Mackin and Ray, 1966), ultrastructural study revealed that this species possessed an
apical complex in its cell (Perkins, 1976), based on which this species was included in
the phylum Apicomplexa. This parasite was renamed Perkinsus marinus under the class
Perkinsea, by Levine (1978). It was later demonstrated that Perkinsus was more related

to dinoflagellates than to apicomplexans, according to molecular phylogenetic



approaches (Reece et al., 1997; Siddall et al., 1997; Saldarriaga et al., 2003; Figure 1-1).
More recently, Bréte et al. (2010) detected novel ribosomal DNA (rDNA) sequences
possibly belonging to Perkinsea (including Perkinsus and another parasitic protist
Parvilucifera) from marine and freshwater environments, indicating the underlying high
biodiversity of the class. As this organism is isolated from shellfish worldwide
threatening the fisheries with great economic lossess (Villalba et al., 2004),
countermeasures are needed to prevent proliferating of the parasite. In Japan, also, P.
olseni has been isolated from a Manila clam Ruditapes phillipinarum (Hamaguchi et al.,
1998). A recent work by Shimokawa et al. (2010) demonstrated that juvenile Ruditapes
clams showed mortality by infection with P. olseni prezoosporangia.

As suggested from the close relationship with apicomplexans, Perkinsus actually
possesses several biological characters similar to those of apicomplexans. Regarding the
physical structure, the presence of the apical complex structure observed in
apicomplexans is evident in flagellated zoospores of Perkinsus (Perkins, 1976; Siddall
et al., 1997; Leander and Keeling, 2003). As Plasmodium merozoites intrude into the
host erythrocyte using this structure, Perkinsus invades hemocyte of the host shellfish
(Sunila et al., 2001; Figure 1-3). These resemblances imply the possibility that they
share metabolic and genomic features as well. The expressed sequence tag (EST) survey
(mentioned later) and in silico analyses actually detect the important enzyme genes

homologous to those of apicomplexans (Joseph et al., 2010; Mogi and Kita, 2010).

1.6. Advantages in using Perkinsus as a related organism to apicomplexans
In studying Perkinsus as an apicomplexan-related organism, there are several
advantages; Perkinsus is much easier to deal with, than apicomplexans and

dinoflagellates. The axenic Perkinsus culture without any host cell is available in which



Perkinsus trophozoites can proliferate by binary fission and schizogony (Gauthier and
Vasta, 1995). On the other hand, Plasmodium cells collected from red blood cell
cultures contain heme-derived hemozoin, which should be often removed before
biochemical experiments (Kobayashi et al., 2007). Using this in vitro culture, pure
Perkinsus cells are easily obtained with low cost, and this property makes it easy to
collect enough volume of samples for biochemical studies. Furthermore, the
transfection method for Perkinsus is already available (Fernandez-Robledo et al., 2008a
and 2008b) which will enable us to establish transformed cell lines with fluorescent
signals. Molecular studies on Perkinsus are not so abundant currently, but due to its
industrial and phylogenetical significance, the genome project for P. marinus is being
undertaken by scientists at the J. Craig Venter Institute (formerly The Institute for
Genomic Research, TIGR) and scientists at the Department of Microbiology and
Immunology, University of Maryland School of Medicine/Institute of Marine and
Environmental Technology (formerly at the Center of Marine Biotechnology). The
study on the EST analysis has also just been published (Joseph et al., 2010), and
available molecular data on Perkinsus have been increasing.

Moreover, it is thus anticipated that Perkinsus will provide insights into
dinoflagellate physiology more easily than using dinoflagellates, in addition to the
physiology of Perkinsus itself. Considering that related dinoflagellates include
notorious harmful algal bloom species causing red tides and shellfish poisoning
(Hallegraeftf, 1993), investigations of these organisms should be urgently needed in the
aspects of physiology, ecology, and toxicology. However, researchers have had
difficulties in preparing fine protein samples from dinoflagellates, for cells contain large
amount of interfering compounds such as DNA, polysaccharide (contained in thecal

plates), and pigments. Although improved methods have been proposed recently (Lee



and Lo, 2008; Wang et al., 2009), these properties have been obstacles to smooth
progress in dinoflagellate proteomics. In this respect, protein analysis of Perkinsus is
not so difficult because the cell is not armored with thecal plates and seems to lack
photosynthetic pigment.

As such, the apicomplexan relative Perkinsus i) is easier to use by virtue of the
availability of in vitro culture where they axenically grow resulting in pure cell
materials sufficient for biochemical studies assisted also by genomic data, and ii) can
contribute to understanding of biological characters of a diverse species both from
apicomplexans and dinoflagellates because of its ancestral position in the phylogenetic
relationship. These properties are highly advantageous and are not found in
apicomplexans and also dinoflagellates. Totally, Perkinsus is an ideal, advantageous
organism in pursuing a comprehensive understanding of apicomplexans and

dinoflagellates.

1.7. The purpose of this study

As mentioned above, it is of great significance to characterize the mitochondrial
energy conversion system and mt gene expression system of the shellfish pathogen
Perkinsus. However, most of current studies on Perkinsus do not focus on mitochondria
and therefore neither annotated mt gene sequence nor a basic preparation method is
currently available. In this background, I investigated mitochondria of Perkinsus in this
study in order to build the foundation for studying mitochondrial metabolic and gene
expression systems of this organism.

I first tested several methods to establish the basic protocol for preparation of
enriched mitochondria from P. marinus. Then I performed BLAST-based searches in P.

marinus draft genome databse to identify Perkinsus homologs for the mitochondrial



ETC protein and to outline the organization of its ETC. It was revealed that Perkinsus
possessed many core subunits of mitochondrial ETC proteins. I also demonstrated the
enzyme activities of ETC complexes by biochemical assays. Although the
above-mentioned BLAST-based sequence searches did not detect P. marinus homologs
for COX1, COX3 and cytochrome b, which are exclusively encoded by mt genomes in
related organisms, I succeeded in determining the full-length messenger RNA (mRNA)
sequence of one of the possible P. marinus mt genes. Analyzing the sequence, I realized
that Perkinsus mt gene lacked canonical start and stop codons. Additionally, I
discovered an unusual phenomenon in mitochondrial gene expression system; it was
suggested that Perkinsus mt genes require unusually frequent frameshifts in translation,

ten times per a gene.
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Figure 1-2.

Perkinsus marinus culture in vitro.
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Chapter 2. PRELIMINARY ENRICHMENT OF PERKINSUS MITOCHONDRIA

2.1. Introduction

To specifically investigate properties of an organelle, the enrichment and/or
purification of the organelle is preferably required. Whereas mitochondria
enrichment/purification methods are available for several model higher eukaryotes,
mitochondria preparation method for Perkinsus is presently not established; there are
only a few studies on possible Perkinsus mitochondria-targeted genes (Wright et al.,
2002; Schott and Vasta, 2003) and none on mitochondria themselves. Also, the presence
of Perkinsus mitochondria is observed only microscopically (Sunila et al., 2001;
Matsuzaki et al., 2008), but there is no report about biochemical evidence for the
presence of Perkinsus mitochondria. Due to this situation, the biochemical evidence
should be addressed and the enrichment method is preferably needed as a starting point
to study Perkinsus mitochondria.

Several studies have been reported to purify protist mitochondria by subcellular
fractionation have been performed to specifically analyze the property of mitochondria:
Chlamydomonas (Eriksson et al., 1995), Leishmania (Horvath et al., 2002),
Tetrahymena (Kobayashi and Endoh, 2005; Balabaskaran et al., 2010), Toxoplasma
(Esseiva et al., 2004; Pino et al., 2010), and Plasmodium (Takashima et al., 2001;
Kobayashi et al., 2007). Referring to these previous studies on other protists, I tried to
enrich/purify Perkinsus mitochondria for molecular biological and biochemical studies
in this chapter. Perkinsus cells were disrupted by the N, cavitation method, and
mitochondria were partially enriched by Percoll density gradient ultracentrifugation,

using the enzyme activity of a mitochondrial ETC protein as a marker.
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2.2. Materials and methods
2.2.1. Strain and culture conditions

The P. marinus strain CRTW-3HE was purchased from the American Type Culture
Collection (ATCC, no. 50439) and regularly maintained at 26°C in 10 mL of ATCC
medium 1886 in a 25 cm’ flask (BD Biosciences). Discontinued products were
substituted as follows: Lipid Mixture (1000x%; L5146; Sigma) replaced Lipid
Concentrate (100%; 21900-014; Gibco), and Instant Ocean Sea Salt (Aquarium Systems)
replaced artificial seawater (S1649; Sigma). For mass culture, cells were cultivated in

200 ml media in a 500 ml Erlenmeyer flask, shaken at 150 rpm.

2.2.2. Preparation for enriched Perkinsus mitochondria

The Perkinsus cells were grown up to 1 x 10® cells/ml in 200 ml culture and were
collected by centrifugation at 800 x g for 5 min. This collection method was used unless
otherwise stated. To mildly disrupt the cells and obtain intact mitochondria, a chemical
disruption method using 0.05% or 0.1% (w/v) digitonin was first tried, which is
employed in obtaining Toxoplasma mitochondria (Esseiva et al., 2004).
Digitonin-treatment was performed also in combination with either 0.1% or 1.0% (w/v)
cellulase, as Perkinsus cells are surrounded by the cell wall (La Peyre et al., 1993). Also,
several physical disruption means were tried: glass-teflon homogenization, the
homogenization by vortex in a solution containing glass beads, and the N, cavitation
method. Among the three methods, the most preferable Perkinsus organellar fraction
was obtained by the N, cavitation method (see 2.3. Results for details), and the method
was optimized for Perkinsus because it was assumed that there should be differences in
cellular properties between Perkinsus and Plasmodium. In the previous studies on

Plasmodium (Takashima et al., 2001 and Kobayashi et al., 2007), the N,-dissolving
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pressure was 1200 psi. However, with this pressure, almost no crude organellar fraction
was obtained, which indicated most of organelles including mitochondria are also burst.
Eventually the N, pressure of 300 psi was selected to disintegrate the cells as mildly as
possible. Also, by the microscopic observation, mannitol-sucrose buffer with
ethylenediaminetetraacetic acid (EDTA) was found hypotonic to the Perkinsus cells,
therefore 600 mM sucrose buffer was used. After these optimizations, the enrichment of
mitochondria was performed as follows (summarized in Figure 2-1).

The Perkinsus cells from the 200 ml mass culture were collected, washed with 2 x
phosphate buffered saline, and disrupted using 4639 Cell Disruption Bomb (Parr
Instrument Company) at 300 psi for 20 min at 4°C. After homogenization, the cell
lysate was incubated on ice with 5 pl (125 U) of Benzonase (Novagen) in the presence
of 5 mM MgCl, for 20 min to remove DNA and RNA which are the main cause of
aggregate formation during the ultracentrifugation. After incubation, cell debris and
nuclear fraction were removed by centrifugation at 1,000 x g for 10 min at 4°C,
followed by collecting crude organellar fraction by centrifugation at 5,000 x g for 20
min at 4°C. A 200 pl of organellar fraction was ultracentrifuged in 8.5 ml of 28% (v/v)
Percoll solution (Percoll PLUS, GE Healthcare) adjusted to 600 mM with 2.5 M sucrose
solution, at 23,000 rpm (50,000 x g) for 1 h at 4°C using Himac CP80WX with RP55T
rotor (HITACHI). The ultracentrifuged sample was separated into 24 fractions (almost
350 ul each) using a peristaltic pump (PST-100, Iwaki), from bottom to top. The protein
concentration of each fraction was determined using Protein Assay kit (BIO-RAD)
according to the manufacturer’s instruction with bovine serum albumin (BSA) as a

standard.

2.2.3. Enzyme activity assay
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As a marker of mitochondria, the succinate-dehydrogenase (SDH) activity of the
mitochondrial ETC complex II was measured by monitoring the absorbance change of
2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide (extinction
coefficient = 17 mM™ cm™) at 570 nm in the presence of 120 pg/ml phenazine
methosulfate and 2 mM KCN (the specific inhibitor of the complex IV), in 100 mM
Tris-HCI1 buffer pH 8.0 (Kita et al., 1989; Miyadera et al., 2003). Assays were

conducted in 1 ml solution at 25°C using the UV-3000 spectrophotometer (Shimadzu).

2.3. Results

The Perkinsus cell membranes and cell walls were hardly disrupted by the
digitonin-treatment, irrespective of the presence or absence of cellulase. Glass-teflon
homogenization did not disrupt Perkinsus cells at all, probably because of the small size
of Perkinsus trophozoites. Meanwhile, the homogenization by vortex in a solution
containing glass beads disrupted the cells intensely, resulting in the small amount of
crude organellar fraction. The only method among those tested so far that might yield
the appropriate organellar fraction was N, cavitation method used also for preparation
of Plasmodium mitochondria (Takashima et al., 2001 and Kobayashi et al., 2007). The
Perkinsus organellar fraction obtained by this method was ultracentrifuged and
fractionated, and the SDH activity was measured on each fraction.

Figure 2-2 is one example of the result of fractionation, showing the distribution of
the SDH activity and protein concentration of each fraction. The fraction No. 7
contained the largest amount of proteins (135 pg/ml), and the fractions No. 6 and Nos.
8-14 showed high protein concentration ranging from 94.7 to 135 pg/ml. Other fractions
contained 45 pg/ml on average. The highest total SDH activity was observed in

fractions Nos. 12 and 14 (0.294 nmol/min) followed by the fraction No. 13 (0.235
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nmol/min). The fractions Nos. 10, 11 and 15 also showed high activity (176, 176, 118
nmol/min, respectively). Higher activities were also observed from fractions Nos. 18, 19,
21-24. Higher specific activities were detected from the fractions Nos. 12-14 (0.0993,
0.0787, 0.103 pmol/min/mg of protein). The fractions Nos. 18-21, 23, and 24 showed

high specific activities ranging from 0.0762-1.47 umol/min/mg of protein.

2.4. Discussion
2.4.1 Partial enrichment of Perkinsus mitochondria

From Perkinsus organellar ultracentrifugal fractions, the obvious enzyme activity of
the mitochondrial ETC protein was detected. This is the first finding that Perkinsus
possesses mitochondria that contain an active ETC. The fractions Nos. 6-14 contained
the higher amount of proteins, and the higher total SDH activity was observed in
fractions Nos. 10-15. Also, higher specific activities were detected from the fractions
Nos. 12-14. The higher enzyme activities are also observed in the fractions Nos. 19-24,
but they are probably attributed to some unknown contaminants because these fractions
contained low amount of proteins. Based on these observations, it was indicated that
mitochondria in the crude organellar fraction are mainly concentrated in the fractions
Nos. 12-14. In other words, the partial enrichment of Perkinsus mitochondria has been
accomplished. The SDH activity showed relatively a broader distribution, and it was
suggested that this protocol needs more refinements and the verification by additional

methods described below, to establish a purification protocol.

2.4.2. Toward further refinements of the purification protocol
Firstly, the intactness of mitochondria must be ensured especially for analysis on

molecules functioning in mitochondria. The subcellular fractionation using the density
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gradient centrifugation is performed on the assumption that the organelle of interest has
a uniform density. As the density of organelles will be changed if it is broken, the intact
organelles should be prepared for fractionation. One good marker is the cytochrome ¢
residing in the mitochondrial intermembrane space; its immunoblot detection will
support the intactness of mitochondria. I already confirmed the cross-reactivity of the
anti-plant cytochrome ¢ antibody on Perkinsus organellar fraction.

Secondly, the specific distribution of mitochondria will be further endorsed by some
other markers for mitochondria and other organelles. The SDH activity can be detected
independently of the presence of the mitochondrial membranes because this activity
only depends on the soluble parts of complex II (Fp and Ip subunits). On the other hand,
the succinate-ubiquinone reductase (SQR) activity requires all the complex II subunits
including the membrane-anchor subunits (CybL and CybS). Therefore, the SQR activity
is a better marker for mitochondrial membranes. The distribution of mitochondria is
also confirmed by mitochondria-specific proteins which can be detected by immunoblot
assays. So far, I have confirmed that the antibody raised against a plant mitochondrial
alternative oxidase (AOX) can crossreact on Perkinsus organellar fractions by
immunoblot. For purification, it should be ensured that other organelles like plastids and
endoplasmic reticulum are not co-distributed with mitochondria. Additionally,
parameters during fractionation like Percoll concentration, the osmolarity of the solution,
and the centrifugation time and speed, should be rearranged. The reproducibility of the
distribution must be ensured as well.

Lastly, I will use the transformed Perkinsus cell lines with green fluorescent protein
(GFP) signal in organelles to evaluate the homogenization and distribution results
visually. Presently I cannot confirm the presence of mitochondria outside the cells after

homogenization by MitoTracker-staining. This implies that mitochondria might be also
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disrupted by homogenization, or that my experimental condition is unsuitable for
staining. To obtain stable fluorescent signals in organelles, P. marinus strain
CRTW-3HE transformed with the Perkinsus-specific vectors (constructed by Dr. M.
Matsuzaki, modified from Fernandez-Robledo et al., 2008a) would be useful. We have a
transformed P. marinus strain with pMOE-mfGFP vector containing the plastid-targeted
gene ispC (Matsuzaki et al., 2008), together with multi-functional GFP gene (Kobayashi
et al., 2008) as a marker. The GFP signals make it easy to see if the cell is broken
(Figure 2-3). Similarly, I am now preparing additional strains which have GFP signals in
mitochondria. 1 prepared transformation vectors ligated with each of two
mitochondria-targeted genes, AOX, elongation factor Tu and transformation has been
carried out using them. GFP signals were observed as a network extending all around
the cell in transformed Perkinsus cells, which possibly indicated the mitochondria.
These cell lines are now being established, and they would greatly help us confirm the

efficiency in homogenization and organellar distribution in subcellular fractionation.
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Cell collection (1 x 10'9) by centrifugation at 800 X g for 5 min

Washed with 2 X PBS two times
Resuspended in 12 ml of 600 mM sucrose buffer pH 7.5

Cell disruption using 4639 Cell Disruption Bomb (Parr
Instrument Company) at 300 psi for 20 min at4° C

B Incubated with 5 pl (125 U) of Benzonase (Novagen)
in the presence of 5 mM MgCl, on ice for 20 min

Centrifugation at 1,000 X g for 10 min

Pellet: unbroken cells and nuclear fraction

Centrifugation at 5,000 X g for 20 min

Supernatant

Pellet: crude organellar fraction

Ultracentrifugation in 8.5 ml of 28% (v/v)
Percoll solution at 50,000 x g for 1 hat4° C

Separate fractions using peristaltic
pump (IWAKI) (350 pl X 22-24 fractions)

Fraction samples are served to enzyme activity assay,
western blotting ,and PCR.

Figure 2-1.
Summary of the procedure of mitochondrial fractionation arranged for Perkinsus.
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Figure 2-2.
Distribution of the SDH activity and the protein concentration in the ultracentrifugal

fractions.
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Figure 2-3.
Differential interference contrast image (bottom right) and fluorescent images of P. marinus

strain ispC/mfGFP (pictures by the courtesy of Dr. M. Matsuzaki). Note that the dotted GFP
signals are observed around the cells, probably localizing to the plastids. Blue signals in the
bottom left panel is nuclear DNA stained with Hoechst dye.
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Chapter 3. GENOMIC AND BIOCHEMICAL CHARACTERIZATION OF P.

MARINUS MITOCHONDRIAL ETC PROTEINS

3.1. Introduction
3.1.1. General description of the mitochondrial ETC

Mitochondria take an important role in energy production in cells. Especially, the
function of the ETC directly contributes to the energy production by generating proton
gradient, which in turn, drives the ATP synthase (Figure 3-1; summarized in Schultz and
Chan, 2001). Generally, the mitochondrial ETC is composed of four membrane-bound
complexes. The ETC complex I is the NADH dehydrogenase (NDH), which catalizes
the oxidation of NADH generated in the TCA cycle and glycolysis, and reduces quinone
to quinol. The complex II is called SDH or SQR. This complex mediates the
dehydrogenation of succinate to fumarate as a part of the TCA cycle (SDH activity), and
transfer the electron from the reaction to quinone (SQR activity). This is the only
enzyme which is involved both in the ETC and the TCA cycle. The electron in quinol is
then transferred to the ubiquinol-cytochrome ¢ reductase (QCR), the complex III, and
further transferred to cytochrome C in the mitochondrial intermembrane space. Finally,
the cytochrome ¢ oxidase (COX), the complex IV, receives the electron from
cytochrome C, and reduces the oxygen to water.

During this electron-flow, protons are translocated from mitochondrial matrix to the
mitochondrial intermembrane space by the proton-motive force of the complexes I, III
and IV. The proton gradient across the mitochondrial innermembrane described above,
enables the oxidative phosphorylation; the ATP synthase phosphorylates ADP to ATP
which is utilized as the energy source around the cell. The genes for subunits of these

ETC complexes are coded in both nuclear and mt genomes (Burger et al., 2003), and the
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nuclear-genome-encoded components are transported into mitochondria from cytosol
after translation, by virtue of the mitochondrial targeting sequence (Neupert and

Herrmann, 2007).

3.1.2. Modified ETCs found in apicomplexan parasites

The conventional organization of the ETC mentioned above is observed in many
eukaryotic species, and a various types of modifications are also found in diverse
organisms. One divergent example in mitochondrial ETCs is the participation of the
type I NADH dehydrogenase (NDH2) instead of the complex I, found sporadically
from several prokaryotes, and mitochondria of fungi, plants, and protists (Melo et al.,
2004). NDH2 oxidizes NADH and transfers electrons to quinones, but is not involved in
proton pumping (Figure 3-2). Distinct from the conventional multi-subunit,
rotenone-sensitive NDH, the NDH2 consists of a single subunit, and is resistant to
rotenone. Another example is the cyanide-resistant AOX found in some plants, fungi,
and protists such as Trypanosoma (Moore and Albury, 2008). This enzyme acts as a
ubiquinol-oxygen oxidoreductase; it receives electrons from quinols and generates
water by reducing oxygen as a terminal oxidase of the ETC (Figure 3-2). It was
demonstrated that the inhibition of Trypanosoma AOX activity led to the parasite death,
which indicated that this enzyme may take an essential role for survival (Minagawa et
al., 1997).

In apicomplexan parasites, also, these unconventional enzymes are reported to
reside in the mitochondrial ETCs. Plasmodium possesses the NDH2 at the external
surface of the mitochondrial innermembrane (Biagini et al., 2006) and the Toxoplasma
NDH2 is suggested to be involved in maintaining the mitochondrial membrane potential

(Lin et al., 2009). C. parvum homologs of the NDH2 and AOX are found in its
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complete genome sequence (Abrahamsen et al., 2004) and the involvement of AOX in
the parasite’s survival is suggested (Roberts et al., 2004). These observations imply that
Perkinsus might have homologs of these enzymes in addition to the common enzymes.
So far, the report on the EST analysis of P. marinus does not contain any discussion
about the mitochondrial ETC at all (Joseph et al., 2010) and only a few Perkinsus ETC
proteins are mentioned in published documents (Mogi and Kita, 2010). There is no
report on sequences of Perkinsus mt genome which is expected to encode some of the
mitochondrial ETC proteins. Because of this situation, I first conducted sequence
searches from P. marinus draft genomic data using the basic local alignment search tool
(BLAST) to pursue ETC protein sequences supposedly encoded both in nuclear and mt
genomes. Then I performed biochemical assays on some of the mitochondrial ETC

enzymes found, and confirmed the activities of several ETC proteins in Perkinsus.

3.2. Materials and methods
3.2.1. Sequence search of Perkinsus mitochondrial ETC proteins

To obtain Perkinsus mitochondrial ETC enzyme sequences, BLASTp-based
searches in the public database at the National Center for Biotechnology Information
(NCBI; http://blast.ncbi.nlm.nih.gov/Blast.cgi) were performed using the amino acid
sequences of ETC complex proteins from related species as queries (P. falciparum, a
dinoflagellate Karlodinium micrum, a diatom Thalassiosira pseudonana, and an
apicomplexa C. parvum). The searches were conducted regarding homologs of major
subunits of mitochondrial complexes I-IV and FoF;-ATP synthase, and of cytochrome c,
NDH2, and AOX. Accession numbers of the query sequences are described in Table 3-1.
After obtaining mitochondrial ETC protein candidates, the probability of export to

mitochondria was estimated on each protein using MitoProt II v1.101 (Claros and
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Vincens, 1996; http://ihg2.helmholtz-muenchen.de/ihg/mitoprot.html).

3.2.2. Enzyme activity assay of Perkinsus mitochondrial ETC complexes

The samples for enzyme activity assays were prepared as follows. The P.
marinus strain CRTW-3HE cells were grown up to 1 x 10® cells/ml in 200 ml culture
and were collected and washed. 1 x 10'° cells were resuspended in 12 ml of 600 mM
sucrose buffer containing 0.1 mM EDTA, 2 mM tris(hydroxymethyl)amino methane
(Tris)-HC1 pH 7.5 and 1 mM phenylmethylsulfonyl fluoride, and subsequently
homogenized using 4639 Cell Disruption Bomb (Parr Instrument Company) at 1000 psi
for 1 h at 4°C. Crude organellar fraction was obtained as described in Chapter 2. Among
the mitochondrial ETC complexes for which the subunit genes were found, biochemical
assays were carried out for enzyme activities of complexes II-IV on the organellar
fraction. The protein concentration was determined using Protein Assay kit (BIO-RAD)
according to the manufacturer’s instruction with BSA as a standard and specific
activities were calculated using the concentration.

The SDH activity of the complex II was measured according to the method
described in Chapter 2. All assays were conducted in 1 ml solution at 25°C using the
UV-3000 spectrophotometer (Shimadzu) unless otherwise stated.

The SQR activity of the complex II was measured in 50 mM potassium phosphate
buffer pH 7.5 by monitoring the absorbance change of 50 upuM
2,6-dichlorophenolindophenol (extinction coefficient =21 mM' ¢cm™) at 600 nm in the
presence of 60 uM ubiquinone-2 and 2 mM KCN (Kita et al., 1989; Miyadera et al.,
2003).

The activity of succinate-cytochrome ¢ oxidoreductase, i.e., the electron-flow from

succinate to cytochrome ¢ mediated by the complexes Il and III was measured. This
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assay was performed by tracing the absorbance change of cytochrome C (extinction
coefficient = 19 mM™' ¢cm™) at 550 minus 540 nm, in 30 mM potassium phosphate
buffer pH 7.5, in the presence of 2 mM KCN. After tracing for a few minutes, 3 mM
malonate, the competitive inhibitor of the complex II, was added. The reactions of these
three assays were started by the addition of 10 mM succinate to the reaction mixture
(modified from Trounce et al., 1996).

The quinol oxidase activity, which is the combined activity of the complexes III-1V
and the AOX, was also measured. This assay was performed in 100 mM Tris-HCI buffer
pH 7.4, by recording the absorbance change of ubiquinol-1 (extinction coefficient = 15
mM™ cm™) at 278 nm (Matsumoto et al., 2006). After monitoring for five minutes, 200
nM ascofuranone was added to the mixture to inhibit the AOX, and monitoring the
absorbance change was resumed.

The COX activity was measured as the O, uptake ratio in a 300 pl buffer containing
125 mM sucrose, 65 mM KCI, 10 mM Hepes-KOH (pH 7.2), 5 mM MgCl,, 2 mM
potassium phosphate, 0.5 mM ethylene glycol tetraacetic acid (Vercesi et al., 1998;
Uyemura et al., 2004), using MicroxTX3 Trace micro oxygen sensor (Presense GmbH).
0.1 pg antimycin A and 200 nM ascofuranone were added to the reaction mixture,
which are the specific inhibitors for complex III and AOX, respectively. The reaction
was initiated by the addition of 300 uM N,N,N’,N’-tetramethyl-p-phenylenediamine
dihydrochloride and 500 uM ascorbate. After monitoring, the inhibition of the activity

by the addition of 2 mM KCN was examined.

3.3. Results
3.3.1. Repertoire of P. marinus mitochondrial ETC proteins

First, sequence searches were performed using the P. falciparum sequences as
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queries. These BLASTp-based searches yielded many homologous sequences of
conventional ETC complex proteins with quite low E-value (Table 3-1): Fp, Ip
(complex II), Rieske FeS, cytochrome c;, hinge protein, MPP (complex III), COX2N,
COX2C, COX5, COX6, COX7 (complex 1V), and cytochrome c. Also, the homologs
for core subunits of FoF;-ATP synthase, a, B, v, 0, € and OSCP, were found. The
nomenclature of these subunits of the ATP synthase is according to mitochondrial
homologs (Devenish et al., 2008), not to bacterial homologs. Homologs of subunits of
conventional muti-subunit NDH were not found, but the homolog of NDH2 was found
instead. As Plasmodium has no AOX homolog, the C. parvum AOX sequence was used
as a query and a homolog in Perkinsus was found. Meanwhile, CybL and CybS
homologs were not identified by searches utilizing T. pseudonana sequences as queries
instead, because of the absence of obvious homologs in Plasmodium. Curiously, none of
the homologs generally encoded on mt genomes in apicomplexans and dinoflagellates
(COX1, COX3, and cytochrome b) were found using either of Plasmodium and
Karlodinium sequence. In total, twenty mitochondrial ETC protein homologs were
discovered.

MitoProt can estimate the probability of mitochondrial targeting by analyzing the
amino acid sequences in the N terminal regions of proteins. Twelve out of twenty
proteins showed high probability of mitochondrial targeting (0.7940-0.9981).
Meanwhile, other three exhibited moderate scores (0.3207-0.4836), and the remaining

five were with rather low scores (0.000-0.1760).

3.3.2. Enzyme activities of P. marinus mitochondrial ETC complexes

Using the protein concentration and the total enzyme activity, the specific enzyme
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activity on the crude organellar fraction was determined (summarized in Table 3-2). The
SDH and SQR activities which were attributed to the complex II, was 215 and 169
nmol/min/mg of protein, respectively. The succinate-cytochrome C reductase activity
was 292 nmol/min/mg of protein. The addition of malonate reduced the activity to 49.4
nmol/min/mg of protein with 83.1% inhibition rate. The quinol oxidase activity was
12.6 nmol/min/mg of protein. After the addition of ascofuranone, the activity went
down to 7.22 nmol/min/mg of protein with 58.0% inhibition rate. The cytochrome c
oxidase activity was 9.47 nmol/min/mg of protein, and this activity was completely

inhibited by the addition of KCN.

3.4. Discussion
3.4.1. Perkinsus has an active mitochondrial ETC

Twenty Perkinsus protein homologs were found which constitute the core of the
mitochondrial ETC complexes by BLAST-based sequence searches (Table 3-1). They
were the NDH2, 2 subunits of the complex 11, 4 subunits of the complex III, cytochrome
C, 5 subunits of the complex IV, the AOX, and 6 subunits of the FoF;-ATP synthase.
Whereas the twelve mitochondrial ETC protein candidates showed high probability of
mitochondrial localization by prediction using MitoProt, the values of the other eight
candidates were not so high (Table 3-1). One possible reason for this is that the
annotation regarding the N termini of the eight proteins is not correct and the targeting
signals reside in true N termini. Alternatively, these eight genes possess non-N-terminal
targeting signals. C terminal targeting signal has been reported (Lee et al, 1999) and the
involvement of the internal sequence in targeting to mitochondria and hydrogenosome
(mitochondria-related organelle) has also been observed (Folsch et al., 1996; Mentel et

al., 2008). Although there is no program available for predicting such non-N-terminal
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signals, the eight proteins might be translocated into mitochondria by such signals.

The homologs for Fp and Ip subunits of the complex II were found, and the SDH
activity that was attributed to the two subunits was confirmed. The SQR activity,
another activity of the complex II was also clearly observed. Also, the electron flow
from succinate to cytochrome C via the complexes II and III was detected as
succinate-cytochrome € oxidoreductase activity, and the activity was greatly inhibited
by the addition of malonate, the competitive inhibitor of the complex II. These three
kinds of activities involving the complex II were rather higher than those of
Plasmodium (Kawahara et al., 2009) and even than cultured human cells (Tomitsuka et
al., 2003), although the values in these references were obtained using purified
mitochondria. Though the physiolosical significance of these high activities remains
unclear, it is noteworthy that the high activities can be utilized as good markers for
Perkinsus mitochondria.

Unexpectedly, candidates for CybL and CybS the membrane anchor subunits of the
complex II, were not detected with E-value < 0.01. In contrast to the SDH activity, the
SQR activity which transfers the electrons from succinate to the quinol in the
intermembrane space requires all the four subunits of the complex II (Nakamura et al.,
1996). The transmembrane proteins are said to be more divergent among species, and
the highly divergent candidates for CybL and CybS are suggested for Plasmodium
(Kawahara et al., 2009; Mogi and Kita, 2009). To prove the suggested presence of these
two subunits, it should be needed to purify the complex II from Perkinsus, Plasmodium
and/or related species and to determine the amino acid sequences.

The oxidase activity was also experimentally confirmed. Although candidates for
two subunits were not discovered, the COX activity was detected. It was verified that

the activity was completely inhibited by the addition of KCN, which is the shared
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feature of the conventional COX. The quinol oxidase activity indicated that the AOX
and the complexes III-IV were active in Perkinsus mitochondrial ETC. By the
inhibition assay using the AOX-specific inhibitor ascofuranone, it was confirmed that
the contribution ratio of the AOX to quinol oxidation was apparently around 40% in my
experimental condition. The AOX does not have the proton-pumping activity and is not
involved in the ATP generation (Moore and Albury, 2008). In other organisms, it is
known that AOX is expressed selectively for functions other than energy generation.
Each gene of the AOX families are expressed in a stress-induced manner (Clifton et al.,
2006), and the AOX is actively expressed and seems to participate exclusively in the
oxidation of reducing equivalents generated in glycolysis in bloodstream forms
Trypanosoma brucei and possibly in microsporidia (Chaudhuri et al., 2006; Williams et
al., 2010). For the elucidation of the physiological role of Perkinsus AOX, the gene
expression level and the enzyme activity of AOX should be investigated using parasites
at other stages in its life cycle such as zoospore.

As far as I investigated here, the complexes II-IV of the Perkinsus mitochondrial
ETC are active, and their functions would probably produce the driving force of the
FoF-ATP synthase. The presence of alternative enzymes NDH2 and AOX supports the

similarity in the mitochondrial ETC organization of apicomplexans and Perkinsus.

3.4.2. Missing Perkinsus mt genes should be present and expressed

As with CybL and CybS subunits I discussed above, I did not find any homologous
sequences for COX1, COX3, and cytochrome b in the sequence searches (Table 3-1).
Now that the enzyme activities of the complexes III and IV are experimentally
demonstrated, Perkinsus is likely to have the the three ETC elements. Especially,

cytochrome b and COX1 are essential components of complex III and IV, respectively.
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Cytochrome b directly participates in the oxidation of the quinol: it binds the quinol and
transfers the electrons using hemes (Crofts, 2004). COX1 is also the highly important
element, as this subunit contains the heme a3-Cug binuclear center reducing molecular
oxygen to water using electrons from cytochrome c, and transports protons from the
mitochondrial matrix to the intermembrane space (Iwata et al., 1995). These functional
importance strongly indicated the presence of the missing subunits of Perkinsus
mitochondrial ETC complexes. Intriguingly, the three missing subunits are encoded
exclusively in mt genomes in apicomplexans and dinoflagellates (coded as cox1, cox3,
and cob, respectively). Taken all together, it is appropriate to anticipate that Perkinsus
mt genome sequences were not retrieved from the public database by BLAST-based
searches.

I have two possible reasons for this situation. The first possibility is that the mt
genome data of Perkinsus have not been added to the public database. Especially, it is
sometimes observed that the nucleotide sequences with high AT content are a little hard
to be cloned in large-scale genome sequencing (Glockner, 2000; Gardner, 2001).
Considering that mt genomes are generally AT-rich, it can be expected that the
Perkinsus mt genome is highly AT-rich and its most parts may not be sequenced. The
second is that Perkinsus mt gene sequences are quite divergent and therefore were not
found by BLAST-based sequence searches.

In either case, the three genes must be present and expressed. To solve this issue, |
will have to examine carefully the candidate sequences with lower sequence similarity
to the orthologs regarding the conservation of essential residues and/or perform
molecular biological experiments like polymerase chain reaction (PCR). In the next
chapter, I investigated the P. marinus mt genome sequence and characterized one of the

P. marinus mt genes, COX1.
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RefSeq ID of Mitochondrial targeting

Enzyme Subunit Query P. marinus homolog E-value score by MitoProt
Type | NADH dehydrogenase = NAD1-5 * none - -
(Complex 1)
Type Il NADH dehydrogenase - Pf XP_002784460 6.00E-50 0.3207
Succinate dehydrogenase Fp Pf XP_002784717 0.00 0.8775
(Complex II) Ip Pf XP_002765391 1.00E-103 0.9635
CybL * none - -
CybS * none - -
Ubiquinol-cytochrome ¢ cyt b* * none - -
oxidoreductase (Complex Ill) Rieske FeS Pf XP_002778583 1.00E-90 0.7940
cyt ¢ Pf XP_002787441 6.00E-95 0.0245
hinge Pf XP_002775032 1.00E-17 0.1341
MPP Pf XP_002780898 4.00E-122 0.9333
Cytochrome ¢ - Pf XP_002769625 2.00E-39 0.1760
Cytochrome c oxidase cox1¥ * none - -
(Complex IV) COX2N Pf XP_002767155 4.00E-37 0.8331
COX2C Pf XP_002788770 3.00E-60 0.4836
coxs? * none - -
COX5 Pf XP_002769485 3.00E-57 0.9981
COX6 Pf XP_002771317 5.00E-28 0.0577
COX7 Pf XP_002780296 6.00E-07 0.0000
Alternative oxidase - Cp XP_002788619 8.00E-72 0.9040
ATP synthase o Pf XP_002780357 0.00 0.9954
B Pf XP_002782393 0.00 0.8239
Y Pf XP_002778693 3.00E-60 0.9490
) Pf XP_002785641 4.00E-23 0.9170
€ Pf XP_002776346 5.00E-09 0.4348
OSCP Pf XP_002778045 5.00E-22 0.9975

Table 3-1.

Candidates for major ETC complex proteins and ATP synthase of Perkinsus retrieved from the
public database. Only the sequences with the highest alignment score among the BLAST search
results are shown for each protein. Query sequences from P. falciparum (Pf) are listed with
accession numbers in Mogi and Kita, 2009. “none” means that there were no hits with E-value
less than 0.01 by sequence searches using homologous sequences from protists to higher
eukaryotes as queries (indicated as an asterisk for query). For the proteins which were not
retrieved by BLAST search using the P. falciparum sequence, further searches were performed
using genes of either of a dinoflagellate Karlodinium micrum (Km) and a diatom Thalassiosira
pseudonana (Tp) as queries. For AOX, I used the sequence from an apicomplexa C. parvum
(Cp) as a query because Plasmodium does not have any AOX homolog. Accession numbers for
these sequences are DQ186202 (Tp nadl-5), CM000649 (Tp SDH3), CM000642 (Tp SDH4),
EF443012 (Km CYT B), AM773802 (Km COX1), EF443023 (Km COX3), and AB118216 (Cp
AOX). The proteins with ¥ are coded by mt genomes in apicomplexans and dinoflagellates.
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Specific activity

Enzyme (nmol/min/mg of protein)

Succinate dehydrogenase

(Complex I1) 215
Succinate-ubiquinone 169
reductase (Complex II)
Succinate-cytochrome ¢ 292
oxidoreductase (Complex II-111)
+ Malonate 49.4
Quinol oxidase
(Complex IlI-IV and AOX) 126
+ Ascofuranone 7.22
Cytochrome c oxidase 947
(Complex IV) '
+ KCN 0
Table 3-2.

ETC enzyme activities of Perkinsus crude organellar fraction. The
values were obtained from five independently prepared samples.
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Figure 3-1.

Schematic description of the general mitochondrial ETC. ETC complexes are colored in
light blue. I, Complex I: NADH dehydrogenase; II, Complex II: succinate-quinone
dehydrogenase; 111, Complex III: quinone-cytochrome ¢ reductase; IV, Complex IV:
cytochrome ¢ oxidase; Q, ubiquinone; cyt C, cytochrome C. Blue arrows indicate the
electron flow.
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Figure 3-2.

Schematic description of the mitochondrial ETC with unconventional enzymes. All are
described as in Figure 3-1, except for the unconventional enzymes: the type Il NADH
dehydrogenase (NDH2) and the cyanide-resistant terminal oxidase AOX colored in yellow.
Note that the NDH2 is described as being located at the external surface of the
mitochondrial inner membrane as observed in Plasmodium, although the NDH2 homolog is
found also at the internal surface of the mitochondrial inner membrane in Saccharomyces
(Marres et al., 1991).

37



Chapter 4. ANALYSIS OF P. MARINUS MITOCHONDRIAL GENE AND ITS

SPECIFIC EXPRESSION SYSTEM

4.1. Introduction
4.1.1. Mt genome diversity and nonstandard decoding events

Mt genomes are very diverse with regard to the physical structure, genome size, and
gene content (reviewed in Lang et al., 1999; Burger et al., 2003), due to independent
evolutionary events across eukaryotic taxa (e.g., gene loss, gene transfer to the nucleus,
and genome reorganization). For example, mt genomes of land plants are highly
expanded (up to 2.4 Mbp in muskmelon) (Ward et al., 1981), and the smallest mt
genome reported is a 6-kb long linear molecule in apicomplexan parasites (Feagin,
1992). An mt genome with unusual organization—several hundred linear DNA
molecules coding one or a few genes—is found in the icthyosporean Amoebidium
(Burger et al., 2003). In Euglenozoan flagellate Diplonema, one mt gene is separated
into multiple fragments, each encoded on a different mini circlular molecule (Marande
et al., 2005; Marande and Burger, 2007).

Mt gene expression is distinct from that in the nucleus, and mitochondria are notable
for having alternative genetic codes. One well-known code alteration is codon
reassignment in which codons are not decoded as designated in the standard codon table.
For example, the UGA codon in mitochondria of many eukaryotes (other than land
plants) codes for tryptophan rather than a stop (Sengupta et al., 2007); AGR codons (R
= A or G) in inchordata mitochondria code for glycine rather than arginine (Kondow et
al., 1999); and CUN codons (N = A, U, G or C) in yeast mitochondria code for
threonine instead of leucine (Osawa et al., 1990). Some codon reassignments, even

those that result in the same coding change, are suggested to have evolved
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independently in separate taxa; one example is the reassignment of UAG codon to
leucine in chlorophycean and in fungal mitochondria (Laforest et al., 1997; Kiick et al.,
2000; Sengupta et al., 2007; Ohama et al., 2008).

There is another category of nonstandard events in decoding: recoding (Gesteland et
al., 1992). Whereas codon reassignments are usually due to the translational apparatus
and it is irrespective the mRNA context, recoding is dependent on some signals like
mRNA sequence contexts and the presence of nascent peptides (Atkins and Baranov,
2010). For example, a selenocysteine residue is coded by UGA codon with the aid of
unique mRNA sequence signal (Howard et al., 2005). Another recoding event is known
as ribosomal frameshift or programmed frameshift, a phenomenon observed in a wide
range of organisms which results in a shift forward or backward in the reading frame
during translation (Farabaugh, 2000; a list for reported frameshifts is found in Baranov
et al., 2002). Ribosomal frameshifts have also been found in mt genes from various
animals, and a +1 frameshift is suggested at specific codons (Hérlid et al., 1997,
Mindell et al., 1998; Beckenbach et al., 2005; Russell and Beckenbach, 2008; Milbury
and Gaffney, 2008; Rosengarten et al., 2008). As just described, several types of

nonstandard decoding events are occurring in mitochondrial gene expression systems.

4.1.2. Enigmatic mt genomes of apicomplexans and dinoflagellates

As mentioned in Chapter 1, the apicomplexan mt genome is composed of unusually
reduced 6-kb element and its gene expression system is not characterized well.
Interestingly, some of the unusual characteristics of apicomplexan mt genomes are
shared with those of dinoflagellates, albeit with significant differences in mt genome
organization (Gray et al., 2004; Waller and Jackson, 2009; Figure 4-1). Although the

overall structure of dinoflagellate mt genome is not yet determined, they are suggested
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to be composed of a number of heterogeneous DNA molecules that resulted from
rampant homologous recombination (Nash et al., 2008; Waller and Jackson, 2009). The
entire mt genome size is estimated to be at least 30 kb but is probably much larger
(Nash et al., 2007). The genome encodes the same three protein-coding genes as
apicomplexans, as well as fragmented rRNA genes; the protein-coding genes also lack
canonical start and stop codons (Nash et al., 2007; Jackson et al., 2007; Nash et al.,
2008; Waller and Jackson, 2009; Kamikawa et al., 2009). Transfer RNA genes have not
been detected in any of the dinoflagellate mt genomes, and most of these dinoflagellate
mt genomes comprise non-coding and pseudogene sequences (Norman and Gray, 2001;
Nash et al., 2008; Kamikawa et al., 2009).

Recent studies on two basally-branching dinoflagellates have further highlighted the
complexity of these mt genomes; the mt genomes of both Oxyrrhis marina and
Amphidinium carterae are comprised of a number of DNA molecules bearing multiple
copies of the three protein-coding genes with different intergenic contexts to one
another (Nash et al., 2007; Slamovits et al., 2007). Particularly in the latter species, long
intergenic sequences containing extensive inverted repeats are predicted to form many
stem-loop structures (Nash et al., 2007). Although the mt genomes of these two sister
lineages, which share unusual features, have not been fully characterized for the
mechanisms of gene expression, the shared gene content suggests that the drastic gene
reduction in genome content occurred before the divergence of these lineages. In
contrast, the significant difference in apicomplexan and dinoflagellate mt genome
structures indicates that drastic mt genome reorganization events occurred after the two
lineages split and independently diverged from their common ancestor (Waller and

Jackson, 2009).
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4.1.3. Analysis of Perkinsus mt genome

The presence of DNA in Perkinsus mitochondria was previously ensured by
4',6-diamidino-2-phenylindole staining (Matsuzaki et al., 2008). But contrary to my
expectation, the BLAST-based sequence searches performed in Chapter 3 did not detect
any of the possible Perkinsus mt genes. The obvious enzyme activities strongly
indicated the presence of these genes and their translated products. Also, considering the
phylogenetic importance, analyzing Perkinsus mt genome and its gene expression
system may provide valuable insights into mt genome evolution of apicomplexans and
dinoflagellates. In this chapter, I describe the detection and general features of P.
marinus mitochondrial coxl gene (Pmcoxl), the first annotated Perkinsus mt gene. I
obtained the full-length mRNA sequence for Pmcox1 by PCR and rapid amplification of
cDNA end (RACE). The primary sequence of this mRNA shared several features with
orthologs from related species, and together with Southern hybridization data, the codon
usage suggested that this gene resides in the P. marinus mt genome. Unexpectedly,
multiple sequence alignments and a three-frame translation indicated that the translation
of this mRNA employs a modified decoding system. I discussed the primary sequence
features of this mRNA and further described the possibility of a unique, modified

translational decoding system in Perkinsus mitochondria.

4.2. Materials and methods
4.2.1. Strains and culture conditions

The P. marinus strain CRTW-3HE was maintained in the same manner described in
Chapter 2. Strains of P. honshuensis and P. olseni were provided by Dr. T. Yoshinaga
(Graduate School of Agricultural and Life Sciences, The University of Tokyo) and

maintained in the same manner as for P. marinus.
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4.2.2. Nucleic acid preparation

Collected Perkinsus cells were resuspended in extraction buffer containing 100 mM
Tris, 100 mM boric acid and 50 mM EDTA, pH 8.0. Cell suspensions were treated with
sodium dodecyl sulfate (SDS) at 60°C for 30 min. Proteins were removed by
centrifugation at 2000xg for 5min after the mixing with twice volume of Tris / EDTA
(TE) -saturated phenol. The aqueous layer containing the total genomic DNA (gDNA)
was extracted once using an equal volume of 1:1 (v/v) phenol: chloroform mixture, and
once with chloroform only, and then DNA was precipitated with 2 volumes of 100%
(v/v) ethanol and washed with 70% (v/v) ethanol. Total RNA was prepared using
TRIzol Reagent (Invitrogen) according to the manufacturer’s protocols, followed by the
poly(A)"-RNA enrichment with PolyATract mRNA Isolation System III (Promega).
Complementary DNA (cDNA) was synthesized with SMART RACE cDNA

amplification kit (Clontech) following manufacturers’ instructions.

4.2.3. PCR, RACE, cloning and sequencing

PCR was performed using Takara Ex Taq (Takara Bio) or PfuUltra I HS DNA
polymerase (Stratagene). Reaction mixtures were prepared according to the
manufacturers’ instructions. Amplification was performed as follows: denaturation at
94°C for 4 min followed by 35 cycles of 94°C for 30 s, a primer annealing gradient
from 40 to 50°C for 30 s, and extension at 72°C for 1 min, followed by a final extension
at 72°C for 7 min. Primer set Pmcox1F1 and Pmcox1R3, based on the coxl-like
sequences of nuclear DNA of mitochondrial origin (Numt) found in database (see 4.3.
Results; Figure 4-2), was used to amplify the partial sequence of the Perkinsus

mitochondrial cox1 (Figure 4-3). Pmcox1R3 was then used in combination with a
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degenerate primer cox1-3f, which was designed based on coxl orthologs from related
species (Figure 4-3), to additionally sequence the upstream region of Perkinsus
mitochondrial coxl. After determining the full P. marinus coxl mRNA sequence, The
primer set Pmcox1fullF and Pmcox1fullR was designed for use in PCR of the nearly
full-length P. marinus cox1 both from gDNA and cDNA. Primer sequences are listed in
Table 4-1.

RACE experiments were performed using Takara Ex Taq with P. marinus cDNA as
the template. Reaction mixtures were prepared according to the instructions of the
cDNA synthesis kit manufacturer. Reaction conditions were 35 cycles of 94°C for 30 s,
48°C for 30 s, and 72°C for 3 min, and a final extension at 72°C for 7 min. Primers for
5’ and 3’ RACE were Pmcox1-5RACE and Pmcox1-3RACE, respectively (Table 4-1).

PCR and RACE products were separated by electrophoresis on 1.2% agarose gel
containing 1 % tris-borate EDTA (TBE) buffer and target products were extracted with
the MagExtractor PCR & Gel Clean up kit (Toyobo). The gel-purified products were
then cloned using the TOPO TA cloning kit for Sequencing (Invitrogen). The
recombinant plasmids containing PCR or RACE products were extracted from
transformed E. coli (strain DH5a) using MagExtractor Plasmid (Toyobo). Both strands
of cloned products were sequenced with the DYEnamic ET Terminator Cycle
Sequencing kit (GE Healthcare) on an ABI310 automatic sequencer (Applied
Bioscience). Sequences were determined from more than three clones, unless otherwise
stated. For nearly full-length gene fragments, direct sequencing was performed on four
independently obtained PCR products. Consensus sequences were determined from the
alignments of multiple sequences. The assembled full-length mRNA sequence was

deposited to the DNA Data Bank of Japan (accession no. AB513789).
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4.2.4. Sequence analysis

Sequences were aligned with Clustal X 1.83 (Thompson et al., 1997) and amino
acid sequences were predicted using the ExPASy translate  tool
(http://www.expasy.org/tools/dna.html). Codon usage in several P. marinus genes was
calculated wusing the Countcodon program (Kazusa DNA Res. Inst.,
http://www.kazusa.or.jp/codon/countcodon.html). Accession numbers for P. marinus
nuclear genes are as follows: iSpC (AB284362), sod1l (AY095212), sod2 (AY095213),
and actl (AY436364).

After cloning and determining the putative P. marinus mt gene sequence, sequence
searches were carried out in NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
using the P. marinus mt gene sequence to further obtain possible P. marinus mt genome

sequences. Note that the TIGR database was closed and unavailable after Oct 2009.

4.2.5. Southern hybridization

DNA fragments for use as probes were amplified by PCR using the following
primer sets (for primer sequences, see Table 4-1): Pmcox1pF and PmcoxIpR for P.
marinus cox1, nucLSU-7f and nucLSU-7r for large subunit ribosomal DNA (LSU
rDNA), PmNumtlF and PmNumtlR for cox1-like Numtl and its flanking regions, and
PmNumt2F and PmNumt2R for Numt2 and its flanking regions. The amplified
fragments were cloned as described above. The extracted plasmids were digested with
EcoRI overnight except for two Numt-plasmids, which were digested with both Notl
and Pstl, and the fragments were purified, labeled, and hybridized to P. marinus gDNA
with or without restriction enzyme digestion. The probes were used for detection with
the AlkPhos Direct Labelling and Detection System with CDP-Star (GE Healthcare) as

follows. First, 1 ug P. marinus gDNA was digested with each restriction enzyme
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overnight at 37°C. Digested and uncut DNA was subjected to electrophoresis on a 0.3%
agarose gel and transferred onto Hybond N’ nylon membrane (GE Healthcare)
overnight. Purified probe (100 ng) was labeled with alkaline phosphatase and
hybridized to the membrane-linked gDNA overnight at 42°C. The membrane was
washed and incubated with the substrate CDP-Star, and the chemiluminescence signal

was detected using LAS-4000 (Fujifilm).

4.3. Results
4.3.1. Primary sequence of P. marinus cox1

Preliminary searches for possible mt genome fragments of P. marinus in the NCBI
databases and the P. marinus draft genome database at TIGR, using mt gene sequences
of dinoflagellates and apicomplexans as queries, did not produce any sequences that
were supported with statistical significance (E-value <0.01). These less-E-value
sequences were checked carefully by eye while referring to the amino acid alignment of
COX1 from related species to identify highly conserved amino acid residues in the
partial sequences, and two contigs were found to harbor coxl-like fragments, albeit
these were only partial and tiny fragments (Figure 4-2). Contig no. 22713 (available as
part of AAXJ01000589 in Genbank/EMBL/DDBJ) contained a fragment with 75.0% AT,
that showed 68% predicted-amino-acid identity (17/25 residues) with O. marina COX1
(ABKS57983) and was found to include functionally essential amino acid residues
His276 and Glu278 (amino acid numbers according to Iwata et al., 1995). Another
fragment in contig no. 22822 (available as part of AAXJ01000147) had 70.7% AT and
showed 52% predicted-amino-acid identity (20/38 residues) with O. marina COX1 and
conserved His325 and His326 (Figure 4-2). It was realized that the base composition of

these cox1-like fragments differed from those of the flanking regions (<55% AT). The
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flanking regions did not show sequence similarity to coxl and were discovered to
harbor nuclear genes like RNA helicase gene and clathrin-associated protein gene, the
former of which contained the cox1-like fragment in one of its intronic regions (Figure
4-3A). These observations imply that these coxl-like, AT-rich fragments are nuclear
DNA of mitochondrial origin (Numts), which are DNA fragments that had been
transferred from mt genomes into the nucleus and, in many cases, have become
transcriptionally inactive (Lopez et al., 1994). They are usually found in eukaryotic
nuclear genomes (Richly and Leister, 2004).

Because the coxl-like Numts and the true mitochondrial coxl are likely to have
similar sequences, two primer sets were used for PCR: 1) Pmcox1F1 and Pmcox1R3,
both of which were derived from the Numt sequences and ii) Pmcox1R3 and a
degenerate primer cox1-3f, which was designed based on coxl sequences of closely
related species. In each case, there was a distinct single DNA amplification from total P.
marinus DNA template. Sequencing of these PCR products confirmed the lengths at 167
bp and 434 bp, respectively, with the former being completely included in the latter. The
434-bp fragment was also amplified from P. honshuensis and P. olseni gDNA. The
nucleotide sequence identity amongst the 434-bp fragments from the three species was
more than 96%. To obtain the full-length sequence of this gene, 5’ and 3° RACE were
performed using internal primers Pmcox1-SRACE and Pmcox1-3RACE, respectively,
with P. marinus cDNA as the template. After cloning and sequencing 5 clones for each
of the RACE products (approximately 700 bp each), the nearly full-length sequences
(approximately 1400 bp) of both gDNA and cDNA were amplified using specific primer
sets (Pmcox1fullF and Pmcoxl1fullR) followed by direct sequencing of multiple
independent PCR products. The sequences of the RACE products and the nearly

full-length sequence were manually assembled to determine the full-length mRNA
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sequence (1434 bp) of this gene, which was confirmed to contain sequences identical to
the PCR and RACE fragments obtained above. Conversely, this mRNA contained
regions which are similar to but not identical to Numt sequences, and their flanking
regions were completely different from each other (Figure 4-3B). There were no
substitutions, insertions and deletions between sequences from gDNA and cDNA,
suggesting that RNA editing does not occur in this gene. The overall AT content of this
gene was 80.9%. As a whole, this gene was similar to coxl of dinoflagellates and
apicomplexans with an E-value less than 107°; hereafter, this sequence is referred to as

Pmcox1l mRNA.

4.3.2. Genomic localization of Pmcox1

To determine the localization of Pmcoxl in P. marinus genomes (nucleus or
organelles) and to infer the Perkinsus mt genome structure, Southern hybridization was
conducted using total DNA because it was difficult to isolate pure mt DNA from P.
marinus. Pmcox1 signals constituted a smear in the low molecular-weight region (<10
kb) of uncut genomic DNA, which is far lower than the expected position for
chromosomal DNA (Figure 4-4). Similarly, Pmcox1 signals formed a smear for the
digestion of total DNA with BamHI, EcoRI, or HindIIl. A distinct signal was only
observed (1-2 kb region) for the digestion of total DNA with Accl. Given the high AT
content of Pmcox1, it is natural that Accl was the only restriction enzyme tried here
which cut the DNA sequences around Pmcox1.

In sharp contrast to the Pmcox1l probe, the probe for the nuclear LSU rDNA
hybridized to the stacked, high molecular-weight, chromosomal DNA in the uncut DNA
sample (Figure 4-4). Moreover, one or two distinct LSU rDNA band(s) were detected in

gDNA digested with Accl, BamHI, EcoRI, or HindIIl. The LSU rDNA signals indicate
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the high quality of gDNA and that the restriction digests were complete. Similarly,
probes for Numts and its flanking regions hybridized to the undigested chromosomal
DNA without a smear signal, indicating that they reside on chromosomal DNA (Figure
4-5). The smear signals from the Pmcox1 probe suggest that Pmcox1 resides on small

(<10 kb) heterogeneous non-chromosomal DNA.

4.3.3. Prediction of amino acid sequence

The amino acid sequence predicted to be encoded by the primary Pmcoxl mRNA
sequence unexpectedly could not be translated in its entirety using the standard codon
table in a single reading frame; several stop codons appeared in all three frames (Figure
4-6). The BLASTx-based search using the entire Pmcox1 mRNA sequence as a query
identified several partial COX1-like amino acid sequences that appeared separately in
all three reading frames (gray boxes in Figure 4-6). In total, I found eleven COX1-like
“coding-blocks” (gray boxes numbered I — XI in Figure 4-7) that cover almost the entire
sequence of Pmcox1, though discontinuously.

To understand the discontinuity in the COX1-like amino acid sequences, I aligned
the Pmcoxl mRNA sequence with coxl sequences of related species (Figure 4-8).
Among the four cox1l sequences, Pmcox1l was the most divergent and contained the
largest number of insertions and deletions (indels). Curiously, there were ten 1- or
2-base indels specifically in the Pmcox1l mRNA that occurred in the context of AGGY
(8 of 10) or CCCCU (2 of 10) motifs (shown on a black background in Figure 4-8).
Most intriguingly, these 10 regions appeared to coincide with the transitions between
coding-blocks, and AGG and CCC appeared in-frame preceded by the predicted
COX1-coding blocks (Figure 4-6).

Based on these observations, I postulated that modified decoding, which could shift
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the reading frame, occurs in the translation of Pmcoxl mRNA. In my hypothesis,
specifically, when an in-frame AGG or CCC appears, the reading frame should be
shifted forward by 1 or 2 bases, respectively. Accordingly, I prepared a putative
PmCOXI1 amino acid sequence in the following manner. I eliminated the A residues of
the AGGY motifs and made a +1 frameshift, making GGY instead of AGG in-frame. |
also deleted the first two C residues of CCCCU motifs and made a +2 frameshift,
making CCU instead of CCC in-frame. This model accounts for all the
Perkinsus-specific 1- and 2-base indels and connects the 11 “blocks” into one
consecutive coding sequence. The alignment of our putative PmCOX1 sequence with
counterparts from related organisms shows the conservation of functionally important
amino acid residues (Figure 4-9, black boxes). This sequence also conserves the glycine
and proline residues, which are most common in the proximity of the AGGY and
CCCCU motifs. The potential mechanisms for these frameshifts will be further

discussed later.

4.3.4. Codon usage and base composition

Based on the amino acid sequence deduced in 3.3.3., I analyzed the codon usage and
base composition. Around the 5’ terminal regions, no AUG codon that is likely to act as
start codon was identified (Figure 4-10). Canonical stop (UAA, UAG and UGA) codons
were not observed in 3’ terminal regions, as is often the case with mt genes of
dinoflagellates and apicomplexans (Figure 4-10). Comparison of the COX1 amino acid
alignment and nucleotide sequence also showed well-conserved tryptophan residues
among related species that appeared to be coded by UGA codons in Pmcox1 (open
boxes in Figure 4-9, Figure 4-6, and Table 4-2). The predicted PmCOX1 sequence did

not contain any cysteines; whereas the 19 other amino acids occurred at least once.
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Codon usage calculation on the entire sequence revealed that Pmcox1l is highly
divergent among cox1 orthologs from related protists. Pmcox1 utilizes only 35 kinds of
codons, a much smaller number than those in related species (48-58) and in P. marinus
nuclear genes (53-60) listed in Table 4-2. For example, leucine is coded exclusively by
UUA codon in Pmcox1, whereas each of the other species examined uses 5 or 6 kinds of
codons to code for leucine. Also, arginine was coded solely by AGA and alanine by
GCU in Pmcox1.

Since the biased codon usage is most likely related to the base composition, I
examined base composition of Pmcoxl in detail and compared it to those of related
species (Table 4-3). The overall AT content of Pmcox1 was 80.9%, higher than those of
cox1 orthologs from related organisms (64% to 72%) and much higher than those of
Perkinsus nuclear genes (43% to 50%). The AT skew of Pmcox1 was -0.009, meaning
that Pmcox1 mRNA contained almost the same number of A and T residues on the sense
strand. Contrastingly, the AT skew of other coxl sequences ranged from -0.157 to
-0.297, reflecting that they used 1.3 to 1.8 times more T than A.

To determine whether the base composition bias is associated with codon usage,
base composition was investigated for each codon position. A and T were used in 89.8%
of the 3rd codon positions of Pmcox1, while they were used in 77.4% and 75.9% of the
Ist and 2nd codon positions, respectively. This AT bias is reflected in codon usage; only
nine Pmcox1 codons had a G or C at their 3rd position. In contrast, the 3rd codon
positions of P. marinus nuclear genes have A or T much less frequently (39.1%). The AT
bias at the 3rd codon position is higher in Pmcox1 than in coxl orthologs from other

species (73.9% to 87.7% AT) (Table 4-3).

4.3.5. BLAST-based searches of the database for other possible Perkinsus mt
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genome sequences

Sequence searches with BLASTn and BLASTx program were performed using the
Pmcox1 mRNA sequence in the NCBI database as of November 2009. From P. marinus
whole-genome shotgun assemblies, I obtained only one contig containing a fragment
which perfectly matches our Pmcox1 (accession number: AAXJ01004741). This contig
possesses 5’ and 3’ flanking regions of Pmcox1, in which no protein-coding or structural
RNA sequence was found.

Subsequent sequence searches using the 5’ flanking region of Pmcox1 as a query
recovered a few other sequence with high similarity. I reiterated the sequence search
process using newly recovered sequences as queries. Rounds of searches recovered
several contigs, and the AT content of these sequences was as high as 80%. Almost all
the sequences recovered were non-coding (data not shown), but I found one entry which
contained a fragment similar to cob of dinoflagellates (AAXJ01022806). As opposed to
Pmcox1 which is similar in length to orthologous cox1l genes, this gene fragment was
shorter than the full-length orthologous genes found in other organisms. The cob-like
fragment from P. marinus sequence was less than 600 bp, while cob is generally around

1100 bp in related species (Jackson et al., 2007; Zhang et al., 2008).

4.4. Discussion

4.4.1. Pmcox1 shares the features with apicomplexan and dinoflagellate mt genes
Using the newly determined sequence of Pmcox1 mRNA and nearly the full-length

sequence of its genomic counterpart, I found several data to suggest that Pmcox1 is

located in the mt genome and recognized that this gene conserved several features

shared with apicomplexan and dinoflagellate mt genes.

First, Southern hybridization of total gDNA from P. marinus shows the localization
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of Pmcox1 that is distinct from that of the nuclear LSU rDNA. Signal from Pmcox1
probes formed a smear in the relatively low molecular-weight regions of uncut total
gDNA, while LSU rDNA probe hybridized to stacked, uncut DNA with high molecular
weight, i.e., chromosomal DNA (Figure 4-4). These results indicate that Pmcox1 resides
on the relatively small DNA molecules distinct from chromosomal, nuclear DNA. The
present hybridization data (Figure 4-4) is congruent with previously reported results on
other dinoflagellates (Norman and Gray, 1997; Chaput et al., 2002; Jackson et al., 2007),
suggesting that Pmcox1 is encoded on multiple heterogeneous DNA molecules, which is
similar to the structure found for other dinoflagellate mt genomes.

Second, canonical start and stop codons are not found in the terminal regions of
Pmcox1 (Figure 4-10). As the mt genes of dinoflagellates and apicomplexans do not
possess AUG start codon and stop codons, these are assumed to utilize alternative start
and stop mechanisms (Norman and Gray, 1997; Rehkopf et al., 2000; Chaput et al.,
2002; Jackson et al., 2007; Kamikawa et al., 2009). All of the Perkinsus nuclear genes
examined here had AUG start and stop codons in the expected positions based on
comparisons to orthologs from related species. These observations support that Pmcox1
resides in the mt genome and is expressed by probably similar mechanism to those in
apicomplexan and dinoflagellate mitochondria.

Lastly, overall codon usage and base composition showed significant differences
between Pmcox1 and Perkinsus nuclear genes (Tables 4-2 and 4-3). Moreover, several
UGA codons, which typically function as stop codons in nuclear genes but often code
for tryptophan in mt genes, were present in the Pmcox1 mRNA and appeared to code for
tryptophan (Figures 4-6 and 4-9).

These multiple lines of evidence strongly suggest that this gene is not located in the

nuclear but in the extra-chromosomal DNA which has similar structure to the
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dinoflagellate mt genomes, although no direct evidence has been obtained presently. To
fully prove the mt genome localization of Pmcox1, direct evidence is required using
approaches such as fluorescence in situ hybridization. It was also strongly indicated that
the gene expression system for Pmcox1 shares features with those in apicomplexans and

dinoflagellates.

4.4.2. Mt gene translation of Perkinsus involves multiple frameshifts

Surprisingly, the Pmcoxl mRNA is apparently not translated in a single reading
frame. Because I detected the cyanide-sensitive enzyme activity of COX as described in
Chapter 3, the functional COX1 protein most likely exists in Perkinsus mitochondria.
Furthermore, I obtained the fragments of Pmcox1 orthologs from a related species P.
honshuensis and P. olseni (Figure 4-11). They showed high sequence similarity to one
another (> 96%), and conserved one AGGY motif. In addition, the longer sequence of
the P. olseni ortholog, which possibly covered almost the entire sequence of Pmcox1,
was found in the draft whole genome assembly of P. olseni we have. There were only
four gaps in the 5’ terminal region in the alignment, and the nucleotide sequence
identity of the unambiguously aligned region was 98%. All the AGGY and CCCCU
motifs were conserved, and all substitutions were synonymous, indicating the selective
pressure to conserve the amino acid sequence in Pmcoxl and this ortholog. Taken
together with there being no cox1-like sequence other than Pmcox1, these results further
emphasize that Pmcox1 is functional and is translated with the aid of an unusual
mechanism that requires multiple frameshifts.

At present, I am unable to show direct evidence that translation of Pmcox1 mRNA
requires frameshifts because we have not directly sequenced the PmCOXI1 protein.

However, the predicted PmCOX1 amino acid sequence reinforces the validity of my
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frameshift model. As mentioned in 3.4.2, COX1 takes the major role in reducing oxygen
to water. The amino acid sequence of PmCOXI1 predicted by the frameshift model
retains the conserved residues that are essential for these reactions (see Figure 4-9 and
its legend) (Iwata et al., 1995). The reading frame is possibly shifted back by 1 base (-1
frameshift) at the CCCCU motif; this -1 frameshift also adjusts the frame so as to read
NCC CCU and the COX1-like amino acid sequence would be followed in the same
reading frame. But this is less likely because it would result in the insertion of one extra
amino acid residue, coded by NCC, into the amino acid alignment.

Moreover, this frameshift motif may be conserved in another mt gene. I identified a
cob-like  fragment from P. marinus whole-genome shotgun assemblies
(AAXJ01022806) in a BLAST-based search using dinoflagellate mt gene sequences.
This fragment included five conserved AGGY motifs where the reading frame appeared
to be shifted forward by 1 base to connect discontinuous COB-like amino acid
sequences to form a plausible COB protein (Figure 4-12). The orthologous gene
fragment, although shorter, was found in the draft whole genome assembly of P. olseni.
The fragment also conserved three AGGY motifs, and the deduced amino acid sequence
was identical to that of P. marinus counterpart (Figure 4-12). In contrast, the deduced
amino acid sequences for Perkinsus nuclear genes shown in Table 4-2 did not include
such translational frameshifts. These observations strongly indicate that an
unconventional event occurred during translation, specifically in mitochondria of P.
marinus, and also of other Perkinsus species. Notably, this is the first report of a

frameshift-involving translation system in protist mitochondria.

4.4.3. Possible mechanisms suggested for frameshift in Perkinsus mt genes

If Pmcox] mRNA is read in all three frames to generate PmCOXI, an
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unconventional mechanism must exist in the Perkinsus mitochondrial translation system
to shift the reading frame systematically. One possible mechanism is a ribosomal
frameshift. In the case of +1 ribosomal frameshift, a rarely used codon or a stop codon
in the ribosome A site is suggested to induce the ribosome to stall and allow the reading
frame to be subsequently shifted forward by skipping 1 base (Belcourt and Farabaugh,
1990). Based on previous studies, I hypothesized that ribosomes in Perkinsus
mitochondria skip the A residue in the first position of the in-frame AGG in the shared
AGGY motif and the first two C residues in the CCCCU motif by shifting forward by
one base at in-frame CCC (Figure 4-13A). These two types of frameshifts at the rarely
used AGG and CCC codons change the reading frame and allow the discontinuous
COX1-like amino acid sequences to be joined, which produces the preferred amino acid
residues at the frameshift sites (Figure 4-9).

Alternatively, specialized tRNAs that recognize non-triplet codons may be utilized
at frameshift sites during translation. Naturally occurring deviant tRNAs recognize
four-base codons and act as suppressors of nonsense mutations, and artificial tRNAs
bearing modified loops can recognize quadruplet and even quintuplet codons (Hohsaka
et al., 2001; Magliery et al., 2001; Anderson et al., 2004; Wang et al., 2006; Atkins and
Bjork, 2009). In the case of Pmcox1, specialized tRNAs may recognize AGGY (for
glycine) and CCCCU (for proline) to enable the proposed frameshifts (Figure 4-13B).
One possible process for the generation of tRNAYY recognizing AGGY is that the
nucleotides of the anticodon and its adjacent regions of tRNA®Y (anticodon: GCC) are
modified post-transcriptionally to decode four nucleotide codon. Two most common
modified nucleotides in the tRNA anticodon region are inosine and pseudouridine,
which are synthesized by enzymatic modification from adenine and uridine,

respectively (various types of modifications are described in Grojean et al., 2010). They
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have extended pairing capacities; inosine can pair with U, C and A. It can be anticipated
that some modifications like them are present in the anticodon loop of the Perkinsus
mitochondrial tRNA®Y. Also, it can be possible that the tRNA*® (CCU) has a modified
anticodon loop, and is charged with glycine instead of arginine by a specific
aminoacyl-tRNA synthase. Regarding the frameshift at CCCCU motifs, tRNA"® (GGG
or GGA) with modified anticodon loop is expected to be present. With these tRNAs, the
reading frame would be shifted at AGGY and CCCCU motifs by 1 and 2 base(s)
respectively, and one contiguous COX1 protein would be translated. Such specialized
tRNAs with altered decoding capacity may be used in Perkinsus mitochondria, although
mitochondrial tRNAs involved in frameshifting have not yet been identified from any
organism.

Regardless of the mechanism, it should be noted that the 100% frameshift efficiency
has never been observed, although the efficiency of translational frameshift depends on
the nucleotide sequence and the abundance of tRNAs (Sundararajan et al., 1999). Lower
frameshift efficiencies are not lethal to organisms known to have frameshift-dependent
genes because there is only one (most cases) or at most two (for nuclear genes of some
ciliates like Euplotes described in Klobutcher, 2005) ribosomal frameshifts per one gene.
In contrast, frameshift must occur at as many as ten sites to produce a complete COX1
protein in Perkinsus, which is a surprisingly high number. If one frameshift failure
occurs at any of the 10 sites due to low efficiency, only a truncated COX1 protein, and
not the full-length protein, will be synthesized to deleterious effect on respiratory
function of Perkinsus. It is known that “stimulatory” elements such as upstream
Shine-Dalgarno-like sequences or downstream pseudoknot structures promote efficient
frameshifts (Gesteland and Atkins, 1996; Giedroc and Cornish, 2009). There are,

however, no such sequences found around the frameshift sites in Pmcox1.
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Based on these observations, I suggest that the complete translation of Pmcox1, a
Perkinsus mt gene, requires a quite accurate mechanism for highly frequent and
efficient frameshifts. “Ten times per gene” is by far the highest frequency among the
reported translational frameshifts. Considering this unusually high frequency, I suggest
that the function of the frameshift mechanism in Perkinsus mitochondria is far more
efficient and active than that of the frameshifts in other organisms. In the aspect of the
efficiency, the tRNA-mediated frameshift mechanism is more likely rather than the
ribosomal frameshift due to the insufficient amount of tRNA.

To confirm the frameshift model and also to identify the start and stop codons within
Pmcox1 mRNA, the actual amino acid sequence of Pmcox1 should be determined. I will
also investigate the translational machinery in Perkinsus mitochondria to understand the

mechanisms that promote these “extensive” frameshifts.
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Name

Sequence (5'-3")

PCR and RACE for sequencing

Pmcox1F1
Pmcox1R3
cox1-3f
Pmcox1-5RACE
Pmcox1-3RACE
Pmcox1fullF
Pmcox1fullR

TTCAACGGTGATGTGGTATTATAAC
CTAAACCTACTGTATATATATGATGAGC
ACNGGITGRACIYTITAYCCNCCNYT
AAGTGTTGATATAATACTACATCACC
ATGGTGATGTAGGTATTATATCAACAC
CTAATCAGTAATCGTGATACGCTAACC
TGAACCAATAGATGATATTAAATTCCATAC

Probe amplification for southern hybridization

Pmcox1pF GCCTAGGTTTATATGGTGGTATACC
Pmcox1pR CTTCTAGGGGCATTACATTGAAACC
nuLSU-7f TCCTGAGGGAAACTTCGGAGG
nuLSU-7r GATAGCAACAAGTACCGTGAGG
PmNumt1F GTCGAGGCAGCACAGTACTG
PmNumtlR CGATTCTCGACATCACAGTCACC
PmNumt2F CCAAGAGACATGCATGAGTAGC
PmNumt2R GGTGACTGTGATACGACTGCC
Table 4-1.

Primer sequences used in Chapter 4.
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Dinoflagellates and

Dinoflagellates and

Apicomplexa Diatom P. marinus nuclear genes Apicomplexa Diatom P. marinus nuclear genes
Codon A:;ZO Pmar Acat Omar Pfal Tpse ispC  sodl sod2 actin Codon A:::ga Pmar Acat Omar Pfal Tpse ispC  sodl sod2 actin
Uuu 149 802 609 795 84.2 5.6 4.4 7.1 0 UAU 725 329 378 293 28.1 1.9 221 7.1 213
uuc F 256 22,6 399 105 20 18.6  53.1 25 399 UAC 10.7 4.1 4.2 8.4 14 148 17.7 321 133
UUA L+ 1194 679 609 115.1 70.1 0 4.4 0 0 UAA Stop 0 0 0 0 0 0 0 0
uuG 0 165 21 6.3 12 9.3 31 321 239 UAG 0 0 0 0 0 0 0 0 0
CUU 0 412 546 6.3 16 11.1 4.4 7.1 8 CAU 12.8  26.7 21 251 24 74 354 214 133
cuc Lt 0 144 126 0 0 278 133 464 18.6 CAC 43 4.1 6.3 42 10 9.3 8.8 10.7 10.6
CUA 0 103 84 188 12 9.3 0 7.1 2.7 CAA 0 8.5 82 126 105 4 93 133 0 2.7
CUG 0 6.2 42 2.1 2 39 133 286 133 CAG 0 2.1 0 0 2 241 177 143 26.6
AUU 74.6 288 441 58.6 56.1 16.7 265 107 26.6 AAU 704 329 21 418 24 74 177 179 10.6
AUC 1 6.4 412 336 2.1 16 37.1 221 179 426 AAC N 6.4 8.2 21 6.3 10 14.8 531 179 133
AUA 1855 247 168 439 20 14.8 44 107 0 AAA . 256 103 42 105 24 3.7 4.4 7.1 133
AUG M 235 267 189 377 36.1 297 177 25 479 AAG 0 6.2 6.3 0 0 445 531 288 479
GUU 85 206 336 188 34.1 186 133 179 18.6 GAU - 235 165 21 126 24 29.7 177 286 319
GUC 0 103 8.4 2.1 0 24.1 31 179 293 GAC 0 2.1 2.1 8.4 2 24.1 31 25 26.6
GUA v 49 247 21 439 30.1 13 133 7.1 53 GAA - 10.7 123 147 146 12 16.7 0 143 16
GUG 0 4.1 2.1 0 8 16.7 44 214 16 GAG 0 2.1 0 0 2 27.8 487 28.6 585
ucu 25.6 37 546 314 32.1 13 133 25 26.6 uGU o 0 8.2 2.1 126 2 3.7 0 3.6 2.7
ucc 43 165 42 0 2 9.3 0 3.6 16 UGC 0 0 4.2 2.1 0 14.8 8.8 3.6 8
UCA s 235 37 252 314 16 7.4 4.4 3.6 2.7 UGA  Stop/W  10.7 0 0 0 10 0 0 0 0
UcG 2.1 2.1 42 2.1 4 20.4 44 214 2.7 UGG w 43 144 12,6 167 14 7.4 221 321 10.6
CCu 107 144 168 188 28.1 204 177 179 18.6 CGU 0 0 2.1 6.3 2 9.3 8.8 107 133
cce P 0 2.1 2.1 0 0 9.3 0 107 239 CGC R 0 2.1 42 0 0 5.6 8.8 3.6 186
CCA 149 267 168 16.7 14 1.1 133 143 53 CGA 0 0 2.1 0 6 9.3 0 25 2.7
CCG 0 6.2 0 2.1 6 1.1 177 107 2.7 CGG 0 0 2.1 0 2 11.1 0 214 0
ACU 2.1 206 21 377 24 14.8 31 179 426 AGU 213 123 147 188 20 148 177 25 10.6
ACC 0 4.1 6.3 4.2 18 93 221 143 186 AGC s 0 82 105 42 2 26 133 3.6 5.3
ACA T 27.7 37 21 356 18 9.3 8.8 3.6 2.7 AGA R* 128 144 63 146 10 13 4.4 3.6 53
ACG 0 0 8.4 0 4 11.1 44 107 10.6 AGG 0 2.1 4.2 0 0 5.6 88 214 8
GCU 149 206 546 209 38.1 223 66.4 25 399 GGU 64 144 273 335 58.1 16.7 265 107 426
GCC At 0 2.1 42 2.1 0 39 177 179 239 GGC G 43 6.2 8.4 0 6 315 265 214 16
GCA 0 123 231 188 36.1 27.8 8.8 28.6 2.7 GGA 43 576 189 502 26.1 13 177 107 133
GCG 0 0 2.1 0 0 315 8.8 107 0 GGG 0 123 2.1 2.1 4 24.1 0 321 5.3
gene length (bp) 1410 1458 1428 1434 1497 1617 678 840 1128
total codon number 470 486 476 478 499 539 226 280 376
codon kind used 35 55 58 48 54 60 53 59 56
A+T content 81% 68% 68% 72% 67% 43%  50% 45% 49%

Table 4-2.

Codon usage of Pmcox1, cox1l from related organisms, and Perkinsus nuclear genes. The

numbers represent codon frequencies per thousand. Asterisk indicates the amino acid coded

only by one codon species in PmCOX1. ¥ indicates the amino acid which is not contained in
PmCOXI1. The codon usage of PmCOX1 was calculated after eliminating the eight A residues
in AGGY motifs and the two CCs in CCCCU motifs.
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Pmar

Base Pmar  Omar Acat  Pfal Tpse nuclear
genes
A 40.1 22.8 26.3 305 25.7 225
T 40.8 42.0 396 414 40.7 23.8
C 8.2 20.1 184 129 15.6 25.7
G 10.9 15.1 15.7 152 18.0 28.0
A+ T lstposition 77.4 59.0 61.7 66.1 59.1 44.1
2nd position  75.9 61.3 609 61.7 59.7 55.7
3rd position 89.8 73.9 75.1  87.7 80.4 39.1
total 80.9 64.8 659 719 66.4 46.3
AT skew -0.009 -0.297 -0.200 -0.157 -0.225 -0.024
GC skew -0.139 0.141  0.078 -0.084  -0.070 -0.044
Table 4-3.

Base composition of several cox1 sequences and P. marinus nuclear genes. All
values are depicted as percentages except for the AT and GC skews. P. marinus
nuclear genes are the same as listed in Table 4-2.
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=
Figure 4-1.

Schematic descriptions of mt genomes. (A) Circular human mt genome. The details are
described in Saccone, 2005. (B) Mt genome of Plasmodium (adapted from Hikosaka et al.,
2010). The three protein-coding genes cox1, cox3 and cob are described as white boxes.
Dark and light gray boxes are genes for rRNA. (C) Partial mt genome organization of
dinoflagellates (Waller and Jackson, 2009). The entire mt genome is composed of
heterogeneous DNA molecules as shown here, and duplicated genes are distributed among
the DNA molecules with stem-loop-rich intergenic regions. (D) The mitochondrial rRNA
genes are fragmented in apicomplexans and dinoflagellates, and each of the transcripts is
suggested to constitute the rRNA (Waller and Jackson, 2009).
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His 276 Glu 278

...... TTCAACGGTGATGTGGTATTATAACAACATTTATTCTGGTATTTCTGGCACTCGGAAGTTTATATAATA
Pm AAXJ0100589 FNGDVVL - QHULFWY F W|H|S|IE|V Y I 1
0. marina F GADUPVLYQHFFWFTFG|H|P|E|V Y L
A. catenella FAGDU PVLYQHLFWTFTFG|H|PIE|]V Y I L
P. falciparum FAGDU PI1 LY QHULFWFTFG|H|PIE|V Y I L
T. pseudonana G 6 G DP VL FQHL FWFF G|H|PIE|IV Y 1 L
* - * * * - * * - * * * * * * -
His 325-His 326
...... TGAGCTICATCATATATATACAGTAGGTTTAGAATTAGATACAAAAATCTACTCCAATCACTCAACA.....
Pm AAXJ0100147 - AlH H|l Y T V G L E L DT KT I Y SN HZ ST
0. marina W A|lH Hfl' ¥ T V 6 L EV DTIRAYFTAWVT
A. catenella W G|H HM ¥ T V 6 L ETDTRAYFTG GV T
P. falciparum W V|H HIM ¥ T T 6 L EV DTRAYFTSTT
T. pseudonana W AlH HfM F T V 6G L D1 DTRAYFTAAT
* * - - * * * - * * - * *
Figure 4-2.

cox1-like Numt sequences (represented as NCBI entry number due to the unavailability of
TIGR database) and the deduced COX1-like amino acid sequence aligned with COX1
sequences from related species. Asterisks, colons and dots indicate identical residues,
conserved and semi-conserved substitutions, respectively. COx1 sequences were obtained from
the NCBI database for Oxyrrhis marina (EF680822), Alexandrium catenella (AB374235), P.
falciparum (AY282930) and T. pseudonana (DQ186202).
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AAXJ01000589

PmNumt1F (22592-22611) wemp 22988 23071 4=m PmNumt 1R (23482-23504)

Pmeox(F1 (22967-23021) Region shown in Figure 4-3B

1 (630-1013)

=) 374 942 1434

Pmcox1 mRNA I
1 cox1-3f (degenerate primer) mm=p 67

-
Pmcox1-5RACE

AAXJ01000147 E
| 4mm | Pmcox1R3 (39829-39856)

PmNumt2F (39385-39406) L d 39824 39892 4== pyNUmt2R (40270-40290)
B

—)
Pmcoxl  AXJ01000589 RS £ v L Y L EF N GDV VL -QHLEFW
(630-) (22967-23104) | AAGCCTCGTAAGGAAGTTCTGTATCTCGAATTCAACGGTGATGTGGTATTATAACAACATTTATTCTGG

* * * * K KKkKh Kk *hk Kk
T GG AT AL TATTAATGATATTATCTGATATATATTTCAATAGTATATATTTCATATTAAATGGTGATGTAGTATTATATCAACACTTATTCTGA
NG 1 LLMILSDTIYFNSTIYFILNGDVVLYO QHTLFW
Y FWHSEVY I 1TI11LTVIISSASNNE
TATTTCTGGCACTCGGAAGTTTATATAATAATATTAACAGTTATAATATCATCTGCATCGAACAATGAG. ..
E = o = * Kk * E = * * *
TATTTTGGTCATCCAGAAGTTTATATATTAATATTACCAGCTTTCGGTATAATATCTATAATATTATCTGTATTAAATAATAAAATAATATTTGGT
Y FGHPEUVYITLILPAFGIISIITILSVLNNEKTITITFSG G

——
AAXJO1000147 " TE s LV F L - AHH I YTVGLETLTODT
(39799-39936) . TATATATTATTTTCATTGGTATTTCTATGAGCTCATCATATATATACAGTAGGTTTAGAATTAGATACA

E * K *

ATGAAATCAATGATATTAGCTATTATTATGATATCTATATTAGGTAGTATAGTATGAGCTCATCACATATATACAGTAGGTTTAGAATTAGATACA

MK sM™MI1PLAIIIMI SI1T LGS 1 VWAMHMHIYTVGLETLTDT
K 1y SNH S T S Q I GNTHVHITNUPRED Pmcox1
AAAATCTACTCCAATCACTCAACATCACAGATCGGCAACACTCATGTACACATCAATCCAAGGGAGGAC...... (-1013)

* *hk * *x * * * E * *
AAAATCTATTTCAATAACTTAACATTAATAATATCTATTCCAACAGGTAATAAAATATATAATTGAATAATATTATATATTGGTTC i ATAACATA
K 1T Y F NNLTULI1L1 1S 1 PTG GNIKIYNWI I LY I GS Y N/I

Figure 4-3.

(A) Schematic model of Numt-containing contigs and Pmcox1 (not scaled). Dark and light gray
boxes indicate exons and introns, respectively, and black boxes indicate cox1-like Numts.
Arrows stand for PCR primers, and regions used as probe for southern hybridization are
indicated by bars. (B) Pairwise alignment of each of Numt sequences and Pmcox1, and their
corresponding amino acid sequences. Identical nucleotides and amino acid residues are
represented by asterisks and red characters, respectively.
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Pmcox1 LSU rDNA

23.13/
21.23 kb

9.42 kb

4.88/
4.36 kb
3.52 kb

2.32 kb

Figure 4-4.

Southern hybridization with Pmcox1 (left) and a control nuclear LSU rDNA
(right) probe. Lanes 1-4, P. marinus gDNA digested with Accl (1), BamHI (2),
EcoRI (3) and HindlIII (4); lane 5, uncut gDNA.
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1
23.13/
21.23kb —

-
9.42kb —
352kb — -
2.32kb —

Figure 4-5.

Numt1

264 1324
-
.-
-
o

5

7

Numt2

-0 203700 45 b

T

Southern hybridization using Numt1 (left) and Numt2 (right) probes. Lanes 1-4, P.
marinus gDNA digested with BamHI (1), HindIII (2), PstI (3), and Sall (4); Lane 5,

uncut gDNA.

65



5’ - uaaucuaaucaguaaucgugauacgcuaaccaauauaaauauaauaaauucuauvauauuaguaaauaauaauaaaagaauaggaauauauuacauuaaauuauca
Frame1- S N Q - S W Y A N Q Y K Y NKF Y I L VNNNJI KU RIGI Y Y I KL S
Frame2 N L 1 S N R D T L T N I N T I' NS 1Y - - 111 KE - EY I T L NYQQ
Frame3 | - S v 1 v I R - P I -1 - - 1 LY I S K - - - KNRNILH- 11

auaauuauugguauauuagguauaguauuaucuuauauaauuagaguugaauuauauaauagugguaauagaauuauuaaauaugauaauguaaauuacuauaau
I 11 G 1 L G I VLSY 11 RV ELYNSSGNR RTIIKYDNVNYYN
- L LVY -V -YYLlLI! - L ELNY 11 I VVI ELLNMIM-1T1:1
NNY WY I RYSI©1T I LYNS-SWI11 - - W - - NY - 1W--CZKILL -
augguuauaacauuacaugguuuauuaaugauauuuuauauuauaaugccuAGGUuuauauggugguauaCCCClUaauuauauauuaccaauauuaaguguaaua
M VI T LHGLLMIFY 1 I MPRFI WWYTWPNY I LPI1 L S VI
WL - HYMVY - WYFIlIULS-CLI6GLYGGI PLI 1YY QY -V - -
Yy G Y N1 TWFI1TNDIULYYNA-VYMVVY®P- LY I TNIKTCN
acagauauuguauuaccaagaauaaauaauauaucuauaauuauuguauuaauaucauauauaguaguaauaaauaguauuguaauagaauacaauauagguacu
T DI VLPRINNISTIT I I VLI SY 1 VVINJ SIUVIEYNIGT
Q Ir.vyyQ€E€Ee-1r1ry?vLv€v-bLby-yHit-- - -1VL - - NTI - VL
NR Y CI1TIKNIKS-Y 1T YNYCTINIIYSSNIKS-YTCNRTIOQYRY
AGGCugaacauuauauccuccauuaucaauuauagguacaguaauaguuaauaugauauuauaugguuuaauaauuauuAGGCauauccucuauaauaucugcua
R LN T 1SS 1T 1 NYRYSNSS-YDI I WFNNY -AYZPL-YLL
G WwWTLYPPLSI I GTVIVNMMILYSGLT1T 11 RHILYNTITC CY
- A EHY 1l LHYQL -VQ--L I WYYMV - - L LG I S S 1 I S A
uuaauuucaugaauauauuaauaguaauugauggaauaauauauguauauauauggaguauuauuauaacaaguguauuauuaauuauuucauuaccaauauuaa
L1 sw1i1®y---1.LME--YMY Il Y GVLLS-QVYY - LFHYQY -
- FHEY 1T NS SNWWNNICIYMEYYYNI KTCTITINYFT1TTNIK
I NFMN1T1T L I VI1DGI I Y VY1l WSI11T 11 TSV LLII1TSLPI1I L
augguauauuauuaaugauauuaucugauauauauuucaauaguauauauuucauauuaaauggugauguaguauuauaucaacacuuauucugauauuuugguc
MV YY - wWYyyYyovLI?>IY 11 SI1 VY1l SY - MVM-YY 1l NTYSDI LYV
wy 111 NDI I WY1 FQ--Y 1 FHI1I KWWTCS 1T 1 STULI L 1 F WS
NG I L LMITLSDIYFNSIYZFILNGDVVLYQHTLTFWYFG
auccagaaguuuauauauuaauauuaccagcuuucgguauaauaucuauaauauuaucuguauuaaauaauaaaauaauauuugguaugaaaucaaugauauuag
Il Q KF 1 Y -YYQL SV -YL-YY LY -11H K- -YLlLVWNI QWY -
S RSLY I N1TSVFRYNIYNI1ITCIHIIK - - NNIWYETILINTDIIS
HPEVY I L1 LPAFGTI1 1 S1 1L SVLNNIKIIFGMIKSWMIIL
cuauuauuaugauaucuauauuagguaguauaguaugagcucaucacauauauacaguagguuuagaauuagauacaaaaaucuauuucaauaacuuaacauuaa
L L LwWyYUlLY -VV-YELITYI1lOGQQ-V - NS -1OQKISTI1T S I T-H -
Y Yy blLy 1R -YSMSSSHI1YSRFZRIRYIKNLTFOQ-1LNTIN
Al I » I S 1 LGS 1T VWAHUHIYTVSGLETLUDTI KTIYFNNTLTL
uaauaucuauuccaacagguaauaaaauauauaauugaauaauauuauauauugguucuuauaacauauuauauaaugguuaucaaucauuaauauucaguauaa
-YLFQQV I KY 11 E-YY 1l LVLITYYI1lIMVI1INHS-Y SV -
N1 YSNR- - N1 - LNNIITYWFLS-HI1T 1 - WU1LS 1T 1 N1 QY N
1 1 S 1 PTGNIKTITYNWTI 1LY 11T GSYNILYNSGY QSTLI1IFS.
uguuuauuauaauauuuauaauagguAGGUauaacagguauaauuauaaguauagauaucauagauauuAGGUuuacaugauacauauuauauaguaucucauuu
cLL-YL - -V GGITGII I 1 SI DII1IDIRFTWY 1LY S 1 SF
vVYYNIYNRS-V-QV -1L -V - 1S5S+-11L/6LHDTYY Il VS HF
M F 1 1 I FI I 6G6RYNRYNYIKYRYHRY -VYMIHTII1I - Y LI
ccauuauauauuaucaauuggugcuguaauaucauuauuagcuAGGUauauuauuauuaaaagauauuauugguuauuauaauguaauaauuaaaauaaauaaau
PLY 11T I NWCTCNII®IIIS-VYYyY -KI1LLVIIMMS- - LK - 1N
H Y I L S 1 G6GAV I SLLARY1T1I1 KRYYWLL-CNN-NIZK -1
s 1 1YYy QLVL-YHY - LG I L L L KUDI I GYYNWVI1I 1 K I NK
acuuuAGGUuuauuauuauucauaaauauuaauauaavauucacaccucaauuuauaauuAGGUuucaauguaaugCCCCUagaagaauauuagaauauagugau
T LG L LLF 11T NITNT1FTZPQF 1 1 RFQCNAPRRILILTEY STD
L -vyYyyys -11L1-YSHLNLS-LIGFNVMZPLETEY - NTIT VI
Y FRFI1 1 1 HKY -YNIHTSIYNS-VSM-C®P-KNIRI - W
aauaucauuguauggaauuuaauaucaucuauugguucaauaucaacaauauuaauauuauuauccaua -3’
NI I VWNULISSI1T G S 1 s T 1L 1 LL s 1
Il s LY GI1 - YHLULUVQYQQY - Y Y YP
- YHCMETFNI 1 YWFNTINNTINTILITILIIH

Figure 4-6.

Nucleotide sequence of Pmcox1 and its three frame translation. Gray boxes denote COX1-like
amino acid sequences. Nucleotides in uppercase represent the sequence motifs found in
transition areas of the reading frame where COX1-like amino acid sequences are deduced.
AGG and CCC codons in the motifs are indicated in red and blue, respectively.
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=) Pmcox1pF (258-282) Pmcox1pR (1322-1346) 4mm

261281 420 499 1076 1119 1198 1265 1320 1337
5’1 Pmcox1 mRNA (1434 nt) -3
Fii | 1(82) 111 (46) viae [ x8) XI (32)
F2
F3 1 (6) IV (26) V (192) | vi(26) | x5
VIl (22)

Figure 4-7.

Schematic model of Pmcox1 mRNA and the COX1-like blocks. COX1-like amino acid
sequences distributed across three reading frames are represented by gray boxes labeled with
Roman numerals. Numbers in parenthesis adjacent to the Roman numerals indicate the number
of the amino acid residues. Red bars at the end of COX1-like blocks indicate AGGY motifs
containing in-frame AGG, and blue bars indicate CCCCU motifs including in-frame CCC.
Numbers above the open box indicate the positions of the first nucleotide in each motif. The
uppermost bar indicates the probe region used for Southern hybridization with arrows
indicating the primer locations.
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CACAGUUCUAUUCGCAUUUCCUCUUUAAACCAAUUUCUACGGGCGAAUCAUAAAAGGCUUGCUUGCUAUUAUCUUAUCUCUGCUAUUCUUUUCGGAGUU
———————————— UACAGAUUUUUGAAUUCUUUUUCCUUAUCUUUUCUAUCACAUGUAAAAAAUUGUAAUCAUAAACGCUUAGGAAUCUAUUAUUUAUUAUCAGCAUUCAUCUUUGGGAUC
AUUUUUAUUGUUUUAAAUAGAUAUUCACUUAUUACAAAUUGUAACCAUAAAACUUUAGGAUUAUACUAUUUAUGGUUUUCAUUUUUAUUUGGUAGU
UAAUCUAAUCAGUAAUCGUGAUACGCUAACCAAUAUAAAUAUAAUAAAUUCUAUAUAUUAGUAAAUAAUAAUAAAAGAAUAGGAAUAUAUUACAUUAAAUUAUCAAUAAUUAUUGGUAUA

* * dk dekkokk * * Kk kk K * * ok K ok kk

UCUGCUACACUCUUCUCUCUUCUCUUACGAAUAGAAUUAUAUAGCUCUGGAAACAGGAUCAUUCCUUUCGAAAAUCAAAACUUCUACAACUUAAGCAUUACUUUACAUGGAUUACUUAUG
UCCGGUACAAUAGUCUCAGUCCUUAUGAGAAUAGAAUUAUAUUCAUCAGGAAAUAGGAUUAUAUCUCCAGAAAACCAGAACUUCUAUAAUGUAAGCAUAACCUUGCAUGGGUUUCUUAUG
UAUGGAUUUUUAUUAUCAGUAAUACUACGUACUGAAUUAUAUUCUUCAUCUUUAAGAAUAAUUGCACAAGAAAAUGUAAAUCUAUAUAAUAUGAUAUUUACAAUUCACGGAAUAAUUAUG
UUAGGUAUAGUAUUAUCUUAUAUAAUUAGAGUUGAAUUAUAUAAUAGUGGUAAUAGAAUUAUUAAAUAUGAUAAUGUAAAUUACUAUAAUAUGGUUAUAACAUUACAUGGUUUAUUAAUG

*  x * ok kK * ok * ek Kk kk kK Kk Kk *k Hk kK Kk K okk K Kk kK ok ok kA

AUAUUCUUUCUUGUUAUGCCU-GGUCUCUAUGGAGCCU!
AUCUUCUUUUUAGUAAUGCCC-GGCUUGUUUGGAGGAU!

AAUUAUUUUCUUCCAGUCUUUCUUGGCAGUCCUGAAGUUGCUUUUCCCAGAGUAAACAGCUUUUCUUUCUUAUUA
AAAUUAUUUUGCACCUAUCUUUCAAGGGUCUCCAGAAGUGGUAUAUCCUAGAGUCAAUGAUUUUUCGAUCUUAGUU

Hk kK K K kkkkk  kk Kk Kk kK K * Hokkkk K Kk K Kk * H okk Kk Kk ok Kk kkk Kk Kk * kk ok Kk ok

* ok Kk K H Kk kK *k x
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Figure 4-8.

Alignment of several cox1 sequences and Pmcox1 mRNA sequence. Asterisks denote
conserved nucleotides among four sequences. Regions containing one- or two-base indels
specific in Pmcox1 are indicated with red squares. AGGY and CCCCU motifs in the vicinities
of the indels are highlighted in black. The accession numbers of the orthologs from related
organisms are described in the legend of Figure 4-2.
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Figure 4-9.

Alignment of multiple COX1 amino acid sequences of P. marinus and related protists. The
sequence for Perkinsus was predicted based on the frameshift model. Symbols are described
in the same way as in Figure 3-2. Residues highlighted in black are conserved amino acid
essential for cytochrome ¢ oxidase function: His94 (ligand for heme a), His276 (ligand for
CuB), Glu278 (D-channel), His 325, His326 (ligand for CuB), Lys354 (for K-channel),
His411 (ligand for heme a3) and His413 (ligand for heme a) The amino acid numbers are
according to the Paracoccus denitrificans homolog (Iwata et al., 1995). The red and blue
arrowheads indicate the motifs (AGGY and CCCCU, respectively) where the reading frame
is hypothetically shifted. Note that the glycine and proline residues at the frameshift sites are
often highly conserved (highlighted in red and blue, respectively). The open boxes indicate
tryptophans coded by UGA codons in Pmcox1 and those conserved at the homologous
positions in related species. The accession numbers of the orthologs from related organisms
are described in the legend of Figure 4-2. Note that the ciliate genes are not included because
they are highly divergent and the gene length also differs greatly from those of related
alveolates.
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Alignment of partial COX1 amino acid sequences from Perkinsus, dinoflagellates,
apicomplexa, and diatom. (A) The 5’ region of Pmcox1 mRNA and the N terminal region of
COXI1 from P. marinus, dinoflagellates, apicomplexa, and diatom. (B) The 3’ region of
Pmcox1 mRNA and the C terminal region of COX1 from P. marinus, dinoflagellates, an
apicomplexa, and a diatom. Symbols are described in the same way as in Figure 4-2. AUA
and AUU codons in the Pmcox1 mRNA coding for isoleucine residues are highlighted in gray
boxes. The accession numbers of the orthologs from related organisms are described in the
legend of Figure 4-2.
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E =

s

GGAATTTAATATCATCTATTGGTTCAATATCAACAATATTAATATTATTATCCATA
GGAATTTAATATCATCTATAGGTTCAATATCAACAATATTAATATTATTATCCATA

Figure 4-11.

Multiple alignment of Pmcox1 (Pm) and its orthologous sequences obtained from P. olseni
(Po) and P. honshuensis (Ph). Asterisks show the conserved nucleotides. The motifs which
seem to be involved in frameshift are shown in black background. Note that the sequences
are described as the DNA sequences.
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Figure 4-12.

(A) Nucleotide sequences and the three frame translation of cob-like fragments from P.
marinus and P. olseni. Amino acid sequences were deduced using the P. marinus nucleotide
sequence. Note that the sequences are described as the DNA sequences. Asterisks show the
conserved nucleotides. (B) Schematic model of the P. marinus cob-like fragment and the
COB-like blocks dispersed in three reading frames. Detail descriptions are found in the
legends of Figures 4-6 and 4-7, respectively.
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A. Frameshift induced by ribosome stall B. Frameshift mediated by tRNAs recognizing
due to tRNA limitation non-triplet codon
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Figure 4-13.

Possible mechanisms of frameshift-dependent translation at AGG and CCC codons of
Perkinsus mt genes. (A) A ribosome stalled by tRNA limitation induces a ribosomal
frameshift. When an in-frame AGG or CCC moves into the ribosome A site during
translation, the ribosome stalls due to the limitation of the corresponding tRNA molecules,
and the reading frame is subsequently shifted to the +1 frame. Translation then restarts in the
new frame. In the case of CCCCU, two consecutive frameshifts occur at CCC codons. (B)
Specialized tRNAs recognize non-triplet codons, AGGY and CCCCU, and the reading frame
shifts forward by one (at AGGY) or two (at CCCCU) bases.
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SUMMARY AND CONCLUSIONS

In this thesis, I analyzed mitochondria of a shellfish pathogen Perkinsus, a relative
of apicomplexans, as a pioneering work. Initially, I established the preliminary protocol
for the enrichment of Perkinsus mitochondria using ultracentrifugal fractionation and I
obtained the first biochemical evidence for the mitochondrial ETC from Perkinsus.
Although this protocol needs refinements, the enrichment/purification of mitochondria
would surely contribute to the further specific study. Next I investigated the entire
mitochondrial ETC organization using both genomic and biochemical approaches. By
BLAST-based sequence searches, it was revealed that P. marinus is likely to possess the
mitochondrial ETC complexes II-IV, ATP synthase, NDH2, and AOX. Although a few
of essential subunits were missing, the enzyme activities of the complexes II-IV were
experimentally demonstrated. Also, the unconventional enzymes NDH2 and the AOX
would probably contribute to the Perkinsus ETC. This is the first report on the active
mitochondrial ETC of Perkinsus, and the existence of these unconventional enzymes
implies the similarity in the mitochondrial ETC between Perkinsus and apicomplexan
parasites. These observations, along with the ease in handling, prompt us to consider
that Perkinsus may be a highly suitable material to investigate the properties of these
enzymes, which are the candidates of drug targets in apicomplexan parasites.

To characterize the genomic aspects of Perkinsus mitochondria, I determined the
full-length mRNA sequence of Pmcox1, the first mt gene sequence of Perkinsus. This
gene was extremely AT-rich, and did not bear canonical start and stop codons in the
terminal regions apparently. The absence of these codons is observed in mt genes of
apicomplexans and dinoflagellates, and it is assumed that Perkinsus and these

evolutionarily related organisms may share alternative start and stop mechanisms in
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translation, which might be another candidate of the antiparasitic drug target.
Surprisingly, the close examination of its nucleotide sequence suggested that an
unusually frequent translational frameshift is occurring in Perkinsus mitochondria. The
frameshifts at all AGG and CCC codons during translation, ten times in total, can
produce the plausible COX1 amino acid sequence. The conservation of the frameshift
motifs in the P. olseni coxl and the partial cob sequences both from P. marinus and P.
olseni strongly endorsed this frameshift model. This unusual feature is only observed in
Perkinsus and not in related species, therefore this organism acquired this unique
character independently of other related species. Most remarkably, it should be noted
that this frameshift is infinitely more frequent than any other case reported to date. It
was therefore proposed that active and efficient machinery allowing the frequent
frameshifts is utilized during translation in Perkinsus mitochondria (published as
Masuda et al., 2010). In-depth characterization of the unprecedented frameshift
mechanism in Perkinsus may elucidate the mechanism of translational reading frame
maintenance and of accurate codon recognition, and they will be invaluable insights into
the essence of translation. I would be able to unveil the mechanism by analyzing
mitochondrial translational components with the aid of the improved method.

As just described, this study encompasses basic and essential information in
studying Perkinsus mitochondria, ensures the biological similarity in mitochondria
amongst the related organisms, and presents a discovery of a unique and tantalizing
phenomenon. Future studies on Perkinsus mitochondria would probably provide
valuable information on the derived mitochondrial ETC and mt gene expression system
of apicomplexans and dinoflagellates, and elucidate the uncharacterized mechanism in

translation that we have never imagined.
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PERSPECTIVES

As this is the first study that focuses on Perkinsus mitochondria, future studies on
Perkinsus mitochondria would be operated referring to this study as a starting point. I
demonstrated several similarities in mitochondria amongst Perkinsus, apicomplexans
and dinoflagellates. From the viewpoints of parasitology and health science, the insights
from Perkinsus will surely serve as a good reference in analyzing the divergent
mitochondrial metabolic pathways with particular emphasis on the ETC, and the highly
derived gene expression system for antiparasitic strategies.

The extremely frequent translational frameshift that I discovered represents an
unusual biological phenomenon. I will characterize the mt gene expression system of
Perkinsus specifically, and identify the components involved in translation in Perkinsus
mitochondria like tRNAs, ribosomes, and aminoacyl-tRNA synthases. For this, I need to
develop the more sophisticated purification method for mitochondria. Elucidation of the
mechanism of unprecedented translational events would delineate modified molecular
machinery, which extends our general view on decoding with a great scientific impact
on basic molecular biology. Furthermore, considering the phylogenetic position of
Perkinsus and its threat to fisheries, this exciting theme and future related studies must
be highly informative also for evolutionary protistology and fisheries sciences. Thus,
this study is expected to lead new ways in and contribute to a wide range of science

fields in the near future.
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