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Abstract
The genome and cytoskeleton of Naegleria gruberi, an amoeboflagellate
by
Lillian Kathleen Fritz-Laylin
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

W. Zacheus Cande, Chair

Naegleria gruberi is a free-living eukaryote that has been described as a
unicellular “Jekyll-and-Hyde. Most of its time it can be found as a small (15
um) amoebae, common to freshwater environments throughout the world.
However, when exposed to stressful conditions the amoebae quickly and
synchronously differentiate into flagellates. This dramatic change involves
the formation of an entire cytoplasmic microtubule cytoskeleton, including de
novo assembly of the centriole-like basal bodies, ‘9+2’ flagella, and a cortical
microtubule array. This ‘quick-change act’ offers an unprecedented
opportunity to study the assembly of an entire microtubule cytoskeleton,
particularly the beautifully complex structures of centrioles. However,
utilization of Naegleria as a model organism has been frustrated by lack of
sequence information and molecular tools. This dissertation describes my
efforts during my graduate studies to coordinate the Naegleria genome
project, analyze the resulting sequence data, and develop tools with which to
study Naegleria’s amoeba-to-flagellate transition, with a focus on basal body
assembly.

Although the analysis of the Naegleria genome revealed many interesting
aspects of both Naegleria biology and the evolution of eukaryotes, the results
presented here are limited to those that pertain to Naegleria’s actin and
microtubule cytoskeletons. In particular, detailed manual inspection of
individual Naegleria genes uncovered an extensive repetoire of previously
characterized actin and microtubule cytoskeletal components. This indicates
that despite Naegleria’s extremely distant relationship to animals, the
transient nature of its cytoplasmic microtubule cytoskelelon, and that the



amoeboid actin cytokeleton functions independently of microtubules,
Naegleria has the capacity to to form a canonical cytoskeleton.

Additionally, we took advantage of Naegleria’s distant relationships to other
sequenced organisms to identify ancient genes that we predict to be involved
with amoeboid or flagellar motility. To do this, we compared all the genes
from a diversity of sequenced eukaryotes, and selected protein families
conserved only in eukaryotes with flagellar motility (Flagellar-Motility
associated genes; FMs) or amoeboid motility (Amoeboid-Motility associated
genes; AMs). Along with the expected gene families, Naegleria’s 182 FM’s
include 36 novel flagellar-associated genes. The 63 AMs include genes known
to be involved in amoeboid motility, membrane differentiation, and 19 novel
genes. As far as we know, this is the first catalog of genes predicted to be
associated specifically with amoeboid motility.

During the amoeba-to-flagellate transition, Naegleria synchronously
assembles centrioles from scratch, providing nearly limitless amounts of
material for both proteomics and microarrays, and an unparalleled
oppourtunity to study how these structures assemble. Although we know that
centrioles and basal bodies are composed principally of a cylinder of nine
microtubule triplets, their protein composition and method of assembly
remain largely mysterious. Animal centrioles usually duplicate via
“templated” assembly, with the new centriole developing perpendicularly
from the side of a preexisting centriole. Centrioles can also be formed “de
novo”, in cytosol devoid of preexisting centrioles in some plant and animal
cells, as well as Naegleria. How Naegleria makes exactly two basal bodies de
novo remains an open question. During my graduate studies, I have
developed antibodies and used them to describe the order of expression and
incorporation of three Naegleria centriole proteins (SAS-6, y-tubulin, and
centrin). I also used these to provide the first evidence that Naeglearia has
templated, as well as de novo, basal body assembly, and suggest that having
both capacities allows Naegleria, and other organisms (e.g. mouse embryos),
to make the correct number of centrioles.

Finally, I have tracked the expression of Naegleria’s genes during
differentiation to identify novel centriolar and flagellar proteins. Although
about a third of Naegleria genes are induced and another third are repressed
during differentiation, I focused on the evolutionarily conserved FM genes,
and use the timing of induction to subdivide them into a subset of 55 genes
enriched in known basal body proteins (induced early) and a subset of 82
genes enriched in axonemal proteins (induced late). The centrosome-enriched
set includes nearly every conserved basal body component that has been
previously characterized, many components required for microtubule
nucleation (a process that occurs largely at centrosomes) and ten novel genes
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that are conserved across eukaryotes. As a proof of principle, the human
ortholog of one of the novel genes was tagged, and indeed localizes to the
centrosomes of human cells.
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Chapter 1: An Introduction to Naegleria and basal bodies

Naegleria is a complex single celled eukaryote that can live as an amoeba or a

flagellate

Naegleria gruberi is a free-living heterotrophic protist commonly found in
freshwater and moist oxic and suboxic soils around the world (De Jonckheere, 2002;
Fulton, 1970, 1993). Its predominant form is a 15um predatory amoeba that can
reproduce every 1.6 hours. when eating bacteria (Fulton et al., 1984). Yet Naegleria
1s best known for its remarkable ability to metamorphose from amoebae into
transitory biflagellates that swim a hundred times faster than amoebae crawl
(Figure 1.1) (Fulton, 1993). This rapid (<1.5 hr.) change begins with the cessation of
amoeboid movement and actin synthesis, followed by de novo assembly of an entire
cytoplasmic microtubule cytoskeleton, including canonical basal bodies and 9+2
flagella (Figure 1) (Fulton, 1993). Naegleria also forms resting cysts, which excyst to
produce amoebae (Fulton, 1970). Amoebae divide using an intranuclear spindle
without centrioles (Fulton, 1993).

Although Naegleria is best known as a model for de novo basal body assembly, our
recent description of Naegleria’s genome (Fritz-Laylin et al., 2010) suggests that it
may be a good system in which to study a variety of cellular processes. In
particular, Naegleria has many of the key features that distinguish eukaryotic cells
from bacteria and archaea. These features include complete actin and microtubule
cytoskeletons, extensive mitotic and meiotic machinery, calcium/calmodulin
mediated regulation, transcription factors (Iyer et al., 2008), endosymbiotic
organelles (mitochondria), and organelles of the membrane trafficking system
Although it lacks visible Golgi, Naegleria contains the required genes (Dacks et al.,
2003). The genome also encodes an extensive array of signaling machinery that
orchestrates Naegleria’s complex behavior. This repertoire includes entire pathways
not found in parasitic protists (G-protein coupled receptor signaling and histidine
kinases), as well as 265 predicted protein kinases, 32 protein phosphatases, and 182
monomeric Ras-like GTPases. Additionally, like many aerobic microbial
eukaryotes, Naegleria oxidises glucose, various amino acids, and fatty acids via the
Krebs cycle and a branched mitochondrial respiratory chain. However, the
Naegleria genome also encodes an unexpected capacity for elaborate and
sophisticated anaerobic metabolism.

In addition to the complement of eukaryotic features encoded in Naegleria’s
genome, Naegleria’s unique cell biology also indicates that it is a promising model
for studying basic cell biology questions. Naegleria can be induced in the laboratory
to differentiate into three different states (amoeba, flagellate, and cyst), and can be
readily mitotically synchronized (approximately 70% mitotic synchrony from using



simple temperature fluxuations, (Fulton and Guerrini, 1969)). Naegleria can be
easily switched between axenic and xenic growth, and readily isolated from the
environment. Despite these rich prospects, Naegleria will never mature into an
experimental system without molecular tools. Although there are reports of
molecular transformation (Song et al., 2006), I (and others) have not been able to
successfully repeat these experiments. However, the genome does encode the
necessary components for RNA mediated gene knockdown, and we are conducting
ongoing experiments to adapt this technology (as well as molecular transformation)
for use in Naegleria.

Naegleria is only distantly related to studied organisms but has many typical
eukaryotic features.

Eukaryotes emerged and diversified perhaps a billion years ago (Brinkmann and
Philippe, 2007; Yoon et al., 2004), radiating into new niches by taking advantage of
their metabolic, cytoskeletal, and compartmental complexity. Half a dozen deeply
divergent, major eukaryotic clades survive, including diverse unicellular groups
along with the familiar plants, animals, and fungi (Figure 1.2). These
contemporary species combine retained ancestral eukaryotic features with novelties
specific to their particular lineages.

Naegleria belongs to Heterolobosea, a major eukaryotic lineage that together with
Euglenoids (which includes the distantly related parasitic trypanosomes) and the
Jakobids comprises the ancient and diverse clade we term “JEH” for Jakobids,
Euglenoids, Heterolobosea (Figure 1.2) (Rodriguez-Ezpeleta et al., 2007). Within
Heterolobosea, the genus Naegleria encompasses as much evolutionary diversity as
the tetrapods (based on rDNA divergence (Fulton, 1993)) and includes the “brain-
eating amoeba” N. fowleri, an opportunistic pathogen that is usually free-living in
warm freshwater, but can also cause fatal meningoencephalitis in humans
(Visvesvara et al., 2007).

The position of the eukaryotic root is a matter of controversy and great interest
(Baldauf, 2003) with no clearly supported hypothesis at present. Although the
position of the root of the eukaryotic tree remains controversial, three major
hypotheses have emerged (Ciccarelli et al., 2006; Hampl et al., 2009; Stechmann
and Cavalier-Smith, 2002). Two of the three main hypotheses (Figure 1.2 insets)
employ different strategies for determining the most basal branches in the
eukaryotic tree: the first uses archaeal sequences as an outgroup to define the
deepest branches in the eukaryotic tree (Root B) (Yoon et al., 2008); in the second
(Root A), the root has been inferred from a single gene fusion event (Stechmann and
Cavalier-Smith, 2002). The last hypothesis (root C) relies on a monophyletic
relationship between JEH and POD, forming the “excavates”.

Using these rooting schemes, we can attempt to determine which genes and
features were likely present in the eukaryotic ancestor. For example, the lineages
leading to Naegleria (JEH) and humans (opisthokonts) diverged either at the root of
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eukaryotes, or immediately after the separation of the “POD” clade from the
eukaryotic ancestor (green highlighting in Fig. 2 inset). Therefore, genes and
characteristics shared between Naegleria and humans were likely present in the
eukaryotic ancestor (or more accurately, in the last common ancestor of non-POD
eukaryotes).

Setting rooting schemes aside, genes present in all eukaryotic groups were almost
certainly present in the eukaryotic ancestor. Additionally, features shared between
Naegleria and other major eukaryotic groups likely existed in their common
ancestor. Although we do not know when this ancestor lived, it was certainly
before the divergence of the clades in question, and therefore relatively early in
tractable eukaryotic history (Figure 1.2).

Gene loss is a process that further clouds our picture of ancestral eukaryotes.
Although every major eukaryotic clade has lost a considerable number of genes
(Fritz-Laylin et al., 2010), this process is particularly pronounced in obligate
parasites, whose genomes are thought to be derived by gene loss and high sequence
divergence (Carlton et al., 2007; Morrison et al., 2007). Therefore, absence of a gene
from a parasite genome is not necessarily informative about the ancestral
eukaryotic state. This includes either of the sequenced POD genomes (Trichomonas
or Giardia), which were considered for a long time to be extant “primitive”
eukaryotes (Simpson et al., 2006). As the first sequenced genome from a free-living
member of the JEH clade, Naegleria has proved particularly useful for advancing
our understanding of ancient eukaryotes (Fritz-Laylin et al., 2010).

Naegleria is an unparalleled organism to study centriole assembly.

Centrosomes and basal bodies are examples of MicroTubule Organizing Centers
(MTOCs). Centrosomes, used by cells to organize mitotic microtubules into
spindles, are cylinders of microtubules known as centrioles, plus a surrounding
dense matrix known as the PeriCentriolar Material (PCM) (Figure 1.3). The
beautiful and enigmatic pinwheel structures of centrioles and basal bodies are
composed largely of nine microtubule triplets forming a cylinder approximately 0.2
microns in diameter and 1 micron long (Fulton and Dingle, 1971).

Although centrioles and basal bodies have been studied for well over a hundred
years, their components, order of assembly, and the regulation of their number are
still largely mysterious. For example, proteomic analysis of Chlamydomonas and
Tetrahymena basal bodies (Keller et al., 2005; Kilburn et al., 2007) and human
centrosomes (Andersen et al., 2003) suggests that these structures contain
hundreds of different proteins. However, we really only know when a handful of
these proteins are incorporated into the structure (e.g. Table 1.1). This dearth of
information is largely due to technical difficulties in studying centrioles in most
systems, for the following reasons:



1.) Templated centriole replication seen in most eukaryotes under most
conditions does not allow proteomic isolation of developing daughters from
their mothers.

2.) Templated assembly is tied to the cell cycle, rendering it difficult to
distinguish basal body-specific from other induced cell cycle genes.

3.) De novo assembly can only be assayed in other systems in a single cell or
embryo, making gathering enough material for proteomic or transcription-
based approaches unfeasible.

Naegleria can undergo de novo basal body formation synchronously and
independently from mitosis (Fulton, 1970), providing nearly limitless amounts of
material for both proteomics and microarrays. Therefore, Naegleria is an ideal
system in which to use these discovery-based approaches to learn how organisms
assemble basal bodies.

Centrioles are required for forming flagella and are assembled in a step wise fashion.

Metazoan centrosomes define mitotic spindle poles, and their centrioles are called
basal bodies when used to form cilia after terminal differentiation (Sorokin, 1968).
Moreover, Meeves (1900) showed in a series of classical experiments that centrioles
and basal bodies are inter-convertible structures (Wilson, 1928). Basal bodies of
some protists can function simultaneously in both flagella and mitotic spindle poles
(Ribeiro et al., 2002; Sagolla, 2005). Although centrioles have classically been
thought to function in mitosis, the fact that these structures can only be found in
organisms with flagella (they have been lost in all organisms which have lost the
ability to form flagella, e.g. flowering plants and most fungi) strongly indicates that
they are required specifically for flagellar assembly. Furthermore, fruit flies with a
mutation in the centriole component SAS-4 lose centrioles by the third instar larval
stage (Basto et al., 2006). Surprisingly, their cells continue to undergo mitosis, and
the animals develop fairly normally. However, SAS-4 mutant flies do not produce
cilia and flagella, and die quickly after reaching adulthood from complications
related to this defect (Basto et al., 2006).

Centrosomes and their associated centrioles/basal bodies must replicate exactly
once per cell cycle, as duplication errors can lead to problems with chromosomal
segregation and cell morphology (Kramer et al., 2002). The most commonly studied
method of centriole duplication, termed “templated” assembly, involves new
centrioles emerging perpendicularly from a preexisting centriole (Beisson and
Wright, 2003). Despite this tantalizing title, there is no evidence that the mother
centriole gives any material to the developing daughter centriole during templated
assembly (Marshall, 2001). However, during the development of parthenogenetic
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oocytes, sperm of some plants, and several protists, basal bodies can be formed “de
novo”, in previously centriole-free cytoplasm (Marshall, 2001). Additionally,
terminally differentiated fibroblasts held in S-phase can undergo de novo centriole
assembly after removal via laser microsurgery of preexisting centrioles (Khodjakov
et al., 2002).

Although we know little about the molecular pathways involved in basal body or
centriole formation (Marshall, 2001), a handful of proteins have been shown to be
genetically required for this process (Strnad and Goncezy, 2008) (Table 1.1 and
Figure 1.3), with additional proteins localized to the developing structure. There
are also a number of proteins that have been shown to be involved in centriole
assembly but are found in a limited number of organisms (e.g. the protein SAS-5
used by C. elegans and ZYG-1/Sak/PLK4, a kinase required for centriole duplication
in animals and conserved only in opisthokonts). As I am interested in conserved
mechanisms of basal body assembly, I will only discuss those proteins that have
1dentifiable homologs in at least two eukaryotic groups (Figure 2).

Electron microscopy of basal body formation in Paramecium has divided this
process into five visibly distinct stages (also see Figure 3):

1.) Generative Disc: This electron-dense, fibrous plate-shaped object has been
reported as the first recognizable step in centriole assembly in Paramecium and
forms within the PCM of the mother centriole (Dippell, 1968). During initial
centriole construction in Chlamydomonas, it has been suggested that a homologous
amorphous ring is formed (Nakazawa et al., 2007).

2.) Cartwheel: This nine-fold symmetric star-shaped structure is found at the
proximal end (nearest the nucleus) of mature Chlamydomonas basal bodies
(Marshall, 2001), and occasionally in human cells (Alvey, 1986). In
Chlamydomonas, assembly of the cartwheel requires the proteins Bld10 (Hiraki et
al., 2007) and Bld12 (a homolog of the coiled-coil protein SAS-6 that is ubiquitious
to organisms with flagella) (Nakazawa et al., 2007). Although the first structure
formed during C. elegans centriole assembly is a hollow “tube” of coiled-coil proteins
that do not contain microtubules, this structure also requires SAS-6 (Dammermann
et al., 2004; Leidel et al., 2005; Pelletier et al., 2006).

It remains unclear if the cartwheel forms before, or in parallel with, the
microtubules seen in the procentriole (Matsuura et al., 2004). In the green algae
Spermatozopsis similes, the cartwheel and microtubules seem to form in parallel
(Lechtreck and Grunow, 1999).

3.) Procentriole: Microtubules first appear in the single ring of 9 a-tubules (Beisson
and Wright, 2003). Mutations in SAS-6 indicate that this protein is required for
proper attachment of the a-microtubules into the centriole/basal body structure in
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Chlamydomonas (Nakazawa et al., 2007). The pro-centriole structure continues to
elongate after addition of the a-tubules, a process which requires (in humans at
least) the centrin-binding centriole protein POC5 (Azimzadeh et al., 2009).

4.) Immature Centriole: The immature centriole contains all three tubule cylinders
(a, b and c). Genetic studies in various organisms suggest that e-tubulin and -
tubulin (divergent tubulin superfamily members) are genetically required for the
formation of the b and ¢ tubules, respectively (Dutcher, 2003; Dutcher et al., 2002;
Garreau de Loubresse et al., 2001; O'Toole et al., 2003).

5.) Mature Centriole: The immature centriole matures as it gathers new PCM,
including the coiled-coil proteins pericentrin and ninein, and accessory structures
and satellites formed by proteins such as cenexin (Dammermann and Merdes, 2002;
Lange and Gull, 1995).

Although these structures are similar to those described during basal body
assembly in many eukaryotes, there does seem to be some variation among
organisms. The most discussed atypical structural intermediate is the central tube
formed early during assembly of C. elegans’ centrioles. This hollow tube expands
and elongates, gathering microtubules to form a centriole (Pelletier et al., 2006).
The centrioles of C. elegans are particularly interesting, because its genome is
missing several widely-conserved centriolar genes, including centrin and d-tubulin
(Beisson and Wright, 2003; Bornens and Azimzadeh, 2007), and the mature
centrioles only contain singlet microtubules (instead of the canonical triplet
microtubule blades). However, C. elegans uses many canonical centriole assembly
proteins, indicating that diverse centriole assembly pathways use many of the same
principles and pieces, with (obviously) some modifications. As we learn more about
the differences between centriole assembly routes, we can begin to understand
which steps and components can change and still give rise to such a conserved and
complex biological structure.

Additional proteins have been shown to be genetically required for centriole or basal
body assembly (Table 1). In many cases, deletion or knockdown of these genes
results in a complete block in centriole duplication, a phenotype that makes their
precise function in this process difficult to tease out. In particular centrin (Kuchka
and Jarvik, 1982), (Koblenz et al., 2003; Salisbury et al., 2002; Taillon et al., 1992)
and gamma tubulin (Dammermann et al., 2004; Haren et al., 2006) have both been
shown to be integral components of centrioles and basal bodies, and essential for
their assembly. Additional proteins seem required for ensuring that centrioles grow
to the proper length (although in some cases these assumptions rest upon over
expression phenotypes (Table 1)).
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Table 1.1: Evolutionarily conserved proteins implicated in centriole or
basal body formation.

Homologs of centriole/basal body proteins in different species are grouped by
shading. Organisms are indicated in parentheses after the protein name,
abbreviated as follows: Ce; Caenorhabditis elegans, Dm; Drosophila melanogaster,
Cr; Chlamydomonas reinhardtii, Hs; Homo sapiens, Sc; Saccharomyces cerevisiae,
X1; Xenopus laevis, Pt; Paramecium tetraurelia. Methods abbreviated as follows:
EM, electron microscopy; IF; immunofluorescence. Table modified from (Strnad and
Goncezy, 2008)

Prote1 Experimen
n t Phenotype References
SAS-6 | RNA1 IF+EM,; no procentriole | (Pelletier et al., 2006),
(Ce) 1n mitosis; no central (Leidel et al., 2005), and
tube (Dammermann et al., 2004)
DSas- | Mutation | IF+EM; reduced number | (Rodrigues-Martins et al.,
6 (Dm) of centrioles 2007) and (Peel et al., 2007)
Bld12 | Mutation | EM; no flagella in most | (Nakazawa et al., 2007)
p (Cr) cells, structurally
defective basal bodies
HsSAS | RNAi IF+EM; no procentriole | (Leidel et al., 2005) and
-6 (Hs) 1n mitosis (Strnad et al., 2007)
SAS-4 | RNA1 IF+EM,; no procentriole | (Kirkham et al., 2003),
(Ce) in mitosis; central tube | (Pelletier et al., 2006), and
still forms (Leidel and Goncezy, 2003)
DSas- | Mutation | EM; no centrioles in (Basto et al., 2006)
4 (Dm) mitosis
CPAP | RNAi IF; no centriole over- (Kleylein-Sohn et al., 2007)
(Hs) duplication upon Plk4
overexpression
TBG-1 | RNAi IF; delayed procentriole | (Dammermann et al., 2004)
(Ce) formation
Y- RNA1 IF; no procentriole in (Haren et al., 2006)
Tubuli mitosis
n (Hs)
Bld10 | Mutation | EM; absence of basal (Hiraki et al., 2007)
p (Cr) bodies
Cepl13 | RNAi IF; no centriole over- (Kleylein-Sohn et al., 2007)
5 (Hs) duplication upon Plk4
overexpression
Cdc31 | Mutation | EM; no spindle-pole (Baum et al., 1986) and
p (Sc) body duplication (Winey et al., 1991)
Centri | RNAi; DIC+EM; variable (Kuchka and Jarvik, 1982),
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n (Cr) | mutation | flagellar number (Taillon et al., 1992) and
(Koblenz et al., 2003)

Centri | RNA1 IF+EM; single centriole | (Salisbury et al., 2002)
n-2 in each spindle pole
(Hs)
POC1 | RNAi IF; no centriole over- (Keller et al., 2009)
(Hs) duplication in U20S

cells held in S-phase
POC5 | RNAi Distal centriole (Azimzadeh et al., 2009)
(Hs) assembly: depleted cells

accumulate short

procentrioles
0- Mutation | EM; basal bodies with (Dutcher and Trabuco,
Tubuli doublet rather than 1998; O'Toole et al., 2003)
n (Cr) singlet microtubules
0- RNAi EM,; basal bodies with (Garreau de Loubresse et
Tubuli doublet rather than al., 2001)
n (Pt) singlet microtubules
€- Mutation | EM; shortened (Dutcher et al., 2002)
Tubuli centrioles with singlet
n (Cr) microtubules.
n- Antibody | Block in centriole (Chang et al., 2003)
Tubuli | depletion | duplication. IF
n (X1) localization to distal

appendages
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Figure 1.1. Schematic of Naegleria amoeba and flagellate forms.

Naegleria amoebae move along a surface with a large blunt pseudopod. Changing
direction (arrows) follows the eruption of a new, usually anterior, pseudopod.
Naegleria maintains fluid balance using a contractile vacuole. The nucleus contains
a large nucleolus. The cytoplasm has many mitochondria and food vacuoles which
are excluded from pseudopods. Flagellates also contain canonical basal bodies and
flagella (insets). Basal bodies are connected to the nuclear envelope via a single
striated rootlet.
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Figure 1.2. Evolutionary relationships between extant eukaryotes.

Consensus cladogram of selected eukaryotes, highlighting six major groups with
widespread support in diverse molecular phylogenies (Burki et al., 2008; Rodriguez-
Ezpeleta et al., 2007; Yoon et al., 2008). The dotted polytomy indicates uncertainty
regarding the order of early branching events. Representative taxa are shown on
the right, with glyphs indicating flagellar and/or actin-based amoeboid movement.
Although commonly referred to as “amoeboid”, Trichomonas does not undergo
amoeboid locomotion. The inset depicts three contending hypotheses for the root.
Root A: early divergence of unikonts and bikonts (Stechmann and Cavalier-Smith,
2002). Root B: the largely parasitic POD lineage branching first, followed by JEH
(including Naegleria) (Ciccarelli et al., 2006). Root C: POD and JEH (together
known as the “excavates”) branching first (Supplemental Data). Highlighted in
green are the branches connecting Naegleria to humans, with a black dot indicating
their last common ancestor.
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Figure 1.3. Overview of centriole assembly.

This schematic represents the events that occur during templated centriole
duplication in human and Paramecium cells. These events are similar to those in
other systems as well. Refer to Table 1.1 for further details on the proteins listed on
the left-hand column.

19



0]

0]
a0
(av]
-
P}
(eD)
—
()
>~
Q
—
D
@)

Centriole Duplication

Generative Disc
Emerges from the
side of the mother
centriole

Cartwheel

Procentriole
A-tubules form

Immature centriole

B and C tubules
form

Mature centriole
Daughter centriole
disengages, and
acquires
pericentriolar
material (PCM)

.

B-tubules
C-tubules

20

Proteins required
()

y-tubulin?
a- and B-tubulin

y-tubulin?

a- and B-tubulin
(modifications?)

e-tubulin

6-tubulin

Pericentrin
Ninein
Cenexin




Chapter 2: Naegleria’s Genome and Cytoskeletal Components

Abstract

Flagellar and amoeboid motility are the two most common forms of locomotion used
by eukaryotes. Naegleria gruberi is known for its remarkable ability to
metamorphose from amoebae into flagellates. By identifying conserved cytoskeletal
genes in the newly sequenced Naegleria genome, we predict that Naegleria has a
canonical actin and microtubule cytoskeletal repetoire. Further, we use
phylogenetic profiling to identify protein families conserved only in eukaryotes with
flagellar motility (Flagellar-Motility associated genes; FMs) or amoeboid motility
(Amoeboid-Motility associated genes; AMs). Naegleria’s 182 FM gene families are
consistent with typical eukaryotic flagellar function and structure, and also include
36 novel flagellar-associated genes. The 63 AMs include genes known to be involved
in amoeboid motility, membrane differentiation, and 19 novel genes.

Initroduction

To date, many eukaryotic genome sequencing efforts have focused on opisthokonts
(a monophyletic group including animals and fungi) and plants, as well as obligate
parasitic protists (which tend to be genomically streamlined), although an
increasing number of free living protists (e.g., Dictyostelium (Eichinger et al., 2005),
Thalassiosira (Armbrust et al., 2004), Tetrahyemena (Eisen et al., 2006),
Paramecium (Aury et al., 2006), Chlamydomonas (Merchant et al., 2007)) are being
sequenced.

The genome sequence of Naegleria gruberi, the first from a free-living member of a
major eukaryotic group best known for its parasitic members (the
Trypanosomatids), significantly broadens the phylogenetic coverage of eukaryotic
genomes. Through comparison with other eukaryotic sequences we can infer
features of ancestral eukaryotes as well as better understand Naegleria’s
remarkable versatility. The published analysis of this genome (Fritz-Laylin et al.,
2010) substantially extends the idea that early eukaryotes possessed complex
trafficking, cytoskeletal, sexual, metabolic, signaling, and regulatory modules
(Dacks and Field, 2007; Eichinger et al., 2005; Merchant et al., 2007). It also
emphasizes subsequent losses, particularly in parasitic lineages. In this study we
also identified a set of genes associated with amoeboid motility, and a surprising
capacity for both aerobic and anaerobic metabolism. This manuscript was the
result of a large collaboration (involving twenty-four scientists). As the co-lead
author, I was heavily involved in writing and supervising the entire project. In
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addition to this managerial role, focused largely on Naegleria’s cytoskeletal gene
repertoire. As the genome project covered many areas of biology (including
metabolism, signaling cascades, and eukaryotic evolution) I will focus on our
analysis of Naegleria’s cytoskeletal gene repetoire as it has implications for the
remainder of this dissertation.

Results

Summary of Naegleria gene models:

We assembled the 41 million base pair N. gruberi genome from ~8-fold redundant
coverage of random paired-end shotgun sequence using genomic DNA prepared
from an axenic, asexual culture of the NEG-M strain (ATCC 30224) (Fulton, 1974).
Naegleria has at least twelve chromosomes (Figure 2.1). In addition to the nuclear
genome, NEG-M has ~4,000 copies of a sequenced extrachromosomal plasmid that
encodes rDNA (Clark and Cross, 1987; Maruyama and Nozaki, 2007), and a 50 kb
mitochondrial genome (GenBank AF288092).

We predicted 15,727 protein coding genes spanning 57.8% of the genome by
combining ab initio and homology-based methods with 32,811 EST sequences (Table
1). The assembly accounts for over 99% of the ESTs, affirming its near
completeness. Nearly two-thirds (10,095) of the predicted genes are supported by
EST, homology, and/or Pfam evidence (Figure 2.2). The remaining 5,632 genes may
be novel, diverged, poorly-predicted, or have low expression.

Identification of Naegleria’s cytoskeletal gene homologs:

Naegleria contains two potentially autonomous microtubule cytoskeletons (mitotic
and flagellar (Fulton, 1970)), as well as an extensive actin cytoskeleton. To
determine if these structures are likely formed from canonical proteins, known
microtubule and actin cytoskeleton genes were identified in the Naegleria genome
by manual searches. This analysis revealed that Naegleria’s genome contains
almost all well-conserved actin and microtubule components (Tables 2.2 and 2.3,
respectively).

Of particular interest was the classification of Naegleria’s thirty tubulin genes. The
phylogenetic classification of subfamilies (alpha through eta) is based on previously
published annotations for non-Naegleria sequences, and supported by bi-directional
BLAST searches for Naegleria sequences (Figure 2.3). As expected and based on the
wide phylogenetic distribution of these proteins in flagellate organisms, the
Naegleria genome contains homologs of alpha, beta, gamma, delta, and epsilon
tubulin. Naegleria does not appear to have a homolog of zeta tubulin (Vaughan et
al., 2000), suggesting that this tubulin family member is unique to the
Trypanosomatids. However, based on bi-directional BLAST searches Naegleria has
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a homolog of eta tubulin, which has been shown to be involved in basal body
assembly (Ruiz et al., 2000) and is also found in Chlamydomonas reinhardtii,
Paramecium tetraurelia, and possibly Xenopus laevis (its “cryptic tubulin” clusters
with this group) (Dutcher, 2001; McKean et al., 2001). Naegleria also seems to
have divergent clades of alpha and beta tubulins (two clades each). One such
cluster also contains the Naegleria mitotic tubulin (Chung et al., 2002).

Prediction of flagellar motility (FM) and amoeboid motility (AM) gene catalogs:

The presence of flagellar motility and actin-based amoeboid locomotion in lineages
spanning likely eukaryotic roots suggests that the eukaryotic ancestor had both
capacities (Cavalier-Smith, 2002; Fulton, 1970). Flagellar (and ciliary) motility is
generated by interactions between microtubules and molecular motors, whereas in
amoeboid locomotion, the growth of actin filaments “pushes” the cell membrane
forward. By searching for genes present in organisms that possess each type of
motility and missing from organisms that do not, we identified two sets of genes:
Flagellar-Motility associated genes (FMs) and Amoeboid-Motility associated genes
(AMs) (Figure 2.4).

FMs include orthologs of all categories of flagellar and 36 novel flagellar-associated
genes (Table 2.4). Two complexes of Intraflagellar transport (IFT) proteins move
components within the flagella. All conserved IFT components were present, apart
from the two retrograde and anterograde motors kinesin-2, and DHC1b (dynein
heavy chain) respectively. Although present in the genome, these proteins were
likely missed by the FM analysis as is often impossible to assign orthologs within
large gene families such as kinesins and dyneins. The proteins required for flagellar
beating, the outer and inner dynein arms, and the radial spoke proteins (RSP3 and
RSP4), are included in the FM gene set as are cannonical basal body proteins and
axonemal proteins such as RIB72, RIB43a, MBO2 and DIP13. Our analysis of the
FM proteins is therefore consistent with Naegleria having typical eukaryotic
flagella proteins, as well as typical structure.

The actin cytoskeleton enables amoeboid motility and diverse cellular processes
including cytokinesis, endocytosis, and maintenance of cell morphology and
polarity. We identified 63 gene families (AMs) found only in organisms with cells
capable of amoeboid locomotion (Table 2.5). By definition, AMs do not include actin,
Arp2/3 (which nucleates actin filaments) or other general actin cytoskeletal
components, since these are found across eukaryotes regardless of their capacity for
amoeboid locomotion. Nineteen AMs have unknown function, but are strongly
implicated in actin-based motility (Table 2.5).

The AMs include several genes thought to keep pseudopod actin filaments dense,

highly branched, and properly positioned. For example, the Arp2/3 activator WASH
(AM5) 1s proposed to activate actin filament formation in pseudopodia
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(Linardopoulou et al., 2007). The actin binding protein twinfilin (AM4) affects the
relative sizes of functionally distinct pseudopodial subcompartments (Iwasa and
Mullins, 2007). Filamin (AMS3) stabilizes the three-dimensional actin networks
necessary for amoeboid locomotion (Flanagan et al., 2001). Drebrin/ABP1 (AM2)
aids in membrane attachment of actin filaments during endocytosis in yeast (Toret
and Drubin, 2006), and could also function in cell migration (Peitsch et al., 2006;
Song et al., 2008). The inclusion of both twinfilin and drebrin/ABP1 in the AMs
argues that the actin patches formed during yeast endocytosis could have
evolutionary origins in amoeboid motility.

Our analysis also suggests a role for the lipid sphingomyelin in amoeboid motility.
AMs include a sphingomyelin-synthase-related protein (AM16) and Saposin-B-like
proteins (AM17) that activate sphingomyelinase. (Sphingomyelinase is not an AM
because it is found in the non-amoeboid Paramecium (Figure 2.4).) Sphingomyelin
itself is enriched in pseudopodia (Jandak et al., 1990) and thus may contribute to
motility via structural differentiation of the membrane, or as a second messenger in
signalling pathways, as seen in human cells.

Discussion

Using both manual searches and phylogenetic profiling, we found that Naegleria’s
repertoire of microtubule components is consistent with a canonical eukaryotic
microtubule cytoskeleton. In particular, Naegleria seems to have the genes
required for a typical flagellar and basal body structures, despite making these
motile structures very quickly (within 90 minutes) and not maintaining them for
more than two cell cycles (Naegleria return to amoeboid motility within three hours
(Fulton, 1970)). The finding of seemingly Naegleria-specific alpha and beta tubulin
subtypes suggests that Naegleria may have unique microtubule structures (e.g. the
mitotic spindle may be composed of divergent tubulin filaments) and warrants
further study.

The 63 AMs make up the first catalog of genes suggested to modulate a cell’s actin
cytoskeleton to achieve amoeboid motility. Included in this set are two hallmark
amoeboid motility genes (twinfilin and profilin). The inclusion of these genes in the
AMs indicates the other genes (particularly the 19 completely novel genes) are
likely a rich source of unexplored biology relating to amoeboid motility.

Materials and methods

Strains

High quality genomic DNA was prepared from an axenic culture of amoebae
of Naegleria gruberi strain NEG-M (ATCC 30224) (Fulton, 1974), which was derived
from clonal strain NEG (Fulton, 1970) as a clone able to grow in simplified axenic

24



media. The amoebae were grown axenically in suspension in M7 medium (Fulton,

1974) from frozen stocks, and DNA was prepared from cells using Qiagen Genomic
DNA Kit (Qiagen, USA).

Whole genome shotgun sequencing and sequence assembly

The initial sequence data set was generated from whole-genome shotgun
sequencing (Weber and Myers, 1997) of four libraries. We used one library with an
insert size of 2-3 kb (BCCH), one with an insert size of 6-8 kb (BCCI) and two
fosmid libraries with insert sizes of 35-40 kb (BCCN, BGAG). We obtained reads as
follows: 220,222 reads from the 2-3 kb insert libraries comprising 245 Mb of raw
sequence, 261,984 reads from the 6-8 kb insert libraries comprising 263 Mb of raw
sequence, and 52,608 reads from the 35-40 kb insert libraries comprising 54 Mb of
raw sequence. The reads were screened for vector sequence using Cross_match
(Ewing et al., 1998) and trimmed for vector and low quality sequences. Reads
shorter than 100 bases after trimming were excluded from the assembly. This
reduced the data set to 182,658 reads from the 2-3 kb insert libraries comprising
132 Mb of raw sequence, 245,457 reads from the 6-8 kb insert libraries comprising
193 Mb of raw sequence, and 43,514 reads from the 35-40 kb insert libraries
comprising 26 Mb of raw sequence.

The trimmed read sequences were assembled using release 2.9 of JAZZ (Aparicio et
al., 2002). A word size of 13 was used for seeding alignments between reads, with a
minimum of 10 shared words required before an alignment between two reads
would be attempted. The unhashability threshold was set to 50, preventing words
present in the data set in more than 50 copies from being used to seed alignments.
A mismatch penalty of -30.0 was used, which will tend to assemble together
sequences that are more than about 97% identical. The genome size and sequence
depth were initially estimated to be 35 Mb and 8.0 x, respectively. The initial
assembly contained 44.8 Mb of scaffold sequence, of which 5.9 Mb (13.1%) was gaps.
There were 2,868 scaffolds, with a scaffold N/L50 of 38/384.3 Kb, and a contig N/L50
of 77/148.6 Kb. The assembly was then filtered to remove scaffolds < 1kb long as
well as redundant scaffolds, where redundancy was defined as those scaffolds
shorter than 5kb long with a greater than 80% identity to another scaffold greater
than 5kb long.

After excluding redundant and short scaffolds, 41.1 Mb remained, of which 4.7 Mb
(11.5%) was gaps. The filtered assembly contained 813 scaffolds, with a scaffold
N/L50 of 33/401.6 kb, and a contig N/L50 of 69/157.7 kb. The sequence depth
derived from the assembly was 8.6 + 0.1.

To estimate the completeness of the assembly, the consensus sequences from
clustering a set of 28,768 ESTs were BLAT-aligned (with default parameters) to the
unassembled trimmed data set, as well as the assembly itself. 28,486 EST's (99.0%)
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were more than 80% covered by the unassembled data and 28,502 ESTs (99.1%) had
hits to the assembly.

Mitochondrial genome sequence (GenBank AF288092) was used to identify the 18
scaffolds belonging to the organelle genome; this sequence is available from the JGI
Naegleria Genome Portal (http://www.jgi.doe.gov/naegleria/).

cDNA library construction and EST sequencing

EST sequences were made from two samples: 1) asynchronous cells where some
were differentiating into flagellates and others back into amoebae and 2) confluent
amoeba grown in tissue culture flasks. Poly-A+ RNA was isolated from total RNA
for each sample using the Absolutely mRNA Purification kit and manufacturer’s
instructions (Stratagene, La Jolla, CA). ¢cDNA synthesis and cloning was a modified
procedure based on the “SuperScript plasmid system with Gateway technology for
cDNA synthesis and cloning” (Invitrogen). 1-2 ug of poly A+ RNA, reverse
transcriptase SuperScript II (Invitrogen) and oligo dT-Notl primer:

5'- GACTAGTTCTAGATCGCGAGCGGCCGCCCTTTTTTTTTTTTTTT -3'

were used to synthesize first strand cDNA. Second strand synthesis was performed
with E. coli DNA ligase, polymerase I, and RNaseH followed by end repair using T4
DNA polymerase. A Sall adaptor (5'- TCGACCCACGCGTCCG and 5'-
CGGACGCGTGGG) was ligated to the cDNA, digested with Notl (NEB), and
subsequently size selected by gel electrophoresis (using 1.1% agarose). Two size
ranges of cDNA (0.6 - 2.0 kb.p. and > 2 kb.p.) were cut out of the gel for the amoeba
sample and one size range (0.6 -2.0 kb.p.) for the flagellate sample. They were
directionally ligated into the Sall and Notl digested vector pMCL200_cDNA. The
ligation product was transformed into ElectroMAX T1 DH10B cells (Invitrogen).

Library quality was first assessed by randomly selecting 24 clones and PCR
amplifying the cDNA inserts with the primers M13-F (GTAAAACGACGGCCAGT)
and M13-R (AGGAAACAGCTATGACCAT). The number of clones without inserts
was determined and 384 clones for each library were picked, inoculated into 384
well plates (Nunc) and grown for 18 hours at 37°C. Each clone was amplified using
RCA then the 5 and 3’ ends of each insert was sequenced using vector specific
primers (forward (FW): 5’- ATTTAGGTGACACTATAGAA and reverse (RV) 5 —
TAATACGACTCACTATAGGG) and Big Dye chemistry (Applied Biosystems).
44,544 EST reads were attempted from the 2 samples.

The JGI EST Pipeline begins with the cleanup of DNA sequences derived from the
5 and 3’ end reads from a library of cDNA clones. The Phred software (Ewing and
Green, 1998; Ewing et al., 1998) is used to call the bases and generate quality

scores. Vector, linker, adapter, poly-A/T, and other artifact sequences are removed
using Cross_match (Ewing and Green, 1998; Ewing et al., 1998), and an internally
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developed short pattern finder. Low quality regions of the read are identified using
internally developed software, which masks regions with a combined quality score
of less than 15. The longest high quality region of each read is used as the EST.
ESTs shorter than 150 bp were removed from the data set. ESTs containing
common contaminants such as E. coli, common vectors, and sequencing standards
were also removed from the data set. There were 38,211 EST sequences left after
filtering.

EST clustering was performed on 38,282 trimmed, high-quality ESTs (the 38,211
filtered and trimmed JGI EST sequences combined with the JGI ESTs combined
with 71 EST sequences downloaded from GenBank (Benson et al., 2009) by making
all-by-all pairwise alignments with MALIGN (Sobel and Martinez, 1986). ESTs
sharing an alignment of at least 98% identity, and 150 bp overlap are assigned to
the same cluster. These are relatively strict clustering cutoffs, and are intended to
avoid placing divergent members of gene families in the same cluster. However,
this could also have the effect of separating splice variants into different clusters.
Optionally, ESTs that do not share alignments are assigned to the same cluster, if
they are derived from the same cDNA clone. We made 4,873 EST clusters.

EST cluster consensus sequences were generated by running Phrap (Ewing and
Green, 1998) on the ESTs comprising each cluster. All alignments generated by
MALIGN {Sobel, 1986 #351 are restricted such that they will always extend to
within a few bases of the ends of both ESTs. Therefore, each cluster looks more like
a ‘tiling path’ across the gene, which matches well with the genome based
assumptions underlying the Phrap algorithm. Additional improvements were made
to the phrap assemblies by using the ‘forcelevel 4’ option, which decreases the
chances of generating multiple consensi for a single cluster, where the consensi
differ only by sequencing errors.

Generation of gene models and annotation

The genome assembly was annotated using the JGI Annotation Pipeline. First the
784 N. gruberi v.1 scaffolds were masked using RepeatMasker {Smit, 1996-20a04
#289} and a custom repeat library of 123 putative transposable element-like
sequences. Next, the EST and full-length cDNAs were clustered into 4,873
consensus sequences (see above) and aligned to the scaffolds with BLAT (Kent,
2002). Gene models were predicted using the following methods: 1) ab initio
(FGENESH (Salamov and Solovyev, 2000); ii) homology-based (FGENESH+
(Salamov and Solovyev, 2000) and Genewise (Birney et al., 2004), with both of these
tools seeded by Blastx (Altschul et al., 1990) alignments of sequences from the ‘nr’
database from the National Center for Biotechnology Information (NCBI, Genbank)
(Benson et al., 2009) to the Naegleria genome); and ii1) mapping N. gruberi EST
cluster consensus sequences to the genome (EST_map; http://www.softberry.com/).
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Truncated Genewise models were extended where possible to start and stop codons
in the surounding genome sequence. EST clusters, mapped to the genome with
BLAT (Kent, 2002) were used to extend, verify, and complete the predicted gene
models. The resulting set of models was then filtered, based on a scoring scheme
which maximises completeness, length, EST support, and homology support, to
produce a single gene model at each locus, and predicting a total of 15,753 models.

Only 13% of these gene models were seeded by sequence alignments with proteins
in the nr database at NCBI (Benson et al., 2009) or N. gruberi EST cluster
consensus sequences, while 86% were ab initio predictions. Complete models with
start and stop codons comprise 93% of the predicted genes. 30% are consistent with
ESTs and 74% align with proteins in the nr database at GenBank (Benson et al.,
2009).

Protein function predictions were made for all predicted gene models using the
following collection of software tools: SignalP
(http://www.cbs.dtu.dk/services/SignalP/), TMHMM
(http://www.cbs.dtu.dk/services/TMHMMY/), InterProScan
(http://www.ebi.ac.uk/interpro/ (Quevillon et al., 2005)), and hardware-accelerated
double-affine Smith-Waterman alignments
(http://www.timelogic.com/decypher_sw.html) against SwissProt
(htt