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Abstract

Choanoflagellates are a diverse monophyletic group of aquatic
heterotrophic flagellates that form the sister group to the animals (Leadbeater,
2015). Genome surveys in two closely related choanoflagellate species —
Salpingoeca rosetta and Monosiga brevicollis — showed that choanoflagellates
and animals share many genes that are crucial for animal biology, including
genes encoding proteins with functions at animal synapses (King et al., 2008;
Alié and Manuel, 2010; Fairclough et al., 2013; Burkhardt et al., 2014).

| surveyed 19 choanoflagellate transcriptomes (Richter et al., 2018) for the
presence of putative homologs to a key set of synaptic proteins in order to extend
our knowledge of the putative ancestral prerequisites for postsynaptic signalling
machineries. Postsynaptic signalling machineries are crucial for signal reception
and transduction as well as the regulation of signal transduction strength
(Kennedy, 2000). Importantly, | could identify putative homologs to Shaker-like
potassium channels, nitric oxide synthases and ionotropic glutamate receptors in
several choanoflagellate species. The survey further showed that putative
homologs of postsynaptic scaffolding proteins (Homer, Shank, and membrane
associated guanylate kinases — MAGUKSs including Dlg and MAGUK p55) occur
in choanoflagellates that branch throughout the phylogenetic radiation of this

group.

The high degree of structural conservation in S. rosetta Dlg, and Homer
homologs suggests that these proteins are of functional importance in
choanoflagellates. Furthermore, my data indicate that the scaffolding function of
both of these proteins is conserved in choanoflagellates. Combining ancestral
protein reconstruction with in vitro binding assays, allowed me to establish that
the capacity of Homer to bind its synaptic binding partner Shank presumably
preceded the evolution of animals and choanoflagellates. Moreover, in an
experiment using co-immunoprecipitation in combination with mass spectrometry
analysis, | investigated in vivo S. rosetta Dlg interaction partners. | found evidence
that the interaction between DIg and MAGUK p55 might be conserved in
choanoflagellates. This type of interaction was observed at animal postsynapses
and tight junctions (Stucke et al., 2007; Rademacher et al., 2016). My data
suggest that synaptic scaffolding complexes might have preceded the evolution



of animals. Synaptic signalling machineries therefore presumably were built upon

pre-existing structural scaffolds.
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1 Introduction

Postsynaptic signalling machineries are protein complexes regulating
processes occurring at the site of synaptic signal transduction (Kennedy, 2000).
Particularly in vertebrate animals, the composition and functionality of these
complexes have been investigated in depth (for example Blackstone and Sheng,
2002; Collins et al., 2006; Voglis and Tavernarakis, 2006; Fernandez et al., 2009;
Klemmer et al., 2009; Kegel et al., 2013). However, little is known about the
evolutionary origin of these complexes. Choanoflagellates, the single-celled
sister group to the animals (Carr et al., 2008; King et al., 2008; Ruiz-Trillo et al.,
2008), can be used for comparative studies to resolve which proteins and protein-
protein interactions required for these signalling machineries are putatively
ancestral and originated before the emergence of animal synapses and neurons.

In this introduction, | will first define and explain the functionality and
significance of postsynaptic signalling machineries. | will pay particular emphasis
on glutamatergic synapses, which are suggested to occur in all animal lineages
with a nervous system (Kass-Simon and Pierobon, 2007; Moroz et al., 2014;
Burkhardt and Sprecher, 2017). | focus on three scaffolding proteins that are
known to organise signalling machineries at vertebrate glutamatergic synapses.
These proteins were suggested to be conserved in animals and
choanoflagellates (Alié and Manuel, 2010; Burkhardt et al., 2014) and therefore
serve as good starting point to investigate ancestral signalling machineries built
on this scaffold. Second, | will provide background about the current knowledge
of nervous system evolution. Here, | will also discuss approaches currently used
to address questions related to this topic. Third, | will introduce choanoflagellates
and state how they make useful models to investigate the evolutionary origin of
synaptic proteins and particular signalling machineries. Lastly, | will define the
purpose of this study and will state my hypotheses that direct this thesis and the
specific aims laid out to test these hypotheses.
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1.1 Postsynaptic signalling machineries

1.1.1 Cellular signalling machineries

Every organism is dependent on cellular signalling machineries. Single-
celled organisms need signalling processes that enable them to perceive and
react to environmental changes and undergo processes such as growth, mitosis
and meiosis (de Nadal et al., 2011). Multicellular organisms similarly depend on
these basic machineries (de Nadal et al., 2011). On top of that, these organisms
require mechanisms to coordinate cells within tissues. Mainly, they need
measures for cell-cell communication and adherence (BaluSka et al., 2003;
Seymour et al., 2004; Richter and King, 2013). More complex organisms need
systems that allow them to react effectively across the organism in a coordinated
manner. These systems include hormone systems, immune systems and
nervous systems. Hormone systems, enabling body wide coordination across
tissues, are present in animals, plants and fungi (Huxley, 1935; Zakelj-Mavri et
al., 1995; Gaspar et al., 2003). Immune systems, protecting the host from
infections, are known from animals and plants, although only animals have an
adaptive, body wide immune response (Ausubel, 2005). Nervous systems,
allowing fast and precise perception and reaction, as well as learning and
memory, were only described in animals (Brodal, 2004). All these systems require
specialised cell types that fulfil specific processes, which are likewise based on
signalling machineries (Achim and Arendt, 2014). A common feature of all
signalling machineries is the involvement of proteins that activate, inactivate and

coordinate each other (Alberts et al., 2002).

1.1.2 Synaptic signalling

In intercellular communication, signalling machineries function across
cellular borders. There is local cell communication via signal molecule diffusion
that work on neighbouring cells (paracrine signalling), system wide signalling via
hormones (endocrine signalling) and targeted synaptic signalling through nerve
cells (neurons) (Alberts et al., 2002).

Synapses are specialised structures in between two neurons (or a neuron
and an effector cell such as a muscle cell), specialised for the quick transfer of
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information between cells. Signal transduction can be electrical (electrical
synapse via gap junctions) or chemical (chemical synapse) (Squire et al., 2008).
In chemical synapses, an electrical signal in one neuron is translated into a
chemical signal (neurotransmitter or neuropeptide) and then again converted into
an electrical signal in the other neuron. Stimulation of a neuron through
neurotransmitters leads to the opening of ion channels, inducing (excitatory
synapse) or inhibiting (inhibitory synapse) membrane depolarisation. In
vertebrates, glutamate, acetylcholine and aspartate are typical excitatory
neurotransmitters, which bind receptors acting as cation channels; GABA and
glycine are typical inhibitory neurotransmitters, which bind receptors acting as
chloride channels (Squire et al., 2008). Cations (positively charged ions) can
induce depolarisation of the membrane, whereas negative chloride ions lead to
hypopolarisation inhibiting depolarisation through another synapse acting on the
same neuron. Upon strong depolarisation, an electrical impulse (action potential)
is formed and leads to the propagation of the signal to the synaptic terminal
usually via the stepwise opening of voltage-gated cation channels. At the synaptic
terminal the action potential induces the opening of calcium channels in the
presynaptic membrane. Calcium influx then leads to the release of
neurotransmitters into the synaptic cleft. Neurotransmitters bind to receptors
(ligand gated ion channels) in the dendritic membrane of a second neuron
(postsynaptic membrane). The ion channel opens, leading to the influx of ions in
the second neuron, which may result in depolarisation (excitatory
neurotransmitter) (Figure 1-1) or hypopolarisation (inhibitory neurotransmitter).
These processes (electrophysiologically observed by Fatt and Katz, 1951; Fatt
and Katz, 1952; Hodgkin, 1951; further described by Del Castillo and Katz, 1954;
Palay, 1956; inhibitory neurotransmitter effect reviewed by Kuffler and Edwards,
1958) are relatively straightforward and found in every biology school book.
However, the underlying biochemical processes are quite complex and every
single step requires many proteins interacting in signalling complexes.

There are presynaptic signalling machineries in the active zone (allocated
to the presynaptic membrane adjacent to the synaptic cleft) that enable the
calcium-dependent fusion of synaptic vesicles with the cell membrane, in order
to release the neurotransmitters inside of these vesicles (Augustine et al., 1999).
Likewise, there are postsynaptic signalling machineries (allocated to the
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postsynaptic membrane adjacent to the synaptic cleft) that, upon binding of
neurotransmitters to the receptors, enable signal transduction and modulation of
the synaptic strength by the growth of dendrites and the recruiting of more
receptors (Sheng and Kim, 2011). In fact, proteins are so densely packed at the
postsynaptic membrane that this region appears as very electron-dense in
electron micrographs (Boeckers, 2006; Figure 1-2 A). The region is therefore

called postsynaptic density (PSD).

Presynaptic

Postsynaptic

Figure 1-1: Function of chemical synapses. 1) An action potential arrives in the presynaptic
terminal of the first neuron, which leads to the opening of voltage-gated calcium channels. 2)
Calcium influx triggers membrane fusion between neurotransmitter-filled vesicles and the plasma
membrane, resulting in the release of neurotransmitters into the synaptic cleft. 3)
Neurotransmitters bind to ligand gated ion channels in the postsynaptic membrane, which opens
these channels and leads to ion influx into the second neuron. Sodium ions, as shown in this
example, induce depolarisation and another action potential is formed. Adapted from (Kandel et
al., 2000).

1.1.3 The postsynaptic density

Complexes formed by PSD proteins are involved in many processes, such
as signal transduction, calcium signalling, cytoskeleton organisation, and the
regulation of synaptic strength (described in section 1.1.5) (Cho et al., 1992; Sala
et al., 2001; Boeckers, 2006; Shiraishi-Yamaguchi and Furuichi, 2007; Kim et al.,
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2009). In vitro, PSD proteins self-assemble at physiological concentrations via
liquid-liquid phase separation (Zeng et al., 2018). In vivo, the PSD complex is
attached to membrane regions with properties of lipid rafts — small, highly
dynamic regions in the membrane with enrichment in cholesterol and sphingolipid
content (Pike, 2006; Suzuki et al., 2011). Organisation of proteins in lipid rafts
has been shown to allow signal transmission across different cellular membrane
systems in calcium signalling (Weerth et al., 2007). Anchoring of the PSD
complex to the membrane is carried out by scaffolding proteins (Sheng and Kim,
2011). These proteins interact with many other proteins, thereby connecting
receptors in the membrane with signalling molecules, and organising the whole
complex (Pawson and Scott, 1997; Sheng and Kim, 2011; Kim and Sheng, 2004;
Shiraishi-Yamaguchi and Furuichi, 2007).

1.1.4 Postsynaptic scaffolding proteins

Scaffolding proteins are amongst the most abundant proteins in the PSD
(Cheng et al., 2006; Hayashi et al., 2009). These proteins are the organisers of
protein complexes, as they form multimeric scaffolds and also interact with many
other proteins via protein-protein interaction domains (Zhu et al., 2016). The
functionality of PSD scaffolding proteins has been studied in depth in vertebrate
synapses (reviewed in Garner et al., 2000; Montgomery et al., 2004). Three
scaffolding proteins of crucial importance for postsynaptic signalling machineries
at vertebrate glutamatergic synapses are PSD-95, Shank and Homer (Figure 1-2
B). These proteins anchor receptors and adhesion molecules and interconnect
receptor-mediated processes with downstream signalling via protein-protein
interactions (Irie et al., 1997; Tu et al., 1998; Naisbitt et al., 1999; Sala et al.,
2001; Kim and Sheng, 2004) (Figure 1-2 C).

PSD-95 is a homolog of Drosophila Discs large (Dlg) (te Velthuis et al.,
2007). It is known as the key organiser of the PSD at glutamatergic synapses,
because it anchors PSD complexes to ionotropic glutamate receptors (iGluRs)
(Kim and Sheng, 2004) and seems to be one of the most abundant proteins in
the PSD (Cheng et al., 2006). It belongs to the protein family of membrane
associated guanylate kinases (MAGUKSs). Proteins of this family do not really
have guanylate kinase function, but all their domains are specialised for protein-
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protein interaction (McGee et al., 2001; Verpelli et al., 2012; Won et al., 2017).
Dlg proteins can recruit receptors to the membrane (a process that is regulated
via phosphorylation through Ca?*/calmodulin-dependent protein kinase |l
(CAMKII)) and furthermore bring signalling molecules such as nitric oxide
synthase, kinases and phosphatases in proximity to receptors (Blackstone and
Sheng, 2002; Yamada et al., 2007). Details about the DIg/PSD-95 domain
architecture and details about the binding capacities of the different domains are

given in section 4.1.

The proteins Shank and Homer are crucial for the formation of a multimeric
platform (Shank) (Baron et al. 2006) and the linkage of the PSD complex to
signalling pathways and the cytoskeleton (Homer & Shank) (Naisbitt et al. 1999;
Sala et al. 2001). Homer proteins form tetramers (Hayashi et al. 2006; 2009).
They directly interact with Shank, metabotropic glutamate receptors (mGluRs)
and inositole-1,4,5-triphosphate (IP3) receptors (Tu et al., 1998, 1999; Beneken
et al., 2000). Homer and Shank act together as a structural framework for the
binding of other PSD-proteins (Baron et al., 2006). This structural framework
forms a mesh-like Shank-Homer matrix structure, which can be visualised by
electron microscopy (Hayashi et al. 2009). They interconnect different receptor
complexes (mainly through the linkage of PSD-95 and Shank via GKAP, CRIPT
and IRSp53) and bind signalling molecules with an impact on calcium signalling
and actin cytoskeleton remodelling (Naisbitt et al., 1999; Sala et al., 2001;
Valtschanoff and Weinberg, 2001; Soltau et al., 2004; Baron et al., 2006; Hayashi
et al., 2009). The impact on cytoskeleton remodelling and calcium signalling is
described in sections 1.1.5.2 and 1.1.5.3, respectively. Details about Homer and
Shank domain architectures as well as domains and motifs involved in binding

are given in section 3.1.

1.1.5 Functions of PSD scaffolding proteins

The main function of PSD scaffolding proteins is the formation and
organisation of protein complexes (Zhu et al., 2016). Apart from providing the
structural framework for the PSD (Okabe, 2007), the many protein-protein
interactions they are involved in make them crucial components for several
cellular processes that enable synaptic functions.
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1.1.5.1 Synapse functioning, learning and memory

At glutamatergic synapses, DIg homologs recruit ionotropic glutamate
receptors (Rumbaugh et al., 2003) and are the link between these receptors and
proteins that react to cation influxes (Blackstone and Sheng, 2002) (section 0).
DIlg proteins can thereby modulate synaptic plasticity, such as long term
potentiation (LTP, strengthening of a synapse) and long term depression (LTD,
weakening of a synapse), mechanisms crucial for learning and memory (Xu,
2011). Homer and Shank also play a role in learning and memory, as they are
involved in spine head growth via cytoskeleton remodelling and intracellular
calcium signalling (Sala et al., 2001) (sections 1.1.5.2 and 1.1.5.3).
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Figure 1-2: The Postsynaptic Density (PSD). A) Electron micrograph from Dosemeci et al.
(2016) (Frontiers in Synaptic Neuroscience, Creative commons license) showing the presynaptic
neuron with synaptic vesicles, the synaptic cleft and the electron-dense PSD adjacent to the
membrane of the postsynaptic neuron. B) PSD scaffolding proteins with domain architecture
(adapted from McGee et al., 2001; Hayashi et al., 2009; Burkhardt, 2015 with permission from
Molecular Cell (Elsevier), Cell (Elsevier), and Journal of Experimental Biology (The Company of
Biologists), respectively). C) Protein complexes of the PSD organised by PSD-95, Shank and
Homer (on the basis of the following papers: Irie et al. (1997); Blackstone and Sheng (2002); Kim
and Sheng (2004); Shiraishi-Yamaguchi and Furuichi (2007); Feng and Zhang (2009); Kegel et
al. (2013); Zhu et al. (2016)). Shown are interactions of Homer and Shank with the actin
cytoskeleton, the Homer interaction with mGluRs and IP3Rs involved in calcium signalling, and
selected interactions of PSD-95 in complexes at NMDA and AMPA receptors and in interaction
with proteins connecting into the presynaptic active zone. CAMKII activated by Ca?* induces the
exocytosis of more AMPA receptors, shown in a hypothetical process as suggested by Yamada
et al. (2007) for SAP97 receptor recruitment with binding of SAP97 to a kinesin motor protein that
moves along microtubules.

1.1.5.2 Cytoskeleton remodelling

Homer and Shank act together in the remodelling of the postsynaptic
cytoskeleton. Shank’s proline rich region can interact with the actin nucleation
factor cortactin (Naisbitt et al., 1999). Homer binds F-actin in vitro and interacts
with activated Cdc42 (a Rho GTPase that was shown to be involved in the
restructuring of the actin cytoskeleton in spine enlargement and stability (Caroni
et al., 2012)) in a heterologous expression system (Shiraishi et al., 1999). Sala et
al. (2001) demonstrated that Homer and Shank are involved in spine head growth
(a consequence of LTP). Two proteins interacting with PSD-95 and Shank are
also connected to the cytoskeleton (Passafaro et al., 1999; Krugmann et al.,
2001; Valtschanoff and Weinberg, 2001; Soltau et al., 2004). CRIPT binds
microtubules (Passafaro et al., 1999) and IRSp53 interacts with Cdc42
(Krugmann et al., 2001).

1.1.5.3 Calcium signalling

Homer plays an important role in calcium signalling. With its EVH1 domain
it binds to the C-terminal PPxxF motif of mGluRs (Beneken et al., 2000) that are
localised to the postsynaptic membrane and are connected to G-proteins
activating several cellular pathways upon glutamate binding. One of these
pathways induces the production of IP3, a second messenger that can trigger the

intracellular release of calcium from the endoplasmic reticulum (ER) and
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subsequent activation of protein kinase C (PKC) via its binding to IP3 receptors
(Szumlinski and Woodward, 2014). Interestingly, Homer also binds to IP3
receptors (same binding mechanism), coupling mGlIuR signalling and calcium
release from the ER (Tu et al., 1998). Yuan et al. (2003) showed that Homer also
binds to TRPC1 plasma membrane receptors. Activation of TRPC1 via
phosphorylation through protein kinase C leads to calcium influx (Ahmmed et al.,
2004). Yuan et al. (2003) suggested that Homer couples the crosstalk between
the intracellular calcium machinery and signalling that induces extracellular
calcium entry. Kang et al. (2016) demonstrated that Homer can also bind
ryanodine (RYR) receptors in vitro. This interaction was already suspected by
Pouliquin and Dulhunty (2009) who found PPxxF and similar motifs in RYRs.
RYRs also release calcium from the ER (reviewed by Lanner et al., 2010).

1.1.5.4 Non-synaptic functions

Dlg homologs and other MAGUKSs in general anchor protein complexes to
receptors in the membrane at cell-cell contact sites (Ebnet, 2008). Therefore, they
play important roles at adherens junctions (shown for Caenorhabditis elegans Dlg
(Firestein and Rongo, 2001)), septate junctions and neuromuscular junctions
(shown for Drosophila melanogaster Dig (Woods and Bryant, 1993; Lahey et al.,
1994)). Dlg is an important tumour suppressor, regulating cell polarity and
proliferation in Drosophila and probably also in humans (Humbert et al., 2003;
Bergstralh and St Johnston, 2012). In epithelia, the proteins Scribble, Lgl and Dlg
form one of three modules required to achieve apico-basal cell polarity (Su et al.,
2013). Cell polarity of animal epithelia is facilitated by DIg binding of the receptor
Pins, which aligns orthogonally to the orientation of other cells in the epithelium,
and interacting with KHC-73, a motor protein that arranges astral microtubules,
to ensure a division of the cell in the same orientation the other cells are in
(reviewed by Lu and Johnston (2013). Pins and KHC-73 were both reported to
bind DIg (Johnston et al., 2012; Yu et al., 2006).

Shank3 has been shown to inhibit integrin-dependent processes by
sequestering Ras and Rap G proteins in various human cell lines (Lilja et al.,
2017). Selective expression of Homer homologs was suggested to promote
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muscle differentiation by regulating IP3R versus RYR Ca?* release, of which only
the ladder activates the transcription factor NFAT (Stiber et al., 2005).

1.1.5.5 PSD scaffolding proteins in human disease

PSD scaffolding proteins have also been found to play a role in diseases
of the nervous system, cancer development and T-cell activation. There are
reduced levels of PSD-95 in the hippocampus due to a mutation in an RNA
interacting protein in Fragile X syndrome (Bassell and Warren, 2008) or because
of mutations in other involved genes leading to synapse elimination in autism
(Tsai et al., 2012). A Shank3 mutation leads to neurogenetic deletion syndrome
(Bonaglia et al., 2001; Boeckers et al., 2002). SAP97/DIg-1 is an important
tumour suppressor which is targeted by human papilloma viruses (Gardiol et al.,
1999). DIg-1 and Homer proteins 2 and 3 are negative regulators of T-cell
activation (Xavier et al., 2004; Huang et al., 2008). DIg-1 can be recruited to the
actin cytoskeleton in T-cells, where it acts as negative regulator of their activation
(Xavier et al., 2004). Homer competes with the activator calcineurin for the
binding of nuclear factor of activated T-cells (NFAT), probably controlling self-
reactivity, as Homer deficient mice develop autoimmune symptoms (Huang et al.,
2008). Regulation of T-cell activation plays a role in allergic reactions, systemic
lupus erythematosus and inflammatory bowel diseases (Neurath et al., 2002;
Ling et al., 2004; Fernandez et al., 2006).

1.2 Nervous system evolution

1.2.1 Origin(s) of nervous systems

Nervous systems occur in almost all animal groups, except sponges
(sessile filter feeders) and placozoans (animals with only two epithelia that crawl
on surfaces and externally digest single-celled algae) (Degnan et al., 2015;
Schierwater and Eitel, 2015). Sponges and placozoans belong to animal taxa that
split from the lineage that evolved into the Bilateria (comprising most animal phyla
including molluscs, flatworms, annelids, arthropods, echinoderms and
vertebrates as well as other chordates) (Bagufa et al., 2008; Dunn et al., 2015).
Two other animal taxa (cnidarians and ctenophores) are not included in the
Bilateria (Dunn et al., 2015). The phylogeny between sponges, placozoans,
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cnidarians and ctenophores as well as their relation to Bilateria is still debated.
Historically, ctenophores were considered to have a close phylogenetic
relationship with cnidarians, which was based on morphological studies
(Leuckart, 1848). Dunn et al. (2008) performed a phylogenetic analysis that
suggested ctenophores as the sister group to all other animals. Since then, more
genomes and transcriptomes of non-bilaterian animals were sequenced (for
example Srivastava et al., 2008; Ryan et al., 2013; Moroz et al., 2014; Riesgo et
al., 2014). Most recent phylogenies recover Cnidaria as the sister group to the
Bilateria and, depending on method, taxon sampling and genes included, suggest
either sponges or ctenophores as the sister group to all other animals (Shen et
al., 2017; Simion et al., 2017). Considering that animals without nervous systems
might have closer relationships to animals with nervous systems has spurred the
debate on the origin of nervous systems. Discussed are a single origin with
potential loss in sponges and placozoans or multiple origins of the nervous
system (Figure 1-3) (Jékely et al., 2015b; Ryan and Chiodin, 2015; Liebeskind et
al., 2016; Moroz and Kohn, 2016; Martin-Duran and Hejnol, 2019).

Liebeskind et al. (2016) emphasised the possibility that similarities in
synapses and neurons of different lineages do not necessarily imply homology of
these features, but might as well be an example of homoplasy, where distinct
features converge to a similar phenotype due to selective pressure. They
described an evolutionary scenario where neurons and synapses evolved
independently in ctenophores and the cnidarian-bilaterian lineage, for example
referring to evidence for the convergent transition of voltage-gated calcium to
voltage-gated sodium channels in cnidarians and bilaterians. Jékely et al. (2015b)
looked at different characters such as neuropeptide signalling, ciliary
photoreceptors, gap junctions and presynaptic molecules. They argue that the
similarity of these characters in ctenophores and other animals with nervous
systems is compatible with a single nervous system origin, irrespective of the
phylogenetic position of ctenophores. Even if ctenophores are the sister group to
all other animals, the animal last common ancestor could have possessed only a
few protoneuron types that served as the precursors to all modern nervous
systems (Jékely et al., 2015b). Nervous systems could then have undergone
independent complexifications in the ctenophore and the cnidarian-bilaterian
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lineages, whereas a simplification occurred in sponges and placozoans (Jékely
et al., 2015b).

Potential nervous system origin

X Loss of nervous system

LY

»« Putative loss of nervous system

Bilateria | Bilateria

[— Cnidaria [ S— Cnidaria

- Placozoa Placozoa

ko . . . . . Porifera ~—} -+« - - - Porifera
Ctenophora ¥ - -+ = = = (Ctenophora

Figure 1-3: Putative nervous system origins based on latest phylogenies. Ctenophora and
Porifera phyla are both possible sister groups to all other animals (Shen et al., 2017; Simion et
al., 2017). Both possible scenarios are compatible with a single nervous system origin (with loss
in Placozoa and putative loss in Porifera) or independent origins in the Ctenophora lineage and
the bilaterian-cnidarian lineage. Figure adapted from Jékely, Paps, et al. (2015) and Martin-Duran
and Hejnol (2019).

Interestingly, genome surveys showed that all animals (including sponges
and placozoans) encode many proteins that are essential for the functioning of

bilaterian chemical synapses (Sakarya et al., 2007; Alié and Manuel, 2010).

1.2.2 Conceptual frameworks shaping our view on the origin of nervous

systems

In order to learn about the origin of neurons, we need to ask fundamental
questions. Are we actually able to precisely define a neuron? In 1888, Santiago
Ramén y Cajal discovered and morphologically described the cells that make up
the nervous system (Cajal, 1888; Lépez-Munoz et al., 2006). Morphological
features used to describe neurons by their polarised nature as well as the
presence of projections such as an axon and dendrites. Although true for many
neurons, this definition does not fit all neuron types. Neurons can be non-

polarised in nerve nets (Anderson, 1985; Westfall, 1996; Satterlie, 2011) and
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some interneurons do not have any obvious projections (Bucher and Anderson,
2015). Definitions that are more functional focus on abilities of neurons such as
excitability and the ability to release and respond to neurotransmitters. Bucher
and Anderson (2015) for instance, proposed to define a neuron functionally as a
cell that electrically communicates with discrete, distant target cells via synapses
with pre- and postsynaptic elements. Jékely et al. (2015a) defined neurons as
electrically excitable cells with specialised projections that use electrical or
sensory mechanism to influence other cells, aiming to include neuroendocrine

cells that do not target specific cells via synapses, but release hormones.

In concordance with the difficulties of defining a neuron are difficulties of
defining cell types in general. Sachkova and Burkhardt (2019) reviewed how the
historical definition of cell types — as sharing both a specific function and a
morphology distinct from other cell types — is being challenged by single cell
transcriptomic data. These data show that there is a high molecular diversity
within cells previously considered as cell types, which could be accredited to a
hidden variety of cell types or to temporal cell states as well as cells undergoing
developmental changes such as differentiation or reprogramming (Baran et al.,
2019; Sachkova and Burkhardt, 2019). Gene regulatory networks control gene
differentiation, which suggests that they control cell identity (Davidson, 2010;
Sachkova and Burkhardt, 2019). This is demonstrated by the function of master
terminal selectors (specification genes in the last step of neurogenesis for
different neuron classes in Caenorhabditis elegans) (Hobert, 2016; Sachkova
and Burkhardt, 2019). A POU homeobox gene is a neuronal terminal selector in
C. elegans and mouse as well as in the cnidarian Nematostella vectensis,
supporting previous studies suggesting that neurogenesis principles observed in
Bilateria are also applicable to Cnidaria (Quina et al., 2009; Richards and
Rentzsch, 2014; Richards and Rentzsch, 2015; Serrano-Saiz et al., 2018;
Tourniére et al., 2020 preprint). Malosio et al. (1999) showed that changes in
posttranscriptional modifications can lead to the loss of whole functional modules
as shown by the absence of all genes involved in neurosecretion in mutated cell
lines. Arendt et al. (2016a) suggested an evolutionary definition of a cell type, in
which the developmental cell lineage is not always equal to the evolutionary
lineage. The cell’s evolutionary identity is rather defined by the use of a certain

core gene regulatory network that has a common evolutionary origin (Arendt et
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al., 2016a). They propose a model, in which sister cell types that emerged from
the same precursor cell types can be evolutionary retraced, aiding to understand
the evolutionary history of neurons and other cell types (Arendt et al., 2016a).

Another basic question asks whether neurons or synapses were the first
instance of the nervous system. Different neural origins were suggested that
would affect the answer to this question. It is assumed that the first tissues that
emerged in animals were epithelia (Tyler 2003). Epithelia form cohesive sheets
of cells that can line body surfaces and can form functional units for absorption
or secretion (Lowe and Anderson, 2015). Epithelial cells are usually tightly
connected through cellular junctions that adhere cellular membranes (adherens
junction) and act as a barrier (occluding junction) (Lowe and Anderson, 2015).
Harden et al. (2016) noted the similarity between synapses and other cellular
junctions and suggested that all cellular junctions evolved from an ancestral
septate junction (a form of occluding junction) that emerged in an epithelial
context. Starting from simple animals with epithelia, two main hypotheses
considering neuron and synapse evolution were suggested (Figure 1-4). The first
hypothesis is based on the close functional relationship between neurons and
muscle cells and states that muscles could have evolved from a contractile
epithelium (myopepithelium) and could have acted as primitive receptor-effector
cells, forming first synapses (Parker, 1919; Mackie, 1970; Nickel, 2010). The
second hypothesis considers neurosecretion as the ancient effector activity
(Grundfest, 1959; Nickel, 2010). Neurosecretion could have its origin in nutrient
delivery and the same system could potentially be used for signal transmission,
where different nutrients (for example glutamate or small peptides) could be used
as signals as well (Varoqueaux and Fasshauer, 2017). These signals could
presumably be sensed by surrounding cells, altering their behaviour in a
paracrine fashion (Nickel, 2010). In the first scenario, actual neurons
interconnecting sensory and muscular cells via chemical transmission could have
evolved later, whereas, in the second scenario, neurosecretory cells preceded
the evolution of a synapse in between separate cells.

Jékely et al. (2015a) discussed how different concepts of nervous systems
influenced hypotheses about nervous system evolution. One concept is an input-
output system, in which sensory information is translated to a reaction. The other

concept describes nervous systems as a form of internal coordination of tissues,
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such as muscles or ciliated epithelia. They conclude that both the coordination
as well as the integration of and reaction to sensory information play a role in the
neural control of behaviour, physiology and development. Thus, both concepts
need to be considered in order to understand the evolutionary boundaries under
which nervous systems evolved (Jékely et al., 2015a).
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Figure 1-4: Two hypothetical scenarios for the emergence of neurons from epithelia. A)
Muscle cells and neurons evolved from electrically coupled (e) myoepithelia. Muscles cells
specialised first, then cells acquired means for the chemical transmission of electrical impulses
(action potentials: AP) via synapses (S). B) Even before the evolution of epithelia, cells could
secrete substances. First neurons differentiated from epithelia, specialising in secretion. These
neurosecretory cells evolved into neurons with chemical transmission. Figure modified from
Nickel (2010) with elements by Mackie (1970) and Arendt (2008) with permission from
Invertebrate Biology (John Wiley & sons), The University of Chicago Press, and Nature
(Macmillan Publishers Ltd, respectively

1.2.3 Comparative approaches to study the origin(s) of nervous systems

One approach to resolve nervous system origins is the comparison of
nervous systems of extant animal taxa and inferring information into how an

ancestral nervous system might have looked like. In the past, these comparisons

27



have been purely morphological, while they are getting more and more informed
by sequence similarities and phylogenetic relationships (Kristan, Jr., 2016; Haen
Whitmer, 2018).

Hejnol and Rentzsch (2015) collected phylogenetically informed evidence
that first nervous systems were nerve nets that condensed and centralised
multiple times in the evolution of animals. They argue that in nerve nets, the
random outgrowth of neuronal processes might be sufficient to act on muscular
tissue for coordinated movements and to connect to sensory cells allowing
movements based on sensory input without target-derived neurite guidance
(Hejnol and Rentzsch, 2015). Most bilaterian animals possess condensed nerve
structures such as longitudinal nerves and/or centralised brains (Hejnol and
Rentzsch, 2015). Many of them also have nerve nets in parts of their body (Hejnol
and Rentzsch, 2015). Cnidarians and ctenophores (the two other animal groups
with nervous system) also possess nerve nets (Hejnol and Rentzsch, 2015).
Cnidarians have some condensed structures, such as ring nerves and larval
aboral sensory organs (for settlement) in different cnidarian species (Watanabe
et al., 2009). There are different hypotheses about homology of cnidarian and
bilaterian nervous systems. Furness and Stebbing (2018) hypothesise that the
central nervous system evolved in the bilaterian lineage. They use morphological
and physiological similarities between the cnidarian nervous system and the
bilaterian enteric nervous system in the gut to propose a common origin of these
systems (Furness and Stebbing, 2018). Arendt et al. (2016b) suggest that the
aboral sensory organ in cnidarian larvae is homologous to a similar structure in
many bilaterian larvae. There is no evidence that the ctenophore aboral organ
(containing mechanosensory cells, sensing gravity and coordinating beat
frequency of ciliary combs) is homologous to the one found in bilaterian and
cnidarian larvae (Jager et al., 2011; Arendt et al., 2016b).

Electron microscopy studies suggested the presence of synapses in
different Cnidaria and Ctenophora species (Horridge and Mackay, 1962, 1964;
Horridge, 1965; Hernandez-Nicaise, 1973; Westfall, 1996). Cnidarian nervous
systems appear to have a wide variety of peptidergic neurons, that use
neurotransmission rather than solely neurosecretion, as shown by the presence
of RF/RW-amide neuropeptides in synaptic vesicles in Anthopleura

elegantissima (Anthozoa) (Westfall and Grimmelikhuijzen, 1993; Watanabe et al.,
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2009). Several neuropeptides in Hydra magnipapillata (e. g. LW-amides) induce
muscle contractions (Yum et al., 1998; Takahashi et al., 2003; Watanabe et al.,
2009). RF-amides seem to have the important role to coordinate movements,
allowing phototactic behaviours and regulated gut contractions (Fujisawa, 2008;
Plickert and Schneider, 2004; Watanabe et al., 2009). In addition, genome
surveys in Hydra magnipapillata and Nematostella vectensis revealed the
presence of genes for the synthesis and reception of acetylcholine and GABA,
as well as genes with similarity to bilaterian glutamate-, epinephrine-, dopamine-
and glycine-receptors (Putnam et al., 2007; Chapman et al., 2010; Watanabe et
al., 2009). Apart from these receptors, the genomes also encode proteins with
similarity to many synaptic scaffolding proteins and proteins involved in
neurosecretion, as well as to bilaterian genes for nervous system and neuron cell
type specification (Putnam et al., 2007; Chapman et al., 2010; Watanabe et al.,
2009). Rentzsch et al. (2017) pointed out the similarity between generic
neurogenic programmes of cnidarian and bilaterian nervous systems. This was
based on functional studies, suggesting a positive regulation of neurogenesis
through SoxB genes and a negative regulation of neurogenesis through Notch
signalling in both Cnidaria and Bilateria (Richards and Rentzsch, 2014, 2015).
Single cell RNA sequencing confirmed that specification genes and other
markers are related to distinct neural cell populations in Nematostella vectensis
(Sebé-Pedrés et al., 2018b).

For ctenophores, bilaterian markers for nervous system and neuron
specification could not be assigned to distinct cell populations (Sebé-Pedrds et
al., 2018a). Although the ctenophore Mnemiopsis leidyi possesses many proteins
that resemble bilaterian structural components of chemical synapses, it is not
certain to which degree ctenophores utilise bilaterian neurotransmitters (Ryan et
al., 2013). The M. leidyi genome seems to lack genes encoding enzymes for the
synthesis of the neurotransmitters serotonin, dopamine and norepinephrine
(Ryan et al., 2013; Simmons and Martindale, 2016). The ctenophore
Pleurobrachia bachei has a diverse set of putative ionotropic glutamate receptors
(Moroz et al., 2014). Isolated, putative muscle cells of this species were shown
to be reactive to glutamate, but not to GABA, histamine or acetylcholine (Moroz
et al., 2014; Simmons and Martindale, 2016). Previous studies, however, showed
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effects of adrenaline, acetylcholine and possibly serotonin on M. leidyi

bioluminescence flashes (Anctil, 1985; Simmons and Martindale, 2016).

Even though sponges and placozoans lack nervous systems, both phyla
have contractile cells and can sense and react to certain neurotransmitters
(Nickel, 2010; Senatore et al., 2017; Armon et al., 2018). Most sponges can
contract either their entire body or parts such as their water canal system (Nickel,
2010). Contractions have been shown to function in self-cleaning of the water
canal system when it gets blocked (Elliott and Leys, 2007). Usually rhythmic
contractions can be induced by transmitter substances such as GABA, glutamate
and serotonin in the demosponge Tethya wilhelma or glutamate in Oscarella
lobularis (Homoscleromorpha) and Clathrina clathrus (Calcispongia) (Ellwanger
and Nickel, 2006; Nickel, 2010). Acetylcholine and glycine further seemed to
indirectly effect the contraction rhythm in Tethya wilhelma (Ellwanger and Nickel,
2006; Nickel, 2010). Contractions were suggested to be mediated by actinocytes
in the mesohyl and/or pinacocytes (Elliott and Leys, 2007; Nickel, 2010). A subset
of pinacocytes carrying non-motile cilia and lining the inner osculum of the adult
demosponge Ephydatia muelleri were suggested to be sensory cells (Ludeman
et al., 2014). The removal of the osculum or the application of putative blocking
agents for TRP channels (important for sensory responses in other organisms
and also expressed in the sponge) inhibited contractions despite of glutamate
stimulation (Gale et al., 2001; Praetorius and Spring, 2001; Ludeman et al.,
2014).

The placozoan species Trichoplax adhaerens can also contract (Armon et
al., 2018). Contractions occur in cells of the dorsal epithelium, whereas other cells
in this epithelium are softened (Armon et al., 2018). The counteraction of these
processes was suggested to maintain tissue integrity (Armon et al., 2018). T.
adhaerens moves via the beating of cilia in its ventral epithelium, which create a
gliding motion on mucus that is secreted by gland cells in this epithelium (Ueda
et al., 1999; Smith et al., 2015; Mayorova et al., 2019). Other gland cells have
been described that supposedly secrete neuropeptides, as they are labelled with
an antibody against a putative endomorphin-like propeptide (Senatore et al.,
2017). When the surface below T. adhaerens is covered in single celled algae,
the animal pauses to externally digest them (Ueda et al., 1999; Smith et al., 2015;

Senatore et al., 2017). The ciliary arrest leading to this pausing behaviour
30



depends on external Ca®* ions and can be modulated by endomorphin-like
peptide transmitters encoded in the T. adhaerens genome as aforementioned
propeptide (Senatore et al., 2017). FMRF-amides also induce pausing in some
animals at high concentrations, whereas SIFG-amides lead to a partial
detachment of the animal from the substrate as well as folding and writhing at
higher concentration (Senatore et al., 2017). Varoqueaux et al. (2018) elucidated
that there are distinct populations of peptidergic cells in T. adhaerens and that
the animal responds with different behaviours (crinkling, turning, flattening and
churning) to different neuropeptides.

The molecular mechanisms of neurotransmission in Cnidaria and
Ctenophora, as well as the function of genes with importance to bilaterian
neurotransmission in all non-bilaterian animals remain elusive, but it appears that
both the use of neuropeptides and traditional neurotransmitters for behavioural
integration is conserved among all animal phyla. Varoqueaux and Fasshauer
(2017) suggested that neurotransmission evolved from a mechanism that
delivered nutrients from the lysosome to the plasma membrane. Lysosomal
degradation is used in heterotrophic protists (Lancaster et al., 2019), and SNARE
proteins required for secretion are conserved across eukaryotes (Kloepper et al.,
2007). Calcium-dependency of secretion in animals enabled a more controlled
and directed delivery mechanism that is used in neurosecretion and might be
conserved in choanoflagellates (Burkhardt and Sprecher, 2017; Varoqueaux and
Fasshauer, 2017). Varoqueaux and Fasshauer (2017) hypothesise that
glutamate and short peptides were originally degradation products that were
transported from the lysosome to the plasma membrane. The type of secreted
degradation products depends on bacteria and type of nutrients taken up by the
secreting cell (Varoqueaux and Fasshauer, 2017). The different molecules
secreted could be sensed by surrounding cells, changing their behaviour
(Varoqueaux and Fasshauer, 2017). They suggest that the same molecules and
machinery subsequently were re-used in targeted neurotransmission
(Varoqueaux and Fasshauer, 2017).
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1.3 How single celled organisms inform our understanding of the

evolutionary origin of neurons and synapses

Generally, to study the origin of synapses and neurons, it is necessary to
investigate not only animals, but also lineages that branched off before the
evolution of the animals (Burkhardt, 2015), mainly other Holozoa (Holozoa
include all animals and their close relatives: choanoflagellates, filastereans,
ichthyosporeans and corallochytreans; Figure 1-5) (Torruella et al., 2015).

Genome surveys revealed that choanoflagellates have many genes
encoding proteins with high similarity to bilaterian proteins that are involved in the
function of chemical synapses (Ali¢ and Manuel, 2010; Burkhardt et al., 2014).
Amongst these are proteins involved in vesicle exocytosis, adhesion and
signalling molecules, receptors and transmembrane proteins as well as structural
proteins important at the presynaptic active zone and the PSD (Burkhardt, 2015)
(Figure 1-6).
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Figure 1-5: Opisthokonta phylogeny. Phylogeny adapted and simplified from Grau-Bové et al.
(2017). Animal (metazoan) phylogeny shows current uncertainty about placement of Ctenophora,
Porifera and Placozoa, and current consensus about the placement of Cnidaria as sister group
to Bilateria. Animal groups with nervous system are labelled with an asterisk. Green circle:
Urmetazoan (= last common ancestor of all animals), orange circle: Urchoanimal (= last common
ancestor of animals and choanoflagellates) (definitions after Richter and King (2013).
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Figure 1-6: Presence of genes encoding for proteins with similarity to proteins with
important functions at bilaterian chemical synapses in different species of the
Opisthokonta. Presence of proteins in different categories (as indicated) are shown for the
animal (metazoan) species: Bilateria: Homo sapiens (H.sap), Mus musculus (M.mus), Drosophila
melanogaster (D.mel), Cnidaria: Nematostella vectensis (N.vec), Placozoa: Trichoplax adhaerens
(T.adh), Porifera: Oscarella carmela (now: Oscarella pearsei; O.car), for the choanoflagellate
(choanos) species: Salpingoeca rosetta (S.ros), Monosiga brevicollis (M.bre), the filasterean
species: Capsaspora owczarzaki (C.owc), and the Fungi: Rhizopus oryzae (R.ory),
Betrachochytrium dendrobatidis (B.den) and Saccharomyces cerevisae (S.cer). Figure modified
from Burkhardt (2015) with permission of Journal of Experimental Biology (The Company of
Biologists).

Richter and King (2013) used genome comparisons between holozoan
organisms to infer the features of the Urmetazoan (the last common ancestor of
all animals). They emphasised that some gene families with importance for
animal innovations were already present before the evolution of animals (genes
with presence in various non-animal holozoan species). On the stem lineage
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leading to the Urmetazoan these gene families diversified and were likely
integrated into novel contexts and functions, along with the emergence of animal
specific genes and the loss of other genes (Richter and King, 2013). In terms of
nervous system evolution, Richter and King (2013) hypothesised that due to the
presence of synaptic genes in all animal lineages, many molecular building blocks
required for the function of neurons were already present in the Urmetazoan. The
evolution of these molecular building blocks has become of large interest, as the
mere presence of certain proteins is not sufficient for the functioning of signalling
machineries. Specific cellular functions are dependent on the interaction of many
proteins and other biomolecules (Achim and Arendt, 2014). Important animal
signalling pathways, as well as cell type specific functions therefore seem to have
evolved in modular units, as modularity is a means of adaptive variation of a
functional unit without interfering with other functional units (Achim and Arendt,
2014; Babonis and Martindale, 2017). Evolution of these modular units itself
occurs stepwise, and is driven by changes in the temporal and spatial expression
of existing genes and the evolution of new molecules via duplication, divergence,
exon shuffling and gene fusion (Achim and Arendt, 2014; Babonis and
Martindale, 2017). The stepwise evolution of complexes also allows molecular
exploitation, a mechanism that recruits ancestral molecules into an interaction

with newly evolved molecules (Anderson et al., 2016).

1.3.1 Choanoflagellates are at a key phylogenetic position to investigate

the origin of animal traits

Choanoflagellates are the closest known relatives of animals (Carr et al.,
2008; King et al., 2008; Ruiz-Trillo et al., 2008). They comprise a diverse but
monophyletic group of aquatic single-celled organisms, sharing a unique cell
morphology with an apical flagellum surrounded by a collar of microvilli
(Leadbeater, 2015) (

Figure 1-7). The beat of the flagellum produces a water stream directed
into the collar, which transports bacteria, the main food source of
choanoflagellates, to the cell, where they can be taken up by phagocytosis (Pettitt
et al., 2002). Both cell morphology and feeding mode resemble those of sponge
choanocytes (Nielsen, 2008) which led to the early conception of a close
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phylogenetic relationship and homology of these cells. In fact, choanoflagellate

cells and sponge choanocytes have many ultrastructural similarities but also

important differences (Mah et al., 2014; Laundon

flagellum

et al., 2019).
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Figure 1-7: Choanoflagellate morphology and diversity. A) Choanoflagellate morphology.
Picture from Hoffmeyer and Burkhardt (2016, Current Opinion in Genetics and Development,
Creative commons license) with information based on (Leadbeater, 2015). bb = basal body, fv =
food vacuoles. B) Phenotypical diversity of choanoflagellates of the order Craspedida (comprising
species with organic covering, stalked or unstalked and many species with colonial stages) and
the order Acanthoecida (comprising two families with species forming silicate-based basket-like
loricas of various shapes is shown. Picture modified from Hoffmeyer and Burkhardt (2016, Current
Opinion in Genetics and Development, Creative commons license) with information based on
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Carr et al. (2008); Nitsche et al. (2011). C) Most recent six-gene choanoflagellate phylogeny (from
Carr et al. (2017, Molecular Phylogenetics and Evolution, Creative commons license).

Choanoflagellates are emerging as important model organisms to
understand the evolution of animal multicellularity (Fairclough, 2015; Hoffmeyer
and Burkhardt, 2016). Many choanoflagellate species have the ability to form
multicellular colonies by incomplete cytokinesis (Leadbeater and Morton, 1974;
Carr et al., 2008; Dayel et al., 2011; Stoupin et al., 2012; Leadbeater, 2015).
Genome surveys also showed the presence of many choanoflagellate genes with
high similarity to genes that were previously considered animal-specific and are
involved in multicellularity-related processes (Abedin and King, 2008; King et al.,
2008; Manning et al., 2008). Genes with occurrence in choanoflagellates are for
example related to cell signalling (e. g. tyrosine kinases) and cell-cell adhesion
(e. g. cadherins) in animals (Abedin and King, 2008; Manning et al., 2008).

1.3.2 The choanoflagellate model Salpingoeca rosetta

The choanoflagellate species Salpingoeca rosetta has a well
characterised life cycle (Dayel et al., 2011, illustrated in Figure 1-8) with at least
three single celled life cycle stages (attached cells, fast swimmers and slow
swimmers) and two colonial life cycle stages (chain colonies and rosette
colonies), which can only be formed by slow swimmers via incomplete
cytokinesis. The whole genome and transcriptomes assemblies for the different
life cycle stages are available (Fairclough et al., 2013). It is further known that S.
rosetta single cells can be induced to form rosette colonies with a sulfonolipid of
the prey bacterium Algoriphagus machipongonensis, called rosette inducing
factor 1 (RIF-1) (Alegado et al., 2012). Additional to the asexual life cycle
(described above) it has been shown that the usually haploid S. rosetta cells can
form distinct gametes and then mate by merging into one diploid cell, meiosis
then leads to a return to the haploid state (Levin and King, 2013). Gamete
formation was shown to be triggered by EroS, a chondroitin lyase of the bacterium
Vibrio fischeri (Woznica et al., 2017). Triggering the sexual life cycle is useful to
perform forward genetic screens, where random mutations are introduced into

the cells’ genome (via X-ray or EMS exposure), mutants are screened for a
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specific phenotype and then outcrossed to the wildtype and sequenced in order
to find the responsible gene (Levin et al., 2014). This led to the discovery, that a
C-type lectin localised to the S. rosetta extracellular matrix, is required for rosette
colony formation (Levin et al., 2014). The approach has been improved since,
making use of bulk segregation methods, allowing the easier detection of genes
responsible for the mutation phenotype, identifying two more proteins (two
glycosyltransferases) with importance for the inhibition of cell clumping and the
proper formation of rosette colonies (Wetzel et al., 2018). Recently, Booth et al.
(2018) established a method to transfect S. rosetta with plasmids, allowing the
recombinant expression of fluorescently tagged proteins in order to determine
their subcellular localisation (Booth et al., 2018; Wetzel et al., 2018). This method
allows the transient transfection of S. rosetta without integration of the gene into
the genome (Booth et al., 2018) and was recently adapted for CRISPR/Cas9
mediated genome editing (Booth and King, 2020).
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Figure 1-8: The choanoflagellate species Salpingoeca rosetta. A) DIC photography of a
rosetta colony. B) S. rosetta life cycle. Picture modified from Hoffmeyer and Burkhardt (2016,
Current opinion in Genetics and Development, Creative commons license) based on descriptions
by Dayel et al. (2011) and including rosette colony formation induction by the rosette inducing
factor (RIF-1) (Alegado et al., 2012) and the sexual cycle described by Levin and King (2013).

1.3.3 Origin of synaptic proteins

Proteins with domain architectures attributed to postsynaptic scaffolding
proteins are abundant in animals without nervous system and in
choanoflagellates (Sakarya et al., 2007; Alié and Manuel, 2010; Burkhardt et al.,
2014). MAGUKSs, for instance, are encoded in all animal groups as well as
choanoflagellates and filastereans, but not in other protists, plants and fungi (de
Mendoza et al., 2010; te Velthuis et al., 2007). DIg-like proteins are only found in
animals and choanoflagellates (de Mendoza et al., 2010). Homer and Shank
proteins are found in ichthyosporeans, filastereans, choanoflagellates and all
animals, the motifs presumably required for binding evolved in the lineage leading

to choanoflagellates and animals (Burkhardt and Sprecher, 2017).
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All studied sponges have proteins with homology to metabotropic
glutamate receptors, whereas there are only some species encoding ionotropic
glutamate receptors (Riesgo et al., 2014). The genomes of the two
choanoflagellate model organisms Monosiga brevicollis and Salpingoeca rosetta
on the other hand do not seem to encode glutamate receptors at all (King et al.,
2008; Fairclough et al., 2013; Burkhardt et al., 2014), although ionotropic
glutamate receptors are found in plants (Lam et al., 1998). Chiu et al. (1999)
created phylogenetic evidence that ionotropic glutamate receptors in animals and
plants have a common origin. If this is true, the receptors were lost in at least

some choanoflagellates and many sponges.

On the other hand, choanoflagellates do express voltage-gated ion
channels (Fairclough et al., 2013), such as voltage-gated calcium channels (Cav1
and Cav3) and even voltage-gated channels probably reacting to both calcium
and sodium (with similarity to the invertebrate channel Nav2) (Zhou et al., 2004;
Liebeskind et al., 2011; Zakon, 2012; Moran et al., 2015). The function and
localisation of these ion channels in choanoflagellates is not clear, but it was
shown in the marine diatom Odontella sinensis (Stramenopiles) (Taylor, 2009)
that some protist voltage-gated ion channels can generate fast Na*/Ca?* based
action potentials. Brunet and Arendt (2016) hypothesised that a depolarisation of
the membrane evolved in the last eukaryotic common ancestor (LECA) to trigger
an emergency response to the influx of calcium occurring due to membrane
damage. Membrane rupture has been shown to lead to a fast reaction in algae
and animals involving a contraction of an actomyosin ring around the damaged
part of the membrane (Goddard and La Claire Il, 1991; Bement et al., 1999;
Brunet and Arendt, 2016). In animals this then leads to the fast exocytosis of
vesicles that fuse with the membrane to seal the rupture (in a molecular
mechanism that is also used for the exocytosis of neurotransmitters) (Steinhardt
et al., 1994). Brunet and Arendt (2016) suggest that the coupling of depolarisation
to contraction and secretion occurred at the evolutionary radiation of the animals
and allowed alternative cellular responses, potentially first for amoeboid
movement, then for ciliary movement. The coupling of depolarisation to cellular
responses along with the evolution of voltage-gated calcium (and later sodium)
channels could then ultimately be used for muscle contraction and long range
propagation in neurons (Brunet and Arendt, 2016).
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1.3.4 Current knowledge about the origin of synaptic complexes

Most studies on the origin of synaptic proteins are based on genome or
transcriptome surveys. Some case studies give phylogenetic evidence for the
homology of individual proteins, such as for animal and other holozoan MAGUKs
(te Velthuis et al., 2007; de Mendoza et al., 2010) and animal glutamate receptors
(Riesgo et al., 2014; Ramos-Vicente et al., 2018). Richter et al. (2018) addressed
the fact that the only two sequenced choanoflagellate genomes belong to two
closely related choanoflagellate lineages in the same family (Carr et al., 2017) (

Figure 1-7 C), by sequencing the transcriptomes of 19 choanoflagellate
species. They subsequently used OrthoMCL clustering of the assembled gene
sequences from these species and the 2 sequenced choanoflagellate genomes
and gene sequences of 21 animal species (Richter et al., 2018) to group the
genes into cluster groups approximating ortholog groups (Li et al., 2003).
Although the study by Richter et al. (2018) certainly underestimates the
occurrence of some choanoflagellate genes, because transcriptomes lack genes
that were not expressed at the conditions chosen for sequencing, they included
many species and were therefore able to give an overall prediction of which
choanoflagellate proteins might be homologous to which animal proteins. More
phylogenetic studies are required to confirm true homology and the functions of

most choanoflagellate proteins are unknown.

The first study, showing conservation of a whole signalling machinery
between animals and choanoflagellates, involved co-crystallisation and other
binding assays. It showed that the vesicle exocytosis machinery used for synaptic
neurotransmitter release at the presynapse is conserved in the choanoflagellate
species Monosiga brevicollis (Burkhardt et al., 2011).

Less is known about the origin of postsynaptic signalling machineries. In
situ hybridisation studies in sponges showed co-expression of five postsynaptic
scaffolding proteins (Dlg, GKAP, GRIP, Homer and CRIPT) in the same cell type
in larvae of the demosponge Amphimedon queenslandica (Sakarya et al., 2007).
Recently, a combination of single-cell transcriptomics and electron microscopy of
the adult demosponge Spongilla lacustris showed the co-expression of
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postsynaptic genes (Dlg, Homer and Shank) in certain choanocytes, whereas
presynaptic genes were co-expressed in an amoeboid cell type (Musser et al.,
2019 preprint). Electron microscopy analysis revealed that an amoeboid cell
contacts microvilli of choanocytes (Musser et al., 2019 preprint). These studies
suggest that postsynaptic scaffolding proteins might act together in demosponge
signalling machineries and might potentially be involved in cell-cell
communication in S. lacustris (Sakarya et al., 2007; Musser et al., 2019 preprint).

There is however a lack of studies on protein level in non-bilaterian animals.

Burkhardt et al. (2014) identified the localisation and the binding partners
to the Salpingoeca rosetta homolog of the protein Homer. This was the first study
looking at a postsynaptic scaffolding protein homolog in choanoflagellates on
protein level. The authors showed that S. rosetta Homer is localised to the
nucleus, interacting with IP3 receptors and flotillins (Burkhardt et al., 2014). The
interaction with IP3 receptors is conserved at vertebrate glutamatergic synapses
(Tu et al., 1998). Nuclear localisation and flotillin binding was subsequently found
to be conserved in rat astrocytes (Burkhardt et al., 2014). This study suggests
that the ancient function of Homer might have been in a nuclear complex that still
exists in choanoflagellates and certain animal cell types. No evidence could be
found however, showing that choanoflagellate homologs of postsynaptic
scaffolding proteins are part of a scaffold as it is found at vertebrate postsynapses
(Burkhardt et al., 2014).

1.4 Purpose of this thesis

The main goal of this thesis is to improve the understanding for the origin
of postsynaptic signalling machineries. It is known that neurotransmitter release
machineries at the presynapse were built upon existing mechanisms for vesicle
exocytosis (Burkhardt et al., 2011). Signalling machineries on the postsynaptic
site are indispensable to support cell adhesion and synapse formation, as well as
enable signal transduction and activity dependent regulation of the synapse (Irie
et al., 1997; Naisbitt et al., 1999; Sala et al., 2001; Xu, 2011). Although genome
surveys suggested that many postsynaptic proteins preceded animal origins (Alié
and Manuel, 2010; Burkhardt et al., 2014), little is known about the evolution of

protein-protein interactions required for the formation of postsynaptic complexes.
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Only recently, Richter et al. (2018) sequenced a variety of choanoflagellate
transcriptomes and showed that even more previously labelled animal-unique
genes are actually older than the animal lineage, because they are found in some
choanoflagellate species. Therefore, one aim of this thesis was to survey the new
choanoflagellate transcriptomes for postsynaptic genes to provide a better picture
of which postsynaptic proteins were present in the choanoflagellate-animal

ancestor.

Scaffolding proteins are key to the formation of postsynaptic signalling
machineries, as they form platforms for other proteins to bind and thereby form a
link between receptors and downstream signalling cascades (Naisbitt et al., 1999;
Sala et al., 2001; Baron et al., 2006; Hayashi et al., 2009). One crucial interaction
at vertebrate glutamatergic synapses is the interaction between the scaffolding
proteins Homer and Shank (Tu et al., 1999; Naisbitt et al., 1999; Sala et al., 2001).
These proteins interconnect complexes anchored to different receptors and ion
channels and link them to the calcium signalling machinery and modulators of the
actin cytoskeleton (Naisbitt et al., 1999; Sala et al., 2001). Even though Shank
was not co-precipitated with Homer in an immunoprecipitation experiment from
Salpingoeca rosetta cell lysate (Burkhardt et al., 2014), it remained uncertain,
whether the two proteins actually have the capacity to bind in choanoflagellates.
Based on the similarity of the Homer EVH1 domain in choanoflagellates, we
hypothesised that the Homer and Shank interaction is ancestral and was present

in the last common ancestor of animals and choanoflagellates.

The protein known as the key regulator of the postsynaptic scaffold at
vertebrate glutamatergic synapses is PSD-95 (Chen et al., 2011). This protein
anchors ionotropic glutamate receptors in the membrane and integrates them into
various signalling machineries (Kim and Sheng, 2004). Identifying interaction
partners of the S. rosetta homolog to PSD-95 might give insights into which
components of postsynaptic signalling machineries are conserved in
choanoflagellates.

| hypothesise that:

1) Surveying a broader variety of choanoflagellate species for
postsynaptic protein homologs will reveal new insights into the
choanoflagellate and holozoan ancestral gene content.
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2) Homer and Shank were binding partners in the last common ancestor
of choanoflagellates and animals.

3) The S. rosetta DIg homolog has scaffolding function and forms a
scaffold similar to the one found in the postsynapse. This scaffold is
ancestral and was present in the last common ancestor of
choanoflagellates and animals. The scaffold was expanded in the
animal lineage with the evolution of crucial interactions for individual
signalling machineries that led to the emergence of neuronal cell

types and synapses.

Testing the hypotheses will reveal, if in addition to the conservation of many
structural postsynaptic density proteins, protein-protein interactions are
conserved between animals and choanoflagellates. Finding evidence supporting
these hypotheses would suggest that some of the structural framework required
for postsynaptic signalling machineries in animal neurons might have preceded
the evolutionary origin of animals. If, on the contrary, these protein-protein
interactions cannot be identified, this would suggest that the evolution of these
complexes might have been a defining moment in the evolution of synapses and

neurons.
The following specific aims were designed in order to test the hypotheses:

1) Develop a better picture of the presence of proteins with statistically
significant sequence similarity to postsynaptic proteins in the diverse
group of choanoflagellates by surveying 19 choanoflagellate
transcriptomes for the presence of corresponding sequences. This will be
a first step to predict which postsynaptic proteins might have been present
in the last common ancestor of animals and choanoflagellates. Identified
proteins are candidates that might have been prerequisites for the
emergence of neurons and synapses (Chapter 2).

2) Reconstruct in which lineage the binding capacity of Homer and Shank
proteins originated by combining ancestral protein reconstruction with
binding assays based on isothermal titration calorimetry measurements
(Chapter 3).

3) Investigate complexes formed by the Salpingoeca rosetta Dig/PSD-95
homolog making use of custom-made antibodies against the protein, to

identify its subcellular localisation and native interaction partners. Further,
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structural and biochemical properties of the S. rosetta DIg/PSD-95
homolog with focus on features enabling its function as scaffolding protein
will be investigated to complement these insights and help to understand
how conserved important functional features of this protein are (Chapter
4).

The results of our studies will lay a foundation for the understanding of the
putative origin of postsynaptic protein complexes. This will allow hypothesising
which components of postsynaptic signalling machineries are of ancestral nature
and which important interactions evolved in the animal lineage. Very recently,
Booth and King (2020 preprint) developed a protocol to use the CRISPR/Cas9
system for genome editing in S. rosetta, which offers new opportunities for testing
the functions of genes in this choanoflagellate. The fundamental understanding
of protein complexes will help to predict and understand consequences of

manipulating postsynaptic protein homologs in Salpingoeca rosetta.
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2 Data chapter 1: Survey of diverse choanoflagellate transcriptomes for
the presence of protein sequences with statistically significant
similarity to postsynaptic proteins

Tarja T. Hoffmeyer'23 and Pawel Burkhardt?3.

"University of Exeter; 2Marine Biological Association of the UK (Plymouth); 3Sars International

Centre of Marine Molecular Biology, University of Bergen (Norway).
Text: Tarja Hoffmeyer
Survey and data analysis: Tarja Hoffmeyer

Project idea: Pawel Burkhardt

2.1 Introduction

Only animals have a canonical nervous system (Brodal, 2004), but it
remains unclear in which lineage the first neurons and synapses evolved.
Bilaterian animals, cnidarians and ctenophores have nervous systems, whereas
sponges (Porifera) and placozoans do not. The debated phylogenetic position of
the latter three phyla evoked different hypotheses on the origin of nervous
systems (Shen et al., 2017; Simion et al., 2017). There might have been a single
evolutionary origin of synapses and neurons or two independent origins in
ctenophores and in the lineages comprising bilaterians and cnidarians (Ryan and
Chiodin, 2015; Jékely et al., 2015b; Liebeskind et al., 2016; Moroz and Kohn,
2016). It is possible that poriferan and placozoan lineages either never had
synapses and neurons or lost them (Ryan and Chiodin, 2015; Liebeskind et al.,
2016; Moroz and Kohn, 2016). Surveys in non-bilaterian animals and
choanoflagellates showed that many proteins with important synaptic functions
are conserved in all animal lineages independent of the presence of a nervous
system (Sakarya et al., 2007; Alié and Manuel, 2010). Many of these proteins
even occur in the single-celled sister group to the animals, the choanoflagellates
(Alié and Manuel, 2010; Burkhardt et al., 2014). These studies, which were
restricted to the two choanoflagellate species with sequenced genomes
Monosiga brevicollis and Salpingoeca rosetta (King et al., 2008; Fairclough et al.,
2013), showed that many proteins involved in presynaptic vesicle exocytosis and
postsynaptic scaffolding, as well as some receptors and synaptic signalling

45



components are conserved in choanoflagellates and therefore evolved before the

emergence of animal neurons and synapses (Burkhardt et al., 2014).

Choanoflagellates are a diverse monophyletic group with about 250
named species (Leadbeater, 2015). 47 choanoflagellate species included in the
most recent multigene phylogeny have been divided into three clades of
craspedid species (family Craspedida; species with an organic cell covering) and
two clades of acanthoecid species (family Acanthoecida, species with an
inorganic cell covering) (Carr et al., 2008; Nitsche et al., 2011; Carr et al., 2017).
Recently, Richter et al. (2018) sequenced and assembled the transcriptomes of
19 choanoflagellate species, with representatives in each of these clades. The
authors made large scale comparisons between the genes of the in total 21
sequenced choanoflagellate species and the genes of 21 animal species. They
grouped the genes of all species into orthologous groups, giving an indication of
their origin. Furthermore, they annotated the similar domains of every protein in
the dataset. We made use of these resources to extend the survey of
postsynaptic protein homologs to a greater variety of choanoflagellate species.

This survey aims to unravel the origin of specific synaptic proteins. We
focussed on proteins that are involved in postsynaptic signalling at glutamatergic
synapses. This type of synapse is the main excitatory synapse in vertebrate
brains (Meldrum, 2000). Glutamatergic synapses probably occur not only in
bilaterians but also in cnidarians and ctenophores (Burkhardt and Sprecher,
2017; Kass-Simon and Pierobon, 2007; Moroz et al.,, 2014). Glutamate is
released from vesicles in the presynapse and binds to different kinds of receptors
in the postsynaptic membrane — ionotropic glutamate receptors (iGluRs) that act
as sodium and potassium or calcium ion channels upon activation by glutamate
binding, and metabotropic glutamate receptors (mGluRs) that are G protein
coupled (Sugiyama et al., 1989; Gasic and Hollmann, 1992). Sodium influx can
lead to a depolarisation which results in signal transduction, whereas both
calcium influx and G protein activation through glutamate binding of mGIuRs
influence synaptic plasticity (regulating synaptic strength) (Bortolotto et al., 1999;
Zucker, 1999; Voglis and Tavernarakis, 2006).

Scaffolding proteins organise signalling complexes in the postsynaptic
density (PSD) — the region adjacent to the postsynaptic membrane (Boeckers,
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2006; Zhu et al., 2016). Members of the protein family of membrane associated
guanylate kinases (MAGUKSs) — including the Discs large (Dlg) and MAGUK p55
subfamily proteins — anchor receptors (such as ionotropic glutamate receptors —
iGluRs) in vertebrate postsynaptic membranes and bind proteins involved in the
adhesion of pre- and postsynaptic membrane (Kim et al., 1995; Irie et al., 1997;
Kim and Sheng, 2004; Kegel et al., 2013; Chen et al., 2015; Rademacher et al.,
2016). Lin-7 is a small protein known to mediate the interaction between different
MAGUKSs in Drosophila melanogaster and humans (Bohl et al., 2007; Bachmann
et al., 2010). Another known binding partner of vertebrate PSD-95 is the voltage
gated potassium channel Shaker (Kim et al., 1995). This channel regulates
excitability of the neuron through its action in repolarisation (Xing and Wu, 2018).
Homer and Shank proteins form a structured network, connecting the different
signalling complexes at receptors and interconnecting them to the calcium
signalling machinery and proteins that can remodel the cytoskeleton (Naisbitt et
al., 1999; Sala et al., 2001; Baron et al., 2006; Hayashi et al., 2009). Network
formation is mediated by the Homer EVH1 domain that binds PPxxF motifs of
Shank proteins, but also of metabotropic glutamate receptors (mGluRs) and IP3
receptors (IP3Rs) (Tu et al., 1998, 1999; Beneken et al., 2000; Barzik et al.,
2001). Upon glutamate binding, mGluRs in the postsynaptic membrane initiate
the synthesis of IP3 (Masu et al., 1991; Abe et al., 1992; Aramori and Nakanishi,
1992; Knopfel et al.,, 1995). This molecule, as well as cytosolic calcium can
activate IP3Rs in the endoplasmic reticulum membrane, leading to calcium
release from ER stores into the cytoplasm (reviewed by Taylor and Tovey, 2010).
The Homer and Shank network also interconnects PSD-95 anchored receptor-
complexes, which is mediated through a GKAP protein that binds both Shank and
PSD-95 (Kim et al., 1997; Naisbitt et al., 1999). Ca?*/calmodulin-dependent
protein kinase Il (CAMKII) phosphorylates MAGUKs and can regulate synaptic
targeting (Mauceri et al., 2004). Nitric oxide synthase catalyses the synthesis of
nitric oxide from L-arginin (Boucher et al., 1999). Nitric oxide can modulate
neurotransmitter release of neighbouring synaptic terminals (Prast and Philippu,
2001).

In this study, we surveyed a diverse collection of choanoflagellate
transcriptomes for the presence of proteins with statistically significant sequence
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similarity (candidate homologs) to proteins of these described signalling

machineries. We hypothesised that:

Surveying a broader variety of choanoflagellate species for protein
homologs will reveal new insights into the choanoflagellate and holozoan
ancestral gene content.

We surveyed the transcriptomes of 19 choanoflagellate species both for
proteins that are known to be present in S. rosetta and M. brevicollis, and for
proteins that were not detected in these species. Using this approach, we aimed
to identify and test for increased distribution of synaptic proteins across
choanoflagellates. Because we are surveying transcriptome data, we will likely
not detect all proteins, as only proteins that were expressed in the species prior
to sequencing were detected. However, the breadth of the study will likely
generate data that can inform our understanding of the utilisation of synaptic like
gene networks in these protists and enable us to explore the possibility that more

postsynaptic proteins predate the emergence of animal neurons and synapses.

2.2 Materials and methods

2.2.1 General survey procedure to identify sequences with statistically
significant similarity to postsynaptic proteins
Foundation for these studies were supplementary data published by
Richter et al. (2018). We used associated transcriptome datasets made available
at https://dx.doi.org/10.6084/m9.figshare.5686984.v2: dataset 2,4,5 and 7.

We used two strategies for the initial identification of candidate homologs
in the amino acid translated choanoflagellate transcriptomes (summarised in
Figure 2-1). Strategy A was based on sequence similarity. We performed a
BLASTp search (Altschul et al., 1990; Camacho et al., 2009) (with a relaxed
expectation value (e-value) cut-off of 0.1 as a gathering threshold) querying the
predicted amino acid sequences of a known homolog of this protein from different
animal species (and if available choanoflagellate species) to protein databases
of each surveyed choanoflagellate transcriptome. All query sequences used for
each protein are listed in supplementary Table 6-1. This strategy was used for

Shank proteins, as these proteins have divergent domain architectures in
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choanoflagellates and animals (Figure 2-3). The strategy was also used in

addition to strategy B for several proteins (listed in the blue box in Figure 2-1).

Strategy B was based on domain architecture conservation. We defined
diagnostic domains for proteins of interest by comparing known animal domain
architectures corresponding to these proteins (diagnostic domain architectures
given in Table 2-1). Dataset 7 (associated with Richter et al. (2018);
https://dx.doi.org/10.6084/m9.figshare.5686984.v2) — containing the names of
domains associated with each protein identified through PANTHER HMM Scoring
(Thomas et al., 2006) (v. 1.03, e-value cut-off: 102%) against PANTHER Hmm
library (v. 7.2) (Mi et al., 2010) — was searched for the presence of proteins with
diagnostic domains. This strategy was used for all proteins with the exception of

Shank proteins.
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Identification of candidate homologs to
postsynaptic proteins in choanoflagellates

Strategy A
by sequence similarity

BLASTp search of sequences from
known animal and/or choanoflagellate
representatives for the protein of interest
against protein databases of each
surveyed choanoflagellate species
BLASTp e-value cut-off: 0.1

Retrieval of sequences corresponding to
the first five hits for each species

Exclusively this strategy was used for
Shank proteins
This strategy was used as an additional
tool for all MAGUKs, Homer proteins,
as well as metabotropic and ionotropic
glutamate receptors

Strategy B
by domain architecture conservation

Definition of diagnostic domains for proteins
of interest by comparing known animal
domain architectures corresponding to these
proteins

Search for the presence of diagnostic protein
domains in a file listing domains of each protein
identified through PANTHER HMM scoring (v. 1.03;
e-value cut-off: 102%) against PANTHER HMM
library (v. 7.2) (dataset 7 associated with
Richter et al. (2018) made available at
https://dx.doi.org/10.6084/m9.figshare.5686984.v2

Retrieval of sequences corresponding to proteins
containing diagnostic domains for each species

This strategy was used for all proteins with the
exception of Shank proteins

Testing of the identity of candidate proteins

1. Sequence similarity

BLASTp search of candidate protein sequences
against NCBI NR database (22.02.2020)
BLASTp e-value cut-off: 1e-05

2. Domain architecture conservation
Check of domain architecture with SMART tool

(https://smart.embl-heidelberg.de; 22.02.2020)
(HMMER and PFAM domain search)

Figure 2-1: Summary of procedures used for the identification of sequences with
statistically significant similarity to postsynaptic proteins in choanoflagellate

transcriptomes.

Two approaches were used to test the identity of each candidate protein

sequence identified with strategies A and B (summarised in Figure 2-1). First,

each sequence was used as query in a BLASTp search of the non-redundant
(NR) protein database of NCBI (ncbi.nim.nih.gov; last accessed 22.02.2020) with

an e-value cut-off of 10°. Second, we checked for domain architecture

50



conservation (using specific criteria for each protein listed in Table 2-1) with the
SMART tool (http:/smart.embl-heidelberg.de; last accessed 22.02.2020)
(Schultz et al., 1998; Letunic and Bork, 2018) using HMMER and PFAM domain
search. Sequences that had statistically significant similarity with another
sequence that was classified as a protein of interest (highest-ranking BLASTp hit
with an e-value of 10 or lower) and had a conserved or partially conserved
domain architecture (based on our criteria listed in Table 2-1) were inferred to be
homologous to the protein of interest in at least parts of their sequence (i. e. the
simplest explanation for statistically significant similarity after Pearson, 2013).
These sequences were used to confirm presence or partial presence of a protein
of common ancestry with a particular postsynaptic protein. The accession
numbers of all these sequences are listed in Supplementary Table 6-2. In cases,
where the highest-ranking BLASTp hit was not annotated, we used the same
approaches (BLASTp search and SMART domain architecture check) to confirm
the identity of this protein. It was noticed that some domains were not listed in the
dataset of Richter et al. (2018) even though those domains were found with the
SMART tool, probably due to differences in the threshold used.

2.2.2 Modifications in the approaches to test the identity of candidate

MAGUK and GKAP proteins.

For the particular case of MAGUKSs, we tested the identity through a
highest-ranking BLASTp hit against another MAGUK and the presence of the
MAGUK module (PDZ domain, SH3 domain, GuK domain — in this order).
MAGUK proteins were sorted into the gene families Dlg, MAGUK p55, or
choanoflagellate-unigue MAGUK according to ortholog clusters defined by
Richter et al. (2018) through OrthoMCL (Li et al., 2003) analysis (Figure 2-5). This
was done, because BLASTp searches gave some ambiguous results concerning
the placement of proteins into these families. Candidate GKAP homologs were
BLASTp searched against only the bilaterian fraction of NCBI NR protein
database, as many of the non-bilaterian hits were not annotated. They were
confirmed, if a GKAP domain was present and the highest-ranking BLASTp
search hit was a DLGAP protein. In the same way as with MAGUK proteins
sorting into the DLGAP1-4 group (synaptic GKAP) or the DLGAPS group
(epithelial protein) was done based on ortholog clusters defined by Richter et al.
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(2018). Gene families according to Richter et al. (2018) for the identified proteins
are listed in Table 6-2. The sorting is preliminary and only future phylogenetic
analysis can reveal evolutionary relationships, clarifying if homology (common
ancestry) can be confirmed and whether it can be explained through gene
duplication (paralog) or through speciation (ortholog) (Koonin, 2005).

2.2.3 Additional sequences included in our survey

For comparison, animal representatives of Porifera (Oscarella pearsei),
Placozoa (Trichoplax adhaerens), Ctenophora (Mnemiopsis leidyi), Cnidaria
(Nematostella vectensis), invertebrate Bilateria (Drosophila melanogaster) and
vertebrate Bilateria (Mus musculus) were included in this survey. Additionally,
Capsaspora owczarzaki was included. C. owczarzaki belongs to the Filasterea,
which form the sister group to choanoflagellates and animals (Torruella et al.,
2015; Grau-Bové et al., 2017). Sequences of all these species were identified via
strategy B described above. Sequence absences were additionally confirmed via
strategy A (with the exception of Shank proteins). The identity of all but the
annotated bilaterian sequences were confirmed via BLASTp searches and
SMART domain predictions (as described in section 2.2.1). Predicted and
annotated protein sequences of the two bilaterian species were retrieved from
NCBI. Peptide translated transcriptome sequences of Oscarella pearsei were
retrieved from compagen.org (OCAR_T-PEP_130911.fa). Peptide translated
genome sequences of Nematostella vectensis and Trichoplax adhaerens were
retrieved from the joint genome institute server (genome.jgi.doe.gov). Peptide
translated genome sequences of Mnemiopsis leidyi were retrieved from the M.
leidyi genome browser (research.nhgri.nih.gov/mnemiopsis/). C. owczarzaki
genome translated protein sequences were retrieved from NCBI. The accession
numbers of all identified sequences are listed in Table 6-2.
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2.2.4 Specific criteria implemented for every protein of interest in order to
identify candidate homologs of postsynaptic proteins with both
statistically significant sequence similarity and comparable domain
architecture

Different proteins show a different level of conservation. Shank proteins
for example, have a variety of domain architectures even among different animal
species (described in more detail in section 3). Therefore, specific criteria had to
be implemented for every single protein to identify candidate homologs with
statistically significant sequence similarity and comparable domain architecture
(Table 2-1).

Table 2-1: Criteria assighed to evaluate presence or partial presence of protein
sequences with statistically significant sequence similarity to postsynaptic proteins.

Protein Assigned criteria for each protein to define presence and partial presence

Dlg Present if domain architecture comprises at least PDZ-PDZ-PDZ-SH3-GuK, with
or without N-terminal L27 domain, and in OrthoMCL ortholog cluster with animal
Dlg proteins.

Partially present if at least MAGUK module PDZ-SH3-GuK is present, and in
OrthoMCL ortholog cluster with animal DIg proteins.

MAGUK Present if domain architecture comprises at least L27-PDZ-SH3-GuK, with or

p55 without a second L27 domain and in one of the OrthoMCL ortholog clusters with
animal MAGUK p55 proteins.

Partially present if at least MAGUK module PDZ-SH3-GuK is present and in one
of the OrthoMCL ortholog clusters with animal MAGUK p55 proteins.

Choano-  Present if MAGUK module PDZ-SH3-GuK is present and in OrthoMCL ortholog

flagellate  clusters distinct from the animal MAGUK OrthoMCL ortholog clusters.

specific

MAGUK

Homer Present if domain architecture comprises at least EVH1/WH1 and one or two
coiled coil domains and highest-ranking BLASTp search hit against the NCBI non-
redundant protein (NR) database (last accessed 22.02.2020) with cut-off 1e®is a
protein classified as a Homer homolog.

Partially present if domain architecture comprises at least EVH1 domain and the
highest-ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1eis a protein classified as a Homer homolog*.

Shank Present if domain architecture comprises at least ankyrin repeats and either a PDZ
or a SH3 domain and highest-ranking BLASTp search hit against the NCBI NR
database (last accessed 22.02.2020) with cut-off 1e®is a protein classified as a
Shank homolog.

Partially present if domain architecture comprises at least ankyrin repeats and
highest-ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1eis a protein classified as a Shank homolog.

GKAP Present if GKAP domain present and highest-ranking BLASTp search hit against
only the fraction of bilaterian proteins in the NCBI NR database (last accessed
22.02.2020) with cut-off 1e-%is a protein classified as a DLGAP1-4 homolog.
Partially present if GKAP domain present and highest-ranking BLASTp search hit
against only the fraction of bilaterian proteins in the NCBI NR database (last
accessed 22.02.2020) with cut-off 1e®is a protein classified as a DLGAP5
homolog. DLGAPS is an epithelial protein.

Lin-7 Present if domain architecture L27-PDZ and highest-ranking BLASTp search hit
against the NCBI NR database (last accessed 22.02.2020) with cut-off 1e®is a
protein classified as Lin-7/ Mals/ Veli homolog.
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Partially present if at least one of the two domains is present and highest ranking
BLASTp search hit against the NCBI NR database (last accessed 22.02.2020)
with cut-off 1e-5is a protein classified as Lin-7/ Mals/ Veli homolog.

iGIuR Present if ANF_receptor or Peripla_6-bp domain is in combination with Lig_chan
domain and highest-ranking BLASTp search hit against the NCBI NR database
(last accessed 22.02.2020) with cut-off 1e-is a protein classified as an ionotropic
glutamate receptor/ receptor subunit.
Partially present if only Lig_chan domain present and highest-ranking BLASTp
search hit against the NCBI NR database (last accessed 22.02.2020) with cut-off
1edis a protein classified as an ionotropic glutamate receptor/ receptor subunit.

mGIuR Present if ANF_receptor, NC3DG and 7-transmembrane domain present and
highest-ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1e-%is a protein classified as an mGluR homolog.

IP3R Present if at least the domains: MIR, RYDR_ITPR, RIH_assoc, and lon_trans are
present and highest-ranking BLASTp search hit against the NCBI NR database
(last accessed 22.02.2020) with cut-off 1eis a progein classified as an IP3
receptor.
Partially present, if the majority of the named domains are present and highest-
ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1e-®is a protein classified as an IP3 receptor.

Shaker/ Present if the domains BTB and lon_trans are in the protein and highest-ranking

Shal BLASTp search hit against the NCBI NR database (last accessed 24.02.2020)
potassium with cut-off 1e®is a protein classified as a voltage gated potassium channel and
channel a protein classified as Shaker/Shal/Shaw homolog is among the five highest

ranking BLASTp search hits.
CAMKII Present if serine-threonine protein kinase domain (S_TK¢) and CAMKII_AD
domain occur in the protein and highest-ranking BLASTp search hit against the
NCBI NR database (last accessed 22.02.2020) with cut-off 1e® is a protein
classified as a CAMKII.
Partially present if only CAMKII_AD domain occurs in the protein and highest-
ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1e®is a protein classified as a CAMKIL.
NOS Present if domains NO_synthase, Flavodoxin-1, FAD-binding-1 and NAD-binding-

1 are in the protein and highest-ranking BLASTp search hit against the NR
database (last accessed 22.02.2020) with cut-off 1e®is a protein classified as a
nitric oxide synthase (even if the hit corresponds to a cyanobacterial sequence).
Partially present if domains NO-synthase and Flavodoxin-1 are in the protein and
highest-ranking BLASTp search hit against the NCBI NR database (last accessed
22.02.2020) with cut-off 1eis a protein classified as a nitric oxide synthase (even
if the hit corresponds to a cyanobacterial sequence).

*If in a single species two different proteins both had a highest-ranking BLASTp search hit to a

protein classified as Homer homolog (of which one comprised the EVH1 and the other comprised

a coiled coil domain) were found, these proteins were also placed in the category “partially

present”, even though they might be fully present and are just in different contigs due to the

transcriptome assembly. The same principle was used for the presence check of Shank

homologs.
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2.3 Results

2.3.1 Surveying a broader range of choanoflagellate transcriptomes gives
increased insight about the evolutionary ancestry of postsynaptic
proteins
Prior studies surveying for homologs of synaptic proteins included the

closely related choanoflagellate species Salpingoeca rosetta and Monosiga

brevicollis. New transcriptomic data (Richter et al. 2018) enabled us to expand
the survey to more choanoflagellate species (Figure 2-2). Previous evidence
suggested that the majority of postsynaptic scaffolding proteins are conserved in
choanoflagellates (Burkhardt et al., 2014). Our survey supports this, as we could
detect expression of these proteins in most choanoflagellate species.

Choanoflagellates in general possess few postsynaptic receptors and signalling

proteins, such as suggested by M. brevicollis and S. rosetta genome surveys

(Alie and Manuel, 2010; Burkhardt et al., 2014). Sequences with statistically

significant similarity to some of these proteins could now however be identified in

some choanoflagellate species (described in section 2.3.4).

2.3.2 All assessed choanoflagellates express proteins with statistically
significant sequence similarity to postsynaptic scaffolding proteins
We conducted sequence similarity survey searches to identify sequences
with statistically significant similarity to six scaffolding proteins with known
function in postsynaptic complexes. Proteins with sequence similarity to the
membrane associated guanylate kinases (MAGUKSs), Homer, and Shank, have
previously been identified in Capsaspora owczarzaki, Salpingoeca rosetta, and
Monosiga brevicollis (Burkhardt et al., 2014). Our survey shows that these
proteins are expressed in choanoflagellates that branch throughout the
phylogenetic radiation of this group. We observed a similarly broad distribution of
proteins with GKAP domain in choanoflagellates, although a majority of these
proteins have higher similarity to epithelial proteins containing this domain.
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Survey of a subset of postsynaptic proteins in a broader range of

choanoflagellate transcriptomes. Shown are presence (black filled circle) with canonical
conservation regarding the criteria determined for each postsynaptic protein of interest, partial
presence (grey filled circle) with highly similar sequences missing some canonical domains, and
absence (white filled circle) lacking any evidence for the presence of a homologous sequence to
these proteins in the sampled transcriptome of these species. Presence, partial presence and
absence for the surveyed choanoflagellate species (sorted into families) as well as for other
included choanoflagellates (M. brevicollis and S. rosetta) with sequenced genome, the filasterean
Capsaspora owczarzaki and representatives of different animal phyla are shown.
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As seen also in animals, domain architectures of Shank homologs are very
variable, but many have PPxxF motifs that were described to be bound by the
vertebrate Homer EVH1 domain (Tu et al., 1999; Beneken et al., 2000; Barzik et
al., 2001) (Figure 2-3). Homer EVH1 domains are retained in all choanoflagellate
species, but in some of these species they did not co-occur with coiled-coil
domains that are known to mediate Homer tetramerisation in rat and S. rosetta
(Hayashi et al., 2006, 2009; Burkhardt et al., 2014) (Figure 2-4). However, in
many cases there is a second transcript encoding this domain. It is possible that
the two transcripts are actually connected, which cannot be detected due to
potential sequencing artefacts. Alternatively, this gene could have been
subjected to a gene fission resulting in two independent open reading frames.
Lin-7 proteins, comprising an L27 and a PDZ domain, occur in all animal phyla
(Figure 2-2), and a gene encoding a highly similar protein, which only comprises
the PDZ domain, was detected in C. owczarzaki (Burkhardt et al., 2014). Lin-7 is
absent in the genomes of S. rosetta and M. brevicollis (Burkhardt et al., 2014),
and could also not be detected in any of our surveyed choanoflagellate
transcriptomes (Figure 2-2).

2.3.3 Transcriptome data suggest that species of the family Craspedida
retained animal-like membrane associated guanylate kinases
Membrane associated guanylate kinases (MAGUKSs) were identified in all

choanoflagellate transcriptomes but the one of Acanthoeca spectabilis (Figure

2-5). Most species of the family Craspedida were shown to express animal-like

MAGUKSs of the Dlg family and of the p55 family. For each detected MAGUK, we

checked for their placement according to OrthoMCL predictions calculated by

Richter et al. (2018), which provides a first approximation of the evolutionary

relationship of these genes. According to this approximation and in agreement

with the predicted domain architectures, it was observed that — respecting the
limitations of our study arising by the survey of transcriptomes that might lack
genes that are present in the genome but were not expressed at the timepoint of
sequencing — we did not detect homologous MAGUK sequences with canonical
Dlg or MAGUK p55 domain architecture in any surveyed species of the family
Acanthoecida.

57



Craspedida

Acanthoecida

Choanoflagellata

Salpingoeca rosetta
Microstomoeca roanoka
Hartaetosiga balthica
Hartaetosiga gracilis
Salpingoeca infusionum
Monosiga brevicollis
Choanoeca perplexa
Salpingoeca kvevrii
Salpingoeca urceolata
Salpingoeca macrocollata
Salpingoeca punica
Salpingoeca helianthica
Mylnosiga fluctuans
Codosiga hollandica
Salpingoeca dolichothecata
Acanthoeca spectabilis
Helgoeca nana

Savillea parva

Diaphanoeca grandis
Didymoeca costata
Stephanoeca diplocostata
Metazoa

Oscarella pearsei
Nematostella vectensis
Apis mellifera

Rattus norvegicus

PPVYF PPPMF

PPiAFppTiFP‘PAAF

Ferm
fo- e
PPSGFPPTEFtPI\E

T AR

PPTF PPIPF PPVEF

AF%m @2 :IJDAF@

PF'T?F PPPEF
Ferm *

0 ” ” ]HH |[> N2

- PPLEF PIJF’QF

Figure 2-3: Shank domain architectures in a diversity of choanoflagellate and animal
species. Shown are the Pfam Ferm_f0 domain, Ankyrin repeats (A), SH3, PDZ, SAM and WH2
domains. Shown are also all detected PPxxF motifs. In some cases, several transcripts with high
similarity to Shank proteins were found. They are all shown in the figure, clearly indicated as
separate proteins.
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Figure 2-4: Homer domain architectures in different choanoflagellate and animal species.
The EVH1 domains and coiled coil domains (spiral) (not to scale) are shown, as well as a
transmembrane domain TM in one case. Regions of low complexity are not shown. The second
coiled coil domain of N. vectensis was labelled as DKPG coiled coil in SMART search. Some
species showed only the EVH1 domain, or two transcripts (one containing encoding the EVH1
domain and one encoding a coiled coil domain) (all transcripts shown had the highest-ranking
BLASTp search hit to a protein classified as Homer). Species with these non-canonical domain
architectures are written in grey.
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As described by de Mendoza et al. (2010), choanoflagellates also possess
choanoflagellate-unique MAGUKs. Most of these MAGUKs are extended,
containing many PDZ domains. Some of them also contain a combination of a
BAND-41 (B41) and a c-terminal FERM (FERM_C) domain. These domains are
found in animal proteins that are localised to membranes and associate with the
cytoskeleton (Chishti et al., 1998). A SMART search of animal proteins with a
combination of these domains and the MAGUK module could only detect such a
protein in the nematode Pristionchus pacificus (frm-2 protein; NCBI:
PDM65888.1) (Figure 2-5). Accordingly, it is possible that the ancestor of animals
and choanoflagellates had such a protein, which was then lost in almost all
animals, but it is also possible that proteins with this domain architecture emerged
independently in choanoflagellates and in P. pacificus.

2.3.4 Proteins with statistically significant sequence similarity to
ionotropic glutamate receptors, animal Shaker/Shal-like voltage
gated potassium channels and nitric oxide synthase are expressed
in some choanoflagellate species
We also conducted sequence similarity searches to identify postsynaptic

receptors and ion channels as well as proteins involved in postsynaptic signalling

machineries. Proteins with statistically significant sequence similarity to IP3
receptors were detected in the majority of choanoflagellate transcriptomes. In one
species, Savillea parva, no IP3 receptor could be detected, but it is possible that
it is present nevertheless and is simply missing from the transcriptome assembly
or could not be detected with the sequence search strategies applied. Another

species, Stephanoeca diplocostata, was missing MIR repeats and therefore did

not have the conserved domain architecture as expected for this protein family.

This could be an artefact in the transcriptome assembly, or it could mean that

although conserved in most species, MIR repeats are not essential for some

aspects of the functionality of this protein. Proteins with statistically significant
sequence similarity to CAMKIlI were detected in all choanoflagellate
transcriptomes. The detected CAMKII sequence of Didymoeca costata is lacking

the protein kinase domain.
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Figure 2-5: MAGUK domain architectures in choanoflagellates. Shown are domain
architectures for MAGUKSs of the DIg family (all in the same gene family as animal DIg 1-4
proteins), of the MAGUK p55 family (all in either one or another animal gene family containing
animal MAGUK p55 proteins) and choanoflagellate unique MAGUKSs (in gene families distinct
from animal MAGUK families). Gene families correspond to OrthoMCL approximations by Richter
et al. (2018). Species names are listed in the left. Domains are defined in the bottom right corner.
The box at the very bottom shows the domain architecture of the only found animal protein with
a combination of Band 4.1 and MAGUK module in Pristionchus pacificus.

Most choanoflagellates did not show any evidence for expression of
ionotropic glutamate receptors, metazoan Shaker/Shal-like voltage-gated
potassium channels and nitric oxide synthase. However, we found sequences
with statistically significant similarity to these proteins for the first time in some
choanoflagellate species. Occurrences of these genes are distributed over both
choanoflagellate families, suggesting that the last common ancestor of animals
and choanoflagellates had these genes. From transcriptome data, it is not
possible to know if these genes are present in the genomes of these species
without being expressed, however, it is known that they are missing in the two
choanoflagellate species with sequenced genomes, M. brevicollis and S. rosetta.
Metabotropic glutamate receptors are detected in all animal phyla but not in any
available choanoflagellate genomes and transcriptomes, and neither in the C.

owczarzaki genome.

We detected the expression of putative nitric oxide synthases (NOS) in
some choanoflagellate species, comprising the canonical domain architecture of
this enzyme in cyanobacteria and animals (NO_synthase, Flavodoxin-1, FAD-
binding-1, NAD-binding-1). Vertebrate neuronal NOS (nNOS) has distinctive
features that make the enzyme calcium-dependent and enable its binding to
PSD-95 (nNOS has an N-terminal PDZ domain enabling binding to PSD-95). Out
of all choanoflagellate and animal candidate NOS sequences studied here, the
PDZ domain was only detected in Mus musculus and Oscarella pearsei NOS

proteins.
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2.4 Discussion

2.4.1 Extended transcriptome sequence survey refines the model of

ancestral components of the animal postsynapse proteomes

Richter et al. (2018) revealed animal-like genes in an extended survey of
choanoflagellate transcriptomes that were not detected in the genomes of the
closely related choanoflagellate species Monosiga brevicollis and Salpingoeca
rosetta. We conducted a sequence similarity survey of postsynaptic proteins in
these choanoflagellate transcriptome datasets to test the hypothesis that the
ancestral proteome of the animals and the choanoflagellates contained an
extended range of these gene families.

Our survey for the first time detected proteins with statistically significant
sequence similarity to animal Shaker/Shal-like voltage-gated potassium
channels, ionotropic glutamate receptors, and nitric oxide synthase in
choanoflagellate transcriptomes. Shaker/Shal-like voltage-gated potassium
channels were identified in three craspedid choanoflagellate species
(Salpingoeca helianthica, Mylnosiga fluctuans, and Salpingoeca dolichothecata).
Other choanoflagellates have bacterial-like potassium channels without the
voltage-gating BTB2 domain (Craspedida: Salpingoeca rosetta, Salpingoeca
infusionum; Acanthoecida: Stephanoeco diplocostata) and might therefore not
have a need for animal-like channels. Proteins with statistically significant
sequence similarity to ionotropic glutamate receptors (iGluRs) were detected in
Choanoeca perplexa, Salpingoeca urceolata (both Craspedida) and
Stephanoeca diplocostata (Acanthoecida). Additionally, one diagnostic domain
was detected in two other acanthoecidan species (Diaphanoeca grandis and
Didymoeca costata). Ancestry of ionotropic glutamate receptors was suggested
before, as iGluRs occur in plants (Lam et al., 1998). Interestingly, plant iGluRs
react to a broader range of amino acids (Forde and Roberts, 2014). Putative nitric
oxide synthases were detected in Choanoeca perplexa, Salpingoeca urceolata
(both Craspedida) and Helgoeca nana (Acanthoecida). A protein with nitric oxide
synthase domain, but missing some other diagnostic domains was identified in
the craspedidan Salpingoeca infusionum. Nitric oxide synthases (NOS) occur in
eukaryotes, prokaryotes and archaea (Santana et al., 2017). Nitric oxide
signalling initiates protective cellular responses in cyanobacteria and plants in
response to stressors (Beligni and Lamattina, 1999; Chen et al., 2003). Mice have
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three NOS proteins, neuronal NOS (nNOS), endothelial NOS (eNOS) and
inducible NOS (iNOS) (Moncada, 1999; Villanueva and Giulivi, 2010). iNOS is
induced during immune response, whereas nNOS and eNOS are constitutively
expressed, but calcium-dependent (Moncada, 1999; Villanueva and Giulivi,
2010). The enzymes produce nitric oxide (NO) in a variety of tissues (Villanueva
and Giulivi, 2010). eNOS, for example, induces vascular relaxation through
activation of guanylate cyclase via NO in smooth muscle cells (Moncada, 1999;
Villanueva and Giulivi, 2010). nNOS activity is calcium dependent and is therefore
activated through the NMDA receptor (an iGluR that acts as ligand gated calcium
channel) activation (Brenman et al., 1996; Blackstone and Sheng, 2002). The
enzyme binds PSD-95 via its PDZ domain (in this study a PDZ domain was only
found in Mus musculus nNOS and the putative NOS of the sponge Oscarella
pearsei), which brings it into proximity of NMDA receptor calcium influx. Although
no metabotropic glutamate receptor was detected in all available
choanoflagellate genomes and transcriptomes, a receptor that was
phylogenetically placed in the animal mGluR family was detected in Dictyostelium
discoideum, (Taniura et al., 2006), arguing that mGIuR receptors could be
ancestral and might have been lost in Salpingoeca rosetta and Monosiga
brevicollis and potentially other choanoflagellate species. It is however difficult to
draw conclusions for the absence of proteins in some or all choanoflagellate
species, because we here only surveyed transcriptomes (with the exception of S.
rosetta and M. brevicollis).

The putative presence of Shaker/Shal-like voltage-gated potassium channels,
iGluRs and nitric oxide synthase in the animal ancestor has some implications for
the origin of synapses, because it further supports that all three proteins did not
evolve independently in the animal lineage but were one prerequisite for the
evolution of synaptic function. Future work should conduct phylogenetic analysis
in order to test if these proteins have a shared ancestry with the animal proteins.
Within the frame of this analysis, it will be important to consider all protein
domains separately (given each amino acid domain sequence is large enough
and contains enough phylogenetic signal to allow for useful phylogenetic
analysis) in order to test for the possibility that only single domains share common
ancestry, whereas the full-length protein evolved independently in the different

lineages by the shuffling of pre-existing protein domains. Sequence similarity
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searches will produce data suggesting that these sequences are homologous,
because the BLASTp algorithm creates local sequence alignments, identifying
the most similar region between two sequences (Pearson, 2013). Creating
separate phylogenies for every domain can help to unravel the evolutionary
history for every domain by reconciling the domain trees with gene trees that were

previously reconciled with species trees (Stolzer et al., 2015).

2.4.2 Components of the structural framework for postsynaptic signalling

machineries originated before the emergence of animals

Even though some elements important for postsynaptic reception and
signalling were present before animal origins, there are still many missing
components and there is no evidence suggesting that postsynaptic-like signalling
machineries existed in the ancestor of animals and choanoflagellates.
Interestingly, however, most scaffolding proteins necessary to organise
postsynaptic signalling machineries seem to be ancestral and are conserved in
choanoflagellates and animals (Alié and Manuel, 2010; Burkhardt et al., 2014).
This suggests that the framework required to build signalling machineries already
existed in their last common ancestor. The high level of conservation proposes
that scaffolding proteins are of high importance in both lineages and are probably
implicated in important signalling complexes. Scaffolding proteins are pleiotropic
even in animals (Woods et al., 1996; Worley et al., 2007; Burkhardt and Sprecher,
2017). Their function varies in different tissues depending on the receptors and
signalling proteins they are associated with (Montgomery et al., 2004). Therefore,
it makes sense that a protein scaffold could be re-used and elaborated for
different functions in different species as well, enabling the evolution of

postsynaptic and other animal signalling machineries.

Obviously, scaffolding proteins evolved over time in both choanoflagellates
and animals. This can be observed for membrane associated guanylate kinases.
Choanoflagellates seem to have evolved own unique MAGUK families — given
current genome/transcriptome sampling (de Mendoza et al., 2010 and this study).
Canonical animal-like MAGUKSs (DIg and MAGUK p55-like) were detected only in
transcriptomes of craspedidan species and not in transcriptomes of
acanthoecidan species. Because we here only surveyed transcriptomes, it is
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possible that animal-like MAGUKSs do occur in Acanthoecida, but were simply not
expressed at the time point of sequencing. Nevertheless, differences in the
detection of expression of Dlg and MAGUK p55-like MAGUKSs between the two
families would also be interesting. Craspedida species produce organic cell
coverings and stalks and many species of this family are capable of forming
colonies with cell-cell contact via incomplete cell division (Carr et al., 2008;
Nitsche et al., 2011; Leadbeater, 2015). Acanthoecida on the other hand form
inorganic silicate based loricas and were never described in colonies with cell-
cell contact (Carr et al., 2008; Nitsche et al., 2011; Leadbeater, 2015). Therefore,
the need for DIg and p55 MAGUK proteins exclusively in Craspedida species
suggests that these proteins could be involved in Craspedida unique processes.
Alternatively, it is possible that choanoflagellate-unique MAGUKSs can take over
similar functions to animal-like MAGUKSs.

2.5 Outlook

By extending the amount of choanoflagellate species used for sequence
similarity-based surveys of postsynaptic protein homologs, we could reveal new
insights about the ancestral gene content. We further observed a high degree of
sequence conservation of candidate postsynaptic scaffolding proteins, which
suggests that they are functionally important in choanoflagellates. For future
analysis, we aim to include more closely related species to choanoflagellates and
animals than only C. owkzarzaki, as recently many genomes and transcriptomes
of more holozoans were sequenced (de Mendoza et al., 2015; Torruella et al.,
2015; Grau-Bové et al., 2017). One important future step for our analysis will be
the phylogenetic analysis of the identified proteins with statistically significant
sequence similarity to synaptic proteins in order to elucidate their evolutionary
history. Furthermore, here we looked at a key subset of postsynaptic protein

homologs. Including more proteins might reveal additional insights.
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3 Second data chapter: Homer and Shank, two proteins organising
signalling machineries in the postsynapse were putatively ancestral
binding partners prior to the evolution of animals
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Richards' and Pawel Burkhardt?2

'University of Exeter; 2Marine Biological Association of the UK (Plymouth);3Sars International
Centre of Marine Molecular Biology, University of Bergen (Norway); “Division of Structural
Biology, University of Oxford (UK); SUniversity of Cambridge (UK).

Text: Tarja Hoffmeyer

Experimental work (lab and PC): Tarja Hoffmeyer

Antibody generation and immunostaining: Dr Pawel Burkhardt

Project idea: Tarja Hoffmeyer and Dr Pawel Burkhardt

X-ray Crystallography: Dr Thomas Walter, Tarja Hoffmeyer, and Prof Dr Radu Aricescu

Ancenstral protein reconstruction: Dr Fiona Savory, Tarja Hoffmeyer, and Prof Dr Thomas
Richards

3.1 Introduction

In chemical synapses signals are transmitted from one neuron to another
neuron or effector cell via neurotransmitters. These transmitters are released
from the presynaptic membrane of an axon terminal and bind to receptors in the
postsynaptic membrane (Squire et al., 2008). Some of these receptors act as
sodium/potassium ion channels and can induce a depolarisation of the
postsynaptic membrane, which leads to a signal transduction (Kennedy, 2000).
Other receptors act as calcium channels or influence the cellular calcium
signalling, which is involved in the regulation of synaptic strength (synaptic
plasticity) (Kennedy, 2000). The strength of a synapse can be increased via
recruiting more receptors, dendritic spine growth through a remodelling of the
actin cytoskeleton, or presynaptic modulations (Prast and Philippu, 2001; Sala et
al., 2001; Kruijssen and Wierenga, 2019).

Postsynaptic scaffolding proteins are of major importance to couple
receptor-mediated processes with downstream signalling machineries, by
providing binding platforms via many protein-protein interaction sites (Kennedy,
2000). The scaffolding proteins Homer and Shank are particularly important at
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vertebrate glutamatergic synapses. Together, they form a multimeric platform
(Baron et al., 2006; Hayashi et al., 2009), linking complexes coupled to different
receptors to components of the intracellular calcium machinery and regulators of
the actin cytoskeleton (Naisbitt et al., 1999; Sala et al., 2001).

Vertebrate Shank proteins are comprised of ankyrin repeats, an SH3
domain, a PDZ domain, a proline rich region and a SAM domain (Naisbitt et al.,
1999) (Figure 3-1). Multimerisation of Shank proteins is facilitated via its SAM
domain; and the PDZ domain of Shank binds the C-terminus of GKAP (Naisbitt
et al., 1999) (links the Shank platform to PSD-95). In its proline rich region Shank
carries a PPxxF motif, which is bound by the EVH1 domain of Homer (Barzik et
al., 2001; Beneken et al., 2000; Tu et al., 1999). In addition to this EVH1 domain
Homer proteins carry a coiled coil domain (Ponting and Phillips, 1997; Xiao et al.,
1998). This domain is required for the tetramerisation of Homer proteins (Hayashi
et al., 2006, 2009) (Figure 3-1).

Apart from Shank, EVH1 domains also bind receptors, such as group |
metabotropic glutamate receptors (mGluR1 and mGIluRS5) (Beneken et al., 2000).
These receptors are localised to the postsynaptic membrane and are connected
to G-proteins, which induce several cellular pathways upon glutamate binding,
such as the synthesis of inositol triphosphate (IP3) (Abe et al., 1992; Aramori and
Nakanishi, 1992; Masu et al., 1991; Knopfel et al., 1995). Interestingly, Homer
also binds to IP3 receptors, coupling mGluR signalling and calcium release from
the ER (Tu et al.,, 1998). Homer and Shank both play a role in cytoskeleton
remodelling and spine head growth, facilitated by Homer interaction with Rho
GTPase Cdc42 and Shank interaction with actin nucleation factor cortactin
(Caroni et al., 2012; Naisbitt et al., 1999; Sala et al., 2001; Shiraishi et al., 1999).
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Figure 3-1: Domain architectures and complex of rat Homer and Shank proteins. A) Homer
occurs as tetramer (one monomer consists of an EVH1 domain and two coiled coil (CC1 and
CC2) domains). The coiled coil domains interact, forming the tetramer. Shank is composed of
ankyrin repeats (ANK/A), an SH3 domain, a PDZ domain, a proline-rich Homer binding site with
PPxxF motif, and a SAM domain. Pictures adapted from Hayashi et al. (2009) and Burkhardt
(2015), with permission from Cell (Elsevier) and Journal of Experimental Biology (The Company
of Biologists), respectively. B) Homer and Shank proteins interact and form a polymeric network
structure (after Hayashi et al. 2009). Shown are Homer EVH1 interactions with PPxxF motifs of
Shank proteins, metabotropic glutamate receptors (mGIuR receptor) and IP3 receptors, as well
as Shank multimerisation via SAM domains.

69



Homer and Shank protein homologs are found in all animals, as well as in
their close unicellular relatives, the choanoflagellates, filastereans and
ichthyosporeans (holozoan phyla) (Burkhardt and Sprecher, 2017). The actin
nucleation factor cortactin occurs in bilaterians, cnidarians, a variety of sponges,
as well as choanoflagellates and filastereans, but was not detected in non-
holozoan eukaryotes (Sebé-Pedrds et al., 2013a; Riesgo et al.,, 2014). The
choanoflagellate species Salpingoeca rosetta encodes a protein annotated as
cortactin (NCBI accession: PTSG_10805), which has the diagnostic domain
architecture (HS1 repeat, coiled-coil, SH3) (Fairclough et al., 2013). Burkhardt et
al. (2014) showed that tetramer formation of Homer is conserved in the
choanoflagellate species Salpingoeca rosetta, but that Homer probably plays
another role in choanoflagellates, as it is found localised to the nucleus with
interaction partners mainly distinct from the ones known from vertebrate neurons.
In contrast to the Shank homolog found in the closely related choanoflagellate
species Monosiga brevicollis, S. rosetta Shank does not possess a SAM domain
and can therefore not multimerise via this domain (Fairclough et al., 2013; King
et al., 2008). Although S. rosetta Shank has a PPxxF binding motif, it was not co-
precipitated with Homer from S. rosetta colony lysate (Burkhardt et al., 2014).
This might have been due to experimental conditions, yielding the possibility that
Homer and Shank can bind in S. rosetta under specific circumstances (Burkhardt
et al., 2014). Alternatively, it is also possible that Homer and Shank do not bind
in choanoflagellates. Nevertheless, the presence of binding motifs in both
proteins suggests that at least the binding capacity is conserved among
choanoflagellates and animals. We therefore hypothesise:

Homer and Shank were binding partners in the last common ancestor
of choanoflagellates and animals.

The following specific aims were set in order to test the hypothesis:

1) Computationally reconstruct putative Homer EVH1 sequences from the
animal and the choanoflagellate ancestors.

2) Use isothermal titration calorimetry to test if Homer-Shank binding is
conserved within animals, within choanoflagellates and among their

putative ancestors.
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3.2 Materials and methods
3.2.1 Alignment and phylogeny construction

For alignments and phylogenies new choanoflagellate transcriptome
sequences were included (Richter et al., 2018). Proteins were identified via
BLASTp search (Altschul et al., 1990) of the Salpingoeca rosetta Homer or Shank
protein sequence against a peptide database of each of the choanoflagellate
species. Candidate sequences were then subjected to a reciprocal BLASTp
search against the NCBI database (https://www.ncbi.nlm.nih.gov/) and domain
organisation was evaluated with the SMART tool (Schultz et al.,, 1998)
(http://smart.embl-heidelberg.de/) (detailed procedures, cut-offs and date of data
base access described in section 2.2). For Homer, only proteins with a predicted
domain arrangement of EVH1 domain and 1-2 coiled coil domains with a highest-
ranking reciprocal BLASTp search hit to another protein classified as Homer were
included. For Shank, the domain arrangement even in animals is more variable.
Two different domain arrangements for choanoflagellate proteins were accepted,
when the reciprocal BLASTp search highest-ranking hit was a protein classified
as Shank and when the protein contained at least ankyrin repeats and a PDZ
domain and either an SH3 and a SAM domain or 1-2 WH2 domains (according
to described domain architectures of Monosiga brevicollis and Salpingoeca
rosetta Shank, respectively). Domain arrangements of identified putative Shank
and Homer proteins are provided in section 2 (Figure 2-3 and Figure 2-4,
respectively). References for choanoflagellate sequences are provided in
supplementary Table 6-2. References for other sequences used for alignments
and phylogenies are provided in supplementary Table 6-3. For both alignments
sequences were chosen to cover a range of animal and choanoflagellate
lineages. Homer sequences used for the alignment are slightly more
comprehensive, as they were used for the phylogeny. Initially, they covered even
more species, however, poorly aligned sequences, as well as sequences likely
to cause long-branch attraction artefacts were excluded (resulting in, for example,
the exclusion of ctenophore and placozoan sequences for this sub-analysis).

Alignments were made with Seaview v. 4.7 (Gouy et al., 2010) using the
MUSCLE alignment tool (Edgar, 2004). Shank sequences were then further
surveyed for PPxxF motifs (Figure 2-3). We generated several alternative

alignments that differed in the length of the sequences and the species included.
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For instance, we generated alignments that contained only the EVH1 domain
region of sampled sequences (labelled: short alignment). Additionally, we
generated extended alignments (labelled: long alignment) that contained
additional conserved sequence regions from Homer coiled coil domain regions.
These extended alignments helped separate choanoflagellate from animal clades
in subsequent phylogeny constructions and were therefore chosen for further
analysis. Alternative phylogenies based on different alignments are provided and
discussed in section 6.2.4. Importantly, in the extended alignment, we excluded
non-conserved regions in between conserved Homer EVH-1 and coiled-coil
regions. The full-length alignment of Homer including all species is provided in
the supplement (Figure 6-2). Regions that were used for the analysis are in grey
boxes. The final alignment used for analysis is shown in Figure 3-2. This
alignment contains variable sites that were masked for phylogeny construction

(grey marked areas in the alignment of Figure 3-2).

Phylogenies were calculated with a bootstrap analysis using 1Q tree
(Nguyen et al., 2014) (maximum likelihood analysis, 1000 bootstraps, model
LG+G4 according to BIC, AIC and AlCc, as selected by 1Q tree analysis). Tree
topology of the created phylogeny and the resulting ancestral sequences (section
3.2.3) were dependent on varying sequence length sampled, the inclusion and
exclusion of certain taxa and the inclusion of an outgroup (alternative phylogenies

and ancestral sequences are presented in supplementary section 6.2.4).

3.2.2 X-ray crystallography and structure prediction

The S. rosetta Homer EVH1 domain (aa 1-110 of Homer3, NCBI:
XP_004998981.1) was expressed in E. coli and purified via poly-histidine (His-)
tag affinity purification and ion exchange chromatography (as described in
section 3.2.4). Subsequent size exclusion chromatography in 150 mM NaCl and
10 mM Tris pH 7.4 on a HighPrep™ 16/60 Sephacryl™ S-100 HR column on an
Akta prime plus system (GE Healthcare Biosciences AB, Uppsala, Sweden) was
performed to select for only one mono- or oligomeric state of the protein before
crystallisation. The protein was concentrated to 43.59 mg/mL in Ultra-4
centrifugal devices for proteins larger than 3 kDa (Amicon, Kent, UK). Most
conditions in the pre-crystallisation test (PCT test Kit (Hampton Research, Aliso
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Viejo, CA, USA) stayed clear even using these high concentrations.
Crystallisation trials were set up (Block 1, Block 2, Block 3, PACT premier,
Morpheus (Molecular dimensions, Sheffield, UK), Index, PEGRx, SaltRx
(Hampton Research, Aliso Viejo, CA, USA)) in MRC plates with the sitting drop
method, mixing 0.75 pul of the protein with 0.75 pl of the reservoir solution for the
sitting drop. Drops were prepared with a Cartesian #2 sqll2673 robot (Digilab,
Marlborough, MA, USA) at the division for Structural Biology (Oxford, UK). Plates
were incubated at room temperature and at 4 °C (trials at 4 °C were set up with
fresh protein at a concentration of 43.20 mg/mL). Because crystallisation was
unsuccessful under these conditions, we prepared fresh protein and subjected it
to lysine methylation (Walter et al., 2006). The protein was dialysed into 50 mM
HEPES (pH 7.5), 250 mM NaCl at 4 °C. At protein concentrations of 1 mg/mL or
less, 20 pl of freshly prepared 1 M dimethylamine-borane complex (ABC; Fluka
product 15584) and 40 pl of 1 M formaldehyde (made form 37 % stock; Fluka
product 33220) were added per mL protein solution. The reactions were gently
mixed and incubated at 4 °C for 2 hours, before adding an additional 20 ul 1M
ABC and 40 ul 1 M formaldehyde per mL protein solution. After another 2 hours
incubation at 4 °C, a final 10 ul of 1M ABC per mL protein solution were added
and the reaction was incubated over night at 4 °C. Precipitate was removed by
centrifugation, following size exclusion chromatography as described above for
the non-methylated protein. Due to high loss of protein, we were only able to
concentrate the protein to 20.44 mg/mL and trials were set up (Block 1, Morpheus
and SaltRx). One condition (1.6 M tri sodium citrate at a pH of 6.5) produced
crystals. Optimisation screens on this condition (3-row optimisation with
decreasing concentration of the reagent and protein:reservoir ratios of 1:1 vs 2:1
vs 3:1; pH — tri sodium citrate concentration grid) as well as additive screens on
this condition and addition of sodium citrate to Block 1 vs SaltRx were tried. Most
crystals appeared in the pH grid screen. These crystals were subjected to X-ray
diffraction (Diamond Light Source, Didcot, UK).

S. rosetta Homer EVH1 structures in this thesis were modelled
computationally (https://swissmodel.expasy.org) via alignment to the rat Homer
EVH1 structure (Beneken et al., 2000; PDB ID: 1DDV). Structures were
visualised and aligned with Pymol 2.3 (Schrédinger).
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3.2.3 Ancestral protein reconstruction

Ancestral sequences were calculated via PAML4 (Yang, 1997, 2007). The
input tree was the phylogeny rooted on the Homer EVH1 sequence of the
filasterean Capsaspora owczarzaki as the outgroup (when included) or on the
animal/choanoflagellate division (when no outgroup was included). Input
alignment was the Homer alignment including indels (insertion/deletion sites).
These indels, present only in a subset of the species sampled, were judged
unlikely to be ancestral characters and were removed from the ancestral
sequence following ancestral sequence reconstruction. The PAML output
contains information about the ancestral sequence (amino acids and probabilities
for these amino acids at every site). R code (courtesy of Dr Fiona Savory) was
used to recover this information, providing ancestral sequences in .txt format and
simplifying the identification of variant amino acid positions and plausible
alternative residue characters in these sequences. This code (provided in the
supplement with permission of Dr Savory (Section 6.2.3)) made use of the R
language and working environment R 3.4.0 (R Core Team, 2017) and the Stringr
package 1.2.0 (Wickham, 2017) and was executed in Rstudio 1.0.44 (Rstudio
Team, 2015). We used these data to identify one candidate ancestral sequence
equivalent to the most likely ancestral sequence (given current taxon sampling)
and then an alternative amino acid sequence representing an amalgamation of
the variant amino acid positions with the second highest probability that is larger
than 20 %.

3.2.4 Proteins and peptides

Expression constructs for Homer EVH1 and Shank constructs were codon
optimised, synthesised and subcloned into pET28a plasmid vectors with Ndel
and Xhol restriction enzymes (as outlined in Table 3-1). The domain boundaries
for the Homer EVH1 domain were determined with the SMART tool (Schuliz et
al., 1998) (http://smart.embl-heidelberg.de/) for the rat and the Salpingoeca
rosetta protein, and adapted according to the published rat structure of Homer
EVH1 (Beneken et al., 2000; PDB ID: 1DDV). Domain boundaries for the other
used EVH1 domains were determined according to assessment of conservation
patterns across the multiple sequence alignment (Figure 3-2). Rat Shank used
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for our experiments is a construct by Hayashi et al. (2009) (Shank1CAPEST from
the Rattus norvegicus Shank1A sequence (NCBI ref AAD29417.1 without amino
acids 1-576 upstream of the PDZ domain and without PEST sequences from
amino acids 700-1463 and 1522-2010). A similar construct was cloned for the
Shank protein identified in the choanoflagellate species Stephanoeca
diplocostata, using the Shank alignment (Figure 6-1) as reference. However, this

protein expressed from this construct was insoluble and was not used for

subsequent experiments.

Table 3-1: Information about protein constructs produced.

Construct name Construct description Cloning
Homer EVH1 Homer 1
Rattus NCBI ref. NP_113895.1 aa 1-111
norvegicus
Homer EVH1 Compagen.org: OCAR_TPEP_130911.fa
Oscarella (m.8451) aa 3-111
pearsei
Homer EVH1 Homer EVH1 aa 3-111
Stephanoeca Dataset 2 (Richter et al. 2018 paper) FR isolate
diplocostata reference: m.51812 pET28+ vector
https://dx.doi.org/10.6084/m9.figshare.5686984.v2 (Synbio Tech, NJ,
choanc Homer Reconstructed ancestral choanoflagellate Homer USA)

EVHA EVHA1 Cloning with Ndel and
Anianc Homer Reconstructed ancestral animal Homer EVH1 Xhol restriction
EVH1 enzymes through the
Shank Shank1CAPEST (Hayashi et al. 2009) from company.
Rattus Shank1A sequence
norvegicus NCBI ref. AAD29417.1 (excluding aa 1-576, 700-
1463 and 1522-2010)
Shank similar construct as the rat construct according to
Stephanoeca alignment (turned out to be insoluble)
diplocostata
pET28+ vector
(Novagen, Merck,
Homer EVH1 NCBI XP_004998981.1 aa 7-116 Darmstadt, Germany)
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Salpingoeca Cloning with Ndel and

rosetta Xhol restriction

enzymes through Dr
Pawel Burkhardt.

Expression vectors were transformed into E. coli BL21 (DES) (pLysS for
all but S. rosetta Homer EVH1) (Novagen, Merck, Darmstadt, Germany). Bacteria
were grown in 3x 1 L autoclaved Terrific Broth (TB) medium (48.2 g Terrific Broth
Ezmix powder microbial growth medium (MERCK, NJ, USA), and 4 mL glycerol
per L MilliQ H20) with 30 pg per mL kanamycin sulphate at 37 °C and 200 rpm to
an optical density of 1.2-1.5. Expression was induced with 0.5 mM IPTG for 3
hours at 37 °C and 200 rpm. Bacteria were pelleted and redissolved in 50 mL
wash buffer (500 mM NaCl, 20 mM Tris pH7.4).

Proteins were extracted from E. coli via 20 min incubation with lysozyme
and 0.4 mM PMSF at room temperature, 3x 30 seconds sonication on ice with 30
% amplitude and 2-1 pulse, and 10 min incubation with DNase1, 2 % Triton X-
100, 0.4 mM PMSF and 2 mM MgCI2. Bacterial debris was pelleted at 25,000 g

and 4 °C for 40 minutes, leaving the protein of interest in the supernatant.

Affinity chromatography was performed with HisPurTM Cobalt beads
(Thermo Scientific, Rockford, IL, USA), rotating at 4 “C for 2 hours. Beads were
washed with wash buffer and the protein was eluted from cobalt beads with 400
mM imidazole in wash buffer. Proteins were dialysed against 100 mM NaCl (50
mM for S. rosetta Homer EVH1), 20 mM Tris pH 7.4 and the polyhistidine tag was
cleaved off with thrombin with a specific activity of 1500 U/mg protein at a
concentration of 10 U/mL (MP Biomedicals, Santa Ana, CA, USA). lon exchange
chromatography was performed on an Akta prime plus (GE Healthcare
Biosciences AB, Uppsala, Sweden) with HiTrapTM Q HP column (for the rat
Shank construct (isoelectrical point (pl) 5.04) and S. rosetta Homer EVH1 (pl
7.03)) or HiTrapTM SP HP column (for rat Homer EVH1 (pl 9.65); O. pearsei
Homer EVH1 (pl 9.26); S. diplocostata Homer EVH1 (pl 9.63); choanc Homer
EVH1 (pl 9.35) and anianc Homer EVH1 (pl 8.98)). Proteins were concentrated
in Ultra-4 Centrifugal Devices for proteins larger than 3 kDa (Ami-con, Kent, UK).
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Protein concentration was determined with a Nanodrop One spectrophotometer
(Thermo Fisher Scientific, Rockford, IL, USA) to an accuracy of £ 0.1 mg/mL.

Peptides were ordered (GeneCust, Boynes, France) for the known rat
Homer binding site and putative S. rosetta Homer binding sites from Shank
homologs. Peptides included PPxxF motifs as well as 8 amino acids before and
after the motif (Table 3-2). Peptides were dissolved in ITC buffer to a
concentration of 25 yM assuming all peptide is dissolved.

Table 3-2: Peptides used for PPxxF binding experiments.

Protein of origin Peptide sequence Amino acid positions
Rat Shank1a FLFAEPLPPPLEFSNSFEKPE 1487-1507

S. rosettaShank ~ ADAAPVKAPPVYFARTRTSSV 259-279

S. rosetta Shank EASTSPFIPPPMFLADVQMTT 980-1000

3.2.5 Choice of binding assay

First binding experiments were GST pull-downs, performed with S. rosetta
Shank peptide (amino acids 980-1000) (Table 3-2) and S. rosetta Homer EVH1.
The peptide was recombinantly expressed with GST-tag and affinity purified.
Escherichia coli strain BL21 (DE3) competent cells (Novagen, Madison, WI, USA)
were transformed with a pGEX-6P-1 plasmid vector (Synbio Technologies,
Monmouth Junction, NJ, USA), containing a DNA sequence encoding purely GST
or GST with the S. rosetta Shank peptide EASTSPFIPPPMFLADVQMTT. The
linker sequence between GST and the peptide is SDLEVLFQGPLGSPEF. After
the peptide sequence four amino acids (AAAS) follow before the stop codon.
These sequences arise from the vector, using EcoRI and Not1 restriction
enzymes for cloning (cloning through Synbio Technologies, Monmouth Junction,
NJ, USA). The GST protein without peptide ended with the following sequence
using the same restriction enzymes: SDLEVLFQGPLGSPEFPGRLERPHRD.
Bacteria were grown in 2.5 L Lysogeny Broth (LB) medium (10 g tryptone, 5 g
yeast extract, 10 g NaCl and 1 mL 1M NaOH per litre MilliQ water (autoclaved)
with 100 pg/mL ampicillin sodium salt to an optical density (OD) of 0.8.
Expression was induced with 0.5 mM IPTG overnight at 16 °C and 200 rpm.
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Bacteria were pelleted and dissolved in 50 mL glutathione beads wash buffer |
(500 mM NacCl, 50 mM Tris pH 7.4). Proteins were extracted from E. coli with 20
min incubation with lysozyme and 0.4 mM PMSF (for protein stabilisation) at room
temperature, 3x 30 seconds sonication on ice with 30 % amplitude and 2-1 pulse,
and 10 min incubation with DNase1, 2 % Triton X-100, 0.4 mM PMSF and 2 mM
MgClz (to disrupt lipid membranes and degrade DNA). Bacterial debris was
pelleted at 15,000 g and 4 °C for 40 minutes, leaving the protein of interest in the
supernatant. Affinity chromatography was performed with glutathione-agarose
beads (Thermo Fisher Scientific, Rockford, IL, USA), rotating at 4 °C for 2 hours.
Beads were washed with wash buffer Il (10 mM Tris pH 7.4, 150 mM NaCl, 1 mM
EDTA, 2 mM MgClz, 1 mM DTT) and the protein was eluted from glutathione
beads with 50 mM glutathione in wash buffer Il. Proteins were dialysed against
10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM MgClz, 1 mM DTT. 100-
200 pg peptide were bound to 10 pL glutathione agarose beads and then
incubated with different concentrations of the EVH1 region of S. rosetta Homer
for 1 hour at room temperature. Each sample was washed 3x with binding buffer
(10 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM MgCI2, 1 mM DTT) and
then eluted with SDS sample buffer (containing B-Mercaptoethanol) at 95 °C for
5 minutes. Binding was confirmed via SDS-PAGE. With this assay, no reliable
difference between the treatment and the negative control could be shown
(Figure 6-4).

Next, we recombinantly expressed a rat Shank construct and rat Shank
Homer EVH1 (as described in section 3.2.4) and tried other binding assays with
these proteins as positive control to evaluate the binding assay before testing
choanoflagellate and ancestral sequences. We performed gel filtration (size
exclusion chromatography on a SuperdexTM 75 Increase 10/30 GL column on
AEKTA in 20 mM sodium phosphate buffer pH 7.4; 150 mM NaCl; results in
Figure 6-3) and isothermal titration calorimetry (ITC; further explained in section
3.2.6). ITC showed clear binding of the rat proteins. Thus, it was used for all

further experiments.
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3.2.6 Isothermal titration calorimetry

Proteins were dialysed twice into Isothermal titration calorimetry (ITC)
buffer (20 mM sodium phosphate buffer pH 7.4; 150 mM NaCl) at 4 °C.
Lyophilised peptides were dissolved in 1-2 mL of the same buffer (filtered before
through 0.2 um pore filter). Dilutions were prepared with this buffer and proteins
were concentrated (as described in 3.2.4) as appropriate to reach experimental
concentrations. Experimental ITC buffer was filtered through 0.2 um pore filter
and proteins were centrifuged for 10 min at 16,000 g, before degassing all
samples at 400 mm Hg vacuum at 25 °C for 15 minutes. A Nano ITC (TA
Instruments, Newcastle, DE, USA) was used for measurements. The sample cell
was filled with approximately 300 pL (results in 170 pL in the actual sample cell)
and the injection syringe was filled with approximately 55 pL. For all experiments,
Homer (in syringe) was titrated into Shank (in sample cell). Tests with different
protein concentrations showed that 25 yM Shank and 200 uM Homer EVH1 were
appropriate concentrations and were therefore applied to all treatments. Homer
EVH1 was titrated into ITC buffer as a negative control. The stirring rate during
ITC was set to 250. A first injection of 0.5 uL (real: 0.47 uL) was made after auto
equilibration, to be excluded from the dataset later; followed by 21 injections of
either 2.2 pL (real: 2.19 pL) (used for first experiments with positive controls and
the first S. rosetta test) or 1.9 L (real: 1.89 yL) every 300 seconds. Incremental
titration was chosen, and expected heats was set to medium. The resulting raw
data graph was adjusted in TA instruments software, limiting integration regions
to the main heat peak and manually adjusting the baseline. Data fitting was
performed with the TA instruments software with the Independent model. A blank
constant was subtracted, so that the curve approaches zero.

3.3 Results

3.3.1 Choanoflagellates possess the protein regions required for Homer
and Shank binding
Homologs to the protein Homer are present across the animal and the
choanoflagellate lineage with very similar domain architectures (1 EVH1 domain
and 1-2 coiled coil domains) (Figure 2-4). Beneken et al. (2000) described four
amino acid residues in the Homer EVH1 binding region that are involved in the
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binding of the PPxxF motif. An alignment of animal and choanoflagellate Homer
EVH1 sequences (Figure 3-2) showed that these four residues are conserved in
all sampled animal and choanoflagellate species. An additional two amino acids
that are generally conserved in EVH1 domains are also present. An exception is
the valine residue in the 6" marked position, which in the choanoflagellates
Salpingoeca rosetta and Microstomoeca roanoka is replaced by leucine, and in
the sponges Amphimedon queenslandica and Oscarella pearsei, as well as in the
honey bee Apis mellifera, is replaced by isoleucine. Valine, leucine and isoleucine
are three amino acids, which share similar properties as they all have a
hydrophobic, aliphatic, more or less branched side chain. The substitution might
therefore still allow for binding. Furthermore, it was shown that a substitution of
valine with alanine in rat Homer EVH1 still allows binding to Shank3 PPxxF and
only diminished binding to mGIuR PPxxF (Beneken et al., 2000).

The sequence and domain architecture of Shank proteins is more variable
even among closely related animal species. The same is true for Shank homologs
found in choanoflagellates (Figure 6-1 showing the Shank alignment, and Figure
2-3 showing Shank domain architectures of animals and choanoflagellates). Not
all choanoflagellate species possess clearly attributable Shank homologs (Figure
2-3), and among those that possess putative Shank proteins, domain
architectures and sequences are very variable. Most, but not all animal and
choanoflagellates species have PPxxF motifs, which are required for Homer
EVH1 domain binding (indicated in Figure 2-3).

3.3.2 The S. rosetta Homer EVH1 domain is structurally similar to the rat

Homer EVH1 domain

We modelled the S. rosetta Homer EVH1 structure against the rat Homer
EVH1 structure (Beneken et al., 2000) and can show that the two domains are
structurally highly similar (Figure 3-3). The structures slightly diverge in some
areas, but — at least in this reconstruction — the PPxxF ligand binding region
appears identical (Figure 3-3B). This is coherent with the fact that important
amino acids at the ligand binding site are conserved between animals and
choanoflagellates (Figure 3-2). Computational models can be useful to get an

idea about structure similarity of protein homologs, but they always represent
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approximations. In order to resolve the true S. rosetta Homer EVH1 structure, we
set up trials for X-ray crystallography. The choanoflagellate domain did not seem
to crystallise in any of the conditions we tried (Material and methods section
3.2.2). Using lysine methylation, crystals appeared in some conditions. Most of
these crystals turned out to be salt crystals, but one condition with 1.6 M tri
sodium citrate at a pH of 6.5 gave protein crystals. The resolution of 3.5-4 A X-
ray diffraction is not sufficient to solve the structure of S. rosetta Homer EVH1.
Furthermore, crystals in this condition appeared very late (after 6 months),
indicating protein degradation, upon which crystals can form from partially
degraded protein. We did not manage to solve these problems yet, but
nevertheless present here the results of our optimisation, which could be used
for future crystallisations.
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Figure 3-2 Alignment of Homer domains used for phylogeny construction. Included in the
alignment were the EVH1 domain (indicated by black line), 5 amino acids following the EVH1
domain with particular importance for the separation of animals and choanoflagellates in the
phylogeny, and conserved regions in the C-terminal stretch containing coiled coil domains. Non-
conserved regions in between these conserved regions were excluded. Indicated on the left are
the species encoding the sequences and their taxonomic affiliation. The grey bars indicate
regions that were excluded for phylogeny reconstruction but included in ancestral protein
reconstruction analysis. Black asterisks indicate regions in the Homer EVH1 domain that were
found to be important for the binding of Shank PPXXF motif; blue asterisks indicate amino acids
important for FPPPP binding by Mena/EVL EVH1 domains; that are also conserved in Homer
EVH1 domains (Beneken et al. 2000). The three sequences at the bottom are the calculated
ancestral sequences that were subsequently added to the alignment.

Figure 3-3 Structural similarity of rat and Salpingoeca rosetta Homer EVH1. A) Cartoon
Homer EVH1 structures showing a-helices (shown as spirals) and B-sheets (shown as arrows).
Aa) Rat Homer EVH1 structure (cyan) co-crystallised with TPPSPF ligand (orange) (Beneken et
al. 2000; PDB ID: 1DDV; modified in pymol 2.3). Ab) Computational model of S. rosetta Homer
EVH1 (Swiss Model alignment against rat crystal structure). Ac) Pymol alignment of the two
structures in Aa and Ab. B. Surface Homer EVH1 structures showing the ligand amino acids as
sticks (main and side chains, orange), conserved Homer EVH1 amino acids at binding site in
purple, and sites of interaction in yellow. Ba) Rat Homer EVH1 structure of un-ligated protein
(PDB: 1DDW) vs ligand (PDB: 1DDV) (modified in pymol 2.3 from Beneken et al. 2000). Bb) S.
rosetta Homer EVH1 structure (same model as in Ab) vs ligand (PDB: 1DDV; modified from
Beneken et al. 2000). C. Lysine methylated S. rosetta Homer EVH1 crystals that diffra