Apoptosis and cell cycle regulation in a
basal model system

- Insights from the placozoan
Trichoplax adhaerens

Von der Naturwissenschaftlichen Fakultat der
Gottfried Wilhelm Leibniz Universitat Hannover

zur Erlangung des Grades
Doktorin der Naturwissenschaften (Dr. rer. nat.)

genehmigte Dissertation
von

Sarah Rolfes, M.Sc.

2020



Referent: Prof. Dr. Bernd Schierwater
Koreferent: Prof. Dr. Dieter Steinhagen

Tag der Promotion: 09.07.2020



This thesis is dedicated to my parents, Bérbel and Georg Rolfes



Zusammenfassung

Masterkontrollgene sind essentiell flir das Zusammenspiel und die Regulation
grundlegender molekularer und zellularer Prozesse in Metazoen. Da sie komplexe
Gennetzwerke kontrollieren, hat ihre Fehlfunktion in vielen Fallen dramatische
Auswirkungen auf den Organismus und wird mit Krankheiten wie Krebs assoziiert. Im
Rahmen dieser Arbeit wurden die zwei Masterkontrollgene p53 und Myc in Trichoplax
adhaerens (Tierstamm Placozoa) umfassend untersucht. Zusatzlich eréffnen sich mit
der neu beschriebenen Art, Polyplacotoma mediterranea, weitere vielversprechende
Moglichkeiten fir funktionelle und vergleichende Studien.

Die wohl bekannteste Funktion des Tumorsuppressors p53, ist die Regulation des
programmierten Zelltods (Apoptose). In dieser Arbeit wurden funktionelle und
vergleichende genetische Studien an dem p53-Homolg tap53 in T. adhaerens
durchgefiihrt. Sowohl die Anreicherung von tap53 in vivo, durch die Inhibition der
tap53-taMdm?2 Interaktion, als auch der tap53 Knockdown, flihrten zu einer Zunahme
apoptotischer Zellen und war letal fiir die Versuchstiere. Nach dem tap53 Knockdown
konnten durch Transkriptomanalysen Interaktionspartner von tap53 identifiziert
werden, die auf einen alternativen, p53-unabhdngigen Apoptosemechanismus
hinweisen. Des Weiteren wurden differentiell exprimierte Gene gefunden, die zum
angeborenen Immunsystem und zur zelluldren Stressantwort gehoéren. Diese
Ergebnisse unterstiitzen die Hypothese, dass tap53 entscheidende Funktionen in
Trichoplax (ibernimmt und somit essentiell fiir das Uberleben der Tiere ist.

Als Trankriptionsfaktoren regulieren Myc und sein wichtigster Interaktionspartner
Max eine Vielzahl zelluldarer Mechanismen. Dazu zadhlen Proliferation, Differenzierung
und die Kontrolle des Zellzyklus. Die in dieser Arbeit durchgefiihrten Studien an den
Volllangenproteinen taMyc und taMax von T. adhaerens, gaben erste Einblicke in die
Proteinstruktur und ihre Interaktion. Die Dimerisierung der Volllangenproteine taMyc
und taMax konnte mit unterschiedlichen Methoden gezeigt werden. Dies ist der erste

Schritt, um funktional an DNA binden zu kdnnen. Die Ergebnisse lassen darauf
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schlieBen, dass taMyc und taMax eine wesentliche Rolle als Transkriptionsfaktoren in
Trichoplax zukommt und ihre Funktionen im Laufe der Evolution konserviert blieb.
Diese Arbeit liefert neue und wichtige Erkenntnisse beziiglich der Funktionen und
Eigenschaften der regulatorischen Netzwerke von p53 und Myc/Max in dem
einfachsten Mehrzeller. Damit bildet sie eine Grundlage fir zukiinftige medizinische

Forschung an zellularen Regulationsprozessen.

Stichworte: Placozoa, p53, Myc/Max, Transkriptionsfaktoren, Apoptose, Zellzyklus



Abstract

Complex gene networks regulated by master control genes are critical for the
coordination of fundamental molecular and cellular processes in metazoans. Their
misfunction might cause severe diseases like cancer. In this thesis, two evolutionary
highly conserved master control genes, namely p53 and Myc, have been
comprehensively analyzed in the simple metazoan model system Trichoplax adhaerens
(phylum Placozoa). Additionally, the newly described species, Polyplacotoma
mediterranea, will provide further promising possibilities for functional and
comparative studies.

The tumor suppressor p53 is well known for the regulation of programmed cell
death (apoptosis), but also controls the cell metabolism and cell cycle. In this work,
functional and comparative genetic studies on the p53 homolog tap53 have been
performed in T. adhaerens. The in vivo accumulation of tap53 by inhibiting the tap53-
taMdm?2 interaction as well as the tap53 knockdown resulted in a significant increase
of apoptotic cells and an increased mortality. Furthermore, multiple tap53 interaction
partners identified by transcriptomic analyses after tap53 knockdown suggest the
existence of an alternative and tap53-independent apoptosis signaling pathway. Genes
belonging to the innate immune system and the cellular stress response were likewise
found differentially expressed in response to tap53 knockdown. These results suggest
that tap53 fulfills multiple crucial functions in Trichoplax and is essential for the
survival of the organism.

As transcription factors, Myc and its most important interaction partner Max
regulate cellular processes and mechanisms such as differentiation, proliferation and
the cell cycle. The biochemical studies carried out in the course of this thesis on the
full-length proteins taMyc and taMax of T. adhaerens provided first insight on their
protein structure and interaction. Using different methods, dimerization of full-length
proteins was demonstrated which is a prerequisite for functional DNA binding

capabilities. This suggests that taMyc and taMax play an essential role as transcription
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factors in Trichoplax and support an evolutionary conserved function throughout

metazoans.
This thesis provides new important insights on the function and characteristics of
p53 and Myc/Max regulatory networks in a simple metazoan and is the base for future

applied medical research on cellular regulation processes.

Keywords: Placozoa, p53, Myc/Max, transcription factors, apoptosis, cell cycle
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1. Introduction

If there is magic on this planet, it is contained in water.

- Loren Eiseley
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Placozoa — an enigmatic phylum
The first species of the phylum Placozoa was discovered in 1883 by the German
zoologist Franz Eilhard Schulze [1] when he found a small inconspicuous creature in a
sea water aquarium at the University of Graz (Austria). Due to its flat and round-like
shape, that is covered with ciliae, he named the species Trichoplax adhaerens [1, 2]
(see Fig. 1.1b). Shortly after its description, Trichoplax fell into oblivion for almost
70 years, as it was claimed to be a morphological abnormal hydrozoan larvae [3].
Trichoplax gained interest again, after intensive morphological studies of K. G. Grell.
He described Trichoplax to be completely different from all known animals and also
discovered evidence for sexual reproduction [4]. Following Biitschli’s placula
hypothesis about the origin of Metazoa [5], Grell introduced a new phylum named
‘Placozoa’ [6]. Finally, more than a century after its first discovery genetic evidence has
been suggesting that Trichoplax is a suitable surrogate of the urmetazoan [7, 8].
Trichoplax adhaerens was the only described species within the phylum Placozoa
for a long time, despite that increasing number of distinct genetic lineages has been
described [9]. These so-called genetic ‘haplotypes’ are defined by differences in the
mitochondrial 16S rDNA sequence and share common morphological features [9, 10].
Albeit their phylogenetic position is an ongoing discussion [11-14], placozoans are
morphologically the most primitive animals (not secondarily reduced) with an average
size of 3 mm. They harbor only two cell layers and six somatic cell types (but probably
subpopulations of cell types [15, 16]), and have no defined body axis but show polarity
i.e. a top to bottom orientation (Abb 1.1a) [2, 17, 18]. Muscle and nerve cells are
absent as well as complex structures like sensory organs, and placozoans lack a basal
lamina and extracellular matrix [19-21]. Nevertheless, they are able to perceive light
and gravitation [19, 22]. Placozoans reproduce mainly vegetatively under laboratory
conditions (by fission or budding of small swarmers) [23, 24], but genetic evidence for
sexual reproduction was also reported [25]. Since embryonic development terminates

at 128-cell state in the laboratory, the placozoan life cycle still remains unclear [26].
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Figure 1.1: Placozoan morphology

(a) Schematic illustration of a placozoan cross-section (modified after [27]). Three species are described
in the phylum Placozoa (b-c). Trichoplax adhaerens (b) and Hoilungia hongkongensis (c) show no
morphological differences. Polyplacotoma mediterranea displays a stretched and ramified body which is
clearly distinguishable from Trichoplax and Hoilungia. (c) was taken from [28], (d) photo credit: Osigus,
HJ..

Although extensive sampling efforts uncovered a worldwide distribution of
placozoans with diversity hot spots in tropical and subtropical oceans [10, 29, 30], very
little is known about their habitat preferences and interactions with other organisms.
The classification of placozoans by 16S rDNA has shown a variety of 20 different
haplotypes [29, 31], yet the existence of more cryptic species is very likely [9, 10] and
two new species were recently described [28, 31]. Like most placozoans, Hoilungia
hongkongensis (formerly haplotype H13), does not show any morphological
differences to Trichoplax (Fig. 1.1c), but comparison of its genome with Trichoplax
adhaerens revealed remarkable structural genomic alterations [28]. The newly
described species Polyplacotoma mediterranea (HO), however, differs intensely from
all known placozoans in both, morphology and genetics (Fig 1.1d). Its extraordinary
body is ramified and stretched, with a length of more than 10 mm. Furthermore,
Polyplacotoma harbors the most compact mitochondrial genome and has been
classified as a sister group to all other placozoans [31].

Despite their simple appearance, placozoans display a remarkable repertoire of

genes, which are also present in morphologically much more complex animals. They
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possess homologs of important signaling pathways, which play for instance a role in
cell cycle regulation, immunity, stress responses and programmed cell death [19, 28,
32, 33]. Therefore, and because placozoans might present the potential surrogate to
the ‘urmetazoan’ [12], they are promising model organisms to study complex

regulatory signaling pathways in an evolutionary context.

p53 and the regulation of apoptosis

Tumor virus research peaked in the late 1970s. During that time, p53 was discovered
by different approaches by three groups, simultaneously. A 53 kDa host protein was
found to bind simian virus 40 large T antigen in cells that were transformed by an avian
virus [34-36]. Therefore, p53 was first assumed to act as an oncogene but was quickly
re-classified, when its tumor suppressor potential was discovered [37]. Extended
research on the tumor suppressor p53 did not only uncover its ability to eliminate
damaged cells by apoptosis, but found evidence e.g. for its involvement in cell cycle
regulation, metabolism, autophagy, cell fate determination or stress response
(reviewed by [38]). p53 is a key player in the regulation of cellular mechanisms, which
ensures the organism’s integrity and has therefore been named ‘guardian of the
genome’ [39]. However, this naming is somewhat misleading, as mutant p53 can be
found in more than 50 % of human cancers, and other malignancies are also associated
with p53 malfunction [40]. p53 is a short-lived protein that is tightly regulated under
normal conditions. The most important p53 inhibitor is the ubiquitin ligase Mdmz2,
which inhibits p53’s transcriptional activity and marks it for proteasomal degradation
[41]. Thereby, p53 protein concentration is constantly kept at low concentrations [41,
42]. However, the inhibition of p53 is interrupted when a cell is exposed to stress (e.g.
DNA damage, loss of normal cell contacts, oncogene activation) and p53 levels
increase. Depending on severity level, p53 stimulates cell cycle arrest or apoptosis
[42].

Apoptosis exhibits specific morphological and biochemical characteristics, including
cell shrinkage, nuclear fragmentation, membrane blebbing, protein-cleavage and
protein cross-linking [43, 44]. Two p53-mediated apoptosis pathways can be
discriminated, ultimately resulting in caspase activation and cell death (cf. [45]) (Fig.

1.2). (i) The extrinsic apoptosis signaling pathway includes the involvement of
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transmembrane receptors, which belong to the tumor necrosis factor (TNF) super gene
family, also known as death receptors [46]. Upon ligand binding, the receptors
transmit the ‘death signal’ into the cytoplasm where adapter proteins are recruited
[47]. They in turn recruit further proteins, which are associated with Caspase-8. The
formation of a death-inducing signaling complex (DISC) and further caspase activation
finally result in cell death [48, 49]. (ii) The intrinsic apoptosis signaling pathway,
however, is associated with the Bcl-2 family of regulatory genes [50]. They govern
depolarization of the mitochondrial membrane and subsequent release of
cytochrome c from the mitochondrial intermembrane space [51, 52]. When
cytochrome c gets into the cytoplasm, it binds Apafl and together with Caspase-9 they
form an apoptosome [53, 54]. That, in turn, starts a caspase signaling cascade and

leads to apoptosis (reviewed by [42, 45]).
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Figure 1.2: p53-dependent apoptosis: the intrinsic and the extrinsic pathway

The intrinsic apoptosis pathway is associated with the depolarization of the mitochondrial membrane
and subsequent release of cytochrome c. Formation of an apoptosome activates Caspase-9 and starts
the caspase signaling cascade resulting in apoptotic cell death. In the extrinsic apoptosis pathway, a
ligand binds to so-called ‘death receptors’ which in turn bind to FAAD. The recruitment of Procaspase-8
leads to DISC formation. Similar to the intrinsic pathway, activation of Caspase-8 initiates apoptosis by

further caspase activation. (Modified after [60]).
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Homologs of p53 have been found throughout the animal kingdom as well as in
unicellular choanoflagellates [55-57]. Trichoplax adhaerens harbors homologs of p53
and Mdm2, possessing all domains which are necessary for functional protein
interactions [58, 59]. Further research on the p53 signaling network at the base of the

metazoan Tol is needed to understand the evolution p53’s functions.

The Myc/Max transcription factor network

Transcription factor networks have evolved in order to control, coordinate and
separate the functions of regulatory genes spatially and temporally. The proto-
oncogene c-myc, which encodes the Myc protein, is the key player in the Myc
transcription factor network. It is estimated to directly regulate at least 15 % of all
human genes and is mainly involved in cell proliferation, differentiation, cell cycle
control and apoptosis (cf. [61-63]). The function of Myc is modulated by alterations in
its cellular distribution. The expression of Myc is repressed in differentiating cells and
its inactive form can be found in the cytoplasm [64, 65]. In the nucleus of proliferating
cells, however, transcriptionally active Myc endorses ribosome biogenesis and
regulates the cell cycle as well as nucleotide and amino acid biosynthesis [66].

Like p53, the Myc gene family was discovered in a phase of extensive research on
oncogenic retroviruses in the 1970s. First, v-myc was identified as an oncogene,
causing myelocytomatosis in chicken [67-69]. Shortly after that, c-myc was found in
the host cell genome as a proto-oncogenic version of the co-opted v-myc [70]. Other
members of the Myc gene family are L-myc and N-myc (reviewed by [71]). Later on, a
Myc associated factor X (Max) was discovered to play an important role in the
transcriptional control of Myc target genes [72].

Myc and Max belong to a family of basic-helix-loop-helix leucine-zip (bHLHZ)
proteins which form heterodimers in order to bind specific DNA enhancer boxes (E-
box) [73]. Their dimerization leads to the transcriptional activation or repression of
target genes, respectively [62, 72]. The bHLHZ motif is located at the C-terminus of the
Myc protein and builds a scissor-like structure after dimerization to bind DNA [74]. The
N-terminus harbors four Myc boxes (MB I-IV), which are associated with further
protein interaction and Myc degradation [75-77]. Max contains a bHLHZ domain that

directly interacts with Myc (Fig. 1.3) [74]. However, Max does not exclusively bind to
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Myc but can also antagonize its function indirectly by formation of homodimers or
dimerization with other members of the Myc transcription factor network, e.g. Mxd or
Mnt [78, 79]. Even though Max plays an essential role in Myc’s functions, Max-
independent activities have been reported but little is known from those activities in
vertebrates (reviewed by [80]).

The Myc transcription factor network is not restricted to bilaterians and functional
proteins have also been found in diploblastic cnidarians [81, 82] as well as in the
unicellular relatives Monosiga brevicollis and Capsaspora owczarzaki [56, 66, 83]. A
recent study shows, that homologs of Myc and Max play an important role in
apoptosis and differentiation in placozoans [84]. However, a biochemical
characterization of both proteins is still pending; this could be critical to close the gap

between unicellular and multicellular organisms.

Myc
y bHLHZ

Max
Leucine bHLHZ

ad Zipper/ Helix 2

Basic region/
Helix 1

Figure 1.3: Structures of Myc/Max dimerization

(a) Crystal structure of the bHLHZ domain of a Myc:Max heterodimer bound to DNA (modified after
[74]). (b) Myc contains four conserved Myc boxes (MBI-IV) (green) at the N-terminus, a nuclear
localization signal (red) and a C -terminal bHLHZ motif (grey). Max consists of a central bHL.HZ domain
(grey) which is crucial for the formation of heterodimers with Myc and two nuclear localization signals

(red) (modified after [63]).
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Aims of this thesis

Cancer is one of the most common death-related diseases in modern societies. It is
caused by malfunction of a few genes, which regulate a variety of fundamental cellular
processes. Despite extensive efforts and large investments into applied cancer
research, the complex regulatory pathways that underlie tumor development are still
not well understood. Research in less complex organisms allow to study significantly
simplified interaction networks which in turn, may provide valuable impulses for
human research.

In this thesis, | aim to contribute to a better understanding of regulatory processes
controlled by the tumor suppressor p53, by exploring the most primitive metazoan,
Trichoplax adhaerens. In detail, alterations on the cellular protein concentration levels
of tap53 will be investigated. Functional genetic studies and transcriptomic approaches
will help to elucidate tap53 activities at a molecular level and identify interaction
partners. | further aspire to characterize the full-length proteins taMyc and taMax.
Biochemical approaches to elucidate their structure and interaction in vitro, will help
to understand the evolution of this transcription factor network. Finally, | aim to
demonstrate the accessability and importance of placozoans as model systems in

applied evolutionary research
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Chapter |

Inhibitors of the p53-Mdm2 interaction increase programmed cell death and produce

abnormal phenotypes in the placozoon Trichoplax adhaerens (F.E. Schulze).

v.d.Chevallerie, K., Rolfes, S., Schierwater., B.

Dev Genes Evol (2014) 224:79-85
https://link.springer.com/article/10.1007%2Fs00427-014-0465-0
doi: 10.1007/s00427-014-0465-0

Abstract

Recent identification of genes homologous to human p53 and Mdmz2 in the basal
phylum Placozoa raised the question whether the network undertakes the same
functions in the most primitive metazoan organism as it does in more derived animals.
Here, we describe inhibition experiments on p53/Mdmz2 interaction in Trichoplax
adhaerens by applying the inhibitors nutlin-3 and roscovitine. Both inhibitors had a
strong impact on the animals’ survival by significantly increasing programmed cell
death (cf. apoptosis, measured via terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling assay). Treatment with roscovitine
decreased cell proliferation (visualized by means of bromodeoxyuridine incorporation),
which is likely reducible to its function as cyclin-dependent kinase inhibitor. Obvious
phenotypic abnormalities have been observed during long-term application of both
inhibitors, and either treatment is highly lethal in T. adhaerens. The findings of this
study suggest a conserved role of the p53/Mdm2 network for pro- grammed cell death
since the origin of the Metazoa and advocate the deployment of Placozoa as a model

for p53, apoptosis, and possibly cancer research.
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Chapter i

Polyplacotoma mediterranea is a new ramified placozoan species.

Osigus, H.J., Rolfes, S., Herzog, R., Kamm, K., Schierwater, B.

Curr Biol 29(5) (2019) R148- R149.
https://www.cell.com/current-biology/fulltext/S0960-9822(19)30097-1
doi: 10.1016/j.cub.2019.01.068

Abstract

The enigmatic phylum Placozoa is harboring an unknown number of cryptic species
and has become a challenge for modern systematics. Only recently, a second species
has been described [1], while the presence of more than a hundred additional
species has been suggested [2]. The original placozoan species Trichoplax adhaerens
[3], the second species Hoilungia hongkongensis [1] and all yet undescribed species
are morphologically indistinguishable (i.e. no species diagnostic characters are
available [4]). Here, we report on a new placozoan species, Polyplacotoma
mediterranea gen. nov., spec. nov., which differs from other placozoans in its
completely different morphological habitus, including long polytomous body
branches and a maximum body length of more than 10 mm. Polyplacotoma
mediterranea also necessitates a different view of placozoan mitochondrial genetics.
P. mediterranea harbors a highly compact mitochondrial genome with overlapping
mitochondrial tRNA and protein coding genes. Furthermore, the new species lacks
typical placozoan features, including the cox1 micro exon and cox1 barcode intron.
As phylogenetic analyses suggest a sister group relationship of P. mediterranea to all
other placozoans, this new species may also be relevant for studies addressing the

relationships at the base of the metazoan tree of life.
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Abstract

p53 is a key regulator in apoptosis signaling pathways and therefore tightly regulated
in metazoans. Recent studies have shown that the most primitive animal, Trichoplax
adhaerens, possesses a functional p53 homolog, tap53. However, little is known about
its ancestral functions and regulatory mechanisms. Here, we describe the effects of
silencing tap53 via RNAI in Trichoplax. tap53 knockdowns were highly lethal for the
animals and led to a surprising increase of apoptosis. Transcriptomic analyses
uncovered an unusual set of differentially expressed genes after silencing tap53. Such
genes belong to Trichoplax’ unique repertoire of Apafl proteins, and to immunity
response genes. These findings support the idea of an alternative p53-independent
apoptosis pathway and add a new layer to the already complex interactome of p53 at

the base of the metazoan Tree of life.

Introduction

Cancer and cancer-like growths have been found in almost all vertebrates and many
invertebrate species [1]. Though an organisms’ integrity is orchestrated by a variety of
genes and signaling pathways, the p53 gene has come to ambivalent fame over the
last four decades. Normal p53 protein acts as a tumor-suppressor and is widely known
as the 'guardian of the genome' [2], by regulating the cell’s fate during stress or DNA
damage. As such, p53 initiates the apoptotic cascade when up-regulated but also
regulates many other cellular processes such as cell cycle control, autophagy and
metabolism to name just a few (reviewed by [3]). p53 expression is tightly regulated
and protein concentrations are kept low by various regulators [4-6]. However, mutant
p53 can be found in more than 50 % of all human malignancies and its activity is
alternated in many other cancer cases [7-9]. p53’s association with severe cancer
phenotypes is mainly due to a lack of apoptosis and cell cycle arrest in damaged cells
[10, 11].

Two converging apoptotic signaling pathways are initiated by p53, both resulting in
the activation of caspases. The extrinsic pathway works via the so-called ‘death
receptors’, which belong to the family of tumor necrosis factor receptors (TNF-R), and
leads to the formation of a death-induced-signaling-complex (DISC) [12]. The intrinsic

pathway involves a depolarization of the mitochondrial membrane, including the
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release of cytochrome c into the cytoplasm and formation of the apoptosome [13].
The activation of caspases through both pathways ignites programmed cell death.
After the discovery of a p53 homolog (tap53) in the simplest metazoan, Trichoplax
adhaerens [14], experimental studies have shown that tap53 initiates apoptosis and is
regulated by the ubiquitin ligase taMdm?2 [15, 16]. To further shed light onto the
regulatory mechanisms, we silenced tap53 by means of RNAI. tap53 knockdown (KD)
was highly lethal for Trichoplax and significantly increased apoptosis. RNA sequencing
(RNASeq) revealed differentially expressed genes, which are activated in the p53-
dependent mitochondrial apoptosis pathway, as well as immunity response genes.
These results strongly suggest an alternative apoptosis pathway in Trichoplax, in
absence of tap53. They further underline the complexity of tap53’s regulatory network

in the morphological simplest animal.

Material and Methods

Animal material

In all experiments, Trichoplax adhaerens (haplotype 1, “Grell” clone) was used and
cultured under standard conditions and fed on the chlorophyta Pyrenomonas
helgolandii (obtained from SAG Gottingen, Germany) [17, 18]. In order to counteract
potential biases by morphological indistinguishable developmental stages, animals of
all sizes were randomly distributed among the experiments. Knockdowns by means of

RNAi were performed under standard culturing conditions.

Total RNA isolation and cDNA synthesis

For total RNA isolation, 100 animals were rinsed in artificial seawater (ASW) and
starved for 24 h. Afterwards they were homogenized in 500 pl Homl buffer (0.1 M Tris
HCl pH 8, 0.01 M ethylenediaminetetraacetic acid (EDTA) pH 8, 0.1 M NacCl, 0.025 M
dithiolthreitol (DTT) and 0.5 % sodium dodecyl sulfate (SDS) in ddH,0) with 25 pl
Proteinase K (10 mg/ml, Carl Roth, Germany) for 30 min at 55 °C. RNA was
subsequently isolated with Phenol/Chlorophorme/Isoamyl alcohol (Roti® Aqua-
Phenol/C/l, Carl Roth, Germany) and precipitated using isopropanol. The pellet was
dissolved in diethylpyrocarbonate-treated (DEPC, Carl Roth) water and remaining DNA

was digested with DNasel (Fermentas) according to manufacturer’s instructions. RNA

33



quality was measured by gel electrophoresis and 100 ng RNA was used for full-length
cDNA synthesis with BioScript™ Reverse Transcriptase (Bioline), following the

manufacturer’s protocol.

Molecular cloning and probe synthesis

A 442 bp fragment of the tap53 N-terminus and a 794 bp fragment of the dragonfly
Trithemis stictica internal transcribed spacer region (ITS) were amplified via PCR
(sequences are shown in Tab. Al.2). The fragments were recovered from agarose gel
electrophoresis and subsequently cloned into the pGEM-T® vector (Promega) for
sequencing.

Probes for tap53 and ITS were amplified by PCR from the respective fragments,
cloned into a pGEM-T vector. The DNA was precipitated, using 3 vol. 98 % ethanol (Carl
Roth) and 0.1 vol. 3 M sodium acetate (pH 5.2; Carl Roth). The samples were incubated
for 30 min at room temperature, followed by centrifugation for 30 min at 15,700 rcf
and 4 °C. The DNA was rinsed with 500 pl 70 % ethanol (v/v) and the samples were
centrifuged again for 15 min at 15,700 rcf and 4 °C. Subsequently, the DNA pellet was
dried in a centrifugal evaporator at room temperature and resuspended in 10 pl
ddH,0. The RNA was synthesized with both, T7-RNA polymerase and Sp6-RNA
polymerase, respectively (both from Promega). The reaction volume of 10 ul contained
2 ul DEPC-H,0, 2 ul RNA polymerase buffer, 1 ul RNase out, 1 pl Fluorescein RNA
Labeling Mix (Roche), 1 ul of the particular RNA polymerase and 3 ul DNA. The
transcription reaction was incubated overnight at 37 °C. To purify the ssRNA, the
remaining DNA was digested with DNase | for 30 min at 37 °C. The DNase |l was
subsequently inactivated for 15 min at 65 °C. To precipitate the nucleic acids, 2 ul
lithium chloride and 50 pl 70 % ethanol (v/v, in DEPC-H,0) were added and incubated
for 30 min at 80 °C. Proceeding this, samples were centrifuged at 4 °C for 30 min at
15,700 rcf, followed by removal of the supernatant. The ssRNA was rinsed with 500 pl
70 % ethanol (v/v) (in DEPC-H,0) and incubated for at least 1 h to get rid of excessive
fluorescein. Again, the samples were centrifuged at 15,700 rcf for 30 min at room
temperature. The supernatant was discarded and the ssRNA was dried in a centrifugal
evaporator and then resolved in 20 pl DEPC-H,0. To hybridize complementary RNA

strands, 20 ul of both ssRNA samples (T7 and Sp6) were added to the reaction mix with
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a total volume of 200 pl, containing 750 mM sodium chloride (Carl Roth) and 75 mM
sodium citrate (Carl Roth). The reaction was then incubated for 30 min at 65 °C.
Afterwards, 10 pl lithium chloride (4 M) and 300 ul 98 % ethanol (v/v) was added to
precipitate the dsRNA at -80 °C for 24 h. To clean the probes, they were centrifuged at
4 °C for 30 min at 15,700 rcf and the supernatant was discarded. The RNA pellet was
rinsed with 100 ul 70 % ethanol (v/v) and centrifuged for 5 min at 15,700 rcf and 4 °C.
The supernatant was discarded. The dsRNA probes were dried in a centrifugal

evaporator, resolved in 30 pl ddH,0 and stored at -80 °C.

tap53 knockdown by RNAI

For gene knockdowns by means of RNAI, 40 animals were transferred into 4—well
chamber slides (Lab-Tek®, ThermoFisher). The animals were transfected with 207 nM
tap53 or T. stictica ITS dsRNA, respectively, using INTERFERin® (Polyplus-transfection®
SA, France) (IF), following the manufacturer’s protocol. Controls were set up to exclude
effects of transfection medium (same treatment, no dsRNA) and culture conditions
(ASW control). Animals were observed under a light microscope (Zeiss Axiovert 200M)
twice a day to document possible morphological changes. ASW was changed every
other day and the animals were fed with Pyrenomonas helgolandii ad libitum. For the
following RNA sequencing, total RNA of 20 animals was isolated using TRIzol® Reagent
(ambion) according to manufacturer’s instructions. Quality and quantity of RNA were
measured using a Nanodrop (Nanodrop Technologies) and Bioanalyzer (Agilent

Technologies). Successful gene inhibition was verified via semi-quantitative PCR.

Detection of apoptotic cell death via TUNEL assay and DAPI staining

Apoptotic cells were detected by means of enzymatic dUTP nick end labeling. For each
experiment, 40 animals were collected and either transfected with tap53 RNA or IF
(see above) for 21 h. The animals were fixated with Lavdowsky fixative
(ethanol/TBS/Acetic Acid/Formaldehyde: 11/11/1/2) for 20 minutes and permeabilzed
with 1x TBS (0.5 % Tween-20 and TritonX; Carl Roth) at 4 °C overnight. Afterwards,
staining was performed using ApopTag® Red In Situ Apoptosis Detection Kit (Millipore),
as per manufacturer’s recommendations. After staining apoptotic cells, the nuclei

were counterstained with DAPI. 700 ul DAPI (1.0 %) in 1x TBS were administered to the
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samples and incubated for 15 min at room temperature. Afterwards, the animals were
washed three times with 1x TBS and kept in a wet chamber at 4 °C overnight.
Subsequently, the samples were placed on microscope slides, covered with
Vectashield® mounting medium for fluorescence (with DAPI) (Vector Laboratories,

Inc.).

Microscopy

A Zeiss Axiovert 200M that was connected to a digital camera (Zeiss, Axio Cam MRn)
was used for taking microscopic images. For fluorescence pictures, Zeiss filter sets (02
for DAPI, 25 for Alexa Fluor 546) were used. Animal sizes and amount of apoptotic cells
were analyzed with Imagel v2.0.0. Signals of apoptotic cells (TUNEL) were calculated in

relation to DAPI signals.

Statistical testing

The examination of the effects of the tap53 knockdown in Trichoplax was conducted
using two-sided t-tests in Microsoft® Excel® for Mac 2011 (v14.1.0). tap53 KD samples
were compared to each control to analyze the population and animal body sizes. The

amount of apoptotic cells was compared to the control group (IF).

RNASeq library preparation and Illumina sequencing

Extracted RNA of tap53 KD, ITS and IF controls with RIN (RNA Integrity Number)
values > 7 were used for cDNA library construction. Each sample was split into two
technical replicates and rRNA was removed using NEBNext rRNA Depletion Kit (New
England Biolabs #E6310). Sequencing was performed on an Illumina NextSeq 500

(Ilumina, Inc.) (2 x 75 nt) at the Center for NeuroGenetics, UF Gainesville, USA.

De novo assembly and annotation

Paired-end reads were examined for quality by FastQC [19] and adapter sequences
and low quality reads were removed with Trimmomatic [20] prior to assembly. The de
novo assembly was conducted using Trinity v2.8.3 [21, 22] with default settings, except

for strand specification (RF) and read normalization. Quality of the assembly was
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evaluated by Trinity’s Nx and Ex90N50 statistics and transcript count and redundant
sequences were filtered using CD-Hit (95 % nucleotide similarity) [23].

Open reading frames (ORFs) were identified via TransDecoder v.5.5.0 [22], followed
by a local BLAST search [24] against the Swiss-Prot database (downloaded June 2019).
HMM (hidden Markov model) searches against the Pfam-A protein domain database
(downloaded June 2019) [25] were subsequently performed using HMMER v. 3.1.2
[26].

Identification of differentially expressed genes

Transcript abundance was estimated for each sample using the alignment-based RSEM
tool [27]. Therefore, the transcripts were mapped back separately to the previously
assembled reference transcriptome by Bowtie [28], followed by subsequent transcript-
level estimation and normalized measure of transcript expression with RSEM’s default
parameters.

Differentially expressed (DE) genes were identified using R version 3.5.0 with the
packages limma and voom (downloaded from the Bioconductor webpage). The voom
method was used to identify DE features according to the run_DE_analysis.pl script
provided by Trinity, as well as with an R in house script. The criteria for DE genes were
set with a p-value cut off for FDR to < 0.001 and log,-fold changes to <-2 and > 2.

The amino acid sequences of the DE genes were extracted from the TransDecoder
annotations (see above). Proteins belonging to Trichoplax adhaerens were verified by a
BLASTp search on the BLAST® webserver (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
using the NCBI non-redundant sequences database. The domain structures of the
proteins were analyzed with the HMMScan web-tool

(https://ebi.ac.uk/Tools/hmmer/search/hmmscan).

Results and Discussion

tap53 knockdown affects Trichoplax’ viability

The animals were inspected visually 21 hours post transfection (hpt) via microscopy,
RNAI was verified by semi-quantitive PCR (Fig. A1.1 & Al.2, as described in Jakob et al.
[29]). Changes in population size were followed and pictures were taken to document

the animals’ morphology. Importantly, the fitness of the control groups remained
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stable over the course of the experiment. tap53 KD was lethal within 72 hpt while the
number of animals increased in the three control groups (Fig. 2.1a). After 21 h, the
effect of tap53 silencing was detectable and the animals died at a faster rate (Fig. 2.1a,
black line). In the untreated group, cultured in artificial ASW only, animal numbers
increased constantly, doubling after 40h. They reached a plateau phase of
approximately 100 animals (Fig. 2.1a, dotted line). The stalling of further reproduction
likely is a result of limited space in the culture dish. Animals treated with transfection
reagent (IF) and the internal transcribed spacer (ITS) from Trithemis stictica, performed
almost equally well, showing a slow but steady reproduction rate within the monitored
72 hours (Fig. 2.1a, dashed lines). The slightly slower growth rates in the IF and ITS
control groups compared to ASW control may be caused by the transfection medium.

Animals belonging to the tap53 group showed a significant reduction in body size
after 48 h (p <0.005), while no prominent changes were detected in the control
groups. Signs of degeneration were visible 21 hpt which further exacerbated 48 hpt
(round body shapes and only loosely connected upper and lower epithelium). No
differences in shape were seen in the control groups (Fig. 2.1b).

The quick death of animals with silenced tap53 was unexpected and no tumor-like
growth was observed in Trichoplax specimen after tap53 KD (Fig. 2.2). In comparison
with vertebrates, p53 -/- mice have been shown to live four to six month before
succumbing to lymphomas. Except for tumor growth in early life stages, the mice
displayed a normal development [30-32]. This is consistent with studies by van Boxtel
and colleagues [33], who showed that p53 knockout rats developed mostly sarcomas
with an onset of four months. Eventually, tumors and accompanying health conditions
irreversibly terminated the viability of p53 knockout mutants. p53-deficient
invertebrate models like C. elegans or Drosophila, however, do not display increased
tumor-like phenotypes. They also lack aspects of p53 response, e.g. developmental

impairment, under physiological conditions [34-36].
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Figure 2.1: Time course of population and body size after tap53 knockdown.

tap53 knockdown was lethal within 72 hours. (a) The number of animals decreased significantly
within 40 hours and no animal was left 72 hours post transfection with tap53 RNAi probe. The control
groups ASW, Interferin (IF) and T. stictica ITS show steady growth. (b) A significant decrease in body
size was observed after 48 hours of tap53 knockdown (p < 0.05). The variation in body sizes increases
within the control groups. Asterisks mark significances (*p < 0.05, **p < 0.005). Whiskers mark
minimum and maximum body sizes, boxes mark upper and lower quartile, median is indicated by a
horizontal line.
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2. Experimental studies
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Figure 2.2: Phenotypic variability in Trichoplax specimen after tap53 knockdown.

Light microscopy of animals treated with tap53 and T. stictica ITS RNAI probes, respectively, Interferin
(IF) and ASW. Images were taken 21 h, 48 h and 72 h after the initial knockdown. tap53 KD animals
showed a significant reduction in body size (p < 0.05) 21 hours post transfection (hpt). All tap53 KD
animals were dead 72 hpt. The control groups ASW, IF, ITS vary in sizes and shapes. Size bars mark
100 um.
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Apoptosis increases after tap53 knockdown

While tap53 accumulation by inhibition of tap53-taMdm2 interaction is lethal in
Trichoplax and initiates an apoptotic pathway [15], its down-regulation has likewise
severe consequences on the animal’s health status. To examine whether apoptosis
was affected, tap53 KD mutants were TUNEL stained 21 hpt. tap53 KD was compared
to animals treated with IF as a control (Fig. 2.3a). Surprisingly, a significant increase

(p < 0.005) of apoptotic cells was detected after tap53 silencing (Fig. 2.3a).

*k

10

Apoptotic cells [%]

IF tap53

Figure 2.3: TUNEL staining 21 h after tap53 knockdown.

TUNEL staining of apoptotic cells 21 h after tap53 knockdown (a) and Interferin (IF) control (b).
Apoptosis significantly increased in tap53 knockdown animals compared to a IF treated group
(p <0.005) (c). Asterisks mark significant aberrations from the IF control. The size bars mark 20 um. For
raw data and statistics see table A1.1.

The increase of apoptosis after tap53 KD suggests the presence of an alternative,
tap53-independent apoptosis pathway in Trichoplax. So far, p53-independent
apoptosis has been found in various cancer types, which are not able to initiate
apoptosis via normal p53-dependent pathways [37-39]. The p53-independent
apoptosis signaling in mammalian cancer cells appropriates the mitochondrial
pathway. It initiates cell death by interacting with genes which belong to the Bcl-2
family [40]. These genes provoke the release of cytochrome c into the cell cytoplasm,
which in turn leads to the formation of an apoptosome and subsequent caspase
activation [41, 42]. Therefore, therapeutic research (in humans) focuses on members

of the Bcl-2 family, as well as on their interaction partners, as promising targets in
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cancer cells [43, 44]. This process was also observed in p53-deficient Drosophila when
exposed to ionizing radiation (IR) [45], yet little is known about the underlying
mechanisms. Some authors, however, suggest that there is not one single dominant
mechanism but rather a complex collaboration of differently involved responses (e.g.
[46]).

There are no published studies about p53-independent apoptosis in other
diploblastic animals so far. That makes the initiation of an alternative apoptosis
pathway in Trichoplax after tap53 KD without additional activators (e.g. UV radiation
or drug treatment) even more remarkable. The tap53-independent apoptosis (and
specifically the perception of low tap53 levels) in Trichoplax, likely is an ancestral

function which dates back to the origin of metazoan animals.

tap53 down-regulation affects a variety of genes

To gain a broader perspective of the tap53 regulatory network in Trichoplax, RNASeq
was performed 21 h after tap53 KD. The total amount of 328,009,556 trimmed, paired-
end reads was employed for de novo transcriptome assembly with a Trinity pipeline
[21, 22]. This approach was chosen to capture the majority of transcripts and to avoid
loss of information due to an incomplete reference genome. The resulting new
transcriptome assembly was used as a reference, containing 160,183 contigs
(Tab. 2.1). It displays a N50 value of 2,170 bp (based on the longest isoform per gene)
(Tab. 2.1) and an Ex90N50 of 938 bp (Tab. 2.1) after transcript abundance estimation
[27].

Table 2.1: Assembly and reference transcriptome statistics.
Total No. of Trimmed Reads 328,009,556
Total No. of Contigs following Trinity Assembly 160,183

Reference Transcriptome Statistics

Median Contig Length 337 bp
Average Contig Length 832.83 bp
No. of Annotated Contigs 46,241
N50 Contig Length 2,170 bp
Ex90N50 Length 938 bp
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To detect differentially expressed genes (DEGs), the tap53 KD transcriptome was
compared to both controls (ITS, IF) independently. In sum, 1,122 DEGs were identified
(Tab. 2.2), of which 919 genes were assigned to prokaryotes and non-metazoan
eukaryotes by BLASTp search against a non-redundant database [24] (Tab. 2.2). The
high amounts of genes that do not belong to Trichoplax were a result of insufficient
filtering at the beginning of transcriptome analysis. However, rigorous filtering
methods come at the cost of losing lowly expressed genes [47]. Although this
background noise might have hampered the correct classification of DEGs to some
extent, 203 genes belonged to Trichoplax (Tab. 2.2). 51 genes were up-regulated in
tap53 KD, 24 genes were down-regulated (Tab. 2.2, Fig. 2.4a). Numbers represent
overlapping results of tap53 KD vs IF and tap53 KD vs ITS, respectively.

Table 2.2: Comparison of differentially expressed genes

DEGs with TransDecoder Hit 1,122
Total Number of DEGs from Trichoplax 203
Total Number of DEGs from other 919
Organisms

Compared Conditions:
tap53vsITS ta53vsIF Overlap

Up-Regulated Total 498 456
Up-Regulated Trichoplax 68 77 51
Up-Regulated Other 430 379
Down-Regulated Total 74 94
Down-Regulated Trichoplax 34 24 24
Down-Regulated Other 40 70

a up-regulated b down-regulated

tap53 vs ITS tap53 vs ITS

17

26

tap53 vs IF tap53 vs IF

Figure 2.4: Comparison of differentially expressed genes.
The differentially expressed genes (DEGs) in tap53 knockdown (KD) transcriptomes are compared with
each control trancriptome (Interferin (IF), T. stictica ITS). (a) 68 genes are up-regulated in a tap53 vs
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ITS comparison, 77 genes are up-regulated in tap53 compared to IF. 51 genes are found to be
identical in both sample comparisons. (b) 34 genes are down-regulated in tap53 vs ITS, all 24 down-
regulated genes in tap53 vs IF overlap with tap53 vs ITS. For further data comparison see table 2.2.

Differential expression of pro-apoptotic genes

The rapid death of Trichoplax specimen after tap53 KD was unexpected, since p53
down-regulation was expected to inhibit apoptosis [48, 49]. An even bigger surprise
was the significant increase of apoptotic cells as a result of tap53 KD (as discussed
above). Domain identification via HMMScan of all Trichoplax’ DEGs revealed
unexpected up-regulation of proteins belonging to the p53-dependent intrinsic
apoptosis pathway (Tab. 2.3). Two proteins were extracted that belong to the recently
described NOD-like receptor repertoire of placozoans [50]. One of these proteins
contains an NB-ARC domain and an Apaf-1 helical domain, and was identified as
Apoptotic protease-activation factor 1 (Apafl). The other protein was described as a
hypothetical protein that harbors a CARD domain (Tab. 2.3).

Genes belonging to the NOD-like receptor family show complex expression
patterns. In the placozoan Trichoplax, some members were up-regulated after
tap53 KD and some were down-regulated. Two of them were assigned to hypothetical
proteins, each containing a NACHT domain (Tab. 2.3). The third protein harbored the
NB-ARC and Apafl-helical domains and was identified as Apafl (Tab. 2.3). Although
belonging to the same gene family, the respective up- and down-regulated genes differ
in their domain composition [50]. These findings suggest a complex interplay of genes
of the same family in Trichoplax, leading to programmed cell death. However, Apafl
usually plays a key role in the intrinsic apoptosis pathway. Its activation leads to the
formation of an apoptosome and the recruitment of downstream caspases [51, 52].
p53 thereby promotes cytochrome c release from the mitochondria into the cell’s
cytoplasm through the activation of pro-apoptotic genes, which belong to the Bcl-2
family. The apoptosome is built through oligomerization of cytochrome ¢, Apafl and
Caspase-9 and passes the death signal by association of both proteins’ CARDs [7, 53].
Homologous proteins of Apafl were up-regulated in Trichoplax when tap53 was
silenced (Tab. 2.3). This leads to the assumption of an alternative mechanism
regulating apoptosis and highlights the importance of tap53 for the animal’s integrity.
It is possible that this primitive animal has checkpoints that recognize the absence of

tap53.
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Up-regulation of immunity and stress response genes

tap53 KD by RNAI not only increased apoptosis in Trichoplax, but cells also reacted
with activation of cellular defense mechanisms. Interleukin-1 receptor-associated
kinase-like 2 (IRAK-like) was up-regulated after tap53 KD, as well as a protein with
ankyrin-repeats (ANK) (Tab. 2.3). IRAKs are part of the Toll-like receptor signaling
cascade that serves as downstream effectors guiding the activation of the transcription
factors NF-kB, AP-1 and Interferon regulatory factor (IRF). Both, NF-kB and AP-1, lead
to the expression of inflammatory cytokines and other immune response genes in
vertebrates ([54] and references therein). The signaling pathway leading to NF-kB
activation seems to be incomplete in placozoans, as they lack the essential NF-kappa-B
inhibitor alpha (IkBa) [50]. However, ANKs are the only conserved domains in IkBa and
related proteins. 200 ANK-containing proteins are present in Trichoplax, and some
possibly fulfill a similar role [50]. Albeit it remains speculative at this time if the up-
regulated protein with ANKs functions as IkBa, the up-regulation of immunity-related
proteins after tap53 KD is nevertheless worth mentioning.

Furthermore, the up-regulation of heat shock protein 70 (Hsp70) and a BAG-domain
containing protein (Tab. 2.3) after silencing tap53 underlines the complexity of
apoptosis and cell survival regulation in Trichoplax. Generally, Hsp70 is up-regulated in
severely stressed cells, promoting the refolding or degradation of mislead proteins [55,
56]. BAG-domain proteins can bind Hsp70 and thereby modulate and support their
chaperone activity [57]. Hsp70 interferes with the apoptotic pathway, through
inhibition of pro-apoptotic proteins. For instance, it blocks the oligomerization of
Apafl and Caspase-9, preventing the cell from the formation of an apoptosome and

apoptosis, respectively [58, 59].
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Table 2.3

response were found differentially expressed after tap53 knockdown.

Organism Name Trinity ID NCBI Acc. No. Domain

up-regulated genes:

Trichoplax sp. H2 BAG domain-containing protein Samui DN10746 RDD40779 BAG domain

Trichoplax adhaerens hypothetical protein DN2041 XP_002109144 Caspase recruitment domain (CARD)
Trichoplax sp. H2 Interleukin-1 receptor-associated kinase-like 2 (IRAK-like) DN2637 RDD46737 Protein tyrosine kinase

Trichoplax sp. H2 Apoptotic protease-activating factor 1 (APAF-1) DN3347 RDD41288 NB-ARC domain, APAF-1 helical domain
Trichoplax adhaerens hypothetical protein DN3829 XP_002114285 Hsp70

down-regulated genes:

Trichoplax sp. H2 hypothetical protein TrispH2_010969 DN148 RDD37032 NACHT domain

Trichoplax sp. H2 Apoptotic protease-activating factor 1 (APAF-1) DN2135 RDD41632 NB-ARC domain , APAF-1 helical domain
Trichoplax adhaerens predicted protein DN329 XP_002115553 NACHT domain
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The up-regulation of proteins, which are associated with cell survival rather than
cell death, seems contrary to the observed death of animals through apoptosis. This
observation might hint to a cellular discrepancy whether to sacrifice cells or rescue
them. The tap53 KD in this study apparently exceeded a threshold that led to
programmed cell death. It is interesting that proteins of both, cell survival and cell
death, were up-regulated together when apoptosis had already increased. Possibly,
the RNA extraction and subsequent sequencing 21 hpt, might have been conducted
right after a cellular switch from cell survival mechanisms to apoptosis had occurred,
which would came along with progressing tap53 silencing.

The identified DEGs exhibit very incomplete signaling pathways and leave space for
speculations on the regulatory mechanisms taking place in Trichoplax after tap53
knockdown. This study revealed some fascinating and exciting first insights into the
regulation of apoptosis in the simplest living animal, underlining the complex

interactions of different apoptotic signaling pathways in Trichoplax.

Conclusions

tap53 is a master control gene and crucial for homeostasis of Trichoplax adhaerens.
The increase of apoptosis and up-regulation of apoptotic genes after tap53 knockdown
strongly suggests the presence of an alternative, tap53-independent apoptosis
pathway. Absence of tap53 lead to programmed cell death in Trichoplax but also to an
immune response. This calls for further studies (including single-animal sequencing) to
identify further tap53 interaction partners and shed light onto its complex interactome

in the most primitive metazoan.
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Abstract

The proto-oncogene c-myc encodes the transcription factor Myc that belongs to a
family of basic helix-loop-helix leucine-zip (bHLHLZ) proteins. Together with its
interaction partner Max, it forms heterodimers in order to bind to specific DNA
sequences, thereby regulating a plethora of cellular processes. A malfunction of Myc
has been shown to be associated with multiple forms of cancer in humans.
Homologs have been found in all metazoan lineages and in unicellular
choanoflagellates. Myc and Max homologs are conserved in one of the most
primitive metazoan, the placozoan Trichoplax adhaerens, enabling the functional
and structural characterization of the full-length proteins. This study revealed the
first data of the biochemical composition of the taMyc protein and its interaction
with taMax in a metazoan animal. Recombinant taMyc and taMax form
heterodimers, which are crucial for DNA binding and thus their functional activity as
transcription factors. Here, we show that monomeric taMyc exhibits a state with a
high intrinsic disorder propensity but also displays significant a-helical structures.
Our results suggest a conserved function of taMyc and taMax proteins from

placozoans to vertebrates.

Introduction

The myc oncogene was discovered in 1979 as a retroviral allele (v-myc), causing bird
myelocytomatosis [1]. Human homologs were later identified and described as a
gene family, including c-myc, N-myc and L-myc, with proto-oncogenic potential [2,
3]. Since its discovery, the Myc family has been studied intensively. Its members are
linked with human tumors, with 30 % of those tumors showing Myc deregulation.
Myc is a transcription factor and mainly involved in cell cycle control. It is estimated
to directly regulate up to 15 % of all vertebrate genes [4, 5].

Myc is a basic helix-loop-helix leucine-zip protein (bHLHLZ) which forms
heterodimers with other proteins from this family binding the specific DNA enhancer
box (E-box) CACGTG [6, 7]. The most prominent binding partner of Myc is the small
Myc-associated-factor X (Max) [8, 9]. Dimerization of Myc and Max activates target
genes, yet Myc is also associated with transcriptional repression [5]. The bHLHLZ

regions of dimeric Myc:Max can further oligomerize forming tetramers. However,
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the physiological significance of this higher-order form has not yet been
demonstrated [10-12]. Myc proteins consist of a distinctive structure, that contains
the C-terminal bHLHLZ motif, but also an N-terminus with four Myc boxes I-IV (MBI-
IV) [13]. The best characterized Myc boxes are MBI and MBII. MBI comprises several
phosphorylation sites and is involved in ubiquitylation and proteasomal degradation
of Myc protein [14]. MBIl binds to various key interactors, such as components of
histone acetyltransferase complexes, and it is also involved in the Myc protein
turnover. The remaining MBIIl and MBIV are associated with Myc’s cellular-
transforming activity, transcription and apoptosis ([15]).

Besides the well-studied vertebrate Myc and Max proteins, homologs have been
identified in invertebrates and even in the unicellular choanoflagellate Monosiga
brevicollis [16]. Myc and Max were also found in the genome of Trichoplax
adhaerens in 2008 [17], but their mode of interaction has been unclear.

This study presents the first isolation of full-length taMyc and taMax proteins
from the placozoan Trichoplax adhaerens, and the biochemical and structural
characteristics of their interactions. Protein alignments of taMyc and taMax, with
respective homologs, revealed highly conserved motifs throughout the metazoan
animals. The secondary structure of taMyc and disorder modeling also support this
observation. Interaction of recombinantly expressed and purified taMyc and taMax
was analyzed by means of microscale thermophoresis and analytical
ultracentrifugation. taMyc and taMax form heterodimers, which is the necessary
first step before binding to DNA and to be able to partake in transcriptional
regulation. This study also highlights the potential of Trichoplax as a model organism

for evolutionary research on cellular regulatory networks.

Material and Methods

Animal material

Clonal lineages of Trichoplax adhaerens (Grell, H1) were used in this study and
cultured under standard conditions as previously described [18, 19]. Animals were

fed ad libitum with Pyrenomonas helgolandii.
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RNA isolation and cDNA synthesis

For total RNA isolation, 100 animals were rinsed in artificial seawater (ASW) and
starved for 24 hours prior to the experiment. Animals were homogenized in 500 pl
HOMI buffer (0.1 M Tris HCI pH 8, 0.01 M ethylenediaminetetraacetic acid (EDTA),
0.1 M sodium chloride, 0.025 M dithiolthreitol (DTT) and 0.5 % sodium dodecyl
sulfate (SDS) in ddH20) with 25 pl Proteinase K (10 mg/ml, Carl Roth) for 30 min at
55 °C. RNA was isolated with Phenol/Chlorophorme/Isoamyl alcohol (Roti® Aqua-
Phenol/C/l, Carl Roth) and precipitated using isopropanol. The pellet was dissolved
in diethylpyrocarbonate-treated (DEPC, Carl Roth, Germany) water and the
remaining DNA was digested with DNasel (Fermentas) according to the
manufacturer’s instructions. The RNA quality was measured through gel
electrophoresis and 100 ng RNA was used for a full-length ¢cDNA synthesis with

BioScript™ Reverse Transcriptase (Bioline), following the manufacturer’s protocol.

Amplification of full-length tamyc and tamax genes and plasmid construction

The full-length genes tamyc and tamax were amplified from full-length cDNA using
the Phusion® High-Fidelity DNA polymerase (NEB) for subsequent cloning into
protein expression vectors (see below). The primers used for amplification are listed
in table A2.1. The following PCR parameters were used to amplify target sequences:
3 min - 98°C, 35 cycles of (10 sec - 98 °C, 30 sec - 60 °C, 1 min - 72 °C) and 5 min —
72 °C. The PCR products were precipitated and cloned into pGEM®-T vector system
(Promega) for sequencing. Appropriate clones were identified and both genes were
cut out of the vector using Hindlll and Notl (both Fermentas) for tamax, and BamHI
and Xhol (both Fermentas) for tamyc. After the insertion of tamyc into pET23a-YFP-
mcs (provided by G. Tsiavaliaris) and tamax into pETDuet-1™ (Novagen), the
plasmids were transformed into Escherichia coli (One Shot® TOP10F Chemically
Competent E. coli, Invitrogen). Colonies were selected by means of chloramphenicol
and ampicillin resistance and plasmids were verified via PCR, using gene specific

primer sets as mentioned previously (Tab. A2.1).

Expression and purification of taMyc and taMax proteins

Constructs of pET23a-YFP/tamyc and pETDuet-1/tamax were each transformed into
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Rosetta (BL21), F-opmT hsdSB (rB- mB-) gal dcm pRARE (Cam®). Bacteria were grown
overnight in 300 ml LB broth medium (with 35 ng/ml chloramphenicol and 75 ng/ml
ampicillin) at 37 °C with orbital agitation. The pre-cultures were inoculated into six
liters of LB broth medium each and grown with agitation to an optical density of
0.4 — 0.8, measured at 600 nm. Protein over-expression was induced using isopropyl-
B-D-thiogalactoside (IPTG, 0.4 mM for taMyc, 0.1 mM for taMax) and the
preparatory bacteria cultures were cultivated at 20 °C for 16 h with agitation. Cells
were harvested and resuspended in lysis buffer (50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.4, 3 mM benzamidine and 3 mM 2-
Mercaptoethanol), with protease inhibitor cocktail tablets (cOmplete Tablets EDTA—
free, EASYpack, Roche) and 5 mg/100 ml lysozyme (Carl Roth). Samples were
incubated for 30 min on ice and were sonicated for 3 min in total (Branson Sonifier
250, Heinemann Ultraschall und Labortechnik). Lysates were subsequently incubated
with Benzoase (5000 units, Sigma) for 30 min on ice and cleared by centrifugation at
39,191 x g (Avanti™ J30I, JA-30.50 Ti, Beckmann Coulter) for 60 min at 4 °C.
Supernatants were collected, filtered and loaded on a nickel NTA column (Ni-NTA
Superflow, Qiagen) and affinity chromatography was performed at 4 °C in an AKTA
purifier (FPLC system AKTA purifier 10, GE Healthcare). After column equilibration
with buffer A (50 mM HEPES, pH 7.4, 100 mM sodium chloride, 3 mM 2-
Mercaptoethanol, flow rate 3 ml/min, 6 column volume), proteins were injected
(0.5 ml/min) and washed with buffer A (flow rate 3 ml/min, 5 column volume). Then
the columns were washed with buffer B (50 mM HEPES, pH 7.4, 500 mM sodium
chloride, 3 mM 2-Mercaptoethanol, flow rate 3 ml/min, column volume), followed
by washing with buffer A (flow rate 3 ml/min, 5 column volume). Before elution, the
columns were washed with 10 % elution buffer (50 mM HEPES, pH 7.4, 100 mM
sodium chloride, 1 M imidazole, 3 mM 2-Mercaptoethanol, flow rate 3 ml/min,
5 column volume). Elution was carried out in a gradient-like fashion until elution
buffer reached 100 % (flow rate 1 ml/min). The protein elution was fractionated
(Frac-900, GE Healthcare) and checked on a 12 % SDS polyacrylamide gel. The
proteins were further purified by gel permeation chromatography (AKTA system,
mentioned above) on a Hiload 26/60 Superdex 200 PG (GE Healthcare) and
equilibrated in storage buffer (50 mM Tris-HCI, pH 7.5, 100 mM sodium chloride,
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1 mM DTT, 3 mM benzamidine). Fractions were checked on an SDS polyacrylamide
gel and purified proteins were concentrated using VIVASPIN 20 Centrifugal

Concentrators (Sartorius Stedim Biotech).

Sequence analyses

The sequences of taMyc and taMax were obtained from the full-length gene
amplification (as described above). The DNA sequences were translated into amino
acid sequences and collated with protein predictions from the National Center for
Biotechnology Information, Bethesda, Maryland (NCBI). After downloading the
protein sequences of c-Myc from Homo sapiens (human) (GenBank accession no.
NP_002458.2), Gallus gallus (chicken) (GenBank accession no. NP_001026123.1) and
Hydra vulgaris Mycl (GenBank accession no. GQ856263.1), as well as respective
sequences of Max (GenBank accession nos.: human NP_002373.3, chicken P52162.1,
Hydra ACX32069.1), alignments and sequence analyses with taMyc (XP_002113957)
and taMax (XP_002107861) were performed using Geneious v.8.1.7 and the therein
implemented ClustalW software [20]. The manual modifications were carried out

according to Hartl et al. [21].

Protein disorder prediction and Circular Dichroism Spectroscopy

Predictions of natively disordered regions of taMyc and taMax were performed with
the respective amino acid sequences using the Protein DisOrder prediction System
(PrDOS) online server [22].

For circular dichroism spectroscopy (CD), the taMyc storage buffer was replaced
with a CD buffer (100 mM sodium chloride, 25 mM NaH;PO4 and 0.1 mM TCEP,
pH 7.6) overnight at 4 °C. Because aggregations have been observed, samples were
centrifuged at 13.000 rpm at 4°C. The supernatant was used for further
experiments. 150 pl samples were prepared for measurement with 2.5 uM taMyc in
CD buffer. The samples were stored at room temperature for 30 min prior to
measurement, to ensure proper protein folding and functionality. The CD data was
collected on an Applied Photophysic PiStar-180 Circular Dichroism spectrometer in a
3 mm path-length quartz glass cell at 20 °C and spectra were measured in the

wavelength region between 260 and 190 nm at 0.2 increments, for 1.5 seconds. The
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resulting spectrum is the average of three scans with CD buffer as the control
spectrum (measured three times) subtracted. The protein’s secondary structure
content was calculated with the CDSSTR algorithm [23, 24] and reference data set 4
[25], which is available on the DichroWeb server [26, 27].

Microscale thermophoresis

Prior to microscale thermophoresis (MST), respective protein storage buffers were
exchanged by dialysis (50 mM Tris-HCI, pH 7.5, 100 mM sodium chloride, 1 mM DTT,
3 mM benzamidine), to remove any remaining glycerol. Differently coated capillaries
were tested using 500 nM taMyc in a Monolith NT.115 microscale thermophoresis
spectrometer (NanoTemper, Munich, Germany). The hydrophilic capillaries
performed best and were used in further experiments. taMax was titrated to 500 nM
taMyc, in following concentrations (nM): 10, 20, 50, 100, 200, 500, 1000, 5000 and
measurements were carried out in triplets with a laser power of 40 %. The data was

analyzed using Origin v.2018b and fitted by both quadratic and Hill functions.

Analytical ultracentrifugation

The storage buffers of taMyc and taMax, respectively were substituted by CD buffer
to minimize signal artifacts. Analytical ultracentrifugation (AUC) experiments were
performed in a Proteomelab™ XL-1 centrifuge with an An50Ti rotor (both Beckman
Coulter). For the determination of sedimentation coefficients, 400 ul protein
solutions (3 uM and 12 uM taMyc each and 33 uM and 112 uM taMax, respectively)
were applied to the sample sector and 400 ul CD buffer was placed in the reference
sector. The system was cooled down to 4 °C and the rotor was accelerated to
50,000 rpm. Data were collected at 280 nm using the installed absorbance detection.
For co-sedimentation experiments, 12 uM taMyc and 6 puM, 12 uM and 24 uM
taMax, were centrifuged in the same sample vector according to settings described
above, respectively. The absorption of the sample was obtained as a function of the
radial position and the centrifuge was programmed with the Proteomelab™
(Beckman Coulter). The SEDFIT program [28] uses a model for diffusion-corrected
differential sedimentation coefficient distributions (c(s) distributions), which was

also used to evaluate the measured data. In ¢(s) distributions, the absorbance of a
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specific protein complex species is exhibited by areas under the separate peaks and

therefore can be used to determine binding isotherms [29].

Results and Discussion

Conservation of the taMyc and taMax proteins

Sequencing of full-length tamyc and tamax genes revealed coding sequences (CDS)
with a size of 966 bp (tamyc) and 501 bp (tamax), respectively, which corroborates
with former predictions [17]. The 5’ untranslated region (UTR) of tamyc
encompasses 135 bp, contains a 4125 bp intron and an alternative start methionine
33 bp prior to the predicted start. In contrast, tamax has a 5° UTR with a size of
150 bp and a 437 bp intron [51]. The alternative start methionine in the 5’ UTR of
tamyc indicates different protein isoforms that were also found in the Trichoplax
transcriptome and may indicate an additional type of control gene expression [30].
By comparing the taMyc amino acid sequence to human and chicken c-Myc and
Hydra Myc1, a conserved bHLHLZ motif was identified, as well as all four N-terminal
Myc-boxes (MBI-IV) (Fig. 2.5A). The overall genetic distance between taMyc and
human c-Myc, based on the amino acid sequence identity, amounts to 26.06 %,
27.73 % chicken and 18.36 % Hydra proteins. The highest sequence identity was
found between taMyc and the human protein in MBIlla and MBIllb (66.67 % and
87.50 %). Comparison between taMyc and the diploblastic Hydra Mycl shows
sequence identities lower than 30 % in all conserved regions except for MBIllb
(37.50 %) (Tab. A2.3). Sequence analyses revealed a conserved exon-intron structure
of Myc proteins, with taMyc and Hydra Mycl containing an additional intron [21].
Compared to known homologs, the bHLHZ motif in taMyc possesses a glutamic acid
residue at position 302, and seven leucine residues instead of the crucial octameric
leucines. These substitutions may lead to differences in its dimerization ability with
taMax. Yet, two important arginine residues were found at the C-terminus of taMyc
(Argsos-306) that are known to mediate binding specificity in human Myc (Argaz3-424)
and Max proteins [10] That might compensate for the amino acid substitution in the
bHLHLZ domain. The taMax protein is less than half the size of taMyc and more
conserved throughout the analyzed species (Fig. 2.5B). The overall sequence

identities of taMax, human, chicken and Hydra sequences, amounts to 43.53 %,
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2. Experimental studies

44.71 % and 43.18 % respectively. The bHLHLZ motif comprises the biggest part of

the protein. A sequence identity of 47.48 % was detected between taMax and

human Max (Tab. A2.3). These findings propose similar functions for taMyc and

taMax, like dimerization and binding to enhancer boxes in order to activate or

suppress target genes known from higher animals [31]. To test these hypotheses

experimental data are needed and we suggest to use Trichoplax adhaerens as a

suitable model organism for such studies.
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homologs from human, chicken and Hydra.

(A) Myc protein alignment, GenBank accession nos.: Hs c-Myc: NP_002458.2, Gg Myc: NP_001026123.1,
Hv Mycl: GQ856263.1, Ta taMyc: XP_002113957 (B) Max protein alignment, GenBank accession nos.: Hs
Max: NP_002373.3, Gg Max: P52162.1, Hv Max: ACX32069.1, Ta taMax: XP_002107861. Alignments were
generated with ClustalW algorithm implemented in Geneious v8.1.7 and adjusted manually. Gaps are
indicated by dashes, the Myc boxes (MB) I-IV and the bHLHL-zip motifs are highlighted. Conserved
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leucine residues in the bHLH motif are marked by asterisks.

Expression and purification of full-length recombinant taMyc and taMax

For the first time, the recombinant full-length proteins taMyc, containing both 6His
and YFP tags, and 6His-tagged taMax, have been successfully expressed with
inducible T7 expression vectors in E. coli BL21(DE3)pLysS (Fig. 2.6). 6His-taMax was
more successful with regards to expression than 6His-YFP-taMyc, which showed low
solubility. Soluble 6His-YFP-taMyc displayed degradation and was truncated at its C—
terminus (data not shown). Both proteins were purified using nickel-affinity
chromatography and gel permeation chromatography, yet they contained 10-20 %
bacterial protein contamination. In order to improve purification results, protein
preparation with a different tag should be considered to enhance the solubility [32].
The theoretical molecular weight of 6His-YFP-taMyc is 65.4 kDa and 20.5 kDa for
6His-taMax. However, both purified proteins show higher molecular weights
(Fig. 2.6). The high amount of degraded 6His-YFP-taMyc protein is consistent with
former studies [33-35]. Even purifications of the full-length proteins, under
denaturing conditions from inclusion bodies, have led to considerable quantities of
degraded c-Myc protein. This was most likely caused by hampered translation
processes [36]. Reasons for partially degraded human c-Myc proteins were the high
overall proline content (8 %) and an arginine-enriched C-terminus. Both are known
to cause a strong bias in codon usage between human cells and bacteria, in which
the proteins were recombinantly expressed [36]. Albeit the proline content of the
Trichoplax Myc protein (6 %) is slightly lower than in humans, it holds a similar level
of almost 14 % arginine residues (Fig. 2.5A) [36], making it also prone to codon bias

and shortage of specific tRNAs during translation.

- 65.4 kDa 6His-YFP-taMyc Figure 2.6: Expression of taMyc and taMax
proteins.
SDS-PAGE of the recombinantly expressed and
! purified 6His-YFP-taMyc (65.4 kDa) and 6His-
« 20.5 kDa 6His-taMax taMax (20.5 kDa) proteins.

e |
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Structural characterization of taMyc and taMax

Since human c-Myc and Max proteins are known to have a high tendency for being
unordered and lacking conformations [37, 38], Trichoplax taMyc and taMax amino
acid sequences were analyzed in terms of their intrinsic structure. Prior to
experimental structural characterization, the theoretical protein disorder
probabilities were calculated for both proteins using the PrDOS algorithm [22].
Calculations were performed for 6His-YFP-taMyc, 6His-taMax, taMyc and taMax
(Fig. 2.7). More than 50 % of both taMax and 6His-taMax amino acid sequences
display high disorder probabilities which have almost 20 % more disordered regions
than taMyc and 6His-YFP-taMyc (Tab. A2.4-A2.7). The disorder probability of taMyc
is 9 % higher than 6His-YFP-taMyc (39.56 % vs 30.86 %), which is most likely due to
its YFP tag. The low propensity of conformation in the Trichoplax proteins are in line
with Myc and Max characteristics throughout the animal kingdom [39]. Predictions
of disorder probabilities of single amino acid residues within the proteins have
shown lower scores in the conserved motifs (MBI-IV and bHLHLZ) [39], which also
coincide with PrDOS modeling of both Trichoplax proteins. Interestingly, the
intrinsically disordered N-terminus of human c-Myc is prone to mutations, leading to
cancer-related amino acid substitutions [40-42]. These mutations likely decrease
conformation within the protein, causing malfunctions ([39] and references therein).
This disordered N-terminus already emerged at the base of Metazoa or even in
unicellular relatives as homologs were found in Monosiga brevicollis and Capsaspora

owczarzaki [16].
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Figure 2.7: Disorder probabilities of taMyc and taMax.

Disorder probabilities of taMyc (a), 6His-YFP-taMyc (b), taMax (c) and 6His-taMax (d) have been
modeled with the PrDOS software. The disorder probability is plotted against the amino acid
sequence and the red line marks the threshold. Every amino acid above 0.5 (50 %) is anticipated to be
unordered whereas everything below is supposed to be structured. (a) The N-terminus of taMyc,
containing the Myc boxes (MBI-MBIV), shows a higher amount of unordered amino acids than the C-
terminal; (b) the ordered region at 6His-YFP-taMyc’s N-terminus contains the YFP-tag. (c, d) The
overall amount of disordered amino acids in taMax and 6His-taMax is higher than in taMyc and
ordered regions are only detected in the middle of the protein and start of the bHLHLZ motif.
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Structural information for human c-Myc is only available for some specific motifs
within the protein, although the function of human c-Myc and its interaction with
other proteins depends on its structure. So far, crystallization attempts of the full-
length protein monomer failed due to its intrinsic disorder [39]. It is important to
understand the structural characteristics of the Myc protein in basal metazoans with
respect to the evolution of bHLHLZ transcription factors, if we seek better
understanding of key regulators in the cell cycle and homeostasis [4, 5]. Therefore,
the different proportions of secondary structures within 6His-YFP-taMyc full-length
protein were measured via CD spectrometry and calculated by DirchoWeb’s CDSSTR
algorithm [23, 24, 26, 27] with reference data set 4 [25] (Fig. 2.8; Tab. 2.4). 6His-YFP-
taMyc consists of 14 % a-helices, 30 % B-strands and 24 % turns. 32 % of the
protein’s amino acids do not belong to any ordered secondary structure. The
measured data differ only 1 % from the predicted disorder probability (Tab. A2.5).
These results are in contrast to the significant propensity of disordered protein
regions (as described earlier [39]), but can be explained when compared to the
human c-Myc:Max heterodimer (containing the C-terminal bHLHLZ domain). The
truncated heterodimers consist of 70% a-helices in structured coiled-coil
formations. This number increases to up to 84 % when binding to DNA [43, 44].
However, studies from Lavigne et al. [45] already indicated a strong buffer bias for
both human c-Myc bHLHLZ motif and for the c-Myc:Max heterodimer. Especially c-
Myc’s association with tumor formation pleads for new therapeutic strategies and
amino acid residues in the highly disordered N-terminus seem to be suitable
candidates for small-molecule inhibitors [44, 46]. Although computationally
generated structure information is easily available, it cannot imitate physiological
conditions. Experimental characterization is therefore necessary. The data from
basal metazoans will further help to understand the evolution of these proteins and

might give new impulses for applied research.
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Figure 2.8 Far-ultraviolet circular dichroism of 6His-YFP-taMyc.

Mean residue ellipticity at 20 °C is plotted as a function of wavelength with a total concentration of
2.5 uM 6-His-YFP-taMyc. Secondary structures have been calculated with the CDSSTR algorithm at the
DichroWeb server. 6His-YFP-taMyc contains 14 % a-helices, 30 % [B-strands, 24 % turns and 32 %
unordered regions.

Table 2.4: Ratio of secondary structures within the 6His-YFP-taMyc protein.
The ratio of secondary structures within the tagged Trichoplax 6His-YFP-taMyc protein was measured
by CD-spectrometry at 20 °C and calculated with the CDSSTR algorithm at the DichroWeb server.

a-helices B-strands Turns Unordered

14 % 30 % 24 % 32%

Binding affinities of taMyc and taMax

Myc and Max proteins belong to the family of bHLHLZ transcription factors, which
form homo- (Max:Max) and heterodimers (c-Myc:Max) in order to bind to DNA [5, 7,
8]. Little data is available from early branching metazoans, except for Hydra Myc and
Max proteins [21, 47]. Information on dimer formation of the full-length proteins
from Trichoplax will further help to shed light on their evolution.

The recombinant expressed and purified full-length proteins 6His-YFP-taMyc and
6His-taMax formed heterodimers during sedimentation experiments in an analytical
ultracentrifugation experiment at 4 °C (Fig. 2.9). Monomeric 6His-YFP-taMyc has a
sedimentation coefficient of 2 S (Fig. 2.9). Unfortunately, no data is available for

6His-taMax protein thus far.
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Figure 2.9: Sedimentation of 6His-YFP-taMyc:6His-taMax heterodimers and 6His-YFP-taMyc and
6His-taMax monomers by analytical ultracentrifugation.

The sedimentation velocity (c(s)) is plotted against the sedimentation coefficient to determine the
interaction level of 6His-YFP-taMyc:6His-taMax. 6His-YFP-taMyc is constantly held at 12 uM whereas
6His-taMax was added in different concentrations. The appearance of new peaks at 1.5 S and 2.5 S
after adding 6His-taMax to 6His-YFP-taMyc, indicate heterodimerization. Monomeric 6His-YFP-taMyc
(black dashed line) exhibits a sedimentation coefficient of 2 S but no value can be assigned for
monomeric 6His-taMax (blue dashed line) with the used concentration of 33 uM.

The protein-protein binding between 6His-YFP-taMyc and 6His-taMax was further
investigated at room temperature by means of MST. 6His-YFP-Myc concentration
was set to 500 nM and titrated with increasing concentrations of 6His-taMax. Figure
2.10 shows the fitted binding curves of 6His-YFP-taMyc:6His-taMax heterodimers.
The titration of unlabeled 6His-taMax results in a gradual shift in thermophoresis,
which is plotted as normalized fluorescence. The dissociation constant (Ky) of the
recombinant 6His-YFP-taMyc:6His-taMax complex was calculated by both the Hill
and quadratic functions [48] and amounts to 100 + 10 nM. The high variability within
the Kq values of known Myc fragments (mostly human) makes a classification of the
measured Trichoplax Myc:Max Kq value challenging. Former studies that targeted the
kinetics of homo- and heterodimer formation of human Myc and Max proteins
concentrated on the bHLHLZ motif [44, 49, 50]. Even within these studies, the
dissociation constants differed immensely from Ky = 6 nM [44] to Ky = 460 uM [50].

Interestingly, slightly different constructs as well as different buffer conditions and
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analytical methods seem to lead to a high variability in data. Albeit the K4 value of
the full-length 6His-YFP-taMyc:6His-taMax heterodimer gives a better idea of the
interaction of these proteins, more data is needed. Future studies should focus on
increasing the understanding of the co—evolution of Myc and Max proteins, for

instance, by studying taMyc without a probably interfering YFP-tag.
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Figure 2.10: 6His-YFP-taMyc:6His-taMax interaction measured by microscale thermophoresis.

To determine the affinity of the binding reaction, a titration series (10 nM to 5000 nM) of 6His-taMax
was performed while 6His-YFP-taMyc was kept at a constant concentration of 500 nM. The change in
the thermophoretic signal leads to a Ky = 100 + 10 nM. The blue line exhibits the Hill function fit, the
red line shows the quadratic fit.

Conclusion

taMyc and taMax proteins in placozoans contain important conserved areas for
protein interaction and DNA-binding, suggesting similar roles in cell cycle control and
homeostasis as known from morphological more complex animals. First kinetic and
structural insights of the purified full-length proteins in vitro, confirm their mutual
interaction but the poor stability of the taMyc protein hampers experimental
studies. Future studies on these proteins from Trichoplax should focus on their DNA-
binding ability to stabilize the taMyc:taMax heterodimers, in order to get a better

understanding of the evolution of these essential transcription factors.
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3. Discussion
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Mechanisms which ensure cellular integrity have to be highly regulated in all living
beings. Morphological complexity and the number of regulatory genes have risen
during course of evolution, but several key components are conserved from simple
organisms to humans. Among those are cell cycle control and regulation of
programmed cell death, which are crucial for a successful development of
multicellularity. Little is known about functions and interactions of related signaling
pathways in animal phyla close to the root of metazoan Tree of Life. This thesis
illuminates some basic regulatory mechanisms by exemplarily analyses of p53, Myc

and Max homologs in the placozoan Trichoplax adhaerens.

tap53 and the regulation of apoptosis in Trichoplax
When the first placozoan genome was sequenced in 2008, it revealed a remarkable
variety of genes, including many homologs of cell signaling pathways known from
vertebrates [1]. This was somewhat surprising, considering the extreme primitive or
simple bauplan of Trichoplax. Five new placozoan genomes have recently been
published (H2, Hoilungia hongkongensis (H13), H4, H6 and H11) [2-4] which has given
further insights into the complex genome structure and genetic repertoire of the
phylum Placozoa. Although the phylogenetic position of placozoans remains
controversial [5-7], their simple morphology and several genetic features suggest that
placozoans resemble the best living surrogate for a bilaterian ancestor or even the
urmetazoan [5, 8, 9]. This implicates a primordial gene set [10, 11] and opens up the
possibility to study the ancestral function of complex cell signaling pathways.

tap53, the Trichoplax homolog of the human tumor suppressor p53, initiated
apoptosis after chemical interruption of the tap53/taMdm?2 interaction in vivo. This
leads to the assumption of a conserved function of tap53 and taMdmz2 in apoptosis
among metazoans. The formation of phenotypic abnormalities (impaired ratio of
central-marginal tissue) after inhibitor treatment further suggested a wider spectrum
of regulatory functions of tap53 (Chapter I).

Surprisingly, tap53 knockdown was lethal within 72 hours and led to an increase of
apoptotic cells, with the latter already observed after tap53 accumulation (Chapter Ill).
This differs remarkably from previous studies, e.g. in which knockdown of a p53

homolog in the sea anemone Nematostella vectensis was shown to decrease apoptotic
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events after UV radiation [12]. Furthermore, p53 -/- mice survived up to six month,
before the knockout animals succumbed to developing tumors, enhanced by a lack of
apoptotic response [13, 14]. This raises the possibility of an alternative apoptosis
pathway in Trichoplax, in absence of tap53. p53-independent apoptosis is known to
eliminate cancer cells, which lack p53-dependent apoptosis due to mutant proteins
[15]. It initiates programmed cell death through recruitment of pro-apoptotic
members of the Bcl-2 gene family, and thus starts an apoptosis signaling cascade via
the mitochondrial apoptosis pathway [16, 17]. The RNASeq data generated here
support the idea of p53-independent apoptosis in Trichoplax. Proteins belonging to the
placozoan Apafl/NOD-like receptor family were up-regulated. Together with Caspase-
9, Apafl forms the apoptosome — a crucial construct in the mitochondrial apoptosis
pathway, to pass the death signal to the downstream Caspase cascade [18-20]. Thus
far, the here described p53-independent apoptosis has neither been observed in
unicellular choanoflagellates nor in other diploblastic animals. Further research on
placozoans is needed to shed light on the mechanisms of apoptosis regulation in early

metazoan evolution in general and on tap53 interaction partners in detail.

tap53’s broader reach

Although p53 is best known for its role in the regulation of apoptosis, it harbors the
most complex interactome and is crucial for cellular integrity in multicellular organisms
(reviewed by [15]). Experimental evidence confirmed the association of tap53 with
apoptosis in Trichoplax (Chapter | & Ill), but studies which characterize other functions
were missing until today. RNASeq performed after tap53 knockdown, and subsequent
identification of differentially expressed genes uncovered proteins, which are linked to
immunity and stress response (Chapter Ill). The up-regulation of an IRAK-like protein,
Hsp70 and a protein that belongs to the Bcl-2 family, suggests a functional role of
tap53 in cellular defense mechanisms, like innate immunity and stress responses [21-
23]. As the absence of tap53 is highly lethal for Trichoplax, placozoans may have
developed tap53 protein-concentration-dependent checkpoints. Factors which cause
tap53 deregulation have been shown to be harmful for the organism, and the cells
may react with defense and cell survival response or apoptosis, respectively, to

eliminate the affected cell. Though the described pathways are incomplete and require

73



additional experimental verification, they are nevertheless the first experimental proof
that tap53 is a master control gene in Trichoplax. Furthermore, it leaves space for
discussions about the ancestral functions of p53, as the complexity of its regulatory

network might not have increased proportional to morphological specialization.

Proto-oncogenes in Trichoplax — lessons from taMyc and taMax protein structures

Another key regulator which controls fundamental cellular processes like growth,
proliferation, differentiation and apoptosis, is the proto-oncogene c-myc [24, 25].
Homologs have been found throughout metazoans, as well as in unicellular
choanoflagellates [26, 27]. Trichoplax harbors homologs of both Myc and its
interaction partner Max (taMyc and taMax), which form heterodimers in order to bind
to DNA and regulate transcription of target genes [28, 29]. Although Myc and Max are
well studied, structural characterization of the full-length proteins are missing.
Recombinant expression and purification of full-length taMyc and taMax proteins
performed in the course of this thesis showed high instability of taMyc, experimentally
requiring a stabilizing YFP-tag (Chapter V). Purified taMyc and taMax proteins have
been shown to be functional and to be able to form heterodimers. The dissociation
constant of the heterodimeric proteins in the absence of DNA was 100 + 10 nM, which
is most likely to be higher in the presence of DNA. The secondary structure of taMyc
revealed an unexpected high amount of B-sheets and turns, but only 32 % of the
protein have been found unordered (Chapter IV) — probably due to the YFP-tag.
Further studies on the full-length proteins are needed, as the N-terminal part of taMyc
harbors Myc boxes, which are supposed to be important for the interaction with other
proteins [30, 31]. In sum, Trichoplax has already been shown to be an important model
system to further understand primordial processes underlying the interaction of Myc
with other proteins. Future studies should focus on the binding affinities of taMyc and
taMax in the presence of DNA and to specifically stabilize taMyc. Although those
experiments cannot represent physiological conditions in a cellular environment, it will
give important information about the N-terminal Myc boxes and their interaction with

other proteins.
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Why is it important to find new placozoan species?

The classification of new species in the phylum Placozoa is challenging for several
reasons, which include a highly uniform morphology (with one exception, see below),
very few morphological characters, little information about habitat preferences and
the general ecology, and a broad lack of knowledge on sexual reproduction and
possible reproductive barriers [3]. Nevertheless, the description of the new placozoan
species, Polyplacotoma mediterranea (Chapter Il) is a major step to overcoming some
of these barriers. Polyplacotoma shows remarkable differences compared to all other
placozoans known. It exhibits a long body with polytomous branches, a compact
mitochondrial genome and grows very slowly under laboratory conditions (Chapter Il).
This might hint to nuclear genomic differences, which could further affect cellular
regulatory mechanisms. Future functional genetic and comparative physiological
studies on Polyplacotoma will clearly help to deepen our knowledge of the enigmatic
phylum Placozoa. Furthermore, the characterization of a previously unknown
placozoan genus highlights the importance of extensive taxon sampling and

comprehensive field work.

Conclusions

In multicellular organisms, the regulation of key cellular processes is controlled by
complex molecular interaction networks. Functional genetic studies, comparative
analyses at the transcriptome level and biochemical approaches revealed new and
important insights into the regulation of apoptosis and cell cycle control in the early-
branching metazoan phylum Placozoa. The results underline the importance of simple
model organisms predating the Bilateria to study multi-component signaling pathways,

in a less complex environment. This also opens new perspectives for applied research.
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A.1 The role of p53 in the regulation of apoptosis in the
placozoan Trichoplax adhaerens.
(Chapter lll)

Figure A1.1: Live image of transfected animals.

Images of Trichoplax adhaerens were taken 21 h after transfection with fluorescent dsRNA probes of
(a) Interferin (IF) and (b) tap53. Signal is equally distributed in the tap53 KD animal. The IF control
does not show any signal but a low amount of autofluorescence. The bars mark 100 um.

Figure A1.2: Semi-quantitative PCR after tap53 knockdown.

21 h after tap53 KD, a semi-quantitative PCR was conducted to quantify the down-regulation of
tap53. tap53 KD samples are shown on lane 1, 4, 7, 11. Control groups were ITS (2, 5, 8, 11) and
Interferin (3, 6, 9, 12). Primer sets for the following genes were used for amplification in each
treatment. tap53 amplification: 1-3, taMdm2 amplification: 4-6, taMBL amplification: 7-9, taQuaking
amplification: 10-12. Respective dsRNA probes and primer sets are listed in the Appendix.
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Table Al.1: Sequences of primer sets used in Chapter Iil.
Forward and reverse primers that were used for dsRNA probe
synthesis are highlighted in black and purple, respectively.

Primer Sequence

ITS-Odo_fw 5
ITS-Odo_rv 5 3
Ta_pS3_fw 5 ¥
Ta_p53_rv 5 ¥

TaMBL_fw 5 TGGCTTCGTAACTGCCTG 3’

TaMBL_rv 5 GGTCAACTTTAGCAGGCTTC 3’
TaQuaking_fw 5" CACATTCCTTCACTGCGAAC 3’
TaQuaking_rv 5" CCCTGGTTGGTGTATCTTCC 3’

Table Al1.2: Sequences of RNAi probes.
RNAI probes were generated for a ITS sequence from Trithemis stictica and tap53 from Trichoplax
adhaerens. Forward and reverse primers are highlighted in black and purple, respectively.

Trithemis stictica ITS:

[eparelcy LT VSO IO CTYNEGATCATTACCGTTTGTTTTTGCGATTAATTTCGCTGAAACGA
GAGAAGAGAGAGAAAAGACAGTGAAAATGAGACAAAGAGGCAACGAGAGGGATGTCCCG
TCCTGGAACGATGGAGGGCACCTGTGTGTGGTTTTAAAAGTCTCACGCCCTTCGGRCGGAA
GATGGAAAGAARATCCCCGTTACATGACCAACTCGTGGTGAGAGCGAGTATTGATGCATTT
TGTATGGTCTCTCGCATTCGTGAGAGAGAGAAAAAAAATTTGAAAACGTATCCTAAACGGT
GGATCACTCGGCTCGTGGATCGATGAAGGACGCAGCAAACTGCGCGTCGAATTGTGAACT
GCAGGACACATGAACATCGACGCTTCGAACGCACATTGCAGCCCACGGATTCTGTTCCCGG
GCTACGCCTGGCTGAGGGCCGGCTAAAAAGTTTGACGGACCGCTCGTCTTCGGACGGGCG
AGTTCCCACGTCACGGTGGGGGGACGCCGCCTCTACGAGTGCGAGCGTGCCCCGGATCGC
CTAGACGGCGGGCGCCGGTGCGTGGAGGAGACCGCGCGAGTTCCCCTGCGGGACGGTGC
GGAGTCGAATCCTCGAGGACGCGGGTGCTCTGCGAACGCCTTCATGCTTCATGCGGCGTTC
TCCCAGGCCCCGTCTCGAGTCGGCCCGCGCTCCCTCTCGGGCGAGAGCGCACCTCCTCGCC
GCCGAGCGAACGATGCGTCCGCCGTGTATATTCATTTTGC ooy [eaXeriNeleelegferaNe

Trichoplax adhaerens tap53:

A S SIS IS CICAAGAACTGTCGTCTTCATGGCAATTGATGATCGATGAAAT
TACTCAAGGAAAGTTCAACACTAACGAAGACGAGGGTACAGCTATTTATTCGTACTCCGAG
CAAAATCCTGATGATCGCTATTTAATGAGGCCAAACGAGCCTCAATACATTAGCGCTGGTTA
TCCAGATGGGCAGGTAGGGCAACTTCCTCGCGAATTTGCCGTTAATCAAATTCCGTCCCCAA
GAACATTTAGTGACAACGTTTCCAGTTCTGCTGATAAAGCTCGCGAAGCGTATTACGGCCAA
GCCGTTAACGGTGTCAGTGCTGAAACGTCACCACCGCTAAAGAGGGATCCGTCTCTGCCTTC
AAATGCTGAATATATTGGCAATTTTGGCTT{eerA@ g feciey Py NECTAL&7AETAVA

80



Table Al1.3: Raw data of animals’ population sizes after tap53 knockdown.

Given are numbers of animals over the duration of 72 h after initial knockdown in three
independent experiments (KD1, KD2, KD3). Averages and standard deviations were used for
graphical visualization. Statistical analyses have been performed with a two-sided t-test.

Treatment Oh 21h 48h 72h two-sided t-test
tap53 vs ASW tap53 vs ITS tap53 vs IF
KD1 21 hpt 0.0225 0.1106 0.0060
ASW 40 51 70 65 48 hpt 0.0033 0.0002 0.0001
IF 40 46 61 72 72 hpt 0.0068 0.0019 0.0011
ITS 40 48 47 49
tap53 40 24 5 0
KD2
ASW 40 89 119 127
IF 40 54 61 94
ITS 40 31 51 58
tap53 40 30 3 0
KD3
ASW 40 71 110 128
IF 40 48 73 63
ITS 40 50 59 78
tap53 40 34 8 0
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Raw data on the animals’ body sizes after tap53 knockdown is provided in the digital
appendix.

Table A1l.4: Statistics of animals’ body sizes after tap53 knockdown.

Sizes of Trichoplax specimen were measured daily after knockdown in three independent
experiments. Averages and standard deviations were used for graphical visualization. Statistical
analyses have been performed with a two-sided t-test.

ASW IF ITS p53 ASW IF ITS p53 ASW IF ITS p53
21h 21h 21h  21h 48h 48h 48h  48h 72h 72h  72h 72h

Min 017 019 02 026 0.2 02 024 05 021 021 021 O
a1 055 1.88 144 169 061 11 103 066 067 074 095 O
Median 171 317 3.02 239 157 285 252 097 156 205 186 0
Q3 312 348 345 303 304 336 329 12 303 32 316 O
Max 373 425 484 373 373 372 568 259 468 371 513 0
Min 017 019 02 026 0.2 02 024 05 021 021 021 O
Q1-Min 038 169 125 143 042 089 078 016 046 053 074 O
gled'a”' 116 129 158 0.7 096 176 149 031 089 131 091 0
Q3- 142 03 043 064 147 05 077 023 147 116 13 0
Median
Max-Q3 06 077 138 07 069 036 24 139 165 051 197 0
Two-sided t-test
tap53 vs ASW tap53 vs ITS tap53 vs IF
21 hpt 0.0031 0.1113 0.0109
48 hpt 0.0156 0.0003 4.86E-05
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Table A1.5: Raw data obtained from TUNEL staining after tap53 knockdown.
21 h after tap53 knockdown the amount of apoptotic cells in Trichoplax adhaerens was monitored,
IF served as a control. Statistical analyses have been performed with a two-sided t-test.

Animal Nuclei Apz(;:ltlgtlc Quotient Percentage IF tap53
IF (21h)
l.a 632 3 0.0047 0.47 Min 0.12 1.66
1.b 612 1 0.0016 0.16 Q1 0.1975 2975
l.c 343 2 0.0058 0.58 Median 0.43 3.22
2.a 301 3 0.0099 0.99 Q3 0.595 5.54
2.b 482 2 0.0041 0.41 Max 0.99 9.89
2.c 662 1 0.0015 0.15 Q1-Min 0.08 1315
3a 668 5 0.0075 0.75 Median-Q1 0.23 0.245
3.b 459 6 0.0131 0.13 Q3-Median 0.17 2.32
3.c 663 4 0.0060 0.6 Max-Q3 0.4 4.35
4.a 444 2 0.0045 0.45
4.b 843 1 0.0012 0.12
5.a 559 5 0.0089 0.89 Two-sided t-test
5.b 633 2 0.0031 0.31 0.0039
5.c 287 1 0.0035 0.35
tap53 KD (21h)
l.a 283 20 0.0707 7.07
1.b 374 37 0.0989 9.89
l.c 432 8 0.0185 1.85
2.a 484 15 0.0309 3.09
2.b 364 11 0.0302 3.02
2.c 539 16 0.0297 2.97
3a 259 20 0.0772 7.72
3.b 421 7 0.0166 1.66
3.c 369 11 0.0298 2.98
4.a 352 13 0.0369 3.69
4.b 491 9 0.0182 1.82
4.c 142 9 0.0634 6.34
5.a 466 15 0.0322 3.22
5.b 422 20 0.0474 4.74
5.c 408 18 0.0441 4.41
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Table Al.6: Statistics on all differentially expressed genes after tap53 knockdown in a tap53 vs
IF comparison.

Differential gene expression was performed on RSEM transcript quantifications with limma-voom
in R. Transcripts were identified as differentially expressed by 4-fold changes and p < 0.001.

Trinity ID logFC logCPM p-value FDR Trinity ID logFC logCPM p-value FDR
tap53 vs IF up-regulated: tap53 vs IF up-regulated:

DN1028_c0_g2 -2.3724 2.321 0.0000 0.0003 DN4837_c0_gl -2.0863 0.9271 0.0001 0.0009

DN1028_c0_gl -1.3006 0.5282 0.0510 0.0861 DN5052_c0_g1 -2.3659 2.2814 0.0001 0.0010

DN10746_c0_gl -4.1728 0.6394 0.0000 0.0003 DN5052_c0_g1 -2.3659 2.2814 0.0001 0.0010

DN1151_c0_gl -3.2038 2.7867 0.0000 0.0003 DN5801_c0_g1 -2.1914 1.3573 0.0001 0.0009

DN11898 c0_gl -2.1371 4.4910 0.0000 0.0003 DN6048_c0_g2 -2.0491 1.6333 0.0001 0.0010

DN1190_c0_g1 -2.1310 2.9561 0.0000 0.0003 DN6194_c0_gl -3.5673 0.3537 0.0001 0.0008

DN1372_c0_gl -2.0433 2.3208 0.0000 0.0004 DN6574_c0_gl -3.7514 0.7794 0.0000 0.0004

DN1414_c0_gl -2.1190 3.0637 0.0000 0.0003 DN6762_c0_gl -4.6298 0.8517 0.0000 0.0004

DN14656_c0_gl -2.6726 1.2331 0.0001 0.0008 DN6790_c0_gl -2.6523 4.3212 0.0000 0.0003

DN15859_c0_gl -3.9681 0.1050 0.0000 0.0005 DN6992_c0_g1 -5.6707 2.1438 0.0000 0.0003

DN16092_c0_gl -2.9762 2.5389 0.0000 0.0005 DN7103_c0_gl -2.1553 1.2664 0.0001 0.0007

DN1617_c0_gl -2.0108 0.9761 0.0001 0.0010 DN7242_c0_gl -3.3316 1.4429 0.0000 0.0006

DN1833_c0_gl -2.5910 1.8577 0.0000 0.0003 DN7398_c0_gl -3.3787 1.8590 0.0000 0.0003

DN1892_c0_gl -2.0428 1.9668 0.0001 0.0006 DN807_c0_g1 -2.2809 1.8201 0.0000 0.0004

DN1927_c0_g2 -2.1232 1.2868 0.0001 0.0006 DN900_c0_g1 -2.6831 4.3255 0.0000 0.0003

DN1927_c0_g4 -0.3886 2.4207 0.0065 0.0176 DN9571_c0_g1 -3.4048 0.5610 0.0000 0.0006

DN193_c0_gl -2.0707 4.4560 0.0000 0.0003 DN9982_c0_gl -5.1440 0.4774 0.0000 0.0005

DN193_c1_gl -0.0850 3.1196 0.2513 0.3176 DN9982_c0_g2 0.3363 0.2502 0.3745 0.4451

DN2026_c0_g1 -2.1619 3.6372 0.0000 0.0003

DN2026_c0_g2 -1.8561 0.6298 0.0002 0.0014 tap53 vs IF down-regulated:

DN2041_c0_gl -3.3920 3.7768 0.0000 0.0003 DN10076_c0_gl 2.4284 0.4898 0.0001 0.0010

DN2230_c0_g2 -2.1069 2.1502 0.0000 0.0004 DN10734_c0_gl 2.2010 5.1345 0.0000 0.0003

DN2230_c0_g1 0.0860 -0.0032 0.6745 0.7298 DN1427_c0_gl 2.4291 3.1888 0.0000 0.0006

DN2234_c0_gl -2.8868 3.3301 0.0000 0.0003 DN1474_c0_gl 2.6037 3.6935 0.0000 0.0004

DN2262_c0_gl -2.8071 2.5634 0.0000 0.0003 DN148_c0_g2 2.0424 4.0409 0.0000 0.0003

DN2262_c0_g2 -2.5536 0.0853 0.0003 0.0020 DN1692_c0_gl 2.1789 4.8821 0.0000 0.0003

DN2316_c0_gl -2.0388 2.6178 0.0001 0.0008 DN2135_c0_g1 2.0561 2.0157 0.0001 0.0009

DN2390_c0_g1 -2.8451 2.0833 0.0000 0.0004 DN2257_c0_gl 2.8217 2.5499 0.0000 0.0005

DN2390_c0_g2 -3.1993 -0.1175 0.0001 0.0011 DN2613_c0_g3 3.0836 5.0495 0.0000 0.0003

DN2413_c0_gl -2.5879 2.2904 0.0000 0.0003 DN329_c0_gl 3.5784 2.5133 0.0000 0.0004

DN2416_c0_gl -2.4166 3.2664 0.0000 0.0003 DN3650_c0_g1 2.6883 1.7463 0.0000 0.0005

DN2486_c0_gl -2.4485 3.4264 0.0000 0.0003 DN3674_c0_gl 2.9600 1.4825 0.0000 0.0004

DN2516_c0_gl -2.0222 2.6478 0.0001 0.0007 DN4254_c0_gl 2.3917 5.2476 0.0000 0.0003

DN257_c0_g2 -3.0265 3.1359 0.0000 0.0003 DN441_c0_gl 2.6301 2.8611 0.0000 0.0006

DN257_c0_gl -1.3075 6.3515 0.0000 0.0003 DN473_c0_gl 3.8882 2.1512 0.0000 0.0004

DN2585_c0_g1 -2.2906 2.8157 0.0000 0.0003 DN497_c0_g1 2.2796 3.1626 0.0000 0.0004

DN2612_c0_gl -2.0919 2.0987 0.0000 0.0006 DN50882_c0_gl 2.3445 2.0176 0.0001 0.0009

DN2637_c0_gl -2.3554 2.3923 0.0000 0.0003 DN5234_c0_gl 2.7761 2.4633 0.0000 0.0005

DN2654_c0_g4 -2.5254 2.7585 0.0000 0.0003 DN601_c0_gl 5.0211 6.8666 0.0000 0.0003

DN2666_c0_gl -5.4358 1.3392 0.0000 0.0003 DN6609_c0_g1 2.7068 2.3523 0.0000 0.0005

DN2666_c0_g2 -2.8974 0.8905 0.0000 0.0005 DN6609_c0_g3 0.5102 0.4957 0.3879 0.4580

DN274_c0_gl -6.1633 3.3148 0.0000 0.0003 DN753_c2_g2 6.1503 2.3835 0.0000 0.0003

DN275_c0_gl -3.0607 2.6007 0.0000 0.0004 DN753_c0_gl 1.1880 0.8426 0.0087 0.0217

DN276_c0_gl -4.3002 4.6595 0.0000 0.0003 DN753_cl_gl -0.9226 1.0733 0.0603 0.0985

DN2900_c0_g1 -2.1370 3.9845 0.0000 0.0005 DN772_c0_gl 2.4891 5.9455 0.0000 0.0003

DN2911_c0_g3 -2.6987 1.0679 0.0001 0.0007 DN7739_c0_gl 2.4392 0.3484 0.0001 0.0010

DN296_c0_g1 -2.2520 3.4982 0.0000 0.0003 DN7739_c0_g2 -1.0003 1.2817 0.0026 0.0089

DN3309_c0_g1 -2.6083 2.2388 0.0000 0.0003 DN8053_c0_g1 2.9492 2.6234 0.0001 0.0006

DN3342_c0_gl -3.3102 2.6456 0.0000 0.0004

DN3342_c0_g2 -2.6977 -0.4171 0.0003 0.0019

DN3347_c0_gl -2.4899 1.7446 0.0000 0.0004

DN3377_c0_g1 -2.5272 2.2062 0.0000 0.0003

DN356_c0_gl -2.0589 3.7143 0.0000 0.0003

DN3582_c0_gl -2.5748 2.7171 0.0000 0.0003

DN3621_c0_g3 -2.1030 2.0509 0.0000 0.0005

DN3718_c0_gl -6.3525 0.8521 0.0000 0.0003

DN3829_c0_g1 -5.2723 1.6399 0.0000 0.0003

DN3843_c0_gl -3.6242 2.1728 0.0000 0.0004

DN3895_c0_g1 -2.0433 2.1035 0.0000 0.0004

DN3932_c0_gl -2.6201 1.8230 0.0000 0.0003

DN3932_c0_g2 0.6872 2.2232 0.0017 0.0065

DN419_c0_gl -3.6256 4.4647 0.0000 0.0003

DN4246_c0_gl -3.2899 1.4441 0.0001 0.0008

DN4287_c0_gl -2.1367 2.8496 0.0000 0.0004

DN433_c0_gl -2.1522 4.4814 0.0000 0.0003

DN4366_c0_gl -2.1974 2.6668 0.0000 0.0003

DN455_c0_g1 -2.1357 2.1902 0.0001 0.0006

DN45816_c0_gl -5.4851 2.1502 0.0000 0.0003

DN468_c1_gl -2.0407 4.2479 0.0000 0.0004

DN4750_c0_g1 -2.6850 2.0629 0.0000 0.0004
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Table A1.7: Statistics on all differentially expressed genes after tap53 knockdown in a tap53 vs
ITS comparison.

Differential gene expression was performed on RSEM transcript quantifications with limma-voom
in R. Transcripts were identified as differentially expressed by 4-fold changes and p < 0.05.

Trinity ID logFC logCPM p-value FDR Trinity ID logFC logCPM p-value FDR
tap53 vs ITS up-regulated: tap53 vs ITS up-regulated:
DN1028_c0_g2 -2.5314 2.0340 0.0000 0.0003 DN6790_c0_gl -2.1842 4.3893 0.0000 0.0001
DN1028_c0_gl -1.1565 0.4846 0.0588 0.0938 DN6992_c0_g1 -5.5882 2.1394 0.0000 0.0001
DN10746_c0_gl -4.1024 0.6251 0.0000 0.0002 DN7204_c0_gl -3.1439 1.0197 0.0000 0.0004
DN108_c0_g1 -2.0297 4.3659 0.0000 0.0001 DN7242_c0_gl -2.9321 1.4759 0.0001 0.0006
DN11018 c0_gl -4.8170 0.0190 0.0000 0.0001 DN7474_c0_gl -4.3885 1.2431 0.0000 0.0005
DN11018_c0_g2 0.1484 1.1057 0.3101 0.3787 DN7834_c0_gl -2.3943 0.6588 0.0001 0.0010
DN1199_c0_g2 -2.1029 2.6376 0.0001 0.0010 DN807_c0_g1 -2.1927 1.7839 0.0000 0.0004
DN1199_c0_gl -2.7464 -0.4500 0.0002 0.0013 DN8275_c0_gl -2.5740 -0.2661 0.0001 0.0007
DN1199_c0_g3 -1.3730 1.4548 0.0036 0.0107 DN900_c0_g1 -2.5281 4.3118 0.0000 0.0001
DN1833_c0_gl -2.6199 1.7989 0.0000 0.0003 DN9982_c0_g1 -5.0308 0.4706 0.0000 0.0005
DN1892_c0_gl -2.0035 1.9119 0.0001 0.0008 DN9982_c0_g2 0.3810 0.1230 0.3213 0.3902
DN1995_c0_g1 -2.3353 1.4867 0.0001 0.0006
DN2026_c0_g1 -2.1131 3.5879 0.0000 0.0002 tap53 vs ITS down-regulated:
DN2026_c0_g2 -1.9701 0.5176 0.0002 0.0013 DN10076_c0_gl 3.5635 1.3632 0.0000 0.0003
DN2041_c0_gl -3.1219 3.7869 0.0000 0.0001 DN10734_c0_gl 2.8767 5.5616 0.0000 0.0001
DN2116_c0_gl -2.0000 2.7226 0.0000 0.0004 DN1241_c0_g3 3.0830 3.1503 0.0000 0.0004
DN2186_c0_gl -2.6706 2.1015 0.0001 0.0006 DN1241_c0_gl 2.1248 0.1395 0.0008 0.0037
DN2186_c1_gl 0.0742 0.1555 0.7434 0.7855 DN1427_c0_gl 2.3421 2.9154 0.0000 0.0004
DN220_c0_g1 -2.1858 5.1189 0.0000 0.0001 DN1474_c0_gl 2.8515 3.7256 0.0000 0.0002
DN2234_c0_gl -2.4184 3.3904 0.0000 0.0003 DN148_c0_g2 2.5223 4.2836 0.0000 0.0001
DN2262_c0_gl -2.2953 2.6418 0.0001 0.0007 DN1533_c0_g2 2.0933 6.6462 0.0000 0.0001
DN2262_c0_g2 -2.3845 0.0717 0.0003 0.0017 DN1533_c0_gl 1.4248 2.4952 0.0002 0.0013
DN2316_c0_gl -2.7879 2.3610 0.0000 0.0005 DN1533_c0_g3 0.1893 2.2888 0.1746 0.2326
DN2390_c0_g1 -2.8625 2.0353 0.0000 0.0003 DN1692_c0_gl 2.3276 4.8276 0.0000 0.0001
DN2390_c0_g2 -3.2572 -0.1581 0.0009 0.0039 DN2048_c0_gl 4.6281 3.2377 0.0000 0.0002
DN2413_c0_gl -2.8833 2.1753 0.0000 0.0003 DN2135_c0_g1 2.4691 2.1985 0.0001 0.0007
DN2416_c0_gl -2.7415 3.1365 0.0000 0.0005 DN2257_c0_gl 2.9702 2.4896 0.0000 0.0004
DN24347_c0_gl -2.2895 2.4357 0.0000 0.0003 DN2613_c0_g3 3.1143 4.8752 0.0000 0.0001
DN2486_c0_gl -2.2987 3.4090 0.0000 0.0001 DN2633_c0_g2 2.0954 2.6003 0.0001 0.0006
DN257_c0_g2 -2.4266 3.2224 0.0000 0.0003 DN2834_c0_g2 2.7280 1.0651 0.0001 0.0008
DN2585_c0_g1 -2.5243 2.6965 0.0000 0.0002 DN2912_c0_g1 2.0346 2.3966 0.0001 0.0008
DN2612_c0_gl -2.2249 1.9943 0.0000 0.0004 DN329_c0_gl 4.2485 2.9574 0.0000 0.0001
DN2637_c0_gl -2.1434 2.3924 0.0000 0.0004 DN3650_c0_g1 2.4695 1.3500 0.0001 0.0009
DN2666_c0_gl -4.4589 1.3849 0.0000 0.0002 DN3674_c0_gl 2.8593 1.1859 0.0000 0.0005
DN2666_c0_g2 -2.3084 0.9816 0.0001 0.0006 DN4110_c0_g1 2.4458 1.7640 0.0001 0.0007
DN274_c0_gl -5.3282 3.3372 0.0000 0.0001 DN4254_c0_gl 2.1964 4.8775 0.0000 0.0001
DN275_c0_gl -2.8792 2.5932 0.0000 0.0003 DN441_c0_gl 2.5720 2.6131 0.0001 0.0007
DN276_c0_gl -3.2250 4.7684 0.0000 0.0001 DN473_c0_gl 4.5605 2.6020 0.0000 0.0002
DN2911_c0_g3 -2.7392 1.0096 0.0001 0.0006 DN497_c0_g1 2.6948 3.3486 0.0000 0.0002
DN2929_c0_g1 -2.1771 2.7872 0.0000 0.0002 DN50882_c0_gl 3.0605 2.4857 0.0000 0.0004
DN2929_c0_g2 -2.0630 4.5982 0.0000 0.0002 DN5234_c0_gl 3.0593 2.5316 0.0000 0.0005
DN3124_c0_gl -2.0850 5.8207 0.0000 0.0001 DN5806_c0_g1 2.0174 2.9321 0.0001 0.0008
DN3309_c0_g1 -2.5948 2.1923 0.0000 0.0004 DN5806_c0_g2 1.7325 -0.0125 0.0034 0.0103
DN3342_c0_gl -2.8167 2.7009 0.0001 0.0009 DN5806_c1_gl -0.3599 1.8130 0.0260 0.0487
DN3342_c0_g2 -2.6972 -0.4495 0.0014 0.0055 DN5806_c2_gl 0.4890 1.1125 0.0627 0.0988
DN3347_c0_gl -2.3737 1.7195 0.0000 0.0003 DN5806_c2_g2 -0.8623 0.8326 0.0646 0.1012
DN3377_c0_gl -2.5224 2.1535 0.0000 0.0003 DN5816_c0_gl 2.3462 4.2347 0.0000 0.0003
DN356_c0_g1 -2.0475 3.6516 0.0000 0.0003 DN5816_c1_gl 1.0476 1.1170 0.0071 0.0178
DN3582_c0_gl -2.3371 2.7233 0.0000 0.0005 DN601_c0_gl 5.7733 7.3993 0.0000 0.0001
DN3621_c0_g3 -2.0269 2.0095 0.0001 0.0006 DN6609_c0_gl 2.7151 2.1627 0.0000 0.0005
DN3718_c0_gl -4.2059 0.9504 0.0000 0.0003 DN6609_c0_g3 1.3413 1.0055 0.1098 0.1578
DN3829_c0_g1 -3.7779 1.7451 0.0001 0.0008 DN753_c2_g2 7.1047 3.1253 0.0000 0.0001
DN3843_c0_gl -3.3396 2.1837 0.0000 0.0005 DN753_c0_gl 1.2174 0.6888 0.0025 0.0083
DN3932_c0_g1 -2.3473 1.8388 0.0000 0.0004 DN753_cl_gl -0.7281 1.0434 0.0605 0.0960
DN3932_c0_g2 0.8852 2.2126 0.0014 0.0054 DN772_c0_gl 2.2701 5.5547 0.0000 0.0001
DN419_c0_gl -3.6570 4.4326 0.0000 0.0001 DN7739_c0_gl 3.0122 0.6887 0.0000 0.0005
DN4246_c0_gl -3.5390 1.3709 0.0001 0.0006 DN7739_c0_g2 -0.8649 1.2426 0.0043 0.0123
DN4250_c0_g1 -2.1523 1.4243 0.0001 0.0007 DN8053_c0_g1 3.5302 2.9739 0.0000 0.0004
DN4287_c0_gl -2.2628 2.7517 0.0000 0.0004
DN433_c0_gl -2.2157 4.3997 0.0000 0.0003
DN4366_c0_gl -2.3379 2.5660 0.0000 0.0002
DN45816_c0_gl -4.3246 2.2093 0.0000 0.0001
DN4750_c0_g1 -2.7581 1.9955 0.0000 0.0002
DN4783_c0_gl -2.5477 0.7757 0.0001 0.0007
DN49535_c0_gl -2.1215 5.0608 0.0000 0.0001
DN5052_c0_g1 -2.3300 2.2288 0.0001 0.0009
DN5511_c0_gl -2.6026 2.4740 0.0000 0.0002
DN6194_c0_gl -3.6171 0.3118 0.0000 0.0003
DN6194_c0_g2 0.9965 1.7486 0.0008 0.0038
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DN6478_c0_g1

-2.4984

1.0266

0.0001

0.0009
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Table A1.8: All identified proteins from differentially expressed genes after tap53 knockdown.
Proteins of differentially expressed genes were identified via BLASTp searches and domains were verified

by HMMScan.

Organism Name Trinity ID NCBI Acc. No. Domain

up-regulated genes:

Trichoplax sp. H2 hypothetical protein DN1028 XP_002114860 MFS-type transporter SLC18B1. partial

Trichoplax sp. H2 BAG domain-containing protein Samui DN10746 RDD40779 BAG domain

Trichoplax sp. H2 Equilibrative nucleoside transporter 3 DN1199 RDD43129 no domains found

Trichoplax sp. H2 N-acetyl-beta-glucosaminyl-glycoprotein DN1833 RDD45506 4-beta-N-
acetylgalactosaminyltransferase 1

Trichoplax sp. H2 Adhesion G protein-coupled receptor L3 DN1892 RDD40838 no domains found

Trichoplax sp. H2 Anoctamin-7 DN2026 RDD44260 Ca(2+)-dependent Cl(-) channels

Trichoplax adhaerens hypothetical protein DN2041 XP_002109144 Caspase recruitment domain (CARD)

Trichoplax sp. H2 Gamma-aminobutyric acid type B receptor DN2186 XP_002114343 no domains found

subunit 2

Trichoplax sp. H2 Serine palmitoyltransferase 1 DN2262 RDD38007 no domains found

Trichoplax sp. H2 Importin subunit beta DN2316 RDD45158 beta-catenin-like repeats

Trichoplax sp. H2 Phosphatidylserine synthase 1 DN2390 RDD38981 no domains found

Trichoplax sp. H2 MAM and LDL-receptor DN2413 RDD37230 MAM and LDL-receptor class A domain

Trichoplax sp. H2 hypothetical protein TrispH2_011036 DN2416 RDD37830 no domains found

Trichoplax adhaerens hypothetical protein DN2486 XP_002115250 Fatty acid desaturase

Trichoplax sp. H2 Leucine-rich repeat-containing protein 15 DN2585 RDD47304 no domains found

Trichoplax adhaerens hypothetical protein DN2612 XP_002114173 Fatty acid desaturase

Trichoplax sp. H2 Leucine-rich repeat-containing protein 15. DN2585 RDD47304 no domains found

partial

Trichoplax adhaerens hypothetical protein DN2612 XP_002114173 AMP-binding enzyme

Trichoplax sp. H2 Interleukin-1 receptor-associated kinase-like 2 DN2637 RDD46737 Protein tyrosine kinase

Trichoplax sp. H2 Tyrosine-protein phosphatase Lar DN274 RDD37604 1gGFc binding protein

Trichoplax adhaerens hypothetical protein DN275 XP_002114710 GNS1/SUR4 family

Trichoplax sp. H2 predicted protein DN276 RDD43554 no domains found

Trichoplax sp. H2 9-divinyl ether synthase DN3309 RDD38701 Cytochrome P450

Trichoplax sp. H2 Neurotrypsin DN3342 RDD37046 MAM domain

Trichoplax sp. H2 Apoptotic protease-activating factor 1 (APAF-1) DN3347 RDD41288 NB-ARC domain. APAF-1 helical domain

Trichoplax sp. H2 putative cation-transporting ATPase 13A3 DN3377 RDD38190 E1-E2 ATPase.

Trichoplax sp. H2 Lysine-specific demethylase 6A DN3621 RDD46064 Tetratricopeptide repeat

Trichoplax adhaerens predicted protein DN3718 XP_002118410 no domain found

Trichoplax adhaerens hypothetical protein DN3829 XP_002114285 Hsp70

Trichoplax sp. H2 Dimethylaniline monooxygenase DN3843 RDD37621 Flavin-binding monooxygenase-like

Trichoplax adhaerens  expressed protein DN3932 XP_002113862 no domain found

Trichoplax sp. H2 hypothetical protein DN419 RDD37812 von Willebrand factor type A domain

Trichoplax sp. H2 Endothelin-converting enzyme 1 DN4246 RDD40827 Peptidase family M13

Trichoplax sp. H2 UNC93-like protein MFSD11 DN4287 RDD37497 no domain found

Trichoplax sp. H2 Transcription factor COE4 DN433 RDD42715 Transcription COE1 DNA-binding
domain

Trichoplax sp. H2 hypothetical protein DN4366 RDD46149 no domain found

Trichoplax sp. H2 Prostaglandin E synthase 3 DN45816 RDD40952 no domain found

Trichoplax sp. H2 Follistatin DN4750 RDD45762 Kazal-type serine protease inhibitor
domain

Trichoplax sp. H2 hypothetical protein DN49535 RDD43554 no domain found

Trichoplax sp. H2 Nitric oxide synthase DN5052 RDD42995 oxygenase domain

Trichoplax sp. H2 Extracellular calcium-sensing receptor DN5511 RDD36948 Receptor family ligand binding region

Trichoplax sp. H2 Neuropeptide Y receptor type 6 DN6478 RDD36143 7 transmembrane receptor

Trichoplax sp. H2 Transcription factor Sox-9 DN6790 RDD36902 high mobility group box

Trichoplax sp. H2 hypothetical protein DN6992 RDD36239 7 transmembrane receptor

Trichoplax sp. H2 hypothetical protein DN7242 RDD41681 no domain found

Trichoplax sp. H2 Synaptic vesicle glycoprotein DN7834 RDD36927 Major Facilitator Superfamily

Trichoplax sp. H2 Formimidoyltransferase-cyclodeaminase DN7846 RDD40179 no domain found

Trichoplax sp. H2 Leucine-rich repeat-containing protein 15 DN807 RDD36975 no domain found

Trichoplax sp. H2 Ankyrin-3 DN9982 RDD41858 no domain found

down-regulated

genes:

Trichoplax sp. H2 hypothetical protein DN10076 RDD41225 no pfam domain match

Trichoplax adhaerens  expressed protein DN10734 XP_002110632 no pfam domain match

Trichoplax sp. H2 hypothetical protein DN1474 RDD41298 no pfam domain match

Trichoplax sp. H2 hypothetical protein DN148 RDD37032 NACHT domain

Trichoplax sp. H2 Deoxyribonuclease-1 DN1692 RDD44585 phosphatase family

Trichoplax sp. H2 Apoptotic protease-activating factor 1 DN2135 RDD41632 NB-ARC domain . APAF-1 helical domain

Trichoplax sp. H2 Adhesion G protein-coupled receptor L2 DN2257 RDD38518 7 transmembrane receptor (Secretin
family)

Trichoplax sp. H2 Allene oxide synthase-lipoxygenase protein DN2613 RDD45153 Lipoxygenase

Trichoplax sp. H2 Allene oxide synthase-lipoxygenase protein DN329 RDD45153 Lipoxygenase

Trichoplax adhaerens predicted protein DN329 XP_002115553 NACHT domain

Trichoplax adhaerens predicted protein DN3650 XP_002111626 Helix-loop-helix DNA-binding domain

Trichoplax sp. H2 Serine/threonine-protein DN3674 RDD36855 Ankyrin repeats (3 copies)

Trichoplax sp. H2 hypothetical protein DN4254 RDD45022 Lipase (class 2)

Trichoplax adhaerens predicted protein DN473 XP_002118572 no pfam domain match
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Trichoplax sp. H2 Patatin-like protein 2 DN497 RDD38737 Patatin-like phospholipase

Trichoplax sp. H2 hypothetical protein DN50882 RDD45739 no pfam domain match
Trichoplax sp. H2 Plasminogen DN5234 RDD38477 Kringle domain
Trichoplax sp. H2 hypothetical protein DN601 RDD45804 no pfam domain match
Trichoplax sp. H2 Ecdysone-induced protein 74EF isoform B DN6609 RDD37035 Ets-domain

Trichoplax sp. H2 hypothetical protein DN753 RDD43027 GIY-YIG catalytic domain
Trichoplax adhaerens phospholipase A21 precursor DN772 XP_002116315 Phospholipase A2
Trichoplax sp. H2 Apelin receptor A DN7739 RDD45467 rhodopsin family
Trichoplax sp. H2 hypothetical protein DN8053 RDD36394 no pfam domain match

Unpublished sequencing data is deposited at the Institute of Animal Ecology,
University of Veterinary Medicine Hannover, Foundation.
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A.2 New insights into the protein biochemistry of Myc and
Max in the placozoan Trichoplax adhaerens.

(Chapter IV)

Table A2.1: Primer sequences for gene amplification and cloning into pET23a-YFP and
pETDuet-1 plasmids.

All sequences are listed in 5’/3’ orientation and reverse primer sequences are defined in reverse
complement direction. Enzyme restriction sites are highlighted in grey.

Gene Primer name Restriction site  Primer sequence
tamyc myc_fw_BamHI BamHI GCGGATCCATGAAGCC
tamyc myc_rv_Xhol Xhol GACTCGAGATTAAAA
tamax max_fw_HindIIl  HindIII GCAAGCTTATAAGTAC
tamax max_rv_Notl Notl GAGCGGCCGCTTTAGT

Table A2.2: 6His-taMax and 6His-YFP-taMyc amino acid sequences and protein information.
Protein sequences of taMyc with a 6His-YFP tag and taMax with a 6His tag. Protein information about
the molecular weight and theoretical pl was calculated by ExPASY.

6His-taMax:
MGSSHHHHHHSQDMSDEDKYLDVDIDSDDNGDTDKSTSGLTQADKRAHHNALERKRRDHIKDC
FFGLRDSVPTLQGEKASRAQILNKATDYIQFMKQKNQNHQSDIEDIRKENYQLELQLKTLERTRNN
LTGTATSENIDSSTTTTTNSGRTTRNKAKRELOSDGNDEQKTDTKKVKAE

Number of amino acids: 179
Molecular weight: 20.482
Theoretical pl: 6.36

6His-YFP-taMyc:
MACTSHHHHHHHHGPVMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFI
CTTGKLPVPWPTLVTTFGYGLQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAE
VKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQL
ADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYSGSGS
MAVHAEAFSNKLDFEPYGSYYMGEDSEDDNIWSCLDIMPTPPLSPARQQYITDTSSNYLADKLLQ
VTENLDFDNALIDMVGDTNSIFNGGSKLRSSLIQDCMWNAGICETDKKNLVNTNVSAFDTPCATP
PRAEEFISTSDCVDPIAVFPYTLSDQGQQQFVEAQSDSEEEIDVVTVEKPNKRKLSSIELPQQHKVTE
DLQSPTKRAKSPQISTKGKEACSPKGGLSVKPDIDNDVKRATHNVLERKRRNDLRYSFQTLRDQIP
DLEDNERAPKVNILKKSTEYIKFLKEEESKLISMKETERERRKALLAKIDILKSKRN

Number of amino acids: 580

Molecular weight: 65.415
Theoretical pl: 5.55
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Table A2.3: Genetic distances of Myc and Max proteins and their conserved domains between human,
chicken, Hydra and Trichoplax. Genetic distances were calculated with Geneious v8.1.7. Sequences
from Homo sapiens (Hs), Gallus gallus (Gg). Hydra vulgaris (Hv) and Trichoplax adhaerens (Ta) were
obtained from NCBI. GenBank accession nos.: Hs c-Myc: NP_002458.2, Gg Myc: NP_001026123.1, Hv
Mycl: GQ856263.1, Ta taMyc: XP_002113957; Hs Max: NP_002373.3, Gg Max: P52162.1, Hv Max:
ACX32069.1, Ta taMax: XP_002107861

HsMyc GgMyc HvMyc TaMyc
Myc full-length

HsMyc

GgMyc 63.38%

HvMyc 23.89% 20.%

TaMyc 26.06% 27.73% 18.36%

Myc MBI

HsMyc

GgMyc 100%

HvMyc 35.00% 35.00%

TaMyc 50.00% 50.00% 20.00%
Myc MBII

HsMyc

GgMyc 100%

HvMyc 41.18% 41.18%

TaMyc 35.29% 35.29% 29.41%
Myc MBIlla

HsMyc

GgMyc 100%

HvMyc 33.33% 33.33%

TaMyc 66.67% 66.67% 16.67%
Myc MBIllb

HsMyc

GgMyc 46.15%

HvMyc 38.46% 30.77%

TaMyc 87.50% 62.50% 37.50%
Myc MBIV

HsMyc

GgMyc 77.27%

HvMyc 18.18% 13.64%

TaMyc 25.00% 25.00% 10.00%
Myc bHLHZ

HsMyc

GgMyc 81.18%

HvMyc 46.43% 39.29%

TaMyc 56.47% 54.12% 41.67%

Max full-length

HsMyc

GgMyc 95.63%

HvMyc 50.00% 49.43%

TaMyc 43.53% 44.71% 43.18%
Max bHLHZ

HsMyc

GgMyc 94.89%

HvMyc 51.37% 50.68%

TaMyc 47.48% 48.92% 43.45%
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Table A2.4: Disorder probabilities of taMyc.

The possibility of disorder for each amino acid of taMyc was calculated with PrDos. The residue

number, amino acid, prediction and disorder probability are listed.

AR
1 M 1 0.8923 71 D -1 0.3276 141 D -1 0.4751
2 A 1 0.9001 72 F -1 0.3311 142 C -1 0.4530
3 \ 1 0.8617 73 D -1 0.3289 143 \ -1 0.4218
4 H 1 0.9088 74 N -1 0.3246 144 D -1 0.3849
5 A 1 0.8641 75 A -1 0.3125 145 P -1 0.3539
6 E 1 0.8890 76 L -1 0.3093 146 | -1 0.3261
7 A 1 0.7563 77 | -1 0.3028 147 A -1 0.3166
8 F 1 0.7017 78 D -1 0.2983 148 \ -1 0.3122
9 S 1 0.6301 79 M -1 0.2988 149 F -1 0.3175
10 N 1 0.5483 80 \ -1 0.3040 150 P -1 0.3390
11 K -1 0.4655 81 G -1 0.3182 151 Y -1 0.3779
12 L -1 0.4178 82 D -1 0.3317 152 T -1 0.4310
13 D -1 0.3915 83 T -1 0.3431 153 L -1 0.4881
14 F -1 0.3656 84 N -1 0.3579 154 S 1 0.5885
15 E -1 0.3376 85 S -1 0.3649 155 D 1 0.6720
16 P -1 0.3148 86 | -1 0.3676 156 Q 1 0.7333
17 Y -1 0.3023 87 F -1 0.3631 157 G 1 0.7799
18 G -1 0.2987 88 N -1 0.3582 158 Q 1 0.8176
19 S -1 0.3102 89 G -1 0.3441 159 Q 1 0.8412
20 Y -1 0.3207 90 G -1 0.3267 160 Q 1 0.8453
21 Y -1 0.3214 91 S -1 0.3011 161 F 1 0.8477
22 M -1 0.3257 92 K -1 0.2645 162 \ 1 0.8424
23 G -1 0.3278 93 L -1 0.2255 163 E 1 0.8314
24 E -1 0.3389 94 R -1 0.1781 164 A 1 0.8213
25 D -1 0.3461 95 S -1 0.1366 165 Q 1 0.8045
26 S -1 0.3362 96 S -1 0.0976 166 S 1 0.7748
27 E -1 0.3112 97 L -1 0.0929 167 D 1 0.7345
28 D -1 0.2854 98 | -1 0.0855 168 S 1 0.6721
29 D -1 0.2439 99 Q -1 0.0835 169 E 1 0.6030
30 N -1 0.1983 100 D -1 0.0838 170 E 1 0.5388
31 | -1 0.1611 101 C -1 0.0912 171 E -1 0.4583
32 W -1 0.1273 102 M -1 0.0994 172 | -1 0.4106
33 S -1 0.1073 103 W -1 0.1461 173 D -1 0.3795
34 C -1 0.1025 104 N -1 0.2026 174 \ -1 0.3614
35 L -1 0.1056 105 A -1 0.2644 175 \ -1 0.3594
36 D -1 0.1253 106 G -1 0.3212 176 T -1 0.3739
37 | -1 0.1506 107 | -1 0.3734 177 \ -1 0.3876
38 M -1 0.1748 108 C -1 0.4075 178 E -1 0.4095
39 P -1 0.2016 109 E -1 0.4345 179 K -1 0.4262
40 T -1 0.2381 110 T -1 0.4511 180 P -1 0.4367
41 P -1 0.2602 111 D -1 0.4556 181 N -1 0.4515
42 P -1 0.2902 112 K -1 0.4596 182 K -1 0.4642
43 L -1 0.3282 113 K -1 0.4740 183 R -1 0.4651
44 S -1 0.3713 114 N -1 0.4830 184 K -1 0.4666
45 P -1 0.4137 115 L -1 0.4858 185 L -1 0.4773
46 A -1 0.4579 116 \ 1 0.5283 186 S 1 0.5108
47 R 1 0.5115 117 N 1 0.5713 187 S 1 0.5341
48 Q 1 0.5489 118 T 1 0.6111 188 | 1 0.5553
49 Q 1 0.5636 119 N 1 0.6468 189 E 1 0.5786
50 Y 1 0.5697 120 \ 1 0.6718 190 L 1 0.6150
51 | 1 0.5840 121 S 1 0.6985 191 P 1 0.6404
52 T 1 0.6009 122 A 1 0.7078 192 Q 1 0.6646
53 D 1 0.6060 123 F 1 0.7122 193 Q 1 0.7006
54 T 1 0.6079 124 D 1 0.7198 194 H 1 0.7272
55 S 1 0.6151 125 T 1 0.7149 195 K 1 0.7483
56 S 1 0.6125 126 P 1 0.7002 196 \ 1 0.7756
57 N 1 0.6053 127 C 1 0.6823 197 T 1 0.8087
58 Y 1 0.5945 128 A 1 0.6711 198 E 1 0.8429
59 L 1 0.5576 129 T 1 0.6709 199 D 1 0.8757
60 A 1 0.5100 130 P 1 0.6751 200 L 1 0.9087
61 D -1 0.4457 131 P 1 0.6689 201 Q 1 0.9079
62 K -1 0.4072 132 R 1 0.6594 202 S 1 0.9130
63 L -1 0.3737 133 A 1 0.6559 203 P 1 0.9144
64 L -1 0.3462 134 E 1 0.6390 204 T 1 0.9132
65 Q -1 0.3236 135 E 1 0.6377 205 K 1 0.9145
66 \ -1 0.3100 136 F 1 0.6331 206 R 1 0.9148
67 T -1 0.3060 137 | 1 0.6138 207 A 1 0.9158
68 E -1 0.3035 138 S 1 0.5854 208 K 1 0.9168
69 N -1 0.3127 139 T 1 0.5534 209 S 1 0.9190
70 L -1 0.3233 140 S 1 0.5234 210 P 1 0.9212
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O w wee M e
211 Q 1 0.9247 281 S -1 0.1209
212 | 1 0.9274 282 T -1 0.1438
213 N 1 0.9297 283 E -1 0.1606
214 T 1 0.9300 284 Y -1 0.1750
215 K 1 0.9248 285 | -1 0.1882
216 G 1 0.9195 286 K -1 0.2097
217 K 1 0.9179 287 F -1 0.2296
218 E 1 0.9142 288 L -1 0.2539
219 A 1 0.9115 289 K -1 0.2832
220 C 1 0.9110 290 E -1 0.3155
221 N 1 0.9091 291 E -1 0.3410
222 P 1 0.9077 292 E -1 0.3666
223 K 1 0.9070 293 S -1 0.3827
224 G 1 0.9043 294 K -1 0.3834
225 G 1 0.9021 295 L -1 0.3825
226 L 1 0.8938 296 | -1 0.3807
227 N 1 0.8509 297 S -1 0.3862
228 \ 1 0.8247 298 M -1 0.3921
229 K 1 0.8015 299 K -1 0.3958
230 P 1 0.7713 300 E -1 0.4014
231 D 1 0.7473 301 T -1 0.4002
232 | 1 0.7253 302 E -1 0.3905
233 D 1 0.7009 303 R -1 0.3695
234 N 1 0.6818 304 E -1 0.3556
235 D 1 0.6476 305 R -1 0.3425
236 \ 1 0.6114 306 R -1 0.3261
237 K 1 0.5739 307 K -1 0.3212
238 R 1 0.5179 308 A -1 0.3227
239 A -1 0.4512 309 L -1 0.3403
240 T -1 0.4195 310 L -1 0.3604
241 H -1 0.3847 311 A -1 0.3984
242 N -1 0.3461 312 K -1 0.4452
243 \ -1 0.3188 313 | 1 0.5164
244 L -1 0.3059 314 D 1 0.5846
245 E -1 0.2998 315 | 1 0.6658
246 R -1 0.2979 316 L 1 0.7758
247 K -1 0.2981 317 K 1 0.8391
248 R -1 0.3170 318 S 1 0.9024
249 R -1 0.3317 319 K 1 0.9243
250 N -1 0.3413 320 R 1 0.9497
251 D -1 0.3403 321 N 1 0.9497
252 L -1 0.3386
253 R -1 0.3173
254 Y -1 0.2855
255 S -1 0.2610
256 F -1 0.2364
257 Q -1 0.2107
258 T -1 0.1895
259 L -1 0.1737
260 R -1 0.1728
261 D -1 0.1734
262 Q -1 0.1943
263 | -1 0.2173
264 P -1 0.2430
265 D -1 0.2697
266 L -1 0.3005
267 E -1 0.3268
268 D -1 0.3342
269 N -1 0.3264
270 E -1 0.3029
271 R -1 0.2648
272 A -1 0.2189
273 P -1 0.1658
274 K -1 0.1232
275 \ -1 0.0986
276 N -1 0.0912
277 | -1 0.0896
278 L -1 0.0923
279 K -1 0.0958
280 K -1 0.0940
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Table A2.5: Disorder probabilities of 6His-YFP-taMyc.

The possibility of disorder for each amino acid of 6His-YFP-taMyc was calculated with PrDos.
The residue number, amino acid, prediction and disorder probability are listed.

-
1 M 1 0.9121 71 P -1 0.0987 141 E -1 0.2111
2 A 1 0.9103 72 \Y -1 0.0928 142 L -1 0.2020
3 C 1 0.8506 73 P -1 0.0883 143 K -1 0.1981
4 T 1 0.8394 74 w -1 0.0856 144 G -1 0.2025
5 S 1 0.8255 75 P -1 0.0857 145 | -1 0.2130
6 H 1 0.8792 76 T -1 0.0864 146 D -1 0.2273
7 H 1 0.8601 77 L -1 0.0874 147 F -1 0.2487
8 H 1 0.8801 78 \Y -1 0.0877 148 K -1 0.2716
9 H 1 0.8858 79 T -1 0.0906 149 E -1 0.2973
10 H 1 0.8667 80 T -1 0.0938 150 D -1 0.3147
11 H 1 0.8342 81 F -1 0.0981 151 G -1 0.3385
12 H 1 0.8006 82 G -1 0.0997 152 N -1 0.3489
13 H 1 0.7652 83 Y -1 0.0921 153 | -1 0.3494
14 G 1 0.7295 84 G -1 0.0913 154 L -1 0.3430
15 P 1 0.6928 85 L -1 0.0942 155 G -1 0.3337
16 \Y 1 0.6691 86 Q -1 0.1005 156 H -1 0.3287
17 M 1 0.6495 87 C -1 0.1071 157 K -1 0.3250
18 \Y 1 0.6384 88 F -1 0.1140 158 L -1 0.3222
19 S 1 0.6299 89 A -1 0.1295 159 E -1 0.3292
20 K 1 0.6122 90 R -1 0.1565 160 Y -1 0.3344
21 G 1 0.5639 91 Y -1 0.1879 161 N -1 0.3438
22 E -1 0.4889 92 P -1 0.2162 162 Y -1 0.3456
23 E -1 0.4450 93 D -1 0.2505 163 N -1 0.3561
24 L -1 0.4043 94 H -1 0.2686 164 S -1 0.3529
25 F -1 0.3603 95 M -1 0.2803 165 H -1 0.3387
26 T -1 0.3199 96 K -1 0.2809 166 N -1 0.3317
27 G -1 0.2809 97 Q -1 0.2908 167 Vv -1 0.3233
28 \Y -1 0.2487 98 H -1 0.2990 168 Y -1 0.3115
29 \Y -1 0.2262 99 D -1 0.2930 169 | -1 0.3052
30 P -1 0.2072 100 F -1 0.2910 170 M -1 0.3008
31 | -1 0.1943 101 F -1 0.2961 171 A -1 0.2992
32 L -1 0.1853 102 K -1 0.3052 172 D -1 0.3074
33 \Y -1 0.1865 103 S -1 0.3109 173 K -1 0.3134
34 E -1 0.1970 104 A -1 0.3153 174 Q -1 0.3191
35 L -1 0.2150 105 M -1 0.3127 175 K -1 0.3219
36 D -1 0.2379 106 P -1 0.3117 176 N -1 0.3136
37 G -1 0.2607 107 E -1 0.3052 177 G -1 0.2940
38 D -1 0.2795 108 G -1 0.2890 178 | -1 0.2764
39 \Y -1 0.2863 109 Y -1 0.2773 179 K -1 0.2506
40 N -1 0.2888 110 \Y -1 0.2636 180 Vv -1 0.2210
41 G -1 0.2953 111 Q -1 0.2394 181 N -1 0.2105
42 H -1 0.2955 112 E -1 0.2233 182 F -1 0.2094
43 K -1 0.3067 113 R -1 0.2112 183 K -1 0.2095
44 F -1 0.3236 114 T -1 0.2069 184 | -1 0.2289
45 S -1 0.3473 115 | -1 0.2141 185 R -1 0.2471
46 \Y -1 0.3748 116 F -1 0.2299 186 H -1 0.2755
47 S -1 0.4037 117 F -1 0.2531 187 N -1 0.3052
48 G -1 0.4300 118 K -1 0.2882 188 | -1 0.3345
49 E -1 0.4516 119 D -1 0.3157 189 E -1 0.3570
50 G -1 0.4681 120 D -1 0.3326 190 D -1 0.3704
51 E -1 0.4635 121 G -1 0.3455 191 G -1 0.3728
52 G -1 0.4472 122 N -1 0.3419 192 S -1 0.3688
53 D -1 0.4363 123 Y -1 0.3327 193 Vv -1 0.3813
54 A -1 0.4170 124 K -1 0.3210 194 Q -1 0.3838
55 T -1 0.4098 125 T -1 0.3049 195 L -1 0.3788
56 Y -1 0.3977 126 R -1 0.2831 196 A -1 0.3854
57 G -1 0.3833 127 A -1 0.2685 197 D -1 0.3961
58 K -1 0.3651 128 E -1 0.2651 198 H -1 0.4121
59 L -1 0.3506 129 \Y -1 0.2627 199 Y -1 0.4353
60 T -1 0.3343 130 K -1 0.2547 200 Q -1 0.4582
61 L -1 0.3223 131 F -1 0.2457 201 Q -1 0.4772
62 K -1 0.3105 132 E -1 0.2389 202 N -1 0.4794
63 F -1 0.2930 133 G -1 0.2364 203 T -1 0.4850
64 | -1 0.2735 134 D -1 0.2315 204 P -1 0.4808
65 C -1 0.2613 135 T -1 0.2303 205 | -1 0.4816
66 T -1 0.2348 136 L -1 0.2297 206 G -1 0.4602
67 T -1 0.2126 137 \Y -1 0.2250 207 D -1 0.4245
68 G -1 0.1834 138 N -1 0.2152 208 G -1 0.3882
69 K -1 0.1492 139 R -1 0.2180 209 P -1 0.3472
70 L -1 0.1127 140 | -1 0.2145 210 Vv -1 0.3033
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Resid. Dis. Resid A. Dis. Resid. A. Dis.
No. Pred. Prob. No. a. Pred Prob. No. a. Pred Prob.
211 L -1 0.2680 281 M -1 0.3467 351 K -1 0.2578
212 L -1 0.2333 282 G -1 0.3494 352 L -1 0.2299
213 P -1 0.2088 283 E -1 0.3601 353 R -1 0.1950
214 D -1 0.1988 284 D -1 0.3742 354 S -1 0.1677
215 N -1 0.1971 285 S -1 0.3869 355 S -1 0.1449
216 H -1 0.2042 286 E -1 0.3868 356 L -1 0.1256
217 Y -1 0.2250 287 D -1 0.3853 357 | -1 0.1117
218 L -1 0.2449 288 D -1 0.3792 358 Q -1 0.1154
219 S -1 0.2621 289 N -1 0.3720 359 D -1 0.1215
220 Y -1 0.2865 290 | -1 0.3661 360 C -1 0.1517
221 Q -1 0.3046 291 w -1 0.3608 361 M -1 0.1880
222 S -1 0.3266 292 S -1 0.3592 362 w -1 0.2237
223 A -1 0.3535 293 C -1 0.3559 363 N -1 0.2649
224 L -1 0.3819 294 L -1 0.3548 364 A -1 0.3074
225 S -1 0.4114 295 D -1 0.3576 365 G -1 0.3487
226 K -1 0.4368 296 | -1 0.3675 366 | -1 0.3913
227 D -1 0.4514 297 M -1 0.3788 367 C -1 0.4195
228 P -1 0.4593 298 P -1 0.3870 368 E -1 0.4459
229 N -1 0.4636 299 T -1 0.4082 369 T -1 0.4625
230 E -1 0.4592 300 P -1 0.4263 370 D -1 0.4693
231 K -1 0.4495 301 P -1 0.4566 371 K -1 0.4739
232 R -1 0.4333 302 L 1 0.5123 372 K -1 0.4883
233 D -1 0.4090 303 S 1 0.5605 373 N 1 0.5173
234 H -1 0.3902 304 P 1 0.6063 374 L 1 0.5187
235 M -1 0.3691 305 A 1 0.6475 375 Vv 1 0.5347
236 \Y -1 0.3521 306 R 1 0.6800 376 N 1 0.5664
237 L -1 0.3361 307 Q 1 0.7092 377 T 1 0.6010
238 L -1 0.3267 308 Q 1 0.7224 378 N 1 0.6318
239 E -1 0.3277 309 Y 1 0.7227 379 Vv 1 0.6522
240 F -1 0.3340 310 | 1 0.7244 380 S 1 0.6740
241 \Y -1 0.3438 311 T 1 0.7245 381 A 1 0.6787
242 T -1 0.3629 312 D 1 0.7105 382 F 1 0.6817
243 A -1 0.3815 313 T 1 0.6896 383 D 1 0.6873
244 A -1 0.4033 314 S 1 0.6699 384 T 1 0.6867
245 G -1 0.4294 315 S 1 0.6422 385 P 1 0.6795
246 | -1 0.4567 316 N 1 0.6064 386 C 1 0.6734
247 T -1 0.4815 317 Y 1 0.5684 387 A 1 0.6746
248 L 1 0.5297 318 L 1 0.5173 388 T 1 0.6852
249 G 1 0.5519 319 A -1 0.4537 389 P 1 0.7013
250 M 1 0.5749 320 D -1 0.4086 390 P 1 0.7073
251 D 1 0.5969 321 K -1 0.3720 391 R 1 0.7032
252 E 1 0.6250 322 L -1 0.3422 392 A 1 0.6961
253 L 1 0.6393 323 L -1 0.3196 393 E 1 0.6772
254 Y 1 0.6533 324 Q -1 0.2989 394 E 1 0.6664
255 S 1 0.6542 325 \Y -1 0.2877 395 F 1 0.6517
256 G 1 0.6529 326 T -1 0.2807 396 | 1 0.6214
257 S 1 0.6395 327 E -1 0.2764 397 S 1 0.5840
258 G 1 0.6386 328 N -1 0.2782 398 T 1 0.5463
259 S 1 0.6304 329 L -1 0.2799 399 S 1 0.5134
260 M 1 0.6179 330 D -1 0.2757 400 D -1 0.4665
261 A 1 0.6039 331 F -1 0.2697 401 C -1 0.4447
262 \Y 1 0.5822 332 D -1 0.2618 402 \Y -1 0.4190
263 H 1 0.5636 333 N -1 0.2561 403 D -1 0.3861
264 A 1 0.5506 334 A -1 0.2434 404 P -1 0.3627
265 E 1 0.5296 335 L -1 0.2443 405 | -1 0.3479
266 A -1 0.4845 336 | -1 0.2435 406 A -1 0.3461
267 F -1 0.4647 337 D -1 0.2472 407 \Y -1 0.3538
268 S -1 0.4449 338 M -1 0.2572 408 F -1 0.3681
269 N -1 0.4291 339 \Y -1 0.2749 409 P -1 0.4019
270 K -1 0.4272 340 G -1 0.2956 410 Y -1 0.4491
271 L -1 0.4241 341 D -1 0.3125 411 T 1 0.5363
272 D -1 0.4324 342 T -1 0.3243 412 L 1 0.6222
273 F -1 0.4378 343 N -1 0.3399 413 S 1 0.7166
274 E -1 0.4346 344 S -1 0.3457 414 D 1 0.8147
275 P -1 0.4231 345 | -1 0.3453 415 Q 1 0.8866
276 Y -1 0.4111 346 F -1 0.3378 416 G 1 0.9079
277 G -1 0.3960 347 N -1 0.3308 417 Q 1 0.9176
278 S -1 0.3765 348 G -1 0.3178 418 Q 1 0.9214
279 Y -1 0.3611 349 G -1 0.3019 419 Q 1 0.9216
280 Y -1 0.3505 350 S -1 0.2828 420 F 1 0.9201
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R T T
421 \% 1 0.9162 491 | 1 0.8046 561 E 1 0.5202
422 E 1 0.9102 492 D 1 0.7762 562 R -1 0.4722
423 A 1 0.9038 493 N 1 0.7507 563 E -1 0.4538
424 Q 1 0.8952 494 D 1 0.7147 564 R -1 0.4402
425 S 1 0.8577 495 \% 1 0.6804 565 R -1 0.4295
426 D 1 0.8110 496 K 1 0.6387 566 K -1 0.4305
427 S 1 0.7402 497 R 1 0.5971 567 A -1 0.4347
428 E 1 0.6622 498 A 1 0.5450 568 L -1 0.4543
429 E 1 0.5915 499 T -1 0.4883 569 L -1 0.4776
430 E 1 0.5173 500 H -1 0.4653 570 A 1 0.5421
431 | -1 0.4490 501 N -1 0.4436 571 K 1 0.6003
432 D -1 0.4143 502 \ -1 0.4243 572 | 1 0.6610
433 \ -1 0.3944 503 L -1 0.4161 573 D 1 0.7216
434 \% -1 0.3917 504 E -1 0.4168 574 | 1 0.7829
435 T -1 0.4042 505 R -1 0.4195 575 L 1 0.8647
436 \ -1 0.4201 506 K -1 0.4249 576 K 1 0.9022
437 E -1 0.4474 507 R -1 0.4378 577 S 1 0.9192
438 K -1 0.4713 508 R -1 0.4474 578 K 1 0.9329
439 P -1 0.4877 509 N -1 0.4567 579 R 1 0.9481
440 N 1 0.5287 510 D -1 0.4465 580 N 1 0.9474
441 K 1 0.5516 511 L -1 0.4419
442 R 1 0.5574 512 R -1 0.4293
443 K 1 0.5659 513 Y -1 0.4089
444 L 1 0.5822 514 S -1 0.3868
445 S 1 0.6032 515 F -1 0.3699
446 S 1 0.6223 516 Q -1 0.3561
447 | 1 0.6404 517 T -1 0.3438
448 E 1 0.6571 518 L -1 0.3356
449 L 1 0.6865 519 R -1 0.3308
450 P 1 0.6974 520 D -1 0.3301
451 Q 1 0.7045 521 Q -1 0.3424
452 Q 1 0.7134 522 | -1 0.3539
453 H 1 0.7197 523 P -1 0.3694
454 K 1 0.7173 524 D -1 0.3854
455 \% 1 0.7242 525 L -1 0.3998
456 T 1 0.7374 526 E -1 0.4067
457 E 1 0.7539 527 D -1 0.4056
458 D 1 0.7652 528 N -1 0.3978
459 L 1 0.7841 529 E -1 0.3764
460 Q 1 0.8047 530 R -1 0.3502
461 S 1 0.8220 531 A -1 0.3196
462 P 1 0.8210 532 P -1 0.2911
463 T 1 0.8216 533 K -1 0.2699
464 K 1 0.8250 534 \ -1 0.2480
465 R 1 0.8305 535 N -1 0.2300
466 A 1 0.8393 536 | -1 0.2272
467 K 1 0.8513 537 L -1 0.2305
468 S 1 0.8660 538 K -1 0.2343
469 P 1 0.8806 539 K -1 0.2418
470 Q 1 0.8953 540 S -1 0.2575
471 | 1 0.9081 541 T -1 0.2658
472 S 1 0.9024 542 E -1 0.2772
473 T 1 0.9054 543 Y -1 0.2857
474 K 1 0.9023 544 | -1 0.2958
475 G 1 0.9080 545 K -1 0.3114
476 K 1 0.9038 546 F -1 0.3288
477 E 1 0.8940 547 L -1 0.3519
478 A 1 0.8915 548 K -1 0.3775
479 C 1 0.8984 549 E -1 0.4076
480 S 1 0.9004 550 E -1 0.4309
481 P 1 0.9068 551 E -1 0.4540
482 K 1 0.9010 552 S -1 0.4742
483 G 1 0.9027 553 K -1 0.4801
484 G 1 0.9051 554 L -1 0.4884
485 L 1 0.9061 555 | 1 0.5100
486 S 1 0.9099 556 S 1 0.5195
487 \ 1 0.8939 557 M 1 0.5276
488 K 1 0.8765 558 K 1 0.5311
489 P 1 0.8508 559 E 1 0.5355
490 D 1 0.8297 560 T 1 0.5314
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Table A2.6: Disorder probabilities of taMax.

The possibility of disorder for each amino acid of taMax was calculated with PrDos. The residue

number, amino acid, prediction and disorder probability are listed.

AR
1 M 1 0.9234 71 | -1 0.2097 141 R 1 0.7928
2 S 1 0.9209 72 L -1 0.1830 142 N 1 0.7970
3 D 1 0.9293 73 N -1 0.1628 143 K 1 0.7971
4 E 1 0.9047 74 K -1 0.1486 144 A 1 0.8099
5 D 1 0.8551 75 A -1 0.1475 145 K 1 0.8205
6 K 1 0.7856 76 T -1 0.1452 146 R 1 0.8265
7 Y 1 0.7565 77 D -1 0.1556 147 E 1 0.8341
8 L 1 0.7343 78 Y -1 0.1704 148 L 1 0.8388
9 D 1 0.7159 79 | -1 0.1910 149 Q 1 0.8470
10 \ 1 0.7155 80 Q -1 0.2170 150 S 1 0.8604
11 D 1 0.7180 81 F -1 0.2492 151 D 1 0.8822
12 | 1 0.7253 82 M -1 0.2859 152 G 1 0.9052
13 D 1 0.7369 83 K -1 0.3235 153 N 1 0.9049
14 S 1 0.7570 84 Q -1 0.3661 154 D 1 0.9111
15 D 1 0.7659 85 K -1 0.4013 155 E 1 0.9154
16 D 1 0.7834 86 N -1 0.4287 156 Q 1 0.9202
17 N 1 0.8005 87 Q -1 0.4488 157 K 1 0.9228
18 G 1 0.8184 88 N -1 0.4469 158 T 1 0.9235
19 D 1 0.8390 89 H -1 0.4473 159 D 1 0.9227
20 T 1 0.8697 90 Q -1 0.4426 160 T 1 0.9205
21 D 1 0.8894 91 S -1 0.4374 161 K 1 0.9244
22 K 1 0.9029 92 D -1 0.4254 162 K 1 0.9209
23 S 1 0.9058 93 | -1 0.4130 163 \ 1 0.9177
24 T 1 0.9022 94 E -1 0.4045 164 K 1 0.9222
25 S 1 0.8871 95 D -1 0.3961 165 A 1 0.9304
26 G 1 0.8636 96 | -1 0.3938 166 E 1 0.9309
27 L 1 0.8224 97 R -1 0.3902
28 T 1 0.7866 98 K -1 0.3840
29 Q 1 0.7373 99 E -1 0.3806
30 A 1 0.6863 100 N -1 0.3643
31 D 1 0.6376 101 Y -1 0.3540
32 K 1 0.5946 102 Q -1 0.3431
33 R 1 0.5517 103 L -1 0.3294
34 A -1 0.4823 104 E -1 0.3129
35 H -1 0.4477 105 L -1 0.3047
36 H -1 0.4127 106 Q -1 0.3102
37 N -1 0.3728 107 L -1 0.3167
38 A -1 0.3390 108 K -1 0.3291
39 L -1 0.3155 109 T -1 0.3577
40 E -1 0.2950 110 L -1 0.3879
41 R -1 0.2872 111 E -1 0.4244
42 K -1 0.2925 112 R -1 0.4588
43 R -1 0.3049 113 T 1 0.5146
44 R -1 0.3158 114 R 1 0.5500
45 D -1 0.3103 115 N 1 0.5799
46 H -1 0.3039 116 N 1 0.6135
47 | -1 0.2869 117 L 1 0.6392
48 K -1 0.2640 118 T 1 0.6668
49 D -1 0.2381 119 G 1 0.6895
50 C -1 0.2189 120 T 1 0.7145
51 F -1 0.2016 121 A 1 0.7368
52 F -1 0.1827 122 T 1 0.7551
53 G -1 0.1814 123 S 1 0.7715
54 L -1 0.1867 124 E 1 0.7882
55 R -1 0.1890 125 N 1 0.7923
56 D -1 0.1953 126 | 1 0.7894
57 S -1 0.2032 127 D 1 0.7821
58 \ -1 0.2279 128 S 1 0.7730
59 P -1 0.2519 129 S 1 0.7586
60 T -1 0.2806 130 T 1 0.7568
61 L -1 0.3096 131 T 1 0.7565
62 Q -1 0.3354 132 T 1 0.7639
63 G -1 0.3531 133 T 1 0.7726
64 E -1 0.3631 134 T 1 0.7855
65 K -1 0.3657 135 N 1 0.7930
66 A -1 0.3559 136 S 1 0.8045
67 S -1 0.3264 137 G 1 0.8114
68 R -1 0.2950 138 R 1 0.8086
69 A -1 0.2630 139 T 1 0.8037
70 Q -1 0.2344 140 T 1 0.7964
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Table A2.7: Disorder probabilities of 6His-taMax.

The possibility of disorder for each amino acid of 6His-taMyc was calculated with PrDos. The

residue number, amino acid, prediction and disorder probability are listed.

R
1 M 1 0.9599 71 Vv -1 0.2188 141 S 1 0.7745
2 G 1 0.9553 72 P -1 0.2442 142 S 1 0.7601
3 S 1 0.9466 73 T -1 0.2772 143 T 1 0.7564
4 S 1 0.9542 74 L -1 0.3076 144 T 1 0.7573
5 H 1 0.9530 75 Q -1 0.3318 145 T 1 0.7656
6 H 1 0.9633 76 G -1 0.3472 146 T 1 0.7762
7 H 1 0.9538 77 E -1 0.3555 147 T 1 0.7909
8 H 1 0.9555 78 K -1 0.3553 148 N 1 0.8004
9 H 1 0.9539 79 A -1 0.3431 149 S 1 0.8131
10 H 1 0.9473 80 S -1 0.3109 150 G 1 0.8206
11 S 1 0.9403 81 R -1 0.2768 151 R 1 0.8185
12 Q 1 0.9331 82 A -1 0.2431 152 T 1 0.8138
13 D 1 0.9263 83 Q -1 0.2154 153 T 1 0.8086
14 M 1 0.9174 84 | -1 0.1938 154 R 1 0.8043
15 S 1 0.9064 85 L -1 0.1745 155 N 1 0.8082
16 D 1 0.8807 86 N -1 0.1629 156 K 1 0.8085
17 E 1 0.8308 87 K -1 0.1590 157 A 1 0.8204
18 D 1 0.7714 88 A -1 0.1680 158 K 1 0.8315
19 K 1 0.7213 89 T -1 0.1741 159 R 1 0.8384
20 Y 1 0.6775 90 D -1 0.1911 160 E 1 0.8447
21 L 1 0.6329 91 Y -1 0.2111 161 L 1 0.8481
22 D 1 0.6032 92 | -1 0.2326 162 Q 1 0.8546
23 Vv 1 0.5993 93 Q -1 0.2550 163 S 1 0.8680
24 D 1 0.6134 94 F -1 0.2814 164 D 1 0.8885
25 | 1 0.6367 95 M -1 0.3100 165 G 1 0.9099
26 D 1 0.6721 96 K -1 0.3407 166 N 1 0.9055
27 S 1 0.7126 97 Q -1 0.3790 167 D 1 0.9113
28 D 1 0.7450 98 K -1 0.4104 168 E 1 0.9146
29 D 1 0.7837 99 N -1 0.4328 169 Q 1 0.9188
30 N 1 0.8128 100 Q -1 0.4470 170 K 1 0.9210
31 G 1 0.8369 101 N -1 0.4404 171 T 1 0.9217
32 D 1 0.8462 102 H -1 0.4374 172 D 1 0.9204
33 T 1 0.8558 103 Q -1 0.4306 173 T 1 0.9175
34 D 1 0.8677 104 S -1 0.4232 174 K 1 0.9216
35 K 1 0.8739 105 D -1 0.4101 175 K 1 0.9169
36 S 1 0.8692 106 | -1 0.3980 176 Vv 1 0.9147
37 T 1 0.8580 107 E -1 0.3916 177 K 1 0.9178
38 S 1 0.8382 108 D -1 0.3880 178 A 1 0.9255
39 G 1 0.8113 109 | -1 0.3899 179 E 1 0.9266
40 L 1 0.7715 110 R -1 0.3884
41 T 1 0.7373 111 K -1 0.3826
42 Q 1 0.6901 112 E -1 0.3801
43 A 1 0.6427 113 N -1 0.3653
44 D 1 0.5979 114 Y -1 0.3563
45 K 1 0.5563 115 Q -1 0.3464
46 R 1 0.5162 116 L -1 0.3345
47 A -1 0.4571 117 E -1 0.3206
48 H -1 0.4237 118 L -1 0.3165
49 H -1 0.3897 119 Q -1 0.3265
50 N -1 0.3511 120 L -1 0.3379
51 A -1 0.3201 121 K -1 0.3552
52 L -1 0.2973 122 T -1 0.3878
53 E -1 0.2756 123 L -1 0.4212
54 R -1 0.2685 124 E -1 0.4596
55 K -1 0.2749 125 R 1 0.5153
56 R -1 0.2875 126 T 1 0.5592
57 R -1 0.2994 127 R 1 0.5921
58 D -1 0.2971 128 N 1 0.6180
59 H -1 0.2913 129 N 1 0.6475
60 | -1 0.2742 130 L 1 0.6699
61 K -1 0.2531 131 T 1 0.6922
62 D -1 0.2294 132 G 1 0.7117
63 C -1 0.2104 133 T 1 0.7340
64 F -1 0.1909 134 A 1 0.7530
65 F -1 0.1711 135 T 1 0.7674
66 G -1 0.1699 136 S 1 0.7811
67 L -1 0.1750 137 E 1 0.7952
68 R -1 0.1771 138 N 1 0.7983
69 D -1 0.1851 139 | 1 0.7938
70 S -1 0.1939 140 D 1 0.7829

97



Raw data on microscale thermophoresis and analytical ultracentrifugation are
provided in the digital appendix.
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