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Chapter 1

DAYSLEEPER: An essential domesticated transposase in
higher plants

Marijn Knip
Department of Molecular and Developmental Genetics, Institute of Biology, Leiden

University, Sylviusweg 72, 2333 BE Leiden, the Netherlands
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General introduction
Outline

his thesis describes the evolutionary backgrounds, localization and function of

DAYSLEEPER, a protein encoded by the DAYSLEEPER gene in the dicotyledonous

plant Arabidopsis thaliana. Here, an outline will be drawn, putting the subsequent
experimental chapters into context.

DAYSLEEPER was described by Bundock and Hooykaas in 2005 [1]. DAYSLEEPER was
found to be essential in Arabidopsis thaliana and closely resemble hAT-transposon
superfamily-type transposases. Identified by binding in vivo to the promoter of the
Arabidopsis thaliana KU70 DNA-repair gene in yeast, DAYSLEEPER was suggested to
function possibly as a transcription factor. DAYSLEEPER is a so-called domesticated
transposase gene; the process of domestication describesan event wherebyatransposon
derived sequence loses its transposon-related function and gets taken up by the host
as functional genetic material [2]. This process is a recurrent process in evolution: In
the last number of years many examples of transposon domestication genes have been
described in a great number of species [3]. Many of the domesticated genes fulfill a role
in the nucleus, often as transcription factors. Considering transposases already possess
a DNA binding domain and a nuclear localization sequence, their evolution into nuclear
transcription factors seems logical [4].

DAYSLEEPER is essential in Arabidopsis thaliana and is the first domesticated transposase
that has been shown to be essential to its host [1]. Plantlets lacking DAYSLEEPER display
a severe phenotype and eventually die, failing to progress past the early seedling
stage [1]. Primary transformants overexpressing DAYSLEEPER (35S::DAYSLEEPER) grow
slowly, display delayed flowering, altered cauline leaves and partial or total sterility
[1]. Interestingly, this phenotype increased in severity in the subsequent generation,
becoming lethal at the seedling stage in the T, generation [1].

A brief introduction to transposons

Transposons are mobile genetic elements that can move through the genome of their
host by a “copy-paste” or “cut-paste” manner. Transposons were first discovered in
the 1940’s by Barbara McClintock [5]. Since then, transposons have long been viewed
as genetic parasites. Transposons were discarded as “junk-DNA”, having no apparent
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beneficial function to their hosts at all [6, 7]. This view generally persisted until
approximately two decades ago. Nowadays transposons are viewed as being one of
the main drivers behind eukaryotic evolution: For example, 50% percent of the human
genome and as much as 85% of the maize genome consists of these elements and
they have been implicated in numerous ways of shaping the genomic landscape [8,
9]. A generalized view of the structure of a transposable element would be a stretch
of genomic DNA, often delimited by flanking repeats and/or target site duplication
(TSD). Autonomous elements contain genes between their flanks which are necessary
to transposition; non-autonomous elements do not have these (intact) genes, and rely
on the factors of other elements to be mobilized. Both classes of transposons described
below encompass autonomous and non-autonomous elements. In the following, the
“classical” classes of eukaryotic transposons are discussed; several types of elements
have been found to date that are not mentioned here and a more elaborate classification
of these elements is more common today [10]. However, discussing all different types
of transposons falls beyond the scope of this introduction.

Types of transposable elements
Class | elements; retrotransposons

Transposable elements (TE’s) from Class | transpose in a copy-paste fashion by creating
a RNA intermediate (Figure 1A and 1B). The entire element is transcribed into mRNA,
after which a reverse transcriptase generates a DNA copy, which is subsequently
inserted in the genome.

a. LTR Retrotransposons

These transposons are characterized by Long Terminal direct Repeats (LTR’s), which
range from a couple of hundred base pairs to an exceptional 25kb [11]. At least two
proteins are encoded by autonomous elements: GAG and POL. The gag gene encodes
a capsid-like protein, whereas pol encodes a versatile protein responsible for protease,
reverse transcriptase, RNAse H and integrase activities (Figure 1A) [12]. LTR elements
may also encode an env gene, encoding an envelope protein. Retroviruses contain
many of the same proteins (e.g. envelope and capsid proteins), which shows their close
relatedness to retroelements. In plant genomes LTR elements can be very abundant.
In Zea mays the copia-like element Opie-2 has around 100,000 copies in the genome
and the gypsy-like element Huck-2 is present in about double that number of copies
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Figure 1. Retrotransposons (Class 1) and DNA transposons (Class 1) transposable elements, adapted
Feschotte et al. (2002) [13]. (A) Autonomous and non-autonomous class | elements (retrotransposons).
Elements are denominated by Long Terminal Repeats (LTR). Autonomous elements encode GAG, POL
and ENV proteins that enable the transposition process. (B) Non-LTR Retrotransposons. The autonomous
elements (Long Interspersed Nuclear Elements, (LINEs)) encode an endonuclease (EN), a reverse
transcriptase (RT) and a GAG-like protein (ORF1). Short interspersed nuclear elements (SINEs) are non-
autonomous and generally possess an internal POLIII RNA polymerase promoter. Both SINEs and LINEs
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elements possess a simple repeat terminus, usually poly(A). (C) DNA transposons are characterized by
Terminal Inverted Repeats (TIR) and autonomous elements encode a transposase.

(~200,000) [13]. In the much more compact Arabidopsis genome the occurrence of
these elements is in the range of tens of copies, but many different LTR families have
been shown to be present [14].

b. Non-LTR Retrotransposons

As the name aptly indicates, these elements are not flanked by long repeats (Figure 1B).
These elements are divided in long and short interspersed nuclear repeats; LINEs
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and SINEs respectively. LINEs minimally encode a nuclease and reverse transcriptase.
Even though these elements generally create a TSD upon insertion, their sequence is
often truncated at the 5’end, hampering their identification in a genome [10, 15]. At
their 3’ terminus these elements have a poly-AAA tail, a tandem repeat or merely an
A-rich region [10]. LINE elements encompass about 20% of the human genome and are
found in every kingdom. In plants these elements are usually much less frequently found
than LTR elements. Unlike most non-autonomous LTR elements, SINEs are not simply
cousins of their autonomous relatives that lost coding capacity. SINEs are between 80-
500 base pairs long and do not originate from LINEs. Instead they are retrocopies of
polymerase Il transcripts [16]. They possess an internal promoter and rely on LINEs to
transpose. The 3’ termini of these elements are obscure, but can resemble the features
of LINEs or consist of the POLIII termination signal.

Class Il elements; DNA transposons

Class Il elements are generally not very abundant in genomes, but are present in low to
moderate numbers; nevertheless they are found in almost all eukaryotes [17]. Instead
of reverse transcribing RNA, which is reinserted in the genome, these elements encode
a protein which facilitates their excision and insertion in the genome. Two subclasses
can be distinguished, based on the number of DNA strands that are cut during the
transposition process.

Subclass Il contains the so-called rolling circle transposons, which transpose in a
replicative manner after cutting a single DNA strand. Since these elements have
structural homologies to genes encoding Rep/helicase-like and replication protein A
(RPA), it is suggested that they transpose by a rolling circle mechanism [18]. Elements
such as Helitrons and Maverick (not found in plants) are subclass Il elements [19, 20].
Helitrons have been found frequently in maize and are best described in this organism
[21-23]. Subclass Il elements will not be further discussed here (for a review on Helitrons
see: Kapitonov and Jurka (2007) [20]).

Subclass | consists of several super families of TE’s, such as the widespread hAT (hobo,
Ac, Tam3), Mutator, CACTA, Harbinger and Mariner elements, but also PiggyBac, which
is now widely used as a molecular tool [24]. These elements transpose in a cut-paste
fashion. Active Subclass | elements encode a transposase, which recognizes the terminal
inverted repeat (TIR) of the element and cuts both strands at both 5’and 3’ends of the
element (Figure 1C). The typical length of the TIRs of Class Il elements ranges from 2
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to 11 base-pairs, although the rare Crypton element, which is found only in fungi, has
none [25]. Only Harbinger and CACTA elements have a second ORF, which is necessary
for transposition [26—28]. If Class Il elements could only move through the genome by
a cut-paste fashion, they would have disappeared quickly. These elements can utilize
the process of replication to increase their numbers [29]. The elements jump from
DNA that has already replicated to a genomic location that has not been replicated yet.
Another mode of replicative transposition is by exploiting the gap-repair mechanism of
the double strand break in the genome that is formed after excision, thus recreating a
copy at the donor site, by using the homologous chromosome or the sister chromatid as
a template. This process occurs after an element has transposed and the resulting gap
is repaired using the sister chromatid as a repair template, giving rise to a duplication
[30].

hAT (hobo, Ac and Tam3) transposons are one of the most abundant superfamilies of
the class Il elements [9]. They can be found in most branches of the tree of life [31]. The
Ac element in maize, the first identified mobile element, is a hAT transposon. The mode
of transposition of these elements is exemplary for class Il elements described above.
The transposase of hAT elements contains a BED-zinc finger DNA binding domain at
its N-terminus and a dimerization domain (hATC-domain) at its C-terminus [31, 32].
These elements have been found to contain conserved blocks named hAT blocks A to
F, of which the latter three overlap with the dimerization domain [31, 33]. A typical
hAT transposase is encoded by an approximately 2kb coding sequence [31]. Also, the
dimerization domain is suggested to play a role in the transposition process [34, 35].

The influence of TE’s on the genomic landscape

The influence of TE’s on the genome is vast on almost every level conceivable.
Transposons can give rise to duplications, deletions, translocations and inversions of
large stretches of DNA or even complete arms of chromosomes [36]. On a smaller scale,
one can envisage transposons having an influence on individual genes. Transposons
can jump into the coding sequence of a gene, truncating the gene, or adding coding
sequence. It is now widely recognized that many common protein domains originate
fromtransposable elements (reviewed in Feschotte (2008) [3]). New splicing variants can
arise as a result of a transposon insertion, giving rise to alternative transcripts. Insertion
of transposable elements in a promoter region can enhance or reduce gene expression
levels or patterns. Many regulatory elements of promoters have been introduced by

TE insertion. The human p53 factor has been found to have many binding sites in the
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human genome, 30% of these sites consist of insertions of long terminal repeat (LTR)
elements [37]. By disturbing boundary elements, or introducing silencing triggers in
the vicinity of genes, silencing, or reduced silencing can occur, through altering the
epigenetic state of a genomic domain. Small interfering RNA’s (siRNA’s) can cause
silencing of the sequence they target through altering the epigenetic state (reviewed
in Kanno and Habu (2011) [38]). Transposons are often targets of siRNA’s (reviewed in
Feschotte and Prittham (2007) [17]). This integral property of transposons has an effect
on the genomic landscape adjacent to the element, because its epigenetic state can be
influenced by the nearby TE. Transposons are therefore not the genetic parasites they
were thought to be but have a highly dynamic relationship with their hosts [39].

Domestication

The genes encoded by transposons can be adopted partly or entirely by the host in
a process called “domestication”. Many examples exist of molecular domestication,
which can be found in many species [4]. Arguably the most famous domestication event
is the domestication of the ancestral Transib DNA-transposon giving rise to the RAG1
and RAG2 genes in humans [40]. These genes are responsible for regulating antibody
variability, by controlling a process called VDJ-recombination [40]. In plants, proteins
encoded by the FHY3/FAR1-family are an example of domesticated transposases. This
gene family is derived from Mutator DNA-transposons and plays a transcriptional role
in the Phytochrome A signaling pathway for far-red light sensing [41]. Another example
is gary, which is present in cereal grass genomes [42]. This domesticated transposase
is derived from a hAT element and is actively transcribed, although no functionality has
been attributed to it yet [42]. Since domestication is essentially a recycling of transposon
coding material, domesticated transposases are often involved in processes that make
use of domains that were present in the source element. For example: transposases
of many different TE families can bind DNA using a common protein domain called
“zinc fingers”. Many domesticated transposases also bind DNA in their acquired role
of transcription factor, chromatin modifier, recombination regulator, insulator, or DNA-
replication regulator [4]. The described domesticated genes, FHY3/FAR1 and RAG1 and
2 are genes that have arisen by adopting the full length of their ancestral transposase,
but many domesticated genes are chimaeras: they consist of transposase elements
fused to elements derived from other protein families. An example of such a protein
is the angiosperm-specific MUSTANG1 [43]. This gene has a transposon derived zinc
finger and WRKY/GCM1 domains for DNA binding, but also contains a PB1-domain,
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which is normally found in cytoplasmic signaling proteins [44]. Interestingly, relatively
few transposase derived genes have been identified in plants compared to the number
identified in animal genomes, although the number of transposons in plants is similar
or even higher compared to animals [4, 9]. In the human genome, DNA transposons
account for ~3% of the genome [9]. A similar percentage (2-3%) of such elements is
found in Arabidopsis thaliana, while ~8.6% of the maize genome consists of these
elements [8, 45].

Retrogenes

Retroelements can cause single duplications of coding genes. These duplications are
caused by a promiscuous reverse-transcriptase encoded by the transposable element
and may occur when mRNA of a gene is present simultaneously with a reverse-
transcriptase. The mRNA is translated into cDNA, which is subsequently inserted in
the genome, giving rise to an intronless copy of the gene, transcribed from the source
mMRNA. These copies are called retrocopies and are ubiquitously present in many
genomes [46—48]. These retrocopies are often non-functional, since they have lost their
original genomic context. However, retrocopies can acquire new regulatory elements
and become actively transcribed functional genes, which are named retrogenes [49—
52]. Regulatory elements are often obtained by the insertion of a transposable element
upstream of the initial retrocopy [51]. Many retrogenes have been identified to date. The
human genome is estimated to contain ~1000 actively transcribed retrocopies, of which
~10% are probably active [53]. In the Arabidopsis genome retrogenes were identified
in the ASK1 (Arabidopsis SKP1-like) gene family [50]. ASK1-like genes code for proteins
that can be part of an SCF (SKP1-CULLIN1-F-box protein)-complex, which is involved in
ubiquitylation of proteins, targeting them for degradation [54]. This gene family has 19
members, of which several have been found to be retrogenes that are expressed [50].
The fact that the encoded proteins are able to interact with F-box proteins and seem to
have evolved under purifying selection, suggests that they have acquired functionality
[50, 55-57].

Functional context of DAYSLEEPER

In the following paragraphs, protein complexes and their function will be discussed
that form the context in which DAYSLEEPER functions. In this thesis | hope to convince
you that DAYSLEEPER interacts with these fundamental protein complexes in the cell
and modulates their functions. These complexes include the COP9-signalosome (CSN)
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and cullin-RING ligases (CRL’s), both part of the ubiquitin proteasome pathway and the
ESCRT-1Il machinery.

Substrate B
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Substrate
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D
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Figure 2. The CRL-mediated proteasome pathway (based on Schwechheimer et al. (2010) [76]). CRL-
complexes poly-ubiquitylate proteins, which are thereby targeted for degradation. (A) CAND1 binds
CULLINs and thereby blocks the formation of a CRL complex and the rubylation of the CULLIN subunit
[94-96]. (B) When CULLINs are not bound to CAND1, CULLINs bind the protein RBX [97]. The RUB-group,
attached to the CULLIN, and RBX interact with an UBQ conjugating enzyme (E2). (C) This complex will
subsequently deposit the UBQ modification on a substrate protein [98, 99]. Polyubiquitylated proteins
are targeted for degradation by the 26S proteasome [100]. The E2 enzyme receives UBQ from an UBQ
activating enzyme (E1) [59]. CULLIN also binds adaptor and receptor proteins, determining the specificity
of the CRL complex. The adaptor, receptor and substrate proteins are CULLIN specific. These complexes are
discussed in Hua et al. (2011) [61]. The substrate protein completes the structure of the complex. (D) The
CRL can subsequently be derubylated by the CSN5 subunits of the CSN [61, 72, 73], which inactivates the
complex and frees CULLIN to be bound to CAND1 once again, completing the cycle (Reviewed in Hotton et
al. (2008) [73] and Hua et al. (2011) [61]).

The ubiquitin proteasome pathway: Cullins

The ubiquitin proteasome pathway is responsible for the covalent modification of
proteins by the addition of ubiquitin (UBQ) (Figure 2) [58]. Ubiquitin is a 76 amino-acid
protein that is conserved from yeast to humans and is widely used as a modifier of
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other proteins. Once a protein is mono-ubiquitylated, it can become poly-ubiquitylated
by repetition of the catalytic pathway [59]. Poly-ubiquitylation targets a protein to be
degraded by the 26S proteasome; mono-ubiquitylation, however, does not [60]. The
ubiquitylation process is performed by an UBQ activating enzyme, an UBQ conjugating
enzyme and a UBQ ligase, named E1, E2 and E3, respectively. The E3 UBQ ligase can be
either a monomeric protein or a multimeric complex that transfers UBQ from the E2
to the substrate [58]. An important class of multimeric E3 ligases in plants possesses a
cullin-protein (CUL) as scaffolding subunit. In Arabidopsis, 3 types of cullins have been
described, namely CUL1, CUL3 and CUL4 [61]. Complexes with CUL2 and CUL5 have
not been reported in plants until now [61], but a complex that is structurally similar is
present in the form of the Anaphase-Promoting Complex/Cyclosome (APC/C), which is
involved in DNA duplication and cell division [62]. Cullin-RING ligase (CRL) complexes are
involved in the regulation of numerous processes in the plant, which include hormone
and light perception, regulation of the cell-cycle and transcription and response to biotic
and abiotic challenges [58, 61, 63]. Cullins are able to bind substrate adaptor proteins
with their N-terminus, whereas their C-terminus can bind the RING-finger protein RBX1,
and an RBX1-associated E2 protein [64]. In the SCF (for SKP1-like-CUL1-F-Box)-complex,
CUL1 binds an ASK (Arabidopsis Skp1-like protein) and an F-Box protein, which in turn
offers substrate specificity. CUL3 binds a BTB/POZ-protein for substrate specificity in a
complex known as BCR (for BTB-domain protein, CUL3 and a RING protein) [65]. CUL4
binds the DAMAGED DNA BINDING1 (DDB1) and a variable substrate receptor (X-box
protein) in a protein complex referred to as DCX (for DDB1-CUL4A-X-box) [66]. Figure 2
depicts the ubiquitylation process performed by a generalized ubiquitin ligase complex.

The APC/Cis based on the distant CUL relative APC2 and the RING finger protein APC11,
but consists of 12 subunits (13 in yeast) in total, making it the largest E3 UBQ ligase
described thus far [62, 67]. The APC/C has been studied extensively for regulating cell-
cycle transitions and sister chromatid separation. It promotes progression and exit from
mitosis by mediating proteolysis of different cell-cycle regulators, including PDS1 and
CYCLIN B (reviewed in Pesin et al. (2008) [68] and Marrocco et al. (2009) [69]).

The ubiquitin proteasome pathway: COP9-signalosome

The COP9-signalosome (CSN) was first identified in Arabidopsis, but is a highly
conserved protein complex in eukaryotes [70, 71]. The CSN is a multi-protein complex
in the ubiquitin-proteasome pathway (Figure 2). The complex is typically comprised

of 8 CSN subunits and interacts with CRLs. The CSN modulates the function of the
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ubiquitin ligases by derubylation/deneddylation of the cullin protein in plants (Figure
2). The CSN5 subunits of the CSN-complex mediate the derubylation [72]. Rubylation
and derubylation control the assembly and disassembly of CRLUs (Figure 2) [61, 72,
73], allowing recycling of the subunits of the complex. It is widely believed that the
subunits of the CSN-complex are evolutionary derived from subunits of an ancestral
26S proteasome, because of conserved structural similarities between the 26S
proteasome and the CSN-complex [71]. Deletion of any one of the subunits of the CSN
in Arabidopsis leads to the same seedling growth arrest phenotype, which correlates
with an accumulation of rubylated cullins [74, 75]. Interestingly, it has been shown that
csn mutants accumulate DNA damage [74]. It is as of yet unknown what causes this
accumulation and what the precise nature of the DNA damage is [74, 76].

The Endosomal Sorting Complex Required for Transport-111 (ESCRT-111) complex

The Endosomal Sorting Complex Required for Transport-Ill (ESCRT-11l) complex is one of
4 ESCRT complexes, namely -, -II, -lll and- 0. ESCRT-0 is only present in Opisthokonta
(i.e. animals, fungi and a number of protists), whereas the other three are conserved
in all eukaryotes [77, 78]. These complexes work sequentially and in conjunction to
sort mono-ubiquitylated cargo-proteins into the endosomal vesicles of multi-vesicular
bodies (MVB’s) [79, 80]. The ESCRT-machinery has also been shown to play a role in
cytokinesis and to be recruited by several viruses, including HIV (reviewed in [81, 82]).
However, the ESCRT-Ill subunit Snf7p in yeast has also been reported to influence gene
expression of several genes in anaerobic conditions [83], indicating that the role of
ESCRT-complex subunits might extend beyond the classical roles of these complexes.
ESCRT-0, -l and -l are cytosolic complexes that are transiently recruited to endosome
membranes, whereas ESCRT-1Il is formed on the endosomal membrane [79, 84]. The
ESCRT-IIl machinery consists of VPS2, SNF7, VPS20 and VPS24, which together facilitate
the budding of vesicles from the membrane [85-87]. A schematic overview of the
assembly and disassembly of the ESCRT-Ill subunits is depicted in Figure 3. In Arabidopsis,
for all subunits of the canonical ESCRT-IIl complex, two homologous genes are present,
with the exception of VPS2 which is encoded by three homologous genes [87]. Until
10 years ago the ESCRT-IIl machinery was hardly studied in Arabidopsis, but in the last
decade this has changed, although much is still unknown. It has been suggested that
the ESCRT-IIl machinery in Arabidopsis functions in conjunction with VPS40, VPS60 and
dynamins [88], since these proteins were found to interact with VPS2.2. Members of
the ESCRT-machinery were initially identified as chromatin-modifying proteins (CHMP),

21




VPS23*
VPS25%* VPS20
VPS36**

' R

Membrané

VPS32
| / (SNF7)

CHMP1
VPS60 SKD1
LIP5 (vPsa)

DS24
VPS24 —
VPS2 VPS36**
VPS37*
Dynarmins
PLDa

Figure 3. ESCRT-IIl machinery in Arabidopsis. The assembly and disassembly of the ESCRT-IIl machinery
based on Wollert et al. (2009) [101]. VPS20 accumulates on the membrane, followed by polymers of VPS32
(SNF7). Finally, VPS2 and VPS24 complete the complex, snaring off a vesicle. SKD1 (VPS4) initiates the
disassembly of the complex. ESCRT-III subunits have been shown to interact with each other [85], but have
also been shown to interact with subunits of other ESCRT-complexes. These interactions can be found in
the grey boxes and were reported by Shahriari et al. (2010)/(2011) [85,91] and Ibl et al. (2012) [88]. VPS23,
VPS28 and VPS37 are ESCRT-I proteins (*), whereas VPS25 and VPS36 belong to the ESCRT-Il complex (**)
[85, 91]. CHMP1, LIP5 and VPS60 are proteins that regulate the association of SKD1 to endosomes [77,
102-104]. Arabidopsis contains 2 CHMP1 genes, one LIP5 gene and several putative VPS60 genes [85, 105].
The three VPS2 A. thaliana genes encode slightly different proteins, that all interact with different ESCRT-
complex subunits [85]. Ibl et al. (2012) identified many interaction partners of VPS2.2, among which several
dynamin proteins and PLDal [88]. Ibl et al. (2012) suggest a model in which PLDal and dynamins supports
ESCRT-IIl mediated membrane narrowing [88].

which was later changed into “Charged Multivesicular body Proteins”. CHMP1 and
CHMP2 proteins in mammalian cells have both been linked to chromatin remodeling
[89, 90]. Interestingly VPS2.2 was found to bind histone protein HTA6 and several RNA-
binding proteins, which suggests that VPS2.2 is also involved in transcriptional control,
or at least has nuclear functions [88]. VPS4 homolog AtSKD1 has been found to be
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important for vacuolar maintenance, but might also play a role in the regulation of the
cell-cycle [91]. It was shown that VPS2.1 is essential for plant development; VPS2.2
and VPS2.3 mutants display a short root phenotype and seem to have a disorganized
cellular structure in their root, likely caused by problems with cytokinesis [88, 92, 93].

Synopsis

In this thesis, the evolutionary background of DAYSLEEPER will be investigated as well
as its expression pattern and the localization of the DAYSLEEPER protein. The function
of DAYSLEEPER has been investigated by identifying interaction partners and studying
its potential functionality in relation to the ESCRT-IIl and CRL and CSN complexes.
Finally a transcriptomics approach was used to identify potential targets of DAYSLEEPER
and identify the functional implications of DAYSLEEPER overexpression using a high-
throughput method.

Experimental Chapters
Chapter 2: The SLEEPER genes: A transposase-derived angiosperm-specific gene family

This chapter contains an analysis of the evolutionary backgrounds of DAYSLEEPER
and proposes a model for its domestication. Furthermore, functionally conserved
orthologous genes from several different species are described and conserved features
of the SLEEPER protein family designated. It was found that SLEEPERs from rice and
grapevine cause a delayed growth and flowering phenotype when expressed in
Arabidopsis. We found that SLEEPER-genes are conserved in angiosperms, but not in
gymnosperms and beyond.

Chapter 3: DAYSLEEPER is expressed predominantly in meristems and is both nuclear
and vesicular localized

This chapter describes the expression pattern of DAYSLEEPER using DAYSLEEPER-
promoter::gusA fusions and Q-RT-PCR, both in mature plants, as well as during
development. The cellular localization of DAYSLEEPER is studied using confocal
microscopy, in protoplasts, as well as in planta. We found that DAYSLEEPER resides in
the nucleus as well as in vesicular structures in planta and in protoplasts. Using marker-
constructs, we determined DAYSLEEPER-positive vesicular structures to be constituents
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of the trans-golgi network, multivesicular bodies (MVB’s) and late endosomes. It is also
shown that DAYSLEEPER, like hAT-transposases, has a functional dimerization domain.

Chapter 4: The influence of DAYSLEEPER on the Arabidopsis thaliana transcriptome

In this chapter the results of a Serial Analysis of Gene Expression (SAGE) experiment
coupled to lllumina GAllx ® sequencing are discussed. Plants that have an inducible
DAYSLEEPER gene were used to study the effects of DAYSLEEPER overexpression on
the A. thaliana transcriptome. After 24 hours of DAYSLEEPER induction, many genes in
various functional fields were differentially expressed, compared to control samples.
We found an overrepresentation of genes involved in ubiquitin-related processes, RNA-
metabolism and RNA-meditated silencing genes and plant defense, but also found
genes involved in regulating the timing of flowering, circadian rhythm, chromatin
modifiers and light/dark-response related genes. We hypothesize that DAYSLEEPER
plays a role in the regulation of COP9-signalosome and cullin-RING-ligase activities,
thereby modulating protein ubiquitylation in a broad sense.

Chapter 5: The DAYSLEEPER interactome

This chapter describes the in vivo interaction of DAYSLEEPER with other proteins that
were previously identified in a yeast two-hybrid screen, by Bi-molecular Fluorescence
Complementation (BiFC) in Arabidopsis protoplasts. We found that DAYSLEEPER
homodimerizes and interacts with the NPH3-family protein NRL8, the COP9-
signalosome subunit CSN5A, the exosome subunit RRP6A and the 3 homologs of
the ESCRT-IIl machinery subunit VPS2. We found that daysleeper mutant plants have
aberrant formation of cell-layers in the root-tip, have disturbed auxin distribution and
display problems maintaining the root meristems. We also found that like csn-mutants,
daysleeper mutants accumulate DNA-damage.
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