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Abstract
Proteases are enzymes that catalyze the hydrolysis of peptide bonds. They play an important
role in protein homeostasis by degrading and recycling damaged or obsolete proteins.
Moreover, proteases are involved in almost every physiological and cellular process reaching
from development and adaptation of the organism to programmed cell death. This work
focusses exclusively on Deg/HtrA proteases in plants that belong to the ATP-independent
serine-type endoproteases. In the model organism Arabidopsis thaliana, 16 DEG protease
genes were identified. Two of these proteases, DEG9 and DEG14, are the main focus of this
thesis.
For DEG14, a subcellular localization in mitochondria was found by in vivo analysis of DEG14GFP fusion proteins and confirmed by biochemical analysis using isolated mitochondria.
Moreover, it was shown that A. thaliana deg14 loss-of-function mutants do not show any
obvious phenotype when compared to WT plants under standard growth conditions.
Organelle isolation followed by biochemical analysis revealed a nuclear localization of the
DEG9 protease which could be specified as a nucleolar localization using DEG9-GFP fusion
proteins. Phenotypic investigations on A. thaliana deg9 loss-of-function mutants revealed
increased root and leave rosette growth under standard growth conditions when compared to
WT plants. The difference in leave rosette growth between deg9 loss-of-function mutants and
WT plants was even increased under drought stress conditions in the early stages of
development. Based on the nucleolar localization of DEG9 and previous evidence for deg9 lossof-function mutants being more sensitive to heat stress (HS) when compared to WT plants,
further investigations on ribosome biosynthesis and functionality were performed. We were
able to show, that the loss of DEG9 does not have any effect on the processing of ribosomal
RNA (rRNA) under standard as well as HS conditions. However, HS conditions had a severe
impact on the processing of rRNA that led to the accumulation of processing intermediates
such as the 18S rRNA precursors (pre-rRNA) P’-A3 and 5’ETS-A3. To assess the impact of DEG9
on overall translation activity and therefore on the functionality of the ribosomes, polysomal
profiles of A. thaliana deg9 loss-of-function mutants were recorded and compared to those
from WT plants under standard and HS conditions. Under HS conditions, the polysomal
abundance was severely reduced in both WT and deg9 mutants, indicating an intense
impairment of protein translation. In A. thaliana, the polysomal composition follows a lightinduced diurnal rhythm with a high monosomal and low polysomal abundance in the dark
period and vice versa in the light period. Our experiments were able to show, that the deg9
mutants accumulate monosomes in the dark phase and contain less monosomes in the light
phase as compared to the WT. For a better statistical evaluation, peak ratios between
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ribosomal subunits, monosomes and small as well as large polysomes were calculated that
revealed significant changes in response to light in the ribosomal subunit, monosomal and
polysomal abundance only in WT plants but not in deg9 mutants.
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Zusammenfassung
Proteasen sind Enzyme, welche die Hydrolyse von Peptidbindungen katalysieren. Sie spielen
eine wichtige Rolle in der Proteinhomöostase, in der sie irreversibel beschädigte oder nicht
mehr benötigte Proteine abbauen und recyceln. Die Funktion von Proteasen ist jedoch keines
falls auf diese wenigen Aspekte beschränkt. Tatsächlich sind Proteasen an fast jedem
physiologischen

und

zellulären

Prozess

beteiligt.

Beispiele

hierfür

sind

die

Entwicklungsprozesse, die u.a. die Anpassung an sich stetig verändernde Umweltfaktoren
beinhalten, bis hin zur Apoptose, dem „programmierten“ Zelltod. Die Deg/HtrA-Proteasen in
höheren Pflanzen, stellen eine Untergruppe der Proteasen dar und sind charakterisiert als ATPunabhängige Proteasen mit einem Serin im katalytischen Zentrum. Genomanalysen haben
gezeigt, dass das Genom des pflanzlichen Modellorganismus Arabidopsis thaliana für 16 DEGGene kodiert. Die beiden Proteasen DEG9 und DEG14 waren zentrale Untersuchungsobjekte in
dieser Arbeit.
Für

die

DEG14-Protease

konnte

mitochondrielle

Lokalisation

mittels

DEG14-GFP

Fusionsproteinen gezeigt werden, welche zusätzlich über biochemischer Analyse isolierter
Mitochondrien bestätigt wurde. Außerdem konnte gezeigt werden, dass A. thaliana deg14
knock-out Mutanten im Vergleich zu Wildtyp (WT)-Pflanzen keinen erkennbaren Phänotypen
aufzeigen, wenn unter sie und Standardwachstumsbedingungen kultiviert werden.
Im Gegensatz dazu konnte mittels Lokalisierungsstudien mit Hilfe von DEG9-GFP
Fusionsproteinen sowie Kernisolation und biochemischer Analyse gezeigt werden, dass DEG9
nach der Synthese in den Zellkern transportiert wird. Durch DEG9-GFP Fusionsproteins konnte
zudem die nukleäre Lokalisation weiter auf das Kernkörperchen, den Nucleolus, eingegrenzt
werden. Untersuchungen bezüglich des phänotypischen Erscheinungsbildes von A. thaliana
deg9

loss-of-function-Mutanten

konnten

des

Weiteren

aufzeigen,

dass

unter

Standardwachstumsbedingungen die Mutanten im Vergleich zum WT längere Wurzeln sowie
auch

eine

größere

Blattrosette

entwickeln.

Letztere

Beobachtung

trat

unter

Trockenstressbedingungen und in der frühen Entwicklung der Pflanzen sogar noch intensiver
auf. Des Weiteren deuteten frühere Arbeiten mit deg9-Mutanten auf eine größere Anfälligkeit
gegenüber Hitzestress hin. Diese Beobachtung zusammen mit der nukleolären Lokalisation
von DEG9 führte dazu, dass Prozesse im Nucleolus, die im Besonderen unter Hitzestress
gestört sind, genauer untersucht wurden. Dabei zeigte sich, dass der Verlust von DEG9 keine
Auswirkungen auf das Prozessieren der ribosomalen RNA (rRNA) unter Standard- sowie auch
HS-Bedingungen hat. Allerdings konnte gezeigt werden, dass die 18S precursor rRNA (prerRNA) P‘-A3 und 5’ETS-A3 unter HS-Bedingungen in WT sowie auch den deg9-Mutanten stark
akkumulieren, was als direkter Beweis einer gestörten rRNA-Prozessierung unter genannten
XI

Bedingungen zu interpretieren ist. Um den Einfluss von DEG9 auf die Funktionalität der
Ribosomen und die gesamte translatorische Aktivität der Zelle zu untersuchen, wurden
Polysomenprofile der deg9-Mutanten erstellt und mit denjenigen von WT Pflanzen verglichen.
In beiden Pflanzenlinien konnte eine immense Abnahme der Polysomen beobachtet werden,
wenn die Pflanzen zuvor HS ausgesetzt waren. Dies wiederum deutet darauf hin, dass die
Proteintranslation durch HS stark beeinträchtigt ist. Die Menge der Polysomen folgt in
A. thaliana einem lichtabhängigen Tageszyklus, wobei die Pflanzen in der Dunkelphase eine
große Menge an Monosomen und eine niedrige Polysomenkonzentration aufweisen. In der
Lichtphase ändert sich dieses Verhältnis, und die Menge der Polysomen übersteigt die der
Monosomen deutlich. Vergleiche zwischen deg9-Mutanten und WT-Pflanzen zeigten auf, dass
der Verlust von DEG9 eine tendenziell zu einer Akkumulation von Monosomen in der
Dunkelphase und einer Reduktion derselben in der Lichtphase zufolge hat. Zur statistischen
Auswertung wurden verschiedene Verhältnisse der ribosomalen Untereinheiten, Monosomenund Polysomen-Peaks errechnet, welche signifikante Unterschiede im diurnalen Zyklus der
WT-Pflanzen aufwiesen, nicht aber in den deg9-Mutanten.
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1.

Introduction

1.1
1.1.1

Proteases and Proteolysis
An overview

The term „Proteolysis“ descirbes the hydrolysis of peptide bonds performed by enzymes called
proteases or peptidases.

Proteolysis and proteases play an important role in protein

homeostasis and protein quality control, adaptation to environmental changes as well as
regulation of development, growth and other important cellular processes in all organisms. In
case of protein quality control, misfolded proteins that can no longer fulfill their functions are
degraded and the obtained amino acids are reused by the cell for protein biosynthesis.
Moreover, the level and activity of proteins can be regulated by total or partial degradation.
Posttranslational modifications through selective cleavage of peptide bonds thereby regulate
protein activity or localization and can induce e.g. signaling cascades. As the hydrolysis of
peptide bonds is irreversible, a variety of complex regulatory mechanism evolved to avoid
undesirable damage to the cells, e.g. the activation of inactive preproteases to their active
form by partial cleavage, the restriction of some proteases to a certain subcellular
compartment or a very narrow substrate specificity.
Genes encoding for proteases can make up to 2-5% of the whole genome of an organism [9].
The high number of protease genes found in fully sequenced organisms underlines the
importance of proteolytical processes and, for a better understanding, calls for a classification
of the enzymes. The easiest and most apparent way to do this is to divide proteases into endoand exopeptidases. While endopeptidases are defined as proteases that hydrolyze peptide
bonds within an amino acid sequence, exopeptidases cleave proteins at their termini and
therefore can further be grouped into amino- or carboxypeptidases, depending on the side of
action.
Other approaches to classify proteases focus rather on their structural features and catalytic
mechanisms, or more precise, the catalytic residues involved in the hydrolysis of the peptide
bond. This led to a five group division of proteases: serine proteases, threonine protease,
cysteine proteases, aspartatic proteases and metalloproteases. This classification gives more
respect to the evolutionary origin of these classes than the simple differentiation into endoand exopeptidases. The information is easily accessible in the MEROPS database
(http://merops.sanger.ac.uk/) [10, 11]. Serine, cysteine and threonine proteases hydrolyze
peptide bonds by forming a transition product with the substrate after a nucleophilic attack of
the catalytic amino acid hydroxyl or sulfhydryl group. In a later step, the intermediate is
cleaved by the incorporation of an activated water molecule. This mechanism differs from the
1

one found in aspartatic and metalloproteases that use activated water directly as a nucleophile
[12] (Figure 1).
The catalytic activity of Deg/HtrA proteases that are serine proteases can easily be deactivated
by replacing the serine in the catalytic triad by an alanine. Alanine does not contain the
hydroxyl group that is needed for the nucleophilic attack on the peptide carbonyl group of the
peptide bond and therefore prevents the catalytic cascade leading to the hydrolysis of the
peptide bond (Figure 1).

Figure 1. Mechanism of peptide hydrolysis by a serine protease.
The catalytic triad of a serine protease is composed of aspartate (green), histidine (blue) and serine
(red). Dotted lines represent hydrogen bonds. The curved arrow represents the nucleophilic attack on
the peptide bond (black).
1. Hydrogen bonds between histidine and serine increase the nucelophilty of the serine hydroxyl
group. Substrate binding is followed by the nucleophilic attack of serine on the peptide carbonyl group
forming a tetrahedral intermediate. 2. Proton transfer from histidine to the nitrogen atom of the
peptide bond leads to the cleavage and acetylation of the serine residue. 3. The incorporation of an
active water leads to the release of the amino-terminal part of the peptide and an attack on the acylserine intermediate. 4. The carboxy-terminal part of the peptide is released by deacetylation of the
serine before reconstitution of the catalytic site 5. Adapted from [3].
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1.1.2

Cellular Protein Quality Control

The final three dimensional structure of every protein is encoded in the primary amino acid
sequence of the polypeptide. However, it is not ensured that the amino acid chain
automatically folds into the desired conformation during protein maturation and keeps this
conformation during the whole lifespan of the protein. Stress conditions dramatically increase
the risk of protein misfolding [13, 14]. Also, transcription and translation errors are source of
later incorrectly folded proteins [13]. Incorrect folding is disadvantageous for the cell as it not
only impedes the function of the protein, but eventually leads to protein aggregation caused
by the exposure of hydrophobic amino acids usually buried within the protein [14]. Theses
aggregated structures can serve as starting points for further protein aggregation. Protein
aggregates remove nutrients and energy from the cell in form of polypeptide chains or even
have toxic effects like in the case of Alzheimer’s disease, Parkinson’s disease or Prion disease
(transmissible spongyform encephalopathies) [13, 15].
Together with chaperones, proteases from a complex quality control network and constantly
monitor the folding state of proteins [13, 16, 17]. Chaperones have the ability to identify un- or
misfolded proteins. They associate with nascent polypeptides and direct proper folding of the
protein while preventing contact to other proteins that eventually could cause misfolding [16,
18]. Misfolded proteins can regain their native conformation by chaperone interaction that
leads to active unfolding and subsequent refolding of the protein [14, 16]. If the damage of the
proteins is too severe and therefore irreversible, the polypeptide chains are degraded in order
to prevent aggregation. The decision between refolding and degradation depends on the
ability of the chaperone to refold the protein. If the chaperone fails to refold the protein,
degradation by proteases takes place. The chaperon/proteases system is finely balanced with
an excess of chaperones increasing the probability of misfolded proteins binding first to a
chaperone and giving it a chance to refold before degradation [13]. This principle manifests in
the ability of some proteins to act both as chaperone and protease, e.g. ClpA [18] or E. coli
DegP [19].
In eukaryotes, the degradation of proteins is to a great extent performed by the 26S
proteasome [13]. The 26S proteasome is a large 2 MDa multiprotein complex, belongs to the
threonine protease family and works in an ATP-dependent manner [20, 21]. It is composed of a
20S core complex formed by 14 subunits and a regulatory 19S unit consisting of 15-17 subunits
[22]. Misfolded or in a broader sense undesired proteins are targeted for proteasomal
degradation by covalent attachment of a small protein called ubiquitin that is recognized by
the regulatory subunit of the proteasome [21]. Therefore, the decision for the degradation or
surveillance of the proteins relies on the ubiquitin conjugation enzymes (E2) and ubiquitin
ligases (E3) that are, like chaperones, able to identify misfolded proteins [13]. They are central
3

to the selection of proteins for degradation and compete with chaperones in the protein
quality control network of eukaryotes. This control system is even extended by
deubiquitinating enzymes that are able remove the ubiquitin tag form proteins that have lost
their defect after repair or refolding [13]. The 26S proteasome and especially its ubiquitination
pathway is highly conserved in eukaryotes but not found in prokaryotic organisms [21, 23].
Organelles like mitochondria or chloroplasts that evolved from endosymbiontic events during
evolution therefore depend on other proteases apart from 26S proteasome, such as FtsH, DEG
and Clp proteases [24-26].

1.1.3

The family of Deg/HtrA proteases

Deg/HtrA proteases belong to the family of ATP-independent serine endoproteases. The first
and so far best characterized Deg/HtrA protease was discovered in E. coli mutants not being
able to grow at elevated temperatures or to degrade periplasmatic proteins. Therefore, this
protease was named DegP (degradation of periplasmatic proteins) in E. coli or HtrA (high
temperature requirement) in human [27, 28]. With the ongoing progress in whole genome
sequencing, members of the Deg/HtrA protease family were found in nearly all species [29,
30].
Despite their ATP-independent way of proteolysis and the conserved serine residue in their
catalytic center, they share a distinct and conserved domain arrangement (Figure 2). The
protease domain belongs to the chymotrypsin type domains with a catalytic triad composed of
histidine, aspartate and serine (Figure 2) [29, 31].

Figure 2. Schematic representation of a Deg/HtrA-protease.
The protease domain contains the catalytic triad composed of histidine, aspartate and serine. One to
three PDZ domains can be present in the C-terminal part of the protein. Targeting domains may be
present at the N-terminus.

4

For a better understanding on the catalytic mechanism of serineproteases see chapter 1.1.
Beside its proteolytic activity, this domain is also involved in the oligomerization of single Degprotease subunits in trimeric complexes which represent the basic oligomerization state of all
Deg proteases [29, 32]. This domain is usually followed by at least one PDZ domain. They are
protein-protein interaction domains and were named after the first three proteins they initially
were discovered (PSD-95/SAP90; Disc-large; ZO-1) [33, 34]. In Deg/HtrA proteases, PDZ
domains are involved in substrate binding, the formation of higher order oligomers and
regulation of protease activity [29]. Some Deg/HtrA models suggest an anemone-like structure
of Deg protease trimers with the PDZ domains being highly mobile elements acting as baits
and “fishing” for the substrate [29, 31]. After binding of the ligand, they can undergo
conformational changes to activate the proteolytic function of Deg/HtrA-proteases or induce
the oligomerization to higher complexes [29, 35]. At the N-terminus, signal peptides or
transmembrane anchors may be present [32].

Although crystal structures of several Deg/HtrA-proteases confirmed that trimers are the basic
subunits of DEG oligomers and the interaction is primarily mediated through the protease
domain [35-38], Thermotoga maritima HtrA was found to induce the initial trimerization by its
second PDZ domain [32]. Further oligomerization of Deg/HtrA proteases can include a high
variety of oligomerization states reaching hexamers, e.g. A. thaliana Deg1 [39], to even 12 and
24-mers like E. coli DegP [35].
A matter of facts that makes research on the field of Deg/HtrA so interestingly is the high
versatility in the physiological function so far found for members this protease family. E. coli
DegP is involved in protein quality control in the periplasmatic space and constitutively
degrades misfolded proteins with a broad substrate specify [29]. In contrast to DegP, E. coli
DegS is highly specific to its substrate and only cleaves the RseA protein eventually leading to
the release of the σE factor that regulates the stress response in the cell [40]. Although DegP
and DegS fulfill different functions, they both contribute to the stress response of the cell in
their own distinct manner. Studies performed on human Deg/HtrA homologues were able to
link them to crucial diseases and therefore research focused particularly on the Deg/HtrA
family in this organism. HtrA2 plays a role in the regulation of apoptosis that is part of the wide
field of cancer research [41]. For HtrA1, an involvement in Alzheimer’s disease and rheumatic
disorders was suggested [42, 43].
Interestingly, DegP has a second function apart from the proteolysis of damaged proteins. It
acts as a chaperone helping proteins to reacquire their native conformation when the damage
is less severe and degradation can be avoided [19]. The shift from chaperone to protease
activity is regulated in a temperature-dependent manner. At low temperatures conditions,
5

when the danger of protein misfolding is less high, DegP preferentially acts as a chaperone.
However, with increasing temperature up to 42°C, which is accompanied by heat stress that
usually leads to irreversible protein damage, the proteolytic function of DegP dominates,
culminating in the degradation of the damaged proteins [19].

1.1.4

Classification of DEG Proteases

The number of DEG proteases highly differs among organisms. Most prokaryotes express only
three DEG proteases whereas mammalian genomes encode for four to five Deg genes and
yeast only for one [29, 32]. In contrast to the rather low numbers of DEG proteases found in
these organisms, sequence analyses were able to reveal far more genes encoding for DEG
protease family members in plants. 16 DEG protease genes were discovered in A. thaliana and
18 in Populus trichocarpa [44]. However, not all of the A. thaliana DEG genes seem to provide
detectable amounts of transcripts and therefore are suspected to be pseudogenes [44]. It was
proposed that the high number of DEG proteases found in planta is mainly the result of gene
duplication events [44]. As the function of DEG proteases is often linked to stress responses,
the high number of Deg proteases might be a result of the sessile lifestyle of plants.

Figure 3. Classification of A. thaliana DEG proteases according to their predicted domain
arrangement.
Adapted from Helm et al. (2007) [1]. PTS1: peroxisome targeting signal 1.

Plants can hardly avoid stress situations like water deficit, the circadian adaptation to light
conditions, which can include tremendous differences in light intensities, or extensive diurnal
and seasonal temperature changes with sometimes extreme minima or maxima. Proteases
play an important role in the adaptation to these environmental changes as they are involved

6

in almost every physiological process [12]. The important role of proteases is therefore well
represented by the high number genes encoding for proteases in the A. thaliana genome and
the fact that at least 3% of the Arabidopsis proteome is composed of proteases [45]. Amino
acid sequence analyses and subsequent domain prediction revealed four distinct groups based
on domain arrangements the A. thaliana DEG proteases (Figure 3).
Group I includes the proteases consisting of the proteases domain and one (e.g. human HtrA2
[31]) or two (e.g. E. coli DegP [29]) PDZ domains and only differs from group II in a shortened
C-terminus. Optionally, proteases of these two groups can possess a targeting peptide at the
N-terminus [1]. A. thaliana contains only one representative of group III, the Deg7 protease.
Schuhmann et al. (2008) [46] postulated that the structure of this protease may have resulted
from a gene duplication followed by gene fusion. This thesis is supported by the larger size of
Deg7, which is approximately twice as large as the other proteases and contains a degraded
PDZ and second degraded serine protease domain following the first PDZ domain. The second
protease domain does not show any catalytic activity as it is lacking the catalytic residues [29].
However, it mediates the initial trimerization of Deg7 [47]. The last group of Deg proteases,
group IV, is characterized by a relative shift of the protease domain towards the C-terminus of
the protein and the lack of a PDZ domain. In A. thaliana, the only representative of this group
is Deg15.
The four group classification of DEG proteases based on its domain arrangement is further
supported by sequence analysis of the protease domains [1]. Phylogenetic analysis revealed
four clusters which reflect the domain arrangement classification. Interestingly, only plants
possess DEG proteases from all four groups (Figure 4).
Figure 4. Phylogenetic analysis of
the chymotrypsin type protease
domain of DEG proteases.
Black dots indicate a support by 80%
or more of 10,000 bootstrap
replicates. National Center for
Biotechnology Information (NCBI)
protein accession numbers are given
for unnamed proteins.
Ath, Arabidopsis thaliana; Bsu, Bacillus
subtilis; Dme, Drosophila melanogaster;
Eco, Escherichia coli; Hsa, Homo sapiens;
Mmu, Mus musculus; Osa, Oryza sativa;
Sce, Saccharomyces cerevisiae; Spo,
Schizosaccharomyces pombe; Ssp,
Synechocystis sp. PCC 6803.

Taken from Helm et al. (2007) [1].
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1.1.5

Deg proteases in A. thaliana

Due to the high versatility concerning the physiological function found for DEG proteases in
other organisms and the large number of DEG proteases present in plants, it is not surprising
that a physiological role has not yet been identified for all DEG proteases. However,
localization studies were able to show a wide distribution of A. thaliana DEG proteases in the
cell that reflects the versatile physiological roles so far investigated for some of them (Figure
5).

Figure 5. Localization of plant DEG proteases.
Please note, that the nuclear or chloroplast localization of DEG7 is still a matter of debate.
Picture taken and complemented from [4].

In Arabidopsis, DEG1 is located in chloroplasts and attached to the luminal side of the
thylakoid membrane, where it plays a role in the repair of Photosystem II (PS II). Reduced
levels of DEG1 result in an accumulation of the D1 protein under high light conditions
suggesting a role in the degradation of photodamaged D1 [48]. Additionally, it was shown that
DEG1 also cleaves the luminal located plastocyanin (PC) and the PsbO subunit of the PS II
oxygen-evolving complex [48, 49]. Other studies were able to show that DEG1 also acts as a
chaperone for the D2 subunit during the assembly of PS II [50]. Interestingly, the activation of
DEG1 is pH-dependent. When illuminated, the thylakoid lumen is acidified due to the lightdriven proton influx via the photosynthetic pigment-protein complexes, which induces the
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hexamerization and activation of DEG1 [39]. This regulation activates the DEG1 protease when
it is needed most, i.e. under acidic conditions that enhance the formation of reactive oxygen
species (ROS) that eventually increase the potential of damaging the D1 protein.
For the chloroplast DEG2 protease, that is located at the stromal side of the thylakoid
membrane [51], a degradation of the D1 protein was demonstrated in vitro [51] but could not
be confirmed in vivo [24]. Data from experiments using A. thaliana deg2 knock-out mutants
suggest and involvement in the degradation and regulation of the light harvesting complex
LHCB6 and plastocyanin (PC) as well as various subunits of PS I and PS II [52, 53]. Interestingly,
the level of DEG1 decreases in the absence of DEG2 suggesting some kind of crosstalk between
the proteases. However, the mechanism of the crosstalk is so far not understood [53].
DEG5 and DEG8 are located in the thylakoid lumen as well, where they form herterooligomeric complexes and are involved in the degradation of the PS II subunit F (PSBF) that
subsequently leads to the release of photo-damaged D1 protein from PS II [54].
DEG7 was found to be located in the stroma of chloroplasts where it participates in the repair
of several PS II subunits after photoinhibition [55]. However, this finding is contrary to
observations made in our group (Mogg et al., unpublished and Erhardt et al. [56]), that suggest
a nuclear localization and an involvement in apoptosis (Mogg, unpublished). Only time will tell,
which physiological function DEG7 fulfills.
DEG15 is a peroxisomal protease that is involved in the processing of imported peroxisomal
proteins by cleaving the peroxisomal targeting sequence 2 (PTS2) [57]. Schuhmann et al.
(2008) was able to show, that PTS2 processing of the glyoxysomal malate dehydrogenase
(gMDH) and the long-chain acyl-CoA synthetase 6 (LACS6) was impaired in deg15 knock-out
mutants [57].
Knowledge of the remaining A. thaliana proteases is still very limiting. Huber et al.,
(unpublished) was able to show, that DEG10 is located in mitochondria and that deg10 knockout mutants produce shorter roots and less seeds per shoot compared to WT plants. The
previously suggested nucleolar and mitochondrial localization of DEG9 and DEG14 respectively
[53, 58] as well as their possible physiological functions were subject of this thesis and are
therefore discussed in detail later. DEG3, DEG4, DEG6, DEG11, DEG12, DEG13, and DEG16
seem to be pseudogenes, of which transcripts have not been detected so far in any of the
various different publically available Micro Array data sets.
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1.2

The model plant Arabidopsis thaliana

Arabidopsis thaliana belongs to the family of Brassicaceae and is one of the most favorable
scientific model organisms for studying genetics in higher plants [59, 60]. Due to its wide global
distribution, different ecotypes can be found that reflect its ability to adapt to a variety of
environmental conditions. However, it is probably the low cultivation and economical effort
that made this plant so interesting for scientist in the first place. A. thaliana can easily be
grown on very little space. The cultivation is not limited to soil but also includes sterile medium
plates or cell suspension [60, 61]. Its short generation time of six weeks as well as the high
seeds production rate per plant favors the organism for mutagenesis and cross-fertilization
approaches. The particularly small genome of approximately 157 Mbp is another
advantageous feature of A. thaliana [62]. The fact that it was one of the first plant genomes
fully sequenced in the year 2000 only confirmed the role of A. thaliana as the major model
organism in plant science [59].
Until today, many useful open-source tools are available for scientists in the field of
Arabidopsis research. Gene mapping revealed approximately 27,000 protein-encoding genes
and large-scale projects using mutant screenings, in silico predictions and comparative
network analysis were launched to predict gene-functions [63-68]. Full-length cDNA clones
[69] as well as T-DNA insertion mutant plant collections are available from stock centers like
NASC (Nottingham Arabidopsis Stock Center), GABI-KAT (Genome Analysis in Plant Biological
Systems, Bielefeld, Germany [70]) or ABRC (Arabidopsis Biological Resource Center, Columbus,
Ohio) for reasonable prices. Gene expression maps based on microarray data are available
providing data of almost every gene under different biotic and abiotic stress conditions, at
different developmental stages and in different tissues [71, 72]. The TAIR (The Arabidopsis
Information Resource [73]) online database summarizes the information collected from many
different databases and makes it easily accessible for scientist working with the model
organism A. thaliana.
Plants are sessile organisms and therefore cannot run away from stress. They have to adapt
constantly to the changing environmental conditions. This does not only include abiotic factors
like the daily as well as seasonal shifts in temperature and light intensity or water disposability,
but also biotic factors like pathogens or herbivores. Many adaptation systems in planta were
initially discovered in A. thaliana like the adaptation of the photosynthesis apparatus to
different light conditions [74], diurnal changes in translation and post-transcriptional
regulation [5, 75], adaptation to cold- [76], heat [77]- and drought [78] stress or the defending
mechanisms against herbivores [79]. However, the complexity of these sometimes overlapping
networks is immense and far from being fully understood. This is tackled by more recent
approaches using mass spectrometry (MS), genome-wide analyses from differently adapted
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plant individuals [80, 81] or novel databases like “The Arabidopsis Stress Responsive Gene
Database” in order to gather the genes important in the stress response of Arabidopsis [82].
On the cellular level, the stress conditions can have a severe impact on the folding state of
proteins and can lead to its denaturation and misfolding [13]. This led to the establishment of
cellular protein quality control mechanisms based on the incorporation of chaperones in a
concerted interplay with proteases. A deeper discourse about cellular protein quality control is
given in chapter 1.1.2.

1.2.1

Backcrossing of A. thaliana T-DNA insertion mutants

One advantage of A. thaliana as a model organism is the availability of large T-DNA insertion
mutant libraries. The insertion is mediated by Agrobacterium tumefaciens which inserts the
transferred DNA (T-DNA) randomly into the plant nuclear genome. The T-DNA is approximately
3000-4000 bp long and usually leads to the disruption of the gene into which it is inserted. The
random insertion demands for mapping-based identification of the mutated locus by PCR or
the determination of insertion flanking sequences by nucleotide sequencing. However, the
situation is complicated as A. tumefaciens inserts the T-DNA 1.8 times on average into the host
genome [83]. This leads to a probability of 80% that the plant line with an insertion in the gene
of interest (GOI) contains a second insertion in the genome that eventually results in the loss
of a second gene leading to misinterpretation of phenotypic analyses. Therefore, primary TDNA insertion mutants have to be backcrossed with WT plants to exclude the presence of a
second insertion. An example for backcrossing of a heterozygous plant carrying two T-DNA
insertions, one in the GOI and a second insertion in an unrelated gene X, is given in Figure 6.
After crossing with a WT plant, 25% of the offspring (generation F1) are positive for the T-DNA
insertion in the GOI. As the mutated locus for the GOI is known, these plants can easily be
identified in PCR analysis by using a primer combination that leads to a fragment spanning the
border of the T-DNA and the GOI. These plants are then used for further backcrossing to
generate the F2 and F3 generations. Plants of WT genotype for the GOI (75% in generation F1)
are tested by PCR analysis for the second insertion by using a primer combination binding
within the T-DNA. If 25% of the WT genotype plants in the F1 generation show a T-DNAspecific PCR fragment, a second T-DNA insertion was present in the F0 generation. In this case,
individuals with a T-DNA insertion in the GOI need to be backcrossed with the WT until all
secondary insertions are lost (generation F2, F3…). Typically backcrossing is performed at least
three times to reduce the amount of any additional mutations that might have occurred by
Agrobacterium-mediated transformation.
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Figure 6. Schematic example for backcrossing of T-DNA insertion mutants.
The heterozygous mutant plant carrying two T-DNA insertions on different loci is crossed
with a WT plant (generation F0). In PCR analysis, generation F1 is screened for the T-DNA
insertion in the gene of interest (GOI) using primers binding at the border of the T-DNA and
on the genomic DNA. GOI-insertion negative plants are screened for the second T-DNA
insertion in the unrelated gene X using primers binding inside the T-DNA. Backcrossing is
performed, until all of the GOI-insertion negative plants in the subsequent generation (F2,
F3…) are not positive for the second insertion.
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1.3

The Nucleolus and Ribosome Biogenesis

To a good extent, this thesis focuses on the effect of the DEG9 protease on ribosome
biosynthesis. Therefore, it is important to discuss ribosome biosynthesis not only on the
molecular level, but also to incorporate the current knowledge about the compartment that is
exclusively attributed to this elementary process, the nucleolus.

1.3.1

The Nucleolus

The nucleolus was first discovered in the 19th century in microscope analyses [84]. Later in the
1960s, it was shown that the nucleolus is the site of ribosomal RNA (rRNA) synthesis [84]. The
nucleolus is a highly dynamic structure not separated by a membrane from the surrounding
nuclear lumen. It was shown, that proteins diffuse freely through the nuclear space and the
nucleolus [85] which raises the question how the nucleolus maintains its steady-state
structure. Current models suggest that the nucleolus is a super-complex of proteins built
around ribosomal DNA (rDNA) that are in a constant exchange with the surrounding
nucleoplasm (reviewed in [8]).

Figure 7. Structural organization of the mammalian nucleolus.
A, Electron microscopy mapping of a Xenopus oocyte nucleolus, adapted from [6]. B, Schematic
representation of nucleolar structure with ribosomal biogenesis events referring to structural
compartments, adapted from [8]. FC, fibrillar centers; DFC, dense fibrillar component; GC, granular
component.
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The absence of other non-nucleolar proteins in this steady-state complex can simply be
explained by their one or more orders of magnitude shorter residence time that is a
consequence of the absence of possible interaction partners [8].
In mammalian nucleoli, three basic structural compartments can be distinguished in
transmission electron microscopy (TEM): light staining structures referring to the fibrillar
centers (FC) which are surrounded by the dense fibrillar component (DFC). The FC and DFC are
surrounded by the granular component (GC) that is believed to consist of closely packed preribosomal particles [6, 8, 56, 86] (Figure 7A). The FC harbour the inactive rDNA as well as high
levels of the RNA polymerase I which is responsible for transcription of rDNA, a process
believed to take palce at the border between the FC and the DFC [87, 88]. Early rRNA
processing events are supposed to occur in the DFC whereas late rRNA processing as well as
early ribosomal assembly steps take place in the GC (Figure 7B) [8]. In plants, the situation
differs to some degree from mammalian cells. The DFC is less electron-dense and much larger.
It can take up to 50% of the whole plant nucleolus compared to approximately 17% in animal
nucleoli [89] and due to the lower electron density it often appears that there is a gradual
transition between the DFC and GC in electron microscope analyses [89]. rDNA transcription
sites are not only found at the border of the FC to the DFC, but are spread all over the DFC and
therefore the whole nuceolus [90]. In plant nucleoli, a nucleoplasmic-like inclusion with
unknown function, also called nucleolar cavity or nucleolar vacuole, is observed very often
[86]. It contains several small nucleolar RNAs (snoRNAs) like U3, U14 and MRP associated with
additional splicing factors. These snoRNAs are important for the pre-RNA processing that
occurs in the DFC and GC [86]. Therefore, it has been suggested that the nucleolar cavity plays
a role in the transport or processing of these components [86].
Based on imporved isolation methods for nucleoli together with high-trouhgput mass
spectomerty (MS)-based proteomic approaches, 216 nucleolar proteins (among them DEG9,
that is of particular interest in this thesis) were identified in A. thaliana [58] and up to 700
proteins in human [91, 92]. However, only 30% of the detected proteins could be linked to
well-estblished processed in the nucleolus like ribosome biogenesis suggesting a much more
complex functionality of this nuclear subcompartment (reviewed in [93]). Other proteins found
were linked to processes like cell cycle regulation (p53-binding protein nucleostemin), mRNA
processing and editing (exon junction complex (EJC)) as well as DNA interaction and repair [6,
58, 93]. This data confirms previously suggested non-classical nucleolar functions, or at least a
role of the nucleolus for the storage of those factors, in regulation of cell grwoth and division,
RNA editing, DNA repair and telomerase regulation. However, the following chapters will focus
predominantely on ribosome biogenesis.
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1.3.2

An overview of ribosome biosynthesis

Ribosome biosynthesis in eukaryotes requires a huge arsenal of protein factors and
ribonucleo-protein particles (RNPs) coordinating the de novo biosynthesis of rRNA and its rRNA
precursors (pre-rRNA) in the nucleolus. This includes subsequent splicing and assembly with
ribosomal proteins in the nucleolus and the nucleoplasm followed by export to the cytosol
where final maturation and assembly takes place [94, 95]. It is one of the most complex and
energy-consuming tasks of any cell. In eukaryotic organisms, rDNA genes are located at one or
more chromosomal sites called nucleolar organizer regions (NORs, chromosome 2 and 4 in
A. thaliana) [86, 96]. The rDNA genes are arranged as multiple tandem repeated units
comprising the 18S, 5.8S and 25-28S rRNA and are transcribed by RNA polymerase I forming
the pre-rRNA [8, 95, 97]. This pre-rRNA then undergoes several endo- and exonucleolytic
processing steps in which 5’ and 3’ external transcribed spacers (ETS) and internal transcribed
spacers (ITS) are removed to release the 18S, 5.8S and 25-28S rRNAs [98]. In contrast to the
18S, 5.8S and 25-28S rRNAs, the 5S rRNA is not encoded on the NORs but on chromosomes 3,
4 and 5 in A. thaliana and transcribed by RNA polymerase III [99]. Over the last two decades,
research on ribosome biosynthesis in yeast revealed approximately 80 ribosomal proteins
(r-proteins) that associate with the rRNAs concomitantly with processing and are retained in
mature ribosomes. Moreover, up to 200 different non-ribosomal factors comprising proteins
and small nucleolar ribonucleoprotein particles (snoRNPs) were identified and are involved in
various aspects of ribosome synthesis [94, 95]. In plants however, knowledge on ribosomal
protein composition and especially on processing of pre-rRNA is not available to the same
extend. Genome analysis using previously identified r-proteins from the well-characterized rat
(Rattus norvegicus) system revealed 32 small subunit and 42 large subunit ribosomal proteins
in A. thaliana encoded by 249 genes indicating several duplication events of the A. thaliana
genome in its evolutionary history [100]. Additionally, screening analysis of Arabidopsis
mutants that displayed developmental defects were able to identify many plant orthologues of
yeast rRNA processing components [101] but not many were investigated at the molecular
level so far. However, the main rRNA maturation steps are conserved between eukaryotes and
differences only occur in the position of processing sites and processing order as well as the
required factors [2, 102, 103]. The following sections will focus on splicing and maturation of
rRNA in the well-studied yeast rRNA splicing system and compare it to the so far available data
from plants.
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1.3.3

Multiprotein-complexes drive the maturation of the pre-rRNA

Biogenesis of ribosomes is a tightly regulated and highly orchestrated process that follows a
hierarchical order of events. During these events, several pre-ribosomal particles are formed
comprising the pre-rRNA together with multiprotein- and snoRNA complexes that are
responsible for splicing of the rRNA and covalent modification on over 100 rRNA residues
[104]. Many of these events occur co-transcriptionally in the nucleolus and include also the
recruitment of some of the r-proteins that are incorporated and later found in mature
ribosomes [105, 106]. However, there is a vast number of assembly factors that only interact
transiently with the pre-ribosomal particles. These factors are not only restricted to the
nucleolus, but are also found in the nucleoplasm and even the cytoplasm to regulate further
maturation, r-protein incorporation and export to the cytosol [105]. As the steps of ribosome
biogenesis occurring in the nucleolus are of particular interest for this thesis, only the key
proteins and protein-complexes associating in the nucleolus (and to some extent in the
nucleoplasm and cytosol) will be discussed in the following paragraph.
The so-called 90S processome is the earliest formed pre-ribosomal particle. In yeast, it is a
multi-component complex formed by transcription U three protein (t-UTP) complex together
with the U3 snoRNA complex and Rrp5 (ribosomal RNA processing) which associate with the
nascent 35S pre-rRNA [107] (Figure 8). Purification of the U3 snoRNP/90S processome complex
from Brassica oleracea revealed 62 proteins of which 22 are r-proteins from the 40S small
subunit and 5 are r-proteins form the 60S large subunit. Other proteins found were linked to
chaperone-, proteasome-, ribosome- or DNA and RNA metabolism functions (for a detailed list
of proteins associated with the U3 snoRNA complex, see [106]). Several models suggest, that
the 5S rRNA, which is part of the mature 60S large subunit, is already incorporated at early
stages of ribosomal biogenesis when the future ribosomes are still present as 90S particles [7,
95].
After cleavage of the pre-rRNA in the ITS1, the 90S processome decomposes into the pre-40S
and the pre-60S particles containing the 18S and the 5.8S/25S pre-rRNA respectively (compare
Figure 8 and Figure 9B). The pre-40S particles generated in the nucleolus already contain most
of the r-proteins of the 40S subunit that are required for further processing and maturations
steps, ribosomal quality control, export to the cytoplasm and eventually for protein translation
and stable ribosomal structure [108]. This presumes the import of the r-proteins into the
nucleus and the nucleolus after synthesis in the cytoplasm. In contrast to the pre-40S particles,
the pre-60S particles are not rapidly exported after their generation in the nucleolus, but
undergo several maturation steps in the nucleoplasm [105].
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Figure 8. Schematic representation of ribosomal maturation during movement from the nucleolus to the
cytoplasm.
After transcription of the rDNA genes, the early 90S particle is formed containing the 35S pre-rRNA, the 5S
rRNA, the U3-snoRNP and several r-proteins. The 90S precursor decays into the pre-40S and pre-60S after
cleavage in the ITS1 of the 35S pre-rRNA. The majority of pre-60S factors associate in the nucleolus after
cleavage in the ITS1, but disassemble while the pre-60S particles undergoes further maturation in the
nucleoplasm which include incorporation of further r-proteins as well as transient association of a few
further maturation factors. Final maturation of both pre ribosomal particles occurs in the cytoplasm.
Figure taken from [7].

During the movement of the pre-60S particles form the nucleolus to the cytoplasm, the
number of non-ribosomal proteins gradually decreases [109]. However, the number of
proteins interacting with the pre-60S particles is immense. 80 factors have been linked to its
maturation [105] and discussing it here would be beyond the scope of this thesis. The
maturation of the pre-60S particles includes further incorporation of r-proteins in the
nucleoplasm [7]. Export of both pre-ribosomal particles through the nuclear pore complex
(NPC) is facilitated by several export proteins only interacting transiently. One key-player in the
export machinery is the karyopherin Crm1 that recognizes nuclear export signals (NES) in
proteins associated with the pre-ribosomal particles. Crm1 mediates the export in a Ran-GTPdependent manner [110]. Final maturation in the cytosol needs further incorporation of rproteins and dissociation of the remaining non-ribosomal factors that are reimported into the
nucleus together with the export proteins for further use [105].
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1.3.4

Splicing events generating the 18S, 5.8S and 25S ribosomal RNA in A. thaliana

In crucifers and especially A. thaliana, the complete IGS sequence was first published and
analyzed by Bennet and Gruendler and colleagues in 1991 and contains the transcription
terminator of the proceeding pre-rRNA as well as the promoter region and the transcription
initiation site (TIS) for the following rRNA [97, 111]. A conserved motif named A123B cluster was
found upstream of the TIS, which, in Brassica oleracea, promotes binding to the U3 snoRNP
complex that performs the first processing step of pre-rRNA in the 5’ETS at a site designated as
P [106, 112]. Initial processing of the 3’ETS is performed endonucleolytically and cotranscriptionally by the A. thaliana RNaseIII-like protein RTL2 (Rnt1p in yeast [113]) at a so far
no defined site to release the 35S pre-rRNA [114] (Figure 9B). Studies based on A. thaliana
mutants missing the AtXRN2/3 exonucleases [2] and the endonuclease AtRRP6L2 (Rrp6 in
yeast) [115, 116] revealed additional cleavage sites upstream of P in the 5’ ETS termed P1 and
P’. The next two processing steps most likely do not have any particular order.
The 33S(P) fragment can be cleaved first at the P1 position generating the P-P1 fragment and
the 33S(P1) pre-rRNA which subsequently is processed in the ITS1 at the A3 site (in yeast
performed by RNase MRP, see below) releasing the 18S rRNA precursor P1-A3. Alternatively,
this first cleavage of 33S(P) can also occur at A3 in the ITS1 generating the P-A3 18S rRNA
precursor which is then processed at position P1 to form the P1-A3 and P-P1 fragments [2]
(Figure 9B).The P-A3 and P1-A3 intermediates are further processed to the 20S rRNA by so far
unidentified endonucleases (Figure 9B). However, data gathered on the rRNA processing
system in yeast suggest that this processing steps rely on the presence of U3 snoRNP indicating
an involvement of this complex in multiple processing events [117, 118].
In yeast, cleavage at site A3 in the ITS1 is performed by the RNase MRP [119] and the order of
the A2 and A3 processing differs from that in A. thaliana [2]. Unlike in Arabidopsis, the first
cleavage event in the ITS1 takes place at site A2 leading to a direct formation of the 20S prerRNA , and the 27SA2 pre rRNA containing the remaining 5.8S rRNA and 25S rRNA [95]. Final
processing of the 20S pre-rRNA takes place in the cytosol [95].
In yeast, processing of the remaining 5.8S and 25S rRNA follows two different pathways
generating two divergent 5.8S rRNA species. Upon initial processing of the ITS1 at site A2, the
5.8S rRNA can either be cleaved in a direct way endonucleolytically at its 5’ end at site B1L
eventually leading to a 5.8S large version (5,8SL) rRNA, or processed at site A3 by RNase MRP
which is followed by exonucleolytic trimming of the 5.8SL fragment at the 5’ end by
exonucleases Rat1p/Xrn1P and Rrp17 [120, 121] to form the seven nucleotides shorter version
5.8SS [118].
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Figure 9. rRNA splicing in A. thaliana
A, Schematic representation the rRNA primary transcript including the 18S, 5.8S and 25S rRNAs. Processing sites
are indicated by arrows, its designation and bp position upstream from the TIS. B, splicing scheme of the rRNA
primary transcript in A. thaliana. Known enzymes involved in the A. thaliana splicing machinery are indicated in
black, factors so far only investigated in yeast are indicated in blue.
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Abbreviations: TIS, transcription initiation site; A B, binding site of U3 snoRNP; ETS, external transcribed sequence; ITS,
internal transcribed sequence. Adapted and complemented from [2]

However, so far no different types of 5.8S rRNA have been described for Arabidopsis. This can
be explained by the fact that in Arabidopsis initial processing of the ITS1 likely starts at position
A3 and therefore favors the processing pathway including exonucleolytic trimming of the 5’
end of the 5.8S rRNA [2].
After the 5’ maturation of the 5.8S rRNA, further processing of the 27SA pre-rRNA at the 3’ end
by the yeast Rex1p exonuclease leads to the formation of the 27SB precursor which is then
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cleaved by a yet unknown endonuclease at site C2 generating 7S and 26S precursors of the
5.8S and 25S rRNA, respectively [122]. This is followed by successive processing at the 3’ end of
7S precursor rRNA to release the mature 5.8S rRNA. In Arabidopsis, this step involves the core
exosome [95, 115, 123] together with other factors so far only determined for yeast (Rex1p
/Rex2p exoribonucleases, Ngl2p nuclease [95]). In yeast, the final processing of the 26S pre
rRNA at its 5’ end is performed by Rat1p/Xrn1p to release the mature 25S rRNA [124].
Ribosome biosynthesis is a very complex process whose orchestration is often linked to the
major functions of the nucleolus. As the nucleolus was found to be the localization site of
DEG9 (chapter 2.2.3), further investigations on the physiological function of DEG9 focused on
the splicing events of the rRNA in WT and deg9 knock-out mutants.
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1.4

Polysomes – a short overview

Ribosomes are macromolecular complexes identified as the primary site of mRNA translation
into proteins. In the eukaryotic cytosol, the translation of mRNA starts with the binding of the
preinitiation complex composed of the small 40S ribosomal subunit, the initiator mRNAi and
several initiation factors (eIFs) to the 5’ cap of the mRNA.
The 40S subunit then moves towards the 3’ of the mRNA
until it recognizes the AUG starting triplet, which is the
site of the large 60S subunit binding. After full assembly
to the 80S ribosome, translation starts and the ribosome
migrates along the mRNA [125]. Many organisms use the
assembly of multiple ribosomes on a single mRNA
molecule as a way to increase the translation rate. These
Figure 11. Schematic representation structures are called polyribosomes or polysomes, and
of polysomal protein translation.
can be isolated and even visualized by electron

microscopy. Thereby the actively translated mRNA
appears as long chains or necklace-like structures with the ribosomes as dots mimicking the
beads [125] . With ongoing protein synthesis, the polypeptide chains start to emerge from the
ribosomes (Figure 11 and Figure 10). A well established and not time-consuming method to
determine

the

overall

translational activity is to analyze
polysomal

profiles.

These

profiles can be seen as a “global
snap

shot”

of

all

actively

translating ribosomes and give
information about the overall
translation

potential

of

the

organism under investigation.
Other

factors

that

can

be

investigated are the abundance
of small and large ribosomal Figure 10. Electron microscopic illustration of polysomes
subunits and their potential for

translating mRNA.

assembly into monosomes and Multiple ribosomes (black dots) translate a single mRNA

simultaneously forming a polysome. With ongoing synthesis and

polysomes as well as the amount movement of the ribosomes to the end of the mRNA, amino acid
monosomes, short polysomes chains increase in length. Nascent proteins are best seen at the
and long polysomes. Due to the

end of the mRNA to the right.

different sizes of the individual subunits, monosomes and polysomes, they can easily be
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separated on sucrose density gradients and quantified on the basis of UV absorption at 254
nm.

1.4.1

Diurnal cycle of polysome formation in A. thaliana WT and deg9 knock-out plants

In their natural habitat, plants are unavoidably exposed to environmental changes that require
constant adaption of the plant proteome. One of the most striking changes is the daily
alteration between light exposure and darkness, which was shown to have an influence on
polysome content (Piques et. al) [5].

Figure 12. Example of diurnal changes in polysome composition.
Scheme represents polysomal profiles at the end of the night and 2 hours after
illumination. A clear shift is visible from non-polysoomes to large polysomes after
onset of light exposure (taken from Piques et al. [5])
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In studies compromising translational rates, polysomal occupancy and transcript copy numbers
in A. thaliana, Piques et al. were able to detect immense differences considering diurnal
changes [5]. For most of the 98 tested proteins that are involved in the central metabolism, an
increased synthesis rate of 50-100% was estimated in the light period compared to the dark
period. This finding was accomplished by drastic changes in the composition of the polysome
population. In the light period, large polysomes (LPS) increased from 26 to 50% whereas small
polysomes (SPS) decreased slightly from 27 to 20%. Free ribosomal subunits decreased from
47 to 30% (An example for the diurnal changes in the polysomal composition is given in Figure
12).
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2.

Results and Discussion

2.1

DEG14

2.1.1

deg14 loss-of-function mutants

Several potential mutant lines carrying T-DNA insertions in the DEG14 gene where obtained
from the GABI-KAT and the Salk collections. The deg14-1 (Salk_110608C) and deg14-2
(Salk_042659) mutant lines contain the T-DNA insertion in the second intron and the fifth
exon, respectively, whereas the GABI-KAT line deg14-3 (379H07) carries the insertion in the
second exon (Figure 13A).

A

B

Figure 13. Genomic analysis of A. thaliana deg14 mutant plants.
A, schematic representation of the DEG14 gene showing the localization of the T-DNA
insertions of tested mutant lines. Exons are depicted as black boxes and introns as connecting
lines. B, PCR analysis of genomic DNA from WT and deg14 mutant plants. T-DNA insertions
were determined using several primer combinations binding upstream and downstream as
well as on the borders of the T-DNA insertions for WT plants and the three deg14 mutant
lines.
Abbreviations: HM, homozygous; GU, genomic primer binding upstream of the insertion site;
GD, genomic primer binding downstream of the insertion site; LB, T-DNA specific primer
binding at the border of the T-DNA
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PCR-analysis of homozygous insertion mutants using T-DNA-specific primers together with
adequate primers binding upstream and downstream of the T-DNA insertion showed that both
deg14-1 and deg14-3 have an inverted tandem repeat insertion (Figure 13B, left and right
panels).
In case of deg14-2, only the primer binding upstream the predicted insertion together with TDNA-specific primer showed detectable amounts of PCR products in gel electrophoresis (Figure
13B, middle panel). For all mutant lines tested, PCR products were only obtained with DNA of
homozygous plants when primer combinations included T-DNA-specific primers. In contrast,
WT plants showed a distinct band using the genomic primer combination (Figure 13B, upper
line). Sequence analysis of deg14-2 confirmed the T-DNA insertion in exon 5. As no product
was amplified with downstream genomic primers and multiple different T-DNA insertionspecifiec primers, it was important to check if the DEG14 gene still is intact downstream the
insertion and to ensure that the gene downstream of DEG14 was not damaged as well.
Therfore, a PCR product comprising exons 12 of DEG14 was sucessfully amplified (data not
shown).
To assay the amount of DEG14 transcript, total RNA from homozygous deg14-2 plants was
isolated, transcribed to cDNA and used as template for further PCR analysis (Figure 14).

Figure 14. Analysis of DEG14 transcript levels in A. thaliana WT and deg14 mutant
plants.
Left: Total RNA of A. thaliana WT plants and deg14-2 knock out mutants was reversetranscribed into cDNA and used as PCR template. A plasmid carrying the DEG14 CDS and
H20 were used as controls. The same T-DNA-spanning primer combination was used in all
PCR reaction. B, PCR quality check of the synthesized WT and deg14 mutant cDNA. cDNA
was tested using DEG2-specific primers. A plasmid carrying the DEG2 CDS and H2O were
used as controls.
Abbreviations: DEG14 pl., plasmid DNA encoding the CDS of corresponding gene
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No DEG14 transcript was detected in the homozygous deg14-2 mutant independent of the
type of template (cDNA or genomic DNA, Figure 14 , left panel). In contrast, WT plants showed
a PCR fragment of 570 bp corresponding to the expected part of the native DEG14 mRNA also
present when a plasmid carrying the DEG14 coding sequence was used as template (Figure 14,
left panel). As a quality control of the cDNA, a 969 bp fragment of Deg2, another gene
encoding a chloroplastic DEG protease, was amplified. Again, a plasmid carrying the
Arabidopsis DEG2 coding sequence served as positive control for the PCR reaction conditions
and fragment size. The DEG2-specific fragment could be amplified from all cDNA samples,
verifying the presence of sufficiently concentrated and intact cDNA in all templates (Figure 14,
right panel).
Because multiple T-DNA insertions appear frequently in the genome of the transformed plants
after A. tumefaciens-mediated transformation (compare chapter 1.2.1), the deg14-2 mutant
was back-crossed three times with Col-0 WT plants to exclude any second insertion. Backcrossed mutants can now be used for accurate comparison with WT plants. Phenotypic
analyses, under normal as well as various stress conditions can be performed and possible
differences can be attributed to the loss of DEG14 giving insights into possible functions of the
gene.

2.1.2

Discussion

Mutant lines with altered expression of the gene of interest are a very powerful tool to
investigate the physiological functions of the gene. Physiological parameters, biochemistry and
morphology of WT and mutant plants can be compared under various conditions, which ideally
leads to the discovery of significant differences that can be assigned to a specific molecular
function of the protein of interest.
For DEG14, three different mutant lines where analyzed and the presence of the inserted TDNA was confirmed by PCR-analysis. As the Mutant lines deg14-1 and deg14-3 both yielded
PCR products using the same T-DNA-specific left border primer and two different primers
binding either upstream or downstream the insertion within the genomic DNA, they most
likely carry an inverted tandem repeat insertion. Deg14-2 only showed detectable amounts of
PCR product using the T-DNA-specific left border primer and a genomic primer binding
upstream of the insertion site (Figure 13B). Several T-DNA-specific right border and left border
primers where used together with a genomic primer binding downstream of the insertion site.
However, no PCR product was amplified under any of the tested conditions. This leads to the
assumption that a bigger part of the gene or the T-DNA was deleted during the T-DNA
insertion process.
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As mutant line deg14-2 was available from the beginning on of the PhD thesis, this line was
further characterized on genomic and transcript level. Sequence analysis detected the
reported T-DNA insertion in the fifth exon at bp 1132 counted from the adenine of the start
codon. Furthermore, both sides of the DEG14 gene were intact upstream and downstream of
the T-DNA insertion site. Total RNA extract was reverse-transcribed into cDNA and
subsequently analyzed by PCR using T-DNA-spanning genomic primers. No PCR products were
obtained thus confirming the absence of full length DEG14 mRNA (Figure 14). Mutant line
deg14-2 was backcrossed three times with Col-0 WT plants to exclude any second T-DNA
insertions. As the other two mutant lines were not available at the beginning of the PhD thesis,
full characterization as well as backcrossing still has to be performed.
Taken together, as mutant line deg14-2 is confirmed on genomic and transcript level and backcrossed three times it can be used for multiple experiments to obtain evidence about the
function of DEG14 whereas the mutant line deg14-3 can be used to confirm potential results.
Mutant line deg14-1 carries the T-DNA insertion in an intron. This does not necessarily
preclude the formation of full-length mRNA and therefore, this line should further be checked
on transcript levels. Unfortunately, there is no DEG14-specific antibody available so far to
determine the absence of DEG14 on protein level. However, it is likely to expect no functional
DEG14 protein in mutant line deg14-2 as no functional DEG14 mRNA was found in this line.
Such antibody would also be useful to have a look on the expression rate of DEG14 in different
plant tissues like leaves, roots, shoot, flowers and siliques. Another application for the
antibody would be pull-down approaches to isolate and identify the protease together with its
specific substrate(s).
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2.1.3

Subcellular localization of DEG14

Several prediction programs showed high
probability for DEG14 being targeted to

Table 1. Prediction of DEG14 localization.

mitochondria (Table 1). To confirm these

TargetP

mitochondria

predictions, the DEG14 CDS was inserted

Predotar

mitochondria

into the pEG103 vector resulting in a DEG14-

Mitoprot

mitochondria

GFP fusion construct to generate A. thaliana

PSORT

mitochondria

mutants stably expressing the DEG14-GFP

Plant-mPLoc

chloroplasts

fusion protein. However, prior to the CDSinsertion the serine residue at position 281 in the active center of the protease domain was
mutated to alanine (S281A) to inactivate the protease function of DEG14 (see chapter 1.1).
This was performed to exclude possible physiological alterations of the plant caused by the
overexpression of an active protease that eventually impedes localization studies. Two
different fusion constructs were created, one encoding for the full-length DEG14 protein fused
with GFP (flDEG14-GFP) and one using only the predicted DEG14 transit peptide consisting of
the first 94 amino acids fused to GFP (DEG14TP-GFP). Both of them carried the GFP-tag at the
C-terminus. Positive transformants were selected using BASTA and checked for DEG14-GFP
expression by epifluorescence microscopy. Protoplasts isolated from the stably transformed
DEG14TP-GFP mutant plants were analyzed by epifluorescence microscopy. The GFP signal was
visible as small distinct dots located mainly at the periphery of the protoplast close to the
plasmamembrane. The fluorescence overlay shows that the construct co-localized together
with the signal of the mito-tracker previously applied to the protoplasts (Figure 15). The shift
of the GFP and mito-tracker signals towards the periphery of the protoplast can easily be
explained by the general composition of plants cells. The vacuole fills out most of the
intracellular space and therefore organelles usually are pressed towards the plasmamembrane of the cell. In general, DEG14TP-GFP as well as mito-tracker signals showed exact
co-localization in most cases. In WT plants derived protoplasts, Chl auto-fluorescence detected
by the GFP channel did not show any distinct dots near the plasma membrane as observed in
plants previously transformed with DEG14TP-GFP (Figure 15 and Figure 16).
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A

B

Figure 15. The DEG14 transit peptide targets GFP to mitochondria.
Protoplasts were isolated from A. thaliana plants stably expressing the DEG14
transit peptide fused to GFP (DEG14TP-GFP), stained with mito-tracker and
photographed by epifluorescence microscopy. The picture shows false-colored
greyscale images recorded with specific filter sets. A, WT protoplasts; B, DEG14TPGFP expressing plants.
Abbreviations: M, mitotracker; Chl, chlorophyll autofluorescence; BF, bright field.
Scale bar represents 10 µm.

The protoplasts generated from flDEG14-GFP mutant plants were analyzed by confocal laser
scanning microscopy and showed an even clearer co-localization of GFP fluorescence signals
from full-length DEG14-GFP together with the mito-tracker signals whereas no GFP
fluorescence was observed in WT plants (Figure 16). Again, most of the GFP fluorescence was
visible as small spots near the plasma membrane.
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A

B

Figure 16. full-length DEG14 GFP is transported to the mitochondria.
Protoplasts were isolated from A. thaliana plants stably expressing full-length
DEG14 fused to GFP (flDEG14-GFP), stained with mito-tracker and photographed
by laser-scanning microscopy (LSM) in the metadetector. Photographs were taken
by Gudrun Müller.
A, WT plants, scale bar represents 10 µm; B, FLDEG14-GFP mutant plants, scale
bar represents 5 µm
Abbreviations: M, mitotracker; Chl, chlorophyll autofluorescence; BF, bright field

To underline the results observed in microscopic analyses, FLDEG14-GFP mutant plants were
investigated in a biochemical approach. Mitochondria were isolated from FLDEG14-GFP
mutant seedlings growing for 18 days in MS medium under continuous light. Samples were
taken after crucial steps during the mitochondria isolation and equal amounts of protein were
analyzed by SDS-Page and immunoblot analysis using selected antibodies. For the detection of
full-length DEG14-GFP, an α-GFP antibody was used. During the process of isolation and
purification of mitochondria, full-length DEG14-GFP was highly enriched as shown by
increasing GFP-specific signals in the 15.000 xg pellet and the mitochondria samples obtained
from a subsequent percoll density gradient purification (Figure 17). In contrast, crude extracts
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as well as the cytosolic fraction (15.000 xg supernatant) showed only faint GFP-specific signals.
Arginase (ARGAH) as well as the DEG10 protease were used as mitochondrial marker proteins
and displayed identical patterns as DEG14-GFP during the purification as analyzed by
immunoblot using specific antisera. The DEG2 protease, which is localized to the stromal side
of the thylakoid membrane of chloroplasts, was used to determine the extent of plastidic
contamination of the enriched mitochondria. When analyzing the samples using the specific αDEG2 antibody, almost no DEG2 protein could be detected in the late purification steps
showing high purity of the mitochondrial preparation.

Figure 17. full-length DEG14-GFP is enriched in purified mitochondria.
Mitochondria were isolated by differential gradient centrifugation form full-lengthDEG14-GFP
expressing A. thaliana plants grown in liquid 0,5x MS for 18 days. Final Mitochondria fraction was
derived from percoll density gradient purification. A, Imunodetection was performed using an α-GFP
antibody for flDEG14-GFP. α-ARGAH and α-DEG10 served as mitochondrial markers, α-DEG2 and αH3 as negative controls to exclude chloroplast and nuclei contaminations, respectively. 7 µg of
protein were loaded in each lane. B, Coomassie-stained SDS gel as loading control, 16 µg protein was
loaded per lane.
Abbreviations: GFP, Green-fluorescent protein, ARGAH, arginase; H3, Histone 3

31

The Histone 3 (H3)-specific signal as an indicator for nucleus contamination was present in the
crude extract, enriched after the first centrifugation step (4.900 xg pellet) and was only a weak
in the 15.000 xg supernatant. Although a strong signal could be detected in the 15.000 xg
pellet sample, no H3-specific signal appeared after the density gradient centrifugation step
resulting in a very pure mitochondria preparation.

2.1.4

Discussion

Prediction programs stated a high probability that that DEG14 is imported to the mitochondria
and indicated an N-terminal transit peptide of 29 (Mitoprot) or 33 (SignalP) amino acids.
Structural prediction programs stated the beginning of the first higher ordered structure, the
trypsin-like protease domain at amino acid 89. Therefore, GFP was fused to the C-terminus of
either the full-length CDS or the first 94 amino acids of DEG14. The data obtained from
microscopic as well as biochemical analyses of the DEG14-GFP constructs show that DEG14 is
indeed imported into the mitochondria. Microscopic analysis showed, that both constructs
were imported into mitochondria as their fluorescence signals co-localized with the
mitotracker fluorescence (Figure 15 and Figure 16). Since these analyses were performed with
living protoplasts, not every GFP and mitotracker spot equally overlapped as movement of the
organelles still occurred. However, in both cases the majority of the GFP and mitotracker
signals overlapped and the overall pattern of the mitotracker staining and the GFP-signal
looked very similar if not almost the same as in case of the full-length DEG14-GFP fusion
protein (Figure 16). As the DEG14TP-GFP constructs were analyzed by epifluorescence
microscopy, all pictures showed diffuse signals in the middle of the protoplast best seen in the
chl auto-fluorescence channel (Figure 15). Fluorescence microscopy catches all signals, even if
the source of the fluorescence is not in the focus of the microscope. Chl auto-fluorescence of
chloroplasts sunk to the bottom of the protoplast is detected in the GFP channel and therefore
contributes strongly to the diffuse fluorescence seen in the pictures. However, confocal laser
scanning microscopy of the full-length DEG14-GFP construct showed very distinct fluorescence
in the GFP, the mitotracker, and the Chl auto-fluorescence channels. The co-localization of the
truncated GFP fused DEG14 version with the mitotracker demonstrate that the transit peptide
is encoded within the first 94 N-terminal amino acids of DEG14. These construct was also
generated based on the experience, that large GFP tagged constructs usually show a very low
expression rate in transformed plants that impedes the search for positive transformants.
Plants transformed with the full-length DEG14-GFP construct showed a low 1:90 ratio of
transformants expressing the construct to levels detectable in epifluorescence microscopy

32

whereas in plants transformed with the truncated GFP tagged version of DEG14 one of six
plants showed detectable amounts of GFP fluorescence.
Biochemical analyses of mitochondria purified from FLDEG14-GFP mutant plants confirm the
findings from confocal laser scanning microscopy. Since no specific DEG14 antibody is available
so far, an α-GFP antibody was utilized for the detection of full-length DEG14-GFP in
immunoblots. In full cell extracts, no signal of full-length DEG14-GFP by detection with the
GFP-specific antibody was observed, but the signal increased strongly in the purified
mitochondria fraction visualizing an enrichment in these organelles (Figure 17).
The position of the flDEG14-GFP signal indicates a molecular mass slightly lower than 70 kDa.
The predicted size of unprocessed DEG14 is 46.66 kDa whereas the size of DEG14 after
cleavage of the predicted signal peptide of 34 amino acids (SignalP prediction) after the import
into mitochondria leads to a 42.9 kDa mature protein. Taken the size of the GFP-tag of
26.9 kDa into account, the fusion of both proteins should results in a protein of 69.8 kDa. This
calculation corresponds very well with the migration distance of the signal detected by the αGFP antibody.
Corresponding to DEG14 accumulation in the mitochondrial preparation, ARGAH, a
mitochondrial protein involved in arginine catabolism within mitochondria [126], was
dramatically enriched in the mitochondrial fraction. The same was observed in case of DEG10,
which was reported to be transported to the mitochondria as well (Huber et al. (2011) [127])
therefore indicating high enrichment of mitochondria during the purification process.
Mitochondria were tested for chloroplast contamination by using an α-DEG2 antibody, as
DEG2 is known to be localized to the stromal side of the thylakoid membrane of chloroplasts
[51]. Immunoblot analysis showed almost no contamination of chloroplast in the crude
mitochondria pellet as well as in the pure mitochondria separated additionally by density
gradient centrifugation. Highest amounts of DEG2 were detected in the cytosolic fraction
indicating a high level of damage to chloroplasts during the isolation process. Histone 3 was
used as a marker for the distribution of nuclei during the fractionation. Most nuclei, together
with some intact chloroplasts, are separated from the mitochondria during the purification
after the first initial centrifugation step which is very likely due to the large size and high
density of these organelles. Some nuclei were found in the crude mitochondria pellet but were
separated from mitochondria in the subsequent density gradient centrifugation step.
Taken together, microscope and immunoblot investigations reveal an exclusive localization of
DEG14 within mitochondria. Due to the lack of a DEG14-specific antiserum, immunoblot
analysis was performed using an antibody directed against GFP. Future perspectives would ask
for raising an α-DEG14 antibody as it can provide a powerful tool to further analyze DEG14 on
the translational level under various stress conditions or in different tissues and for the
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comparison of confirmed deg14 knock-out mutant lines. Furthermore, this antibody could be
used for pull-down experiments to eventually find interaction partners of DEG14 and for the
general use in WT plants.
As DEG14 is localized in the mitochondria, it is essential to include this knowledge for further
work and scientific strategies. The main function of mitochondria is generating energy in form
of ATP by oxidative phosphorylation. Although this seems to be the most outstanding function,
the role of mitochondria in processes like cell signaling, apoptosis, fatty acid metabolism and
biosynthesis of essential cofactors, such as vitamin C, folate, lipoic acid and biotin are also well
documented [128, 129]. However, the role of DEG proteases in mitochondria in one of these
processes is poorly understood. Data base searches revealed that 16 DEG protease paralogs
are encoded in the genome of A. thaliana, five of which are predicted to be imported into
mitochondria and one with a predicted dual localization into chloroplasts and mitochondria [4]
(compare Introduction, chapter 1.1.5). For the predicted dually localized DEG11 protease,
large-scale proteomic approaches were able to detect the protein in the thylakoid membrane
of chloroplasts questioning the mitochondrial prediction [130]. However, transcript analyses as
well as proteomic approaches were so far only able to detect two mitochondrial predicted
proteases, DEG10 and DEG14, leading to the assumption that the others are possible
pseudogenes or expressed only in certain cells or under specific conditions (supported by
microarray data). For DEG14, it was shown that transcript levels were increased in A. thaliana
plants that were adapted to high-temperature. However, plants directly exposed to heat stress
did not show any alterations in DEG14 transcript levels indicating a role of DEG14 in thermotolerance rather than a direct response on high temperature conditions [131]. For DEG10,
whose mitochondrial localization was previously demonstrated using GFP fusion constructs
and biochemical analyses by our group, an enrichment of transcript was observed under heat
stress (HS) conditions as well as after treatment with inhibitors of the mitochondrial electron
transport chain [132, 133]. The accumulation of both DEG10 and DEG14 transcripts under
elevated temperatures and of DEG10 after inhibition of the electron transport chain possibly
connects their functions to protein quality control. Under HS conditions proteins denature and
become damaged. Inhibiting the electron transport chain inevitably leads to the formation of
ROS followed by protein damage. As intact mitochondria are crucial for the living cell by
providing energy, proper maintenance determines the fate of the organism. As mitochondria
are the sites of O2 consumption and conversion into H2O, they are always a hot spot for ROS
formation. Thus, the importance of quality control systems in mitochondria is apparent.
Phylogenetically, DEG14 is most closely related to mammalian HtrA proteases [4]. For the
mitochondrial HtrA2/Omi protease from animal cells a pro-apoptotic role was reported
(reviewed in [41]). During apoptosis mitochondria lose their structural integrity and HtrA2/Omi
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is released into the cytosol to facilitate cell death. Interestingly, microarray data show an
upregulation of DEG14 on transcript level when treated with Botrytis cinerea, a fungal
pathogen that is known to induce hypertensive response (HR) which is a sub form of
programmed cell death (PCD) in plants [134, 135]. This would attribute a similar to DEG14 in
apoptosis-like events like it was described for the human HtrA2/Omi. However, more recent
studies suggest that the pro-apoptotic function of HtrA2/Omi is not its main function. Instead
its function is thought to focus on protein homeostasis by degrading damaged proteins or
acting as a mitochondrial chaperone [136, 137]. It is tempting to speculate that DEG14 as well
as DEG10 fulfill similar protein quality control functions in plant mitochondria like HtrA2/Omi
in animals. Moreover, the absence of the ubiquitin-proteasome degradation system in
mitochondria (see chapter 1.1.2) clearly demands for a quality control system in this
compartment. However, there are so far no reports about whether DEG14 acts as a
chaperone, as a protease or maybe as both under different conditions. Spiess and colleagues
were able to show, that DegP from E. coli undergoes conformational changes that activate its
proteolytical activity under elevated temperatures, whereas under normal growth conditions
the protein acts as a chaperone [19]. If DEG14 plays an active role under HS conditions, it
would make sense to increase its activity, whether by changing the activity itself or by
providing more of the protein. To answer this question, investigations on proteolytic activity of
DEG14 is crucial. This can be achieved by heterologous overexpression in E. coli and
purification.
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2.1.5

Phenotypic characterization of deg14 loss of function mutants

Several distinct homozygous deg14 mutant lines were confirmed on genomic level in this
thesis. Additionally, the complete absence of DEG14 transcript in mutant line deg14-2 was
confirmed and this line was utilized for further backcrossing with WT plants to exclude
secondary T-DNA insertions. Mutant plants are a powerful tool to gather information about
the function of the gene of interest. Under optimal conditions, the functional loss of a given
protein will cause a visible phenotype that can be directly connected to a specific process in
the organism, e.g. root growth, formation of siliques or inflorescences, or fertility. As
backcrossing three times is a time-consuming process that takes several generations of plant
growth, the following experiments were performed with non-backcrossed deg14-2 mutant
plants because homozygous back-crossed plants were not available at that time.

2.1.6

Comparison of leave rosette growth between WT and deg14 knock-out plants

It was shown, that DEG14 is transported to the mitochondria upon synthesis (Chapter 2.1.3).
The main function of mitochondria is generating energy in form of ATP by oxidative
phosphorylation. A possible disfunctionality in this compartment caused by the loss of DEG14
in deg14 knock-out mutants likely would influence the energy balance and cause severe
growth defects. Therefore, in this chapter leave rosette growth of deg14 knock-out mutants
was monitored and compared to WT plants. It is not given, that a single gene knock-out
mutation

in

A. thaliana

automatically displays a directly
observable phenotype. Thus, it is
very important to have a closer look
by

deliberately

choosing

the

investigated parameters and the
method

of

measuring

these

Figure 18. Rosettes of WT and deg14-2 knock-out plants.

parameters. For sake of statistics it is

WT and deg14-2 knock out plants grown on soil for 32 days under

necessary to check large numbers of

SD conditions.

individuals

to

reveal

minor

differences in e.g. growth when comparing the knock-out mutants to WT plants. To identify
the impact of loss of the DEG14 protease, pictures of WT and deg14 mutants plants were
taken and analyzed with the ImageJ software to provide an accurate evaluation of leaf rosette
diameters as a measure of overall fitness of the plants. WT plants and the deg14-2 knock out
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mutant lines were grown under short day (SD) conditions on soil rosette growth was
monitored over a time period of six weeks. In three distinct experiments with a number of 40
individuals, no statistical differences in the leaf rosette diameter were observed when WT and
deg14-2 knock-out plants were compared.

2.1.7

Discussion

Phenotypic analysis considering the leaf rosette diameter did not reveal any significant
differences between WT and deg14-2 knock-out mutant plants under SD conditions. Although
differences were observed during the individual experiments, the knock-out plants did not
demonstrate the same picture over three distinct experiments. Inconsistency between single
data sets not only resulted in an absence of a visible difference, but rather revealed completely
contradictory data in individual experiments as the deg14-2 knock out plants displayed bigger,
smaller or equal-sized leaf rosettes. This overall impression gained from growth experiments
led to the conclusion that DEG14 does not have any measurable effect on the leaf rosette
growth under normal growth conditions, which was chosen as an indicator for the overall
fitness of the plant.
It was reported previously that the DEG14 transcript accumulates when plants are adapted but
not when immediately exposed to high temperature conditions [131]. Therefore, future work
concerning phenotypic analyses should be performed under such growth conditions.
Generating DEG14 overexpressing mutant lines would be another reasonable way to
investigate the physiological function of DEG14. Overexpressors are expected to increase the
supposed positive effect of DEG14 on the development of thermotolerance. Microarray data
demonstrated that the DEG14 transcript is also generally increased in dry and imbibed seeds.
This is as well the case for the other mitochondrial localized DEG protease DEG10. Recent data
focusing on the germination of deg10 knock-out plants suggest a delayed cotyledon
development in comparison to WT plants (Huber, unpublished). Therefore, it is of special
interest to perform germination experiments with deg14 knock-out mutant lines as well as
with deg10/deg14 double knock-out mutants to see if those delayed embryonic development
is enhanced when both mitochondrial proteases are missing.
For both DEG proteases with mitochondrial localization, DEG14 and DEG10, analysis of
transcription data suggest a role in thermotolerance and HS, respectively. As generation of
homozygous deg10/deg14 double knock-out mutant lines will increase the chances to observe
a more distinctive phenotype, such crossings were performed. Unfortunately, such double
knock-out

lines

were

not

available

when

this

thesis

was

prepared.
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As the phenotypic characterization did not reveal any significant differences, the subproject
focusing on DEG14 was aborted at this stage. It was important to start this project for future
work by generating DEG14 cDNA as base for past and future cloning work and confirming the
predicted localization of DEG14 in the mitochondria. As under the tested standard conditions
the absence of DEG14 did not have any effect on the overall physiology of A. thaliana, it is very
likely that DEG14 has backup mechanisms that compensates the lack of the protein. Excluding
the potential pseudogenes where no transcript was found so far, there are three DEG
proteases predicted to be localized in the mitochondria thereof two, DEG10 and DEG14, were
confirmed by work of our group and the last one, DEG11 was found in thylakoid membranes
using large-scale proteomics approaches [130]. Therefore the best approach to find any
phenotypic differences is to generate a double knock out lines missing both mitochondrial DEG
proteases.
In contrast to DEG14, DEG9 is the only DEG protease found in the nucleolus which makes it
much easier to investigate the effect of DEG proteases in this distinct organelle. In addition, an
apparent visible phenotype of deg9 knock-out mutants led to an exclusive focus on the
nucleolar DEG9 protease rather than the mitochondrial DEG14 protease.
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2.2

DEG9

2.2.1

deg9 loss-of-function mutants

For DEG9, three different mutant lines were analyzed on genomic, transcript and protein level,
the mutant line deg9-1 (322F06) from GABI-Kat as well as mutant lines deg9-2 (Salk_127969)
and deg9-3 (Salk_125251) from the Salk institute. Adequate primer combinations together
with subsequent sequencing were used to determine and confirm the location of the T-DNA
insertions in the homozygous mutant lines. None of the WT gene–specific primer combinations
yielded PCR products in the mutant plants identifying them as homozygous mutants whereas
primer combinations comprising primers specific for T-DNA-genomic DNA borders showed
distinct bands when mutant DNA was used as template in PCR reactions (Figure 19B).

A

B

Figure 19. deg9 T-DNA mutants in A. thaliana.
A, Schematic representation of the DEG9 gene showing the position of the T-DNA insertions of
analyzed mutant lines. Exons are depicted as black boxes and introns as connecting lines. B,
PCR analysis of WT and mutant genomic DNA. Homozygosity, position and orientation of the
T-DNA insertions were determined using selected primer combinations binding upstream and
downstream as well as on the borders of the predicted T-DNA insertions for WT plants and the
three analyzed deg9 mutant lines.
Abbreviations: HM, homozygous; GU, genomic primer binding upstream insertion site; GD,
genomic primer binding downstream insertion site; LB, T-DNA specific primer binding inside
the left border sequence of the T-DNA.
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WT genomic DNA showed the opposite results using the corresponding primer combinations.
For deg9-1 and deg9-3, PCR analysis revealed products using primers binding inside the T-DNA
left border sequence and primers binding up- and downstream, respectively, from the
insertion site within the genomic sequence. From this it can be concluded that an inverted
tandem repeat T-DNA insertion occurred during transformation in these two insertion lines
(Figure 19B). In contrast, deg9-2 most likely has only a single insertion as PCR products were
obtained exclusively using T-DNA-specific primers and genomic primers that bind downstream
of the insertion. Several T-DNA right border-specific primers were used in combination with
the primer binding upstream in the genomic DNA yielding no detectable amplificate. To
exclude a possible damage of the DNA upstream of the T-DNA insertion that eventually
prevents binding of the genomic upstream primer, a control PCR was performed using primers
binding in the first exon of DEG9 which yielded positive results and lead to the conclusion that
at least the beginning of the DEG9 gene is still intact on the genomic level (data not shown)
Sequence analysis determined the exact location of the insertions and confirmed that deg9-3
carries the insertion within exon three and deg9-2 within intron six in close vicinity to exon
seven. However, for deg9-2 the location of the insertion was only verified by sequencing the
PCR product obtained with the down-stream genomic and insertion specific primer
combination. The T-DNA insertion in the deg9-1 mutant line was detected within intron four
(Figure 19A). Sequencing analysis showed that the T-DNA insertion in mutant line deg9-1 is
inserted after bp 1672 of the genomic DEG9 sequence counted from the adenine of the start
codon. This position corresponds to the fourth intron. In deg9-2 and deg9-3 mutant lines, the
insertion occurred after bp 2271 and 1260, respectively. These positions correspond to the
sixth intron, close to the border of the seventh exon, and the third exon in the DEG9 gene,
respectively (Figure 19A). However, it is important to note, that the position of the T-DNA
insertion for mutant line deg9-2 is only confirmed by sequencing the PCR product yielded with
the downstream genomic and T-DNA border-specific primer combination. Therefore, the
position of the T-DNA insertion is not determined exactly.

The homozygous deg9 T-DNA insertion lines were further analyzed at the transcriptional level
(Figure 20A). Total RNA was reverse-transcribed into cDNA and investigated by PCR
amplification using corresponding primer binding outside the T-DNA insertion site inside the
coding sequence of DEG9. No native DEG9 transcript was detected in the deg9-1 and deg9-3
mutant lines. In contrast to this finding, a PCR product approximately 100 bp smaller than
expected was amplified from samples of the deg9-2 line. When the insertion spanning
genomic primer combinations for the deg9-2 and deg9-3 mutant lines were used in PCR
analysis, WT cDNA yielded a second fragment of identical size as it was obtained with WT
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genomic DNA as template. This indicates a contamination by genomic DNA in the WT cDNA
template.

A

C
DEG9

B

Figure 20. Expression analysis of deg9 mutant plants.
A, Analysis of DEG14 transcript. Total RNA of A. thaliana WT plants and deg9-1, deg9-2 and deg9-3 2
T-DNA insertion mutants was transcribed into cDNA and used as PCR template. Genomic DNA from
WT and deg9 mutants, a plasmid carrying the DEG9 CDS and H20 were used as controls. The same TDNA spanning primer combination was used in every single PCR reaction per mutant line. B, PCR
quality check of the WT and deg9 mutant cDNA by amplification of a 969 bp fragment of the DEG2
cDNA. A plasmid carrying the DEG2 CDS was used as positive control. C, Immunoblot analysis of
nucleic extracts from WT as well as deg9-1 and deg9-3 mutant plants. 7 µg of protein were loaded
per lane on a SDS-Gel. Coomassie-stained SDS gel with 14 µg protein per lane was used as loading
control.
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Interestingly, WT cDNA and genomic DNA both showed a double band when the deg9-3 primer
combination was used in PCR (Figure 20A). Quality and concentration of the cDNAs was
checked by using DEG2-specific primers binding in the exons of the gene. As a positive control,
a plasmid carrying the CDS of DEG2 was used (Figure 20B). With all synthesized cDNAs and the
control plasmid carrying the DEG2 CDS, similar amounts of PCR products in the expected size
of 969 bp were obtained corresponding to the DEG2-spedific amplificate. As the elongation
time of the PCR reaction was chosen as short as necessary to only amplify PCR fragments from
mRNAs, no amplification of genomic DEG2 DNA was achieved using the same primer
combination.
Finally, the deg9 knock-out mutants were analyzed on protein level for the abundance of
DEG9. Total protein extracts did not provide any convincing results when separated via SDSPAGE and investigated by immunoblot using a DEG9-specific antiserum. Due to the nucleolar
subcellular localization of DEG9 (see chapter 2.2.3), nuclei were extracted from WT plants and
homozygous deg9-1 and deg9-3 mutant lines and equal amounts of nucleic protein isolate
were separated via SDS-PAGE and investigated by immunoblot using a DEG9-specific
antiserum (Figure 20C).
In the WT nucleus extract, a signal of the size slightly above 70kDa was detected but missing in
both mutant line extracts. To exclude any second T-DNA-insertions by A. tumefaciensmediated transformation, deg9-1 and deg9-3 were backcrossed with WT plants three times. As
transcript analysis for the insertion line deg9-2 yielded an amplification product that was 100
bp smaller than expected, this line was not used for further backcrossing because it cannot be
totally excluded that the line still expresses residual traces of DEG9 protein.

2.2.2

Discussion

Three different mutant lines from different sources, deg9-1 from GABI-Kat as well as deg9-2
and deg9-3 from the Salk institute were analyzed for interruption of the DEG9 gene. On the
genomic level, predicted insertion sites were verified by sequencing of PCR products spanning
the T-DNA border. In the case of deg9-1 and deg9-3, PCR products were amplified using the
same T-DNA left border-specific primer together with genomic primers binding upstream and
downstream of the insertion site thus leading to the identification of an inverted tandem
repeat insertion for these two lines. For deg9-2, a PCR product was obtained using the T-DNA
left border-specific primer together with a primer binding downstream of the insertion within
the genomic sequence (Figure 19B). However, no PCR amplificate was detected using
upstream primers with several T-DNA right border-specific primers. This could be explained by
the fact that sometimes T-DNA does not get fully inserted as parts of it are deleted during the
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insertion process. This leads to incomplete T-DNA borders and therefore constricts binding of
the T-DNA-specific primers. Another reason for the unsuccessful amplification could be the
damaging of the DEG9 gene upstream of the insertion site during the insertion process. A
control PCR using primers binding in the first exon of DEG9 indicated that at least the
beginning of the gene is intact (data not shown). Therefore, it can be concluded that the
genomic strand upstream of DEG9 still is intact and no other genes were damaged by the TDNA insertion. This is supported by the finding that a truncated DEG9 transcript was found in
the homozygous deg9-2 mutant line inferring that the promoter region as well as the start
codon is still intact (Figure 20A). However, the obtained DNA fragment should be cloned and
sequenced in order to exclude unspecific binding of the primers in the deg9-2 mutant cDNA.
Transcript analysis of the three mutant lines showed that deg9-1 and deg9-3 are lacking native
DEG9 mRNA transcripts. In contrast, WT plants yielded a fragment of identical size as the DEG9
control plasmid carrying the DEG9 CDS (Figure 20A). Identical T-DNA-spanning genomic
primers also used for the mutant studies on the genomic level were used in this PCR reaction.
When the insertion spanning genomic primer combinations for the deg9-2 and deg9-3 mutant
lines were used in PCR analysis with WT cDNA as template, two PCR products were yielded.
One fragment corresponds to the DEG9 transcript (1159 bp) and the other one to the genomic
DEG9 DNA (1780 bp) leading to the assumption that the reverse transcribed WT cDNA
contained traces of genomic DNA. This can be explained with the omitted DNase treatment
with the extracted RNA before cDNA synthesis. Mutant line deg9-2 showed an approximately
100 bp smaller DEG9 transcript as compared to the native DEG9 mRNA. It can be hypothesized
that in this case the DEG9 gene together with inserted T-DNA is transcribed and that the TDNA can be removed during splicing although with slightly modified splicing donor or acceptor
sites leading to a shorter DEG9 mRNA version. However, as this assumption is very speculative
and the real situation is unknown, the deg9-2 mutant line was not used for further
backcrossing and experiments in this thesis.
Finally, the mutant lines deg9-1 and deg9-3 were analyzed biochemically by SDS-PAGE and
immunoblotting (Figure 20C). Nuclei were isolated as described and equal amounts of extract
(7µg per lane) were compared to WT nuclei using a DEG9-specific antiserum. The WT plants
showed a strong and distinct signal at approximately 70 kDa which was not detected in the
homozygous mutant plants (Figure 20C). Taken together, the absence of DEG9 protein in
conjunction with the absence native DEG9 transcript in the deg9-1 and deg9-3 knock-out
mutant lines indicate that those mutants lost the ability to express the DEG9 protein.
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2.2.3
In
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Table 2. Prediction of DEG14 localization.

prediction is less clear than for DEG14 as it
ranged from chloroplasts over nucleus to

TargetP
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the plasma membrane (Table 2). However,
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elsewhere*
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Wolf PSORT
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Detector (NoD) [138] was able to identify

PSORT

nucleus

two

Plant-mPLoc

chloroplasts

Nucleolar

nucleolar

localization

localization

sequence

sequences

(NoLS) located at the N-terminus of DEG9
(Figure 21). The nucleolar localization of

*indicates localization other than chloroplasts,
mitochondria and endoplasmatic reticulum

DEG9 was already shown previously in the
Adamska group using several constructs for the expression of DEG9-GFP fusion proteins by
transient transformation of N. benthamiana leaves. For a more distinct demonstration,
protoplasts isolated from stably transformed A. thaliana transgenic plants expressing DEG9GFP were investigated by confocal laser scanning microscopy. Two different DEG9-GFP
constructs were used, one consisting of the full-length DEG9 CDS and a C- terminal GFP-tag
(flDEG9-GFP),

Figure 21. Nucleolar localization sequences in the N-terminus of DEG9.
Two distinct nucleolar localization sequences (highlighted in red) from amino acid position 1 to
22 and 47 to 73 are predicted in the N-terminal section of DEG9 by the NoD.
(www.compbio.dundee.ac.uk/www-nod/)

the other comprising the first 133 amino acids, which include the predicted signal sequence of
DEG9, fused to GFP (DEG9NoLS-GFP) by using the pEG103 vector. As in the case of the
DEG9NoLS-GFP construct, the first 133 amino acids were taken because structural prediction
programs suggest the protease domain to start after amino acid 133. Positive transformants
were pre-selected for their over-expression rate of the GFP constructs and isolated protoplasts
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were investigated by confocal laser scanning microscopy. Both constructs were targeted to the
nucleus (Figure 22 and Figure 23). The GFP fluorescence appeared as a small distinct spot
inside the nucleus. Interestingly, the DEG9NoLS-GFP construct localized in a region of the
nucleus where Hoechst staining was less prominent indicating that the abundance of DNA is
lower and thus referring this region most likely to the nucleolus (Figure 22). This was a general
observation throughout the whole microscopic analysis using both DEG9-GFP constructs.

A

B

Figure 22. Localization of the DEG9NoLS-GFP fusion protein in the nucleolus.
Protoplasts were isolated from A. thaliana plants stably expressing the DEG9 signal
sequence C-terminally fused with GFP and investigated by laser-scanning
microscopy (LSM) in the metadetector. Photographs were taken by Gudrun Müller.
A, WT protoplasts; B, DEG9NoLS-GFP expressing protoplasts.
Abbreviations: H, Hoechst staining; Chl, chlorophyll autofluorescence; BF, bright
field scale bar 10µm
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In general, lower amounts of GFP-tagged proteins showed a distribution shifted to
the margin of the nucleolus showing crescent-like fluorescence patterns as it was
e.g. the case for the full-length DEG9 fused to GFP (Figure 22). No green
fluorescence was detected in WT protoplasts except for some background noise
generated by chl auto-fluorescence leaking into the GFP channel. Moreover, a
correlation between the expression intensity of the DEG9-GFP construct and the
shape of the GFP signal was observed.

A

B

Figure 23. Localization of full-length DEG9 C-terminally fused with GFP (FLDEGGFP) in the nucleolus.
Protoplasts were isolated from A. thaliana plants stably expressing full-length DEG9
FLDEG9-GFP and investigated by investigated by laser-scanning microscopy (LSM)
in the metadetector. Photographs were taken by Gudrun Müller. A, WT
protoplasts; B, DEG9NoLS-GFP expressing protoplasts plants.
Abbreviations: H, Hoechst staining; Chl, chlorophyll autofluorescence; BF, bright
field. Scale bar represents 10 µm
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To underline the DEG9 translocation into the nucleus in a biochemical approach, nuclei were
isolated from adult A. thaliana plants and investigated by immunoblot analysis. The α-DEG9
antiserum was able to detect high amounts of the DEG9 protein in the nucleus fraction
whereas no signal was present in the total protein as well as in the cytosolic fraction (Figure
24). Histone 3 (H3) was used as a nucleus marker protein and was enriched together with
DEG9 in the nuclei fraction. The nuclei isolation was tested for chloroplast contamination by
using an antibody directed against the DEG2 protease which is associated with the stromal side
of the thylakoid membrane. Most of the DEG2-specific signal was found in the total protein
extract and the cytosolic fraction while only a faint signal with a slightly higher apparent
molecular weight was detected in the isolated nuclei.
Figure 24. DEG9 is enriched in purified
A. thaliana nuclei.
Nuclei were isolated from six week-old
WT A. thaliana plants. A, 7µg of protein
were loaded per lane on the SDS gel.
Imunodetection of DEG9 was performed
using an α-DEG9 antiserum. α-H3 and αDEG2 were used as positive controls and
to exclude chloroplast contaminations,
respectively. Immunoblot analysis and
nuclei preparation was performed by
Ulrike Mogg.
Abbreviations: H3, Histone 3

2.2.4

Discussion

Biochemical analyses using DEG9-directed antiserum in immunoblot showed a strong
enrichment of native DEG9 in purified nuclei together with the nuclear marker protein
histone 3, thus strongly suggesting that DEG9 is imported into the nucleus (Figure 24). No
DEG9 signal was detected in the total protein fraction probably caused by a too low expression
rate of the protein. In contrast, the chloroplastic DEG protease DEG2 was detected in a total
protein fraction and a slightly lower amount was detected in a fraction containing only soluble
proteins mostly present in the soluble fraction as well as in the full cell extract. DEG2 is usually
located at the stromal side of the thylakoid membrane. The observed high amount of DEG2 in
the cytosolic fraction can be explained by the unavoidable damage and the greater quantities
of chloroplasts during the extraction process.
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Unfortunately, the nuclei extraction method does not allow the separation of sub-nuclear
compartments and thus the localization of DEG9 within the nucleus could not be resolved by
biochemical analyses. Therefore, microscopic analyses were performed using two different
DEG9-GFP constructs stably expressed in A. thaliana, a DEG9 full-length protein with a Cterminally fused GFP tag (FLDEG9-GFP) as well as the N-terminal part of DEG9 (DEG9NoLSGFP), referred as the signal sequence, ending before the first predicted higher order structural
domain of the protein, the protease domain. Confocal laser scanning microscopy analysis
revealed that both the full-length and the truncated DEG9-GFP constructs were targeted to the
nucleus. However, GFP fluorescence was not distributed evenly inside the nucleus but as a
distinct small spot most likely corresponding to the nucleolus. Interestingly, Hoechst staining at
this spot was usually weaker than in the whole nucleus. Hoechst binds preferentially to the
minor groove of DNA double strands [139]. This supports the interpretation of the GFPfluorescence signals as a nucleolar localization as the nucleolus exhibits high amounts of rRNA
processing enzymes rather than a high DNA density (Figure 22, compare chapter 1.3 and
1.3.1). Previous work in our group performed on N. benthamiana plants transiently expressing
DEG9-GFP showed the same small dot-like distribution presumably corresponding to the
nucleolus (Erhardt et al. (2012) [53]). Interestingly, plants expressing the GFP fusion proteins
very strongly, in particular transiently transformed N. benthamiana leaves, showed a
distribution of DEG-GFP all over the nucleus together with a preferential localization inside the
nucleolus, as the GFP signal was strongest there (Erhardt et al. (2012) [53]). A truncated
protein only consisting of the protease domain of DEG9 fused to GFP displayed a scattered
fluorescence all over the cell but was accumulated strongly in the nucleus where it was
distributed evenly and not concentrated in the nucleolus (Erhardt et al. (2012) [53]). Based on
experience made in the DEG14 localization studies (chapter 2.1.3 and 2.1.4), smaller constructs
like truncated proteins usually lead to a higher expression rate which could be an explanation
for the protease domain only construct filling out the whole nucleus and, to a much smaller
extend, the cytosol. Similar findings were observed for A. thaliana transformed stably with the
DEG9-GFP constructs. The DEG9NoLS-GFP was expressed at higher rates and therefore filled
out the whole nucleolus whereas the fluorescence of FLDEG9-GFP appeared as a crescent-like
structure only present at the inner margin of the nucleolus (Figure 22 and Figure 23). Taken
the observations of constantly expressing A. thaliana mutants as well as transiently expressing
N. benthamiana plants together, DEG9 localizes preferentially to the inner margin of the
nucleolus. However, with increasing rate of over-expression, the GFP signal starts to fill out the
whole nucleolus until leakage to the nucleus occurs.
The observations made by the presented localization studies of the DEG9-GFP fusion proteins
are supported by previous analyses of the nucleolus proteome where 216 different proteins
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including DEG9 could be identified [58]. Other proteins found in nucleoli were the ones
involved in rRNA synthesis, processing, modification, and maturation like the RNA polymerase I
transcription machinery, nucleolin as well as box C/D and box H/ACA small nucleolar
ribonucleoprotein particles (snoRNP) like fibrillarin [58]. In addition, 60 different ribosomal
proteins were identified as well as many RNA and DNA-interacting proteins together with
transcription or splicing factors (see also Chapter 1.3.3). Interestingly, several components of
the exon-junction complex (EJC) could be identified as nucleolar proteins and this localization
was confirmed by GFP-fusion proteins in plants which have not been characterized with
respect to their subcellular localization in other species like human and drosophila [58]. The
EJC is involved in coupling transcription and splicing of mRNA to the following downstream
processes like export or nonsense-mediated decay (NMD) [140, 141]. This finding proposes an
involvement of the nucleolus in RNA metabolism or at least a function as storage for EJC
components. Although proteomic analysis identified many nucleolar proteins, their
involvement in specific biochemical processes in Arabidopsis mostly remains elusive. For
example, rRNA processing that was extensively studied in yeast (reviewed in [95]) still is not
fully understood and the situation in Arabidopsis even exhibits bigger gaps of knowledge. 23
plant-specific proteins of unknown function were detected in mass spectrometric analyses
with DEG9 being one of them. Little evidence is given that DEG9 alters the relation of 40S and
60S ribosomal subunits (see Chapter 2.4). However, as long as no direct interaction partners of
DEG9 are identified, it is not known in which step of ribosome biogenesis and maturation the
protein is involved and if it acts as a protease or as chaperone or both. The import of DEG9 not
only into the nucleus but into the nucleolus is moreover strongly suggested by the presence of
the two nucleolar localization sequences (NoLS) predicted at the N-terminus by the NoD
prediction program reaching from amino acid 1 to 22 and from aa 47 to 73. NoLS are
characterized by a high content of basic amino acids, where up to 48% of the sequences
consist of arginine and lysine. In the protein, they are usually localized in regions that are easily
accessible preferably the termini, which are almost uniquely composed of α-helices or coiled
coil secondary structure elements [138, 142]. For experimental validation of the predicted
NoLS in DEG9, GFP fusion constructs could be generated lacking one or both of the NoLS to
prevent them from being targeted to the nucleolus. Although truncating the DEG9 gene is of
course the simplest approach, the possibility to mutate selective amino acids, in particular
arginine and lysine, could give a much more precise information about the NoLS sequence.
This would indicate particular residues important for nucleolar targeting. Other approaches
could focus on separate fusions of the NoLS to GFP to investigate whether one or both NoLS
are

needed

for

a

nucleolar

localization

of

the

DEG9

protein.
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In summary, the transport of DEG9 to the nucleus is most likely mediated by the protease
domain while the intranuclear accumulation in the nucleolus is mediated by the N-terminal
part of DEG9. The nucleolus is a highly dynamic structure and its formation is most likely
mediated by a one or more orders higher residence time of nucleolar proteins compared to
non-nucleolar ones (see chapter 1.3 and 1.3.1). The prediction of the NoLS is based on
empirical data collected from proteins known to be imported to the nucleolus but so far, the
exact machinery in which the NoLS are involved to mediate the nucleolar localization is not
investigated. However, in order to analyze the functionality of the predicted NoLS in the Nterminus of DEG9, they have to be further investigated as described above. To reinforce the
localization studies, co-localization with well-established proteins known to be imported into
the nucleolus have to be performed. Therefore, DEG9 together with a known nucleolar protein
have to be fused to different fluorescent proteins to investigate co-localization in microscopic
approaches. Qualified candidates know to localize in the nucleolus are nucleolin, fibrillarin, the
RNA I polymerase that is involved in rDNA transcription in the fibrillar component of the
nucleolus, components or the U3 small nucleolar ribonucleoprotein particles (snoRNPs)
splicing machinery as well as other snoRNPs, ribosomal proteins of the RPL family and
components of the EJC found to be localized in the nucleolus [58, 143].
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2.2.5

Phenotype characterization of deg9 loss of function mutants

Two distinct deg9 mutant lines were identified and it was confirmed on transcript and protein
level that the DEG9 protein is lacking completely (see 2.2.1). Mutant plants are a powerful tool
to gather information about the function of a given gene or protein of interest. Under optimal
circumstances, an observed mutant phenotype can provide evidence about the molecular
function of the protein of interest or about the physiological process(es), in which it is
involved. However, in cases when only a general reduction of fitness is observed, e.g. when
growth is inhibited or promoted, determining the molecular function of the protein under
investigation remains rather challenging. One way to overcome this problem is to change the
environmental conditions and apply different types of stresses to the plants. This might
decrease the overall plant fitness and connect the gene to distinct processes occurring in the
organism to conquer the stress situation. Free available microarray data for the model
organism A. thaliana (compare chapter 1.2) can give initial indications under which stress
situations the gene of interest is regulated or in which tissue it is expressed. This easily
accessible information and can be used as a starting point for phenotypic investigations.

2.2.6

Comparison of leaf rosette diameter of WT and deg9 knock-out plants

A single gene knock-out mutation in A. thaliana does not always automatically display a clearly
evident phenotype. As also subtle phenotypic changes may help to deduce the function of the
gene of interest, it is worthwhile to have a closer look by deliberately choosing the method of
measuring and, for statistical analysis, testing large numbers of individuals to reveal minor
differences when comparing knock-out lines to WT plants. Considering the above-mentioned
points, WT and deg9 mutants plants were analyzed by taking pictures of the plants and
measuring leaf rosette diameters with help of the ImageJ software to provide the most
accurate evaluation and to be able to draw conclusions about the leave rosette growth of the
plants. WT plants and the two deg9 knock-out mutant lines were grown under SD conditions
on soil and rosette growth was monitored during 7 weeks. Interestingly, the two deg9 knockout mutant plants had slightly bigger rosettes compared to the WT plants (Figure 25). The
general tendency towards bigger rosettes resulted in a significant difference for both mutant
lines after 44 days of growth.

51

Figure 25. Comparison of leaf rosette diameter between WT and deg9 knock-out mutants.
WT and deg9 knock-out mutants were cultivated on soil under SD conditions and leaf rosette diameter
was determined three times per week. First measurement was performed 26 days after seeding and
diameter growth was investigated until 50 days after seeding. Biggest difference between WT and deg9
knock-out mutant plants was observed after 44 days of cultivation. n=30; p≤0.05 = *; p≤0.01 = **;
p≤0.001 = *** (one-way ANOVA).

At this time, the WT rosettes were 10.6% smaller than the mutant plants and the growth
difference in rosettes revealed a statistical difference for both deg9 mutants when compared
with WT plants. During the later stages, the WT rosettes reached a very similar size than the
mutant plants. This experiment was repeated three times. For the last experiment three times
backcrossed homozygous mutant lines generated at a later time point in this thesis were taken
to exclude any possible effects of second T-DNA insertions eventually causing multiple gene
deletions and thus leading to enhanced leaf rosette growth. Moreover, in the last experiment
sown seeds were put at 4°C for 24 hours to ensure a simultaneous germination. In each of the
three times performed experiments, a tendency towards a bigger leaf rosette diameter for the
deg9 mutants was confirmed but not in every experiment the difference was big enough to
reveal statistical significance. For the deg9-1 mutant the differences compared to the WT
plants were always slightly bigger whereas for the deg9-3 line the difference increased with
plant development.
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2.2.7

Comparison of root length between WT and deg9 knock-out plants

As microarray analyses pointed to a higher transcript level
of DEG9 in roots, the root length of WT and deg9 knock-out
plants were compared. Seeds were sown on MS agar plates
positioned vertically so that the roots were able to grow
along the agar surface. This experimental setup enables
observation and measurement of root growth over a time
period of up to 20 days (Figure 26). Both deg9 knock-out
mutant lines exhibited longer roots compared to the WT
plants (Figure 27A). The root length of both knock-out lines
exceeded the WT root length by 10.7%. To verify these
findings and to exclude any influence of possible multiple TDNA
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deletions,

the

experiment was performed again using the three times

Figure 26. WT and deg9 knock-out
mutant plants grown on MS agar
plates for investigation of root growth.

backcrossed deg9 knock-out mutant lines generated later in
the course of this thesis. The observations made with the backcrossed lines showed the same
tendencies for bigger root growth in mutant lines, but they were by far not as prominent as for
the non-backcrossed deg9 lines and statistical analysis did not reveal any significance (Figure
27B).

Figure 27. Comparison of root growth between WT and deg9 knock-out mutants.
WT and deg9 knock-out mutant plants were sown on 1xMS agar plates containing 0.5% sucrose. The plates
were positioned vertically and root lengths were measured after 19 days for the non-backcrossed and 15 days
for backcrossed deg9 knock-out mutant lines.
A, Comparison of non-backcrossed deg9 knock-out mutants with WT plants, n=75.
B, Comparison of backcrossed deg9 knock out mutants with WT plants, n=28.
p≤0.05 = *; p≤0.01 = **; p≤0.001 = *** (one-way ANOVA).
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2.2.8

Analysis of inflorescence formation in WT and deg9 knock-out plants

Another parameter that was determined to observe differences between WT and deg9 knockout mutants was the onset of bolting. WT and backcrossed deg9 knock-out mutants were
grown on soil and the days after sowing were counted until the inflorescence stem reached a
length of 1 cm. All tested plants started to form a shoot after approximately 71 to 73 days
irrespective of the genotype (Figure 28).

Figure 28. Bolting time of WT and deg9 knock out mutants.
WT and deg9 knock out mutant plants were sown on soil to monitor the
onset of bolting. Onset of formation was defined when the shoot
reached a height of 1 cm. n=20.

2.2.9

Effect of drought stress on deg9 knock-out plants

As monitoring of root growth revealed significant differences between WT and deg9 knock-out
plants, it is reasonable to expose the plants to conditions that are stressful to the organ that
showed the observed alterations. Roots are the site of nutrient and water uptake and undergo
morphological changes to execute their function even under stress conditions when water or
nutrients are limited [144]. Therefore, drought stress was applied to soil-grown WT and deg9
knock-out plants. Plants were sown and watered regularly for 12 days before the young
seedlings were transplanted to individual pots. Watering was stopped for the next 20 days
until the soil appeared completely desiccated and the plants showed symptoms of wilting.
Then, every plant was watered with 3 x 5 ml of water per week. Onset of bolting as well as
rosette diameter were measured as parameters to monitor and compare the ability of the WT
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and deg9 knock-out plants to cope with water limitation. Leaf rosette diameter measurements
showed a similar picture as for unstressed plants. For early time points after 26 and 30 days of
stress, the difference in rosette sizes between deg9 knock-out mutants and WT plants was
more pronounced as compared to unstressed plants (Figure 25 and Figure 29). On average,
deg9 knock-out mutants had a 6.3% bigger leave rosette diameter under normal watering
conditions when compared to WT plants. In contrast, drought stressed knock-out mutants
revealed 11.9% bigger leave rosette diameter in comparison to the WT plants at the same time
point. Later time points showed a decrease of this difference, at least for the mutant line deg91 starting after 37 days of stress.

Figure 29. Comparison of rosette diameter between WT and deg9 knock-out mutants under
drought stress conditions.
WT and deg9 knock-out mutants were cultivated on soil under short day conditions for 12
days before they were separated into single pots. Plants were desiccated for 19 days prior to
controlled watering. Determination of rosette diameter was performed three times per week
with the first measurement 26 days after sowing. Biggest difference between WT and deg9
knock-out mutant plants was observed after 30 days of cultivation.
n=30; p≤0.05 = *; p≤0.01 = **; p≤0.001 = *** (one-way ANOVA).

Additionally, onset of shoot formation was determined in drought-stressed plants. Although
differences between WT and deg9 knock-out plants were observed, the results were
inconsistent between the individual replicates (data not shown). The drought-stressed plants
displayed a highly delayed onset of bolting compared to unstressed plants. Generally, stressed
plants showed an onset of shoot formation after 95 to 115 days, which was up to 40 days
delayed as compared to plants grown under well-watered conditions. However, DEG9 seems
not to have any impact on the onset of shoot formation under drought stress conditions.
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2.2.10

Discussion

Phenotypic characterization of the deg9 knock-out mutant plants surprisingly suggests an
enhanced root and shoot growth of the mutants in comparison to the WT plants. However, the
observed effects were not always significant. Under SD conditions, the deg9-1 knock-out
mutant line always developed bigger rosettes than the WT plants and in many cases, the
difference was statistically significant. The second knock-out mutant line deg9-3 showed the
similar growth differences, but in most cases the difference to the WT were less pronounced
(Figure 25). Not only the rosettes but also the roots exhibited faster growth in deg9 mutants
(Figure 27A). The high number of individuals tested in the root growth experiment using the
non-backcrossed mutant plants as well as the fact that both mutant lines exhibited exactly the
same increase of root length on an average lead to a very clear perception for DEG9 being
involved in processes regulating root growth, or at least having an effect on the overall growth
of the plants. This could possibly also cause the increase of the leaf rosette diameter in the
deg9 knock-out plants as longer roots contribute to a better nutrient uptake resulting in a
better supply for the plants. However, it is not proven yet if faster root growth also occurs in
deg9 mutants grown on soil. Although the statistically significant differences were only
observed in non-backcrossed mutant lines, the influence of eventual secondary T-DNA
insertions can be neglected as two independent mutant lines showed the same increase in
root growth. However, it was important to exclude any possible effects other than the lack of
DEG9 that could cause altered root growth. The backcrossed mutant plants showed a similar
tendency as non-backcrossed mutants. Both mutant lines developed slightly longer roots
compared to WT plants but the effect was not nearly as prominent (Figure 27B).
The observed difference between the mutant lines and WT plants was an overall increase in
growth. Interestingly, the backcrossing status of the knock-out mutants influenced the extent
of the measured characteristic. For the root growth, backcrossed lines had about 30% longer
roots after 15 days as compared to the non-backcrossed lines cultured for 19 days (Figure 27A
and Figure 27B). This generally faster growth of the plants probably increased the threshold
that determines the visibility of the phenotype so that it was not as pronounced.
The overall faster growth of the plants could be explained by the age of the seeds. The seeds
of the non-backcrossed deg9 knock-out mutant lines were stored longer than one year in a dry
and dark environment at RT. In contrast, the backcrossed seeds were stored at the same
conditions but only for a few weeks. This could have an influence on the germination of the
seeds giving those seeds an advantage that were not stored for longer periods, especially in
the first weeks of seedling development. Epigenetic effects could also explain the differences
in growth. For backcrossed plants, seeds used for the experiment originate from plants
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cultivated under LD conditions to facilitate seed development whereas plants that developed
the non-backcrossed seed were cultivated under SD conditions.
The analysis of leaf rosette diameter of WT and mutant plants under drought stress conditions
revealed similar results as under control conditions. Plants from the deg9 knock-out mutant
lines developed significantly larger leaf rosettes during the first 33 days of growth and this
effect seemed to attenuate during further development of the plants (Figure 29). However,
the significant differences were only observed in one experiment. A repetition of the
experiment showed same tendencies for deg9 mutant plants but again the degree of the effect
was weaker or not detectable. One reason for this could be the slightly different setup of the
experiments. For the second experiment, four WT and deg9 knock-out plants were grown
together in bigger flower pots to guaranty a steady draining of the soil whereas in the first
experiment every plant was cultivated in a single pot. Contingently, the deg9 knock mutants
may have a better water use efficiency giving them an advantage when grown separately.
When grown together in the same flower pot as WT plants, this advantage gets negligible as all
lines share the same water pool which gets depleted by the WT plants more than by the
knock-out mutants. The ability of the knock-out mutants to handle water deficit more
economical gets dispensable.
Regardless of the inconsistency in root length measurements and analysis of leaf rosette
diameters for deg9 mutant plants, it is important to explain the reason for the observed
tendencies as they might become more evident and significant when an adequate amount of
individuals is tested under more controlled conditions. If the observed phenotype turns out to
be true, investigating the underlying mechanisms will help to understand the molecular
function(s) of DEG9. However, the physiological function of DEG9 is most probably not directly
associated with growth rate or better viability as it is typically assumed that a mutated gene is
disadvantageous for an organism because the encoded protein is not able to fulfill its function
properly. In the light of the deg9 mutants displaying increased root and leaf rosette growth
under constant, controlled climate conditions, the advantage for WT plants consist possibly in
an improved adaptation to variable environmental conditions. Recently, transcript analyses in
Capsicum annuum identified the Ncn5036 gene which is highly homologous to AthDEG9 [145].
Although only a part of the gene was found, analysis of the 285 amino acids showed 86.6%
similarity with AthDEG9. Bae et al. (2013) [146] proposed a role of Ncn5036 in hypersensitive
response (HR)-related cell death, a defense mechanism evolved in plants to prevent the spread
of infections induced by pathogens and defined as “the rapid death of plant cells in association
with the restriction of pathogen growth” [147, 148]. At the site of infection, cells undergo local
programmed cell death (PCD) thus inhibiting biotrophic microbial pathogens to spread to other
parts of the plant [147]. In C. annuum plants with reduced amounts of Ncn5036, HR-related
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cell death induced by Pseudomonas syringae pv. tomato T1 infection was delayed for one day
and the observed lesion were overall 20% smaller compared to control plants [146]. The
decreased ability in these silenced plants to undergo HR-induced PCD could serve as an
explanation for the higher growth rates in the Athdeg9 mutant plants. The DEG9 protein could
act as an inhibitor for PCD eventually leading to increased growth rates. Based on the
discovery of putative HR suppressor genes like the Ils1 gene in maize, Heath et al. postulated
that HR may be the default state of the cell and must be prevented in uninfected plants [135,
149]. Although this has not been proven yet, DEG9 could act in a similar manner in terms of
PCD and its loss could explain the higher growth rates of roots in the deg9 mutants.
Interestingly, recent studies were able to show, that root development in A. thaliana is highly
plastic and PCD plays an important role to provide this plasticity [144]. Under severe water
deficiency, initiation of autophagic PCD in root apical meristem cells resulted in a loss of root
apical dominance and subsequent growth of lateral roots. This contributes to the assumption
of DEG9 being involved in PCD induction and that its loss facilitates apical root growth resulting
in increased root growth in deg9 mutant plants. Drought stress experiments showed that the
greatest difference in leaf rosette diameter between WT and knock-out plants was after 26
and 30 days (Figure 29). It can be hypothesized that the larger leaf rosettes are a result of a
better water and nutrient supply as the mutants were also shown to develop longer roots
(Figure 27). However, this contradicts the proposed role of DEG9 in PCD because knock-out
plants would be expected to display a decreased ability to handle drought stress. This would
be caused by the persisting dominance of apical root growth not leading to an increase in
lateral root formation and therefore an increase in the area usable for water and nutrient
uptake.
For the experiments performed on agar plates, water accessibility cannot be limiting neither
for mutant nor for WT plants. Unfortunately, leaf rosette diameter was not measured in these
growth conditions and root length was not determined in plants grown in soil. Thus, it would
be interesting to investigate root growth in plants grown on soil as well as leaf rosette
diameter of plants grown on agar. If enhanced root growth can also be observed when plants
are cultivated in soil, where the vertical water efflux during desiccation would favor plants with
apical root dominance, and leaf rosette diameters of mutant plants grown on agar are
unaltered in comparison to WT plants, a role of DEG9 in PCD would become feasible again.
Although it is dangerous to take HR and developmental PCD as synonymous it is still
reasonable that DEG9 plays a role in regulating PCD in plants.
As demonstrated in this thesis, DEG9 is transported into the nucleolus, a subcompartment of
the nucleus that increasingly gets into the focus of PCD and apoptosis research in mammals.
Not much is known about nucleoli in plants and especially about their role in PCD. However,
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although ribosome biogenesis was reported to be the major function of nucleoli [[94], see
Chapter 1.3 and 1.3.1], many recent studies on mammalian cell lines also connect nucleoli with
processes corresponding to PCD in general and more specifically to apoptosis, a specific type
of mammalian PCD [150]. It was shown that cleavage products of human caspase-3 translocate
to the nucleolus during apoptosis where they inhibit transcription by RNA polymerase I [151].
Similar properties are attributed to the human DEDD protein that plays a role in another
apoptotic signaling pathway. During apoptotic events, DEDD translocates to the nucleolus
where it inhibits rDNA transcription [151, 152]. Nishida and colleagues reported that the
nucleolar protease SENP3 has proapoptotic properties by stabilizing the p53 protein in the
p53-Mdm2 pathway [153]. Therefore, SENP3 can be seen as a good example on how nucleolar
proteases can act as apoptotic regulators. SENP3 also plays a role in the maturation of the
large ribosomal subunit [154]. Interestingly, in deg9 knock-out mutants the ratio between
small and large ribosomal subunits was slightly shifted towards the first ones when compared
to WT plants (see Chapter 2.4) indicating a possible decrease of the large subunit. Therefore,
DEG9 could have a similar role in Arabidopsis like SENP3 in humans. However, sequence
alignments of SENP3 with DEG9 failed to show any analogy. Although the relationship between
the nucleolar location and the induction of PCD is not always clear, these findings indicate that
the nucleolus is an important control point in apoptosis/PCD thus once more moving the focus
on DEG9 as a putative PCD-controlling factor.
Previous reports were able to link DEG proteases to regulatory functions in PCD. The human
mitochondrial HtrA2/omi that is closely related to DEG14 in A. thaliana is released during
apoptotic events and contributes to apoptosis trough caspase-dependent as well as –
independent mechanisms (reviewed in [41]). For the nuclear localized DEG7 yeast homolog
Nma111p/Ynm3 the situation is less clear. Controversial reports link the protease to both proapoptotic as well as survival functions under heat stress (HS) conditions [155-157]. However,
recent studies performed on A. thaliana deg7 knock-out plants suggest a pro-apoptotic role of
DEG7. When plants are exposed to the fungal cell death elicitor fumonisin (mycotoxin FB1,
Fusarium moniliforme), deg7 knock-out plants undergo less PCD compared to WT plants [158].
Like Nma111p/Ynm3, DEG7 is localized to the nucleus [158] and therefore is in spatial
proximity to the nucleolar DEG9 protease. Therefore, generating deg7/deg9 double knock-out
mutants is of peculiar interest and was started in the course of this thesis but unfortunately
not completed. Future work will address the role of the proteases DEG7 and DEG9 in
fumonisin mediated cell death treatment using the deg7, deg9 as well as the deg7/deg9
double knock-out mutants.
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2.3
2.3.1

The Role of DEG9 in Ribosome Biosynthesis
Hypothesis

As observed earlier in our group (Häufle, 2006), deg9 knock-out mutants were characterized
by a delayed bolting of shoots compared to WT plants. Those experiments were performed in
summer 2006 when outdoor temperatures reached maxima up to 38°C that caused failure of
the cooling system in the greenhouse. Therefore, it was postulated that the plants were
exposed to elevated temperatures which finally caused the delayed onset of shoot formation
in the deg9 knock out plants. This observation together with the later discovered localization
of DEG9 in the nucleolus (Chapter 2.2.3) implied an involvement of DEG9 in nucleolar
processes that are required for normal development under elevated temperatures.
Plants are sessile organisms and therefore have to cope with many different types of stress
situations, including changes of ambient temperature. Not only in the case of plants, but for all
living organisms, temperature shifts above the optimum are sensed as heat stress (HS), a
severe life threatening state in which cellular homeostasis is compromised. Single proteins as
well as multi protein complexes lose their integrity, denature and can no longer fulfill their
purpose [13, 14]. Eventually, this leads to severe retardation in growth and development and
even to the death of the organism. The plant response to HS and acquirement of thermo
tolerance is a complex network involving signaling through phytohormones such as abscisic
acid (ABA), salicylic acid (SA) and ethylene as well as Ca2+-dependent signaling (reviewed in
[159]). A central role in HS is assigned to heat shock proteins (HSPs) that are expressed at low
levels under normal temperatures, but highly upregulated during HS by the activation of HS
transcription factors (HSFs) (reviewed in [159]). The major role of the HSPs is to act as
molecular chaperones in protein quality control and therefore to assure proper protein
folding. This can be achieved cotranslationally, when nascent polypeptide chains are guided by
ribosome-associated chaperones to prevent misfolding and aggregation in de novo protein
folding (reviewed in [160]). Other chaperones have the ability to resolve already existing
protein aggregates and provide refolding to their natural form [13]. Interestingly, chaperone
function is also described for DEG-Proteases. E. coli DegP, the first DEG-Protease identified,
displays both protease and chaperone function in a temperature dependent manner. DegP is
located in the periplasm of E. coli where it has functions as a chaperone under normal
conditions. However, under elevated temperatures, the protein loses its chaperone function
and degrades denatured proteins that cannot be rescued anymore [19].
As localization studies demonstrated that DEG9 is localized to the nucleolus (chapter 2.2.3), it
is of particular interest to have a closer look on this compartment. The most prominent
process attributed to the nucleolus is the synthesis and processing of ribosomal RNA (rRNA)
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that is heavily impaired in organisms exposed to HS [161, 162]. It was shown that in mammals
the HSP70 protein, which is synthesized in large amounts upon stress, translocates from the
cytosol to the nucleolus immediately after its synthesis [163-165]. In mouse L cells and monkey
COS cells, HSP70 plays a role in the reassembly of damaged pre-ribosomes after heat shock
[161, 166]. Similar observations were made in plant cell cultures in which heat-pretreatment
that induces the translation of many HSP protects the assembly process of ribosomes in the
nucleolus [162]. Van Nieuwenhoven et al. (2001) was able to show, that a high level of HSP70,
either induced by heat-pretreatment or adenoviral gene transfer, was able to accelerate
recovery of protein translation after HS in the rat cardiac cell line H9c2 [167]. However, no
positive effect on restoring RNA polymerase I activity and therefore on de novo rRNA synthesis
was found leaving the detailed mechanism of HSP70 activity elusive. However, several E. coli
based studies were able to demonstrate that chaperones are very important in ribosome
biogenesis under HS conditions [168-170].
Based upon the presented knowledge about chaperones, ribosome biogenesis and the effects
of HS from eukaryotes as well as the observed temperature-induced phenotype of deg9 lossof-function mutants and the nucleolar localization of DEG9, we hypothesized that DEG9 might
be involved in ribosome maturation under HS conditions. Therefore, we analyzed the patterns
of rRNA precursors in WT plants and deg9 mutants under heat stress.

2.3.2

Results

Tree-week old liquid cultures of WT plants and knock-out mutant plants from lines deg9-1 and
deg9-3 were exposed to HS by a shift in temperature from 25°C to 42°C for 30 min or 150 min
prior to the isolation of total RNA. Splicing events in the rRNA 5’ETS were investigated using a
digoxygenin (DIG)-labelled DNA probe (S1) directed against the 5’ETS of the rRNA primary
transcript (Figure 30B). The probe was designed in the way that it detects the primary rRNA
transcript as well as early 5’ETS splicing intermediates containing all three 18S, 5.8S and 25S
rRNA species, the precursors of the 18S rRNA that were spliced at site A3 as well as the P-P’
fragment generated during 5’ETS splicing. In Northern blot analyses, S1 detected mainly the
33S(P) precursor (Figure 30A, black asterisk) as well as the P-A3 splicing intermediate of the
18S rRNA (Figure 30, black triangle).
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Figure 30. Northern blot analysis of 5’ETS splicing in WT and deg9 knock-out mutant plants under control
and HS conditions.
A, WT and deg9 seedlings were cultivated in 1x MS medium containing 1% sucrose for 11 days in short day
-2 -1
conditions (100-150 µmol photons·m ·s ) before being exposed to HS at 42°C for 30 min or 150 min,
respectively. 5µg of total RNA were loaded per lane. B, loading control.
C, Schematic representation of the rRNA primary transcript and splicing intermediates detected by probe
S1. Binding site of probe S1 is indicated in red.

Interestingly, HS treatment for 30 min and 150 min increased the abundance of the early 35S
splicing intermediate both in WT and deg9 mutant lines as compared to control conditions
(Figure 30A, black square) indicating an inhibitory effect of HS exposure on the 5’ETS
processing at site P. This temperature-dependent alteration of 5’ETS splicing could also be
observed as the abundance of the processing intermediate 5’ETS-A3 that was cleaved properly
at site A3 but not in the 5’ETS (Figure 30A, black circle), that started to accumulate after
150 min of HS (Figure 30A, right lanes). These observations did not give any information about
the physiological function of DEG9 as the deg9 mutants did not reveal any significant
62

differences in the splicing fragment pattern of the 5’ETS as compared to WT, neither under
control nor under HS conditions. The loading control demonstrates that the integrity of the
mature rRNA was not affected by the RNA isolation process or by the HS treatment (Figure
30B). This was the case for all Northern blot analyses performed in this thesis. Therefore,
showing the loading controls was neglected for all further Northern blot analyses.
Splicing of ITS1 was investigated using another probe (S2) that binds between the 3’end of the
18S rRNA and cleavage site A2 (Figure 31B). As DIG-labeled probes failed in detecting rRNA
splicing intermediates, a radioactive

32

P 5’end labeled probe was chosen for Northern blot

analysis.

Figure 31. Northern blot analysis of ITS1 splicing in WT and deg9 knock out mutant plants under control
and HS conditions.
A, WT and deg9 seedling were cultured in 1x MS containing 1% sucrose for 11 days in short day conditions
-2 -1
(100-150 µmol photons·m ·s ) before exposure to HS at 42°C for 30 min and 150 min, respectively. 5µg of
total RNA were loaded per lane.
B, Schematic representation of the rRNA primary transcript and splicing intermediates detected by probe S2.
Binding site of probe S2 is indicated in red.

Although probe S2 was designed to give deeper insights into the splicing of the 18S precursors,
it naturally detects all other intermediates in the splicing cascade upstream of the 18S
processing as well. Like probe S1, probe S2 was able to detect splicing intermediates 35S,
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33S(P) and P-A3 (Figure 31A). However, additional splicing intermediates of a smaller size were
detected corresponding to the P’-A3 and 5’ETS-A3 precursors of the 18S rRNA (Figure 31A,
white star and square, respectively). Interestingly, these intermediates were not detected in
HS-treated plants. In accordance with probe S1, probe S2 was able to detect the same
accumulation of intermediates processed improperly at the 5’ETS site P and downstream of it
in plants exposed to elevated temperatures (compare Figure 30A). Although a major disruption
of the 18S processing under HS conditions was revealed by the absence of P’-A3 and 5’ETS-A3
intermediates in detectable amounts in Northern blot analysis, again no significant differences
between WT and deg9 knock-out plants were observed considering the ITS1 processing.

Figure 32. Northern blot analysis of ITS2 splicing in WT and deg9 knock-out mutant plants under control
and HS conditions.
A, WT and deg9 seedling were cultured in 1x MS containing 1% sucrose for 11 days in short day conditions
-2 -1
(100-150 µmol photons·m ·s ) before exposure to HS at 42°C for 30 min and 150 min, respectively. 5µg of
total RNA were loaded per lane.
B, schematic representation of the rRNA primary transcript and splicing intermediates detected by probe
S3. Binding site of probe S3 is indicated in red.

64

Finally, ITS2 splicing was investigated using a third 32P labeled probe (S3). Beside the detection
of early processing precursors like the 35S and 33S(P) pre rRNAs, this probe selectively binds
the precursor shared by the 5.8S and 25S rRNA as well as late precursors of the 5.8S rRNA like
the 7S and later processing intermediates (Figure 32B). Like the other probes, S3 detected all
bigger fragments corresponding to the 35S pre rRNA after 30 min of HS (Figure 32A).
Additionally, a closer look at the deg9-3 control lane showed that the signal corresponding to
the 33S(P) shows a faint separation into a double band with the lower band most probably
corresponding to the 180 bp’S smaller 33(P1) fragment. S3 detected the 27SA (Figure 32A,
black saltire) and, to a much smaller extend, the 27SB (Figure 32A, black diamond) precursors
of 5.8S and 25S rRNAs, as well as the 7S precursor of 5,8S rRNA (Figure 32A, black cross)
together with downstream splicing intermediates. Again, the comparison between WT and
deg9 knock-out mutant plants did not show any differences in the signal intensity or fragment
pattern indicating no accumulation of specific splicing products and therefore no DEG9-related
impairment in ITS2 splicing.

2.3.3

Discussion

Splicing of ribosomal RNA in A. thaliana was investigated using three different probes (S1, S2,
S3) binding to distinct sequences in the primary rRNA transcript. The probes were designed in
a way that they are able to distinguish between the different splicing intermediates and help
to reveal differences in the corresponding splicing events between WT and deg9 mutant plants
under control and HS conditions (Figure 30B, Figure 31B, and Figure 32B, respectively). HS
treatment showed impairment of several splicing events up to a level where the specific
intermediate could not be detected in Northern blot analyses. These results have to be
interpreted carefully, as higher levels of certain rRNA intermediates can be the result of the
inhibition of downstream as well as acceleration of upstream processing events. However,
numerous reports indicate, that under HS conditions rRNA synthesis is down regulated and
protein translation is heavily impaired [161, 171-176]. Therefore, it is more likely that the
processing of the rRNA and the biogenesis of ribosomes is rather inhibited than accelerated
under HS conditions. After treatment at 42°C for 30 min, accumulation of precursors bigger
than the 33S(P) intermediate that was detected by all three probes (Figure 30A, Figure 31A,
and Figure 32A middle lanes) started to accumulate. Zakrzewska et al. were able to show, that
prior to the initial cleavage at site P the prolonged A. thaliana 5’ETS has to be trimmed
exonucleolytically by XRN2/XRN3 to expose site P to the U3 snoRNP complex which is involved
in processing at site P [2]. The lack of XRN2/XRN3 in knock-out mutants showed similar
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accumulation of precursors upstream of 33(P) from various sizes as compared to plants
exposed to HS conditions for 30 min (Figure 30A, middle lanes). The distinct signal
corresponding to the 33(P) fragment in control plants became diffuse and expanded towards
higher sizes after 30 min of HS treatment. This finding indicates that the machinery responsible
for the early processing steps of the 5’ ETS is impaired under elevated temperatures. It is not
completely clear if HS conditions inhibit the initial trimming of the 5’ETS by XRN2/3
exoribonucleases that are needed to expose cleavage site P to the U3 snoRNP complex or if
the U3 snoRNP complex itself is affected. However, the observation that the further processing
of the P-A3 intermediate at site P’ and at the 5’end of the 18S rRNA is heavily impaired (Figure
31A) indicates that under HS conditions the U3 snoRNP complex is not able to fulfill its task
properly. This is supported by earlier reports from yeast demonstrating that further processing
of the 5’ETS depends on proper function of the U3 snoRNP complex [117, 118]. This hypothesis
is further supported as the subsequent step of the 33(P) processing, the cleavage at site P1 is
inhibited as well under high temperature conditions. Although not always seen, the 33S(P)
signal separated in two distinct signals whereas the lower signal most likely corresponds to the
33(P1) precursor. After HS treatment for 30min, only the upper band was detected (compare
Figure 32A, deg9-3 control and WT 30min HS). The presence of the 33(P1) and of the 5’ETS-A3
intermediate that is found in all plants at 25°C as well as in plants exposed to HS (Figure 30A)
indicate that splicing of the 5’ETS at site P’ and cleavage at site A3 does not follow a particular
order.
HS treatment for 150 min showed an overall decrease of the 33(P) splicing intermediate and
an increase of the 5’ETS-A3 and P-A3 fragments (Figure 30 and Figure 31). This indicates that
HS treatment does not affect the processing at site A3 to the same extend as the splicing of
the 5’ETS is impaired.
Moreover, it seems that smaller pre-rRNAs (5’ETS-A3 and P-A3) accumulate after 150 min of
HS (Figure 30A). This could be explained by a general reduction in transcriptional activity upon
HS leading to reduced de novo synthesis of rRNA already described previously mammals [161].
This is also supported by the decrease in the total amount of rRNA precursors after 150 min of
HS despite the normalization to total RNA concentration (Figure 30and Figure 31).
However, no differences in 5’ETS processing were observed between WT and deg9 knock
knock-out mutant plants in under control as well as HS conditions. Although the S1 and S2
probes detected a bigger proportion of rRNA precursors with variable size in HS-treated deg93 mutant plants, indicating a partial unspecific degradation in developed Northern blots
(Figure 30A and Figure 31A), this effect was only seen for this RNA sample and not for the
other mutant line deg9-1. Additionally, all Northern blots were performed as three
independent biological replicates and none of the other samples showed the rRNA pattern of
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sample deg9-3 displayed in Figure 30. Probe S1 is also able to detect maturation by-products
of the 5’ETS splicing, the P-P’ and the P-P1 fragments. Lange [23] as well as Zakrzewska et al.
[31] were able to show that those by-products accumulate in plants missing the exosome
associated MTR4 helicase and the RRP6L2 exoribonuclease [2, 116]. The P-P’ fragment was
detected only in control samples, again indicating impairment of 5’ETS processing under
elevated temperatures. In the WT sample, these fragments are present to a smaller extend
than in the mutant plants (Figure 30A). However, RNA loading control of the unstressed WT
sample showed on overall smaller quantity of total RNA explaining the decreased detection of
this metabolite and the rRNA precursors. Comparisons between WT and deg9 knock-out
mutant plants did not reveal any differences in degradation of the detected maturation byproducts. This together with the observation that exosome-driven 3’ end processing of the
5.8S precursor is not affected in deg9 mutants leads to the conclusion that proper exosome
functionality, and in particular MTR4 and PPP6L2 functionality does not rely on the presence of
the DEG9 protein.
The most striking difference in heat-stressed plants was the total absence of downstream
splicing intermediates of the P-A3 fragment which can be detected by probe S2 (Figure 31A,
middle and right lanes). This reveals the severe impairment of splicing at the P’ position and at
the 5’ETS of the 18S rRNA under HS conditions and contributes to the accumulation of P-A3
intermediates that are not further processed (Figure 30, right lanes).
Probe S3 detected the 27SA and 27SB fragments, which are precursors of the 5.8S and 25S
rRNAs (Figure 32A). Under HS condition, the signal intensity of those products decreased to
the same degree as those of the newly synthesized 33S(P). Unlike for P-A3, whose signal
intensity increased during HS treatment due the impairment of the subsequent processing
steps, the 27SA and 27SB products did not accumulate indicating no HS effect on the
downstream processing. The 5.8S-C2 (7S) signal was accompanied by additional signals of RNA
molecules migrating below the 5.8S-C2 fragment (Figure 32B). This observation is very well
corresponding with the further processing of the 5.8S-C2 known from yeast. The 5.8S-C2 is
further trimmed successively on its 3’end by numerous 3’ to 5’ exoribonucleases. After HS
treatment for 30 min, a slight accumulation of the 5.8S-C2 product was detected indicating a
mild impact on the subsequent processing steps (Figure 32A). However, none of those
processing steps were affected differently in mutant lines lacking the DEG9 protein.
The observations made on deg9 knock-out mutants, that developed shoots earlier than WT
plants under elevated temperatures as well as many indications found in literature that
chaperones are important for ribosome biosynthesis under such conditions, led to the
assumption that DEG9 might be involved in this process. So far, none of the tested conditions
revealed any differences in ribosomal RNA splicing between WT and deg9 mutant plants.
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However, the way the experiments were performed only considered the effects of a sudden
HS, which may be too fast to allow adaptive reactions by the plant, on ribosome biogenesis.
Reports in plants and human cell lines revealed that for example heat pretreatment with lower
temperatures prior to high temperature heat shock that leads to induced thermo-tolerance
and has a big effect on how organism can cope with HS [131, 162, 167]. It is conceivable that
increased DEG9 expression may be a part of the molecular mechanisms underlying induced
thermo-tolerance. Therefore, it would be interesting to also perform experiments in which the
plant cultures would be adapted prior to the HS by a heat pretreatment to eventually see
effects of the presence and absence of DEG9 on the rRNA splicing or ribosome biogenesis.
Furthermore, it would be necessary to investigate the recovery reaction of the heat-stressed
plants considering ribosome biogenesis, as former studies in mammals were able to show that
this process is accelerated in heat pretreated cells [167].
Despite the fact that the absence of DEG9 in the deg9 knock-out mutants did not show any
effect on rRNA processing under control as well as under HS conditions, the data generated in
this work shows for the first time the severe impairment of rRNA splicing in A. thaliana under
elevated temperatures by investigating the splicing of the 5’ETS, de novo synthesis of rRNA
precursors and splicing of 5.8S rRNA precursors which were detected. However, not much is
known about how these events are regulated under HS and modulated by chaperones or other
factors on the molecular level so far. In A. thaliana, ribosome biosynthesis is not fully
understood and not every factor involved in splicing of the pre-rRNA has been determined.
Therefore, it only can be speculated which specific enzymes are working improperly under
elevated temperature. De novo synthesis of rRNA is regulated in a highly complex mechanism
involving remodeling factors of the rDNA, RNA polymerases as well as many transcription and
processing factors that can be activated or inactivated through phosphorylation, acetylation
and protein-protein interactions (reviewed in [94]). This regulation involves both rRNA and
ribosomal protein synthesis and often depends on the availability of amino acids sensed by
uncharged tRNA (reviewed in [177]). Not only a depletion in amino acid availability naturally
caused be starvation, but as well a general decrease in protein synthesis leads to a very
efficient repression of rRNA synthesis [178, 179]. For example, the RNA-Polymerase I cofactor
RRN3p required for initiation of rDNA transcription is inactivated in cells treated with
cycloheximide or under conditions where nutrients are limiting [180]. However, the influence
of HS on the regulation of ribosome biogenesis is so far not determined. It was shown that
translation is also impaired under high temperature conditions. This could serve as an
explanation for the decreased de novo synthesis of pre-rRNA similar to cycloheximide
treatment observed after 150 min of HS (Figure 30, Figure 31 and Figure 32, left panels). The
presence of accumulated intermediates bigger than the 33S(P) precursor and the total absence
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of the P’-A3 and 5’18S-A3 intermediates show a heavy misregulation of the 5’ETS processing
under HS conditions indicating an impairment of the U3 snoRNP complex. This finding
correlates to analyses of transcript levels gathered from yeast. Planta et al. (1999) were able to
show that under HS conditions the mRNA level of U3 snoRNP component Imp4p decrease
drastically and eventually could cause the defects in the functionality of the splicing complex
[181]. There are numerous points and steps at which regulation of ribosome biogenesis could
take place and further studies are needed to reveal the direct factors that are impaired and
regulated under HS conditions as well as the initial signals and signal transduction pathways
leading to this regulation.

2.4

The role of DEG9 in polysomal, monosomal and ribosomal subunit composition in
A. thaliana

Based on our findings that DEG9 is located in the nucleolus (chapter 2.2.3), which is the major
site of ribosome subunit synthesis, as well as the observed temperature-induced phenotype of
deg9 loss-of-function mutants (Häufle, 2006) and the effect of HS on ribosome synthesis
(chapter 2.3.1, Hypothesis) [162], analysis of polyribosome profiles was chosen to investigate
the translational activity of ribosomes in deg9 knock-out mutants in comparison with WT
plants. Ribosomes are multiprotein complexes containing approximately 80 proteins and RNPs
that are incorporated during the synthesis and assembly process (reviewed in [94, 95]).
Therefore, a potential influence of DEG9 on the regulation, processing and incorporation into
ribosomes of these proteins and the eventual resulting functionality of the ribosomes was
investigated on translating ribosomes. Experiments to investigate the absence of DEG9 in deg9
knock-out mutants and comparisons with WT plants on polysomal monitoring are described in
the following.
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2.4.1

The effect of heat stress on A. thaliana WT and deg9 knock-out plants

To determine any effects of DEG9 on ribosome biogenesis that eventually influence the
assembly potential of the ribosomal subunits onto mRNAs and the translational activity,
polysome profiles were recorded from WT plants and compared with deg9 knock-out mutants.
The plants were cultured in 0.5x MS containing 1% sucrose for 11 days. HS treatment at 40°C
was applied for 15 min with respect to the phenotype observed under elevated temperatures
by Carolin Häufle (2006).
Figure 33. Comparison of WT and deg9
knock-out mutant polysomal profiles
under control and HS conditions.
WT and deg9 knock-out mutant
cultures were grown in 0,5x MS, 1%
sucrose for 11 days in a 9 hours light
and 15 hours dark cycle at 25°C.
Polysome profiles were determined
before (A) and after (B) heat shock
treatment for 15 min at 40°C and again
after 6 h of recovery at 25°C (C). HS was
applied 15 min at 40°C prior to
extraction and separation on sucrose
gradients.
The
profiles
are
representatives for four biological
replicates.
WT, black curve; deg9-1, red curve;
deg9-3, green curve. A, control
conditions. B, HS for 15 min at 40°C C,
recovery for 6 h at 25°C
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In all three plant lines, HS treatment for 15 min reduced the amount of polysomes dramatically
while the amount of monosomes increased (Figure 33A and Figure 33B). After recovery at
25°C, polysomal activity was restored again and the amount of monosomes decreased (Figure
33C). Under control conditions, no differences between WT and deg9 knock-out mutants were
observed (Figure 33A). After 15 min of HS as well as additional 6 h of recovery, the WT plants
contained less monosomes compared to the deg9 knock-out plants (Figure 33A and Figure
33B). The deg9-3 mutant line showed decreased amount of both 40S and 60S subunits (Figure
33B) after 15 min of HS. However, comparable differences were always observed in polysomal
profiles and did not depend on the culture or stress conditions applied (see discussion).
Interestingly, after 15 min of HS, the amount of polysomes decreased drastically whereas the
amount of monosomes increased in the WT and the mutant lines. After 6 h of recovery at
25°C, the monosomal peak decreased again and polysomes started to reform (Figure 33C). The
mutant line deg9-3 showed much higher amounts of 40S and 60S subunits after 6 h of
recovery. However, this was always seen with the first sample measured in the experimental
set and can be ascribed to experimental artifacts.

2.4.2

The effect of the diurnal cycle on A. thaliana WT and deg9 knock-out plants

In A. thaliana, the polysomal composition follows a diurnal cycle (chapter 1.4.1). Therefore, it
is necessary to define time points when polysomal measurements are taken to exclude
eventual differences derived from the diurnal changes rather than the absence of DEG9 in the
polysomal composition of the plant lines. Hence, both light and dark states of polysomes were
investigated in the following experiments. Polysomal profiles were recorded from WT and
knock-out plants grown for 10 days in 0,5x MS with 1% sucrose with a circadian rhythm of 9 h
light and 15 h dark. To monitor the changes in the small and large polysomes as well as in the
monosomal components in response to light exposure, cultures were harvested one 1 h before
and 4 h after the onset of light. The polysomal profiles showed a similar pattern as observed in
the literature [5] (compare Figure 12 and Figure 34). The amount of monosomes was reduced
after 4 h of light compared to the cultures that were harvested one hour before the onset of
light. In contrast, the amount of large polysomes increased after 4 h of exposure to light
(Figure 34A and Figure 34B). Interestingly, the deg9 mutants exhibited a slightly higher amount
of monosomes in the dark phase 1 h before onset of light whereas the amount of monosomes
was decreased after 4 h of illumination compared to the WT plants.
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A

B

Figure 34. Polysome profiles generated one hour before and four hours after onset
of illumination.
WT and deg9 knock-out mutant cultures were grown in 0.5x MS, 1% sucrose for 10
days in a 9 hours light and 15 hours dark cycle. Cultures were harvested one hour
before (A) and four hours after (B) onset of illumination. The profiles are
representatives for three biological replicates.
WT, black curve; deg9-1, red curve; deg9-3, green curve

This was observed in three distinct experiments with biological triplicates. However, many
other polysomal profiles were generated after 4 h of illumination without monitoring the
situation 1 h before illumination and the WT did not always display a higher rate an increase of
monosomes when compared to the deg9 knock-out mutants.
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A

B

Figure 35. Example of the randomly appearing effect of plants exhibiting a high
amount of short polysomes.
WT and deg9 knock-out mutant cultures were grown in 0,5x MS, 1% sucrose for 10
days in a 9 h light and 15 h dark cycle. Cultures were harvested 1 h before (A) and 4 h
after (B) onset of illumination.
WT, black curve; deg9-1, red curve; deg9-3, green curve.
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During the investigation of the night/day cycle, another interesting observation was made that
appeared in an irregular pattern. After exposure to light, some of the cultures started to
exhibit more small polysomes (SPS) and less large polysomes (LPS) in a time dependent
manner (Figure 35B, WT plants). Not all of the plants exhibited this effect to the same extent.
From all profiles generated, the appearance was counted and classified into minor (equal
height of the first and the seventh polysomal peak) and strong (higher first polysomal peak
compared to the seventh polysomal peak) effect and their portion of the total amounts of
samples was calculated. (Summary in Table 3).

Table 3. Summary of the plant lines exhibiting the effect of high amounts of small polysomes
in polysomal profiles.

strong effect

minor effect

no effect

[%]

WT

8

1

16

36.0

deg9-1

1

1

11

15.3

deg9-3

1

3

16

20

A strong effect was defined as a SPS (P1) to LSP (P7) >1. A minor effect was defined as a SPS to LPS ratio
of 1 and no effect was defined as a SPS to LPS ratio <1.

36.0% percent of the WT plants exhibited a higher amount of small polysomes induced by
illumination whereas in the deg9 mutants the effect only appeared in 15.3% and 20.0% of the
plants, respectively. As mentioned before, this effect appeared inconsistently. It is important
to mention that for the calculated ratios of the individual ribosomal subunits, monosomes and
polysomes (Figure 37) only those polysomal profiles were chosen of which the starting
material was harvested 4 h after onset of light and which did not show the effect of an
increase of small polysomes.

In all of the polysomal profiles generated in the thesis, minor differences in the amounts of
monosomes, individual subunits and polysomes were always observed. These differences
appeared randomly and were not characteristic to any of the tested deg9 knock-out mutant
and WT lines. Therefore, possible changes as described for the increased and decreased
monosomal peak in WT plants compared the deg9 knock-out mutants 1 h before illumination
and 4 h after illumination, respectively, cannot be attributed exclusively to the absence of
DEG9. To gain a better evaluation, the ratios of the peak height of ribosomal subunits,
monosomes and the first polysome (P1) and the seventh polysome (P7) were evaluated from
74

all polysomal profiles generated 1 h before illumination and 4 h after illumination and
statistically evaluated for a precise comparison of WT and deg9 knock-out mutants (Figure 36).
Due to the lack of multiple convincing data sets from HS experiments, no ratios were
calculated for these experiments. The comparison of the 40S and 60S ribosomal subunit peaks
determines if the amounts of the subunits are altered in the deg9 knock-out plants as
compared to the WT plants, whereas the ratio of the subunits to the fully assembled
monosomes gives insights into the assembly potential of the subunits and, to some extent, the
amount of fully assembled monosomes. The ratios of the monosomes and polysomes shows
how many polysomes the plants exhibit, i.e. how active overall translation is in the specific
condition, whereas the ratio of the first and seventh polysome gives insights if the plant has a
lot of short or long polysomes.

Figure 36. Schematic representation of values (ratios) calculated from polysomal profiles.
Different ratios were chosen for a precise comparison of WT and deg9 knock-out mutants. 40S/60S
determines the ratio of ribosomal subunits. P1/P7 determines the ratio of small and large polysomes.
60S/80S determines amount of monosomes and assembly potential of ribosomal subunits. P1/80S and
P7/80S determines amount of monosomes and small or large polysomes respectively. 40S, small ribosomal
subunit; 60S, large ribosomal subunit; 80S, monosome, P1, first polysome; P7 seventh polysome.
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The mean ratios generated from the polysomal profiles 1 h before illumination and 4 h grown
with light revealed differences in the composition of the polysomes, monosomes and
ribosomal subunits (Figure 37 and Table 4).

Figure 37. Comparison of calculated ratios of peak heights from WT and deg9 knock out plants in
the dark and light phase.
Ratios of all recorded polysomal profiles were taken for calculation of mean values and statistical
analysis. All polysomal profiles used for the calculation were generated form plants harvested 1 h
before onset of light (dark phase, A) and after 4 h of exposure to light (light phase, B). None of the
analyses comparing the corresponding ratios of WT and deg9 mutants under one condition
revealed statistical significance (For statistical evaluation of dark phase vs. light phase see Table 5).
A: n WT=5; n deg9-1=1; n deg9-3=5
B: n WT=16; n deg9-1=11; n deg9-3=15
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Table 4. Summary of calculated ratios of peak heights from WT and deg9 knock-out plants in the
dark and light phase from Figure 6.
One hour before illumination (dark phase)

WT

mean ± SD

deg9-1

mean

deg9-3

mean ± SD

40S/60S

40S/80S

60S/80S

P1/80S

P7/80S

P1/P7

1,344 ± 0.156

0,318 ± 0.018

0,484 ± 0.091

0,064 ± 0.023

0,100 ± 0.041

0,674 ± 0.217

1,345

0,295

0,397

0,038

0,074

0,510

1,329 ± 0.073

0,344 ± 0.064

0,454 ± 0.062

0,056 ± 0.019

0,097 ± 0.039

0,607 ± 0.136

Four hours illumination (light phase)
40S/60S

40S/80S

60S/80S

P1/80S

P7/80S

P1/P7

WT

mean ± SD

1,238 ± 0.101

0,400 ± 0.068

0,491 ± 0.059

0,087 ± 0.014

0,206 ± 0.049

0,441 ± 0.118

deg9-1

mean ± SD

1,271 ± 0.119

0,428 ± 0.072

0,548 ± 0.135

0,091 ± 0.016

0,231 ± 0.037

0,404 ± 0.087

deg9-3

mean ± SD

1,295 ± 0.133

0,434 ± 0.098

0,567 ± 0.148

0,097 ± 0.034

0,210 ± 0.060

0,483 ± 0.149

It should be mentioned, that for the deg9-1 knock-out mutant line only one set of data was
generated (n deg9-1=1) in the dark phase and five for the WT and deg9-3 knock-out mutant lines
(n WT=5). More data sets were available after 4 h of illumination for all investigated plant lines
(n WT=16; n deg9-1=11; n deg9-3=15). The calculated differences from the dark phase (1 h before
illumination) and the light phase (4 h illumination) showed differences between the WT and
deg9 knock-out mutants. Statistical analyses did not reveal any significance comparing the
corresponding ratios of WT and knock-out mutants under the same conditions. However, a
trend was observed. In the light phase, the 40S/60S, 40S/80S and 60S/80S ratios were higher
in the deg9 knock-out plants as compared to the WT plants (Figure 37B).

The ratio between the first polysome and the monosomal peak (P1/80S) was only slightly
increased in the deg9-3 knock-out mutants and almost the same for the deg9-1 knock-out
mutant when compared to the WT plants. For the ratio of SPS and LPS (P1/P7), the deg9
knock-out mutants pictured a different situation when compared with the WT plants. Here,
the deg9-1 mutant line displayed a lower proportion of small polysomes (P1/P7 ratio) than the
WT plants. In contrast, the deg9-3 mutant line showed a tendency for a higher P1/P7 ratio
(Figure 37B). The increased amount of LPS in the deg9-1 line probably explains the higher
P7/80S ratio found in this line when compared to the WT plants whereas the deg9-3 showed
the same P7/80S as the WT plants. In the dark phase, one hour before onset of the light, the
mutants partly showed contrary results concerning the calculated ratios (Figure 37A). Unlike in
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the light phase, the ratio of the subunits was as high (deg9-1) or lower (deg9-3) when
compared to the WT plants. The 60S/80S ratio was lower for both deg9 knock-out mutants in
comparison to the WT plants in the dark phase as well (Figure 37A). The 40S/80S ratio was
higher for the deg9-3 and lower for the deg9-1 knock-out mutants in the dark phase. The
P1/80S and P7/80S ratios were lower for the deg9-1 and equal for the deg9-3 knock-out
mutants when compared to the WT plants. The P1/P7 ratios were both lower in the deg9
knock-out mutants compared with the WT.
As mentioned before, statistical analyses did not reveal any significance comparing the
corresponding ratios of WT and knock-out mutants under the same conditions. However, the
comparison of the corresponding ratio in-between one plant line harvested in the dark phase
(one hour before onset of light) and light phase (four hours after onset of light) showed
significant differences in the 40/80 and P1/P7 ratios in the WT plant line, but not in the deg9-3
knock-out mutant line (Table 5).

Table 5. Summary of statistical analysis of corresponding ratios from plants lines harvested in the dark and
light phase.

Ratio
40/80

P1/80

P7/80

P1/P7

Groups

Normality Test
(Shapiro Wilk)

Test used

P

WT dark vs. light

no

Mann-Whitney
Rank Sum Test

0,012

deg9-3 dark vs. light

yes

t-Test

0,076

WT dark vs. light

yes

t-Test

0,015

*

deg9-3 dark vs. light

yes

t-Test

0,019

*

WT dark vs. light

yes

t-Test

<0,001

***

deg9-3 dark vs. light

yes

t-Test

0,001

***

WT dark vs. light

yes

t-Test

0,005

**

deg9-3 dark vs. light

no

Mann-Whitney
Rank Sum Test

0,097

*

Only the ratios were listed, where a statistical significance was found in at least one plant line. Due to the
absence of multiple datasets, no statistical analyses were performed for the deg9-1 knock-out mutant line.
dark: n WT=5; n deg9-3=5
light: n WT=16; n deg9-3=15
P ≤ 0.05 = *; P ≤ 0.01 = **; P ≤ 0.001 = ***
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2.4.3

Discussion

In Arabidopsis seedlings exposed to 15 min HS at 40°C, a drastic decrease of translational
activity was detected as inferred from the decline in polysomes. (Figure 33B). Interestingly, the
amount of monosomes increased much more than the amount of free ribosomal subunits,
indicating that most ribosomes were still bound to mRNA under heat shock conditions.
Transferring the heatstressed plants to standard temperatures for 6 h showed that both the
WT and deg9 mutants were able to recover from HS and that the amount of SPS and LPS was
almost restored again whereas the amount of monosomes deceased drastically (Figure 33C).
After 6 h of recovery, the deg9-3 mutant line showed increased 40S and 60S monosomal peaks
as compared to the WT and deg9-1 mutant line. However, an increase in 40S and 60S
monosomes was always seen in the first sample that was analyzed indicating artifacts derived
from the measuring system. The immense decrease of polysomes and the increase of
monosomes after HS has been described previously in many organisms including dog,
Trypanosome brucei, Drosophila and HeLa cell cultures, but was not investigated for
A. thaliana so far [171-174]. It was reported that under HS conditions, protein translation is
heavily impaired [175, 176]. Bond et al. postulated, that particularly large macromolecular
complexes, including translating ribosomes, are especially sensitive to HS (reviewed in [182]).
This explains the loss of polysomes seen after 15 min of HS. The fact that polysomes disappear
after HS whereas the amount of monosomes increases (Figure 33A and Figure 33B), indicates
that protein translation is still ongoing, however not to the same extent as under standard
growth conditions. This correlates with the fact, that cells that undergo HS change their
protein expression by downregulation of housekeeping genes [183]. However, some
translational potential needs to be retained to express proteins such as HSP that are crucial for
the survival of the organism [183].
The absence of deg9 in the mutants did not cause any differences besides some minor changes
concerning the amount of monosomes in WT plants. WT plants exhibited the same amount of
monosomes under control conditions compared to the deg9 mutants and less under HS
conditions (Figure 33). Another difference that was observed was a decrease of 40S and 60S
subunits in the deg9-1 mutant line after 15 min of HS. It is important to mention that such
differences were observed arbitrarily in the polysomal profiles under both tested conditions
and in diurnal experiments and that there was no visible trend that could lead to any valid
conclusions. To circumvent these variations, ratios were calculated from polysomal profiles
and mean values were calculated to give the best possible overview over the results gathered
for cultures harvested in the dark phase 1 h before onset of light and in the light phase 4 h
after illumination (Table 4). For such calculations, many data sets have to be available that
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were missing for the HS experiments. The almost total absence of polysomes after 15 min of
HS at 40°C suggest that the conditions were too severe to see differences between WT and
mutant plants. Therefore, it is important to repeat the experiments under less drastic
conditions to eventually observe differential effects. Additionally, it would be necessary to
generate more replicates to calculate ratios and mean values to attribute observed differences
to the loss of DEG9. Other factors that could be investigated include the recovery phase after
HS. Recovery at standard conditions for 6 h showed an increase of polysomes and a decrease
of monosomes. To evaluate possible differences in the recovery of polysomes in WT and deg9
knock-out mutants, more time points should be analyzed during the recovery phase to
monitor differences in the recovery potential of WT and deg9 mutant plants.
The diurnal changes in the monosomal, polysomal and ribosomal subunit composition showed
differences between the WT and the deg9 knock-out mutants (Figure 34 and Figure 37).
Mainly the increased monosomal peak in the WT plants compared to the deg9 knock-out
mutants in the light phase stood out (Figure 34). Diurnal time course experiments were
performed five times and the above-mentioned observation was made in four of the
experiments. However, much more data was generated for the time point after 4 h of
illumination (light phase) that did not show the same clear picture with WT plants exhibiting
more monosomes in comparison to the deg9 knock-out mutants. Therefore, ratios were
calculated from all available experiments for plants harvested in the dark phase and after 4 h
of illumination to give the best possible overview about the differences observed at these time
points (Figure 37). To calculate these ratios, peak heights were used instead of the area as the
peak width in the generated polysomal profiles in this thesis did usually not show any obvious
differences and therefore it is very unlikely that the large effort to calculate areas from the
profile plots would have been rewarded with different or more meaningful values for the peak
ratios. For the peak height ratios, only those experiments were considered in which the tested
plant lines did not show randomly appearing shift from LSP to SPS (Figure 35B). As the
calculated values are ratios of the measured peaks and therefore only allow conclusions about
the relative proportions of the monosomes, polysomes and ribosomal subunits, no statement
about the absolute amounts can be made. However, they can be used to exclude variations
derived from the use of unequal amounts of starting material. Therefore, this data is primarily
used to underline the results observed in the diurnal time course, mainly the observed
decrease of monsomes in WT plants in the light phase when compared with deg9 knock-out
mutants (Figure 34B).
The lower amount of monosomes in WT plants compared to the deg9 knock-out mutants in
the dark phase 1 h before onset of light (Figure 34A and Figure 34B) was observed in five
distinct diurnal time course experiments each with biological replicates. After 4 h of
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illumination, the WT plants showed a bigger monosomal peak than the deg9 mutants in four of
the five experiments (Figure 34B). However, many other polysomal profiles where generated
with plants harvested after 4 h of illumination that did not show such a clear picture for the
increased monosomal peak in WT plants when compared to deg9 mutants. Taking the
calculated 60S/80S and 40S/80S mean ratio into account, the deg9 knock-out mutant plants
harvested in the light phase indicate a shift towards the 40S and 60S subunits, respectively,
when compared to WT plants (Figure 37B). These shifts most probably are derived from the
observed decreased amount of monosomes in the deg9 mutants in comparison to the WT
plants. For plants harvested in the dark phase, the calculated mean ratios for the 60S subunit
and the 80S monosomes complement the finding of more monosomes in the deg9 knock-out
mutants compared to WT plants (Figure 37A). Here, the calculated ratios are lower for the
deg9 mutants when compared to WT plants indicating a shift towards the 80S monosomes
that most likely result by an increase of monosomes in deg9 mutant plants in the dark phase.
Comparing the calculated 40S/80S ratio in the dark phase of Wt pants and deg9 knock-out
mutants shows a less clear picture (Figure 37A). In the deg9-1 knock-out mutant, the ratio is
shifted towards the 80S monosomes that reveals more monosomes than 40S subunits when
compared to WT plants that again can be explained by the higher monosomal peak found the
mutant plants (Figure 34A). However, it is important to mention that for this mutant line no
replicates were generated under dark phase conditions and therefore no mean ratio values
were calculated and that this was not observed for the deg9-3 knock-out mutant when
harvested in the dark phase.

Taken together, WT plants exhibit less monosomes in the dark phases and more in the light
phase compared to the deg9 knock-out mutants (Figure 34). This finding is in most cases
(except deg9-3, 40S/80S, dark phase) very well represented by the calculated ratios (Figure
37). Statistical analyses of the ratios calculated for one plant line comparing both diurnal time
points (dark phase and light phase) showed significance for the 40/80S ratio in WT, but not in
deg9-3 knock-out mutants (Table 5). This can be attributed to the observation made in WT
plants exhibiting less monosomes in the dark phase and more in the light phase compared to
the knock-out mutants. A decrease of monosomes in the light phase was described earlier by
Piques et al (2009) [5] (Figure 12). However, the decrease in monosomes was in these
experiments accompanied by an increase in LPS [5]. This decrease in monosomes is less
pronounced in WT plants compared to the deg9 knock-out mutants and should be followed by
a stronger increase of LPS in the mutants (Figure 34). However, this was not the case in our
experiments. Ratios calculated for the SPS and LPS show that WT plants exhibit a higher SPS to
LPS ratio in the dark phase compared to the deg9 knock-out mutants (Figure 37). In the light
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phase, this ratio is shifted towards SPS in the mutant plants when compared with WT plants
(Figure 37, P1/P7 and Table 4). This observation is underlined by statistical analyses were the
shift from LPS in the dark phase to SPS in the light phase is significant only in WT plants, but
not in deg9-3 mutant line (Table 5). Although at first glance this observation together with the
higher or lower amount of monosomes in mutant plants in the dark and light phase
respectively with the comparably stronger light-dependent reduction in monosomes in deg9
mutants would indicate a higher translational activity in the deg9 knock-out mutants in the
dark phase and a lower in the light phase when compared to WT plants, it is important to
stress that the ratios calculated for LPS and SPS do not represent the total amounts. Therefore
it is dangerous to make any conclusion on the total protein translation potential of WT and
deg9 mutants. However, illumination does have an impact on the ribosomal composition in
deg9 knock-out mutants as they show deviating characteristics in monosomal, SPS and LPS
ratios when compared to WT plants.

Other differences found between WT and deg9 knock-out mutants were alterations in the
amounts of the subunits in the dark and light phase. In the light phase, both deg9 knock-out
mutants showed more 40S than 60S subunits compared to WT plants whereas in the dark
phase the mutants showed equal amounts or more 60S than 40S subunits (Figure 37A).
Alterations in the ratio of the subunits can be taken as a hint on impairment in biogenesis of
the corresponding subunit. However, rRNA splicing was not changed in deg9 mutants as
compared to the WT (Chapter 2.3.2). One explanation for this could be that the difference in
the amounts of 60S in WT and deg9 mutants is too small to be detected in Northern blot
analyses. However, the different ratios of the small subunits in deg9 knock-out mutants and
WT plants imply a role of DEG9 in ribosome biosynthesis. The shifted rate of ribosomal
subunits could also explain the altered amounts of monosomes (Figure 34). However, it is
important to state again that these altered ratios cannot solely be derived from a decreased
amount of one type of subunit but also by an increase of the other type of subunits, which
cannot be determined because of the technical difficulties in quantification of 40S subunits.
Several different experiments to trigger or to avoid, respectively, the effect of increasing
amounts of short polysomes after illumination were performed (Figure 35). The amount of
seeds was always weighed to ensure comparable amounts of seedlings growing in the culture
medium that supplements them with nutrients as well as with sugar that served as an
alternative carbon and energy source. Extraction buffer conditions were changed and the
amount of cycloheximide that provides attachment of the ribosomes to the mRNA during the
preparation procedure was increased to avoid any possible dissociation. In other approaches,
the concentration of all reagents in the Extraction buffer was increased to compensate for a
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possible dilution by intrinsic water of the plant starting material. However, none of those
changed buffer conditions triggered an increase of short polysomes in a light- dependent
manner. Different ratios of stating material and extraction buffer volumes were tested as well
as starting material that was grown on MS-agar plates instead of liquid cultures. As the
fluorescent lamps used as a light source changed their physical properties during the
experimental phase and could not be replaced by identical new ones, new lamps were used
and their spectra were compared to exclude a possible influence of the light source triggering
the observed effect. To compensate for differences in the spectra that eventually led to the
effect, several experiments were performed with green light, yellow light and red light mixed
to investigate an influence of light quality on the formation of SPS. None of them gave any
conclusive results in which the effect did not appear randomly. Another factor that was
investigated was a short period of ambient light illumination for 15 min 1 h before the onset of
the light. This was done because at the time point of harvesting, the ambient light was
switched on for this short time in the culture room. However, none of these pre-illuminations
with ambient light, normal growth light as well as green light, yellow light or red light were
able to trigger the effect. Overall, the effect was observed in 36.0% of all WT plants, but only in
15.3% and 20.0% of the deg9-1 and deg9-3 knock-out mutants (Table 3). Comparable to the
observed altered levels in monosomes in WT plants and deg9 knock-out mutants in dark and
light phase (Figure 34 and Figure 37), arbitrarily these findings suggest an impact of DEG9 on
the composition of ribosomes, polysomes and ribosomal subunits and on the translational
activity of the plants. However, it is difficult to draw any reliable conclusions about a possible
function of DEG9 based on these findings. Studies on the human nucleolar protease SENP3
revealed an impact of the protein not only on ribosome biosynthesis, but also on apoptosis
indicating that there is some sort of crosstalk between these processes [153, 154]. As it was
already suggested in this thesis, DEG9 could play a role in plant PCD (chapter 2.2.10) similar to
SENP3 as well as in ribosome biosynthesis and therefore influences the composition of
ribosomal species observed in the polysomal profiles.
Illumination had a great influence on polysome formation as revealed by the differences in the
polysomal profiles between WT plants and deg9 knock-out mutants (Figure 34 and Figure 37).
Recent studies made by Floris et al. (2013) were able to show that not only presence or
absence of light influences the polysomal composition as reported previously [5], but also the
light intensity affects polysome formation [75]. Depending on the light conditions (low light or
high light), not only the amount of polysomes was altered in A. thaliana, but also the
translation of chloroplast proteins was specific for either condition [75]. Therefore, Floris et al.
(2013) postulated that regulation of translation precedes transcriptional regulation and that
there is some sort of retrograde signaling link between chloroplast and cytosolic ribosome
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functionality. This gives rise to the question if DEG9 possibly affects ribosomal protein
components integrated during ribosome synthesis that could act as a sensor for different light
conditions. However, retrograde signaling is still a matter of debate and little is known about
its molecular mechanisms. Future experimental approaches could include different light
intensities to eventually trigger the polysomal differences in WT and deg9 knock-out plants
observed in this thesis.
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3.

Conclusions and Perspectives

In 1989, Lipinska et al. characterized an E. coli heat-sensitive mutant and thus named the
defective gene HtrA for High temperature requirement [27]. The same year, Strauch et al.
were able to discover a protease in the periplasmic space of E. coli and named it DegP for
Degradation of periplasmic proteins [28]. The fact that both of these findings were tracked
back to the same gene led to discovery of the Deg/HtrA protease family. To date, E. coli DegP is
the best studied member of this large family concerning the structural architecture, activation
and functional mechanisms as well as physiological function. However, sequence analyses
revealed a great number of Deg/HtrA homologues in almost every organism investigated so
far, but their physiological roles are still under investigation. In A. thaliana, 16 Deg/HtrA
proteases were identified, of which DEG9 and DEG14 are the main focus of this thesis.
The predicted mitochondrial localization of DEG14 was verified using molecular and
biochemical analyses. Comparisons of A. thaliana deg14 loss-of-function mutants with WT
plants did not show any obvious phenotype when cultured under standard growth conditions.
However, recent studies strongly suggest a role of DEG14 in heat stress response (HS) and
thermo tolerance. Transgenic A. thaliana lines overexpressing DEG14 showed higher viability
than WT plants under HS conditions demonstrating a protective role of DEG14 under such
conditions [184]. Although no specific DEG14 substrates were identified, there is evidence that
DEG14 preferentially degrades misfolded model substrates, suggesting a role in protein quality
control [184]. However as long as no physiological substrates of the enzyme are identified, it is
still questionable if this is a possible contribution of DEG14 to the HS response and if it
eventually has different functions under standard conditions.
Phenotypic studies suggest a possible role of DEG9 in root growth. Roots of A. thaliana deg9
loss-of-function mutants exhibited increased growth when compared with WT plants. As the
longer roots of the deg9 mutants were observed in the early developing states of the plants,
this finding could explain the bigger leaf rosettes observed in the deg9 mutants compared with
WT plants. This hypothesis is supported by the finding that this effect in deg9 mutants was
pronounced under drought stress conditions, when a longer root system rapidly favors the
uptake of water in the flower pots draining from top to bottom. Development of the plant root
system is dynamic and among others controlled by programmed cell death (PCD) [144].
Therefore, a pro-apoptotic function of DEG9 was suggested eventually resulting in longer roots
in deg9 mutants. The involvement of DEG9 in PCD is further supported by recent studies in
N. benthamiana, in which the DEG9 homologue was knocked-down [146]. Plants with lower
levels of the DEG9 homologue exhibited a less pronounced HR reaction, a sub form of PCD
induced as part of the defense reaction against plant pathogens. Interestingly, novel evidence
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concerning A. thaliana DEG7, the second DEG protease located in the nucleus, also suggest a
pro-apoptotic role [158]. Based on these findings, it is indispensable to gather data on the
impact of DEG9 in the field of PCD and HR-related PCD to asses a possible physiological role of
the protein. The availability of deg9 loss-of-function mutants strongly favors comparisons with
WT plants under PCD-inducing conditions.
Based on the nucleolar localization of DEG9 and previous reports of deg9 mutants being more
sensitive to HS, nucleolar processes that are impaired under HS conditions were further
investigated. Comparisons with WT plants showed, that rRNA processing is not affected in
deg9 mutants under normal as well as HS conditions. However, the data obtained strongly
suggest a general impairment of rRNA processing under HS conditions by the accumulation of
18S pre-rRNA (P’-A3 and 5’ETS-A3) as well as a reduction of early 33S-type precursors. While
the reduction of the early 33S-type precursors most probably is the result of a down-regulated
rRNA synthesis, the accumulation of the 18S pre-rRNA is a direct evidence for the impairment
of splicing at position P’ under HS conditions. Such drastic disorders in the rRNA processing
apparatus under HS conditions has not been shown before in plants. However, not only
ribosome biogenesis was affected under HS conditions, but also protein translation as
demonstrated by vast reduction of polysomes. Additionally, comparisons of WT and deg9
mutant plants showed, that the absence of DEG9 does not influence the HS-induced changes
in the ribosomal subunit, monosomal and polysomal composition as well as its
reestablishment to the pre-stressed state in the recovery phase. Comparison of polysomal
profiles between WT plants and deg9 mutants demonstrated changes in polysome
composition under dark and light conditions. In the dark phase, the WT plants exhibited less
monosomes than the deg9 mutants and vice versa in the light phase. Additionally, the
calculated ratios from the 40S subunit and 80S monosomal (40S/80S) were significantly
increased in the light phase when compared to the dark phase only in WT plants, but not in
deg9 mutants. At the same time the WT plants, but not deg9 mutants, exhibited significantly
reduced ratios of the first and seventh polysomal peaks (P1/P7) in the light phase when
compared to the dark phase. This suggest that the deg9 mutants lost some of their capability
to modify their ribosomal subunit, monosomal and polysomal composition in response to
diurnal light changes. However, it is difficult to distinguish if these changes are only a
secondary effect of the suggested pro-apoptotic function of DEG9 or if the protease has a dual
function in both PCD and ribosome biosynthesis like it was described previously for the human
nucleolar protease SNP3 [153, 154]. Recent studies demonstrate, that certain mRNAs encoding
for proteins crucially involved in photosynthesis or photoprotection are rather translated by
polysomes than monosomes depending on the light intensity and therefore a translational
regulation for those mRNA species was suggested [75]. Although it is not known how
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ribosomes distinguish between those mRNAs, it is possible that DEG9 is in involved in
incorporation or modification of r-proteins that could act as such a sensor during ribosome
biogenesis. Novel data concerning the ribosomal proteome in A. thaliana suggest a vast
heterogeneity of ribosomes based on the high polymorphism of r-protein genes in higher
plants that theoretically could create 1034 different types of ribosomes [185]. This complexity if
further increased as r-protein composition of ribosomes is dynamic and responds to factors
like sucrose availability [186]. The question if DEG9 contributes to r-protein composition of
ribosomes at some point of ribosome biogenesis, which eventually leads to the differences
observed in the WT and deg9 mutant polysomal profiles, can only be answered by further
investigations on the ribosomal proteome.
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4.
4.1

Materials and Methods
Plant material and culture conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was grown on soil (professional soil type P,
Gebr. Patzer GmbH & Co, Sinntal-Jossa) in a greenhouse under short day (SD) and long day (LD)
conditions (Table 6).
Table 6. Greenhouse climate conditions.

Short day

Long day

Light period

9h / 21°C

16h / 23°C

Dark period
Photon flux density
-2 -1
[µmol m s ]

15h / 20°C

8h / 17°C

100-120

150

humidity [%]

60

40

4.2

A. thaliana liquid cultures

Sterilized seeds (4.4) were grown in 1x murashige skooge (MS) medium supplemented with 1%
(w/v) sucrose (4.7) at a photon flux density of 120-150 µmol m-2 s-1 at an agitation of 120 rpm
at 25°C under SD conditions.

4.3

A. thaliana agar plate cultures

Sterilized seeds (4.4) were grown on agar plates containing 0.8% agar, 1xMS and 1% sucrose.
For root growth experiments, seedlings were cultured on plates containing 1.2% agar, 1xMS
and 0.5% sucrose (4.7) at a photon flux density of 120-150 µmol m-2 s-1 at 25°C under SD
conditions.

4.4

Seed Sterilization

Seedlings were incubated for 5 min in 70% (v/v) ethanol under agitation at room temperature
(RT). Ethanol was replaced with 1.25% (v/v) Na-hypochloride and 0.01% (v/v) Triton X-100 in
sterilized H2O and shook for 20 min at RT before they were washed 3 times with sterilized H2O.
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4.5

A. thaliana T-DNA insertion mutants

DEG9 A. thaliana T-DNA insertion mutant lines deg9-2 (Salk_127969) and deg9-3
(Salk_125251) were obtained from the Nothingham Arabitdopsis Stock Centre (NASC) and
insertion mutant line deg9-1 (GABI-Kat_322F06) was obtained from the MPI Plant Breeding
Research. DEG14 A. thaliana T-DNA insertion mutant lines deg14-1 (Salk_110608C) and deg142 (Salk_042659) were obtained form were obtained from the Nothingham Arabitdopsis Stock
Centre (NASC) and insertion mutant line deg14-3 (GABI-Kat_379H07) was obtained from the
MPI Plant Breeding Research, Bielefled, Germany. Plants were preselected on agar plates
supplemented with kanamycine and sulfodiazine (4.7) for NASC and GABI-Kat mutants
respectively for 14 days before they were transferred to soil.

4.6

Genotyping of T-DNA insertion mutants

DNA was extracted as described in (4.15). Homozygous mutant plants were selected by PCR
(4.11) analysis using primers binding upstream (GU) and downstream (GD) of the T-DNA
insertion together with a T-DNA-specific primers (Table 27).

4.7

Growth media, growth plates and antibiotics

Table 7. Growth media composition.

Luria Bertani (LB) Medium

YEP-Medium

Murashige Skoog (MS) Medium

Bacto-Tryptone

1.5%

Bacto-Peptone

1%

Murashige Skoog

0.43%

Yeast Extract

0.75%

Yeast Extract

1%

Sucrose

1%

NaCl

1%

NaCl

0.5%

Sucrose

0.5%

pH: 5.7 (adjust with KaOH)

All media were autoclaved. For bacteria and plant plates, 15 g/l and 8 g/l agar were added
respectively prior to autoclaving.
Antibiotics for the selection of bacteria was applied in appropriate concentrations (Table 8).
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Table 8. Antibiotics concentrations.

Name

E. coli

A. thumefaciens

A. thaliana

Stock

Solvent

Ampicilin

100 µg/ml

100 µg/ml

100 µg/ml

100 mg/ml

H2O

Kanamycin

50 µg/ml

50 µg/ml

50 µg/ml

50 mg/ml

H20

Gentamycin

5-12,5 µg/ml

15-40 µg/ml

100 µg/ml

10 mg/ml

H20

Streptomycin

12-25 µg/ml

300 µg/ml

150 mg/ml

H20

Chloramphenicol

25 µg/ml

25-50 µg/ml

12.5 mg/ml

EtOH

Rifampicin

100 µg/ml

25-50 mg/ml

DMSO

Carbenicillin

50 µg/ml

100 mg/ml

Sulfadiazin

4.8

5 µg/ml

7.5 mg/ml

DMSO

E. coli transformation, culturing and plasmid extraction

100-200 µl chemically competent E. coli strain DH5α was thawed on ice before 0.1ng plasmid
DNA was added and subsequently mixed gently. Bacteria were incubated on ice for 30 min
before heat shock was performed for 30 s at 42°C and immediately cooled on ice for 2 min.
700 µl LB medium was added and bacteria were incubated at 37°C for 30-45 min. After
centrifugation for 3 min at 5,000 xg, the supernatant was discarded and the bacteria pellet was
resuspended in 200 µl fresh LB medium before plated on LB-agar plates containing the
appropriate antibiotics for screening of positive transformants.
Screening for positive transformants was performed by colony-PCR (4.11). For plasmid
extraction (4.8), E. coli cells were transferred to 2 ml of LB medium containing the appropriate
antibiotics and cultured o/n at 37°C under agitation for subsequent plasmid extraction (4.7).
For E. coli plasmid extraction the innuPrep Plasmid Mini Kit (Analytik Jena, Jena, Germany) was
used according to manufacturer’s instructions.

4.9

Agarose Gelelectrophoresis

DNA samples were supplemented with DNA-loading buffer separated by size on 0.8-2% LE
agarose (Biozym, Hessisch Oldendorf) gels prepared in TAE buffer (Table 9). Separation was
performed in TAE buffer by applying a constant current of 0.8 V/cm gel length. For
visualization, gels were incubated in TAE buffer containing 1 µg/ml ethidiumbromide for 10-15
min. Documentation was performed using INTAS UV-System.
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Table 9. Agarose Gelelectrophoresis buffers.

TAE Buffer

DNA Loading Bufer

Tris

40 mM

Tris (pH: 7.5)

10 mM

EDTA

1 mM

Glycerin

6%

Acetic acid

20 mM

EDTA

50 mM

Bromphenolblue

0.025%

pH: 8.5 (~0.2)

4.10

pENTER d/TOPO cloning and LR-clonase reaction

pENTER d/TOPO cloning was performed using the pENTER™/D-TOPO® cloning kit (Invitrogen,
Darmstadt) according to manufacturer’s instructions. LR-clonase reaction was performed using
the Gateway® LR Clonase™ (Invitrogen, Darmstadt) II Enzyme Mix cloning kit according to
manufacturer’s instructions.

4.11

Polymerase Chain Reaction (PCR) Methods

Standard PCR setup was used for insertion-mutant screening as well as for colony-PCR (Table
10). High fidelity PCR was used for cloning reactions (Table 11).

Table 10. Standard PCR reaction mix and conditions.

Reaction Mix

PCR Programm

froward and reverse Primer (10 µM)

1 µl (0.4 µM)

1. 95°c

5 min

Taq Polymerase (5U/µl, Genaxxon BioSience, Ulm)

0.1 µl (0.02U/µl)

2. 95°c

30 s

10x Buffer E (Genaxxon BioSience, Ulm)

2.5 µl (1X)

3. 53°C

30 s

dNTPs (10 mM each)

0.4 µl (160 µM)

4. 72°C

varies*

Template**

1 µl***

5. 72°C

5 min

dd H2O

up to 25 µl

6. 4°C

stored

*elongation time was estimated on the synthesis rate of the Taq Polymerase (1000bp/min)
Step 2-4 were cycled 30x
** for colony-PCR, transfer little amount (pipette tip) of E. coli into reaction mix
*** obtained from 4.15
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Table 11. High fidelity PCR reaction mix and conditions.

Reaction Mix
froward and reverse Primer (10 µM)

PCR Programm
2 µl (0.8 µM)

1. 96°c

3 min

F-530L Phusion-DNA Polymerase (2U/µl, Finnzymes) 0.5 µl (0.02U/µL)

2. 96°c

30 s

5x Buffer F-518 Phusion (Finnzymes)

10 µl (1x)

3. 55°C

30 s

dNTP mix (10 mM each)

1 µl (200 µM)

4. 72°C

varies*

template

1 µl**

5. 72°C

5 min

dd H2O

up to 50 µl

6. 4°C

stored

*elongation time was estimated on the synthesis rate of the F-530L Phusion-DNA Polymerase (2000bp/min)
Step 2-4 were cycled 30x
** obtained from 4.15

4.12

cDNA first strand synthesis

For cDNA first strand synthesis the Transcriptor High Fidelity cDNA Synthesis Kit (Roche
Applied Science, Mannheim) was used according to the manufacturer’s instructions.

4.13

DNA extraction from agarose gels

For Agarose-Gel extraction the innuPrep Gel Extraction Kit (Analytik Jena, Jena) was used
according to manufacturer’s instructions.

4.14

PCR-Product purification

PCR-Product purification was performed using the peqGOLD Cycle-Pure Kit (Peqlab, Erlangen)
according to manufacturer’s instructions.

4.15

DNA extraction from plant tissue

A small leave tip of approximately 0.25-0.5 cm2 area of plant material was macerated with a
plastic mini pestle in a 1,5ml Eppendorf reaction tube and 200ml DNA extraction buffer (200
mM Tris pH 7.5, 250 mM NaCl, 25 mM EDTA pH 8.0, 0.5% SDS) was added. After 5 s vortexing
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samples were centrifuged at 14,000 xg for 3 min. 150 µl of the supernatant were transferred
into a new Eppendorf reaction tube containing 150 µl isopropanol and briefly mixed before
incubated at RT for 2 min. Samples were centrifuged for 5 min at 14,000 xg prior to removing
the supernatant. DNA pellets were dried at RT for 30 min (or until completely dry) before
resuspended in 50-100 µl sterile water. Remaining cell debris were removed by centrifugation
for 1 min at 14,000 xg and 1 µl of the supernatant was used for PCR reactions.

4.16

RNA extraction

100mg of plant material was grinded in liquid N2 with a mortar and pestle and immediately
transferred into a 2 ml safelock Eppendorf reaction tube containing 1 ml of Isol-RNA Lysis
Reagent (5 PRIME GmbH, Hamburg). Samples were incubated for 5 min at RT before
centrifuged at 14,000 xg for 3 min. Supernatant was transferred into a 2 ml safelock Eppendorf
reaction tube containing 0.2 ml chloroform. The following steps of the RNA isolation were
performed according to manufacturer’s instructions (5 PRIME, Isol-RNA Lysis Reagent, Protocol
1, Step 8). The RNA pellet was resolved in 30-40 µl RNase free TE buffer (10 mM Tris / 1 mM
EDTA; pH: 8) and RNA concentration was determined by measuring the optical density with an
Amersham Biosience photometer using the RNA-measuring program.

4.17

Digoxigenine-labeled oligonucleotide synthesis

Synthesis of digoxigenine-labeled oligonucleotides was performed using the PCR DIG Labeling
Mix (Roche Applied Science, Mannheim) using the Expand High Fidelity PCR System (Roche
Applied Science, Mannheim) according to manufacturer’s instructions. Purification was
performed using the peqGOLD Cycle-Pure Kit (Peqlab, Erlangen) according to manufacturer’s
instructions.

4.18

Northernblot Mehods

Note: All glass trays were sterilized previously for 10 h at 180°C.
RNA gel blot analysis was performed essentially according to the protocol of the Roche Dig
Labelling and Detection manual with high SDS-hybridization buffer.
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Table 12. Northernblot buffers and solutions.

SSC Buffer
NaCitrate

150 mM

NaCl

150 mM

pH: 7.0
use H2O-MQ (milliQ)
autoclave

10% Blocking Reagent
Blocking Reagent
(Roche
Applied
Mannheim)

Science,
10% (w/v)

Maleic acid buffer

1x

autoclave
store at -20°C

Maleic acid buffer
Maleic acid

100 mM

NaCl

150 mM

pH: 7.5 (NaOH < 8 g)

use H2O-MQ (milliQ)
autoclave

AP buffer
Tris

100 mM

NaCl

100 mM

pH: 9.5

use H2O-MQ (milliQ)
autoclave

MEN buffer

Bluemarker

MOPS

20 mM

Glycerin

50% (v/v)

NaAC*

5 mM

EDTA

1 mM

EDTA

1 mM

Bromphenolblue

0.25% (w/v)

* use NaAc w/o H2O
pH: 6.5-7 (adjust with NaOH)

use H2O-MQ (milliQ)
autoclave
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High-SDS-Hybrdisation buffer
SDS

2.8 g

7% (w/v)

Fromamide

20 ml

50% (v/v)

SSC

6.6 ml 30x SSC

5x

Blocking Reagent

8 ml 10% Bl. Reag.

2% (v/v)

Sodium-phosphate pH: 7,0

2 ml 1M Sodium-phosphate

50mM

0,1% N-Lauroylsarcosine

0.4 ml 10% N-Laurroylicacid

0.10% (v/v)

ddH2O (autoclaved)

up to 40ml

heat to 60°C to facilitate dissolving of SDS
store at -20°C

Standard-Hybrdisation buffer
SDS

8 mg

0.02% (w/v)

Fromamide

20 ml

50% (v/v)

SSC

6,6 ml 30x SSC

5x

Blocking Reagent

8 ml 10% Bl. Reag.

2% (v/v)

0,1% N-Lauroylsarcosine

0.4 ml 10% N-Laurroylicacid

0.10% (v/v)

ddH2O (autoclaved)

up to 40ml

store at -20°C

For rRNA splicing analysis, 5-7.5 µg RNA per sample was used in a volume of 15 µl TE buffer.
Loading buffer was set up as noted in Table 13.

Table 13. RNA loading buffer.

RNA Loading Buffer
RNA (5-7.5 µg)

15 µl

Formamid

15 µl

Formaldehyd

7.5 µl

10x MEN

5 µl

EtBr (1 µg)

0.1 µl

Bluemarker

4.5 µl

Samples were boiled for 15 min at 55°C, cooled down immediately on ice and loaded without
further delay on a 1% agarose, 1x MEN buffer and 20% formaldehyde gel. Separation was done
for 2-3 h at 3V/cm in 1x MEN buffer.
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Transfer was done to a positively charged Nylon membrane (Roti®-Nylon 0.2, Carl Roth,
Karlsruhe) using a Turboblotter™ Rapid Downward Transfer System (Schleicher & Schuell).
Transfer was setup according to manufacturer’s instructions.

Table 14. Transfer-Setup.

Tranfer-Setup
Papertowels

3-4 cm high

Watman paper

1x, thik (dry)

Watman paper

2x, thin (dry)

Watman paper

2x, thin (wet/10x SSC)
®

Nylon transfer membrane (Roti -Nylon 0.2, Carl Roth)

1x, (wet/10x SSC)

Watman paper

3x, thin (wet/10x SSC)

Watman paper, extra long

1x, thin (wet/10x SSC)

Both ends of the extra-long Watman paper were immersed in the upper tray of the
turboblotter that was filled with 10x SSC buffer. The turboblotter was covered with aluminium
foil to prevent draining and transfer was performed over night (o/n) (or at least 4 h) at RT.
Next day, the membrane was incubated for 1 min in 2x SSC buffer before exposed for 1 min to
short wave UV-light for cross linking the RNA to the membrane. After cross linking, membrane
was washed again for 1 min in 2x SSC buffer (at this point, membrane can be stored at -20°C).
Pre-hybridization, hybridization with the marked oligonucleotide as well as washing of the
membrane was performed in sterilized hybridization tubes. Hybridization and washing
conditions were optimized for digoxigenin- or 32P-labelled probes (Table 15 and Table 16).

Table 15. Washing and Hybridization conditions for Digoxigenin-labeled oligonucleotides.

Buffer

Temp.

Duration Remarks

Prehybridization

High-SDS-Hybridizaiton buffer

42°C

3-4 h

preheat buffer

Hybridization
with probe

High-SDS-Hybridizaiton buffer +
42°C
probe*

o/n

ad probe directly to the buffer,
lower temperature for short probes,
store probe at -20°C for further use

2x SSC / 0.1% SDS

RT

2x 10 min

0.5x SSC / 0.1% SDS

65°C

2x 15 min

Washing
preheat buffer

*Digoxigenin-labeled oligonucleotides were applied in a final concentration 0.75-1 ng/ml
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Table 16. Washing and Hybridization conditions for P-labeled oligonucleotides.

Buffer

Temp.

Duration Remarks

Prehybridization

Standard-Hybridizaiton buffer

42°C

3-4 h

preheat buffer

Hybridization
with probe

Standard-Hybridizaiton buffer +
30°C
probe**

o/n

ad probe directly to the buffer,
lower temperature for short probes,
store probe at -20°C for further use

Washing

2x SSC / 0.1% SDS

3x 15 min

RT

32

** P-labeled oligonucleotides were applied in a final activity of 0.25 MBq/ml

Digoxigenine-labeled oligonucletides were generated as described in (4.17),

32

P-labeling of

oligonucleotides was performed by Hartmann Analytic GmbH (Braunscheig, Germany).

Membranes hybrdidized with digoxigenin-labeled oligonucleotides were equilibrated for 2 min
in 1x Maleic acid buffer containing 0.3% Tween 20 and blocked for at least 1 h in 1x Maleic acid
buffer containing 1% blocking reagent at RT under agitation. The membrane was incubated
with an α-digoxigenin antibody (Roche Applied Science, Mannheim) in 1x Maleic acid buffer
containing 1% blocking reagent for 30 min at RT under agitation before the membrane was
washed 2x 15 min in Maleic acid buffer containing 0.3% Tween 20.
For detection, the membrane was equilibrated for 1-2 min with AP buffer at RT under
agitation. 500µl of AP buffer was supplied with 5 drops CDP-Star, ready-to-use (Roche Applied
Science, Mannheim) solution, centrifuged for 1 min at 14,000 xg and applied equally to the
membrane. Membrane was placed between two plastic sheets. Exposure to Amersham
Hyperfilm™ Blue (GE Healthcare Limited, Braunschweig) was performed in film cassettes for 30
min to 1.5 h. Developing was performed with an Konica SRX-201 developer machine. After
developing, films were washed in 2x SSC at RT for 10 min and stored at -20°C for possible
further use.
For membranes hybridized with 32P-labeled oligonucleotides, Amersham Hyperfilm™ Blue (GE
Healthcare Limited, Braunschweig) films were used for exposure. Exposure was performed in
film cassette with enhancer foil at -80°C up to 3 days. Developing was performed with a Konica
SRX-201 developer machine.
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4.19

Nucleus Isolation from A. thaliana protoplasts

Protoplast generation and nucleus isolation was performed as described by Kato and Jones et
al. (2010) [187] and Hadlaczky et al. (1983) [188], respectively.

Table 17. Nucleus isolation buffers.

MES Buffer
MES

80mM

pH: 5.7 (adjust with NaOH)
autoclave or sterile filtrate

Digestion Buffer

W5 Buffer

Mannitol

0.4 M

NaCl

154 mM

KCl

20 mM

CaCl2

125 mM

CaCl2*

10 mM

KCl

5 mM

MES (pH 5.7)

20 mM

MES pH 5.7 (80 mM)

2 mM

*use CaCl2 without H2O

sterile filtrate

GH-Buffer

NIB

Glycin

100 mM

Tris pH 7.5

50mM

Saccharose

0.37 M

NaCl

0.5M

Ethoylenglycol

0.10%

Triton X-100 (10%)

1%

PMSF

0.1 mM

EDTA
2mM
Complete, EDTA-free
Protease inhibitor cocktail
(Roche
Applied
Science,
Mannheim)
1x

2

pH: 8.3 Ca(OH)
apply PMSF fresh
sterile filtrate

PMSF

0.1mM

apply PMSF fresh

For protoplast generation, approximately 3 g leaves of 3 to 4-week-old A. thaliana plants were
shortly dipped in 70% EtOH and cut into 1 mm wide stripes vertically to the leave growth
direction and digested in 10 ml/g leave material digestion buffer (Table 17) containing 0.1 g/10
ml cellulase (Cellulase »Onozuka R-10«, 1 U/mg, SERVA, Heidelberg) and 0.025 g/10 ml
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Maceroenzyme (Macerozyme R-10, SERVA, Heidelberg) Digestion was performed o/n in the
dark. The digested cell walls were separated from the protoplasts by gentle shaking at low rpm
for 5 min before filtration trough a nylon membrane with a mesh with of 100 µm into a 50 ml
falcon tube. All following steps were performed on ice or at 4°C. The filtrate was centrifuged at
100 xg for 5 min at 4°C. The supernatant was removed with a pipette until the protoplast
pellet just was covered with buffer. Protoplasts were washed in W5 buffer by gentle
resuspension and let sunk to the bottom of the tube for 30 min at 4°C. Supernatant was
removed again by a pipette until the protoplasts just were covered with buffer before the
pellet was resuspended in GH-buffer. After 10 min of incubation, protoplasts were lysed by
adding Triton X-100 to an end concentration of 0.1% and mixing was performed by gently
pipetting up and down. After incubation for 5 min, nuclei were pelleted for 15 min at 1000 xg
at 4°C. Supernatant was removed as described in the previous steps and the pellet was
resuspended in GH-buffer containing 0.1% Triton X-100 (GHT-buffer) for washing before
centrifuging for 15 min at 1000 xg at 4°C. The washing step was repeated until all chloroplast
traces were removed from the pellet. The pellet was resuspended in NIB in 2/3 of the pellet
volume, vortexed for 30 min at maximum speed at 4°C and centrifuged for 15 min at 19,000
xg. The supernatant containing the nuclear proteins was transferred to a new Eppendorf
reaction tube and stored at -80°C.

4.20

Mitochondria isolation

Table 18. Mitochondria isolation buffers.

Grinding Buffer

Washing Buffer

Mannitol

400 mM

Mannitol

400 mM

EDTA (pH 8.0)

2 mM

EDTA (pH 8.0)

1 mM

MOPS-KOH (pH 7.8)

40 mM

MOPS-KOH (pH 7.2)

10 mM

Tricin

5 mM

BSA

0.1% (w/v)

DTT

5 mM

BSA

2% (w/v)

PVP-40

1% (w/v)

100

Density Gradient*
Percoll (Sigma-Aldrich,
Hamburg)

28% (v/v)

Mannitol

400 mM

MOPS-KOH (pH 7.2)

10 mM

BSA

0.1% (w/v)

* centrifuge for 30 min at 10,000 xg to get a continuous gradient
store at 4°C

Mitochondria Protein Buffer
Tris (pH: 8.0)

125 mM

SDS
Complete, EDTA-free
Protease inhibitor cocktail
(Roche Applied Science, Mannheim)

4% (w/v)

DTT

100 mM

EDTA (pH: 8.0)

50 mM

1x

Mitochondria isolation and fractionation was performed as described by Eubel et al. (2007)
[189] with some modifications. All isolation and centrifugation steps were performed in a 4°C
environment or with plant material held on ice if not stated differently. Buffers were cooled to
4°C prior to extraction.
For mitochondria isolation, root material from A. thaliana seedlings that were cultured as
described in 4.2, was used for lowering the chloroplast contamination. 30 g of starting material
per sample was homogenized in 4 ml grinding buffer per 1 g roots with a hand-held blender for
~1min. After filtration trough a nylon membrane with a mesh with of 50 µm, the homogenate
was centrifuged for 5 min at 4,900 xg. The supernatant containing the mitochondria was
centrifuged again for 10 min at 20,200 xg. The mitochondria containing pellet was gently
resuspended with a paintbrush in washing buffer and filled up to 40 ml with washing buffer
following centrifugation for 5 min at 1,000 xg. The supernatant containing the mitochondria
was centrifuged for 15 min at 15,000 xg to obrain the “crude” mitochondria pellet.
For density gradient centrifugation, the crude mitochondria pellet was resuspended with a
paintbrush in 1.5 ml washing buffer and loaded on the previously generated continuous
density gradient before centrifuged for 45 min at 40,000 xg. The brownish mitochondria band
in the lower third of the density gradient was transferred into a new vessel using a Pasteur
pipette and 4 times of its volume washing buffer was added before centrifuged for 15 min at
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18,000 xg. The purified mitochondria were resuspended in 50-100 µl mitochondria protein
buffer and stored at -80°C.

4.21

Polysomal profiling

Polysomal profiling was performed as described in Mustroph et al. (2009) [190] with the
following modifications:
A. thaliana seedlings cultured as described in 4.2 were used as stating material. 5 mg seeds
were cultured in 50 ml medium for 10 days and frozen in liquid N2 as 0.75 g aliquots. Aliquots
were ground in liquid N2 and transferred into 1 ml lysis buffer w/o heparin but containing the
detergent mix, incubated at 4°C and centrifuged for 10 min in at 16,000 xg at 4°C. When
multiple samples were generated, supernatants were adjusted to the same optical density
(OD) and 750 µl per sample was loaded onto a continuous 15-50% sucrose gradient previously
generated with a Gradient Master 107 (Biocomp, Canada) and centrifuged for 1.5 h at 240,000
xg at 4°C. Readout was performed at 254 nm from the top to the bottom of the gradient.

4.22

Westernblot methods

Westernblots were performed as described by Sambrook et al. (1989) [191].
Table 19. Westernblot buffers.

Sample Buffer
Tris pH: 6.8

40 mM

Glycerol

10% (v/v)

SDS (20%)

2% (w/v)

Bromphenolblue

0.01% (w/v)

Store at -20°C
Add. 40 mg/ml DTT directly before use

SDS Running Buffer

Transfer Buffer

Tris

25 mM

Tris

25 mM

Glycin

190 mM

Glycin

190 mM

SDS

1% (w/v)

MeOH

20% (v/v)
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Stacking Gel Stock Solution
Tris (0.5M) pH: 6.8
Rotiphorese® Gel 30 (37.5:1)
(Carl Roth, Karlsruhe)

38 ml

250 mM

25 ml

10-15% (v/v)

ddH2O

76.58 ml

10% SDS

1.42 ml µl

~1%

Store at 4°C
For polymerization add 5 µl 50% APS and 1 µl TEMED per ml stock solution

Resolving Gel
Tris (3M) pH: 8.8
Rotiphorese® Gel 30 (37.5:1)
(Carl Roth, Karlsruhe)

2.5 ml

250 mM

6.7-10 ml

10-15% (v/v)

ddH2O

10.3-7 ml

10% (w/v) SDS

200 µl

~1%

10% (w/v) APS*

200 µl

~1%

TEMED*

20 µl

~0.1%

* add for polymerization

PBS-T
NaH2PO4 x (H2O)

0.276 g

2 mM

Na2HPO4 x (2·H2O)

1.805 g

10 mM

NaCl

8g

137 mM

KCl

0.2 g

2.7 mM

Tween 20

1 ml

0.1% (v/v)

ddH2O

up to 1l

pH: 7.4 (adjust with HCl)
autoclave

Procedure was performed as described and modified form Laemmli et al (1970) and Towbin et
al. (1979) [192, 193]. Protein samples were prepared by adding the sample buffer and heating
op for 3 min at 95°C before cooled for 1 min at 4°C. 5-10 µg of protein were loaded per sample
and separated by size using a Bio-Rad, (Dreieich) SDS-PAGE-System (5.5cm x 8.5cm gel size).
Protein transfer to a PVDF membrane was erformed using a Biometra, (Göttingen) BlottingSystem. Blocking of the membrane was performed for at least 1 h before incubation with the
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primary antibody or specific anti-serum o/n at RT. Composition of the blocking reagent,
concentration of applied antibodies and washing steps were optimized for each AB (Table 20).

Table 20. Blocking, washing and incubation conditions for antibodies.

Antibody
α-DEG9
α-DEG10
α-DEG2
α-H3
α-ARGAH

α-GFP

Source

blocking

Huesgen et al. PBS-T
1x
(2007)[194]
Rotiblock
Zeiser et al. PBS-T 5%
(2007) [195]
MP
Huesgen et al. PBS-T 5%
(2007)[194]
MP
PBS-T 5%
Agrisera, Vännäs MP
Todd
et
al. PBS-T 5%
(2002) [196]
MP
Roche Applied
Science,
PBS-T 5%
Mannheim
MP

appl. Concentration washing
in blocking reagent
in PBS-T

sec. Anitbody

washing
in PBS-T

1:800

6x15 min

1:500

3x15 min

1:500

3x15 min

1:1000

3x15 min

1:1000

3x15 min

1:10,000
α-rabbit HRP
1:10,000
α -rabbit HRP
1:10,000
α -rabbit HRP
1:10,000
α -rabbit HRP
1:10,000
α -rabbit HRP

3x15 min

1:3,000
α -mouse HRP 3x15 min

1:1000

6x15 min
3x15 min
3x15 min
3x15 min
3x15 min

Note: sec. antibodies α-mouse and α-rabbit HRP were purchased from Bio-Rad, Dreieich and
Sigma-Aldrich, Hamburg respectively
Note: For detection of DEG9, 7.5 µg proteins per sample were loaded on 10% acrylamidgels
with 1 mm width. Blotting was performed for 3 h at 1.5 mA/cm2.
Membranes were equally covered with ECLTM Prime Western Blotting Detection Reagent (GE
Healthcare) and placed between two plastic sheets before exposure to Amersham Hyperfilm™
Blue (GE Healthcare Limited, Braunschweig) films in a film cassette for 1-15 min. Developing
was performed with a Konica SRX-201 developer machine.

4.23

DEG9 and DEG14 cDNA

Full length DEG14 cDNA was amplified from WT A. thaliana RNA reverse transcribed to cDNA
(see 4.12) and cloned into the pENTER vector as described in 4.10. DEG14 cDNA was verified by
sequencing of the vector. Full length DEG9 cDNA was obtained from Schuhmann et al (2008)
[46].
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4.24

Generation of DEG9/DEG14-GFP A. thaliana transgenic plants

Serine residue 281 of DEG14 was mutated to alanin using the QuikChange®II Site-Directed
Mutagenesis Kit (Stratagene, Santa Clara) to generate a catalytically inactive version. Full
length and truncated versions of DEG14 were generated by PCR using appropriate primers (see
4.30). After purification with agarose gel-electrophoresis and subsequent gel extraction (4.9),
PCR products were cloned into the pENTER/D-TOPO vector (4.10) before transferred into the
pEG103 destination vector via LR-clonase reaction (4.10) generating the DEG/pEG103:GFP
fusion vector Earley et al. (2006) [197]. Plant-transformation vectors containing DEG9-GFP
fusion proteins were generated by Huesgen et al. (2007) [194].
A. thumefaciens strands GV3101 or LBA4404 were transformed with the fusion vector as
described in 4.25 and floral dip was performed to generate transgenic A. thaliana mutants as
previousely described by Clough and Bent et al. (1998) [198].
Seeds of transformed plants were grown on soil under short day conditions (4.1) and selected
by spraying with 50 mg/l BASTA herbicide (Bayer CropScience, Langenfeld) 3 times per week.

4.25

A. thumefaciens transformation

Chemically competent A. thumefaciens strains LBA4404 or GV3101 were thawed on ice and
transformed with the vector of interest by adding 1 µg of plasmid DNA to the bacteria. After
gentle mixing and incubation on ice for 5 min, bacteria were put into liquid nitrogen for 5 min
before incubated at 37°C for 5 min. After addition of 1 ml YEP medium (4.7), bacteria were
incubated for 2-4 h at 28°C with agitation. Bacteria were pelleted for 5 min at 5,000 xg before
the supernatant was discarded and the pellet was resuspended in 200 µl YEP medium. Positive
transformants were selected on YEP-agar plates containing the appropriate antibiotics as
noted in Table 21. Bacteria were cultured for 2 days at 28°C.

Table 21. Antibiotic-resistance of A. thumefaciens strains GV3101 and LBA4404.

GV3101

LBA4404

Genomic resistance

Riffampicin

Riffampicin

Virulence gene plamid resistance

Genatamiycin

Streptomycin

Binary verctor resistance

differs

differs
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4.26

Generation of a template for the Digoxigenin-labeled northern blot probe S1

Probes were amplified by PCR (see 4.11) from genomic A. thaliana DNA and extracted and
purified as describe in 4.13 and 4.14. Purified PCR products were ligated into the SmaIlinearized pQE31 vector. Vector to insert ratios were calculated as followed:

Y(I) / Y(V) x n(V) / C(I) x 10 = V(I)
Y(I)

= insert size in base pairs

Y(V)

= vector size in base pairs

n(V)

= ng of vector applied

C(I)

= DNA-concentration of the inert

V(I)

= insert volume applied

Table 22. Blunt end ligation reaction mix.

Blunt end Ligation
10x Enzyme buffer

2 µl

ATP/DTT (10 mM/100 mM)

2 µl

PEG 4000

2 µl

circular vektor (150 ng/μl)

0.5 µl

Insert

1-4 µl

Restriction enzyme*

1 µl

T4 Ligase

1 µl

ddH2O

up to 20 µl

*SmaI was used for cloning of the digoxigenine S1 probe sequence

The reaction was incubated o/n at RT before it was stopped by applying 65°C for 20 min and
cooling on ice. E. coli strain DH5α was transformed with 7 µl of the vector as described in 4.8.
After subsequent amplification and purification of the vector, digoxigenin-labeled probe S1
was generated as described in (4.17).
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4.27

Microscopy analyses of DEG:GFP expressing plant cells

Transformants were generated and selected as described in 4.25. For preselection of GFPfusion protein expressing plants, a small leave tip was infiltrated with 50 mM KCl
supplemented with 0.0005% Slivet® Gold (Crompton, Uniroyal Chemical) for 5-10 min in a
vacuum centrifuge. Leaves were positioned upside down on an object slide and analyzed with
an Olympus BX51 microscope equipped with an Olympus U-RFL-T UV lamp. Detection was
performed with an AxioCam MRm. Exposure times and filter sets (Olympus) used for
corresponding channels are listed in Table 23.

Table 23. Exposure times, filter sets and excitation and emission wavelengths for microscopy analyses
of DEG:GFP expressing plant cells.

Channel

Exposure Time

Filter Set

Exciter

Emitter

Mitotracker

200 ms

U-MF2 41007

510-560 nm

572,5-647,5 nm

GFP

3000 ms

U-MF2 41020

470-490 nm

500-520 nm

Chlorophyll autofluorescence

10 ms

U-MSWG2

480-550 nm

590 nm

Bright field

10 ms

After preselection, plants strongly expressing the GFP-fusion proteins were used to iosolate
protoplasts. A small leave was cut into 1 mm wide stripes horizontally to its growth direction
and incubated in 3 ml isolation medium (Table 24) o/n or for at least 5 h at RT in a dark
environment.

Table 24. Isolation medium for microscopy analyses.

Isolation Medium
Sorbitol

0.45 M

Murashige Skoog

2.15%

Cellulase

1%

Macerozym

0.25%
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After the incubation, protoplasts were gently shaken for 5 min and placed on the bench top till
they sunk to the bottom of the reaction vessel. After transferring the protoplasts to a new
eppendorf reaction tube, nuclei or mitochondria were stained with 25µg/ml Hoechst H33342
(Calbiochem, Darmstadt) or 0.25nM Mitotracker (Invitrogen, Darmstadt) respectively in a dark
environment for 20 min. After protoplasts sunk to the bottom of the reaction tube, the
supernatant was discarded and to the remaining volume, one volume 0.5x MS (0.215% (w/v)
MS salt mixture) containing 0.45 M Sorbitol and 0.1 % Agarose was added. For microscopy,
protoplasts were transferred to an object slide. Two cover slips were used as spacer and a
third one to cover the protoplasts. To prevent desiccation, the third cover glass was sealed
with 0.5x MS containing 0.45 M Sorbitol and 0.1 % (w/v) low melt (LM) Agarose (Peqlab,
Erlangen).
For LSM analysis a metadetector was used. Excitation and emission wavelengths for
DEG14:GFP and DEG9:GFP fusion constructs are given in Table 25.

Table 25. LSM excitation and emission wavelengths for DEG:GFP fusion constructs.
DEG9

DEG14

Channel

Exciter

Emitter

Channel

Exciter

Emitter

Hoechst H33342

405 nm

443-508 nm

Mitotracker

543 nm

572-615 nm

GFP
Chlorophyll
autofluorescence

488 nm

508-572 nm

488 nm

497-550 nm

543 nm

657-690 nm

GFP
Chlorophyll
autofluorescence

543 nm

657-690 nm

4.28

Drought stress experiments

Drought stress experiments were set up in two slightly different ways. In the first experiment,
wild type (WT) and mutants seeds were sown on soil under SD-conditions as described in 4.1
(pre-culturing).

After 12 days, seedlings were transferred into single flowerpots. After

additional 20 days (desiccation period), the soil in the flower pots was desiccated and 5 ml
water 3 times per week was applied to each plant. Control plants were watered 3 times per
week with 20-30 ml water or until the soil was completely wet.
In the second experiment, seeds were sawn and put in a dark environment at 4°C for 2 days
(synchronization). This simulates seasonal conditions referring to winter and prevents
germination. However, after applying SD-conditions as described in 4.1, this ensures a mostly
simultaneous germination of the seeds that eventually eliminates growth differences in the
later lifespan of the plant. After additional 12 days (pre-culturing), plants were transferred into
flowerpots with a bigger area but smaller height than used in the first experiment. Flower pots
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were weight previously to ensure the same amount of soil in each pot (260 g) and four plants
with different genotype were transferred into each pot to ensure a more even desiccation for
all four plants. The desiccation process was monitored by weighing the flower pots and
adjusting the volume loss for each pot by water addition. After 20 days of desiccation, each
plant was watered with 5 ml water 3 times per week. An overview of the conditions of both
experiments is given in Table 26.

Table 26. Drought stress experiment conditions.

first Experiment

second Experiment

2

2

Flower pot size

37.21 cm area / 6.4 cm height

161.29 cm area / 4.7 cm height

Plants per pot

1

4

Synchronization

none

2 days

Pre-culturing

12 days

12 days

Desiccation

20 days

20 days

Drouhg stress

5 ml; 3 times per week

5 ml; 3 times per week

4.29

Leave Rosette diameter determination

Leave rosettes of WT and deg9/14 knock-mutant plants grown under conditions as described
in

4.1

and

were

photographed

and

rosettes

were

analyzed

using

ImagJ

(http://imagej.nih.gov/ij/). For determination of the leave rosette diameter, the distances of
the two longest leaves from their tips to the centre of the rosette were measured.

4.30

Statistical analyses

For the statistical analyses, the Sigmaplot software (Systat Software Inc.) was used.
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4.31

Table 27. Primer used in this thesis.

5'-3' Sequence

Alternative
Designation

ccc att tgg acg tga atg tag aca c

GabiLeft2

Salk T- DNA insertion specific primer

Ttc gga acc acc atc aaa cag

Salk_LBb2

Salk_RB

Salk T- DNA insertion specific primer

gca gcc gat tgt ctg ttg tg

Salk_RB4

deg9-1 GU

deg9-1 genomic primer binding
aaa atg tgt tgg tat tgc att tca
upstream of T-DANN insertion

PH-0939

deg9-1 GD

deg9-1 genomic primer binding
gca att taa caa acc tgg gtg t
dwonstream of T- DNA insertion

PH-0940

deg9-2 GU

deg9-2 genomic primer
upstream of T- DNA insertion

Deg9-T2-LP

deg9-2 GD

deg9-2 genomic primer binding
cca agt tca aac ttc aaa gaa aa
dwonstream of T- DNA insertion

Deg9-T2-RP

deg9-3 GU

deg9-3 genomic primer binding
cgg atg atg agt ttt ggg aag g
upstream of T-DANN insertion

N625251-LP

deg9-3 GD

deg9-3 genomic primer binding
tgg atg cat gag aga aag cga
dwonstream of T- DNA insertion

N625251-RP

KG-0964

DEG9 cDNA primer binding over 1.
and 2. exon

tgt gac att gct ttg ttg aca g

KG-0965

DEG9 cDNA primer binding over 2.
and 3. exon

gct gca tca atc tgc aat cc

deg14-1 GU

deg14-1 genomic primer
upstream of T- DNA insertion

ctg gga tta gta act tca tct gtc

KG-1440

deg14-1 GD

deg14-1 genomic primer binding
ctc cct tct cat cat tta tag gtg
dwonstream of T- DNA insertion

KG-1441

deg14-2 GU

deg14-2 genomic primer binding
gat tca tcg tcc tga gca aag
dwonstream of T- DNA insertion

KG-1415

deg14-3 GU

deg14-3 genomic primer
upstream of T- DNA insertion

KG-1437

deg14-3 GD

deg14-3 genomic primer binding
taa gct ttg ctc agg acg atg aat
dwonstream of T- DNA insertion

PH-1405

DEG14 genomic primer binding in
last exon

gtg ata gag ata atg gac gac ag

PH-1406

DEG14 genomic primer binding in
last exon

tca cat gtc tgg att agc ctc c

KG-0968

forward primer for S1 probe

tag gct gtc ccg aag tat ct

KG-0969

reverse primer for S1 probe containig taatacgactcactataggg –
additional T7 promoter
tca ctt cga gtc acc gtc

PH-1401

forward primer start DEG14

KG-1421

forward primer start DEG14 pENTER cacc –
cloning
atg atg aat ttt ctg aga aga gc

KG-1422

reverse primer end DEG14 + "aaa"

KG-1423

reverse primer end DEG14 without stop cat gtc tgg att agc ctc c

KG-1426

reverse primer first 94 AA's DEG14

KG-1428

DEG14 S218A mutagenesis + ApaI
ga aac Gct ggt ggg ccC ctt gta aat ttg gat gg
restriction site

Name

Spezification

GABI-LB

GABI-Kat
primer

Salk_LB
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T-DNA

insertion

specific

binding

binding

binding

ttc atc gtt gct ggc ttt gta

aga gga ttt gtg tag gta tct g

atg att gtt caa att ggg ctt tg

ttt tca cat gtc tgg att agc ctc c

atc att tat agg tgc ttc tga ttt c

KG-1439

KG-1429

DEG14 S218A mutagenesis + ApaI
c aag Ggg ccc acc agC gtt tcc cgc att gat cga g
restriction site

KH-0214

DEG2 RNA quality check

gcc gcc tcc gta gca aac

PH-0205

DEG2 RNA quality check

tcc aag gca agg gta acc agt

PH-0909

forward primer start DEG14

atg aag aat tct gag aag aga gga

PH-0910

forward primer end DEG15

tca gtt tct ttc ttc agt ctt gag

S2

5'-32P labeled oligonucleotide

gtc gtt ctg ttt tgg aca ggt atc ga

K6-S7

S3

5'-32P labeled oligonucleotide

agg atg gtg agg gac gac gat tt

K10-S9

M13 for

sequencing of pENTER vector/insert
tgt aaa acg acg gcc agt
transition

M13 rev

sequencing of pENTER vector/insert
cag gaa aca gct atg acc
transition

pc3.1GFP-Topo- sequencing of pEG103 vector/insert
ccc att aac atc acc
RP
transition
PH-1410

sequencing
of
pEG103
vector/insert transition

DEG14

pQE-FP

sequencing of pQE S1 vector/insert
cgg ata aca att tca cac ag
transition

pQE-RP

sequencing of pQE S1 vector/insert
gtt ctg agg tca tta ctg g
transition

ctg aca ata cca gca gtt act g
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4.32

Table 28. Plasmids used or generated in this thesis.

Name

Spezification

Source

pKG4

pBD-GAL4-CAM-gtwy: Deg9 fl. S278A

Schuhmann et al. (2008) [46]

pKG24

pENTER Deg14 fl. cDNA

this work

pKG28

pENTER Deg14 S281A fl. cDNA

this work

pKG31

pENTER Deg14 S281A fl. w/o stop cDNA

this work

pKG26

pENTER Deg14 first 94 AA's

this work

pKG33

pEG103 Deg14 first 94 AA's

this work

pKG36

pEG103 Deg14 S281A fl. w/o stop cDNA

this work

pKG37

pEG103 Deg9 first 133 AA's

Huesgen et al. (2007) [194]

pKG38

pEG103 Deg9 fl. w/on stop cDNA

Huesgen et al. (2007) [194]

pKG44

pQE31 Deg9 S1 P-P'

this work

pPH23

pENTER DEG2 fl. cDNA

Huesgen et al. (2007) [194]

pENTER/D-TOPO

Invitrogen, Darmstadt

pEarleyGate103

Earley et al. (2006) [197]

pQE31

Quiagen, Hilden
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