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Zusammenfassung
Proteasen sind katalytische Enzyme, welche nicht nur für den Abbau von unerwünschten Proteinen zuständig sind, sondern auch regulatorisch wirken können. Das gezielte Schneiden von
Peptidbindungen zählt zu den wichtigsten post-translationalen Modifikationen. Aber nicht nur
einzelne Proteine werden von Proteasen beeinflusst, ganze molekulare Abläufe können von ihnen
gesteuert werden. Daher ist es wenig überraschend, dass ca. 3% der Arabidopsis thaliana Gene
für Proteasen kodiert. Die Familie der DEG Proteasen repräsentiert hierbei eine kleine Gruppe
von 16 ATP-unabhängigen Serinproteasen. Im Zuge dieser Doktorarbeit wurde eine Teil dieser
DEG Proteasen erforscht. Wir waren in der Lage, Vorhersagen über die Lokalisation einiger DEG
Proteases zu bestätigen und Hypothesen über deren Funktion zu erheben. Hierbei wurde besonderes
Augenmerk auf die Funktion von DEG Proteasen im Zellkern gelegt, wobei dessen Rolle als Kontrollzentrum der Pflanzenzelle hervorgehoben wurde. Der Schwerpunkt dieser Arbeit lag jedoch
auf der chloroplastidären Protease DEG2. Ursprünglich wurde DEG2 eine wichtige Rolle in der
Reaktion des Photosystems II auf Lichtstress über den Abbaus der D1-Untereinheit zugeschrieben.
Dies konnte nicht bestätigt werden. Mit dieser Arbeit werden nun neue Erkenntnisse bezüglich der
Funktion von DEG2 präsentiert. Die Menge von DEG2 Protein unter Lichtstress blieb konstant,
was eine Beteiligung von DEG2 an der Reparatur von beschädigten Photosystemen fragwürdig
erscheinen lässt. Trotzdem erbrachte der Vergleich der Proteome von deg2 knock-out (ko) Mutanten
mit Wildtyp Pflanzen klare Anzeichen für einen Einfluss von DEG2 auf verschiedenste Photosynthese Untereinheiten. Dies suggerierte die Beteiligung von DEG2 an einem übergeordneten,
regulatorischen Netzwerk in Chloroplasten. Die biochemische Charakterisierung von DEG2 erbrachte neue Erkenntnisse über dessen Oligomerisierungsverhalten. Wir konnten die Bildung von
homogenen Trimeren in vivo beobachten, während DEG2 in vitro zur Bildung von Hexameren
neigte. Phänotypische Vergleiche von A. thaliana Wildtyp Pflanzen mit deg2 ko Mutanten zeigten
ein verringertes Wurzelwachstum von deg2 Mutanten. Dieser Phänotyp konnte durch Zugabe von
Zucker zum Wachstumsmedium komplementiert werden, was eine Beteiligung von DEG2 am
Stoffwechsel von Kohlenstoffen suggeriert. DEG2 scheint also essentiell für die Entwicklung der
Pflanze zu sein und besitzt eine deutlich weit-gefächerte Substratspezifität als bisher angenommen.
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Abstract
Proteases are catalytic enzymes, not only responsible for the degradation of unwanted proteins
but also representing important regulatory factors in planta. The selective cleavage of peptide
bonds marks crucial post-translational modifications for proper protein maturation. But not only
protein maturation is regulated by proteases, selective activation or deactivation of whole molecular
response mechanism can be attributed to them. Therefore, it is rather unsurprising that 3 % of all
genes in the Arabidopsis thaliana genome are encoding for proteases. The family of DEG proteases
thereby represents a small group of 16 ATP-independent serine-type proteases in A. thaliana. With
the present thesis, the physiological role of selected DEG proteases was investigated.
We were able to confirm previously predicted localisations for various DEG proteases and
presented hypotheses about their function in the respective organelles. Nuclear DEG proteases were
especially highlighted and the plant cell nucleus pictured as the main cellular regulator. However,
the main focus of this thesis was laid on the chloroplastic protease DEG2. Initially characterised
as an important factor in light stress response mechanism, specifically cleaving the D1 protein of
photosystem II (PSII), the function of DEG2 became more questionable over the following years.
This thesis presents new data arising from comparison of A. thaliana wild-type (wt) plants with
knock-out (ko) mutants lacking DEG2 (deg2), which is present mainly in photosynthetically active
tissue. It is demonstrated that DEG2 protein level remains constant in response to induced lightstress, questioning the involvement in photorepair mechanism. However, comparative proteomics
revealed the up and down-regulation of several subunits of the photosynthetic apparatus, suggesting
the involvement of DEG2 in a superordinate regulation network in the plant chloroplast. Biochemical
approaches revealed the formation of a trimeric DEG2 homo-oligomer in vivo, while hexamers
were observed in vitro. Phenotypical comparison of A. thaliana wt plants with deg2 ko mutants
showed that the latter possess a shorter root length under in vitro conditions. We were able to
complement this striking phenotype by addition of sucrose to the growth medium, indicating a
possible involvement of DEG2 in carbon metabolism. In summary, our data implies that DEG2 is
essential for normal plant development and does possess a much broader substrate specificity than
previously described.
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1
General Introduction

1.1

Plants, light and other things

Plants cannot run! This simple statement is leading to a complexity far beyond expectations.
Astonishingly, plants can be found at places apparently not suitable for life, raising questions about
how they cope with those harsh conditions. Why do some plants grow in the desert? Why can some
terrestrial plants survive under water? Why can some plants withstand tremendous light intensities?
We are trying to understand why.
Plants are sessile organisms, forced to adapt to any occurring environmental condition. Not only
influenced by abiotic factors like temperature, humidity or changing light intensity, also biotic
threats like herbivores and fungal or bacterial pathogens have to be conquered constantly [115].
Plants are able to cope with those daily discomforts due to an impressive set of molecular response
mechanism. They can release toxic compounds when being attacked [79], secrete substances into
the soil to prevent growth of competing plants [243] or they can survive temperatures below 0 °C
due to anti-freezing adaptation mechanism [70]. However, the most versatile, because constantly
needed response system in planta is certainly the adaptation to constantly changing abiotic factors
like light conditions in the circadian rhythm.
Proteases do contribute fundamentally to those molecular responses of plants to changing environmental conditions and are intricately involved in many aspects of plant physiology [207].
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The selective degradation of dysfunctional or regulatory proteins controls key aspects of plant
homeostasis and development. However, not only is the complete degradation of proteins a key
feature of proteases. Post-translational modification by selective cleavage of protein precursors is
also necessary for proper protein maturation. For example, the selective removal of transit peptides
during the import of proteins is crucial for protein maturation within the respective organelles
[242]. However, not only organelle import and export is regulated by proteases. They are also
involved in many developmental processes, e.g. the mobilisation of seed proteins during germination [241], the regulation of nitrogen uptake in roots [122], providing nutrients through protein
degradation when facing austerity [18] or recycling amino acids from proteins out of senescent areas
[199]. Proteases are therefore tremendously influencing the regulatory network in planta in order to
maintain functionally active plant cells. In this scenario, DEG proteases in Arabidopsis thaliana
are currently believed to exhibit crucial regulatory functions. Initially discovered in Escherichia
coli [98, 140], DNA sequence alignments revealed the presence of 16 genes encoding for DEG
proteases in A. thaliana with highly diverse localisations [215]. Several reports over the past ten
years (for review see [213]) indicated a direct involvement of the chloroplastic DEG proteases in
light-dependent degradation and replacement of photosystem II (PSII) subunit D1, which is one of
the most fundamental adaptations to high-light triggered damage of the photosynthetic apparatus.
Nevertheless, other DEG proteins are predicted to be localised in compartments other than the
chloroplast, namely the nucleus, mitochondria and peroxisomes [213, 215]. In this regard, the plant
nucleus is particular interesting because cellular adaptation and regulation are mainly attributed
to this prominent structure. The nucleus is not only responsible for the translation of genes into
mRNA [24], but is also orchestrating the cellular maintenance through a constant flux of molecules
with distinct regular functions through the nuclear envelope [53].

1.2

Photosynthesis

Plants are photoautotrophic organisms, requiring light to survive. Photosynthesis is one of the most
important molecular mechanisms known to man. The complex mechanism behind the simple redox
equation 6 CO2 + 6 H2 O -> C6 H12 O6 + 6 O2 is responsible for the greatest production of oxygen in
our world. During photosynthesis, organism harvest energy of solar irradiance and use it to assemble
carbohydrates [254]. Light energy is captured by pigments like chlorophyll in light-harvesting
complexes (LHC) [71] of higher plants and subsequently transferred to the reaction centers of
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attached photosystems I or II (hereafter called PSI and PSII, Figure 1.1 [127]). Photo-induced
charge separation occurs, using the excitation energy to transfer electrons, emerging from the
oxidation of water [111] in the thylakoid lumen to electron acceptor molecules [47]. The electrons
are shuttled through an electron transport chain across the thylakoid membrane, accompanied by
an proton influx into the thylakoid lumen, creating an H+ gradient [124]. This gradient will be
subsequently used by a membrane-bound ATPase to generate adenosine-tri-phosphate (ATP) [9]. At
the final stage of the electron transport chain, NADP+ will be reduced to NADPH in the chloroplast
stroma by an enzyme called ferredoxin:NADP+ reductase [36]. These two products, ATP and
NADPH, of the light-driven part of photosynthesis are subsequently used for the light-independent
fixation of carbon dioxide (CO2 ) into carbohydrates in the process called "Calvin Cycle" [195],
thereby creating biomass.

Figure 1.1: Schematic illustration of the photosynthetic light reaction. Light energy is captured by lightharvesting-complexes (LHC) and subsequently transferred to the photosystems II (PSII) and I (PSI). Photoinduced charge separation occurs using the excitation energy to transfer electrons emerging from the oxidation
of water in the oxygen evolving complex (OEC) across the thylakoid membrane. The electrons are shuttled
through an electron transport chain across the thylakoid membrane, thus importing protons into the thylakoid
lumen, resulting in an H+ gradient. The electrons pass through the plastoquinone pool (PQ/PQH2 ) to the
cytochrome b6f complex, are transferred to plastocyanin (PC) and subsequently to PSI where the energy is
transferred to the ferredoxin:NADP+ reductase (FD/FNR), resulting in the reduction of NADP+ to NADPH.
The emerging proton gradient across the thylakoid membrane is used by a membrane bound ATPase to
generate adenosine-tri-phosphate (ATP) in the chloroplast stroma

The photosynthetic mega-complexes are highly complex entities, unifying a multitude of photosynthetic subunits into a dynamic machinery for efficient collection of sunlight. These complexes
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can be arranged properly for maximum photosynthetic efficiency but can also be separated in order
to resist energy excess under high solar irradiance [217]. Due to the nature of energy transfer
across electron acceptor molecules, reactive oxygen species (ROS) are likely to occur when the
absorbed solar energy exceeds the utilisation capacity of the photosystems [8]. These ROS represent
the major thread for photosystem subunits during photosynthesis [169, 170]. Plants developed
several defense mechanisms to cope with ROS, e.g. non-enzymatic photoprotective energy dissipation, photosystem state transition or enzymatic (superoxide dismutase, catalase) or non-enzymatic
(carotenoids, tocopheroles) ROS scavenging systems [193]. However, these defense mechanisms
can only retard damage up to a certain point, after which photosynthetic subunits will be corrupted
inevitably. The D1 protein of the reaction center of photosystem II (PSII) [15], which ligates most
cofactors necessary for the primary charge separation, is particularly vulnerable to oxidative damage
[151]. Photodamaged D1 protein is selectively degraded and replaced to restore functional PSII
[5, 261, 263, 264]. In this scenario, DEG proteases are suspected to play major roles in the gradual
release and disassembly of the D1 protein from the PSII supercomplex [81, 112, 119, 235–237].

1.3

Arabidopsis thaliana as a model plant

Arabidopsis thaliana of the family Brassicaceae is a widely used model organism in modern plant
science [150, 152]. It has been shown to be extremely suitable for laboratory experiments due to a
short generation time and a low space demand. The plants can be cultivated easily either on soil,
sterile medium plates or even as a suspension culture [77, 152] and yield a high number of seeds
per plant. More importantly, the genome of Arabidopsis thaliana is one of the smallest investigated
so far and has been sequenced completely [17, 150]. The ability to identify open reading frames
now poses the challenge to understand the precise function of each gene, unraveling the complexity
of this apparently simple plant. Therefore, immediately after the Arabidopsis genome sequence
was assembled, a large scale project to identify gene function in planta was initialised [39]. The
systematic analysis of gene function is mainly conducted by screening of T-DNA or transposonmediated mutations in each gene for phenotypical differences [11, 174, 203, 231]. However, these
approaches are very time consuming and labour-intensive. Recently, new approaches were designed
to predict gene function in Arabidopsis more efficiently [26], using comparative network analyses
[92, 162], in silico predictions [28] or transposon-based activation tagging systems [147].

4

1.4 Proteolysis in planta
Nowadays, scientists can rely on a tremendous amount of freely available databases for Arabidopsis research. Full-length cDNA clone collections of Arabidopsis [218], as well as gene
expression maps of Arabidopsis development [10, 210, 253] are available. International stock
centers of Arabidopsis cDNA clones and T-DNA insertion lines like ABRC (Arabidopsis Biological
Resource Center, Columbus, Ohio) or NASC (Nottingham Arabidopsis Stock Center) provide seeds
either completely free of charge or for a reasonable price. An Electronic Fluorescent Pictograph
browser was established [258] to explore data of Arabidopsis microarrays [216] and from other
high-throughput projects. The Plant Proteomics database (PPDB [234]) was launched, serving as
an integrated source for experimentally identified proteins of Arabidopsis and Zea mays. In 2007,
The Arabidopsis Information Resource (TAIR) database [239] went online, providing the first port
of call for scientists interested in Arabidopsis genes.

1.4

Proteolysis in planta

Protein turnover is a fundamental process in plant development. Just to name a few examples,
the release of storage proteins during seed germination [148, 241], the constant degradation of
misfolded proteins during plant maturation and maintenance [186, 207], the remobilisation of
amino acids from senescent leaves [91, 199] as well as the reallocation of nitrogen resources
to reproductive organs [49] are important proteolytic processes during different phases of plant
development. Proteases can even be exudated from roots to facilitate nutrient uptake [122]. Besides
these developmental aspects, proteases are equally crucial for regulatory processes in planta. The
post-translational modification through selective cleavage of peptide bonds, thereby regulating
protein function and localisation, seems to be linked to nearly every developmental process [34]. In
this regard, the omnipresent ubiquitin/proteasome pathway [19, 224, 250] only represents one of
several regulatory proteolytic systems. At least 3% of the A. thaliana proteome is represented by
proteases [62], implying that a multitude of proteases are involved in protein trafficking, processing
and regulation [207].
The fundamental principle behind proteolysis is the hydrolytic cleavage of peptide bonds in a
nucleophilic attack at the carbonyl carbon supported by the donation of a proton to the amino group
(Figure 1.2). Proteases, also called peptidases, can be divided into two groups, depending on the
position at which they cleave the peptide. While exopetidases cleave only the termini of peptides
and can be classified depending on their substrate specificity as amino- or carboxypeptidases,
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endopeptidases cleave within peptides and can be classified according to their catalytic mechanism.
Serine, threonine and cysteine proteases use the respective hydroxyl or sulfhydryl group of the
active amino acid for the nucleophilic attack during catalysis, while aspartatic and metalloproteases
rely on water as nucleophile [207].The MEROPS database (http://merops.sanger.ac.uk) provides an
integrated source for information about peptidases of these different classes, their substrates and
inhibitors [196].

Figure 1.2: Schematic representation of the catalytic reaction mechanism of a serine protease. The catalytic
triad of the protease is highlighted in blue, the carboxy- and amino-terminal parts of the scissile bond of
the substrate are highlighted in green and red, respectively. Broken lines indicate hydrogen bonds 1.The
reaction starts with the nucleophilic attack of the active serine at the carbonyl of the scissile bond and transfer
of a proton from serine to the active-site histidine. Aspartate is thereby stabilising the occurring positive
charge 2. The protonated histidine subsequently donates the proton to the nitrogen atom of the peptide
bond, leading to its cleavage. The amino-terminal part of the substrate is esterified to the serine in a covalent
acetyl intermediate and the carboxy-terminal part is released 3. The catalytic cleavage is finally completed
by deacetylation with H2 O, substituting for the amine component of the substrate 4. The reconstitution of an
active catalytic triad is completed
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1.5

DEG proteases

The family of DEG proteases belongs to the class of serine proteases, apparently the largest class of
peptidases in plants [207]. They were initially discovered as Degradation-of-periplasmic-proteins
(DegP [98, 230]) and High-temperature-requirement A (HtrA [139–141]) in E. coli. Sequencebased analyses conducted over the following years revealed the presence of Deg/HtrA-like proteases
in nearly all species [42]. They all are ATP-independent serine endopeptidases with a catalytic
triad composed of aspartate, serine and histidin [42]. It was shown that the protease domain does
not only possess proteolytic activity, but is as well important for the formation of homo-oligomers
[42, 118]. Most of the Deg proteases do possess up to four PDZ domains, known to be involved in
protein-protein interaction, supporting oligomersation and substrate binding [42, 191, 192, 209].
Available data suggests that trimers represent the basic subunits of DEG oligomers, whereby some
members display the tendency to form hexamers, like DEG1 in A. thaliana [119] or DegP in E.coli
[42], which was even found as 12 and 24-meric multimers [126].
It is interesting to note that, within the eukaryotes, plants possess far more DEG proteases
than any other species. In A. thaliana, genes for 16 DEG proteases were found, although some
of them are suspected to be pseudogenes with no protein-coding ability (for review, see [215]).
Schuhmann et al. [213] proposed that the high number of DEG proteases was mainly caused by
gene duplication events. Furthermore, there was a tendency observed for an increased number of
other serine protease family members in plants [207]. However, the reason for this unusual high
amount of DEG proteases in planta is far from being understood.
Based on DNA sequence analyses, most of the DEGs are located in the plant chloroplast, some
are predicted to be targeted to mitochondria, one in the nucleus and even one in peroxisomes [215].
Biochemical localisation assays for most of the DEG proteases in A. thaliana are still missing
though. Until now, the main focus of scientific attention was laid on chloroplastic DEGs. DEG1,
DEG5 and DEG8 were found in the chloroplast thylakoid lumen [98, 181, 212], while DEG2 and
DEG7 are reported to be located at the stromal side of the thylakoid membrane [81, 235].

DEG proteases in the chloroplast
DEG1, the first DEG protease described in planta, was shown to be attached to the luminal side
of the thylakoid membrane via hydrophobic interactions [98]. Transgenic A. thaliana plants with
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reduced levels of DEG1 were more sensitive to high irradiance and accumulated the D1 protein
[112]. Using an in vitro assay, recombinant DEG1 was shown to generate 5.2 kDa fragments of
D1 when incubated with thylakoid membranes [112]. Besides, DEG1 was reported to be able to
degrade various luminal proteins such as plastocyanin (PC) and PsbO [37] and can also act as a
chaperone, assisting in the de novo assembly of PSII by interacting with the D2 subunit [236].
Recently, a structural adaptation of DEG1 during light exposure was reported [119], activating
DEG1 proteolytic activity at acidic pH. During daylight, when protons are transferred across the
thylakoid membrane as a "side-effect" of the electron transport chain, they accumulate and thereby
acidify the lumen. Under those circumstances, ROS are likely to occur and structural damage of the
D1 protein of PSII is imminent. Counteracting that, DEG1 is selectively activated by protonation
of a specific histidine residue, triggering oligomerisation to the active DEG1 hexamer. Kley et al.
[119] were able to resolve the crystal structure of DEG1 at a resolution of 2.5 Å, confirming the
formation of the hexamer. They were able to identify a rigid hexameric assembly with three small
pores, restricting entry to unfolded substrates only. This switch from inactive monomer to active
hexamer exists in a dynamic equilibrium and is pH and concentration -dependent [119]. Since
DEG1 is constantly expressed in plant cells and is therefore in constant contact to its potential
substrates, such a tight regulation is required for proper cell homeostasis.

Another luminal DEG protease, DEG8, is highly homologous to DEG1 [2]. This protease is
particularly interesting because it is suspected to form a hetero-oligomeric complex with the luminal
DEG5 protease at a 1:1 stoichiometry [237]. DEG8 displays the usual DEG domain properties
with a DEG-like protease- and a PDZ-domain whereas DEG5 lacks the latter [88]. Interestingly,
they seem to depend on each other for proper function. While single DEG8 was reported to be
proteolytically active against photodamaged D1 protein, DEG5 did not show any comparable
activity [237]. Double knock-out mutants lacking DEG5 and DEG8 proteins were more sensitive
to photoinhibition and D1 turnover was significantly decreased [237]. The corresponding single
mutants did show the same inhibitory effects but not as dramatic as the double mutant. Recently,
analysis of a DEG5 single mutant highlighted the importance of DEG5 in normal plant development
and suggested an involvement in PSII subunit F (PsbF) degradation. In summary, DEG5 and DEG8
oligomerise to an active state and require each other to release the photodamaged PSII D1 protein
by cleavage of PsbF and D1 at luminal exposed loops [237].
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1.5 DEG proteases
Since the other chloroplastic located DEG proteases, DEG2, DEG7 and DEG9 are elaborately
discussed in the following chapters of this thesis, we will only briefly recapitulate them at this
point. DEG2, located at the stromal side of the thylakoid membrane, was reported to degrade
photodamaged D1 protein in vitro [81]. However, this function could not be confirmed in vivo [89].
Recently, it was reported that the degradation of Lhcb6, the minor light-harvesting protein of PSII,
was impaired in A. thaliana deg2 knock-out mutants under short-term high salt, wounding, high
temperature and high irradiance stress conditions [143]. However, a clear function of the DEG2
protease in planta is still missing. A recent publication concerning DEG7 reported a chloroplast
stroma localisation for this protease as well, participating in the repair of PSII after photoinhibition
[235]. The authors observed a DEG7 mediated cleavage of photodamaged D1, D2, CP47, CP46
photosystem II subunits, indicating that DEG7 is essential for the repair of PSII[235].

DEG proteases in other compartments
The DEG15 protease was reported to be localised in plant peroxisomes [88]. Peroxisomes are
involved in the catabolism of fatty acids via β-oxidation, photorespiration in C3 plants, glyoxylate
cycle during germination events in oilseed plants, the degradation of hydrogen peroxide and the
synthesis of plant hormones [146]. All peroxisomal proteins are nuclear encoded and are provided
from outside of the peroxisome. The peroxisomal DEG15 protease shows, like DEG5 in the
chloroplast, a rather unusual domain arrangement by lacking a PDZ domain [88]. Additionally,
the protease domain was shown to be located at the C-terminus [86]. Helm et al. [86] furthermore
reported the DEG-atypical formation of homo-dimers of DEG15, which occur to be in equilibrium
with the monomeric form. It was shown that the monomer was acting as an unspecific protease,
being activated simply by the presence of unfolded proteins, whereas the dimer displayed specific
processing activity [86]. Interestingly, A. thaliana mutant plants lacking the DEG15 protease did
show alterations in root length, compared to wt plants when grown in the presence of a non-toxic
herbicide precursor 4-(2,4-dichlorphenoxy) butyric acid (2,4-DB), which is usually converted to the
toxic herbicide 2,4-dichlorphenocyacetic acid by β-oxidation in peroxisomes [214]. Since deg15
knock-out plants did display an increased resistance against this herbicide, it was speculated that
β-oxidation might be impaired when DEG15 is missing. Further investigation of double knock-out
mutants lacking DEG15 and another peroxisomal protease, LON2, revealed that these plants had
a much stronger phenotype as lon2 knock-out mutants alone [138]. Therefore, it can be assumed
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that DEG15 is important for proper plant cell development, being involved in the quality control of
peroxisomal proteins.
The knowledge about the other DEG proteases in plant cells [88] is still very limited. Some are
predicted to be localised in mitochondria (DEG10 and DEG14) and one even in the plant nucleus
(DEG9). We will present new findings about these proteases in the following chapters.
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2
A readers guide the structure and aim of this thesis

Within the scope of this thesis, a diverse set of experiments was conducted to advance the knowledge
of the serine-type DEG protease family in Arabidopsis thaliana. This chapter is meant to give
a brief summary of the different approaches applied over the last years. Each of the following
chapters is either published or intended to be submitted for publication. The relation between each
topic is highlighted and a short summary is presented.

The following chapter, "Plant Nuclear Proteomics - inside the cell maestro" is meant to raise
attention to the regulatory interplay of molecules within a cell. The plant nucleus is highlighted
as the main regulator of the plant cell, influencing a variety of molecular processes. Since DEG
proteases are diversely distributed across the plant cell (chapter 4) and their genes are all nuclear
encoded, they are likely to be regulated through the plant nucleus. Chapter 3 provides a detailed
description of the nuclear proteome of A. thaliana, which might be used as a landmark for parts of
the following chapters.
The fourth chapter, "The diverse localisation of DEG proteases in Arabidopsis thaliana" highlights
the unusual, wide distribution of DEG protease family members in the cell, indicating an involvement
of the individual members in diverse processes. We demonstrate the establishment of an Arabidopsis
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thaliana suspension cell culture, which represents an important tool for both in vivo localisation as
well as organelle purification assays. Using fluorescence-tagged, recombinantly expressed DEG
constructs we were able to support the reported localisation of DEG2 in the chloroplast stroma,
presenting the first fluorescence microscopy pictures of DEG2. We observed DEG7 and DEG9
localised in the nucleus, which is rather unusual and represents one of the first reports about nonubiquitin/sumotylation-related proteases in the plant nucleus. Additionally, we were able to identify
DEG10 and DEG14 as mitochondrial proteases. Since no functional data about these two proteases
exists so far, our work represents the foundation for following research concerning the function of
DEG proteases in plant mitochondria.
The fifth chapter, "Novel functional aspects of Arabidopsis thaliana serine-type protease DEG2",
comprehensively describes new functions of the DEG2 protease, located in plant chloroplasts.
Dramatic phenotypical alterations in deg2 knock-out (ko) mutants are reported, highlighting the
importance of DEG2 in Arabidopsis. deg2 ko mutants displayed a significantly reduced root
growth compared to A. thaliana wildtype (wt) plants. Complementation of this striking phenotype
was achieved by addition of sucrose, indicating an involvement of DEG2 in carbon metabolism.
Therefore, we were able to report for the first time that this protease is required for normal
plant development and that its lack cannot be compensated completely as indicated earlier [89].
Comparative proteomics of chloroplast stroma samples of A. thaliana wt and deg2 ko mutants
revealed the up- and down-regulation of several photosynthetic subunits as well as a dependency
of stromal located DEG2 and luminal located DEG1, which is in agreement to data published by
our colleagues [112, 236]. We furthermore demonstrated that DEG2 expression is not dependent
on light-stress, thus questioning the previously reported involvement of that protein in light-stress
response mechanism [81, 143]. Our data underlines the importance of DEG2 in the plant cell,
showing the potential to influence a variety of photosynthetic subunits and that DEG2 is essential
for normal plant development.
The sixth and last chapter, "Oligomerisation and regulation of the Arabidopsis thaliana protease
DEG2", describes our attempts to elucidate the regulation of the DEG2 protease. We were able to
observe a tendency of DEG2 to oligomerise into trimers in vitro and even into hexamers in vivo,
as already described for other DEG protease [119, 215]. Structural modeling of DEG2 revealed
residues Cys123 and Cys160 as potential candidates for redox-dependent disulfide bridge formation.
Site-directed mutagenesis of the respective cysteines was used to clarify if the formation of an active

12

catalytic triad is dependent on this covalent bond. Unfortunately, we were neither able to confirm
previous findings of DEG2 activity [81], nor could we detect any redox modulation of activity. Our
results suggest that DEG2 probably requires the formation of an at least trimeric structure to be
active.
In summary, this thesis highlights the importance of DEG proteases within the plant. The
interactions of molecules within a living cell are astonishingly complex, and certainly, interactions
between proteins are not restricted to isolated compartments. Understanding such complex networks
requires the application of various kinds of approaches, ranging from high-throughput genomic
and proteomic approaches to detailed analysis of single protein interactions and regulations. This
thesis demonstrates that the successful combination of these techniques is widely extending our
knowledge about the molecular interactions in plants.
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3.1

Abstract

The eukaryotic nucleus is highly dynamic and complex, containing several subcompartments, several types of DNA and RNA, and a wide range of proteins. Interactions between these components
within the nucleus form part of a complex regulatory system that is only partially understood. Rapid
improvements in proteomics applications have led to a better overall determination of nucleus
protein content, thereby enabling researchers to focus more thoroughly on protein/protein interactions, structures, activities, and even post-translational modifications. Whereas proteomics research
is quite advanced in animals, yeast and Escherichia coli, plant proteomics is only at the initial
phase, especially when a single organelle is targeted. For this reason, this review focuses on the
plant nucleus and its unique properties. The most recent data on the nuclear subproteome will be
presented, as well as a comparison between the nuclei of plants and mammals. Finally, this review
also evaluates proteins, identified by proteomics, that may contribute to our understanding of how
the plant nucleus works, and proposes novel proteomics technologies that could be utilized for
investigating the cell maestro.
Keywords
cell culture; cellular proteomics; plant nuclear bodies; plant nuclear proteome; proteome comparison

3.2

Introduction

The nucleus is the most prominent structure within a eukaryotic cell. The organelle is clearly
visible by light microscopy and was discovered in the 17th century by Antonie van Leeuwenhoek
(1632 - 1723). It contains most of the DNA, organized into chromosomes, and it is the site of
DNA replication and transcription. Furthermore, this organelle contains several subcompartments
[219], resulting from molecular interactions. The nucleus is surrounded by a double membrane,
and this constitutes a major difference between prokaryotic and eukaryotic cells. Moreover, more
accurate analysis indicates a constant flux of molecules with distinct regulatory functions through
the envelope, making the nucleus one of the most important regulatory organs within the cell, acting
as the maestro in an enormous cell orchestra. Such models of self-organization are notoriously
Abbrevations
CB, Cajal body; DFC, dense fibrillar component; FC, fibrillar center; LC, liquid chromatography; SILAC, stable isotopelabelling by amino
acids; snRNP, small nuclear ribonucleoprotein; SR, serine/argininerich; 2DE, two-dimensional gel electrophoresis
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difficult to investigate, because it is impossible to experimentally manipulate a single component of
a specific pathway without nonspecifically affecting the entire system [157].
How are we to investigate such a complex organ, which is basically defined by interactions
between molecules? Until recently, microscopy and immunochemistry techniques were used to
shed some light on this structure, although such techniques involve a major disadvantage, which is
that they cannot identify the interactions of several molecules at the same time. For a more thorough
understanding, techniques that can reveal the complex overall situation within the plant nucleus
have to be applied.
In this scenario, proteomics is a rising field of research, and solves, at least partially, the problem
of studying several proteins at the same time. It can be defined traditionally as the systematic analysis of the proteome, the protein complement expressed by a genome [6]. Nowadays, proteomics
studies provide quantitative annotations of protein properties, including intracellular distributions,
concentrations, turnover dynamics, interaction partners, and post-translational modifications [244].
Considering the sensitivity of the most recent proteomics techniques and, consequently, the enormous amount of information that is obtained, one must consider reducing the quantity of data to
a feasible level. In most cases, analysis of the whole cell proteome is not helpful. Purification of
compartments and subsequent analysis of subproteomes is often the only way of gaining useful
information [110]. Subsequent combination of the datasets of several subproteomes can give
indications about how the metabolism of the organism is regulated.
However, analysis of the proteome and the metabolome (the entirety of all metabolites within
an organism) continues to pose significant challenges [21]. Considering the divergence in the
plant genomic sequence (The Arabidopsis Genome Initiative [17], cross-kingdom comparisons
of the location/function of proteins are difficult to apply. The plant nucleus possesses some
significant differences in appearance and composition, indicating specific molecular pathways.
Hence, comparisons between mammals and higher plants, for example, have to be handled with
care. It should always be remembered that a proteomic analysis can give only limited insights into
the molecular orchestration within a compartment and is not a foolproof tool.
In summary, this review focuses on plant nucleus proteomes, as the proteomics of whole plants
[108, 109, 116, 178, 248, 270] has been previously reviewed. Furthermore, we will here discuss
the uniqueness of the nucleus within the cell and the problems to be overcome when investigating
this complex organelle.
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3.3

Nuclear structure - dynamics and differences

The nucleus is a very complex heterogeneous structure containing several subcompartments (Figure
3.1), namely the nucleolus, a chromatin-rich region composed of condensed heterochromatin,
and more scattered interchromatin and euchromatin regions [219].With improved microscopy
techniques, about 30 different compartments [50] have recently been discovered. The uniqueness of
the nucleus is shown by the fact that all of its subcompartments are membrane-less, self-organizing
entities that pass through a state of disassembly/reassembly during cell division. In fact, nuclear
molecules are highly dynamic and in constant exchange, and their morphology is totally determined
by the functional interaction of their components [156]. The existence of this high number of
intranuclear compartments is indicative of a specific location for a specific function.
The nucleus harbours two mutually interrelated structures containing nucleic acids: chromatin
and the nuclear matrix [165]. The latter is a nonhistone structure that serves as a support for the
genome and its activities. Calikowski et al. [33] initially characterized the Arabidopsis thaliana
nuclear matrix by electron microscopy and MS. They observed a very similar structure to that
described for the animal nuclear matrix.
The other nucleic acid-containing structure is chromatin, which is arranged into chromosomes.
They are organized in distinct areas [45] and occupy distinct positions with respect to the periphery.
It has been shown that their distribution pattern and expression profile are closely linked. Furthermore, changes in gene expression during differentiation, development and diseases can be linked
to changes in genome-positioning patterns. Contributing to the whereabouts of the chromosomes,
there are the matrix attachment regions on the genome, interacting with the nuclear matrix and
affecting gene regulation [87]. As another example, Cajal bodies (CBs) are probably involved in
small nuclear ribonucleoprotein (snRNP) and small nucleolar ribonucleoprotein maturation and
transport. They are very dynamic organelles, moving in and out of the nucleolus and interacting
with each other. They are thought to provide a location where components can be assembled
before release to the site of function. Most proteins are in constant motion, and their residence
time within a compartment is very low, being at most 1 min [65]. This mobility ensures that
proteins find their targets by energy-independent passive diffusion [180]. Given such mobility
and the capacity of several small nuclear bodies to self-interact [83], the nuclear architecture is
largely driven by a self-organization process [156]. This impressive process can be observed when
the compartments disassemble and reassemble during cell division [51]. Hence, the formation of
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Figure 3.1: Schematic presentation of nuclear domains, including heterochromatin and euchromatin entities,
CBs, speckles and other domains, as well as a comparison between the nucleolus of mammalian and plant
cells. GC, granular component; TS, transcription site.

structures in the nucleus is influenced by many molecules, and provides an elegant mechanism not
only to concentrate factors when they are needed, but also to segregate factors away from sites
where they are debilitating [154]. The movement of molecules is not restricted within the nucleus,
and the latest reports suggest that several nuclear proteins have regulatory functions in the whole
cell [20, 257]. The nuclear envelope should not be considered as an insuperable frontier that is
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simply keeping everything together. It is a double membrane of two lipid bilayers, the outer nuclear
membrane being continuous with the endoplasmic reticulum and studded with ribosomes, and the
inner membrane hosting a unique complement of integral proteins interacting with chromatin and
the nuclear lamina. Both membranes are perforated by large multiprotein complexes, the nuclear
pores, which span the entire nuclear envelope and form channels through it, hence opening the
border for molecular exchange.
Even though the nuclei of all eukaryotes are very similar in appearance, there are some significant
differences between higher plants and mammals, including plant-specific molecular pathways.
Unfortunately, very little is known, as yet, about the organization of the plant nucleus and its
compartments. Until recently, knowledge about the nucleus in planta was limited to the characterization of the nucleolus, the CBs, and speckles [183, 219]. Speckles are areas in mammalian cells
containing some splicing factors and snRNP proteins. In plants, speckles have been recently shown
to contain SR (serine/arginine-rich) proteins. SR proteins constitute a family of splicing factors that
contain an RNA-binding motif and an SR region. They form part of the splicosome, being involved
in its assembly and participating in intron and exon recognition [68].
Nucleoli of mammalian cells, observed by transmission electron microscopy, show three different
regions: the fibrillar centres (FCs), which are small, light-staining structures; surrounding the FCs,
densely stained material called the dense fibrillar component (DFC); and a region containing many
particles, called the granular component, surrounding the DFC. It has been shown that transcription
occurs within the DFC [121]. In plant cells, in contrast, the nucleolus is seen to be far more
spherical. The DFC is much larger (up to 70% of the nucleolar volume) and not so dense. Unlike
in the mammalian DFC, rDNA transcription units are well dispersed all over the nucleolus, and
form structures resembling fir trees, described as "linear compacted Christmas trees" [66]. These
unusual structures have also been reported in HeLa cells, although they harbour a much smaller
DFC in these structures [121]. Additionally, there is an eye-catching feature in the centre of the
nucleolus, called the nuclear cavity, whose function is still unknown. It has been shown that the
nuclear cavity empties itself into the nucleoplasm [72], and that it contains small nuclear RNAs and
small nucleolar RNAs [24, 25].
CBs are very common particles in nuclei throughout all the different kingdoms. They usually
associate with the nucleolus, and seems to be involved in snRNP and small nucleolar ribonucleoprotein maturation. They are thought to provide a location where components can be preassembled
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before release to the site of function. It has been shown that they are dynamic complexes, moving
very fast between the nucleus and the nucleolus [190]. The difference between mammalian and
plant cells, in terms of CBs, is simply their presence or absence. Whereas CBs have been observed
in every plant nucleus, some mammalian cells lack them. It has been shown that CBs are prominent
in cells showing high levels of transcriptional activity but are less abundant or absent in some
primary cells and tissues [172]. As neither animal nor plant mutants that lack CBs suffer from
major losses in vitality, this has led to questions about the function of these particles [219].
All of these findings support the idea of novel, as yet unknown, molecular pathways within the
plant nucleus, and strongly support the need for more research in that specific area. However, it
should be remembered that obtaining evidence from a model organism rather than the organism of
interest can never lead to completely reliable conclusions about the real process, especially when
protein interactions are being investigated rather than a single protein. Plants differ greatly in their
properties, and this should act as a warning that their molecular interactions may differ as well.
Hence, it is always advisable to attempt to perform research using the organism of interest instead
of using a related, less difficult to handle model.

3.4

Where proteomics join the game

Investigations of the nucleus were traditionally performed by microscopy, owing to difficulties
in biochemical analysis. Today, the ability of MS to identify and to precisely quantify thousands
of proteins from complex samples [6] might help to establish protein relationships, especially in
organisms with sequenced genomes (http://www.genomesonline.org/), such as A. thaliana [17],
Oryza sativa [64, 265], Populus trichocarpa [247], and Vitis vinifera [100, 179, 249]. Subproteomics
of the nucleus and its compartments will further facilitate the annotation of nuclear proteins.
There are already several databases available (see Table 3.1), and these will contribute greatly to
improvements in plant cell proteomics. As new proteins are experimentally localized in the nucleus,
new software applications such as BACELLO (http://gpcr.biocomp.unibo.it/bacello/) [189] are being
developed and the accuracy of their predictions is increasing. BACELLO can predict the subcellular
localization of proteins within five classes (secretory pathway, cytoplasm, nucleus, mitochondrion,
and chloroplast) and is based on a decision tree of several support vector machines.
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Table 3.1: Nuclear Protein Databases
Biological source

URL

Plant transcription factors

http://plntfdb.bio.uni-potsdam.de/v3.0/
http://planttfdb.cbi.pku.edu.cn/
http://datf.cbi.pku.edu.cn/
http://arabidopsis.med.ohio-state.edu/AtTFDB/
http://rarge.psc.riken.jp/rartf/
http://bioinf.scri.sari.ac.uk/cgi-bin/atnopdb/home
http://compsysbio.achs.virginia.edu/tobfac/
http://drtf.cbi.pku.edu.cn/
http://dptf.cbi.pku.edu.cn/
http://plntfdb.bio.uni-potsdam.de/v3.0/index.php?sp_id=VVIa
http://casp.rnet.missouri.edu/soydb/
http://wwwappli.nantes.inra.fr:8180/wDBFT/

A. thaliana transcription factors

A. thaliana nucleolar proteins
Tobacco transcription factors
Rice transcription factors
Poplar transcription factors
Grape transcription factors
Soy transcription factors
Wheat transcription factors

References
Perez-Rodriguez et al. [184]
Guo et al. [74]
Guo et al. [73]
Palaniswamy et al. [175]
Iida et al. [95]
Brown et al. [30]
Rushton et al. [204]
Gao et al. [60]
Zhu et al. [268]
Guo et al. [74]
Wang et al. [252]
Romeuf et al. [201]

Many studies using subcellular organelles have reported the identification of proteins that were
predicted to be localized in other compartments. Hence, intracellular protein trafficking is more
complex than believed, and unexpected routes may exist.
Proteomics is a rising field for research on interactions within a cell. Hardly any other technique
has the potential to reveal so many details about the cellular state at a single point of time. This is
clearly the main advantage, giving scientists the opportunity to observe individual proteins playing
their part in the overall scheme.

3.5

Current proteomics methods

Proteomics is now entering its third decade as a field of study. Much of the last two decades was
completely dominated by two-dimensional gel electrophoresis (2DE) and usual protein staining
techniques as the primary means to conduct comparative experiments. After the many improvements
in 2DE technology, its popularization in the 1980s, and its use in conjunction with MS technology,
it definitely became a major tool in a wide range of proteomics research [134, 255]. One of the main
advantages of 2DE consists of its ability to simultaneously separate and visualize a wide number of
proteins [67]. The 2DE process is based on two autonomous separation methods, the first of which
is isoelectric focusing. This process is defined by differently charged proteins being separated by
their isoelectric points on an immobilized pH gradient. The proteins are then transferred to a large
SDS-PAGE gel, and separated by their molecular masses. Each 2DE gel generates a protein profile
visualized as spots that represent the proteins. The technique has been used for over 30 years, and
its reproducibility was clearly improved with the introduction of immobilized pH gradient gel strips
and bioinformatics [67]. This technique is productive in providing relevant data about biological
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systems. Several authors [20, 153, 181] have utilized this strategy to investigate plant protein
expression in organelles. Nevertheless, problems with sensitivity, throughput and reproducibility of
this method place boundaries on comparative proteomics studies, especially in nuclear samples,
which have low protein content.
The use of MS is essential for protein identification, and is commonly associated with electrophoretic techniques (Fig. 3.2). In this area, numerous techniques have been utilized, including
MALDI-TOF and ESI [56, 113]. Furthermore, ion trap and triple quadruple tandem MS (MS/MS)
spectrometers have improved sensitivity and mass accuracy [6]. Finally, some quantitative plant
proteomics studies became feasible with the use of an innovative reagent, termed isotopecoded
affinity tag, in the liquid chromatography (LC)-MS/MS system [78]. All of these techniques have
been applied to plant protein identification in comparative proteomics studies, which have included
plant nucleus proteomics [20]. Nevertheless, novel techniques are vital in order to improve data
quality at very low sensible levels. These new approaches will be evaluated later in this article.

Figure 3.2: Synergistic proteomic strategies (gel-free LC /MS and 2-DE / MS) that could be utilised to
understand the plant cell nucleus. Circles (green and red) indicate two different data sets of identical sample.
The shaded region indicates a possible overlap in these data.

On the other hand, as pointed out by Jorrin-Novo et al. [109], analytical or biological use of
peptidomics, and gel-free, LC-based approaches, including multidimensional protein identification
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technology [101], could be evaluated for plant nuclear proteomics studies. In summary, multidimensional protein identification technology is a non-gel approach for identification of proteins
in complex mixtures. The procedure consists of a two-dimensional chromatography separation,
followed by electrospray MS. The first dimension is normally a strong cation exchange column, and
the second dimension comprises reverse-phase chromatography. The latter is able to remove the
salts, and has the added benefit of being compatible with electrospray MS. Such techniques must
be applied to nuclear investigations, as it has been observed in the proteomics literature that the
different techniques, platforms and workflows are completely complementary (Fig. 3.2), and that
all of them are necessary for complete coverage of the plant nuclear proteome.

3.6

An update on A. thaliana nucleus proteomics

Most large-scale proteomic analyses in Arabidopsis have been carried out with subproteomes (Table
2). Giavalisco et al. [63] designed a large-scale study of the Arabidopsis proteome to achieve
complete coverage using 2DE and MALDI-TOF MS. They identified only 663 different proteins
from 2943 spots, although a large number of these were found to be expressed as tissue-specific
isoforms encoded by different genes.
Until now, an attempt at complete coverage of the A. thaliana nucleus proteome has only been
made by Bae et al. [20]. They detected 500 - 700 spots on 2DE gels, and constructed a 2DE
reference map for nuclear proteins. Analysis by MALDI-TOF MS led to the identification of 184
spots corresponding to 158 different proteins implicated in various cellular functions. This work
provided a first view of the complex protein composition in the plant nucleus. To increase the
resolution of the 2DE gels, Bae et al. used pH ranges from 4-7 and from 6-9. The data indicated that
nuclear proteins in basic regions are low in abundance. The identification of 54 proteins upregulated
or downregulated in response to cold stress indicates a major regulatory function of the nucleus.
The control of gene expression occurs largely at the transcriptional or posttranscriptional levels.
It seems that proteins implicated in signalling and gene regulation dominate each other. This is
in contrast to what has been found in the analysis of other organelles [153, 181], supporting the
importance of the nucleus in cell regulation. After all, Bae et al. [20] have shown that a complex
mechanism underlies the response to stress and that several cellular functions are, at least partially,
controlled by proteins emerging from the nucleus.
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Whereas there have been plenty of data published concerning the human nucleolus [13, 44, 130],
information about the nucleolus in plants is still very limited. In 2005, Pendle et al. [183] published
the first proteomic analysis of A. thaliana nucleoli. The authors identified 217 proteins, many
of which many could be compared to those in the proteome of human nucleoli. Proteins with
the same function in humans, plant-specific proteins, proteins of unknown function and some
that are nucleolar in plants, but non-nucleolar in humans, were found. Interestingly, Pendle et al.
identified six components of the postsplicing exon-junction complex involved in mRNA export and
nonsense-mediated decay/mRNA surveillance, raising the possibility that plant nucleoli may be
involved in mRNA export and surveillance. Of the proteins described by Pendle et al. [183], 69%
have a direct counterpart in animals, whereas up to 30% of the nucleolar proteins are encoded by
new, as yet uncharacterized, genes [13, 14]. This further supports the importance of comparative
proteomics approaches between Arabidopsis and human nucleoli.
Analysis of the nuclear matrix by 2DE and MS by Calikowski et al. [33] resolved approximately
300 protein spots, including Arabidopsis homologues of nucleolar proteins, ribosomal components,
and a putative histone deacetylase. There were homologues of the human nuclear matrix and
nucleolar proteins, as well as novel proteins with unknown functions. The identification of 36
proteins by MS demonstrated that several classes of functional protein in the nuclear matrix
are shared between vertebrates and higher plants, and that there is great enrichment of proteins
associated with the nucleolus [51].
Recently, Jones et al. [106] enriched nuclei from Arabidopsis cell cultures and seedlings. Within
those, they identified 416 phosphopeptides from 345 proteins, including novel phosphorylation
sites and kinase motifs on transcription factors, chromatin-remodelling proteins, RNA-silencing
components, and the splicosome. Phosphorylation is a crucial process for intramolecular and
intermolecular interactions, as it directly alters protein activity. Identification of the phosphorylation
sites is an important step towards the understanding of protein interaction within the nucleus and its
function as a cellular regulator.
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3.7

An update on O. sativa nucleus proteomics

Whereas A. thaliana is clearly the most thoroughly explored plant for nuclear proteomics research,
there are several groups working with other species. As stated earlier, comparative analyses are of
major importance for a complete understanding of nuclear proteomics. It is therefore mandatory to
include other species in nuclear research. O. sativa is, without doubt, one of the most important
crops to be investigated, considering its worldwide nutritional importance. In any case, Oryza
suits proteomics research very well, being a very easily grown plant. Developments in rice nuclear
proteomics were reviewed by Khan and Komatsu [117], and will not be discussed in detail here.
Briefly, they discovered 549 proteins and identified 190 of them by database searching. Most of
these proteins were found to be involved mainly in signalling and gene regulation, supporting the
role of the nucleus in cellular regulation. This is in agreement with the findings of Bae et al. [20] in
Arabidopsis nuclei. In 2007, Tan et al. [240] published data on proteomic and phophoproteomic
analysis and chromatinassociated proteins in Oryza. They found 509 proteins by MS, corresponding
to 269 unique proteins, including nucleosome assembly proteins, high-mobility group proteins,
histone modification proteins, transcription factors, and a large number of proteins of unknown
function. In addition, they found 128 chromatin-associated proteins, using a shotgun approach.
Interestingly, they observed a large number of histone variants in rice, e.g. 11 variants of histone
H2A, whereas only six variants of histone H2A are known in mammals [23]. Specific histone
variants in the nucleosome are known to generate distinct chromosomal domains for the regulation of
gene expression [23, 76]. More recently, however, Aki and Yanagisawa [7] reported 657 proteins in
rice nuclei, among them novel nuclear factors involved in evolutionarily conserved mechanisms for
sugar responses in the plant. They proposed two WD40-like proteins and one armadillo/pumilio-like
protein as candidates for such nuclear factors. This is particularly interesting, as sugar is one of the
key regulators of development in both plants and animals. Another recent publication by Choudhary
et al. [40] described the response of the rice nucleus to dehydration. They found 150 spots on 2DE
gels that displayed changes in their intensities by up to 2.5-fold when exposed to stress. Among
them,they identified 109 proteins with various functions, including cellular regulation, protein
degradation, cellular defence, chromatin remodelling, and transcriptional regulation. All of these
findings further support the role of the nucleus as the main cellular regulator.
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3.8

An update on Cicer arietinum and Medicago truncatula nucleus proteomics

Besides those groups working on the quite common plant species A. thaliana and O. sativa, there
are other groups using more unusual plants as their model organisms. In 2006, Pandey et al. [177]
published the first report of the nuclear proteome of the as yet unsequenced genome of the chickpea
C. arietinum. They resolved approximately 600 proteins on 2DE gels, and identified 150 of them.
The found a variety of different protein classes; the largest number of proteins was involved in
signalling and gene regulation (36 %), followed by DNA replication and transcription (17%).
Overall, they grouped the proteins into 10 different classes with completely different functions.
Additionally, they attempted to compare the proteomes of Arabidopsis, rice, and chickpea. They
found only eight identical proteins in all three organisms; these were some of the 32 common
proteins in Arabidopsis and chickpea. Chickpea and rice shared 11 proteins, whereas rice and
Arabidopsis had only six proteins in common. They stated that 71% of the chickpea nuclear proteins
are novel, demanding further research for a better understanding of the nuclear proteome of plants.
In 2008, the same group published the first proteomics approach to identify dehydration-responsive
nuclear proteins from chickpea [176]. Dehydration is one of the most common environmental
stresses, being caused not only by the absence of water in the soil or excessive heat, but also
intracellular ice during freezing. They found 205 spots on 2DE gels that changed their intensities by
more than 2.5-fold under dehydration stress; 80 of them were upregulated, 46 were downregulated,
and 79 showed time-dependent mixed expression. Of these proteins, 147 were subjected to MS/MS
analysis, resulting in the identification of 105 proteins. Additionally, they described different
isoelectric species of several proteins, probably resulting from post-translational modifications,
which are known to affect protein activity. The dehydration stress response within the nucleus
seems to be very complex. Several proteins were identified that play a role in early responsive
signalling, including, among others, two upregulated histones, histone H3 (CaN-574) and histone
H2B (CaN-575), which is interesting, as Tan et al. [240] reported 11 different histone variants in rice
nuclei. In summary, the proteins were grouped into 10 classes; the most abundant proteins belonged
to the class of gene transcription and replication, closely followed by molecular chaperones. The
data collected by Pandey et al. [177] provide a first insight into the molecular changes within the
nucleus of the chickpea, and will be of great value for comparison with other plant species.
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In 2008, an interesting paper was published by Repetto et al. [197], concerning the nuclear
proteome of another legume, M. truncatula, at the switch towards seed filling. Germination and
subsequent plant growth are totally dependent on the composition of the seed. Hence, these early
steps during seed filling are of upmost importance for the plant. They found that nuclei store a pool
of ribosomal proteins in preparation for intense protein synthesis at this stage. Several proteins
involved in ribosomal subunit synthesis, transcriptional regulation, chromatin organization and
RNA processing, transport and silencing have been identified. Overall, they identified 143 different
proteins, and compared them to those in seedling and leaf nuclear proteomes [20, 177]. The majority
were, as expected, involved in gene regulation. However, they found that proteins involved in DNA
metabolism, RNA processing and ribosome biogenesis are more abundant in seed nuclei than
in nuclei of leaves or seedlings. They described several novel nuclear proteins involved in the
biogenesis of ribosomal subunits (pescadillo-like) or in nucleocytoplasmic trafficking (dynamin-like
GTPase). Their data also indicate that, at the switch towards seed filling, the nucleus already
contains ribosomal proteins that will be used to form the cytosolic ribosomes for reserve synthesis,
and that the genome architecture may be extensively modified during seed development.

3.9

Differential proteomics techniques - novel strategies
to elucidate the plant cell nucleus

Numerous important scientific questions concerning the cell nucleus have still not been answered,
in spite of the use of common proteomics techniques such as 2DE and MS identification. In
summary, these problems arise from the low sample quantity and low protein concentration. The
sensitive detection of peptides and proteins is an enormous challenge, not only in plant cell nucleus
proteomics, but also in other fields of biological science. For complete exploitation of this system
sensitivity, different purification methods have been proposed, including ultrafiltration, dialysis, and
protein precipitation. Moreover, the utilization of magnetic particles as a purification protein tool
could be a useful strategy for protein nucleus analyses, as they show clear biochemical properties
and also low concentrations [187]. In this interesting article [187], the authors proposed an elegant
strategy to improve protein concentration by the addition of magnetic reversed-phase particles to
a protein extract. Hydrophobic proteins were attached to particles and recovered with a magnet.
The solution was then discarded, the magnetic beds were washed, and the proteins were eluted
and subjected to capillary reverse-phase chromatography combined with MALDI-TOF MS for
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protein identification [187]. Because of the magnetic core, this kind of sample preparation could be
automated by using robots, reducing handling mistakes.
However, differential sample preparation could be only part of the solution. More sensitive
proteomics techniques are essential to study low quantities of proteins and peptides from plant cell
nuclei. In this field, top-down proteomics has emerged as a powerful technique for protein analyses,
and is a growing research area in the proteomics community. The most common strategy for topdown proteomic analyses includes the front-end separation of undamaged proteins, their detection
and further fragmentation in a mass spectrometer, and a final identification by using the sequence
information obtained from MS and MS/MS spectral data [43, 61]. Recently, the top-down approach
was used to evaluate multiple modifications of histones, including methylation and acetylation [185],
suggesting that this approach could also be a valuable tool with which to elucidate several points of
plant nucleus control. Quantitative top-down proteomics frequently utilizes stable isotope labelling
in order to create an inner standard from which consistent quantitative data may be obtained. For
this, stable isotope labelling by amino acids (SILAC) was successfully introduced in cell culture
[173], creating a new method for quantifying proteins and peptides, whereby amino acids labeled
with stable isotopes are supplemented to cell culture broth, with the aim of producing coeluting
labeled and unlabelled analytes. Labelled arginine and lysines are commonly used in bottom-up
experiments, in conjunction with trypsinization, creating an excellent environment in which to,
after mathematical and computational analyses, quantify certain groups of plant nuclear proteins.
Recently, a novel extension of the label-chase concept was developed, by using a multitagging
proteomics strategy, combining SILAC and a secondary labelling step with iTRAQ reagents, in
order to estimate protein turnover rates in fungi [104]. An understanding of the rate of protein
production /degradation is indispensable for an understanding of plant nuclear dynamics, and to
fill the information gap between transcriptome and proteome. Another approach, in addition to
SILAC, consists of the use of MS, electron capture dissociation and electron transfer dissociation to
evaluate some post-transcriptional modifications, as obtained for the phosphoproteome of histone
H4 [173]. This kind of approach could be extremely valuable for plant nuclear proteome analyses,
as phosphorylation seems to be essential for different nuclear processes in plants.
Finally, and no less importantly, bioinformatics seems to be the other challenge for plant proteomics studies. In last few years, several institutions all over the world have established core
proteomics facilities to offer MS services. With the increasing requirements for high-throughput
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analyses of complex samples and the enhanced interest in quantitative proteomics, effective data
analysis may be a real challenge. Several efforts have been made in this direction, including the
Central Proteomics Facilities Pipeline [245]. This server offers identification, validation and quantitative analyses of proteins and peptides from LC-MS/MS datasets by web interface, facilitating
all analyses for the researcher. This kind of approach could clearly facilitate the identification of
specific nuclear proteins. Moreover, once that the understanding of the plant nucleus is directly
related to the knowledge of several biological processes and those processes involve different
proteins that act synergistically, an in silico active learning approach for protein/protein interaction
prediction is also indicated to learn more about the plant nucleus. In this view, random forest has
been previously shown to be effective for the prediction of protein/protein interactions in humans
[158], indicating that this active-learning algorithm enables more accurate protein classification.
In summary, the future of plant nucleus proteomics is probably related to novel MS technologies
associated with novel in silico approaches, which could improve the rate of acquisition, quantity
and quality of proteomics data provided.

3.10

Conclusions

Without doubt, we are on the brink of a postgenomic era in plant research. The completion of A.
thaliana genome sequencing emphasized the importance of high-throughput analysis approaches.
We can now focus on understanding the complex relationships between molecules and their involvement in cell regulation. The subproteome of the nucleus might play only a small part in that, but it
has been made clear that this awe-inspiring organelle could be more involved in the overall cellular
estate than imagined. The data presented on the latest attempts to cover the nuclear proteome of
several plant species are of great value. Besides the expected, there have been several new findings,
including proteins of still unknown function, proteins that were not expected to be localized in the
nucleus, and completely novel proteins. However, independently of the plant species, the majority of
discovered proteins were found to be involved in gene regulation and signalling. Thus, in summary,
the data have further supported the role of the plant nucleus as the major cellular regulator, in the
mould of a cell maestro. Not only will A. thaliana researchers be able to benefit from a better
understanding of the nucleus, but the latest data have also shown many counterparts of mammalian
proteins, as well as proteins of unknown function. Direct comparison with the most sought-after
proteins, e.g. those that have been shown to enhance cancer in human cells, has to be handled with
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care, although some similarities may be present and support further studies. Hence, the possibility
of intra-kingdom or cross-kingdom comparison of not only some random proteins but real cellular
regulation schemes with the use of advanced proteomics techniques is of great value to anyone
working in the molecular field. We have the tools in our hands. All we need to do now is to combine
the different fields of research to reach a new level of understanding.

31

4
The diverse localisation of DEG proteases in
Arabidopsis thaliana

Matthias Erhardt1 , Pitter F. Huesgen1,2 ,Ulrike Mogg1 , Karlo Gasparic1 , Catharina Huber1 , Gudrun
Winter 1 and Iwona Adamska1
1

Department of Plant Physiology and Biochemistry, University of Konstanz, Germany
Center for Blood Research, University of British Columbia, 2350 Health Sciences Mall, Vancouver, BC, V6T 1Z3,
Canada
2

Manuscript
Author Contribution: Matthias Erhardt developed the Arabidopsis thaliana suspension cell culture
system, performed microscopy analysis for DEG2, DEG7 and DEG9 and wrote the draft of the paper.
Pitter Huesgen designed the DEG:GFP vectors. Ulrike Mogg worked on localisation of DEG7 and
DEG9. Catharina Huber analysed the localisation of DEG10. Karlo Gasparic investigated DEG14
with help of Gudrun Winter.

33

4 The diverse localisation of DEG proteases in Arabidopsis thaliana

4.1

Abstract

Knowledge of the exact localisation of a protein-of-interest within the cell represents one of the
first steps scientists must apply to gain knowledge about the protein function. Hereby, the greenfluorescent-protein (GFP) represents the most valuable tool for localisation studies in planta up to
date. The aim of our work was to confirm the localisation of various DEG proteases in Arabidopsis
thaliana. DEG proteases represent one large family of ATP-independent serine-type proteases
in A. thaliana with mostly unknown physiological functions. They show a diverse distribution
within the plant cell, mainly located in chloroplasts and mitochondria, but also present in the nuclei
and peroxisomes. However, most of the available localisation data based on prediction assays of
transcript levels, biochemical data is rather rare. Within this work, we developed an A. thaliana
suspension cell culture system to facilitate localisation assays. We expressed various DEG:GFP
fusion constructs either stable or transiently in A. thaliana or Nicotiana benthamiana plants or
suspension cells. We were able to confirm DEG2 as an exclusive chloroplastic protein, DEG10
and DEG14 were shown to be located in plant mitochondria, while our data suggests a nuclear
localisation of DEG7 and a nucleolar localisation of DEG9. In summary, our results together with
previously published studies indicate that ATP-independent proteolysis or protein refolding by DEG
proteases occurs in most cellular compartments and mediatess crucial functions in the cell.

4.2

Introduction

The green-fluorescent-protein (GFP), ever since it was described first in 1962 [221], represents
one of the most important tools for scientists to reveal in vivo subcellular localisations of proteins.
Traditional localisation studies in plant cells are usually conducted by either stable or transient
expression of protein-of-interest:GFP fusion constructs in Arabidopsis thaliana or Nicothiana
bethamiana leaves. These traditional techniques possess several disadvantages. It is not guaranteed
that, in transient expression assays, the Agrobacteria do transform all the epidermal cells at the same
rate, resulting in an uneven expression of the protein-of-interest in the plant. Furthermore, thin-layer
cuts of live plant tissue never result in single cell layers and do usually harm many surrounding cells,
making it difficult to obtain proper microscopy images. Finally, the application of heterologous
plant systems, like Nicothiana cells for investigations of Arabidopsis proteins, can never lead to
indisputable data due to interspecies distinctions. Other classic approaches, like protoplastation
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of Arabidopsis cells prior to microscopy analysis try to circumvent those problems. However,
protoplasts are more fragile, thus, handling is more difficult, long-term storage is not possible and
they cannot be used to investigate cell wall proteins.
A. thaliana suspension cell cultures represent a subtle approach devoid of all those disadvantages.
Establishment of a clean suspension culture is delicate and time consuming, nevertheless, subsequent
transformation and microscopy analysis of the cells is very easy and effective. Another advantage
of A. thaliana suspension cultures is their enormous duplication rate. Compared to Arabidopsis
plants, grown on soil, the suspension cells represent a time and laboratory-space saving approach to
gain large amounts of plant material. The need of high initial source quantities for purification and
enrichment of sole organelles like nuclei favors the application of cell cultures over whole plants,
especially, when high protein concentrations of purified compartments are needed, for example in
2D-electrophoresis assays.
The main focus of this project was on the subcellular localisation of DEG proteases in A.
thaliana. Initially characterised as degradation of periplasmatic proteins (DegP)/ high temperature
requirement A (HtrA) in Escherichia coli [41, 118], they were subsequently identified in nearly
all organism [213]. They are all ATP-independent serine endopeptidases with a catalytic triad
composed of histidine, aspartate and serine [42]. Additionally, most of them possess one or more
PDZ domains, known to be crucial for protein interaction [99, 192]. Within the eukaryotes, it is
interesting to note that plants possess far more DEG proteases than any other taxon. Fungi and
yeast possess only one DEG protease [215] while 5 DEG were found in mammals [42, 86]. In A.
thaliana, genes for 16 DEG proteases were found, nevertheless some of them are suspected to be
pseudogenes only with no protein-coding ability (for review, see [215]). Schuhmann et al. [213]
proposed that the high number of DEG proteases was mainly caused by gene duplication events.
Additionally, there was a tendency observed for an increased number of other serine protease family
members in plants [207]. However, the reason for this unusual high amount of DEG proteases in
planta is far from being understood. Based on DNA sequence analysis predictions, most of the
DEGs are located in the plant chloroplast, some are predicted in mitochondria, one in the nucleus
and one in peroxisomes [215]). Biochemical localisation assays for most of the DEG proteases in A.
thaliana are still missing though. Until now, mainly chloroplastic DEGs were in focus of scientific
attention. DEG1, DEG5 and DEG8 were found in the chloroplast thylakoid lumen [98, 181, 212],
whereby DEG1 was shown to be attached to the luminal side of the thylakoid membrane [98].
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DEG2 and DEG7 were reported to be attached to the stromal side of the thylakoid membrane
[81, 235]. Solely DEG15 was found in plant peroxisomes [214]. Nevertheless, most of the data
relied on immunodetection approaches, fluorescence assays are rather rare. Data on the remaining
DEGs is even completely missing so far.
In the present study, we investigated the in vivo localisation of DEG2, DEG7, DEG9, DEG10 and
DEG14 in A. thaliana, using GFP-fusion constructs. We demonstrated the advantages of A. thaliana
cell suspension cultures for microscopy analysis as well as a reliable source of large quantities
of plant material for organelle purification assays. We were able to confirm the localisation of
DEG2 in the chloroplast, DEG9 in the nucleus/nucleolus and DEG10 and DEG14 in mitochondria.
Concerning DEG7, we were not able to confirm previous reports of localisation in the chloroplast
by our colleagues Sun et al. [235]. Our DEG7:GFP construct showed a clear nuclear localisation
within the cell, raising the question if several splicing-variants of A. thaliana DEG7 exist, or DEG7
migrates from the nucleus under certain conditions.

4.3

Results & Discussion

4.3.1 Establishment of an Arabidopsis thaliana cell suspension culture
system
We were able to develop a proper suspension culture out of A. thaliana seedlings within 3 months
(Figure 4.1), testing their suitability for localisation assays by Agrobacteria mediated transient
transformation. Figure 4.1C shows a transient expression of DEG9:GFP in a single suspension
cell, displaying a well-defined nucleolar localisation (for more details on DEG9, see Chapter 4.3.2,
Figure 4.4). Being able to investigate a single plant cell, devoid of their connection to other cell
structures, is especially great for detailed localisation assays of proteins in "difficult-to-distinguish"
compartments, like mitochondria or peroxisomes. Figure 4.1 demonstrates the clear advantages of a
clean single cell system for fluorescence-based localisation assays. Furthermore, suspension cell
cultures are particular suitable for investigations of cell wall proteins, which are usually difficult to
extract from the membrane. Borderies et al. [27] reported the proteomic analysis of loosely bound
cell wall proteins of Arabidopsis thaliana cell suspension cultures, simply releasing the membrane
bound proteins using different salts or chelating agents.
However, frequent sub-cultivation of suspension cultures inevitably increases the risk of bacterial
or fungal contaminations. Concerning that problem, several protocols were developed to maintain
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Figure 4.1: GFP-fusion protein expression in Arabidopsis thaliana liquid cell culture system A Proliferating cell
suspension culture after 5 weeks cultivation B Morphology of loosely stacked single A. thaliana suspension
cells after 10 weeks of cultivation C Transient expression of DEG9:GFP in suspension cultured cells, showing
nucleolar localisation. Scale bar, 20 µm. Arrow indicates the nucleus, arrowhead indicates the nucleolus

a working suspension cell culture without the need and risk of weekly sub-cultivation. Ogawa
et al. [171] established a simple protocol to cryopreserve suspension cell cultures, observing no
significant changes in gene expression or metabolism rates after thawing. However, we conducted
a slightly different approach, avoiding cryopreservation of our cultures but rather reducing their
growth rate to a level, where only monthly sub-cultivation is required. This was achieved by utilising
a growth medium without sucrose as carbon source and instead presenting an external CO2 source
in an additional Erlenmeyer flask, connected through a glass-tube connector. In case that a high
quantity of suspension cells was required again, the initial growth rate of the stored culture was
simply restored by transferring the cells back in growth medium containing sucrose. One week of
cultivation was sufficient to restore initial growth rates. Concerning purification assays, cells of
suspension cultures can easily be disrupted by osmotic shock, without the need of blending the
suspension. Avoiding harsh treatment of the cells results in a dramatically increased yield of intact
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Figure 4.2: Localisation of A. thaliana DEG2 in chloroplasts A Isolated protoplasts of A. thaliana overexpressing DEG2:GFP, showing co-localisation of DEG2:GFP with chlorophyll fluorescence. B Immunodetection of DEG2 and DEG2:GFP in cell fractions using DEG2 (α DEG2) and GFP (α GFP) antisera. No GFP
was detected in wild-type (wt) plants, excluding unspecific binding of the GFP antibody. DEG2:GFP was
slightly recognised in the DEG2:GFP overexpressing plants by the αDEG2 antisera (indicated by arrow). No
unbound GFP was detected. Scale bar 20 µm

organelles. Thereby, cell suspension cultures are highly suitable for organelle purification assays.
Especially purifications of low abundant organelles like nuclei require high quantities of source
material. We were able to yield 500-800 g dense cells (fresh weight) per week, using only one
Erlenmeyer flask on a rotary shaker, highlighting the suitability of A. thaliana suspension cultures
not only for localisation studies but also for organelle purification assays.

4.3.2 Localisation of Arabidopsis thaliana DEG proteases
DEG2 is localised in plant chloroplasts
DEG2 was already reported as being localised at the stromal side of the thylakoid membrane of
chloroplasts in A. thaliana, using mechanical organelle fractionation and an antiserum specifically
raised against DEG2 [81]. We will discuss the specific role of DEG2 in the chloroplast in chapter 5.
Nevertheless, the exact reason for the detection of DEG2 in the cytoplasmatic fraction and thus a
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potential dual localisation of DEG2 in additional compartments had not been analysed previously.
Here we present the first microscopy images of a DEG2:GFP fusion construct (Figure 4.2A),
stably expressed in A. thaliana protoplasts. An immunodetection assay using DEG2 (αDEG2)
and GFP (α GFP) antisera confirmed that our finding was not a GFP-related false positive signal
(Figure 4.2B). Slight amounts of GFP-coupled DEG2 were detected by the αDEG2 antisera as well
(Figure 4.2B, indicated by arrow). Soluble, free GFP without coupling to DEG2 could not be detected. Hence, our data strongly supports the exclusive localisation of DEG2 in the plant chloroplast.

A dual localisation of DEG7?
The localisation of A. thaliana DEG7 is far more controversial. Our colleagues Sun et al. [235]
published reasonable data about the localisation of DEG7 in the chloroplast, including evidence
for a participation of DEG7 in the repair of photosystem II (PSII) after photoinhibition. This is in
strong contrast to our own observations, which suggest an exclusive nuclear localisation of DEG7
(Figure 4.3). Sun et al. [235] expressed the N-terminal 243 amino acids of DEG7 fused to a GFP in
A. thaliana protoplasts and confirmed the chloroplastic localisation of DEG7 by immunoblotting.
We exclusively found DEG7 in plant nuclei (Figure 4.3), using full-length DEG7:GFP fusion as well
as immunodetection assays with DEG7 antisera (either raised in our lab specifically against DEG7
full-length, or kindly provided by Sun et al. [235]). Whatsoever, we were not able to detect any
evidence of DEG7 in chloroplasts, neither via fluorescence microscopy nor via immunodetection
in purified plant compartments. The nucleus represents the most prominent structure in the plant
cell, clearly visible by light microscopy (for detailed discussion, see chapter 3). Within the nucleus,
around 30 different sub-compartments have been discovered so far, among which the nucleolus
represent the most distinct one [50]. Those compartments are not surrounded by membranes but
rather are a result of self-organisation [155]. Therefore, the nuclear content is highly dynamic and in
constant exchange, remodeling the nuclear structure constantly [155]. Proteomic data available for
A. thaliana nuclei suggests that most nuclear proteins are involved in signaling and gene regulation,
highlighting the importance of the nucleus as cellular regulator [53]. Regarding nuclear proteases,
most of the proteolytic degradation in the nucleus is attributed to the 26S-proteasome, the major
protein degradation machinery in eukaryotes [85, 200, 250], described to be located in the cytoplasm
and nucleoplasm of mammalian cells, but not in the nucleolus nor in the nuclear envelope [200, 208].
However, due to the highly dynamic nature of the nuclear organelles, proteins have been shown to
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Figure 4.3: Localisation of A. thaliana DEG7 in nuclei A Epidermis cells of an Agrobacterium-infiltrated leaf
of Nicotiana benthamiana. Transiently expressed DEG7:GFP fluorescence co-localised with Hoechst-stained
cell nuclei B Immunodetection of full length DEG7 in nucleus preparations. DEG2 (chloroplast) and Histone 3
(H3, nuclear) antisera served as negative and positive control, respectively, for successful nuclei purification.
DEG7 was detected both with specific DEG7 antisera, and with GFP antisera, confirming the nuclear
localisation. Scale bar, 10 µm

shuttle between the nucleoplasm and the nucleolus and were degraded by the proteasome [129] in
an ubiquitin/sumotylation depended proteolytic pathway [44, 224].
The DEG7 orthologue in Saccharomyces cerevisiae, Nma111p (nuclear mediator of apoptosis)
was reported to be localised in the nucleus and shown to be involved in apoptosis and interacting
with the nuclear pore complex [55]. Yeast cells lacking Nma111p were more resistant against
reactive oxygen species (ROS) and showed higher survival rates at elevated temperatures. In this
context, we can speculate that our findings of DEG7 in the nucleus could be ascribed to a relocation
of the DEG7 protease from the chloroplast to the nucleus under environmental stress conditions,
like elevated temperatures or high light intensities. Such a transport mechanism between organelles
and nuclei has already been described by Krause and Krupinska [123]. Nevertheless, we must
stress that the findings reported by the group of Sun et al. [235] are based on expression of the
N-terminus of DEG7, fused to GFP, while our data relies on full-length DEG7 constructs. Due to
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the fact that the DEG7 protein is twice as large as the other known DEGs, possessing one active and
one degenerated protease domain and 4 PDZ domains [42, 215], one might conclude that different
splice variants of the protease exists, or alternative start codons might lead to differently localised
DEG7 versions. However, due to the fact that the report from our colleagues Sun et al. [235] lacks
extensive controls concerning a nuclear localisation of DEG7, we can postulate that the DEG7
protease can be found in both, the nucleus and the chloroplast.

DEG9 is targeted to the A. thaliana nucleolus
The nucleolus [130] is basically an agglomeration of RNA, pre-ribosomal subunits and other
proteins, formed by their mutual interaction and is responsible mainly for ribosome biogenesis
[133]. Concerning nucleolar proteases, there is only limited data available. Nishida and Yamada
[167] reported the nucleolar protease SENP3 [13] acting as a new regulator of the p53-Mdm2
pathway, influencing cell growth and apoptosis in mammals. Further studies concerning that
protease revealed an involvement of SENP3 in maturation and nucleolar release of the large
ribosomal subunit [57]. Applying a proteomics approach, Pendle et al. [183] identified two other
proteases in the nucleolus, the ubiquitin-specific protease 26 (UBP26) [211, 228], which is acting
as a transcriptional activator, and the ubiquitin-independent protease DEG9.
Confirming the proteomic data of our colleagues [183], we demonstrated that A. thaliana DEG9
is a nuclear protease, most abundant in the nucleolus (Figure 4.4). Using truncated DEG9:GFP
fusion constructs, transiently expressed in N. benthamiana leaves, we were able to show that the
N-terminal part of DEG9 (DEG9 Nt) is contributing to the retention of the protease in the nucleus
(Figure 4.4C). Expression of the truncated protease domain of DEG9 fused to GFP (DEG9 PD)
displayed a scattered fluorescence signal all over the cell. However, most of the signal was still
retained in the nucleus (Figure 4.4D). Therefore, we can conclude, that the protease domain itself
mediates nuclear import of DEG9 while it plays only a minor role in the intra-nuclear association
to the nucleolus. Interestingly, expression of a full-length, inactive variant of DEG9 (active serine
replaced with an alanine, DEG9 S-A), resulted in a very defined nucleolar localisation (Figure 4.4E),
indicating that the active protease is potentially cleaving nucleolar interaction-partners and thereby
loosening its association with the nucleolus. This hypothesis is particular interesting since only the
proteasome was shown to degrade nucleolar proteins so far [38, 129]. However, the physiological
role of DEG7 and DEG9 within the nucleus remains a matter of debate. Concerning our findings,
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Figure 4.4: Localisation of A. thaliana DEG9 in nuclei A Epidermal cells of Agrobacterium infiltrated leaf of
Nicotiana benthamiana. Transiently expressed full-length DEG9:GFP fluorescence co-localised with Hoechststained cell nuclei. Well-defined, roundish GFP signal within the nucleus indicates that the majority of
DEG2:GFP protein is localised in the nucleolus B Immunodetection of DEG9 in purified nucleus preparations.
DEG2 and Histone 3 (H3) antisera served as negative and positive control, respectively C D E Localisation
of truncated versions of A. thaliana DEG9 C N-terminal region of DEG9 (DEG9 Nt) including the nuclear
localisation signal showed expected localisation D Isolated protease domain of DEG9 fused to GFP (DEG9
PD) showed mainly nuclear localisation. Weak GFP signals in the cytosol can be observed as well E DEG9
with inactive protease domain (DEG9 S-A) displays clear nucleolar localisation. Scale bar 10 µm
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we can at least hypothise that nuclear DEG proteases are part of a regulatory network, DEG7 might
be relocated from the chloroplast to the nucleus in response to stress conditions while DEG9 could
be involved in ribosomal biogenesis.

DEG proteases in mitochondria
The knowledge of the function DEG proteases in the mitochondria is very limited. Mitochondria are
mainly responsible for cell growth by respiratory ATP production through oxidative phosphorylation,
however, their involvement in apoptosis and lipid and fatty acid metabolism was indicated [206].
There are six DEG proteases in A. thaliana, predicted to be localised in mitochondria [88]. Three of
them seem to be pseudogenes only since no data on protein or transcript level of DEG3, DEG4 and
DEG12 is available through public accessible microarray databases. DEG11, which is predicted
to be a mitochondrial protein, was dubiously detected in a large-scale proteomic approach in
chloroplast thylakoid membranes, questioning the sequence-based prediction [59]. For DEG10
and DEG14, the prediction algorithms strongly indicate a mitochondrial localisation. Until today,
knowledge of DEG10 was limited to transcript level data. Sinvany-Villalobo et al. [222] reported
the increase of DEG10 transcript levels in response to high temperature treatment, indicating a
role of DEG10 in high-temperature stress response mechanism. Lister et al. [142] observed a
2.1-fold increase of DEG10 transcript level after treatment of Arabidopsis cell culture with the
mitochondrial electron transport chain inhibitor rotenone, indicating that DEG10 might be required
for the repair of damaged respiratory chain subunits. Concerning DEG14, there are indications of
an involvement in thermo-tolerance of A. thaliana plants. Larkindale and Vierling [132] reported
increased DEG14 transcript level in heat-stress adapted plants, but not in plants directly exposed to
heat shock. However, literally nothing is known about the physiological function of mitochondrial
DEG proteases so far. Here we present the first fluorescence microscopy images of DEG10:GFP
and DEG14:GFP fusion constructs (Figure 4.5), showing a clear mitochondrial localisation for both
proteases. We were able to confirm our findings by immunoblotting of purified mitochondria, using
either specific DEG10 or GFP antisera. Therefore, we can exclude co-localisation of those DEG
proteases in other organelles, supporting their importance in mitochondria.
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Figure 4.5: Localisation of A. thaliana DEG10
and DEG14 in mitochondria A Protoplast from an
A. thaliana plant stable expressing a DEG10:GFP
fusion protein. DEG10:GFP fluorescence colocalises with Mitotracker (mtr)-stained mitochondria B A. thaliana protoplast expressing
stable transformed full-length DEG14:GFP, colocalising with Mitotracker (mtr)-stained mitochondria. Chlorophyll fluorescence (chl) identifies
chloroplasts. Scale bar 20 µm C Immunodetection with anti-DEG10 antisera displays enrichment of DEG10 in purified mitochondria fraction.
Anti-DEG2 (chloroplast) and Anti-Histone 3 (H3,
nuclear) served as negative controls, detecting
chloroplast or nuclei contaminations. Detection of
mitochondrial protein Arginase served as positive
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Material & Methods

4.4.1 Molecular cloning
Table 4.1: Primerlist
Primer

sense

antisense

DEG2w/oStop
DEG7w/oStop
DEG9w/oStop
DEG9Nt
DEG9PD
DEG9S-A
Deg10w/oStop

CACCATGGCCGCCTCCGTAGCAAA
CACCATGGGAGATCCGTTGGA
CACCATGAAGAATTCTGAGAAGAGAGG
CACCATGAAGAATTCTGAGAAGAGAGG
CACCACTACTGAATCGATTCCCGCTG
GCTATTAATTCTGGGAATGCTGGTGGTCCTGCATTTAATG
ATGCTGCTCCGGTCATTTCGC

TGCCCACACCAGTCCATCAAA
CTGCAAGGCTTTCAATATATTTCT
GTTTCTTTCTTCAGTCTTGAGATC
AGCGGGAATCGATTCAGTAGTT
CCCTGTGTATTTATCATGCTTCTCATAATC
CAGGACCACCAGCATTCCCAGAATTAATAGCTGCAT
AACCGCAGAACAAGAAGCCAAC

A. thaliana cDNA was obtained using a cDNA Synthesis kit (Roche) and used as template for
subsequent standard PCR reactions. Primers described in Table 4.1 were used to amplify the DEG
protease of interest. PCR products were purified using a QIAquick PCR Purification kit (Qiagen)
and directly TOPO-cloned into the gateway compatible pENTR/D-TOPO backbone (Invitrogen)
and transformed into E. coli DH5α. Expressed plasmids were purified (QIAquick Plasmid Kit
(Qiagen)), verified by sequencing (GATC Germany) and further cloned via the Gateway LR clonase
reaction (Invitrogen) into pEarlygate103 (pEG103) destination vectors, fusing a C-terminal GFPand 6xHis-tag with the DEG protease of interest. Proper insertion of the DEG gene into the pEG103
backbone was confirmed by sequencing (GATC Germany).

4.4.2 Plant material
Arabidopsis thaliana (L.) cv. Columbia and Nicotiana benthamiana were cultivated in a climate
chamber on sterilised soil (professional soil type P, Gebr. Patzer GmbH & Co, Sinntal-Jossa,
Germany) at 21 °C at a photon flux density of 100 to 120 µmol photons m-2 s-1 at 60 % humidity
and a light regime of 8 hours light/16 hours dark (short day conditions).
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4.4.3 Establishment of A. thaliana suspension cell cultures
An A. thaliana suspension culture was established as described by [149] with minor modifications.
Briefly, sterile A. thaliana seeds were directly transferred into 50 ml CM medium (1x MS, 2x Gamborgs Vitamins, 3 % Sucrose, 0.5 mg/l 1-naphthaleneacetic acid (NAA), 0,1 mg/l Kinetin, pH 5.8,
0.5 mg 2,4-dichlorophenoxyacetic acid (2,4-D), 2.0 mg indole-3-acetic acid (IAA)), synchronised
at 4 °C in the dark overnight and subsequently grown with 8 h light (120 µE m-2 s-1 )/16 h dark at 22
°C on a rotary shaker (120 rpm). After 20 days, released cell clumps were harvested through a 500
µm sieve and seedlings returned to 50 ml fresh CM. Filtered cells were pelleted and 50 ml fresh
CM was added. During the first two rounds of sub-cultivation, cells were divided into two 250 ml
flasks, pelleted, and after removing excess of medium, resuspended in 50 ml of fresh CM. During
subsequent sub-cultures, 10 ml of one week old cultures was diluted in 40 ml fresh CM medium.
After 8 weeks of sub-cultivation a fine cell suspension culture was obtained.
Long-time storage of suspension cell cultures was achieved by replacing the growth medium
with a sucrose-depleted CM medium and presenting an external carbon source (1.6 M KHCO3 , 0.6
M K2 CO3 ) in a second Erlenmeyer flask, connected through a connector-tube.

4.4.4 Protoplasts isolation
Protoplasts were isolated as described by Mathur et al. [149] with minor modifications. Leaves were
dipped in 70% Ethanol, cut into small pieces using a fresh razorblade and washed briefly in sterile
0.45 M sorbitol. Pieces were transferred to a petri dish and incubated in the dark at RT overnight in
isolation medium (0,45M Sorbitol, 0.5x MS, 1 % Cellulase, 0.25 % Macerozym). Protoplasts were
purified using a fine sieve (100 µm) and stored in 0.45 M sorbitol at 4 °C.

4.4.5 Agrobacterium-mediated genetic transformation
DEG/pEG103:GFP fusion vectors were transformed into Agrobacterium tumefaciens GV3101 via
heat shock according to Wroblewski et al. [260]. Cells were grown in YEP medium (1 % (w/v)
yeast extract, 1 % (w/v) peptone, 0.5 % (w/V) NaCl, pH 7.0) at 28 °C for 2 days, until very dense.
Transient transformation of A. thaliana protoplasts and cell suspension cultures was conducted by
simple addition of 100 µl dense Agrobacterium solution to each 10 ml suspension culture. The
cultures were subsequently incubated for 24 hours, 22 °C in the dark before being analysed by
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microscopy. Transient transformation of tobacco epidermal cells was performed as described earlier
[225]. Stable transformation of A. thaliana plants by "Floral Dip" was already described in detail
by Zhang et al. [267].

4.4.6 Organelle purification
Chloroplasts
Chloroplasts were purified according to Peltier et al. [182] with minor modifications: A. thaliana wt
plants were grown in batches (30x40 cm) for 4 weeks at short day conditions (8 h light (120 µE m-2
s-1 )/18 h dark). Plants (approx. 100 g fresh-weight) were harvested and washed with ddH2 O. Cells
were broken using a Polytron (Fisher Scientific), lysate was subsequently filtered through 4 layers
of miracloth (Merck) and crude chloroplasts were pelleted with 1100 g for 2 min. Chloroplast pellet
was gently resuspended in 3 ml HS buffer (50 mM Hepes, 330 mM Sorbitol, 5 mM MgCl2 , pH 8)
using a fine brush. Suspension was applied onto a two-step (80%/40%) Percoll (SIGMA) gradient
and centrifuged for 10 min at 3750 g w/o break. Two bands were visible after centrifugation,
upper one containing broken chloroplasts, lower one containing the intact chloroplasts. The latter
one was collected using a Pasteur pipette and chloroplast integrity was checked by microscopy.
Chloroplasts were washed once in three volumes of HS buffer and pelleted at 1100 g for 2 min.
Purified chloroplasts were resuspended 1x LDS buffer (10 % Glycerol, 5 % 1M Tris, 2.3 % LDS,
0.75 % DTT, 0.02 % Bromophenol blue) and boiled for 5 min at 95 °C.

Mitochondria
Mitochondria were isolated from A. thaliana suspension cultures as described by Eubel et al.
[54]. Briefly, plant material was grinded in grinding buffer (400 mM Mannitol, 2 mM EDTA, 40
mM MOPS, 0,2 % BSA, 5 mM Tricine, 5 mM DTT, 1 % PVP-40) (total protein sample).The
homogenate was filtered through a 50 µm nylon mesh (crude soluble sample). The filtrate was
subsequently centrifuged for 10 min at 20 000 g. The supernatant was retained for later tests
(cytosolic fraction), while the pellet (crude pellet) was resuspended in washing buffer (400 mM
Mannitol, 1 mM EDTA, 10 mM MOPS, 0,1 % BSA) and centrifuged for 5 min at 1000 g to sediment
predominantly chloroplasts. The yielded supernatant was again centrifuged for 15 min at 15 000
g (organelles w/o chloroplasts). The pellet was washed again and centrifuging for 15 min at 15
000g (crude mitochondria). The crude mitochondria were subsequently loaded onto a linear 28 %
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Percoll (SIGMA) gradient and centrifuged for 45 min at 40 000 g. The yellow/brownish band below
the green chloroplast fragments, containing mitochondria, was collected and washed again in 4
volumes washing buffer. After centrifugation for 15 min at 18 000 g , the purified mitochondria
were resuspended in grinding buffer and stored at -20 °C until further use.
Nuclei
A. thaliana protoplasts were pelleted and resuspended in ice-cold GHS buffer (100 mM glycine,
0.1 % hexylene glycol, 0.37 M sucrose, 0.3 mM Spermine, 1.0 mM Spermidine, pH 8.3 with
Ca(OH)2 and kept at 4 °C for 10 min. Nuclei were released by addition of Triton X-100 to a final
concentration of 0.1 %. After incubation for 5 min, nuclei were pelleted (1000 g for 15 min at
4 °C). Supernatant (cytoplasmic fraction) was stored at -20 °C. Pelleted nuclei were washed two
times with GHST (GHS + 0.1 % Triton X-100), then finally resuspended in 1x LDS buffer (10 %
Glycerol, 5 % 1M Tris, 2.3 % LDS, 0.75 % DTT, 0.02 % Bromophenol blue) and boiled for 5 min
at 95 °C.

4.4.7 Total protein extraction
A. thaliana leaves were lysed for 2 min at 22/s using a TissueLyser (Qiagen) in 100 µl HEPES
Buffer (100 mM HEPES, 5 mM MgCl2 ). The lysate was filtered through Miracloth (Merck) and
centrifuged for 10 min at 25 000 g and 4 °C. The soluble proteins were precipitated for 30 min
at 4 °C with 5 % (final concentration) trichloroacetic acid and centrifuged for 10 min at 25 000
g and 4 °C. The supernatant was discarded and the pellet was washed with 100 % ethanol. After
centrifugation for 3 min at 25 000 g and 4 °C, the supernatant was discarded and the pellet dried.
After determining the weight of the pellets, the pellets were resuspended in an adequate amount (10
µl buffer per 1 mg pellet) of 2x LDS buffer (20 % Glycerol, 10 % 1 M Tris, 4.67 % LDS, 1.5 %
DTT, 0.05 % Bromophenol blue) and heated for 10 min at 95 °C.
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4.4.8 Immunodetection
Protein extracts were separated by SDS-PAGE as described [128]. 5 µg of each sample were
loaded on 10 % SDS-PAGE gels. The separated proteins were transferred to PVDF membranes
(Amersham Biosciences) using a semidry blot system (Biometra). Membranes were incubated with
blocking buffer (5 % low-fat dry milk in 1x PBS (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2 HPO4 , 0.24
g/l KH2 PO4 ) with 0.2 % Tween-20) for 1 hour at room temperature (RT) and incubated with the
primary antibodies (see Table 4.2), overnight at RT. After incubation, the membranes were washed
three times with PBS/ 0.1 % Tween and incubated with HRP-conjugated Goat anti-rabbit IgG
(1:10 000, Agrisera) for 3 hours at RT. After three washing steps, the blot was developed with ECL
Plus Western Blotting Detection Agent and Chemiluminescence film (GE Healthcare Amersham).

Table 4.2: Antibodies

reactive against

Dilution

Source

DEG2
DEG7
DEG9
DEG10
GFP
Histon H3
Arginase

1:1000
1:1000
1:1000
1:500
1:1000
1:5000
1:5000

Huesgen et al.
Sun et al.
Huesgen et al.
Zeiser et al.
Invitrogen
Agrisera
Fisher Scientific

4.4.9 Microscopy
Equipment
All microscopy images were obtained using an Axioplan 20 (Zeiss) with Apotome, Plan Neofluar
lenses and Axiocam Hrc detector. Image processing was performed using Axiovision v4.8 (Zeiss)
and Adobe Photoshop CS5.
Organelle control stains
Nuclei of A. thaliana and N. benthamiana were stained using the blue fluorescent dye Hoechst
33342 (Invitrogen) according to the manufacturer. Mitochondria of A. thaliana samples were
labeled using Mitotracker probes (Invitrogen) as described.
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Dissections
Leave areas of transiently transformed N. benthamiana or stable transformed A. thaliana plants
were infiltrated with HS buffer (50 mM Hepes, 330 mM Sorbitol, 5 mM MgCl2 , pH 8) using a
syringe prior to cutting out thin-slices with a fresh razorblade.
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5.1

Abstract

Light is essential for plants; however, too much of it leads inevitably to damage of the photosynthetic apparatus. The D1 protein of photosystem II (PSII) is known as the primary target to
photooxidative damage, but other proteins of the photosystems are affected as well. There are
indications that Arabidopsis thaliana serine-type protease DEG2 is involved in degradation of D1
and Lhcb6 subunits of photosynthetic complexes and does influence the plant phenotype. Here we
present new data arising from comparison of A. thaliana wild-type (wt) plants with knock-out (ko)
mutants lacking DEG2 (deg2), which is present mainly in photosynthetically active tissue. It is
demonstrated that DEG2 level remain constant in response to induced light-stress. Phenotypical
comparison of A. thaliana wt plants with deg2 ko mutants showed that the latter possess a shorter
root length under in vitro conditions. We were also able to complement this phenotype by addition
of sucrose or 1-naphthaleneacetic acid to the growth medium, indicating a possible involvement of
DEG2 in carbon metabolism or hormone homeostasis. Moreover, comparative proteomics revealed
the up and down-regulation of several subunits of the photosynthetic apparatus suggesting a clear
relation with energy metabolism. In summary, our data implies that DEG2 is essential for normal
plant development and does possess a much broader substrate specificity than previously described.

Keywords
Arabidopis thaliana, DEG2, serine-protease, root length, comparative proteomics

5.2

Introduction

Organisms that perform oxygenic photosynthesis are exposed to oxygen toxicity due to the generation of reactive oxygen species. Consequentially, damaged or denaturated proteins are either
refolded by molecular chaperons or degraded by proteolytic systems. The family of serine Deg/HtrA
proteases represents ATP-independent enzymes that combine both, chaperone and protease activities.
Sixteen Deg/HtrA proteases have been identified in Arabidopsis thaliana [1, 62, 215]. Out of
16 Deg/HtrA proteases five were experimentally proven to be located in the chloroplast. DEG1,
DEG5 and DEG8 were found in the thylakoid lumen [98, 182, 212], whereby DEG1 was shown to
be attached to the luminal side of the thylakoid membrane. DEG2 and DEG7 were reported to be
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attached to the stromal side of the thylakoid membrane [81, 236]. Two luminal proteins, such as
plastocyanin (PC) and the PsbO subunit of the photosystem II (PSII) oxygen-evolving complex,
and photodamaged D1 protein from PSII reaction center were identified as substrates of DEG1
[37, 112]. This led to the hypothesis that DEG1 maintains protein homeostasis in the thylakoid
lumen. Also DEG2 was reported to degrade photodamaged D1 protein at in vitro conditions [81].
However, this function could not be confirmed in vivo [89]. Recently, it was reported that the
degradation of Lhcb6, the minor light-harvesting protein of PSII, was impaired in A. thaliana deg2
knock-out mutants under short-term high salt, wounding, high temperature and high irradiance
stress conditions [144].
Here we report novel findings concerning the serine-type protease DEG2 in A. thaliana. DEG2
is found mainly in photosynthetically active (green) tissue, only a few traces of the protein were
detected in roots or seeds of A. thaliana. It is shown that the expression of DEG2 correlates
negatively with senescence initiation. Our data indicates that DEG2 activity is not regulated at
transcript level during light stress. Furthermore, no change of DEG2 protein level in A. thaliana wt
plants during high-light exposure and subsequent recovery was observed. This is in strong contrast
to previously published data. Sinvany-Villalobo et al. [222] published microarray data showing an
up-regulation of DEG2 transcript in response to high-light stress, while Adamiec et al. [3] reported
a down-regulation of DEG2 transcript under those conditions. Interestingly, even though almost no
DEG2 protein was detectable in roots, phenotypical comparison of A. thaliana wild-type (wt) plants
with deg2 knock-out (ko) mutants showed that the latter possess a shorter root length under in vitro
conditions. We were able to complement this striking phenotype by simple addition of sucrose to
the medium, indicating an influence of DEG2 on carbon metabolism or on the overall fitness of the
plants.
Thus, in order to get a better understanding of the complex interactions within the plant chloroplast, we applied a comparative proteomics assay, comparing isolated stroma proteomes of A.
thaliana wt and deg2 ko plants. The amount of two subunits of Photosystem I (PsaN and PsaE),
one subunit of Photosystem II (PsbP1) and plastocyanin (PC) are significantly influenced by the
lack of the DEG2 protease in deg2 ko mutants, indicating a much broader substrate specificity of
this protease than previously described. Other groups [112, 143] have already published a relation
between the stromal located DEG2 protease and the luminal located DEG1 protease, while Chassin
et al. [37] demonstrated, that DEG1 is able to degrade PC and PsbO in vitro. We were able to
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confirm the relation of DEG2 and DEG1 by demonstrating that DEG1 protein level decreases
in the absence of DEG2, hence supporting the data published by Lucinski et al. [143]. In that
context, we propose that putative substrates of DEG2 on both the stromal and luminal side of
the thylakoid membrane might harbor a substrate recognition motif common for all chloroplast
Deg/HtrA proteases that is recognised during the purification procedure.

5.3

Results and Discussion

5.3.1 Evaluation of DEG2 expression in photosynthetically active organs
and tissues
It was reported that the DEG2 protease is located at the stromal side of the thylakoid membrane
in A. thaliana [81], while DEG1 is located in the thylakoid lumen [98]. Here we tested whether
DEG2 or DEG1 are expressed also in non-photosynthetic plastids. To answer this question, the
expression of DEG2 and DEG1 protein in different plant organs containing photosynthetically
active (e.g. leaves, stems, green siliques and flower buds) and inactive (roots and seeds) plastids
was investigated. Immunoblot analysis revealed that DEG2 was expressed to a large amount in
chloroplast-containing organs (Figure 5.1A). DEG1 protein was completely absent in seeds, roots
and flowers, while small traces of DEG2 protein were detected in roots and seeds. This is in
accordance to data of mRNA levels of those two proteases from microarrays (Arabidopsis eFP
Browser, The Bio-Array Resource for Plant Biology [258]) where only small amounts of DEG2
and DEG1 mRNA are reported in photosynthetically inactive tissues (Figure 5.1B). To test whether
the expression of DEG2 is developmentally regulated, we investigated the presence of this protein
in leaves of different senescence stages. Immunoblot analysis demonstrated that the highest amount
of DEG2 protein was present in mature leaves and its amount decreased strongly with progressing
senescence (Figure 5.1C). These data suggest that DEG2 plays a role in photosynthetically active
tissues and might be less important during senescence. This is supporting the hypothesis that the
DEG2 protease is involved in a general quality control of photosynthetic proteins located in the
chloroplast stroma and/or at the stromal side of the thylakoid membrane (reviewed by Schuhmann
et al. [215]).
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Figure 5.1: Expression of DEG2 in photosynthetic and non-photosynthetic tissues A The amount of DEG2
and DEG1 in total cell extracts (5 µg protein per lane) isolated from different plant organs was analysed
by immunoblotting B mRNA levels of DEG1 and DEG2 from microarrays (Arabidopsis eFP Browser, The
Bio-Array Resource for Plant Biology [258]) C Presence of DEG2 at different senescence levels (leaves of
mature 6 weeks old until senescing 14 weeks old plants). 5 µg total protein was loaded at each stage and
analysed by immunoblotting.

5.3.2 Evaluation of DEG2 expression in response to light stress
Protease activity can be regulated at the expression, activity or substrate level. To investigate
at which level the DEG2 activity is regulated, we exposed A. thaliana leaves to light stress to
induce damage of photosynthetic proteins and analysed subsequently DEG2 transcript and protein
levels during stress and recovery conditions. Northern blot analysis of the DEG2 transcript (Figure
5.2A) and immunoblot analysis of the DEG2 protein (Figure 5.2B) revealed that amounts remained
constant under all light conditions tested. An induction of the early light-induced protein 1 (ELIP1)
under light stress conditions confirmed that illuminated plants suffered from photoinhibition (Figure
5.2B). ELIP1 is a thylakoid membrane protein that accumulates in response to light stress in the
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Figure 5.2: Expression of DEG2 during
light stress and recovery conditions A
Dot blot hybridisation assay of DEG2
mRNA extracted from detached leaves
at different light intensities (10-1.500
µmol m−2 s−1 ) B Detached leaves were
exposed to light stress (1.500 µmol
m−2 s−1 ) for 4 h and transferred to low
light conditions (100 µmol m−2 s−1 ) for
2 h for recovery. The amount of DEG2
protein in total cell extracts collected at
various time points was assayed by immunoblotting. The induction of ELIP1
serves as a light stress control. A
coomassie-stained gel is shown as loading control.
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PSII light-harvesting antenna and its accumulation correlates with the degree of photoinactivation
and photodamage of PSII reaction center [84]. Based on the microarray data, transcripts for DEG1
and DEG2 are increased three- to five-fold, when plants were subjected to high light (HL) intensity
[222]. In contrast, Adamiec et al. [3] published a down-regulation of DEG2 transcript under
high-light stress. Our data (Figure 5.2A) show neither changes in the level of DEG2 transcripts
nor DEG2 protein (Figure 5.2B) under HL conditions, suggesting that, if DEG2 is involved in
protein quality control in the chloroplast, as proposed previously [81, 143], its proteolytic activity is
post-translationally regulated at protease and/or substrate levels. Further in depth investigation of
DEG2 relevance in plant stress response is needed to clarify these data inconsistency.
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5.3.3 Root growth in vitro analyses of deg2 knock-out mutants
No phenotypical differences between A. thaliana deg2 knock-out mutants and wild-type plants
grown under controlled growth chamber conditions (short-day 8 h light, 21 °C/16 h dark, 19 °C,
150 µmol photons m−2 s−1 ) were observed previously [89]. Recently, Lucinski et al. [143] reported
a reduced leaf area and a modified chloroplast ultrastructure of deg2.2 and deg2.3 knock-out lines
as compared to wild-type controls under short- and long-day conditions (short-day 8 h light/ 16 h
dark, long-day 16 h light/ 8 h dark, 22 °C). However, homozygous deg2 mutant seedlings (without
detectable amounts of DEG2) (Figure 5.3A) grown under sterile conditions on agar developed
significantly shorter roots as compared to wild-type plants, both under short- and long-day conditions
(Figure 5.3B shows representative roots). No differences in the germination rate or the growth
rate of rosettes were observed (not shown). Figure 5.3C shows a representative boxplot of root
length for deg2.1 and deg2.2 knock-out compared to wild-type lines. We were able to complement
this unusual phenotype by adding 0.5 % sucrose to the MS-agar growth medium, indicating that a
deficiency in DEG2 might have an impact on carbon metabolism and/or the overall fitness of the
plant. Since DEG2 is almost absent in roots (see Figure 5.1A), one possible explanation would be
an impairment in starch production in the chloroplast and as a result, less carbon would be available
for export to the roots, which would lead to root tissue starvation and reduced growth. To test the
starch accumulation in roots and leaves, we performed starch staining but no difference in starch
quantity was observed between wild-type and deg2 mutants (data not shown). Surprisingly, wt
plants grown on MS-agar plates containing 0.5 % sucrose were smaller compared to plants grown
without sucrose. Hence, it cannot be ruled out that the presence of sucrose in the growth medium
triggers an osmotic stress response in the plant, resulting in an overall reduced growth behavior.
Furthermore, we were able to rescue the root phenotype of deg2 mutants by adding 5 nM
1-naphthaleneacetic acid (NAA) to the growth medium (Figure 5.3C). As reported previously
[194], NAA can either support root growth at low concentrations or inhibit root growth at higher
concentrations primarily through reducing the length of the growth zone. We observed, in that
context, that the overall growth behavior of plants treated with NAA was significantly weaker,
higher concentrations of NAA (10-25 nM) resulted in growth cease and even death of the seedlings
(data not shown). Thus, we cannot rule out that the observed reduction of root length through NAA
treatment simply overwhelms a DEG2 related effect on the plants. Nevertheless, DEG2 may be
involved in plant hormone homeostasis, for example the auxin or strigolacetone biosynthesis (for
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Figure 5.3: Difference in root length between Arabidopsis thaliana wild-type and deg2 mutants A DEG2
protein is absent in deg2.1 and deg2.2 ko mutants. DEG2 level was compared to quantity of the large subunit
of Rubisco (RbcL) by immunoblotting. A coomassie-stained gel served as loading control. B Representative
picture of wt roots comparted to deg2 ko C Representative boxplot showing significant differences in root
length for plants grown in 1x Murashige and Skoog (MS) medium. No significant differences were observed
after addition of 0.5 % sucrose or 5 nM 1-naphthaleneacetic acid (NAA). The number of deg2.1 and deg2.2
plants tested was N ≥ 100 per time-point with a total of 6 independent replicates. * significance level: p-value:
* = p ≤ 0.05, ** = p ≤ 0.005, *** = p ≤ 0.0005

review see [52]) and thereby influencing root growth. This could explain the unusual impact of a
chloroplast protease on root development. Such an impact of chloroplast proteins on the root growth
was reported in the past [202]. Deletion of lumen-located PsbP domain protein 5 (PPD5) led to
increased lateral root branching of A. thaliana plants. The authors were able to complement this
phenotype with a synthetic strigolactone, GR24, indicating an involvement of PPD5 in hormone
regulation. These findings are highly interesting since we found PsbP1 level up-regulated in deg2 ko
plants displaying reduced root growth (see next chapter, Figure 5.5). PsbP1 is one of the subunits of

58

5.3 Results and Discussion
the oxygen-evolving-complex, is required for optimal activity of PSII [29] and is crucial for normal
thylakoid architecture in A. thaliana [262]. In that context we can hypothesise that DEG2 might not
be directly linked to hormone homeostasis and root growth but rather have an influence on PsbP
family proteins and thereby interfering indirectly with root growth.

5.3.4 Stroma and thylakoid membrane degradomes of DEG2
As shown in Figure 5.4 and reported previously [81, 235], DEG2 is distributed between stroma and
thylakoid fractions. Therefore, we expect that DEG2 substrates should be located in these two compartments. To search for physiological substrates of DEG2 we performed comparative proteomics
on stroma fractions isolated from wild-type and deg2 knock-out plants. Proteins of purified stroma
fractions were separated by isoelectric focusing (IEF) in the first dimension in combination with
denaturing SDS-PAGE in the second dimension. We expected that in the absence of the DEG2
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Figure 5.4: Distribution of DEG2 in a total protein extract separated into soluble and membrane fractions
by ultracentrifugation. Immunoblots of a subunit of the
ATP synthase (CF1α) and the large subunit of Rubisco
(RbcL) are shown to demonstrate the quality of the
separation.

ing Applied-Maths Bionumerics v5.1. Observed
differences were tested for significance using
statistic software R v.2.13. 8 spots with highly
significant different intensities were extracted
from the gel, digested by trypsin and analysed
by mass spectrometry. We were able to identify
4 subunits of the photosynthetic apparatus, such

as photosystem II subunit P1 (PsbP1), photosystem I subunit E (PsaE) and subunit N (PsaN) and
plastocyanin (PC), whereby PsaN, PC and PsbP1 are up-regulated and PsaE down-regulated in deg2
mutants as compared to wild-type plants (Figure 5.5). The PsaE protein, located at the reducing side
of photosystem I and involved in docking the soluble electron acceptor ferredoxin [105], is the only
potential direct interaction partner of DEG2. It was reported that the ferredoxin-docking site, including PsaE is especially sensitive to ROS. The strongly reduced amount of PsaE in deg2 knock-out
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Figure 5.5: Comparative proteomics of stroma fractions from wild-type and deg2 knock-out plants. A Stroma
fractions were isolated as described in Material & Methods and proteins separated by isoelectric focusing
(IEF) in the 1st dimension and denaturating SDS-PAGE in the 2nd dimension. Gels were scanned and spots
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mass spectrometry. Replicates N = 4, 1 PsbP1, 2 PsaE, 3 PsaN, 4 PC B Statistical comparison of selected
spot volumes; * significance level: p-value: * = p ≤ 0.05, ** = p ≤ 0.005, *** = p ≤ 0.0005 C Purity of stromal
preparations. 1, 5 and 10 µg purified stroma of wild-type A. thaliana plants was tested with representative
antibodies of the different chloroplastic compartments. Lhcb2 represents an insoluble, thylakoid associated
protein and was only detected after long exposures (>30 min) in very weak quantities (not shown). Detection
of PsbP1 protein indicated a contamination of soluble, originally luminal located proteins. Rubisco large
subunit RbcL served as stroma control.
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mutants might be due to a required chaperone function of DEG2 for a proper PsaE assembly. PsbP1,
PC and PsaN are located in the thylakoid lumen or attached to the luminal side of the thylakoid
membrane, thus they rather represent contaminations caused by ruptured thylakoids during the
stroma purification procedure than DEG2 substrates in vivo. It is plausible that they are usually
recognised by DEG1, which level is strongly down-regulated in deg2 knock-out mutants [143] (Fig
5.6), due to a common DEG protease recognition motif. It was shown earlier that down-regulation
of DEG1 led to the reduced amount of DEG2 [37]. Since DEG2 is peripherally associated with the
stromal side of the thylakoid membrane [81], while DEG1 is localised in the thylakoid lumen [98], it
is unlikely for these two proteases to physically interact but rather being regulated at a superordinate
level. Redox regulation (see Chapter 6) across the thylakoid membrane, as reported previously by
Motohashi and Hisabori [161], represents one possible explanation for such an unusual interaction.
The authors describe the transfer of reducing equivalents across the thylakoid membrane through
the thioreduxin-like, membrane-anchored protein HCF164. Interestingly, since one of the identified
targets of HCF164 was PsaN [161], and DEG1, DEG2 and PsbP1 were identified as beeing redox
regulated previously [232] (Chapter 6), we could speculate that our findings catched a tiny glimpse
of a thioreduxin mediated redox regulation of DEG proteases and photosystem subunits within the
chloroplast. Anyhow, our data, in accordance with previous publications [37, 143] (Figure 5.6),
emphasises that DEG1 and DEG2 need each other for stability.
WT

deg2
DEG2
DEG1
loading
control

Figure 5.6: DEG1 level is strongly reduced in
deg2 knock-out plants (sample 4-6), as indicated
by immunoblotting. 5 µg total protein was loaded
in each lane. An unspecific signal of the DEG1 antisera (confirmed by Agrisera through massspectrometry as neither DEG nor protease-specific)
was used as loading control.

1 2 3 4 5 6

Our work presents an important step forward in understanding the complex relationship of
DEG proteases within the chloroplast. We were able to demonstrate that DEG2 transcript and
protein level remain unaffected by light stress, therefore questioning an involvement in plant stress
response. Nevertheless, an effect on root growth as well as on protein level of several subunits
of the photosynthetic apparatus could be observed. Our ability to complement the dramatic root
phenotype of deg2 ko mutants with sucrose or NAA brought up speculations about DEG2 being
involved in carbon metabolism or hormone homeostasis, even though preliminary results indicated
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that DEG2 has no effect on starch accumulation. Disappearance of the photosystem I subunit
PsaE in the chloroplast stroma in deg2 ko mutants strongly supports the hypothesis of a chaperone
function of DEG2, while up-regulation of the lumenal proteins PsaN, PC and PsbP1 could be
explained by recognition and degradation through DEG1. A positive correlation between DEG2
and luminal located DEG1 was already described [112, 143]. This indicates that DEG2 is part
of a complex machinery within the chloroplast, affecting not only stromal proteins directly, but
rather influencing a multitude of pathways. In this context, the observed root phenotype further
supports the importance of DEG2 in planta. We were able to shed a little bit of light onto the
complex correlations of chloroplast proteins, nevertheless the precise function of DEG2 in the plant
chloroplast remains to be elucidated.

5.4

Materials & Methods

5.4.1 Plant material
Arabidopsis thaliana (L.) cv. Columbia deg2 homozygous knock-out plants deg2.1 (Salk_115784)
and deg2.2 (SALK_128442) were already described by Huesgen et al. [89]. The plants were
cultivated in a climate chamber on sterilised soil (professional soil type P, Gebr. Patzer GmbH &
Co, Sinntal-Jossa, Germany) at 21 °C at a photon flux density of 100 to 120 µmol photons m-2 s-1 at
60 % humidity and a light regime of 9 hours light/15 hours dark (short day conditions). Light stress
experiments were performed on detached leaves collected from 4 to 5-week-old plants floating on
water at a constant temperature of 23 °C and a photon flux density of 10-1.500 µmol photons m-2 s-1
(HL) using a metal halide lamp (HQI-E bulb, 400 W/D, Osram). The spectrum of the lamp covered
a visible light region from 380 nm to 720 nm. Recovery conditions after light stress treatment were
performed for 2 hours at a photon flux density of 100 µmol photons m-2 s-1 (LL).

5.4.2 Phenotypical analysis of deg2 knock-out plants
In order to avoid false-positive phenotype observations, we only used three times back-crossed
mutant lines of deg2.1 and deg2.2 ko and wt seeds, which F0 generations were treated equally and
of the same age.
Seeds of A. thaliana wt, deg2.1 and deg2.2 were sterilised by incubation in 70 % ethanol for 5
min and in 1 % Na-Hypochloride, 0.01 % Triton-X 100 for 20 min. The seeds were washed twice
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with ddH2 O, covered with 0.1 % agarose solution and plated in a line in the top quarter of MS-Agar
plates (1x Murashige and Skoog medium, 15 g/l Difco Agar). The plates were stood upright to let
roots grow vertically into the agar. Plants were grown with 8 h light (120 µE m-2 s-1 )/16 h dark or 16
h light (120 µE m-2 s-1 )/8 h dark. The root length was measured after 8, 13, 16 and 20 days. A total
of 6 replicates with each replicate N ≥ 100 seeds were investigated. Open source software Image J
v1.44 was used to measure root length from scans of the plates, measuring always the longest root
from the emerging point from the plant till the tip of the root. Statistic software R v.2.13 was used
to determine the significance of the data. Shapiro-Wilk-test was used to determine the Gaussian
distribution of the data. Students T-test was used determine significance of normal distributed data.
* significance level: p-value: * = p ≤ 0.05, ** = p ≤ 0.005, *** = p ≤ 0.0005
To compare the amount of accumulated starch within the root tip, we destained the roots with
100 % ethanol until completely destained and stained the starch granula with I2/KI (2g I2/10g KI
per liter H2 0).

5.4.3 Chloroplast stroma purification
Chloroplasts were purified according to Peltier et al. [182] with minor modifications: A. thaliana
wt plants were grown in batches (30x40 cm) for 4 weeks at short day conditions (8 h light, 120 µE
m−2 s−1 )/16 h). Plants (approx. 100 g fresh-weight) were harvested and washed with ddH2 0. Cells
were broken using a Polytron (Fisher Scientific), lysate was subsequently filtered through 4 layers
of miracloth (Merck) and crude chloroplasts were pelleted with 1100 g for 2 min. Chloroplast pellet
was gently resuspended in 3 ml HS buffer (50 mM Hepes, 330 mM Sorbitol, 5mM MgCl2 , pH8)
using a fine brush. Suspension was applied onto a two-step (80 %/40 %) Percoll (SIGMA) gradient
and centrifuged for 10 min at 3750 g w/o break. Two bands were visible after centrifugation, upper
one containing broken chloroplasts, lower one containing the intact chloroplasts. The latter was
collected using a Pasteur pipette and chloroplast integrity was checked by microscope. Chloroplasts
were washed once in three volumes of HS buffer and pelleted at 1100 g for 2 min. Purified
chloroplasts were resuspended in 50 mM Hepes, 300 mM NaCl, 10 mM EDTA, 5mM MgCl2 , 1x
c0mpleteTM protease inhibitor cocktail (Roche) and broken using a glass-homogenizer. Solution was
centrifuged for 1 hour at 80 000 g and supernatant containing pure stroma proteins was concentrated
using Amicon Ultra-15 3 kDa centrifugal filter units (Millipore). Final protein concentration was
determined using the RC/DC Protein Assay (Biorad).
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5.4.4 Immunodetection
Total protein extracts were prepared from 4-5 week old wt or deg2 mutants. The leaves were lysed
for 2 min at 22 s-1 using a TissueLyser (Qiagen) in 100 µl HEPES Buffer (100mM HEPES, 5 mM
MgCl2 ). The lysate was filtered through Miracloth (Merck) and centrifuged for 10 min at 25000 g
and 4 °C. The insoluble protein fraction was washed with HEPES buffer (100 mM Hepes, 5 mM
MgCl2 ). The soluble protein fraction was transferred to a second reaction tube and proteins were
precipitated for 30 min at 4 °C with 5 % (final concentration) trichloroacetic acid. Both fractions
were centrifuged for 10 min at 25000 g and 4 °C. The supernatant was discarded and the pellet from
the soluble protein fraction was washed with 100 % ethanol. Both fractions were centrifuged for 3
min at 25000 g and 4 °C, the supernatant was discarded and the pellets dried. After determining
the weight of the pellets, the pellets were resuspended in an adequate amount (10 µl buffer per 1
mg pellet) of 2x LDS buffer (20 % Glycerol, 10 % 1 M Tris, 4.67 % LDS, 1.5 % DTT, 0.05 %
Bromophenol blue) and heated for 10 min at 95 °C. The total protein extracts were then separated
by SDS-PAGE as described [128]. 5 µl of each sample were loaded on the 10 % SDS-PAGE.
The separated proteins were transferred to PVDF membranes (Amersham Biosciences) using a
semidry blot system (Biometra). Membranes were incubated with blocking buffer (5 % low-fat
dry milk in 1x PBS (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2 HPO4 , 0.24 g/l KH2 PO4 ) with 0.1 %
Tween) for 1 hour at room temperature (RT) and incubated with the primary antibody (anti-DEG2
antibody [81] 1:500, anti-DEG1 antibody (Agrisera) 1:1000, anti-ELIP1, anti-PsaE, anti-PsaN,
anti-PC, anti-PsbP1, anti-LhcB2 antibody (Agrisera) 1:1000, anti-RbcL (Agrisera) 1:5000 diluted in
PBS/Tween) overnight at RT. After incubation the membranes were washed three times with PBS/
0.1 % Tween and incubated with HRP-conjugated goat anti-rabbit IgG antibody (1:10.000, Agrisera)
for 3 hours at RT. After three washing steps the blot was developed with ECL Plus Western Blotting
Detection Agents and Chemiluminescence film (GE Healthcare Amersham).

5.4.5 Hybridisation assay
Total RNA was extracted from different plant tissues using an RNeasy mini kit (Qiagen) according
to the manufacturer. For dot blots, RNA was spotted on a Hybond-N+ membrane (GE Healthcare
Amersham) as described [4]. For hybridisation, the DEG2 cDNA probe was labeled with [α −32 P ]
dCTP using a megaprime DNA labeling kit (GE Healthcare Amersham). Hybridisation with labeled
cDNA probe and washing steps were performed as described elsewhere [205].
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5.4.6 Comparative proteomics
500 µg stroma protein of A. thaliana wt and deg2 chloroplasts was further purified using the
ReadyPrep 2-D Cleanup Kit (Biorad) according to the manufacturer. Pellet was resuspended in
rehydration buffer (6 M Urea, 2 M Thiourea, 0.01 % Triton X-100, 10 mM EDTA, 25 mM DTT, 2 %
CHAPS, 2 % IPG buffer (GE Healthcare)) and applied onto Immobiline non-linear Drystrip pH 3-11
NL, 13 cm (GE Healthcare) for 12 hours at 18 °C. Isoelectric Focusing (IEF) was applied for 50 000
V/h using an EttanTM IPGphor 3 (GE Healthcare), according to Görg et al. [69]. Equilibration of
focused IPG strips was carried out in equilibration buffer (6 M Urea, 2 % SDS, 0.05 M Tris/HCl
pH 8.8, 20 % Glycerol) containing 0.1 % Dithiothreitol (DTT) for 10 min, and subsequently for
10 min in equilibration buffer containing 4 % Iodacetamide. Second dimension SDS-PAGE was
carried out as described [128] using an EttanTM DALTsix Large Vertical System (GE Healthcare) at
600 V, 90 mA and 100 W for 30 min, followed by 700 V, 240 mA and 100 W for approximately
6 h. Gels were scanned and spots were analysed using Applied-Maths Bionumerics v5.1. 16-bit
TIFF images (gray scale, 600 dpi) were aligned and screened by the software in order to detect
protein spots and determine their concentration, Mw and pI. The gel images were intercrossed and
screened for spot differences and similarities. Statistic software R v.2.13 was used to determine the
significance of the data. Correlation cut off was applied and gels with R2 values lower than 0.8 were
discarded. 8 spots with highly significant differences in volume were sliced out of the gel, dried
by vacuum centrifugation and digested in-gel by sequencing-grade modified trypsin (Promega) as
described elsewhere [220]. Samples were diluted in 10 µl Milli-Q water and directly used or stored
at -20 °C. 1 µl of each sample was mixed with 3 µl of α-cyano-4-hydroxycinnamic acid (CHCa)
saturated matrix solution (10 mg/ml, SIGMA) of which 0.5 µl each was spotted onto stainless steel
MALDI target plate and left to dry at room temperature. Spots were processed with a MALDITOF/TOF mass spectrometer (Ultraflex III, Bruker Daltonics, calibrated with peptide calibration
standard II), analysed in positive reflector mode and subsequently MSMS mode. Acquired MS
and MSMS data were further analysed using Mascot (Matrix Science) software. Peptide searches
were conducted using the nonredundant database from the National Center for Biotechnology
Information (Arabidopsis protein sequences).

65

6
Oligomerisation and regulation of the
Arabidopsis thaliana protease DEG2

Matthias Erhardt1 , Pitter F. Huesgen1,2 , Franziska Guba1 and Iwona Adamska1
1

Department of Plant Physiology and Biochemistry, University of Konstanz, Germany
Centre for Blood Research, University of British Columbia, 2350 Health Sciences Mall, Vancouver, BC, V6T 1Z3,
Canada
2

Manuscript
Author Contribution: Matthias Erhardt designed and performed the research for redox regulation of DEG2, prepared chloroplast stroma purifications and conducted Native-PAGE assays,
with help from Franziska Guba. Pitter Huesgen designed the DEG2 vectors and performed the
oligomerisation assays. The draft of the manuscript was written by Matthias Erhardt and corrected
by Iwona Adamska.

67

6 Oligomerisation and regulation of the Arabidopsis thaliana protease DEG2

6.1

Abstract

Redox regulation in the plant cell represents one of the most important regulatory mechanisms. A
multitude of proteins is known to be activated or deactivated by redox-dependent formation of disulfide bonds, usually between cysteine residues. In a plant cell, the daily increase of photosynthetic
activity, following light stress and subsequent accumulation of reactive oxygen species (ROS) leads
to a shift of the redox environment of the chloroplast lumen to oxidizing conditions. Recent data
suggests that redox regulation of the DEG1 and DEG2 protease of Arabidopsis thaliana provides
an adaptive mechanism to those changing conditions in the chloroplast.
Here we present new data concerning the Arabidopsis thaliana DEG2 protease. We successfully
purified recombinant DEG2 from Escherichia coli as well as native DEG2 from A. thaliana chloroplast stroma samples. Our data suggests that DEG2 arranges into trimers under native conditions,
while recombinant DEG2 seems to form hexamers. However, the redox mediated regulation of the
DEG2 protease remains questionable. Although structural modeling of DEG2 revealed residues
Cys123 and Cys160 as candidates for redox-dependent disulfide bridge formation, we were not able
to confirm previous findings of DEG2 activity, nor could we detect any redox modulation of activity.
Our results suggests that DEG2 probably requires the formation of an, at least trimeric structure to
be active.

Keywords
oligomerisation, Arabidopsis thaliana, DEG2, trimer, redox regulation

6.2

Introduction

Maintenance of structural and functional homeostasis in a plant cell requires permanent adaptations
to environmental changes. Gene expression, translation, post-translational modification and finally,
degradation of proteins must be controlled in a superordinate manner to guarantee proper function.
In this regard, redox regulation represents an important mechanism for post-translational adaptation
in planta [31, 32, 58, 188]. The formation or disintegration of disulfide bonds by changing the
redox state of thiol groups (S-S <-> 2SH, mainly sulfide groups of cysteine residues) can induce
catalytical as well as structural changes. A disulfide bond can support the stability, and therefore
the oligomerisation of the protein as well as activate a proteolytic domain by arranging the catalytic
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amino acids in their proper conformation. Contrary to that, formation of a disulfide bond could as
well block the active site of an enzyme, thereby deactivating the enzyme.
In plants, the most prominent redox regulators are thioredoxins (trx) [135, 159]. They provide a
link between light and enzyme activity, influencing a variety of proteins of the Calvin cycle and other
processes (for review see [32]). In addition to the role of trxs in light-dependent cellular regulation,
it has been indicated that trx can monitor the level of reactive oxygen species (ROS) emerging from
photoinhibiton and subsequently adapt enzyme activity [22]. Balmer et al. [22] reported several
potential targets for trx, including components of plastid-to-nucleus signaling pathways. Most of
the chloroplastic proteins are encoded in the nucleus and subsequently transported to the plastid.
This demands a coordination of gene expression via retrograde signaling from the plastids to the
nucleus, e.g. via redox signaling (for review see [97]). In that context, the number of identified
redox affected proteins increased steadily over the last years [164]. Recently, a publication of the
thiol-disulfide redox proteome of Arabidopsis thaliana chloroplasts [232] revealed 22 novel redox
affected proteins, including several subunits of the photosystem reaction centers I and II, as well as
two DEG proteases, DEG1 and DEG2.
The ATP-independent Deg/HtrA proteases (degradation of periplasmic proteins/ high temperature
requirement A) are found in all kingdoms of life [41, 118], from bacteria to animals. They possess a
conserved trypsin-type protease domain (S1B, glutamylpeptidase I subfamily according to MEROPS
database [196]) and one or more PDZ domains, responsible for protein-protein interaction and
oligomerisation [99, 192]. DEG1 is the best characterised DEG protease in the chloroplast. Initially
identified by Itzhaki et al. [98] by cross-reaction with an antibody against Escherichia coli DegP, it
was shown to be involved in the cleavage of photodamaged PSII reaction center D1 protein [112].
Furthermore, DEG1 can act as a chaperone by interacting with reaction center protein D2, assisting
in the assembly of Photosystem II (PSII) [235]. Recently, a selective activation of DEG1 during
daylight was proposed by Kley et al. [119]. The authors described the oligomerisation of inactive
DEG1 monomers to the active hexamer at acidic conditions.
Up to the present, data of DEG2 is limited to a handful of publications [3, 81, 89, 143, 232].
Recombinant DEG2 was reported to cleave the damaged D1 protein of PSII reaction center in
vitro [81], indicating a crucial role of DEG2 in photorepair mechanism. Yet, this could so far
not be confirmed in vivo [89]. Recently, it was reported that the degradation of Lhcb6, the minor
light-harvesting protein 6 of PSII, was impaired in A. thaliana deg2 knock-out mutants under
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short-term high salt, wounding, high temperature and high irradiance stress conditions [143]. The
same group reported phenotypical alterations in the deg2 knock-out (ko) mutants, presenting a
reduced leaf area and a modified chloroplast ultrastructure. Within this thesis (see chapter 5), we
were able to demonstrate that DEG2 has an impact on root growth (potentially by influencing carbon
metabolism) and identified several putative interaction partners within the photosynthetic apparatus.
Furthermore, a redox dependent regulation of DEG2 was suggested. Stroher and Dietz [232]
reported an increased activity of DEG2 at oxidizing conditions, indicating an circadian regulation
of the protease. However, the role of DEG2 and the overall regulation scheme of DEG proteases in
the chloroplast remain to be elucidated.

In this study we report new findings concerning the regulation of A. thaliana DEG2. We
expressed and purified recombinant DEG2, analysed the oligomerisation state via size-exclusion
chromatography and conducted activity assays with a variety of model-substrates under varying
redox and pH conditions. We could demonstrate that DEG2 from A. thaliana stroma extracts forms
trimers in vivo, while recombinant DEG2 seemed to form hexamers. Blue Native-PAGE assays
furthermore supported the proposed formation of trimers in vivo. However, the putative redox
regulation of DEG2 remains questionable since we were not able to detect any significant activity,
neither of mature DEG2 without transit peptide, nor DEG2 with transit peptide, merged with a
thioredoxin. Nevertheless, our data represents a crucial step forward in understanding the regulation
of DEG2, indicating that oligomerisation is essential for DEG2 activity.

6.3

Results & Discussion

6.3.1 Heterologous expression and purification of A. thaliana DEG2
Using a full length DEG2/pBAD Thio-fusion construct (hereafter referred to as flDEG2) [81] as
template, we engineered a mature DEG2 (hereafter mDEG2) protease in which the transit peptide
was replaced by an N-terminal 6x histidin-tag. The overexpression of both DEG2 versions in E.
coli BL21 star (DE3) was verified by SDS-PAGE (Figure 6.1) followed either by immunoblotting
or mass spectrometry. The products were recovered as soluble proteins from the cell lysate and
purified by nickel affinity chromatography. Immunoblot analysis of the purified flDEG2 (Figure
6.1A) protein yielded a signal at approx. 100 kDa corresponding to a full length DEG2 fused
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Figure 6.1: Elution profiles of the purification of recombinant expressed
A full length DEG2 (flDEG2/pBAD
Thio-fusion) and B mature DEG2
(mDEG2/pET151/D-TOPO). flDEG2 and
mDEG2 protein was overexpressed in
E. coli BL21 star (DE3) under control
of the araBAD promoter (pBAD) or the
lac promotor, respectively. Cells were
lysed, centrifuged (8000 g, 10 min) and
the soluble fraction was applied to a Ni2+ NTA column (HisTrapTM FF crude, GE
Healthcare) using an ÄKTATM FPLC system (Amersham Bioscience). Elution of
bound protein was achieved with HNM
buffer supplemented with 400 mM Imidazole (Buffer B). The purification of
DEG2 was confirmed by SDS-PAGE, immunodetection using DEG2 antisera and
mass spectrometry
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to thioreduxin. The purified mDEG2 construct was obtained as a double band (Figure 6.1B), of
which the upper band matched the predicted mass of 63.2 kDa. Both bands were identified as A.
thaliana DEG2 by mass spectrometry (Table 6.1, Proteomics Facility, University of Konstanz),
while immunoblotting using anti-His antisera displayed only the upper band (not shown). Therefore,
we can conclude that the lower band is an N-terminal processed version of mDEG2 which copurified in a complex with mDEG2. As expected in a native purification assay, both purifications
displayed co-elution of smaller proteins (not shown). Those can be mainly ascribed to E. coli
proteins, unspecifically bound to the column. Immunodetection using DEG2 antisera revealed weak
signals at around 30 kDa and lower (not shown), which could be explained by an autocatalytic
activity of recombinant DEG2 or degradation of DEG2 by E. coli proteases. Nevertheless, soluble
product of proper size of both proteins was obtained, representing the foundation for subsequent
oligomerisation and activity assays.
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Table 6.1: Mass spectrometry analysis of purified, mature DEG2 (mDEG2)
Sample

Mass [Da]

Score

Expect

Matches

Accession

Description

upper band
lower band

67501
67501

149
427

1.3e-011
2.1e-039

39
51

O82261
O82261

Protease Do-like 2, chloroplastic OS=Arabidopsis thaliana
Protease Do-like 2, chloroplastic OS=Arabidopsis thaliana

6.3.2 Native DEG2 forms primarily trimers in vivo while recombinant DEG2
shows hexameric oligomerisation
Due to reports that DEG1 activity is dependent on hexamerisation [119], we investigated the
oligomerisation behavior of DEG2 in vivo and in vitro. Size-exclusion chromatography and
immunoblot analysis of stroma proteins from leaves of three-week-old A. thaliana seedlings
revealed the presence of DEG2 in a complex with an apparent molecular mass of 167 kDa and
a monomeric DEG2 with a size of 55 kDa (Figure 6.2). Assuming homo-oligomerisation, the
complex at 167 kDa corresponds roughly with the expected size of a trimer, which is in agreement
with data published by our colleagues [232]. Since we observed the same complex size in three
independent replicates (data now shown), we could assume that DEG2 forms trimers in vivo.
In order to further confirm this oligomerisation, we separated native protein complexes from A.
thaliana stroma samples via Blue Native-PAGE (hereafter BN-PAGE) (Figure 6.3). Subsequent
immunoblotting of the second dimension denaturing PAGE revealed potential DEG2 complex sizes
between ca. 200kDa and ca. 50 kDa (Figure 6.3C-1), again indicating the formation of a DEG2
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Figure 6.2: Formation of a trimeric DEG2 complex in vivo A Chloroplast stroma was isolated from A. thaliana
wild-type plants and subjected to size-exclusion chromatography. B The presence of DEG2 in the peaks,
correlating to 167 kDa (trimer) and 55 kDa (monomer) was confirmed by immunodetection using DEG2
antisera
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trimer in vivo and therefore confirming the physiological relevance of this complex formation.
Signals of smaller complexes may be ascribed to degradation products due to the native form of
purification assay. Furthermore, the DEG2 antisera reacted with gel spots corresponding to the large
(RbcL) (Figure 6.3C-2) and the small subunit (RbcS) (Figure 6.3C-3) of ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) [16]. Rubisco is the most abundant protein in the chloroplast
stroma and oligomerises in one of the largest enzyme complexes (around 560 kDa) [227]. Our
data indicates an interacting between Rubisco and DEG2, nevertheless an unspecific binding of
the antisera due to the large amount of protein present in those two spots (Figure6.3C-2/3) is also
plausible. DEG2 oligomerisation might not only depend on the formation of single DEG2 proteins
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Figure 6.3: Blue-Native PAGE assay of
A. thaliana chloroplast stroma A Native protein complexes of purified A.
thaliana chloroplast stroma were separated in the first dimension using a
NativePAGETM Novex Bis-Tris gel (Invitrogen) B Second dimension BN-PAGE.
Separated complexes were denatured
and separated via SDS-PAGE. Protein
spots were visualised by silver staining
C Immunoblot of the second dimension
BN-PAGE using DEG2 antisera, showing DEG2 signals roughly between 50 200 kDA 1 and signals corresponding to
the large (RbcL) 2 and the small subunit
(RbcS) 3 of ribulose-1,5-bisphosphate
carboxylase/ oxygenase (Rubisco)

15

in a complex, other proteins could be involved as well. Since both Rubisco and DEG2 are located
in the chloroplast stroma and are expressed constantly, interaction is conceivable. Nonetheless, data
from native PAGE assays about putative interaction partners has to be handled with care, since
nonspecific protein/antisera binding is very probable due to the nature of the interaction itself. In
case that the antibody is not able to recognise the native antigen due to steric obstacles, or the
antiserum contains additional antibodies that bind other proteins, false signals will be observed.
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Size-exclusion chromatography and subsequent immunoblot analysis of recombinant mDEG2
protein indicated the formation of a hexameric structure. As shown in Figure 6.4 we were able to
detect an approximately 400 kDa -complex of mDEG2 as estimated by size-exclusion chromatography, corresponding to a homo-hexameric complex. Subsequent SDS-PAGE again resulted in two
bands, indicating that the smaller, N-terminal modified version of DEG2 is stable integrated into the
complex. Our findings suggest that at least a small percentage of DEG2 arranges as hexamers in
vivo.
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Figure 6.4: Formation of hexameric complexes of A. thaliana DEG2 in vitro. An inactive DEG2Ser278Ala
variant where the N-terminal chloroplast transit peptide was replaced by a His-tag was expressed in E. coli
and purified by nickel affinity chromatography. A The purified recombinant DEG2Ser278Ala was subjected
to size-exclusion chromatography to test its oligomeric state. A strong peak at 400 kDa was observed,
corresponding to a homo-hexameric complex. B shows a coomassie-stained 10 % SDS-PAGE of the eluted
fractions, showing two bands, both identified as DEG2 by mass spectrometry

We can speculate that, at least under native conditions, DEG2 primarily arranges in trimers.
However, the proteolytic activity of this state remains elusive. It was reported previously that other
Deg/HtrA proteases oligomerise to an active state under certain conditions, with trimers as the basic
units [125, 137, 256]. A. thaliana DEG1 undergoes a pH dependent shift from inactive monomer to

Table 6.2: Mass spectrometry analysis of immunprecipitation assays using A. thaliana stroma extracts and
DEG2 antisera as bait
Sample

Coverage

#Peptides

#AAS

MW [kDa]

calc. pI

Score

Accession

Description

1
2
2
3

4,88
9,77
1,98
38,00

2
4
1
15

430
430
606
479

47,5
47,5
66,6
52,9

6,58
6,58
5,95
6,29

89,62
133,97
53,89
1393,45

gi27752799
gi27752799
gi186509057
gi7525041

ribulose-1,5-bisphosphate carboxylase
ribulose-1,5-bisphosphate carboxylase
DEG2 [Arabidopsis thaliana]
ribulose-1,5-bisphosphate carboxylase

74

6.3 Results & Discussion
proteolytically active hexamer in acidic conditions [37], as occur in the chloroplast lumen during
daytime when photosynthesis is actively running. The coupling of DEG1 activation to acidic pH
ensures a high activity of the protease during the time when photodamage can occur. The other
two luminal located DEG proteases, DEG5 and DEG8 were reported to form a hetero-hexameric
complex [237]. A. thaliana deg5/deg8 double knock-out mutants displayed an increased sensitivity
to photoinhibtion, compared to single knock-outs, indicating functional redundancy between DEG5
and DEG8. Our findings suggest that DEG2 occurs primarily as trimer in vivo, but can shift to a
hexameric state under certain conditions, which may influence the affinity to certain substrates.
Whether the oligomerisation of the individual DEG2 subunits or the interaction with substrates
is mediated by PDZ domains, as reported previously for E. coli DegP [99, 118, 126, 126] or
A. thaliana DEG1 [119], continues to be speculative. Further, more detailed investigation of DEG2
constructs lacking the PDZ domain might be useful to answer this question.

6.3.3 DEG2 Redox regulation remains questionable
DEG2 is constitutively expressed in A. thaliana (Figure 6.5), even under harsh light stress conditions (as shown previously, see chapter 5.3.2, Figure 5.2) and is, therefore, in constant contact
to its potential substrates. Hence, a tight regulation of the protease activity is crucial to prevent
unnecessary degradation. As reported previously [119, 232], DEG1 and DEG2 did display a redox
dependent activity. Stroher and Dietz [232] described an increased activity of DEG1 towards model
substrates under reducing conditions while DEG2 activity increased under oxidizing conditions,
using fluorophore-labeled casein as substrate. Kley et al. [119] reported a pH dependent oligomerisation of DEG1 due to protonation of a histidin residue, ensuring a selective activation of DEG1
during daylight.

age
1 2 3 4 5 6 7 8

9 M

loading
control

Figure 6.5: Age dependent quantity of DEG2 Protein
in A. thaliana total protein extracts. Total cell extracts
of 1-9 week old A. thaliana wild-type leaves were separated by SDS-PAGE and subsequently analysed by
immunoblotting using DEG2 antisera. A coomassiestained gel serves as loading control. M Marker
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Since DEG1 and DEG2 possess high sequence similarities, we used the crystal structure of DEG1
[119] as a template to calculate a three-dimensional structure from the DEG2 amino acid sequence.
Analysis of the predicted structure of DEG2 allowed the identification of two cysteine residues
(Cys123 , Cys160 ) close to the catalytic triad (Histidin159 , Aspartate190 , Serin268 ) which do occur in
DEG2, but not in DEG1. These two cysteines are sterically positioned very close to each other. Due
to previous reports of activity of recombinant full length DEG2 (flDEG2), fused to a thioredoxin
(initially used to enhance solubility, recombinant trx might also establish disulfide-bridges) [81], and
of mature DEG2 (mDEG2) under oxidizing conditions [232], we set out to test the hypothesis that
DEG2 activity might depend on formation of a disulfide bond between Cys123 and Cys160 , arranging
the Histidine159 in proximity of the Aspartate190 and Serin268 , hence activating the catalytic triad.
As described earlier, we used the flDEG2 construct [81] as source to generate a mature DEG2
(mDEG2), lacking the predicted chloroplast transit peptide. Subsequent side-directed mutagenesis
of single amino acids of mDEG2 led to three individual constructs, one without a functional
protease domain (mDEG2S278A , serine to alanine), and two without the cysteines of interest, namely
mDEG2C123I (cysteine to isoleucine) and mDEG2C160V (cysteine to valin). Alanin, valin and
isoleucine where chosen to replace the crucial amino acids because of their nonpolar, hydrophobic
character, in order to have a relatively low impact on the tertiary structure of the mutated DEG2
protein. As described previously [232], mDEG2 activity towards the model substrate casein
increased under oxidizing conditions, using fluorophore-labeled casein as substrate (EnzChek
protease assay kit, Invitrogen). Zymogram assays, conducted by Stroher and Dietz [232], failed
for mDEG2, even though Haussuhl et al. [81] reported DEG2 activity earlier in a similar gel-based
activity assay, using gelatin as a non-specific substrate. Zymograms are SDS-PAGE-based assays to
determine enzyme activity, using a co-polymerised substrate (casein or gelatin) in the gel. However,
application of SDS in gel-based activity assays necessitates refolding of the protease within the gel,
demanding knowledge of the exact conditions, at which the protease can be active. Assuming that
DEG2 activity is dependent on oligomerisation (as proposed earlier, see Chapter 6.3.2), zymogram
assays may not provide a suitable environment for proper refolding.
In order to determine the exact conditions required for DEG2 activity, purified flDEG2 and
mDEG2 protein was diluted in digestion buffer adjusted to a broad range of different pH-values
(pH 3 - pH 11) either under neutral, oxidized (1-10 mM H2 O2 ) or reduced (1-50 mM DDT, 1-50
mM Iodacetamide) conditions and subsequently tested for activity using the EnzChek protease or
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Figure 6.6: Summary of Enzchek activity assays (Invitrogen) using purified full length (flDEG2) or mature
DEG2 (mDEG2) protein. Graphs show relative activity values relating to activity of a positive control (1 mg/ml
trypsin). ddH2 O served as negative control. A Activity of flDEG2 and mDEG2 from pH 3-11 under neutral
conditions B Activity under oxidizing conditions (1 mM H2 O2 ) C Activity under reducing conditions (1 mM
DTT, 1 mM IAA)

gelatinase assay (Invitrogen). Unfortunately, we were not able to measure any activity of DEG2
(Figure 6.6), neither under the conditions originally described by Haussuhl et al. [81] for flDEG2
(50 mM Tris, pH8, 5 mM MgCl2 ) nor any other. Subsequent replicas of the exact assay setup
published by Haussuehl et al. [80], using gelatin as substrate in a zymogram assay, failed as well
(data not shown). Until today, we were not able to detect any significant activity of neither flDEG2
nor mDEG2, questioning the previously published data [80, 232] as well as our experimental setup.

77

6 Oligomerisation and regulation of the Arabidopsis thaliana protease DEG2
However, considering our findings concerning the oligomerisation of DEG2, we can speculate
that DEG2 activity is strongly dependent on the formation of homo-oligomers (trimers as basic
units), as already described for Arabidopsis DEG1 [119] and E. coli DegP [42, 125]. Our activity
assay data suggests that DEG2 was not correctly folded/ oligomerised in our system and/or requires
specific co-factors or posttranslational modifications for its activity. Furthermore, at this point,
we cannot rule out that DEG2 does act as a chaperone under the tested conditions, as previously
described for DEG1 [235] and might be able to switch to a protease function only under certain
circumstances. The postulated redox dependency of DEG2 [232], regulated by a disulfide bond
between Cys123 and Cys160 , remains disputable. One must keep in mind that not only cysteines, but
also other amino acids can be oxidized and, therefore, alter the protein structure [46]. A standardised
protease assay setup for A. thaliana DEG2 activity is still missing, nevertheless, our data represent
an important source for future approaches to reveal the regulation and function of DEG2.

6.4

Materials & Methods

6.4.1 DEG2 constructs
Full length DEG2 fused into pBAD/TOPO Thiofusion was obtained from [81]. To generate the
mature mDEG2 construct (DEG2∆N69) without transit peptide, PCR was performed using the
DEG2/pBAD plasmid as template with following primers: sense 5’-CACCGATGAAAGTTCCAAT
CCT-3’, antisense 5’-TTATGCCCACACCAGTCCATC-3’. PCR products were purified using a
QIAquick PCR Purification Kit (Qiagen), TOPO-cloned into the pET151/D-TOPO backbone (Invitrogen) and transformed into E.coli DH5α. To generate the mutated DEG2 versions, site directed
mutagenesis PCR with mDEG2/pET151 template was performed using the following primers: for
mDEG2S278A (catalytic serine278 to alanine278 ) sense 5’-CTATAAATCCAGGGAATGCTGGTGGC
CCTGCATTC-3’, antisense 5’-GAATGCAGGGCCACCAGCATTCCCTGGATTTATAG-3’, for
mDEG2 C123I (Cystein123 to Isoleucin123 ) sense 5’-TTATATCACTCATACTGCTCCTGATTACTCCC
TCCCCTGGCAGAGCAAAG-3’, antisense 5’-GCCAGGGGAGGGAGTAATCAGGAGCAGTATG
AGTGATATAAACCTTGAC-3’, removing an NcoI cleavage site for simplified screening, for
mDEG2C160V (Cystein160 to Valin160 ) sense 5’-GCCCATGTGGTCGAACACGATACACAGGTTAA
AGT-3’, antisense 5’-CGTGTTCGACCACATGGGCATTGGTCAAAAGCTTGCC-3’, adding a
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HindIII cleavage site for screening. PCR products were purified (QIAquick PCR Purifaction Kit,
Qiagen), verified by sequencing and transformed as described.

6.4.2 Purification of recombinant DEG2 variants
E.coli BL21 star (DE3) harboring the DEG2 plasmids were grown in 1 liter batches LB solution
(5 g/ l yeast extract, 10 g/ l tryptone, 10 g/ l NaCl) until reaching an OD600 = 0.8. Vectors with
pBAD backbone were induced by 0.002 % Arabinose, vectors with pET151 backbone induced
by 1 mM Isopropyl-β-D-thiogalactopyranosid (IPTG), respectively. Cultures were grown for 3
hours at 37 °C, pelleted, and resuspended in HNM Buffer (300 mM NaCl, 50 mM Hepes, 5 mM
MgCl2 , pH 8). Cells were ruptured via French-Press and centrifuged at 24 000 g for 30 min to
remove insoluble debris. Supernatant containing the soluble fraction was then applied to a Ni2+ NTA column (HisTrapTM FF crude, GE Healthcare) using an ÄKTATM FPLC system (Amersham
Bioscience) according to the manufacturer. Elution of bound protein was achieved with HNM buffer
supplemented with 400 mM Imidazole (Sigma). Probes were either concentrated using Amicon
Ultra-15 50 kDa cut-off centrifugal filter units (Millipore) for activity assays or precipitated with
5 % trichloroacetic acid (TCA) and resuspended in 1x LDS buffer (10 % Glycerol, 5 % 1M Tris,
2.3 % LDS, 0,75 % DTT, 0.02 % Bromophenol blue) for immunoblotting.

6.4.3 Preparation of A. thaliana total protein extracts
Total protein extracts were prepared from 1-9 week old A. thaliana wt plants. The leaves were lysed
for 2 min at 22/ s using a TissueLyser (Qiagen) in 100 µl HEPES Buffer (100 mM HEPES, 5 mM
MgCl2 ). The lysate was filtered through Miracloth (Merck) and centrifuged for 10 min at 25 000 g
and 4 °C. The soluble proteins were precipitated for 30 min at 4 °C with 5 % (final concentration)
trichloroacetic acid and centrifuged for 10 min at 25 000 g and 4 °C. The supernatant was discarded
and the pellet was washed with 100 % ethanol. After centrifugation for 3 min at 25000 g and 4 °C,
the supernatant was discarded and the pellet dried. After determining the weight of the pellets, the
pellets were resuspended in an adequate amount (10 µl buffer per 1 mg pellet) of 2x LDS buffer (20
% Glycerol, 10 % 1 M Tris, 4.67 % LDS, 1.5 % DTT, 0.05 % Bromophenol blue) and heated for 10
min at 95 °C. Protein extracts were then separated by SDS-PAGE as described [128].
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6.4.4 Purification of chloroplast stroma
Chloroplasts were purified according to Peltier et al. [182] with minor modifications: A. thaliana
wt plants were grown in batches (30x40 cm) for 3 weeks at short day conditions (8 h light (120
µE m-2 s-1 )/18 h dark). Plants (approx. 100 g fresh-weight) were harvested, washed with ddH2 O
and submerged in HS buffer (50 mM Hepes, 330 mM Sorbitol, 5 mM MgCl2 , pH 8). Cells were
disrupted at 4 °C using a Polytron (Fisher Scientific) with brief impulses (30 s each), lysate was
subsequently filtered through 4 layers of miracloth (Merck) and crude chloroplasts were pelleted
with 1100 g for 2 min. Chloroplast pellet was gently resuspended in 3 ml HS buffer (50 mM Hepes,
330 mM Sorbitol, 5mM MgCl2 , pH 8) using a fine brush. The chloroplasts suspension was applied
onto a two-step (80 %/40 %) Percoll (SIGMA) gradient and centrifuged for 10 min at 3750 g
w/o break. Two bands were visible after centrifugation, upper one containing broken chloroplasts,
lower one containing the intact chloroplasts. The latter was collected using a Pasteur pipette and
chloroplast integrity was checked by microscope. Chloroplasts were washed once in three volumes
of HS buffer and pelleted at 1100 g for 2 min. Purified chloroplasts were resuspended in 50
mM Hepes, 5 mM MgCl2 and broken using a Glass-Homogenizer. The solution was centrifuged
for 1 hour at 80 000 g and supernatant containing pure stroma proteins was concentrated using
Amicon Ultra-15 3 kDa cut-off centrifugal filter units (Millipore). Final protein concentration was
determined using the RC/DC Protein Assay (Biorad).

6.4.5 Size-exclusion chromatography
Purified recombinant DEG2 or A. thaliana stroma samples (in HNM Buffer (300 mM NaCl, 50mM
Hepes, 5 mM MgCl2 , pH 8) were subjected onto a Superdex 200 10/300 GL (GE Healthcare)
column, according to standard procedures described by the manufacturer. Obtained fractions were
precipitated by 5 % trichloroacetic acid (TCA) and resuspended in 1x LDS buffer (10 % Glycerol,
5 % 1M Tris, 2.3 % LDS, 0,75 % DTT, 0.02 % Bromophenol blue) for immunoblotting.
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6.4.6 Immunodetection
Protein extracts were separated by SDS-PAGE as described [128]. 5 µg of each sample were loaded
on 10 % SDS-PAGE gels. The separated proteins were transferred to PVDF membranes (Amersham
Biosciences) using a semidry blot system (Biometra). Membranes were incubated with blocking
buffer (5 % low-fat dry milk in 1x PBS (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na2 HPO4 , 0.24 g/l
KH2 PO4 ) with 0.2 % Tween) for 1 hour at room temperature (RT) and incubated with the primary
antibodies (anti-DEG2 antibody [81] 1:1000, overnight at RT). After incubation, the membranes
were washed three times with PBS/ 0.01 % Tween-20 and incubated with HRP-conjugated Goat
anti-rabbit IgG (1:10.000, Agrisera) for 3 hours at RT. In case of application of Anti-Penta-His HRP
conjugate antibody (Qiagen), the incubation time with the antibody was reduced to 1 hour. After
three washing steps, the blot was developed with ECL PlusTM western blotting detection agent and
chemiluminescence film (GE Healthcare Amersham).

6.4.7 Blue-Native PAGE
BN-PAGE was performed as described by Wittig et al. [259] with minor modifications. Stroma
complexes were mildly solubilised using n-dodecyl-β-D-maltoside (1 g/ g stroma protein final
concentration) and separated in the first dimension. Denaturation (30 min in 6 M urea, 50 mM tris
pH 8, 30 % glycerol, 2 % sodium dodecyl phosphate) and subsequent separation via SDS-PAGE
followed in the second dimension. Immunoblot analysis of the second dimension was performed as
described above.

6.4.8 Silver staining
SDS-PAGE or 2nd dimension BN-PAGE gels were fixed for 30 min in 45 % EtOH, 15 % HAc,
followed by 3 washing steps with 30 % EtOH for 20 min, then sensitised for 2 min in 0.02 %
Na2 S2 O3 (w/v) and washed 3 times for 1 min in ddH2 O. The gels were stained for 20 min in 0.2 %
AgNO3 , 0.0375 % formaldehyde and subsequently washed 3 times in ddH2 O for 1 min each. Signals
were developed in 6 % K2 CO3 , 0.025 % formaldehyde until visible. The reaction was stopped by
washing in 5 % glycine.
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6.4.9 Activity assay
For fluorescence-based activity assays, 1 or 10 µg of purified, mature mDEG2 or full length flDEG2
protease was supplemented with either red-fluorescent BODIPY® TR-X (E6639) casein derivatives
or DQ gelatin fluorescein conjugates (D-12054) obtained from the fluorescent based EnzChek
protease assay kit or the gelatinase assay kit (Invitrogen), respectively. 10 mM Tris, adjusted from
pH 3 to pH 11 with HCl/ NaOH, was used as digestion buffer. Oxidizing conditions were tested
by addition of H2 O2 (1 mM final concentration) and incubation for 30 min at room temperature.
Reducing conditions were obtained by incubation with 1 mM (final conc.) Dithiotreithol (DTT)
for 30 min, followed by addition of Iodacetamide (1 mM final conc.) for 30 min in the dark to
prevent thiol reshuffling. Trypsin (1 mg/ml) was used as positive control and ddH2 O as blank.
Fluorescence was measured using a TECAN GENios fluorescence reader (MTX Lab Systems, Inc.,
Vienna, Virginia, USA). Excitation wavelength was 595 nm, emission wavelength 630 nm.
Gel-based activity assays (Zymograms) were conducted as described [131], using 2 % copolymerised gelatin type B, 75 bloom (Sigma). Digestion buffer (10 mM Tris, 5 mM MgCl2 ) was
individually adjusted to reducing or oxidizing conditions using 1 mM DTT and 1 mM Iodacetamide,
or 1 mM H2 O2 respectively.
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7
Conclusions

Well, plants can still not run, but at least we understand a little bit more about how they cope with
varying environmental conditions. The strict sessile behavior of plants requires the adaptation to
any potentially occurring environmental condition in their respective habitat. Not only biotic and
abiotic stresses must be conquered constantly, the diurnal cycle itself leads to varying conditions all
the time. So, how do plants cope with such changes?
Proteases are suspected to play an important role in cellular regulation. Their main property,
the degradation of misfolded or unwanted polypeptides in the cell is only one functional aspect
of the cellular protein quality control [102]. Additionally, and more profoundly, proteases can
indirectly regulate DNA transcription and translation by the selective cleavage of transcription
factors or ribosomal subunits, thereby dramatically influencing the cellular homeostasis [207].
The transcriptional regulation of protein homeostasis received immense attention of the scientific
community over the last years [136, 160, 229, 238], whereby the role of the plant nucleus was more
and more defined as one of the main cellular regulators [53], orchestrating a variety of mechanism,
e.g. light stress [163] or immune responses [48, 107, 168]. In that context, the first chapter of
this thesis tried to shed some light on the molecular interplay within this prominent structure. A
comparison between the mammalian and plant nucleus was presented as well as recent advances
in techniques to investigate this organelle. However, the main focus of this thesis was laid on
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emphasising the role of DEG proteases in Arabidopsis thaliana, so where is the connection between
DEG proteases and the plant nucleus?
Since DEG proteases are diversely distributed across the plant cell (chapter 4, [215]) and are all
nuclear encoded proteins [88], they are likely to be, at transcriptional level, regulated in the plant nucleus. Particularly interesting hereby was our finding of two nuclear-localised DEG proteases, DEG7
and DEG9, which represents one of the first reports of non-ubiquitination [224]/sumoylation[57]related proteases in the plant nucleus. DEG9 seems even to occur predominantly in the nucleolus,
the membrane-less, self-organising entity within the nucleus, known to be the site of ribosomal
biogenesis and rDNA transcription [133]. Our data (Figure 4.4), using truncated DEG9:GFP fusion
constructs, suggested that DEG9 eventually cleaves interaction partners/substrates in the nucleolus
and is subsequently released into the nucleoplasm, since an inactive DEG9:GFP S-A (serine to
alanine) construct was strictly retained in the nucleolus (Figure 4.4). Currently, the identification
of interaction partners of DEG9 in the nucleolus is ongoing in our lab. One could assume that
DEG9 is involved in ribosomal biogenesis; however, a diverse set of potential interaction partners is
present in the nucleolus, making it rather difficult to make presumptions based only on localisation
data. Direct evidence for an interaction of DEG9 with a nucleolar localised protein will be highly
valuable for the understanding of the complex nuclear system. The third chapter of this thesis about
the nuclear proteome hereby represents a solid foundation for future approaches.
Our finding of a nuclear localisation of DEG7 is highly interesting, since it is directly contradictory
to observations published by our colleagues Sun et al. [235]. They reported the involvement of
DEG7 in the repair of photosystem II in Arabidopsis chloroplasts, cleaving various subunits of
PSII. Sun et al. [235] observed an explicit stromal localisation of the DEG7 protease. Up to this
point we were not able to confirm their findings, neither via DEG7:GFP fluorescence detection nor
immunodetection using DEG7 antisera, (kindly provided by Sun et al. [235]). Since the publication
by Sun et al. [235] lacks negative controls for a nuclear localisation, we can at least hypothesise
at this point that DEG7 is potentially dual localised in both organelles, maybe due to alternative
splicing or post-translational modification events. The unusual domain arrangement of DEG7 [215],
consisting of 3 PDZ domains and putatively two protease domains favors the hypothesis of two
dual located DEG7 variants. Dual targeting of proteins occurs quite frequently [35], but mainly
between chloroplasts and mitochondria. Several proteases were found coexisting in both organelles,
including the newly identified peptidasome PreP [120], FtsH [251], Lon1 and Lon4 [198]. Hereby,
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the dual localisation of the latter was shown to be regulated at transcriptional/translational level in
the plant nucleus [198].
Mitochondrial DEG proteases were already predicted by sequence analysis 10 years ago [88], but
biochemical confirmation was missing so far. Here, we were able for the first time to confirm DEG10
and DEG14 as mitochondrial proteases (chapter 4). The transcript level of both mitochondrial DEGs
were already subject to investigation [132, 142, 222], concluding that DEG10 and DEG14 might be
involved in stress response mechanism and the repair of respiratory chain subunits. However, real
indications for a physiological function remain unknown. Our data hereby represents the first step
of biochemical analysis on its way to reveal the cellular purpose of mitochondrial DEG proteases.
Future assays will have to address the emerging questions about a stress-dependent involvement of
DEGs in mitochondrial maintenance.
The largest effort within this thesis concerned the chloroplastic DEG2 protease. Chloroplastic
DEG proteases are the best characterised members of this diverse family. Large efforts were
conducted to reveal the function of DEG1, DEG5 and DEG8 in the chloroplast thylakoid lumen,
while data of the stromal located DEG2 proteases lacks consistency so far. DEG1 was recently
described [119] as being activated during light exposure due to the acidification of the thylakoid
lumen. The protonation of a certain histidine residue causes a structural change in the tertiary
structure of DEG1, positioning the catalytic triad into an active conformation. The protease then
actively participates in the degradation of damaged subunits in the repair cycle of photosystem II.
The potential of DEG1 to cleave luminal exposed loops of various photosystem subunits, including
the D1 protein, was already described earlier [112, 236], confirming the relevance of DEG1 in
PSII repair. DEG5 and DEG8, located in proximity to DEG1 were shown to be participating in the
degradation of damaged photosystem subunits as well [143, 237].
The knowledge about the function of stromal DEG proteases is not so evident at the moment. As
already mentioned earlier, a recent report concerning DEG7 [235] indicated a stromal localisation
and an involvement in photosystem repair. DEG2 was suspected to be responsible for the primary
cleavage of the photodamaged D1 protein of PSII [81] (Figure 7.1, 1.). Unfortunately, our fellow
colleagues Huesgen et al. [89] were not able to detect any difference in D1 protein degradation in
deg2 knock-out mutant plants, raising the question if DEG2 is really contributing to D1 degradation
and is compensated for in deg2-null mutants, or is simply not involved in D1 repair. Later on, it was
concluded that DEG2 might be part of a larger network of regulatory enzymes in the chloroplast,
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maintaining organelle function even under stress conditions [90]. A recent report furthermore
supported this hypothesis by reporting the potential cleavage of the light-harvesting-complex b6
(Lhcb6) by DEG2 [143] (Figure 7.1, 2.), again indicating an involvement of DEG2 in photosystem
quality control. Nevertheless, all these data were not solving the mystery about the defined function
of DEG2 in the plant cell.

Figure 7.1: Schematic illustration of putative and confirmed DEG2 interactions. Plain arrows indicate data of
published experiments. Dashed lines indicate our hypotheses 1. DEG2 was reported to cleave D1 protein in
vitro [81] 2. DEG2 is presumably involved in the degradation of light-harvesting-complex b6 [143] 3. DEG1
does cleave photosystem II protein D1 at a luminal exposed loop after photodamage [112, 119, 236] 4.
Luminal located PsbP domain protein 5 (PPD5) does influence root growth in plants [202] 5. Thylakoid
membrane associated thioredoxin (TRX) [161] does transfer reduction equivalents across the membrane,
reducing Photosystem I subunit N (PsaN) amongst others. 6. Hypothetical chaperon function of DEG2,
assisting maturation of Photosystem I subunit E (PsaE) 7. Dependency of DEG1 and DEG2 mediated
through hypothetical redox modulation across the thylakoid membrane by a membrane bound thioredoxin 8.
9. 10. Potential luminal located substrates of DEG1; Photosystem I subunit N (PsaN), Plastocyanin (PC)
[37], Photosystem II subunit P1 (PsbP1)

Our data, presented in this thesis, marks an important step forward in understanding DEG2
(chapter 4, 5 and 6). We were trying to schematically illustrate the complex interplay of DEG2 within
the chloroplast in Figure 7.1, summarising previously published data with our own observations.
Even though direct evidence for an interaction with photosystem subunits is still missing, we
were able to highlight that DEG2 influences several molecular processes in planta. A variety of
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approaches was conducted to understand the role of DEG2, ranging from phenotypical analysis of
deg2 ko mutants, comparative proteomic assays and oligomerisation studies to the detailed search
for specific protein interactions. First of all, it was demonstrated that DEG2 levels remain constant
in response to light-stress, questioning the involvement in photodamage response mechanism.
However, in consideration of a recent publication [119], reporting an activation of DEG1 during
daylight, we can speculate that such a regulation applies for DEG2 as well, especially since both
DEG1 and DEG2 are suspected to be redox regulated [232]. For such a purpose, a constant level
of DEG2 in the cell is required for efficient operation upon activation (Figure 5.2). Unfortunately,
we were not able to verify a redox-modulation of activity of DEG2 with our experimental setup so
far (chapter 6), making further approaches necessary. However, the drastic impact of the absence
of DEG2 in deg2 ko mutants on protein levels of different subunits of the photosystems could be
explained by redox regulation. The most distinct dependency was observed between stromal DEG2
and luminal DEG1 (Figure 7.1, 7.), even though both are separated by the thylakoid membrane.
Our finding that DEG1 and DEG2 protein level seem to correlate with each other (Figure 5.6) is
supporting previous reports of a downregulation of DEG1 in deg2 ko plants [143] and vice versa
[37].
How can we explain such an unusual regulation across a membrane? A report by Motohashi
and Hisabori [161] described the transfer of reduction equivalents across the thylakoid membrane
through a membrane-bound thioredoxin (TRX) (Figure 7.1, 5.), subsequently reducing luminally
located proteins, e.g. the photosystem I subunit N (PsaN). This is highly interesting and could
explain our findings about the decrease of DEG1 level, potentially through redox-dependent
activation and subsequent self-degradation of the protein. The increase of luminal proteins PsaN,
PsbP1 and PC in deg2 ko mutants indicates that those subunits are substrates for DEG1 (Figure
7.1, 8. ,9. ,10. ). PsaN is the only entirely luminally localised subunit of PSI [166] and interacts
weakly with Lhca2 and Lhca3 [12, 82, 96] and other small PSI subunits [103] (Interaction with
PsaF and PsaG are indicated [75]). However, structural analysis did not confirm direct interaction of
PsaN with other small PSI subunits [12]. There are other indications that PsaN might be needed for
assembly of Lhca5 with Lhca2 [12, 145]. Plants that lack the PsaN subunit feature a 2-fold decrease
in the rate of electron transfer from plastocyanin to P700+ , indicating that PsaN contributes to the
docking of PC to the PSI complex [75]. PC acts as electron carrier between the cytochrome b6f
complex and the P700 reaction center of Photosystem I [114]. A direct interaction between PsaN
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and PC remains questionable, though. However, we can speculate about a connection of DEG2
with PC through DEG1. It was shown that DEG1 is able to degrade PC in vitro [37] (Figure 7.1, 9.).
Since DEG2 correlates with DEG1 (chapter 5 [112, 143]) it is easy to suggest that, in case DEG2 is
missing and DEG1 is down-regulated, the degradation of PC by DEG1 might be inhibited, resulting
in an increased amount of PC in deg2 ko mutants. In this scenario, our findings of modulations of
luminal protein levels are rather due to the lack of DEG1 than by direct action of DEG2.

We can hypothesise though that the lack of stromal located PsaE is directly caused by the absence
of DEG2. PsaE, located at the stromal side of Photosystem I is close to not detectable when DEG2
is missing, indicating that this protein does need DEG2, maybe serving as a chaperon, for its
bona fide function. PsaE, PsaC and PsaD are forming the so-called stromal ridge complex of PSI,
mediating the electron transfer from the PSI reaction center to ferredoxin [266, 269]. However,
it was shown previously that PsaE is not essential for linear electron flow and photo-autotrophic
growth [94]. Since Spiess et al. [226] described a temperature dependent switch of Escherichia coli
DegP from protease to chaperone function, and Sun et al. [236] described a chaperone function
of Arabidopsis DEG1, it suggests itself that other plant DEG proteases could act in a similar way.
A DEG2 chaperone activity would explain the correlation between levels of PsaE and DEG2 in
planta. However, the requirements of DEG2 for switching from protease to chaperone function
remain unknown. It was pointed out indirectly by Lucinski et al. [143] that DEG2 might act as
a protease, by revealing that DEG2 is needed for Lhcb6 degradation under brief salt, high-light
or heat stress. However, we cannot rule out that our finding of reduced levels of PsaE in deg2
mutants is only indirectly linked to DEG2. Recently it was demonstrated that Chlamydomonas
reinhardtii PsaE is sensitive to salt stress [233]. It was indicated that structural and functional
changes of the PSI supercomplex emerge due to damage by reactive-oxygen-species (ROS) at
high salt level. Particularly sensitive was hereby the ferredoxin-docking site, including PsaE. Even
though photosynthetic processes of algae and higher plants are not completely similar, we can draw
conclusions from the findings in Chlamydomonas, since PsaE is present in both organisms. We can
suggest that DEG2 plays an important role in maintenance of the photosystem supercomplexes.
In case that DEG2 is missing, the PSI ferredoxin-docking site might be more prone to damage by
ROS-mediated oxidation, resulting in a reduced level of PsaE. However, further investigation in
putative chaperone functions of A. thaliana DEG proteases is needed to clarify these findings.
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Certainly, the most tremendous effect of DEG2 is the reduced root length phenotype of deg2 ko
mutant plants (Figure 5.3. How can we explain an influence of a chloroplastic DEG protease on
root cells, where DEG2 is apparently absent? Here we can provide several prospects. We were able
to complement this striking phenotype by addition of sucrose to the growth medium, indicating
that DEG2 might be involved in optimising carbon fixation, metabolism or mobilisation. However,
the lack of DEG2 might not be dramatic for the plant, as already observed by Huesgen et al. [89],
suggesting a compensation of the lack of DEG2 by other proteases. Such a dependency of two
proteases was already demonstrated for DEG5 and DEG8 [237]. It was reported that the deg5/deg8
double mutant was more photosensitive and showed reduced rates of D1 protein degradation compared to single mutants of the respective DEG proteases [237]. The effect of sucrose for the plant
could simply interfere with the phenotype, caused by DEG2 absence. Another possible explanation
for the deg2 phenotype was presented by the authors of a recent publication [202]. Roose et al.
[202] reported developmental defects in mutants of a PsbP domain protein PPD5 (Figure 7.1,
5.). The PsbP related proteins are also localised in the thylakoid lumen and have been linked to
photosynthetic processes [93]. Roose et al. [202] observed excessive root-branching in ppd5 ko
mutants and complemented it by treatment with a synthetic plant hormone, the strigolacetone GR24.
This publication described for the first time an influence of an exclusively luminal located protein
on root growth. Particularly interesting hereby is our finding of an upregulation of PsbP1 level
in deg2 ko mutants, which possess a retarded root growth. PsbP1 is one of the subunits of the
oxygen-evolving-complex (OEC) and is required for optimal activity of PSII [29]. Furthermore,
it is crucial for normal thylakoid architecture in A. thaliana [262]. We cannot assume that PsbP1
has the same impact on root growth as its family member PPD5, nevertheless, we could speculate
that upregulation of PsbP1 influences other PsbP-like proteins in the thylakoid lumen, therefore
influencing root cells. Hence, we could hypothise that DEG2 is part of a superordinate regulatory
network, influencing various stromal located proteins, but also luminal located DEG1 through a
membrane bound thioredoxin.

Concluding this thesis, we can certainly say that our data represent an important step forward in
understanding the function of DEG proteases in the plant cell. We highlighted the wide distribution
of DEGs in various plant organelles and presented hypotheses about their putative functions in
the respective organelles. Our main goal was hereby the understanding of the physiological and
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molecular function of the DEG2 protease. Application of a variety of approaches led finally to the
determination of several putative functions of DEG2. At the end, we were able to summarise all
our findings, proposing a new interaction model of DEG proteases in the chloroplast (Figure 7.1),
highlighting the tremendous influence of DEG2 in planta. The next step will be a proof of concept,
in order to finally obtain direct evidence of the suspected interactions. However, the combination of
new proteomic or genomic approaches with higher throughput rates [246] can only be conclusive
when combined with classical biochemical approaches.
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