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Summary 
 

Proteases, also referred to as peptidases, are enzymes mediating the hydrolysis of 

peptide bonds. They are employed in a variety of cellular processes, e.g. protein 

quality control, nutrient uptake, maturation of protein precursor forms and signal 

transduction processes. Deg proteases, also named HtrA proteases, are a family of 

ATP independent serine endopeptidases found in almost all organisms. Beside 

their protease domain, most members of this family also contain one or more PDZ 

protein-protein interaction domains. In the genome of the model plant Arabidopsis 

thaliana, 16 Deg protease encoding genes have been identified, but the knowledge 

about the physiological function of the proteins is still limited. In this work, I 

investigated the role of four members of this protein family in Arabidopsis. 

We were able to show that DEG15 is a peroxisomal protease that is involved 

in the processing of proteins containing a peroxisomal targeting signal 2, a 

process that is restricted to higher eukaryotes. We report that an Arabidopsis 

deg15 knock-out mutant line shows an expressed phenotype linked to decreased 

beta-oxidation, which is a first hint towards the importance of this process to the 

organism. The homologous mammalian peroxisomal processing protease was 

reported to represent a a novel type of cysteine proteases. However, we were able 

to show by site-directed mutagenesis that DEG15 is a serine protease. 

DEG7 is a Deg protease with homologs restricted to plants and fungi. We 

could show that this protein is localized to the nucleus and exhibits a novel mode 

of oligomerization due to its unusual domain arrangement. Furthermore, we 

demonstrate that DEG7 is not involved in programmed cell death, contrary to the 

DEG7-like protein from Saccharomyces cerevisiae. We also identified interaction 

partners of this protease by a yeast two-hybrid screen. 

In this work, DEG9 was identified as the first nucleolar protease that is not 

connected to the ubiquitine-proteaseome system. In vitro, it is a hexameric 

protein, depending on the presence of the PDZ domain. Arabidopsis deg9 knock-

out lines as well as DEG9 overexpressing lines did not show an expressed 

phenotype. 

The chloroplast DEG2 protease was, based on in vitro studies, identified as an 

enzyme that degrades the D1 protein from the Photosystem II after light stress. 
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Our analysis of Arabidopsis deg2 knock-out lines showed that these plants show 

no altered D1 turnover under high-light stress. Therefore, we present an extended 

model for the proteases involved in D1 degradation. 
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Zusammenfassung 
 

Proteasen, auch Peptidasen genannt, sind Enzyme zur Hydrolyse von 

Peptidbindungen. Sie sind an vielen zellulären Prozessen beteiligt, u.a.  an der 

Qualitätskontrolle von Proteinen, an der Aufnahme von Nährstoffen, an der 

posttranslationalen Modifizierung von Proteinvorstufen, und sind außerdem 

verantwortlich für viele zelluläre Signalübertragungsvorgänge. Deg Proteasen 

(auch HtrA Proteasen genannt) bilden eine Familie ATP unabhängiger 

Serinendopeptidasen und kommen in fast jedem Organismus vor. Zusätzlich zu 

ihrer Proteasendomäne besitzen die meisten Deg Proteasen ein oder mehrere 

PDZ-Domänen zur Protein-Protein Interaktion. Das vollständig sequenzierte 

Genom des pflanzlichen Modellorganismus Arabidopsis thaliana enthält 16 Gene 

für Deg Proteasen, über deren Rolle im Organismus jedoch kaum etwas bekannt 

ist. Die Grundlage der hier vorliegenden Arbeit sind meine Untersuchungen an 

vier Deg Proteasen aus dieser Pflanze. 

DEG15 ist, wie wir zeigen konnten, eine peroxisomale Protease. Sie ist 

verantwortlich für das Prozessieren von Proteinen, welche ein PTS2 (Peroxisomal 

Targeting Signal 2) Signal Peptid enthalten, ein Vorgang, der nur in höheren 

Eukaryoten vorkommt. Durch unsere Analyse von Arabidopsis deg15 Knock-Out 

Mutanten konnten wir zeigen, daß diese Pflanzen einen Defekt in der Beta-

Oxidation von Hormonvorstufen besitzen. Dies ist ein erster Hinweis auf die 

Wichtigkeit dieses Prozesses für den Organismus. Das entsprechende DEG15 

ähnliche Protein aus Säugetieren wurde als eine neue Art von Cysteinprotease 

klassifiziert, doch wir konnten durch Mutagenesestudien beweisen, daß DEG15 

tatsächlich eine Serinprotease ist. 

DEG7 gehört zu einer Gruppe von Deg Proteasen, welche nur in Pflanzen und 

Pilzen vorkommen. Wir erkannten, daß dieses Protein aufgrund seiner 

ungewöhnlichen Domänenstruktur einen neuartigen Oligomerisierungs-

mechanismus besitzt. Außerdem konnten wir zeigen, daß DEG7 aus Arabidopsis, 

anders als das entsprechende Protein aus der Bäckerhefe Saccharomyces 

cerevisiae, nicht an der Durchführung des Programmierten Zelltods beteiligt ist. 

Zusätzlich identifizierten wir aus einer Arabidopsis cDNA Bibliothek mehrere 

Gene, welche für potentielle DEG7 Interaktionspartner kodieren.  
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In dieser Arbeit konnten wir außerdem DEG9 als die erste Protease im 

Nukleolus identifizieren, welche keinen Teil des Ubiquitin-Proteasom Systems 

darstellt. Normalerweise liegt sie in unseren in vitro Versuchen als Hexamer vor, 

doch ist ihr Oligomerisierungsgrad abhängig von dem Vorhandensein ihrer PDZ 

Domäne. Arabidopsis Pflanzen, welche kein DEG9 Protein besitzen, zeigten keine 

phänotypischen Veränderungen gegenüber Wildtyp Pflanzen. Gleiches gilt für 

Pflanzen mit einem erhöhten Level and DEG9. 

Frühere Arbeiten in unserem Labor haben DEG2 als ein chloroplastidäres 

Enzym identifizert, welches unter Lichtstress für den Abbau des D1 Proteins aus 

dem Photosystem II verantwortlich ist. Da diese Arbeiten auf in vitro Daten 

beruhten, haben wir untersucht, in welchem Maße der D1 Abbau in Arabidopsis 

Linien ohne DEG2 beeinträchtigt ist. Da diese deg2 Knock-Out Pflanzen im 

Vergleich zu Wildtyp Pflanzen keinen Unterschied zeigten, entwickelten wir ein 

erweitertes Modell des D1 Abbaus und der daran beteiligten Proteasen. 
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General Introduction 
 

 

Proteolysis 

 

Proteolysis is the hydrolysis of the peptide bonds of proteins and peptides, 

mediated by enzymes termed proteases or peptidases. Every known living 

organism utilizes this enzymatic activity in a vast number of essential cellular 

processes. These include the degradation of proteins dispensable to the cell, either 

because the polypeptide in question is non-functional, its function is not desired 

anymore, or it was intended to harm the cell (e.g. proteins introduced by 

pathogenic organisms). Additionally, limited proteolysis performed by peptidase 

with a very narrow cleavage site specificity is involved in the maturation of 

protein precursor forms and signal transduction processes. Since proteases 

irreversibly hydrolyze peptide bonds, uncontrolled activity of these proteins is 

dangerous for the cell. During evolution, life developed several different 

mechanisms to guarantee correct proteolytic activity at the correct place at the 

correct time. Narrow substrate specificity of some proteases ensures that these 

enzymes only attack their respective targets, while some peptidases with a broader 

specificity require their substrate to show conformational deformations or be 

labeled by posttranslational modifications as targets for proteolysis. Alternatively, 

proteases may be restricted to certain subcellular compartments or special sites in 

the cell, or conformational changes in the peptidase and post-translational 

modification, activate the enzyme only when this is desired. 

 

 

Proteases in Protein Quality Control 

 

A research area which has attracted much attention, especially with regards to its 

tight connection to stress resistance and human diseases, is the involvement of 

proteases in the cellular protein quality control (Wickner et al., 1999; Yamamoto, 

2001; Bukau et al., 2006; Tatsuta and Langer, 2008). The correct three-

dimensional folding state of each polypeptide chain is, in principle, already 
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encoded in its primary amino acid sequence. In correctly folded proteins, 

hydrophobic stretches are usually buried within the macromolecule, and more 

hydrophilic residues are exposed to the solvent. However, every protein may 

encounter situations where native folding cannot be ensured anymore, and 

subsequently hydrophobic residues are also presented to the environment, 

enhancing the probability for the formation of protein aggregates (Ellis, 2006; 

Ellis and Minton, 2006). This misfolding may happen during the synthesis of the 

peptide chains on polyribosomes, when many nascent polypeptide chains emerge 

close to each other from the ribosomes into a crowded environment (Ellis and 

Minton, 2006), or when aberrant proteins are synthesized due to mutation or 

transcriptional and translational errors (Wickner et al., 1999). Even correctly 

synthesized and folded enzymes are in constant danger of becoming post-

translationally misfolded, either after loosing stabilizing cofactors and ligands, or 

after receiving chemical and structural damage in stress situations. These stress 

situations include exposure to chemical reagents (e.g. reactive oxygen species 

ROS) resulting in modifications of the polypeptide chain, thus altering its 

physicochemical properties, and structural damage due to temperature increase 

(Wickner et al., 1999; Tatsuta and Langer, 2008). 

If not counteracted, the misfolding of proteins ultimately leads to the 

formation of aggregates, an undesirable process  since it represents a sink of 

nutrients and energy within the cell. Furthermore, the presence of aggregates 

interferes with the regular function of the cell, as is highlighted by the existence of 

several mammalian diseases connected with protein misfolding disorder (PMD), 

e.g. Alzheimer’s disease, Parkinson’s disease, and transmissible spongiform 

encephalopathies (TSE) (Soto et al., 2006).  

During evolution, cells have developed several strategies to deal with the 

potentially dangerous presence of unfolded and misfolded proteins. Chaperones 

are proteins that are able to identify unfolded proteins, especially the nascent 

polypeptide chains at the ribosomes, and to provide an enclosed compartment 

where the protein can obtain its native conformation without any contact to other 

proteins (Bukau et al., 2006; Liberek et al., 2008). They also actively unfold 

misfolded proteins and support their subsequent refolding (Bukau et al., 2006; 

Ellis, 2006; Liberek et al., 2008). 
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If protein (re)folding is not possible, either due to an aberrant amino acid 

sequence or due to severe damage, the polypeptide has to be degraded in order to 

prevent aggregation. For optimal efficiency, the action of chaperones and 

proteases has to be finely balanced (Wickner et al., 1999). The tight connection 

between these two functions is emphasized by the fact that some proteins show 

chaperone as well as protease activity (e.g. DegP, Spiess et al., 1999), or that the 

same subunit can be used either in oligomeric chaperones or in oligomeric 

protease complexes (ClpA, Liberek et al., 2008). 

 

 

Degradation of Proteins  

 

The primary machine for the removal of misfolded, mistargeted proteins and the 

normal turnover of proteins in the cytoplasm and nucleus of eukaryotic cells is the 

26S proteasome (von Mikecz, 2006), extensively reviewed in Glickman and 

Ciechanover, 2002). This highly conserved oligomeric threonine protease consists 

of a 20S core complex, formed by 14 subunits, and a 19S 15-17meric regulatory 

subunit, resulting in a huge molecular machine of approximately 2000 kDa 

(DeMartino et al., 1996). Proteins are targeted for proteasomal degradation by the 

covalent modification with several copies of the small, highly conserved protein 

ubiquitin. The tagged proteins are recognized by the regulatory subunit in a so far 

still undescribed manner, unfolded under the expense of ATP, and translocated 

into the inner barrel of the 20S core complex, where the polypeptide is degraded 

to small oligopeptides. During this process, the ubiquitin is recycled and can be 

used for further tagging (Glickman and Ciechanover, 2002). The specificity of 

this system almost entirely relies on the ubiquitin conjugation machinery, which is 

comprised of a multi-enzyme cascade finally involving one of several ubiquitin 

ligases (E3 ligases) specific for its respective target. Different ubiquitin ligases 

with different specificities and target recognition sequences enable the cell to 

react to a variety of conditions. Therefore, the proteasomal degradation pathway is 

not only involved in the removal of misfolded proteins, i.e. the cellular stress 

response, but also in transcription regulation, cell differentiation, hormone 

response, metabolism fine tuning, pathogen defence, senescence, and cell death 
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(Hellmann and Estelle, 2002; Yang and Yu, 2003; Smalle and Vierstra, 2004). 

Although the ubiquitin-proteasome system is maybe the most conserved 

regulatory pathway in eukaryotes, it is virtually absent in other organisms. 

Simpler versions of the proteasome are present in some archaea and bacteria, but 

the ubiquitination pathway is entirely restricted to eukaryotes (Gottesman, 1996; 

Glickman and Ciechanover, 2002; Gottesman, 2003). Since the mitochondria and 

chloroplasts are of prokaryotic origin, they have to rely on other ATP-dependent 

proteases for the degradation of unwanted proteins, such as LON, Clp, and FtsH 

protease complexes (Jarvis and Robinson, 2004; Adam et al., 2006; Huesgen et 

al., 2006; Tatsuta and Langer, 2008). The proteasomal system is also absent from 

peroxisomes, which employ other proteases for energy-dependent proteolysis 

(Kikuchi et al., 2004). 

The ultimate end of every protein degradation is the release of amino acids as 

building blocks for new polypeptides. Usually regarded as a very desirable by-

product of proteolysis, it is the major task of several extracellular digestive 

proteins. Indeed pepsin, an aspartic protease from the intestinal tract of animals, 

was the first proteolytic enzyme ever described (Schwann, 1836, reviewed in 

Fruton, 2002). In animals, proteases like pepsin, trypsin, and chymotrypsin, for 

example, degrade nutritional proteins into non-immunogenic oligopeptides and 

amino acids which can be used by the organism as building blocks in the synthesis 

of new proteins (Freeman and Kim, 1978).  

In contrast to animals, plants are usually able to synthesize all required amino 

acids from simpler nitrogen sources such as nitrate. However, some carnivorous 

plants are able to trap animals as prey and digest them with secreted extracellular 

proteases, e.g. the aspartic protease nepenthesin from the pitcher fluids of 

Nepenthes (An et al., 2002; Athauda et al., 2004). Carnivory enables plants to 

occupy habitats with a limited nitrogen supply.  

 

 

Limited Proteolysis in Signaling and Activation 

 

For a long time, proteases were regarded as proteins mainly involved in the total 

degradation of proteins. However, evidence emerged that they also play an 
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important role in signaling cascades and protein activation by limited proteolysis, 

a process that can be regarded as an irreversible form of post-translational 

polypeptide modification (Turk, 2006; Hasenbein et al., 2007). 

One of the first examples of enzyme activation by limited proteolysis was the 

cleavage of precursor proteins for the digestive enzymes in the in the intestinal 

tract of animals (zymogen activation), e.g. trypsin and chymotrypsin (Davie and 

Neurath, 1955). Cleavage of inactive precursors resulting in functional proteins is 

also involved in blood coagulation after wounding, where fibrinogen is cleaved by 

the serine protease thrombin (Davie and Ratnoff, 1964). 

Another example for proteolytic post-translational modification is the removal 

of the signal sequences or transit peptides in proteins from the secretory pathway 

(Blobel and Dobberstein, 1975) and after import of proteins into the chloroplast 

(Kirwin et al., 1988; Jarvis and Robinson, 2004), into mitochondria (Neupert, 

1997), and into the peroxisome (Swinkels et al., 1991).  

Several regulatory pathways are comprised of whole proteolytic cascades, 

involving highly selective proteolytic steps. The most prominent and probably 

best studied example is the induction of apoptosis in mammalian cells, where 

several cysteine proteases mediate programmed cell death (PCD). After receiving 

the apoptosis inducing extra- or intracellular stimulus, initiator caspases are 

activated and act upon their substrates, zymogens of the executor caspases, which 

ultimately leads to the death of the cell (Garrido and Kroemer, 2004; Ekert and 

Vaux, 2005; Turk and Stoka, 2007). 

In E. coli, the interaction of misfolded proteins from the periplasmatic space 

with the DegS protease, residing in the inner membrane, leads to activation of this 

enzyme and cleavage of the intramembrane protein RseA in a loop exposed to the 

periplasm (Clausen et al., 2002; Walsh et al., 2003; Wilken et al., 2004; 

Hasenbein et al., 2007). This first event triggers the subsequent intramembrane 

cleavage of RseA by a second protease, the metalloprotease YaeL, eventually 

resulting in the release of the RseA ligand σE. This protein initiates the 

transcription of several stress-related genes, enabling the cell to deal with the 

misfolded protein in the periplasm (Hasenbein et al., 2007). 
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Classification of Proteases  

 

The importance of proteolysis to the cell is underlined by the fact that protease-

encoding genes make up to 2-5% of all genes in several fully sequenced genomes 

(Barrett et al., 2003). In eukaryotic cells, all genes involved in the ubiquitin-

proteasome system add to the same number, therefore,  A. thaliana devotes almost 

10% of the genes to activities related with the cleavage of peptide bonds (Vierstra, 

2003). This vast number of proteases calls for an efficient classification system, to 

provide a communication framework, but also to detect relationships between 

different enzymes.  

The first method to define a protease is to describe whether it exhibits an 

endo- or exo-proteolytic activity. Endoproteases hydrolyze peptide bonds within a 

polypeptide, whereas exopeptidases cleave residues at the amino- or carboxy-

terminus (aminopeptidases or carboxypeptidases, respectively). However, this 

classification method allows no comparison of structural and mechanistic features 

of different proteins.   

The MEROPS peptidase database (http://merops.sanger.ac.uk, Rawlings et al., 

2008) classifies proteases in clans and families. A clan consists of proteases that 

seem to have evolved from a single evolutionary origin, and all peptidases from a 

clan exhibit a similar three-dimensional fold. In a clan, proteases that are 

significantly similar to each other are grouped within a protease family (Rawlings 

and Barrett, 1993). Proteolytic enzymes from one family share the molecular 

mechanism by which the peptide bond is cleaved, thus this classification system 

also describes the amino acid residues of the protease involved in this process, the 

“catalytic residues”.  

Generally, proteases hydrolyze peptide bonds by either direct activation of 

water, or by forming intermediary covalent products with the substrate which 

eventually leads to the cleavage of the peptide. The first strategy is used in 

aspartic and glutamic proteases, where a water molecule is directly activated as a 

nucleophile by interaction with aspartate, glutamate or glutamine residues, 

respectively, in the catalytic center of the enzyme. A similar activation of water is 

achieved by the zinc ion in the catalytic center of metalloproteases, and the 

activated water molecule directly attacks and cleaves the target peptide bond. 
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Serine proteases, cysteine proteases, and threonine proteases follow a different 

strategy to hydrolyze peptide bonds (Figure 1). The major difference to the 

mechanism presented before is the presence of an intermediary transition product 

with a covalent enzyme-substrate bond, which is eventually cleaved by an 

activated water molecule to release the product and restore catalytic activity 

(Figure 1). The high nucleophily of the residue attacking the peptide is achieved 

by the presence of a histidine in close proximity, often accompanied by an 

additional aspartate. These three residues form a “catalytic triad” typical for 

proteases employing this catalytic mechanism. Serine and cysteine proteases 

differ only by the nature of the nucleophilic group, whether it is a hydroxyl or 

thiol.  
 

Figure 1. Mechanism of 
peptide bond cleavage by 
serine proteases. 1, the 
nucleophility of the catalytic 
site serine (red) is increased 
by hydrogen bond formation 
with the histidine. 2, the 
hydroxy group attacks the 
carboxy carbon atom, forming 
a intermediate tetraedic state. 
3, by rearrangement of 
electrons the peptide bond is 
cleaved and the catalytic 
serine acetylated. 4, A water 
molecule is activated by 
hydrogen bond formation with 
the histidine, 5, therefore able 
to perform a nucleophylic 
attack on the acyl-serine 
intermediate product, again 
resulting in a intermediate 
tetraedic state. 6, The serine is 
deacetylated and the catalytic 
site restored. (Stryer, 2003). 

 

 

In principle, the catalytic strategy of a protease can be determined by examining 

the effect of specific protease inhibitors on the enzymatic reaction, but results 

from inhibitor experiments have to be evaluated carefully. If the nature of a 

protease is totally unknown, usually broad-range inhibitors have to be used. Here, 

problems may occur from the large number of different protease families 

employing the same catalytic strategy (numbers according to MEROPS (Rawlings 



Deg Proteases in Arabidopsis 

8 

et al., 2008): serine proteases: 69 families; cysteine proteases: 89; aspartate 

proteases: 31; metallo proteases: 76). Therefore, a broad range serine protease 

inhibitor may not inhibit all serine proteases, for example, or may additionally 

inhibit proteases with a different, although similar mode of action involving non-

serine residues. The chemical properties of the inhibitor also have to be 

considered. An agent specific for the alkylation of thiol groups is very likely to 

inhibit cysteine proteases, but additionally it may inhibit any other protease with 

structurally important cysteine residues. 

The most conclusive approach for the identification of the catalytic nature of a 

protease in question is a combination of sequence analysis and enzymatic activity 

assays. The comparison of the amino acid sequence with the sequence of known 

and well characterized proteases leads to the identification of the active site 

residues and common amino acid patterns, also enabling the designation of the 

proteases to a specific protease family. In the experimental confirmation of such 

predictions, mutation of the active site residues should lead to inactive enzymes. 

The crystal structure of the protein (especially as a co-structure with a substrate 

analogon) might provide addtional data for the identification of the catalytic 

nature of the protease. 

 

 

Deg/HtrA Proteases 

 

Deg, also called HtrA proteases, are a family of ATP-independent serine proteases 

found in almost every organism. The proto-type of this family, DegP or HtrA, was 

discovered by analyzing E. coli mutant strains lacking the ability to degrade 

periplasmatic proteins or to grow at elevated temperatures (high temperature 

requirement) (Lipinska et al., 1989; Strauch et al., 1989).  

Since then, genes coding for Deg proteases have been found in almost every 

sequenced genome, including bacteria, archaea, and eukaryotes. Interestingly, 

they seem to be absent in the genome of C. elegans, a popular model organism for 

studying programmed cell death (PCD) (Huesgen and Adamska, unpublished). 

The members of the Deg protease family show a distinct domain arrangement 

(Figure 2): all Deg proteins contain a protease domain of the chymotrypsin type 
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belonging to the S1B family of the PA(S) clan of serine proteases according to the 

MEROPS classification (Rawlings et al., 2008), with the catalytic triad formed by 

residues in the order His, Asp, and Ser from the amino- to the carboxy-terminus 

(Pallen and Wren, 1997).  

 
Figure 2. Domain 
arrangement in Deg/HtrA 
protease. The protease 
domain is followed by one 
or more PDZ domains. 
Additional domains, e.g. 
targeting domains, may be 
present at the N-terminus. 

 

 

Hydrolysis performed by this domain is independent of ATP or other cofactors 

like divalent cations, although sometimes an influence of nucleotides or metals on 

the catalytic performance was reported for in vitro assays (Haussuhl et al., 2001; 

Helm et al., 2007). However, these observed influences may result from changes 

in the properties of the substrates. The protease domain is usually followed by at 

least one PDZ domain, a protein-protein interaction domain suggested to be 

involved in substrate recognition, oligomer formation, and activity regulation 

(Clausen et al., 2002; Ehrmann and Clausen, 2004). The name “PDZ” is an 

acronym of the first three proteins that were identified containing this special 

protein domain (PSD-95/SAP90, Disc-large, and ZO-1) that is comprised of six β-

strands and two α-helices (Ponting, 1997). PDZ domains are approximately 90 

amino acids long and typically mediate protein-protein interaction by recognizing 

the four C-terminal residues of their ligands, although PDZ-domains have been 

described that bind to internal sequences (Hung and Sheng, 2002). With only few 

exceptions, all Deg proteins contain at least one PDZ domain, several possess 

two, and only very few three or four (Clausen et al., 2002). 

Additional domains may be present at the amino-terminus, e.g. signal 

sequences, transmembrane regions, or an insulin growth factor-binding domain 

(Kim and Kim, 2005).  

The crystal structures of four Deg proteases are available. The analysis of the 

native three-dimensional arrangement of DegP and DegS from E. coli (Krojer et 
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al., 2002; Wilken et al., 2004), HtrA from Thermotoga maritima (Kim et al., 

2003), and human HtrA2 (Li et al., 2002) revealed that the basic unit of Deg 

proteases is a trimer with subunit interactions mediated by residues in the protease 

domain (see (Kim and Kim, 2005) for a review). DegP forms hexamers through 

dimerization of trimers mediated by the interaction of the Q-linkers, a loop 

protruding from the protease domain (Clausen et al., 2002; Krojer et al., 2002). 

Recently, evidence has accumulated that DegP is able to form even higher 

oligomers (Krojer et al., 2008). In contrast to DegP, hexamerization of HtrA from 

T. maritima (a homolog of E. coli DegQ) is not mediated by the protease domain 

but by its second PDZ domain (Kim and Kim, 2005). 

In addition to their proteolytic activity, these two proteins also show 

chaperone activity (Spiess et al., 1999; Kim et al., 2003). At low temperatures, 

DegP acts as a chaperone supporting the refolding of reduced and denatured MalS 

protein, whereas at 37°C and 42°C, the proteolytic activity dominates. A mutant 

version, where the calatlytic Ser was changed to Ala, which efficiently abolished 

proteolysis, was able to refold denatured substrates even at elevated temperatures 

(Spiess et al., 1999). 

Deg proteases are involved in very different physiological processes. DegP 

from E. coli, for example, is part of the stress response and is responsible for the 

degradation of abnormal proteins in the periplasmatic space, where it cleaves 

substrates that are at least partially unfolded (Clausen et al., 2002). Besides this 

constitutive function, it was shown to act as a processing protease on the colicin A 

lysis protein (Cavard et al., 1989). Contrary to the broad substrate specifity of 

DegP, E. coli DegS only performs the first cleavage of the RseA protein after the 

binding of unfolded outer membrane porins to the single DegS PDZ domain. As 

described previously, this cleavage initiates a proteolytic cascade eventually 

leading to the release of the sigma E factor and thereby initiating the transcription 

of heat shock factors, including DegP (Alba and Gross, 2004). 
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The Model Organism Arabidopsis thaliana 

 

Arabidopsis thaliana is a member of the mustard family (Brassicacae) and is 

widely spread over the world, occupying habitats in a variety of regions and 

climates in Africa, the Americas, Asia, Australia, and Europe. It has become the 

favourite model organism to study plant genetics for several reasons: Being a 

small plant with a maximum of approximately 12 cm in rosette diameter under 

favourable conditions, it can be easily grown even under limited space conditions 

and can be easily transported. Additionally, A. thaliana shows a generation time 

of only six weeks, enabling the researcher to do crossing- and mutagenesis 

experiments on a relatively small time scale. It propagates by self-fertilization, 

producing a high number of seeds which can be distributed easily and stored for 

extended times, but can also be cross fertilized in the laboratory. Most commonly, 

the plant is grown on soil, but alternative methods which include growing on 

sterile media, as callus culture, and in cell suspension culture, enables the scientist 

to optimize the experiments with regards to time scale, protein amount, or the 

application of stress conditions. The most important feature of A. thaliana is the 

comparatively small genome of about 157 Mbp (Bennett et al., 2003), which is 

located on five chromosomes and was the first plant genome to be completely 

sequenced in the year 2000 (Meinke et al., 1998; AGI, 2000). It contains 

approximately 27,000 protein-encoding genes, and a putative function could be 

assigned to 69% of the proteins based on amino acid sequence comparison. 

However, only 9% of the genes have been examined experimentally to deduce the 

molecular function and the physiological role in the whole organism (AGI, 2000). 

With the whole genomic sequence data available to the public, the ambitious 

project was announced to identify the function of most genes and to create a 

computer model of the plant by 2010 (Chory et al., 2000; Somerville and Dangl, 

2000). Summarizing the available data today, as well as looking at the 

unanswered questions still looming around, it seems questionable whether this 

task will be fulfilled by the given date. However, several large-scale projects were 

initiated, providing the scientific community with a wealth of data and material. 

They include the generation and annotation of large full-length cDNA clone 

collections (Seki et al., 2002) as well as mutant plant collections (Sessions et al., 
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2002; Alonso et al., 2003; Rosso et al., 2003), covering the majority of protein-

encoding genes. Additionally, the expression of almost every gene in every tissue, 

at different developmental stages, and under a huge variety of biotic and abiotic 

stress conditions was analyzed using whole-genome microarrays (Schmid et al., 

2005; Wellmer et al., 2006). The next steps will involve the development of high-

throughput technologies for phenotypic screening of the genome-wide mutant 

collections (Alonso and Ecker, 2006). 

The major disadvantage of A. thaliana as a model organism is the lack of tools 

for targeted mutagenesis. Mutant plants are usually generated either chemically or 

by Agrobacterium tumefaciens-mediated random insertion of transferred DNA (T-

DNA) into the plant genome, followed by mapping based identification of the 

mutated locus or by the determination of insertion flanking sequences by PCR and 

nucleotide seqencing, respectively. Therefore, large T-DNA-insertion libraries 

have to be screened to obtain a mutant line with an insertion in a specific gene, 

and expression or the lack of expression of the gene has to be analyzed either by 

Reverse Transcription (RT)-PCR or Northern Blotting. Additionally, the 

introduction of modified genes, either for overexpression or for the production of 

fusion constructs, bears the risk of damaging other genes, which could lead to a 

misinterpretation of the phenotypic alterations. The situation is further 

complicated by the fact that A. tumefaciens mediated insertion results in 1.8 

insertions of the T-DNA into the genome on average (Weigel and Glazebrook, 

2002). Therefore, an insertion line that is a loss-of-function mutant for a specific 

gene, is also very likely to be a knock-out for a second, often unidentified gene. In 

a phenotypic analysis of mutant plants this problem has to be addressed either by 

using more than one independently generated insertion line, using back-crossed 

lines which definitely carry only one insertion, or complementing an observed 

phenotype by recombinant expression of the gene in question in the mutant 

background.  

Luckily, the difficulties of creating A. thaliana loss-of-fuction mutant plants is 

counterbalanced by the free availability of screened insertion line collections to 

the researcher. Since A. thaliana is a wide spread weed, although not a pest, and 

of no immediate agricultural importance as a field crop plant, nearly all of the 

scientific information concerning this organism is freely available to the scientific 
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public. Full-length cDNA clones and T-DNA insertion lines are collected, 

verified, and listed by stock centers like ABRC (Arabidopsis Biological Resource 

Center, Columbus, Ohio, USA) or NASC (Nottingham Arabidopsis Stock Center) 

and distributed almost free of charge to the researcher. Additionally, expression 

data for most genes, gathered either by whole-genome microarrays  (Craigon et 

al., 2004) or alternative methods like massively parallel signature sequencing 

(MPSS) (Meyers et al., 2004; Nakano et al., 2006), is freely available to the 

researcher via the internet. Other databases provide information about proteins 

targeted to a specific subcellular compartement, like the peroxisome, for example 

AraPerox (http://www.araperox.uni-goettingen.de/, Reumann et al., 2004). 

This vast amount of data is managed and organized by many internet-

accessible databases (Zimmermann et al., 2004), enabling the individual scientist 

to profit from this common source of knowledge. Conveniently, the TAIR 

database (The Arabidopsis Information Resource, www.arabidosis.org) serves as 

a central platform that provides information collected from many different 

databases and resources for data related to the A. thaliana genome annotation 

(Rhee et al., 2003). 

 

 

Deg Proteases in Plants 

 

The genomes of prokaryotic organisms usually encode three Deg proteases, yeasts 

possess one (sometimes duplicated), and four to five genes coding for Deg/HtrA 

proteases are present in mammalian genomes (Clausen et al., 2002; Kim and Kim, 

2005; Rawlings et al., 2008). Contrary to these organisms, the genomes of plants 

contain many more genes encoding Deg proteases. Arabidopsis thaliana possesses 

16 Deg protease-related genes (Huesgen et al., 2005), Populus trichocarpa 18 

(Garcia-Lorenzo et al., 2006), and Rice 10 (Huesgen, unpublished). If the main 

function of Deg proteases is a role in response to various stress situations, the 

higher number of Deg genes may be attributed to the sessile nature of plants, since 

they are unable to avoid most stresses by moving away from them. Some 

additional Deg genes may result from a gene transfer from the plastids, which are 

of prokaryotic origin, to the nucleus. 
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Deg Proteases in Plants Form Four Groups 

 

According to their domain arrangement as detected by amino acid sequence 

analysis, Deg proteases from A. thaliana form four groups (Figure 3). Group I 

consists of proteins showing the usual arrangement for Deg proteases, with an N-

terminal targeting peptide and a serine protease domain, followed by a PDZ 

domain. Members from group II are predicted to possess an elongated C-terminus, 

which might contain an additional, second PDZ domain that escaped detection by 

sequence analysis programs so far. Group III contains only one protein, DEG7, 

which might be the result of gene duplication followed by gene fusion. It is twice 

as large as other Deg proteases from A. thaliana and contains one serine protease 

domain with a catalytic triad. A putative second protease domain in the second 

half is lacking the catalytic residues (Clausen et al., 2002). This protein contains 3 

PDZ domains, with a putative fourth (located behind the first) usually not detected 

by domain recognition programs.  

 

 

 

 

 

 

 

 

 
 
Figure 3 The four groups of Deg proteases in A. thaliana, based on amino acid analysis and 
domain arrangement prediction. 
Redrawn according to (Helm et al., 2007). 

 

 

Group IV also consists of only one protein, DEG15. Its protease domain is shifted 

towards the C-terminal part, and no PDZ domain is detectable (Figure 3). Since 

the presence of a PDZ domain is part of the original definition for HtrA proteases 

(Pallen and Wren, 1997; Clausen et al., 2002; Kim and Kim, 2005), it is 

disputable whether DEG15 is a “true” Deg/HtrA protein. However, the protease 
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domain is more similar to other Deg proteins than to protease domains from 

chymotrypsin, which is the MEROPS family type peptidase (Helm et al., 2007). 

Phylogenetic analysis of the amino acid sequences of the protease domains of 

several Deg/HtrA proteases from various organisms supported the classification 

into four groups, originally based on the domain arrangement (Helm et al., 2007). 

Surprisingly, plants are the only organisms containing Deg proteases from all four 

groups, whereas animals have only members from group I and IV, and the fungi 

Deg proteases are group III members. 

A physiological role has been identified for only some of the Deg proteases in 

plants, mainly from A. thaliana. DEG1 is involved in the stress response in the 

chloroplast lumen, probably performing general protein degradation (Chassin et 

al., 2002). Two other lumenal proteases, DEG5 and DEG8, participate in the 

degradation of damaged D1 protein from the photosystem II (PSII) reaction center 

(Sun et al., 2007). Additionally, it was shown that DEG2 from the chloroplast 

stroma is able to specifically cleave D1 in vitro, but evidence from the study of 

mutant plants presented in this work (chapter IV) reveals that DEG2 is not the 

major player in the light stress-induced D1 turnover, and that the situation is much 

more complicated than originally thought. 

DEG15 is a peroxisomal protease which is involved in post-import processing 

of peroxisomal proteins, which will be discussed in chapter I. 

 

 

The Structure of This Thesis 

 

The point where everything began – at least with respect to this thesis – was the 

sequencing and final annotation of the whole A. thaliana genome in 2000. We 

were puzzled by the number of Deg proteins encoded in the genome, and were 

determined to unveil the function of at least some of them. When I started this 

work, little was known about the proteins DEG15, DEG7, DEG9, DEG2, for 

example the sequence of the encoding gene and the fact that they were indeed 

expressed under certain conditions (since cDNA clones were available), so we 

took a reverse genetics approach to ask what these proteins do in the plant. The 

problem – or, more exactly, the fascination – with such an approach is that it is 
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totally unknown in the beginning where the journey will end, in what subcellular 

compartment or in which physiological process. I found myself dealing with some 

very different, unrelated processes (if the term “unrelated” may be used at all 

within a living organism), i.e. the processing of peroxisomal proteins, Deg 

proteases in PCD, nucleolar proteins, and turnover of the Photosystem II core 

protein D1. Although some introduction to these topics is provided in the 

respective chapters, only limited information can be presented there, since the 

chapters are intended as manuscripts ready for publication or are based on 

manuscripts of already published papers, and usually the space for the 

introductory part is limited. Therefore I feel obliged to the reader of this thesis to 

give a little more background knowledge on the different chapters than could be 

provided by the General Introduction above. Unfortunately, some redundancy was 

inevitable, but I hope the reader will appreciate and profit from the additional 

knowledge. 

 

 

Chapter I:  The Peroxisomal Processing Protease DEG15 

 

In Chapter I, we show data that deals with the identification of DEG15 as a 

peroxisomal serine protease and the refinement of its function as a processing 

protease, as well as with the phenotypic description of loss-of-function mutant 

plants.  

 

Peroxisomes 

Peroxisomes, also referred to as microbodies, are organelles of approximately 0.1-

1.0 µm in diameter, which are surrounded by a single membrane. They can be 

found in almost all eukaryotic cells where they perform a variety of metabolic 

functions. They generally contain enzymes involved in the β-oxidation of fatty 

acids and hydrogen peroxide decomposing catalases, but their actual enzymatic 

content is different depending on species, tissue, and cell type.  

Peroxisomes in plants can be divided into at least three different groups. 

Glyoxysomes are microbodies in germinating seedlings and contain enzymes 

necessary for the β-oxidation of fatty acids as well as for the glyoxylate pathway, 
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a modified form of the tricaboxylic acid cylce (Brown and Baker, 2003). They 

also occur in senescing leaves (Reumann, 2000).  

Leaf peroxisomes can be found in photosynthetically active tissues and are 

involved in the recycling of 3-phosphoglycerate from phosphoglycolate, the 

product of the undesired oxygenase activity of the calvin cycle enzyme Ribulose 

1,5-bisphosphate carboxylase/oxygenase (Rubisco, reviewed in Reumann, 2000). 

They also take part in the biosynthesis of plant hormones, e.g. indole acetic acid 

(IAA) (Zolman et al., 2007), jasmonic acid (Stintzi and Browse, 2000), nitric 

oxide and other reactive oxygen species involved in signaling (Corpas et al., 

2001). Furthemore, leaf peroxisomes contribute to nitrogen metabolism and the 

degradation of branched amino acids (Zolman et al., 2001). The third group of 

plant peroxisomes are nodule-specific peroxisomes, which have a key role in 

ureide production in non-infected cells of nodules from leguminosae. Besides 

these three groups, “unspecialized peroxisomes” exist, which have not yet been 

examined in detail (Reumann, 2000). 

The existence of several human disorders associated with genetic defects in 

peroxisomal enzymes or peroxisomal biogenesis (e.g. X-linked 

adrenoleukodystrophy and Zellweger’s syndrome) highlights the importance of 

peroxisomes for the cell (Brown and Baker, 2003). In plants, defects in 

peroxisomal biogenesis may cause severe phenotypes, including embryo lethality, 

as was shown for PEX2, PEX10, and PEX12 (Fan et al., 2005; Nito et al., 2007; 

Schumann et al., 2007). 

 

Peroxisomal Import 

Since all organelles posses distinct protein equipment according to their respective 

function, cellular protein targeting has to be tightly regulated and controlled. The 

correct targeting of proteins is achieved in several ways. Proteins which are 

encoded by nuclear genes and imported into mitochondria or chloroplasts are 

targeted to the respective organelle by an N-terminal transit peptide of 20-80 

amino acids (Kirwin et al., 1988; Neupert, 1997). They are synthesized on soluble 

ribosomes and imported as non- or only partially folded polypeptide chains, and 

the transit peptide is cleaved off by signal peptidases after translocation into the 

organelle to yield the mature protein. Protein from the Endoplasmatic Reticulum 
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(ER) and from the secretory pathway also contain an N-terminal signal sequence 

which halts protein synthesis on soluble ribosomes and directs the nascent 

polypeptide chain, together with the ribosome, to ribosome receptors on the ER 

membrane. Subsequently, the polypeptide chain is synthesized through the 

membrane and folded in the ER lumen (Blobel and Dobberstein, 1975). 

Contrary to these examples, peroxisomal proteins are imported as fully folded 

proteins by an import machinery that is well conserved throughout the eukaryotic 

kingdom (Figure 4) (Baker and Sparkes, 2005). They are encoded by nuclear 

genes and synthesized in the cytoplasm on free ribosomes. The proteins are 

targeted to the organelle by one of two Peroxisomal Targeting Signals (PTS), 

which also remained highly conserved during evolution. PTS1, the signal that 

directs the majority of peroxisomal matrix proteins to this subcellular 

compartement, consists of a carboxy-terminal, noncleaved tri-peptide with the 

sequence –SKL, although variations of the general consensus motif 

(S/A/C)(K/R/H)(L/M) also result in correct protein delivery (Brown and Baker, 

2003). Proteins containing this motif are recognized in the cytosol by the soluble 

receptor protein PEX5, which targets the protein complex to the import machinery 

in the peroxisomal membrane.  
 

Figure 4. Peroxisomal 
import in animals and 
plants. The C-terminal 
PTS1 signal is recognized 
by PEX5 and imported into 
the organell by a 
multienzyme itranslocation 
complex. PEX7 recognizes 
the N-terminal PTS2 signal. 
For proper translocation, 
PEX7 needs to recruit 
PEX5, and the protein 
complex is imported by the 
same machinery as for 
PTS1 proteins. Inside the 
organell, the PTS2 signal is 
cleaved off, and the import 
factors are recycled. 

 
 
 

Compared with PTS1 mediated import, only a few proteins are directed into the 

peroxsiome by the PTS2 signal. This nonapeptide is less well conserved than the 

PTS1 signal and shows the general consensus sequence 
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(R/K)(L/V/I)X5(H/Q)(L/A), usually located within the first 20 amino terminal 

residues of the polypeptide chain (Brown and Baker, 2003). It is recognized and 

guided to the peroxisomal membrane by the PEX7 receptor in the cytosol (Figure 

4). Interestingly, the PTS2 pathway seems to be absent in C. elegans (Brown and 

Baker, 2003). 

Both protein complexes, the PTS1/PEX5 as well as the PTS2/PEX7, are 

imported into the organelle by the same translocation machinery, and the 

receptors are recycled by re-exporting them to the cytosol (Baker and Sparkes, 

2005). 

In higher eukaryotes, the PTS2 tag is cleaved off the protein in the 

peroxisome. The protease responsible for this processing was recently identified 

as Tysnd1 in animals and DEG15 in plants (Helm et al., 2007; Kurochkin et al., 

2007), and this work). Although mammalian Tysnd1 and plant DEG15 seem to be 

closely related on the primary structure level (Helm et al., 2007), studies dealing 

with Tysnd1 and DEG15 from water melon disagreed as to whether the enzymes 

belong to a novel class of cysteine proteins or are serine proteases (Helm et al., 

2007; Kurochkin et al., 2007). Chapter I presents compelling evidence that these 

enzymes belong to the latter group. 

The physiological importance of PTS2 processing for the organism has not 

been revealed so far. Yeasts share the PTS2 import machinery with other 

eukaryotes, but do not process PTS2 proteins, i.e. the signal peptide is still present 

in the mature protein. Consistent with the lack of processing, no genes encoding 

Tysnd1/DEG15 homologs can be detected in yeast genomes. Additionally, 

biophysical data indicates that plant gyloxisomal malate dehydrogenase  (gMDH) 

containing the signal tag has no altered enzymatic properties compared with the 

wild-type protein. However, mutant plants described in this work (Chapter I) 

showed a defect in a plant hormone conversion pathway, indicating an impact of 

PTS2 processing on cell to cell signaling. 
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Chapter II:  DEG7 – A Homolog of the Yeast Nuclear Mediater of Apoptosis 

Nma111p 

 

The work presented in this chapter was inspired by reports on the yeast Deg/HtrA 

protease Nma111p in 2003 (Fahrenkrog et al., 2004), which claimed to prove a 

role of this protein in the programmed cell death of budding yeast. Therefore, we 

examined whether DEG7 might play a similar role in A. thaliana. Since the 

interpretation of the yeast work was based on the involvement of the human 

protein HtrA2 in apopotosis, the following chapter will provide a very brief 

introduction about Deg proteases in apopotosis and PCD. 

 

Role of Deg proteases in Apoptosis 

Mammalian HtrA2 was initially identified as a stress induced protease localized in 

the nucleus (Gray et al., 2000) or the ER (Faccio et al., 2000), respectively. 

However, further examination revealed that HtrA2 is a mitochondrial protease 

which is able to antagonize human XIAP, a member or the inhibitor of apoptosis 

protein (IAP) family (Verhagen et al., 2002). Since XIAP resides in the cytosol 

where it binds to the apoptotic cystein proteases caspase-3 and caspase-9, it was 

suggested that HtrA2 is released from the mitochondrion into the cytosol upon 

induction of apoptosis, similar to other pro-apototic proteins like cytochrome c 

and Smac/DIABLO (Munoz-Pinedo et al., 2006). There it binds to XIAP and 

mediates the cleavage of this protein, thereby releasing the active caspases and 

inducing apoptosis (Verhagen et al., 2002; Yang et al., 2003; Althaus et al., 2007). 

Apart from its pro-apoptotic function via the caspase-dependent pathway, an 

additional role was proposed for HtrA2 in mediating apoptosis via a caspase-

independent pathway (Martins et al., 2002; Wolf and Green, 2002; Blink et al., 

2004). Although it seems that the pro-apoptotic nature of mammalian HtrA2 is 

widely accepted, genetical studies point in the opposite direction (Jones et al., 

2003; Kim et al., 2003; Martins et al., 2004; Ekert and Vaux, 2005; Chao et al., 

2008). Mutant mice expressing a mutated form of HtrA2 (Jones et al., 2003) or 

entirely lacking the protein (Martins et al., 2004) do not show a reduced rate of 

PCD but, on the contrary, show an increased degree of apoptosis in neural cells. 

This results in neuromuscular disorder, ultimately leading to the death of the 
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animal between days 30 and 40 (Jones et al., 2003; Martins et al., 2004). Chao et 

al. suggested that HtrA2, instead of being an pro-apoptotic protein, is an anti-

apoptotic protein in the mitochondrial intermembrane space, where it performs 

important functions in mitochondrial maintenance (Chao et al., 2008).  

However, to our knowledge no author so far addressed the question whether 

mammalian HtrA2 might play a double game, changing from Dr. Jekyll to Mr 

Hyde depending on its surroundings.  

The only Deg protease in Saccharomyces cerevisiae, Nma111p, was also 

shown to be involved in the mediation of apoptosis (Fahrenkrog et al., 2004) (and 

was therefore named nulcear mediator of apoptosis). Furthermore, it is also able to 

bind the only IAP homolog from yeast, the Bir1p protein (Walter et al., 2006). 

However, the interpretation of the data was based on the assumption that HtrA2 is 

a pro-apoptotic protein, and that Nma111p is a homolog in function of HtrA2.  

Chapter II will provide and discuss data for the Arabidosis protein DEG7, which 

has the same domain structure as Nma111p, showing that an involvement of 

DEG7 in PCD-like events similar to the one of HtrA2 is unlikely.  

 

 

Chapter III: The Nucleolar Protease DEG9 

 

The nucleus is the central information storing organelle and the defining feature of 

eukaryotic cells. It contains most of the cell’s DNA and is separated from the 

cytoplasm by a double membrane, the nuclear envelope, which is a part of the 

cellular endomembrane system. Although no other membrane enclosed 

compartements are present in this organelle, the nuclear contents are far from 

being a homogenous solution of DNA and proteins. Several distinct substructures 

have been identified. The most intensively studied nuclear suborganelles are the 

chromosomes and the nucleoli (Brown and Shaw, 2008), but additional structures 

like Cajal Bodies and speckles are present in many eukaryotic nuclei (Handwerger 

and Gall, 2006). Since all these distinct structures are not surrounded by a 

membrane which separates them from the nucleoplasm, the suborganelles are 

dynamic, “sponge like” networks of proteins and nucleic acids (Handwerger and 

Gall, 2006). 
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The most prominent and visible nuclear substructure is the nucleolus, the site 

of ribosome biogenesis (Raska et al., 2006; Brown and Shaw, 2008). Using mass 

spectroscopy based proteomic approaches, approximately 700 proteins have been 

identified as nucleolar constituents, mostly from mammals and yeasts (Lam et al., 

2005). However, the actual composition of this suborganelle is highly dynamic 

and changes depending on cell cycle, modulation of cell growth, and cell 

differentiation (Raska et al., 2006). The nucleolus is a self-organizing system 

showing a continuous exchange of components with the nucloplasm. Without a 

nucleolar “targeting” or “import” mechanism, stable assembly as a distinct 

suborganelle is probably mediated by protein/protein or protein/nucleic acid 

interactions, and nucleolic components are only in this suborganelle because they 

show a higher affinity towards nucleolic components (especially rRNA) than 

other molecules (Raska et al., 2006). 

The best examined function of the nucleolus is its role in the biogenesis of 

ribosomes. Here, the genes coding for the ribosomal RNA are continously 

transcribed by RNA polymerase I. The transcripts are cleaved, modifed, and 

assembled with the ribosomal proteins to yield the 40S and 60S ribosomal 

subunits, which are then exported to the cytosol. Similar to the ribosomes, 

nonribosomal ribonucleic proteins are assembled in the nucleolus (Brown and 

Shaw, 2008). Another process in which this subnuclear compartement is involved 

is modification of protein coding mRNA. Deamination of adenines by a group of 

enzymes called ADARs (adenine deaminases acting on RNA) results in inosines, 

which are recognized as guanines by the tRNA and therefore alters the primary 

amino acid sequence of the final protein. Additionally, this mRNA editing may 

result in alternative splicing sites and alternative protein forms. Other examples of 

processes carried out in the nucleolus involve the biogenesis of signal recognition 

particles of the ER import pathway and siRNA processing (Pontes et al., 2006). 

Nucleoli were also suggested to be involved in telomerase sequestration, cell 

cycle progression, and cell stress sensing (Handwerger and Gall, 2006; Raska et 

al., 2006). 

As mentioned above, most of the knowledge about nucleolar functions and 

structure arose from studies using yeast or mammalian nucleoli, and is seems 

reasonable to assume that most of these functions are conserved throughout the 
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eukaryotic kingdom. However, several differences can be found concerning 

nucleoli from yeasts, plants, and animals. For example, plant and mammalian 

nucleoli dissemble during mitosis, but yeast nucleoli remain stable (Carmo-

Fonseca et al., 2000). Plant nucleoli again differ in structural appearance from the 

respective animal suborganelles (Brown and Shaw, 2008). Also, data from 

proteomic analysis of A. thaliana nucleoli suggested a role in the storage and 

assembly of the Exon Junction Complex which is involved in mRNA splicing and 

mRNA quality control. This function has not been reported for yeast and animal 

nucleoli (Pendle et al., 2005). 

Another feature restricted to plant nucleoli might be the presence of the DEG9 

protease, since genomes from other organisms do not contain genes coding for 

comparable proteins (Helm et al., 2007). In chapter III nucleolar localization of 

DEG9 is demonstrated by the use of DEG9-GFP fusion proteins as well as a 

description of the domains involved in oligomer formation and phenotypic 

description of mutant plants. 

 

  

Chapter IV: DEG2 and the Turnover of the D1 Protein from Photosystem II 

 

Earlier work in our laboratory identified the DEG2 protease from the chloroplast 

stroma as a key player in the turnover of the D1 protein in vitro (Haussuhl et al., 

2001). D1, together with the D2 protein, forms the central core of PSII in plants 

and is involved in the photochemical energy conversion. Since photosynthesis 

provides the major source of light energy “fixation” on earth as well as the oxygen 

every aerobic life form on our planet depends on, it is easy to understand why the 

processes reducing and restoring its efficiency have attracted so much attention 

among scientists. In order to place our work on the D1 turnover into a broader 

context, some more background information is provided about photoinhibition 

and the processes, which lead to the damage and subsequent degradation of the 

D1 protein. 
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Photosystem II and Photoinhibition 

PSII of higher plants is a heterooligomeric multi-protein complex of 25 to 35 (Aro 

et al., 1993; Barber, 1998) subunits, which is localized in the thylakoid 

membranes of chloroplasts. Biochemically, PSII can be regarded as a water-

plastoquinone oxidoreductase, which transfers electrons from water (the donor 

site) to a stably bound primary plastoquinone acceptor QA (the acceptor site), and 

to a reversibly bound secondary plastoquinone acceptor QB. The subsequent 

electron transfer from QB to plastocyanin mediated by the cytochrome b6f 

complex results in a pH gradient across the thylakoid membrane which is used for 

the proton driven synthesis of ATP in the plant. The first step in this process is the 

photon-absorbance-induced excitation of the D1-bound chlorophyll P680, which 

transfers an electron to a pheophytin (also bound by D1), resulting in a charge 

separation radical pair P680+/Pheo- (Melis, 1999). The electron is then transferred 

from Pheo- to QA and then to QB on the acceptor site of the complex. The P680+ 

radical regains its electron from a specialized tyrosine of D1 on the PSII donor 

site (TyrZ), which again is neutralized by electron donation from the tetranuclear 

Mn complex of the water splitting complex (Melis, 1999). In all these electron 

transfer reaction, the D1/D2 heterodimer plays a crucial role (Barber and 

Andersson, 1992; Aro et al., 1993; Melis, 1999; Adir et al., 2003). 

The use of light as a “reagent” can be problematic since the amount which is 

available for reaction can be controlled only to a very limited extent by the 

organism. Excessive illumination results in a phenomenon called photoinhibition, 

which was described more than 100 years ago (Ewart, 1896). It is now regarded as 

a decrease in photosynthetic viabilty of oxygen evolving organisms due to light 

induced protein damage in PSII exceeding the repairing capacities (Adir et al., 

2003). The primary target is the D1 protein, although the exact nature of this 

damage on a molecular level remains elusive (Adir et al., 2003). Two pathways 

leading to D1 damage have been identified: In the acceptor site model, an 

overreduction of the plastoquinone pool leads to an increased life time of the 

P680.+/Pheo.- radical pair, leading to an increased chance of charge recombination 

and ultimately to the formation of highly reactive singlet oxygen which damages 

the D1 protein. Although this model is regarded as the major source of D1 

damage, the donor site model may as well contribute to overall protein damage. 
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Here, the life time of the highly reactive P680.+and TyrZ
.+ intermediated is 

prolonged due to an impaired electron donation by the Mn cluster, which may 

occur under high illumination intensities/ photon flux rates (Adir et al., 2003). 

 

The Turnover of the D1 Protein 

To preserve PSII functionality, complexes containing damaged D1 move from the 

appressed sites of the grana stacks (where active PSII complexes reside) to the 

unappressed sites, where the complex is partially disassembled, the D1 protein 

degraded and replaced with a newly synthesized copy of the protein. Since D1 

turnover occurs at a high frequency (half time of the protein 60 ± 15 min,) and D1 

degradation is the rate liming step in the PSII repair mechanism (Adir et al., 

2003), much effort has been put into the identification of the proteases involved in 

this process. It has been known for a long time that D1 degradation could be 

blocked by serine-type protease inhibitors (Virgin et al., 1991; Shipton and 

Barber, 1992) and that proteolysis was at least partially GTP- and ATP-dependent 

(Spetea et al., 2000). Several candidates for D1 protein degradation have been 

identified so far. Based on evidence gained from analysis of A. thaliana and 

Synechocystis mutant strains and biochemical events, the involvement of several 

FtsH proteases in D1 degradation has been suggested. FtsH are ATP-dependent 

metallo-proteases which reside in the thylakoid membrane (Nixon et al., 2005). 

Additionally, DEG5 and DEG8, Deg proteases from the thylakoid lumen in A. 

thaliana, were shown to be able to degrade D1 protein, in vitro as well as in vivo 

(Sun et al., 2007). However, effective D1 proteolysis requires at least one 

proteolytic step at the stromal side of the protein (Adir et al., 2003). Based on in 

vitro studies, the stromal DEG2 protease was identifed as a key player in D1 

turnover (Haussuhl et al., 2001).  

In Chapter IV, we present data from analysing deg2 knock-out plants that 

suggests that DEG2 is not essential for PSII repair in vivo, and propose a novel 

model for D1 protein turnover by multiple parallel degradation pathways. 
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Abstract 

 
Two distinct peroxisomal targeting signals (PTSs), the C-terminal PTS1 and the 

N-terminal PTS2, are defined. Processing of the PTS2 on protein import is 

conserved in higher eukaryotes. Recently, candidates for the responsible 

processing protease were identified from plants (DEG15) and mammals 

(TYSND1). We demonstrate that plants lacking DEG15 show an expressed 

phenotype potentially linked to reduced β-oxidation, indicating for the first time 

the impact of protein processing on peroxisomal functions in higher eukaryotes. 

Mutational analysis of Arabidopsis thaliana DEG15 revealed that conserved 

histidine, aspartate, and serine residues are essential for the proteolytic activity of 

this enzyme in vitro. This indicates that DEG15 and related enzymes are trypsin-

like serine endopeptidases. Deletion of a plant specific stretch present in the 

protease domain diminished but not abolished the proteolytic activity of DEG15 

against the PTS2-containing glyoxysomal malate dehydrogenase. Fluorescence 

microscopy showed that a DEG15-green fluorescent protein fusion construct is 
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targeted to peroxisomes in planta. In vivo studies with isolated homozygous 

deg15 knock-out mutants and complemented mutant lines suggest that this 

enzyme mediates general processing of PTS2-containing proteins.  
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Introduction 

 
All peroxisomal proteins are encoded in the nucleus, synthesized on cytosolic 

ribosomes and imported as folded proteins with one of two Peroxisomal Targeting 

Signals (PTS) (Baker and Sparkes, 2005). PTS1 is a C-terminal tri-peptide with 

the consensus sequence –SKL (Swinkels et al., 1991). This non-cleavable 

sequence is responsible for the import of the majority of the peroxisomal proteins. 

A smaller number of the proteins is imported into peroxisomes by the N-terminal 

PTS2 with the consensus sequence (R)(L/V/I)-X5-(H)(L/A) and is cleaved in 

higher eukaryotes such as mammals and plants after arrival of the protein in the 

peroxisome at a conserved cysteine cleavage site (Gietl et al., 1994; Kato et al., 

1996; Reumann, 2004). The significance of PTS2 processing is still unknown 

since the catalytic properties of processed and unprocessed enzymes are similar as 

reported for glyoxysomal malate dehydrogenase (gMDH) (Gietl et al., 1996; Cox 

et al., 2005) and PTS2 is not processed in lower eukaryotes like yeasts. 

Recently, DEG15 and TYSND1 proteases responsible for peroxisomal 

processing were identified in watermelon (Helm et al., 2007), and in mammals 

(Kurochkin et al., 2007), respectively. DEG15 belongs to the family of Deg/HtrA 

proteases, which form trimeric and hexameric complexes (Clausen et al., 2002; 

Helm et al., 2007)) and many of them contain in addition to a 

trypsin/chymotrypsin-like domain one, two or three PDZ domains. 

Crystallographic structure analyses indicate that these domains play a role in 

substrate recognition and activation of the protease domain (Krojer et al., 2002). 

DEG 15 (At1g28320) however is unique as it has a single trypsin-like domain, 

lacks PDZ domains and has a PTS1 SKL C-terminal tripeptide. It further contains 

a 67 amino acid (aa) insertion loop between His and Asp of the His-Asp-Ser 

catalytic triade (Figure 1). This loop is conserved in the paralogue enzyme of rice. 

The rice DEG15 trypsin-like domain is 45% identical to that of Arabidopsis 

(Arabidopsis thaliana) DEG15. DEG15 from watermelon was suggested to exist 

as dimer of ~144 kDa as well as monomer of ~72 kDa with different substrate 

specificity, the dimer form operating as the peroxisomal processing protease and 

the monomer as a general degrading protease (Helm et al., 2007). Depending on 

the Ca2+ concentration the two forms are inter-convertible.  
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Table 1. Peroxisomal matrix proteins of higher plants, mammals, and yeasts containing  the 

targeting signal PTS2 in the N-terminus.  

 

 Plants and mammals  

Enzyme/species N-terminalpresequence Cleavage site* Mature subunit
Malate dehydrogenase 
Watermelon MQPIPDVNQRIARISAHLHPPKSQMEESSALRRANCR*-AKGGAPGFKVAI 
Pumpkin MKPIPDVNERIARISAHLPPKSQMEEGSVLRRANCR*-AKGGAPGFRVAI 
Alfalfa MEPNSYANSRITRIASHLNPPNLKMNEHGGSSLTNVHCR*-AKGGTPGFKVAI 
Rice MEDAAAAARRMERLASHLRPPASQMEESPLLRGSNCR*-AKGAAPGFKVAI 
Rape MPHKRIAMISAHLQPSFTPQMEAKNSVMGLESCR*-AKGGNPGFKVAI 
Arabidopsis (At5g09660) MEFRGDANQRIARISAHLTPQMEAKNSVIGRENCR*-AKGGNPGFKVAI 
Arabidopsis (At2g22780) MPDNQRIARISAHLNPPNLHNQIADGSGLNRVACR*-AKGGSPGFKVAI 
  
Citrate synthase  
Pumpkin MPTDMELSPSNVARHRLAVLAAHLSAASLEPPVMASSLEAHCV*-SAQTMVAPP 
Arabidopsis (At2g42790) MEISERVRARLAVLSGHLSEGKQDSPAIERWCT*-SADTSVAPL 
Arabidopsis (At3g58740) MEISERARARLAVLNAHLTVSEPNQVLPAIEPWCT*-SAHITAAPH 
  
Acyl CoA oxidase  
  
Pumpkin MASPGEPNRTAEDESQAAARRIERLSLHLTPIPLDDSQGVEMETC*-AAGKAKA 
Arabidopsis (At5g65110) MESRREKNPMTEEESDGLIAARRIQRLSLHLSPSLTLSPSLPLVQTETC*-SAR 
  
3-keto-acyl-CoA thiolase 
Cucumber MEKAINRQSILLHHLRPSSSAYTNESSLSASVC*-AAGDSASY 
Pumpkin MEKAINRQSILLHHLRPSSSAYSHESSLSASVC*-AAGDSASY 
Mango MEKAINRQSILLHHLRPSNSSSHNYESALAASVC*-AAGDSAAY 
Rape MEKAMERQRVLLEHLRPSSSSSHSFEGSLSASAC*-LAGDSAAY 
Arabidopsis (At5g48880) MEKAIERQRVLLEHLRPSSSSSHNYEASLSASAC*-LAGDSAAY 
Rat MSESVGRTSAMHRLQVVLGHLAGRPESSSALQAAPC*-SAGFPQAS 
Human MQRLQVVLGHLRGPADSGWMPQAAPC*-LSGAPQAS 
  
Phytanoyl-CoA2-hydroxylase 
Rat MDYTRAGARLQVLLGHLGRPSALQIVAHPVSGPASPANFC*-PEQFQYTL 
  
Alkyldihydroxyacetone phosphate synthase 
Human MAEAAAAAGGTGLGAGASYGSAADRDRDPDPDRAGRRLRVLSGHLLGRPREALSTNEC*-KARRA 
Rat MAEAAGEAGASERDPDAVRARRRLRVLSGHLLGRPQEAPSTNEC*-KARRAASA 
Mouse MAEAAAGEAGASERDPDAGRARRRLRVLSGHLLGRPQEAPSTNEC*-KARRAASA 
  

 Yeasts  

  

3-keto-acyl-CoA thiolase 
S. cerevisiae MSQRLQSIKDHLVLSAMGLGESKRKNSLLEK  
C. tropicalis MDRLNQLSGQLKPNAKQSILQKNPDDVVIV  

Y. lypolytica MDRLNNLATQLEQNPAKGLDAITSKNPDDV  

  

Amine oxidase 
H. polymorpha MERLRQIASQATAASAAPARPAHPLDPLST  

 
 
 
The PTS2 is indicated in bold. The conserved Cys near the cleavage site for the peroxisomal 
processing peptidase in higher eukaryotes is indicated in bold and underlined. Taken from (Helm 
et al., 2007). Copyright by The National Academy of Sciences of the USA 
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Figure 1. Comparison of the 
protease domains of selected 
Deg/HtrA proteases. Eco, 
Escherichia coli; Ath, 
Arabidopsis thaliana; Osa, 
Oryza sativa; Hsa, Homo 
sapiens. 
Take from Figure 7 in 
Supplement of (Helm et al., 
2007). Copyright by The 
National Academy of 
Sciences of the USA 

 

 
 

 

 

 

 

 

The human, mouse and rat TYSND1 catalytic protease domain is homologous to 

that of DEG15 but lacks the 67 amino acid loop domain (Figure 1). Since 

TYSND1  activity was inhibited by the cysteine protease inhibitor N-

methylmaleimide, it was suggested that the mammalian enzyme is a cysteine 

protease (Kurochkin et al., 2007). We have identified and isolated a deg15 knock-

out line that prevents processing of pre-glyoxysomal malate dehydrogenase (pre-

gMDH). It is SALK line 007184 containing a T-DNA insertion in intron 5 of the 

DEG15 gene with 13 introns (Figure 5A). With this line we have investigated:  

1. The resistance of the homozygous mutants to the herbicide precursor (4-

(2,4 dichlorophenoxy) butyric acid (2,4-DB) which is converted in 

peroxisomes to the toxic herbicide 2,4-D (dichlorophenoxyacetic acid) by 

β-oxidation. 

2. Confirmation that the proteolytic activity of DEG15 is carried out by the 

His-Asp-Ser catalytic triade using site directed mutants. 

3. Cellular location of DEG15. 

4. The range of proteins processed by DEG15. 
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Results and Discussion 
 

deg15 Knock-out Plants Are Resistant to the Herbicide Precursor 2,4-DB 

 

To investigate the impact of PTS2 processing by DEG15 on the function of 

peroxisomes, we analyzed wild-type (WT) and deg15 knock-out plants for their 

ability to grow in the presence of the non-toxic herbicide precursor 2,4-DB. Since 

2,4-DB is converted to the toxic herbicide 2,4-D by peroxisomal β-oxidation 

(Hayashi et al., 2002; Zolman et al., 2007), plants impaired in this function should 

stay unaffected during such a treatment. A clear phenotypic difference was 

observed between deg15 knock-out mutant and WT plants treated with 2,4-DB 

(Figure 2A). Mutant plants had significantly longer roots than the WT when 

grown on solid media containing 2,4-DB (Figure 2 A, B) This phenotype was 

more pronounced at higher concentrations of 2,4-DB and was reversed in deg15 

knock-out plants complemented with constitutively expressed DEG15 (Figure 2B 

plants C1, C2, C3). This confirms that the lack of DEG15 is responsible for 

resistance to 2,4-DB. No difference in root length was observed in WT and 

mutant plants grown in the presence of 2,4-D (Figure 2), indicating that the 

increased resistance to 2,4-DB of the mutant line is not due to an altered response 

to auxin. We further tested the dependence of dark-grown WT and deg15 

seedlings on sucrose. No difference in hypocotyl lengths was observed between 

etiolated WT and mutant seedlings (Figure 2).  

Oilseed plants like Arabidopsis metabolize storage fatty acids during seedling 

establishment by peroxisomal β-oxidation. If this pathway was impaired in our 

mutant plants, they would depend on an external energy source, such as sugar, for 

normal germination. Our result indicates that deg15 mutant plants are able to 

metabolize enough fatty acids during seedling establishment in darkness to 

promote normal growth. It is possible that the lack of PTS2 processing does not 

reduce the efficiency of the enzymatic machinery involved in the β-oxidation of 

fatty acids and their subsequent convertion to energy. At least for one peroxisomal 

enzyme, gMDH, it was shown that there is no difference in the catalytic properties 

of processed and unprocessed enzyme (Gietl et al., 1996; Cox et al., 2005). 
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Figure 2. Resistance of deg15 knock-out plants to the herbicide precursor  4-(2,4-
dichlorophenoxy)butyric acid (2,4-DB). A. Photograph of wild-type (WT) and  deg15 knock-
out seedlings grown for 11 days on solid medium containing 0.4 µg·mL-1 2,4-DB. B. Analysis 
of root length of plants grown for 11 days on solid medium without and with different 
concentrations of 2,4-DB. WT, wild-type, deg15,  deg15 knock-out line, C1, C2, C3, three 
transformants of the knock-out line complemented with DEG15 WT cDNA.  Significant 
differences by t-tests of root length from deg15 plants at the level of <0.01 are labeled with a, 
those different from WT at the same level are labeled with b. The number of plants tested 
varied from 7 to 11 without 2,4-DB, from 7 to 19 for 0.1 µg, from 13 to 29 for 0.2 µg and 
from 21 to 26 for 0.4 µg·ml-1. C. Absence of response of WT and deg15 mutant plants to 2,4-
D and sucrose. At left, root length of plants grown for 11 days in the presence of 0.05 µg·mL-1 
2,4-D. At middle and right, hypocotyl length of etiolated plants grown for 6 days with or 
without sucrose. 
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However, mutant plants may be able to cope with a reduced enzymatic efficiency 

by increasing the amount of some peroxisomal enzymes, thereby restoring the 

overall fatty acid β-oxidation rate. It is also possible that the lack of protein 

processing specifically affects the β-oxidation of 2,4-DB to 2,4-D. Recently, a 

protein specific for the β-oxidation of the naturally occurring 2,4-DB analog, 

indole-3-butyric-acid (IBA), was described from Arabidopsis (Zolman et al., 

2007), suggesting that an at least partially independent pathway for the β-

oxidation of IBA and 2,4-DB may exist in parallel to the β-oxidation of fatty 

acids.  

Other mutant strains which show response to IBA/2,4-DB treatment, but no 

sugar dependency for germination in darkness, contain a mutated gene for the 

PEX7 receptor. This protein is a PTS2 recognition factor and is involved in PTS2-

dependent peroxisomal import. After translocation, PEX7 is recycled back to the 

cytoplasm (Baker and Sparkes, 2005). It is tempting to speculate that the lack of 

PTS2 processing in deg15 plants might interfere with the successful relocation of 

PTS2-recognition factor PEX7 to the cytoplasm, since the machinery involved in 

this process is not yet well understood (Baker and Sparkes, 2005). 

 

 

Confirmation that the Proteolytic Activity of DEG15 is Carried out by the 

His-Asp-Ser Catalytic Triade Using Site Directed Mutants 

 

The conserved putative catalytic triad of DEG15 from Arabidopsis (accession 

number Q8VZD4, a gene product of At1g28320) is located at positions His392, 

Asp491 and Ser580 of the amino acid sequence alignment in Figure1, when 

compared with DegP of Escherichia coli, DEG15 of rice, human TYSND1 and 

Arabidopsis DEG2. DEG15 proteases from plants contain an additional loop of 

approximately 60 aa between the catalytic residues His392 and Asp491. In 

disagreement with the presence of a conserved putative catalytic triad typical for 

serine proteases, the mammalian DEG15 homolog in function TYSND1 was 

identified as a cystein protease (Kurochkin). To test the involvement of conserved 

aa  in the catalytic process, the following residues of DEG15 were mutated to 

alanine: Ser237 (DEG15S237A), Ser252 (DEG15S252A), Cys276 (DEG15C276A), 
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Ser377 (DEG15S377A), His392 (DEG15H392A), Asp491 (DEG15D491A), Cys532 

(DEG15C532A), Ser540 (DEG15S540A), Ser580 (DEG15S580A) and Ser613 

(DEG15S613A) (Figure 3). Arabidopsis DEG15WT as well as the mutated versions 

were expressed in Escherichia coli as recombinant fusion proteins with an N-

terminal His6-tag. Additionally, DEG15∆W397-H462, lacking the plant-specific loop, 

was expressed under similar conditions to examine the requirement of this region 

for the activity of plant DEG15. Several protein bands were visible after 

chromatographic purification of DEG15WT and its mutated versions in Coomassie-

stained sodium dodecyl sulfate (SDS)-polyacrylamide gels (Figure 4). For 

DEG15WT, all these bands were recognized by an anti-His-tag antibody and 

identified by mass-spectrometry as full-length DEG15 or its fragments lacking the 

protease domain (not shown). The truncated DEG15 spontaniously formed 

oligomers with different subunit combinations that could not be removed by 

standard chromatographic procedures (not shown). In the eluted fraction of 

DEG15WT, but not DEG15H392A, DEG15D491A, DEG15S580A, an additional band 

with the apparent molecular mass of 47 kDa was present, indicating self-cleavage 

of DEG15WT. This band also appeared in the eluted fractions of the other mutated 

versions (not shown). 

Since pre-gMDH is processed by DEG15 in vivo (Helm et al., 2007), we used 

purified recombinant Arabidopsis pre-gMDH, expressed with an N-terminal 

His6/XpressEpitope tag in E. coli, as substrate for recombinant DEG15WT and its 

mutated versions in vitro (Figure 3A). A mock assay was performed in the 

absence of added DEG15 as a negative control. DEG15WT processed upon 

incubation full-length His-tagged recombinant pre-gMDH (41.4 kDa) to an 

approximately 8 kDa smaller fragment as visualized by Coomassie-stained SDS-

polyacrylamide gels (Figure 3A). Immunoblotting with anti-His-tag antibody 

confirmed that processing of recombinant pre-gMDH occurs at the N-terminus, 

since the resulting large fragment of approximately 33 kDa no longer contained 

the His-tag (Figure 3B). This indicated cleavage of the 3.8 kDa PTS2 signal 

peptide at its in vivo Cys-Arg cleavage site, considering that the recombinant pre-

gMDH contains an additional 4 kDa aa fragment introduced by the purification 

tag. The observed size of the processed recombinant gMDH with a molecular 

mass of  approximately 33 kDa is in good agreement with the the 33.6 kDa mass 
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of mature gMDH (Gietl, 1990). DEG15H392A, DEG15D491A and DEG15S580A 

showed no proteolytic activity against pre-gMDH (Figure 3A). Mutation of the 

residues Ser540 and Ser613 to Ala did not alter the activity of the protease, 

whereas the activity was reduced after mutation of Ser237 and Ser252 (75%-less 

substrate was degraded as compared to DEG15WT).  
 

Figure 3. Site directed 
mutants demonstrate that the 
proteolytic activity of  
DEG15 of Arabidopsis and 
TYSND1 is carried out by 
the His-Asp-Ser catalytic 
triade.  
A, Top: diagram of Homo 
sapiens TYSND1 with the 
location of the His, Asp and 
Ser of the expected catalytic 
triade and the C-terminal 
Ser, Lys, Leu for the PTS 1 
signal. It is compared to 
Arabidopsis DEG15 with its 
plant specific stretch 
between the catalytic His 
and Asp. Middle: Residues 
conserved in the majority of 
DEG15 homologues from 
Arabidopsis, i.e. Medicago 
truncatula,  Populus 
tremula, Solanum 
lycopersicum, Oryza sativa, 
H. sapiens, Mus musculus, 
Drosophila pseudoobscura, 
and the respective regions in 
DEG1, DEG2 (Arabidopsis), 
DegP (E. coli), and HtrA2 
(H. sapiens). Residues are 
labeled according to their 
position in DEG15 from 
Arabidopsis. Residues 
forming the potential 
catalytic triad are underlined 
and residues mutated to Ala 
are bold. Bottom, proteolytic 
activity of recombinant WT  

and mutated DEG15 towards purified His6/ Xpressepitope tagged pre-gMDH (S=substrate; 
P=processed gMDH). Additionally a mutant with  a deletion of the plant specific loop 
(∆Trp397-His462) was tested. Only mutation of His392, Asp491, Ser580 to Ala eliminated 
processing completely. B, N-terminal processing of recombinant His6/Xpress Epitope-tagged 
gMDH by DEG15. Left, coomassie stained SDS-PAGE gel. Right, detection of the N-
terminal His-tag by immunoblotting. The tag is absent in the processed substrate. C, 
Proteolytic activity of DEG15WT against recombinant pre-gMDH in the presence of protease 
inhibitors. S, substrate; P, product of proteolysis. 1, positive control without inhibitors. 2, 1 
µM pepstatin A. 3, 2 mM EGTA. 4, 2 mM EDTA. 5, 1mM 1,10-phentanthroline. 6, 1 mM 
benzamidine. 7, 4 µg mL-1 aprotinin. 8, 10 µM leupeptin. 9, 20 µM E64. 10, 1 mM NEM. 11, 
2 mM NEM. 12, 1 mM Pefabloc SC. 13, control reaction without protease. 
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Figure 4. Purification of 
DEG 15wt (left) and 
DEG15S580A (right) by 
affinity chromatography 
with Ni2+-NTA. The 
calculated size of the full 
length protein is 76.1 kDa. 
Asterisk indicates full-
length protein, arrow 
indicates product of 
putative self-cleavage. 
Purification of DEGH392A 
and DEG15D491A were 
similar to DEG15S590A, all 

other purifications werem similar to DEG15WT. The major fragment band at 45 kDA was 
absent in DEG15S237A.  M, marker; F, flow through; W, wash fraction; E,elution fraction. 

 
 

Mutation of Ser377 drastically reduced proteolytical activity of this construct and 

90%-less substrate was degraded as compared to DEG15WT (Figure 3A). The 

deletion of the plant-specific stretch (residues Trp397-His462) led to reduced 

substrate processing (25% as compared to DEG15WT). Interestingly, the activity 

of recombinant DEG15 was slightly enhanced by the exchange of cysteine 

residues Cys276 and Cys532 to Ala (approximately 120% of the activity of 

DEG15WT was measured). These data show that His392, Asp491 and Ser580, but 

neither the plant specific stretch nor any of the other investigated residues, are 

essential for proteolytic activity of Arabidopsis DEG15.  

Inhibition of  TYSND1 by N-ethylmaleimide (NEM), but not by E64, both 

universal inhibitors of cysteine proteases, led to the conclusion that TYSND11 

represents a novel class among cysteine proteases (Kurochkin et al., 2007) 

Therefore, we tested the effect of various protease inhibitors on recombinant 

Arabidopsis DEG15WT using pre-gMDH as a substrate (Figure 3C). Similar to 

TYSND1, the proteolytic activity of DEG15 in our protease assays was abolished 

by the cysteine protease inhibitor NEM but not by E64 (Figure 3C). Lack of 

inhibition of Arabidopsis DEG15 by general serine protease inhibitors, such as 

benzamidine, aprotinin, leupeptin or pefabloc (Figure 3C), can be explained by 

the observation that some serine protease subclasses are resistant to the action of 

broad range inhibitors. For example, the only known inhibitor for E. coli DegP is 

diisopropylfluorophosphate (DFP) (Swamy et al., 1983; Lipinska et al., 1990). 
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Complexity of inhibitor studies is further supported by the fact that DEG15 

from watermelon was inhibited by general serine/cysteine protease inhibitors, but 

not by the widely used serine protease inhibitor phenylmethylsulfonyl fluoride 

(PMSF), and that proteolytic activity was even enhanced in the presence of the 

cysteine protease inhibitor cystatin (Helm et al., 2007). Since NEM is a reagent 

for the covalent modification of cysteine residues, the conclusion from the 

inhibitor studies is that either one of 9 or 18 cysteine residues present in DEG15 

or TYSND1, respectively, is important for the protease activity. Alternatively, a 

covalent modification of a cysteine in the substrate may abolish cleavage.  

DEG15 from watermelon was reported to occur either as a monomer or as a 

dimer (Helm et al., 2007), with the monomer acting as a general protease and the 

dimer as the peroxisomal prcessing protease. It is not possible to identify the 

oligomeric state of the protease that is responsible for proteolytic activity in the 

assays presented here. Size-exclusion chromatography of DEG15S580A showed 

two distinct peaks, suggesting the presence of two form with different subunit 

stoichiometry (not shown). However, the presence of several contaminating 

protease fragments in our purifications does not allow any further evaluation of 

the oligomer formation.  

In summary, our data shows that Arabidopsis DEG15 is a serine protease with 

the catalytic triad formed by residues His392, Asp491 and Ser580, and the plant-

specific stretch is not directily involved in proteolysis. Concerning the high 

similarity on aa level between DEG15 and TYSND1, but without any conserved 

cysteine, we propose that also the mammalian protease is a serine type.  

 

 

DEG15 Colocalizes with gMDH in the Peroxisomes of Nicotiana benthamiana  

 

In order to determine the location of DEG15 in the leaf peroxisomes we 

constructed a plasmid containing a green fluorescence protein (GFP) gene fused 

to the DEG15 inactive mutant gene containing an Ala codon instead of the S580 

in the catalytic triade. A second plasmid encoding a glyoxysomal malate 

dehydrogenase precursor (pre-gMDH) gene fused C-terminally to the cyan 

fluorescent protein (CFP) gene was constructed as a control. Both fusion 
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constructs were placed under the control of the constitutive CaMV35S promoter. 

Nicotiana benthamiana leaves were transformed transiently by Agrobacterium 

mediated leaf infection (Wydro et al., 2006) with the individual constructs and co-

transformed with both plasmids (Figure 5). The micrographs in the Figure 5 show 

in row A a leaf segment from a transformant expressing GFP-DEG15 under bright 

field illumination (BF), with a filter passing only the green fluorescence 

wavelength (GFP) and a filter passing the cyan fluorescence emission (CFP). The 

merged BF, GFP and CFP image identifies the DEG15S580A protein distinct spot 

within the cell. In row B a corresponding series of a leaf from a transformant 

expressing the CFP tagged gMDH identifies it in the peroxisomes (image CFP 

and merged). In a leaf segment expressing both the DEG15S580A and the CFP 

tagged gMDH in row C demonstrates the co-localization of the two fluorescing 

proteins in the peroxisomes (GFP, CFP, MERGE). This is a first clear-cut 

demonstration of a co-localization of a protein with a PTS1 sequence (DEG15) 

together with a marker enzyme in the peroxisome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Co-localization of DEG15 and gMDH in peroxisomes in transiently transformed N. 
benthamiana leaves. BF, bright field; GFP, fluorescence with GFP filter; CFP, fluorescence 
with CFP filter. Row A, Transformation with plasmid encoding GFP-DEG15. Row B, 
Transformation with plasmid encoding gMDH-CFP. Row C, Co-transformation with 
plasmids encoding GFP-DEG15 and gMDH-CFP. Scale-bar represents 10 µm. 
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The Range of Proteins Processed by DEG15. 

 

Since DEG15 processed pre-gMDH in vitro (Figure 3A) and co-localized with 

gMDH in planta (Figure 5), we examined whether DEG15 processes PTS2-

containing proteins in vivo. The deg15 knock-out mutant Salk_007184 carrying a 

tandem T-DNA insertion within the fifth intron (Figure 6A) was obtained from 

the Salk Institute Arabidopsis insertion line mutant collection (Alonso et al., 

2003). A homozygous line of the mutant was isolated (Figure 6B) that was unable 

to transcribe the gene as shown by reverse transcription (RT)-PCR using the 

DEG2 gene encoding a chloroplast DEG2 protein (Haussuhl et al., 2001; Huesgen 

et al., 2006) as control (Figure 6C). To validate that DEG15 processes the PTS2 

peptide of pre-gMDH we complemented the deg15 mutant line with DEG15 

cDNA under the control of the constitutively expressed CaMV35S promoter. 

Three potential transformant lines (C1-3) were identified and confirmed for the 

presence of the DEG15 cDNA in the deg15 knock-out background (Figure 6D). 

Immunoblot analysis revealed PTS2 processing of pre-gMDH in the three deg15 

knock-out lines complemented with DEG15 cDNA (Figure 6E). It confirms 

unambiguously that DEG15 is carrying out processing of the pre-gMDH in the 

plant. 

We analyzed processing of other PTS2-containing proteins, such as 3-ketoacyl-

CoA thiolase (Kato et al., 1996) and long chain acyl CoA synthetase 6 (LACS6) 

(Hayashi et al., 2002) or PTS1-containing proteins, such as sulfite oxidase (SOX) 

(Hansch et al., 2006) and isocitrate lyase (ICL) (Charlton et al., 2005) by DEG15. 

While thiolase and LACS6 were not processed in the deg15 mutant, no difference 

between WT and mutant line was observed for ICL (not shown) and SOX, as 

proven by immunoblotting (Figure 6F). The band corresponding in size to the 

mature thiolase that is observed in extracts from the deg15 line could be the result 

of recognition of non-peroxisomal thiolase isoforms by the employed antibody, as 

previously reported (Hayashi et al., 1998). These data indicate that DEG15 is the 

processing protease for PTS2 in higher eukaryotes.  
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Figure 6. DEG15 processes PTS2-containing proteins in vivo. A. Diagram of the DEG15 
gene. Exons are represented by black boxes, introns as black lines. Positions of start and stop 
codons and the position and orientation of the tandem T-DNA insertion, are labeled. Positions 
of the binding sites of the primers (Table 2) used are indicated by arrows.  Black, T-DNA 
insertion primer; grey, line specific screening primers; white, primers for screening the cDNA 
insertions. B. Genetic analysis of the insertion line by PCR with primers as indicated in A. C. 
RT-PCR using WT and deg15 mutant plants to confirm absence of DEG15 transcription with 
the primers indicated in A. Transcription of DEG2 was used as positive control. D. RT-PCR 
demonstrating transcription of the DEG15 cDNA in the three deg15 lines C1, C2 and C3 
transformed with DEG15 cDNA. E. PTS2 processing of pre-gMDH (p) to mature gMDH (m) 
in planta assayed by immunoblotting. Leaf extracts from WT, the DEG15 knock-out mutant, 
and the three deg15 lines (C1-3) complemented by DEG15 cDNA were analyzed.  F. PTS2 
processing of 3-ketoacyl-CoA thiolase and of Arabidopsis long chain acyl CoA synthetase 6 
by immunoblotting as in E.  The partial processing of the thiolase is due to non-peroxisomal 
thiolases recognized by the antibody. No processing is observed for the PTS1 containing 
peroxisomal sulfite oxidase from Arabidopsis. 

 

 



Deg Proteases in Arabidopsis 

42 

Conclusion 
 

In the work presented here, we were able to show for the first time ever an 

expressed phenotype of an higher eukaryotic organism lacking peroxisomal 

processing. With the available Arabidopsis loss-of-function mutant and its 

complementation strains, it will be interesting to further evaluate the impact and 

benefit of this process, especially on a molecular basis. Additionally, we could 

resolve the discrepancy in classification of plant DEG15 and its mammalian 

paralogue TYSND1 concerning the catalytic mechanism. We showed that 

DEG15, and most probably also TYSND1, are serine proteases. Furthermore, we 

could show unambigously that DEG15 is a peroxiosomal protease that processes 

PTS2 containing proteins in vivo.    

 

 

Material and Methods 
 

Plant Material and Growth Conditions 

Arabidopsis thaliana ecotype Columbia WT and mutant plants were cultivated on 

soil at a photon flux density of 150 µmol photons m-2s-1 under short day 

conditions (8 h light, 21°C/16 h dark, 19°C). For 2,4-DB treatment, seeds were 

surface sterilized and sown on agar plates containing 2.2 g L-1 Murashige-Skoog 

salts, 30 mM sucrose, and 8 g L-1 agar, supplemented with 2,4-DB or 2,4-D at 

indicated concentrations. After 11 days, plants were analyzed for expressed 

phenotypes. For seedling establishing assays, seeds were surface sterilized and 

sown on agar plates containing 2.2 g L-1 Murashige-Skoog salts, 8 g L-1 agar and  

0 and 30 mM sucrose, respectively. After exposure to light for 7 h, plants were 

grown in darkness for 6 days. 

 

Plasmid Constructions 

A DNA fragment encoding Arabidopsis DEG15 (At1g28320) was generated by 

PCR (polymerase chain reaction) with RAFL04-20-D23 clone (Sakurai et al., 

2005) as a template, using primers 1501 and 1504 (Table 2). The resulting DNA 

fragment was cloned blunt-ended into the Ecl136II-site of the pBAD/HisA 
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plasmid (Invitrogen, Germany), resulting in the plasmid pHS18 for 

overexpression of DEG15 as a fusion protein. The RAFL04-20-D23 clone was 

also used as a template for site-directed mutagenesis with primers 1517 and 1518 

generating a plasmid containing a sequence-coding for DEG15S580A, called 

pHS19. The plasmid for overexpression of DEG15S580A as a fusion protein 

(pHS26) was generated like pHS18, with pHS19 as template. The plasmids for 

overexpression of DEG15S237A (pHS113), DEG15S252A (pHS129), DEG15C276A 

(pHS124), DEG15S377A (pHS117), DEG15H392A (pHS42), DEG15D491A (pHS43), 

DEG15C532A (pHS115), DEG15S540A (pHS116), and DEG15S613A (pHS114) were 

generated by site-directed mutagenesis of pHS18 with the primers 1573 and 1574 

(pHS113), 1589 and 1590 (pHS129), 1585 and 1586 (pHS124), 1581 and 1582 

(pHS117), 1553 and 1554 (pHS42), 1551 and 1552 (pHS43), 1577 and 1578 

(pHS115), 1579 and 1580 (pHS116), and 1575 and 1576 (pHS114), respectively. 

For the plasmid containing the DNA encoding the DEG15 version lacking the 

plant-specific stretch W397-H462 (DEG15∆W397-H462), two fragments were 

generated by PCR using RALF clone R21163 as a template. Primers 1501 and 

1566 or 1565 and 1519 were used, respectively. The two DNA fragments were 

ligated by PCR and cloned blunt-ended into the Ecl136II-site of the pBAD/HisA 

plasmid resulting in the plasmid pHS50. 

For construction of a sequence coding for N-terminally GFP-tagged 

DEG15S580A under control of the constitutive CaMV35S promoter, pHS19 was 

used as a template for PCR using the same primers as for the construction of 

pHS18. The fragment was cloned blunt-ended into the SmaI site of the pEZT-CL 

plasmid (provided by D. Erhardt, Carnegie Institution, USA), generating pHS41. 

To create a rescue construct, At1g28320 was amplified from RAFL clone R21163 

by PCR using the primers 1541 and 1532 and cloned into pENTR/D-Topo 

(Invitrogen) according to manufacturer’s instructions. The resulting plasmid 

pHS38 served as an entry-vector in a gateway reaction with pEarleygate100 

(Earley et al., 2006) creating the rescue vector pHS58. 

cDNA encoding the open reading frame of gMDH (At5g09660) was generated 

by PCR from the CD4-34 library (ABRC Stock Center, Ohio State University, 

USA), using primers gMDH1 and gMDH2. The DNA fragment was subcloned 

into the vector pCRII-Topo (Invitrogen) according to manufacturer’s instructions, 
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resulting in the plasmid pHS48. The coding sequence was reamplified from 

pHS48 by using the same primers as stated before and cloned blunt-ended into the 

Ecl136II-site of the pBAD/HisA plasmid, resulting in the plasmid pHS51. Using 

pHS48 as template and primers gMDH5 and gMDH6, a DNA fragment was 

created and cloned into the pENTR/D-TOPO vector (Invitrogen, Germany) 

according to manufacturer’s instructions, resulting in plasmid pHS63. This served 

as an entry vector in a gateway reaction (Invitrogen, Germany) with 

pEarleygate102 (Earley et al., 2006). This plasmid, named pHS64, encodes a C-

terminally CFP (cyan fluorescent protein)-tagged gMDH under the control of the 

CaMV35S promoter. 

All primers were obtained from Operon Biotechnologies and were analyzed 

by sequencing (GATC Biotech. AG, Germany) for orientation and integrity of the 

insert. The position of the T-DNA was confirmed by sequencing of PCR products 

(GATC Biotech. AG, Germany). Suppression of gene expression was confirmed 

by transcribing isolated RNA (Rneasy Mini Kit, Qiagen, Germany) from WT and 

insertion line mutants to cDNA (QuantiTect Reverse Transcription Kit, Qiagen, 

Germany) and amplification by PCR with primers f and g (for sequences, see 

Table 2). For complementation studies, homozygous mutant line Salk_007184 

was transformed with Agrobacterium tumefaciens carrying the rescue vector 

pHS58 by the floral dip method according to (Weigel and Glazebrook, 2002). 

Potential transformants were screened for the insertion of the cDNA by PCR 

using primers d and e. Agrobacterium strains GV2606 and GV3101 were 

transformed with plasmids pHS41, pHS64 or pHS58, respectively, by the freeze-

thaw method according to (Weigel and Glazebrook, 2002).  

 

Isolation of Homozygous deg15 Deletion Mutant, its Complementation, and 

Tobacco Infiltration 

T-DNA insertion line mutants Salk_007184 were obtained from the Nottingham 

Arabidopsis Stock Centre (Alonso et al., 2003). Homozygous deg15 mutant plants 

were identified by PCR using gene and T-DNA specific primers a, b, and c, 

respectively (for sequences, see Table 2). 
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Table 2. Primers and their sequences used in this study. 

Name 5'-Sequence-3' 

1501 ATGGATGTGTCTAAAGTTGTCAG  

1504 TCATAACTTGCTAGGGATCACAT 

1517 GCATCCTGGTGGCGCTGGTGGTGCTGTTC 

1518 GAACAGCACCACCAGCGCCACCAGGATGC 

1553 CTAACAAATGCTGCCCTGCTCGAGCCGTGGAGGTATG 

1554 CACGGCTCGAGCAGGGCAGCATTTGTTAGTATGAGACC 

1551 GGAACAATTAGCAATTGCCTTACTGCAGCTAGAATATGTCCC 

1552 GCTGCAGTAAGGCAATTGCTAATTGTTCCTTGCAAATATAGAC 

1501 ATGGATGTGTCTAAAGTTGTCAG 

1566 CACACGTATGTCTCTCGGCTCAAGCAGGTGAGCATTTG 

1565 CACCTGCTTGAGCCGAGAGACATACGTGTGCGTTTG 

1519 TATGGTACCTCATAACTTGCTAGG 

1541 CACCATGGATTACAAGGATGACGACGATAAGGATGTGTCTAAAGTTGTC  

1532 GCGTGTACATCATAACTTGCTAGGGATCACATC 

1573 CACTAGGCGCTCCCTTTGGAATCCTTTCACC 

1574 CAAAGGGAGCGCCTAGTGCTACAAGTGTATC 

1575 CTCAACTTCGCGATCCCATGTGCAGTCTTGGC 

1576 CATGGGATCGCGAAGTTGAGATGCGGTATAA 

1577 CCAAGAGCCGGCCTTTCTCCTTCTATTTGTTC 

1578 GAGAAAGGCCGGCTCTTGGTCCGAAGAGTCC 

1579 CTATTTGTGCCGGCGTTGTAGCAAAGGTAG 

1580 CTACAACGCCGGCACAAATAGAAGGAGAAAG 

1581 GTTTGGGCTGCAGGTATTATTCTTAACGAAC 

1582 GAATAATACCTGCAGCCCAAACACCATCATTG 

1585 GTTCGAGCTCTCCCTGGAATGGAAGGGGCTCC 

1586 GGGAGAGCTCGAACATCAGCTATCATCAGTGAC 

1589 CAGCGTAGCAACTGGATCCATTGCGAATAG 

1590 CAATGGATCCAGTTGCTACGCTGTTAAAAAAG 

gMDH1 GAGTTTCGTGGAGATGCCAACC 

gMDH2 TCATTTTCTGATGAATTCAACACC 

gMDH5 CACCATGGAGTTTCGTGGAGATGCCAACC 

gMDH6 TTTTCTGATGAATTCAACACCTTTC 

a TGGTTCACGTAGTGGGCCATCG 

b GGAAATCATGATGACCTCTAGTCG  

c GCGTATTCTTTTCAGGGTCAGC  

d ATGGATGTGTCTAAAGTTGTCAG 

e CTTAGTGGTCTAATCAAAATGCC 

f CATCTCAACTTCAGCATCCCATG 

g TCATAACTTGCTAGGGATCACAT 

 

 

The position of the T-DNA was confirmed by sequencing of PCR products 

(GATC Biotech. AG, Germany). Suppression of gene expression was confirmed 

by transcribing isolated RNA (Rneasy Mini Kit, Qiagen, Germany) from WT and 
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insertion line mutants to cDNA (QuantiTect Reverse Transcription Kit, Qiagen, 

Germany) and amplification by PCR with primers f and g. For complementation 

studies, homozygous mutant line Salk_007184  was transformed with 

Agrobacterium carrying the rescue vector pHS58 by the floral dip method 

according to (Weigel and Glazebrook, 2002). Potential transformants were 

screened for the insertion of the cDNA by PCR using primers e and f. 

Agrobacterium strains GV2606 and GV3101 were transformed with plasmids 

pHS41, pHS64 or pHS58, respectively, by the freeze-thaw method according to 

(Weigel and Glazebrook, 2002). 

Leaves of Nicotiana benthamiana were infiltrated with Agrobacterium 

carrying the appropriate vector as described in (Wydro et al., 2006). 

 

Overexpression and Purification 

To obtain the N-terminally His6-tagged recombinant protein, E. coli strain Top10F 

(Invitrogen) harboring the appropriate plasmid (pHS18, pHS26, pHS42, pHS43, 

pHS50, or pHS51, respectively) were grown to an OD600 of 0.5 and the expression 

of recombinant proteins was induced by adding L-arabinose to a final 

concentration of 0,02% (w/v). After 3 h at 37°C, cells were harvested by 

centrifugation at 5,000g and resuspended in lysis buffer (50 mM HEPES, pH 7.8, 

300 mM NaCl and 0.5 mM dithiothreitol). In case of DEG15 and its variants, 

additional dithiothreitol was added to a final concentration of 3 mM to prevent 

oxidation of free cysteines. In case of gMDH, “Complete Protease Inhibitor Mix 

minus EDTA” (Roche Diagnostics GmbH, Germany) was added according to 

manufacturer’s instructions. Cells were lysed by ultrasonification (30 s, followed 

by incubation on ice for 60 s, repeated 10 x) and centrifuged at 26,500g for 90 

min at 4°C. The supernatant was applied to a Ni2+-NTA (nitrilotriacetic) column 

using an FPLC (fast protein liquid chromatography) system (GE Healthcare 

Europe GmbH), washed with lysis buffer (see above) supplemented with 50 mM 

imidazole and eluted with a linear gradient from 50 to 300 mM imidazole. 

Proteins were eluted at approximately 150 mM imidazole (DEG15 and its 

variants) or 125 mM imidazole (gMDH), respectively. Elution fractions of 

DEG15 and its variants were directly used for protease activity assays. Elution 
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fractions containing gMDH were analyzed by SDS-PAGE and assayed for their 

ability to reduce oxaloacetate. 

 

Protease Activity Assays 

All protease assays were performed with 5 µl of elution fraction from the protease 

purification (containing approximately 7.5-10 µg of total protein) in 50 µl total 

volume at 30°C in 50 mM HEPES pH 7.8 and 300 mM NaCl. Time-course 

experiments indicated that no proteolytic activity was present anymore after 12h 

(not shown), therefore all protease assays were performed over night to ensure 

maximal degradation. Elution buffer (see Overexpression and Purification) 

containing 250 mM imidazole was used as a mock control. gMDH was used as a 

substrate at a final concentration of 1.6 µg  µl-1. Protease inhibitors were used in 

concentrations as indicated in Figure 3.  

 

SDS-PAGE and Immunoblotting 

SDS-PAGE and immunoblotting were conducted according to (Sambrook et al., 

1989). For the detection of gMDH, leaf extracts from 3-week-old plants were 

used. Extracts from 4-day-old or 7-day-old etiolated Arabidopsis seedlings were 

used for the detection of ICL or thiolase and SOX, respectively. Antibodies 

against gMDH were raised against purified gMDH from watermelon (Gietl et al., 

1996) and used at a 1:5,000 dilution. Antibody dilutions of 1:1,000 were used for 

thiolase and LACS6 (Hayashi et al., 2002), of  1:500 for SOX (Hansch et al., 

2006) and 1:5,000 for ICL (Charlton et al., 2005).  All antibodies were applied for 

14 h at room temperature. A horseradish peroxidase-conjugated antibody against 

His5 (Qiagen, Germany) was used according to manufacturer’s instructions. 

 

Fluorescence Microscopy 

GFP and CFP fluorescence was observed under an Olympus BX51 

epifluorescence microscope equipped with a Nikon DXM1200 digital camera 

system (Olympus Europe). For transmitted light viewing Koehler's illumination 

was used. Fluorescence of GFP and CFP has been dissected using the filter sets 

41020 and 31045 (Chroma Technology Corp.), respectively. Multichannel 
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fluorescence pictures were taken and composed by help of the software LUCIA 

(Nikon GmbH). Exposure times were 7 s for GFP and 2 s for CFP, respectively. 
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Abstract 

 
DEG7 from Arabiopsis thaliana is a member of a subgroup of Deg/HtrA protease 

that are unique for fungi and plants. This protease shows an unsusal domain 

structure, resulting from a possible gene duplication event. Two protease domains, 

one active and one degenerated, and 3 to 4 PDZ protein-protein interaction 

domains were predicted for DEG7. Using fluorescence microscopy, we 

demonstrate that this protein is localized to the nucleus. Since Deg/HtrA proteases 

form higher oligomeric structures, we examined by the yeast two-hybrid method 

which domain is involved in oligomerization of DEG7. We demonstrate that 

DEG7 exhibits a novel mode of oligomer formation, probably using the second, 

degenerated protease domain for subunit interaction. The yeast protein Nma111p, 

a homolog for plant DEG7, was suggested to mediate apoptosis and bind to the 

Bir-domain containing protein Bir1p in budding yeast. We identified two 

Arabidopsis deg7 knock-out plants, which exhibit no expressed phenotype under 

normal growth conditions as well as under heat shock conditions. Furthermore, 
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we could show that DEG7 does not interact with the Bir-like domain containing 

Arabidopis proteins ILP1 and ILP2, indicating that this protease is not involved in 

programmed cell death in plants. Additionally, we identified alternative 

interaction partners by a yeast two-hybrid screen.  
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Introduction 

 
Deg/HtrA proteases are ATP-independent serine proteases found in almost every 

organism (Clausen et al., 2002; Kim and Kim, 2005). They generally consist of a 

trypsin type protease domain (S1B, glutamyl peptidase I subfamily according to 

the nomenclature proposed by MEROPS (Rawlings et al., 2008), 

http://merops.sanger.ac.uk/) and one or more PDZ-domains responsible for 

protein-protein interaction. Recently, members from this family without a PDZ-

domain have also been identified (Helm et al., 2007, Schuhmann et. al. in prep).  

All Deg/HtrA proteases examined so far are present in the cell as 

homooligomeric complexes, forming either trimers (Escherichia coli DegS 

(Wilken et al., 2004), Homo sapiens HtrA2 (Li et al., 2002)), hexamers (E. coli 

DegP (Krojer et al., 2002), Thermotoga maritima HtrA (Kim et al., 2003)), or  

higher oligomeric structures, such as 12mers or 24mers (E. coli DegP, Krojer et 

al., 2008). Trimerization is mediated via the protease domain (Clausen et al., 

2002; Kim and Kim, 2005), and oligomerization of these trimers is promoted 

either by the protease domain, or, alternatively, by PDZ-domains (Clausen et al., 

2002; Kim and Kim, 2005).  

Deg proteases are involved in a variety of processes, including signaling 

(DegS from E. coli (Ades et al., 1999; Alba et al., 2002)), degradation of damaged 

proteins and housekeeping (DegP from E. coli (Lipinska et al., 1989; Strauch et 

al., 1989), Deg1 from Arabidopsis thaliana (Itzhaki et al., 1998)), apoptosis 

(HtrA2 from H. sapiens (Verhagen et al., 2002)), and protein processing (Tysnd1 

from H. sapiens (Kurochkin et al., 2007) and DEG15 from A. thaliana (Helm et 

al., 2007, Schuhmann et. al. in prep)). 

The A. thaliana genome contains 16 genes encoding for members of this 

protease family (Huesgen et al., 2005). For DEG1, DEG2, DEG5, DEG8, and 

DEG15, the physiological role in the plant has been identified. DEG1 was 

suggested to be part of the stress response in the thylakoid lumen (Chassin et al., 

2002; Kapri-Pardes et al., 2007). Two other thylakoid lumen proteases, DEG5 and 

DEG8, and DEG2 located at the stromal side of the thylakoid membrane are 

responsible for removing photodamaged D1 protein from the photosystem II 

reaction center in vivo (Sun et al., 2007) and in vitro (Haussuhl et al., 2001), 
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whereas DEG15 processes peroxisomal proteins containing an N-terminal 

peroxisomal-targeting-signal 2 (Helm et al., 2007, Schuhmann et. al. in prep). 

Among the 16 proteases encoded by the A. thaliana  genome, DEG7  

(At3g03380), predicted to be targeted to the nucleus (Huesgen et al., 2005), is 

exceptional since it seems to be the result of a gene duplication. One intact and 

one degenerated protease domain can be identified, as well as three to four PDZ 

domains (Clausen et al., 2002).  

The homolog of DEG7 in Saccharomyces cerevisiae, Nma111p (for nuclear 

mediator of apoptosis, also called Ynm3P), is the only Deg/HtrA protease in 

yeast. Fahrenkroog et al. (Fahrenkrog et al., 2004) showed that Nma111p is a 

nuclear protein that interacts with Nic96p from the nuclear pore complex. 

Furthermore, Nma111p is suggested to be involved in the mediation of apoptosis, 

since yeast cells lacking this protein were more resistant to apoptosis-inducing 

heat- and oxidative stress, whereas overproduction of Nma111p led to 

hypersensitive cells.  

Interestingly, the long chain acyl-CoA synthetases Faa1p and Faa4p were also 

identified as interaction partners of the DEG7 homolog in yeast (Tong et al., 

2006). Tong et al. observed that cells lacking the protease showed increased fatty 

acid uptake, accumulation of triglycerides and free fatty acids, as well as 

alterations in fatty acid dependent gene regulation. Oddly, these cells also showed 

increased cell death, contrary to the results cited above (Fahrenkrog et al., 2004). 

Adding prove that Nma11p is involved in the mediation of apoptosis, Bir1p was 

identified as a substrate for this protease in yeast (Walter et al., 2006).  Bir1p is a 

member of the family of baculovirus inhibitory repeat (BIR)-domain containing 

proteins, which also includes inhibitor of apoptosis proteins (IAPs) like human 

XIAP (Verhagen et al., 2001). Bir1p is involved in cell division and the induction 

of apoptosis-like events in S. cerevisiae (Uren et al., 1999; Li et al., 2000). These 

observations led to the suggestion that Nma111p is involved in a cascade similar 

to one of the signaling cascades in humans leading to apoptosis. In H. sapiens, 

HtrA2 is released from mitochondria upon induction of apoptosis. It cleaves the 

caspase-9 inhibiting XIAP, therefore activating this protease and mediating cell 

death (Althaus et al., 2007).  
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Although apoptosis in mammals and programmed cell death (PCD) in plants 

show some common features, only a few orthologs of mammalian proteins 

involved in apoptosis have been identified in plants (Lam et al., 2001). No genes 

encoding IAP homologs are detectable in the genome of A. thaliana using 

standard homology searches, like BLAST. Using an improved search method 

based on hidden markov model (HMMER), two proteins from A. thaliana, each 

containing two domains similar to the BIR-domain, have been identified (Higashi 

et al., 2005). If Nma111p from yeast and DEG7 from plants have similar tasks in 

the cell, it is feasible that these IAP-like proteins (ILPs), encoded by the open 

reading frames at1g17210 (ILP1) and at1g48950 (ILP2), are interaction partners 

of DEG7. Here we present data indicating that DEG7 from A. thaliana is indeed a 

nuclear protein, which oligomerizes via the C-terminal half of the protein. It does 

not interact with the IAP-like protein ILP1 and ILP2, and knock-out plants 

lacking DEG7 do not show detectable differences from wild-type (WT) plants. 

Additionally, alternative interaction partners identified by a yeast-two-hybrid 

(Y2H) screen are presented. 
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Results 
 

DEG7-like proteins are restricted to plants and fungi  

 

We searched freely available genome databases for genes coding for DEG7-like 

proteases and retrieved hits only for yeast and plants genomes. While most of the 

investigated species possess only one DEG7-like gene, the genomes of 

Schizosaccharomyces pombe and  Populus trichocarpa contain two. Phylogenetic 

comparison confirmed the close evolutionary relationship of DEG7 orthologs 

from various organisms (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. A, Evolutionary relationship of DEG7 proteases and selected members from the 
Deg/HtrA family. Neighbor-Joining phylogenetic tree based on the amino acid sequences of 
Deg protease domains. The result of a bootstrap test (1000 replicates) is shown. Ath, 
Arabidopsis thaliana; Cr, Clamydomonas reinhardtii; Ec, Escherichia coli; Hs, Homo 
sapiens; Os, Oryza sativa; Pt, Populus trichocarpa; Sc, Saccharomyces cerevisiae; Sp, 
Schizosaccharomyces pombe. B, DEG7 is the result of a gene duplication of a gene encoding 
a usual Deg protease and a subsequent degeneration of the second protease domain. 
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DEG7 and homologous proteases from other organisms form a subgroup within 

the Deg/HtrA protease family that are distantly related to other Deg/HtrA 

proteases, like human HtrA2, A. thaliana DEG1 or E. coli DegP (Figure 1, 

compare also (Helm et al., 2007)). They are probably the result of a gene 

duplication event with subsequent degeneration and inactivation of the second 

protease domain (Figure 1B). 

 

 

Plant DEG7 is a nuclear protein 

 

Nma111p from yeast is a nuclear protein (Fahrenkrog et al., 2004). To test 

whether this holds truth for DEG7 in plants, we designed a DEG7-green 

fluorescent protein (GFP) fusion construct under the control of the constitutively 

expressed CaMV35S (CaMV for cauliflower mosaic virus) promoter. Nicotiana 

benthamiana leaves were transiently transformed with Agrobacterium 

tumefaciens containing this construct, and epidermal cells were analyzed for GFP 

fluorescence (Figure 2).  
 

Figure 2. The DEG7-green 
fluorescence protein (GFP) 
construct is targeted to the 
nucleus of Nicotiana 
benthamiana epidermal cells. 
Nuclei (N); BF, bright field; 
GFP, fluorescence with GFP 
filter; Overlay: overlay of bright 
field and GFP image. NL, 
nucleolus. 

 

 

 

 

 

 

The nucleus with a visible nucleolus could be easily identified in these cells 

exposed to bright field (Figure 2, BF panel). The DEG7-GFP fluorescence was 

observed in a single spot in the cell (Figure 2, GFP panel) that corresponded to the 

nucleus (Figure 2, Overlay panel). Nucleoli visible in the fluorescence image as a 



Deg Proteases in Arabidopsis 

56 

roundish structure, slightly darker than the rest of the nucleoplasm did not contain 

any DEG7-GFP fluorescence (Figure 2, GFP panel). This indicates that DEG7 is  

located in the nucleoplasm or might be attached to the nuclear envelope.  

 

 

The C-terminal part of DEG7 is essential for oligomerization  

 

All Deg/HtrA proteases investigated so far form homooligomeric complexes by 

interactions of protease and/or PDZ domains. Since DEG7 shows an  unique 

domain arrangement with two protease domains (one less well defined and 

degenerated) and three to four PDZ domains (Figure 3A), an unusual mode of 

oligomerization is expected for this protease. To identify DEG7 regions essential 

for oligomerization, a Y2H array was set up with protease and PDZ domains as 

baits and preys (Figure 3B). The full-length DEG7 with mutated catalytic serine 

to alanine (DEG7-fl), the first (1st-half, also with Ser to Ala mutation) and the 

second (2nd-half) half of this protein, the predicted protease domain (protease 

domain, also with Ser to Ala mutation), PDZ1 and PDZ3+4 domains were fused 

to the activation domain (AD) and DNA-binding domain (BD) of the yeast GAL4 

protein, respectively. Since the  second PDZ domain in the first half of the protein 

and the inactive protease domain were less defined, such constructs were omitted. 

The resulting fusion constructs were coexpressed in S. cerevisiae in every 

possible AD/BD combination and tested for their ability to activate expression of 

the HIS3 reporter gene that is indicative for a physical interaction (Figure 3B, 

summarized in Table 1). No  interaction was detected when BD-constructs were 

cotransformed with the empty AD-vector (Figure 3B,  row 7), or when AD-

constructs were cotransformed with the empty BD-vector, thus excluding 

autoactivation of the HIS3 reporter gene (Figure 3B, column 7). The combinations 

DEG7-fl/DEG7-fl, DEG7-fl/1st-half, DEG7-fl/2nd-half, 1st-half/2nd-half, 2nd-

half/DEG7-fl, 2nd-half/1st-half, 2nd-half/2nd-half, 2nd-half/protease domain, and 

protease domain/DEG7-fl showed activation of the HIS3 reporter gene and 

therefore interaction (Table 1). With constructs containing the PDZ1-domain or 

PDZ3+4-domains only, no activation of the HIS3 reporter gene was observed 

(Figure 3B, rows 5 and 6, and columns 5 and 6), indicating that the PDZ domains 
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Figure 3. A, Schematic representation of the domain structure of A. thaliana DEG7 and the 
deletion constructs used for Y2H screen. Drawn according (Clausen et al., 2002). B, Y2H 
assay shows that DEG7 interacts with the C-terminal part of the protein. Each panel shows 
growth of a yeast colony containing a bait vector (indicated at the top) and prey vector 
(indicated at the left side) on Synthetic Complete dropout (SC)-agar with His (transformation 
control, left spot) or without His (right spot). Empty bait and prey vectors are used as 
autoactivation controls. AD, activation domain of S. cerevisiae GAL4; BD, DNA-binding 
domain of S. cerevisiae GAL4; DEG7 full-length, DEG7-fl; pos, positive control; neg, 
negative control.  
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are not essential for the assembly of the oligomeric complex. In all combinations 

that did activate reporter gene expression, at least one of the interaction partners 

contained the C-terminal (i.e. 2nd) half of the protein. No interaction was observed 

when this part was missing in both fusion constructs. This suggests a major role  

of the C-terminal part of DEG7 in the oligomerization process. Interestingly, an 

interaction also seems to be possible when one of the partners is lacking the C-

terminal half but contains the first protease domain. Whether the later interaction 

represents an alternative mode of oligomer formation or is an artifact cannot be 

answered here. It is also unlikely that the acitvation of reporter gene expression is 

due to aggregation of partially misfolded proteins, since no activation occurs with 

the more hydrophobic (and therefore more prone to aggregate) PDZ domains.  

 
Table 1. Interaction of DEG7 domains as assayed by Y2H. +/+: HIS3 reporter gene actication with 
both possible activation domain-fusion/DNA binding domain-fusion combinations; +/-: activation 
with one combination only; -/- no activation with both possible combinations. 
 

Constructs Interaction  Constructs Interaction 
      
DEG7-fl / DEG7-fl +  2nd half / 2nd half + 
DEG7-fl / 1st half +/-  2nd half / protease domain +/- 
DEG7-fl / 2nd half +/+  2nd half / PDZ1   -/- 
DEG7-fl / protease domain +/-  2nd half / PDZ3+4 -/- 
DEG7-fl / PDZ1  -/-     
DEG7-fl / PDZ3+4  -/-  protease domain / protease domain - 
    protease domain / PDZ1 -/- 
1st half / 1st half -  protease domain / PDZ3+4 -/- 
1st half / 2nd half +/+     
1st half / protease domain -/-  PDZ1 / PDZ1 - 
1st half / PDZ1  -/-  PDZ1 / PDZ3+4 -/- 
1st half / PDZ3+4  -/-  PDZ3+4 /PDZ3+4 - 

 

 

 

Isolation of deg7 knock-out lines and their phenotype 

 

To further examine the role of DEG7 in planta, we obtained two A. thaliana T-

DNA insertion lines (called deg7-1 and deg7-2) within the DEG7 gene from the 

SALK collection (Alonso et al., 2003) (Figure 4A), and verified the insertion site 

by PCR (Figure 4B). Line deg7-1 (Salk_036604) possesses the inverted tandem 

insertion of T-DNA in the 5’-UTR of the gene, whereas in deg7-2 (Salk_016027), 
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the T-DNA inverted tandem insertion is located in the eleventh from 24 exons 

(Figure 4A). To investigate whether the insertion of the T-DNA had any effects 

on the expression level, Northern blots analysis were performed with probes 

specific for DEG7.  In contrast to WT, where DEG7 transcripts were present, no 

such transcripts were detected in deg7-1 or deg7-2 mutant lines (Figure 4C), 

indicating that both lines are knock-out lines lacking DEG7 expression.  

It was reported that Nma111p in yeast plays a key role in apoptosis 

(Fahrenkrog et al., 2004; Walter et al., 2006). In higher organisms, the correct 

regulation of apoptosis/PCD is crucial for the development and growth of the 

organism. If DEG7 plays a key role in A. thaliana PCD (either directly or in an 

other PCD-connected process), severe developmental defects would be expected 

in knock-out mutant lines.  When grown on soil under short day conditions, deg7-

1 and deg7-2 mutant lines did not show any phenotypic difference compared with 

WT plants (Figure 4D).  

PCD can be induced by exposing of plants to heat stress or oxidizing agents, such 

as hydrogen peroxide (Desikan et al., 1998; Charng et al., 2007). To test whether 

A. thaliana plants lacking DEG7 show an altered heat-stress response, etiolated 

seedlings grown under controled conditions in a growth chamber were subjected 

to a 30 min heat shock in darkness at temperatures indicated in Figure 5 before 

recovery at ambient temperature in light. The amount of chlorophyll  accumulated 

after 24 h of recovery was used as an indicator of heat tolerance (Figure 5), 

assuming that seedling with less cells undergoing PCD would  accumulate more 

chlorophyll. The results revealed that deg7-1 and deg7-2 mutants contained  a 

comparable amount of chlorophyll as WT, indicating no altered sensitivity of the 

knock-out lines toward the heat treatment.  
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Figure 4. Isolation of deg7 knock-out plants. A, Schematic representation of the DEG7 
(At3g03380) gene. Exons are represented by black boxes, introns as black lines. Positions of 
start and stop codons and the position and orientation of the tandem T-DNA insertions, as 
determined by PCR, are indicated. Red bar indicates position of the probe used for Northern 
blotting. B, Genetic analysis of the insertion lines by PCR with primers specific for the T-
DNA insertion (LB), and for the DEG7 gene upstream (LP) and downstream (RP) of the 
insertion sites. C, Lack of DEG7 expression in knock-out plants is confirmed by Northern 
blotting. Ethidium-bromide stain of rRNA is shown as a loading control. D, Comparision of 
A. thaliana wild-type (WT), deg7-1 and deg7-2 mutant plants grown under short day 
conditions (150 µmol photons m-2s-1,8 h light, 21°C / 16 h dark, 19°C). 

 
 

 

Figure 5.  Responses of 
etiolated A. thaliana WT, 
deg7-1 and deg7-2 mutant 
seedlings to different 
temperatures. Plants were 
grown in darkness for 3 days 
prior to the exposure to 
different temperatures for 30 
min in darkness. 13-23 
individual seedlings were 
collected for each point. 
Data is based on three 
independent repeats. 
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Nuclear located ILP1 and ILP2 do not interact with DEG7 

 

Two BIR-like domain-containing proteins, ILP1 and ILP2, were identified in A. 

thaliana (Higashi et al., 2005). Since human HtrA2 interacts with XIAP (Martins 

et al., 2002), and yeast Nma111p interacts with the Bir1p (Walter et al., 2006), 

proteins that carry BIR domains, we investigated whether plant ILP1 and ILP2 are 

potential interaction partners of DEG7. However, to fulfill a theoretical 

requirement for such interactions both proteins have to reside in the nucleus. 

Therefore, we performed localization studies of ILP1 and ILP2 using plants 

transformed with GFP-tagged versions of these proteins. Fluorescence 

microscopy revealed (Figure 6)  that ILP1 and ILP2 are located in the nucleus.  
 

 

Figure 6. Localization of 
ILP1- and ILP2-green 
fluorescence protein (GFP) 
constructs in the nucleus. 
Nuclei (N) of N. 
benthamiana epidermal cells 
are shown. BF, bright field; 
GFP, fluorescence with GFP 
filter; Overlay: overlay of 
bright field and GFP image.  

 

 

 

Since DEG7 and the ILPs are targeted to the same subcellular compartement, we 

used a Y2H assay to test whether ILP1 and ILP2 physically interact with DEG7 

(Figure 7). DEG7 full-length and its deletion constructs defined in Figure 3 were 

tested for interaction with ILPs using each possible AD/BD fusion combination of 

DEG7 and ILP1 or ILP2, respectively.  No interactions between DEG7 and ILP1 

or ILP2 were detected (Figure 7), suggesting that ILPs are not likely to be 

substrate or interaction partner of DEG7.  
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Figure 7. ILP1 and ILP2 do not interact with DEG7 in a Y2H assay. Each panel shows 
growth of a yeast colony containing the bait vector coding for a full-length DEG7 (DEG7-fl) 
or its deletion constructs (indicated at the top) and the prey vector coding for the ILP1 or ILP2 
constructs (indicated at the left side) on SC-agar with His (transformation control, left spot) or 
without His (right spot). Empty prey vectors are used as autoactivation controls. AD, 
activation domain of S. cerevisiae GAL4; BD, DNA-binding domain of S. cerevisiae GAL4; 
pos, positive control; neg, negative control.  

 

 

Identification of interaction partners of DEG7 

 

In order to identify potential interaction partners of DEG7, we performed a Y2H 

screen with the 2nd-half of this protein  as bait. The latter construct was chosen in 

order to avoid steric and orientation problems due to the size of a putative BD-

DEG7/target-AD complex, which could result in a failure to activate the 

expression of the HIS3 reporter gene. Prey clones were sequenced and are 

presented in Table 2. Out of 11 identified putative interaction partners/substrates 

only 4 are predicted or experimentally proven to be located in the nucleus. Among 

the others there are 5 nuclear-encoded proteins targeted to the chloroplast, one to 

the endomembrane system (including the endoplasmatic reticulum, Golgi 

apparatus and nuclear envelope) and one to the peroxisome or the mitochondrium. 

In the next step all these potential interaction partners/substrates were tested for 
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their ability to activate HIS3 reporter gene expression with the empty bait vector 

(Figure 8, left column), with the 2nd half of DEG7 (Figure 8, middle column), and 

with the  full-length DEG7 (Figure 8, right column). The results revealed that only 

a clone containing a sequence coding for the HSP20 domain of the ARID/Bright 

protein (At2g17410) was able to interact, both with the full-length DEG7 and the 

DEG7 2nd-half construct (Figure 8).  

 

 
Table 2. DEG7 interaction partners as identified by yeast two-hybrid screen. Subcellular 
localization is based either on evidence in cited references, or by using the prediction 
programs Psort and TargetP (Emanuelsson et al., 2000; Horton et al., 2007). N, nuclear; ES, 
endomembrane system; C, chloroplast; P, peroxisome; M, mitochondria; Cyt, cytoplasm 

 

Locus Protein Name / Description Subcellular 
Localization 

At2g17410 ARID/BRIGHT DNA-binding domain 
containing, transcription factor activity N (Psort) 

At1g47128 RD21A cysteine proteinase ES (Hayashi et al., 2001) 

At5g38410 Rubisco small subunit 3B C (Buchanan et al., 2002) 

At3g01500 CA1 (carbonic anhydrase 1) C (Goulas et al., 2006) 

At4g10000 Similar to unknown protein; thioredoxin fold C (TargetP, Psort) 

At3g54500 Similar to dentin sialophosphoprotein-related 
(At5g64170) N (Psort) 

At5g41410 BELL 1, transcr. factor act. N, Cyt (Bellaoui et al., 
2001) 

At1g20630 Catalase 
P,M (Kamigaki et al., 

2003; Heazlewood et al., 
2004) 

At1g29900 CARB (carbamoyl phosphate Synthetase B) C (targetP, Psort) 

At5g09540 DNAJ heat shock N-terminal domain-
containing protein N (Psort) 

At2g22230 Beta-hydroxyacyl-ACP dehydratase, putative C (TargetP, Psort) 
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Figure 8. Interaction partners of 
DEG7 in Y2H assay. Prey 
plasmids encoding genes or part 
of genes indicated on the left 
were cotransformed with empty 
bait plasmid (left column), with 
BD-2nd-half of DEG7 protein 
(middle), or with BD-full-length 
DEG7 (DEG7-fl, right). Each 
panel shows growth of the 
corresponding colony on SC-agar 
with His (left spot, 
transformation control) or 
without His (right spot). 
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Discussion 
 

Novel mode of oligomerization of DEG7  

 

All reported members of the Deg/Htr protease family form homooligomers 

(Clausen et al., 2002; Kim and Kim, 2005) where the protease domain is 

responsible for trimerization and the PDZ domains or the protease domain are 

required for higher oligomerization (Kim and Kim, 2005). Our data indicate that 

A. thaliana DEG7 also exists as an oligomer, but concerning the size (120 kDa) 

and the special domain arrangement of this protein, the oligomerization mode has 

to be different from those reported for other Deg/Htr family members. Using a 

Y2H assay we showed that the second half of DEG7 protein (consisting of a 

second degenerated protease domain and PDZ3 and PDZ4 domains) is the key 

player in oligomerization. Since PDZ3+4 alone was not involved in 

interactions(Figure 3B row 6 and column 6), it is reasonable to assume that the 

second protease domain of DEG7 mediates oligomerization. The first protease 

domain may also participate in the assembly of the complex, since an interaction 

occurred between the first and the second protease domain but not between two 

first protease domains. Whether this result is due to the experimental setup or 

represents an alternative oligomerization mode cannot be answered at this stage.  

Based on our data and the assumption that the basic unit of plant DEG7 is a 

trimer as in other Deg/HtrA proteases (Kim and Kim, 2005), we propose the 

model presented in Figure 9 as a working hypothesis for the DEG7 homo-

complex formation. This model is based on the hexameric structure solved for the 

E. coli DegP (Krojer et al., 2002). Although the formation of the oligomeric 

complex via the protease domain is common in Deg/HtrA proteases (Krojer et al., 

2002; Li et al., 2002; Kim et al., 2003; Wilken et al., 2004; Kim and Kim, 2005), 

the fact that DEG7 uses an additional inactive protease domain for this process 

provides the novelity to this model.  

Since DEG7 seems to exist due to a gene duplication (Figure 1B) it is 

theoretically possible that this protein is cleaved into two independent subunits, 

where one of them has a proteolytic and the second a regulatory function. 
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However, our current experimental data do not support such posttranslational 

processing event (not shown). 

 

 
Figure 9. Working 
hypothesis for the 
structure of a DEG7 
trimer, based on the 
hexameric structure of 
E. coli DegP 
(Krojer2002). Model A, 
interaction of first and 
second protease domain 
as detected by the Y2H 
assay. Model B is based 
on the assumption that 
the interaction of the 
first and second 
protease domain is due 
to the experimental 
setup. 

 

 

 

 

deg7 knock-out mutants do not show an altered response to heat treatment 

 

Yeast strains lacking Nma111p/Ynm3p showed less apoptotic hallmarks after 

exposure to oxidative stress (Fahrenkrog et al., 2004; Tong et al., 2006) or heat 

treatment (Fahrenkrog et al., 2004) as compared to WT strains. This led to the 

assumption that this protease is involved in the regulation of yeast apoptosis. We 

isolated two deg7 knock-out lines that showed WT phenotype under standard 

growth conditions as well as during exposure to increasing temperatures. This 

suggests that DEG7 from A. thaliana is either not a key player in the regulation of 

PCD in plants, or that back-up mechanisms may compensate the loss of this 

protein. However, the differences between yeast and plant heat shock assays 

should be mentioned here. The response of the yeast cells to heat shock was 

measured by survival plating, i.e. the formation of colonies on solid media. The 

formation of visible yeast colonies requires the growth of the cells for several 

generations, allowing the detection of growth defects that accumulated during 
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several generations. In contrast, we assay the response of individual seedlings 24 

h after the heat shock, a relatively short time compared to the generation time of 

A. thaliana (see also discussion below). Therefore, we can not exclude that deg7 

knock-out mutants and WT plants would show differences upon long-term heat 

treatment maybe after generations. 

 

 

Nuclear location of DEG7 and ILPs: Are ILPs substrates of DEG7? 

 

Based on sequence analysis, DEG7 was suggested to be targeted to the plant 

nucleus (Huesgen et al., 2005).  Here we confirmed experimentally the location of 

DEG7 in the nucleoplasm and excluded its presence in the nucleolus (Figure 2). 

However, it is still not clear whether DEG7 is exclusively present in the 

nucleoplasm or interacts with parts of the nuclear envelope, as reported for 

Nma111p from budding yeast. We were also able to show that the Bir-like 

domain-containing proteins ILP1 and ILP2, putative interaction partners of 

DEG7, are nuclear proteins (Figure 6). This colocalization of DEG7 with the ILPs 

is a requirement for being interaction partners.  

BIR-domain-containing proteins are present in in mammals, yeasts, insects, and 

baculoviruses (reviewed in (Verhagen et al., 2001)), but not in plants. Plants 

possess instead BIR-like domain-containing proteins, ILPs (Higashi et al., 2005). 

Interestingly, ILPs are also present in organisms containing IAPs and other BIR-

proteins, including humans, C. elegans, and S. pombe, but not in S. cerevisiae. 

Similar to IAPs, ILP inhibits apoptosis in human cells (Higashi et al., 2005), 

whereas  the ILP from S. pompe, also termed Rsm1p, is involved in the export of 

mRNA from the nucleus (Yoon, 2004) 

The reported interaction of the only BIR-domain-containing protein from S. 

cerevisiae with yeast Nma111p (Walter et al., 2006) raised the question whether 

A. thaliana DEG7 interacts with ILP1 and ILP2. Although DEG7, ILP1 and ILP2 

are targeted to the nucleus, no in vivo interaction was detected in a Y2H assay, 

neither with full-lenght DEG7, nor with its deletion constructs (Figure 7). 

However, a temporary interaction of ILPs with DEG7 in a special folding state 
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(e.g. presenting the interaction domain after binding regulatory proteins) can not 

be excluded.  

The interaction of Nma111p and Bir1p in S. cerevisiae (Walter et al., 2006) 

led to the conclusion that this protease might play a similar role in yeast as HtrA2, 

an interactor of XIAP (Martins et al., 2002) in mammals. The interpretation of the 

physiological role of Nma111p was partially based on the asumption that this 

protein is a paralog of human HtrA2. However, there are some contradictions that 

are discussed below. First, Nma111p is a nuclear protein, whereas HtrA2 is 

present in the mitochondria and cytoplasm (Martins et al., 2002). Second, 

Nma111p and HtrA2 show a totally different domain structure (Clausen et al., 

2002). Nma111p has one active and one degenerated protease domain and 3 to 4 

(depending on the prediction programm) PDZ domains, whereas HtrA2 has only 

one protease and one PDZ domain. The two proteins are not closer evolutionary 

related to each other than to other Deg/HtrA proteases (Figure 1). Third, the 

respective interaction partners Bir1p and XIAP both belong to BIR-domain- 

containing proteins, but to different subgroups regulating different physiological 

processes (Verhagen et al., 2001). While human XIAP are involved in the 

regulation of apoptosis mostly by the interaction with caspases (Verhagen et al., 

2001) and references therein), proteins from the same group as Bir1p from S. 

pombe (Yoon, 2004) and S. cerevisiae (Li et al., 2000) usually play a role during 

cell division.  

 

 

Searches for interaction partners/substrates of DEG7 

 

Using a Y2H screen we identified several interaction partners/potential substrates 

of plant DEG7. Four of these partners were predicted or experimentally proven to 

be nuclear proteins, as was expected from the subcellular localization of DEG7. 

These nuclear proteins were two (putative) transcription factors, one protein 

containing a heat-shock protein domain, and one protein of unknown function. 

Although transcription factors have to be treated with care in a Y2H screen (Van 

Criekinge, 1999), the presence of DEG7 was necessary for reporter gene 

activation (Figure 8). The interaction with the protein containing a prediced 
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Hsp40 domain, may be due to a misfolded bait or aggregation, but with DEG7 

being similar to an endogenous yeast protein, this is not very likely (see also 

discussion of the oligomerization assay). Surprisingly, we detected several 

chloroplast proteins in our screen. Whether this result is an artifact or hints to a 

role of DEG7 in processing signals released from damaged (apoptotic) 

chloroplasts (similar to the DegS/sigmaE system in E. coli (Alba and Gross, 

2004)) has to remain unanswered at the present state. The fact that DEG7 binds 

transcription factors may point into this direction. One protein from the 

endomembrane system (including the nuclear envelope) was identified as a 

potential interaction partner of DEG7. Several individual clones that activated 

reporter gene expression encoded for the cysteine protease RD21A. This protease 

is transported to the vacuole after salt or woundings stress, thereby assisting PCD 

(Hayashi et al., 2001). This again may be a hint to an involvement of DEG7 in 

cell death. 

 

 

Conclusion 
 

We were able to show that DEG7, a protease from a branch of the DEG/HtrA 

familiy that is present only in plants and yeasts, is located in the nucleoplasm of 

A. thaliana. Based on the unique domain arrangement and interactions between 

domains we propose a novel mode of oligomerization of DEG7 via a second, 

degenerated protease domain. Since the DEG7 homolog in S. cerevisiae interacts 

with the only BIR-domain-containing protein in this organism, we tested if DEG7 

interacts with ILPs in A. thaliana. We could show that this is not the case, and 

presented candidates for alternative interaction partners. 
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Materials and Methods 
 

Bioinformatics 

We searched annotated protein databases of completely sequenced genomes for 

the presence of DEG7 homologs using the BLAST algorithm (Altschul et al., 

1997) with default parameters as implemented on the web pages of the National 

Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/blast) 

and the Institute for Genomic Research (TIGR, www.tigr.org). The secondary 

structure of the protein sequences was predicted with the PSIPRED (v2.5) 

programme (Bryson et al., 2005) and conserved protease and PDZ domains were 

identified with the Simple Modular Architecture Research Tool (SMART) v 4.0 

(Letunic et al., 2004). We compared the predicted secondary sequence with 

published X-ray structure alignments (Clausen et al., 2002; Li et al., 2002; Jansen 

et al., 2005) and identified the protease domains of the DEG7 proteases by manual 

judgement. Multiple sequence alignments of full-length and protease domain 

sequences were generated by the M-Coffee web server using standard settings 

(Moretti et al., 2007). We used the MEGA software package version 4.01 to 

reconstruct the phylogenetic relationship of the investigated sequences (Tamura et 

al., 2007). The evolutionary distances were computed with the Jones Taylor 

Thornton (JTT) matrix (Jones et al., 1992). All positions containing gaps and 

missing data were eliminated from the dataset (Complete deletion option). 

Phylogenetic trees were reconstructed with the neighbor-joining algorithm (Saitou 

and Nei, 1987) and branch support was assessed by 1000 bootstrap replicates 

(Felsenstein, 1985). Subcellular targeting prediction was performed using the 

web-based programs WoLF Psort (http://www.psort.org (Horton et al., 2007)) and 

TargetP (http://www.cbs.dtu.dk/services/TargetP, (Emanuelsson et al., 2000). 

 

Plasmid construction 

General molecular biological procedures were conducted according to (Sambrook 

et al., 1989). Site-directed mutagenesis was performed using the QuikChangeII 

Site-Directed Mutagenesis Kit (Stratagene Europe, Germany) according to 

manufacturer’s instructions. Sequences of primers used in this study are given in 
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Table 2. A DNA fragment encoding Arabidopsis DEG7 (At3g03380) was 

generated by PCR (polymerase chain reaction) with SALK cDNA clone U21730 

(Yamada et al., 2003) as a template, using primers 0734 and 0740. The resulting 

DNA fragment was cloned by TOPO-Reaction into pET151-D/TOPO plasmid 

(Invitrogen, Germany), resulting in plasmid pHS36. This plasmid was 

mutagenized with primers 0724 and 0725, resulting in plasmid pHS52 encoding 

DEG7S206A. Using U21730 as template and primers 0740 and 0723, a DNA 

fragment was created and cloned into the pENTR/D-TOPO vector (Invitrogen, 

Germany) according to manufacturer’s instructions, resulting in plasmid pPH41 

This served as an entry vector in a gateway reaction (Invitrogen, Germany) with 

pEarleygate103 (Earley et al., 2006). The product plasmid, named pPH49, 

encodes a C-terminally GFP -tagged DEG7 under the control of the constitutive 

CaMV35S promoter. 

Entry vectors were created by TOPO-reaction using fragments coding for 

DEG7S206A full-length (DEG7-fl, pHS73, primers 0740 and 0747), DEG7M1-

Q563 (1st half, pHS81, primers 0740 and 0771), DEG7E527-Q1097 (2nd half, 

pHS80, primers 0777 and 0747), DEG7S35-K256 (protease domain, pHS77, 

primers 0765 and 0774), DEG7D255-S373 (PDZ1, pHS78, primers 0775 and 

0767) and DEG7S868-Q1097 (PDZ3+4, pHS88, primers 0776 and 0747) which 

were amplified by PCR using pHS52 as template.  

Vectors for the Y2H assays were created by performing a gateway reaction 

with the entry-vectors and modified pAD-GAL4-2.1 (Stratagene, introducing the 

GAL4 activation domain) and modified pBD-Gal4 Cam (Stratagene, introducing 

the GAL4 DNA binding domain), respectively, resulting in pHS82 (AD-DEG7-

fl), pHS83 (BD-DEG7-fl), pHS96 (AD-1st half), pHS91 (BD-1st half), pHS95 

(AD-2nd half), pHS84 (BD-2nd half), pHS93 (AD-protease domain), pHS86 

(BD-protease domain), pHS90 (AD-PDZ1), pHS85 (BD-PDZ1), pHS97 (AD- 

PDZ3+4), pHS89 (BD- PDZ3+4). ILP1 (At1g17210) and ILP2 (At1g48950) 

lacking the stop codons were amplified by PCR with primers I103 and I104 or 

I203 and I204, respectively,  from cDNA prepared from A. thaliana flowers with 

the Revert Aid H Minus First Strand cDNA Synthesis Kit (Fermentas, Germany). 

The respective constructs were cloned by TOPO-reaction into the pENTR/D-

TOPO vector (Invitrogen), resulting in pME10 (ILP1) and  pME01 (ILP2), 
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respectively. These plasmids were used in a Gateway-reaction with 

pEarleygate103 (Earley et al., 2006) producing plasmids coding for ILP1-GFP 

(pME17) and ILP2-GFP (pME07). pME10 was also used as template in a PCR 

with primers I102 and I104, yielding ILP1 with stop codon, which was 

subsequently cloned by TOPO-reaction into the pENTR/D-TOPO vector 

(Invitrogen), resulting in pME11. Similarly, ILP2 with stop codon was amplified 

with primers I202 and I204 with pME01 as template, and cloned in pENTR/D-

TOPO, yielding pME20. pME11 and pME20 served as entry vectors in a 

recombinase reaction with Gateway-modified pAD-GAL4-2.1 and pBD-Gal4 

Cam, resulting in pHS98 (pAD-ILP1), pHS92 (pBD-ILP1), pME27 (pAD-ILP2), 

and pME28 (pBD-ILP2). 

All primers were obtained from Operon Biotechnologies. All plasmids were 

analyzed by sequencing (GATC Biotech. AG, Germany) for orientation and 

integrity of the insert. 

 
Table 3. List of oligonucleotides used as PCR primers in this work 

 

       Name 5’-Sequence-3’ 
0702  TAACCACATGGCGATTGGTGAG 
0705  ATGGGAGATCCGTTGGAGAGGT 
0723  CTGCAAGGCTTTCAATATATTTCT 
0724  GGTACTAAAGGTGGTTCAGCTGGTTCTCCCGTCATTG 
0725  CAATGACGGGAGAACCAGCTGAACCACCTTTAGTACC 
0734  TATGTCGACTTACTGCAAGGCTTTC 
0740  CACCATGGGAGATCCGTTGGA 
0747  GCGCCGCGGTTACTGCAAGGCTTTC 
0765  GCGTTACTTATCCGTCCGCGAGTC 
0767  GCGTTATGAGTGTAAATCTTGTACTGATA 
0771  GCGTTATTGTTTCTTTGCTTCTGAGCC 
0774  CACCTCCGTTGCCACCGCTGAAGATTG 
0775  CACCGATAAGCCAAAAGCAGTTCATATTC 
0776  CACCTCAAAAGCCCGGAGTTTTGGTC 
0777  CACCGAACCCATGCATGAAGTGAATG 
I102  GCGTTACTTTTTCCCATGGCTGCTG 
I103  CTTTTTCCCATGGCTGCTGATA 
I104  CACCATGAAGGAAGAGGATGTGAGCTC 
I202  CGCTCAGCTTGAAGATCCTCCGTTC 
I203  GCTTGAAGATCCTCCGTTCAGC 
I204  CACCATGGCACAAGATTCAGAGAAGAG 
LP4  GGAATCGATTTGAGAAATAACCCCA  
RP4  GAGAGCACGACGCCAATCTTC  
LP5  TTTCCAACGATTGTTAGATTTGAGA 
RP5  CCTGTGGCAGGAAATACACAAACA 

Lba1  TGGTTCACGTAGTGGGCCATCG 
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Yeast two-hybrid assay 

Y2H assay was performed using the vectors pBD-Gal4 Cam as bait vector and 

pAD-Gal42.1 as prey vector from the GAL4 Phagemid Vector Kit (Stratagene, 

Germany). See “Plasmid Construction” for details of cloning of the respective 

plasmids. pBD-WT and pAD-WT (Stratagene, Germany; both coding for 

fragment C of lambda cl repressor) were used as positive interaction control 

plasmids, pAD-WT and pLaminc C (Stratagene, Germany; coding for human 

lamin C) were used as negative interaction control plasmids. S. cerevisiae strain 

YRG-2 was used for all Y2H assays. For composition of media and yeast 

transformation by the lithium acetate methode see 

http://www.umanitoba.ca/faculties/medicine/units/biochem/gietz/ and (Gietz and 

Woods, 2002) 

For HIS3 reporter gene assays, candidate clones were cultured in liqud 

Synthetic Complete dropout (SC) media lacking Leu, Uracil, Trp, overnight, 

pelleted, and resuspended to give an OD600 of 1.0. 50 µL of the suspension was 

dropped on solid SC medium lacking Leu, Uracil, Trp (growth control), or His, 

Leu, Uracil, Trp (reporter gene assay), repectively. Plates were grown for 2-3 days 

at 30° C. 

For the screen for alternative interaction partners, pHS84 was used as bait 

plasmid and the Horwitz and Ma Two-Hybrid Library (Fan et al., 1997) as prey 

library. Candidate colonies growing on SC agar plates lacking His were restreaked 

on same media, incubated for three days at 30°C and grown in liquid SC lacking 

Leu and Uracil overnight. Plasmid DNA was prepared according to (Ausubel et 

al., 1990). Plasmids were retransformed into YRG-2 cells together with empty 

pBD-Gal4 Cam (auto-activation control), pHS83 (interaction with DEG7-fl), and 

pHS84 (interaction with DEG7 2nd half), and HIS3 reporter gene activation was 

assayed as described above. Plasmids not showing autoactiviation but reporter 

gene activation with pHS83 or pHS84, respectively, were sequenced (GATC 

Biotech. AG, Germany). 

 

Fluorescence microscopy.  

GFP fluorescence was observed under an Olympus BX51 epifluorescence 

microscope equipped with a Nikon DXM1200 digital camera system (Olympus 
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Europe). For transmitted light viewing Koehler's illumination was used. 

Fluorescence of GFP has been dissected using filter set 41020 (Chroma 

Technology Corp.)  

 

Plant material  

The A. thaliana T-DNA insertion line mutants Salk_036604 (designated deg7-1) 

and Salk_016027 (designated deg7-2) of the Salk Institute collection (Alonso et 

al., 2003) were obtained from the Nottingham Arabidopsis Stock Centre (NASC). 

Homozygous deg7 mutant plants were identified by PCR analysis using gene 

specific primers annealing upstream and downstream of the insertion sites and 

primers complementary to the T-DNA. Primers used were: For deg7-1, LP4 and 

RP4, for deg7-2, LP5 and RP5, and the Salk collection T-DNA specific primer 

Lba1. The primer sequences are listed in Table 2. Obtained PCR products were 

purified with a kit (Qiagen GmbH, Hilden, Germany) and sequenced (GATC 

Biotech. AG, Germany) to confirm the position of the insertion. A. thaliana 

ecotype Columbia (Col-0), hereafter designated as WT, and homozygous deg7 

mutants were grown on soil in a growth chamber at a photon flux density of 150 

µmol photons m-2s-1 under short day conditions (8 h light, 21°C / 16 h dark, 

19°C). N. benthamiana was grown under controlled conditions in a greenhouse (9 

h light / 15 h dark). 

For heat stress experiments, WT, deg7-1 and deg7-2 seeds were germinated 

on MS-agar plates (containing 2.2 g/l Murashige-Skoog salts and 8 g/l agar) in the 

dark and grown for three days at 19°C. The etiolated seedling were subjected to a 

30 min heat shock in a temperated water bath at the indicated temperatures. 

Seedlings were allowed to recover for 24 h in the light (150 µmol photons m-2s-1  

19°C) before chlorophyll extraction as described in (Arnon, 1949).  

 

RNA Isolation and Northern Blotting 

RNA was isolated by a combined method using TRIzol reagent (Invitrogen, 

Germany) for initial isolation and subsequent purification with the Rneasy kit 

(Qiagen, Germany). Electrophoresis and Northern Blotting were performed as 

described by (Sambrook et al., 1989). Primers 0702 and 0705 (Table 2), and 
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plasmid U21739 as template, were used in a PCR reaction with the PCR DIG 

Labeling Mix (Roche, Germany) to create the probes. 
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Abstract 

 
Deg proteases fulfill diverse physiological functions in most organisms, including 

essential roles in stress signaling and responses. Among all organisms, plants 

contain the highest number of Deg proteases that localize to different subcellular 

compartments and participate in stress defenses against high intensity light. Here 

we present a first characterization of the Deg9 protease in A. thaliana. We 

demonstrate that recombinant Deg9 assembles into hexamers depending on the 

presence of the PDZ domain. Using green fluorescence protein fusion constructs, 

we show that Deg9 is localized in the nucleolus. Characterization of A. thaliana 

T-DNA insertion mutants demonstrated no obvious mutant phenotype. We 

conclude that Deg9 is the first protease identified in the plant nucleolus, where it 

likely performs a plant specific function.  
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Introduction 
 

Deg/HtrA serine proteases are a family of ATP-independent endopeptidases with 

diverse physiological roles in a wide range of organisms, including archaea, 

bacteria, fungi, animals and plants. In bacteria, these enzymes are essential for 

survival under heat shock conditions (Lipinska et al., 1990), are necessary for 

degradation of misfolded periplasmic proteins (Strauch and Beckwith, 1988) and 

are required for pathogenicity of several pathogens (Johnson et al., 1991; 

Cianciotto, 2001; Cortes et al., 2002). Deg proteases contain a protease domain of 

trypsin type and carry usually one or two C-terminally located PDZ domains. 

These protein-protein interaction domains have been shown to regulate the 

protease activity and the oligomerization state (Sassoon et al., 1999; Spiess et al., 

1999; Clausen et al., 2002; Iwanczyk et al., 2007; Jomaa et al., 2007)(P. F. 

Huesgen, P. Scholz, I. Adamska, submitted for publication). Bacteria contain 

between one and three Deg proteases, which are located in the periplasm and have 

either broad or very narrow substrate specificity. Some enzymes of this Deg 

protease family have been identified as general heat shock proteases, readily 

degrading unfolded proteins in an ATP-independent manner (Spiess et al., 1999; 

Kim et al., 2003; Jomaa et al., 2007) (P. F. Huesgen, P. Scholz, I. Adamska, 

submitted for publication), while others are tightly regulated and degrade only a 

single known substrate (Wilken et al., 2004). Furthermore, some enzymes of this 

family act as chaperones in addition to the protease function and  are able to 

distinguish between proteins that can be refolded and those that need to be 

removed (Spiess et al., 1999; Kim et al., 2003). 

Most metazoa contain between one (Drosophila melanogaster) and five (Homo 

sapiens) proteases of this family, with the exception of Caenorhabditis elegans 

where Deg homologs are not present (P. F. Huesgen and I. Adamska, 

unpublished). In humans, the secreted Deg protease homolog HtrA1 has been 

implicated in different diseases like cancer, Alzheimer´s and arthritis (Baldi et al., 

2002; Grau et al., 2005; Grau et al., 2006) and the mitochondrial HtrA2 has been 

suggested to play a role in the induction of apoptosis (Verhagen et al., 2002). The 

family of Deg proteases is especially numerous and diverse in plants, with sixteen 

and twenty genes identified in the genome of Arabidopsis thaliana and poplar, 
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respectively (Adam et al., 2001; Sokolenko et al., 2002; Huesgen et al., 2005; 

Garcia-Lorenzo et al., 2006). Only two of these proteases have been characterized 

biochemically. The Deg1 protease in the thylakoid lumen of the chloroplast has 

been shown to degrade lumenal proteins in vitro and to participate in the 

degradation of transmembrane proteins, in particular to the photodamaged D1 

protein from photosystem II (PSII) reaction center, in vivo (Chassin et al., 2002; 

Kapri-Pardes et al., 2007). Similarly, the Deg2, bound to the stromal side of the 

thylakoid membrane, was able to cleave photodamaged D1 protein in vitro, 

suggesting a similar role in PSII repair (Haußühl et al., 2001).  

Our earlier phylogenetic analysis showed that the Deg protease family could 

be divided into four distinct groups, based on sequence similarity in the protease 

domains. These groups were also reflected the domain structure of these proteins 

(Helm et al., 2007). Deg9 is a member of the subgroup II which is formed almost 

exclusively by proteases from photosynthetic eukaryotes, including eight of the 

sixteen Deg proteases in A. thaliana. Deg proteases in this group are characterized 

by a PDZ domain and a domain of unknown function C-terminally located to the 

protease domain.  

In the present study, we have characterized the Deg9 protease from A. 

thaliana. Recombinant Deg9 assembled into hexameric complexes depending on 

the C-terminal half of the protein. Deletion of this region resulted in formation of 

trimers and the additional deletion of the N-terminal part prevented 

oligomerization. The protease domain alone was present as a monomer. Full-

length of Deg9 and all engineered deletion constructs were inactive against model 

protease substrates. Localization studies with full-length Deg9-green fluorescent 

protein (GFP) fusion construct and a similar construct with the deleted N-terminal 

part of Deg9 revealed that this protein is targeted to the nucleolus and that this 

localization is mediated by the N-terminal part of the protein. We further 

identified three independent homozygous knock-out A. thaliana mutant lines 

carrying the T-DNA insertion within the DEG9 gene. These mutants did not 

exhibit an expressed phenotype when grown under controlled conditions in a 

greenhouse suggesting that Deg9 is not essential for plant viability.  
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Results 
 

Deletion constructs and activity assays 
 
Bioinformatic analysis of the Deg9 protein sequence, encoded by the gene 

At5g40200, predicted a serine protease domain of the S1B family in amino acid 

residues 110 to 323 (InterPro signature IPR001254) and a PDZ-domain in amino 

acid residues 327 to 437 (InterPro signature IPR001478) (Figure 1A, upper 

picture). The protease domain contains a catalytic triad composed of histidine-

169, aspartate-200 and serine-278. The C-terminus contains several secondary 

structure elements, indicating the presence of a yet unidentified domain (data not 

shown). In order to characterize the proteolytic activity of Deg9 and to investigate 

the formation of oligomeric complexes we engineered constructs for the 

expression of full-length Deg9 protein and various deletion constructs lacking 

conserved domains as His-tag fusion proteins (Figure 1A).  

 

 

 

 

 

 

 

 

 
Figure 1. Recombinant Deg9 protease constructs. A, Schematic representation of the protein 
domain structure of Deg9 and its recombinant protein constructs used in this study. The 
protease domain is represented by light grey boxes and the PDZ domain by dark grey boxes, 
amino acid residues of the catalytic triad or mutated positions are indicated as white or black 
stripes, respectively. B, Coomassie brilliant blue-stained SDS-PAGE gel showing purified 
recombinant Deg9 and its deletion constructs containing approximately 4 µg of protein.  

 

 

The construct Deg9∆Ν294 lacks the N-terminal 294 amino acid residues, which 

include the conserved protease domain, and in construct Deg9S278A the catalytic 

Ser278 is replaced by Ala. We expect both constructs to be proteolytically 

inactive. Because serine proteases of the S1 family are often synthesized as 
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inactive precursor proteins that are activated upon cleavage of an N-terminal 

extension, we engineered Deg9 constructs lacking the N-terminal 64 (Deg9∆64) or 

110 (Deg9∆111) amino acids. We designed also two different Deg9 constructs 

lacking the C-terminal part of the protein, including the PDZ domain, because the 

Deg proteases activity is commonly regulated by this domain (Spiess et al., 1999; 

Wilken et al., 2004) and deletion of the PDZ domain has been shown to activate 

human HtrA2 (Li et al., 2002). The construct Deg9∆Ct is truncated after the 

protease domain and the construct Deg9PD consists only of the protease domain. 

The full-length Deg9 and its constructs were expressed in E. coli and purified 

by Ni2+-affinity chromatography. While full-length Deg9 and the majority of 

deletion constructs were expressed as soluble proteins, Deg9∆Ν294, accumulated in 

inclusion bodies and could be purified only under denaturing conditions. The 

obtained chromatographic elution fractions were tested for qualities of purified 

proteins (Figure 1B). Coomassie-stained gels revealed prominent bands with 

apparent molecular masses 36 kDa for Deg9∆N294, 74 kDa for full-length Deg9 

and Deg9S278A, 62 kDa for Deg9∆N64, 57 kDa for Deg9∆N111, 52 kDa for Deg9∆Ct 

and 28 kDa for Deg9PD. While Deg9∆N294 and Deg9∆Ct were purified as a single 

band, several low molecular mass bands were detected for the remaining 

constructs (Figure 1B).  Since these bands cross-reacted with the anti-Deg9 

antiserum, but not with the anti-His-tag antibody, they might represent C-terminal 

degradation fragments of Deg9 (data not shown). We suspect that an unidentified 

E. coli protease is responsible for this degradation of the recombinant proteins, 

because the mutated Deg9S278A exhibited a similar degradation pattern as Deg9 

with intact catalytic triad.  

We tested the ability of purified Deg9 and its deletion constructs to degrade 

standard protease substrates, such as β-casein, resorufin-labeled casein and six 

different paranitroanilide (pNA)-labeled tetrapeptide substrates. Unfortunately, we 

were not able to detect proteolytic activity at different incubation conditions 

varying in temperature, incubation time, used buffers, pH and concentration of 

added salts, MgCl2 and CaCl2 (data not shown).  
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Formation of oligomeric complexes 

 

We subjected all purified constructs to size exclusion chromatography to test the 

oligomeric state of Deg9. Full-length Deg9 as well as Deg9∆Ν111 eluted at volumes 

of 10.90 ml and 11.15 ml, respectively (Figure 2). These elution volumes 

correspond to estimated molecular masses of 553 and 476 kDa, indicating the 

formation of homo-hexameric complexes. A similar result was obtained for 

Deg9∆N64 (data not shown). The Deg9∆Ct construct showed a smaller peak at an 

elution volume of 12.29 ml, corresponding to an estimated molecular mass of 167 

kDa, and a more prominent peak at 14.45 ml, equivalent to 66 kDa (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Size exclusion chromatography of recombinant Deg9 and selected deletion 
constructs. The upper panel shows the elution diagram as observed by the absorption at 280 
nm with elution volumes of standard marker proteins indicated as black arrowheads. The 
lower panel shows Coomassie-stained SDS-PAGE gels of the elution fractions.  
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Considering the shift to higher apparent molecular masses observed in SDS-

PAGE gels of this construct, these peaks could represent a homo-trimeric complex 

and the monomeric form of Deg9∆Ct. The protease domain of Deg9PD was present 

as a monomer and was not able to form stable complexes as judged by its elution 

at 15.79 ml, which is equivalent to 30 kDa. 

 

 

Subcellular localization 

 

Deg9 is ambiguously predicted to target to the chloroplast, the plasma membrane 

or the nucleus, depending on the prediction program used (Table 1). Therefore, 

we decided to address the 

question of the subcellular 

location of Deg9 using a Deg9-

GFP fusion protein. Protoplasts 

isolated from stable transformed 

A. thaliana plants were analyzed 

by confocal fluorescence 

microscopy, which showed that 

Deg9-GFP accumulated in one 

major and sometimes a few additional smaller spots (Figures 3A and B). Overlay 

of the GFP fluorescence with the chlorophyll fluorescence of the chloroplasts and 

transmission light pictures showed Deg9-GFP in distinct areas within the nucleus, 

and not in chloroplasts (Figures 3A and B). The single brightest spot of GFP 

fluorescence, which was observed in all examined cells, appeared to be emitted 

from the nucleolus (Figures 3A and B). For comparison, the nuclei of protoplasts 

isolated from A. thaliana wild-type (WT) were stained with SYBR Green (Figures 

3C and D). To demonstrate the localization of Deg9-GFP in areas distinct from 

the chloroplasts and to visualize the nucleus more clearly, protoplasts containing 

many (Figures 3A and C) or only a few (Figures 3B and D) chloroplasts, are 

shown. Comparison of Deg9-GFP and SYBR Green fluorescence signals showed 

the preferential location of Deg9-GFP in the nucleolus, while SYBR Green 

  

 Table 1. Prediction of DEG9 localization 

 Program Localization 

 MultiLoc plasma membrane 
 Predotar elsewhere 1 
 pTARGET cytoplasm 
 TargetLoc chloroplast 
 TargetP chloroplast 
 Wolf PSORT nucleus 

 

1 elsewhere indicates localization other than 
chloroplast, mitochondria or endoplasmatic 
reticulum 
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stained much larger areas of the nucleoplasm, even though stronger accumulation 

of the stain in specific areas was also observed (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3. Localization of the Deg9-GFP fusion protein. A and B, Protoplasts isolated from A. 
thaliana mutant plants constitutively expressing Deg9-GFP fusion protein. C and D, 
Protoplasts isolated from A. thaliana WT, stained with the DNA stain SYBR green. GFP, 
fluorescence of the GFP protein; SG, fluorescence of SYBR Green stain; Chl, chlorophyll 
fluorescence; BF, transmitted light picture.  

 

 

In order to investigate whether the N-terminal part of Deg9 is responsible for its 

nuclear localization, Deg9-GFP and Deg9N133-GFP were transiently expressed in 

tobacco (Nicotiana benthamiana) leaves using A. tumefaciens carrying the 

appropriate plasmids. Tobacco leaf epidermis cells expressing Deg9-GFP showed 

fluorescence from one to a few well defined spots within the nucleus, confirming 

the observed localization in A. thaliana protoplasts (Figure 4A). Interestingly, 

emission of Deg9N133-GFP fluorescence appeared to be even more strictly 
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confined to the nucleolus than Deg9-GFP fluorescence, indicating that the N-

terminal part of Deg9 mediates this nucleolar localization (Figure 4B). 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4. Transient expression of Deg9-GFP fusion proteins in N. benthamiana epidermis 
cells. A, Deg9-GFP; B, Deg9Ν133-GFP. Pictures are labeled as follows: GFP, fluorescence of 
the GFP protein; BF, transmitted light picture; merge, overlay of the GFP and bright field 
images.   

 

 

Loss-of-function mutants and overexpressor plants 

 

A. thaliana lines of the GABI-KAT and Salk collections carrying T-DNA 

insertions at different positions within the DEG9 gene were obtained from the 

stock center (Figure 5A). Homozygous mutants were identified by PCR screening 

(Figure 5B). DNA sequencing showed that the mutant deg9-1 carried an inverted 

tandem repeat T-DNA insertion at the 3´-end of the fourth exon, deg9-2 carried a 

single T-DNA in the seventh intron and deg9-3 had an inverted tandem repeat T-

DNA insertion in the third exon (Figures 5A and B).  

In order to assay the amount of DEG9 transcript, we performed RT (reverse 

transcriptase) -PCR on total RNA isolated from WT and homozygous deg9 

mutant plants. While no DEG9 transcript was detected in deg9-1 and deg9-3 

plants, deg9-2 showed a PCR product that was approximately 100 bp smaller than 

those of WT plants (Figure 5C). DNA sequencing identified this PCR product as 

an aberrantly spliced version of DEG9 transcript in which the seventh exon was 
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deleted. Immunoblot analysis of total protein extracts using the Deg9-specific 

antiserum showed that no detectable amount of Deg9 protein accumulated in the 

mutant plants (Figure 5D, upper panel). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Analysis of A. thaliana mutant plants carrying T-DNA insertions in the DEG9 gene. 
A,  Schematic representation of the DEG9 gene. Exons are shown as black boxes, introns as 
connecting lines. The positions of the translation start and stop codons and of the T-DNA 
insertions in each deg9 mutant line are indicated. Black arrows show the annealing position 
and direction of primers specific for the left border of  T-DNA insertions. B, PCR analysis of 
A. thaliana WT and homozygous deg9 mutant plants. LB, primer specific for the left border 
of the T-DNA insertion; LP and RP, DEG9 gene specific primers annealing upstream and 
downstream of the respective insertion positions. C, RT-PCR of total RNA isolated from WT 
and mutant lines using DEG9 gene specific primers. PCR reactions with primers specific for 
DEG2 and ACTIN genes are shown as controls. D, Total protein extracts from WT and 
homozygous deg9 mutant plants analyzed by immunoblotting with a Deg9-specific antiserum 
(upper panel) and a Coomassie brilliant blue-stained SDS-PAGE gel (lower panel). The 
positions of molecular mass marker proteins are indicated. E, Phenotypes of 5-weeks-old WT 
and deg9 mutant plants grown in a climate chamber at short day conditions.     

 

 

However, Deg9 is not very abundant in A. thaliana WT as judged from the 

immunoblot and weakness of the signal. Therefore, the accumulation of minute 

amounts of aberrant Deg9 protein cannot be excluded in deg9-2 plants, even 

though no additional smaller signal was detected. A Coomassie-stained gel of 
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Figure 6. Identification of a 
Deg9-Flag overexpressor 
mutant. Total protein extracts of 
WT and the Deg9-Flag 
overexpressor mutant deg9flag-
ox analyzed by immunoblotting 
with anti-Flag-tag and anti-
Deg9 antisera.  

total protein extracts from WT and deg9 mutant lines is shown as a loading 

control (Figure 5D). Remarkably, the protein pattern is similar in all plants, 

indicating that lack of the Deg9 protease does not change the amount of any of the 

most abundant proteins. No visible mutant phenotype was observed for all lines 

analyzed during growth at controlled conditions in a climate chamber or in the 

greenhouse (Figure 5E).  

To test whether the overexpression of Deg9 will lead to a changed phenotype we 

transformed A. thaliana plants with a C-terminally 

Flag-tagged Deg9 construct placed behind the 

strong constitutive cauliflower mosaic virus 

(CaMV) 35S-promoter. The progeny of 

transformed plants was screened for insertion of 

the T-DNA using a BASTA resistance marker 

(data not shown). Resistant plants were further 

analyzed for the expression of Deg9-Flag protein 

by immunoblotting with a monoclonal Flag 

antibody. The results of these studies showed that 

only one out of 12 analyzed plants accumulated 

detectable amounts of Deg9-Flag (Figure 6). This 

deg9-ox plant accumulated higher amounts of 

Deg9 as compared to the WT as judged by 

immunoblotting with the Deg9-antiserum (Figure 6). 
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Discussion 
 

Oligomeric complexes of recombinant Deg9  

 

This study presents a first characterization of the Deg9 protease from A. thaliana. 

We obtained full-length Deg9 and its truncated versions as soluble recombinant 

His-tag fusion proteins. The molecular mass of Deg9 as estimated by size 

exclusion chromatography is in agreement with the formation of a homo-

hexameric complex, an oligomeric state that was also reported for E. coli DegP 

(Sassoon et al., 1999; Spiess et al., 1999; Iwanczyk et al., 2007) and Synechocystis 

sp. PCC6803 HhoA (P. F. Huesgen, P. Scholz, I. Adamska, submitted for 

publication). Similar hexameric complexes were formed by N-terminally 

truncated versions Deg9∆Ν64 (data not shown) and Deg9∆Ν111, demonstrating that 

the N-terminal part of Deg9 is not necessary for this complex formation. Deletion 

of the C-terminal PDZ domain and the domain of unknown function had two 

surprising effects. Firstly, this Deg9∆Ct construct showed a slower electrophoretic 

mobility and migrated at a much higher apparent molecular mass of 

approximately 52 kDa, rather than the expected 38.9 kDa, on a SDS-PAGE gel. 

Secondly, if this apparent molecular mass is taken into account, the construct 

eluted as a mixture of homo-trimeric complexes and monomers from the size 

exclusion chromatography column (Figure 3). Both effects have not been 

described for any other Deg protease and may result from the extended N-

terminus of Deg9. Novel is also the observation that the Deg9 protease domain 

alone was not able to form homo-oligomeric complexes. In contrast, the protease 

domains of E. coli (Iwanczyk et al., 2007), Thermotoga maritima HtrA (Kim et 

al., 2003) and Synechocystis sp. PCC 6803 HhoA (P. F. Huesgen, P. Scholz, I. 

Adamska, submitted for publication) formed stable homo-trimeric complexes, and 

the crystal structures of the hexameric E. coli DegP protease attributed the 

oligomerization solely to the protease domains (Krojer et al., 2002). Also in 

contrast to other hexameric Deg proteases, which all readily degraded unfolded 

protein substrates, such as β-casein (Spiess et al., 1999; Chassin et al., 2002) (P. 

F. Huesgen, P. Scholz, I. Adamska, submitted for publication), Deg9 was 
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proteolytically inactive against β-casein, resorufin-labeled casein and six different 

pNA-coupled tetrapeptide substrates at the conditions tested. Deletion of the PDZ 

domain did not activate Deg9, as it was reported for the trimeric human HtrA2 

protease (Li et al., 2002), but rather changed the oligomeric state of Deg9, which 

has also been demonstrated for E. coli DegP (Sassoon et al., 1999; Iwanczyk et 

al., 2007) and HhoA from Synechocystis sp. PCC 6803 (P. F. Huesgen, P. Scholz, 

I. Adamska, submitted for publication). Taken together, these results suggest that 

Deg9 might differ mechanistically from other Deg proteases studied so far and 

hint to a more specialized function of Deg9 rather than a general role in protein 

quality control.  

 

 

Localization of Deg9 in the nucleolus 

 

We further demonstrated that Deg9 localizes to distinct subcompartment of the 

nucleus, the nucleolus. It is well known that the nucleus is a very heterogeneous 

compartment, containing many different smaller subcompartment and structures 

(Shaw and Brown, 2004; Misteli, 2005). These include different chromatin 

domains and several distinct proteinaceous nuclear bodies of different sizes (Shaw 

and Brown, 2004; Misteli, 2005). The most prominent nuclear sub-compartment 

is the nucleolus, which is the site of ribosomal RNA transcription and ribosome 

biogenesis (Shaw and Brown, 2004; Raska et al., 2006). Since there is no 

evidence for a physical border, formation and maintenance of the nucleolus and 

other nuclear sub-compartments are thought to be mediated by many transient 

direct and indirect interactions of their constituents (Carmo-Fonseca et al., 2000; 

Misteli, 2005). Consequently, these subcompartments are highly dynamic 

structures formed by proteins that freely diffuse within the nucleoplasm and locate 

preferentially to sites with higher affinity binding partners (Misteli, 2005). A 

recent proteome study of nucleoli isolated from A. thaliana cell cultures identified 

217 proteins in this subcompartment, including Deg9, and 62 of these GFP-tagged 

proteins were experimentally confirmed to target to the nucleolus (Pendle et al., 

2005).  Since the Deg9 was not present in the latter selection out data provide an 

independent experimental proof for the nucleolar localization of Deg9. 
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Evolutionary history of Deg9 

 

Phylogenetic analyses showed that Deg9 is a member of a plant-specific group of 

the Deg protease family (P. F. Huesgen, H. Schuhmann, S. Legroune, J. Garcia-

Moreno, I. Adamska, manuscript in preparation). Of all sixteen Deg proteases 

encoded in A. thaliana (Huesgen et al., 2005), the Deg2 protease shares the 

highest sequence identity with the Deg9. Both Deg2 and Deg9 are conserved in 

higher plants, including rice, poplar and A. thaliana, but have only one homolog 

in green algae. This suggested that Deg2 and Deg9 might have arisen by gene 

duplication of a common ancestral gene before the separation of monocotyledons 

and dicotyledons. While a proteome study (Pendle et al., 2005) and this study 

have shown that Deg9 localizes to the nucleolus, Deg2 from A. thaliana has been 

found in the chloroplast (Haußühl et al., 2001). Interestingly, a homolog of both 

proteins in the green alga Chlamydomonas rheinhardtii is predicted to target to 

the chloroplast. This further suggests that Deg9 has been retained in higher plants 

by neofunctionalization, taking up a new function in a different compartment after 

the gene duplication, while Deg2 retained the original function in the chloroplast. 

Furthermore, Deg9 function in the nucleolus can be expected to be plant specific, 

as no paralogs have been identified in animal genomes (P. F. Huesgen, H. 

Schuhmann, S. Legroune, J. Garcia-Moreno, I. Adamska, manuscript in 

preparation).  

 

 

A role for Deg9 in the nucleolus 

 

In addition to being the site of ribosome biogenesis, several other functions have 

been proposed for the nucleolus, including signal recognition particle assembly, 

RNA editing, cell cycle control and stress sensing (Carmo-Fonseca et al., 2000; 

Shaw and Doonan, 2005; Lo et al., 2006). To identify physiological substrates of 

Deg9 we performed in vitro reconstitution studies of purified recombinant Deg9 

with isolated nuclei proteins (data not shown). However, no degradation of 

protein bands was observed in a Coomassie-stained SDS-PAGE gel, indicating 
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that either none of the abundant nuclei proteins is a substrate of Deg9 under the 

conditions tested or that the recombinant protein was inactive due to a lack of 

activating partners or eukaryotic type modifications.  

So far, most protein degradation observed in the nucleus has been attributed to 

the 26S-proteasome, which is the major ATP-dependent proteolytic machinery of 

eukaryotic cells (Hellmann and Estelle, 2002; Vierstra, 2003; Rockel et al., 2005). 

Using GFP fusion proteins and immunological staining the proteasome has been 

located in the cytoplasm and in the nucleoplasm of mammalian cell cultures, but 

not in the nucleolus or in the nuclear envelope (Reits et al., 1997; Rockel et al., 

2005; Scharf et al., 2007). Biochemical and in situ assays of proteasomal activity 

further confirmed these results (Rockel et al., 2005). However, the proteasome has 

been shown to degrade nucleolar proteins, which are able to shuttle between the 

nucleoplasm and the nucleolus due to the highly dynamic nature of these 

compartments (Chen et al., 2002; Lam et al., 2007). Both proteome analysis of the 

human and plant nucleoli preparations identified proteins involved in the 

ubiquitin-dependent proteolytic pathway (Andersen et al., 2005; Pendle et al., 

2005; Coute et al., 2006). Remarkably, only two proteolytic enzymes other than 

Deg9 were identified in nucleoli. These are the human SUMO-1 specific protease 

SENP3 and the A. thaliana ubiquitin-specific protease 26 (UBP26) (Andersen et 

al., 2005; Pendle et al., 2005). Therefore, Deg9 is the only known protease in the 

nucleolus that is not connected with the ubiquitin-proteasome pathway. 

Currently we have insufficient data to hypothesize on the role of Deg9 in the 

nucleolus, but future studies will address this urgent question. Several results of 

the present study will be helpful in guiding these efforts. For example, we have 

shown that the 133 amino acids of N-terminus contain all information sufficient to 

target Deg9N133-GFP to the nucleolus. The Deg9-Flag overexpressor plant 

generated in this study will also be helpful for the identification of interacting 

proteins and/or substrates of Deg9 by enabling immunoprecipitation of chemically 

crosslinked protein extracts with highly selective monoclonal anti-Flag antibodies.  
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Materials and Methods 
 

Plant material 

Arabidopsis thaliana ecotype Columbia (Col-0) hereafter designated as WT, and 

A. thaliana mutant plants were grown on soil in a growth chamber at a photon 

flux density of 150 µmol photons m-2s-1 under short day conditions (8 h light, 

21°C / 16 h dark, 19°C). Nicotiana benthamiana was grown at controlled 

conditions in a greenhouse (9 h light / 15 h dark). 

 

Identification and generation of A. thaliana insertion mutants and transient 

expression of Deg9 fusion proteins in tobacco 

The A. thaliana T-DNA insertion mutant GABI-Kat 322F06 (deg9-1) was 

generated in the context of the GABI-Kat program (Rosso et al., 2003) and 

provided by Bernd Weisshaar (MPI for Plant Breeding Research; Cologne, 

Germany). The T-DNA insertion line mutants Salk_127969 (designated deg9-2) 

and Salk_125251 (designated deg9-3) of the Salk Institute collection (Alonso et 

al., 2003) were obtained from the Nottingham Arabidopsis Stock Centre (NASC). 

Homozygous deg9 mutant plants were identified by PCR analysis using gene 

specific primers annealing upstream and downstream of the insertion sites and 

primers complementary to the T-DNA. Primers used were: For deg9-1, LP and RP 

and the GABI-Kat T-DNA specific primer GABI-LB, for deg9-2, LP2 and RP2, 

for deg9-3, LP3 and RP3 and the Salk collection T-DNA specific primer Lba1. 

Obtained PCR products were purified with a kit (Qiagen) and sequenced (GATC 

Biotech AG) to confirm the position of the insertion. To confirm the suppression 

of gene expression, total RNA was isolated from A. thaliana WT and mutants 

with a kit (RNeasy Mini Kit, Qiagen) and transcribed to cDNA (QuantiTect 

Reverse Transcription Kit, Qiagen), followed by PCR analysis with gene specific 

primers. Primers used were: for DEG9, PH-0918 and PH-0937, for DEG2, PH-

0223 and PH-0225 and for ACTIN, Act2A-f and Act2B-r. To obtain A. thaliana 

plants overexpressing fusion proteins, WT plants were transformed with 

Agrobacterium tumefaciens carrying the plasmids pPH50, pPH51 or pHS60 by 

the floral dip method as described (Weigel and Glazebrook, 2002). Potential 

transformants were screened by PCR for the insertion of the T-DNA cassette 
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using the 35S-promoter-specific primer PH-0001 and the DEG9 gene-specific 

primer PH-0902. A. tumefaciens strains GV3101 were transformed with plasmids 

pPH50, pPH51 or pHS60 by the freeze-thaw method as described (Weigel and 

Glazebrook, 2002). For transient expression, leaves of N. benthamiana were 

infiltrated with A. tumefaciens as described (Wydro et al., 2006). All primer 

sequences mentioned are listed as supplementary information in Table S1. 

 

Construction of plasmids 

The plasmid U09609, which contains the full-length cDNA sequence of the Deg9 

protease-encoding gene At5g40200, was obtained from the Arabidopsis Biological 

Resource Center (ABRC). For recombinant expression of Deg9 protein constructs 

as indicated in Figure 1A, the corresponding fragments of the cDNA were 

amplified by PCR from U09609 using the Pfu polymerase (Fermentas) and 

specific primers. To obtain plasmid pSB03 for the expression of Deg9∆Ν294, the 

sequence encoding the last 298 amino acids of Deg9 was amplified with the 

primers PH-0918 and PH-0910 and the PCR product was inserted by blunt-end 

ligation into the Ecl136II restriction site of the pBAD-His-a vector (Invitrogen). 

For expression of Deg9, Deg9∆Ν64, Deg9∆Ν111, Deg9∆Ct and Deg9PD, the respective 

coding sequence fragments were amplified with the primer combinations PH-

0929 and PH-0910, PH-0937 and PH-0910, PH-0948 and PH-0910, PH-0945 and 

JK-0956, and JK-0953 and JK-0956, respectively. The PCR products were 

purified with a kit (PCR purification kit, Qiagen) and cloned into the pET151/D-

TOPO vector (Invitrogen) according to manufacturer´s instructions to yield 

plasmids pSB09, pSB11, pPH46, pPH65 and pPH61, respectively. For the 

expression of a proteolytically inactive Deg9 variant, the plasmid pSB09 was 

point mutated using the primers PH-0941 and PH-0942 and the Quikchange II 

point mutagenesis kit (Stratagene Europe) according to manufacturer´s 

instructions, thus replacing the codon for Ser278 of the active site with an Ala 

codon in pPH60. This mutation also abolished an EcoRI restriction site, which 

facilitates discrimination between the two plasmids pSB09 and pPH60. Plasmids 

suitable for the expression of fusion proteins with a C-terminal GFP in plants 

were obtain with the Gateway recombination system (Invitrogen). Sequences 

encoding the N-terminal 133 amino acids of Deg9 or the full-length protein 
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lacking the stop codon were amplified with the primers PH-0945 and PH-0947, or 

PH-0945 and PH-0946, respectively, and cloned into the vector pENTR/D-TOPO 

(Invitrogen) according to manufacturer´s instructions to yield plasmids pPH47 

and pPH48. The inserted sequences were then transferred by homologous 

recombination into the pEarleyGate103 vector (Earley et al., 2006) to yield 

plasmids pPH50 and pPH51 using the Gateway system (Invitrogen) according to 

manufacturer´s instructions. Since both pENTR/D-TOPO and pEarleyGate103 

employ kanamycine as selection marker, the entry clones pPH47 and pPH48 were 

linearized by digestion with MluI prior to the Gateway recombination reaction. 

The entry vector pJK02 for the expression of C-terminally Flag-tagged Deg9 was 

obtained by cloning the amplification product of the primer combination PH-0929 

and PH-0934, which introduces the Flag-tag encoding sequence before the stop 

codon of Deg9, into the pENTR/D-TOPO vector (Invitrogen). The plasmid 

pHS60 for expression of Deg9-Flag in A. thaliana under the control of the strong 

constitutive CaMV-35S-promoter was obtained by performing the Gateway 

reaction with PvuI linearized plasmid pJK02 and the pEarleyGate100 vector 

(Earley et al., 2006).  
 

Table 2. Plasmids used in this study 
 

 

plasmid  relevant genotype source 
pBAD-His-a Protein expression vector, ApR Invitrogen 

pEarleyGate100 CaMV 35S-promoter, attR recombination site, KnR 
(Earley et 
al., 2006) 

pEarleyGate103 CaMV 35S-promoter, attR recombination site, C-terminal GFP, KnR 
(Earley et 
al., 2006) 

pENTR/D-TOPO Entry vector for Gateway system: attL recombination site, KnR Invitrogen 
pET151/D-TOPO Protein expression vector, ApR Invitrogen 
JK02 Deg9-Flag in pENTR/D-TOPO, KnR this work 
pHS60 Deg9-Flag in pEarleyGate100 this work 
pPH46 6xHis-Deg9DN111 in pET151/D-TOPO, ApR this work 
pPH47 Deg9(aa 1-133) in pENTR/D-TOPO, KnR this work 
pPH48 Deg9 (without Stop codon) in pENTR/D-TOPO, KnR this work 
pPH50 Deg9(aa 1-133)-GFP in pEarleyGate103, KnR this work 
pPH51 Deg9 (without Stop codon)-GFP in pEarleyGate103, KnR this work 
pPH60 Deg9S278A in pET151/D-TOPO, ApR this work 
pPH61 Deg9PD (aa 105-329) in pET151/D-TOPO, ApR this work 
pPH65 Deg9 (aa1-329) in pET151/D-TOPO, ApR this work 
pSB03 Deg9DN294 in Ecl136II of pBAD-His-a, ApR this work 
pSB09 Deg9 in pET151/D-TOPO, ApR this work 
pSB11 Deg9DN64 in pET151/D-TOPO, ApR this work 
U09609 contains Deg9 cDNA, ApR ABRC 
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An overview over the plasmids used in this study is given in Table 2, and the 

primer sequences are listed in the supplementary Table S1. For all plasmids, 

sequence and orientation of the inserted DNA were confirmed by sequencing 

(GATC Biotech AG). 

 

Expression and purification of recombinant proteins 

For purification of Deg9∆Ν294 for antibody production, E. coli TOP10 

chemocompetent cells (Invitrogen, Carlsbad, CA) were transformed with pSB03 

and grown in 0.5 L Lubert-Bertani minimal medium containing 100 µg/ml 

Ampicilin at 37°C to OD600 of 0.6 to 0.8. Expression of Deg9∆Ν294 was induced by 

the addition of 0.002% (w/v) L-arabinose. Cultures were harvested after 4 h 

growth at 37°C, resuspended in phosphate buffer (20 mM Na3PO4 and 500 mM 

NaCl, pH 8.0) and cells broken with three passes in a French Press (SLM 

Instruments) at 100 MPa. Deg9∆Ν294 accumulated in inclusion bodies which were 

collected by centrifugation at 3,000 x g, washed twice with washing buffer (20 

mM Na3PO4, 500 mM NaCl, 5 mM EDTA and 1%, v/v, Triton-X100, adjusted to 

pH 8.0) before resuspension in phosphate binding buffer (PBB, 20 mM Na3PO4, 

500 mM NaCl and 6 M urea) by sonication. The solution was sterile filtered and 

applied to nickel affinity chromatography column (HisTrap, GE Healthcare) in 

PBB supplemented with 75 mM imidazol (Merck). After extended washing with 

75 mM imidazole a linear imidazole gradient from 75 mM to 500 mM was 

applied, where Deg9∆Ν294 eluted at approximately 170 mM imidazole. Elution 

fractions were separated by 12% SDS-PAGE, the 37.7 kDa band of Deg9∆Ν294 

was excised and electroeluted (Roth) prior to concentration of the protein to 1 

mg/ml.  

To obtain soluble recombinant Deg9 protein, E. coli BL21(DE3)Star Oneshot 

chemocompetent cells (Invitrogen) were transformed with pET151/D-TOPO 

derived plasmids and grown in Lubert-Bertani minimal medium containing 100 

µg/ml Ampicilin at 19°C to OD600 of 0.4 to 0.6. Expression of the protease 

constructs was induced by the addition of 0.1 mM isopropyl-1-thio-D-galactoside 

(IPTG). Cultures were further grown over night at 19°C and then harvested by 

centrifugation at 5,000 x g for 10 min at 4°C. Cell pellets corresponding to 1 L 
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culture were resuspended in a buffer containing 50 mM Hepes, pH 8.0, 300 mM 

NaCl (buffer BB) and 50 mM imidazole and lysed in an ice bath by 10 sonication 

cycles of 10 s with intervening 20 s cooling periods.  Insoluble cell debris was 

pelleted by 1 h centrifugation at 23,000 x g, at 4°C. The supernatant was sterile 

filtered and purified by nickel affinity chromatography (HisTrap, GE Healthcare) 

using an Äkta purifier FPLC system (GE Healthcare). A typical elution protocol 

had two washing steps with 10 ml buffer BB containing 75 mM imidazole and 

100 mM imidazole before the purified protein was eluted with buffer BB 

containing 500 mM imidazole. The fractions were directly used for activity assays 

or desalted using a HiTrap desalting column (GE Healthcare). Size exclusion 

chromatography was performed with a prepacked Superdex 200 column (GE 

Healthcare). 

 

Protease activity assays 

To assay the proteolytic activity, elution fractions containing 100 pmol purifed 

protein as assayed with Bradford Protein assay (BioRad) were incubated with 

0.02% (w/v) resorufin-labeled casein (Universal Protease Substrate, Roche 

Applied Science) in 50 mM Hepes, pH 8.0, 20 mM CaCl2 at 40°C for 2 h. This 

standard assay was varied regarding buffer, pH value, incubation time, 

temperature and concentration of protease, substrate or added salt. As alternative 

substrates, resorufin-labeled casein was replaced by 10 µg β-casein (Sigma) or 

pNA-coupled tetrapeptides (Bachem).  

 

Protein isolation and analysis 

Total protein extracts and nucleus proteins were prepared as described (Weigel 

and Glazebrook, 2002). Solubilized proteins were separated by SDS-PAGE 

(Laemmli, 1970) using mini gels (Hoefer). The gels were loaded on an equal 

protein basis (usually 10 µg) as determined using the RC-DC kit (BioRad). 

Immunoblotting was carried out as described (Heddad et al., 2006) using 

polyclonal anti-Deg9∆Ν294, anti-His (Qiagen) and monoclonal mouse anti-Flag 

(Sigma) antibodies as indicated in the figures. The polyclonal rabbit Deg9∆Ν294-

antiserum was raised against the purified denatured Deg9∆Ν294 using the service of 

the Tierforschungsanstalt (TFA) at the University of Konstanz. 
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Protoplast preparation 

Protoplast from A. thaliana WT and Deg9-GFP overexpressor leaves were 

isolated essentially as described (Mathur and Koncz, 1998) and embedded in 

0.2% (w/v) gelrite solution and 0.45 M sucrose solution to prepare the protoplasts 

for microscopic analysis.  

 

Fluorescence microscopy 

Analysis of GFP localization in protoplasts isolated from stably transformed A. 

thaliana plants expressing Deg9-GFP was performed with a confocal laser 

scanning microscope LSM 510 META (Carl Zeiss MicroImaging GmbH, 

Göttingen, Germany) using a Plan-Apochromat 20 x /0.8 Nomarski differential 

interference contrast (DIC) objective (Carl Zeiss). GFP and chlorophyll 

fluorescence was excited at 488 nm, filtered with a beam splitter (HFT 488/543), 

and detected by two different photomultiplier tubes with a bandpass filter (BP 

505-530) for GFP fluorescence and a low pass filter (LP 650) for chlorophyll 

autofluorescence. Transmitted light was detected additionally at 488 nm excitation 

light. 

Tobacco leaves transiently expressing Deg9N133-GFP or Deg9-GFP fusion 

proteins were harvested 3 to 5 days after infiltration. Thin slices were prepared 

and observed using an Olympus BX51 epifluorescence microscope equipped with 

a Nikon DXM1200 digital camera system (Olympus Europe, Hamburg, 

Germany). Köhler's illumination was used to view transmitted light images. 

Chlorophyll autofluorescence and GFP fluorescence of the transformants have 

been dissected using the mirror unit U-MWSG2 (Olympus) and the filter set 

41020 (Chroma Technology Corp., Rockingham, VT, USA), respectively. 

Multichannel fluorescence pictures were taken and assembled with the software 

LUCIA (Nikon GmbH, Düsseldorf, Germany). The micrographs were size 

calibrated using a stage micrometer. 

 

Bioinformatics  

Protein domains were predicted with SMART (Letunic et al., 2004) and UniProt 

(TheUniProtConsortium, 2007). For the engineering of the truncated constructs, 

the secondary structure of Deg9 was analyzed with PsiPred v2.5 (Bryson et al., 
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2005) and compared to published structure and sequence alignments of Deg 

proteases (Clausen et al., 2002; Jansen et al., 2005). The subcellular localization 

of Deg9 was predicted with the programs MultiLoc/TargetLoc (Hoglund et al., 

2006), PREDOTAR v.1.03 (Small et al., 2004), pTARGET (Guda, 2006),  

TargetP v1.1 (Emanuelsson et al., 2000) and WolfPSORT (Horton et al., 2006). 
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Supplementary Data 
 
Supplementary Table 1. Primers used in this study 
 

Primer sequence 
Act2A-f  ACCTTGCTGGACGTGACCTTACTGAT 
Act2B-r  GTTGTCTCGTGGATTCCAGCAGCTT 
Gabi-LB  CCCATTTGGACGTGAATGTAGACAC 
HS-0934  GCGTCACTTATCGTCGTCATCCTTGTAATCGTTTCTTTCTTCAGTCTTGAGA 
JK-0953  CACCACTACTGAATCGATTCCCGCTG 
JK-0956  CGTTACCCTGTGTATTTATCATGCTTCTCATAATC 
LbaI  TGGTTCACGTAGTGGGCCATCG 
LP  AAAATGTGTTGGTATTGCATTTCA 
LP2  TTCATCGTTGCTGGCTTTGTA 
LP3  CGGATGATGAGTTTTGGGAAGG 
PH-0001  AATCCCACTATCCTTCGCAAGACC 
PH-0223  GATGAAAGTTCCAATCCTCCTCA 
PH-0225  TTATGGAATCACATATCCAATATTTT 
PH-0901  ATGAAGAATTCTGAGAAGAGAGGA 
PH-0902  TCATCCCATTGCTACAATCACCA 
PH-0910  TCAGTTTCTTTCTTCAGTCTTGAG 
PH-0918  TCTTTGAAACACGAAGATGCTGA 
PH-0929  CACCATGAAGAATTCTGAGAAGAGAGGA 
PH-0937  GTTTCTTTCTTCAGTCTTGAGATC 
PH-0941  GCTATTAATTCTGGGAATGCTGGTGGTCCTGCATTTAATG 
PH-0942  CAGGACCACCAGCATTCCCAGAATTAATAGCTGCAT 
PH-0945  CACCATGAAGAATTCTGAGAAGAGAGG 
PH-0946  GTTTCTTTCTTCAGTCTTGAGATC 
PH-0947  ACAAAAGACTTTAACAACAGCATC 
PH-0948  CACCGCTCCGAGTTGGGAAACTGTTG 
RP  GCAATTTAACAAACCTGGGTGT 
RP2  CCAAGTTCAAACTTCAAAGAAAA 
RP3  TGGATGCATGAGAGAAAGCGA 
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Abstract 

 
In plants exposed to high irradiances of visible light, the D1 protein in the reaction 

center of photosystem II is oxidatively damaged and rapidly degraded. Earlier 

work in our laboratory showed that the serine protease Deg2 performs the primary 

cleavage of photodamaged D1 protein in vitro. Here we demonstrate that the rate 

of D1 protein degradation under light stress conditions in Arabidopsis mutants 

lacking the Deg2 protease is similar to those in wild-type plants. Therefore, we 

propose that several redundant D1 protein degradation pathways might exist in 

vivo.  

 

 

Keywords: Arabidopsis thaliana; D1 protein turnover; Deg2 protease; 

Photoinhibition; Photosystem II; Proteolysis 

 

Abbreviations: CAP, chloramphenicol; Chl, chlorophyll; HL, high light; LL, low 

light; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis; 

PSII, photosystem II, WT, wild-type 
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Introduction 
 

Plants earn their life by photosynthesis, a process that converts captured light 

energy into chemical energy. One of the central reactions of photosynthesis is 

performed by the multi-subunit complex photosystem II (PSII), which reduces 

plastoquinone to plastoquinol and oxidizes water. The two polypeptides D1 and 

D2 in the core of PSII bind the cofactors necessary for this reaction (Hankamer et 

al., 2001). However, the generation of a strong oxidant that is capable of oxidizing 

water inevitably leads to dangerous side reactions and subsequent oxidative 

damage to proteins and pigments (Melis, 1999). In a phenomenon termed 

photoinhibition, photooxidative damages become apparent as a decrease in 

photosynthetic efficiency during exposure to high light intensities or adverse 

environmental conditions when the protection and repair mechanisms can no 

longer cope with the amount of damage (Adir et al., 2003; Yokthongwattana and 

Melis, 2006). The main target of photooxidative damage is the D1 protein in the 

reaction center of PS II, which is efficiently replaced by a newly synthesized copy 

when damaged (Aro et al., 1993; Andersson and Aro, 2001; Adir et al., 2003). 

The degradation of the damaged D1 protein is thought to be one of the key steps 

of this mechanism and considerable efforts are directed towards the identification 

of the protease(s) involved in this process (Andersson and Aro, 2001; Adir et al., 

2003). Several in vitro studies with isolated thylakoid membranes and 

recombinant proteases elucidated a two-step degradation mechanism of D1 

protein. In a first step, the photodamaged D1 protein is specifically cleaved in the 

stroma-exposed DE-loop by the serine endopeptidase Deg2, generating a 23 kDa 

and a 10 kDa fragment in an ATP-independent manner (De Las Rivas et al., 1993; 

Spetea et al., 1999; Haußühl et al., 2001; Huesgen et al., 2005). This first step is 

followed by an ATP-dependent degradation of the fragments by the 

metalloprotease FtsH1 (Spetea et al., 1999; Lindahl et al., 2000; Andersson and 

Aro, 2001; Adam et al., 2005). However, there is a controversial ongoing 

discussion whether this model of D1 degradation derived from in vitro studies is 

the only degradation pathway in vivo. Based on the observation that the D1 

protein is stabilized in the FtsH mutants in Arabidopsis thaliana (Bailey et al., 

2002; Sakamoto et al., 2002) and Synechocystis sp. PCC 6803 (Silva et al., 2003; 
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Komenda et al., 2006), an alternative model has been proposed according to 

which the FtsH protease alone is responsible for the removal of the D1 protein in 

vivo (Nixon et al., 2005; Komenda et al., 2006). Furthermore, a recent study 

employing a triple mutant of Synechocystis showed that the three Deg protease 

homologues are not essential for D1 protein degradation in this organism (Barker 

et al., 2006). However, all three Synechocystis Deg proteases are only distantly 

related to Deg2 and have been eithr found in the periplasm or are predicted to 

target to this compartment (Huesgen et al., 2005). In contrast, Deg2 is found on 

the stromal side of the thylakoid membranes and therefore can not perform the 

same function as the cyanobacterial homologues (Haußühl et al., 2001; Huesgen 

et al., 2005).  

In order to address the question of the necessity of Deg2 mediated primary 

proteolysis of the D1 protein prior to the degradation of the generated fragments, 

we analyzed the D1 turnover in A. thaliana mutants lacking the Deg2 protease. 

Our data showed that the D1 turnover in these mutants proceeds at a similar rate 

as in the wild-type (WT), indicating that the loss of Deg2 might be compensated 

for by other proteases. We propose that quality control of PSII is achieved by 

several partially redundant proteases, possibly depending on the damage 

mechanism.  
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Materials and methods 
 

Plant material  

Arabidopsis thaliana ecotype Columbia T-DNA insertion line mutants 

Salk_115784 (designated deg2-1) and Salk_128442 (designated deg2-2) of the 

Salk Institute collection (Alonso et al., 2003) were obtained from the Nottingham 

Arabidopsis Stock Centre. Homozygous deg2 mutant plants were identified by 

PCR analysis using gene and T-DNA specific primers: for deg2-1, 5’- 

CTGTGCAGGATAAATGAGAGG-3’ and  5’-

CTTCGTCCATCTCCTCACCGTG-3’, for deg2-2,  5’-

GCGCATCATGCCTTGTAAGC-3’ and 5’-TCCATCAAAGCCGATTTCCAG-

3’, and for the T-DNA 5’-TGGTTCACGTAGTGGGCCATCG-3’. The position 

of the T-DNA was confirmed by sequencing of the PCR products (GATC Biotech 

AG). Homozygous mutants and WT were grown on soil in a growth chamber at a 

photon flux density of 150 µmol photons m-2s-1 under short day conditions (8 h 

light, 21°C / 16 h dark, 19°C). 

 

Stress treatments and inhibitor studies 

Light stress treatment was performed on mature leaves, detached from 5- to 6-

week-old plants, floated on water and exposed to a high light irradiance of 1500 

µmol photons m-2s-1 using a fluorescent light source (Powerstar HQI-E bulb, 400 

W/D; Osram). The temperature of the water was kept constant between 22 and 

25°C. Photon fluence rates were measured with a photometer (Skye, Techtum 

Laboratory AB). Synthesis of chloroplast-encoded proteins was blocked by 

incubating detached leaves on water containing 40 µg ml-1 chloramphenicol 

(CAP, Roth) dissolved in ethanol (0.5% final concentration) and 0.5% ethanol 

without CAP as a control at 22 to 25 °C and a low light (LL) intensity (20 µmol 

photons m-2s-1) for 2 h prior to the high light (HL) treatment. Plant material was 

frozen in liquid nitrogen and stored at –80°C for further preparations.  
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Radioactive measurement of the D1 turnover 

The pulse-chase experiment was essentially performed as described (Bonardi et 

al., 2005). Leaf discs (∅ 9 mm) of 4-week-old A. thaliana were pre-incubated for 

1 h on 10 ml PT buffer (10 mM KH2PO4 pH 6.4, 0.1% Tween 20) containing 0.2 

mCi 35S methionine (Amersham Biosciences) before transfer to HL (1300 µmol 

photons m-2s-1) for 75 min (pulse). Then leaf discs were washed with PT buffer 

and further exposed to HL on PT buffer containing 10 mM unlabeled methionine 

(chase). Four leaf discs were collected for each data point indicated in the figure, 

and total proteins were directly isolated and stored in sample buffer prior to their 

separation by SDS-PAGE as described below.  Radioactive signals were detected 

by exposure of the gels to X-ray film (GE Healthcare). 

 

Protein isolation and analysis 

Total protein extracts were prepared as described (Weigel and Glazebrook, 2002) 

and separated by SDS-PAGE (Laemmli, 1970) using mini gels (Hoefer). The gels 

were loaded on an equal protein basis (usually 10 µg) as determined using the 

RC-DC kit (BioRad). Immunoblotting was carried out as described (Heddad et al., 

2006) using polyclonal antisera anti-D1 (Agrisera AB), anti-Deg2 (Haußühl et al., 

2001), anti-RbcL (the large subunit of the ribulose-1,5-bisphosphate carboxylase; 

Agrisera AB), anti-CF1α (the α-subunit of the CF1 ATP-synthase complex; kind 

gift of R. Oelmüller, Jena, Germany) antibodies as indicated in the figures. 

 

Fluorescence measurements 

Chlorophyll (Chl) fluorescence induction kinetics were measured at room 

temperature on detached leaves using an Imaging/PAM fluorimeter (Walz 

GmbH). Leaves were dark-adapted for 10 min and then exposed to a saturating 1-

s light flash. The minimal fluorescence in the absence of actinic light (Fo) and 

maximal fluorescence after a saturating light flash (Fm) were measured and the 

variable fluorescence (Fv=Fm-Fo) was calculated (Maxwell and Johnson, 2000). 

The maximal quantum efficiency of open PSII reaction centers was calculated as 

Fv/Fm. Experiments were performed on single leaves, and repeated with at least 

three sets of independently grown plants. 

 



Deg Proteases in Arabidopsis 

106 

Results 
 

We obtained and analyzed A. thaliana T-DNA insertion lines from the Salk 

collection (Alonso et al., 2003) which were annotated to contain insertions within 

the DEG2 gene. Amplification and sequencing of the PCR products showed that 

the deg2-1 mutant contained a T-DNA-insertion in the fifth exon and the deg2-2 

mutant contained an inverted tandem T-DNA repeat insertion in the nineteenth 

exon (Figure 1A). Northern (not shown) and Western (Figure 1B) blot analysis 

revealed no accumulation of Deg2 mRNA and protein in both insertion lines. 

Both deg2 mutant lines exhibited no visible phenotype under standard growth 

conditions as compared to WT throughout the whole plant life cycle (Figure 1C).  

 
 

Figure 1. Analysis of deg2 
mutants. (A) Scheme of the 
DEG2 gene. Exons are shown as 
black boxes, introns as lines. The 
position of the start and stop 
codons and the position and 
direction of the T-DNA 
insertions, as determined by PCR 
and sequencing, are indicated. 
(B) Immunoblot of total protein 
extracts from deg2 mutants and 
WT. The immunoblot with the 
anti-Deg2 antibody shows that 
Deg2 is absent in the mutants. 
An immunoblot with the anti-
RbcL antibody is shown as a 
loading control and relative 
amounts of total protein loaded 
in each lane are indicated. (C) 
Photograph showing 5-week-old 
WT and deg2-1 and deg2-2 
mutant plants. 
 

 

 

 

Earlier in vitro studies showed that the Deg2 protease is able to cleave 

photooxidatively damaged D1 protein from the PSII reaction center (Haußühl et 

al., 2001).  To test whether Deg2 effects plant performance under HL conditions 

in vivo, we exposed WT and deg2 mutant plants to HL and measured Chl 
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Figure 3. Photoinactivation of PSII and 
photodamage and degradation of D1 
protein in leaves exposed to LL (20 µmol 
photons m-2s-1) or HL (1500 µmol photons 
m-2s-1) in the presence (+) and in the 
absence (-) of CAP. Total leaf membrane 
proteins were analyzed by 
immunoblotting with the anti-D1 protein 
antibody. An immunoblot with the anti-
CF1α antibody is shown as a control.  

fluorescence parameters, indicative for the inactivation of the PSII reaction 

centers. A similar decrease in the Fv/Fm value to approximately 70% and 60% of 

the initial value after 0.5 h and 1 h of HL treatment, respectively, in WT and both 

deg2 mutant lines indicated that PSII photoinactivation proceeded at a similar rate 

in all three sets of plants (Figure 2A). 

 

 

 

 

 

 

 

 

 
Figure 2. Maximum photochemical efficiency of PSII in WT (■), deg2-1 (●), deg2-2 (▲) 
exposed to HL. (A) Fv/Fm of leaves exposed to HL (1500 µmol photons m-2s-1). Values are 
means ± S.D. (n=5). (B)  Fv/Fm of leaves exposed to HL for 1 h, followed by recovery at LL 
(20 µmol photons m-2s-1). Values are means ± S.D. (n=8, except for the 90 min data point, 
where n=3). 
 

 

We compared the ability of WT and deg2 mutants to recover from HL stress after 

the transfer of mature stressed leaves to LL conditions. The maximal efficiency of 

PSII decreased in WT and deg2 mutant 

lines to 50% of the initial value during 1 

h of the HL treatment and recovered to 

90% of the initial value after 1 h at LL 

(Figure 2B). We further analyzed the 

steady-state level of D1 protein in WT 

and deg2 mutant leaves exposed to LL or 

HL conditions in the presence or the 

absence of CAP, an inhibitor of protein 

translation in the chloroplast (Figure 3). 

Immunoblot analysis revealed that the 

amount of D1 protein was reduced to 
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60% of the initial value in leaves from WT and deg2 mutant lines after their 

exposure to HL in the absence of CAP (Figure 3). The amount of D1 protein in 

CAP-treated leaves exposed to LL did not change significantly as compared to 

leaves incubated at LL in the absence of this inhibitor. At HL, however, only 

traces of the D1 protein were observed in WT and both deg2 mutant lines as a 

consequence of the block of chloroplast protein synthesis (Figure 3). 

Measurement of the Chl fluorescence demonstrated the efficacy of the CAP 

treatment (data not shown).  

In order to assay the rate of the D1 protein degradation in WT and deg2 

mutants exposed to HL we performed radioactive pulse-chase experiments. The 

autoradiogram showed (Figure 4A) that the degradation of radioactively labeled 

D1 protein occurred with comparable rates in WT and deg2 mutants. As a 

reference, the pattern of total proteins stained with Coomassie blue, is shown 

(Figure 4B). 

 

 

 

 

 

 

 

 
Figure 4. The D1 protein turnover assayed by pulse-chase. Leaf discs of WT, deg2-1 and 
deg2-2 mutants were pulse-labeled with 35S methionine followed by a 5 h chase period in HL 
(1300 µmol photons m-2s-1) in the presence of unlabeled methionine. Protein extracts were 
separated by SDS-PAGE and gels were exposed to x-ray film. (A) Autoradiogram (B) 
Coomassie blue staining of the corresponding gel. 
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Discussion 
 

We showed that degradation and replacement of the photodamaged D1 protein 

proceeded at a similar rate in WT and deg2 knock-out A. thaliana mutants 

exposed to high irradiances of visible light. Consequently, the primary cleavage of 

photodamaged D1 protein within DE-loop by Deg2 protease, as demonstrated in 

vitro (Haußühl et al., 2001), is not a prerequisite for its degradation in vivo. One 

possible explanation for the observed differences might result from the different 

abundance of protease in the thylakoid membranes, which is much higher in the in 

vitro experiments than in the in vivo situation. Other possible explanations are 

unfavorable and/or unphysiological reaction conditions in vitro or different nature 

of the damage suffered by D1 protein. When isolated thylakoid membranes or 

PSII preparations able to evolve oxygen are exposed to high irradiances of visible 

light, the D1 protein is thought to suffer damage through singlet oxygen which is 

generated by the acceptor site mechanism of photoinhibition (Adir et al., 2003). 

According to this hypothesis, high irradiances cause an overreduction of the 

plastoquinone pool, which in turn leads to an increased probability of charge 

recombination. A prolonged lifetime of the triplet state of the reaction center Chl 

P680 increases the generation singlet oxygen.  

It has been assumed that singlet oxygen is also the predominant source of 

damage to D1 protein in vivo (Adir et al., 2003). However, a recent study showed 

that the acceptor site mechanism alone can not account for the kinetics of the D1 

protein damage and the strict correlation between the photon flux and 

photoinhibition in A. thaliana (Tyystjarvi et al., 2005). Instead, it has been 

proposed that the Mn-cluster of the oxygen-evolving complex might be damaged 

by light, which leads to an arrest of the electron flow on the donor site of PSII and 

a subsequent damage to D1 protein by the P680+ radical (Hakala et al., 2005).  

The molecular nature of the damage inflicted to D1 protein by singlet oxygen or 

through the P680+ radical remains unresolved, but such a damage might 

differently alter the conformation of D1 protein depending on its source and thus 

trigger the degradation by different proteases (Andersson and Aro, 2001). 
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The efficient removal of damaged proteins is essential for cell viability, 

especially under stress conditions (Gottesman, 2003). Therefore, protein quality 

control is often maintained by robust systems of several partially redundant 

proteases (Gottesman, 2003). This might also be the case in the D1 protein 

turnover. In the past years, several different degradation patterns have been 

reported and different pathways for the removal of the damaged D1 protein have 

been suggested. These pathways include the aforementioned model of D1 protein 

cleavage on the stromal side of thylakoid membranes (Andersson and Aro, 2001; 

Adir et al., 2003; Yokthongwattana and Melis, 2006), cleavage on the lumenal 

side by an unknown protease (Andersson and Aro, 2001; Adir et al., 2003) and a 

degradation by the FtsH protease complex (Bailey et al., 2002; Sakamoto et al., 

2002; Nixon et al., 2005; Komenda et al., 2006). Additionally, high irradiances 

and unfavorable environmental conditions can lead to the generation of 

intramolecular crosslinks of D1 protein with neighboring protein subunits, which 

are then degraded by a hitherto unknown protease (Ohira et al., 2005). Based on 

our earlier and current data, we propose that several partially redundant 

mechanisms exist for the quality control of the D1 protein in vivo depending on 

the damage conditions.  
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Concluding Remarks 
 
The existence of mankind is entirely relying on the presence of photosynthetic 

organisms, especially land plants. They provide oxygen, are the primary food 

source, and a source for a huge variety of raw materials. A thorough 

understanding of plants, their biochemical pathways, and their response to 

changing environmental parameters, can provide technical solutions for problems 

connected with a constantly growing world population. However, the sequencing 

and analysis of the A. thaliana genome revealed that scientist are not even close to 

understanding the role of every gene, even in such a comparatively small genome 

as present in this model plant. This thesis tried to unveil the physiological role of 

four serine protease from the Deg/HtrA family. For this, we used a reverse 

genetics approach, i.e. the analysis of mutant lines and their phenotypes, 

combined with biochemical in vitro analysis with recombinant protein. The 

analysis of mutant lines reaches its limits when no obvious and easy detectable 

phenotype can be observed. In principle, mutant lines should be assayed 

phenotypically or by various –omics methods under several different 

physiological conditions, including varying many biotic and abiotic factors, as 

was done with wild-type A. thaliana for a genome-wide transcription analysis 

(http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi, (Winter et al., 2007)). 

However, this exceeds the technical and human resources of a single laboratory. 

Also, a broad-scale analysis does not necessarily guarantee observation of an 

expressed phenotype, since back-up mechanisms and redundant pathways may 

exist, requiring the generation of multiple-knock-out lines in order to observe a 

difference to wild-type plants (Bouche and Bouchez, 2001). 

An biochemical approach with a recombinant protein in vitro again has 

several limitations. For instance, the protein might be insoluble, thus no enzyme is 

available. Second, the protein may be soluble and easy to purify, but shows no 

activity since it is misfolded due to the expression system, or an unidentified 

ligand is missing. Even if the protease exhibits activity, this may lead to self-

degradation or defense-response of the respective host organism, again resulting 

in low protein yields.  
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Despite these problems and limitations, the question arises: have we successfully 

reached our goal, which was the identification of the physiological roles for 

DEG2, DEG7, DEG9, and DEG15? In case of the latter one, the answer is Yes 

(Chapter I). We could show that DEG15 is the protease responsible for processing 

peroxisomal proteins containing a PTS2 signal. It should be stated that this 

discovery is not entirely based on reverse genetics, but on collaboration with a 

group that applied a biochemical approach, such as an activity based purification 

of the homologous protein from watermelon (see Helm et al., 2007 for their 

results and some results from our laboratory). Thus, only the combined 

approaches could positively lead to the unveiling of a physiological role for 

DEG15. Apart from this result, our observation of an expressed phenotype of 

deg15 mutant plants lacking DEG15 addresses a fundamental question: what is 

the impact of peroxisomal protein processing? The processing of PTS2 proteins is 

only present in higher eukaryotes, but absent in yeasts, and its benefit to the 

organism has not been evaluated so far. Why do higher eukaryotes invest energy 

and resources into this process, if others live happily without it? deg15 plants 

show a reduced conversion of 2,4-DB to 2,4-D, both homologs of the naturally 

occurring plant hormones IBA and IAA, respectively. It is tempting to speculate 

that PTS2 processing is necessary for the proper function of a peroxisomal 

machinery producing messenger compounds, which are used in cell-cell signaling. 

This would be especially important for multicellular organisms with their 

sophisticated system of intercellular communication. Interestingly, the genome of 

the slime mould Dictyostelium discoideum, an organism that changes between 

unicellular and multicellular phases, seems to contain a gene encoding a DEG15-

like protease (accession number XM_636846). However, the sequence is very 

irregular, e.g. some stretches encode only Asp-repeats, but the catalytic triad and 

the PTS1 are clearly recognizable. It would be very interesting to see if this 

protease is functional and PTS2 processing is present in this organism. Our 

created A. thaliana deg15 knock-out mutant line, together with the respective 

complementation lines, provide excellent opportunities to test hypotheses about 

the importance of peroxisomal processing, especially PTS2 processing.  

Although we were most successful with DEG15 in identifying the 

physiological role of this protein, our work on DEG9 (Chapter III) represents the 
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other extreme. Here, our results can only be regarded as first small steps on a long 

and rocky road. The biggest boulders so far are the lack of an obvious phenotype 

of our deg9 knock-out mutant lines, and the lack of proteolytic activity in the 

recombinant protein. However, we could show that DEG9 is exclusively localized 

to the nucleolus. With this important knowledge, we should be able to take a 

focused look on the phenotype of deg9 lines, especially with regards to processes 

where the nucleolus is involved in, e.g. RNA processing and assembly of 

ribosomes and other RNA-protein complexes. Additionally, it will be of the 

outmost importance to identify DEG9 interaction partners since it is known that 

the structure of the nucleolus is solely determined by interaction among its 

constituents. One possibility is the use of mutant plants that have been described 

in chapter III, expressing a DEG9 fused to a purification tag. This will enable us 

to co-purify the interaction partners, which can subsequently be identified by 

mass-spectrometry. Additionally, we can use the yeast two-hybrid (Y2H) system 

(Van Criekinge, 1999) to screen libraries containing putative interaction partners. 

Our now available chloroplast-free callus cultures and cell suspension cultures 

might provide high quality starting material for pull-down experiments with the 

recombinant DEG9 as a bait, and the comparision of the nucleolar proteome from 

wild-type and knock-out plants might lead to the identification of putative 

substrates. Thus, with the work presented here as a starting point, it should be 

possible to formulate a testable theory about the physiological function of this 

protease within a reasonable time.  

Whereas our achievements on DEG15 and DEG9 may be regarded as the 

extreme examples within this thesis, the results are somewhat mixed in the case of 

DEG2 and DEG7. With both proteases, we already had a good theory about the 

physiological role, or at least about the processes the enzymes may take part in. 

Based on in vitro data, the chloroplast protease DEG2 was identified as a stromal 

protease responsible for the degradation of damaged D1 protein after light stress 

(Haussühl). However, our deg2 knock-out-mutant lines did not show any altered 

turnover of the D1 protein (Chapter IV). This could either mean that the original 

theory of DEG2 being involved in D1 degradation holds no truth, or that plants 

possess several, redundant pathways to deal with damaged PSII proteins. Since 

the in vitro work showed a very specific D1 degradation by DEG2 (Haussuhl et 
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al., 2001) and other members of the Deg protease family were reported to degrade 

photodamaged D1 protein in vivo (Kapri-Pardes et al., 2007), it seems reasonable 

to assume that DEG2 is indeed involved in this process but alternative D1 

degradation pathways enable deg2 plants to deal with light stress. This 

redundancy is important for sessile organisms, since they have to rely entirely on 

their ability to adapt to stress situations, being unable to move away in order to 

avoid them. Furthermore, any alternative mechanistic explanation for D1 

degradation proposed so far has limitations and is not able to cover the whole 

range of observations connected with D1 turnover (Adir et al., 2003). For 

example, it is unlikely that only FtsH proteases are responsible for D1 degradation 

(as suggested by Nixon et al., 2005), since they exhibit only low unfoldase 

abilities and are expected to stall at protein-protein crosslinks. The nature of D1 

damage has also to be considered. It is not certain whether D1 protein from 

isolated and subsequently high-light-treated thylakoids used for the in vitro 

experiments (Haussuhl et al., 2001), shows the same alterations on a molecular 

level as D1 protein from high-light-treated leaves. Therefore, although we could 

not definitely confirm our hypothesis about the physiological role of DEG2, the 

lack of an expressed phenotype of the deg2 knock-out mutant does not necessarily 

contradict it. Again, more data is needed, especially about interaction partners and 

– possibly – about alternative substrates. Pull-down experiments as well as library 

screens by the Y2H method (Van Criekinge, 1999) might provide additional 

results.  

Nothing was known about the physiological role of DEG7 at the beginning of 

my Ph.D. thesis. However, only a few months later the DEG7 homolog in 

budding yeast, named Nma111p, was described as a nuclear protein mediating 

apoptosis (Fahrenkrog et al., 2004). Since DEG7 and Nma111p are close relatives 

(see Chapter II), we started to ask the question whether DEG7 might have a 

similar role in A. thaliana as Nma111p has in S. cerevisiae. However, until today 

we were unable to find any evidence for a function of Deg7 in the regulation of 

PCD based on phenotypical observations despite vast screening of stress 

situations and PCD-inducing conditions (only a small portion was presented in 

this work). Additionally, we could not identify any interaction of DEG7 with the 

BLD-containing proteins, ILP1 and ILP2, which was analyzed after the report that 
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Nma111p interacts with Bir1p (Higashi et al., 2005; Walter et al., 2006). There 

are three possible explanations for these discrepancies between the results 

obtained from budding yeast and A. thaliana. First, it is possible that both proteins 

are indeed involved in apoptosis/PCD and perform, at least to a certain limit, 

comparable functions in the cell. This means that the role of DEG7 in this process 

escaped detection so far. Similar to the case of DEG2 and the D1 turnover, 

several, redundant mechanisms might exist that compensate the loss of DEG7 and  

enable the plant to show wild-type growth in a deg7 mutant background.  

Secondly, the DEG7 and Nma11p may be involved in completely different 

processes. The data obtained so far suggests this possibility, but does not explain 

the high degree of conservation between DEG7-like proteins from plants and 

fungi.  

The third possibility is that the physiological role of the yeast protein is not as 

easy to define as it was originally thought. As already explained in more detail in 

chapter II, the theory of Nma111p being involved in a similar process, as HtrA2 in 

mammals has to be treated with care. Even the exact physiological role of HtrA2 

is far from being undisputed today. Additionally, the phenotypical descriptions of 

S. cerevisiae strains lacking Nma111p are heterogeneous, since Tong and 

collegues reported an increased sensitivity of knock-out strains toward apoptosis-

inducing conditions (Tong et al., 2006), which is the opposite function to that 

reported by (Fahrenkrog et al., 2004). 

Whatever possibility might prove to be true, it is important to identify in 

planta substrates of DEG7 or, more generally, its interaction partners. By using 

the Y2H system, we identified several candidates, which are currently evaluated 

for their interaction with DEG7 by independent methods, such as 

immunoprecipitation or by the biomolecular functional complementation (BiFC) 

(Kerppola, 2006). Since soluble recombinant protein is available now, we are also 

determined to obtain additional results by performing pull-down assays, as 

already described for DEG9. This will help to unveil the role of DEG7 in A. 

thaliana. 

Considering the starting point and initial data at hand, this work provides 

important and indispensable steps towards the thorough functional 

characterization of the analysed proteases. The groundwork is laid for ongoing 
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research in the case of DEG2, DEG9, and especially DEG7, which will eventually 

help to identify the processes these enzymes are involved in. One focus of future 

work on these proteases definitely has to be the identification of the interaction 

partners, especially the substrates. This will lead to new theories, which then can 

be tested by phenotypical analysis of the plants.  

We were even more successful in the case of DEG15. Here, we could reach 

our goal, describing its physiological role in the plant, and analysis of deg15 

mutants provided first evidence about the importance of peroxisomal processing 

in vivo. 

Future work on plant Deg/HtrA proteases will definitely increase our 

knowledge about plants in general, the organisms enabling human live on earth. 
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