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ZUSAMMENFASSUNG  I 

Zusammenfassung 

Piriformospora indica ist ein Symbiont mit einer biphasischen Kolonisierungsstrategie. Er kolonisiert ein 

breites Spektrum von Wirtspflanzen, inklusive der monokotyledonen Pflanze Hordeum vulgare (Gerste), 

in der er eine Vielzahl von nützlichen Effekten bewirkt. Die Interaktion weißt Charakteristika der 

pflanzlichen Immunantwort auf, einschließlich der lokalisierten Produktion von reaktiven 

Sauerstoffspezies (engl. reactive oxygen species; ROS) und der Bildung von Zellwandappositionen 

(engl. cell wall apposition(s); CWA). Ferner wird die Kolonisierung von Gerste durch die Anreicherung 

von reaktivem Fe3+ in CWAs begleitet, die wiederum die Produktion von ROS vermitteln. In der 

pflanzlichen Immunantwort sind ROS unter anderem für die Festigung und den Ausbau von CWAs durch 

die Polymerisierung von Ferulasäure und die chemische Quervernetzung von Abwehrproteinen und 

phenolischen Verbindungen mit Zellwandpolymeren verantwortlich. In den frühen Stadien der P. indica 

/ Gerste Interaktion, wenn der Pilz versucht die pflanzliche Zellwand zu durchstoßen, was zu Bildung 

von CWAs führt, wird die Expression des P. indica Gens PIIN_05872 (nachfolgend als DLD1 

bezeichnet) hochreguliert. Das kodierte Protein Dld1 gehört zu einer P. indica-spezifischen 

Proteinfamilie, welche sich durch eine Vielzahl von regelmäßig verteilten Histidinen und Alaninen, sowie 

einem C-terminal lokalisieren Motiv mit der Konsensussequenz RSIDELD auszeichnet. In dieser Arbeit 

wurden die Lokalisierung, sowie die biophysikalischen und biochemischen Charakteristika von Dld1 

untersucht. 

Obwohl die Sekretion von Dld1 durch P. indica unklar bleibt, konnte gezeigt werden, dass Dld1 sowohl 

von Ustilago maydis Dld1-Expressionsstämmen in vitro und in planta, als auch während transienter 

Expression in Gerstenzellen, sekretiert wird. In Gerste zeigt Dld1 eine Kolokalisation mit Fe3+ in CWAs, 

die als Antwort auf eine Pilzinfektion gebildet werden. Dld1 wurde heterolog in Escherichia coli 

produziert. In Kooperation mit der Arbeitsgruppe von Prof. Lupas aus Tübingen wurde das gereinigte 

Protein für CD-Spektroskopie und Protein-Röntgen-Kristallstrukturanalyse verwendet. Die 

Kristallstruktur zeigt, dass Dld1 eine Coiled-coil Struktur aus zwei antiparallelen Alpha-Helices einnimmt. 

Es konnte gezeigt werden, dass die Struktur pH-sensitiv ist. Während die Histidine auf einer Seite der 

Helix hervorstehen und wie die Zähne eines Reißverschlusses ineinandergreifen, nehmen die Alanine 

die meisten Positionen auf der Helix-Innenseite ein, um eine räumlich enge Struktur zu ermöglichen, die 

in der Vergangenheit als Alacoil benannt wurde. Mit qualitativen und quantitativen Metallbindeassays 

konnte gezeigt werden, dass Dld1 verschiedene Metallionen binden kann. Die Dissoziationskonstanten 

für eine Bindung von Fe3+ und Zn2+ konnten im niedrigen mikromolaren Bereich bestimmt werden. 

Ursprünglich wurde für Dld1 eine Funktion als Metall-Scavenger vermutet, aber Dld1 kann eine Fe3+-

katalysierte Oxidation des chemischen Substrats Diaminobenzidin nicht verhindern. Stattdessen, 

inhibiert Dld1 die Radikal-induzierte Polymerisation von Diaminobenzidin. Diese Beobachtung lässt 

vermuten, dass Dld1 analoge Reaktionen an der pflanzlichen Zellwand verhindern könnte, z.B. die 

Polymerisierung von Ferulasäure. Dies könnte schlussendlich dazu beitragen, dass P. indica fähig ist 

die von Gerste gebildeten CWAs zu überwinden, um eine kompatible Interaktion zu etablieren.  



SUMMARY  II 

Summary 

P. indica is a symbiont with a biphasic colonization strategy. It colonizes the roots of a broad range of 

plant species, including the monocot plant H. vulgare (barley) where it has a variety of beneficial effects. 

The interaction is marked by characteristics of the plant innate immune response, including the localized 

production of reactive oxygen species (ROS) and formation of cell wall appositions (CWA). In barley, 

the colonization is furthermore accompanied by a localized accumulation of reactive Fe3+ in CWAs, 

which in turn mediates the production of ROS. In the plant immune response, ROS, among other 

functions, are responsible for the fortification and maturation of CWAs by polymerization of ferulic acid 

and crosslinking of defensive proteins and phenolic compounds with cell wall polymers. During the early 

stages of P. indica / barley interaction, when the fungus tries to penetrate the wall of root cells, resulting 

in the formation of CWAs, the expression of P. indica gene DLD1 is upregulated. The encoded protein 

Dld1, belongs to a family of small secreted proteins unique to P. indica, which exhibit a large number of 

regularly distributed histidine and alanine residues, as well as a conserved motif with the consensus 

sequence RSIDELD located at the C-terminus. In this study, the localization of Dld1, as well as its 

biophysical and biochemical characteristics were investigated. 

Although the secretion of Dld1 by P. indica remains unclear, it was demonstrated that Dld1 is secreted 

by Ustilago maydis Dld1-expression strains both in vitro and in planta, and during transient expression 

in barley. In this host, Dld1 co-localizes with Fe3+ in CWAs, formed in response to fungal infection. Dld1 

was heterologously produced in E. coli. The purified protein was used for circular dichroism 

spectroscopy and protein x-ray crystallography in cooperation with the group of Prof. Lupas, Tübingen. 

The crystal structure demonstrates that Dld1 adapts a coiled-coil structure with two antiparallel helices. 

Its folding was shown to be pH-sensitive. While the histidines protrude from the face of the two helices 

and interdigitate like teeth of a zipper, alanines occupy most of the helix-inward positions to facilitate a 

very tight structural assembly, previously termed alacoil. In qualitative and quantitative metal ion binding 

assays, Dld1 bound several metal ions. The dissociation constants for the binding of Fe3+ and Zn2+ were 

determined in the low micromolar range. Originally, a function for Dld1 as metal ion scavenger was 

postulated, but the protein is unable to prevent the Fe3+-catalyzed oxidation of the chemical substrate 

diaminobenzidine. Instead, Dld1 interferes with the radical-induced polymerization of diaminobenzidine. 

This observation indicates that Dld1 might interfere with analogous reactions at the plant cell wall, e.g. 

the polymerization of ferulic acid in maturing CWAs. This might contribute to the ability of P. indica to 

overcome barley CWAs in order to establish a compatible interaction.  



ABBREVIATIONS & TECHNICAL TERMS  III 

Abbreviations & Technical Terms 

Amp Ampicillin 

AX Absorption at x nm 

BSA Bovine serum albumin 

Cam Chloramphenicol 

Cbx Carboxin 

CD Circular dichroism 

CIA Chloroform, isoamyl alcohol 

CM Complete medium 

C-terminus/terminal Carboxy-terminus/terminal 

CWA Cell wall apposition 

DAB 3,3'-Diaminobenzidine 

DFO Deferoxamine (bacterial siderophore) 

dpi Days post inoculation 

DTT Dithiothreitol 

EDTA Ethylenediaminetetraacetic acid 

eGFP Ehanced GFP 

ER Endoplasmatic reticulum 

ETI Effector-triggered immunity 

Fe2+ Ferrous iron ions 

Fe3+ Ferric iron ions 

FPLC Fast protein liquid chromatography 

GST Glutathione-S-transferase 

H2O2 hydrogen peroxide 

His6 Hexahistidine 

hpi Hours post infection 

HR Hypersensitive response 

HRP Horseradish peroxidase 

Hyg Hygromycine 

IMAC Immobilized metal ion affinity chromatography 

IPTG Isopropyl ɓ-D-1-thiogalactopyranoside 

ITC Isothermal titration calorimetry 

Kan Kanamycin 

MAMP Microbial-associated molecular pattern  

MS Mass spectrometry/spectromic 

MST Microscale thermophoresis 

MW(X) Molecular weight of protein X 
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NB-LRR proteins Neucleotide-binding leucine-rich-repeat proteins 

NTA Nitrilotriacetic acid 

N-terminus/terminal Amino-terminus/terminal 

ODx Optical density at x nm 

PAMP Pathogen-associated molecular pattern 

PCR Polymerase chain reaction 

PP PreScission® Protease 

PTI pattern-triggered immunity 

R genes Resistance gene 

RBOHs Respiratory-burst oxidase homologues 

Redox reaction Reduction-oxidation reaction 

ROS Reactive oxygen species 

rpm Rounds per minutes 

RxLR Arg-x-Leu-Arg (Oomycete translocation motif) 

SDS Sodium dodecyl sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gelelectrophoresis 

SOD Superoxide dismutase 

SSP Small secreted proteins 

TCA Trichloroacetic acid 

UV Ultraviolet 
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INTRODUCTION  1 

1. Introduction 

1.1 The plant immune system and microbial effectors 

Plants are sessile organisms that canôt evade potential threats by simply changing their 

location. Instead, they have evolved a two-branched, innate immune system that relies on a 

number of sophisticated surveillance mechanisms to recognize potential attackers, e.g. 

bacteria, fungi or herbivores, and rapidly respond via multiple layers of structural, chemical, 

and protein-based defenses, before the potential attacker has a chance to cause extensive 

damage (Jones & Dangl, 2006; Boller & Felix, 2009). The first branch of the plantôs innate 

immune system relies on the detection of invading microbes via chemical cues, so called 

pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs) which are sensed 

by specific pattern recognition receptors localized on the plant cell surface. Since PAMPs or 

MAMPs are not exclusively present in pathogenic microbes, the term MAMP is deemed more 

accurate and will be used hereinafter. MAMPs are essential molecules of the invading microbe 

that do not necessarily play a role in pathogenicity. A few examples of the best-studied MAMPs 

are major structural components of bacterial or fungal plasma membrane or cell wall, i.e. 

bacterial lipopolysaccharides, fungal chitin and ergosterol, or the bacterial flg22-domain of 

flagellin, a major structural component of the bacterial motility organ (Felix et al., 1999; 

Nürnberger et al., 2004; Zeidler et al., 2004). Among basal defenses mounted after MAMP 

recognition, formation of cytoplasmic aggregations, localized cell wall appositions (CWAs or 

papillae), a burst of reactive oxygen species (ROS), rearrangement of the cytoskeleton and 

the production of pathogen-related proteins and phytoalexins can be listed (Schulze-Lefert, 

2004; Yi & Valent, 2013). Although CWAs and ROS production are key factors in pathogen 

resistance, they are also found during compatible interactions and in beneficial associations 

(Hückelhoven et al., 1999; Zuccaro et al., 2011; Lahrmann, U. et al., 2013). If the invading 

microbe is unable to modulate or suppress the first branch of the plantôs innate immune system 

by prevention of MAMP recognition or interference with downstream responses, the interaction 

is incompatible and the invader is succesfully repelled. This state has been termed pattern-

triggered immunity (PTI) (Jones & Dangl, 2006; Tsuda & Katagiri, 2010). Compatible microbes 

have evolved so called effectors, proteins produced during the interaction with a potential host 

plant to overcome, modulate or suppress PTI in order to establish a compatible interaction. 

Microbial pathogens have evolved different stategies to deliver their effectors to their 

respective place of action. Bacterial plant pathogens transport their effectors directly into the 

target host plant cell cytoplasm or onto the plasma membrane via the type III secretion system, 

a 3.5 MDa protein complex reminiscent of a syringe (Puhar & Sansonetti, 2014). Oomycete 

plant pathogens secrete effectors into the apoplastic space, where they either mediate 

pathogen invasion, e.g. by breaking down the plantôs cell wall, or interfere with MAMP 
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recognition or the plantôs defense responses (McLeod et al., 2003; Tian et al., 2007; 

Damasceno et al., 2008). A subset of secreted oomycete effectors is translocated into the host 

plant cell via the conserved amino acid motif Arg-x-Leu-Arg (RxLR, where x represents any 

amino acid), located near the amino-terminus (N-terminus) within the first 40 amino acids after 

the signal peptide cleavage site (Bos et al., 2006; Wawra et al., 2012). 

Similar to oomycete plant pathogens, plant pathogenic as well as mutualistic fungi secrete 

effectors into the apoplastic space to faciliate colonization in various ways. Some effector 

proteins inhibit the plantôs ability to damage the invading fungus, such as Cladosporium fulvum 

effector Avr4, which protects chitinous fungal cell walls against hydrolysis through host plant 

chintinases (van den Burg et al., 2006). Other effectors directly inhibit the plantôs apoplastic 

defensive enzymes, such as C. fulvum effector Avr2 or U. maydis effector Pit2, both of which 

inhibit extracellular host plant cysteine proteases (Rooney et al., 2005; Mueller et al., 2013). 

The U. maydis effector Pep1 inhibits host plant peroxidases to impair ROS generation, which 

directly suppresses one of the crucial hallmarks of the plant immune system and any 

downstream processes (Hemetsberger et al., 2012). One further strategy invading fungi 

employ, is to mask themselve from recognition. The C. fulvum effector Ecp6 sequesters chitin 

fragments to avoid their detection as MAMPs by the host plant (De Jonge et al., 2010). These 

are just a few of numerous examples, in which fungal effectors can promote the success of 

host plant colonization. A small number of fungal effectors target intracellular plant proteins. 

For example, the U. maydis effector Tin2 stabilizes the maize protein kinsase ZmTTK1 and 

thereby significantly induces anthocyanin biosynthesis, which hypothetically deprives the 

plantôs defense responses of necessary ressources (Tanaka et al., 2014). A further U. maidis 

effector, the secreted chorismate mutase Cmu1, has been shown to to be transloacted into 

maize cells, where it changes the plantôs metabolic status through metabolic primting (Djamei 

et al., 2011). Consequently, a translocation of particular fungal effectors into the plant 

cytoplasm has been proposed and investigated (Dodds et al., 2004; Lo Presti et al., 2017). 

However, a signature sequence similar to the oomycete RxLR motif has yet to be identified. 

If the invading microbe has utilized its array of effectors to suppress PTI succesfully, resistant 

host plants may utilize the second branch of their innate immune system to prevent microbe 

invasion. The second branch encompasses a set of resistance (R) genes that recognize 

specific effectors resulting in effector-triggered immunity (ETI) (Collier & Moffett, 2009; Tsuda 

et al., 2009). ETI is similar to PTI, but both faster and stronger and often culminates in a 

hypersensitive response (HR) resulting in a localized apoptotic cell death, which potentially 

hinders or halts the invading microbe (Greenberg & Yao, 2004). The majority of known R genes 

encode neucleotide-binding leucine-rich-repeat (NB-LRR) proteins, which usually reside within 

the plant cell. NB-LRR proteins can recognize effectors directly (Tsuda et al., 2009). For 

example, the Arabidopsis thaliana resistance protein RRS1-R directly binds the PopP2 effector 
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from the plant pathogenic bacterium Ralstonia solanaecearum triggering ETI (Deslandes et 

al., 2003). However, some products of R genes monitor the status of a specific host protein 

and recognize effectors indirectly, a mode of recognition named as óguard hpothesisô. For 

example, the A. thaliana RPS2 protein recognizes the P. syringae effector AvrRpt2 through 

the degradation of its óguardedô A. thaliana protein RIN4, which results in ETI (Kim et al., 2005). 

The effectiveness of ETI selects for invading microbes that can either evade ETI, by 

diversification or loss of recognized effectors without compromising virulence, or by ETI 

suppression by means of acquiring additional effectors, e.g. by gene duplication (Abramovitch 

et al., 2003; Jones & Dangl, 2006). Supporting this hypothesis, effectors are often subject to 

diversifying selection, located in the genetic context of transposable elements, telomeres or on 

dispensable chromosomes (Jones & Dangl, 2006; Raffaele et al., 2010; Rouxel et al., 2011; 

Balesdent et al., 2013). Similiarly, several R genes show a rapid evolution as well. This might 

indicate that the respective gene products recognize rapidly evolving effectors directly (Van 

der Hoorn et al., 2002; Kuang et al., 2004). 

In conclusion, plants and microbes are in a constant evolutionary arms raise regarding 

effectors and R genes, driven by the microbes goal to evade or suppress the plantôs immune 

system and the plantôs necessity to defend itself against microbial invaders. Given the 

significant agricutlural damage caused by microbial pathogens (Rossman, 2009) and the 

potential benefit of symbiotic microbes, it is essential to elucidate the molecular details of plant-

microbe interactions (Hart & Trevors, 2005). 

1.2 Reactive oxygen species in plant-microbe interactions 

Superoxide, hydrogen peroxide (H2O2) and nitric oxide are the three main forms of ROS 

produced during plant-microbe interactions, especially in conjunction with MAMP recognition 

and HR (Torres et al., 2006). A number of different enzymes have been suggested as sources 

of ROS in plants, including the respiratory-burst oxidase homologues (RBOHs), type III 

peroxidases, amine oxidases, superoxide dismutases (SODs) and oxalate oxidases (Allan & 

Fluhr, 1997; Torres et al., 2002; Hückelhoven & Kogel, 2003; Zhang et al., 2004; Torres et al., 

2005; Bindschedler et al., 2006; Yoda et al., 2006; Hückelhoven, 2007; Daudi et al., 2012). 

However, in some plant species individual enzymes are likely responsible for the production 

of ROS during basal defense and HR, respectively. In A. thalaiana for example, the apoplastic 

oxidative burst after MAMP recognition seems to be exclusively dependent on secreted type 

III peroxidases (Soylu et al., 2005; Bindschedler et al., 2006). However, ROS-producing 

enzymes might also interfere with each other, as the H2O2 produced by peroxidases can induce 

RBOH activity during HR (Torres et al., 2005). To further complicate the understanding of the 

role of individual ROS sources and their interplay, H2O2 production in monocotyledonous plants 

is associated with the accumulation of free redox-active ferric iron ions at CWAs in response 
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to fungal penetration attempts (see section 1.3; Liu et al., 2007). As for now, no single source 

seems to account for ROS production across the continuum of plant-microbe interactions 

(Torres et al., 2002; Bindschedler, Laurence V. et al., 2006). 

The localized generation of ROS by plant cells in response to biotic stimuli has been implicated 

in a number of defense related processes. Originally, ROS were thought to be generated 

because of their toxicity for the invading microbe (Peng & Kuc, 1992). However, several plant-

associated microbes tolerate relatively high concentrations of ROS in the millimolar range 

(Molina & Kahmann, 2007; Bolwell & Daudi, 2009), most likely mediated by the production of 

antioxidant enzymes or compounds (Zhang et al., 2004; Unger et al., 2005).  

ROS have also been directly connected to the formation and maturation of CWAs in response 

to microbial penetration attempts. CWAs mainly consist of crosslinked phenolics, 

hydroxyproline-rich glycoproteins and callose depositions and H2O2 accumulation can be 

observed at sites of CWA formation (Brown et al., 1998; McLusky et al., 1999; Soylu et al., 

2005). In vitro experiments have shown an oxidative crosslinking of three hydroxyproline-rich 

proteins purified from French bean cell walls catalyzed by a French bean cell wall peroxidase 

FBP1, capable of generating H2O2 at alkaline pH (Wojtaszek et al., 1997). Additionally, FBP1 

has been shown to catalyze the oxidative polymerization of ferulic acid, a phenolic compound 

covalently conjugated with plant cell wall polysaccharides, glycoproteins, lignin and other 

insoluble biopolymers of the cell wall (Zimmerlin et al., 1994). These results indicate that ROS, 

such as H2O2, might be the direct catalyst for the oxidative crosslinking of phenolics and 

immobilization of cell wall proteins, some of which exert anti-microbial functions, thereby 

promoting cell wall fortification (Bindschedler et al., 2006). 

Finally, ROS serve as signalling molecules in a multitude of different signalling pathways, 

including growth, development and systemic responses to biotic and abiotic stimuli (Baxter et 

al., 2014). To partake in such systemic processes, ROS can act as long-distance signals, 

propagating as a wave in form of ROS accumulation in extracellular spaces in between 

communicating cells (Miller et al., 2009). This remarkable signalling diversity is most likely 

achieved by differential co-expression of ROS-generating enzymes in different plant tissues 

(Suzuki et al., 2011). 

Given the important role of ROS during plant-microbe interaction, ROS generators are likely 

targets for microbial effector proteins. The plant pathogenic oomycete Phytophthora sojae for 

example secretes two effectors that interfere with catalase activity perturbing H2O2 

homeostasis during programmed cell death in order to overcome plant innate immunity (Zhang 

et al., 2014). 
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In conclusion, ROS are important signalling molecules and chemical catalysts in plants, with a 

strong emphasis during plant defense, generated by a number of differentially regulated 

sources. 

1.3 The role of iron and iron acquisition in fungal-host-interactions 

Iron is a ubiquitous element, which is essential in living cells and is a cofactor in numerous 

enzymes. However, this element can be toxic at  high concentrations, as it is readily engages 

in one-electron reduction-oxidation (redox) reaction between its reduced ferrous (Fe2+) and 

oxidized ferric (Fe3+) form. Redox cycling between both forms can catalyze the formation of 

highly reactive oxygen radicals through the Fenton reaction (Barb et al., 1951; Koppenol, 

2001).  

Although iron is one of the most abundant elements on earth, its bioavailability is limited under 

aerobic and pH neutral conditions. Fe2+ rapidly oxidizes under aerobic conditions and Fe3+ 

forms insoluble ferric hydroxide precipitates at a neutral pH. To acquire iron, fungi employ two 

major high-affinity uptake systems, (i) reductive iron assimilation and (ii) siderophore assisted 

iron uptake. A number of fungi harbor both systems, e.g. Schizosaccharomyces pombe 

(Askwith & Kaplan, 1997; Schwecke et al., 2006), Fusarium graminearum (Greenshields et al., 

2007), Aspergillus fumigatus (Schrettl et al., 2004) and U. maydis (Mei et al., 1993; Eichhorn 

et al., 2006), while other fungi seem to have lost the ability to produce siderophores altogether. 

The reductive iron assimilation system relies on the extracellular reduction of Fe3+ mediated 

by metalloreductases. Metalloreductase substrate specificity is not limited only to iron salts, 

but can include low-affinity iron chelates and even siderophores (Johnson, 2008). Fe2+ is then 

transported into the cell through a ferrous iron permease (Askwith et al., 1994). Fungi, which 

exclusively rely on the reductive iron assimilation system, include Saccharomyces cerevisiae 

(Askwith et al., 1994), Candida albicans, Cryptococcus neoformans (Howard, 1999) and 

Piriformospora indica. 

Siderophores are low-molecular-weight, high-affinity ferric iron specific chelators. Fungi 

produce a variety of siderophores, but their production almost always relies on a small number 

of enzymes, including an ornithine oxygenase and several transacylases. The final assembly 

of siderophores is mediated by non-ribosomal protein synthetases, which activate precursors 

and incooperate them into small peptides. Subsequently, siderophores can either remain 

intracellularly to regulate cellular iron pools or are secreted to sequester extracellular Fe3+ 

(Johnson, 2008). Loaded siderophores reenter the cell via specific siderophore transporters, 

followed by Fe3+ reduction to facilitate intracellular release (Ernst & Winkelmann, 1977). 

Intriguingly, even non-siderophore producing fungi, e.g. S. cerevisiae produce siderophore 

transporters to potentially hijack loaded siderophores produced by other organisms (Lesuisse 

et al., 1998). 
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Plant-colonizing fungi are thought to compete with their host for iron. Therefore the ability to 

acquire iron during colonization is thought to be crucial for the success of the invading fungus. 

However, which of the two high-affinity uptake systems is required varies from case to case. 

For example, the virulence of the wheat pathogen Fusarium graminarum is dependent on its 

ability to produce siderophores, but not on the reductive iron assimilation system (Greenshields 

et al., 2007). In contrast, the virulence of the maize pathogen U. maydis is dependent on the 

reductive iron assimilation system, but not its ability to produce siderophores (Eichhorn et al., 

2006). Intriguingly, the abolishment of siderophore production additionally results in a 

hypersensitivity to H2O2 in several fungi (Oide et al., 2006). 

As stated above, these observations have been mainly attributed to the iron nutritional status 

of the invading fungus. The plant host is thought employ an iron withholding strategy, 

consistent with observations made from microbial pathogens in animals (Ong et al., 2006). 

However, this hypothesis does not apply to all stages of fungal-plant interactions. In 2007, Liu 

et al. demonstrated Fe3+ accumulation at CWAs in a number of monocot plant species, namely 

wheat, corn, barley, oat, sorghum and millet, in response to cell wall penetration attempts by 

pathogenic fungus Blumeria graminis (Figure 1). Application of the actin filament disruptor 

cytochalasin A blocked Fe3+ accumulation, indicating that the respective cells were actively 

redistributing intracellular iron pools to the CWAs, instead of withholding it from the invading 

pathogen (Figure 1 C). Moreover, pretreatment of the plants with bacterial siderophore 

deferoxamine (DFO) inhibited 3,3'-diaminobenzidine (DAB)-detecatble production of H2O2 

(brown precipitatious staining) in CWAs suggesting that the accumulated Fe3+-mediated H2O2 

production (Figure 1 D). Iron targeted to the fungal site of attack seems to be a phenomenon 

specific to cereals since it is not observed in the dicotyledonous model plant A. thaliana 

(Greenshields et al., 2007b; Liu et al., 2007). 

Together these observations suggest that, depending on the host plant, the fungus may not 

only utilize its iron high-affinity uptake system to secure its nutritional status, but is required to 

sequester iron from CWAs in order to suppress the plantôs basal defense response in form of 

Fe3+-mediated H2O2 production. 
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Figure 1: Targeted iron accumulation mediates H2O2 production in monocot plant CWAs leaves after 
B. graminis attack. 
(A) In situ Fe3+ Prussian Blue staining of wheat epidermis 24 hours post infection (hpi) with B. graminis. (B) In situ 
Fe3+ Prussian Blue staining of epidermal peels 24 hpi with B. graminis in corn, barley, oat, sorghum and millet. (C) 
The actin filament disruptor cytochalasin A blocks iron accumulation at CWAs. (D) DFO blocks H2O2 generation at 

appressorial germ tube-associated CWAs. The plants in the bottom panel have been preincubated with the bacterial 
siderophore DFO. Agt = appressorial germ tube; c = conidium; ha = halo; gc = guard cell; N = epidermal nucleus; 
n = fungal nucleus; pa = papilla; pgt = primary germ tube; tri = trichome. Scale bar = 20 ɛm. Adapted fom Liu et al., 

2007. 

1.4 The mutualistic root endophyte Piriformospora indica 

The root endophyte P. indica (Basidiomycota, Sebacinales) is a biotrophic symbiont that 

colonizes the roots of a broad range of plant species, including A. thaliana and barley. P. indica 

colonization results in a variety of beneficial effects for the host plant, including growth 

promotion and heightened resistance against biotic and abiotic stresses (Waller et al., 2005; 

Baltruschat et al., 2008; Sherameti et al., 2008; Vadassery et al., 2009). Depending on its host 

plant, P. indica exerts different colonization strategies (Lahrmann et al., 2013). While in 

A. thaliana, P. indica establishes a long-term biotrophic relationship, the colonization of barley 

can be divided into an early biotrophic to a late saprophytic phase. The initial interaction with 

barley is characterized by all hallmarks of plant immune system responses, including CWAs 

formation, increased vesicle trafficking, accumulation of glycoproteins and production of ROS 

(Zuccaro et al., 2011). Moreover, P. indica colonization in barley leads to an accumulation of 

iron in cell walls of root epidermal and cortex cells and in particular in CWAs (unpublished data; 

see Figure 2). 
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Figure 2: P. indica colonization triggers reallocation of iron to cell walls of root epidermal and cortex cells 
and CWAs. 
(A) Cross sections of barley roots colonized by P. indica 6 days post inoculation (dpi) show iron accumulation in 

epidermal and outermost root cortex cells visualized by sensitive Pearls/DAB staining (visible as black precipitate). 
Scale bar = 100 µm. (B) P. indica penetration attempts cause formation of CWAs with strong Fe3+ accumulation, 

visualized by Prussian blue staining. Scale bar = 40 µm. (Dr. Magdalena Hilbert, unpublished data).  

P. indica-root symbioses is associated with host-specifically induced fungal genes. Most of the 

induced genes encoding small secreted proteins (<300 amino acids) are either Arabidopsis- 

or barley-responsive, suggesting that colonization of different hosts may require exploitation 

of distinct fungal proteins that can interact with elements characteristic to each host (Lahrmann 

et al., 2015). Genomic and transcriptomic analysis have identified a novel family of small 

secreted proteins characterized by their high histidine and alanine content, as well as their 

carboxy-terminal, (C-terminal) seven-amino-acid motif Arg-Ser-Ile-Asp-Glu-Leu-Asp 

(RSIDELD), therefore named óDELDô protein family (Zuccaro et al., 2011). Almost all DELD 

protein family encoding genes are upregulated during plant colonization, the majority during 

the biotrophic stage of barley colonization when the most CWAs are visible. So far, the 

localization, biochemical properties and the biological function of the DELD family proteins are 

unknown. However, the high abundance of histidines as well as the aggregation of charged 

amino acids at the conserved C-terminus might indicate metal binding properties. 

1.5 Aims and objectives of this study 

The aim of this study is the characterization of the P. indica protein Dld1, one member of the 

DELD protein family, with respect to its localization, structure, biophysical and biochemical 

properties. 

The localization will be analyzed by production of Dld1 fusion proteins in different organisms. 

As a primary strategy, Dld1:GFP will be constitutively produced in P. indica and the secretion 

will be analyzed. As a secondary strategy, the in vitro secretion and in planta localization of 

mCherry:Dld1 will be analyzed with the well-established fungal model organism U. maydis. 

Lastly, the in planta localization of Dld1:mCherry will be analyzed by transient expression in 

barley leaves both untreated and under challenge of the fungal leave pathogen B. graminis. 
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The structural analysis of Dld1 involves the establishment of a sophisticated protocol for the 

heterologous production of Dld1 in E. coli followed by standardized gel filtration 

chromatography, circular dichroism (CD) spectroscopy and protein x-ray crystallography (in 

close cooperation with the lab of Prof. Dr. Andrei Lupas, Max-Planck Institute for 

Developmental Biology, Tübingen). The structure will be compared with available protein 

structures and differences as well as similarities will be discussed. 

Dld1 and mutated derivatives purified from E. coli, will be subjected to a number of metal ion 

binding assays to determine binding properties and to identify amino acids involved in metal 

ion binding. Furthermore, the impact of Dld1 on the iron catalyzed radical oxidation of the 

chemical substrate DAB will be analyzed with a respective assay. 

From the sum of the results a potential biological function for Dld1 will be inferred and a 

hypothesis for the role of Dld1 during P. indica colonization of barley will be proposed.
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2. Results 

2.1 Analysis of Dld1 secretion and localization 

2.1.1 Secretion of Dld1 by P. indica 

In silico analysis of Dld1 amino acid sequence with SignalP 4.1 predicted an N-terminal signal 

peptide with a cleavage site between amino acids 19 and 20 (éAST-APLé). In order to verify 

this prediction, protein secretion was analyzed in three P. indica strains (<pGOGFP-DLD1> 

#1, #5 and #8) producing the fusion protein Dld1:GFP by an immunoblot-based in vitro 

secretion assay. The previously described strain P. indica <pGOGFP> (Hilbert et al., 2012) 

was used as lysis-control, as it produces intracellular eGFP. The mycelium was separated from 

culture supernatant by filtration. Mycelium proteins were extracted in SDS sample buffer and 

culture supernatant proteins were precipitated and subsequently solved in equal amounts of 

buffer. Protein preparations were then analyzed by anti-GFP immunoblot (Figure 3). 

Three distinct signals between 20 and 25 kDa were detected from lysis-control strain P. indica 

<pGOGFP> mycelium protein preparations. While the highest signal was consistent with the 

molecular weight of eGFP, the lower two signals most likely originated from eGFP degradation 

products. No signals were detected in culture supernatant protein preparations of P. indica 

<pGOGFP>. Combined, these results indicate that no leakage of cytoplasmic proteins 

occurred during sample preparation. 

Mycelium protein preparations from all three P. indica <pGOGFP:DLD1> strains exhibited two 

signals at approx. 25 kDa, consistent with the molecular weight of eGFP. One additional signal 

at approx. 40 kDa was detected from strains #1 and #8, consistent with the molecular weight 

of Dld1:GFP. Culture supernatant protein preparations of all three strains were devoid of 

signals. These results indicate that Dld1:GFP was produced, at least in strains #1 and #8, but 

subsequently cleaved into at least two fragments. The cleavage site or sites reside near the 

C-terminus of Dld1 and the N-terminus of eGFP. While the C-terminal fragment ï mainly 

consisting of eGFP ï was detected at approx. 25 kDa in mycelium protein extractions of all 

three strains, the N-terminal fragment, which might have undergone secretion, was not 

detected, due to the missing eGFP epitope. In consequence, no conclusion can be made 

regarding the secretion of Dld1 by P. indica from this experimental setup. 

To circumvent the complications of indirect detection of Dld1 via an epitope tag, custom Dld1 

antibodies were produced from rabbits in cooperation with Eurogentec (Seraing, Belgium) 

using Dld1 purified from E. coli (see section 2.2.1). Although conclusive results were achieved 

in immunoblots with protein extractions from E. coli and Dld1-expressing U. maydis strains, no 

signals were obtained from P. indica protein preparations (Supplemental Figure 1 and 

Supplemental Figure 2).  
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Figure 3: Anti-GFP immunoblot from P. indica secretion assay. 
P. indica strains were inoculated in complete medium (CM) and cultivated at 28°C for seven days. The mycelium 
was separated from culture supernatant by filtration, frozen in liquid nitrogen, ground to fine powder, lysed by 
mechanical disruption and proteins were extracted with SDS sample buffer. Culture supernatant proteins were 
precipitated with trichloroacetic acid (TCA), washed and resolved in equal amounts of SDS sample buffer. Protein 
preparations from mycelium and culture supernatants were analyzed by anti-GFP immunoblot. Gels were stained 
with Coomassie to ensure that equal amounts of proteins were loaded. MW(eGFP)=26.9 kDa; 
MW(Dld1:GFP)=41.6 kDa.  

As all immunoblot-based approaches to analyze Dld1 secretion by P. indica were exhausted, 

proteins prepared from P. indica <pGOGFP:DLD1> culture supernatants were subjected to 

peptide mass fingerprinting with and without enzymatic deglycosylation. Although a number of 

secreted P. indica proteins were identified (Supplemental Table 1) and deglycosylation did 

increase the number of identified peptides significantly, Dld1 was not detected. 

2.1.2 Secretion of Dld1 by U. maydis 

In parallel to the attempts to analyze the secretion of Dld1 by P. indica, secretion was also 

investigated utilizing transgenic, Dld1-expressing U. maydis strains. For this experiment, a 

total of four strains were used. U. maydis <p123-mCherry> (Doehlemann et al., 2009) ï 

producing cytoplasmic mCherry ï was used as a lysis-control strain. U. maydis <p123-

PIT2SP:mCherry:DLD1woSP> was used as a positive control for secretion. This strain 

produces a fusion protein of the signal peptide from U. maydis effector Pit2, mCherry and Dld1 

without the predicted signal peptide (hereafter named Dld1woSP). The secretion of Pit2 by 
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U. maydis has been verified experimentally by Doehlemann et al. in 2011. The strains, 

U. maydis <p123-DLD1SP:mCherry:DLD1woSP> and <p123-

DLD1SP:mCherry:DLD1woSPæRSIDELD>, produce a fusion protein of the Dld1 signal peptide, 

mCherry and Dld1woSP, whereas the latter strain produces the fusion protein lacking the C-

terminal RSIDELD motif. Both strains were used to investigate if U. maydis would be able to 

utilize the Dld1 signal peptide for secretion and if the RSIDELD motif had any impact on the 

secretion process. The mCherry epitope was intentionally placed right after the predicted 

cleavage site of the Pit2 or Dld1 signal peptide to circumvent possible complications with 

protein cleavage near the C-terminus of Dld1 as observed in the P. indica secretion assay. 

After liquid culture growth, culture supernatant and sporidia were separated by centrifugation 

and filtration. Proteins from sporidia were extracted and culture supernatant proteins were 

precipitated. Sporidia and culture supernatant proteins from all aforementioned strains were 

analyzed in an anti-mCherry immunoblot (Figure 4). 

 

Figure 4: Anti-mCherry immunoblot-based U. maydis secretion assay. 

U. maydis strains were grown in CM liquid cultures. Sporidia and culture supernatant were separated by 
centrifugation and filtration. Sporidia were lysed and proteins extracted with SDS sample buffer. Proteins from 
culture supernatant were precipitated with TCA and resolved in equal amounts of SDS sample buffer. Sporidia and 
culture supernatant protein preparations were subjected to an anti-mCherry-immunoblot. Gels were stained with 
Coomassie to ensure that equal amounts of proteins were loaded in between sporidia and extracellular protein 
preparations, respectively. MW(mCherry)=28.8 kDa; MW(mCherry:Dld1woSP)=41.5 kDa. Strains used in this assay 
were provided by Dr. Shadab Nizam. 
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Sporidia proteins extracted from lysis-control strain U. maydis <p123-mCherry> exhibited one 

strong signal at approx. 25 kDa, consistent with the molecular weight of mCherry, and one 

signal at approx. 17 kDa, which most likely originated from mCherry degradation. Culture 

supernatant proteins were devoid of signals. This indicates that no cytoplasmic protein 

contamination occurred during sample preparation of proteins from the culture supernatant. 

Sporidia proteins extracted from U. maydis <p123-PIT2SP:mCherry:DLD1woSP> were devoid 

of signals. Culture supernatant proteins exhibited one faint signal at approx. 40 kDa, consistent 

with the molecular weight of the fusion protein mCherry:Dld1woSP. Sporidia proteins from 

U. maydis <p123-DLD1SP:mCherry:DLD1woSP> and <p123-

DLD1SP:mCherry:DLD1woSPæRSIDELD> both exhibited two signals at approx. 40 kDa, 

consistent with the molecular weight of mCherry:Dld1woSP or mCherry:Dld1woSPȹRSIDELD, 

respectively. The two signals likely originated from the respective proteins prior and after signal 

peptide cleavage. Culture supernatant proteins of both strains exhibited one signal at approx. 

40 kDa and one signal at approx. 30 kDa. While the lower signal most likely derived from a 

protein degradation, the higher signal is consistent with the molecular weight of 

mCherry:Dld1woSP and mCherry:Dld1woSPȹRSIDELD, respectively. 

Together these results confirm that the basidiomycete fungus U. maydis is able to utilize the 

Dld1 signal peptide for protein secretion and that the RSIDELD motif has no apparent effect 

on this process. To analyze the localization of Dld1 during plant interaction, maize seedlings 

were infected with the four aforementioned U. maydis strains. These conditions, are deemed 

more comparable to conditions during P. indica plant colonization, as U. maydis comes into 

close contact with plant cells and exerts filamentous growth. Three days after infection, protein 

localization was analyzed via confocal microscopy (Figure 5 upper panel). 
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mCherry fluorescence signals in plants infected with U. maydis <p123-mCherry> were 

detected inside the fungal hyphae, typical for cytoplasmic localization. mCherry signals in 

plants infected with the U. maydis strains <p123-PIT2SP:mCherry:DLD1woSP>, <p123-

DLD1SP:mCherry:DLD1woSP> and <p123-DLD1SP:mCherry:DLD1woSPȹRSIDELD> were 

detected mainly outside the fungal hyphae. Additionally, in all three strains signals 

accumulated mostly at the hyphal tip and in plant cell-to-cell passages. These observations 

strongly suggest that the mCherry fusion proteins were secreted by U. maydis during maize 

infection, regardless of the origin of the signal peptide and presence of the C-terminal 

RSIDELD motif. These results are consistent with the immunoblot assay. 

To further characterize the extracellular localization of mCherry:Dld1woSP and 

mCherry:Dld1woSPæRSIDELD, infected maize samples were treated with 1 M NaCl to induce cell 

plasmolysis, which resulted in a volumetric extension of the apoplastic space (Figure 5 lower 

panel). While plasmolysis did not affect the intra-hyphal signals, signals at the hyphal tip and 

around the hyphae were dispersed. However, signals in plant to cell-to-cell passages were 

retained (white arrows). These observations implicate that neither mCherry:Dld1woSP nor 

mCherry:Dld1woSPæRSIDELD associate with the hyphal surface, i.e. fungal plasma membrane or 

cell wall, or plant plasma membrane, but associate with the plant cell wall. 

2.1.3 Dld1 localizes at CWAs in response to B. graminis attack 

The Dld1-encoding gene is mainly expressed at early stages of P. indica / barley interaction 

and the upregulation correlates with the number of CWAs formed by barley (Zuccaro et al., 

2011). The localization of mCherry:Dld1woSP during U. maydis / maize infection indicated that 

Dld1 might associate with the plant cell wall. Combined, these observations lead to the 

hypothesis that Dld1 might localize at CWAs during the early stages of P. indica / barley 

interaction. Since the production of a detectable Dld1 fusion protein in P. indica was not 

feasible and as no CWAs can be observed in the U. maydis / maize pathosystem, the 

B. graminis / barley pathosystem was chosen to analyze the localization of Dld1 in the 

presence of CWAs. Instead of generating transgenic B. graminis lines, barley leaves were 

transiently transformed by particle bombardment with the two plasmids P35S::eGFP and 

P35S::DLD1æRSIDELD:mCherry:RSIDELD. While P35S::eGFP served as a transformation 

control, which leads to production of eGFP in transformed cells, 

P35S::DLD1æRSIDELD:mCherry:RSIDELD leads to the production of a fusion protein of full-length 

Dld1 without the C-terminal RSIDELD motif, mCherry with an added RSIDELD motif (hereafter 

named Dld1æRSIDELD:mCherry:RSIDELD). Bombarded leaves were examined by confocal laser-

scanning microscopy (Figure 6 A) 
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Figure 6: Confocal laser scanning microscopy of transiently transformed barley leaves. 

The abaxial side of barley leaves from one-week-old seedlings was bombarded with gold microcarriers loaded with 
plasmids P35S::eGFP and P35S:DLD1æRSIDELD:mCherry:RSIDELD. Leaves were examined by confocal laser 
scanning microscopy three days after particle bombardment (A) before and (B) after plasmolysis. mCherry was 

excited at 561 nm and detected at 580-630 nm. eGFP was excited at 488 nm and deteted at 495-530 nm. Scale 
bars represent 50 µm. Strains and pictures provided by Dr. Magdalena Hilbert. 

Transformed cells exhibited strong eGFP-fluorescence signals in cytoplasmic threads and the 

nucleus. mCherry-fluorescence signals were detected within the plant cytoplasm and nucleus, 

but with a weaker intensity relative to eGFP signals. Additionally, mCherry signals strongly 

accumulated at the transformed cellsô periphery and spread to the periphery of the neighboring 

cells. Together these observations are consistent with the secretion of 

Dld1æRSIDELD:mCherry:RSIDELD. 

Plasmolysis of the transformed cells was induced by addition of 5 M NaCl (Figure 6 B). While 

plasmolysis did not affect the localization of intracellular eGFP and mCherry signals, the 

mCherry signal intensity in the cellôs periphery was slightly reduced, but not dispersed. 

Together the observations suggest that Dld1æRSIDELD:mCherry:RSIDELD localizes in the 

apoplast, as indicated by the mCherry signal reduction following plasmolysis. However, a 

subset of the Dld1æRSIDELD:mCherry:RSIDELD proteins associate with the plant cell wall and 

was thereby not affected by the plasmolysis. These results are consistent with the localization 

of mCherry:Dld1woSP during U. maydis / maize infection at the plant cell wall. 

To analyze the localization of Dld1æRSIDELD:mCherry:RSIDELD during fungal penetration 

attempts and the formation of CWAs, barley leaves were again transiently transformed by 

particle bombardment, but additionally spray inoculated with B. graminis spores. Leaves 

bombarded with P35S::eGFP and P35S::mCherry, two plasmids leading to production of 

cytoplasmic eGFP and mCherry, were used as a control. Fusion protein localization was 

observed in leaves bombarded with P35S::eGFP and P35S::DLD1æRSIDELD:mCherry:RSIDELD. 
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In control leaves, transformed cells exhibited eGFP- and mCherry-fluorescence signals mainly 

in cytoplasmic threads. However, B. graminis penetration sites (white arrows) were completely 

devoid of signals (Figure 7 A). In leaves bombarded with P35S::eGFP and 

P35S::DLD1æRSIDELD:mCherry:RSIDELD, transformed cells exhibited eGFP signals around the 

nucleus, in cytoplasmic threads and at the cell periphery (Figure 7 B). mCherry signals were 

also detected at the cell periphery, but strongly accumulated at sites of B. graminis penetration 

attempts (white arrows). 

Together these observations show that transformed barley cells are able to utilize the Dld1 

secretion signal in order to secrete Dld1æRSIDELD:mCherry:RSIDELD into the apoplast. 

Moreover, a subset of the protein associates with plant cell wall and accumulates at sites of 

B. graminis penetration attempts, specifically were CWAs are formed. The mechanism behind 

Dld1ôs apparent affinity to plant cell walls and preferential localization at CWAs is unclear, but 

might be explained by its biophysical and biochemical properties. 
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Figure 7: Confocal micrsocopy of bombarded barley leaves spray inoculated with B. graminis spores. 

The abaxial side of barley laves from one-week-old seedlings, where bombarded with gold microcarriers loaded 
with P35S::eGFP and either P35S::mCherry in (A) or P35S::DLD1æRSIDELD:mCherry:RSIDELD in (B). Twenty-four 
(24) hours after bombardment, leaves where spray inoculated with B. graminis spores. Leaves were examined by 
confocal laser-scanning microscopy three days after bombardment. mCherry was excited at 561 nm and detected 
at 580-630 nm. eGFP was excited at 488 nm and deteted at 495-530 nm. Fungal spores were visualized with 
Fluorescent brightener 28, which was excited at 405 nm and detected at 420-450 nm. Scale bars represent 25 µm. 
Strains and pictures provided by Dr. Magdalena Hilbert. 
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2.2 Biophysical and biochemical characterization of Dld1 

2.2.1 Dld1 can be purified heterologously from E. coli 

As a prerequisite for biophysical and biochemical characterization, DLD1 was heterologously 

expressed in E. coli and Dld1 was subsequently purified from cell lysates. As the results from 

section 2.1 suggest that Dld1 is a secreted protein, the sequence encoding the signal peptide 

was omitted to avoid secretion by E. coli. Hence, all Dld1 variants purified from E. coli are 

lacking the signal peptide. To facilitate the purification procedure, a glutathione-S-transferase 

(GST)-tag was fused to the N-terminus of Dld1, thereby creating the fusion protein GST:Dld1. 

A 3C protease cleavage site was introduced in between the GST tag and Dld1 to facilitate 

removal of GST after purification by treatment with PreScission® Protease (PP). 

In a preliminary screen using different E. coli expression strains, growth temperatures and 

concentrations of the chemical inducer isopropyl ɓ-D-1-thiogalactopyranoside (IPTG), the 

optimal conditions for Dld1 purification were determined. The E. coli expression strain 

BL21(DE3)pLys, grown at 37°C before induction and at 20°C after induction and a final 

concentration of 1 mM IPTG yielded the highest amount of soluble protein. Visual comparison 

of total protein extracts before and after induction via sodium dodecyl sulfate polyacrylamide 

gelelectrophoresis (SDS-PAGE) followed by Coomassie-based staining resulted in a 

prominent band at approx. 35 kDa after 16 hours growth at 20°C, consistent with the molecular 

weight of GST:Dld1 (Figure 8 A). 

 

Figure 8: Dld1 purification from E. coli. 
(A) SDS-PAGE of total protein extracts from E. coli cells at different stages of the induction and lysis procedure. In 

comparison to total protein extraction before induction, 16 hours after induction a very prominent band was visible 
at approx. 35 kDa. This band was also visible after cell lysis procedure in the total cell lysate and to equal amounts 
in insoluble pellet as well as soluble supernatant fraction after centrifugation of the cell lysate. (B) SDS-PAGE of 

Dld1 purification steps via glutathione sepharose columns. Bound proteins were either eluted by competition with 
reduced glutathione or by addition of a PP, resulting in on-column GST tag cleavage. In elution fractions without 
addition PP (-), one major band at approx. 40 kDa was visible, consistent to the molecular weight of GST:Dld1. In 
elution fractions with addition of PP, three bands were visible, one at approx. 55 kDa, consistent with the molecular 
weight of PP, one at approx. 25 to 35 kDa, consistent with the molecular weight of GST, and one at approx. 15 kDa, 
consistent with the molecular weight of Dld1. MW(GST:Dld1)=38 kDa; MW(PP)=47 kDa; MW(GST)=26 kDa; 
MW(Dld1)=12 kDa. 
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The cell lysis procedure did not change the band pattern significantly and sufficient amounts 

of GST:Dld1 remained in the soluble supernatant fraction after removal of the insoluble pellet 

fraction by centrifugation. The supernatant was subsequently applied to glutathione sepharose 

columns, which were washed with buffer to remove unbound proteins. Immobilized proteins 

were eluted either by competition with reduced glutathione in the elution buffer or by proteolytic 

cleavage of the GST tag with PP. Proteins in flow-through, wash- and elution fractions were 

visualized by SDS-PAGE followed by Coomassie-based staining (Figure 8 B). Flow-through 

and wash fraction band patterns contained one prominent band at approx. 35 to 40 kDa, which 

was decreasing in intensity in final wash fractions. This band is most likely surplus GST:Dld1, 

exceeding the maximum matrix binding capacity of the column. Elution without addition of PP 

resulted in one single prominent band at approx. 35 to 40 kDa, consistent with the molecular 

weight of GST:Dld1 and some fainter bands different in size, most likely originating from 

degraded GST:Dld1 or other minor protein contaminations. Elution with addition of PP resulted 

in three bands, one at approx. 40 to 55 kDa, most likely the PP itself, one at approx. 25 to 

35 kDa, consistent with the molecular weight of GST and one at approx. 15 kDa, consistent 

with the molecular weight of Dld1. 

Since elution fractions contained significant amounts of other proteins besides GST:Dld1 or 

Dld1, which might influence experiments conducted with the purified proteins, a secondary 

purification step was performed using fast protein liquid chromatography (FPLC) with a gel 

filtration column. To this end, elution fractions from glutathione sepharose purifications were 

pooled, concentrated and injected onto the FPLC gel filtration system. UV-spectrograms of 

Dld1 purifications with PP cleavage showed one plateau and two distinct separate peaks 

(Figure 9 A). 
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Figure 9: Purification of Dld1 via FPLC gel filtration. 
(A) UV-spectrogram of FPLC gel filtration run with concentrated elution fractions from glutathione-sepharose 
purification of Dld1 from E. coli. The x-axis shows the retention volume after sample injection in mL, the y-axis 

shows A280 in relative absorption units (mAU). The red numbers above the x-axis show the specific fractions in 
which the device subdivided the elution. (B) SDS-PAGE with subsequent Coomassie-based staining of 
representative FPLC gel filtration fractions. (C) Final purification result for Dld1. 10 µg and 20 µg purified Dld1 were 

analyzed via SDS-PAGE followed by Coomassie-based straining in comparison to three different amounts of 
commercially available BSA as standard for purity and correct concentration determination. 

The plateau ranged from a retention volume of approx. 42 mL to 52 mL (corresponding to 

fractions 1 to 9) with an absorption at 280 nm (A280) of approx. 15 mAU. The first major peak 

ranged from a retention volume of approx. 52 mL to 65 mL (corresponding to fractions 11 to 

22) with A280 peak maxima of 170 mAU at approx. 58 mL retention volume. The second minor 

peak ranged from approx. 65 mL to 75 mL (corresponding to fractions 25 to 33) retention 

volume with an A280 peak maxima of 20 mAU at approx. 70 mL retention volume. 

Representative FPLC fractions were analyzed via SDS-PAGE to identify proteins present in 

absorption peaks (Figure 9 B). Representative fractions for the plateau (fractions 1 to 8) 

contained a number of faint bands of higher molecular weight (35 kDa to 250 kDa). The 

characteristics of the plateau and the high number of bands are typical for protein aggregates 

with high molecular weight, which elute with a low retention volume. Representative fractions 

for the first major peak (fractions 14 to 21) also contained very faint bands of high molecular 

weight and one distinct band at approx. 25 kDa, consistent with the molecular weight of the 

GST tag. Representative fractions for the second minor peak (fractions 26 to 33) showed a 

single distinct band at approx. 15 kDa, consistent with the molecular weight of Dld1 without 

signal peptide. 


































































































































































