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ABSTRACT

The majority of terrestrial plants live in symbiosis with arbuscular myc-
orrhizal fungi. Those fungi form highly branched intraradical structures,
called arbuscules, in order to establish a bidirectional nutrient exchange
with their host plant. In this study, a mycorrhizal-induced gene family of
Medicago truncatula encoding putative Kunitz protease inhibitors (KPI),
was functionally characterized. Those types of protease inhibitors were
reported to be involved in various interactions of plants with other organ-
isms, including defense responses against herbivory insects and pathogenic
microbes. Interaction tests in yeast revealed that the putative target
proteases of the mycorrhizal-induced KPIs are among a clan of serine
carboxypeptidases (SCP) that are also exclusively expressed during myc-
orrhizal symbiosis. This suggested the possibility for tandem interactions
so that each family member might have a defined counterpart. In silico
modeling of the interaction between KPI106 and the serine carboxypep-
tidase SCP1 revealed that KPI106 is likely a canonical inhibitor, as a

distinct loop containing the predicted reactive site residues Py Lys'™, Py -
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Abstract

Phe!™ and Py- Glu'™, enters the active pocket of the protease SCP1 in
a substrate-like manner. In vitro mutational analysis confirmed the im-
portance of Lys'™ in mediating strength and specificity of the interaction,
and showed that Phe!™ and Glu'" are even necessary for the interaction
with SCP1. Heterologous expression of SCP1, KPI106 and the homologous
inhibitor KPI104 in tobacco epidermal cells revealed that all proteins are
likely secreted. Furthermore, deregulation of the spatio-temporal expres-
sion of KPI106 and KPI104 led to an impaired symbiotic development
including malformed arbuscules and septated fungal hyphae; a phenotype
that was also observed by RNAi-mediated silencing of the SCP family.
Based on the similarity of those phenotypes, it is suggested that the KPIs
and SCPs might work together on the same process. A subsequent genetic
analysis of the KPI overexpression and SCP-silenced phenotypes revealed
that those can be categorized into a group of mutant plants, in which
arbuscule development is impaired in an early branching state. It is thus
proposed that the KPIs would regulate the spatial and temporal activity
of the SCPs. In turn, the SCPs would produce a bioactive peptide signal,
which is involved in the control of mycorrhizal establishment and arbuscule

development within the root cortex of M. truncatula.
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ZUSAMMENFASSUNG

Die meisten Landpflanzen leben in einer Symbiose mit arbuskuldren My-
korrhizapilzen. Diese Pilze bilden hochverzweigte Strukturen im Inneren
der Pflanzenwurzel aus, die sogenannten Arbuskel, um einen gegenseitigen
Néahrstoffaustausch zu ermoglichen. In dieser Arbeit wurde eine Protein-
familie von Kunitz-Proteaseinhibitoren (KPI) funktionell charakterisiert,
deren Mitglieder spezifisch in Medicago truncatula wéhrend der arbuskulé-
ren Mykorrhizasymbiose exprimiert werden. Kunitz-Proteaseinhibitoren
wurden im Zusammenhang mit einer Vielzahl von biologischen Prozessen
in der Pflanze beschrieben, unter anderem auch in der Abwehr gegen her-
bivore Insekten und pathogene Mikroorganismen. Durch Interaktionstests
in Hefe konnte gezeigt werden, dass mehrere Mitglieder einer Familie von
mykorrhiza-induzierten Serin-Carboxypeptidasen (SCP) zu den putativen
Zielproteasen dieser Kunitz-Inhibitoren gehéren. Dies deutet darauf hin,
dass eventuelle Tandem-Interaktionen zwischen den Mitgliedern dieser
beiden Proteinfamilien stattfinden. Eine in silico Modellierung der Protein-

Protein Interaktion zwischen KPI106 und der Serin-Carboxypeptidase



Zusammenfassung

SCP1 ergab, dass KPI106 wahrscheinlich ein kanonischer Proteaseninhibi-
tor ist, da eine charakteristische Peptidschleife, welche die vorhergesagten
reaktiven Aminosiuren P; Lys'™, P;- Phe!™ und Py- Glu'"™ enthilt,
substratdhnlich in das aktive Zentrum der Protease SCP1 eindringt. Durch
in vitro Mutationsanalysen konnte gezeigt werden, dass Lys'"™® von KPI1106
einen Einfluss auf die Spezifitidt und die Interaktionsaffinitdt mit SCP1 hat.
Des Weiteren sind Phe!”™ und Glu'" sogar notwendig um eine Interaktion
von KPI106 und SCP1 zu erméglichen. Die heterologe Expression von
KPI106, des homologen Inhibitors KPI104 und SCP1 in epidermalen Tabak-
zellen zeigte, dass alle Proteine sehr wahrscheinlich sekretiert werden. M.
truncatula Wurzeln, in denen die Genexpression von KP1106 und KPI104
dereguliert wurde, wiesen einen Phénotyp in der Mykorrhizasymbiose auf,
welcher mit einer reduzierten Arbuskelhdufigkeit und dem Auftreten von
septierten intraradikalen Hyphen einhergeht. Ein sehr dhnlicher Phéno-
typ konnte in Wurzeln beobachtet werden, in denen die Menge an SCP
Proteinen durch RNAi-vermittelte Genunterdriickung reduziert wurde.
Die genetische Analyse des KPI-Uberexpressions- und SCP-RNAi Phiino-
typs ergab, dass dieser einer Gruppe von Arbuskelmutanten zugeordnet
werden kann, deren Arbuskelentwicklung in einem frithen Verzweigungs-
stadium blockiert ist. Daher wurde die Hypothese aufgestellt, dass die
mykorrhiza-induzierten Kunitz-Proteaseinhibitoren die rdumliche und zeit-
liche Aktivitat der SCP Proteine regulieren. Deren Aufgabe wiederum wére
es ein bioaktives Signal zu prozessieren, welches wichtig fiir die Etablierung
der Mykorrhizasymbiose, im Besonderen fiir die Arbuskelentwicklung im

Wurzelcortex von M. truncatula ist.
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CHAPTER 1

INTRODUCTION

1.1 Arbuscular mycorrhizal symbiosis

The arbuscular mycorrhizal (AM) symbiosis is a beneficial association
between the majority of plants and fungi of the Glomeromycota phy-
lum (Schiiler et al., 2001). The main goal of this endosymbiosis is a
bidirectional nutrient exchange (Smith & Read, 2008). Therefore, the
fungal hyphae need to penetrate the plant root through the rhizodermal
layer and grow deeper into the root interior up to the inner cortical cells.
Thereupon, fungal hyphae undergo extensive branching and form tree-like
structures—the arbuscules. Those intraradical fungal structures were
name giving for the symbiosis and are considered as the symbiotic interface

where most of the nutrient exchange takes place.



1 Introduction

1.1.1 The mutual benefits

AM fungi are obligate biotrophs and rely on a plant host for the supply
of carbon and to complete their life cycle (Requena et al., 2007). Thus,
the plant delivers up to 20 percent of its photosynthetically fixed carbon
(Bago et al., 2000) to the fungal partner. In return, the fungus—due to
the extensive extraradical mycelium (Miller et al., 1995)—provides its host
plant mainly with phosphate and nitrogen, as well as with water from out
the soil (Finlay, 2008). In addition, plants colonized with AM fungi were
reported to be less susceptible against phytopathogens (Whipps, 2004; Liu
et al., 2007) and various abiotic stress factors (Giri et al., 2007).

To manage the bidirectional nutrient exchange, the arbuscules are sur-
rounded by a modified plant-derived membrane, the peri-arbuscular mem-
brane (PAM; Figure 1.5; Bonfante & Perotto, 1995), which carries an
unique assembly of symbiotic phosphate and nitrogen transporters (Harri-
son, 2012; Harrison et al., 2002; Guether et al., 2009b; Kobae et al., 2010).
Recently, Helber et al. (2011) identified the fungal monosaccharide trans-
porter 2 (MST?2), that is also highly abundant in arbuscules. Furthermore,
they showed that the expression of MST2 is correlated with that of the
symbiotic plant phosphate transporter 4 (PT4; Harrison et al., 2002), and
that silencing of MST?2 led to an impaired mycorrhiza formation with a
reduced PT4 expression. Consequently, Helber et al. (2011) propose that
the fungal sugar uptake from the plant is correlated with the supply of
phosphate.

1.1.2 The long story of mycorrhizal symbiosis

The scientific term mycorrhiza was introduced by Bernhardt Frank in
1885. He observed that the end branches of the root systems of trees
were completely enclosed in a continuous cover of fungal hyphae, which

he referred to as fungus-root or mycorrhiza (original publication: Frank,



1.2 AM symbiosis in the legume M. truncatula

1885; english translation: Frank, 2005). Based on sequence data and
fossil records, the origin of this symbiosis can be tracked back over 450
million years to the age of the Ordovician (Remy et al., 1994, Redecker
et al., 2000). During this geologic period, the first primitive land plants
appeared (for example: Rubinstein et al., 2010). It is thus postulated
that arbuscular mycorrhizae supported archaic plants in the colonization
of land by providing nutrients in the absence of a complex vascular root
system (Simon et al., 1993; Wang et al., 2010).

To date, with the exception of a few plant species that do not engage
in mycorrhizal symbiosis (Wang & Qiu, 2006), the mycorrhizal state is
still default for plants growing in most field conditions (Smith & Smith,
2011). This indicates an ancient co-evolution and that the symbiosis
had a selective advantage for both partners (Smith & Read, 2008). As
a consequence of this broad distribution, the mycorrhizal symbiosis is
attributed to have an influence on the global carbon cycle (Harrison, 2012).
Furthermore, with regard to a sustainable agriculture, the possible role
of AM symbiosis in plant phosphorous nutrition and thus contributing
to plant growth and productivity, raised the agronomic interest (Sawers
et al., 2007; Smith & Smith, 2011).

1.2 AM symbiosis in the model legume

Medicago truncatula

Medicago truncatula, also referred to as barrel medic, is endemic to the
Mediterranean region (Lesins & Lesins, 1979). It belongs to the legume
family that also includes members with major impact on world agriculture,
such as soybean, chickpea, and alfalfa. However, due to the size and ploidy
level of their genomes, it is difficult to genetically characterize those crops.

In contrast, M. truncatula offers several advantages as it contains a simple
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diploid genome with eight sets of chromosome pairs, containing 500 to
550 Mbp in total. It is furthermore self-fertilizing with a short seed-to-seed
generation time and due to its ease for genetic transformation, various
molecular and genomic tools are available. Moreover, unlike the existing
plant model Arabidopsis thaliana, legumes can establish endomycorrhiza
and in addition undergo a symbiotic relationship with nitrogen fixing
bacteria to form root nodule symbiosis (Schiifiler, 2009). Since both
symbioses share common molecular features (Kistner et al., 2005), it is
important to study both plant-microbe interactions within the same plant;
making M. truncatula an ideal model for the legume family (Cook, 1999).

The experiments of this study were also performed in M. truncatula, and
furthermore, the arbuscular mycorrhizal fungus Rhizophagus irregularis was
used as symbiont to study the effects on mycorrhizal symbiosis. Figure 1.1
presents an overview of arbuscular mycorrhiza formation within the root
cortex of M. truncatula in association with R. irreqularis, highlighting the
different symbiotic stages and life cycle of arbuscular mycorrhizal fungi.
In the following subsections the current state of the art of molecular and
cellular aspects of AM development will be introduced. The main focus
shall be put on arbuscule development that is of particular interest to

integrate the results of this work.

1.2.1 Molecular communication

The first step in mycorrhizal symbiosis is the reciprocal recognition of
plant and fungus that is carried out by the exchange of signaling molecules.
Plant roots permanently produce and secrete a mixture of substances
into the rhizosphere, the root exudates (Bais et al., 2006). Among those
components, it is mainly strigolactone, a carotenoid-derived phytohormone,
that stimulates germination and subsequent hyphal branching of AM fungal
spores in the vicinity of roots (Akiyama et al., 2005; Besserer et al., 2006;
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AM fungi
life cycle

Figure 1.1: AM formation in the root cortex of M. truncatula. Left: Schematic
diagram of M. truncatula roots colonized by the soil-inhabiting AM fungus R. irregularis
(red: spores; yellow: fungal hyphae). Right: Life cycle of AM fungi, using the example
of R. irregularis. (a) Germinated fungal spore making first hyphal contact to the
host root. (b) Hyphal branching and formation of hyphopodia (white arrow) on the
root surface. (c) Intraradical hyphae growing through the M. truncatula root cortex.
(d) Differentiation of fungal hyphae into highly branched arbuscules within the inner
cortical cells. (e) Extraradical mycelium of R. irregularis that develops new spores for
subsequent root colonization.
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Cortex

Arbuscule

Endodermis —

Vasculature

Figure 1.2: Establishment of AM symbiosis, schematic. Root-derived strigolac-
tones induce spore germination in AM fungi that secrete Myc-LCOs to communicate
with the plant. Additionally, AM fungi secrete the effector SP7 to promote colonization.
Thereupon, fungal hyphae penetrate the root surface via hyphopodium, traverse the
rhizodermal cell layer intracellularly. They grow intercellularly through the apoplast
towards the inner cortex, where they differentiate into the highly branched arbus-
cules. The dashed rectangles indicate two cutouts that are presented in Figure 1.3 and
Figure 1.4 in more detail.

Kretzschmar et al., 2012). Furthermore, two hydroxy fatty acids were
reported to induce hyphal branching in the AM fungus Gigaspora gigantea
(Nagahashi & Douds Jr., 2011).

On the fungal side, upon germination, AM fungi secrete diffusible
molecules that lead to the activation of a symbiotic plant program in order
to prepare the rhizodermal cells for the entering symbiont (Figure 1.2;
Bonfante & Requena, 2011). The chemical nature of these molecules
is a combination of N-acetylglucosamine oligosaccharides (Maillet et al.,
2011; Genre et al., 2013), whereas especially the lipo-chitooligosaccharides
(LCOs) stimulate AM symbiosis (Maillet et al., 2011). The LCOs derived
from AM fungi (referred to as Myc factors) are structurally similar to

the secreted Nod factors of nitrogen fixing rhizobia (Lerouge et al., 1990),
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DMIZ :
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Figure 1.3: The common signaling pathway, simplified diagram. The Myc-
LCOs are probably perceived via a LysM receptor-like kinase (or a dimer) that might
build together with the LRR receptor kinase DMI2 a receptor complex within the
plasma membrane. Intracellular signal transduction involves the nuclear pore associated
NUP133, NUP85, and NENA, as well as the nuclear membrane-localized cation channel
DMI1. A following nuclear calcium spiking activates the calcium-calmodulin dependent
kinase DMI3 that interacts with IPD3. The common signaling pathway culminates in
the induction of symbiosis-specific plant genes. Diagram modified from Oldroyd (2013).

which are required to establish root nodule symbiosis (Denarie et al., 1996;
Gough & Cullimore, 2011). Perception of the respective LCOs by the plant
is transduced via a common signaling pathway, which is shared by both
symbioses and is necessary to promote the further colonization process
(Catoira et al., 2000; Kistner et al., 2005; Gutjahr & Parniske, 2013).

1.2.2 Signal transduction

The common signaling pathway includes the membrane-bound leucine-rich
repeat (LRR) receptor kinase DMI2 (does not make infections; Endre

et al., 2002; Stracke et al., 2002), three nuclear pore associated proteins



1 Introduction

LjNUP85 (Saito et al., 2007), LiNUP133 (Kanamori et al., 2006), LiNENA
(Groth et al., 2010) and additionally DMI1, a nuclear membrane-localized
cation channel (Ané et al., 2004; Charpentier et al., 2013). Those proteins
are essential for the induction of a nuclear calcium spiking as a second
messenger that is characteristic for either rhizobia or AM fungi (Kosuta
et al., 2008; Chabaud et al., 2011; Genre et al., 2013). Further downstream
of the calcium spiking, the nuclear-localized calcium-calmodulin dependent
kinase DMI3 (Lévy et al., 2004; Mitra et al., 2004) is activated and interacts
with IPD3, a protein with a yet unknown function (Messinese et al.,
2007). Finally, the common signaling pathway leads to the transcriptional
activation of symbiosis-associated plant genes (Kosuta et al., 2003; Kuhn
et al., 2010), required for colonization of the outer cell layers. Further
plant responses are marked by starch accumulation in roots (Gutjahr et al.,
2009) and lateral root formation (Olah et al., 2005). A schematic overview

of the common signaling pathway is presented in Figure 1.3.

1.2.3 Friend or foe?

Up until now, the question about how the Myc-LCOs are perceived by
the plant remains elusive. However, DMI2 is proposed to be associated
with a yet-unknown Myc-LCO receptor (Figure 1.3; Oldroyd, 2013), as
dmi2 mutants are implicated in establishment of mycorrhizal and root
nodule symbiosis (Catoira et al., 2000). It is furthermore assumed that this
yet unknown plant receptor for Myc-LCO perception is part of a family
of lysine motif (LysM) receptor-like kinases (Figure 1.3), because the
responses of rhizobia-derived Nod factors rely on two LysM receptor-like
kinases, named NFP and LYK3 in M. truncatula (Broghammer et al., 2012).
In support of this, Op den Camp et al. (2011) showed that silencing of a
LysM receptor-like kinase in Parasponia andersonii abolished nodulation

as well as AM formation, and Fliegmann et al. (2013) revealed that the
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LysM receptor-like kinase LYR3 exhibits a high binding affinity for both,
Myc-LCOs and rhizobia-LCOs (as does NFP; Maillet et al., 2011), but not
for general chitooligosaccharides (COs). COs are parts of the fungal cell
wall polymer chitin and are known to elicit a MAMP-triggered (microbe-
associated molecular patterns) plant defense response (Boller, 1995; Boller
& Felix, 2009). Thereby, the LysM receptor-like kinase AtCERK of A.
thaliana is essential for the recognition of chitin (Miya et al., 2007; Wan
et al., 2008). Ultimately, N-acetylglucosamine oligosaccharides and thus
the secreted LCOs of AM fungi and rhizobia are important signatures for
plants to fine-tune their response upon microbial penetration. Thus, in
case of symbiotic microbes, the plant promotes the association, whereas
in case of pathogenic invaders the lack of LCOs might elicit a defense
response. It is furthermore proposed that the LysM receptors for sensing
the secreted LCOs of symbiotic microbes have evolved from LysM receptors
that activate plant immunity, and the investigation of their biochemical
potential and the related intracellular signaling is part of the ongoing
research (Gust et al., 2012).

1.2.4 Intraradical accommodation of the fungus

The above mentioned common signaling pathway generates molecular
signals necessary for the plant to engage in symbiosis and to promote the
colonization of the outer cell layers. On the fungal side, for penetration
of the rhizodermis, AM fungal hyphae need to form a hyphopodium.
Hyphopodial differentiation is thereby guided by root cell wall components
(Nagahashi & Douds Jr., 1997), in particular cutin monomers (Gobbato
et al., 2012; Wang et al., 2012). Mutant plants in which either of the
gens RAM2, encoding a glycerol-3-phosphate acyl transferase involved in
the production of cutin biosynthesis, or RAM1, encoding a transcription

factor that regulates RAM?2, is affected, showed a reduced hyphopodia



1 Introduction

Plasma

membrane .
femmbri Hyphopodium

q
=
Ca?* spikin lg—gml Ry Vucleus

Figure 1.4: Formation of the prepenetration apparatus, simplified diagram.
In anticipation of fungal penetration, the rhizodermal cells beneath the hyphopodium
differentiate. They form a tubular, transvascuolar structure, the so-called prepenetration
apparatus (PPA), which guides the fungal hypha through the cell. Intracellular fungal
hyphae are surrounded by plant-derived membrane, referred to as peri-fungal membrane
(PFM). Activated rhizodermal cells are marked by a switch of the nuclear calcium
spiking from a low to a high frequency. However, it remains elusive whether PPA
formation occurs before or is the result of this change of frequency. Diagram modified
from Harrison (2012).

formation (Gobbato et al., 2012; Wang et al., 2012). In parallel to the
hyphopodium formation, the underlying rhizodermal cells undergo re-
differentiation processes in anticipation of the fungal penetration. Thereby,
a tunnel-like transvascuolar structure, called the prepenetration apparatus
(PPA; Figure 1.4) is formed, which predetermines the path of the fungal
hyphae through the rhizodermal cell (Genre et al., 2005). So far, it is
not known what signal leads to PPA formation. However, it seems that
PPA induction is a very early event, as PPA formation is abolished in
the common signaling mutants dmi2 and dmi3 (Genre et al., 2005). In
line with this, Takeda et al. (2012) showed that a constitutive active
version of DMI3 is sufficient to trigger a re-differentiation of cortical cells
that resembles PPA formation: In turn, this implicates that DMI3 would
induce PPA formation. In contrast to those results, Sieberer et al. (2012)

observed a switch from a low-frequency calcium spiking in “activated”
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rhizodermal cells to a high-frequency calcium spiking in PPA containing
cells. Therefore, the authors postulate that this change in spiking nature
could indicate the irreversible commitment of the respective plant cell for
intracellular infection. In consequence, this would mean that activation of
DMI3 would occur after PPA formation; and so far, it remains elusive how
the signals of the common signaling pathway are integrated in relation to
the cellular events during fungal penetration (Gutjahr & Parniske, 2013).

For the proceeding intracellular colonization, the gene VAPYRIN is
essential, as fungal penetration is abolished in the respective mutants.
However, in some cases, fungal hyphae could pass the rhizodermis but
arbuscule formation is aborted (Reddy et al., 2007; Pumplin et al., 2010).
It is thus hypothesized that VAPYRIN is involved in protein interactions
during cellular reorganization to support fungal development (Pumplin
et al., 2010; Feddermann & Reinhardt, 2011). A similar phenotype was
observed when silencing the mycorrhizal-induced membrane-steroid binding
protein 1 of M. truncatula. In this case, colonized roots revealed defects in
appressoria formation accompanied by a reduced number of arbuscules with
a distorted morphology. The authors suggest that induction of membrane-
steroid binding protein 1 is required to alter the sterol metabolism which
would be necessary for an invagination of the plasma membrane during the
intracellular accommodation of the fungus (Kuhn et al., 2010). Moreover,
very recent findings indicate that also an E3 ubiquitin ligase (Takeda et al.,
2013) and two transcription factors, named NSP1 (Delaux et al., 2013;
Takeda et al., 2013) and NSP2 (Liu et al., 2011; Maillet et al., 2011) are
required for the proceeding of fungal colonization within the root cortex.

A feature provoked by AM fungi to facilitate their intraradical accom-
modation is indicated by the recent finding of Kloppholz et al. (2011),
who identified the first AM fungal effector protein SP7 (secreted protein 7;
Figure 1.2). When expressed in planta, SP7 localized to the plant nucleus
and interacted with the ethylene response factor 19 (ERF19). ERF19 is a

11
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defense-related transcription factor and overexpression of ERF19 impaired
mycorrhizal root colonization. Thus, it was proposed that, in analogy
to the effectors of microbial pathogens that are secreted to circumvent
or suppress a plant defense response and to promote compatibility (Ster-
giopoulos & de Wit, 2009), SP7 would promote mycorrhizal colonization
by suppression of ERF19-related defense responses (Kloppholz et al., 2011).
This is in line with ethylene being a negative regulator of AM colonization
(Foo et al., 2013; Gutjahr & Parniske, 2013; Mukherjee & Ané, 2010;
Penmetsa et al., 2008).

1.2.5 Arbuscule development

After passing the root surface and growing into the deeper root layers, the
fungal hyphae enter the inner cortical cells. As observed for the initial
rhizodermal penetration, the fungal hyphae are guided by a PPA-like
structure towards the center of the inner cortical cells (Genre et al., 2008).
Thereupon, they switch from polar growth to dichotomous hyperbranching
in order to form the arbuscule. At the end, a mature arbuscule almost fills
out the entire cellular interior, which in turn, imposes drastic reorganization
processes on the inner cortical cells (Cox & Sanders, 1974; Pumplin &
Harrison, 2009).

1.2.5.1 Subcellular reorganization of the inner cortical cells

To enable intracellular development of the hyperbranching fungal hypha,
the organelles of the inner cortical cells have to be rearranged (overview
in Pumplin & Harrison, 2009). Furthermore, the plant plasma membrane
invaginated by the developing arbuscule has to be enlarged in surface
in order to envelope the growing fungal structure (Cox & Sanders, 1974;
Scannerini & Bonfante-Fasolo, 1983). This is mirrored by the unique

transcriptional profile of arbusculated inner cortical cells, of which many
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of the differentially regulated genes are related to transport processes
and lipid metabolism (Gomez et al., 2009; Hogekamp et al., 2011; Gaude
et al., 2012). Thereby, among others, the transition of the arbuscule-
surrounding plant plasma membrane to the PAM is marked by the assembly
of transporter proteins for the symbiotic nutrient exchange, or to export
substrates into the peri-arbuscular space (PAS; Figure 1.5; Harrison, 2012).
Those transporters include the two ABC half-size transporters STR and
STR2 (Zhang et al., 2010; Gutjahr et al., 2012) and the extensively
characterized M. truncatula PT4 (Harrison et al., 2002), which is essential
for the symbiotic phosphate uptake by the plant (Javot et al., 2007). The
exclusive targeting of the transporter PT4 to the PAM is mediated by
the precise timing of its expression coupled with a transient remodeling of
vesicle trafficking in order to favor secretion to the PAM over localization to
the plant plasma membrane (Pumplin et al., 2012). In line with this, Genre
et al. (2012) and Ivanov et al. (2012) elucidated that exocytotic-vesicle-
associated membrane proteins, VAMPs, are necessary for PAM formation,
and Lota et al. (2013) showed that silencing of a member of the SNARE
family (proteins involved in targeting of transport vesicles and fusion with
the destination membrane; overview in Siidhof & Rothman, 2009) leads to

a distorted arbuscule phenotype in the legume Lotus japonicus.

1.2.5.2 Arbuscule lifetime

The arbuscule is a transient structure, and after a period of maturity
arbuscules collapse and die. During this process, the inner cortical cells stay
intact and can host successive generations of arbuscules (Cox & Sanders,
1974; Bonfante-Fasolo, 1984; Javot et al., 2007). The average lifetime
of arbuscules is first of all depending on the plant host. Whereas in M.
truncatula, the average arbuscule life time is about eight days (Alexander
et al., 1989; Javot et al., 2007), they only last between two to three days in
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rice (Kobae et al., 2010). Secondly, the efficiency of the symbiotic nutrient
transfer seems to prolong arbuscule lifetime. The first and most prominent
marker gene of mature and active arbuscules is PT/ (Harrison et al.,
2002). The arbuscules in colonized pt/ mutant plants are malformed and
contain septa, indicating their premature collapse as a consequence of the
prohibited symbiotic phosphate uptake (Javot et al., 2007). In addition,
an insufficient supply of carbon to the fungus may be associated with a
premature arbuscule collapse (Gutjahr & Parniske, 2013). In support of
this, silencing of the M. truncatula symbiosis-induced sucrose synthase
1 (Baier et al., 2010), or the previously mentioned fungal MST2 (Helber
et al., 2011) revealed a malformed arbuscule phenotype, accompanied by
a significant reduction of PT/4 expression (Baier et al., 2010; Helber et al.,
2011). In contrast, there are mutant plants that exhibit an arbuscule
phenotype but the expression of PT/ is not altered (Zhang et al., 2010;
Gutjahr et al., 2012; Groth et al., 2013). This indicates that PT4 and thus
symbiotic nutrient transfer is necessary but not sufficient for arbuscule
formation and argues for additional, PT4 independent, mechanisms that

are required for arbuscule development (Gutjahr & Parniske, 2013).

1.2.5.3 Current model of arbuscule development

In contrast to rhizodermal penetration and the early colonization stages,
arbuscule development is not directly activated via the common signaling
pathway (summarized in Harrison (2012); Gutjahr & Parniske (2013)).
In particular, with regard to the common signaling mutants dmi2, dmil,
nupl33, nup185 and nena (Wegel et al., 1998; Demchenko et al., 2004;
Kistner et al., 2005; Groth et al., 2010; see Figure 1.3), arbuscule devel-
opment in those mutants is not affected once the fungus has successfully
overcome colonization of the rhizodermal and outer cortical layers. This

suggests that the common signaling pathway is mainly restricted to control
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the colonization of the outer root parts. In support of this, a gain-of-
function version of the common signaling protein DMI3 is able to suppress
the loss-of-function mutations of the upstream common signaling genes
(Hayashi et al., 2010). Furthermore, the DMI3 gain-of-function version
is able to induce a pre-arbuscular cortical cell differentiation (Takeda
et al., 2012). This indicates that the upstream common signaling genes
are solely required to activate DMI3 and are not involved in the induction
of arbuscule-related cell differentiation (Hayashi et al., 2010; Takeda et al.,
2012).

In order to categorize the present arbuscule mutants, Gutjahr & Parniske
(2013) propose a model to divide arbuscule development into five geneti-
cally separable stages; a detailed scheme is presented in Figure 1.5. The
first two stages are thereby characterized by the formation of a PPA-like
structure in the inner cortical cell, followed by fungal penetration (Genre
et al., 2008). Accordingly, the first stage is genetically characterized by
the expression of the marker genes DMI3 and IPDS3, as the respective
mutant plants showed a complete loss in arbuscule formation (Demchenko
et al., 2004; Kistner et al., 2005; Yano et al., 2008). The subsequent third
stage is named “birdsfoot”, as the initial arbuscule branches, which are
characteristic for this stage, resemble the structure of a birdsfoot. The
expression of the marker gene VAPYRIN is essential for stage 2 and 3, as
arbuscule development in vapyrin mutants is restricted to hyphal knobs
(Reddy et al., 2007; Pumplin et al., 2010). Continuous dichotomous hyphal
branching in stage 3 leads over to stage 4, the mature arbuscule. Marker
genes of stage 4 are the previously mentioned STR and STR2 (Zhang
et al., 2010; Gutjahr et al., 2012), as well as the affected genes in the
mutants SLO154 and SL0181 (Groth et al., 2013), because mutation of
either of those genes led to a developmental arrest of arbuscules in the
birdsfoot stage. Furthermore, stage 4 requires the expression of RAM2, as

ram2 mutants showed—in addition to the already mentioned hyphopodia
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Figure 1.5: Different stages of arbuscule development (Gutjahr & Parniske,
2013). This simplified model is based on Gutjahr & Parniske (2013), and illustrates
the five genetically separable stages of arbuscule development. PPA formation in stage
1 is dependent on DMI3 and IPDS8 expression, whereas VAPYRIN is required for stage
2 (hyphal penetration) and stage 3 (birdsfoot) in which the arbuscule branching is
initiated. For development of the mature arbuscule, marked by stage 4, the genes STR,
STR2, RAM2 as well as the genes affected in the mutants SL0154 and SL0181 are
necessary. Arbuscule development is further overlaid by two distinct waves of gene
induction. The first wave, marked by SbtM1, is probably induced by the common
symbiosis pathway, whereas the second wave is most likely independent of the common
symbiosis pathway and is characterized by PT4 expression which delays arbuscule
senescence (stage 5). Blue dashed line: PAM; In yellow: PAS.

defect—occasional colonization events with an impaired arbuscule forma-
tion (Wang et al., 2012). Ultimately, PT4 expression in stage 4 delays
arbuscule senescense, referred to as stage 5. In pt/ mutants, arbuscule

senescence is induced prior maturity (Javot et al., 2007).

In addition, Gutjahr & Parniske (2013) suggest that arbuscule develop-
ment is overlaid with two independent waves of gene induction. Among
others, one marker gene of the first wave of gene induction is the subtilase
SbtM1 (Takeda et al., 2007; Takeda et al., 2009; Takeda et al., 2012).

Silencing of SbtM1 led to an impaired arbuscule formation and a lower
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fungal colonization (Takeda et al., 2009). Because SbtM1 is induced in
the DMI3 gain-of-function mutant (Takeda et al., 2012), Gutjahr & Par-
niske (2013) propose that this first wave of gene induction is directly or
indirectly controlled by the common signaling pathway. In contrast, P74
is not induced in the DMI3 gain-of-function mutant (Takeda et al., 2012).
Therefore, PT/ is supposed to represent a second wave of genes required
for arbuscule formation. Ultimately, the mechanism that regulates the
induction of the second wave of genes remains elusive. However, Drissner
et al. (2007) showed that the lysolipid lyso-phosphatidylcholine (LPC),
present in root extracts of mycorrhizal plants, is able to induce an or-
tholog of PT/ in potato in the absence of a fungal symbiont. LPC results
from partial hydrolysis of phosphatidylcholines, a major part of plasma
membranes. This gives reason to speculate whether the precise temporal
induction of PTY, which is key for its correct localization to the PAM,

could be mediated by hydrolysis of plasma membrane components.

1.3 Proteases and their inhibitors

Proteases catalyze the irreversible cleavage of their target proteins and are
widely distributed among nearly all organisms (Habib & Fazili, 2007). In
higher organisms, about 2% of the coding genes encode for these proteolytic
enzymes (Barrett et al., 2001). In particular, the genomes of the model
plants Arabidopsis and rice contain over 800 and 600 protease-encoding
genes, respectively (van der Hoorn, 2008; Garcia-Lorenzo et al., 2006). To
carry out their function, most proteases use a special arrangement of three
amino acid residues inside their active center. The so-called catalytic triad
mediates the hydrolysis of a specific peptide bond within their protein
substrate (Hedstrom, 2002). Based on their catalytic residues, proteases

are grouped into four major classes, as there are cysteine-, serine-, aspartic-,
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Protease

Avtive center

Figure 1.6: Schematic diagram of the different modes of protease inhibition.
(a) Canonical standard mechanism according to Laskowski (1968) by direct blockage
of the active center. (b) Indirect blockage of the active center. (c) Adjacent and or
exosite binding. (d) Allosteric inhibition. Modified from Habib & Fazili (2007).

and metalloproteases (Dunn, 2001). Within those catalytic classes, they
are further grouped based on sequence homology and their molecular
structure. According to those criteria, proteases are classified within the
MEROPS database (Rawlings et al., 2012).

Uncontrolled proteolysis can be very damaging for living systems and
therefore proteolytic activity needs to be strictly regulated. Next to the
transcriptional control, many proteases are stored at their subcellular
destinations as inactive pro-forms. Thus, the protease can rapidly be
activated by cutting off the inhibitory pro-domain (Baker et al., 1993).
However, the most important mechanism to control protease activity is the
interaction with proteins that inhibit them (Rawlings et al., 2004; Habib &
Fazili, 2007). An overview of the different modes of protease inhibitors to
form inactive complexes with their target proteases is shown in Figure 1.6.
The most common mode is the canonical standard mechanism (Laskowski,
1968; Laskowski & Kato, 1980). Thereby, a distinct reactive site loop
of the protease inhibitor enters the active center of the protease in a
substrate-like manner. Hence, to fully understand the biological role of
a protease, it is indispensable to have information about their natural
inhibitors as well. For this reason, MEROPS included a platform for

protease inhibitors to comply with this need for an integrated information
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source. Together with their inhibitors, proteases are key regulators of
a versatility of physiological processes. Those include post-translational
modifications (Berezniuk et al., 2012) or the initiation and transmission of
signaling cascades, for example, in apoptosis or blood clotting (Turk, 2006;
Martinez et al., 2012). More plant-specific proteolytic functions concern
fruit ripening (van der Hoorn, 2008), hormone signaling (Li et al., 2001),
the mobilization of storage proteins of seeds and tubers (Grudkowska &
Zagdanska, 2004) and responses to abiotic and biotic stress factors (Kriiger
et al., 2002; Tian et al., 2004; van der Hoorn, 2008; van der Linde et al.,
2012a).

1.3.1 Protease—protein inhibitor interactions in
plant—pathogen associations

In the field of biotrophic plant associations, the interaction between pro-
teases and inhibitors at the plant—pathogen interface have received great
attention as they are instrumental in deciding the fate about compatibility
or disease resistance (Ryan, 1990; Xia, 2004; Kamoun, 2006; van der Hoorn,
2008; Shindo & van der Hoorn, 2008). The following two examples shall
illustrate the versatility of how protease—protein inhibitor interactions can
influence the outcome of biotrophic associations.

In the U. maydis—maize pathosystem, the maize protease inhibitor CC9
is induced upon infection and inhibits at least five different endogenous
defense-related apoplastic cysteine proteases (van der Linde et al., 2012a;
van der Linde et al., 2012b). This inhibition is necessary for pathogenicity
as silencing of CC9 led to a strongly reduced fungal colonization. Fur-
thermore, the expression of CC9 seems to be actively promoted by the
fungus, as CC9 is not induced by infection with a U. maydis pep1 deletion
strain, that results in an incompatible interaction and elicits a defense

response (Hemetsberger et al., 2012). It is therefore assumed that the
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protease inhibitor CC9 is an endogenous compatibility factor, essential to
suppress host immunity and to cause disease (van der Linde et al., 2012a).
In addition, recent studies identified another player in this scene as the
secreted U. maydis protease inhibitor Pit2 also targets several of the CC9
inhibited cysteine proteases (Mueller et al., 2013). The reason for this dual
targeting of apoplastic proteases is not clear yet, however, the authors
argue for spatial and temporal reasons given by the differential induction
of the inhibitors during the biotrophic interaction (Mueller et al., 2013).

Another interesting example of protease—protein inhibitor interactions
evolves around the secreted cysteine protease Rer3 from tomato (Kriiger
et al., 2002). The secreted protein effector Avr2 from the fungus Cladospo-
rium fulvum, but also the effector GrVAP1 from the nematode Globodera
rostochiensis bind and inhibit Rer3 (Rooney et al., 2005; Lozano-Torres
et al., 2012). However, in contrast to other effectors from Phytophtora
infestans that also target Rer3 (Song et al., 2009), the Avr2-Rer3 and
GrVAP1-Rer3 complexes elicit a hypersensitive response, but only in
tomato plants expressing the extracellular immune receptor Cf-2. This
indicates that Cf-2 guards the virulence target Rcr3 and provides disease
resistance upon recognition of the modifications produced on Rcr3 by
interaction with Avr2 and GrVAP1 (Kriger et al., 2002; Rooney et al.,
2005; Lozano-Torres et al., 2012), whereas the modifications on Rer3 when
interacting with the P. infestans effectors are not monitored by Cf-2 (Song
et al., 2009).

1.3.2 Kunitz protease inhibitors

The proteins KPI1106 and KPI104, which are the main subjects of this
work, belong to the class of Kunitz protease inhibitors (KPI), as they
contain a C-terminal soybean trypsin inhibitor domain (PF00197). This

class of inhibitors is termed according to M. Kunitz, who identified the first
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member of this family in soybean meal and showed its inhibitory activity
against trypsin (Kunitz, 1946; Kunitz, 1947a; Kunitz, 1947a). The protein
was thus referred to as soybean trypsin inhibitor (STI; EMBL database:
AB112033.1) and its interaction with trypsin became a model system to
study the mechanisms of protease inhibition and protease—protein inhibitor
interactions (Blow & Sweet, 1974; Sweet et al., 1974; Song & Suh, 1998).

By now, based on the characteristic of single Kunitz domains to fold
into stable proteins, KPIs became of great interest in the medical field
with regard to the production of engineered pharmaceutical drugs (Nixon
& Wood, 2006). A deregulated proteolytic function is often attached with
pathological conditions, such as cancer and cardiovascular disorders (Drag
& Salvesen, 2010; Scott & Taggart, 2010) and the control of aberrant
proteolysis by engineered protease inhibitors provides an opportunity for
therapeutic intervention (Nixon & Wood, 2006). Furthermore, KPIs often
occur in venoms of some invertebrates, for example in cnidarians (Schweitz
et al., 1995; Minagawa et al., 2008), in the mollusc cone snails (Bayrhuber
et al., 2005; Dy et al., 2006), in arachnids (Yuan et al., 2008; Zhao et al.,
2011), or in snakes (Strydom, 1973; Zupunski et al., 2003). In those
toxins, the KPIs either act as protease inhibitors or have an ion channel
blocking activity, which, by the virtue of the effects on predator animals,
are essential for survival of those toxin-producing organisms (Fry et al.,
2009).

In the following, focus will be narrowed to plant Kunitz protease in-
hibitors. Most of the so far characterized plant KPIs were isolated from
the protein-rich seeds of legumes (Birk, 2003). Based on their inhibiting
preference towards serine proteases, a molecular mass between 18 and
22kDa, and their ternary structure being predominantly stabilized by two
disulfide bonds, those leguminous KPIs were included into the MEROPS
I3 family (Rawlings et al., 2004; Oliva et al., 2010). The biological roles

of seed-located KPIs are either to serve as storage proteins, and thus pro-
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viding an important nitrogen source for germination (Wilson et al., 1988;
de Souza Céndido et al., 2011), or in the combat of herbivore consumers
by interfering with digestive proteases (Srinivasan et al., 2005). In rice
and some other monocots, seed-located KPIs that exhibit an additional
inhibitory activity against endogenous a-amylases were identified. A possi-
ble role in the prevention of precocious germination is proposed (Mundy
et al., 1983; Nielsen et al., 2004; Yamasaki et al., 2006). Furthermore,
KPIs are induced in leaves of various plant species upon wounding or by
herbivore challenge (for example: Green & Ryan, 1972; Haruta et al., 2001;
Jiménez et al., 2008; Major & Constabel, 2008; Oliva et al., 2011), as
well as during plant—pathogen interactions (for example: Valueva et al.,
1998; Li et al., 2008; Huang et al., 2010; Odeny et al., 2010). Among
them, KTI1 of A. thaliana, that is induced in response to culture filtrates
from Erwinia carotovora (Li et al., 2008). Moreover, KPI-encoding genes
were up-regulated in some legumes when engaged in root nodule symbiosis
(Manen et al., 1991; Lievens et al., 2004), suggesting a specific function in

mutualistic plant-microbe associations.

1.3.3 Mycorrhizal-induced Kunitz inhibitors
in M. truncatula

The contigs TC106351 and TC100804 of the M. truncatula DFCI Gene
Index (MtGI) encode for two putative Kunitz protease inhibitors named
KPI106 and KPI104, respectively. Recent studies performed in our group
revealed the induction of KPI106 and KPI104 in response to diffusible
molecules of the AM fungus R. irreqularis as well as during early stages
of mycorrhizal symbiosis (Kuhn et al., 2010). Kuhn et al. (2010) further
showed that KPI106 is induced in dmi2 mutants, which indicates that the
induction of KPI106 is not dependent on the common signaling pathway.

In addition, previous transcriptomic studies revealed that expression of
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KPI106 and KPI10/4 is also maintained during later stages (Liu et al.,
2003; Wulf et al., 2003; Grunwald et al., 2004; Hohnjec et al., 2005; Liu
et al., 2007; Guether et al., 2009a; Gomez et al., 2009; Gaude et al., 2012),
suggesting their importance throughout the entire symbiosis. In this work,
the question about the distinct biological roles of KPI106 and KPI104 in

arbuscular mycorrhizal symbiosis shall be addressed.

1.3.4 Proteases in arbuscular mycorrhizal symbiosis

Independent transcriptome analyses revealed that next to the up-regulation
of protease inhibitor genes, mainly three types of proteases are specifically
induced during mycorrhizal symbiosis. Those include papain-like cysteine
proteases, subtilases and serine carboxypeptidases (Liu et al., 2003; Guimil
et al., 2005; Hohnjec et al., 2005; Kistner et al., 2005; Gomez et al., 2009;
Breuillin et al., 2010; Gaude et al., 2012). The subtilase family of L.
japonicus as well as the M. truncatula serine carboxypeptidase 1 (SCP1)
were part of recent research and shall be shortly introduced in the following

sections.

1.3.4.1 The subtilase family of L. japonicus

Subtilases are one of the major classes of serine proteases and are charac-
terized by the primary sequence order of their catalytic triad Asp, His, and
Ser (Dodson & Wlodawer, 1998). The two L. japonicus subtilases SbtM1
and SbtM3 are exclusively expressed during mycorrhizal symbiosis and
are transcriptionally induced by the common signaling pathway (Takeda
et al., 2011). SbtM1 is expressed in cells containing intracellular hyphae
as well as in cells that belong to the cell file that lies ahead of the fungal
colonization front (Takeda et al., 2009; Takeda et al., 2012). Subcellular
localization of a fusion protein composed of the SbtM1 signal peptide

and the Venus fluorescent protein, by expression under the native SotM1
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promoter, indicated that SbtM1 is secreted into the apoplast as well as into
the PAS (Takeda et al., 2009). Furthermore, silencing of either of SbtM1 or
SbtM3 caused a decrease in intraradical hyphal and arbuscule abundances.
It is thus assumed that both subtilases would cleave a substrate located at
the plant—fungal interface and that this cleavage is crucial for the formation
of arbuscules (Takeda et al., 2009).

1.3.4.2 M. truncatula serine carboxypeptidase 1

Serine carboxypeptidases represent another major group of serine proteases
and contain a catalytic triad in the sequence order Ser, Asp, His (van der
Hoorn, 2008). An interesting feature about SCPs is the variety of the
reactions they catalyze. In the Arabidopsis mutant sngl, Lehfeldt et al.
(2000) identified the affected gene to display all sequence features that
are characteristic for SCPs. However, instead of hydrolytic activity, they
found SNG1 to catalyze a trans-esterification, and thus acting as an
acyltransferase. Analyzing the structure—function relationship between
SCPs and SCP-like acyltransferases in Arabidopsis, Stehle et al. (2009)
found that SCPs exhibiting hydrolytic activity contain the characteristic
pentapeptide ~-GESYA— around their catalytic Ser residue. In contrast,
SCP-like acyltransferases reveal -GDSYS— instead, suggesting that they
evolved by neofunctionalization from a hydrolytic ancestor (Stehle et al.,
2009).

In M. truncatula, the contig TC106954 (MtGI) encodes a predicted
serine carboxypeptidase, named SCP1, which has been identified in many
transcriptome analyses to be induced during mycorrhizal symbiosis (Liu
et al., 2003; Hohnjec et al., 2005; Liu et al., 2007; Floss et al., 2008b;
Gomez et al., 2009; Gaude et al., 2012). SCP1 is mainly expressed in
arbusculated and adjacent cortical cells (Liu et al., 2003; Gomez et al.,
2009; Pumplin & Harrison, 2009). Furthermore, similarly to SbtM1, SCP1
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is also expressed in regions of outer cortical cells in which the underlying
inner cortex is colonized (Liu et al., 2003). Pumplin & Harrison (2009)
used a SCP1promoter:GFP reporter to co-localize with different organelle
markers to monitor cellular dynamics in cortical cells during arbuscule
development. A closer inspection of these stunning images shows that
the GFP fluorescence is stronger in the developing and mature arbuscules
in contrast to collapsing arbuscules. This suggests that SCP1 is rather
required during arbuscule development than for arbuscule turnover. The
specific function of SCP1 has not been analyzed so far. However, the
results of this work reveal that SCP1 is crucial for arbuscule development
as silencing of SCP1 and homologous serine carboxypeptidases led to a

defective arbuscule phenotype.

1.4 Aim of this study

The crucial role of protease—protein inhibitor interactions in plant—pathogen
associations is evident, and the number of examples illustrating this is
steadily increasing. However, knowledge about the functional role of pro-
teases and their inhibitors in symbiotic associations is limited. KPI106
and KPI104 belong to a small family of M. truncatula genes that en-
code putative Kunitz protease inhibitors and are exclusively expressed
during mycorrhizal symbiosis. The question about their biological role
in arbuscular mycorrhizal symbiosis will be addressed in this work. By
means of in silico analyses and structure modeling, the putative Kunitz
inhibitors will be examined for typical sequence features in order to in-
tegrate them into the population of the characterized plant KPIs and
to further assign their predicted biochemical function. As a previously
employed loss-of-function approach to silence KPI106 and KPI10/4 did

not result in an effect on the symbiosis, their function shall be further
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investigated by deregulation of their spatio-temporal expression. Using
directed and non-directed approaches, putative target proteases of the
mycorrhizal-induced Kunitz inhibitors shall be unraveled. Thereby, this
study elucidates that several members of a family of M. truncatula serine
carboxypeptidases interact with individual members of the Kunitz family.
The arising question whether putative tandem interactions between the
KPIs and the SCP proteins might occur will be discussed in this work.
Finally, by means of a reverse genetics approach the biological role of
the KPI-interacting SCPs in arbuscular mycorrhizal symbiosis shall be

addressed.
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CHAPTER 2

RESULTS

2.1 A family of Kunitz protease inhibitors
is induced in M. truncatula
during AM symbiosis

A detailed sequence analysis of KPI106 and KPI104 within the M. trun-
catula genome (hapmap 3.5) revealed the presence of a large family of 25
genes encoding for putative Kunitz protease inhibitors. Figure 2.1 illus-
trates the resulting phylogenetic tree based on cDNA sequences, in which
the STT of Glycine maz (Kunitz, 1946; EMBL database: AB112033.1)
was included as outgroup. The tree shows that KPI106 and KPI10/
cluster within a distinct subfamily that is composed of six members. In
silico analysis of expression using the M. truncatule Gene Atlas (MtGEA)
showed that only those genes within this cluster are mycorrhizal-induced.

This is consistent with Grunwald et al. (2004), revealing the induction
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Figure 2.1: Phylogenetic tree of Kunitz inhibitor genes in the M. truncatula
genome. Blast searches of KPI106 and KPI10j against the hapmap 3.5 database
revealed 25 Kunitz inhibitor genes within the M. truncatula genome, whereas KPI106
and KPI104 cluster in a predicted mycorrhizal-induced subfamily (black dots; MtGEA
probeset IDs in gray). AC158047 2%* is a partial C-terminal sequence and was therefore
not included in further experiments. KPIc was predicted as not being expressed during
AM symbiosis and will therefore be used as control in further experiments. The Kunitz
inhibitor STI of G. maz was used as outgroup. The tree is based on cDNA sequences
and was constructed using the Neighbor-Joining algorithm and numbers represent
bootstrap supported values.
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Figure 2.2: Expression of selected KPIs in R. irregularis colonized M. trun-
catula hairy roots. All predicted mycorrhizal-induced KPIs were expressed in R.
irregularis colonized M. truncatula hairy roots, whereas the control inhibitor KPlc was
not expressed. Fungal abundance within the root samples are indicated by quantification
of the R. irregularis houskeeping gene RiTEF. The relative expression levels of the M.
truncatula symbiotic phosphate transporter PT4 indicate the activity of mycorrhizal
symbiosis. All relative expression values are represented by means of three independent
biological replicates and standard deviations are indicated with error bars and numbers.
All values were normalized to M. truncatula TEF.

of five putative Kunitz protease inhibitor genes in M. truncatula roots
when colonized by G. mossae. Following the nomenclature adopted for
KPI106 and KPI104, the other mycorrhizal-induced KPIs were named
according to their contig annotation of the MtGI as KP111 (TC111102),
KPI102 (TC197802) and KPI105 (TC100805). The partial sequence of
AC150841 2 (indicated with * in Figure 2.1) could not be supported
by any TC assembly, and was thus excluded from the following analyses.
The putative Kunitz inhibitor named as KPIc is predicted (MtGEA) to
be mainly expressed in M. truncatula seeds and not during mycorrhizal
symbiosis and was thus used as a control inhibitor in further experiments.

Next, the expression pattern of those mycorrhizal-induced KPIs as
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well as KPIc were analyzed over a time course of 5dpi to 17dpi in the
M. truncatula/R. irregularis system. Results showed that the predicted
mycorrhizal-induced KPI genes were fully induced at 5dpi and expres-
sion maintains up to 17dpi, with KPI105 having higher transcript levels
throughout all time points analyzed (Figure 2.2). In fact, KPI105 and
KPI106 were expressed at low levels in non-mycorrhizal roots whereas
KPI104 and KPI111 were not. Furthermore, in accordance to the MtGEA,
KPIc was not expressed in colonized or non-colonized M. truncatula roots.
The mycorrhizal status of the tested root samples was assessed by quan-
tification of the R. irreqularis housekeeping gene RiTEF, corresponding to
the amount of fungus, as well as the M. truncatula symbiotic phosphate
transporter PT/ (Harrison et al., 2002; Javot et al., 2007) indicative of the
symbiotic activity. The results revealed that both transcripts accumulate
parallel to the proceeding symbiosis.

A common feature for the classification of Kunitz inhibitors is their
content in cysteines attended by the number of disulfide bonds (Rawlings
et al., 2004). An alignment of the amino acid sequences of the mycorrhizal-
induced KPIs revealed that all proteins contain six conserved cysteines,
indicative of three putative disulfide bonds (Figure 2.3a). This is in
contrast to most described leguminous Kunitz inhibitors that only contain
two disulfide bonds, as for example, the prominent STI from G. maz
(Kunitz, 1947b; Rawlings et al., 2004; Oliva et al., 2010). According to
MEROPS, plant KPIs including STI (MEROPS ID: 103.001) belong to
the I3A family of protease inhibitors. However, blast searches of KPI106
against MEROPS revealed that apparently all mycorrhizal-induced KPIs
are classified into group I3B, that includes so far only the two protease
inhibitors from Sagittaria sagittifolia API-A (MEROPS ID: 103.006) and
API-B (MEROPS ID: 103.007). From the crystal structure of API-A, it
is evident that the protein is stabilized by three disulfide bonds spanning
between Cys3*-Cys®, Cys'39-Cys!4® and Cys'4!-Cys!** (Bao et al., 2009).
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Figure 2.3: Domain structure of mycorrhizal-induced KPIs. (a) Amino acid
alignment of mycorrhizal-induced KPIs shows conservation of six cysteine residues (red)
as in the protease inhibitor API-A from S. sagittifolia, whose crystal structure is already
solved. In contrast, STI from G. max and KPIc only contain four conserved cysteines.
(b) Mycorrhizal-induced KPIs contain an N-terminal secretion signal peptide and a
C-terminal Pfam PF00197 STI domain. Three putative disulfide bonds in analogy to
API-A are indicated in black brackets.
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Comparison of the API-A and KPI sequences showed that indeed all
cysteine residues are conserved between them (Figure 2.3a), suggesting
that the mycorrhizal-induced KPIs possess the same disulfide bond pattern
as API-A (Figure 2.3b). Additionally, all deduced KPI protein sequences
are predicted to contain an N-terminal secretion signal peptide (SignaldP;
Target4P) and a soybean trypsin inhibitor domain of protease inhibitors
(Pfam PF00197; Figure 2.3b).

2.2 KPI homologs in other plant species

So far, the MEROPS database only contains two members within the 13B
group of plant Kunitz protease inhibitors. To investigate the occurrence
of potential homologs of the mycorrhizal-induced KPIs among other plant
species, a blastx screen with the KPI106 cDNA sequence against the NCBI
database was carried out. The phylogenetic tree in Figure 2.4 highlights the
best 50 hits of the identified proteins, whereas sequences within the genera
of Medicago were not considered. In analogy to the tree of Figure 2.1, the
STI was used as outgroup. As expected, the closest homologs of KPI106
were found among other legume species including chickpea (Cicer), soybean
(Glycine) and Lotus as another representative of clover. In addition, several
larger families of KPI homologs were identified in the more distant related
genera of grapevine ( Vitis ) and poplar (Populus).

With attention to the distribution of cysteines among the identified
homologs, the amino acid sequences of their respective C-termini were
aligned (Figure 2.5). Results showed that, except for two Kunitz inhibitors
of the genus of Cucumis, all other identified homologs contain the conserved
four cysteines in this area, analogous to KPI106, but in contrast to STI that
only has two conserved C-terminal cysteines. This would indicate that the

triple disulfide bond feature is more common in plants than expected by
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Figure 2.4: Homologs of mycorrhizal-induced KPIs. The phylogenetic tree
contains the best 50 hits of a blastx screen of the KPI106 cDNA sequence against the
NCBI database. Most of the KPI106 (black dot) homologs are found in other legume
species including chickpea (Clicer), soybean (Glycine) and Lotus (all in greenish colors).
Two larger groups of homologs are present in poplar (red) and grapevine (blue). The
tree is based on protein sequences and was constructed using the Neighbor-Joining
algorithm. The conventional STI of G. maz (empty black dot) was used as outgroup,
and numbers represent bootstrap-supported values.
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Figure 2.5: Disulfide bond pattern of homologous KPI proteins. Amino acid
alignment of the C-terminal parts of the best 50 identified KPI106 homologs. The overall
majority of the homologous KPI proteins contains four conserved cysteine residues in
their respective C-termini, as does KPI106 (black dot). In contrast, STI (black circle,
bottom) only contains two conserved cysteine residues in this area.
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the I3B entry in the MEROPS database, assumed that those six conserved
cysteines lead to the formation of three disulfide bonds in all cases. It
further suggests that this feature might be related to a distinct function
when compared to KPIs of leguminous seeds, of which the overall majority
does not hold the triple disulfide bond pattern (Oliva et al., 2010).

2.3 Overexpression of the KPIs leads to a

mycorrhizal phenotype

To functionally characterize the mycorrhizal-induced KPIs, an RNAi ap-
proach to silence KPI106 and KPI10 was already performed within
frame of my Diploma thesis. However, reduction of the single KPI106 and
KPI104 transcripts did not result in an obvious effect on the symbiosis
(see Figures S1 and S2).

In this work, to further investigate the function of these proteins, an
overexpression approach to deregulate the spatio-temporal expression of
KPI106 and KPI104 by constitutive expression under the cauliflower mo-
saic virus 35S promoter was carried out. The overexpression was confirmed
by PCR on ¢cDNA of non-mycorrhizal roots, revealing that KPI106 and
KPI104 transcripts are present in all analyzed samples, in contrast to
non-mycorrhizal control roots carrying an empty vector (Figure 2.6a).
Microscopical examination of the WGA-fluorescein stained mycorrhizal
roots revealed an altered mycorrhizal morphology with a remarkable high
amount of malformed arbuscules in KPI overexpressing roots, in contrast
to the control roots (Figure 2.6b—d). Quantification of fungal coloniza-
tion confirmed these morphological observations, and showed that the
overall abundance of mature arbuscules in the overexpression roots was
significantly reduced when compared to the control roots (Figure 2.7). In

addition, whereas frequency and intensity of the mycorrhizal colonization
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Figure 2.6: KPI106 and KPI104 overexpression leads to a mycorrhizal phe-
notype. (a) KPI106 and KPI104 transcripts were detectable in cDNA samples of
non-mycorrhizal overexpression lines, but not in the control line carrying an empty
vector. (b—d) Confocal microscopy of WGA-fluorescein stained mycorrhizal roots at
17dpi. In KPI overexpressing roots, many malformed arbuscules (red arrowheads)
were visible and the intraradical hyphae were often septated (white arrowheads) when
compared to the control roots. Morphological observations in the mycorrhizal hairy
root lines p35S:KPI106-2 and p35S:KPI1104-2 did not differ from the ones presented in
this figure. Images represent maximum projections of z-stacks.
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Figure 2.7: Quantification of mycorrhizal colonization in KPI overexpress-
ing roots. Quantification of mycorrhizal colonization at 17 dpi revealed a significant
reduced number of mature arbuscules (red columns) in the overexpression lines, whereas
the frequency (blue columns) and intensity of colonization (orange columns) within the
root fragments did not differ from those in the control roots. Bars represent means of
the number of root fragments, and errors indicate standard deviations. n: number of
root fragments; **: p-value < 0.01; *: p-value < 0.05.

within the root fragments was similar in all lines, the fungal hyphae in
the overexpression lines were often septated, which is a morphological
signature for cell death in AM fungi (Bonfante-Fasolo, 1984).

To further dissect this arbuscule phenotype, the transcript abundances
of the mycorrhizal markers PT/4 (Harrison et al., 2002; Javot et al., 2007)
and the symbiotic monosaccharide transporter MST2 of R. irregularis
(Helber et al., 2011) were quantified at 17 dpi, consistent with the time
point of mycorrhizal quantification. Results revealed that both genes are
appropriately expressed in the KPI overexpression roots when compared
to the control roots (Figure 2.8). Interestingly, the KPI104 transcript was
almost 100-fold more abundant in overexpression line 1 (p35S:KPI104-1;
Figure 2.8) compared to line 2 (p35S:KPI104-2), indicating that in this
root line the T-DNA integration might have occurred into a more transcrip-

tionally active locus or that several T-DNA copies were integrated into
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Figure 2.8: Dissecting the KPI overexpression phenotype: Quantification
of mycorrhizal markers. Transcript abundances of three independent biological
replicates (indicated with #) of each hairy root line at 17dpi. Expression levels of
KPI106 and KPI104 in the overexpression lines did not exceed their native expression
within the control roots at 17dpi. The mycorrhizal markers PT4 and RiMST2 are
appropriately expressed in all tested samples, assigning the arbuscule phenotype to
be PT/ independent. RiMST2 and the R. irregularis housekeeping gene RiTEF are
comparable in all lines, indicative of fungal viability. Errors represent standard devia-
tions of three technical replicates and bars show relative expression values normalized
to MtTEF, or RiTEF in case of RiMST2.
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the genome. Additionally, the mycorrhizal markers in p35S:KPI104-1 are
also higher expressed. However, compared to the transcript abundance of
RiTEF, the induction of those may rather be due to the higher fungal abun-
dance within those roots. Moreover, Figure 2.8 shows that constitutive
expression of the KPIs under p35s does not exceed their native expression
in the mycorrhizal empty vector control roots at 17 dpi, indicating that it
is not the overexpression per se but the disruption of their spatio-temporal
expression what causes the mycorrhizal phenotype. Gutjahr & Parniske
(2013) and Groth et al. (2013) propose that arbuscule development is
associated with two distinct waves of gene induction in planta. Therefore
arbuscule phenotypes were grouped as either PT4 dependent or indepen-
dent, according to the absence or presence of the PT/ transcript in the
respective colonized mutants. The arbuscule phenotype produced by KPI
overexpression can thus be assigned as PT4 independent (Figure 2.8).
Furthermore, the arbuscule phenotype seems not to be caused by a lower
fungal viability, as expression of R. irregularis MST2 and TEF in the
KPI overexpression roots did not significantly differ from those in the
empty vector control roots, consistent with the microscopically determined

colonization levels (see Figure 2.7).

2.4 KPI106 and KPI1104 interact with a

M. truncatula cysteine protease

To identify potential targets of KPI106 and KPI104, a non-directed Gal4-
based yeast two-hybrid assay was carried out as part of my Diploma Thesis.
Thereby, the KPI106 bait protein was used to screen a cDNA library of
mycorrhizal M. truncatula roots and 156 positive clones were identified.
Thereby, the intensity of the identified interactions, indicated by expression

of the o-Gal reporter, as well as the presence of an N-terminal secretion
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signal peptide of the interacting proteins were used as selection criteria
for putative interaction partners. Results revealed a strong interaction
between KPI106 and a clone encoding 150 aa of the carboxy-terminal part
of a secreted M. truncatula cysteine protease (CP; see also Table S1).

To follow up these results, the complete CP open-reading frame could
be mapped to the MtGI contig TC133093. Under the contigs IMGAG
50810 1.1 and 50810_1.2, the CP sequence can be accessed in the genome
assembly of the J. Craig Venter Institute (Figure 2.9a). According to the
MtGEA (Mtr.10398.1), CP is predicted to be expressed ubiquitously in
various plant tissues. To integrate the expression pattern of CP with the
proceeding mycorrhizal symbiosis, CP transcript levels were analyzed in
the same cDNA samples used for the time course analysis of the KPIs
(see Figure 2.2). Results showed that CP is highest expressed in mock
inoculated roots, consistent with the prediction of the MtGEA. Further-
more, the results revealed that CP expression slightly differs between the
analyzed mycorrhizal time points (Figure 2.9b).

Next, the full-length CP protein, without its signal peptide was tested
for interaction with KPI106 as well as with KPI104, and in both cases a
positive interaction was found (Figure 2.9c). To verify these interactions,
a subsequent in wvitro pulldown experiment was performed. Therefore,
the proteins were heterologously expressed in the FE. coli BL21 strain.
The amino-terminus of CP was thereby fused to GST, whereas KPI106
and KPI104 were expressed as N-terminal 6 xHis-tagged versions. The
a-His probed western blot in Figure 2.9d shows that CP-GST was able
to successfully pulldown 6xHis-KPI106 and 6xHis-KPI104 out of an
E. coli crude extract, whereas in the negative controls no unspecific
binding of the 6 xHis-tagged KPIs to the GST itself or the agarose matrix
was observed (see Figure S3 for the according o-GST western blots).
The weak bands in the 6xHis-KPI106 input and pulldown lanes result

from excessive aggregation of 6xHis-KPI106 in inclusion bodies, and
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Figure 2.9: Interaction of KPI106 and KPI104 with a M. truncatula cysteine
protease. (a) The full length cDNA sequence of CP was found on TC133093 in the
MtGI and on IMGAG_50810_1.1/2. (b) CP is not mycorrhizal-induced and was
expressed at highest in mock-treated roots. The CP expression pattern differed at
distinct time points during mycorrhizal symbiosis. CP expression was normalized to
TEF and error bars are standard deviations of three independent biological replicates.
(c¢) KPI106 and KPI104 show a strong interaction with CP in the yeast two-hybrid
system. (d) In vitro GST pull-down of 6xHis-KPI106 and 6xHis-KPI104 by GST-CP
out of an E. coli crude extract. The a-His western blot shows bands of 6 xHis-KPI106
and 6xHis-KPI104 in lanes were GST-CP was used as input, in contrast to the negative
controls using free GST as bait. (e) In silico analysis of the CP protein sequence.
The N-terminal secretion signal peptide is followed by an autoinhibitory pro-domain
carrying the -NPIR~ vacuolar sorting motif and a C1A domain of papain proteases
including the predicted catalytic residues Cys'57, His?97 and Asn317.
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thus less protein was available for the pulldown experiment. The CP
protein sequence is predicted to contain an N-terminal secretion signal
peptide, followed by an autoinhibitory pro-domain and a C1A domain
of papain proteases harboring the catalytic residues Cys'®7, His?**7 and
Asn3'7 (Figure 2.9¢). However, a more detailed sequence analysis revealed
that the CP autoinhibitory pro-domain contains the -NPIR— vacuolar
sorting motif (Ahmed et al., 2000; Richau et al., 2012), and therefore the
interaction of CP with KPI106 and KPI104 taking place in the apoplast
seems unlikely. However, it cannot be excluded that the proteins interact
in vivo as they all pass through the secretory pathway.

In parallel, to ascertain whether CP played a possible role in AM sym-
biosis, an RNAi approach was carried out. Figure 2.10a shows successful
silencing of CP in two M. truncatula root lines by quantitative real-time
PCR. In mycorrhizal CP-silenced roots, many arbuscules were irregularly
shaped (Figure 2.10b) and analysis of arbuscule abundances confirmed
this observation as significantly less mature arbuscules were quantified
in CP-silenced roots when compared to the empty vector control roots
(Figure 2.10c). Whereas the frequency of colonization was comparable, the
overall intensity of mycorrhizal colonization within the root fragments was
lower in the CP-silenced roots when compared to the control. This was
not the case in the phenotype produced by the overexpression of KPI106
and KPI104.

Analysis of the mycorrhizal markers at 17dpi showed comparable
amounts of the PT4, RiMSTZ2 and RiTEF transcripts in CP-silenced
and control roots (Figure 2.11a), that was also observed in colonized
KPI106 and KPI104 overexpressing roots at 17 dpi (compare Figure 2.8).
In contrast, CP-silenced roots showed morphological abnormalities includ-
ing a brownish color and a bushy growth when compared to the control
roots (Figure 2.11b—c). This indicates that the mycorrhizal phenotype
produced by CP-silencing might be non-specific.
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Figure 2.10: Silencing of CP in M. truncatula hairy roots. (a) qPCR analysis
confirmed silencing of CP (normalized to TEF) in two M. truncatula hairy root lines.
Error bars represent means of three technical replicates. (b) Arbuscules at 17 dpi in
RCP roots were irregularly shaped (red arrow heads) when compared to the control
roots (green: WGA-fluorescein). Images are maximum projections of z-stacks. (c)
Quantification of mycorrhizal colonization revealed a significant less number of mature
arbuscules (red column) and a lower colonization intensity of the root fragments (orange
column) in both RCP lines, in contrast to the control roots. **: p-value < 0.01.
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Figure 2.11: The phenotype produced by CP-silencing is non-specific. (a)
Mycorrhizal markers PT/ and RiMST?2 as well as the fungal housekeeping gene RiTEF
showed comparable expression levels in the CP-silenced and empty vector control lines
at 17dpi. Bars represent relative expression levels in three independent biological
replicates (indicated with #) of each line. Errors represent standard deviations of
three technical replicates. Values were normalized to MtTEF, or RiTEF in case of
RiMST2. (b) CP-silenced roots on MS phytagel plates for propagation showed a
brownish coloring and a bushy growth compared to control roots, suggesting that the
mycorrhizal phenotype of CP-silencing might be non-specific.
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Figure 2.12: Individual interaction affinities between KPIs and mycorrhizal-
induced proteases. The Kunitz inhibitors showed individual interaction patterns with
the mycorrhizal-induced proteases SCP1 and SbtM1. Controls include the interactions
of the KPIbait proteins with the Gal4 activation domain (Gal4-AD) and the previously
identified CP (see Figure 2.9a for CP interaction with KPI106 and KPI104). KPIc as
control Kunitz inhibitor did not interact with any of the tested proteases, confirming
the specificity of the identified interactions. Interaction of the yeast proteins p53—T
and Lam—T served as positive and negative control, respectively.

2.5 KPIs show individual interaction patterns

with mycorrhizal-induced proteases

Coupled with the induction of protease inhibitors, some proteases were
reported to be exclusively expressed during mycorrhizal symbiosis (sum-
marized in Takeda et al., 2007). Among them, the currently investigated
M. truncatula serine carboxypeptidase SCP1 (Liu et al., 2003; Pumplin &
Harrison, 2009) and the L. japonicus subtilase SbtM1 (Takeda et al., 2009;
Takeda et al., 2011), which was already shown by Takeda et al. (2009) to
be crucial for arbuscule development, were considered to display potential
targets of the KPIs. To test this hypothesis, a direct yeast two-hybrid
assay was performed to analyze the interactions of the KPIs with SCP1
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and the M. truncatula closest homologue of SbtM1 (AW584611; MtGI). In
accordance to the CPprey construct (see Figure 2.9¢), the coding regions
of SCP1 and SbtM1 without the secretion signal peptide but including
the N-terminal prodomain were amplified and cloned into the prey vector.
In addition, CPprey was used as internal positive control for the assay;
however, in the following only the interactions of CP with KPI105 and
KPI111 shall be presented, as the interactions with KPI106 and KPI104
did not differ from the results presented in Figure 2.9c. Furthermore, to
confirm specificity of the interactions, all proteases were tested for interac-
tion with the control inhibitor KPIc (Figure 2.1). KPIc is not expressed
in mycorrhizal M. truncatula roots (compare Figure 2.2); therefore KPIc
should not interact with any of the mycorrhizal-induced proteases. More-
over, all tested KPI bait proteins (expressed as Gal4 DNA-binding fusions)
were tested for interaction with the Gald activation domain (Gal4-AD) to

exclude self-activation of the reporter genes (Figure 2.12).

Results showed that, despite the high sequence similarity among the
KPIs, individual interaction affinities could be observed for each one. Thus,
whereas KPI106 showed a strong affinity for SCP1 and CP, KPI111 only
interacted with SCP1. Moreover, KPI104 interacted with CP, whereas
KPI105 did not interact with any of the tested proteases. None of the
Kunitz inhibitors interacted with SbtM1. Most importantly, KPIc did not
interact with any of the tested proteases confirming the specificity of the

identified interactions with the mycorrhizal-induced KPIs.

In order to further characterize the interactions of the protease SCP1,
an in silico approach was employed. With respect to the mycorrhizal
phenotype observed for the KPI106 overexpression, the tandem of KPI106
and SCP1 was chosen for further analysis and results shall be presented in

the following section.
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2.6 KPI106 Lys'™ as putative P; residue

2.6 KPI1106 Lys'"3 is involved in the interaction
with the protease SCP1

The most common operating mode of proteinaceous protease inhibitors is
the canonical standard mechanism (Laskowski, 1968; Laskowski & Kato,
1980). Thereby, a single reactive-site peptide bond is used to mimic the
substrate of the protease, the so-called scissile bond (Ozawa & Laskowski,
1966; Laskowski & Qasim, 2000). The corresponding residues next to the
scissile bond are labeled Py, P5, and so on in N-terminal- as well as Pq-,
P5-, and so on in C-terminal direction. To analyze the KPI106—-SCP1
tandem in more detail, three-dimensional structure models of the two
proteins were constructed and in silico docking was performed in order to
map the interaction site between the two proteins. It should be noticed
that the following protein models, the in silico docking as well as the
three-dimensional structure alignments were carried out in frame of the
Bachelor thesis of Sven Heidt (2012, KIT).

The models for SCP1 and KPI106 were constructed based on homology
modeling by using the structure prediction server PHYRE? that revealed
the crystal structure of the protease inhibitor API-A (Bao et al., 2009)
as best template model for KPI106. In Figure 2.13a—b the two models
show a comparable arrangement of the three characteristic disulfide bonds.
Furthermore, Lys'%® has been experimentally assigned as the P; residue in
API-A (Bao et al., 2009) that is located in an exposed position of a distinct
loop formed by two of the disulfide bonds (Figure 2.13a). Accordingly, the

173) in an analogous

structure model of KPI106 also contained a Lys (Lys
position (Figure 2.13b). Furthermore, in silico docking with SCP1 revealed
that a loop ranging from Cys'%* to Cys!'"® of KPI106 perfectly matches the
active pocket of SCP1, which harbors the predicted catalytic triad Ser?2¢,

Asp*™* and His*®® (Figure 2.13c). Moreover, KPI106 Lys!'"is in close

47



2 Results

) = < ¢

Bl 2o

—)

x‘)) A P
Figure 2.13: In silico docking of KPI106 with SCP1. The structure model
of the protease inhibitor API-A (a) served as template to model KPI106 (b). The
arrangement of the three disulfide bonds (yellow) is comparable in both models and
KPI106 contains a Lys (Lys173) at the same position as the P; residue Lys!69 of API-A.
(c) In silico docking of KPI106 (turquoise) and SCP1 (yellow) shows that a distinct
loop of KPI106 perfectly matches the active center of SCP1 that contains the catalytic
residues Ser?26, Asp?14 His%66. This conformation brings Lys'73 in close contact to the
catalytic Ser??6of SCP1, suggesting Lys'73 as putative P; of KPI106. Also highlighted
are the putative P;- Phel7™ and Py- Glul7® in KPI106. All structure models and in
silico docking were performed by S. Heidt.
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Figure 2.14: API-A P; Lys is conserved among the KPIs. Protein alignment
highlighting the area around the API-A P; residue Lys'%? (marked with *), that is also
conserved among the mycorrhizal-induced KPIs. According to their putative P;- and
Py~ residues (black dashed box), the mycorrhizal-induced KPIs were assorted into two
groups. Group 1 is represented by KPI106 contains —FE— (dark gray box), whereas
group 2, represented by KPI104, contains —VQ- in these positions (light gray box).
The disulfide bond formation of the putative reactive site loop is indicated with black
brackets and the respective cysteine residues are labeled in red.

contact to the catalytic Ser??% of SCP1, suggesting that Lys'™ could be the
Pyof KPI106. Comparison of the amino acid sequences of the mycorrhizal-
induced KPIs showed that this Lys residue is conserved among them
(Figure 2.14). A closer inspection of the residues next to this conserved
Lys revealed that the KPIs contained different residues at the designated
P, and Py positions. Based on that, the KPIs were categorized into two
groups. Group 1, represented by KPI106, contains Phe'™~Glu!"®, whereas
group 2, represented by KPI104, harbors the residues Val'”'~GIn'"? at the
putative P;- and Py~ positions. To experimentally assess the importance
of the conserved Lys as well as its adjacent residues, mutant versions of
KPI106 and KPI104 in which the respective residues were replaced by
site-directed mutagenesis, were analyzed for interaction with SCP1.

In the first step, the conserved Lys was mutated to Gly in both inhibitors,
and results showed that the interaction between SCP1 and KPI106X173G
was stronger than with KPI106. Moreover, in case of KPI104, the Lys'"°Gly
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Figure 2.15: Mutation of the KPIs Lysl73/170 to Gly affects interaction
affinity for SCP1. (a) The importance of the putative Py Lysl73/170 was assessed
by mutation to Gly. KPI1106Mv5173Gly showed a stronger interaction with SCP1 in a
yeast two-hybrid test, compared to KP1106. Furthermore, KP1104L¥s170Gly did interact
with SCP1 compared to KPI104. Controls: p53-T (positive), Lam-T (negative).
(b, ¢) Three dimensional structure alignments of the loops containing Lys!73/170 of
KPI106 (light green) with KPI104 (dark green, b) and KP1106%Ys173Gly (lilac) with
KPI104Lys170Gly (red, c) revealed that the Lys!73/170Gly mutation changes the steric
conformation of the adjacent residues. Three dimensional alignments were performed
by S. Heidt.

50



2.6 KPI106 Lys'™ as putative P; residue

bait -LW -LWHA prey

43 kDa

KPI1OGFE TV 34 kDa

dD

KPI104VQITIFE

O=c=Imyie

Figure 2.16: Putative P;- and P2- of KPI106 are necessary for the inter-
action with SCP1. (a) A chimeric version of KPI106, in which the putative Py -
and P3- residues were switched to the according residues of KPI104 (KPI106FF174VQ)
is not able to interact with SCP1 anymore, as does the analogous chimeric inhibitor
KPI104VQL7IFE  However, mutation of the putative P;- and Py~ residues did not affect
their interaction towards CP, indicating that Phe!7#-Glu!™ in KPI106 are specifically
necessary to mediate the interaction with SCP1. (b) o-c-myc western analysis of yeast
crude extracts confirmed the expression of the chimeric inhibitors KPT106FE174VQ
(40kDa) and KPI104VQI7IFE (39 kDa).

mutation enabled an interaction with SCP1 (Figure 2.15a). Figure 2.15b—c
shows three dimensional structure alignments of the KPI106 and KPI104

173/170

loops containing the native Lys with the mutated versions containing

Gly!'™/170 Tt is apparent that the Lys to Gly mutation leads to a torsion
within the loops that changes the steric conformation of the Lys!73/170

adjacent residues Phe!™-Glu!™ in KPI106 and Val'"'-GIn'"? in KPI104.

Thus, in a second step, the importance of those residues was assessed.
Therefore, chimeric versions of KPI106 and KPI104 in which the puta-
tive P1- and Ps- residues were switched were constructed, resulting in
KPI106FF174VQ and KPI104VQITIFE  Qubsequent yeast two-hybrid anal-
ysis revealed that the interaction between the chimeric KPI106¥E174VQ
and SCP1 was completely abolished, whereas the amino acid switch in

KPI104VRITIFE was not sufficient to allow interaction with SCP1 (Fig-
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ure 2.16a). Interestingly, both chimeric inhibitors were still able to interact
with CP and the strength of these interactions did not differ from those
obtained with the native inhibitors (see Figure 2.9c). In addition, to
exclude false negative results in case of the abolished SCP1 interaction,
the expression of both chimeric inhibitors was analyzed in yeast crude ex-
tracts. The western blot probed with o-c-myc in Figure 2.16b confirms that
KPI106FF174VQ and KPI104VQRITIFE were properly expressed, migrating
at 40kDa (KPI106"F174VQ) and 39 kDa (KPI104VRITIFE) " respectively.

Taken together, these data indicate that Lys'™ is likely the P; of
KPI106. In fact, this residue is conserved among all mycorrhizal-induced
KPIs and is important for the specificity and strength of the interaction
between two individual KPIs and the protease SCP1. Moreover, the
adjacent residues Phe!™-Glu'™ in KPI106 are even necessary to mediate
the interaction with SCP1, supporting the in silico docking model between
the two proteins, and suggesting that SCP1 might be the target protease
of KPI106 in vivo.

2.7 Subcellular localization of KPI1106,
KPI1104, and SCP1

The SignalP4.1 and TargetP1.1 servers predicted that all KPIs as well as
SCP1 contain an N-terminal secretion signal peptide, suggesting that the
proteins might be targeted to the apoplast. In a first attempt, KPI106,
KPI104, and SCP1 were expressed as C-terminal GFP fusions under control
of the 35S promoter in M. truncatula hairy roots. However, confocal
microscopy of the respective mycorrhizal roots revealed no distinct GFP
signal, compared to the high autofluorescence of the hairy roots (see
Figure S5). Thus, a second effort was made to verify secretion of those

proteins in a heterologous system, and the same GFP fusion constructs
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KRIL0G-GFP

GFP dsRed me

Figure 2.17: Localization of KPI106, KPI104 and SCP1. Heterologous expres-
sion of C-terminal GFP fusion proteins under the 35S promoter in N. benthamiana.
GFP fluorescence of KPI106-GFP, KPI1104-GFP, and SCP1-GFP was localized in dots
around the cell periphery and the nuclei, indicating the secretory pathway of the fusion
proteins. On the right, magnifications mark cell to cell border regions (white arrowhead).
The magnification in case of SCP1-GFP is taken from a different image, as in the
presented image on the left no adjacent cells were transformed. All images were created
by maximum projections of z-stacks. White scale bar: 25 pm.
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Figure 2.18: Localization controls. As control, CP-GFP that contains a vacuolar
sorting motif showed a continuous distribution throughout the cell periphery and around
the nucleus, whereas the weak GFP signal within the nucleus might be due to GFP
cleave-off processes. Free DsRed marked the nucleus and cytoplasm, fully coincident
with the localization of free GFP. On the right, magnifications mark cell to cell border
regions (white arrowhead). All images were created by maximum projections of z-stacks.
White scale bar: 25 pm.

were expressed in N. benthamiana epidermal cells. Free GFP as well as
the previously identified CP, which was also predicted to contain a signal
peptide but followed by the -NPIR- vacuolar sorting motif, were included
as controls. Furthermore, DsRed under control of the ubiquitin promoter
was used as control, to label the plant nucleus and cytosol.

Confocal microscopy revealed a similar localization pattern of both
KPI-GFP proteins and SCP1-GFP. In all cases, the GFP fluorescence
was observed in dots accumulating at the cell periphery as well as in the
ER around the nucleus, indicating that the fusion proteins follow the
conventional secretory pathway (Figure 2.17). Cell to cell borders were
magnified for each construct, revealing that GFP was distinct from the
DsRed fluorescence in these areas, extending further into the interspace
between adjacent cells. In contrast, a dot-like localization was not observed
in cells expressing CP-GFP (Figure 2.18). In this case, the GFP signal
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Figure 2.19: Confirmation of expression of heterologous fusion proteins in
N. benthamiana leaf extracts. Integrity of C-terminal GFP fusions was analyzed by
western blot with an anti-GFP antibody. GFP fusions migrate at the correct size (red
arrow heads). In all lanes, free GFP is migrating at 27kDa due to GFP cleavage during
protein extraction.

was more continuously distributed throughout the cell periphery as well
as around the nucleus. The weak GFP signal within the nucleus might be
derived by GFP cleave-off processes from the protease. Magnification of
a border region showed a distinct GFP fluorescence (white arrowhead in
Figure 2.18) that was not present in the according magnified DsRed image,
which could indicate the vacuole in this cell corner. In leaves infiltrated
with p35S:eGFP, the GFP fluorescence was restricted to the cytoplasm
and the plant nucleus, fully coincident with the DsRed localization in the
magnification (Figure 2.18). Furthermore, the integrity of the GFP fusion
proteins was demonstrated by western blot using an o-GFP antibody
on tobacco protein cell extracts and all proteins KPI106-GFP (50kDa),
KPI104-GFP (50kDa), CP-GFP (67kDa) and SCP1-GFP (84kDa) mi-
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grated according to their expected molecular sizes (Figure 2.19). In all
lanes, free GFP resulting from cleavage during protein extraction was also

observed migrating at 27 kDa.

2.8 Mycorrhizal-induced SCPs in M. truncatula

To address the question about potential homologs of SCP1, a blast
screen using the SCP1 ¢cDNA sequence against the M. truncatula genome
(hapmap3.5) was carried out. Figure 2.20 presents the identified 20 SCP
genes in a phylogenetic tree, in which the S. cerevisiae carboxypeptidase
Y (CPY; accession yeast genome database: YMR297W; Wolf & Fink,
1975) was included as outgroup. Twelve of the identified SCP genes were
predicted (MtGEA) to be mycorrhizal-induced. Those genes can be fur-
ther grouped into six pairs, each composed of two gene copies located on
chromosome 1 (named SCP1-6) and chromosome 3 (named SCP1a-6a),
respectively. Furthermore, on both chromosomes, the SCP genes are
localized in clusters that display identical copies. Each SCP open reading
frame is composed of seven exons and, Pfam analysis revealed all deduced
SCP proteins to contain an N-terminal secretion signal peptide and a S10
protease domain harboring the catalytic residues Ser??6, Asp*!4, His*66
(Figure 2.21).

It is known that some SCPs do not exhibit proteolytic activity but
function as acyltransferases (Lehfeldt et al., 2000; Stehle et al., 2009).
However, true serine carboxypeptidases contain the diagnostic pentapep-
tide ~-GESYA- around the catalytic serine residue, in contrast to -GDSYS—
in acyltransferases (Stehle et al., 2009). The amino acid alignment of Fig-
ure 2.22 shows that all mycorrhizal-induced SCPs contain the -GESYA—

motif, indicating that they are possibly true serine carboxypeptidases.
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Figure 2.20: Homologs of SCP1 in M. truncatula. 20 SCP genes were identified
within the M. truncatula genome, whereas twelve of them (black dots) were predicted

(MtGEA) to be exclusively induced during mycorrhizal symbiosis.

The tree was

constructed using the Neighbor-Joining algorithm and numbers are bootstrap supported

values.
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Figure 2.21: Genomic localization of mycorrhizal-induced SCPs. SCP1-6
are localized on a cluster on chromosome 1, whereas a copy of this SCP cluster is present
on chromosome 3, containing SCP1a-SCP6a. Each SCP gene is composed of seven
exons, and proteins contain an N-terminal secretion signal peptide and a C-terminal S10
peptidase domain including the catalytic residues Ser??6, Asp*'4, and His*% (amino
acid numbers refer to the respective positions in SCP1).

SCPI 194 DKSTAKDAYVFLINWLERFPQYKTRDFY |
SCPIa 194 DKSTAKDAYVFLINWLERFPQYKTRDFY |
SCF2 192 DKSTAKDSYVFLINWLERFPQYKTRAFY |
SCFP2a 192 DKSTAKDSYVFLINWLERFPQYKTRAFY |
SCP3 194 DKS TAKDAYVFLINWLERFPQYKTRDFY |
SCP3a 194 DKS TAKDAYVFLINWLERFPQYKTRDFY |
SCPa 194 DKSTAKDSYVFLINWLERFPQYKTRDFY 15
SCPda 194 DKSTAKDSYVFLINWLERFPQYKTRDFY 15
SCP5 195 DKS TAKDAYVF LINWLERFPQYKTRAFY |
SCP5a 195 DKS TAKDAYVF LINWLERFPQYKTRAFY |
SCP6 194 DKS TAKDTYVF LVNWLERFPQYKTRDFY |
SCP6a 194 DKSTAKDTYVF LVNWLERFPQYKTRDFY |
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Figure 2.22: SCPs are true serine carboxypeptidases. Amino acid alignment
showing that all mycorrhizal-induced SCPs contain the highly conserved —~GESYA—
motif (gray box), which is characteristic for SCPs with proteolytic activity. Catalytic
Ser is marked with (*).
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Figure 2.23: No differences of the KPIs interaction affinities for the SCP1
homolog SCP2. (a) Interaction of SCP2 with the mycorrhizal-induced Kunitz
inhibitors revealed no differences in interaction affinities compared to their interaction
with SCP1 (see Figure 2.12). Controls: p53-T (positive), Lam-T (negative), and
KPIc-SCP2 (prey interaction with control inhibitor). (b) On the low-stringency -LWH
medium, the yeast strain co-expressing KPI104 and SCP1 was able to grow, in contrast
to the negative control Lam—T); thus, it cannot be excluded that the two proteins might
interact in vivo.

As shown by the phylogenetic tree in Figure 2.20a, the predicted
mycorrhizal-induced SCP genes share a very high sequence homology,
suggesting that the deduced proteases might possibly have redundant or
complementary functions. To assess this hypothesis, another member of
the SCP cluster, SCP2, was analyzed for interaction with the mycorrhizal-
induced KPIs in the yeast two-hybrid system. It has to be mentioned here,
that compared to the other protease prey constructs, SCP2prey does not
include the N-terminal prodomain. Results showed that, while the group
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1 inhibitors KPI106 and KPI111 were able to interact with SCP2, no
interactions were observed in case of KPI104 and KPI105 (Figure 2.23a).
These results indicate that the prodomain is not necessary for the SCP2 in-
teraction with KPI106 and KPI111, and reveal furthermore, that there are
no differences compared to the interaction affinities as observed for SCP1
(see Figure 2.12). This could either indicate that the SCP proteins are not
targets of the group 2 inhibitors KP1104 and KPI105 or that the interaction
is too weak to be detected on the high-stringency -LWHA selection medium.
Therefore, the yeast-interactions of KPI106 and KPI104 with SCP1 were
analyzed on the low-stringency -LWH medium that contains additional
adenine. In this case, the yeast strain co-expressing KP1104 and SCP1 was
able to grow, even though the pinkish color indicated an adenine deficiency,
but the overall growth of the co-transformant is enhanced compared to
the negative control Lam—T (Figure 2.23b). Consequently, it cannot be
excluded that KPI104 and SCP1 interact in vivo.

2.9 Inactivation of SCPs phenocopies the
overexpression of KP1106 and KPI1104

If individual members of the mycorrhizal-induced SCP family were among
the protease target(s) of KPI106 and possibly KPI104 in vivo, it is very
likely that a SCP loss-of-function could produce a similar phenotype as the
overexpression of the KPIs. To test this hypothesis, the cellular function
of the SCP family was examined in more detail.

First of all, the expression of the SCPs during mycorrhizal symbiosis was
analyzed by real-time PCR. To monitor the entirety of the SCP transcripts,
primer sequences were located in an area with high sequence similarity, and
gene expression was analyzed in cDNA samples used for quantification of
the KPIs transcripts (see Figure 2.2). Results showed that SCP transcripts
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are highly induced at 5dpi and slightly increased up to the 17 dpi time
point, congruent with the expression pattern of the mycorrhizal-induced
KPIs (compare Figure 2.2a).

Secondly, a silencing approach was carried out by means of RNAi. Given
the high nucleotide identity among the different SCP homologs, it was
assumed that off-target silencing would occur. For better illustration
purposes, a cDNA sequence alignment containing all SCP homologs and
highlighting the area spanning the RNAi target as well as primer sequences
used for qPCR can be reviewed in Figure S4. The successful silencing
of all SCP homologs was confirmed by real-time PCR when comparing
SCP expression in mycorrhizal SCP-silenced roots (17 dpi) and mycor-
rhizal control roots (Figure 2.24b). A morphological examination at 17 dpi
revealed that R. irregularis colonized SCP-silenced roots contained nu-
merous malformed arbuscules. Moreover, septation of intraradical fungal
hyphae was frequently observed, in contrast to the empty vector control
(Figure 2.24c-d). Interestingly, and as observed in KPI106 and KPI104
overexpressing roots, no changes in the frequency or intensity of fungal
colonization occurred, whereas the overall number of mature arbuscules
was significantly reduced in SCP-silenced roots, when compared to the
empty vector control roots (red column, Figure 2.24e). Similarly, the
mycorrhizal markers PT4 and RiMST2 were normally expressed in SCP-
silenced roots and transcript abundance of RiTEF was comparable to that
observed in the empty vector control roots (Figure 2.25; see Figure 2.11a
for mycorrhizal markers in EV control roots).

Thus, the arbuscule phenotype of SCP-silencing indicates a crucial role
of the SCP proteins for arbuscule development. Most importantly, this
phenotype highly resembles the overexpression of KPI106 and KPI104 and
suggests that KPI106 and possibly KPI1104 together with SCP1 constitute
tandems of which their functional interaction is involved in the control of

arbuscule development within the root cortex of M. truncatula.
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Figure 2.24: Silencing of SCPs leads to a similar phenotype as the overex-
pression of the KPIs. (a) Time course expression analysis of SCP during mycorrhizal
symbiosis. SCP is highly induced at 5dpi and slightly increased up to the 17 dpi time
point. (b) Confirmation of successful silencing of SCPs in two RNAI lines by qPCR,
17 dpi. Values were normalized TEF. Error bars are standard deviations of means of
three independent biological replicates. Visualization of R. irregularis fungal structures
within SCP-silenced (c¢) and control lines (d) at 17 dpi, using WGA-Fluorescein. Many
arbuscules in R-SCP__1 roots showed an aberrant morphology (red arrowhead) and
intraradical hyphae contained septa (white arrowhead). Morphology of R-SCP_ 2 did
not differ from that presented in R-SCP_1. (e) The frequency (blue column) and
intensity (orange column) of mycorrhizal colonization were comparable in SCP-silenced
and control roots, whereas arbuscule abundance (red column) was significantly lower in
SCP-silenced roots, similar to the disturbed mycorrhizal morphology in case of KPI106

and KPI104 overexpression. **: p-value < 0.01, n: number of root fragments.
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Figure 2.25: Expression of mycorrhizal markers in SCP-silenced roots. Ex-
pression levels of M. truncatula PT4 and R. irregularis MST2 and TEF were analyzed
by qPCR in R-SCP and control lines at 17 dpi. Both genes are appropriately expressed
in all tested samples, mirroring the results of marker gene expression in KPI106 and
KPI104 overexpression lines. Transcripts were analyzed in colonized roots of three
independent biological replicates (indicated with #) of each line. Errors represent
standard deviations of three technical replicates and bars show relative expression
values normalized to MtTEF, or RiTEF for RiMST2.

2.10 Perspective: Target identification of SCP1

To elucidate the biological role of SCP1 and its homologs, it is necessary
to identify their protein targets. Given that many proteases are integral
components of whole signaling networks, this is not a trivial task. Besides
the recently emerging degradomics technologies (for example: Huesgen &
Overall (2012)), a very basic approach to get a hint for protease substrates
is a modified yeast two-hybrid system, called the “inactivated domain
capture” that was developed by Overall et al. (2004). In this system, a
mutant protease bait with an inactive catalytic domain is used to capture
potential substrates within a yeast library, so that the protease is able
bind with, but cannot cleave the substrate.

In like manner, a mutant version of SCP1, in which the catalytic Ser?2¢

was replaced with Ala was constructed. However, the SCP15226Abait
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Figure 2.26: Construction of a yeast two-hybrid SCP1 bait protein. (a)
SCP15226Abait, shows high self-activity of the Ade2 and His3 reporters, when compared
to KPI106 and p53 control baits. The SCP152264 strain was able to even grow in
presence of the competitive His3 inhibitor 3-AT [15mM]. (b) The Ser?26Ala muta-
tion was introduced into SCP1prey and the interactions KP1106-SCP15226Aprey and
KPI104-SCP15226Aprey did not differ from those of native SCP1prey, indicating that
Ser?26 Ala was not responsible for self-activity. (c) Alignment showing the homology be-
tween SCP1 amino acids 190-198 and the 9aa TAD of the yeast Gal4 transcription factor.
Mutations of the residues Asp®! and Tyr'9to Ala, resulting in SCP15226ATAD
are highlighed in a red frame. SCP15226ATAD, .+ was not able to grow on -WA, -WH
or -WH supplemented with 15mM 3-AT, confirming that self-activity was caused by
the 190-198 aa fragment.
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expressing yeast strain showed high self-activity of the Ade2 and His3
nutritional reporter genes, when compared to the KPI106- as well as
the p53- control baits (Figure 2.26a). It is known that in transformants
derived from the AH109 strain, the His3 reporter can be leaky due to
specific bait properties (Fields, 1993). For that, the growth ability of
the SCP15226Abait expressing yeast strain was tested in the presence of
different concentrations of 3-AT, a competitive inhibitor of the yeast His3
protein. Results showed that growth on plates supplemented with 15 mM
3-AT was indeed reduced but still significantly stronger than growth
of the control baits (Figure 2.26a). Using a bait with such high self-
activity in a yeast two-hybrid assay would bias the screening towards

15226A is not suitable for a yeast two-hybrid

false positives; thus SCP
screen. To exclude that self-activity is due to Ser??6Ala, this mutation
was also introduced in the prey version of SCP1. Interaction affinities
of KPI106-SCP15226A and KPI104-SCP152264 did not differ from those
observed with the native SCP1prey protein (Figure 2.26b). This result
suggests that SCP15226Ahait possesses internal transactivating properties,
since it only shows self-activity when expressed as bait fused to the DNA-
binding domain of the Gal4 transcription factor, but not when expressed

as prey fused to the transactivation domain of Gal4 (see Figure 2.12).

Eukaryotic transactivation domains are often characterized by a distinct
motif of nine amino acids (9aa TAD; Piskacek et al., 2007). However,
in silico analysis using the EMBnet 9aa TAD server! did not predict a
reliable transactivation domain within the SCP1 sequence. Therefore, the
9aa TAD motifs of prominent transcription factors including Gal4 of S.
cerevisiae were aligned with the SCP1 protein sequence. Results revealed
that the area between amino acids 190-198 of SCP1 shows homology to the
9aa TAD of the yeast Gal4 transcription factor (Figure 2.26¢). To test if the

Lwww.es.embnet.org/Services/EMBnet AT /htdoc/9aatad/
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Figure 2.27: Interaction affinities of SCP15226ATAD, . bait. Yeast co-
transformants expressing SCP15226Abajt showed strong growth on high-stringency
selection medium, whereas growth of SCP15226ATAD,,,«—KPI106prey is weaker and
thus comparable to the growth of KPI106-SCP15226A prey (Figure 2.26 b). Furthermore,
yeast strains SCP15226ATAD .t~ KPIc and SCP15226ATAD,,+—Gal4AD did not grow,
indicating that that the interaction between SCP18226ATADmut—KP1106prey is spe-
cific. However, SCP15226ATAD,,,,+—KPI104prey was able to grow on high-stringency
selection medium, giving further proof that SCP1 could be a target protease of KPI104.
Controls: p53-T (positive), Lam—T (negative).

190-198 aa fragment was responsible for SCP15226A self-activity, two of the
matching residues, Asp!®! and Tyr!%3, were mutated to Ala, resulting in
SCP15226A TAD,,,;. Subsequent growth analysis on -WA, -WH and -WH
supplemented with 15 mM 3-AT showed, that SCP15226A TAD,,,,, was not
able to self-activate the Ade2 and His3 nutritional reporters anymore, as
growth was comparable to that of t the control baits KPI106 and p53.
This suggests that the 190-198 aa caused the self-activity observed in the
yeast two-hybrid assay (Figure 2.26c¢).
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Next, to analyze the interaction properties of the new bait SCP152264
TAD,bait, it was co-transformed with either KPI106 as positive- as
well as with KPI104, the control inhibitor KPIc, and the empty prey
vector (Gal4AD) as negative prey controls, respectively. In addition,
the interactions of all mentioned prey constructs with SCP152264 bait
are presented in Figure 2.27 to illustrate the effect of Asp'?'Ala and
Tyr'93 Ala mutations within the 190-198 aa fragment. Results showed that
all co-transformants expressing SCP15226A bait had a strong growth on
-LWHA, demonstrating its high self-activity. In contrast, a comparable
growth of yeast strains co-expressing SCP152264 TAD, .~ KPI106prey
and KPI106-SCP15226Aprey (see Figure 2.26b) was observed. Further-
more, no growth was detectable in case of SCP15226ATAD ..~ KPIc or
the prey vector control SCP152264 TAD, Gal4AD, indicating that
the interaction SCP15226ATAD,,, .« KPI106prey is specific. Surprisingly,
SCP15226ATAD, . did interact with KPI104prey and growth of this strain
did not differ from that of SCP15226A TAD,,,,.— KPI106prey (Figure 2.27).
This suggests that conformational issues when expressed as reverse bait
and prey fusions might have diminished their interaction affinity, and might
explain the observed growth of the co-transformant KPI104bait-SCP1prey
on low stringency selection medium (compare Figure 2.23b).

In conclusion, these interaction studies showed that SCP152264 TAD, .
could be an applicable bait protein for a future yeast two-hybrid screen
and further support the previous observation that SCP1 could also be a
likely target of KPI104 in vivo.
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CHAPTER 3

DISCUSSION

3.1 Induction of Kunitz inhibitors during

plant—microbe interactions

A family of Kunitz protease inhibitors is transcriptionally induced during
mycorrhizal symbiosis in M. truncatula. Likewise, expression of the Ku-
nitz inhibitor SrPI1, also part of a small inhibitor family, is enhanced in
the legume Sesbania rostrata during nodule symbiosis with Azorhizobium
caulinodans (Lievens et al., 2004). Similar to the mycorrhizal KPIs, SrPI!
expression is dependent on secreted molecules of the rhizobial symbiont,
as bacterial strains defective of Nod factors were unable to induce SrPI1
(Lievens et al., 2004). In addition to their induction upon perception of
diffusible molecules of R. irregularis (Kuhn et al., 2010), various tran-
scriptomic analyses report KPI106 and KPI104 to be up-regulated in

response to other AM fungi including Glomus mossae, G. versiforme and
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Gigaspora gigantea (Grunwald et al., 2004; Hohnjec et al., 2005; Liu et al.,
2007), suggesting that their induction is dependent on universal AM fungal
molecule(s), but not on chitin (Kuhn, 2011, p. 67). In contrast, KPI106 and
KPI104 are not induced by infection with M. truncatula-specific pathogens
including Colletotrichum trifolii (Kuhn, 2011; p. 65-66) or the oomycete
Aphanomyces euteiches (Nyamsuren et al., 2007), suggesting that their
function is not associated with a general pathogen-related defense response.
This is in line with SrPI1 expression that is not up-regulated upon chal-
lenge with host-specific pathogens (Lievens et al., 2004). However, in the
M. truncatula—A. euteiches pathosystem, two Kunitz inhibitors are induced
in the infected root proteome (Schenkluhn et al., 2010). Furthermore,
silencing of one of them, MtT%2 (matches the sequence of Medtr6g078140.1
in Figure 2.1) influences the transcriptional expression of several plant
genes in A. euteiches-infected M. truncatula roots (Nyamsuren et al., 2007)
This suggests that M. truncatula has at least two different sets of KPIs,
one that is pathogen-inducible and functionally related to plant defense,
whereas the other one, including KPI106 and KPI10/, is specific for the
symbiotic interaction with arbuscular mycorrhizal fungi. In fact, there

must be at least a third set of KPIs involved in rhizobial interactions.

3.1.1 Spatial expression of mycorrhizal-induced KPls

Having discussed the temporal induction, the localization of KPI106-GFP
and KPI104-GFP fusion proteins was assessed in a heterologous system,
and results indicate their secretion as predicted by the N-terminal secretion
signal peptide. Furthermore, the same GFP-fusion constructs were ex-
pressed in M. truncatula hairy roots, but confocal microscopy of those roots
revealed no distinct GFP signal, compared to the high autofluorescence
of the hairy roots. A defect within the expression constructs themselves

can likely be excluded, as they are properly expressed in N. benthamiana.
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Correspondingly, by analyzing the expression of p35:PT4-GFP, Pumplin
et al. (2012) only detected a weak GFP signal similar to the intensity of
the autofluorescing root vasculature. For this reason, the authors proposed
that p35S is less active in M. truncatula cortical cells. This could likely
explain the weak GFP signal within the p35S:KPI-GFP hairy roots as, in
contrast, pUbi:DsRed showed a strong signal within the nuclei and at the
cell periphery.

Formerly, Grunwald (2004) and Grunwald et al. (2004) showed in
promoter-GUS experiments that a KPI encoding gene on TC69297, which
matches the sequence of KPI106 (MtGI), is expressed in arbuscule contain-
ing cortical cells of mycorrhizal M. truncatula roots (Grunwald, 2004; p. 82).
In contrast, Kuhn (2011) analyzed 1kB and 4kB fragments of the KPI106
promoter and results revealed in all cases a strong expression of the GUS
reporter in mycorrhizal as well as in non-mycorrhizal control roots, indicat-
ing that the KPI106 promoter is deregulated without its genomic context
(Kuhn, 2011; p.70). In conclusion, the applied methods to examine the
localization of the KPIs indicate their secretion, but provide not enough
information to give a detailed view of their spatial expression in vivo.
Thus, prospective approaches to analyze their spatial expression during
proceeding symbiosis would be either live cell imaging by means of a
different constitutive promoter, as for example shown for the polyubiquitin
promoter in L. japonicus (Maekawa et al., 2008), or in situ hybridization as

this method is independent of regulatory elements of the native promoter.

3.1.2 Mycorrhizal-induced KPIs contain six
conserved cysteine residues

The mycorrhizal-induced KPIs possess six conserved cysteine residues.
This is in contrast to most characterized KPIs of legume seeds that contain

four cysteine residues forming two disulfide bonds (Oliva et al., 2010).
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Even though there are some individual seed-located KPIs, that differ from
this default cysteine pattern, none of them harbors the triple disulfide
bond pattern as indicated by the in silico model of KPI106 (Oliva et al.,
2010). In seeds, Kunitz inhibitors mainly function as protein storage for
germination and the early seedling (Wilson et al., 1988) or in combat of
herbivory (Srinivasan et al., 2005; Oliva et al., 2011). In contrast, KPI106
and homologs are expressed in mycorrhizal roots, and the results of this
work indicate that they could be involved in control of symbiotic fungal
development by interaction with serine carboxypeptidases. It is therefore
tempting to speculate whether the number of disulfide bonds in Kunitz
inhibitors is in relation to their actual biochemical function (inhibition
of proteases or as amino acid storage), or rather displays a structural
adaptation to the physiological conditions of their working environment
(mycorrhizal-induced KPIs are likely secreted into the apoplast).

KPI106 and homologs show structure and sequence similarities to the
protease inhibitors API-A and API-B from S. sagittifolia (Bao et al., 2009).
In particular, all inhibitors contain six conserved cysteine residues, three
disulfide bonds (predicted by the KPI106 in silico model), and a conserved
Lys (Lys'™ in KPI106) which could possibly represent their reactive site
P1 residue. In contrast to most described Kunitz inhibitors, API-A and
API-B display double-headed protease inhibitors that contain two reactive
sites and are able to bind two trypsin molecules simultaneously (Bao
et al., 2009). A closer inspection of the alignment of Figure 2.3a reveals
that the second P; residue Leu'!! of API-A is not conserved among the
mycorrhizal-induced KPIs, suggesting that they do not posses an analogous
second reactive site.

Interestingly, the conservation of six cysteine residues is quite common
among plant KPIs in general. Out of the 50 closest homologs to the
KPI106 sequence, 48 of them contained six conserved cysteine residues.

Among them, the largest identified group derived from poplar, the model
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plant for woody trees (Bradshaw et al., 2000). The poplar Kunitz inhibitor
family is induced in leaves upon wounding or by herbivore challenge and
the individual members exhibit a biochemical diversity in efficacy against
different proteases. The authors propose a functional specialization among
the different KPI members in combat of a multiplicity of pests, important
for the maintenance of those long-lived plants (Major & Constabel, 2008).
Thereby, Major & Constabel (2008) highlighted an interesting feature. By
in silico prediction of three dimensional structures, they found that some of
those KPIs contained six conserved cysteines but only two disulfide bonds.
They explain these findings with dimer formation of two inhibitor molecules
connected between the two surface exposed cysteines. In contrast, dimer
formation of the mycorrhizal-induced KPIs can likely be excluded by means
of the in silico model of KPI106 (Figure 2.13b).

3.2 Identification of putative target proteases

3.2.1 M. truncatula cysteine protease (CP)

CP interacts with KPI106 and KPI104 in yeast which is further confirmed
by an in vitro pulldown. However, due to the different predicted subcellular
destinations—KPIs are assumed to be secreted into the apoplast, whereas
CP is predicted to be targeted to the vacuole (Ahmed et al., 2000)—CP
is unlikely a target of the KPIs in vivo. This is in line with the highly
complementary interaction between KPI106 and SCP1 in the docking
model, suggesting that KPI106 is rather an inhibitor of serine than of
cysteine proteases. Even though there is evidence for Kunitz protease
inhibitors with a double activity towards serine and cysteine proteases
(Migliolo et al., 2010), the majority of the identified KPIs inhibits just
one type of protease (Rawlings et al., 2004). Additionally, the different
phenotypes produced by silencing of CP and overexpression of KPI106
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and KPI104 further support the hypothesis that CP is not their target
protease in vivo.

CP belongs to the class of papain-like C1A proteases that were reported
to be involved in many general physiological processes, including senes-
cence and programmed cell death. Furthermore, secreted papain-like CPs
play an important role in plant—pathogen associations (van der Hoorn,
2008; Martinez et al., 2012). In line with the prediction by the MtGEA,
CP is not among the mycorrhizal-induced M. truncatula cysteine proteases
(Liu et al., 2003; Hohnjec et al., 2005). However, as a matter of fact,
RNAi-mediated silencing of CP leads to an arbuscule phenotype. But at
the same time, CP-silenced roots show unspecific symptoms including a
brownish coloring and a bushy growth. This indicates that the function
of CP is somehow required for arbuscule development. Thus it is not
clear whether this is a direct involvement, indicative of a specific pheno-
type, or indirect, implying that the phenotype is caused due to general
impairments of the CP-silenced roots. The fact that cysteine proteases are
generally involved in physiological processes, together with the mycorrhizal-
independent expression of CP, suggest that the CP-silenced phenotype is
rather unspecific.

However, the activity of proteases is not only controlled on the transcrip-
tional level, as shown by the example of the vacuolar-associated cysteine
protease PsCYP15A of pea (Vincent & Brewin, 2000). In particular,
western blot analyses showed that the inactive pro- (~38kDa) and mature
forms (~30kDa) of PsCYP15A were generally present in most plant tissues,
but when pea is engaged in root nodule symbiosis, only the mature form
was found in isolated symbiosomes. Therefore, the authors propose a
dual function of PsCYP15A. On the one hand, PsCYP15A would fulfill a
housekeeping function related to the general metabolism and secondly, the
cysteine protease would contain a specific function in root nodule symbiosis,

probably involved in protein turnover within the symbiosome compartment
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(Vincent & Brewin, 2000). Moreover, when the M. truncatula homolog of
PsCYP15A was silenced by nodule-specific expression of an RNAi-target,
the senescence of nodules was delayed (Sheokand et al., 2005; Vorster
et al., 2013).

Likewise, a dual function of CP including an additional, mycorrhiza-
related activity would be conceivable. CP is predicted to be transported to
the vacuole, which, like all organelles of cortical cells, has to be reorganized
in order to accommodate the entering fungus and the developing arbuscule
(Cox & Sanders, 1974; Scannerini & Bonfante-Fasolo, 1983). In particular,
it is assumed that the vacuole is partially fragmented in arbusculated
inner cortical cells (Pumplin & Harrison, 2009). In this context, a specific
arbuscule phenotype of the CP-silenced roots could be explained by the
lack of a CP-processed signal that is required for subcellular reorganization
of the inner cortical cells to harbor the developing arbuscule. If so, a
spatio-temporal antisense inhibition (Sheokand et al., 2005) of CP under
control of an arbuscule exclusive promoter would reproduce the arbuscule

phenotype, but not the unspecific symptoms of CP-silenced roots.

3.2.2 Mycorrhizal-induced M. truncatula proteases

Interaction tests in yeast between SCP1, the M. truncatula closest homolog
of LjSbtM1 (Takeda et al., 2009), and the mycorrhizal-induced Kunitz
inhibitors revealed that SbtM1 is probably not a target protease of the KPIs.
In contrast, the strong and specific interactions between KPI106-SCP1,
KPI111-SCP1 and most likely SCP15226ATAD ..~ KPI104 indicate that
SCP1 could be the target protease of those inhibitors. This is in line
with API-A that is also an inhibitor of serine proteases (Bao et al., 2009).
Correspondingly, a distinct loop of KPI106 perfectly fits into the active
pocket of SCP1, indicating that KPI106 follows the conventional canonical

standard mechanism of protease interaction (Laskowski, 1968; Laskowski
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& Qasim, 2000) and suggesting that this loop represents the main SCP1-
binding domain of KPI106.

The experimentally assigned P; residue of API-A is Lys'%? (Bao et al.,
2009) and mutation of the analogous Lys'™ in KPI106 results in a stronger
interaction with SCP1. Given that substitutions of the P; residue in
protease inhibitors affect their target protease specificity (Laskowski &
Kato, 1980), these results strongly suggest that this conserved Lys is the
P; of the mycorrhizal KPIs. In case of KPI104, the Lys'"°Gly mutation
has an even more distinct effect, as it enabled an interaction with SCP1.
A likely explanation could be that the switch from the bulky Lys to the
small Gly induced more flexibility into the respective KPI loops—explicit
by their three dimensional structure alignments—which, in turn, leads to
a higher affinity for SCP1. With respect to the default positive interaction
between SCP1226ATAD,,,;bait-KPI104prey when swapping bait and prey,
the Lys!"™ Gly mutation probably led to overcome conformational issues
that blocked the interaction between KPI104bait—SCP1prey, as the use of
artificial fusion proteins in the yeast two-hybrid system bears a potential
risk for misconformation associated with the inaccessibility of binding sites
(Criekinge & Beyaert, 1999).

In protease—protein inhibitor interactions that follow the canonical
standard mechanism, next to the contacts of the Py residue, the contacts
between the adjacent Po, P1-, and Ps- residues and their opposing protease
subsites are important for mediating protease specificity (Bode & Huber,
1992). In line with this, three dimensional structure alignments show that
the Lys!73/179Gly mutations in KPI106 and KPI1104 lead to a torsion of the
Lys adjacent residues within this exposed loop. Moreover, a switch of the
designated P;- and Py residues in KPI106 (Phe!™and Glu'™) with the
according residues of KPI104 (Val'™ and GIn!™?) completely abolished the
interaction with SCP1, which is consistent with other studies showing that

replacements of P; adjacent residues lead to alterations in protease binding
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properties and/or specificity of the inhibitor (for example: Salameh et al.,
2010; Navaneetham et al., 2013). Mueller et al. (2013) showed that amino
acid deletions or mutations within the functional inhibitor domain of the
U. maydis protease inhibitor Pit2 result in a loss of the physical interaction
with its target proteases in yeast. In case of KPI106, the putative P;-
Phe'™ and Py- Glu'™ residues are necessary to mediate the interaction
with SCP1. In contrast, KPI106¥F174VQ and KPI104VRIIFE are still
able to interact with CP, suggesting that the KPI-CP interaction is not
depending on the putative reactive site loop of the KPIs.

In summary, these results suggest that Lys'”®, Phe!™, and Glu!'™
represent the respective Py, P1- and Ps- residues of KPI106 as they are
part of a distinct loop that is in close contact to the predicted catalytic
triad of SCP1. Mutational analyses confirm their importance in mediating
strength and specificity of the interaction with SCP1, as substitutions of
random KPI106 residues that are not part of the interacting domain might
not produce such severe effects like a loss of physical interaction with SCP1.
Coupled with the characteristic sequence feature of the conserved cysteine
residues, these data indicate that at least KPI106 is a true Kunitz inhibitor
since it interacts with a serine protease by blockage of the active site with
a canonical loop. This is default for the majority of the so far characterized
Kunitz inhibitors (Rawlings et al., 2004). Even though it is conclusive that
protease inhibition is the consequent result of this interaction, these data
do not fully prove the inhibitory activity of KPI106. However, the fact
that the overexpression of KPI106 and KPI104 as well as silencing of the
SCP proteins produce highly similar phenotypes indicates that both types
of proteins are involved in control of the same process in vivo. This is
further supported by the comparable localization of KPI106 and SCP1 in
N. benthamiana epidermal cells and their similar transcriptional expression

patterns during proceeding mycorrhizal symbiosis.
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3.3 Analysis of the KPI overexpression and

SCP-silenced phenotype

Overexpression of KPI106 and KPI104 under the 35S promoter causes a
mycorrhizal phenotype consisting of many malformed arbuscules, a reduced
number of maturely developed arbuscules, and septa formation within
intraradical hyphae; a phenotype also observed when silencing the SCP
proteins. Together with the interaction analyses and the localization data
presented in this work, the similarity of those phenotypes displays a further
hint that the inhibitors and the serine carboxypeptidases control the same
process in vivo. Therefore, both phenotypes shall be discussed together in

the following section.

In order to integrate the malformed arbuscule morphology of the KPI
overexpression and SCP-silenced phenotype into the current model of
arbuscule development (Gutjahr & Parniske, 2013; see Figure 1.5), it is
necessary to also take into account the applied experimental system that
was used for the mycorrhizal colonization. In this work, the mycorrhization
assays were performed using the two compartment plate system (Kuhn
et al., 2010; see Figure 5.1). In this system, the development of mycorrhizal
symbiosis cannot be synchronized, and with proceeding colonization the full
spectrum of the different arbuscule stages, from developing to collapsing,
is present. In both mycorrhizal KPI overexpression as well as SCP-silenced
roots, fully mature arbuscules could be observed at 17 dpi, even though
less abundant. This suggests that the phenotype could be related to an
early induced arbuscule turnover. However, the genetic marker P74, which
was shown to maintain arbuscule maturity (Javot et al., 2007), is properly
expressed in both colonized roots. This indicates that an early arbuscule
turnover as observed for the pt4 mutant (Javot et al., 2007) is rather

unlikely the cause for the KPI overexpression/SCP-silenced phenotype.
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Arbuscule mutants can be divided into two groups. One includes mu-
tants with reduced or absent PT/4 expression (for example: Floss et al.,
2008a; Takeda et al., 2009; Baier et al., 2010), whereas mutants of the
second group reveal a malformed arbuscule morphology accompanied by
PT} levels comparable to wildtype (Zhang et al., 2010; Gutjahr et al.,
2012; Groth et al., 2013). Consequently, the KPI overexpression/SCP-
silenced phenotype must be assigned to the second group. Among those
arbuscule mutants with unaltered PT/ expression are the str/str2 mu-
tants. STR/STR2 encode for two half-size ABC transporters and the two
proteins specifically heterodimerize in the branching region of the peri-
arbuscular membrane (Zhang et al., 2010; Gutjahr et al., 2012). Likewise,
the L. japonicus mutant SL0154 showed a malformed arbuscule phenotype
in which only the arbuscule trunks as well as the initial branches were
developed and PT/ levels were comparable to wildtype (Groth et al., 2013).
In summary, the mycorrhizal phenotypes of str/str2 and SL0154 show a
clear consistency to the phenotype of the KPI overexpression/SCP-silenced
roots. This suggests that the KPI overexpression/SCP-silenced phenotype
could be attributed to a developmental arrest of arbuscule formation in a
low-order branching state. The observation of occasional mature arbus-
cules within the colonized KPT overexpressing/SCP-silenced roots could
be assigned to leaky amounts of the SCP transcripts that were detected
within both SCP-silenced roots, as well as that the amount of inhibitors
within the KPI overexpression roots is not sufficient to block all molecules
of their respective target protease.

In addition, the intraradical hyphae within the colonized KPI over-
expressing and SCP-silenced roots contain noticeable amounts of septa.
Arbuscular mycorrhizal fungi are coenocytic and the occurrence of septated
hyphae is a signature of fungal decay (Bonfante-Fasolo, 1984). However,
the fungal colonization of the KPI overexpression and SCP-silenced roots

is comparable to the colonization of the empty vector control roots. This
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is in line with the similar expression levels of the fungal marker genes
RiTEF and RiMST?2 in those roots; thus making it unlikely that active
fungal proliferation within those roots is affected. While septa formation
within arbuscules was attributed to arbuscule collapse (Bonfante-Fasolo
et al., 1990), the occurrence of septa within the intraradical hyphae is less
common. However, pre-symbiotic AM fungal hyphae start septating if
they cannot detect an appropriate plant host and subsequently retrieve
the cytoplasm back into the spore (Logi et al., 1998). In this context,
the formation of septa within the intraradical hyphae of colonized KPI
overexpression/SCP-silenced roots could be interpreted as an energy saving

mode of the fungus, when detecting the arbuscule formation defect.

In contrast to the overexpression experiments, RNAi-mediated silencing
of KPI106 and KPI104 did not produce a visible mycorrhizal phenotype,
indicating that the KPI homologs act redundantly (Figure S2). This is in
line with KPI106 and KPI111 both interacting with the same proteases
SCP1 and SCP2, and suggests that the lack of one of them could be
functionally compensated by the other. In fact, in KPI106 RNAi-lines, no
changes in the expression of KPI111 or the more distant related KPI104
could be observed (see Figure S1), indicating that there was no cross-
silencing involved. An option to investigate the KPI loss-of-function would
be the use of a mutant in which several of the KPIs are affected. In this
context, the recently released M. truncatula TILLING mutant collection
of REVGENUK! shall be mentioned. TILLING (Targeting Induced Local
Lesions IN Genomes; Colbert et al., 2001) mutants are based on seeds
treated with ethylmethanesulphonate to induce random point mutations.
Having a mutant in which at least one of the KPIs is non-functional, a

redundant inhibitor could be eliminated by RNAi-targeting.

Irevgenuk.jic.ac.uk/about.htm
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3.3.1 Possibility for tandem interactions between
mycorrhizal SCPs and KPIs?

The results of this work suggest the possibility for putative tandem inter-
actions between the Kunitz inhibitors and the serine carboxypeptidases

that shall be discussed in the following section.

The M. truncatula SCPs share a high sequence identity, indicating
that they may have redundant or complementary functions. They are
exclusively induced during mycorrhizal symbiosis (MtGEA), which was
experimentally confirmed in this work as they are fully induced at 5 dpi,
whereas none of the transcripts was expressed in mock-treated roots when
using primers that bind in a homologous region. Correspondingly, the KPIs
are mycorrhiza-dependent expressed and KPI106, KPI104 and SCP1 show
analogous localization patterns in N. benthamiana. Furthermore, the SCP
proteins have a crucial role for the symbiosis as indicated by the arbuscule
phenotype in SCP-silenced roots, that also occurs when overexpressing
the Kunitz inhibitors KPI1106 and KPI104. The interaction tests in yeast
revealed KPI106 and KPI111 as specific counterparts of SCP1 and SCP2.
Interestingly, those two inhibitors contain the residues —Phe-Glu— at their
putative Py~ and Ps- positions (group 1 inhibitors) that are necessary to
mediate the interaction between KPI106 and SCP1. In contrast, KPI105
and KPI104 (group 2 inhibitors) that harbor —Val-Gln— at the analogous
positions, did not interact with SCP1 in the initial yeast tests. A closer
inspection of the KPI encoding genes indicates that this target protease
specificity might be mirrored by the localization of the respective genes.
KPI106 and KPI111 are located consecutively on chromosome eight,
whereas the group 2 genes KPI105, KPI102 and possibly KPI104 are
located in a row on chromosome three. This finding could be interpreted
as that the two groups of KPIs might have evolved from gene duplications

and that selective pressure may have created a divergence towards their
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target protease specificities. Now, the question is whether the selective
pressure on group 2 was to inhibit redundant versions of SCP1, which is
already covered by functional redundancy among the group 1 inhibitors
KPI106 and KPI111 that both interacted with SCP2. Furthermore, it is
not clear yet whether KPI104 is a true interactor of SCP1 as they only
interacted in the combination SCP15226ATAD, ..~ KPI104prey, but not as
KPI104bait—-SCP1prey in the yeast two-hybrid system. This interaction
needs to be further examined. In addition, not all SCP homologs have
been tested for interaction with the KPIs and with regard to the similar
arbuscule phenotypes of KPI104 overexpression and SCP-silencing it is
tempting to speculate whether the target proteases of the group 2 inhibitors
are among SCP3-6.

Ultimately, a definitive biochemical proof for the functional interaction
between the SCP proteins and the KPIs is outstanding. The proper
expression of SCP1 as C-terminal GFP fusion in N. benthamiana suggests
that a heterologous expression in a plant system is favorable. A future
approach could be the use of activity-based protease profiling (ABPP;
van der Hoorn et al., 2004) that has recently grown in popularity to
characterize apoplastic plant proteases (for example: van der Linde et al.,
2012a; Lozano-Torres et al., 2012; Mueller et al., 2013). In this system,
heterologously overexpressed plant proteases are isolated from apoplastic
fluids of tobacco to avoid cleavage of the affinity tag. Those protease-
containing apoplastic fluides are then co-incubated with the inhibitor
proteins of interest as well as with artificial inhibitor molecules. This
creates a competition between the putative inhibitors and the artificial
molecules for binding to the active center of the protease. If it is possible
to subsequently pull-down the protease by means of the affinity tag of the
artificial molecules, then the tested inhibitor proteins were not able to
outcompete the artificial molecules for interaction with the active center

of the protease and thus did not inhibit the protease.
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3.3.2 Towards the function of mycorrhizal-induced
serine carboxypeptidases

The results of this work showed that members of a mycorrhizal-induced
Kunitz inhibitor family interact with at least two serine carboxypeptidases
that are also AM-specific. This raises the question what process requires
the proteolytic activity of the SCPs?

Serine carboxypeptidases cleave off C-terminal amino acids from their
target proteins. In mammals, many SCPs are involved in signaling events,
for example to generate bioactive peptides in the blood coagulation cascade
(Hagen et al., 1996; Turk, 2006) or the biosynthesis of neurotransmit-
ters and peptide hormones. In particular, the anterior pituitary gland
hormone corticotropin is synthesized as a larger precursor and is post-
translationally cleaved by an endopeptidase at basic amino acid containing
sites (Hashimoto et al., 1994). Subsequently, those exposed basic residues
at the neo-C-termini are cleaved-off by SCPs, transforming the inactive
intermediate into the active hormone (Fan et al., 2002). Another func-
tion of SCPs is the post-translational processing of tubulins (Berezniuk
et al., 2012). This process is essential, as ped mice in which the cytosolic
carboxypeptidase 1 is mutated Fernandez-Gonzalez et al., 2002 showed
neuronal cell degeneration within a few weeks after birth (Mullen et al.,
1976).

In plants, recent studies suggest that SCPs might also be involved in
signaling events important for plant growth and development. For ex-
ample, SCPs were found to be induced by the plant hormone gibberellic
acid in seeds of various plant species, where they participate in the mo-
bilization of storage proteins for nutrition of the seedling (Bethke et al.,
1997; Bewley, 1997; Dominguez & Cejudo, 1999; Cercos et al., 2003). In
Arabidopsis, overexpression of the secreted serine carboxypeptidase BRS1

in a bril mutant background is able to suppress the dwarfed phenotype
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(Li et al., 2001). Bril mutants are affected in the receptor-like kinase BR
(Clouse et al., 1996). Interestingly, the serine carboxypeptidase BRS1 only
complements the bril phenotype of mutants that carry mutations in the
extracellular domain of BR, whereas BRS1 fails to suppress the respective
kinase dead mutant (Li et al., 2001). BR contributes to the perception of
the brassinoid growth hormone and it is proposed that BRS1 is involved
in an early step of the BR signal transduction, possibly by processing a
protein that may directly or indirectly participate in BR perception (Li
et al., 2001; Zhou & Li, 2005).

The M. truncatula serine carboxypeptidase SCP1 is transcriptionally
induced in cells passed by the penetrating fungus, but also in adjacent
cells that do not harbor any fungal structures (Liu et al., 2003). It is
thus proposed that the secreted serine carboxypeptidase SCP1 would
produce a bioactive peptide signal that could either act cell-autonomous
or cell-nonautonomous. This signal would be part of a plant program to
control or predetermine fungal colonization within the root, as uncontrolled
fungal spread might be harmful to the plant. In mycorrhizal symbiosis,
the operating mode of cell-nonautonomous signals is evident, as in cortical
cells that lie ahead of the fungal colonization front, PPA formation is
induced in anticipation of fungal penetration (Genre et al., 2005; Genre
et al., 2008). The root colonization by AM fungi culminates in formation
of the highly branched arbuscules, which in turn, poses drastic subcellular
reorganization on the inner cortical cells. Based on the arbuscule phenotype
of SCP-silenced roots, the lack of the SCP-processed signal would make
the plant to stop in promoting arbuscule development inside the inner
cortical cells. This would result in a developmental arrest of the arbuscules
in a low order branching state. As a consequence of this developmental
block, the intraradical AM fungal hyphae start septating in order to no
longer engage in an interaction that was already abolished by the plant.

In this scenario, the secreted Kunitz inhibitors would provide a fine-tuned
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mechanism to regulate the spatial and temporal activity of the SCPs
(Figure 3.1). As serine carboxypeptidases only cleave C-terminal residues,
it could be possible that the SCPs are part of a cascade that, at the end,
produces the bioactive signal. As observed for the processing of hormone
precursors in mammals; it would be conceivable that an upstream acting
endopeptidase cleaves a common target protein and thus generates neo-C-
termini, that are subsequently trimmed by the SCPs to produce the active
signal. In this context, it is worth to mention that the expression pattern
of the mycorrhizal-induced subtilase SbtM1 is intriguingly similar to the
pattern of SCP1.

3.4 Concluding remarks and outlook

Proteinaceous protease inhibitors control proteolytic cleavage that is re-
quired for a striking variety of physiological processes in all organisms.
The fundamental role of secreted proteases and their inhibitors to promote
compatibility or to mediate disease resistance in plant—pathogen associ-
ations was recently uncovered (Shindo & van der Hoorn, 2008; van der
Linde et al., 2012a). It is known that some molecular mechanisms, which
are required to establish plant—pathogen relationships, are also involved to
promote the symbiotic association between plants and AM fungi (Klop-
pholz et al., 2011). This attempted to investigate the mycorrhizal-induced
KPIs, as secreted protease inhibitors could possibly target endogenous, as
well as fungal proteases. Thus, in frame of my previous Diploma thesis, a
yeast two-hybrid screen using the KPI106 bait protein to identify putative
targets within a ¢cDNA library of R. irreqularis colonized M. truncatula
roots was employed. The results suggested that KPI106 likely targets
endogenous proteins, as none of the identified positive clones were of

fungal origin. However, it cannot be excluded that KPI106 also acts on
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Figure 3.1: Summary of results and proposed model. (a) Schematic diagram
of arbuscule development according to Gutjahr & Parniske (2013) showing the transition
from the low-order branching state called “birdsfoot” to the mature arbuscule. Based
on the results of this work it is proposed that within the apoplastic space, the SCPs
would process a precursor protein in order to generate a bioactive signal which is part
of a plant controlled program to coordinate arbuscular mycorrhizal development within
the root cortex. In addition, the subtilase SbtM1 (Takeda et al., 2009) that localizes to
the apoplast as well as to the PAS, the PAM-resident heterodimer of the ABC half-size
transporters STR/STR2 (Zhang et al., 2010; Gutjahr et al., 2012; respective str/str2
mutants produce a similar arbuscule phenotype as observed for the KPI overexpressing
and SCP-silenced roots), as well as the phosphate transporter PT4 (Harrison et al.,
2002; Javot et al., 2007) are included in this scheme. The identified cysteine protease
CP is predicted to be targeted to the vacuole and CP-silencing leads to a mycorrhizal
phenotype. However the specificity of this phenotype needs to be further investigated.
(b) SCP-silencing or overexpression of the KPIs would drastically reduce the amount of
the processed bioactive signal which leads to a developmental arrest of the arbuscules
in the birdsfoot state and consequently to the formation of septa within the intraradical
hyphae.
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fungal proteins in vivo. In this study, the functional characterization of
the mycorrhizal-induced Kunitz protease inhibitors was continued, and
results revealed that they most likely act as canonical inhibitors of several
members of a family M. truncatula serine carboxypeptidases. The impor-
tance of both protein families for AM symbiosis is evident as deregulation
of two of the Kunitz inhibitors, as well as silencing of the SCPs led to
a highly similar arbuscule phenotype, supporting that members of the
two families might functionally interact in vivo. Based on the results of
this study, it is proposed that the Kunitz inhibitors control the spatial
and temporal activity of the serine carboxypeptidases, and that the SCPs
would produce a bioactive peptide signal as part of a plant program to
control arbuscular mycorrhizal development within the root cortex. The
most intriguing prospective task will be to identify the target protein(s) of
the SCPs. Furthermore, additional information about the specific com-
ponent/s or elicitor/s that induce the expression of the KPIs and SCPs,
together with the knowledge of the SCP target protein(s) would enable
to narrow their function within the physiological processes that control

arbuscule development within the root cortex of M. truncatula.
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CHAPTER 4

MATERIALS

4.1 Chemicals, kits, enzymes,

buffers and solutions

4.1.1 Chemicals

All chemicals and consumable materials used in this study were of research
grade and were obtained from APPLICHEM, DUCHEFA BIOCHEMIE, FLUKA,
MERCK, CARL ROTH, and SIGMA ALDRICH.

4.1.2 Kits and miscellaneous materials

The following kits were used as described by the supplier: TOPO TA
Cloning® Kit and pENTR™/D-TOPO® Cloning Kit (INVITROGEN) were
used to directly clone PCR products. Gateway® LR Clonase® II Enzyme
Mix (INVITROGEN) was used for recombination of DNA fragments between
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Table 4.1: Standard solutions used in this study.

Solution (conc.)

Composition

3-AT (1M)
Chemiluminescent A
Chemiluminescent B
Coomassie
Coomassie destaining
Plasmid I

Plasmid IT
PMSF (100x)

0.084 g/ml 3-AT in gH2O, sterile filter (0.22 pm),
light protected storage at 4°C

0.25 mg/ml luminol in 0.1 M Tris-HCI pH 6.8, light
protected storage at 4°C

1.1 mg/ml p-hydroxy coumaric acid in DMSO, light
protected storage at RT

0.25 g coomassie Brilliant Blue G-250 in 100 ml
ethanol, 100ml 4H20O, 25 ml acetic acid, light
protected storage at RT

100 ml ethanol, 100 ml 4H20, 25 ml acetic acid

50 mM Tris-HCI (pH7.5), 10mM EDTA,

100 pg/ml RNaseA

0.2M NaOH, 1% (w/v) SDS

17 mg/ml PMSF in isopropanol, light protected

storage at —20°C

1mg/ml RNaseA in TE buffer, boiling 15 min in
water bath, slowly cool down at RT, storage at
—20°C

20 mg/ml in DMSO, light protected storage at
—20°C

RNase A

X-o-gal (1000x)

vectors containing the “Gateway attL/attR” sites. Zymoclean™ Gel DNA
Recovery Kit (ZyMO RESEARCH) was used to purify DNA fragments
from agarose gels. The insertion of minor mutations within DNA frag-
ments, was performed using the QuikChange® site-directed mutagenesis

kit (STRATAGENE).

4.1.3 Buffers and solutions

All standard solutions and buffers used in this study were prepared as
described in Ausubel et al. (1999) and Sambrook & Russell (2001) and
are listed in Table 4.1 and Table 4.2. All additional specific solutions and

buffers are listed in the corresponding method sections.
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Table 4.2: Standard buffers used in this study.

Buffer (conc.)

Composition

Blotting (1x)
Cracking (1x)

gDNA extraction (1X)
GST (1x)

GST elution (1x)

Laemmli (5x)

PBS (1x)

PBST (1x)
PCR (1x)

TAE (10%)

TE (1x)
Tris-glycine (1x)

25 mM Tris base, 192mM glycine, 0.3 % (w/v) SDS,
pH8.7, 20 % (v/v) methanol

8M urea, 5% (w/v) SDS, 40 mM Tris-HCI (pH 5.6),
0.1mM EDTA, 0.4 mg/ml bromphenol blue

0.1 M Tris-HCI (pH7.5), 50mM EDTA,

1% (w/v) SDS, 0.5 M NaCl

4.3mM NagHPOy4, 1.47mM KH2POy,

0.137M NaCl, 2.7mM KCIl, pH7.3

50 mM Tris-HCI, 0.046 g of reduced glutathione per
10ml, pH8.0

360 mM Tris-HCI (pH 6.8), 50 % (v/v) glycerol,
10% (w/v) SDS, 0.1 % bromphenol blue,
250 mM DTT

10 mM NagHPOy, 1.8 mM KHoPOy, 0.14 M NaCl,
0.27mM KCl, pH7.3

PBS containing 0.05 %(v/v) of Tween20

10 mM Tris-HCI, 1.5 mM MgClz, 50 mM KCI,
pH&.3

48.8 g Tris base, 11.42 ml acetic acid, 7.44 g
NagEDTA - 2H20, pH8.5

10mM Tris-HCI (pH8.0), 1 mM EDTA

25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS,
pHB&.7

4.1.4 Enzymes

All restriction enzymes, Taq DNA polymerase, T4 DNA ligase and Antarc-
tic Phosphatase were obtained from NEw ENGLAND BIOLABS. Phusion®
High-Fidelity DNA polymerase was obtained from FINNZYMES and Pfu

DNA polymerase from THERMO SCIENTIFIC.
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4.2 Oligonucleotides

All oligonucleotides used in this study were purchased from EUROFINS

MWG OPERON GmbH and are listed in Table 4.3 and Table 4.4.
Non-target gene sequences such as restriction recognition sites and

“CACC?” for directional cloning of the PCR product in pENTR®, as well as

nucleotide replacement sites within target gene sequences are underlined.

Table 4.3: Oligonucleotides used for cloning

Primer (ID #) Sequence 5°- 3° Tm (°C)
KPI106 overexpression under control of CaMV 35S promoter
106-ORF-F (854) CACCTAACAAATAATAAACCATGTCAATG 59.6
106-ORF-R (864) AATTATTCTTTCTGGAAAACAAGAGG 56.9
KPI104 overexpression under control of CaMV 35S promoter
104-ORF-F (887) CACCTATGTCAATCAGATCCCTCAC 63.0
104-ORF-R (894) GAATTCTCATTCTTTCTGGAACACAAC 60.4
RNAI target for CP knockdown

CP-RNAI-F (1195) CACCGGATTGAGCTTCCATGACT 62.4
CP-RNAI-R (1196) CATAGGGTTGACCAGGCAATGT 62.4
RNAIi target for SCP1 knockdown

R-SCP-F (1518) CACCATGAAGAAGGTTTCTCTTTATGCT 62.2
R-SCP-R (1519) CATAGGGTTGACCAGGCAATGT 60.3
Removal of KPI106 stop codon

106delS-F (1636) GTTTTCCAGAAAGAAAAGGGTGGGCGCGC 69.5
106delS-R (1637) GCGCGCCCACCCTTTTCTTTCTGGAAAAC  69.5
Removal of KPI104 stop codon

104delS-F (1556) GTGTTCCAGAAAGAAAAGGGTGGGCGCGC 70.9
104delS-R (1557) GCGCGCCCACCCTTTTCTTTCTGGAACAC  70.9
CP eGFP fusion under control of CaMV 35S promoter

CP-ORF-F (1517) CACCATGGCACAGTGGACGCT 63.7
CP-w/o-R (1534) GTTCGACGGTGAACCAGAGG 61.0
SCP1 eGFP fusion under control of CaMV 35S promoter

SCP-ORF-F (1518) CACCATGAAGAAGGTTTCTCTTTATGCT 62.2
SCP-w/o-R (1533) GTTCGACGGTGAACCAGAGG 61.8
Amplification of free eGFP for localization control

eGFP-F (1406) CACCATGGTGAGCAAGGGCGA 63.7
eGFP-R (1405) GTTACAAGTACAGCTCGTCCATG 60.6
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Oligonucleotides for cloning continued

Primer (ID #) Sequence 5°- 3° Tm (°C)
KPI106 without signalpeptide for Y2H bait

Ncol-106F (906) CCATGGCTCAGTTTGTCTTGGAC 62.4
EcoR1-106R (890) GAATTCTTATTCTTTCTGAAAACAAGAGG  61.3
KPI104 without signalpeptide for Y2H bait

Ncol-104F (908) CCATGGCTCAGTTTGTCATCGAC 62.4
EcoR1-104R (894) GAATTCTCATTCTTTCTGGAACACAAC 60.4
KPI105 without signalpeptide for Y2H bait

Ndel-105F (1638) CATATGCAAATTGTCATAGACACAAGTGG 62.4
BamH1-105R (1639) GGATCCTCATTCTTTCTGGACACAACT 63.7
KPI111 without signalpeptide for Y2H bait

Ncol-111F (1640) CCATGGCTCAGTTTGTCATCGACAC 64.6
111-3UTR (1658) GTAAACTTCACCATCCTTCAGATTATTC 60.7
KPIc without signalpeptide for Y2H bait

Ndel-KPIc-F (1648) CATATGGCTAAACAAGTCTTAGACATACATG 62.9

BamH1-KPIc-R (1649) GGATCCCTAAATAGACAAAGCACTATTTC 62.4

Substitution of K173G in KPI106

106X173C_F (1708) AGAGGTATGTCCAAGTTGTGGGTTTGAAT 724
GTGGAACTGTTG

106%173G_R (1709) CAACAGTTCCACATTCAAACCCACAACTT  72.4
GGACATACCTCT

Substitution of FE174VQ in KPI106

106FE1T4VQ_F (1853) GGTATGTCCAAGTTGTAAAGTACAATG 69.4
TGGAACTGTTGATATG

106FF17T4VQ_R (1854) CATATCAACAGTTCCACATTGTACTTT 69.4
ACAACTTGGACATACC

Substitution of K170G in KPI104

104K170G_F (1710) CAGAGGCTTGTCCAAGTTGTGGAGTACA  74.3
ATGTGGGACTGTTG

104K170G_R (1711) CAACAGTCCCACATTGTACTCCACAACT 74.3
TGGACAAGCCTCTG

Substitution of VQ171FE in KPI104

104VQRITIFE_ R (1851) CTTGTCCAAGTTGTAAGTTTGAA 70.5
TGTGGGACTGTTGGTG

104VQRITIFE_R (1852) CACCAACAGTCCCACATTCAAA 70.5
CTTACAACTTGGACAAG

CP without signalpeptide for Y2H prey

Ndel-CP-F (1209) CATATGAGCTTCCATGACTCCAATC 61.3

Ndel-CP-R (1210) CATATGTTAGGCAACAACAGG 61.6
ATAGG

93



4 Materials

Oligonucleotides for cloning continued

Primer (ID #) Sequence 5°- 3° Tm (°C)

SCP1 without signalpeptide for Y2H prey and bait

SCP1_w/oSP-f (1840) AGTCAAGCTGATAAATTCAATGAG 62.0
TTTATTCT

Xhol-SCP1-r (1457) CGCTCGAGTTAATTCGACGGTGA 66.4
ACC

SbtM1 without signalpeptide for Y2H prey

Ndel-SbtM1-f (1204) CATATGGGATTGTGGAGCGACGA 65.1
TAATC

Ndel-SbtM1-r (1206) CATATGGCTGCAGAGGAGAATCTA 65.1
GAAC

SCP2 without signalpeptide and autoinhibitory domain for Y2H prey

Sfil-SCP2_ for (1855) GGCCATGGAGGCCCCTGGTCAAC 62.1
CATATG

Sfil-SCP2_rev (1856) GGCCGAGGCGGCCTTAGTTTGATGG 58.1
TGAAAC

Substitution of S226A in SCP1

SCP15226AF (1861) GATTTTTACATAACTGGAGAGGCT 71.3
TATGCCGGTCATTATGTTCC

SCP15226AR (1862) GGAACATAATGACCGGCATAAGC 71.3

CTCTCCAGTTATGTAAAAATC

Substitution of D191A and Y193A in SCP1

TADnueF (1974) GATAAGTCCACTGCTAAAGCTGCC 73.3
GCTGTCTTCCTAATCAAC
TADnueR (1975) GTTGATTAGGAAGACAGCGGCAGC 73.3

TTTAGCAGTGGACTTATC

Pulldown assay

EcoR1-106-F (1280) GAATTCGCTCAGTTTGTCTTG 61.0
GAC

Sall-106-R (1281) GTCGACTTATTCTTTCTGGAAAACAA 62.4
GAG

EcoR1-CP-F (1282) GAATTCGGATTGAGCTTCCATGACTC 63.2

Sall-CP-R (1283) GTCGACTTAGGCAACAACAGGATAG 63.0
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Table 4.4: Oligonucleotides used for gPCR

Primer name Sequence 5~ 3° Tm Amplicon
(ID #) (°C) (bp)
qPCR KPI106

KPI106_F1 TCAAATTCACACCATTTGCTC 54 146
KPI106_R1 CCTTCTTCCACTCTTGGTGTC 59.8

qPCR KPI104 (amplicon in 3"UTR)

KPI104_F1

CTTGAGAGTAACATTCCTAACCTC 56
(1626) 392

KPI104_re (1589) GCTACACAAGCTTATTAACGATG 56

qPCR KPI104 (amplicon in ORF)

KP1104_F1 CTTGAGAGTAACATTCCTAACCTC 56

(1626) 310

KPI104_R3 TCATTCTTTCTGGAACACAACTG 56

qPCR CP

CP-qPCR__F2 GAGGATGAATTGAAACATGCAG 56.5 260

CP-qPCR_R2 CACATATTCTTCCCCATTTCCA 56.5

qPCR SCP

SCP-qPCR-F1 CATTGTGTCATGACTCTTCTCT 56.5 973

SCP-qPCR-R1 GAACCACTACATCAGTATCACCA 58.9

qPCR PT4

MtPT4-F1 GTGCGTTCGGGATACAATACT 57.9 200

MtPT4-R1 GAGCCCTGTCATTTGGTGTT 57.3

gqPCR MtTEF

MtTEF-F3 TACTCTTGGAGTGAAGCAGATG 56 250

MtTEF-R2 GTCAAGACCCTCAAGGAGAG 56

qPCR RiTEF

RiTEF-F TGTTGCTTTCGTCCCAATATC 56 177

RiTEF-R GGTTTATCGGTAGGTCGAG 56

qPCR RiMST2

RiMST2-F GGCAGGATATTTGTCTGATAG 56 100

RiMST2-R GCAATAACTCTTCCCGTATAC 56

qPCR KPI105

KPI105-F (1625) CTTGAGAGTAACATTCCAAGGTTT 57.6 106

KPI105-R (1590) GCTTCACATATATATGTTTATTAA 58.9
ACTTAC

qPCR KPI111

KPI111-F (1844) GAATAATCTGAAGGATGGTGAAG  57.4 03
GATGACTCCATATTTATTGAGTAA

KPI111-R (1843) ACA 57.1
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Table 4.4: Oligonucleotides used for qPCR

Primer name . . Tm Amplicon

(D #) Sequence 5°- 3 °C) (bp)

qPCR KPIc

KPIc-F (1845) GTGCTTTGTCTATTTAGTATGAGT 55.9 94
CACAAAAGCAAGTGTAGTTATTA

KPIc-F (1846) 56.9

TTC

4.3 Plasmids and plasmid constructs

4.3.1 Plasmids
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« pCRPII-TOPO® (INVITROGEN): Used for cloning of PCR products

containing 3 A-overhangs. Vector contains an ampicillin (100 mg/1)

and kanamycin (50mg/1) resistance.

pENTR™/D-TOPO® (INVITROGEN): Used for directional
cloning of blunt-end PCR products. Plasmid contains attL sites for
subsequent Gateway® cloning of PCR products in various destination
vectors containing attR sites. Vector contains a kanamycin (50 mg/1)

resistance.

pGBKT7 (CLONTECH): Expression of Gal4 DNA-binding domain
fusion protein (bait) with N-terminal c-myc-tag under control of the
ADH]1 promoter for yeast two-hybrid analyses. Provides kanamycin
(50mg/1) resistance in E. coli and tryptophan (TRP1) nutritional

marker in yeast.

pGADT7-Rec (CLONTECH): Expression of Gald DNA-activation
domain fusion protein (prey) with N-terminal HA-tag under control
of the ADHI promoter for yeast two-hybrid analyses. Provides ampi-
cillin (100 mg/1) resistance in E. coli and leucin (LEU2) nutritional

marker in yeast.



4.3 Plasmids and plasmid constructs

pGBKT7_p53 (CLONTECH): Positive control plasmid, containing
murine pb3 fused to the Gal4 DNA-binding domain.

pGBKT7_Lam (CLONTECH): Negative control plasmid that en-
codes a fusion of the human lamin C protein and the Gal4 DNA-

binding domain.

pGADT7-Rec__T (CLONTECH): Control plasmid, contains a fu-
sion of the SV40 large T antigen and the Gald DNA-activating

domain.

pET28a (NOVAGEN): Expression of N- and C-terminal 6xHis-
tag fusion proteins under control of the T7 promoter. Contains

a kanamycin (50mg/1) resistance.

pPGEX4T1 (GE HEALTHCARE): Expression of N-terminal (GST)
fusion proteins under control of the tac promoter. Contains an

ampicillin (100 mg/1) resistance.

pCGFP-RR (Kamiri et al., 2002): Binary Gateway destination
vector for Agrobacterium mediated plant transformation that was
used for expression of proteins under control of the CaMV 35S
promoter. Proteins were expressed either containing their endogenous
stop codon or as C-terminal eGFP fusion when the stop codon was
removed. The vector provides spectinomycin (100 mg/1) resistance
in bacteria and transformed roots are kanamycin resistant (25 mg/1).
Furthermore, the vector contains a DsRed cassette under control
the ubiquitin promoter for identification of transformed plant tissue
(Kuhn et al., 2010).

pK7GWIWG2D(I1),0 (Kamiri et al.,, 2002): Binary Gateway
destination vector for Agrobacterium mediated plant transformation.
Used for expression of hairpin RNA under control of the CaMV 35S
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promoter for post-transcriptional gene silencing. Vector provides
spectinomycin (100 mg/1) resistance in bacteria and transformed
roots are kanamycin resistant (25 mg/1). The vector also contains
a p35S:GFP cassette for identification of transformed plant tissue.
In the following, plasmids with pK7TGWIWG2D(II) backbone are
referred to as pRNAI.

4.3.2 Plasmid constructs generated in this study

4.3.2.1 Overexpression and localization studies
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¢ pCGFP-RR_106: KPI106 ORF including stop codon was ampli-

fied from ¢cDNA (primers #854 and #864), cloned into pENTR™ /D-
TOPO®, and subcloned into the binary Gateway vector pCGFP-
RR. pCGFP-RR_ KPI104 was created accordingly, using primers
#887 and #894.

pPCGFP-RR__106GFP: After deletion of the stop codon of KPI106
ORF present in pENTR™ /D-TOPO® using site-directed mutagene-
sis (primers #1636 and #1637), subcloning into the binary vector
pCGFP-RR was carried out. pCGFP-RR_ 104GFP was created
accordingly, using primers #1556 and #1557.

pCGFP-RR__SCP1GFP: SCP! ORF without stop codon was
amplified from c¢cDNA (primers #1518 and #1533), cloned into
pENTR™/D-TOPO® and subcloned into the binary gateway vector
pCGFP-RR. pCGFP-RR_ CPGFP (primers #1517 and #1534)
and pCGFP-RR__eGFP (primers #1406 and #1405) were created

accordingly.



4.3 Plasmids and plasmid constructs

4.3.2.2 RNAi-mediated silencing

« pRNAi_SCP: A 259bp fragment (+1 to +260) of the SCP1 ORF
was amplified from ¢cDNA (primers #1518 and #1519), cloned into
pENTR™ /D-TOPO®, and subcloned into pK7TGWIWG2D(II),0 by

LR-recombination.

« pRNAi_CP: A 324bp fragment (+121 to +445) of the CP ORF
was amplified (primers #1195 and #1196) and cloned accordingly.

4.3.2.3 Yeast two-hybrid analyses

« pGBKT7_106: KPI106 ORF without secretion signal peptide was
amplified from ¢cDNA with primers containing restriction sites (#906
and #890), cloned into pCR®II-TOPO®, digested with the respective
restriction enzymes and ligated into the bait vector pGBKT7. pG-
BKT7__104 (primers #908 and #894), pGBKT7__105 (primers
#1638 and #1639), pGBKT7_111 (primers #1640 and #1658)
and, pGBKT7_ KPIc (primers #1648 and #1649) were created

accordingly.

e pGADT7-Rec__ CP: CP ORF without secretion signal peptide was
amplified from cDNA with primers containing restriction sites (#1209
and #1210), cloned in pCR®II-TOPO®, digested with the respec-
tive restriction enzymes and ligated into the prey vector pGADT7-
Rec. pGADT7-Rec__SbtM1 (primers #1204 and #1206) and
pPGADT7-Rec_ SCP2 (primers #1855 and #1856) were created
accordingly. For pGADT7-Rec_ SCP1, SCP1 ORF was amplified
without secretion signal peptide using primers primers #1840 and
#1457, cloned into pCR®II-TOPO®, cut out using EcoR1 and Xhol,
and ligated into pGADT7-Rec.
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pGBKT7_106%¥173G: Derivative of pGBKT7_ 106 carrying the
amino acid substitution K173G. For site-directed mutagenesis, the
primers #1708 and #1709 were used. pGBKT7_104K170G
(primers #1710 and #1711), pGBKT7_106FE174VQ (primers
#1853 and #1854), and pGBKT7__104VQ17TIFE (primers #1851
and #1852) were created accordingly.

pGBKT7__SCP152264; SCP1 was cut out of pPCR®II-TOPO® (see
also pGADT7-Rec_ SCP1) using EcoR1 and Xhol, and ligated into
pGBKT?7. Substitution of S226A was carried out by site-directed
mutagenesis with primers #1861 and #1862.

pGADT7-Rec_ SCP15226A; Substitution of S226A was carried
out by site-directed mutagenesis with primers #1861 and #1862
using pGADT7-Rec_ SCP1 as template.

pGBKT7_SCP15226ATAD, : Substitutions of D191A and
Y193A were carried out by site-directed mutagenesis with primers
#1974 and #1975 using pGBKT7_SCP15226A as template.

4.3.2.4 Pulldown assays

e pET28a_106: KPI106 ORF without secretion signal peptide and
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including stop codon was PCR, amplified with primers containing
restriction sites (#1280 and #1281) and cloned wvia restriction sites
into pET28a. For pET28a_ 104, KPI1104 was cut out of pCR®II-
TOPO® (see also pGBKT7_104) with BamH1 and Xhol, and ligated
into pET28a.

pGEX4T1_CP: CP ORF without secretion signal peptide was
PCR amplified with primers containing restriction sites (#1282 and
#1283) and cloned via restriction sites into pGEX4T1.



4.4 Organisms

4.4 Organisms

4.4.1 Rhizophagus irregularis

For mycorrhization assays, the AM fungus R. irregularis, corresponding to
Glomus intraradices DAOM 181602 (Schenck & Smith, 1982), was used.

4.4.2 Saccharomyces cerevisiae

The S. cerevisiae strain AH109 was obtained from the Matchmaker™
Library Construction & Screening Kit (CLONTECH) and contains the
genotype {MATa, trpl-901, leu2-3, 112, ura3-52, his3-200, galdA,
galSOA, LYSQ::GALlUAS—GALlTATA—HIS3, GAL?UAS—GALQTATA—ADEQ,
URA3::MEL1yas-MEL1paTa-lacZ}.

4.4.3 Escherichia coli

For general cloning work the E. coli strains XL1 Blue {recAl endAl
gyrA96 thi-1 hsdR17 supE44 relA1 lac[F "pro AB laclqZAM15 Tnl0(tetr)]}
(STRATAGENE) and Mach1 {F- ®80lacZAM15 AlacX74 hsdR(rK-, mK+)
ArecA1398 endAl tonA} (INVITROGEN) were used. For recombinant
protein expression, the E.coli BL21(DE) pLysS strain {F- ompT gal dem
lon hsdSB(rB- mB-) A(DE3) pLysS(cmR)} was used.

4.4.4 Agrobacterium strains

For transgenic M. truncatula hairy root production, the A. rhizogenes
strain ARqual (Quandt et al., 1993) and for transient transformation of
Nicotiana benthamiana leaves, the A. tumefaciens strain GV3101 Koncz
& Schell (1986) were used. Table 4.5 contains a detailed list including

genotypes and references of all Agrobacterium strains used in this work.
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Table 4.5: Agrobacterium strains used in this work

Strain

Genotype

Reference

A. rhizogenes:

ARqual Ri-plasmid: pRiA4b (wt), Sm": Quandt et al.
600 mg/1 (1993)

ARqual: . . .
ARqual transformed with the binary This work

pCGFP-RR_106 vector pCGFP-RR,_ 106, Sm®, Sp*

ARqual: . . .
ARqual transformed with the binary This work

pCGFP-RR_104 vector pPCGFP-RR__104, Sm", Sp"

A(]}%(%;(;’I-:RR ARqual transformed with the binary This work

p vector pCGFP-RR, Sm", Sp*

ARqual: . . . .

RNAi CP ARqual transformed w?th the binary This work

p — vector pRNAi_CP, Sm", Sp"

Ali%lgTX?I:SCP ARqual transformed with the binary This work

p — vector pRNAi_SCP, Sm", Sp”

ARqual: . . .

RNAi ARqual transformed with the binary This work

p vector pRNAi, Sm", Sp*

AlRqual: ARqual transformed with the binary This work

pCGFP-RR_106GFP vector pCGFP-RR,_106GFP, Sm’, Sp*

ARqual: . . .
ARqual transformed with the binary This work

PCGFP-RR_104GFP vector pCGFP-RR,_104GFP, Sm®, Sp*

ARqual: ARqual transformed with the binary This work

pCGFP-RR_SCP1GFP

vector pPCGFP-RR_ SCP1GFP, Sm", Sp"

A. tumefaciens:

GV3101 Ti-plasmid pMP90 (pTiC58 AT-DNA), Koncz & Schell
Gm": 40mg/1 (1986)
GV3101:
GV3101 transformed with the binary This work
pCGFP-RR_106GFP vector pCGFP-RR._106GFP, Gm®, Sp*
GV3101: . . .
GV3101 transformed with the binary This work
PCGFP-RR_104GFP vector pCGFP-RR, 104GFP, Gm®, Sp*
GV3101:
GV3101 transformed with the binary This work
pCGFP-RR_CPGFP vector pPCGFP-RR,_ CPGFP, Gm", Sp”
GV3101:
GV3101 transformed with the binary This work
pCGFP-RR_SCP1GFP vector pCGFP-RR_SCP1GFP, Gm",
Sp*
O R eGFD GV3101 transformed with the binary This work
p — vector pCGFP-RR__eGFP, Gm", Sp”
GV3101:p19 GV3101 transformed with the binary K. Harter
vector p19, Gm", Km" (Tubingen)
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4.4.5 Daucus carota

A. rhizogenes transformed D. carota hairy roots were used for cultivation

of R. irregularis in monoxenic culture (Table 4.6).

4.4.6 Medicago truncatula

All experiments were carried out using the M. truncatula L. Gaertn. var.

Jemalong A17 cultivar (Perkiss Seeds, Australia). Transgenic M. truncatula

hairy root lines were created as described in Section 5.2.1 and are listed in

Table 4.6.

Table 4.6: Transgenic hairy roots used in this work

Root line Genotype Reference

D. carota:

DcARqual transformed with ARqual No data

M. truncatula:

MtARqual transformed with ARqual Kuhn et al.

(2010)

p35S:106-1, transformed with ARqual:pCGFP-RR_ 106, This work

p35S:106-2 DsRed, Km"

p35S:104-1, transformed with ARqual:pCGFP-RR_104, This work

p35S:104-2 DsRed, Km"

p35S__ EVctrl transformed with A Rqual:pCGFP-RR, This work
DsRed, Km"

R-CP_1, transformed with ARqual:pRNAi_CP, This work

R-CP_2 GFP, Km"

R-SCP__1, transformed with ARqual:pRNAi_SCP, This work

R-SCP_2 GFP, Km"

R__EVctrl transformed with ARqual:pRNAi, This work
GFP, Km"

p35S:106GFP transformed with This work
ARqual:pCGFP-RR_106GFP, Km"

p35S:104GFP transformed with This work
ARqual:pCGFP-RR__104GFP, Km"

p35S:SCP1GFP transformed with This work

ARqual:pCGFP-RR_SCP1GFP, Km"
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4.4.7 Nicotiana benthamiana

As a heterologous system for localization of M. truncatula proteins, the

tobacco species N. benthamiana was used.

4.5 Culture media

4.5.1 Media for cultivation of M. truncatula
and R. irregularis

4.5.1.1 Minimal (M) Medium (Bécard & Fortin, 1988)

Table 4.7: Ingredients of M medium

Ingredient Stock solution Final concentration per 1 medium
Macroelements

KNO3 3.2g/1 80 mg/1

MgSOy4 - TH20 29.24¢/1 731 mg/1 25 ml
KCl 2.6g/1 65 mg/1

KH2PO4 48 mg/1 4.8 mg/1 100 ml
Ca(NOg3)2 115.2mg/1 288 mg/1 2.5ml
NaFe-EDTA 3.2g/1 8mg/l 2.5ml
Microelements

MnCls - 4H20 6g/l 6mg/1

H3BO3 1.5g/1 1.5mg/1 1ml
ZnSOy4 - TH20 2.65g/1 2.65mg/1

Other microelements

NaMoOy4 - 2H20 24 mg/1 2.4ng/1 1001l
CuSOy4 - 5Hp0 1.3g/1 0.3mg/1 n
Vitamines

Glycine 0.3g/1 3mg/l

Myo-inositol 5g/1 50 mg/1

Nicotic acid 50mg/1 0.5mg/1 10ml
Pyridoxine HCI 10mg/1 0.1mg/1

Thiamine HCI 10 mg/1 0.1 mg/1

The pH was adjusted to 5.5. For in wvitro culture of roots 10g/1 D-

Saccharose was added (medium is then referred to as MS). Solid medium
contained 0.3 % (w/v) phytagel (S1GMA).
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4.5.1.2 Modified Fahraeus Medium

Table 4.8: Ingredients of modified Fahraeus medium

Ingredient Stock solution Final concentration per 1 medium
Macronutrients

CaCla 1M 1mM 1ml
MgSOgy 0.5M 0.5 mM 1ml
KHoPOy4 0.7M 0.7mM 1ml
NaH2POy4 0.4M 0.4mM 2ml
Fe-Citrate 20 mM 20 pM 1ml
NH4NO2 1M 0.5 mM 0.5ml
Micronutrients

MnClz 1mg/ml 100 pg/ml 100 pl
CuSOy4 1mg/ml 100 pg/ml 100 pl
ZnCl» 1mg/ml 100 pg/ml 100 pl
H3BO3 1mg/ml 100 pg/ml 100 pl
NaMoOQOy 1mg/ml 100 pg/ml 100 1l

The pH was adjusted to 6.5 and solid medium contained 1.5 % (w/v) agar.

4.5.2 Bacteria and yeast culture media

All media were prepared with dHoO and autoclaved. Solid media contained

1.5% (w/v) agar. If required, antibiotics, glucose, and other reagents were

added after autoclaving and cooling down to 55°C.

LB medium: 10g/1 tryptone, 5g/1 yeastextract, 10g/1 NaCl,

pH7.0

SOB medium: 20g/1 tryptone, 5g/1 yeast extract, 0.584 g/1 NaCl,
0.18 g/1 KCl, pH 7.0, autoclave, add 10ml/1 of sterile Mg?* solution
(1 M MgC12 : 6H207 1M MgSO4 . 7H20)

SOC medium: SOB medium supplied with 20 mM glucose

YPDA medium: 20g/l peptone, 10g/1 yeast extract, 15ml of
0.2% (w/v) adenine hemisulfate, 0.1 M glucose, 2% (w/v) agar,

pH6.5
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e SD medium: 6.7g/l yeast nitrogen base without amino acids
(FORMEDIUM™), 100 ml/1 of 10x LWHA dropout solution, 10 ml/1 of
100x stock solution of each required dropout supplement, 0.1 M glu-
cose, pHb5.8, 2% (w/v) agar

o H;0-agar: 0.8% (w/v) agar in dH,0

4.5.3 Supplement solutions for bacteria and yeast culture

media
4.5.3.1 Antibiotic solutions

Antibiotics were prepared as 1000x stock solutions (Table 4.9), dissolved
in dH20 or ethanol,ps, sterile filtered (0.22 um), and stored at —20°C.

Table 4.9: Antibiotic solutions

Antibiotic 1000x stock [mg/ml]
Ampicillin (Amp) 100
Amoxclav®(HExAL) (Aug) 400
Chloramphenicol (Cm) 40
Gentamycin (Gm) 40
Kanamycin (Km) 50
Spectinomycin (Sp) 100
Streptomycin (Sm) 600
Tetracyclin (Tet) 25

4.5.3.2 Dropout supplements for SD media

The nutrients for 10x LWHA dropout solution are listed in Table 4.10 and
were dissolved in dH,O, autoclaved, and stored at 4°C. Single dropout
supplements were prepared as 100x stock solutions dissolved in dH5O,
autoclaved, and stored at 4°C (Table 4.11).
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Table 4.10: Ingredients of 10x LWHA dropout solution

Nutrient Concentration [mg/1]
L-Arginine HCI 200
L-Isoleucine 300
L-Lysine HC1 300
L-Methionin 200
L-Phenylalanine 500
L-Threonine 2000
L-Tyrosine 300
L-Uracil 200
L-Valine 1500

Table 4.11: Single dropout supplements

Nutrient 100x stock [mg/ml]
L-histidine 2
L-leucine 10
L-tryptophane 2
L-adenine hemisulfate 2
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CHAPTER D

METHODOLOGY

5.1 Microbiology methods and

transformation protocols

5.1.1 Competent cell preparation and
transformation of E. coli

500 ml of SOB medium containing the appropriate antibiotic were inocu-
lated with a freshly prepared overnight culture to an ODggg of 0.2. Cells
were grown at 37°C, 180 rpm to a density of ODggg of 0.6. The culture was
transferred to sterile centrifuge tubes, incubated on ice for 10 min, and cen-
trifuged at 4°C, 2,500 rpm, for 20 min. The supernatant was discarded and
cells were resuspended in 100 ml of cold TB buffer (10 mM PIPES, adjust
pH6.7, add 55 mM MnCl; - 4H,O, 15mM CaCl, - 2H50, 250 mM KClI,

sterilize with 0.22 pm filter) and incubated on ice for 10 min. The suspen-
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sion was centrifuged at 4°C, 2,500 rpm for 20 min and the supernatant
discarded. E. coli cells were resuspended in 10 ml of TB-DMSO (TB buffer
containing 7% (v/v) DMSO) and aliquots of 100l each in sterile 1.5 ml
micro-centrifuge tubes were frozen in liquid nitrogen and stored at —80°C.

For transformation, one aliquot of chemically competent F.coli cells was
thawed on ice for 10 min. Afterwards, plasmid DNA was added, gently
mixed and incubated on ice for 30 min. F.coli cells were then heat shocked
at 42°C for 1 min, immediately cooled on ice and 500 nl of SOC medium
were added for recovery of the cells. The suspension was incubated at 37°C
and 180 rpm for 60 min. Cells were centrifuged for 1 min at 13,000 rpm,
resuspended in 100 pl of supernatant, plated on LB-agar containing the

appropriate antibiotic(s) and incubated at 37°C overnight.

5.1.2 E. coli cultivation

E. coli was grown in LB liquid medium (Section 4.5.2) and incubated at
37°C, 180 rpm. On solid LB medium, E. coli was incubated under aerobic
conditions at 37°C. For making frozen stocks, 750 pl of an exponentially
growing culture were mixed with 375 pl of 20 % (v/v) glycerol and stored
at —80°C.

5.1.3 Competent cell preparation and
transformation of agrobacteria

500ml of LB medium containing the appropriate antibiotic(s) were in-
oculated with a freshly prepared overnight culture to an ODggg of 0.2.
Cells were grown at 28°C at 200 rpm to a density of ODggg of 0.6. The
culture was transferred into sterile centrifuge bottles, incubated on ice
for 15 min and centrifuged at 4°C, 2,500 rpm for 10 min. The supernatant
was discarded, the pellets were resuspended in 250 ml of cold 4qH20O and
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the suspension centrifuged at 4°C, 2,500 rpm for 10 min. This step was
repeated two more times. The pellets were resuspended in 25 ml of cold
10% (v/v) glycerol and centrifuged at 4°C, 2,500 rpm for 10 min. After-
wards, each pellet was resuspended in 2ml of cold 10 % (v/v) glycerol and
aliquots of 100 pul each in sterile 1.5ml centrifuge tubes were frozen in
liquid nitrogen and stored at —80°C.

For transformation, one aliquot of electro-competent cells was thawed
on ice for 10 min. Afterwards, desalted plasmid DNA (“drop dialysis”
technique; MILLIPORE “V” series membranes, 0.025 pm) was added, gently
mixed, transferred into a 2-mm electroporation bulb (PEQLAB), and put
on ice. Electroporation occurred at 2V and 25pnF, and 500 ul of SOC
medium were added immediately. Cell suspension was incubated at 28°C,
200 rpm for 2 hours. Afterwards, 100 pl of the suspension were plated on
LB-agar containing the appropriate antibiotic(s).

5.1.4 Cultivation of agrobacteria

Liquid cultures of Agrobacterium strains were grown in LB medium (Sec-
tion 4.5.2) containing the appropriate antibiotic(s) at 28°C and 220 rpm.
On solid medium, Agrobacterium strains were incubated under aerobic
conditions at 28°C. For making frozen stocks, 750 jl of an exponentially
growing culture containing the appropriate antibiotic(s) were mixed with
3751l of 20 % (v/v) glycerol and stored at —80°C.

5.1.5 Transformation of S. cerevisiae

The following method describes a modified version of the LiAc-mediated
transformation protocol'. Therefore, 300 ml of YPDA medium were in-

oculated with a freshly prepared overnight culture to an ODggg of 0.2.

Yeast protocols handbook (CLONTECH), PR742227, 2008
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Cells were grown at 30°C at 220rpm to a density of ODggg of 0.4-0.6.
The culture was transferred to sterile centrifuge tubes and centrifuged
at RT, 2,000rpm for 5min. The supernatant was discarded, cells were
resuspended in 50 ml of sterile 1 xTE buffer (pH7.5), and centrifuged at
RT, 2,000 rpm for 5 min.

For transformation, cells were resuspended in 1.5 ml of freshly prepared
sterile TE/LiAc solution (1ml of sterile 10xTE, 1 ml of sterile 1 M LiAc
(pH 7.5 with acetic acid), 8 ml of sterile dH20). 0.1 pg of each plasmid,
0.1 mg of salmon sperm carrier DNA (S1aMmA), 100l of competent yeast
cells and 600 1l of sterile PEG/LiAc solution (8 ml of 50 % (w/v) PEG 3350
in sterile dH2O, 1ml 10xTE, 1 ml of 1M LiAc) were added to a sterile
1.5ml centrifuge tube and mixed by vortexing at high speed for 10sec.
The suspension was incubated at 30°C, 220 rpm for 30 min. After adding
70 pl of DMSO and mixing by gentle inversion, cells were heat shocked at
42°C for 15 min. Tubes were chilled on ice for 1 min and centrifuged for
30sec, 13,000rpm at RT. The supernatant was discarded and cells were
resuspended in 1501l of sterile TE (pH 7.5) and plated on SD agar plates

in absence of the respective auxotrophic nutrients.

5.1.6 S. cerevisiae cultivation

Liquid cultures of S. cerevisiae were grown at 30°C while shaking at
220 rpm. S. cerevisiae plates were incubated under aerobic conditions
at 30°C. Untransformed AH109 strain was cultivated in YPDA medium
(Section 4.5.2) and transformed strains were cultivated in SD medium

lacking the appropriate auxotrophic nutrients for selection.
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5.2 Working with plants

and mycorrhization assay

5.2.1 Hairy root production

To obtain seedlings, M. truncatula seeds were incubated in sulfuric acid
for 20 min until black spots appeared. After five washing steps with
sterile 4H2O, seeds were put on HoO-agar (Section 4.5.2) and stored at
4°C overnight to synchronize for germination. The next day, seeds were

incubated at 27°C in darkness to induce germination.

Hairy root production was performed by Agrobacterium-mediated trans-
formation of M. truncatula germlings according to Boisson-Dernier et al.
(2001). Therefore, the radicle of M. truncatula germlings was cut with
a scalpel approximately 3 mm underneath the top and scratched over a
bacterial lawn of A. rhizogenes strain A Rqual containing the desired binary
vector. The infected germlings were put on modified Fahraeus (Table 4.8)
slant plates, supplemented with 25 mg/1 kanamycin to select for positive
transformed hairy roots. Plates were sealed two times with PARAFILM®M
and the root area was covered with aluminum foil. Plates were incu-
bated in a plant growth chamber under constant 8 h darkness and 16 h
light conditions at 25°C for 4 weeks until the transformed roots appeared.
Transformed roots were excised and transferred on MS plates (Table 4.7)
supplemented with 25 mg/l kanamycin (selection of transformed roots)
and 400 mg/1 Amoxclav® (elimination of A. rhizogenes) and incubated
at 27°C in darkness for 4 weeks. Afterwards, roots were cultivated as
described in Section 5.2.2.
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5.2.2 M. truncatula hairy root cultivation

M. truncatula hairy roots were grown under sterile conditions on MS
plates (Table 4.7) supplemented with 25 mg/1 kanamycin if required, and
incubated at 27°C in darkness (Bécard & Fortin, 1988). The petri dishes
were sealed two times with PARAFILM®M (PECHINEY PLASTIC PACKAG-
ING) to exclude contaminations and to prevent drying up. For continuous

cultivation, root parts were transferred to fresh MS medium.

5.2.3 R. irregularis cultivation and
the two-compartment plate system

R. irreqularis was co-cultivated with DcARqual hairy roots on MS plates
(Table 4.7) at 27°C in darkness according to Bécard & Fortin (1988).
Mycorrhized D. carota roots were regularly transferred to fresh MS plates
under sterile conditions for steady cultivation.

The two-compartment plate system used in this study is based on St-
Arnaud et al. (1996) and modified according to Kuhn et al. (2010). It
consists of a single divided petri dish, whereas one compartment (proximal)
contains M medium supplied with saccharose (MS), and the other one is
filled with M medium lacking saccharose (referred to as distal compartment;
Figure 5.1). Mycorrhizal D. carota roots were placed in the proximal com-
partment close to the plate divider, plates were sealed with PARAFILM®M
and incubated at 27°C in darkness for 8 weeks. In this way, growth of
mycorrhizal D. carota hairy roots is suppressed in the distal compartment
due to the lack of a carbon source, whereas fungal hyphae can cross the
divider and sporulate within the distal side. When spores were visible
on the distal side (8 weeks), M medium was removed and subsequently
refilled with MS containing 2.4 mg/1 of KHPOy4 (half the concentration

of phosphate source compared to the conventional MS medium (%PO43');
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proximal compartment distal compartment

Figure 5.1: Two-compartment plate set-up for mycorrhization assays. The
proximal compartment contains the monoxenic culture of R. irregularis and D. carota
hairy roots, whereas the distal side is filled with low-phosphate medium forcing the M.
truncatula hairy roots into AM symbiosis with R. irregularis. Fungal hyphae cross-over
into the distal compartment is facilitated by a poured step (red dashed line), whereas
the cellophane layer (blue dashed line) compacts the growth of fungal hyphe close to
the M. truncatula hairy roots.

the low concentration of phosphate forces the M. truncatula hairy roots
to engage in AM symbiosis). Next, commercially available cellophane
foil (pre-treatment: cut in shape of a half compartment, put in 4H2O
and autoclaved two times) was placed on top of the fresh MS medium in
the distal compartment, and covered with another layer of MS (%PO43‘).
Then, plates were put angular in order to pour a step decreasing from the
plate divider towards the distal compartment. Plates were sealed with
PARAFILM®M and incubated at 27°C in darkness for ten days. Meanwhile,
the fungal hyphae can colonize the freshly prepared distal compartment,
whereas the cellophane foil leads a compact growth of the hyphal network.

After ten days, the plates are ready to use for mycorrhization assays.

For mycorrhization assays, the respective M. truncatula hairy roots were
put on top of the MS (%PO43‘) medium within the distal compartment,
plates were sealed with PARAFILM®M, and incubated in darkness at 27°C

for the desired time of mycorrhization.
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5.2.4 Transient transformation of
Nicotiana benthamiana leaves

Five week old tobacco plants were infiltrated with A. tumefaciens strains
containing the desired binary expression vector, according to Schiitze et al.
(2009). Therefore, a 25 ml flask containing 5ml LB medium and antibiotics
was inoculated with 1 ml of a well grown A. tumefaciens overnight culture
and incubated at 28°C, 200 rpm for 3 hours. The cultures were put in 15 ml
centrifuge tubes and centrifuged at RT for 5000 rpm for 15 min. The super-
natant was discarded and pellets were resuspended in 1ml of AS medium
(10mM MES-KOH (pH5.6), 10 mM MgCls, 200 uM acetosyringon). Then,
the OD of each A. tumefaciens culture was adjusted to ODgpg of 0.7-0.8
with AS medium. Each A. tumefaciens culture was mixed with an A.
tumefaciens culture containing a binary vector for expression of the p19
silencing inhibitor (Voinnet et al., 2003) in a 1:1 ratio and incubated on ice
for 2hours. Afterwards, A. tumefaciens cultures were infiltrated into the
abaxial air space of the tobacco leaves using a syringe without a needle.
Three days post-infection, the infiltrated leaves were used for microscopy

or protein extraction.

5.3 Staining, microscopy and

quantification methods

5.3.1 Ink and vinegar staining

This method is based on a protocol of Vierheilig et al. (1998). Mycorrhizal
M. truncatula hairy roots were treated with 10 % (w/v) KOH at 80°C
for 45min to clear the tissue. Then, roots were washed three times for
each 3min with tap water at RT. Roots were stained with 5% (v/v) ink

(PELIKAN) in commercial vinegar (containing 5 % acid) for 3 min at RT, and
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washed three times for 3 min with destaining solution (10 % (v/v) vinegar
in 4H20). Roots were incubated in destaining solution overnight at RT
with agitation. Then, destained roots were mounted on a microscope slide

with glycerol, sealed with clear nail polish and stored at RT.

5.3.2 WGA-fluorescein staining

For phenotypical analyses, mycorrhizal hairy roots were treated with
10% (w/v) KOH for 45min and neutralized with 2% (v/v) HCI.
After three washes with PBS, roots were put into staining solu-
tion (PBS, 10pg/ml Wheat Germ Agglutinin (WGA)-Fluorescein,
0.02% (v/v) Tween20) overnight at 4°C with gentle agitation. Samples
were stored in PBS at 4°C. For microscopy, stained roots were mounted on

a microscope slide in PBS and analyzed within 30 min after preparation.

5.3.3 Microscopy

Ink stained mycorrhizal hairy roots were analyzed using an Axio Imager Z1
microscope (ZEISS) in the brightfield channel with AxioVision 4.7 software
(ZE1sS).

WGA-fluorescein stained mycorrhizal hairy roots were analyzed using
a LEIcA TCS SP5 confocal microscope with excitation at 488 nm and
emission collected from 505 nm to 520 nm.

Leica TCS SP5 was also used to visualize heterologous eGFP fusion
proteins expressed in N. benthamiana leaves. Therefore, the epidermal cell
layer of the lower leaf surface was peeled off and transferred on a microscope
slide in PBS. Visualization occurred immediately after preparation with
excitation at 488 nm and emission collected from 505 nm to 520 nm. Free
DsRed was excited at 488 nm and emission collected from 610 nm to 650 nm.
All microscopic images in this thesis represent maximal projections of z-

stack images.
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5.3.4 Quantification of mycorrhizal colonization

Quantification of AM colonization of ink stained mycorrhizal hairy roots
was carried out according to Trouvelot et al. (1986) using the program
MYCOCALC?. Between 60 and 100 fragments of each mycorrhizal hairy
root line were analyzed and figures in this thesis are representative of

average results.

5.4 Molecular biology methods

Standard molecular biology methods, such as purification of DNA, addition
of 3”A-overhangs or molecular cloning techniques, are followed protocols
described in Ausubel et al. (1999) and Sambrook & Russell (2001). The
integrity of nucleic acids was analyzed by electrophoresis in 0.5xTAE
with a Mupid-ex U electrophoresis system (EUROGENTEC). Concentration
of nucleic acids was quantified by photometry using a NanoDrop® ND-
1000 spectrophotometer, whereas purity was determined by the ratio of
absorbance at 260 nm and 280 nm (Asgg/A2g0). For purified DNA samples,
the ratio was ~1.8, for purified RNA samples Asgg/Assgg was ~2.0.

5.4.1 E. coli plasmid preparation

E. coli plasmid preparation was carried out using the alkaline lysis method
according to Sambrook & Russell (2001). Therefore, E. coli cultures
were transferred into 2ml centrifuge tubes and centrifuged for 1 min at
13,000 rpm. The supernatant was discarded and cell pellets resuspended in
200 pl of solution I (Table 4.1). For cell lysis, 200 pl of solution IT (Table 4.1)
were added and mixed by gentle inversion. To stop the lysis reaction,
200l of 1.5 M KAc (pH4.8) were added, gently mixed by inversion and

2www2.dijon.inra.fr/mychintec/Mycocalc-prg/download.html
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centrifugation for 15 min at 13,000 rpm followed. The supernatant was
transferred to a 1.5 ml centrifuge tube containing 600 nl isopropanol to
precipitate plasmid DNA. After 2min of incubation at RT, samples were
centrifuged for 15 min at 13,000 rpm. The supernatant was discarded, and
the DNA pellet was washed with 500 pl of 70 % (v/v) ethanol, and dried
on a heating block at 65°C for 10 min. The DNA pellet was dissolved in
50ul of TE buffer at 65°C for 15 min and samples were stored at —20°C.

Plasmid DNA was analyzed by restriction digest and sequencing.

5.4.2 Isolation of genomic DNA from
M. truncatula hairy roots

For each gDNA sample, hairy roots of three fully grown MS plates (Ta-
ble 4.7) were blotted dry with a paper towel and ground with pestle
and mortar under liquid nitrogen. Subsequently, the root powder was
transferred into a 50ml centrifuge tube (SARSTEDT) containing 6 ml of
extraction buffer (Table 4.2) and incubated in a water bath at 65°C for
30 min. Then, 2.5 ml of KAc solution (for 100 ml: 60ml of 5M KAc, 11.5ml
of acetic acid, 28.5 ml of HyO, storage RT) were added and incubated on
ice for 30 min. Next, the samples were centrifuged at 5,000 rpm, 4°C for
30min and the supernatant was transferred into a new 50 ml centrifuge
tube. Then, an equal volume of isopropanol was added and samples were
incubated for 10 min at RT and centrifuged at 5,000 rpm, 4°C for 20 min.
The supernatant was discarded and the pellet dried at 65°C. The pellet
was dissolved in 100 pl of TE buffer, and 5pl of RNase A solution (Table
4.1) were added. Samples were incubated for 1hour at 37°C and stored
at 4°C. To check the integrity of genomic DNA, 2l of each sample were

loaded on an 0.8 % agarose gel.
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5.4.3 Isolation of total RNA from
M. truncatula hairy roots

All solutions wused for work with RNA were prepared with
Milli-Q™ (MILLIPORE) water pre-treated with DEPC (H2Opgpc:
0.1% (v/v) DEPC in Milli-Q™ water, stirred over night and autoclaved).

Isolation of total RNA of hairy roots was carried out using the TRIzol®
(INVITROGEN) method as described by the supplier. Therefore, roots
were homogenized in 1.5 ml centrifuge tubes under liquid nitrogen using
plastic pestles (Rotilabo®micro-homogenizers, ROTH). The root powder
was resuspended in 1ml of TRIzol® and incubated at RT for 5min. Then,
200 ul of Chloroform were added, samples were shaken by hand for 15s,
incubated at RT for 3 min and centrifuged at 4°C, for 15 min at 12,000 rpm.
The mixture has then separated into three phases, whereas 500 pul of the
upper aqueous phase (contains the RNA) were transferred into a new
1.5ml centrifuge tube. Next, 500 ul of isopropanol were added and samples
were incubated for 10 min at RT. Centrifugation at 4°C for 10 min at
12,000 rpm followed and the supernatant was discarded. The pellet was
washed with 1ml of 75% (v/v) ethanol and centrifuged at 4°C for 5 min
at 8,000rpm. The supernatant was discarded, the RNA pellet air-dried
and dissolved in 90 pl of HoOpgpc at 65°C for 10 min. The samples were
centrifuged at 4°C for 1 min at 12,000 rpm to remove debris.

In the following, a modified protocol from Untergasser (2008)%) was used
to precipitate the RNA with LiCl: Therefore, the supernatant obtained in
the last centrifugation step was transferred into a fresh 1.5 ml centrifuge
tube, 30 ul of a 8 M LiCl solution were added and mixed well. The RNA
was precipitated by incubation at —20°C for 1hour, and samples were
centrifuged at 4°C for 30 min at 12,000 rpm. The supernatant was discarded
and the pellet washed with 500 nl of 75 % (v/v) ethanol and centrifuged at

3www.untergasser.de/lab/protocols/miniprep_ rna_ ctab_v1_0.htm
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4°C for 2min at 12,000 rpm. The RNA pellet was air-dried and dissolved
in 25l of HyOpgpe at 65°C for 10 min. Then, samples were chilled on
ice and 0.3yl of RNaseOUT™ were added. Integrity of the RNA was

confirmed on an 1.5% (w/v) agarose gel. Samples were stored at —80°C.

5.4.4 Polymerase Chain Reaction (PCR)

This method was modified from Innis et al. (1990). A standard PCR
reaction consisted of ~25ng of template DNA, 1uM of a pair of primers,
200uM dNTPs, 1-2U of Tag DNA polymerase, and 1xPCR reaction
buffer (Table 4.2) in a 25yl reaction. PCR cycling conditions were as
follows: Initial denaturation at 95°C for 5 min, followed by (30s at 95°C,
30s at the melting temperature of the primers, 1 min per 1kb of product
at 72°C)3%cycles. Then, a final elongation at 72°C for 10 min and a
cooling down of the reaction to 4°C followed. All PCR reactions were
performed using a TPERSONAL Thermocycler (BIOMETRA). PCR reactions
with Phusion™ High-Fidelity or Pfu DNA polymerase were performed

according to the manufacturers protocol.

5.4.5 Quantitative real-time PCR (qPCR)

To remove unwanted genomic DNA, all RNA samples were treated with
DNasel Amplification Grade (INVITROGEN) as described by the supplier.
Next, first-strand cDNA synthesis was carried out using SuperScript™II
Reverse Transcriptase (INVITROGEN) from 1 pg of total RNA as described
in the manufacturers protocol. qPCR was performed using an iCycler
MyiQ™ (BIORAD) along with MESA GREEN qPCR MasterMix Plus for
SYBR® Assay with fluorescein (EUROGENTEC). Cycling conditions were
as follows: Initial denaturation at 95°C for 3 min, followed by 40 cycles of
(95°C for 30sec, 56°C for 30sec, 72°C for 30sec).

121



5 Methodology

Each qPCR reaction contained 12.5pl of MESA GREEN, 0.5 pl of each
primer (10uM), 10.51l of HyOpgpc, and 1l of a cDNA template. All
cDNA samples were used in 1:5 dilutions and all samples were tested in
three biological replicates including three technical replicates each. At the
end of each qPCR, a melt curve analysis was carried out by rising the
temperature from 57°C to 97°C to check for unspecific PCR products or

primer dimers formed during the reaction.

The relative expression was calculated by normalizing the threshold cycle
values (Ct) of the target gene against the Ct values of the housekeeping

gene as indicated in the following equation:

Relative Expression = 2 (Ctrpr—Clrarget Gene)

As houskeeping gene for M. truncatula and R. irregularis, the trans-
elongation factor la, TEF, (M. truncatula: TC106470, R. irregularis:
DQ282611) was used. Standard deviations were calculated by means of
three biological replicates. Oligonucleotides used for qPCR are listed in
Table4.4.

5.4.6 Site-directed mutagenesis

For deletion or replacement of defined nucleotides in vectors, the
QuikChange® site-directed mutagenesis kit (STRATAGENE) was used as
described by the supplier. Therefore, mutated primers were designed
with primerX* using the primer design protocol for QuikChange®. The

respective primer sequences are listed in Table 4.3.

4www.bioinformatics.org/primerx/cgi-bin/DNA_ 1.cgi
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5.4.7 RNAi-mediated gene silencing and
overexpression studies

RNAi-mediated silencing (Fire et al., 1998) and overexpression constructs
were cloned as described in Section 4.3.2.

For each RNAIi and overexpression construct, 70 composite M. truncatula
plants were screened for transformed roots, of which 10 independent
transformed roots were excised and propagated, resulting in a hairy root
line. The rate of silencing or overexpression of each line was tested by
gPCR and the best lines were selected for mycorrhization assays (hairy
root lines are listed in Table 4.6).

Results of one biological replicate were obtained by the following proce-
dure: 15 two-compartment mycorrhization plates were prepared for each
construct and harvested at 17 dpi. Then, all roots of the same construct
were pooled and divided into three parts used for RNA extraction, for
ink staining (quantification of mycorrhizal colonization), and for WGA-

Fluorescein staining (morphological analysis of AMS).

5.5 Biochemical methods

5.5.1 Yeast two-hybrid system

The yeast two-hybrid system is a commonly used method to study protein-
protein interactions (Fields & Song, 1989). For the experiments of this
work, the Gal4 based yeast-two hybrid system (Chien et al., 1991) according
to the Matchmaker™ Library Construction & Sreening Kit (CLONTECH)
has been used. In this assay, the modular Gal4 transcription factor is
split into the DNA-binding (DBD) and the transactivation domain (TAD),
whereas each is fused to a protein of interest. If the two proteins interact,

the Gal4 transcription factor can bind to the upstream activating sequence
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(UAS) and activate the transcription of reporter genes. The yeast strain
AH109 carries the four reporter genes ADE2, HIS3, lacZ and MEL1 under
control of the Gald UAS. ADE2 and HIS3 are nutritional selection markers,
whereas, MEL1 and lacZ encode for o- and [3-galactosidase respectively,
that can be used for colorimetric assays. In this work, positive interactions
were screened by the growth ability of co-transformants on either SD-
LWH (low stringency) or on SD-LWHA (high stringency) selection media.
Furthermore, the growth of all co-transformants was assayed on SD-LW

medium to indicate the presence of bait and prey vectors.

5.5.1.1 Direct yeast two-hybrid tests

Direct yeast two-hybrid tests were carried out by co-transformation of the
AH109 strain with the respective bait and prey plasmids. Transformed
colonies growing on SD-LW selection plates (Section 4.5.2) at 30°C were
picked 3-5 days after transformation, streaked out again on SD-LW plates
and incubated for another 3-5 days to increase biomass. Then, at least ten
colonies per co-transformation (biological replicates) were replica streaked
on SD-LW, and SD-LWHA plates to test for protein—protein interaction.

To visualize the strength of protein-protein interaction, a spotting assay
was used. Therefore, two yeast colonies per co-transformation (biological
replicates) were resuspended each in 500 pl of SD-LWHA liquid medium.
After well vortexing, 10-fold dilution series of up to 103 were made and
5nl of each dilution was spotted on SD-LW and SD-LWH or SD-LWHA
plates, respectively. Each spotting plate included the two controls p53-T
(positive protein interaction, Li & Fields (1993)) and Lam-T (negative
interaction; plasmids are listed in Section 4.3.1). Plates were incubated at
30°C for 5 days.
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5.5.2 Yeast protein extraction

Yeast protein extracts were prepared according to the yeast protocols
handbook (CLONTECH) using the Urea/SDS method. Therefore, 50 ml
of the respective SD selection medium were inoculated with 5ml of a
fresh grown overnight culture and incubated at 30°C, 200 rpm to a final
ODggg of 0.6. Then, cultures were transferred in 50 ml centrifugation tubes
halfway filled with ice and centrifuged for 5 min at 1,500 rpm at 4°C. The
supernatant was discarded, the pellet resuspended in 25 ml of ice cold
aH20 and centrifuged for 5min at 1,500 g at 4°C. The supernatant was
discarded, tubes immediately frozen in liquid nitrogen and stored at —80°C
until further use.

For protein extraction, frozen cell pellets were thawed on ice, and re-
suspended each in 500l of freshly prepared pre-warmed (70°C) complete
cracking buffer (10 ml of cracking buffer (see Table 4.2), 500 ul of PMSF
solution (see Table 4.1), 100 pl 8~-mercaptoethanol). Then, the suspension
was transferred into 2ml centrifugation tubes containing 500 pl of glass
beads (250 pm diameter, SIGMA). Samples were incubated at 70°C for
2min and chilled on ice for 1 min. Next, samples were vortexed for at
least 1 min, and centrifuged at 14,000 rpm, 4°C for 5min. The super-
natant was transferred into a 1.5 ml centrifugation tube and incubated at
95°C for 5min. Samples were chilled on ice for 1 min and centrifuged at
maximum rpm for 1 min. The supernatant was immediately loaded on a

polyacrylamide gel or stored at —20°C for later use.

5.5.3 Protein extraction of N. benthamiana leaves

Protein preparation from infiltrated tobacco leaves was carried out as
described in Schiitze et al. (2009). For each construct, 5 leaf discs (1 cm
diameter) were excised, transferred into a 1.5 ml centrifugation tube, and

homogenized under liquid nitrogen with a plastic pestle (Rotilabo®micro-
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homogenizers, ROTH). Then, 300l of hot 1xLaemmli buffer (see Ta-
ble 4.2) were added, and incubated at 95°C for 5min. Samples were chilled
on ice and centrifuged for 5min at 13,000 rpm to remove debris. The

supernatant was loaded on a polyacrylamide gel or stored at —20°C.

5.5.4 Recombinant protein expression in E. coli
and cell disruption

For pull-down assays, recombinant proteins were expressed in the E.
coli BL21(DE) pLysS strain as follows. LB medium supplied with the
appropriate antibiotics was inoculated 1:100 with a well-grown overnight
culture. The culture was incubated at 37°C, 180 rpm until ODggg of 0.8.
Then, 1ml of the culture was transferred into a 1.5ml centrifugation
tube, centrifuged at 13,000 rpm for 1 min and the pellet frozen at —20°C
(non-induced control). Induction was carried out by adding 1:1,000 of a
0.1M (w/v) IPTG (Isopropyl 3-D-1-thiogalactopyranoside) solution and
protein expression occurred at 21°C, 180 rpm for 6 hours. As induction
control, 1 ml of the culture was removed and proceeded as described above.
The remaining culture was then transferred into 250 ml centrifugation
bottles and centrifuged for 10 min, 5,000 rpm at 4°C. The supernatant was
discarded, the cell pellet immediately frozen in liquid nitrogen and stored
at —80°C until further use or immediately used for cell disruption.
Therefore, the E. coli cell pellets were resuspended in an adequate
1xbuffer depending on the respective downstream processing, and cell dis-
ruption was carried out using the EmulsiFlex®C3 homogenizer (AVENTIN)
as described by the supplier. The cell lysate was transferred into 20 ml
centrifugation tubes and centrifuged at 20,000 rpm at 4°C for 10 min in
a Beckman J2-21 (BECKMAN COULTER) centrifuge. The supernatant
containing the soluble proteins (crude extract) was used for the in vitro

pull-down assay.
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5.5.5 GST pull-down assay

To confirm the positive yeast two-hybrid interactions between KPI106,
KPI104 and CP, a GST pull-down assay was carried out. Therefore,
resin-bound glutathione (GST Bind™ - Resin; NOVAGEN) was used to
immobilize the GST-CP bait and to pull down the prey proteins 6 xHis-
KPI106 and 6xHis-KPI104 out of an E. coli crude extract. It has to
be noticed here that the GST-CP construct includes the pro-domain of
the cysteine protease. It was reported by Broemme et al. (2004) that
the presence of pro-domains is essential for correct folding of papain-like
cysteine proteases when heterologously expressed in F. coli. The respective
plasmids used for recombinant expression of 6 xHis-KPI1106, 6 xHis-KP1104
and GST-CP are listed in Section 4.3.2.

Pull-down experiment: 600pl of resin-bound glutathione were cen-
trifuged at 1,500 rpm, 4°C for 10 min, washed with 1xGST buffer (Ta-
ble 4.2) and after another centrifugation step resuspended in 150 pl of
1xGST buffer. Then, 15ml of a freshly prepared GST-CP crude extract
(out of 500 ml cell culture) were gently mixed with the pre-washed resin-
bound glutathione and incubated in a 15ml centrifugation tube, rotating
overnight at 4°C. The next day, the resin suspension was centrifuged at
1,500 rpm, 4°C for 10 min. Next, 1 ml of the supernatant was frozen at
—20°C as flow-through control 1 (F1; Figure S3), and the resin pellet was
washed two times, each with 1.5ml of 1xGST buffer. After each wash,
500 pl of each supernatant were frozen for later analysis (W1, W2).

Meanwhile, the crude extracts of 6xHis-KPI106 and 6xHis-KPI104
(each from 250 ml of cell culture) were prepared as described in Section 5.5.4,
transferred into 15 ml centrifugation tubes and each crude extract was
gently mixed with 750 pl of the resin-bound GST-CP. Incubation occurred
at 4°C, rotating for 5 hours. Then, samples were centrifuged at 1,500 rpm,

4°C for 10 min and 500 pl of each supernatant was frozen as flow-through
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control 2 (F2; Figure S3). Samples were washed two times, each with
1.5ml of 1xGST buffer (W3, W4). After the second wash, the pellets were
resuspended in 150 pl of 1xGST elution buffer (Table 4.2) and incubated
at 4°C, rotating for 10 min to elute the pull-down complex from the resin.
The samples were centrifuged at 4°C, 1,500 rpm, 5 min and the supernatant
was carefully transferred to a new 1.5ml centrifugation tube (Elution 1;
Figure S3). A second and a third elution followed and samples were stored
at —20°C.

In addition, control pull-downs including free GST as bait (to rule out
prey interactions with the GST-tag) and a bait-free control to confirm
that the prey proteins do not bind to the immobilized glutathione were
conducted accordingly.

All samples collected during the pull-down experiments were loaded on

an SDS gel and analyzed via western blot.

5.5.6 SDS-PAGE and western blot analysis

Protein separation was carried out based on the discontinuous SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) system of
Laemmli (1970). Therefore, standard separating gels with a concentration
of 12 % of acrylamide were used (Table 5.1). Electrophoresis was performed
in 1xTris-glycine buffer (Table 4.2) in a Mini-PROTEAN® Tetra Cell
(BIORAD) system at 60V until the dye front ran into the separating gel
and then increased up to 120V for protein separation. If not mentioned
differently, protein samples were mixed with 5xLaemmli buffer (Table 4.2
) and PageRuler Prestained Protein Ladder (THERMO SCIENTIFIC) was
used as standard.

To visualize separated proteins, polyacrylamide gels were incubated for
30min in Coomassie staining solution (Table 4.1). After incubation with

Coomassie destaining solution for 1hour, protein bands were visible.
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Table 5.1: Ingredients of 12 % polyacrylamide gels

Stock solution Separating gel ~ Stacking gel
4H20 2.2ml 2.2ml
1.5M Tris-HCI (pH 8.8) 1.5ml -

1M Tris-HCI (pH 6.8) - 375nl

40 % (w/v) acrylamide 1.5ml 375l
10 % (w/v) SDS 50 pl 30ul
10% (w/v) APS 50 ul 30l
TEMED 2.5nl 3nl

For western blot analysis, proteins were transferred to a Protran® Ni-
trocellulose membrane (WHATMAN) using the Mini Trans-Blot Module
(B1oRAD). The transfer was performed at 30V at 4°C overnight in
1xblotting buffer (Table 4.2). For detection of proteins containing 6xHis-
, GST-, or GFP-tags, the membrane was blocked in PBST containing
10 % (w/v) non-fat milk powder for 1 hour at RT. Then, incubation with
the primary antibody (mouse o-His 1:3000; mouse o-GST 1:6000; rabbit
o-GFP 1:4000, all StaMA) occurred in PBST containing 5 % (w/v) of non-
fat milk powder at RT for 1hour. For detection of proteins containing
c-myc-tag, the membrane was blocked in PBS containing 5% (w/v) of
BSA and incubation with the primary antibody (mouse o-c-myc 1:4500
S1aMA) occurred in PBS with 2.5% (w/v) of BSA at RT. In all cases,
the membrane was washed three times with PBST and incubation with a
secondary antibody HRP-conjugate 1:8000 (rabbit anti-mouse IgG-HRP;
goat anti-rabbit IgG-HRP) occurred for 1hour. After three washes with
PBST, the membrane was transferred to a plastic foil and the solutions
for chemiluminescence detection (1ml of solution A, 100 ul of solution B,
0.5l HoO5) were added. The foil was sealed, incubated for 2min and de-
tection was performed using a CHEMI-SMART-5100 (PEQLAB), supplied
with the software Chemi-Capt (PEQLAB) according to the manufacturers

instructions.
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5.6 In silico analyses

5.6.1 T-test

Statistical significance of the quantified mycorrhizal colonization parame-
ters was tested by performance of an independent one-tailed Student “s
t-test in MICROSOFT Excel. Statistical significance was assumed if the
null hypothesis was rejected at the 0.01 or 0.05 level, indicated by ** or *,

respectively, in the according figure legends.

5.6.2 Sequencing and sequence analyses

All DNA sequencing reactions were performed by EUROFINS MWG
OPERON. For evaluation of the nucleotide sequences, the ApE software®

was used.

Protein sequences were analyzed using the servers SignalP4.15 (Petersen
et al., 2011) and TargetP1.17 (Emanuelsson et al., 2000) for prediction
of putative secretion signal peptides. For prediction of specific protein
domains, the amino acid sequences were blasted against the pfam database®
(Punta et al., 2012), the MEROPS Peptidase database®(Rawlings et al.,
2012) and the non-redundant (nr) protein sequences database of NCBI*°
(Altschul et al., 1990). The presented blast results are based on queries
carried out in July 2013.

5biologylabs.utah.edu/jorgensen /wayned/ape/
6www.cbs.dtu.dk/services/SignalP/
Thttp://www.cbs.dtu.dk/services/ TargetP/
8pfam.sanger.ac.uk/
9merops.sanger.ac.uk/inhibitors/
10pblast.ncbi.nlm.nih.gov/Blast.cgi
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5.6.3 Phylogenetic analyses

Phylogenetic trees are based on cDNA sequences obtained from the Med-
icago hapmap3.5 database!! or on protein sequences obtained from NCBI.
In silico expression analyses were carried out using the Gene expression
Atlas!? (He et al., 2009), and the DFCI M. truncatula Gene Index!® as
EST database. The presented results are based on queries carried out in
July 2013. Alignments were created with CLUSTALX (Larkin et al.,
2007), and the respective trees by the MEGAS5.0 software!® (Tamura et al.,
2011) using the Neighbor-Joining algorithm and a bootstrap value of 1000.

5.6.4 Three dimensional protein models

The web server PHYRE?!® (Kelley & Sternberg, 2009) predicts protein
structures based on homology modeling, and was used to construct the
models for SCP1 and KPI106. In homology modeling, the structure of a
target protein (atomic-resolution model) is predicted based on its amino
acid sequence in relation to an already known structure of a homolo-
gous protein. Therefore, the first step is to identify a suitable template
structure of the target protein by PSI-blast (Altschul et al., 1997). The
PHYRE? output for SCP1 revealed the carboxypeptidase Y from S. cere-
visiae (RCSB PDB entry: 1wpxAl), and in case of KPI106 the protease
inhibitor API-A from S. sagittifolia (RCSB PDB entry: 3E8L_C) as best
model templates. The API-A protein (Bao et al., 2009) contains three
disulfide bonds as does KP1106. The KPI106 model was adjusted to API-A
using SWISS-MODEL" (Schwede et al., 2003). For both, the SCP1 and

11

www.medicagohapmap.org/

2mtgea.noble.org/v2/
13compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=medicago
Mwww.clustal.org/download/current/

15 www.megasoftware.net/
16www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
17serverwww.expasy.org /structural__bioinformatics
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the KP1106 model, Ramachandran plots'® (Furnham et al., 2008) as well
as z-score and energy plots'® (Wiederstein & Sippl, 2007) were applied to
evaluate the quality of the protein models and results can be reviewed in
Heidt, 2012 (KIT).

5.6.5 In silico docking

In silico docking was performed by the docking server PATCHDOCK??
(Schneidman-Duhovny et al., 2005) using a geometry based molecular
docking algorithm. With the parameters 4.0 as clustering root mean
squared deviation and the selected complex type “Enzyme-Inhibitor®, a
docking model of KP1106 and SCP1 was generated. The docking model
with the highest score of 13964, an area of 2152.3 and an atomic contact
energy of 300.43 was used for further analysis and visualized with UCSF
chimera?! (Pettersen et al., 2004).

Bmordred.bioc. cam.ac.uk/~rapper/rampage.php

9prosa.services.came.sbg.ac.at/prosa.php
2Obioinfo3d.cs.tau.ac.il/PatchDock/
A www.cgl.ucsf.edu/chimera/
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Supplementary Figure S1
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Figure S1: RN Ai-mediated silencing of KPI104 and KPI106. (a) Localization
of the RNAi-targets used to silence KPI104 and KPI106. Numbers indicate basepairs
respective to the ATG. (b) Real Time PCR of mycorrhizal RNAi roots (17 dpi) revealed
successful silencing of each inhibitor. RNAi-targets localized within the 5°-UTR showed
a more effective silencing than targeting within the conserved STI domain of KPI106.
(c) Relative expression of homologous KPIs in R-KPI106 lines at 17 dpi revealed no
cross-silencing of KPI104 (light gray) and KPI111(dark gray) in RKPI106 lines, whereas
KPI106 was significantly downregulated. Columns represent one biological replicate.
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Supplementary Figure S2
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Figure S2: RNAi-mediated silencing of KPI104 and KPI106 revealed no
mycorrhizal phenotype. Quantification of mycorrhizal colonization at 17dpi of
KPI104 and KPI106 RNA1 hairy root lines revealed no significant alterations in arbuscule
abundance when compared to the empty vector control. F%: Frequency of mycorrhizal
colonization, a%: arbuscule abundance, n: number of root fragments.

163



Appendix

Supplementary Figure S3
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Figure S3: GST-CP pulldown assay. (a) Western blot detection of GST-CP
(63kDa) probed with a-GST. The first lane shows the soluble fraction derived from a
crude extract of the E. coli strain expressing GST-CP that was used as input. Lane 2
and 3 represent the first two eluting fractions of GST-CP after purification by resin-
bound glutathione. The occurrence of several distinct bands in those lanes might
represent internal cleavage processes. Right: The Coomassie stained gel was loaded
with samples of the different steps of the GST-CP pulldown assay. F: Flow-through;
W: washing step. The detailed description of the procedure can be reviewed in section
5.5.5. (b) Free GST (27kDa) was used as bait for a control pulldown. The a-GST
western blot shows the input fraction, as well as the first two eluting fractions. Right:
The according fractions within the Coomassie stained gel.
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Supplementary Figure S4
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Figure S4: Alignment of cDNA sequences of homologous SCP genes of M.
truncatula. Highlighted are the primer sequences used for amplification of the RNAi-
target (RNAi-fwd; RNAi-rev), as well as the primer pair used for quantification of the
SCP transcripts by Real Time PCR (qPCR-fwd; qPCR-rev).
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Supplementary Figure S5
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Figure S5: Expression of GFP fusion proteins in M. truncatula hairy roots.
Shown are confocal images of p35S:KPI1104-GFP and p35:SCP1-GFP hairy roots, 17 dpi
colonized with R. irregularis. pUbi:DsRed served as localization control to label the
plant nucleus and cytoplasm. No distinct GFP signal was observed, in contrast to the
high endogenous autofluorescence of the hairy roots.
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Supplementary Table S1

Table S1: Yeast two-hybrid analysis of KPI106bait.

The list contains the

KPI106bait interacting clones with the highest color intensities in the X-o-Gal test that
were chosen for further investigation. Inserts of the cDNA-library clones were analyzed
for in frame position with respect to the ATG of the prey vector pGADT7-Rec and
sequences was blasted against M. truncatula Gene Index. Clones 69 and 120 encode
partial C-terminal fragments of CP.

Clone # Putative annotation TC annotation Score identity
a8 reversibly glyeosylated protein medicago| TC121226 99%
55 Chromosome 5, seaffold_ 2, whole genome shotgun medicago| TC191584 99%
sequence
(%3] Peptidylprolyl isomerase, FKEBP-type medicago| TC116547 100%
69, 120 Cysteine protease medicago| TC133093 99%
Ti Formyl transferase, N-terminal medicago| TC113411 98%%
G, 80, 125, Elongation factor 1 alpha medicago| TC114384 99%
96 Expressed protein Arabidopsis thaliana medicago| TC189860 100%
124 Ubiqquitin medicago| TC114544 T2%
150 Expressed protein Arabidopsis thaliana medicago| TC196134 99%
151 Probable protein disulfide-isomerase AG precursor medicago| TC116161 965
156 Alpha-N-acetylglicosaminidase medicago| TC129087 99%
2 Proline rich protein medicago| TC188749 1005
11 Remorin medicago|EY476177 59%
19, G0 Disulfide Isomerase medicago| TC175649 97%
30 Nodule specific eysteine rich peptide medicago| TC186172 T6%
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Most terrestrial plants live in symbiosis with arbuscular mycorrhizal fungi. Tho-
se fungi form highly branched intraradical structures, called arbuscules, in
order to establish a bidirectional nutrient exchange with their host plant. In
this study, a mycorrhizal-induced gene family of Medicago truncatula encoding
putative Kunitz protease inhibitors (KPI), was functionally characterized. Inter-
action tests in yeast revealed that the putative target proteases of those KPIs
are among a clan of serine carboxypeptidases (SCP) that are also exclusively
expressed during mycorrhizal symbiosis. /n silico modeling of the interaction
between KPI106 and the serine carboxypeptidase SCP1 revealed that KPI106
is likely a canonical inhibitor, as a distinct loop containing its predicted reactive
site residues enters the active pocket of the protease SCP1 in a substrate-
like manner. Heterologous expression of SCP1, KPI106 and the homologous
inhibitor KPI104 in tobacco epidermal cells revealed that all proteins are likely
secreted. Furthermore, deregulation of the expression of KPI106 and KPI104
led to an impaired symbiotic development including malformed arbuscules and
septated fungal hyphae; a phenotype that was also observed by RNAi-media-

ted silencing of the SCP family. Based on the similarity of those phenotypes, it

is suggested that the KPIs and SCPs might work together on the same process.
A subsequent genetic analysis of the KPI overexpression and SCP-silenced
phenotypes revealed that those can be categorized into a group of mutant
plants, in which arbuscule development is impaired at an early branching state.
Itis thus proposed that the KPIs would regulate the spatial and temporal activity
of the SCPs. In turn, the SCPs would produce a bioactive peptide signal, which
is involved in the control of mycorrhizal establishment and arbuscule develop-
ment within the root cortex of M. truncatula.
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