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1 Introduction

1.1 Arabidopsis thaliana

Viridiplantae, also called green plants, are the world’s main molecular oxygen source and the
basis of the earth's biosphere. Green plants are multicellular eukaryotes also used as an
important source of drugs and medicines (Yue et al., 2012). They form an unranked clade that
includes the conifers, flowering plants, ferns, gymnosperms, hornworts, clubmosses, mosses,
green algae and the liverworts. Plants obtain their energy via photosynthesis from sunlight.
Derived from endosymbiosis with cyanobacteria, the presence of chlorophylls a and b in their
chloroplasts give plants their green color. Parasitic plants are not able to photosynthesize or
produce sufficient amounts of chlorophyll (Field et al., 1998).

Due to their unique physiological and organizational properties and the conserved ancestral
features between animals and plants, flowering plants such as Arabidopsis thaliana are
considered to be the best candidates to understand the genetic differences between eukaryotes

and plants.

Figure 1: Arabidopsis thaliana: small flowering plant:
Taken from: http://www.pflanzenforschung.de/index.php?cID=7115

Arabidopsis thaliana is a small plant (approximately 30 cm tall, Figure 1), belonging to the
family of Brassicaceae. It was discovered in 1577 by the German physician Johannes Thal,
hence the name is thaliana. The genus name derives from the Greek word "Arabis" meaning

"resembling".
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Over 750 variants of Arabidopsis thaliana were founded around the world among different
environments from North Africa, Indian subcontinents to East Asia and most European
countries (Figure 2; The Arabidopsis Information Resources "TAIR", 2015).

Figure 2: Arabidopsis thaliana distribution around the world:

Arabidopsis thaliana is found in different countries and continents such as North Africa,
Indian, East Asia and different European countries. A. thaliana distribution around the word
is shown by small green stars.

Figure modified from: http://www.landkartenindex.de/kostenlos/?cat=4

The relatively small nuclear genome (125 Mbp), the rapid lifecycle and the large number of
offsprings make Arabidopsis thaliana the most important plant model for gene identification
and analysis (Arabidopsis Genome Initiative, 2000). Arabidopsis thaliana contains 25498
genes, which encode about 11000 protein families and have significant similarities to genes

that cause human diseases, such as cancer and cystic fibrosis (CF).


https://www.arabidopsis.org/portals/education/aboutarabidopsis.jsp

1 Introduction

1.2 Membrane proteins and membrane associated proteins

In plant, as well as in animal cells, membrane proteins play a crucial role as membrane
receptor proteins and in many other biological processes such as cell differentiation and
proliferation, cell to cell communication, signal detection and transmission, regulation of
metabolites and ion transport (Almen et al., 2009). Mutations or misfolding of membrane
proteins in cells can be associated with a broad range of diseases such as CF, heart disease,
obesity, depression and cancer (Terstappen & Reggiani, 2001; Davey, 2004).

Membrane proteins have a vital role for the survival of many different organisms and are very
attractive targets in drug discovery. Almost 30 % of proteins in eukaryotic cells are membrane
proteins. However, they are also the most challenging targets in structural biology (Wallin &
von Heijne, 1998). Nowadays over 116000 biological macromolecular proteins 3D structures

have been solved, but less than 3% of the Protein Data Bank entries are membrane proteins.
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Figure 3: Main classes of membrane proteins
Taken from http://www.mun.ca/biology/desmid/brian/BIOL2060/BIOL2060-07-08/CB07-
08.html

There are three main classes of membrane proteins, (1) integral membrane proteins
(monotopic or transmembrane), which can only be removed from the cell membrane using
detergents, (2) peripheral membrane proteins, temporarily attached to the lipid bilayer or to
integral proteins by weak electrostatic forces, and (3) lipid anchored proteins, covalently

bound by fatty acid or GPI anchors (Figure 3). To maintain a membrane protein in a folded
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and functional state, a solubilization using detergents is usually required, since the disruption
of the biological membrane can only be achieved by using specific detergents. Unfortunately,
the functional, active form of the majority of these proteins, which is readily maintained in
their native membrane environment, can be lost during the solubilization process by
detergents, causing aggregations and/or instability (Privé, 2007). Due to their hydrophobic
surface, the lack of stability and their relative flexibility, the overexpression, solubilization
and purification of these proteins is difficult, making their structural investigation more
difficult (Moraes et al., 2014; Carpenter et al., 2008).

1.3 Biotic and abiotic stress

Many membrane systems in plant cells are responsible for signal processing in response to
biotic and abiotic stress. Thus, the characterization of the plasma membrane is of high
importance. As sessile organisms, plants are exposed to different environmentally changing
conditions. Different biotic and abiotic stresses, such as drought and pathogen infections,
affect plant growth. Understanding molecular events regulating plant responses to abiotic and
biotic stresses is highly important to improve plant resistance to different stress scenarios and
thus the productivity of plants.

Abscisic acid (ABA) is an isoprenoid hormone, which plays a key role in plant development,
senescence, and responses to environmental stress and pathogens (Kang, 2002; Seo &
Koshiba, 2002). It has also been shown that ABA is involved in modulating callose deposition
as a response to plant—pathogen interactions, enhancing plants resistance to pathogen attack
(Flors et al., 2005). Abscisic aldehyde is produced by the dehydrogenation of xanthoxin via
xanthtoxin dehydrogenases. A selective oxidation via abscisic aldehyde oxygenase is the key
step in ABA biosynthesis (Cutler & Krochko, 1999). ABA promotes callose deposition
through the transcriptional repression of the pathogenesis-related protein 2 (PR2) in
Arabidopsis.

The plant U-box type E3 ligases, such as the senescence associated ubiquitin ligasel protein
(SAUL1/AtPUBA44) negatively regulate ABA biosynthesis by targeting the abscisic aldehyde
oxygenase 3 (AAO3) for proteasomal, ubiquitin-dependent degradation (Raab et al., 2009).
The perception of the different stress signals occurs at two cellular interaction modules of
plants cells, cell wall and plasma membrane. Consequently, a signal transduction cascade is

activated and the respective stress signal is forwarded to the individual cells.
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1.4 Interaction module “cell wall*

1.4.1 (1,3)-p-glucan formation and defense system activation

During a pathogen exposition, the plant detects pathogen-associated molecular patterns
(PAMPS) via specialized pattern recognition receptors (PRRs) (Knep per & Day, 2010). Two
PRRs were identified in A. thaliana, flagellin-sensing 2 (FLS2) (Gomez-Gomez et al., 1999;
Gomez-Gomez & Boller, 2000) and EF-Tu receptor (EFR) (Zipfel et al., 2006; Lacombe et
al., 2010). Both EFR and FLS2 induce the activation of the MAP kinase (mitogen-activated
protein kinase) cascade via signal transduction pathways, such as PTI (pattern triggered
immunity). Thus, enhance the activation of defense-related transcription genes, oxidative
burst and callose deposition (Zhang & Zhou, 2010).

M
Biotic stress selection Abiotic stress
response response

Sieve pore
regulation and
development

Pollen
development

Cell plate Pollen tube
formation PD growth
regulation

Figure 4: Callose deposition in response to multiple aspects: Plant growth and development,
biotic and abiotic stress, functional megaspore (FM) selection, plasmodesmata (PD)
regulation, cell plate formation and Sieve pore regulation and development (Stone & Clarke,
1992).
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The (1,3)-f-glucan callose is one of the main cell wall structural components in fungi, yeasts,
bacteria as well as in a wide diversity of higher plants such as A. thaliana (Pitson, 1993; Stone
& Clark, 1992). p-glucans are deposited between the cell wall and the plasma membrane of
plants as response to a variety of abiotic and biotic stress factors. Callose, which is a
polysaccharide composed of (1,3)-R-glucan branched to (1,6)-3-side-chains, is also involved
in different aspect of plant development and growth (Figure 4). S-glucan deposition is
followed by cellulose (1,4)-B-glucan deposition (Stone & Clarke, 1992). (1,3)--glucanases

are responsible for callose degradation.
1.4.2 (1,3)-p-glucan callose synthase:

Callose is synthesized from UDP-glucose by (1,3)-8-glucan synthase (GS) also called callose
synthase (CalS) complex. Callose synthases are membrane-bound enzymes of about 200 kDa
encoded by different glucan synthase-like (GSL) genes (Cui et al., 2001; Doblin et al., 2001;
Hong et al., 2001; @stergaard et al., 2002).

There are twelve different A. thaliana GSL genes, encoding one putative callose synthase
each, AtGSL1 to AtGSL12 (Richmond & Somerville, 2000). The GSL family is subdivided
into four main families (Figure 5): The first subfamily includes AtGSL1, AtGSL5, AtGSL8
and AtGSL10, the second subfamily includes AtGSL2, AtGSL3, AtGSL6 and AtGSL12, the
third subfamily includes AtGSL7 and AtGSL11, and the last subfamily contains AtGSL4
(Chen & Kim, 2009). Previews studies indicate that GSLs from different subfamilies exhibit
redundant functions during pollen fertilization or development (Stone & Clarke, 1992;
McCormick, 1993). Moreover, single GSL can have also diverse roles. For example, GSL5
synthesize callose in leaf tissue in response to wounding or plant-pathogen interaction. Thiele
(Thiele et al, 2009) demonstrated that, GSL8 play a crucial role in plant cytokinesis by
deposing callose at cell plate (Chen & Kim, 2009). Rather their own catalytic activity, GSLs
proteins, such as GSL8 and GSL10, might interact with receptor-like kinases (RLKS) to
perform indirect regulatory functions (Toller et al., 2008). Dong reported that AtGSL6 may
interact with lectin-containing receptor-like kinase 1 (LecRLK1) through its amino terminus
(Dong, 2005).

All GSL proteins from A. thaliana are located at the plasma membrane and consist of N-
terminal and C-terminal multiply predicted transmembrane domains and a central cytosolic
loop (Figure 6) carries the catalytic domain which is responsible for the formation of (1,3)-R3-

glucan. The intracellular loop (IL) is divided into two subdomains: the glycosyltransferase
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domain and the UDP-glucose binding domain (Chen & Kim, 2009), characterized by a
conserved QXXRW motif and a triplet of aspartic acid (Verma & Hong, 2001; Thiele et al.,
2009; Dong et al., 2005).

Figure 5: Glucan synthase-like (GSL) genes: Phylogenetic analysis of Arabidopsis thaliana:
Four main subfamilies: AtGSL1, AtGSL5, AtGSL8 and AtGSL10; AtGSL2, AtGSL3, AtGSL6
and AtGSL12; AtGSL7 and AtGSL11; AtGSL4 (Chen & Kim, 2009).
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Figure 6: General predicted structure of a (1,3)-B-glucan synthase: Organization of AtGSL
proteins in the plasma membrane. The red rectangle represents the predicted well conserved

intracellular loop. Figure adapted from Kurtz and Douglas, 1997.
1.4.3 Arabidopsis thaliana glucan synthase-like 5: AtGSLO5

The Arabidopsis thaliana GSL5, also known as AtGSLO5, has a predicted size of 207 kDa,
16 transmembrane domains and three major domains: N-terminal domains with six
transmembrane regions (about 67 kDa), the intracellular loop domain (about 75 kDa) and the
C-terminal domain with ten transmembrane regions (about 65 kDa) (Qstergaard et al., 2002).
N- and C-terminal domains might be involved in channel formation and membrane anchorage
at the plasma membrane, to facilitate delivery of (1,3)-4-glucan to the cell wall, whereas the
central cytosolic loop (AtGSLO5-IL) was considered to be the putatively conserved catalytic
domain (Qstergaard et al., 2002).

GSL5, also called callose synthase 12 or PMR4 (powdery mildew resistant 4), plays an
essential role in pollens and plants fertility and development. Only some chromosome
mutations in GSL5 can induce pollen and plants infertility (Enns et al., 2005; Shi et al.,
2015). The GSL5 from Arabidopsis is also required for papillary and wound callose
formation. It however also stops the effective growth of Peronospora parasitica and of
several virulent powdery mildew species (Jacobs et al., 2003). Pathogen-induced callose
synthase PMR4-overexpressing shows more resistance to pathogens (Ellinger et al., 2013;

Eggert et al., 2014). As a response to a plant-pathogen interaction GSL5 deposes a (1,3)-R-
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glucan callose forming a three-dimensional network with the (1,4)-R-glucan cellulose
elucidated in figure 7 (Eggert et al., 2014). Blocking only the salicylic acid (SA, a PR2
antagonist) defense signaling pathway, by a double-mutant, was sufficient to restore the PMR
4 pathogens susceptibility, suggesting that GSL5 negatively regulates SA production, which
may negatively influence the callose production (Nishimura et al., 2003; Wawrzynska et al.,
2010).
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Figure 7: Plant- pathogens interaction response: 3D model of callose/cellulose polymer.

(@): wild-type GSL5 A. thaliana, (b) PMR4 pathogen-induced callose synthase
overexpression. Red: (1,4)-p-glucan cellulose, blue: (1,3)-f-glucan callose, and grey:
Powdery Mildew fungal structures. The overexpressed-PMR4 of A. thaliana depose a (1,3)-R-
glucan callose forming a three-dimensional network with the (1,4)-3-glucan cellulose, as a

response to a plant-pathogen interaction. Scale bars = 2 um. Taken from: Eggert et al., 2014.
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1.5 Interaction module ""plasma membrane"'

1.5.1 E3 ubiquitin ligases

Two major pathways mediating protein degradation in eukaryotic cells: The lysozomal
proteolysis and the ubiquitin-proteosome pathway (Cooper, 2000).

The small regulatory protein ubiquitin has been found in all mammalian and plant eukaryotic
cells, suggesting the importance of this protein, for example to counteract several diseases,
such as Liddle’s syndrome and cystic fibrosis. In many cases, the regulation of signaling
pathways is mediated by a post-translational modification pathway, called ubiquitination,
enabling disposing of damaged or misfolded proteins (Stieren et al, 2011; Hofmann, 2009).
The attachment of ubiquitin molecules, such as the ubiquitin-26S, to a protein results to

proteasomal degradation (Mudgil et al., 2004).

Ub Mre11 ,
E1B-55K DNA-Ligase IV,

pS3...

Figure 8: E3 ubiquitin ligase and 23S proteasome:

The E1B-55K and E4orf6-dependent ligase ubiquitinates various cellular proteins, and thus
induces their proteasomal degradation by the 23S proteasome. These targets include proteins
of the cellular DNA damage response (Mrell, DNA-Ligase 1V) and the tumor suppressor

protein p53.
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The human adenovirus type 5 (Ad5) E1B-55K and E4orf6 proteins promote viral replication
by regulating a selective export of the viral late mMRNAs. Additionally, both proteins assemble
a virus-dependent E3 ubiquitin ligase. This complex ubiquitinates specific cellular proteins

and thus labels them for proteasomal degradation (Figure 8, Schmid et al., 2011).

as- Ub \

26S Proteasome

Figure 9: The ubiquitin-proteasome system:

The activating enzyme E1 transfers the ubiquitin to the conjugating enzyme E2. Finally, the
recognition and the binding to the target protein is facilitated by the E3 ubiquitin protein
ligase, which is responsible for substrate specificity (Pickart, 2001), inducing their
degradation by the proteasome. For polyubiquitination the transfer process is repeating

multiple times. Figure taken from: http://elledgelab.med.harvard.edu/?page_id=312

Three enzymes are involved in protein ubiquitination: Ubiquitin is first activated by an E1
ubiquitin-activating enzyme. The transfer of the ubiquitin to the E2 protein is energy-
dependent, requiring ATP and catalyzed by E2 ubiquitin-conjugating enzymes (van Wijk &

Timmers, 2010). Finally, an E3 ubiquitin protein ligase attaches ubiquitin molecules to lysine
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residues and labels the target substrate for proteosomal degradation (Figure 9; Pickart, 2001).
While E2 proteins are characterized by highly conserved catalytic domains, only a few
conserved motifs in E3 ligases have been suggested, indicating the specificity of this process.
E3 ligases of the plant A. thaliana are divided into four types based on their different
functions and protein domains: HECT, RING, cullin-RING and U-box ligases (Drechsel et
al., 2011).

1.5.2 Senescence associated ubiquitin ligase 1: SAUL1

The senescence associated ubiquitin ligasel (SAUL1/AtPUBA44) of A. thaliana belongs to the
plant U-Box type E3 ligases. The plant U-box (PUB) protein family is characterized by a
highly conserved U-box, which is essential for the activity of these ligases, and multiple
tandem armadillo (ARM) repeats forming interfaces for protein—protein interaction. SAUL1
(senescence associated ubiquitin ligasel, ~ 88.8 kDa) is a plasma membrane-associated
protein that serves as a suppressor of premature senescence and cell death under unfavorable
environmental conditions, such as low light or salt stress (Raab et al, 2009; Drechsel et al.,
2011).

ARM, ¢ ARM, 1,

— N -
! ! !
D L

Figure 10: SAUL1 consists of three domains: U-box, ARM 1-6 and ARM 7-11.
U-box is responsible for the interaction with E2, ARM 1-6 repeats were hypothesized to be

responsible for protein-protein interaction and ARM 7-11 repeats were hypothesized to be

responsible for plasma membrane association. Figure adapted from Drechsel et al., 2011.
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SAULI1 full length-GFP

(b)
—EESH -

SAULIAARM-_,,-GFP

Figure 11: Confocal laser scanning microscopy of GFP-SAUL1 (A) and GFP-
SAULIAARM;.1; (B) fusion proteins:

(A) and (B): Fluorescence signals of Arabidopsis protoplast. (a): Schematic illustration of
GFP-SAUL1 protein. (b): Schematic illustration of SAULIAARM7-11-GFP protein.
Fluorescence of GFP-SAULI and SAULIAARM7-11-GFP, are shown in green.
Autofluorescence of chlorophyll is shown in blue. GFP-SAUL1 and SAUL1DARM7-11-GFP
was expressed in Arabidopsis protoplasts. Green fluorescence of GFP-SAULL was detected
at the plasma membrane of transformed protoplasts (A). After deletion of ARM 7-11 repeat
GFP signals were detected in the cytoplasm confirming the loss of plasma membrane
association of SAUL1(B). Figure adapted from Drechsel et al., 2011.

SAULL consists of three putative domains: an N-terminal U-box (Figure 10), which most

likely mediates the interaction with the corresponding ubiquitin-conjugating enzyme E2,

followed by two series of connected armadillo repeats (ARM), among which the C-terminal
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part (ARM 7-11) is essential for the association of SAUL1 to the plasma membrane (Figure
11), whereas the first ARM-domain (ARM 1-6) is hypothesized to interact with target
proteins (Drechsel et al., 2011). ARM repeats are a repeated, long tandem sequence motif
characterized by the triangular arrangement of three right-handed helices consisting of about
40 amino acids (Huber et al., 1997). They were found in the tumor suppressor protein APC
(the adenomatous polyposis coli), the junctional plague protein (plakoglobin) and the
armadillo mammalian homolog beta-catenin. Armadillo, also called beta-catenin-like repeats,
were initially detected in the armadillo locus, which is a DNA region coding for several
segment polarity genes, required for Drosophila embryogenesis (Perrimon & Mahowald,
1987, Wieschaus & Riggleman, 1987). They possess a concave with a peptide-binding groove
and an extended hydrophobic cores indispensable for thermodynamic stability (Amador et al.,
2001; Azevedo et al., 2001; Stone et al., 2003).

The strongly conserved U-box motif was first described for the UFD2 protein of yeast (Koegl
et al., 1999) and is crucial for the ubiquitin ligase activity. It consists of about 70 amino acids,
resembling modified RING-domains lacking essential metal binding residues (Aravind and
Koonin, 2000).
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2 Goals of the thesis

Various stress signals are often detected at the plasma membrane of plant cells. Consequently,
a signal transduction cascade is activated and the respective stress signal is forwarded to the
individual cells. The regulation of signaling pathways is in many cases mediated by protein
ubiquitination, via the attachment of ubiquitin molecules to a protein, resulting in a
proteasomal degradation (Mudgil et al., 2004), or via cell wall calloses and cellulose,
deposition in response to plant-pathogens interactions (Stone and Clarke, 1992).

Selected structures of the components of the interaction modules "plasma membrane of the
cell" and "plant cell wall" need to be elucidated at a high resolution to understand the function
and to identify and characterize selected interaction modules responsible for plant stress
response. My research focuses on the structure analysis of the transmembrane enzyme callose
synthase 12 of Arabidopsis thaliana, and of the plasma membrane-associated ubiquitin ligase
SAUL1 (senescence associated ubiquitin ligasel) of Arabidopsis thaliana, which serves as a
suppressor of stress-induced premature senescence and cell death in plants.

The aim of the research was to overexpress, purify and analyze the 3D structures of the
putative cytosolic domain of the cell wall-related (1,3)-B-glucan synthase, such as the
Arabidopsis thaliana glucan synthase-like 5 (AtGSLO5-IL), the membrane associated E3
ubiquitin ligase SAUL1, as well as selected ARM repeats of SAUL1. Complementary
molecular biological, biochemical, structural biology and biophysical methods, particular

small-angle X-ray scattering (SAXS) were applied.
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3.1 Materials

Table 3.1.1: Equipments

Materials Producers
Acrylamide gel chamber SE275 (Hoefer, USA)
Agarose gel chamber SE260 Mighty Small 1l Deluxe Mini

electrophoresis unit (Hoefer, USA)

Amicon Ultra-15 membran

PLTK Ultracel-PL, 30 kDa UFC903024 (Merck
Millipore, Germany)

Balance

TE3102S (Sartorius AG, Germany), LP224S-0CE
(Sartorius AG, Germany)

CCD cameras

2K wide angle CCD camera, Veleta (Olympus Soft
Imaging Solutions, Germany), Tietz F114 Fast Scan
(TVIPS, Germany)

CD spectrometer

J-815 (Jasco, Germany)

Centrifuge

Centrifuge 5804R/5810R/5415R/5424 (Eppendorf,
Germany), Centrifuge Minispin® Plus (Eppendorf,
Germany), Optima TL ultracentrifuge (Beckman
Coulter, USA)

Crystal imaging system

CrystalScore (Diversified Scientific Inc., USA),
microscope SZX12 with camera DP10 (both
Olympus, Japan)

Crystal plate incubator

RUMED 3001 (Rubarth, Germany) incubators

DLS SpectroSIZE 300

Xtal Concepts, Germany

Electronmicroscopes

FEI Tecnai G20 (FEI company, Netherlands), Philips
CM100 microscope (TSS, USA)

Electrophoresis power supply

EV 231 (Peglab, Germany), Power PAC 200 (Bio-
Rad, Germany)

Freezer (-20 °C)

Liebherr premium (Liebherr, Germany)

Gelfiltration column

HiLoad 16/600 Superdex 200 prep grade (GE
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Healthcare, UK)

Hot-plate magnetic stirrer

VMS-A (VWR, USA), MR 3001 (Heidolph,

Germnay)
Incubator 37-30 °C Incubator Kelvitron® T (Thermo
scientific, USA), 4 °C Incubator (Rubarth,
Germany), 20 °C Incubator (Rubarth, Germany)
Mass spectrometer Ultraflex 111 (Bruker Daltonik, Germany

Microbalance

Sartorius CP224S-OCE (Sartorius, Germany)

Micropipette

Micropipette Research (Eppendorf, Germany)

Microwave

Microwave MR-6450 (Hitachi, Japan)

Octet HTX system

Forte” Bio, (Pall Corp, Germany)

PCR machines

UNO Il (Biometra, Germany)

pH meter

SevenEASY (Mettler Toledo, USA)

Pipetting robot

Honeybee 961 (Zinsser Analytic Gmbh,
Germany), Oryx 4 (Douglas, UK)

SDS-PAGE power supply

EV734 (Consort, Belgium)

shaker IRC-1-U (Adolf Kuhner AG, Switzerland),
Innova® 43/43R (New Brunswick Scientific,
USA), Innova® 4330 (New Brunswick Scientific,
USA), GFL 3017 (GFL, Germany)

SONICC (Benchtop, Formulatrix.Inc, USA)

Sonifier 250/450 (Branson Sonifier Emerson Electric Co,

USA)

Spectra/Porous 2 dialysis membrane

MWCO: 12,000-14,000 (Spectrum, Germany)

Spectrophotometer GeneQuant 1300 (GE Healthcare, UK), Nanodrop
2000c (Thermo Scientific, Peglab, Germany),
GENios microplate reader (Tecan, Schweiz)

TEM grid 400 mesh and 300 mesh (Electron Microscopy

Sciences, USA)

Thermocycler

Mastercycler® gradient, Mastercycler® personal

(Eppendorf, Germany)

Thermomixer

Thermomixer comfort (Eppendorf, Germany)
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Table 3.1.2: Chemicals used

Chemicals Supplier
Ampicillin Carl Roth
Anhydrotetracycline (AHT) IBA
BenchMark prestained protein ladder Invitrogen
Chloramphenicol Carl Roth

Gluthatione Sepharose 4B media

GE Healthcare

Isopropyl-p-D-thiogalactopyranosid (IPTG) Carl Roth
MES (2-(N-morpholino) ethanesulfonic acid) Applichem
Native Marker Liquid Mix for BN/CN SERVA
Ni-NTA resin QIAGEN

PageRuler Plus prestained protein ladder, 10 to 250kDa

Thermo Scientific

Plasmid: pASK-1BA43plus

IBA

Plasmid: pGEX-6p-1

Addgene

PreScission TM-protease

GE Healthcare

Protease Inhibitor Cocktail Tablets: cOmplete™, EDTA-
free

Sigma

Sodiumdodecylsulfat (SDS)

Carl Roth

peqGOLD gel extraction kit

PEQLAB Biotechnology

Table 3.1.3: SDS buffers used

Buffer

Composition

2 x sample buffer

50 mM Tris, pH 6.8, 2 % SDS (wi/v), 10 %
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glycine (w/v), 0.05 % B-mercaptoethanol (v/v)
and 0.02 % bromophenol blue (w/v)

APS

10 % in distilled water

Distaining solution

20% (v/v) acetic acid

Running buffer

25 mM Tris-HCI, 192 M glycine and 0.1 % SDS

in distilled water

SDS buffer 10 % (w/v) in distilled water
Separating 1.5 M Tris-HCI, pH 8.9
Stacking 0.5 M Tris-HCI, pH 6.9

Staining solution

0.25% (w/v) Coomassie Brilliant Blue G-250,
25% (v/v) 2-propanol and 10% (v/v) acetic acid

Table 3.1.4: Agarose gel electrophoresis buffers used

Buffer

Composition

1% Agarose

1 gin 100 ml in distilled water

1X Electrode buffer

25 mM Tris-HCI, 192 mM Glycin pH 8.3 and 0.1
% (w/v) SDS

50X TAE

500 mM Tris-Base, 5.7 % (w/v) acetic acid and
50 mM EDTA- Sodium formate

Ethidium bromide

10 mg/ml in distilled water

Loading dye

0.05 % Bromophenol Blue, 0.25 % Xylene
Cyanol, 1 mM EDTA, 50 % glycerol

Table 3.1.5: Western blot buffers used

Buffer Composition

AP 100 mM Tris pH 9.5
4 mM MgCI2

Blocking 3% BSA in TBS

PBS 150 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, and 2 mM
KH2PO4, pH 7.0

TBS 50 mM Tris pH 7.5, 150 mM NacCl

19



https://de.wikipedia.org/wiki/Natriumformiat

3 Materials and Methods

TBS-T 50 mM Tris pH 7.5, 150 mM NaCl and 0.1 % Tween-20 (v/v)

Transfer 192 mM Glycin, 25 mM Tris and 20% Isopropanol (v/v)

3.1.6 Plasmid and bacterial strains used

Host strain: BL21 (DE3); pGRO7 Cm”"

Plate: LB (Amp; 100 pug/ml); LB (Amp; 100 pg/ml, Cm; 34 pg/ml)
Plasmid: pGEX-6p-1 Amp"; pASK-IBA43plus Amp”™

3.1.7 Protein sequences

SAUL1 full length sequence:

Translated sequence from pGEX-6p-1: SAUL1 full length (GST-tag; PreScission protease
recognition site LEVLFQGP, linker: LGS, residues 1-801);

The arrow indicates the PreScission protease cleavage site

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD
VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLS
KLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAI
PQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQ%PLGSMVGSSDGDQSDDSSHFE
RGVDHIYEAFICPLTKEVMHDPVTLENGRTFEREAIEKWFKECRDSGRPPSCPLTSQELTST
DVSASIALRNTIEEWRSRNDAAKLDIARQSLFLGNAETDILQALMHVRQICRTIRSNRHGVR
NSQLIHMIIDMLKSTSHRVRYKALQTLQVVVEGDDESKAIVAEGDTVRTLVKFLSHEPSKGR
EAAVSLLFELSKSEALCEKIGSIHGALILLVGLTSSNSENVSIVEKADRTLENMERSEEIVR
OMASYGRLQOPLLGKLLEGSPETKLSMASFLGELPLNNDVKVLVAQTVGSSLVDLMRSGDMPQ
REAALKALNKISSFEGSAKVLISKGILPPLIKDLFYVGPNNLPIRLKEVSATILANIVNIGY
DFDKATLVSENRVENLLHLISNTGPAIQCKLLEVLVGLTSCPKTVPKVVYAIKTSGAIISLV
QFIEVRENDDLRLASIKLLHNLSPFMSEELAKALCGTAGQLGSLVAIISEKTPITEEQAAAA
GLLAELPDRDLGLTQEMLEVGAFEKIISKVFGIRQGDIKGMRFVNPFLEGLVRILARITFEVF
NKEARAINFCREHDVASLFLHLLQSNGODNIQOMVSAMALENLSLESIKLTRMPDPPPVNYCG
SIFSCVRKPHVVNGLCKIHQGICSLRETFCLVEGGAVEKLVALLDHENVKVVEAALAALSSL
LEDGLDVEKGVKILDEADGIRHILNVLRENRTERLTRRAVWMVERILRIEDIAREVAEEQSL
SAALVDAFQNADFRTRQIAENALKHIDKIPNFSSIFPNIA
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ARM 7-11AC sequence:

Translated sequence from pGEX-6p-1: ARM 7-11AC (GST-tag; PreScission protease
recognition site LEVLFQGP, linker: LGS, residues 1-413);

The arrow indicates the PreScission Protease cleavage site

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD
VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLS
KLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAT
PQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQEPLGSANIVNIGYDFDKATLVS
ENRVENLLHLISNTGPAIQCKLLEVLVGLTSCPKTVPKVVYAIKTSGAIISLVQFIEVREND
DLRLASIKLLHNLSPFMSEELAKALCGTAGQLGSLVAIISEKTPITEEQAAAAGLLAELPDR
DLGLTQEMLEVGAFEKIISKVFGIRQGDIKGMRFVNPFLEGLVRILARITFVFNKEARAINF
CREHDVASLFLHLLQOSNGOQDNIQMVSAMALENLSLESIKLTRMPDPPPVNYCGSIFSCVRKP
HVVNGLCKIHQGICSLRETFCLVEGGAVEKLVALLDHENVKVVEAALAALSSLLEDGLDVEK
GVKILDEADGIRHILNVLRENRTERLTRRAVWMVERILRIEDIAREVAEEQSLSAALVDAFQ

NADFRTRQIAENALKHIDKIPNFS

AtGSLO5-1IL sequence:

Translated sequence of AtGSLO5-IL cloned to pASK-IBA43plus ( , Linker 1:
GAGDRGPEFELGTRGSC, residues 1-639, linker 2: HAHGLSA,; Strep-tag);

GAGDRGPEFELGTRGSCAVVGLFDHLGEIRDMGQLRLRFQFFASAIQFNL
MPEEQLLNARGFGNKFKDGIHRLKLRYGFGRPFKKLESNQVEANKFALIWNEIILAFREEDI
VSDREVELLELPKNSWDVTVIRWPCFLLCNELLLALSQARELIDAPDKWLWHKICKNEYRRC
AVVEAYDSIKHLLLSIIKVDTEEHSIITVFFQIINQSIQSEQFTKTFRVDLLPKIYETLOKL
VGLVNDEETDSGRVVNVLOSLYEIATRQFFIEKKTTEQLSNEGLTPRDPASKLLFONAIRLP
DASNEDFYRQVRRLHTILTSRDSMHSVPVNLEARRRIAFFSNSLFMNMPHAPQVEKMMAFSV
LTPYYSEEVVYSKEQLRNETEDGISTLYYLQTIYADEWKNFKERMHREGIKTDSELWTTKLR
DLRLWASYRGQTLARTVRGMMYYYRALKMLAFLDSASEMDIREGAQELGSVRNLQGELGGQS
DGFVSENDRSSLSRASSSVSTLYKGHEYGTALMKFTYVVACQIYGSQKAKKEPQAEEILYLM
KONEALRIAYVDEVPAGRGETDYYSVLVKYDHQLEKEVEIFRVKLPGPVKLGEGKPENQNHA
MIFTRGDAVQTIDMNQDSYFEEALKMRNLLOQEYNHYHGIRKPTILGVRHAHGLSAWSHPQFE
K
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3.2 Methods

3.2.1 Bioinformatics tools and softwares used for sequence and structural

analysis

Phyre2: A homology modeling server used to calculate homology models (Kelley et al.,
2015).

IntFOLD: Web server for protein modelling, prediction and analysis (McGuffin et al., 2015).

ProtParam: A tool which allows computation of various physical and chemical parameters
of proteins such as molecular weight, amino acid composition, atomic composition, estimated
half-life, molar extinction coefficient, aliphatic index, instability index, and grand average of

hydropathicity from the given protein sequence (Gasteiger et al., 2005).

Clustal Omega: A multiple sequence alignment program used to generate alignments
between three or more protein or nucleotide sequences (Goujon et al., 2010; McWilliam et
al., 2013; Sievers et al., 2011).

BLAST (basic local alignment search tool): An algorithm used for comparing biological
sequence information in proteins and nucleic acids (Altschul et al., 1990).

DAMMIN: An algorithm used for ab initio shape determination by simulated annealing using

a single phase dummy atom model (Svergun, 1999).

DAMMIF: An algorithm which speeds up model reconstruction by a factor of 25-40 in
comparison with DAMMIN (Franke & Svergun, 2009).

CRYSOL.: An algorithm used for evaluation of the solution scattering from macromolecules

with known atomic structure and fitting to experimental data (Svergun et al., 1995).

CORAL: An algorithm used for rigid body modelling of multidomain protein complexes
against multiple data sets (Konarev & Svergun, 2012).

SASREF: An algorithm used for modelling of multisubunit complexes with known atomic

structure against solution scattering data (Petoukhov & Svergun, 2005).
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3.2.1 Cloning

A plasmid of the cloned pASK-IBA43plus-AtGSLO5-IL was provided by Prof. Dr. Christian
A. Voigt, Department of Molecular Phytopathology and Genetics of the Biocenter Klein
Flottbeck, University of Hamburg.

SAUL1 full length and ARM 7-11AC was pre-cloned in a pGEX-6p-1 Amp" plasmid by
myself and Catharina Brieske in the Laboratory of Prof. Dr. Stefan Hoth, Molecular Plant

Physiology, Biocenter Klein Flottbeck, University of Hamburg.

3.2.1.1 Polymerase chain reaction (PCR)

PCR is a widely applied technique to amplify a single copy or a few copies of a segment of
DNA. PCR was performed for DNA fragment amplification using Dream Tag-polymerase |
(Invitrogen, USA). The reaction was carried out by applying a thermocycler (Eppendorf,
Germany) and the samples were applied according to the standard protocols. For the reaction,
primers (Metabion, Germany) were diluted to a final concentration of 100 pM and 1 pl of
each forward and reverse was used. The first step in the amplification reaction was
denaturation for 10 min at 94 °C followed by 30 cycles of denaturation for 45 sec at 94 °C,
annealing for 1 min at 56 °C (based on the oligonucleotide annealing temperature, determined
by the supplier) and followed by elongation for 30 s at 72 °C (this step could be modified
based on the number of base pairs to be amplified. When the reaction was carried out
overnight, samples were stored at 4 °C within the PCR device. The PCR products were
applied onto a 1 % agarose gel. The components listed below were typically mixed in a 0.5 ml

reaction tube for PCR and placed in a thermocycler.

Table 3.2.1.1 Components for PCR reaction

Components Amount
DNA template 1 ul
Green buffer Sul
dNTPs, (2 mM) Sul
Forward primer Il
Revers primer 1 ul
Dream-Taq polymerase I ul
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DMSO 1l

dH20 add to 50 pl

3.2.1.2 DNA purification

The purification of the nucleic acid after PCR was performed using the PCR clean—up kit
(NucleoSpin Extract Il Kit, Macherey-Nagel). All steps were performed according to the
manufacturer‘s specifications. Instead of elution buffer, 50 ul dH20 was used to elute the
DNA.

3.2.1.3 Digestion of the DNA fragments

Restriction enzyme digestion was used to either prepare DNA fragments for ligation into a
plasmid or to examine the success of the ligation. In the cloning procedure, all fragments were
ligated into the selected vectors. PCR products and vectors were digested according to the
manufacturer‘s protocols. After digestion, the vectors were dephosphorylated by the addition
of 1 ul calf intestinal alkaline phosphatase (CIAP) followed by incubation at 37 °C for 1 h,
while the digested PCR products were stored on ice. The PCR products and vectors were
purified separately (see DNA purification) and eluted in 50 ul ddH20O for the PCR products
and 30 pl dH20 for the vectors. To verify the success of cloning, 0.5 ug of plasmid isolated
after transformation of E. coli were digested with relevant restriction endonucleases and

visualized on an agarose gel.

3.2.1.4 Agarose gel electrophoresis

Agarose electrophoresis is a technique used to separate DNA fragments based on their size.
Negatively charged DNA is attracted by the anode and moves through an agarose gel
depending on agarose concentration, size and conformation of the fragment and applied
power. The DNA samples were applied to a 1 % agarose gel and analyzed electrophoretically.
The gel was prepared by dissolving 1 % (w/v) agarose in 1x TAE buffer supplemented with
ethidium bromide solution (Sigma, USA) to visualize DNA fragments with UV-light.
Samples were mixed with 6 x DNA loading dye and applied to the gel. A suitable size marker
was used to estimate the length of the DNA fragments. The electrophoresis run was

performed at a constant voltage of 100 V. The DNA fragments from PCR and restriction
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digestion were exposed to UV light for detection, cut with a scalpel from the gel and purified
using the peqGOLD gel extraction kit (PEQLAB Biotechnology GmbH).

3.2.1.5 Ligation

Plasmid vectors and DNA fragments were ligated using a molar ratio of 1:5 with the addition
of 1 ul of T4 ligase and 2 ul of 10 x ligation buffers in a total volume of 20 ul. The reaction
mixtures were incubated overnight at 18 °C. Afterwards, the ligation mixtures were directly
incubated at 65 °C for 15 min to stop the reaction of the T4 ligase. The reaction mixtures were
used for a transformation of XL10-Gold or DH5a E .coli cells. The cells were plated out onto

agar plates containing 100 mg/ml ampicillin and incubated overnight at 37 °C.

3.2.1.6 Preparation of chemically competent cells

A single E. coli colony or a glycerol stock (200 pl) was used to inoculate 100 ml Luria
Bertani (LB)-medium and incubated at 37 °C overnight. The overnight culture was diluted
1:50 in LB-medium (10 ml of overnight culture were added to 500 ml LB-medium) and
grown at 37 °C to an optical density of 0.6-0.8 at 600 nm (OD600). Reaching this OD600, the
solution was cooled on ice for 10 min and centrifuged at 4 °C and 4000 rpm for 10 min. The
supernatant was discarded and cells were re-suspended in a sterile solution containing 0.1 M
CaCl, and incubated for 15 min on ice. This suspension was again centrifuged at 4 °C and
4000 rpm for 10 min and the supernatant was discarded. The cells were re-suspended in 5 ml
cold 0.1 M CaCl,/10 % glycerol containing buffer. Aliquots of 200 ul were flash-frozen in
liquid nitrogen and stored at -80 °C.

3.2.1.7 DNA-Sequencing

To investigate the success of cloning, plasmid DNA was sequenced by SeqlLab by extended
hotshot sequencing. Samples were prepared by mixing 6 ul of DNA with 1 ul of sequencing

forward or reverse primer.

3.2.2 Transformation

One hundred microliters of competent cells of BL21 (DE3) or pGRO?7, thawed on ice, were
incubated with 1 pl (20 ng) of plasmid DNA for 20 min on ice. The heat shock was performed

for 45 s at 42 °C. Thereafter, 0.5 ml LB (medium without antibiotics) was added. The mixture
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was then incubated for 1 h at 37 °C and 250 rpm. Afterwards, 100 pl of the transformation
mixture was inoculated on an agar plate with antibiotics for selection. The agar plate was
finally incubated at 37 °C for overnight. 2 x 1 L and 1 x 50 ml of LB medium were prepared

and autoclaved.

3.2.3 Recombinant protein expression

3.2.3.1 Recombinant expression of the AtGSLO5-IL

An N-terminal Strep-tag and C-terminal His-tag fusion with AtGSLO5-IL (total size 79 kDa)
was generated to enable subsequent purification from Escherichia coli after heterologous
expression. For the pre-culture 100 ml of LB medium were prepared and autoclaved. 2-3
single colonies were inoculated to 100 ml of LB medium (Amp; 100 pg/ml, Cm; 34 pg/ml)
and incubated for overnight at 37 °C with shaking at 180 rpm. 1:50 of the overnight culture in
LB medium was transferred to 1 L of LB containing the same concentration of antibiotics
(Amp 100 pg/ml, Cm 34 pg/ml) in a 5L flask. The flask was then incubated in a shaker-
incubator at 37 °C and 160 rpm, until the OD at 600 nm reached 0.4. A pre-induction with 0.5
mg/ml L- Arabinose (200 mg/ml) was performed. The flask was then incubated in the shaker
for further 30 min. Thereafter, the temperature was reduced to 30 °C and 2 mg/ml (1:10000)
of AHT (Anhydrotetracycline) was added. The culture was incubated for further 6h with
shaking at 160 rpm. In order to harvest the cells, the culture was centrifuged for 30 min at 4°
C and 5000 x g. The supernatant was discarded and the cell pellet was resuspended gently in
30 ml buffer, 20 mM Tris-HCI, pH 7.3, and 50 mM NacCl, and centrifuged again for 10 min
(using 50 ml centrifugation tubes; 17000 x g at 4 °C). The supernatant was discarded and the
weight of cell pellet was measured (usually 3 gram wet cell pellet was harvested from 1 L

culture). The pellet was then stored at -20 °C.

3.2.3.2 Recombinant expression of SAUL1 and ARM 7-11AC

An N-terminal GST-tag fusion with SAUL1 (total size 115 kDa) and ARM 7-11AC (total size
73 kDa) was generated to enable subsequent purification from Escherichia coli after
heterologous expression. For the pre-culture, 100 ml of LB medium were prepared and
autoclaved. 2-3 single colonies were inoculated to 100 ml of LB medium (Amp; 100 pg/ml)
and incubated for overnight at 37 °C with shaking at 180 rpm. One to fifty of the overnight

culture in LB medium was transferred to 1 L of LB containing the same concentration of
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antibiotics (Amp; 100 pg/ml) in a 5 L flask. The flask was then incubated in a shaker-
incubator at 37 °C and 160 rpm, until the OD at 600 nm reached 0.5. The temperature in the
shaker-incubator was reduced to 18 °C and 1 pM of IPTG (isopropyl-B,D-
thiogalactopyranoside) was added. The culture was incubated for overnight with shaking at
160 rpm. In order to harvest the cells, the culture was centrifuged for 30 min at 4 °C and 4000
X g. The supernatant was discarded and the cell pellet was resuspended gently in 30 ml PBS
buffer, and centrifuged again for 10 min (using 50 ml centrifugation tubes; 17000 x g at 4 °C).
The supernatant was discarded and the weight of cell pellet was measured (usually 6 gram

wet cell pellet was harvested from 1 L culture). The pellet was then stored at -20 °C.

3.2.3 Purification

3.2.3.1 Purification of His-tagged protein: AtGSLOS5-IL

After the expression step of the protein, a cell pellet of approximately 3 grams could be
harvested. The thawed cell pellet was suspended in 40 ml of PBS buffer and the cells were
disrupted by sonication for 15 min (30 s pulse on; 30 s pulse off; amplitude 30). The cell
lysate was centrifuged at 17000 x g for 1 h at 4 °C and the supernatant was filtrated using a
0.45 pm cut-off filter device. The filtered supernatant was then applied onto a Ni-NTA resin.
The cell lysate was incubated at 4 °C for 30 min into the pre-equilibrated Ni-NTA resin
matrix with 2 CVs lysis buffer (20 mM Tris pH 7, 200 mM NaCl and 5 mM Imidazole). The
column was then washed with 50 ml of lysis buffer and the His-tagged protein was eluted
with a linear gradient of 0 to 100 % elution buffer. The His-tagged protein started eluting at
100 mM Imidazole. 20 ul of the fractions were applied to 10 % SDS-PAGE analysis to trace
the purified protein. The fractions containing the His-tagged protein were pooled for a gel
filtration chromatography. The column was washed, regenerated and stored at 4 °C for
subsequent use. The pooled fraction from Ni2*-affinity chromatography was concentrated
using AmiconUItra ultrafiltration device and followed by purified with pre-equilibrated
HiLoad 16/60 Superdex 200 prep grade gel filtration column with 20 mM Tris-HCI, pH 7.3,
and 50 mM NaCl buffer.
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3.2.3.2 Purification of GST-tagged proteins: SAUL1 and ARM 7-11AC

After the expression step of the protein, a cell pellet of approximately 6 grams could be
harvested. The cell pellet was re-suspended in 40 ml of lyses buffer and the E. coli cells were
disrupted by sonication for 10 min (30 sec pulse on; 30 sec pulse off; amplitude 30). The cell
lysate was centrifuged at 17000 x g for 1 h at 4 °C and the supernatant was filtrated using a
membrane with a 0.45 pum cut-off. The cell lysate was then applied onto a pre-washed and
pre-equilibrated Gluthatione sepharose 4B media (GE Healthcare) respectively with MilliQ-
water and PBS buffer (5-fold bed volume of the column). The matrix was then washed for ten
column volumes using wash buffer (50 mM Tris pH 9 and 250 mM NacCl). The GST-tagged
proteins were eluted using a linear gradient from 5 to 30 mM L-Gluthatione reduced (GSH).
The GST-SAULL and GST-ARM 7-11AC fusion proteins were eluted at about 10 mM GSH.
The column was washed and regenerated with 10 CVs of water and 1 CV 6 M Guanidine
hydrochloride. For subsequent use the GST matrix was stored at 4 °C in a 50 % suspension
with 20 % ethanol. The cleaved protein sample was collected for a further purification step.
The chromatography affinity purification was followed by an overnight PreScission protease
cleavage for the bound GST-tag in the cold room (40 U of PreScission protease for 10 mg
protein; estimated from the SDS-PAGE). An SDS-PAGE analysis was done to confirm that
all GST-tagged protein had been cleaved. The pooled fractions were concentrated using
AmiconUItra ultrafiltration device followed by purification with pre-equilibrated HilLoad
16/60 Superdex 200 prep grade gel filtration column. A chromatogram at 280 and 220 nm
was recorded and analyzed. Proteins purity was analyzed by SDS-PAGE.

3.2.3.3 Size exclusion chromatography (SEC)

The pooled fractions after affinity chromatography were concentrated to less than 5 ml using
an AmiconUItra MWCO: 30 kDa device. The concentrated protein solution was applied onto
a HiLoad 16/600 Superdex 200 prep grade column pre-equilibrated with elution buffer at 1.0
ml/min flow rate and collected in 2 ml fractions. SDS-PAGE analysis was performed with 20
ul of the fractions. Fractions containing the purified protein were pooled and concentrated for
DLS studies. The calculation of the molar extinction coefficient at 280 nm depends on the
number of the aromatic amino acid residues, tyrosin and tryptophan, in the sequence and the
number of disulfide bonds. The molar extinction coefficient was determined with the analysis

program "ProtParam™ (http://au.expasy.org/tools/protparam.html). According to the Beer-
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Lambert law, the concentration of the solution was calculated by measuring the absorbance at
280 nm:

Exdilution factor
exd

E(280nm)=e¢XcXd—-c=

Where E is the absorption at 280 nm, d is the cuvette width (cm) and ¢ is the molar extinction

coefficient (L-mol-cm-l). The relative molecular weight of the eluted proteins was interpolated
from a linear calibration plot of elution volume versus log molecular weight. A calibration curve
was prepared using the standards Ribonuclease A (13.7 kDa), Carbonic Anhydrase (29 kDa),
Ovalbumin (44 kDa), Conalbumin (75 kDa), Aldolase (158 kDa), Ferritin (440 kDa) and

Thyroglobulin (669 kDa). This calibration was used to estimate protein sizes in this work.

3.2.3.4 SDS-polyacrylamide gel electrophoresis (PAGE)

Electrophoresis is a tool used in biochemistry, molecular biology, and biotechnology to separate
biological macromolecules as proteins or nucleic acids, according to their electrophoretic
mobility. The mobility depends on the charge and molecular weight of the molecule. SDS-PAGE
is a simple method used to determine size and purity of the protein sample under denaturing
conditions. The separation of macromolecules is driven by an electric field, whereby it is called
electrophoresis. It is considered as a very popular method to separate proteins by electrophoresis
applying varying polyacrylamide concentration as a support medium and sodium dodecyl sulfate
(SDS) as a denaturing agent. SDS is an anionic detergent that binds with peptide chains and
maintains a net negative charge within a wide pH range. The negative charges on SDS damage
most of the quaternary structure of proteins, and are passively attracted toward an anode
(positively-charged electrode) under the effect of the electric field. Polyacrylamide gels act as
molecular sieves and restrain larger molecules from migrating as fast as smaller particles. Protein
samples were mixed with 6 x concentrated sample buffer and incubated at 96 °C for 10 min for
denaturation. The gel was vertically placed in a gel chamber (Hoefer Inc, USA) and connected to
an EV 231 power supply (Peglab, Germany) to adjust the electric field. Electrophoresis was
terminated as soon as bromophenol blue reached the low end of the gel. The gel was stained for at
least 2 hours in coomassie staining solution and subsequently destained in 20 % (v/v) acetic acid

until a sufficient contrast was visualized.
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3.2.3.5 Native gel electrophoresis

In the native gel electrophoresis the protein keeps its folding state and charge, therefore, the
proteins are not separated according to their molecular mass, but by charge and hydrodynamic
radius. There are three native PAGE methods, referred to as native clear, blue native and native
quantitative preparative continuous-PAGE (QPNC-PAGE). Pre-cast polyacrylamide gels (4-16 %
gradient gels) for blue or clear native PAGE were obtained from SERVA (Germany) and used
according to the instructions in the manual applying a mighty small 1l PAGE chamber (Hoefer,
USA). The protein samples were diluted with sample buffer (2 x without SDS) at a volume ratio
of 1:1 and applied to the native gel. Since in the electrophoresis much heat is generated, the
electrophoresis was carried out on ice to avoid possible denaturation of the native proteins. The
electrophoresis was started with a constant voltage of 50 V until the proteins had migrated
through the gel. For the migration of proteins through the separation gel, a voltage of 150 to 200
V was chosen. Furthermore, a standard protein marker to approximate the molecular weight,
sample buffer as well as anode and cathode buffer was purchased from SERVA (Germany).

3.2.3.6 Western blot

The Western blot was used for the immunological detection of the expressed proteins. Proteins
were separated in a 10 % separation gel and blotted according to standard methods (Renart et al.,
1979). After successful blotting, the nitrocellulose membrane was blocked with blocking buffer
(0.5 % (w/v) BSA in TBS) overnight at 4 °C to prevent nonspecific antibody binding, then
washed twice with TBS (750 mM NaCl, 1 M Tris-HCI, pH 7.5). The membrane was incubated
with mouse anti-tetra-histidine 19G1 (QIAGEN) in blocking buffer for 2 h at room temperature.
After washing with TBST [5 x TBS buffer, 0.05 % (v/v) Tween 20] and TBS, the membrane was
incubated with the secondary anti-mouse antibody linked with APC for 45 min. The membrane
was washed again with TBS and TBST and transferred to reaction buffer supplemented with 50 g
I-1 NBT (dissolved in 70 % DMF) and 20 g I-1 BCIP. After washing the blot color was
developed. At a sufficient level of staining, the membrane was rinsed with deionized water to

stop the reaction.
3.2.4 Circular dichroism

The difference in light absorbance between left and right-circularly polarised light (CPL) is
called circular dichroism (CD, Applied Photophysics, 2015).
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CD = AA(A) cpr, — AA(A)gepL

With,

L: Wavelength

LCPL: Left-handed circularly polarised light
RCPL: Right-handed circularly polarised light
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Figure 12: CD spectra of protein secondary structure: Right: a spectral curve of typical a-
helical protein shows two minima at 220 and 208 nm and a maximum at 192 nm (red
spectrum). Left is a f-sheet conformation showing a minimum at 215 nm and a maximum at
195 nm (blue spectrum). The green spectrum is a typical unfolded protein conformation (Yang
et al., 1986). Figure taken from: https://www.photophysics.com/resources/tutorials/circular-

dichroism-cd-spectroscopy (Applied Photophysics, 2015).

Circular dichroism (CD) is a dichroism requiring circularly polarized light. It is a widely used
technique to study macromolecules conformation and protein folding in solution. CD
spectrums allow determining important characteristics about the protein’s secondary structure
(Figure 12) and the approximate percentage of the backbone conformation content in a-helice,
B-sheet, or turn structures.

In this work, circular dichroism (CD) spectroscopy of the purified AtGSLO5-IL, SAUL1 and
ARRM 7-11AC were performed using a J-815 CD spectrometer (Jasco, Germany) at
wavelengths of 240 to 190 nm to verify the folding quality and for determining the secondary

structure composition. To eliminate any optically active materials that may affect the
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measurement, protein solutions was dissolved in a 1:1 ratio with water resulting in a final
protein concentration of 0.5 mg/ml. The CD spectrometer equipped with a peltier element was
calibrated according to the supplier’s instructions. The peltier element allows precise
investigations concerning the thermal stability of a certain protein fold. The ellipticity of the
sample was typically measured in a Imm quartz cuvette with a wavelength interval ranging
from 240-190 nm. The baseline recorded for the corresponding buffer was subtracted. The
elasticity 0 is defined as the difference in absorbance of clockwise and counter clockwise

circular polarized light.

3.2.5 Mass spectrometry

Mass spectrometry (MS) is an analytical technique used for mass-to-charge ratio (m/z)
determination of ions. In this work protein bands were excised from the SDS gel and proteins
were cleaved into peptides using trypsin. Excised bands of interest, were washed with 50 mM
NH4HCO; for 5 min and destained using 100 ul 50 % Acetonitril (ACN) and 50 % 50 mM
NH4HCO; at room temperature (RT) until the color became clear (about 30-60 min). After
vortexing, the waste was discarded and the gel pieces were incubated in 100 pl 100 % ACN at
RT for about 10 min. ACN was then removed and the sample was left to dry in a fume hood.
Gel pieces were afterwards incubated for 20 min in a 20 pl trypsin solution (0.01 pg/ul in 50
mM NH4HCOs3). Finally, 20-50 pl of 50 mM NH;HCO; was added to the solution.

After tryptic digestion the sample was subsequently spotted onto a MALDI-TOF (matrix
assisted laser desorption ionization) anchor chip target with a-Cyano-4-hydroxycinnamic acid
as matrix as a dried droplet. Finally, the target was introduced into the ionization chamber of
the mass spectrometer. Intensities versus mass-to-charge ratios are recorded and graphically
displayed as a mass spectrum using FlexAnalysis as software (Bruker Daltonics). Samples
were measured by a MALDI-TOF/TOF-MS (2 coupled time-of-flight mass analyzers) using
an Ultraflex 11 mass spectrometer (Bruker Daltonik, Germany). Mass spectra were acquired
in reflector mode and externally calibrated using a peptide standard calibration. For protein
identification from mass spectra the program mMass (Strohalm et al., 2008; Strohalm et al.,
2010; Niedermeyer & Strohalm, 2012 ) was used for analysis. Peptide mass fingerprint was
performed with following settings: server. Matrix Science (MASCOT), database: NCBI,
taxonomy: Viridiplantae (green plants), allowed miscleavages: 1, variable modifications:

oxidation at methionines, peptide tolerance: 0.3 Dalton, mass type: monoisotopic.
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Found proteins were regarded as identified when at least five peptides match to the protein
and sequence coverage of 25 % was reached. Furthermore, the internal scoring of the
MASCOT server had to be at least 78 to define a protein score as significant.

Tryptic digestion and identification of the proteins via database search using Mascot software,
was performed by Anna Ostendorp, Steffen Pahlow and Prof. Dr. Julia Kehr, Department of
Molecular Plant Genetic in the Biocenter Klein Flottbeck, University of Hamburg.

3.2.6 Enzymatic activity assay

To exanimate whether the buffer, including pH and salt concentration, has an influence on the
enzymatic activity of the AtGSLOS5-IL, enzyme linked-immunosorbent assay (ELISA)
analysis, after cell lysis and purification of the AtGSLO5-IL, in the presence of UDP-glucose
as substrate, was performed using six different buffer solutions (A: pH 8 + 150 mM NaCl; B:
pH 8 + 30 mM NaCl; C: pH 7.3 + 3 mM NaCl; D: pH 8 + 150 mM NacCl; E: pH 8.8 + 30 mM
NaCl; F: pH 7.3 + 3 mM CacCl,). An anti-(1,3)-#-glucan antibody (Biosupplies, Australia)
was used for specific detection of the (1,3)-5-glucan. For the (1,3)-f-glucan synthesis, 20 pl
of the purified AtGSLOS5-IL protein solution was incubated with 80 ul activity buffer (0.02 %
(w/v) digitonin, 2 mM CaCl,, 4 mM Cellobiose, 1.2 mM UDP-Glucose in 50 mM Tris buffer
with different pH and NaCl values) in 96-well Corning Costar plates (Corning, USA) at 25 °C
and 300 rpm for 60 min. Fractions from empty vector as well as PMR4-IL samples were
treated at 95 °C for 20 min and used as controls. To stop the reaction 10 pul 1 M NaOH was
added. The synthesized (1,3)-4-glucan was then solubilized for 60 min at 80 °C.

3.2.7 Thermal stability assay

Thermal denaturation assay of SAULL protein sample using Proteostat dye (EnzoLife
Sciences) and SYPRO Orange dye (Invitrogen) was performed with the help of Sandra Kozak
and Dr. Stephane Boivin, EMBL Hamburg. A protein sample at a concentration of 3.5 mg/ml
was incubated with a 2 pl Proteostat solution dye or Sypro-Orange solution (10 x) dye in a
total volume of 25 pl. The protein solution was then mixed with different concentrations of
bivalent metal ions (Ca®*, Zn**, Cu*, Fe*, Mn*, Ni*, Co®*, Mg?"). The protein was
gradually heated using temperature gradient from 5-95 °C using 1 °C per minute, with a 5
minutes equilibration time at the initial step, in order to slowly unfold the protein, exposing
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hydrophobic patches. The protein melting point (Tm) was determined. A sample buffer was
used for control. The experiment has been carried out using BioRad MylQ RT-PCR system.

3.2.8 Dynamic light scattering

Dynamic light scattering (DLS) is an established method used to estimate the size distribution
of molecules and nanoparticles by measuring their hydrodynamic radius, dispersity and
aggregation state (Berne & Pecora, 1990; Stepanek, 1993). Light from a laser is focused to
reach the particles in a microcuvette (Figure 13). The detection of the intensity of the
scattered light from the particle distribution allows calculation of the autocorrelation function
of the light (Patty & Frisken, 2006). Measuring of the time dependent fluctuations of the
scattered light intensity allows the determination of the translational diffusion coefficient, and

therefore the hydrodynamic radius (Ry).
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Figure 13: Scheme of a dynamic light scattering instrument:

The fluctuation in the intensity of light scattered by the particles is measured at an angle of

90° over time.
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The rate of the fluctuation in the light intensity, resulting from the Brownian motion of the
particles, depends on the diffusion coefficient (velocity) and the size of the molecule or
particle. The hydrodynamic radius of particles is calculated using the Stokes-Einstein
equation (Patty & Frisken, 2006):

R = kgT
H 6mnD

Ry is the hydrodynamic radius, n is the solvent viscosity, Kg is the Boltzmann’s constant, D is
the diffusion coefficient and T is the absolute temperature.
In this work, 20 pl of protein sample was pipetted into to a quartz cuvette for the DLS

measurement using a DLS SpectroSIZE 300 instrument (Xtal Concepts, Germany).

3.2.9 Macromolecular crystallography

Macromolecular crystallography is the most widely used technique for the determination of
the 3D-structure of biological macromolecules. In brief, crystals of the macromolecule of
interest are grown and analyzed using X-rays. From the diffraction pattern and after having
solved the crystallographic phase problem, the 3D structure of the macromolecule can be

modeled in the calculated electron density map.

3.3.9.1 Crystallization experiments

Several steps are indispensable for growing protein crystals: First, a highly pure and
structurally homogeneous protein stock solution in an appropriate solute is required. Second,
with the aid of a salt or organic small molecules and a crystallization device/technique, the
protein solution is brought to supersaturation (labile zone of the phase diagram; Figure 14) to
induce nucleation, which is the main step in crystal growth (Drenth, 1999). After getting a
few nuclei, the supersaturation is best reduced to achieve optimal crystal growth in the
metastable zone of the phase diagram without formation of additional nuclei. Many
crystallization techniques are available such as batch, liquid-liquid diffusion, dialysis, and
vapor diffusion crystallization. With the hanging drop method, 1 to 2 pl of protein solution
are mixed with 1 to 2 pl of precipitant solution and the mixture is placed on a siliconized glass

cover slip. The slips are then placed over the wells of the crystallization trays that contain
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each 500 pl of the precipitant solution (Figure 15). The sitting-drop technique is most useful if
the solutions have a low surface tension due to the use of detergents (Drenth, 1999). Because

of automation, 96-well sitting drop trays have become very popular.

Supersaturated

Undersaturated

Protein concentration

A 4

Precipitant concentration

Figure 14: Phase diagram: In order to achieve protein crystallization we have to either
increase the concentration of the protein or diminish repulsive forces or increase attractive

forces by adding an organic solvent or varying the pH.

For the crystallization of the SAULL protein more than 200 crystallization conditions were
tested, using manual screening techniques, i.e. sitting-drop and hanging-drop trays. Protein
was purified and the GST-tag was cleaved in order to minimise additional flexible regions
within the protein. The purified protein was centrifuged at 25000 x g for 3 h at 4 °C. The
monodispersity was verified by DLS. Protein was concentrated using an AmiconUltra
(MWCO: 30 kDa) device. A pre-crystallization test (Hampton Research, USA) was
performed to obtain the most suitable start concentration for the crystallization experiments. 1
ul of protein solution was mixed with 1 pl of the respective precipitant solution. The reservoir
was filled with 500 pl of precipitant solution. Plates were sealed and stored at 4 °C and 20 °C.
In addition, lipid cubic phase (LPC) and further conditions using commercial protein screens
and kits (Index, PACT, JCSG, Morphous, Compas, Classic, Structure, PGA, MemMeso,
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MemGold.) were tested using the Honeybee 961 (Zinsser Analytic GmbH, Germany) and
Oryx 4 (Douglas, UK) crystallization robots. 500 nl protein solution was mixed with 500 nl of
the respective precipitant solution in one well. The reservoir was filled with 55 pl of

precipitant solution. The plates were sealed and stored at 4 °C and 20 °C.

A Cover slide B

Hanging drop Sitting drop

Figure 15: Hanging-drop and Sitting-drop methods:

A drop of protein solution mixed with a drop of precipitant is located above (panel A) or
laterally (panel B) in a vessel over a solution having a high concentration of the precipitant.
A gradually diffusion (gas phase) of the solvent (water) will take place, which leads to a super

saturation in the droplet.

3.2.10 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a technique used to investigate three-dimensional
shape macromolecule in solution at a resolution of 10 to 20 A. SAXS is also an important
technique for studying structural changes of biological molecules and their behavior, which
can be very helpful to understand some diseases such as Alzheimer, Parkinson and various
neurodegenerative disorders (Svergun & Koch, 2003). SAXS complements other methods
such as nuclear magnetic resonance (NMR) spectroscopy, protein crystallography and
electron microscopy. However crystallography and nuclear magnetic resonance have some
limitations. In macromolecular crystallography only crystallizable proteins can be
investigated, and since we cannot study the behavior of the molecules in solution, the

examination of motions is not possible. NMR spectroscopy has size limitations; only low
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molecular mass molecules (proteins less than 50 kDa, RNA with less than 50 nucleotides) can
be examined (Koch et al., 2003).
After subtracting the scattering of the buffer from the scattering of the sample, a scattering

intensity curve 1(q) will be obtained (Figure 16, Putnam et al., 2007) where:

q = (4msinf) /A
g: Momentum transfer
20: Scattering angle
A: Wavelength of the incident X-ray beam

X-ray beam

Sample in
solution

X-ray detector Scatteing curve

Figure 16: Schematic representation of small angle X-ray scattering (SAXS): The X-ray
beam is directed towards the sample in solution. The scattered radiation is captured by the

detector and a scattering curve, 1(q), is detected.

Corresponding to the Patterson function in X-ray Crystallography, P(r) is the density
distribution function or also called electron distributions of particles, which can be calculated
from the electron density or from a Fourier transform of the scattering curve (Putnam et al.,
2007):

_r. (o]
P(r) = P 1(q)q sin(qr)dq
0

The scattering curve of macromolecules can be derived from the Pair-density distribution

function P(r) giving the following equation (Putnam et al., 2007):
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Dmax sin q(r
1(q) = 471.[) P(r) qég )d(r)
Where,
r: Radius
d: Distance

Dmax = Maximum distance available in the scattering particle:

At low resolution, the scattering is calculated using Guinier approximation (Guinier, 1939):

1(q) = exp[-(q*R$)/3]
Rg: Radius of gyration

In this work, data were processed and analyzed with the help of Dr. Alexey Kikhney (EMBL
c/o DESY, Hamburg). Synchrotron radiation small angle X-ray scattering data from different
solute concentrations of the proteins AtGSLO5-IL, SAUL1, SAUL1-GST complex and ARM
7-11AC ranging from 1 to 7 mg/ml in pure water were collected at EMBL beamline P12 at the
storage ring PETRA Il1l (DESY, Hamburg, Germany; Blanchet et al., 2015). Data were
collected using a 2D photon counting Pilatus 2M pixel detector (Dectris) at a sample-detector
distance of 3.0 m and a wavelength of A = 0.124 nm, the range of momentum transfer 0.04 < s
< 4.8 nm™ was covered (s = 4m sinf/A, where 20 is the scattering angle). Data were
normalized to the intensity of the transmitted beam and radially averaged. To monitor
radiation damage, 20 successive 50 millisecond exposures of protein solutions were compared
and only frames before the first signs of damage were averaged. The scattering of the buffer
was subtracted and the difference curves were scaled according to the protein concentration.
The radius of gyration Ry along with the pair distance distribution function of the particle p(r)
and the maximum dimension Dmax Were computed by the automated SAXS data analysis
pipeline SASFLOW (Franke et al., 2012). The composite scattering curves were used to
generate low resolution ab initio shapes of each protein using the program DAMMIF (Franke
& Svergun, 2009). This program uses an assembly of densely packed beads to represent the
particle shape and employs simulated annealing to construct a compact interconnected model
that fits to the experimental data I(s). Ten DAMMIF runs were performed to check solution
stability, resulting in well superimposable models. Given the uncertainty in determining the
protein concentration, it was difficult to estimate the molecular weight of the solute from the

forward scattering. The excluded volume reported by DAMMIF was used to evaluate the
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molecular weight assuming that the protein volumes in nm?® are about two times the MWs in
kDa. The excluded volume of the hydrated particle was also computed from the small angle
portion of the data (s < 1.1 nm™) using the Porod equation (Glatter& Kratky, 1982). For

globular proteins, Porod (i.e. hydrated) volumes in nm?® are about 1.6 times the MWs in kDa.

3.2.10.1 Intracellular loop of the glucan synthase-like 5 (AtGSLO5-IL)

Synchrotron radiation small angle X-ray scattering data from 1 mg/ml solute concentration of
AtGSLOS5-IL in 20 mM Tris with 50 mM NaCl, pH 7.3 were collected at EMBL beamline
P12 at the storage ring PETRA Il (DESY, Hamburg, Germany; Blanchet et al., 2015). The
protein was purified and centrifuged at 25000 x g for 3 h at 4 °C. The monodispersity was
verified by DLS. Two different concentrations in the range of 1-2 mg/ml were prepared and
the waste from the protein concentrator was used as reference buffer for the measurements.
The data were processed and computing with the indirect transform software for small-angle
scattering GNOM (Svergun, 1992; Berne & Pecora, 1990; Stepanek, 1993). Rigid body
modelling was performed using the program CORAL (Petoukhov et al. 2012). Starting from a
tentative model, this program uses simulated annealing to search for a non-overlapping
interconnected configuration of known domains connected by extended linkers fitting the
experimental data. The overall parameters evaluated from SAXS data are summarized in
Table 4.1.6. The scattering data and the models are deposited in SASBDB (Valentini et al.,
2015), code: SASDBNA4.

3.2.10.2 Senescence associated ubiquitin ligasel (SAUL1)

Synchrotron radiation small angle X-ray scattering data from different solute concentrations
of the SAUL1, SAUL1-GST complex and ARM 7-11AC ranging from 1 to 7 mg/ml in 20
mM Tris with 250 mM NacCl, pH 9 were collected at EMBL beamline P12 at the storage ring
PETRA Il (DESY, Hamburg, Germany). The purified proteins were centrifuged at 25000 x g
for 1 h at 4 °C. The monodispersity was verified by DLS. Proteins were concentrated using an
AmiconUltra (MWCO: 30 kDa) device. The waste from the protein concentrator was used as
reference buffer for the measurements. The data were processed and calculations were
performed using the indirect transform software for small-angle scattering GNOM (Svergun,
1992; Berne & Pecora, 1990; Stepanek, 1993). Ten DAMMIF runs were performed to check

solution stability, resulting in well superimposable models.
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3.2.11 Electron microscopy

In this work, negative stain electron microscopy was performed at the Max Plank Institute for
Molecular Genetics in Berlin, for SAUL1 full length with the help of Jérg Blrger and Dr.
Thorsten Mielke. For AtGSLO5-IL, the negative stain electron microscopy was carried out at
the Heinrich-Pette-Institut in Hamburg with the help of Carola Schneider and Dr. Rudolph
Reimer. Transmission electron microscopy and stochastic optical reconstruction microscopy

was performed by Prof. Dr. Christian VVoigt, BZF Hamburg.

3.2.11.1 Negative staining electron microscopy (EM)

Electron imaging is considered as powerful tool for visualizing 3D structural details.
However, because of the strong interaction of electrons with matter, the electron path of the
microscope must be kept under high vacuum to avoid unwanted scattering by gas molecules
in the electron path. Consequently, the EM specimen has to be in the solid state for imaging,
and special preparation techniques are required to either dehydrate or stabilize hydrated
biological samples under vacuum (Jensen, 2010). Negative staining electron microscopy
(EM) is a powerful technique that can be used to study 3D structures of purified protein
samples, such as using the random conical tilt method (Radermacher et al., 1987).
Furthermore, this method can have many other applications, such as identifying and analysing
two-dimensional (2D) crystals of membrane proteins (Zhao, 2010). Negative stain (EM) is a
powerful structural analysis method for protein samples quantitative and qualitative
examination. It is a simple sample preparation tool in which protein samples are embedded in

a thin layer of a dried heavy metal salt to increase the specimen contrast (Ohi et al., 2004).

3.2.11.1.1 Negative staining EM: AtGSLO5-I1L

Negative staining electron microscopy (EM) is an established technique, often used, for
contrasting a thin specimen with an optically opaque fluid, in diagnostic microscopy. In this
method, the background is stained, leaving the actual specimen untouched, and thus being
visible (Cheng & Walz, 2009). This requires the collection of several images within one
specimen, one untitled and one tilted to 60 °C, both from the same area. 3 pl of the purified
AtGSLO5-IL protein was deposited on a glow discharged 400 mesh TEM grid with a formvar
carbon film (Electron Microscopy Sciences, Hattfield, PA, USA) and negative stained with 2
% uranylacetate (Merck KGaA, Darmstadt, Germany). The grid was allowed to dry for two
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minutes, covered for few seconds with a small drop of the 2 % uranylacetate, then rinsed with
distilled water to remove the over stain. Transmission electron microscopy was performed on
a FEI Tecnai G20 microscope (FEI company, Eindhoven, The Netherlands) equipped with a 2
K wide angle CCD camera (Veleta, Olympus Soft Imaging Solutions, Munster, Germany)

using an acceleration voltage of 80 kV."

3.2.11.1.2 Negative staining EM: SAUL1

The negative stain EM enhanced contrast, allows the visualization of relatively small
biological samples such as, the determination of three-dimensional (3D) structures of purified
proteins or protein complexes (Rabl, 2008). This method can be also used for much broader
purposes such as obtaining information about the homogeneity and the heterogeneity of the
sample, formation of protein complexes or large assemblies and to evaluate the quality of a
protein preparation. 3 pl of the purified SAULL1 full length protein was deposited on a carbon
coated grid, discharged by the PELCO easiGlow GlowDischarge system (Ted Pella Inc.,
USA). The grid was allowed to dry for two minute, covered for 45 seconds with a small drop
of 2 % uranyl acetate then rinsed with distilled water to remove the over stain and blotted off
with a filter paper. The grid was loaded into the CompuStage of the 100 kV Philips CM100
microscope with a 1kx1k fastscan charge-coupled device (CCD) camera (TVIPS), using
21000 x 29500 x magnification.
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4 Results

4.1 Intracellular loop of the A. thaliana glucan synthase-like 5
(AtGSLO5-IL)

4.1.1 Cloning and transformation

The gene of the AtGSLO5-IL was cloned into pASK-IBA43plus vector carrying ampicillin
resistance, offering an N-terminal Strep-tag and a C-terminal His-tag to enable subsequent
purification from E. coli after heterologous gene expression. The plasmid of the cloned
PASK-IBA43plus-AtGSLOS5-IL was kindly provided by Prof. Dr. Christian A. Voigt,
Department of Molecular Phytopathology and Genetics of the Biocenter Klein Flottbeck,
University of Hamburg. The chloramphenicol resistant transformation of E coli, pGRO7
competent cells, with the plasmid was described in more details in the methods section
(Chapter 3.2.2).

4.1.2 Purification and mass spectrometry analysis

After recombinant expression (see methods section; Chapter 3.2.3.1), the N-terminal Hisg-
tagged AtGSLO5-IL protein was purified using Ni**-affinity chromatography. Analyzing
protein fractions by western blot (Figure 17, A) and SDS-PAGE (Figure 17, B), a protein
band corresponding to the MW of the AtGSLO5-IL monomer (79 kDa) was detected. To
improve the purity and analyze the oligomerization state of the protein, the affinity
chromatography step was followed by size exclusion chromatography (SEC) (Figure 18).

The chromatogram showed two peaks. According to the SDS-PAGE analysis and the
chromatogram, the AtGSLO5-IL protein was present in the first peak, mainly in the fractions
with retention volume 42 ml to 52 ml. In order to avoid any impurity, only fractions with
retention volumes 44 ml to 48 ml were pooled. The SEC shows the presence of higher
oligomeric states of the protein in solution, corresponding to a calculated molecular weight
higher than 600 kDa (Figure 19, C), indicated by a retention volume of about 48 ml. The
retention volume was interpolated from a linear calibration plot of the HilLoad 16/60
Superdex 200 prep grade column (see methods section; Chapter 3.2.3.3). Analyzing the SEC

protein fractions from the peak at 48 ml retention volume by non reducing SDS-PAGE
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4 Results

showed a predominant protein band corresponding to the MW of the AtGSLO5-IL monomer
(79 kDa).

M(kDa) M(kDa)
1o W E1 E2 E3 130 W E1 E2 E3
95
az - e <79 kDa = “—79KDa
55 AtGSLO5-IL = AtGSLO5-IL
55
36 _— £
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Figure 17: 10 % SDS-PAGE analysis after Nickel-affinity chromatography:

SDS-PAGE and Western blot analysis of the expressed AtGSLO5-IL were performed after
Ni**-affinity chromatography. Western blot was used for the immunological detection using
mouse anti-tetra-histidine 1gG1 (QIAGEN). 20 pl sample from each of the fractions and 5 pl
of the marker (M) were used in the SDS-PAGE (left) and Western blot (right) analysis. W:
Wash, E1: 30 mM Imidazole Elution, E2: 150 mM Imidazole Elution, E3: 200 mM Imidazole
Elution. Red arrows indicate the AtGSLO5-IL protein bands.

The identification of proteins by mass spectrometry was performed using peptide mass
fingerprint (PMF). Therefore, AtGSLO5-IL protein band (Figure 18, B) was excised from the
SDS-PAGE gel, and the protein was digested into sequence-specific peptides using trypsin
and analyzed by MALDI-TOF mass spectrometry (MALDI-TOF MS) to verify the identity of
the single protein band (Figure 19). MS fullscan spectra plot intensities against the mass-to-
charge (m/z) ratios of the peptides. Database searches using Mascot software shows that the
detected peptides cover 28 % of the full length callose synthase 12/ GSLO05 protein sequence
from A. thaliana.
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The identified sequences are below and belong to the AtGSLO5-IL protein of Arabidopsis
thaliana (the detected peptides cover 70 % of the AtGSLO5-IL protein sequence from A.

thaliana).

Sequence: Callose Synthase 12 full length protein sequence: Protein sequence coverage was 28 %

of the full length and 70 % of the AtGSLOS5-IL protein sequence. Matched peptides are shown in

red

AVVGLFDHLGEIRDMGQLRLRFQFFASATQFNLMPEEQLLNARGFGNKFKDGIHRLKLRYGF
GRPFKKLESNQVEANKFALIWNEIILAFREEDIVSDREVELLELPKNSWDVTVIRWPCFLLC
NELLLALSQARELIDAPDKWLWHKICKNEYRRCAVVEAYDSIKHLLLSIIKVDTEEHSIITV
FFQIINQSIQSEQFTKTFRVDLLPKIYETLOQKLVGLVNDEETDSGRVVNVLQSLYEIATRQF
FIEKKTTEQLSNEGLTPRDPASKLLFONAIRLPDASNEDFYRQVRRLHTILTSRDSMHSVPV
NLEARRRIAFFSNSLFMNMPHAPQVEKMMAFSVLTPYYSEEVVYSKEQLRNETEDGISTLYY
LOTIYADEWKNFKERMHREGIKTDSELWTTKLRDLRLWASYRGQTLARTVRGMMYYYRALKM
LAFLDSASEMDIREGAQELGSVRNLQGELGGQSDGFVSENDRSSLSRASSSVSTLYKGHEYG
TALMKFTYVVACQIYGSQKAKKEPQAEEILYLMKONEALRIAYVDEVPAGRGETDYYSVLVK
YDHQLEKEVEIFRVKLPGPVKLGEGKPENQNHAMIFTRGDAVQTIDMNQDSYFEEALKMRNL
LOQEYNHYHGIRKPTILGVR

In summary, SEC revealed the existence of higher oligomeric states of the purified
AtGSLO5-IL in solution. The identity of the AtGSLO5-IL protein was also verified with
MALDI-TOF MS, applying a single coomassie-stained band excised from the SDS-PAGE

gel.
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Figure 18: A: Chromatogram of AtGSLOS5-IL after gel filtration. B: HiLoad 16/60 Superdex 200
prep grade matrix calibrations. C: 10 % SDS-PAGE after gel filtration. The protein sample was
purified on a HiLoad 16/60 Superdex 200 prep grade gel filtration column. 5 ul of the marker
(M) and 20 pl of the His-tagged AtGSLO5-IL protein were used in the SDS-PAGE analysis.
Analysis of the purified protein after size exclusion chromatography by non reducing SDS-PAGE

(indicated by a red arrow) corresponded to the monomeric MW of the AtGSLO5-IL (79 kDa).
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Figure 19: Mass spectrometry spectrum: Spectrum detected with peptide mass fingerprint
analysis. Callose Synthase 12/ GSLO5 from A. thaliana was clearly identified. Trypsin cuts C-
term side of lysine, argenine unless the next residue is a proline. Protein sequence coverage was
28 % of the full length callose synthase 12/ GSLO5 and 70 % of the AtGSLOS5-IL protein

sequence.

4.1.3 Characterization of the p-1,3-glucan synthesis

To investigate the activity of the AtGSLO5-IL protein, transmission electron microscopy
analysis was performed after cell lysis and purification of the AtGSLO5-IL to verify in vitro
(1,3)-4-glucan synthesis. The transmission electron microscopy (TEM) analysis (Figure 20, a)
shows the presence of predominantly nanofibers (Nf) with about 3-5 nm diameter as well as
30-50 nm diameter sized microfibers (Mf) composed of helical twisted nanofibers, indicating
the (1,3)-4-glucan biopolymer synthesis by AtGSLOS5-IL under membrane-free, in vitro
conditions using UDP-glucose as substrate. These biopolymers were not present in assays
without UDP-glucose (Figure 20, bl and b2). The (1,3)-5-glucan biopolymer formation was
also associated by the presence of AtGSLOS5-IL protein complexes or oligomers (AO5) at the
ends of microfibers (Figure 20, a, b1 and b2).
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Figure 20: In vitro transmission electron microscopy (TEM) of purified AtGSLO5-IL

In vitro synthesis of (1,3)--glucan biopolymer by the purified cytosolic domain of a (1,3)-4-
glucan synthase. (a): TEM of assay using UDP-glucose as substrate, (b1) and (b2): TEM of
assay without UDP-glucose (negative controle). Mf: Microfibers. Nf: Nanofibers and AO5:
AtGSLO5-IL protein complexes (oligomerizations). Presence of 3-5 nm diameter nano-fibers
(Nf), 30-50 nm diameter sized microfibers (Mf) and AtGSLO5-IL oligomers (AO5) at the ends

of microfibers.
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4.1.4 Enzymatic activity assays

To examine whether the pH and salt concentration, have an influence on the enzymatic
activity of the AtGSLOS5-IL, an enzyme linked-immunosorbent assay (ELISA) test was
performed in the presence of UDP-glucose as substrate. Six different pH values with different
salt concentrations were tested. The highest (1,3)-B-glucan deposition was observed for 20
mM Tris-HCI, pH 7.3 with 3 mM NaCl (Figure 21). DLS measurements on the cytosolic
domain of a (1,3)-4-glucan synthase were also performed without the UDP-glucose substrate
(Figure 22).

pH and NaCl values

z: EpH="7,3;2mM CaCI2
E pH=7,3; 3 mM NaCl
~—

= pH=8,0; 3 mM NaCl
5 —Qn. TN
= = pH = 8,0; 30 mM NaCl
~ad
~
—
L
(2

pH=8,0; 150 mM NaCl
l D -

EpH=8,8; 30 mM NaCl
Figure 21: Enzymatic activity test of the cytosolic domain of a (1,3)-#-glucan synthase
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enzyme linked-immunosorbent assay (ELISA). To test the in vitro (1,3)--glucan polymer
synthesis by the cytosolic domain of a (1,3)-f-glucan synthase: ELISA was performed for the
purified AtGSLO5-IL using different buffers in the presence of UDP-glucose as the substrate.
The ELISA was performed by Dr. Bjorn Sode, reasearch group of Prof. Dr. Christian A.
Voigt).
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Figure 22: Buffer dependency of the AtGSLO5-IL protein:
Dynamic light scattering (DLS) of AtGSLOb5-IL after dialyzing into six different buffers and

salt concentrations.
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The purified AtGSLO5-IL protein was dialyzed against the same six different buffer solutions
used for the enzyme linked-immunosorbent assay. When using buffers D and E, the protein
started to significantly precipitate (Figure 22, D and E). With buffer F (Figure 22, panel F),
the protein doesn't precipitate but shows a very broad radial distribution indicative of
polydispersity of the protein. Buffer A, B and C (Figure 22, A, B and C) revealed radial
distributions of 33.9 + 6.9, 26.5 £ 6.1 and 24.5 = 4.5 nm respectively.

Concluding, the TEM shows that in vitro (1,3)-f-glucan polymer synthesis by the cytosolic
domain of a (1,3)-f-glucan synthase was associated with AtGSLO5-IL oligomerization at the
ends of microfibers (Figure 20). The AtGSLO5-IL oligomerization also occurred in the DLS
measurements without the UDP-glucose substrate. The lowest radius value (Figure 22, C) and
the highest enzymatic activity of the cytosolic domain of a (1,3)-f-glucan synthase (Figure
22) were observed when using buffer C (pH 7.3 + 3 mM NacCl).

4.1.5 Circular dichroism and dynamic light scattering

Circular dichroism (CD) spectroscopy of the purified AtGSLO5-IL was performed using a J-
815 CD spectrometer (Jasco, Germany) at wavelengths of 240 to 190 nm to verify the folding
quality and for determining the secondary structure composition. A protein concentration of
0.5 mg/ml was sufficient to record a CD-spectrum (Figure 23, B) in order to estimate the
secondary structure composition and for verifying the folding state of the protein. The
secondary structure spectrum for the AtGSLO5-IL revealed one strong positive peak in the
vicinity of 196 nm and three minima at 210 nm, 216 nm and 222 nm. Fractions of -sheet are
indicated by the single minimum at 210 nm and the two other minima are characteristic for a
largely a-helical structure. The secondary structure, estimated according to Yang et al., 1986
using the JASCO software (Figure 25, D), shows the presence of about 55 % a-helical

structure, 8 % of turns, 25 % of B-sheet and approximately 12 % of random coils.

DLS analysis was performed on the protein solution after buffer optimization in order to
determine the homogeneity and the oligomerization state of the protein solutions. The radius
distribution plot of the protein solution (Figure 23, A) shows a very narrow peak at a

hydrodynamic particle radius of 12.0 £ 0.2 nm.

Concluding, the CD-spectrum indicates a well folded AtGSLO5-IL protein with more than 50

% a-helical structure. DLS analysis shows a hydrodynamic particle radius of 12 + 0.2 nm.
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As the calculated molecular weight of the protein is approximately 79 kDa, a particle size of
around 4 nm is anticipated. However, the particle size in the radius distribution plot indicates
that the protein is present in solution as a large oligomer and not as a monomer (Figure 23,

A), which was also confirmed by the performed native PAGE (Figure 23, C).
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Figure 23: CD spectroscopy and Dynamic light scattering of AtGSLO5-IL:

(A) Radius distribution of the AtGSLO5-IL with N-terminal His-tag and C-terminal Strep-tag
fusion after size exclusion chromatography. Fifteen measurements of 15 seconds at an
interval of 1 second were collected. (B) CD spectroscopy of purified AtGSLO5-IL indicates
protein’s secondary structure composition. One positive maximum at about 197 nm and three
negative minima were observed at about 210 nm, 216 and 222 nm. (C) Native PAGE: M:
Marker (SERVA Electrophoresis). (D) Secondary structure estimation based on Yang et al.
(1986) using JASCO software.
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4.1.6 Structure investigation applying small angle X-ray scattering (SAXS)

In order to verify the shape and oligomeric state of AtGSLOS5-IL in solution SAXS
measurements were performed. The processed SAXS pattern from AtGSLO5-IL is displayed
in Figure 24. Rigid body modelling was performed using the program CORAL (Petoukhov et
al., 2012). Starting from a best of tentative model, predicted using the web Server IntFOLD
(McGuffin et al., 2015), the CORAL program uses simulated annealing to search for a non-
overlapping interconnected configuration of known domains connected by extended linkers
fitting the experimental data. The overall parameters evaluated from SAXS data are
summarized in Table 4.1.6. The scattering data and the models are deposited in the SASBDB
(Valentini et al., 2015), code: SASDBN4. The molecular weight (MW) estimated from the
Porod volume of the particle in solution is 634 + 63 kDa, and the MW estimated from the ab
initio reconstruction is 655 £ 66 kDa, which is compatible with octameric AtGSLO5-IL in
solution. The protein is characterized by a radius of gyration (Rg) of 7.8 £ 0.8 nm, the

maximum intraparticle distance (Dmax) is 30 £ 3 nm.

The shape of AtGSLOS5-IL in solution was reconstructed ab initio using the program
DAMMIF: without symmetry restrictions the resulting shape was flat with extended
appendages (not shown); the final model was constructed with imposed P8 symmetry (y* =
1.2, Figure 24, A). The extended sprouts on the periphery of the model suggest certain
flexibility. To predict disordered sites in the AtGSLOS5-IL protein, the server FoldIndex
(Prilusky et al., 2005) was employed. Based on the amino acid sequence, 28 % of the protein
was predicted to be disordered, including the strep-Tag sequence (see below). A tentative
model of AtGSLO5-IL was reconstructed using the rigid body modelling program CORAL
(Petoukhov et al., 2012) resulting in a good fit (Xz = 1.0, Figure 24, B). The ab initio shape is
well compatible with the CORAL model (Figure 24, C1, C2, D1 and D2).

AtGSLO5-IL sequence: Predicted disordered segment are colored in red, the disordered linker

is underlined with a thin line and the disordered strep tag is underlined with a thick line
MASRGSHHHHHHGAGDRGPEFELGTRGSCAVVGLFDHLGEIRDMGQLRLRFQFFASAIQFNL

MPEEQLLNARGFGNKFKDGIHRLKLRYGFGRPFKKLESNQVEANKFALIWNEIILAFREEDI
VSDREVELLELPKNSWDVTVIRWPCFLLCNELLLALSQARELIDAPDKWLWHKICKNEYRRC
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AVVEAYDSIKHLLLSIIKVDTEEHSIITVFFQIINQSIQSEQFTKTFRVDLLPKIYETLQKL
VGLVNDEETDSGRVVNVLQOSLYEIATRQFFIEKKTTEQLSNEGLTPRDPASKLLFQNAIRLP
DASNEDFYRQVRRLHTILTSRDSMHSVPVNLEARRRIAFFSNSLFMNMPHAPQVEKMMAF SV
LTPYYSEEVVYSKEQLRNETEDGISTLYYLQTIYADEWKNFKERMHREGIKTDSELWTTKLR
DLRLWASYRGQTLARTVRGMMYYYRALKMLAFLDSASEMDIREGAQELGSVRNLQGELGGQS
DGFVSENDRSSLSRASSSVSTLYKGHEYGTALMKFTYVVACQIYGSQKAKKEPQAEEILYLM
KONEALRIAYVDEVPAGRGETDYYSVLVKYDHQLEKEVEIFRVKLPGPVKLGEGKPENQNHA
MIFTRGDAVQTIDMNQDSYFEEALKMRNLLOQEYNHYHGIRKPTILGVRHAHGLSAWSHPOFE
K

Table 4.1.6: SAXS data collection and analysis parameters

Data collection parameters

Instrument EMBL beamline P12 (Blanchet et al.,
2015)
Wavelength (nm) 0.124
s-range (nm™) 0.03-4.8
Exposure time (s) 0.05 x 20
Concentration range (mg/ml) 1.0-2.0
Temperature (K) 283
Structural parameters
Ry (nm) (from Guinier) 7.8x0.8
Ry (nm) (from p(r)) 8.0+0.8
Dmax (NM) 30+3.0
Molecular mass determination
MW (kDa) from Porod volume 634 £ 63
MW (kDa) from DAMMIF volume 655 + 66

Calculated MW (kDa) from sequence 79

Software employed

Primary data reduction and processing | Automated SAXS data analysis

pipeline (Franke et al., 2012)

Ab initio analysis DAMMIF (Franke and Svergun 2009)

Rigid body modelling CORAL (Petoukhov et al., 2012)

54



4 Results

A, B
Ab initio 4 Rigid body
3 3
kS =
R £
— =1
=0 =f
0 0
-1 1
" 002 004 006 008 01 012 ' T 005 01 ols 02
S, nm! S, nm!
C1
33010 A
90°
2 D2
o, = A
Ww,
.H
=
=
Ab initio model Rigid body model

Figure 24: Scattering curves and SAXS ab initio and rigid body modelling of AtGSLO5-IL:
A: Scattering curve of the DAMMIF ab initio model generated using Origin software, B:
Scattering curve of the CORAL rigid body model generated using Origin software. X-ray
synchrotron radiation data were collected at the P12 beamline. C1 and C2: Ab initio model
performed using DAMMIF. D1 and D2: Multi-domain rigid body model performed using
CORAL. Pictures of the Models were generated using CHIMERA (Pettersen et al., 2004) and
PyMol (PyMOL Molecular Graphics System, Version 1.3, Schrodinger, LLC.).
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Concluding, the shape and the oligomeric state of AtGSLOS5-IL in solution were verified by
the SAXS measurements. An ab initio model of the AtGGSLO5-IL was constructed with
imposed P8 symmetry (x* = 1.2, Figure 24, A) confirming the results obtained by DLS
(Figure 23, A) and native page (Figure 23, C) indicating that the protein is present in solution
as a large oligomer and not a monomer. The molecular weight (MW) estimated from the
Porod volume of the particle in solution (634 + 63 kDa), and the MW estimated from the ab
initio reconstruction is 655 £ 66 kDa. The ab initio model shows an oblate form of the protein
with extended 8-arm starfish-like sprouts on the periphery. Due to the predictedted
intrinsically unfolded regions, an algorithm for modelling of multidomain protein complexes
against multiple data sets (Konarev & Svergun, 2012) was needed to build a rigid body
model. A tentative model of AtGSLO5-IL was constructed using the program CORAL
(Petoukhov et al., 2012) resulting in a good fit (y* = 1.0, Figure 24, B). The CORAL model
(Figure 24, D1 and D2) was well compatible with the ab initio shape (Figure 24, C1 and D2),
showing also an oblate form of the protein with extended C-terminal 8-arm starfish-like

sprouts on the periphery, including the predicted unfolded C-terminal strep-tag.

4.1.7 Structure investigation applying electron microscopy

As demonstrated in chapters 4.1.3, 4.1.4, 4.1.5 and 4.1.6, the oligomerization state and the
shape plays a very major role on the activity of the AtGSLO5-IL protein, further structural
investigation was needed. Thus, negative stain electron microscopy was carried out at the HPI
Hamburg, to get more information about the shape of the protein (Figure 25, A and B).

The negative stain electron microscopy shows molecules of about 28 - 33 nm diameter
(Figure 25, A and B), which corresponds to the particle size calculated from the ab-initio
SAXS model. In planta super-resolution-microscopy (STORM) was also applied (Figure 25,
C) by Prof. Dr. Christian A. Voigt, AtGSLO5 full length was coupled to a C-terminal GFP-
Tag and injected into the plant leaves of A. thaliana. Stochastic optical reconstruction
microscopy (STORM) was then performed indicating the AtGSLOS5 intrinsic tendency to

form octamers.

56


http://www.phytopathologie-hamburg.de/site/voigt.html

4 Results

28-30 nm

28-30nm ' ;

45° (8 rotations + Z-projection Average int.)

Figure 25: A and B: Negative stain electron microscopy using uranyl acetate as stain. C: In
planta super-resolution-microscopy (STORM): The full length AtGSLO5 was coupled to a C-
terminal GFP-Tag.
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4.2 Senescence associated ubiquitin ligasel (SAUL1) and
armadillo (ARM) 7-11 repeats

4.2.1 Cloning and transformation

The genes of the SAULL and ARM 7-11AC were cloned into a pGEX-6p-1 vector, carrying
ampicillin resistance, offering an N-terminal GST-tag to enable subsequent purification from
E. coli after heterologous gene expression. The cloning was performed with the help of
Catharina Brieske in the Lab Prof. Dr. Hoth. The ampicilin resistant transformation of E coli,
BL21 (DE3) competent cells, with the plasmid was described in more details in the methods
section (Chapter 3.2.2).

4.2.2 Purification

After recombinant expression (see methods section; Chapter 3.2.3.2), purification of the N-
terminal GST-tagged SAUL1 and ARM 7-11AC proteins using GST-affinity chromatography

was performed followed by a PreScission Protease cleavage of the GST-Tag.

M (kDa) M (kDa) M (kDa)
95 72
130 GST-SAULL — SAULL
& 2 - e 55
10 115kDa a 89kDa
=
. ARM 7-11
».36 r 46 kDa
28 36

Figure 26: 10 % SDS-PAGE analyses after gel filtration chromatography:

A: GST-SAUL1 fusion protein, B: SAUL1-full length without GST-Tag, C: ARM 7-11AC.

20 ul samples from each of the collected fractions and 5ul from the marker (M) were used in
the SDS-PAGE analysis. Analyzing of the purified proteins after size exclusion
chromatography by non reducing SDS-PAGE (indicated by red arrows) corresponded to the
monomeric MW of the GST-SAUL1 (115 kDa), SAULL1 (89 kDa) and ARM 7-11AC (45 kDa).
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Figure 27: A: Size exclusion chromatogram of the GST- SAUL1, B: Size exclusion
chromatogram of SAUL1 protein, C: HiLoad 16/60 Superdex 200 prep grade column
calibrations and D: Size exclusion chromatogram of ARM 7-11AC protein. Proteins samples
were purified by a HiLoad 16/60 Superdex 200 prep grade gel filtration column. The purified
GST-SAULL, SAUL1 and ARM 7-11AC proteins peaks are indicated by black arrows.

To improve the purity and analyze the oligomerization state of the proteins, the affinity
chromatography step was followed by size exclusion chromatography. Analyzing protein
fractions by SDS-PAGE, protein bands corresponding to the MW of the SAUL1-GST (115
kDa) SAULL1 (89 kDa) and ARM 7-11AC (45 kDa) monomer were detected (Figure 26, A, B

and C respectively).
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The GST-SAUL1 showed to be found in the first two peaks (Figure 27, A). According to the
SDS-PAGE analysis, the GST-SAULL1 fusion protein found to be present mainly in the
second peak (the first peak was containing some impurities). The relative molecular weight of
the eluted proteins was interpolated from a linear calibration plot of partition coefficient (Kav)
versus log molecular weight. The detected retention volumes from chromatograms were about
64 ml (GST-SAULL1), 70 ml (SAUL1) and 81 ml (ARM 7-11AC) which, according to the
HiLoad 16/60 Superdex 200 prep grade column calibrations, correspond to molecular weights
of about 190 kDa (GST-SAUL1), 110 kDa (SAULL) and 50 kDa (ARM 7-11AC). Thus,
indicate that after gel filtration chromatography, GST-SAULL fusion protein, SAUL1-full
length and ARM 7-11AC proteins were present as putatively elongated monomers in solution.
The identification of proteins by mass spectrometry was performed using peptide mass
fingerprint (PMF). Therefore the protein bands of SAULL1 full length and ARM 7-11AC were
excised from the SDS-PAGE gels and protein was digested into sequence-specific peptides
using Trypsin and analyzed by MALDI-TOF mass spectrometry (MALDI-TOF MS). An m/z
ratio mass spectrum was graphically displayed and recorded (Figures 28 and 29). MS fullscan
spectra show intensities versus the m/z ratio of peptides. Database searches using Mascot
software shows that the detected peptides cover 62 % (SAUL1) and 30 % (ARM 7-11AC) of
the full length SAUL1 protein sequence from A. thaliana.

The identified sequences are displayed below and belong to the SAUL1 and ARM 7-11AC

proteins.

Sequence 1: SAUL1L: Protein sequence coverage was about 62 % of the full length protein

sequence of SAUL1, matched peptides shown in red

MVGSSDGDQSDDSSHFERGVDHIYEAFICPLTKEVMHDPVTLENGRTFEREAIEKWFKECRD
SGRPPSCPLTSQELTSTDVSASIALRNTIEEWRSRNDAAKLDIARQSLFLGNAETDILQOALM
HVRQICRTIRSNRHGVRNSQLIHMIIDMLKSTSHRVRYKALQTLQVVVEGDDESKAIVAEGD
TVRTLVKFLSHEPSKGREAAVSLLFELSKSEALCEKIGSIHGALILLVGLTSSNSENVSIVE
KADRTLENMERSEEIVROMASYGRLOPLLGKLLEGSPETKLSMASFLGELPLNNDVKVLVAQ
TVGSSLVDLMRSGDMPQREAALKALNKISSFEGSAKVLISKGILPPLIKDLEYVGPNNLPIR
LKEVSATILANIVNIGYDFDKATLVSENRVENLLHLISNTGPAIQCKLLEVLVGLTSCPKTV
PKVVYAIKTSGAIISLVQFIEVRENDDLRLASIKLLHNLSPFMSEELAKALCGTAGQLGSLV
AITSEKTPITEEQAAAAGLLAELPDRDLGLTQEMLEVGAFEKIISKVFGIRQGDIKGMRFVN
PFLEGLVRILARITFVFNKEARAINFCREHDVASLFLHLLQSNGODNIQMVSAMALENLSLE
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SIKLTRMPDPPPVNYCGSIFSCVRKPHVVNGLCKIHQGICSLRETFCLVEGGAVEKLVALLD
HENVKVVEAALAALSSLLEDGLDVEKGVKILDEADGIRHILNVLRENRTERLTRRAVWMVER
ILRIEDIAREVAEEQSLSAALVDAFQNADFRTRQIAENALKHIDKIPNFSSIFPNIA

Sequence 2: ARM 7-11AC: Protein sequence of ARM 7-11AC protein is shown in green.
Protein sequence coverage was about 30 % of the full length protein sequence of SAUL1 and
about 57 % from the ARM 7-11AC protein sequence, matched peptides shown in red

ANIVNIGYDFDKATLVSENRVENLLHLISNTGPAIQCKLLEVLVGLTSCPKTVPKVVYAIKT
SGAIISLVQFIEVRENDDLRLASIKLLHNLSPFMSEELAKALCGTAGQLGSLVAIISEKTPI
TEEQAAAAGLLAELPDRDLGLTQEMLEVGAFEKIISKVFGIRQGDIKGMRFVNPFLEGLVRI
LARITFVFNKEARAINFCREHDVASLFLHLLOSNGODNIQMVSAMALENLSLESIKLTRMPD
PPPVNYCGSIFSCVRKPHVVNGLCKIHQGICSLRETFCLVEGGAVEKLVALLDHENVKVVEA
ALAALSSLLEDGLDVEKGVKILDEADGIRHILNVLRENRTERLTRRAVWMVERILRIEDIAR
EVAEEQSLSAALVDAFQNADFRTRQIAENALKHIDKIPNEF'S
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Figure 28: Mass spectrometry spectrum of SAUL1: Spectrum detected with Peptide Mass
Fingerprint analysis. SAUL1 from A. thaliana was clearly identified. Trypsin cuts at the C-
terminal side of K and R (Lysine, Argenine) unless the next residue is P (Proline). Detected
peptides coverage was 62 % (SAULL) of the full length SAULL1 protein sequence from
Arabidopsis thaliana.
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Figure 29: Mass spectrometry spectrum of ARM 7-11AC: Spectrum detected with Peptide
Mass Fingerprint analysis. ARM 7-7/AC from A. thaliana was clearly identified. Trypsin cuts
at the C-terminal side of K and R (Lysine, Argenine) unless the next residue is P (Proline).
Detected peptides coverage was 30 % (ARM 7-1IAC) of the full length SAULI protein

sequence from Arabidopsis thaliana.

4.2.3 Circular dichroism of SAUL1 and ARM 7-11AC

Circular dichroism (CD) spectroscopy of the purified SAUL1-full length and ARM 7-11AC
fractions was then performed using J-815 CD spectrometer (Jasco, Germany) at wavelengths
of 240 to 190 nm to verify the folding and for determining the secondary structure
composition. To eliminate any optically active materials that may affect the measurement, the
protein solution was diluted in a 1:1 ratio with water resulting in a final protein concentration
of 0.5 mg/ml which was sufficient to record the CD spectra. To estimate the secondary
structure, the CD spectra were analyzed based on Reed J & Reed TA, 1997. The CD spectrum
of SAUL1 (Figure 30, A1) shows one positive maximum at 192 nm and two negative minima
at 207 nm and 222 nm indicating an overall structure of 76 % a-helical domains, 6 % B-sheet,
and 8 % turns (Figure 30, A2). The CD-Spectrum of ARM 7-11AC (Figure 30, B1) shows one
positive maximum at about 194 nm and two negative minima at 207 nm and 222 nm,
indicating an overall structure of 42 % a-helical domains, 19 % p-sheet and 5 % Turns
(Figure 30, B2). The pooled GST-SAUL1 fusion protein, SAUL1-full length and ARM 7-
11AC fractions after size exclusion chromatography were concentrated to 1-2 mg/ml and
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analyzed by dynamic light scattering in order to judge the homogeneity of the proteins in

solution.
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Figure 30: CD spectra and secondary structure estimation of SAUL1 and ARM 7-11AC.

Al: CD spectrum of the SAUL1-full length protein after SEC. B1: CD spectrum of the ARM 7-
11AC protein after SEC. A2: Secondary structure estimation of the SAUL1-full length protein
based on Reed J & Reed TA (1997). B2: Secondary structure estimation of the ARM 7-1/AC
protein based on Reed J & Reed TA (1997) using JASCO software.

The three radius distribution plots, showed a narrow peak corresponding to a particle size of
7.2 £ 0.5 nm for GST-SAUL1 fusion protein, 5.3 = 0.3 nm for SAUL1-full length and 5.3 £
0.2 nm for ARM 7-11AC respectively. As the calculated molecular weight of the GST-
SAUL1, SAUL1 and ARM 7-11AC monomers are 115 kDa, 89 kDa and 45 kDa respectively,
a particle size of about 5 nm for GST-SAUL1, 4 nm for SAUL1 and 3 nm for ARM 7-11AC,
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was anticipated, assuming a nearly globular shape. This indicates that, GST-SAUL1 fusion
protein and ARM7-11AC (Figure 31, Al, A2 and C1, C2 respectively) were present in
solution as trimers or elongated dimers, while the SAUL1-full (Figure 31, B1 and B2) protein
was present in solution as dimer or as elongated monomer. A thermal denaturation assay of
SAUL1 was performed, showing that the melting already starts at about 38 °C (Figure 32),
which shows, that SAUL1 protein might be relative unstable. More tests were then

subsequently performed to investigate the stability of SAULLin more detail.

7.2+ 0.5 nm
GST-SAUL1

5.3+£0.2 nm
ARM7-11AC

| A2 o B2 c2
7.2+ 0.5 nm 5.3+0.3 nm % 5.3+£0.2 nm‘
GST-SAUL1 . SAUL1 ARM7-11AC
P
nm 10nm J‘“Ln ™ ” lOJD]nm m m Toonm ” m m
Radius(oem) &  Radiusoe) K& Radius (nm)

Figure 31: Radius distribution of GST-SAUL1 fusion protein, SAUL1 and ARM 7-11AC
fractions obtained by dynamic light scattering, depicted as heat map and histogram
respectively. A: Radius distribution of SAULL full length with N-terminal GST-tag fusion
SEC. B: Radius distribution of SAUL1 after SEC. C: Radius distribution of ARM 7-1/AC after
SEC. Proteins were concentrated to 1 mg/ml using AmiconUltra (MWCO: 30 kDa) device.

In conclusion, DLS measurements indicate that GST-SAUL1, SAUL1 and ARM7-11AC are
present in solution as oligomers. Subsequent DLS and SAXS measurements were needed to
investigate this in more details. The CD-Spectra (Figure 31, Al and B1) indicate that SAUL1

and ARM 7-11AC are well folded with overall structures of predominantly a-helical domains.
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However, unlike SAUL1 (11 % random structure), the quota of random structure of the ARM
7-11AC was relatively high (34 %). A thermal denaturation assay of SAUL1 was performed,
showing that the melting already starts at about 38 °C (Figure 32), which shows, that SAUL1
might be relative unstable. More tests were then subsequently performed to investigate the
stability of SAULLin more detail.

6000
| 200nm
. [ 210nm
4000 215nm
— . 222
2000 Melting start "

0 (deg cm? dmol?)

14.05 40 60 84.9

Temperature (°C)

Figure 32: Thermal denaturation assay of SAUL1:

Temperature gradient 14-85 °C, the temperature was increased by 1 °C per minute, with a 5
minutes equilibration time at the initial step. A sample buffer has been used for control.
Experiment has been carried out using J-815 CD spectrometer (Jasco, Germany) at 200, 210,
215, 220 and 222 nm wavelengths.

4.2.4 Microscale thermophoresis and thermal stability assay

Microscale thermophoresis experiments were performed in order to investigate the interaction
of SAUL1 with different ions which may increase the stability of the protein. Binding
affinities (Kg-values) were intended to be measured using a biophysical method, based on
individual migration of disolved molecules within a temperature gradient, named microscale
thermophoresis (MST, Duhr et al., 2006; Baaske et al., 2010; Wienken et al., 2010). The
microscale thermophoresis was followed by a thermal stability assay (Figure 33), performed
with the help of Dr. Stephane Boivin, EMBL Hamburg (see method section; Chapter 3.2.7;
Boivin et al., 2013). Analysis of the thermophoresis traces by data fitting allowed the
determination of the binding affinity of the SAULL1 for the different compounds. No binding
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for any of the tested ions was detected. Furthermore, the addition of bivalent ions caused
strong precipitation/aggregation of SAUL1.
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Figure 33: Thermal stability assay of SAUL1 using biltivalent metal ions:

Thermal stability assay was performed using different metal ions. Data was hard to interpret
due to unstable baseline and most of the multivalent ions destabilize the protein.

Protein sample at a concentration of 3.5 mg/ml was incubated with a 2 pl Proteostat solution
dye or Sypro-Orange solution (10 x) dye in a total volume of 25 uL. Protein solution was then

mixed with different bivalent metal ions (Ca**, Zn?*, Cu?*, Fe**, Mn**, Ni**, Co?*, Mg®").
4.2.5 Stability tests of SAUL1 and ARM 7-11AC proteins

To test the stability of the proteins dependent on the concentration, SAUL1 and ARM 7-11AC
were further concentrated to 9 mg/ml. The stability of GST-SAUL1 fusion protein dependent
on the concentration could not be tested due to aggregation of the protein already at a
concentration of 2 mg/ml. The radius distribution plots of the ARM 7-11AC protein showed a
relative stable narrow peak with particle size of about 5.3 £ 0.2 nm from 1 mg /ml until a

concentration of about 4-5 mg/ml (Figure 35, E). At a concentration of 6 mg/ml, the
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determined radius increases to 7.2 £ 0.8 nm (Figure 35, F). The radius distribution plots of the
SAUL1-full length (Figure 35, A, B, C and D) increase (5.3 0.3 nm, 6.3+£0.3nm,6.9+0.4
nm and 8.8 =+ 0.2 nm) by increasing the concentration of the protein (1-2 mg/ml, 3-4 mg/ml,
5-7 mg/ml and 8-9 mg/ml respectively). Thus, concentrations dependent oligmerization was
observed, which is also confirmed by the native pages performed for both proteins (Figure
34). The different oligomerization states are indicated by black arrows (Figure 34). The

results obtained, indicate an interaction of SAUL1 with itself.

M (kDa)
P b ‘
@) 720 ( )n*;
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—

272

—> B B 146
) —
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" _ . -
Native SAUL1 Native SAUL1 Native SAUL1 NativeARM 7-11
3 mg/ml 7 mg/ml 9 mg/ml 7 mg/ml

Figure 34: Native page of SAUL1 and ARM 7-11AC proteins: (a): Native page of SAUL1 at
a protein concentration of 3 mg/ml. (b): Native page of SAUL1 at a protein concentration of 7
mg/ml. (c): Native page of SAUL1 at a protein concentration of 9 mg/ml. (b): Native PAGE of
ARM 7-11AC at a proteins concentration of 7 mg/ml. The different oligomerization states are

indicated by black arrows.

In conclusion, a concentration dependent oligmerization of SAUL1 and ARM 7-11AC was
observed. Conversely to the results obtained by the native PAGE gels, which show the
presence of different oligomeric states upon increasing the concentration, DLS measurements
show, a rather monodisperse protein solutions. Thus, additional investigations were required
to determine the interaction in more detail and to obtain first structural insights about SAUL1
and ARM 7-11AC.
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Figure 35: Concentration dependency of the hydrodynamic radius: A, B, C, and D:
Dynamic light scattering of SAUL1. E and F: Dynamic light scattering of ARM 7-1I/AC.

Fifteen measurements of 15 seconds were performed at an interval of 10 seconds.
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4.2.6 Structure investigation applying small angle X-ray scattering

Small angle X-ray scattering (SAXS) was applied to analyze GST-SAUL1, SAUL1 without
tag and the selected ARM-repeats (ARM 7-11AC). The overall parameters derived from the
scattering pattern are summarized in Table 4.2.6.

Table 4.2.6: SAXS data collection and analysis parameters

Data collection parameters GST-SAUL1 SAULI1-full length | ARM7-
fusion protein 11AC

Instrument EMBL beamline P12 (Blanchet et al. 2015)

Wavelength (nm) 0.124

s-range (nm™) 0.03-4.8

Exposure time (s) 0.05x20

Concentration range 0.5-1 67 2-5
(mg/ml)

Temperature (K) 283

Structural parameters
Ry (nm) (from Guinier) 7.3+0.1 5.6+0.0 45+£05
6.0+ 0.0
Dimax (NM) 24 +3.0 17+2 15+ 1.0
18+2

Molecular mass determination

MW (kDa) from Porod 447 + 50 230 +£23 150 £ 15
volume and 295 + 30
MW (kDa) from DAMMIF 500+ 30 250 = 25 165+ 16
volume and 320 + 20
Calculated MM (kDa) from 115 89 46
sequence

Software employed

Primary data reduction and Automated SAXS data analysis pipeline (Franke et al.
processing 2012)
Ab initio analysis DAMMIF (Franke and Svergun 2009)
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Figure 36: Scattering curves of the best of ab initio models of GST-SAUL1, SAUL1 and ARM
7-11AC proteins generated using Origin as software. The best of ab initio models fitting the
experimental data, was tacked out of ten calculated models operating with the rapid ab initio
shape determination tool in small angle scattering DAMMIF (Franke & Svergun, 2009). X-
ray synchrotron radiation scattering data were collected on the beamline P12 (Petra-1lI,

Hamburg, Germany). See table 4.2.6 for data collection parameters.

Due to the GST-SAUL1 protein aggregation at a concentration higher then to 1 mg/ml, only
samples at a concentration of 0.5 mg/ml and 1 mg/ml could be analyzed. For SAUL1, samples
at a concentration of 2, 3, 6 and 7 mg/ml were prepared. Due to the low data quality of the

samples with 2 and 3 mg/ml protein, only the solutions at a concentration of 6 and 7 mg/ml
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were processed and analyzed. For ARM 7-11AC, samples at a concentration of 2 and 5 mg/ml
were prepared and processed.
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Figure 37: SAXS ab initio models:
Al and A2: Ab initio model of ARM 7-1/AC protein. Bland B2: Ab initio model of SAUL1-
full length protein (dimeric form). C1 and C2: Ab initio model of SAUL1-full length protein

(timeric form). D1 and D2: Ab initio model of GST-SAUL1 full length protein (tetrameric
form).

After primary reduction and processing, the calculated data of the GST-SAULL1 protein
reveals a MW of 447 £ 50 kDa estimated from the Porod volume and 500 + 30 kDa estimated

from the ab initio reconstruction, an Rg of 7.3 + 0.1 nm and a Dmax Of approximately 24 nm
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(Table 4.2.6) intimating a tetrameric elongated shape of the protein in solution (Figure 37, D1
and D2). Two different MWSs, 230 + 23 kDa and 295 = 30 kDa, were estimated from the
Porod volume of SAULL1 in solution. The MWs estimated from the ab initio reconstruction
were 250 = 25 kDa and 320 + 20 kDa, indicating the presence of a mixture of dimer and
trimer of SAULL1 in solution (Figure 37, B1, B2 and C2, C2). SAULL1 was characterized by a
radius of gyrations (Rg) of 5.6 = 0.01 nm and 6.0 = 0.02 nm, the maximum intraparticle
distance (Dmax) Were 17 £ 2 nm and 18 £ 2 nm. For ARM 7-11AC a concentration range of 2 -
5 mg/ml was prepared revealing a MW from the Porod volume of about 150 + 15 kDa. The
MW estimated from the ab initio reconstruction was 165 + 16 kDa. ARM 7-11AC was
characterized by a radius of gyration (Rg) of 4.5 £ 0.5 nm, Dmax Was 15 + 1 nm, showing a
trimeric form of the protein in solution (Figure 37, panel Al and A2). The shape of the
proteins in solution was reconstructed ab initio using the program DAMMIF: Using P4
symmetry for GST-SAULL, P2 and P3 symmetry for SAUL1 and P3 symmetry for ARM 7-
11AC, the resulting shape was relatively elongated (ellipsoidal). The final models were
constructed resulting in a good fit (x> = 0.7 for GST-SAULL, »* = 1.2 for SAUL1, and »* =
0.6 for ARM 7-11AC, Figure 36).

Concluding, the ab initio shapes of the three proteins were relative compatible to each other
(Figure 37). The ab initio shapes of the GST-SAUL1, SAUL1 and ARM 7-11AC proteins
(Figure 37) have a perrin friction factor of p > 1 (p = (220/150) = 1.46 for GST-SAUL1,
180/120 = 1.56 for SAULL1 trimer 180/114 = 1.56 for SAULL1 dimer and 140/90 = 1.55 for
ARM 7-11AC), confirming the elongated shapes of the SAUL1 and ARM 7- 11 proteins.

4.2.7 Structure investigation applying electron microscopy

Negative stain electron microscopy was carried out at the Max Plank Institute Berlin to get
more information about the shape and size of SAUL1. Images were recorded and collected to
observe the negatively stained protein sample (Figure 38, A and B). The collected data set
from the negative stained grids indicated a relatively heterogeneous protein solution
containing a mixture of monomer and dimer. The particles have a size of 10 - 12 nm in
diameter (Figure 38, panels A and B) confirming the size obtained by SAXS analysis.

SAULL full length was then coupled to a C-terminal GFP-tag and injected into the plant
leaves of A. thaliana by Catharina Briske in the Laboratory of Prof. Dr. Stefan Hoth.

Stochastic optical reconstruction microscopy (STORM) was then accomplished by Prof. Dr.
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4 Results

Christian A. Voigt, (Figure 38, (a), (b), (c) and (d)). The in planta cell imaging shows the
heterogeneity of the protein since different oligomeric states were observed (dimer, trimer,
tetramer and hexamer, figure 38, (a), (b), (c) and (d) respectively) pointing out that SAUL1

has an intrinsic tendency to form high ordered polymers.

Negative Stain electron microscopy

(a) 180° (2xmer) || (b) 120° (3xmer) || (c) 90° (4xmer) (d) 60° (6xmer)

Figure 38: A and B: Negative stain electron microscopy using uranyl acetate as stain. (a),
(b), (c) and (d): In planta super-resolution-microscopy: The SAUL1 full length was coupled
with a C-terminal GFP-Tag.

Concluding, the results obtained by DLS (Figure 36) and native PAGE (Figure 35) of the
SAUL1 and ARM 7-11AC proteins show a concentration dependent oligmerization.

Moreover, The SAUL1 oligomers were also present in the negative stain electron microscopy
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(Figure 38, A and B) and in the in planta cell imaging (Figure 38, (a), (b), (c) and (d)) at low
protein concentration, pointing out that SAUL1 has an intrinsic tendency to build high
ordered oligomers. The shape and the oligomeric state of GST-SAUL1, SAUL1 and ARM 7-
11AC in solution were verified by the accomplished SAXS measurements. Ab initio models of
the proteins were constructed. The calculated data of the GST-SAULL1 protein reveals a MW
of about 447 + 50 kDa estimated from the Porod volume and about 500 + 30 kDa estimated
from the ab initio reconstruction, intimating a tetrameric elongated form of the protein in
solution (Figure 38, D1 and D2). Two different MWs, 230 + 23 kDa and 295 * 30 kDa, were
estimated from the Porod volume of SAUL1 in solution. The MWs estimated from the ab
initio reconstruction were 250 = 25 kDa and 320 + 20 kDa, indicating the presence of a
mixture of dimer and trimer of SAUL1 in solution (Figure 38, B1, B2 and C2, C2). For ARM
7-11AC a MW from the Porod volume of about 150 £ 15 kDa and a MW from the ab initio
reconstruction of about 165 + 16 kDa were estimated, intimating a trimeric form of the
protein in solution (Figure 38, Al and A2). The ab initio models were constructed resulting in
a good fit (3> = 0.7 for GST-SAULL, »* = 1.2 for SAUL1, and »* = 0.6 for ARM 7-11AC,
Figure 37). The ab initio shapes of the GST-SAUL1, SAUL1 and ARM 7-11AC proteins were
well compatible to each other, showing an elongated (ellipsoids) form of the protein in

solution.
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5 Discussion

5.1 Intracellular loop of the A. thaliana glucan synthase-like 5
(AtGSLO5-IL)

5.1.1 Purification of the AtGSLO5-IL

Cellulose (1,4-p glucan) and callose (1,3-p glucan) are fundamental components of the plant
cell wall. These two cell wall polymers interact directly with each other’s forming a three-
dimensional network as a response to a plant-pathogen attack (Eggert & Naumann, 2014).
While the structure, oligomerization, and biochemical and signal pathways of the cellulose
synthases could be investigated in different studies (Delmer, 1999; Williamson et al., 2002;
Saxena and Brown, 2005; Somerville, 2006; Crowell et al., 2010; Lei et al, 2012 and Jacobs
et al, 2003). The overexpression, solubilization and purification to homogeneity and
characterization of a 1,3-beta-glucan (callose) synthase was very challenging, making its
structural and biochemical investigations more difficult. In this work, the putative active
domain of the callose synthase 12 of A. thaliana (AtGSLO5-IL protein) could be purified
using Ni®*-affinity chromatography followed by SEC. The identity of the AtGSLO5-IL
protein was verified with MALDI-TOF MS, using peptide mass fingerprint (PMF) and
applying a single coomassie-stained band excised from the SDS-PAGE gel, confirming that
the purified protein is the AtGSLO5-IL protein. Mueller and Brown (1980) and Delmer
(1999) report, that the cellulose synthase has an intrinsic tendency to form oligomers of six
subunits arranged in hexagonal symmetry. The SEC revealed the existence of higher
oligomeric states of the purified AtGSLO5-IL in solution, giving a first indication that the

callose synthase might be also composed of oligomers.
5.1.2 Characterization of the p-1,3-glucan synthesis

In previous studies, in vitro binding assays for the cytosolic domain of the putative (1,3)-4-
glucan synthase from the fungus Cordyceps militaris showed an affinity for this cytosolic
domain to UDP-glucose (Ujita et al., 2011). No proof of enzymatic activity was however
provided. TEM analysis shows the presence of in vitro (1,3)-f-glucan biopolymers only in the

presence of UDP-glucose as substrate. In assays without UDP-glucose as substrate, no (1,3)-

75



5 Discussion

f-glucan biosynthesis was found (negative control). The presence of in vitro (1,3)-4-glucan
biopolymer (Figure 20) visible in the TEM images confirm the binding affinity of the
cytosolic domain of the PMR4 protein to UDP-glucose. This can be considered as evidence
for the activity of the cytosolic domain of a (1,3)-f-glucan synthases and for membrane-free,
in vitro cell wall biopolymer synthesis, suggesting that the cytosolic domain of the cell wall-
related (1,3)-f-glucan synthase can be sufficient for membrane-free glucan biopolymer
synthesis. Moreover, the AtGSLO5-IL oligomers were also present in the negative control
TEM analysis without (1,3)-5-glucan biosynthesis, but were less frequent than in assay with
UDP-glucose as substrate, demonstrating that the PMRA4-IL may have an intrinsic tendency to
form oligomers. Thus, enzymatic activity assays, DLS and native PAGE was then needed to

subsequently investigate these results in more details.

5.1.2 Enzymatic activity assays

Harada (1968) and Saito (1979) described a pH-dependent gel-forming property of callose.
Felle (2004) suggested that the apoplastic pH even increased in short term response to
pathogene attacks, remained acidic. Whereas Saito (1979) suggested that an apoplastic
slightly alkaline pH is required for callose formation. In this work, the highest enzymatic
activity of the AtGSLO5-IL protein was observed when using pH values between 7.3 and 8
(Figure 22), confirming Saito’s hypothesis. Moreover, the enzyme linked-immunosorbent
assay and the DLS measurements, demonstrates that the callose synthase activity is not only
pH dependent but also the ion composition and concentration has a crucial role in the (1,3)-4-
glucan synthases activity. The TEM shows that in vitro (1,3)-4-glucan polymer synthesis by
the cytosolic domain of a (1,3)-B-glucan synthase was associated with AtGSLO5-IL
oligomerization at the ends of microfibers (Figure 20). The AtGSLO5-IL oligomerization was
also confirmed by DLS measurements without the UDP-glucose substrate, suggesting that
AtGSLO5-IL has an intrinsic tendency to form oligomers. The lowest radius value (Figure 22,
C) and the highest enzymatic activity of the cytosolic domain of a (1,3)-f-glucan synthase
(Figure 21) were observed when using buffer C (pH 7.3 + 3 mM NacCl), which strongly
suggest that the AtGSLOS5-IL activity is dispersity dependent. TEM, quantification of
enzymatic activity and the dynamic light scattering tests confirm that (1,3)-B-glucan
deposition is not only buffer dependent but that the oligomerization state of the AtGSLO5-IL
also plays a crucial role for the activity of the plant (1,3)-f-glucan synthases protein. Thus,

more buffer optimization was needed to get a monodisperse protein solution.
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5.1.3 Circular dichroism and dynamic light scattering

The CD-spectrum indicates a well folded AtGSLO5-IL protein with more then 50 % a-helical
structure. DLS analysis shows a hydrodynamic particle radius of 12 £ 0.2 nm. As the
calculated molecular weight of the protein is approximately 79 kDa, a particle size of around
4 nm is anticipated. However, the particle size in the radius distribution plot indicates that the
protein is present in solution as a large oligomer and not as a monomer, which was also

confirmed by the performed native PAGE (Figure 23).

5.1.4 Structure investigation

The shape and the oligomeric state of AtGSLO5-IL in solution were verified by the SAXS
measurements. An ab initio model of the AtGGSLO5-IL was constructed with imposed P8
symmetry (x° = 1.2, Figure 24) confirming the results obtained by DLS and native page,
indicating that the protein is present in solution as a large oligomer and not as monomer. The
molecular weight (MW) estimated from the Porod volume of the particle in solution (634 + 63
kDa), and the MW estimated from the ab initio reconstruction is 655 * 66 kDa suggest the
presence of the AtGSLO5-IL protein as an octamer in solution. The ab initio model shows an
oblate form of the protein with extended 8-arm starfish-like sprouts on the periphery
suggesting certain flexibility. The CORAL model was well compatible with the ab initio
shape (Figure 24) showing also an oblate form of the protein with extended C- terminals 8-
arm starfish-like sprouts on the periphery (including the predicted unfolded C-terminal strep-
tag). The flexible extended sprouts on the periphery of the CORAL and ab initio SAXS
models and the presence of in vitro (1,3)-#-glucan biopolymer in the presence of UDP-
glucose as substrate, showed by the TEM analysis, confirm the @stergaard hypothesis, that
the N and C-terminal domains might be involved in channel formation and membrane
anchorage at the plasma membrane, to facilitate delivery of (1,3)-4-glucan to the cell wall,
whereas the central cytosolic loop (AtGSLO5-IL) might be the conserved catalytic domain
and sufficient for enzymatic activity (dstergaard et al., 2002). The presence of the AtGSLO5-
IL oligomers in the SAXS measurement, TEM analysis (Figure 20), negative stain electron
microscopy and the in planta super-resolution-microscopy (Figure 25) confirm that AtGSLO5
has an intrinsic tendency to form oligomers. Moreover, AtGSLO5-IL oligomers were present
in the negative control of the TEM analysis without (1,3)-f-glucan biosynthesis, but were less
abundant than in assay with UDP-glucose as substrate (Figure 20), indicating that the intrinsic

77



5 Discussion

tendency of the AtGSLO5-IL to form oligomer might be strongly promoted by (1,3)-4-glucan
biosynthesis.

Based on these SAXS measurement, EM, SEC, DLS and the native page result, a self-protein
interaction was hypothesized. Computing various physico-chemical properties using the tool
Protparam (Gasteiger et al., 2005), a high amount of hydrophobic amino acids (Hydrophobic:
42.8 %; Hydrophilic: 22.5 % and positive charged amino acids (K: 5.9 %, R: 7.0 %, H: 2.2 %)
was deduced from the AtGSLOS5-IL protein sequence, without considering the N- and C-
terminal tags. To obtain an insight into its surface properties, a predicted 3D structure of the
AtGSLO5-IL, fitting the secondary structure estimated by CD spectroscopy (Chapter 4.1.5),
was generated using the prediction web portal IntFOLD (McGuffin et al., 2015; Figure 39 A,
the same 3D predicted structure was used for rigid body modelling). The electrostatic surface
potential of the AtGSLO5-IL protein plays an important role for protein-protein interaction.
Positive potential values are drawn in blue, negative values in red (Figure 39, D and E). The
electrostatic surface shows a predominant negative charge distribution, indicating a potential
favorable surface protein interaction. The high amount of Lysine, Arginine and Histidine
amino acids on the surface of the protein, (colored orange, blue and pink respectively; figure
39, B and C) also indicates a possible interaction between oppositely charged residues
favoring a protein-protein interaction or a self-protein interaction of AtGSLO5-IL, confirming
the results obtained using SAXS measurement and the native PAGE.

No crystal structure of the plants cellulose or callose synthases were solved till today. Hu
(2010) reports an octamer crystal structure of the bacterial cellulose synthase Acetobacter
xylinum subunit D (AxCeSD). Comparing the AxCeSD structure with the AtGSLO5-IL ab
initio and the coral rigid body models (Figure 40), | conclude that both AxCeSD and
AtGSLO5-IL proteins show an octameric assembly with different arrangement but with a
common central pore, which might have direct implications for the glucan chain extrusion
into the extracellular medium (Hu et al., 2010). The AxCeSD crystal structure and the
AtGSLO5-IL coral rigid body model shows a C-terminal flexible extended sprouts,
suggesting that the C-terminal domain might be involved in the plasma membrane anchoring,
to facilitate delivery of (1,3)-f-glucan to the cell wall. Whereas, the N termini are positioned
inside both proteins, confirming that the N-termini of the proteins might influence the central
pore assembly (Hu et al., 2010) inducing a channel formation facilitating the extracellular

extrusion of cellulose and callose.
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A N-terminus

Figure 39: A: 3D structure of AtGSLO5-IL was modeled using the web server for protein
modelling, prediction and analysis, (McGuffin et al., 2015). B and C: Surface distribution of
the amino acids K, R and H colored orange, blue and pink respectively. The electrostatic
potentials were calculated using the Adaptive Poisson-Boltzmann Solver (APBS) and
PDB2PQR Server (a molecular solvation software package). Figures were made using PyMol
(PyMOL Molecular Graphics System, Version 1.3, Schrodinger, LLC.).
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Vo C-terminus

Figure 40: Structure comparison of the AxCeSD cellulose synthase and the SAXS ab initio
and rigid body model of the AtGSLO5-IL. A: AxCeSD cellulose synthase, B: Multi-domain
rigid body model obtained using CORAL, C: Ab initio model of AtGSLO5-IL. Figure of the
AxCeSD cellulose synthase was adapted from Hu et al., 2010, PDB codes: 3AJ1 and 3AJ2.
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5.2 Senescence associated ubiquitin ligasel (SAUL1) and
armadillo (ARM) 7-11 repeats

5.2.1 Purification and circular dichroism of SAUL1 and ARM 7-11AC

proteins

E3 ligases of the plant Arabidopsis thaliana are divided into four types, based on their
different functions and protein domains: HECT, RING, cullin-RING and U-box ligases
(Drechsel et al., 2011). SAUL1 belong to the plant U-box (PUB) protein family, which is
characterized by a highly conserved U-box, essential for activity of these ligases, and multiple
tandem armadillo (ARM) repeats, forming interfaces for protein—protein interactions. Because
of its crucial role as a suppressor of premature senescence and cell death for plants (Raab et
al, 2009; Drechsel et al, 2011) structural and biochemical investigations were highly needed
to get more insights about the protein. In this work, a protocol for gene overexpression,
solubilization and purification of A. thaliana SAUL1 protein was established using GST-
affinity chromatography followed by SEC. The identity of the protein was verified with
MALDI-TOF MS, using peptide mass fingerprint (PMF) and applying a single coomassie-
stained band excised from the SDS-PAGE gel, confirming that the purified protein is SAUL1.

Size exclusion chromatography revealed the existence of a monomeric state for the purified
GST-SAUL1, SAUL1 and ARM 7-11AC in solution. Whereas DLS measurements show
concentration dependent oligmerization, which was confirmed by the native PAGE,
performed for SAUL1 and ARM7-11AC (Figure 34). Thus, additional investigations were
required to determine the interaction in more detail and to obtain first structural insights about
SAUL1, which was subsequently provided by the ab initio shapes of the GST-SAULL,
SAUL1 and ARM 7-11AC. CD-spectra (Figure 30) indicate that SAUL1 and ARM 7-11AC
are well folded with overall structures of predominantly a-helical domains. However, unlike
SAUL1 (11 % random structure), the quota of random structure of the ARM 7-11AC was
relatively high (34 %), which may be explained by the presence of some disordered segments
in the ARM 7-11AC protein. Thus, in contrast to the putative arrangement of SAUL1 domains
(Drechsel et al., 2011) a new arrangment of the ARM repeats could be hypothesized. A
thermal denaturation assay of SAUL1 was performed, showing that the melting already starts
at about 38 °C (Figure 32), which shows, that SAUL1 might be relative unstable.
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5.2.2 Structure investigation of SAUL1 and ARM 7-11AC proteins

The shape and the oligomeric state of GST-SAULL, SAUL1 and ARM 7-11AC in solution
were verified by the accomplished SAXS measurements. The GST-SAUL1 MW estimated
from the Porod volume and from the ab initio reconstruction, reveals a tetrameric elongated
form of the protein in solution (Figure 37). Two different MWs, were estimated from the
Porod volume and from the ab initio reconstruction of SAUL1, indicating the presence of a
mixture of dimer and trimer of SAULL in solution (Figure 37). ARM 7-11AC, intimate a
trimeric form in solution (Figure 37). The ab initio models were constructed resulting in a
good fit (x> = 0.7 for GST-SAUL1, y* = 1.2 for SAUL1, and y* = 0.6 for ARM 7-11AC,
Figure 37). The ab initio shapes of the GST-SAUL1, SAUL1 and ARM 7-11AC proteins were
well compatible to each other, showing an elongated (ellipsoids) form of the protein in
solution. The ab initio shapes of the three proteins were relative compatible to each other
(Figure 37). The calculated shape factors, characterized by the radius of gyration against the
hydrodynamic radius (o = R4z/Rp), of GST-SAULL (R,/R, ~1), SAULL (Ry;/Rj, ~0.85)
and ARM 7-11AC (R4/Rp, ~0.85) proteins suggest that the proteins intimate an elongated
(coil) form (Figure 35; Bruce & Weiner, 2010).

A concentrations dependent oligmerization of SAUL1 and ARM 7-11AC was observed.
Despite the concentrations dependent oligmerization of SAUL1 and ARM 7-11AC, DLS
measurements shows, rather monodisperse protein solutions. From the ab initio models, GST-
SAUL1 tetramer (My,= 460 kDa), SAULL1 trimer (267) kDa, SAUL1 dimer (178 kDa) and
ARM 7-11AC trimer (135 kDa) can be described as 220 x 150 A, 180 x 120 A, 180 x 114 A
and 140 x 90 A ellipsoids respectively. Taken the Perrin friction factor into consideration
(Cantor & Schimmel, 1980), which is characterized by the axial ratio p = a/b where (a) is the
axial semiaxis and (b) is the equatorial semiaxis. Assuming a nearly globular shape, p=1. If p
> 1 since the axial semiaxis is longer than the equatorial semiaxes, then the protein has a
prolate ellipsoid shape. To get more information about the protein shape the Perrin factor (F)
can be calculated in relation with the mass equivalent spherical radius (Ry,) and the measured

hydrodynamic radius (Ry). The calculation of Ry, can be performed using the equation below

Ry = [3V/4rr]*/3 = 0.066 x (My,)/3
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The Ry, of the GST-SAUL1 tetramer (5.09 nm), SAUL1 trimer (4.25 nm), SAULL1 dimer
(3.71 nm) and ARM 7-11AC trimer (3.39 nm) are more than 30% smaller than the measured
Ry of 7.2 nm, 6.9 nm, 6.3 nm and 5.3 nm respectively, suggesting an elongated form of the
proteins. The Perrin factor (F) can be calculated in relation with Ry, and Ry using the

expression shown below

fu

1
F =2X (47N, /3M,, V)3 = (Ry; — SL)/Ry
M

Where:

SL: is per default equal to 0.25 nm and is the thickness of a single layer of solvent
fu: The frictional coefficient for the mass equivalent hard sphere

fu: The frictional coefficient for the hydrodynamic sphere

V: The partial specific volume

Ny4: The Avogadros number

Perrin factors of 1.36 (GST-SAULL tetramer), 1.56 (SAULL1 trimer), 1.6 (SAUL1 dimer) and
1.5 (ARM 7-11AC trimer) are consistent with a prolate ellipsoid, which correspond to the
axial ratios of 1.46 (GST-SAULL1 tetramer), 1.5 (SAULL trimer), 1.58 (SAUL1 dimer) and
1.55 (ARM 7-11AC trimer), calculated using ab initio structural dimensions, confirming the
SAXS results.

Comparing the shape and the diameter size of the ab initio model of ARM 7-11AC, which is a
140 + 5 A diameter long trimer, to the ab initio models of SAUL1 (trimer) and the GST-
SAUL (tetramer), we can clearly see that the ARM 7- 11 model fits to the upper part of
SAUL1 and GST-SAUL1 models (Figure 41), suggesting that the lower wide part of the ab

initio models might be the N-terminal region of the protein.

To obtain an insight into the surface properties of SAUL1 and ARM 7-11AC, a predicted 3D
structure of SAULL full length was generated using different web servers (ModWeb, MA4T,
Swiss-Model, I-Tasser, HHpred, Phyre2, INFOLD2, Raptorx). Most models were similar to
each other (Figure 42). The predicted 3D structures of the SAUL1 protein correspond to the
secondary structure estimated by CD spectroscopy (76 % a-helical domains, 6 % B-sheet, and
8 % Turns). While, for ARM 7-11AC protein unlike the structure estimated by CD
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spectroscopy (42 % a-helical domains, 19 % pB-sheet and 5 % Turns), the predicted 3D
structures indicates an overall structure of more than 85 % a-helical domains and no presence
of B-sheets. Thus confirm the presence of some disordered segments in the purified ARM 7-
11AC protein.
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Figure 41: Comparison of SAXS ab initio models:

A: Ab initio model of ARM 7-1/AC protein (trimer). B: Ab initio model of SAUL1- protein
(trimer). C: Ab initio model of GST-SAUL1 protein (tetramer). ARM 7- 11 corresponds to the
upper part of the SAUL1 full length.

According to Huber et al (1997), ARM repeats are a repeated long tandem sequence motifs
characterized by the triangular arrangement of three right-handed helices, consisting of about
40 amino acids. Drechsel et al (2011) report a putative arrangement of ARM repeats which
was taking in consideration for the cloning of ARM 7-11AC. However, the CD spectroscopy
shows a high quota of random structure of the ARM 7-11AC (34 %). Thus, in contrast to
Huber et al and Drechsel et al theories, low conservation of ARM repeats and new
arrangement of the SAUL1 domains could be hypothesized. The best of model, 97 % of
residues was modeled at more than 90 % confidence, was taken from the prediction web
portal Phyre2. Overlaying the ab initio model with the predicted 3D structure of SAUL1

protein (Figure 43) confirms the suggestion that the lower wide part of the ab initio model
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might be the N-terminal region of the protein and the upper part might be the C-terminus of
SAUL1.
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Figure 42: A1, A2 and A3: 3D structures of SAUL1 modeled using web portals for protein
modeling, prediction and analysis, I-Tasser (Yang et al., 2015), Phyre2 (Kelley et al., 2015)
and Raptorex (Kallberg et al, 2012), respectively. B1, B2 and B3: 3D structures of ARM 7-
11AC protein modeled using web portals I-Tasser, Phyre2 and Raptorex, respectively. Most
models were similar to each other. Figures were prepared using PyMol (PyMOL Molecular

Graphics System, Version 1.3, Schrodinger, LLC.).

Computing various physico-chemical properties using the tool Protparam (Gasteiger et al.,
2005), a high amount of hydrophobic amino acids (hydrophobic: 43.8 %; hydrophilic: 21.6
%) and positive charged amino acids (K: 5.2 %, R: 6.1 %, H: 2.2 %) was calculated from the
SAUL1 protein sequence. The electrostatic surface potential of SAULL plays an important
role for protein-protein interaction. Positive potential values are drawn in blue, negative
values in red (Figure 44, B and C). The electrostatic surface shows a predominant negative
charge distribution, supporting the assumption of a potential favorable surface for protein
interaction. The high amount of Lysine, Arginine and Histidine amino acids, which are
mainly distributed on the surface of the protein, (colored orange, blue and pink respectively,

figure 44, D and E) also indicates a possible interaction between oppositely charged residues
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favoring a protein-protein interaction or a self-protein interaction of SAUL1, confirming the
results obtained by SAXS measurements and the native PAGE.

Figure 43: Comparison of the SAXS ab initio model with the predicted 3D structure of
SAULL: A: Ab initio model of SAUL1- protein (dimer). C: Overlaying of the ab initio model
with the predicted 3D structure, shown as ribbon. B: Overlaying of the ab initio model with
the predicted 3D structure, shown as surface. Models were manually overlayed and figures
were prepared using PyMol (PyMOL Molecular Graphics System, Version 1.3, Schrédinger,
LLC.).

The results obtained by DLS (Figure 35) and native PAGE (Figure 34) of the SAULL and
ARM 7-11AC show a concentrations dependent oligmerization. Moreover, SAULL1 oligomers
were also present in the negative stain electron microscopy (Figure 38) and in the in planta
cell imaging (Figure 38) at low protein concentration, pointing out that SAUL1 has an
intrinsic tendency to from high ordered oligomers, which might explain the unsuccessful
attempts to crystallize SAULL. Moreover, the reason to pick ARM 7-11 as construct was to
avoid any protein-protein interaction, since reported by Drechsel et al (2011), that ARM 1-6
repeats are responsible for protein-protein interaction and ARM 7-11 are responsible for
plasma membrane association. However, the results obtained by DSL measurements, native
PAGE and SAXS experiments suggest that ARM 7-11 repeats might also interfere in protein-

protein interactions.
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A N-terminus

Figure 44: A: 3D structure of SAUL1 modelled using the web portal for protein modeling,
prediction and analysis, Phyre2 (Kelley et al. 2015). B and C: Surface distribution of the
amino acids K, R and H colored orange, blue and pink respectively. The electrostatic
potentials were calculated using the Adaptive Poisson-Boltzmann Solver (APBS) and
PDB2PQR Server (a molecular solvation software package). Figures were prepered using
PyMol (PyMOL Molecular Graphics System, Version 1.3, Schrédinger, LLC.).
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6 Summary

As sessile organisms, plants are exposed to changing environmental conditions. Different
abiotic and biotic stresses such as drought and pathogen infestation affect plant growth.
Understanding molecular events regulating plant responses to abiotic and biotic stresses is
highly important to improve plant resistance to different stress scenarios and thus productivity
of plants. Since the perception of the different stress signals occurs at cellular interaction
modules, and in order to elucidate the molecular principles of selected stress-related plant
proteins, two proteins of the components of the interaction modules "plasma membrane of the
cell" and "plant cell wall" of Arabidopsis thaliana were selected: Senescence associated
ubiquitin ligasel (SAUL1) protein, which is a plasma membrane-associated protein that
serves as a suppressor of premature senescence and cell death under unfavorable
environmental conditions, such as low light or salt stress (Raab et al, 2009; Drechsel et al.,
2011) and the cytosolic loop, carrying the catalytic domain for the formation of (1,3)-i-
glucan, of the Arabidopsis thaliana glucan synthase-like 5 (ATGSLO5-IL) protein, which is
one of the main structural components in the cell wall of fungi as well as in plants (Pitson,
1993; Stone & Clark, 1992). Insights into the structure and function of these two proteins will
help to develop new strategies in order to improve plant resistance towards complex abiotic

and biotic stress scenarios.

The work performed during the period of this PhD project included methods to analyze the
structures of AtGSLO5-IL, SAULL and selected ARM repeats with particular emphasis on
the generation of soluble proteins within prokaryotic cells. Due to the fact that structural
information of homologous proteins does not exist, my aim was to overexpress the respective
genes, purify those proteins and determine their structures. Protocols for the expression and
purification of the AtGSLO5-IL, SAUL1 and ARM 7-11 repeats proteins were successfully
established. Hexahistidine and GST fusion tags allowed the successful purification of
AtGSLO5-IL, SAUL1 and the ARM repeat protein in large quantities, supporting the
solubility of the proteins. Mass spectrometry was used to identify AtGSLO5-IL, SAUL1 and
ARM repeats. Dynamic light scattering (DLS) and circular dichroism (CD) data were also
used to confirm and analyze the monodispersity, stability and the folding of the proteins
respectively. Small angle X-ray scattering (SAXS) measurements for the AtGSLO5-IL, GST-
SAUL1 fusion protein, SAUL1 and ARM 7-11 proteins were successfully performed, at the
synchrotron source PETRA 1ll, and analyzed enabling the elucidation of more structural
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details. Moreover, electron microscopy (EM) data were collected for the AtGSLO5-IL and
SAULL1 proteins, which allow obtaining complementary insights into the dimensions of the

proteins.

The results obtained by DLS and native gel electrophoresis indicate that SAUL1 shows a
concentration dependent oligomerization, pointing out that SAUL1 has an intrinsic tendency
to build different oligomeric states, which was also confirmed by the negative stain electron
microscopy and the in planta cell imaging, which might explain the unsuccessful attempts to
crystallize SAUL1 protein. The shape and the oligomeric state of GST-SAUL1, SAUL1 and
ARM 7-11 in solution were verified by the accomplished SAXS measurements. The MWSs
estimated from the Porod volume of the particle in solution and from the ab initio
reconstruction, reveals an elongated tetrameric form of the GST-SAUL1 protein, a trimeric
form of the ARM 7-11 protein and the presence of a mixture of dimer and trimer of SAUL1
protein in solution. The ab initio shapes of the GST-SAUL1, SAUL1 and ARM 7-11 proteins
were well compatible to each other, showing a relative elongated (ellipsoids) form of the

protein in solution.

The shape and the oligomeric state of AtGSLO5-IL in solution were verified by the
accomplished SAXS measurements. An ab initio model of the AtGGSLOS5-IL was
constructed with imposed P8 symmetry, confirming the results obtained by DLS and native
PAGE, indicating that the protein is present in solution as a large oligomer and not as
monomer. The MWs estimated from the Porod volume of the particle in solution and from the
ab initio reconstruction confirm the presence of the AtGSLOS5-IL protein as an octamer in
solution. The ab initio model shows an oblate form of the protein with extended sprouts on
the periphery suggesting certain flexibility. The CORAL model was well compatible with the
ab initio shape, showing also an oblate form of the protein with an extended C- terminus on
the periphery. The negative stain electron microscopy and the in planta super-resolution-

microscopy confirm the AtGSLO5 intrinsic tendency to form octamers.
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Als sessile Organismen sind Pflanzen verédnderten Umweltbedingungen ausgesetzt.
Verschiedene  abiotische und  biotische  Stressfaktoren  wie  Trockenheit und
Krankheitserregerbefall beeinflussen das Pflanzenwachstum. Die molekularen Ereignisse, die
fur die Regulation der Reaktionen der Pflanzen auf abiotischen und biotischen Stress
verantwortlich sind, zu verstehen, ist sehr wichtig, um die Resistenz von Pflanzen auf
verschiedene Stressszenarien und damit die Produktivitat der Pflanzen zu verbessern. Da die
Wahrnehmung der verschiedenen Stresssignale innerhalb von zelluldren Interaktionsmodulen
auftritt, und um die molekularen Grundlagen ausgewahlterstressabhangiger Pflanzenproteine
zu vestehen, wurden zwei Proteine unter den Komponenten der Wechselwirkungsmodule
"Plasmamembran” und "Pflanzenzellwand” von Arabidopsis thaliana wurden ausgewahlt:
Die senescence associated ubiquitin ligase 1 (SAUL1) ist ein Plasmamembran-assoziiertes
Protein, das unter ungunstigen Umgebungsbedingungen, wie wenig Licht oder Salzstress, als
Suppressor zum vorzeitiger Seneszenz und Zelltod dient (Raab et al, 2009;. Drechsel et al,
2011). Als weiteres Protein wurde der putative cytosolische Loop der Arabidopsis thaliana
glucan synthase-like 5 (ATGSLO5-IL), der die katalytische Domane fur die Bildung von (1,3)
-B-Glucan enthélt, gewahlt. Callose ist eine der Hauptstrukturkomponenten in der Zellwand
von Pflanzen und Pilzen (Pitson, 1993; Stone & Clark, 1992). Einblicke in die Struktur und
Funktion dieser Proteine wird dazu beitragen neue Strategien zu entwickeln, um die Resistenz

von Pflanzen gegeniiber komplexen abiotischen und biotischen Stressszenarien zu verbessern.

Im Rahmen der Promotionsarbeit, wurden komplementédre biophysikalische Methoden
eingesetzt, um die Strukturen von AtGSLO5-IL, SAULL und ausgewahlten ARM Repeats zu
analysieren, mit besonderem Schwerpunkt auf die Produktion von l6slichen Proteinen in
prokaryotischen Zellen. Aufgrund der Tatsache, dass bislang kein homologe Proteine
Strukturen existieren, war mein Ziel, die entsprechenden Gene zu Uberexprimieren, zu
reinigen und ihre Strukturen zu bestimmen. Protokolle fiir die Expression und Reinigung von
AtGSLO5-IL, SAUL1 und ARM?7-11 von SAUL1 wurden erfolgreich etabliert. Die
Verwendung von Hexa-Histidin und GST-getaggten Proteinen erlaubte die erfolgreiche
Reinigung von AtGSLO5-IL, SAUL1 und ARM7-11 in geniigend grolRen Mengen. Durch
Massenspektrometrie wurde die Identitdt von AtGSLO5-IL, SAUL1 und eines ARM Repeat-
Proteins bestétigt. Dynamische Lichtstreuung (DLS) und Cirkulardichroismus-Spektroskopie

(CD) wurden auch verwendet, um die Monodispersitat, die Stabilitdt und die Faltung der
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Proteine zu bestatigen und zu analysieren. Rontgenkleinwinkelbeugungsmessungen (SAXS)
fir AtGSLOS5-IL, GST-SAUL1, SAUL1 und das ARM 7- 11 Protein wurden an der
Sychrotronsstrahlungsquelle PETRA 111 erfolgreich durchgefiihrt und analysiert, was die
nahere Aufklarung von strukturellen Eigenschaften ermdéglicht hat. Dartiber hinaus konnten
gesammelte Elektronenmikroskopie (EM)-Daten von AtGSLO5-IL und SAULL ergénzende
Einblicke in die 2/ 3D-Struktur ermdglichen.

Die erhaltenen Ergebnisse der DLS Messungen und nativen Gelelektrophoresen belegen, dass
das SAUL1 Protein eine konzentrationsabhangige Oligomerisierung zeigt, was darauf
hinweist, dass SAUL1 eine intrinsische Tendenz aufweist, verschiedene Oligomere zu bilden.
Die auch durch die Negativfarbung-Elektronenmikroskopie und die in planta Super-
Resolution-Mikroskopie bestétigte Oligomerisierung, konnte die erfolglosen Versuche
SAUL1L zu kristallisieren erklaren. Die Form und der Oligomerisierungszustand von GST-
SAUL1, SAUL1 und ARM 7-11 in Loésung wurden durch die durchgefiihrten SAXS-
Messungen verifiziert. Die angendherten Molekulargewichte basierend auf dem Porod
Volumen und den ab initio Rekonstruktionen der Partikel in Ldsung offenbarten eine
langliche tetramere Form des GST-SAULL Proteins, eine trimere Form der ARM 7-11
Protein und die Anwesenheit einer Mischung aus Dimer und Trimer des SAULL Proteins in
Losung. Die ab initio-Formen von GST-SAUL1, SAUL1 und ARM 7-11 waren gut
miteinander kompatibel. Eine relativ langliche (ellipsoide) Form des Proteins in Lésung

wurde gezeigt.

Die Form und der Oigomerisierungszustand des AtGSLO5-IL in Ldsung wurden (ber die
durchgefuhrten SAXS-Messungen verifiziert. Das ab-initio-Modell des AtGGSLO5-IL wurde
mit P8 Symmetrie konstruiert, was die Ergebnisse, die durch DLS Messungen und native
Gele gemacht wurden, bestétigt. Dies alles weist darauf hin, dass dass das Protein in Losung
als ein groRes Oligomer liegt und nicht als Monomer. Die geschatzten MWs des Porod
Volumens und von der ab initio Rekonstruktion der Teilchen in Ldsung sprechen fir das
Vorhandensein des AtGSLO5-IL-Protein als Oktamer in Losung. Das abinitio Modell zeigt
ein sehr flaches Protein mit einer verlangerten Sprosse an der Peripherie, was auf eine
gewisse Flexibilitat hindeutet. Das CORAL Modell ist dem abinitioModell sehr &hnlich, und
zeigt auch eine sehr flache Form des Proteins mit einem erweiterten C-Terminus an der
Peripherie. Die Negativfarbung-Elektronenmikroskopie und die In planta Super-Resolution-
Mikroskopie bestétigen die Tendenz, dass AtGSLO5 Oktamere bildet.
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9 Risk and safety statements

9.1 Chemicals (GHS classification)

Chemicals GHS Hazard Precautionary Supplier
hazard | statements
statements
GHS03 | H272, H302, P280,
GHS07 | H315, H317, [ P305+351+338, K
A GHS08 | H319, H334; | P302+352, IS
P304+341,
— P342+311
- GHS02 | H226, H314 | P28,
Acetic acid GHS05 P305+351+338, Chemsolute
P310
GHS06 [ H301, H311, | P261, P280,
AMP-PCP H315, H319, P301+P310, Sigma
H331, H335 P305+P351+P3
38
GHS06 | H301, H312, P201, P280,
) GHS08 | H316, H317, P301+310,
Acrylamide H319, H332, | P305+351+338, Carl Roth
H340, H350, P308+313
H361f, H372
ATP : : : Carl Roth
Agarose ) ) ) Serva
(NH4)2S04 - - : Carl Roth
NH4NO3 GHS03 | H272 P210 Applichem
GHS03 [ H272, H302, | P280,
GHSO07 | H315, H317, | P305+351+338,
Bromphenolblue GHS08 | H319, H334; | P302+352, Bio-RAD
P304+341,
H335 P342+311
C&Clz
GHSO07 | H319 P305+351+338 Merck
Ca(H;CCO0O0), H315, H319, | P261,
- H335 P305+P351+P338 Sigma
Citric acid GHS05 P305+351+338, Sigma
H318 P311
Coomassie Brilliant Blue | ~ ; ; Applichem
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H319

38
DTT GHS07 | H302, H315, | P302+352, Applichem
H319, H335 | P305+351+338
EDTA GHSO07 | H319 P305+351+338 Sigma
Ethanol GHS02 | H225 P210 Carl Roth
o _ GHSO06, | H302, H330, | P260, P281, )
Ethidiumbromide GHS08 P284. P310 Sigma
H341
Glycerol - - - Carl Roth
Guanidinhydro GHSO07 | H302, H315, [ P305+P351+P3 Applichem
chlorid 88, P302+P352 PP
H319
HEPES (4-(2- - - -
hydroxyethyl)-1
Y y Y : Applichem
piperazineethanesulfonic
acid)
Hvdrochloric GHSO05, | H314, H335 | P261, P280,
y GHS07 P310, Merck
acid >25 %
P305+351+338
GHSO02, | H225, H319, | P210, P233
| | ! ! ! o ek VWR
sopropano GHS07 P305+351+338
H336
GHSO05, | H301; H314; | P260, P281,
GHSO06, P303+P361+P3
_ GHsog | H361 53, _
Imidazole P301+P330+P3 AppIIChem
31,
P305+P351+P3
38, P308+P313
KCI ; ; - Carl Roth
Lic GHSO07 | H302; H315, | P302+352, Merck
i erc
H319, H33 P305+351+338
Li2SO4 GHSO07 | H302 - Merck
Mg(HCOO)2 ) ) ) Fluka
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MgClI2 : : ; Carl Roth
MgOAc ) ) ) Merck
MgSO4 ; : ; Merck
GHSO02, | H225, H301, [ P210, P280,
Methanol GHSO06, | H311, H331, | P233, carl Roth
GHS08 | H370 P302+P352,
P309, P310
MPD GHSO07 | H315, H319 | - Carl Roth
GHSO06, | H302, H411, | P280, P312,
GHS09 | H315, H335, [ P302+P350, _
9-Mercaptoethanol H311, H319 | P261, P273, Fls_her_ _
p P301+P312, Scientific
P305+P351+P3
38
NaOAc ; ; ; Applichem
NaBr ) ) ) Merck
GHSO09, | H301, H331, [ P261, P273, :
(CH3)2AsO2Na) GHSO06 | 1410 P301+P310, Sigma
P311, P501
NaCl ) ) ) Carl Roth
NaH2PO4 ; ; ; Applichem
NaOH GHS05 | H314 P280, P310, Merck
P305+351+338
Na3 citrate : ; : Sigma
GHSO08, | H332, H315, | P280, P273,
GHSO09, | H334, H317, | P201,
. GHSO07 | H341, H350i, | P342+P311, )
H372 P302+P352
H410
Paraffin : ; ; -
Polyethylenglycol 200 - - -
YEryIEngy Applichem

(PEG 200)
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PEG 10000 ; ; ; Merck
PEG 1500 - ) ) Fluka
PEG 2000 MME ; ; ; Fluka
PEG 300 ) ) ) Applichem
PEG 3350 ’ ; ' Sigma
PEG 400 ) - " Sigma
PEG 4000 ; ; ; Merck
PEG 6000 ) ) ) Merck
PEG 8000 y ; ' Sigma
GHSO06, | H301, H314 | P280, )
PMSF GHS05 P305+P351+P3 Applichem
38, P310
GHS02 [ H228, H302, | P210, P261,
SDS GHSO06 [ H311, H315, [ P280, P312, Sigma
H319, H335 | P305+351+338
Sodium citrate ) ) ) Sigma
Sodium - - .
tartrate App e
Tetramethylethyldiamin | GHS02 | H225, H302, | P261, P280, Merck
GHS05 P305+351+338 erc
(TEMED) GHso7 | H314 H332
N GHS02 [ H225, H319, [ P210, U
ert-outano GHSO07 P305+351+338, ppiiLhem
H332,H335 | p1034233
Tris (2-amino-2- GHSO07 | H315, H319, | P261,
(hydroxymethyl)- H335 P305+351+338 Carl Roth
propane-1,3-diol)
Tween 20 ; : ; Carl Roth
Yeast Extract ) ) ) Serva
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9.2 Commercial protein screens and Kits

Name Supplier Risk label Risk phrases Safety phrases
PCT Hampton T,N R41, R42, S20, S26, S45,
R36/37/38 S53, S61,
S36/37/39 -
Floppy Choppy | Jena Bio C, Xn, Xi R35, R41, R42, | S22, S26, S45,
Science R36/37/38 S24/25,
S36/37/39:
Macrosol Molecular T,N R10, R45, R46, | S20, S26, S45,
Dimensions R60, R61, R25, | S53, S61,
R36/37/38, S36/37/39
R48/20/22,
R51/53
Morpheus Molecular T,N R10, R45, R46, [ S20, S26, S45,
Dimensions R60, R61, R63, | S53, S61,
R23/25, S36/37/39
R36/37/38,
R48/20/22,
R51/53
PACT premier | Molecular T R23/25, R52/53 | S20, S36, S45,
Dimensions S61
Stura Molecular T,N R10, R45, R46, | S20, S26, S45,
/Footprint Dimensions R60, R61, R25, [ S53, S61,
R36/37/38, S36/37/39
R48/20/22,
R51/53
AmSO4 Suite Qiagen T+, N R10, R25, R26, | S45, S53, S61,
R45, R46, R60, | S36/37.
R61, R48/23/25,
R51/53
Classic Suite Qiagen T,N R10, R45, R46, | S20, S26, S45,
R60, R61, S53, S36/37/39.
R23/25,
R36/37/38,
R48/20/22,
R51/53
ComPAS Suite | Qiagen T R10, R45, S13, S26, S45,
R23/24/25, S53, S61,
R36/38, S36/37/39.
R39/23/24/25,
R51/53
Cryos Suite Qiagen T,N R10, R45, R46, | S20, S26, S45,
R60, R61, S53, S61,
R23/25, S36/37/39.
R36/37/38,
R48/20/22,

106




9 Risk and safety statements

R51/53

JCSG+ Suite Qiagen T,N R10, R21, R41, | S13, S20, S26,
R45, R23/25, S45, S53,
R37/38, R51/53 | S36/37/39

ComPAS Suite | Qiagen T R10, R45, S13, S26, S45,
R23/24/25, S53, S61,
R36/38, S36/37/39.
R39/23/24/25,
R51/53

Pure Link PCR | Invitrogen Xn R22, R36/38 S28, S24/25

Purification Kit

peqGOLD peqlab - - -

Plasmid Mini

Kit

9.3 GHS and risk symbols

ERORCRRS

GHSO01 GHS02 GHSO03 GHS04 GHSO05

SOS©

GHS06 GHSO07 GHS08 GHS09

Figure 47: GHS pictograms according to (http://www.evansvanodine.com) Evans Vanodine

International plc/ global Hygiene Solutions / UK).
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Z

Explosive Oxidizing
e &

& &y C

Corrosive Biohazard

Figure 48: Hazard symbols according to http://www.sigmaaldrich.com for formulations

and respective risk labels.

. = X

Highly Flammable Toxic or Harmful or
or Extremely Very Toxic Irritant
Flammable
% M @ R
Dangerous for the Radioactive

Environment

9.4 Hazard, risk, safety- and precaution statements

Risk statements

R8 Contact with combustible material
R10 May cause fire

R20 Flammable

R21 Harmful by inhalation

R22 Harmful in contact with skin

R25 Harmful if swallowed

R35 Toxic if swallowed

R36 Causes severe burns

R38 Irritating to eyes / Irritating to skin
R41 Risk of serious damage to eyes

R42 May cause sensitization by inhalation
R43 May cause sensitization by skin contact
R45 May cause cancer
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R46 May cause heritable genetic damage

R60 May impair fertility

R61 May cause harm to the unborn child

R39/23/24/25 Toxic: danger of very serious irreversible
effects through inhalation, in contact with
skin and if swallowed

R36/37/38 Irritating to eyes, respiratory system and skin

R23/24/25 Toxic by inhalation, in contact with skin and
if swallowed

R20/21/22 Harmful by inhalation, in contact with skin
and if swallowed

R48/20/22 Harmful: danger of serious damage to health
by prolonged exposure through inhalation
and if swallowed

R23/25 Toxic by inhalation and if swallowed

R36/38 Irritating to eyes and skin

R51/53 Toxic to aquatic organisms, may cause long-
term adverse effects in the aquatic
environment

R37/38 Irritating to respiratory system and skin

GHS precautionary statements

P201 Obtain special instructions before use

P210 Keep away from heat/sparks/open flames/hot
surfaces — No smoking

P233 Keep container tightly closed

P260 Do not breathe
dust/fume/gas/mist/vapors/spray

P261 Avoid breathing
dust/fume/gas/mist/vapors/spray

P264 Wash thoroughly after handling
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P273 Avoid release to the environment

pP281 Use personal protective equipment as
required

P280 Wear protective gloves / protective clothing/
eye protection / face protection

P284 Wear respiratory protection

P309 IF exposed or you feel unwell

P310 Immediately call a POISON CENTER or
doctor/physician

P311 Call a POISON CENTER or
doctor/physician

P312 Call a POISON CENTER or
doctor/physician if you feel unwell

P321 Specific treatment (see respective MSDS)

P362 Take off contaminated clothing and wash
before reuse

P501 Dispose of contents/container to

P301+310 If swallowed: Immediately call a poison
center or doctor/physician

P301+P312 If swallowed: call a poison center or
doctor/physician if you feel unwell

P301+P330+P331 If swallowed: Rinse mouth. Do not induce
vomiting

P302+P352 If on skin: Wash with soap and water

P303+P361+P353 If on skin (or hair): Remove/Take off
immediately all contaminated clothing. Rinse
skin with water/shower

P304+341 If in halted: If breathing is difficult, remove
victim to fresh air and keep at rest in a
position comfortable for breathing

P305+351+338 If in eyes: Rinse cautiously with water for
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several minutes. Remove
contact lenses if present and easy to do —

continue rinsing

P308+313 If exposed or concerned: Get medical
advice/attention

P332+313 If skin irritation occurs: Get medical
advice/attention

P342+311 Call a poison center or doctor/physician

P403+233 Store in a well-ventilated place. Keep
container tightly closed

Safety statements

S20 When using do not eat or drink. Do not
breathe dust

S22 In case of contact with eyes, rinse
immediately with plenty of water and seek
medical advice

S26 In case of accident or if you feel unwell seek
medical advice immediately (show the label
where possible).

S28 After contact with skin, wash immediately
with plenty of water (to be specified by the
manufacturer)

S45 If swallowed, seek medical advice
immediately and show this container or label

S46 Avoid exposure - obtain special instructions
before use

S53 Avoid release to the environment

S61 Refer to special instructions/safety data sheet

S24/25 Avoid contact with skin and eyes

S36/37 Wear suitable protective clothing and gloves
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S36/37/39 Wear suitable protective clothing, gloves and

eye/face protection
GHS hazard statements

H 225 Highly flammable liquid and vapor

H 226 Flammable liquid and vapour

H 228 Flammable solid

H 272 May intensify fire; oxidizer

H 301 Toxic if swallowed

H 302 Harmful if swallowed

H 311 Toxic in contact with skin

H 312 Harmful in contact with skin

H 314 Causes severe skin burns and eye damage

H 315 Causes skin irritation

H 316 Causes mild skin irritation

H 317 May cause an allergic skin reaction

H 318 Causes serious eye damage

H 319 Causes serious eye irritation

H 330 Fatal if inhaled

H 331 Toxic if inhaled

H 332 Harmful if inhaled

H 334 May cause allergy or asthma symptoms or
breathing difficulties if inhaled

H 335 May cause respiratory irritation

H 336 May cause drowsiness or dizziness

H 340 May cause genetic defects

H 360 May damage fertility or the unborn child

H 341 Suspected of causing genetic defects

H 350 May cause cancer

H 350i May cause cancer by inhalation

H 360D May damage the unborn child
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H 361 Suspected of damaging fertility or the unborn
child

H361f Suspected of damaging fertility

H 370 Causes damage to organs

H 372 Causes damage to organs through prolonged

or repeated exposure

H 410 Very toxic to aquatic life with long lasting
effects
H 411 Toxic to aquatic life with long lasting effects
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