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Summary

The turnover rate of cellular proteins can be accelerated substantially by the proteolytic exposure of
a destabilizing amino acid in ultimate N-terminal position. In eukaryotes, the selection and
ubiquitination of such N-degrons is executed by certain E3 ubiquitin ligases, termed N-recognins. So
far, two N-recognins have been identified in plants, called PROTEOLYSIS 1 (PRT1) and PRT6. They
account for the destabilization of test substrates bearing aromatic and basic N-termini, respectively.
During this decade, research has revealed functions of the PRT6-branch of the N-degron pathway
(also termed N-end rule pathway) in plant development and stress response. However, substrate
selection by components of the plant N-end rule is still barely investigated biochemically, and the
role of PRT1 in plant physiology remains enigmatic. This work aimed at the establishment and
application of in-vitro affinity approaches for the investigation of substrate selection by enzymes of
the N-end rule pathway of Arabidopsis thaliana. To this end, synthetic peptide-based techniques
were implemented for binding studies using recombinant proteins. This enabled the characterization
of the substrate specificities exerted by PRT1, the UBR domain of PRT6 (UBRPR™), as well as one of
the key enzymes generating destabilizing N-termini, ARGININE TRANSFERASE 1 (ATE1). In particular,
a robust bead-based arginylation assay using synthetic peptides was set up that allowed for the first
investigation of plant ATE1 substrate selection. This also revealed ATE1 to be capable of acting
directly downstream of PLANT CYSTEINE OXIDASE activity in vitro. In order to approach substrate
recognition by the two N-recognins, peptide arrays were synthesized and binding assays were
established using both PRT1 and UBR™. This confirmed binding of both N-recognins to peptides
exhibiting predicted target N-termini, and revealed contributions of the downstream peptide
sequence. Unexpectedly, the presence of either Glu or Asp in second position of peptides bearing N-
terminal Arg abolished binding of UBR™ T, questioning the proposed recognition of such ATE1
products by PRT6. Concerning PRT1, in-vitro autoubiquitination activity was shown for the first time
within this work, proofing the capacity to act as an E3 ligase. Intriguingly, the ability to form poly-
ubiquitin chains depended on the integrity of both RING domains of PRT1, whereas either RING
domain was dispensable for binding of peptide substrates. Next to providing mechanistic insights,
peptide library experiments facilitated the screening of putative endogenous substrate sequences for
their eligibility as natural N-end rule targets. In doing so, the proteolytic fragments of both ETHYLENE
INSENSITIVE 2 (EIN2), and the cell growth regulator BIG BROTHER, were discovered as potential
physiological targets of PRT1. In support of the N-end rule antagonizing ethylene signaling, the C-
terminal signaling fragment of EIN2 was found to be unstable in Arabidopsis protoplasts in an N-
terminus- and PRT1-dependent manner. Phenotypical analyses of plants carrying the null allele prt1-
1 however revealed no substantial alterations of ethylene sensitivity attributable to PRT1 mutation.
Instead, two independent traits were discovered that were caused by the genomic background of
prtl1-1 plants. The first one, sterility at moderately elevated ambient temperature caused by post-
meiotic developmental aberrations of male gametogenesis, might have established spontaneously
during propagation of the line. In contrast, the second phenotype, hyposensitivity towards cytokinin
during heterotrophic growth, was also present in a prtl-1 progenitor line. Together, this work
provides evidence for the conservation of target recognition by UBR and ATE enzymes between
plants and other eukaryotes, but also finds plant-specific interactions for the type Il N-recognin PRT1.
These findings will help in the future to relate substrate N-termini and recognition pathways in plant
cells.



Zusammenfassung

Die Abbaugeschwindigkeit zelluldrer Proteine kann erheblich beschleunigt werden durch die
proteolytische Freilegung einer destabilisierenden Aminosaure am N-Terminus der Peptidsequenz. In
Eukaryoten wird die Erkennung und Ubiquitinierung solcher N-Degrons durch bestimmte E3
Ubiquitinligasen, bezeichnet als N-Rekognine, ausgefiihrt. Bis heute wurden zwei N-Rekognine in
Pflanzen identifiziert, genannt PROTEOLYSIS 1 (PRT1) und PRT6. Sie sind fir die Destabilisierung von
Testsubstraten mit aromatischen, beziehungsweise basischen N-termini verantwortlich. Innerhalb
dieses Jahrzehnts wurden Funktionen des PRT6-Zweiges des N-Degron-Weges (auch genannt N-end
rule-Weg) fir die pflanzliche Entwicklung und Stressantwort aufgeklart. Jedoch blieb eine
biochemische Charakterisierung der Substratselektion durch Komponenten der N-end rule bislang
weitestgehend aus und die Rolle von PRT1 in der pflanzlichen Physiologie gibt noch immer Ratsel auf.
Diese Arbeit hatte zum Ziel, in-vitro Affinitats-Methoden zur Untersuchung der Substraterkennung
durch Enzyme der N-end rule von Arabidopsis thaliana zu etablieren und anzuwenden. Zu diesem Ziel
wurden Techniken basierend auf synthetischen Peptiden fiir Bindestudien anhand rekombinanter
Proteine eingesetzt. Dies erlaubte die Charakterisierung der Substratauswahl durch PRT1, durch die
UBR-Domiane von PRT6 (UBRPf™), sowie durch eines der Schliisselenzyme zur Erzeugung
destabilisierender N-Termini, ARGININ TRANSFERASE 1 (ATE1). Im Speziellen wurde ein robuster
Assay zur Arginylierung von an Mikrokigelchen immobilisierten synthetischen Peptiden aufgebaut,
der eine erste Erforschung der Substratselektion durch pflanzliche ATE1 ermoglichte. Dies offenbarte
auch, dass ATE1 in der Lage ist, Produkte der Aktivitat pflanzlicher Cystein-Oxidasen (PCOs) direkt als
Substrate zu nutzen. Um sich der Substraterkennung durch die zwei N-Rekognine anzunihern,
wurden Peptid-Arrays synthetisiert und Bindestudien zur Untersuchung von PRT1 und UBRPRT™®
etabliert. Dies bestatigte Bindung beider N-Rekognine an Peptide mit den vorhergesagten Ziel-N-
Termini und offenbarte auBerdem die Bedeutung von Sequenzmerkmalen jenseits der N-terminalen
Aminosaure fiir die Bindung. Unerwartet war dabei, dass die Gegenwart von Glu oder Asp an zweiter
Position von Peptiden mit N-terminalem Arg eine Bindung von UBRP?™ verhinderte, was die
postulierte Erkennung solcher ATE1-Produkte durch PRT6 in Frage stellt. Bezliglich PRT1 wurde in-
vitro Autoubiquitinierungsaktivitait wahrend dieser Arbeit zum ersten Mal gezeigt, wodurch die
Fahigkeit zur Funktion als E3-Ligase bewiesen wurde. Interessanterweise war die Fahigkeit zur
Bildung von Polyubiquitin-Ketten dabei abhangig von der Integritdt beider RING-Domanen von PRT1,
wohingegen jede einzelne RING-Domaéne entbehrlich fiir die Bindung von Substratpeptiden war.
Neben mechanistischen Einblicken ermoglichten die Experimente mit Peptid-Bibliotheken auch das
Screening putativer endogener Substratsequenzen nach ihrer Eignung als natirliche Ziele der N-end
rule. Im Zuge dessen wurden die proteolytischen Fragmente sowohl von ETHYLENE INSENSITIVE 2
(EIN2), als auch von BIG BROTHER, einem Regulator des Zellwachstums, als potentielle physiologische
Ziele von PRT1 entdeckt. Zugunsten der Annahme, dass die N-end rule der Ethylen-Signallibertragung
entgegenwirkt, wurde festgestellt, dass das C-terminale EIN2-Fragment in Arabidopsis-Protoplasten
instabil war, in Abhangigkeit seines N-Terminus’ und des PRT1-Gens. Phanotypische Analysen von
Pflanzen mit dem Null-Allel prti-1 zeigten jedoch keine wesentlichen Anderungen der
Ethylensensitvitat, die auf PRTI-Mutation zurlickzufihren waéaren. Stattdessen wurden zwei
unabhangige Merkmale gefunden, die durch den genetischen Hintergrund der prtl-1-Pflanzen
verursacht waren. Das erste Merkmal, Sterilitdit bei moderat erhohter Umgebungstemperatur,
verursacht durch post-meiotische Entwicklungsfehler der mannlichen Gametogenese, koénnte
wahrend der Vermehrung der Linie spontan aufgetreten sein. Dagegen war der zweite Phanotyp,
Hyposensitivitat gegenlber Cytokinin wahrend heterotrophen Wachstums, auch in einer
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Vorgangerlinie von prt1-1 vorhanden. Insgesamt bietet diese Arbeit Belege fiir die Konservierung der
Substraterkennung durch UBR- und ATE-Enzyme zwischen Pflanzen und anderen Eukaryoten, aber
stellt auch pflanzenspezifische Interaktionen fiir das Typ-II-N-Rekognin PRT1 fest. Diese Erkenntnisse
werden in Zukunft dabei helfen, Substrat-N-Termini und deren Erkennungswege in pflanzlichen
Zellen miteinander zu verbinden.
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1. Introduction

1.1 Protein degradation in plants

The continuous readjustment of the protein content in living cells is achieved by protein synthesis
and degradation. It is due to this protein turnover that cells are able to grow, differentiate, divide,
and adapt. Dynamic “cellular housekeeping” is especially important when an organism is as
intimately associated with and subjected to its environment as a plant. Protein degradation ensures
the removal of misfolded or damaged proteins, enables the recycling of amino acids, regulates
stoichiometry between the subunits of protein complexes, attenuates signaling pathways, and
abolishes gene function by eliminating proteins that are no longer needed (Vierstra, 1993).
Impressively, the dimensions of protein turnover in plants are estimated to the replacement of half
of the complete protein body within four to seven days (Buchanan et al., 2002b; Li et al., 2017b).

1.1.1 Bulk protein degradation

A large portion of protein degradation in cells is accomplished by non-specific proteolysis. In plants,
non-specific proteases reside predominantly in the vacuole, an organelle that resembles the
lysosome found in animal cells (Vierstra, 1993). In addition, organelles like mitochondria and
chloroplasts harbor distinct proteolytic pathways that reflect their bacterial origin. In the vacuole,
“bulk” protein which usually refers to aggregates of misfolded proteins, large protein complexes like
ribosomes, or storage proteins, is degraded after delivery by several mechanisms that usually involve
membrane encapsulation (Klionsky and Ohsumi, 1999; An and Harper, 2018). The main route for
trafficking cytoplasmic contents to the Iytic compartment is called macroautophagy, or short
autophagy (Ohsumi, 2001). During autophagy, cytoplasmic components are engulfed by an isolation
membrane that maturates to a double-membrane-bounded compartment called an autophagosome.
These compartments are able to fuse with the tonoplast and release the content for subsequent
proteolytic breakdown. In plants, research has long focused on starvation-induced autophagy, and
hence, the importance of this pathway for general protein degradation and nutrient recycling was
emphasized (Bassham, 2009; Dong et al., 2017c). However, with the discovery of a complex
machinery that allows for the tethering of specific target molecules to sites of autophagic vesicle
formation, it was increasingly appreciated that autophagy can also operate highly selectively
(Johansen and Lamark, 2011; Li and Vierstra, 2012). Some of the responsible adapter molecules
appear to be conserved between eukaryotes and have also been described in plants (Tsukada and
Ohsumi, 1993; Svenning et al., 2011; Kim et al., 2012).

1.1.2 Selective protein degradation — the 26S proteasome

While the importance of selective autophagy is being increasingly recognized, a distinct machinery
present in the cytosol and nucleus was long known for its crucial role in the specific degradation of
soluble and certain membrane-borne proteins (Voges et al., 1999; Finley, 2009; Vierstra, 2009). The
26S proteasome is a large (2.5 MDa) multi-subunit protein complex that contains a barrel-shaped
core particle (CP) of 20 S in size with a broad-spectrum proteolytic activity. The eukaryotic CP is made



up of four stacked ring-shaped oligomers consisting each of seven peptide monomers (Groll et al.,
1997; Yang et al., 2004). Within this structure, subunits B1, B2, and B5 expose peptidase active sites
towards the barrel-inside. Access to the proteolytic interior is restricted by a narrow pore formed by
the a-subunits and is controlled by the 19 S regulatory particle (RP) that forms a cap on either one or
both sides of the proteasome (Groll et al., 2000). Next to substrate entry, the RP is responsible for
substrate selection and processing. Six AAA-ATPase (ATPase associated with diverse cellular activities
ATPase) subunits cooperate to mediate the unfolding of substrates, trigger opening of the CP gate,
and channel the peptide thread into the lytic core (Smith et al., 2007; Lander et al., 2012). Moreover,
at least eleven additional non-ATPase subunits of the RP, including a number of RPN named proteins,
are responsible for substrate recognition and regulation of the ATPases (Elsasser et al., 2002; Peth et
al., 2009). Since some of these components appear to be reversibly associated with the holo-
complex, proteasome activity is likely to be also adjustable (Thrower, 2000; Leggett et al., 2002).
Consistently in plants, knock-down of individual RP subunits sometimes leads to specific, rather than
pleiotropic phenotypes (Book et al., 2009). For example, mutation of RPN12a results in decreased
sensitivity towards phytohormones of the cytokinin family (Book et al., 2009).

1.1.3 Ubiquitin

In eukaryotes, targeted protein degradation via the 26S proteasome, as well as distinct autophagic
and endosomal pathways, is largely accounted for by a genetically expanded machinery that
concenters around a small protein called ubiquitin (Ub). Ub is a 76 amino acid (~8.5 kDa) protein of
globular structure that can be post-translationally transferred to e-amino groups of solvent-exposed
lysine (K, Lys) residues on target proteins to serve as a covalent tag. Unconventionally, Ub
attachment can also occur at either thiol or hydroxyl groups presented by cysteine (C, Cys) or serine
(S, Ser)/threonine (T, Thr) side chains, respectively (Cadwell et al., 2005; Tait et al., 2007; Wang et al.,
2007; Williams et al., 2007). A triad of enzyme classes, referred to as E1, E2, and E3, is responsible for
the ATP-dependent attachment of Ub to substrate proteins, termed ubiquitination (or
ubiquitylation). The successive processes that lead to target ubiquitination are: 1. Activation of the
Ub terminal carboxyl group via the formation of an Ub-adenylate intermediate by an E1 (Ub
activating) enzyme and subsequent thio-esterification with an El-active site Cys (Haas and Rose,
1982; Haas et al., 1982). 2. Recruitment of an E2 (Ub conjugating) enzyme and transfer of Ub to a
catalytic Cys of E2 (Hershko et al., 1983; Pickart and Rose, 1985; Haas et al., 1988). 3. Binding of the
target protein by an E3 (Ub ligase) enzyme that either works as an adaptor to mediate direct transfer
of Ub from E2 to the substrate, or accepts Ub from E2 in a transesterification reaction to
subsequently catalyze the transfer to a substrate target site (Bartel et al., 1990; Reiss and Hershko,
1990; Hershko and Ciechanover, 1992; Scheffner et al., 1993; Pickart, 2001; Deshaies and Joazeiro,
2009). Finally, ubiquitination is reversible by the action of a large group of proteases, called
deubiquitinating enzymes (DUBs) that recycle Ub by specific hydrolysis after glycine (G, Gly) 76
(Bachmair et al., 1986; Amerik and Hochstrasser, 2004). One example is RPN11 which hydrolyzes Ub
chains as a component of the proteasomal RP (Verma et al., 2002). The combined activities of E1, E2,
and E3 enzymes in the presence of adenosine triphosphate (ATP)/Mg?* and Ub have been shown to
be necessary and sufficient for the in-vitro reconstitution of target protein ubiquitination (Koegl et
al., 1999), and for the attachment of Ub chains onto the E3 (autoubiquitination), the latter especially
occurring in the absence of substrate (Lorick et al., 1999). Since the discovery of Ub in the late 1970s
(Goldstein et al.,, 1975; Ciechanover et al.,, 1978, 1980b, 1980a; Wilkinson et al., 1980), the
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significance of the system was increasingly recognized and Aaron Ciechanover, Avram Hershko, and
Irwin Rose were awarded the Nobel Prize in Chemistry in 2004.

1.1.3.1 Ubiquitin modifications

Affecting virtually all aspects of cellular life (Weissman, 2001), ubiquitination is a posttranslational
modification with extremely versatile features, and the information behind this protein tag was
fittingly depicted as a molecular “code” that can translate into various distinct outcomes, including
degradation (Komander and Rape, 2012; Yau and Rape, 2016). A single Ub molecule attached to a
substrate protein is referred to as ‘mono-ubiquitination” which can be restricted to one site, or can
be repeated on several residues of the target protein (multi-mono-ubiquitination). Mono-
ubiquitination has been associated with functions for intracellular trafficking (Haglund et al., 2003;
Jura et al., 2006; Su et al., 2013; Wang et al., 2013b), complex-formation (Bienko et al., 2010; Ray et
al., 2014), protein auto-inhibition (Hoeller et al., 2006), lysosomal/vacuolar degradation (Katzmann et
al., 2001; Haglund et al., 2003; Spitzer et al., 2006), and transcriptional regulation (Pavri et al., 2006;
Chandrasekharan et al., 2010; Chen et al., 2017b).

In addition to mono-ubiquitination, linear or even branched chains of Ub moieties can be created
when any of the seven Lys present on Ub or the Ub amino-terminus (N-terminus) is used for the
formation of an amide bond with the carboxy-terminal (C-terminal) Gly of another Ub molecule
(poly-ubiquitination; Peng et al., 2003). Next to progressive E3 ligase activity, poly-ubiquitination can
be accomplished by E4 Ub ligases that function to elongate Ub chains (Koegl et al., 1999; Hoppe et
al., 2004; Huang et al., 2014). Among the possible sites for Ub-Ub linkage, Lys-48 is most frequently
used for chain elongation in eukaryotes (Maor et al., 2007; Komander and Rape, 2012). Interestingly,
Lys-27 linkage of Ub cannot be found in plants (Kim et al., 2013a), even though such chains have
been detected in yeast (Saccharomyces cerevisiae) and mammals (Meierhofer et al., 2008; Xu et al.,
2009). So far, the same holds true for linear (i.e., N- to C-terminus joined) Ub chains in plants (Walsh
and Sadanandom, 2014). The species of a poly-Ub chain that is created on a substrate, referred to as
the Ub linkage type, appears to be determined by the combined E2-E3 action, although the
molecular mechanisms behind linkage-site choice are not very well understood (Eddins et al., 2006;
Christensen et al., 2007; Suryadinata et al., 2014, Stewart et al., 2016).

As a consequence of different Lys residues used for Ub linkage, poly-Ub chains are structurally
divergent. Deciphering the Ub code harnesses the fact that different types of Ub linkage lead to
certain chain topologies which, in turn, are able to interact with distinct proteins that harbor Ub-
interacting domains (Pickart and Fushman, 2004; Ye and Rape, 2009). Thus, poly-Ub tags feature a
plethora of cellular outputs, including DNA repair (Hofmann and Pickart, 1999; Hoege et al., 2002;
Wen et al., 2006), selective autophagy (Pankiv et al., 2007; Matsumoto et al., 2011), endosomal
sorting for vacuolar degradation (Haglund et al., 2003; Lauwers et al., 2009; Gu and Innes, 2012; Yu
et al., 2016), regulation of endoplasmic reticulum (ER)-associated protein degradation (Lemus and
Goder, 2014), kinase modification (Davis and Gack, 2015), NF-kB activation (lkeda et al., 2011), and
proteasomal degradation via K48, K11, and K29-linked poly-Ub chains (Hershko, 1988; Chau et al.,
1989; Finley, 2009; Xu et al., 2009). The latter reflects the most prominent function of the poly-Ub
tag. Generally in eukaryotes, a chain of K48-linked Ub molecules has high affinity to interact with the
26S proteasome when it exceeds a length of three monomers (Thrower, 2000). Thus, the K48-linked



poly-Ub tag leads to efficient degradation of a protein via the 26S proteasome, on condition that an
unstructured region is provided within the ubiquitinated substrate to allow for unfolding initiation
(Johnston et al., 1995; Inobe et al., 2011). Although other pathways exist for targeting the 26S
proteasome (Erales and Coffino, 2014), poly-ubiquitination is by far the strongest signal for 26S
proteasome binding. Hence, the machinery facilitating proteasomal degradation via ubiquitination is
called the Ub proteasome system (UPS).

1.1.3.2 Ubiquitin-like proteins

Following the identification of Ub and its related machinery, a set of proteins has been discovered
that act as post-translational modifiers and are similar to Ub in terms of structure and enzymatic
mechanisms leading to their ligation; however their functions are distinct from Ub. Among these
modifiers, the most-characterized ones in plants are SMALL-UBIQUITIN-RELATED MODIFIER (SUMO),
RELATED TO UBIQUITIN (RUB, or Nedd8 in yeast and mammals), and AUTOPHAGY 8 (ATGS8) and
ATG12. SUMO typically participates in the modification of protein surfaces that are important for
inter- or intramolecular interactions (van der Veen and Ploegh, 2012). In plants, SUMO often
regulates the response to stresses, including tolerance towards heat and freezing (Kurepa et al.,
2003; Miura et al., 2007; Zhang et al., 2017c). In contrast to the relative versatility of the SUMO tag,
the major function of RUB appears to be the regulation of Cullin-subunit containing E3 ligases (see
below), thus influencing plant hormone signaling and development (del Pozo and Estelle, 1999;
Hakenjos et al., 2011). While SUMO and RUB have rather non-degradative functions, ATG8 plays a
crucial role during autophagosome formation, and is recruited to the newly formed autophagosome
by being conjugated to phosphatidylethanolamine in an ATG12-mediated manner (Ohsumi, 2001;
Thompson et al., 2005; Klionsky, 2007; Fujioka et al., 2008; Chung et al., 2010). In addition, a series of
Ub-fold or Ub-like modifier proteins have been described that often contain little sequence similarity
outside of conserved B-grasp folds that are characteristic to Ub and all Ub-like proteins (Vierstra,
2012).

1.1.4 Plant E3 ligases

In plants, the group of genes encoding for E3 ligases has greatly expanded with more than 1,300
potential members in the Arabidopsis thaliana (hereafter referred to as Arabidopsis) genome (Smalle
and Vierstra, 2004; Hua and Vierstra, 2011). E3 ligases outnumber all other components of the UPS,
comprising 64 DUBs, 37 E2, and two E1 enzymes in Arabidopsis (Vierstra, 2009). This huge genetic
effort might reflect the importance of rapid and specific protein degradation in an organism that 1) is
subject to strongly differing environmental conditions (Willems et al., 2004), 2) depends as an
autotroph on very efficient recycling of inorganic nutrients, and 3) is during most life stages not
limited by energy supply for an ATP-consuming degradation system.

E3 ligases can be roughly classified into three groups (Stone et al., 2005): REALLY INTERESTING NEW
GENE (RING), HOMOLOGOUS TO E6-ASSOCIATED PROTEIN CARBOXYL TERMINUS (HECT), and U-box.
These groups are distinguished by their modes of action and the structures of their catalytic domains.
Generally, HECT E3 enzymes are capable of catalyzing Ub ligation to a substrate after reception of Ub
from E2 via transthiolation, whereas RING- and U-box based E3s act as an E2-target adaptor to
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facilitate Ub transfer directly from the E2. Furthermore, a hybrid version named the RING BETWEEN
RING (RBR) ligases were first identified in the human E3 ligase parkin and are represented in plants
by four gene families, including the ARIADNE (ARI) E3s (Morett and Bork, 1999; Marin, 2010; Wenzel
et al., 2011). RBR E3 ligases are composed of three RING-related domains and combine the classical
RING function of binding the E2 within the first canonical RING domain with the formation of a HECT-
type Ub-RING thioester via the third RING-like domain prior to substrate ubiquitination (Wenzel et
al.,, 2011; Lechtenberg et al., 2016). The middle domain is called IN-BETWEEN-RING and, at least in
parkin, is involved in autoinhibition (Trempe et al., 2013; Wauer and Komander, 2013; Gladkova et
al., 2018). In order to undergo thioesterification with Ub, the C-terminal RING-domain in RBR ligases
contains a conserved active-site Cys which is not Zn chelating, and resides in a stretch between the
metal binding Cys resiudes 2 and 3 of the domain’s primary sequence (Wauer and Komander, 2013;
Dove and Klevit, 2017).

1.1.4.1 The RING domain

The RING domain is a secondary structure that serves for protein-protein interactions which in most
cases enable the recruitment and activation of E2 enzymes (Lorick et al., 1999; Joazeiro and
Weissman, 2000). Hereby, allosteric effects exerted by the RING domain cause the E2-Ub conjugate
to adopt a closed conformation that is most suitable for the nucleophilic attack at the thioester bond
by a substrate amino group (Budhidarmo et al., 2012; Stewart et al., 2016). Characteristically, the
RING domain structure is stabilized by two zinc (Zn) ions that are coordinated by eight Cys/histidine
(H, His) side chains (Freemont et al., 1991; Barlow et al., 1994). Since the amino acids chelating the
Zn ions are not arranged in the same order as given by the primary peptide sequence, the inner
structure forms a compact fold of two crossing B-strands sustained by one a-helix (Deshaies and
Joazeiro, 2009; Budhidarmo et al., 2012). This “cross-brace” structure is the main distinction of a
RING domain from the DNA-binding Zn finger. Different types of RING domains have been described
based on the identity of the metal ligand amino acids and the number of interspacing residues. The
most common types are the RING-HC (with a C3-H-C4 arrangement of the metal chelating residues in
the primary peptide sequence) and the RING-H2 (C3-H2-C3) which mainly differ in the metal ligand at
position five being either His or Cys (Stone et al., 2005; Deshaies and Joazeiro, 2009).

A modification of the RING finger primary sequence is the PLANT HOMEODOMAIN (PHD) domain
with a C4-H-C3 arrangement of the metal chelating amino acids (Deshaies and Joazeiro, 2009).
Although similar in terms of sequence, the PHD domain adopts a different fold than does the RING
domain, and likely does not function in ubiquitination (Aravind et al., 2003). In contrast, the U-box
domain has little sequence similarity with the RING domain, but folds to a similar structure by
engaging charged and polar residues for Zn coordination (Aravind and Koonin, 2000; Ohi et al., 2003).
Hence, U-box proteins are equally active in E2-assisted transfer of Ub to target proteins as RING E3
ligases (Koegl et al., 1999; Aravind and Koonin, 2000; Cyr et al., 2002). By now, a widespread array of
functions has been attributed to PLANT U-BOX (PUB) proteins, with Arabidopsis counting 64 (Wiborg
et al., 2008), and rice (Oryza sativa) 77 (Zeng et al., 2008) annotated members in their genomes.
PUBs have been attributed a prominent role in defense (Durrant et al., 2000; Navarro et al., 2004;
Gonzalez-Lamothe et al., 2006; Yang et al., 2006; Trujillo et al., 2008), as well as in self-incompatibility
(Gu et al., 1998; Stone et al., 1999, 2003), hormone response (Monte et al., 2003; Wang et al., 2017;
Zhou et al., 2018), and other processes (Yee and Goring, 2009; Trujillo, 2017).



1.1.4.2 RING-type E3 ligases

RING-type E3s constitute a diverse class that can be further divided into single enzymes and
composite E3s where the RING-containing protein acts as part of a complex (Stone et al., 2005).
While simple RING-E3s comprise domains for both E2- and substrate binding, RING-type E3
complexes interact with the E2 via a RING-domain protein and rely on additional subunits for
substrate interaction.

Differing in the domain composition, multiple different E3 complex types exist. Many are built on a
scaffold protein family named cullin and contain the RING-H2 domain protein RING BOX 1, giving rise
to the cullin-RING ligases that include the very prominent class of SCF (for S-PHASE KINASE
ASSOCIATED PROTEIN 1-Cullin-F-box) complexes (Willems et al., 2004). Substrate specificity of SCF
complexes is provided by the identity of the associated F-box protein, a protein family encoded by
almost 700 different loci in Arabidopsis (Gagne et al., 2002). This makes SCF E3s the most diverse
group among the Ub ligases and it has manifested that probably every aspect of plant biology is
affected by the action of SCF complexes (Hellmann and Estelle, 2002; Hua and Vierstra, 2011). To
name a selection, F-box mediated protein degradation has been linked to development (Samach et
al.,, 1999; Moon et al., 2004; Imaizumi, 2005; Schwager et al., 2007), circadian clock (Nelson et al.,,
2000; Somers et al., 2000), photomorphogenesis (Dieterle et al., 2001; Hoecker, 2005), and signhaling
of most plant hormones (jasmonic acid (JA): Xie et al. (1998), Yan et al. (2009); auxin: Gray et al.
(1999), Dharmasiri et al. (2005a), Kepinski and Leyser (2005); gibberellins: Itoh et al. (2003), Sasaki et
al. (2003); ethylene: Guo and Ecker (2003), Potuschak et al. (2003), Gagne et al. (2004), Qiao et al.
(2009); strigolactones: Nelson et al. (2011); cytokinins: Kim et al. (2013b); brassinosteroids: Zhu et al.
(2017); abscisic acid: Koops et al. (2011), Li et al. (2016)). In the cases of JA and auxin, the respective
F-box proteins, namely CORONATINE INSENSITIVE 1 (COI1) and members of the TRANSPORT
INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX PROTEIN (TIR1/AFB) family, even act as the
hormone receptors (Dharmasiri et al., 2005a, 2005b; Kepinski and Leyser, 2005; Yan et al., 2009).
Here, target binding by TIR1 and COI1 is promoted by the respective hormone acting as a “molecular
glue” (Tan et al.,, 2007; Sheard et al., 2010; Calderdn Villalobos et al., 2012). This concept of
hormone-mediated substrate reception is distinct from target recognition by many other F-box
proteins that typically use phosphorylated residues of the substrate (Deshaies, 1999).

Next to F-box proteins, substrate recognition of multiple-subunit E3 ligases can be mediated by a
BRIC A BRAC, TRAMTRACK AND BROAD COMPLEX (BTB) protein, or a UV-DAMAGED DNA-BINDING
(DDB) protein. The accordingly named complexes (i.e., BTB and DDB complexes) each contain distinct
cullin subunits (Vierstra, 2009). During ethylene biosynthesis, the BTB proteins ETHYLENE
OVERPRODUCER 1 (ETO1) and the two paralogues ETO1-like 1 (EOL1) and EOL2 facilitate 26S
proteasome-mediated degradation of 1-aminocyclopropane-1-carboxylic acid (ACC) SYNTHASE (ACS)
in Arabidopsis, and likely in other plants, via binding to their C-terminal target of ETO1 (TOE) motif,
thereby regulating a rate-limiting step in the production of this plant hormone (Wang et al., 2004;
Yoshida et al., 2005).

Finally, the ANAPHASE-PROMOTING COMPLEX or the CYCLOSOME (APC/C) constitutes another multi-
subunit E3 RING ligase conserved in eukaryotes that functions in the regulation of cell-cycle
progression and mitosis-associated processes (Capron et al., 2003a). The APC/C is built on a scaffold
protein called APC2 in yeast and vertebrates that is structurally related to cullin but cannot be
regulated by Nedd8 (Tateishi et al., 2001; Capron et al., 2003a). As for APC2, Arabidopsis homologs



have been identified also for the target recognition elements of the APC/C that generally contain
WD40-repeat domains (Capron et al., 2003a, 2003b). A feature of APC/C target molecules are often
protein motifs called the destruction-box (D-box) and the KEN box (Glotzer et al., 1991; Pfleger and
Kirschner, 2000).

In contrast to E3 complexes, simple RING-E3s contain all domains necessary for catalytic activity
within one polypeptide. Nevertheless, it is increasingly recognized that many require the formation
of homo- or heterodimers, or even oligomerization for E3 ligase activity or regulation (Poyurovsky et
al., 2007; Deshaies and Joazeiro, 2009). This is in fact the case for both simple and multi-subunit E3s
(Suzuki et al., 2000a; Yin et al., 2009), and several RING domain proteins even tend to spontaneously
oligomerize in solution (Poyurovsky et al., 2007). Dimer and oligomer formation can occur via the
RING domain itself (Poyurovsky et al., 2007; Liew et al., 2010; Feltham et al., 2011; Yudina et al.,
2015), or via additional domains for protein-protein interactions (Printsev et al., 2014; Hu et al.,
2017). The molecular consequences of E3 oligomerization are different, but they are usually involved
in the regulation of enzyme activity. For example, multimer formation was found to be important for
the activation of E3 ligase activity towards substrate molecules (Liew et al., 2010; Feltham et al.,
2011; Yudina et al., 2015), for the regulation of E3-stability by activating autoubiquitination (Xie et
al., 2002; Printsev et al., 2014; Furlan et al., 2017), and for increasing E3 processivity (Ranaweera and
Yang, 2013; Hu et al., 2017).

A majority of the 469 predicted RING proteins encoded by the Arabidopsis genome contains
additional domains that mediate protein-protein-interactions, including oligomerization, and enable
for further individual functions (Stone et al.,, 2005). Among the various domain combinations
possible, proteins with multiple RING domains are relatively scarce. In the study performed by Stone
et al. (2005), only eight proteins with more than one RING domain were identified (excluding RBR
ligases) in Arabidopsis. Five of these belong to the ORTHRUS (ORTH)/VARIANT IN METHYLATION
protein family that, in mammals and likely also in plants, is involved in the maintenance of chromatin
modifications (Kraft et al., 2008). For ORTH1 it was shown, using truncated and point-mutated
protein versions, that either of the two RING domains can independently act in ubiquitination
reactions (Kraft et al., 2008). However so far, the functional requirement for an additional RING
domain was assessed for none of the eight multiple-RING containing candidates.

1.2 The N-end rule pathway of protein degradation

Selective protein degradation requires a feature of a target protein that is recognizable by an E3
ligase. Such a signal, called a degron (Varshavsky, 1991; Lucas and Ciulli, 2017), can be inherent to
the protein sequence, like in the case of the before mentioned D- and KEN boxes, or the C-end
degrons targeted by some cullin-RING ligases (Koren et al., 2018; Lin et al., 2018). On the other hand,
a post-translational modification like a phosphorylation, or a small molecule-mediated interaction
with adapter proteins (e.g., TIR1 and COI1), can recruit an E3 ligase and thereby pose instability on an
otherwise long-lived protein. Strikingly, the first degron to be identified was both inherent to the
protein sequence and required post-translational activation: It was found that different amino acids
at the N-terminus of otherwise identical fusion constructs of Escherichia coli B-galactosidase dictated
certain half-lives on this reporter when expressed in yeast, ranging from a few minutes to more than
20 hours (Bachmair et al., 1986). However, the destabilizing effect of certain amino acids depended



on the exposure of this residue as a free neo-N-terminus, rendering the sequence signal conditional.
The relation between the identity of the N-terminal amino acid and the protein half-life was referred
to as the “N-end rule” of protein degradation (Bachmair et al., 1986), and is more recently termed
the N-degron pathway (Varshavsky, 2019).

These crucial observations were decisively facilitated by the implementation of a technique to
genetically constitute non-native N-termini in cells. This approach is called the Ub Fusion Technique
(UFT) (Bachmair et al., 1986; Varshavsky, 2005). Here, the reporter protein initiated by the requested
N-terminus (X) is expressed as a chimeric gene with Ub at the 5’ terminus. Upon translation of the
Ub-X-reporter, the N-terminal Ub is reliably cleaved off the nascent polypeptide in vivo by the action
of unknown DUBs. This cleavage occurs precisely after the last Gly residue of Ub, and is irrespective
of the following amino acids, with the sole exception of proline (P, Pro) which appeared to be cleaved
less efficiently (Bachmair et al., 1986; Bachmair and Varshavsky, 1989; Varshavsky, 2005).

Next to the destabilizing residue in ultimate N-terminal position, two more features of an N-terminus
are required to provoke instability in eukaryotic cells: A properly spaced N-proximal Lys residue as
well as structural flexibility and solvent exposure of the N-terminus allow for the E3 ligase-assisted
attachment of Ub (Bachmair and Varshavsky, 1989). Such an N-terminal region that enables for
proteolytic degradation was termed an N-degron (Varshavsky, 1991), and the enzymes responsible
for N-degron selection were denoted N-recognins (Bartel et al., 1990) (Fig. 1).
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Fig. 1| Generation of an N-degron and substrate recognition by N-recognins. Substrates for the N-end rule
pathway are often created by peptidase activity (indicated by the scissors). In the depicted example, N-terminal
phenylalanine is exposed as an N-degron at the new N-terminus of the proteolytic product. Enzymes that bind
proteins harboring N-degrons and are required for their degradation are called N-recognins (red freeform).
Canonical N-recognins in eukaryotes generally have an E3 ligase domain signature and act in Ub transfer for
proteasomal degradation (Bartel et al., 1990; Varshavsky, 1996). Additionally, N-recognin-mediated target
selection was also associated with autophagosome assembly (Kim et al., 2013d; Cha-Molstad et al., 2015, 2017;
Jiang et al., 2016). A modified version of this figure was published in Mot et al. (2018).

The N-end rule was soon found to apply to both eukaryotes and bacteria, and at least a branch of the
N-end rule likely exists also in archaea (Townsend et al., 1988; Bachmair and Varshavsky, 1989;
Gonda et al., 1989; Tobias et al., 1991; Bachmair et al., 1993; Varshavsky, 2011). Although coinciding
conceptually in both domains, eukaryotes and bacteria engage different mechanistic systems to
execute N-end rule protein degradation: While eukaryotes have developed special E3 enzymes to
target N-end rule substrates via the UPS, prokaryotes lack the Ub system and employ the ATP-
dependent caseinolytic protease (Clp) system to target a distinct set of N-terminal amino acids as
degradation signals (Tobias et al., 1991; Lupas and Koretke, 2003; Erbse et al., 2006; Schmidt et al.,



2009). A sequential homolog of the bacterial N-recognin ClpS was also identified in Arabidopsis
chloroplasts (Nishimura et al., 2013). The presence of this ClpS1 designated homolog together with
studies on protein stability (Apel et al., 2010), and N-termini abundances (Rowland et al., 2015;
Bouchnak and van Wijk, 2019) in chloroplasts suggest that an N-end rule machinery of bacterial
origin is also present in these organelles. Moreover, N-proteome analyses also indicate the
prevalence of an N-end rule in mitochondria (Vogtle et al., 2009; Calvo et al., 2017), but mechanistic
components are not described to date. With proteomic techniques like combined fractional diagonal
chromatography (COFRADIC) and terminal amine isotopic labelling of substrates (TAILS) available
today, scientists have also proven the strong overabundance of stabilizing in contrast to destabilizing
N-terminal amino acids in cells of different systems, establishing the general validity of the N-end
rule (Humbard et al., 2013; Lange and Overall, 2013; Plasman et al., 2013; Zhang et al., 2015b; Li et
al., 2017b). The observation, however, that destabilizing N-termini are not fully absent from
proteomes, supports the assumption that additional sequence features like flexibility and Lys-
accessibility together with downstream amino acids influence the eligibility of an N-terminus as a
degron (Zhang et al., 2015b; Dissmeyer et al., 2018; Eldeeb et al., 2018b).

1.2.1 Functions of the N-end rule pathway

Consistent with an ancient origin, the N-end rule has been assigned overarching functions to date
(reviewed in Varshavsky (2017, 2019)). Most of the described cases of N-end rule dependent
degradation demonstrate the high amenability of N-degrons to activation by external cues. For
example, a cryptic N-degron can be inactive as long as the protein is incorporated in a complex that
shields the otherwise destabilizing N-terminus from recognition, giving rise to a mode of regulating
complex stoichiometry (Shemorry et al.,, 2013). Next, a protein’s N-terminus can be sensitive to
chemical modifications that affects its eligibility as an N-degron. In this way the machinery can
function as a sensory mechanism towards the modifying chemical reagent. Accordingly in higher
eukaryotes, N-terminal Cys can be oxidized in the presence of oxygen and nitric oxide (NO), allowing
for further enzymatic processing of the pre-degron to eventually expose a destabilizing N-terminus
and trigger degradation of the sensor protein (Kwon et al., 2002; Hu et al., 2005; Lee et al., 2005). In
this way, the mammalian REGULATOR OF G PROTEIN SIGNALING 4 (RGS4), RGS5, and RGS16 are
conditionally unstable by means of their Cys-initiated mature N-terminus, thus impacting on
cardiovascular development in an NO- and oxygen-sensing manner (Davydov and Varshavsky, 2000;
Kwon et al., 2002; Hu et al.,, 2005; Lee et al., 2005). Moreover, oxygen- and NO-dependent
degradation of Group VII ETHYLENE RESPONSE FACTOR (ERFVII) transcription factors mediates
multiple aspects of plant physiology, including the response to low oxygen (hypoxia), the regulation
of seed germination, stomatal closure (Holman et al., 2009; Gibbs et al., 2011, 2014a; Licausi et al.,
2011; Vicente et al., 2019), and the immune response (Vicente et al., 2019; see section 1.2.4).

Intriguingly, an N-degron can also be exposed from virtually any cellular protein after peptidase
processing. Consequently, the N-end rule was attributed various functions related to the removal of
protease cleavage products. These functions include the regulation of apoptosis by the elimination of
caspase-generated protein fragments (Ditzel et al., 2003; Piatkov et al., 2012a), the removal of
neurodegeneration-associated protein fragments (Brower et al., 2013), the depletion of separase-
cleavage products during chromatid segregation (Rao et al.,, 2001; Liu et al., 2016b), and the
degradation of the autocleaved product of the UBIQUITIN SPECIFIC PEPTIDASE 1 (Usp1), a DUB that



functions in regulation of the DNA polymerase processivity factor PROLIFERATING CELL NUCLEAR
ANTIGEN (PCNA). Thus, it appears that the N-end rule provides a versatile cellular tool that, during
evolution, was easily recruited to fulfill new functions.

1.2.2 Primary destabilizing amino acids and N-recognins

Newly exposed potein N-termini can act as a destruction signal, but what determines the eligibility as
an N-degron in eukaryotes? The observation that certain amino acids at the N-terminus conferred
either long (more than 20 hours) or short (less than 30 minutes) half-lives to reporter proteins in
yeast cells and mammalian cell extracts lead to the classification of amino acids into stabilizing and
destabilizing residues (Bachmair et al., 1986; Gonda et al., 1989). Among the destabilizing ones, the
basic (arginine (R, Arg), Lys, His) and the bulky hydrophobic (phenylalanine (F, Phe), leucine (L, Leu),
tryptophan (W, Trp), tyrosine (Y, Tyr), and isoleucine (I, lle)) trigger direct recognition and
ubiquitination by E3 ligases and are therefore denoted primary destabilizing (Varshavsky, 1996; Fig.
2). While these determinants are axiomatic in yeast, the aliphatic residues lle and Leu make
exceptions in other eukaryotes. Specifically, both lle and Leu conferred only intermediate instability
to reporter constructs in tobacco (Nicotiana benthamiana) (Worley et al., 1998; Stary et al., 2003;
Graciet et al., 2010), and lle was considered a borderline case residue in mammals owing to its failure
to act as an N-degron, but ability to interfere with the recognition of Phe-N-degrons in reticulocyte
extracts (Gonda et al., 1989; Fig. 2).

Primary destabilizing residues are furthermore categorized into type | (basic) and type Il (bulky
hydrophobic), owing to their targeting by distinct enzymatic activities (Fig. 2; Reiss et al., 1988;
Gonda et al., 1989; Bartel et al., 1990). The E3 ligases responsible for ubiquitinating the primary
destabilizing residues in eukaryotes are mostly characterized by the presence of an approximately
70-residues Zn-finger-like domain called the UB LIGASE N-RECOGNIN (UBR) box (Tasaki et al., 2005).
In yeast, destabilization of all primary N-degrons is governed by a single gene which endodes the
RING-type E3 ligase Ubrlp (Bartel et al., 1990). By contrast, the mammalian genome harbors seven
UBR box containing genes, designated UBR1-UBR7 (Kwon et al., 1998; Kwon et al., 2001; Tasaki et al.,
2005). Like yeast Ubrlp, all mammalian UBR proteins except for UBR4 also contain domains
signalizing Ub ligase activity. In Arabidopsis, PROTEOLYSIS 6 (PRT6) encodes an N-recognin closely
related structurally to yeast Ubrlp and mammalian UBR1, UBR2, and UBR3 in that it contains the
UBR box, a RING domain, and a predicted C-terminal autoinhibitory domain (Fig. 3; Kwon et al., 2002;
Garzdn et al., 2007; Tasaki et al., 2012). It was shown that PRT6 mediates the degradation of type | N-
end rule substrates in Arabidopsis (Garzén et al., 2007). A homolog of the Arabidopsis gene was also
found in barley (Hordeum vulgare L.), indicating that the gene is conserved in plants (Mendiondo et
al., 2016).

Excluding also PRT6, in-vitro affinity for N-degrons was confirmed only for yeast Ubrlp, as well as for
mammalian UBR1, UBR2, UBR4, and UBR5 (Bartel et al., 1990; Tasaki et al., 2005, 2009). In UBR
proteins, the UBR box is essential for N-recognin activity. However, a UBR box alone is only sufficient
for binding to type | primary destabilizing residues. Recognition of type Il substrates requires the
presence of an additional domain, called the N-domain (Tasaki et al., 2009). It is present in Ubrlp,
UBR1, and UBR2, enabling these N-recognins to target both type | and type Il substrates (Kwon et al.,
2003; Tasaki et al., 2005). Eukaryotic N-domains exhibit significant similarity to the E. coli N-recognin
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ClpS which mediates the targeting of all bacterial primary destabilizing residues, comprising Leu, Phe,
Trp, and Tyr (Erbse et al., 2006). In ClpS, substrate selectivity is achieved by a deep hydrophobic
binding pocket that fully engulfs the ligand amino acid. Ligand binding is further supported inside the
binding cleft by hydrogen bonds to the a-amino group as well as to the amide bonds of the first and
second substrate residues (Wang et al., 2008a; Roman-Hernandez et al., 2009; Schuenemann et al.,
2009).

Fig. 2| The N-end rule in eukaryotes. Indicated are

amino acids at the protein N terminus, their

R modifications, and effects on protein stability. Red:
H Primary (1°) destabilizing amino acids comprise basic

K (“type 1”) and bulky hydrophobic (“type 11”) residues.

Among the latter, Ille and Leu (light red) are fully

| F destabilizing in yeast, intermediary destabilizing in

plants, and lle is not a destabilizing N-terminus in

Y mammals. Orange: Secondary (2°) destabilizing
I residues are ligated to Arg prior to their targeting by
w N-recognins. Yellow: Tertiary (3°) destabilizing
residues can be processed into 2° by enzymatic

| and/or chemical modifications in-vivo. Violet: In
yeast, Pro at N-terminal position 1 or 2 can be

2 L targeted for ubiquitination by Gid4 or Gid10 in certain

N D sequence contexts (Chen et al.,, 2017a; Melnykov et
£ E al., 2019). In other organisms, the stability effect of N-
h terminal Pro is unclear due to the low DUB cleavage

efficiency of the Ub-Pro fusion. Magenta: Ala, Thr,

and Ser are stable in plants and yeast, but unstable in
rabbit reticulocyte extracts; they are potential substrates of the Ac/N-end rule (Eldeeb et al., 2018b). Grey
amino acids are conditionally destabilizing depending on the penultimate amino acid and/or N®-acetylation
(Gibbs et al., 2014b; Kim et al., 2014; Xu et al., 2015). In yeast it was shown that N-terminally formylated Met
can also target for degradation in the cytosol of eukaryotic cells (Kim et al., 2018a). Here, formyl-Met was
found to be the product of a mitochondrial formyltransferase that was retained in the cytosol upon a starvation
stimulus. Furthermore, the human proteins ZYG11B and ZER1 are substrate adaptors of Cullin E3 complexes
targeting substrates with N-terminal Gly (Timms et al., 2019). Dark grey inner sections: These residues allow
for initiator-Met excision when present at the second position (Giglione et al., 2015). For Met-Asp and Met-Glu
(hatched), the only known cases of N-terminal Met removal are mammalian cytoplasmic B-actin and y-actin,
respectively (Van Damme et al., 2011). Blue outer bar: These N-termini are subject to N®-acetylation; however,
Gly-acetylation is observed relatively rarely (Hwang et al., 2010a; Lee et al., 2016). For Glu and Asp (light blue
outer bar), N®-acetylation refers only to the iMet-cleaved N-termini of mammalian cytoplasmic B-actin and y-
actin (Van Damme et al., 2011). For further references see main text. The figure was modified from Eldeeb and
Fahlman (2014).

An exception from the rule that type Il N-recognin activity of UBR box proteins requires the N-
domain is mammalian UBR4, an extraordinarily large protein with multiple functions (Parsons et al.,
2015; Kim et al., 2018c, 2018b). Although lacking the N-domain, UBR4 exhibited binding affinity
towards both Arg and Phe-initiated peptides in pull-down assays (Tasaki et al., 2005). UBR4 has
homologous genes in plants and flies. In Arabidopsis, the homolog is called BIG for its protein size of
~560 kDa and was attributed a function in PIN1 localization for polar auxin transport during light
signaling (Gil et al., 2001; Yamaguchi et al., 2007; Guo et al., 2013), as well as the regulation of the
circadian period (Hearn et al., 2018), and the regulation of JA pathways (Zhang et al., 2019), but N-
recognin activity of BIG has not been shown to date. However notably in the light of UBR4 binding of
type Il N-degrons in an N-domain independent way, BIG contains three Zn-finger domains, one of
which is characterized as a ZZ domain (Fig. 3; Gil et al., 2001). The ZZ domain is a eukaryotic cross-
brace Zn finger motif that complexes two Zn ions employing four to six Cys and two His/Ser residues
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(Ponting et al., 1996; Legge et al., 2004). Among other functions of ZZ domains from different
proteins (Legge et al., 2004), the domain was shown to act as a structural equivalent to the UBR box
in mouse p62 (or Sequestosome-1) which is an autophagic adaptor (Cha-Molstad et al., 2017; Kwon
et al., 2018). Here, the ZZ domain facilitated binding to both type | and aromatic (Phe, Trp, Tyr) type I
N-degrons by p62.

PRT1 RING? \E\ 46 kDa
BIG uer [[517) zz | ARM repeats. 560 kDa
PRT6 - (UBR L A 224 kDa

PRT7 [UBRl m 50.6 kDa

Fig. 3] Domain structures of Arabidopsis putative and confirmed N-recognins. The Arabidopsis genome
harbors three genes containing a UBR box signature, called BIG, PRT6, and PRT7. Of these, PRT6 ubiquitinates
substrates that present type | (Arg, His, Lys) N-degrons. The E3 ligase responsible for the degradation of type Il
(Phe, Tyr, Trp) substrates is PRT1 which lacks the UBR domain and has no homolog in eukaryotes outside of the
plant kingdom. BIG and PRT7 were proposed to potentially function as additional N-recognins due to the
presence of the UBR box. RING, RING finger; RING*, modified domain containing RING and CsH-type Zn fingers;
22, Zn finger binding two Zn ions; UBR, UBR box; WD40, domain with B-propeller architecture that functions in
protein-protein or protein-DNA interactions; ARM repeats, ARMADILLO repeats implicated in signal
transduction processes; Al, predicted autoinhibitory domain; PHD, plant homeodomain finger. The figure was
modified from Tasaki et al. (2012) and domain information of BIG and PRT7 was obtained from the InterPro
protein sequence analysis tool at https://www.ebi.ac.uk/interpro.

Next to PRT6 and BIG, a third gene containing a UBR box signature was found in the Arabidopsis
genome, denoted PRT7 (AT4G23860) because of its closest homology to mammalian UBR7 (Fig. 3;
Garzon et al. 2007, Taloji 2011, Tasaki et al 2005). Like UBR7, PRT7 is a PHD finger protein and was
therefore suggested to function as an adaptor protein for N-end rule substrate ubiquitination (Fig. 3).
However, neither in the case of UBR7 nor PRT7 a role in the N-end rule has been proven so far.

Five non-UBR box containing N-recognins were described in eukaryotes with largely unrelated
domain structures. These include the above mentioned p62 in mouse that is not involved in the UPS
but directly links N-end rule recognition to autophagosome targeting (Cha-Molstad et al., 2017; Ji et
al., 2019). Another non-UBR N-recognin might be the caspase inhibitor Drosophila INHIBITOR OF
APOPTOSIS 1 (DIAP1). This RING E3 ligase is subject to N-end rule dependent regulation itself (Ditzel
et al., 2003; Tasaki et al., 2012), and was proposed to act as an N-recognin towards alanine- (Ala, A)
initiated pro-apoptotic substrates (Green et al., 2004; Ditzel and Meier, 2005). In DIAP1, substrate
interactions depend on either of its two BACULOVIRUS INHIBITOR OF APOPTOSIS PROTEIN REPEAT
domains. Next, the human proteins ZYG11B and ZER1 act as adaptors within cullin2-based RING E3
complexes to target substrates with N-terminal Gly (Timms et al., 2019).

Finally, the Arabidopsis gene PRT1 was identified as the plant E3 ligase responsible for the
degradation of aromatic type Il N-end rule substrates using a mutant screen (Bachmair et al., 1993;
Potuschak et al., 1998; Stary et al., 2003). The domain architecture of PRT1 is unprecedented by
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other N-recognins and the gene is specific to dicot plants with putative homologs existing in algae,
moss, and monocots (Fig. 3; Graciet et al., 2010). The three Zn fingers present in the 46 kDa protein
are one canonical RING domain, one composite RING domain containing Zn fingers of the RING and
CsH-type, and a ZZ domain in the C-terminal part of the protein (Potuschak et al., 1998; Tasaki et al.,
2012). The activities of PRT1 and PRT6 together account for the destabilizing effect of type | and
aromatic type Il N-terminal residues in plant cells (Stary et al., 2003; Garzén et al., 2007). However,
the aliphatic type Il residues Leu and lle also conferred at least intermediate instability when exposed
at a protein’s N-terminus in plants (Worley et al., 1998; Stary et al., 2003; Graciet et al., 2010), and in
the case of Leu it was shown that this is independent of PRT1/6 (Garzén et al., 2007). This lead to the
postulation that plants might possess at least one more active N-recognin (Stary et al., 2003; Garzén
et al., 2007; Graciet et al., 2010).

The ubiquitination machineries targeting type | and Il N-degrons, and Pro-initiated degrons, are also
referred to as the Arg/N-end rule pathways and Pro/N-end rule pathway, respectively (Fig. 4), in
order to distinguish them from another branch of the system that recognizes N-terminally acetylated
degrons. The latter Ac/N-end rule called pathway depends on the acetylation of a-amines by
ribosome-associated N-terminal acetyl transferases (NATs) (Hwang et al., 2010b; Lee et al., 2016).
Indeed, N%-acetylation is a prevailing modification in eukaryotic proteomes, with 80-90 percent of
human proteins, and 72 percent of the protein body in a plant cell being affected (Bienvenut et al.,
2012; Drazic et al., 2016). In contrast to primary destabilizing residues of the Arg/N-end rule, NAT
substrates can be created via N-terminal Met excision through the action of methionine
aminopeptidases (MetAPs) (Giglione et al., 2015). Although the impact of N®-acetylation on protein
stability has been questioned recently (Kats et al.,, 2018), loss of NAT function causes multiple
phenotypic effects in plants, including pathogen resistance, constitutive abscisic acid (ABA) signaling
entailing drought tolerance, and embryo lethality (Gibbs, 2015; Linster et al., 2015; Xu et al., 2015).

1.2.2.1 The N-recognin PRT1

Published in 1993, the first approach towards the isolation of N-recognins from a multicellular
organism was conducted using an elaborate genetic screen for Arabidopsis mutants impaired in the
N-end rule (Bachmair et al., 1993). Andreas Bachmair and colleagues expressed a reporter construct
of dihydrofolate reductase (DHFR) that conferred resistance towards the drug methotrexate, but was
constitutively short-lived in planta due to the exposure of N-terminal Phe by means of the UFT
(Bachmair et al., 1993). A mutagenized population of this “4H” denoted transgenic Arabidopsis line
yielded a complementation group of six seedlings with methotrexate resistance and the locus was
referred to as prtl. Within these individuals, prt1-1 was shown to contain higher protein levels of
DHFR. The according gene was later mapped to a RING- and ZZ-finger containing open reading frame
(ORF) and the gene was designated PRT1 (Potuschak et al., 1998). Final proof of PRT1 encoding a
plant N-recognin was provided by the heterologous expression of PRT1 in yeast ubrlA and
reconstitution of the ability of these cells to degrade reporter proteins initiated by aromatic (but not
aliphatic or basic) residues (Stary et al., 2003). The specificity of PRT1 for aromatic N-termini was
further supported in planta by the comparison of protein steady-state levels of reporters with
different N-termini stably expressed in the prt1-1 mutant or wildtype (WT) background (Stary et al.,
2003; Garzon et al., 2007).
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Although PRT1 is overall sequentially unrelated to any other N-recognin, Potuschak et al. (1998)
noted that the 410 amino acids peptide shows weak similarity to a protein from S. cerevisiae,
RADIATION SENSITIVE 18 (Rad18p). This E3 Ub ligase is involved in post-replication DNA repair and
targets the sumoylated form of PCNA for mono-ubiquitination (Bailly et al., 1997; Hoege et al., 2002).
As does PRT1, Rad18p exhibits more than one Zn finger, including a canonical RING domain and a
RAD18-type Zn finger that was implicated in DNA-binding (Jones et al., 1988a). However, the CCHC-
type motif found in the Rad18-Zn finger does not occur in any of the PRT1 domains (Potuschak et al.,
1998) which all contain eight potential Zn ligand residues (i.e., Cys or His). Indeed interesting in the
light of PRT1 resemblance is the notion that Rad18p operates as a heterodimer in complex with
Rad6p (Bailly et al., 1997; Potuschak et al., 1998; Miyase et al., 2004; Notenboom et al., 2007), a Ub
conjugating enzyme (Jentsch et al., 1987) essential for N-end rule dependent degradation in yeast
(Dohmen et al., 1991). Rad6p homologs exist in Arabidopsis (Sullivan et al., 1994; Zwirn et al., 1997),
but so far, no particular E2 enzyme has been linked to N-end rule degradation in plants, nor have
PRT1-E2 interactions been reported.

Since the RING domains are less likely to be involved in specific N-degron recognition, it was
speculated that the ZZ domain (assigned to residues 303-370 of the PRT1 amino acid sequence by
Legge et al. (2004)) could mediate substrate recognition (Stary et al., 2003). This assumption was
strengthened by Tasaki et al. (2005) who found weak resemblance between the ZZ domain of PRT1
and parts of the UBR box motif. Finally, the recent structure resolution of the ZZ domain of p62 in
complex with several N-degrons again emphasized the potential of PRT1’s ZZ sequence for N-degron
substrate binding (Kwon et al., 2018). In p62, the key residue aspartic acid (D, Asp) 129 formed a
hydrogen bond with the a-amino group of the substrate and was essential for substrate interaction.
This residue was found to be conserved in the UBR box as well as in the ZZ domain of PRT1 by Asp-
312 (Kwon et al., 2018). Furthermore, according to the authors, the hydrophobic side chains of Val-
316 and/or lle-333 in PRT1 might correspond to p62’s lle-127 which helps to properly orient the side
chain of the substrate’s N-terminal residue on the binding surface. Nevertheless, biochemical
evidence for the contribution to substrate recognition by any of the Zn fingers found in PRT1 is
lacking to date.

Even though PRT1 was found to be conserved in the plant kingdom and also in Chromalveolata
(Graciet et al., 2010), there are only few reports on phenotypic consequences of the loss of PRT1
function. The plant line with the null allele prt1-1 lacks obvious growth phenotypes under normal
conditions (Bachmair et al., 1993). When investigating the role of the N-end rule during germination
and seedling establishment in Arabidopsis, Holman et al. (2009) rejected a contribution of PRT1
during these developmental stages. In their studies, prt1 mutants exhibited WT-like sensitivity
towards ABA in germination assays, and, in contrast to prt6 mutants, were not impaired by
exogenous sucrose. Interestingly, increased susceptibility towards several plant pathogens was
reported for almost all N-end rule mutants in Arabidopsis, including prt1-1 (de Marchi et al., 2016).
The study comprised plant infection analyses using Sclerotinia sclerotiorum, Botrytis cinerea, Erysiphe
cruciferarum, and virulent as well as avirulent strains of Pseudomonas syringae. Interestingly, in the
case of prt1-1, the response towards the necrotrophic fungus B. cinerea was normal, in contrast to
infection by the necrothroph S. sclerotiorum, indicating distinct defense mechanisms against
relatively similar pathogens. Notably, some of the results obtained by de Marchi et al. (2016) were
recently contradicted by another study that proposed higher resistance of N-end rule mutants
towards P. syringae virulent and avirulent strains (Vicente et al., 2019). However, prt1-1 plants were
not included in this latter study. The overall mild phenotypes of the prtlI-1 mutant plant are
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surprising, assuming a potentially high number of PRT1 substrates generated by proteolytic activity in
the cell (Venne et al., 2015; Dissmeyer et al., 2018), and given the dramatic effect of the mutation on
the stability of artificial N-end rule reporters which contradicts gene redundancy. Thus, the
physiological role of the gene and molecular functions on the substrate level might become apparent
only under more specific conditions than previously applied.

1.2.3 Secondary destabilizing N-termini

Some N-terminal amino acids confer short half-lives to proteins even though these residues are not
targeted directly by N-recognins (Varshavsky, 1992). This phenomenon was attributed to enzymatic
processing of N-termini already early during the discovery of the N-end rule pathway, prompted by
the observation that the degradation of such proteins required tRNA (Ciechanover et al., 1985;
Bachmair et al., 1986; Ferber and Ciechanover, 1987). Conserved among eukaryotes, arginyl-tRNA
protein transferases (ATEs) catalyze the tRNA-dependent ligation of Arg to free a-amines of
negatively charged residues such as glutamic acid (E, Glu) and Asp (Ciechanover et al., 1988; Elias and
Ciechanover, 1990). With Arg being a primary destabilizing residue, this renders Glu and Asp
ultimately destabilizing as well, establishing the term of secondary destabilizing N-termini within a
hierarchical concept of the N-end rule (Fig. 2,4).

Little is known mechanistically about the reaction catalyzed by ATEs. Due to the usage of
preactivated arginyl-tRNA, the reaction is independent of ATP (Wang et al., 2011a). It was proposed
that the linkage occurs in a way comparable to the ribosomal reaction by the formation of a peptide
bond between the N-terminally exposed amino group of the substrate protein and the carboxyl
group of the Arg-tRNA (Soffer and Hoeinishi, 1969; Wang et al., 2014). However, arginylation of -
carboxyl groups on internal residues within proteins, as well as self-arginylation was also reported
(Wang et al., 2011a, 2014).

Post-translational arginylation appears to be a relatively frequent feature of eukaryotic proteomes
(Wong et al., 2007; Saha and Kashina, 2011). One ATE gene encoding a single isoform of the enzyme
was found in yeast (Balzi et al., 1990), and in the moss Physcomitrella patens (Schuessele et al.,
2016), whereas evolutionarily higher eukaryotes express several isoforms from splicing variants
(Kwon et al., 1999; Rai and Kashina, 2005), or, in the case of plants, from different genes (Yoshida et
al., 2002). In Arabidopsis, the genes encoding the two isoforms ATE1 and ATE2 together account for
the full arginylation activity of a protein extract towards an artificial substrate with N-terminal Glu,
with ATE1 providing the much stronger contribution (Graciet et al., 2009). Loss of function of these
genes, particularly in combination, entails a series of specific phenotypes in Arabidopsis, including
delayed leaf senescence (Yoshida et al., 2002), increased sensitivity towards ABA during germination
(Holman et al., 2009), decreased apical dominance and changes in leaf and shoot morphology that
are promoted by short-day conditions, namely a more frilled and stronger serrated leaf shape and
reduced cell elongation in the stem (Graciet et al., 2009), upregulation of genes associated with the
low-oxygen (hypoxia) response in an age-dependent way (Gibbs et al., 2011; Licausi et al., 2011;
Giuntoli et al., 2017), defects in skoto- and photomorphogenesis (Abbas et al., 2015), and reduced
levels of glucosinolates and of the phytohormone JA (here, methyl JA was detected) (de Marchi et al.,
2016). JA refers to a class of lipid-derived phytohormones that regulate many aspects of plant
development by integration of endogenous and environmental signals, most prominently from biotic
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interactions (reviewed in Huang et al. (2017b)). Most of the atel ate2 phenotypes are paralleled by a
mutation in the PRT6 gene, consistent with PRT6 being the E3 ligase responsible for the
ubiquitination of ATE products. This phenotypic congruency between atel ate2 and prt6 also
indicates that the main function of plant ATEs is associated with N-end rule degradation, even though
mid-chain arginylation might also be catalyzed.

Arg/N-end rule

3° 2° { 1° destabilizing

NTAN
Q NTAQ E ATE R-E PRT6
N .& D % R-D
PCO, NO ATE PRT6
C n& —» [ C* ——» |(R-C* —
F PRT1
w —_—

Fig. 4| Structure of the plant Arg/N-end rule. Tertiary (3°) and secondary (2°) destabilizing residues at a
protein N-terminus can be transformed into primary (1°) ones by enzymatic processing. The 3° GIn and Asn are
deamidated by N-terminal amidases that are specific for either residue (NTAQ and NTAN, respectively) to yield
secondary Glu or Asp. N-terminal Cys as a 3° residue is oxidized by PLANT CYSTEINE OXIDASES (PCOs) using
oxygen as a co-substrate, in a manner that requires NO in vivo. Cys sulfinic acid (C*), together with Glu and Asp,
constitute substrates to arginyl-tRNA protein transferases (ATEs) that catalyze the addition of Arg to the N-
terminus of the polypeptide. Finally, Arg functions as a type | 1° residue that is recognized and ubiquitinated by
the E3 ligase PRT6. In contrast, substrates of the E3 ligase PRT1 are characterized by aromatic N-termini. Here,
no progenitor substrates have been identified that would result from enzymatic processing other than
peptidase cleavage. Nevertheless, PRT1 and PRT6 activity are both included within the framework of the Arg/N-
end rule.

1.2.4 Tertiary destabilizing N-termini

Of the ate-mutant phenotypes described above, the constitutive expression of hypoxia-related genes
is best understood on the molecular level. A condition of low oxygen availability within plant tissues
can occur inside of dense or metabolically active tissues, such as seeds or meristems, or it arises from
an external restriction of gas exchange caused by flooding or waterlogging (Drew, 1997; Bailey-Serres
and Voesenek, 2008). A rapid acclimation to oxygen limitation counteracting an energetic crisis upon
respiratory restriction is crucial for plant survival. Additionally, hypoxia is suggested to function as a
developmental signal (Abbas et al., 2015; Weits et al., 2019). Oxygen- and NO sensing in plants is
mediated by the N-end rule pathway (Gibbs et al., 2011, 2014a; Licausi et al., 2011). This is achieved
by the ability of ATEs to recognize and arginylate Cys at the N-terminus of key transcription factors,
but on condition of prior oxygen- and NO-dependent Cys oxidation to Cys-sulfinic acid (CysO,H) or
Cys-sulfonic acid (CysOsH) (Hu et al., 2005; Gibbs et al., 2011, 2014a; Licausi et al., 2011; Fig. 4). The
requirement of Cys-oxidation for ATE-mediated arginylation defines Cys as a tertiary destabilizing
residue in mammals and plants.
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The plant transcription factors that are controlled by the presence of oxygen and NO in an N-end rule
determined way belong to the ERFVIIs (Gibbs et al., 2011, 2014a; Licausi et al., 2011). There are five
members in Arabidopsis: RELATED TO AP 2.12 (RAP2.12), RAP2.2, RAP2.3, HYPOXIA RESPONSIVE 1
(HRE1), and HRE2 (Nakano et al., 2006). They were shown to confer hypoxia responses and to
improve plant survival under low-oxygen stress (Hinz et al., 2010; Licausi et al., 2010; Lin et al., 2019).
Moreover, ERFVIIs mediate NO-regulation of germination, stomata closure and hypocotyl elongation,
as well as sensitivity to exogenous sugars, and storage protein breakdown (Holman et al., 2009;
Gibbs et al., 2014a; Zhang et al., 2018c, 2018b). ERFVIIs are characterized by an N-terminal region
that is conserved across plant species over approximately 13 residues, and, spanning all genomes
investigated, almost exclusively starts with methionine (M, Met)-Cys (Hinz et al., 2010; Licausi et al.,
2010). Using Arabidopsis as the model system, it could be proven that ERFVII stability in air depends
on the Cys in penultimate N-terminal position, or on prt6 mutation, whereas upon hypoxic conditions
RAP2.12 and HRE2 are stable also in the WT genotype (Gibbs et al., 2011; Licausi et al., 2011). Given
these data together with the constitutive expression of ERFVII target genes in prt6 and atelate2
mutant plants, it was established that the ERFVII transcription factors are processed by MetAPs
following translation, N-terminally oxidized at Cys-2 in normoxia, resulting in ATE-catalyzed
arginylation, and subsequent PRT6-mediated ubiquitination, eventually suppressing the hypoxic
response in oxygen-sufficient conditions. In contrast, under oxygen deprivation, ERFVIIs are stabilized
by the absence of Cys-oxidation, are released from their membrane-tethered binding partner by a
yet unknown mechanism, and accumulate in the nucleus to trigger expression of hypoxia-response
genes. However, stabilization of any ERFVII proteins in the atel ate2 double mutant has not been
shown so far, although constitutive nuclear localization of RAP2.12 was observed in this genetic
context (Licausi et al., 2011). This is in contrast to VERNALIZATION 2 (VRN2) which is not a member of
the ERFVIIs, but exposes N-terminal Met-Cys as an oxygen-sensitive N-degron (Gibbs et al., 2018).
Protein levels of VRN2 were increased in both prt6 and atel ate2 mutants, and it was shown that this
subunit of POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) improves hypoxia resistance of Arabidopsis
roots under cold conditions (Gibbs et al., 2018). Next to the ERFVIls and VRN2, LITTLE ZIPPER 2 (ZPR2)
is a Met-Cys-initiated regulatory protein, abundance of which is controlled by hypoxia via the PRT6-
branch of the Arabidopsis N-end rule pathway (Weits et al., 2019). It was shown that within the
hypoxic niche of shoot meristems, N-end rule control of ZPR2 protein levels is involved in the
regulation of stem-cell activity and, hence, plant development.

In contrast to higher eukaryotes, Cys is stabilizing as an N-terminal residue in yeast, suggesting that
Cys oxidation might not take place in yeast cells (Bachmair and Varshavsky, 1989). This phenomenon
was attributed to the lack of NO synthase genes in the organism. However, this explanation is
insufficient after Cys oxidation has been discovered in plants where the existence of NO synthases is
also under debate (Santolini et al., 2017), and given the finding that significant levels of NO can arise
from other sources such as nitrate reductase (Yamasaki and Sakihama, 2000; Planchet et al., 2005;
Astuti et al., 2016; Santolini et al., 2017). Hence, Cys oxidation was considered an enzymatic rather
than uncatalyzed reaction, involving further enzymes that might be unique to higher eukaryotes
(Kwon et al., 2002). Consistently, a protein family comprising five members were identified as the
enzymes responsible for N-terminal Cys-oxidation of ERFVIIs in Arabidopsis and termed PLANT
CYSTEINE OXIDASEs (PCO1-5) (Weits et al., 2014). Mutation of PCO1 and PCO2 resulted in
constitutive expression of hypoxia response genes and stabilized the RAP2.12 protein in normoxic
conditions (Weits et al.,, 2014), whereas overexpression of either gene impaired survival of
submergence in the dark. PCO transcripts were themselves upregulated upon hypoxia, whereby
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induction of PCO genes depended on the functionality of the respective gene, indicating a feedback
mechanism of PCO activity on their own transcript levels. Moreover, it was shown that purified PCOs
were able to oxidize N-terminal (but not internal) Cys on di- and penta-peptides in an O;-consuming
manner (Weits et al., 2014). The dependence of the reaction on molecular oxygen as a co-substrate
and the target specificity prompted the authors to postulate PCOs as the long sought-after direct
oxygen sensors in plants. The mechanism was proposed to be the plant-specific N-end rule
equivalent of the mammalian oxygen sensory system: Here, internal Pro residues of the HYPOXIA
INDUCIBLE FACTOR 1a (HIF-1a) are oxidized by prolyl-hydroxylases, enabling the recognition and
ubiquitination of the transcriptional activator complex HIF by a cullin-based E3 complex (Wang et al.,
1995; Maxwell et al., 1999; Lando et al., 2003).

Unlike Cys which is only destabilizing as an N-terminus in higher eukaryotes (see above), glutamine
(GIn, Q) and asparagine (Asn, N) are tertiary destabilizing residues yielding ATE substrates in all
eukaryotic systems investigated so far (Fig. 2; Bachmair et al., 1986; Gonda et al., 1989; Baker and
Varshavsky, 1995; Ditzel et al., 2003; Graciet et al.,, 2010). Although these residues prohibit for
initiator-Met excision when present in the second position, GIn- and Asn-starting fragments were
shown to be generated by protease activity and to constitute N-end rule substrates. This was
exemplified by the 15 kDa autocatalytic cleavage fragment of mammalian Uspl that starts with Gin
(Piatkov et al., 2012b), as well as for the Asn-initiated caspase product of Drosophila DIAP1 (Ditzel et
al., 2003; compare to section 1.2.2). N-terminal processing of Gln- and Asn-starting fragments is
performed by N-terminal amidases (NTAs). In yeast, Ntal indifferently deamidates both residues
(Baker and Varshavsky, 1995), whereas mammals and plants contain specific enzymes for each N-
terminus, denoted NTAN1 and NTAQ1 for Asn and Gln, respectively (Grigoryeve et al., 1996; Wang et
al.,, 2009a; Graciet et al.,, 2010; Vicente et al.,, 2019). Little is described on specific phenotypic
consequences of NTA deletion. However in mice, homozygous knock-out of NTANI resulted in
physically normal, but socially recessive individuals (Kwon et al., 2000). In Arabidopsis, a function of
NTAQ1 in basal pathogen resistance was recently proposed (Vicente et al., 2019), and a fragment of a
putative AAA-type ATPase starting with GIn was reported to be deamidated and subsequently
arginylated in P. patens (Hoernstein et al., 2016).

1.3 Male gametogenesis in Arabidopsis

The life cycle of most angiosperm plants culminates in the production of a hermaphroditic flower
that gives rise to male and female gametophytes (Gifford and Foster, 1989). The female
gametophyte is formed in the ovary of the carpel and is retained at the sporophytic organism. The
male gametophyte, in contrast, develops into a passively mobile entity, the pollen grain, that
produces two gametes, the sperm cells. Although many flowering plants, including Arabidopsis, are
able to undergo self-fertilization, dispersal of the pollen grains and subsequent cross-fertilization is
mostly responsible for gene flow between populations and works as a major driver of plant evolution
(Scheepens et al., 2012). Hence, evolutionary success of a plant species strongly depends on male
gametophyte fitness.
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Fig. 5| Development of the male gametophyte in angiosperms. The stamen consists of filament and anther
and is the site of male gametogenesis in flowering plants. Each of the four anther lobes contains one
microsporangium that is surrounded by a sporophytic tissue, the tapetum. The four microsporangia are
connected by the connective (violet), while the anther wall is formed by an outer epidermis, an inner cell layer
called endothecium, and a middle layer (not shown). The gametophytes originate from diploid microsporocytes
which undergo two meiotic divisions to form haploid cells clustered inside a callose-bound structure, called a
tetrad. Upon tapetal callase activity, the four cells are released into the microsporangium as microspores. The
microspores are surrounded by a microfibrillar polysaccharide matrix, the primexine, which is already
encrusted by a scaffold of sporopollenin, called the sexine, composed of bacula (red) and later also tecta. An
asymmetric mitosis yields a bicellular structure composed of a large vegetative nucleus and a generative cell
that, depending on the plant species either within the anther or during pollen tube growth, undergoes a
second mitosis to give rise to a tricellular pollen grain. Microspore and pollen maturation further include
vacuolization, size increment, pollen wall maturation, and final dehydration. Dehiscence requires a
degenerative program that culminates in the breakage of the stomium area of the epidermis. Upon contact
with the stigma of the female reproductive organ (pistil), the pollen grain rehydrates. During germination, the
pollen tube protrudes through apertures of the pollen wall to deliver the two sperm cells to the embryo sac.
For details and references, see main text. The figure was inspired by Goldberg et al. (1993) and Buchanan et al.
(2002a).

In all plants, male reproductive processes initiate with the formation of stamen primordia in the third
whorl of the flower meristem prior to the production of carpel primordia (Goldberg et al., 1993). This
is regulated by a network of homeotic genes and a central MADS-box transcription factor,
NOZZLE/SPOROCYTELESS (NZZ/SPL), in Arabidopsis (Goldberg et al., 1993; Schiefthaler et al., 1999;
Yang et al., 1999; Ito et al., 2004; Liu et al., 2009), but differences exist in monocots (Walbot and
Egger, 2016). Early during flower development, the stamen primordia differentiate into the stem-like
filament and the anther tissues (Fig. 5). The anther is a four-lobed compartment that is built up by a
number of highly specialized cell types with generative and non-generative fates. At least four cell
types can be distinguished that belong to the sporophytic part of the anther (from outside to inside):
Epidermis, endothecium, middle layer, and tapetum (Goldberg et al., 1993). Of these, the epidermal
cell layer and the subjacent endothecium make up most of the anther wall. Next to structural
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support, the function of the endothecium involves secondary thickening and lignocellulosic
deposition during final anther maturation which is required for anther opening, termed dehiscence
(Wilson et al., 2011). Moreover, the endothecium was recently found to contribute to the production
of very-long-chain fatty acid lipids via expression of ECERIFERUM 2 (CER2) and particularly CER2-LIKE
2 (CER2L2), a function that is essential for pollen rehydration prior to germination on the stigma
(Zhan et al., 2018).

Each of the four anther lobes contains a microsporangium (also: pollen sack or locule) inside of which
the gametophytes are produced (Fig. 5). The sporophytic cell layer enclosing the microsporangium is
called the tapetum. Tapetal cells are in direct contact with the germ cells and are separated from the
endothecium only by a thin middle layer with mainly structural and some regulatory functions
(Mascarenhas, 1990; Goldberg et al., 1993; Cecchetti et al., 2017). The nutritive locular fluid inside
the microsporangia is secreted by the tapetum (Pacini et al., 1985). High rates of nucleic acid and
protein biosynthesis inside the tapetum, together with the requirements for locular fluid production,
bring about an extremely high energy demand of tapetum cells. Hence, this tissue is particularly
sensitive to starvation conditions induced by adverse conditions (Liu and Dickinson, 1989; Parish et
al., 2012).

One of the first tasks of the tapetum during gametogenesis is the production of callase required for
postmeiotic microspore release (Stieglitz, 1977). Since callase is stored in the vacuoles prior to
secretion, tapetum vacuolization is observed in a fashion strictly coordinated with the progression of
gametogenic meiosis (Sanders et al., 1999; Wu and Yang, 2005; Wan et al., 2010). During later
development, the tapetum provides pollen wall components to the inside of the microsporangia,
including pigments and precursors for complex structural polymers such as sporopollenin (Heslop-
Harrison, 1962; Pacini et al., 1985; Piffanelli et al., 1998; Wang et al., 2018b). Sporopollenin makes up
the major component of the extraordinarily resistant outer pollen wall layer, the exine (Bedinger,
1992; Piffanelli et al.,, 1998). The exact chemical composition of this terpene-based biopolymer
remains cryptic, but it is assumed to contain phenolics, aromatics, and long-chain-fatty acids
(Piffanelli et al., 1998; Ariizumi and Toriyama, 2011). During later stages of pollen development, the
tapetum undergoes programmed cell death, and releases cytoplasmic content to the inside of the
locule upon disintegration (Bedinger, 1992; Sanders et al., 1999). This provides further lipids, lipid
precursors, flavonoids, and proteins to the developing pollen grains and deposits the lipoidal
tryphine layer for final pollen wall maturation (Wu et al., 1997; Hsieh and Huang, 2007; Parish and Li,
2010).

The development of the male gametophyte initiates with the emergence of a diploid microsporocyte
(or pollen mother cell) from a sporogenous progenitor cell that also gives rise to a tapetal initial cell
(McCormick, 1993; Fig. 5). After two meiotic divisions of the microsporocyte, a tetrad of haploid cells
is held together by a wall of callose. These cells are released by tapetal callase activity as uninucleate,
free microspores, and are surrounded by remnants of a transiently occurring primexine wall
previously embedded in callose (Ariizumi and Toriyama, 2011; Shi et al., 2015). This immature
microspore wall is already equipped with sporopollenin-based incipient baculae and tecta. These will
later form the extremely resistant sexine layer of pollen exine, a scaffold for pollen coat assembly
and the cause of species-specific pollen patterning at the mature stage (McCormick, 1993; Ariizumi
and Toriyama, 2011; Quilichini et al., 2014). In a two-phase view of plant male gametogenesis, all cell
types of the anther are established at the end of the second meiosis, terminating phase one, and the
development switches from a specification- to a rather maturation and dehiscence program
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(Goldberg et al., 1993). Soon after release from the tetrads, the spherical microspores start to
enlarge and the nucleus moves towards the cell periphery, a process that is accompanied by
increasing microspore vacuolization (Bedinger, 1992). At day five after meiosis, an asymmetrical
mitosis occurs that produces two cells: A vegetative cell arrested in G1 with highly active chromatin
and a much smaller, generative cell that is engulfed by the vegetative cell and is considered as
transcriptionally almost inactive (Mascarenhas, 1990; Twell, 1992; McCormick, 1993, 2004; Da Costa-
Nunes and Grossniklaus, 2004). Both cells remain surrounded by the microspore wall and the
bicellular structure is termed a pollen grain from this stage (Mascarenhas, 1990). Subsequent final
pollen maturation includes the production of starch granules, assembly of the strongly hydrophobic
pollen coat (or tryphine), deposition of the intine (i.e., the cellulosic innermost layer of the pollen
wall), fortification of the nexine called basal layer of the exine, as well as profound dehydration of
the pollen grain to an extend dependent on the plant species (Bedinger, 1992; Franchi et al., 2002;
Shi et al., 2015).

Pollen grain release, or dehiscence, is timely regulated to optimize either for cross- or self-
fertilization (Wilson et al., 2011). Anther opening is achieved by a program consisting of endothecium
expansion and lignification, accompanied by the degeneration of a cell layer that separates the two
adjacent locules, resulting in a bilocular anther, and ultimate breakdown of a specialized epidermal
region that is called “stomium” (Wilson et al., 2011). In all angiosperms, the generative cell
undergoes a second mitosis, yielding two sperm cells and one vegetative cell nucleus per pollen grain
(McCormick, 1993; Fig. 5). In most cases, this occurs within the growing pollen tube during stigma-
pollen interaction. However, in grasses and crucifers (including Arabidopsis), the second mitosis of
the generative cell takes place already in the anther before dehiscence (McCormick, 2004). The
production of pollen with two sperm cells allows for the double fertilization that is characteristic to
all flowering plants and gives rise to both embryo and endosperm (Russell, 1992). The delivery of the
two sperm cells to the female gametophyte via the pollen tube completes pollen development.

1.3.1 Regulation of pollen development

During anther development, the processes of the sporophyte and the gametophyte are tightly
coordinated to allow for faithful gametogenesis (Sanders et al., 1999; Ma, 2005). As a consequence,
anther morphology as seen by light microscopy serves as a reference to subdivide gametogenesis
into distinct stages. In Arabidopsis, 15 anther stages have been ascribed (Sanders et al., 1999), and
were found to be largely transferable to other species, with differences concerning for example the
timing of tapetal programmed cell death (Ferndndez Gémez et al.,, 2015; Browne et al., 2018).
Benchmarks of this developmental program include the appearance of pollen mother cells (stage 5),
the onset of meiosis (stage 6), the release of microspores (stage 8), the initiation of tapetum
degeneration (stage 10), pollen mitotic divisions and endothecium thickening (stage 11), and anther
dehiscence at anthesis, the state of flower maturity (stage 13) (Sanders et al., 1999).

An intricate regulatory genetic network is responsible for the development of the male gametophyte,
including 607 transcription factors that are transcribed in the course of pollen development and an
estimate of 4 to 11 percent of the Arabidopsis genome being specifically expressed in pollen (Honys
and Twell, 2004; Rutley and Twell, 2015). Investigating male gametophyte molecular functions is
challenging, since mutations that affect the gametophyte directly can only be maintained as
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heterozygotes, and — in contrast to sporophytic mutations — hardly penetrate to the next generation.
An exception is given with mutations that express only conditionally. Identification of gametophytic
mutations was nevertheless achieved by, for example, screening mutant collections for segregation
ratio distortions, or 4’,6-diamidino-2-phenylindole (DAPI) staining of pollen from mutagenized
populations (Park et al., 1998; Procissi et al., 2001; McCormick, 2004). Mutants identified by such
studies include duo (Durbarry, 2005), sidecar pollen (Chen and McCormick, 1996), gemini pollen (Park
et al., 1998), germ unit malformed, and male germ unit displaced (Lalanne and Twell, 2002), which
affect mitotic progression, disturb cell identity adaption upon asymmetric mitosis, affect migration of
germ cells, or abolish spatial association of the germ cell with the vegetative cell. Moreover, specific
components of the cell cycle control are required for progression through microspore mitoses,
including the F-box protein F-BOX-LIKE 17 that mediates degradation of the cyclin-dependent kinase
inhibitors KIP-RELATED PROTEIN 6 (KRP6) and KRP7 (Kim et al., 2008; Liu et al., 2008; Gusti et al.,
2009; Takatsuka et al., 2015).

Despite progress in male gametophyte research is increasingly facilitated by cell-specific large scale
analytic techniques (Borg et al., 2009; Zhang et al., 2017d), sporophytic anther development is much
better understood at the molecular level. As one major regulator, the homeotic gene and MADS-box
transcription factor AGAMOUS (AG) not only acts upstream of NZZ/SPL in stamen and carpel
specification, but also controls later stages of anther development, affecting filament elongation,
anther morphology, pollen maturation, and dehiscence (Ito et al., 2004, 2007). The Leu-rich repeat
receptor kinase EXTRA SPOROGENOUS CELLS/EXCESS MICROSPOROCYTES 1 (EXS/EMS1) controls
archesporial cell number, and mutation of the respective gene results in the absence of tapetum,
while too many microsporocytes are produced (Canales et al., 2002; Zhao et al., 2002; Jia et al.,
2008). These microsporocytes fail to undergo cytokinesis. Next to EXS/EMS1, a plethora of receptor-
like protein kinases (RLKs) is engaged in the processes controlling anther cell identity and maturation,
underlining the essence of cell-cell communication for synchronizing tissue development during
gametogenesis (Cai and Zhang, 2018). Likely downstream of NZZ/SPL and EXS/EMS1, a series of
transcription factors mediate developmental progression of the tapetum, each being essential for
male fertility. These include the basic-helix-loop-helix transcription factors DYSFUNCTIONAL
TAPETUM 1 (DYT1) and ABORTED MICROSPORE (AMS), as well as the PHD transcription factor MALE
STERILITY 1 (MS1). While gametophyte development is already impaired during meiotic cytokinesis
upon DYT1 mutation (Zhang et al., 2006), microspore abortion occurs after release from the tetrads
in ams and ms1, due to premature vacuolization and degeneration of the tapetum (Wilson et al.,
2001; Sorensen et al., 2003).

Mutations that specifically affect exine formation primarily concern metabolic, rather than signaling
enzymes. SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER 8/RUPTURED POLLEN GRAIN 1
(SWEET8/RPG1) encodes a sugar transporter located at the plasma membrane of microsporocytes
and the tapetum during meiotic stages (Guan et al., 2008; Chen et al., 2010b). It is required for
proper callose deposition and primexine development (Sun et al., 2013). Consequently, in the rpg1
mutant, sporopollenin deposits randomly on the microspores, resulting in microspore degeneration
and male sterility (Guan et al., 2008; Sun et al., 2013). Eight genes have been reported to contribute
to the synthesis of sporopollenin precursors in Arabidopsis, and all of them are expressed in the
tapetum (Wang et al.,, 2018b). Mutations in most of these genes, and also in the presumptive
sporopollenin transporter ATP-BINDING CASSETTE G26 (ABCG26), dramatically compromise male
fertility (Aarts et al., 1997; Morant et al., 2007; de Azevedo Souza et al., 2009; Grienenberger et al.,
2010; Kim et al., 2010; Kuromori et al., 2011). Among the sporopollenin biosynthesis genes, MS2 is
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probably the most thoroughly investigated one. It encodes for a fatty acyl reductase that converts
palmitoyl acyl carrier protein into a C16:0 fatty alcohol (Chen et al., 2011b). Loss of MS2 function
leads to severe defects in the exine structure, and pollen from ms2 plants collapse during maturation
(Aarts et al., 1997; Dobritsa et al., 2009; Chen et al., 2011b).

Most of the phytohormones, comprising auxin, JA, gibberellic acid (GA), cytokinins, ethylene, and
brassinosteroids, have been implicated in the regulation of male fertility (Kieber et al., 1993; Park et
al., 2002; Huang et al., 2003a; Cheng et al., 2004; Cecchetti et al., 2008; Ye et al., 2010; Dobritzsch et
al., 2015). Their effects on stamen development will be outlined in the following, with focus on JA,
auxin, and GA which have the strongest reported effect on male gametogenesis in Arabidopsis.

1.3.1.1 Jasmonic acid

The before mentioned role of AG in late anther development was attributed in parts to the activation
of the gene DEFECTIVE ANTHER DEHISCENCE 1 (DAD1) (lto et al., 2007). DAD1 encodes for a
phospholipase Al that catalyzes an initial step in JA biosynthesis during anther development, the
release of a-linolenic acid from plastidial lipids desaturated by FATTY ACID DESATURASE 3 (FAD3),
FAD7, and FAD8 (McConn and Browse, 1996; Ishiguro et al., 2001). In the dad1 T-DNA insertion
mutant line, JA and methyl JA levels are reduced by almost 80 percent compared to the WT in flower
buds (Ishiguro et al., 2001). Although otherwise phenotypically normal, dad1 is male sterile and
exhibits delayed anther dehiscence and inviable pollen (Ishiguro et al., 2001). Gametophyte
development is compromised in this mutant at postmitotic stages. This is in agreement with an
important role of JA during late stamen development in Arabidopsis and a peak of JA concentrations
in flowers immediately before anther dehiscence (Nagpal et al., 2005; Song et al., 2013). As for dad1,
a male-sterile phenotype was described for Arabidopsis lines with mutations in many of the genes
involved in JA biosynthesis or signaling, including the triple mutant fad3 fad7 fad8 (McConn and
Browse, 1996), the double mutant of the 13-LIPOXYGENASE (LOX) genes LOX3 and LOX4 (Caldelari et
al., 2011), the ALLENE OXIDE SYNTHASE (AOS) gene (Park et al., 2002; Von Malek et al., 2002), the
gene encoding the peroxisomal 12-OXOPHYTODIENOATE REDUCTASE 3 (OPR3) (Sanders et al., 2000;
Schaller et al., 2000; Stintzi and Browse, 2000), and the signaling mutant coil (Feys et al., 1994; Xie et
al., 1998). COI1 encodes the F-box protein (Xie et al., 1998; Xu et al., 2002) that serves as the JA (JA-
lle) receptor (Katsir et al., 2008b; Fonseca et al., 2009; Yan et al., 2009), and triggers JA responses by
destabilization of the JA ZIM-domain (JAZ) transcriptional repressors (Chini et al., 2007; Thines et al.,
2007; Yan et al., 2007). As direct targets of JAZ proteins, the R2R3-MYB transcription factors MYB21,
MYB24, and MYB57 mediate JA responses in stamens (Mandaokar et al., 2006; Cheng et al., 2009;
Song et al., 2011; Qi et al., 2015; Huang et al., 2017a). Consistently, the T-DNA null mutant myb21-1
is also infertile and the phenotype is exacerbated by additional mutation of MYB24 (Mandaokar et
al.,, 2006). As for coil and in contrast to JA biosynthesis mutants, sterility of myb21-1 or
myb21 myb24 cannot be rescued by exogenous JA application (Sanders et al., 2000; Stintzi and
Browse, 2000; Mandaokar et al., 2006). However, there are some further phenotypical differences
between the JA mutant lines concerning the manifestation of male sterility. For example, dad1 shows
delayed but successful filament elongation, but fails to produce viable pollen (Ishiguro et al., 2001).
In contrast, the major cause of the sterility of myb21-1 appears to be the complete failure of filament
elongation, since the pollen produced is viable (Mandaokar et al., 2006). For coil mutants, a
combination of short filaments and inviable pollen was reported (Feys et al., 1994; Ellis and Turner,
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2002). Thus, JA signaling in Arabidopsis stamens appears to have specialized outputs, potentially
depending for example on the source of JA and the tissue of perception (Jewell and Browse, 2016).
Furthermore, two members of the ABCG transporter family, ABCG1 and ABCG16, were found to be
required for postmeiotic microspore development (Yadav et al.,, 2014; Yim et al., 2016). The
abcgl abcgl16 double mutant displayed abnormalities in the tapetal cells, defects in pollen mitosis,
and failed to form nexine and intine layers (Yim et al., 2016). Lipidic and phenolic compounds that
constitute sporopollenin precursors were speculated as the potential cargo for these transporters.
However interestingly, a more recent report attributed a function to ABCG16 as a JA-lle transporter
for cellular export and nuclear import, required for activating JA signaling (Li et al., 2017c).

JA biosynthetic and signaling pathways are conserved in other plant species, and JA is involved in the
regulation of reproductive development in plants others than Arabidopsis (Li et al., 2004; Katsir et al.,
2008a; Yan et al., 2012). However, the specific function and timing of JA action during flower
development differs considerably between species (Li et al., 2001b, 2004; Acosta et al., 2009; Cai et
al., 2014; Dobritzsch et al., 2015). For example, a JA insensitive mutant of tomato (Solanum
lycopersicum) is sterile and produces pollen of low viability, but the main cause of the sterility is an
arrest of embryo maturation, apparently caused by a defect of the female gametophyte (Li et al.,
2001b, 2004).

1.3.1.2 Gibberellic acid

JA biosynthetic genes, namely DAD1 and LOX1, are upregulated by another plant hormone, GA, in
Arabidopsis (Cheng et al., 2009). Since also AG is required in this pathway (Ito et al., 2007), and GA-
deficient mutants show reduced AG expression (Yu et al., 2004), GA might actually act upstream of
both AG and JA in filament elongation and anther growth (Cheng et al., 2009). Aside, or prior to
regulating JA synthesis, GA operates during relatively early stages of anther development (Hu et al.,
2008). Thus, GA synthesis or signaling mutants in Arabidopsis and other species exhibit an arrest of
gametogenesis already before or during mitoses (Jacobsen and Olszewski, 1991; Izhaki et al., 2002;
Cheng et al., 2004; Griffiths et al., 2006; Hu et al., 2008). Furthermore, GA controls pollen tube
growth (Singh et al., 2002; Chhun et al., 2007), and in rice, also tapetum development is aberrant in
GA-deficient and -synthesis mutants (Aya et al., 2009).

1.3.1.3 Auxin

Auxin, predominantly indole-3-acetic acid (IAA), controls most aspects of plant development by
regulating cell proliferation, expansion, and differentiation (Chapman and Estelle, 2009; Vanneste
and Friml, 2009; Zhao, 2010; Korver et al., 2018). Auxin distribution and occurrence in stamens has
been thoroughly investigated (Aloni et al., 2006; Feng et al., 2006; Cecchetti et al., 2008, 2013). It
accumulates in the sporophytic tissues of the anther and in the filament during premeiotic stages,
and peaks during meiosis in the anther, including microspores, whereas the activity of an auxin
reporter in the filament is low at this stage. During microspore maturation, auxin levels are highest in
the microspores and the tapetum. After mitoses, auxin is almost not detected in the anthers
anymore, but it is highly abundant at the upper filament and anther-filament procambium. Auxin is
required for filament elongation, timing of endothecium lignification and dehiscence, and microspore

24



mitotic progression during male gametogenesis. This was first inferred from the phenotypes of plants
mutated in the YUCCA (YUC) genes, encoding flavin monooxygenases that catalyze the rate-limiting
step of auxin biosynthesis from Trp (Zhao et al., 2001; Cheng et al., 2006). Among the eleven YUC
members, YUC2 and YUC6 are most specifically expressed in stamens (Cheng et al., 2006; Cecchetti
et al., 2008). The double mutant yuc2 yucé exhibits short filaments, delayed anther maturation, and
is almost completely sterile due to an arrest of microspore development before mitosis (Cheng et al.,
2006; Yao et al., 2018). The expression of YUC2 and YUC6 in anthers is paralleled by the genes
encoding the auxin receptor F-box proteins TIR1 and AFB1-3 (Cecchetti et al., 2008). The quadruple
mutant tirl afbl afb2 afb3 produces fertile flowers, but anther development occurs precociously.
Next, filaments of the receptor quadruple mutant are shorter than in the WT which is here
nevertheless compensated for by a likewise reduction in pistil length (Cecchetti et al., 2008). Almost
the same phenotype is also observed upon simultaneous mutation of the genes MULTIDRUG
RESISTANCE 1 and its homolog P-GLYCOPROTEIN 1, a genetic situation which disturbs auxin basipetal
distribution (Noh et al., 2001). The premature anther dehiscence in tirl afb2 afb3 was ascribed to
early expression of MYB26, as well as a twofold increase in JA levels in flower buds compared to WT,
coinciding with significantly higher than WT transcript levels of DAD1 and OPR3 at the mitotic stage
(Cecchetti et al., 2013). However contrarily, AUXIN RESPONSE FACTOR 7 (ARF7) and ARF8 were
shown to contribute to the activation of JA synthesis genes, including LOX2, A0S, and OPR3, and JA
levels were strongly reduced in the respective double mutant plants (Nagpal et al., 2005). Hence,
auxin might regulate JA biosynthesis differentially throughout several stages of flower maturation in
order to coordinate stamen developmental processes. Revealing yet another process that is subject
to auxin-mediated regulation during male gametogenesis, a mutation in ARF17 entails male sterility
that is caused by abnormal callose biosynthesis during tetrad formation, and subsequent failure to
deposit primexine and exine (Mallory et al., 2005; Yang et al., 2013). These microspores become
vacuolated and are degraded after release from the tetrads. Yang et al. (2013) could show that
ARF17 directly binds to the promoter of CALLOSE SYNTHASE 5, a gene essential for tetrad callose
synthesis (Dong et al., 2005).

1.3.1.4 Other phytohormones

Brassinosteroids and their growth-promoting effect were first discovered and isolated from oilseed
rape (Brassica napus L.) pollen (Grove et al., 1979). Mutations affecting brassinosteroid synthesis and
signaling in Arabidopsis result in pleiotropic phenotypes, including severe dwarfism, delayed
flowering, photomorphogenesis in darkness, and male sterility (Szekeres et al., 1996; Choe et al.,
1998; Bouquin et al., 2001; Li et al., 2001a; Kim et al., 2005; Ariizumi et al., 2008; Xing et al., 2013).
Sterility in these mutants is mainly caused by reduced filament elongation, abnormal tapetum and
microspore development, and defects in primexine and exine formation preventing pollen dispersal
upon dehiscence (Ariizumi et al., 2008; Ye et al., 2010). Moreover, brassinosteroids were shown to
promote pollen tube growth (Szekeres et al.,, 1996; Vogler et al.,, 2014). The effects of
brassinosteroids on anther development were partially explained by direct regulation of anther gene
expression, including the promoters of NZZ/SPL, MS1, and MS2, by the central transcription factor of
the brassinosteroids signaling pathway, BRI1-EMS SUPPRESSOR 1 (BES1) (Ye et al., 2010).

Evidence for the involvement of cytokinin signaling in male gametogenesis arises mostly from the
phenotypes of higher order mutants of cytokinin receptors. Simultaneous mutation in three of the
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ARABIDOPSIS HISTIDINE KINASEs (AHK), ahk2-1 ahk3-1 ahk4-1, leads to defects in several organs, but
structurally regular flowers which are nevertheless male sterile (Nishimura et al., 2004). Analysis of
the triple mutant cytokinin responsel-12 (crel-12) ahk2-2tk ahk3-3 revealed a sporophytic function
of cytokinin perception, since the mutant showed incomplete tapetum degeneration and failed to
dehisce (Kinoshita-Tsujimura and Kakimoto, 2011). Furthermore, it was reported that a reduction of
cytokinin levels by genetic engineering greatly diminished the amount of pollen produced in
Arabidopsis (Werner et al., 2003), and yielded male-sterile maize (Zea mays) plants upon a similar
approach (Huang et al., 2003a). Recently, it was also presented that exogenous treatment of B. napus
with the synthetic cytokinin N°-benzylaminopurine (BA) affected filament elongation and anther
maturation (Zufiga-Mayo et al., 2018).

Ethylene is not described to be directly involved in stamen development in Arabidopsis, although
ethylene-dependent regulation of anther dehiscence has been proposed (Scott et al., 2004; Wilson et
al., 2011). These postulations are mostly driven by the observation that in Solanaceae, ethylene plays
an important role for the progression through the second phase of anther development, facilitating
dehiscence and pollen release (Rieu et al., 2003; Dobritzsch et al., 2015). In these species, JA was
found to prohibit premature anther dehiscence by repressing ethylene gene expression (Dobritzsch
et al., 2015).

1.4 The phytohormone ethylene

1.4.1 Impact of ethylene on plant physiology

Gaseous ethylene is the smallest molecule among the phytohormones and its signaling function has
an ancient origin that is conserved back to charophyte algae (Ju et al., 2015). Acting throughout the
plant life cycle, ethylene regulates seed dormancy and germination, impacts differentially on growth
and morphology, triggers organ senescence, and signals during biotic and abiotic stress conditions
(Bleecker and Kende, 2000). Of huge agronomical importance is the capacity of ethylene to regulate
organ abscission and fruit ripening of crops such as apples, tomatoes, and bananas (Harvey, 1928;
Bleecker and Kende, 2000; Payasi and Sanwal, 2010). The dramatic effect that ethylene can exert on
plant growth and morphology is prominently demonstrated in an assay using dark-grown seedlings.
Here, the absence of light causes germinating seedlings to adopt the typical etiolated morphology
(i.e., skotomorphogenesis), including a massively elongated hypocotyl, small and closed cotyledons,
lack of chlorophyll production, and formation of an apical hook that is believed to protect the
cotyledons during passage through the soil (Fig. 6A; McNellis and Deng, 1995; von Arnim and Deng,
1996; Josse and Halliday, 2008). The impact of ethylene during skotomorphogenesis was first
observed in seedlings of pea (Pisum sativum) more than a century ago: Treatment with illumination
gas triggered a growth inhibition, stem swelling, and hypocotyl bending towards horizontal growth, a
phenomenon that was referred to as the “triple” response (Fig. 6A; Neljubov, 1901; Beyer, 1976).

In etiolated Arabidopsis seedlings, the response to ethylene was found to be slightly different,
comprising inhibition of root and hypocotyl elongation, hypocotyl and root radial swelling, and an
exaggeration of the apical hook curvature (Fig. 6A; Ecker, 1995). Deployment of the triple response
assay in forward genetic screens of Arabidopsis has enabled the identification of at least 16 loci
associated with ethylene production or perception (Bleecker et al., 1988; Guzman and Ecker, 1990;
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Van Der Straeten et al., 1993; Kieber et al., 1993; Roman et al., 1995; Lehman et al., 1996; Chao et al.,
1997; Sakai et al., 1998; Solano et al., 1998; Alonso et al., 1999; Alonso and Ecker, 2001).
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Fig. 6| Ethylene modulates plant growth and morphology through a complex signaling network. A, The triple
response assay monitors the changes in morphology that are elicited by ethylene during dark-growth of
dicotyledonous seedlings. In control conditions (-), seedlings exhibit elongated hypocotyls and modest apical
hook formation; in contrast, upon supplementation with ethylene gas or the ethylene precursor substance ACC
(+), hypocotyl and root elongation are repressed, stem and root swelling is induced, and agravitropic growth
behavior is triggered that takes different shapes depending on the plant species. These changes occur in a
dose-dependent manner. B, Ethylene (C2Ha) is perceived in the ER membrane by binding to homo-dimeric
receptors such as ETR1, ETR2, and EIN4. The C-terminal His kinase-like domains and receiver domains of these
receptors interact with the Raf-like kinase CTR1 that targets the cytosolic C-terminal domain of the ER-resident
protein EIN2 in the absence of ethylene. Upon hormone binding to the receptors, phosphorylation of EIN2 is
abolished, resulting in the cleavage of EIN2 by an unknown endopeptidase, and release of a soluble signaling
fragment initiated by Phe-646 of EIN2, denoted as EIN2 CEND. In the cytosol, EIN2 CEND interferes with
translation of the F-box proteins EBF1 and EBF2 which are responsible for ubiquitination of the ethylene
response transcription factors EIN3 and EIL1. Additionally, EIN2 migrates to the nucleus and facilitates
EIN3/EIL1 function on target promoters. Full-length EIN2 protein is itself negatively regulated by the F-box
proteins ETP1 and ETP2.

Consistent with cotyledon and root shortening within the triple response of etiolated seedlings,
ethylene was characterized as a general inhibitor of growth (Dubois et al., 2018), and it was found
that this effect was due to ethylene action mainly at the site of the epidermis (Vaseva et al., 2018). In
line with this view, mutations that impair ethylene signaling often result in larger rosettes and bigger
leaf area of Arabidopsis plants (Guzman and Ecker, 1990; Feng et al., 2015; Rai et al., 2015). The
increase in leaf area was explained by an increase in both cell number and size when ethylene
signaling is blocked (Feng et al., 2015; Rai et al., 2015). Conversely, Arabidopsis lines that exhibit
ethylene overproduction (eto), or have constitutively active ethylene responses, show dwarf
phenotypes (Guzman and Ecker, 1990; Kieber et al.,, 1993; Qu et al., 2007; Rai et al.,, 2015).
Moreover, ethylene was reported to be associated with osmotic stress-induced cell cycle arrest
(Skirycz et al.,, 2011), and to inhibit cell proliferation of the root meristem cooperatively with
cytokinin (Street et al., 2015).
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On the other hand, various studies have also established a growth-stimulating effect of ethylene,
depending on the treatment conditions, the tissue of perception, or the plant species. For example,
when grown in the dark, rice coleoptile growth is promoted by ethylene, in contrast to what is seen
in dicotyledonous seedlings (Yin et al., 2015). Furthermore, deepwater rice varieties are adapted to
withstand flooded conditions using an escape strategy through ethylene-induced internode
elongation via SNORKEL 1 and SNORKEL 2 transcription factors (Hattori et al., 2009). Similarly, in the
semi-aquatic dicot plant Rumex palustris, ethylene is the primary signal for submergence-induced
petiole elongation (Voesenek et al., 1990) which is mediated by responses including cell-wall
acidification and induction of expansin genes (Vreeburg et al., 2005). Next, differential growth
behavior, such as the formation of the apical hook, depends on ethylene-induced cell elongation:
Using Arabidopsis lines carrying mutant alleles of HOOKLESS 1, it was shown that ethylene modifies
the spatial expression patterns of auxin-responsive genes likely through histone modifications,
resulting in differential growth of the hypocotyl (Lehman et al., 1996; Liao et al., 2016). In parallel,
enhanced auxin biosynthesis is assumed to mediate ethylene induced inhibition of root cell
expansion (Swarup et al., 2007).

Furthermore in Arabidopsis, the hypocotyl growth repression that is observed within the triple
response, is reversed when seedlings are exposed to ethylene in the light. Here, hypocotyl growth is
promoted upon ethylene treatment, mainly via cell expansion (Smalle et al., 1997). The opposing
effects of ethylene in the light and in the dark are mediated by differential signaling events around
the transcription factors ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1 (EIL1), which are central to
ethylene gene activation (Chao et al., 1997; Chang et al., 2013; Yu and Huang, 2017). Two of their
direct target genes, ERF1 and PHYTOCHROME INTERACTING FACTOR 3 (PIF3), respectively repress
and promote hypocotyl elongation (Solano et al., 1998; Leivar et al., 2008; Zhong et al., 2012). Under
normal air conditions, ERF1 protein level is destabilized in the dark (Zhong et al., 2012; Cheng et al.,
2017), whereas PIF3 is unstable in the light (Ni et al., 2014), as is EIN3 (Shi et al., 2016b). It is only
upon ethylene-dependent EIN3 activation (i.e., protein accumulation, see below), that the protein
levels of ERF1 and PIF3 are elevated above a critical functional concentration under the respective
conditions, ultimately triggering the respective changes in hypocotyl elongation (Zhong et al., 2012).
Additionally, EIN3 activity facilitates the light-repressed nuclear localization of the E3 ligase
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), thus destabilizing the COP1-target HYPOCOTYL 5
(HY5) which represses hypocotyl elongation in the light (Osterlund et al., 2000; Yu et al., 2013). These
effects furthermore underlie positive feedback, since ethylene destabilizes two F-box proteins that
target both EIN3 and PIF3, partly in an COP1-dependent manner (Guo and Ecker, 2003; Potuschak et
al., 2003; An et al.,, 2010a; Li et al., 2015; Shi et al., 2016a; Dong et al., 2017b). Together, ethylene
signaling results in a stunning variety of physiological consequences, depending on the plant species,
the tissue of perception, and the environmental context. An intricate network of downstream
effectors and massive crosstalk with other signaling pathways, first of all with auxin, is in charge to
mediate finely tuned responses.

1.4.2 Ethylene signaling

Ethylene is produced in plant cells from S-adenosylmethionine in a two-step mechanism via the
intermediate ACC (reviewed in Yang and Hoffman (1984)). The first step releases ACC and 5-
methylthioadenosine, and is catalyzed by ACSs encoded by a multi-gene family with twelve members
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in Arabidopsis (Sato and Theologis, 1989; Van der Straeten et al., 1990, 1992; Yamagami et al., 2003).
Due to a strict regulation of ACS activity on the transcript- and post-transcriptional level (reviewed in
Wang et al. (2002a), and continued in Chae et al. (2003), Wang et al. (2004), Schellingen et al. (2014),
Lee et al. (2017), and Lee and Yoon (2018)), this reaction is rate-limiting for ethylene biosynthesis in
most plant cells (Yang and Hoffman, 1984; Van de Poel et al., 2012). While 5-methylthioadenosine is
salvaged back to Met in the further course of the Yang cycle (Wang et al., 1982; Miyazaki and Yang,
1987), ACC is metabolized to ethylene in the presence of oxygen and ascorbate by ACC oxidases
(Hamilton et al., 1991; Spanu et al., 1991; Ververidis and John, 1991; Dong et al., 1992; Zhang et al.,
2004).

As a gas, ethylene does not depend on transport mechanisms to diffuse throughout plant tissues and
within cells (Alonso and Stepanova, 2004). In all plants analyzed so far, it is perceived by a set of
structurally related receptors located in the ER membrane and the Golgi apparatus (Chen et al., 2002;
Dong et al., 2008; Grefen et al., 2008; Merchante et al., 2013). The ethylene receptor gene family
contains five members in Arabidopsis: ETHYLENE RESPONSE 1 (ETR1), ETHYLENE RESPONSE SENSOR 1
(ERS1), ETR2, ERS2, and EIN4 (Bleecker et al., 1988; Chang et al., 1993; Hua et al., 1995, 1998; Sakai
et al., 1998; Ju and Chang, 2012). The different isoforms act redundantly, but also contribute
distinctively to ethylene signaling outputs (Merchante et al., 2013). In Arabidopsis, ETR1 and ERS1
appear to have a predominant function (Hall and Bleecker, 2003; Wang et al., 2003; Qu et al., 2007;
McDaniel and Binder, 2012). Sequence differences exist between the receptor isoforms, but all show
a similar modular composition (reviewed in Chang and Shockey (1999)): N-terminally, ethylene
receptors contain a transmembrane domain that is responsible for ethylene binding (Schaller and
Bleecker, 1995; Hall et al., 2000; O’Malley et al., 2005), and interaction with upstream regulators
(Dong et al., 2010; Shi et al., 2016c). High-affinity ethylene binding is achieved by the membrane-
spanning portion through the employment of a copper cofactor, facilitating effective cellular
concentrations of ethylene in the nanomolar range (Rodriguez et al., 1999). Next, a cytosolic GAF
(cGMP-specific phosphodiesterases, adenylyl cyclases, and FhlA) domain mediates receptor homo-
and hetero-dimerization (Gao et al., 2008; Grefen et al., 2008; Chen et al., 2010c). The cytosolic C-
terminus harbors a His protein kinase-like domain that confers in-vitro His kinase activity to ETR1 and
ERS1, whereas ETR2, ERS2, and EIN4 might be kinase inactive or exhibit Ser/Thr kinase specificity
(Gamble et al., 1998; Wang et al., 2003; Moussatche and Klee, 2004). ETR1, ETR2, and EIN4 are
furthermore equipped with a terminal receiver domain, making these isoforms most similar to
bacterial two-component His kinase systems (Fluhr, 1998; Chang and Shockey, 1999). In fact, the
requirement of receptor autokinase activity for ethylene signaling is ambiguous (Hall and Bleecker,
2003; Wang et al., 2003; Voet-Van-Vormizeele and Groth, 2008; Hall et al., 2012; Kamiyoshihara et
al.,, 2012). However, the His kinase-like and receiver domains of ETR1 and ERS1 were shown to be
necessary for the interaction with downstream signaling components (Clark et al., 1998; Gao et al.,
2003; Qu and Schaller, 2004; Scharein et al., 2008; Bisson et al., 2009; Bisson and Groth, 2010), and
His kinase activity of ETR1 is required for growth recovery following ethylene signaling (Binder et al.,
2018).

Among the cytosolic interactors of ethylene receptors, the Raf-like kinase CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1) is the primary target of the ethylene signal (Fig. 6B; Kieber et al., 1993; Hua et al.,
1995; Chao et al., 1997; Clark et al., 1998). In the absence of ethylene, the CTR1 kinase domain is
kept active by the interaction with the receptor His kinase-like and receiver domains, and thereby
inhibits downstream signaling events (Kieber et al., 1993; Clark et al., 1998; Gao et al., 2003; Huang
et al., 2003b). Hence, CTR1 as well as the ethylene receptors are negative regulators of the ethylene
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response, and inactivation of CTR1 results in constitutive ethylene signaling (Kieber et al., 1993; Hua
and Meyerowitz, 1998; Qu et al., 2007).

When active, CTR1 phosphorylates the cytosolic portion of ETHYLENE INSENSITIVE 2 (EIN2), the key
positive regulator of the ethylene response (Chen et al., 2011a; Ju et al., 2012; Qiao et al., 2012). So
far, EIN2 is the only known gene that causes complete loss of ethylene sensitivity upon knock-out,
and it is conserved in green algae and the plant kingdom (Roman et al., 1995; Alonso et al., 1999; Jun
et al., 2004; Travella et al., 2006; Ju et al., 2015). The 141 kDa protein locates to the ER membrane
with its N-terminal domain comprising twelve transmembrane helices (amino acids 1-461 of 1294),
and the remaining part protrudes to the cytosol (Alonso et al., 1999; Bisson et al., 2009). Although
the integral membrane domains resemble NRAMP (Natural resistance-associated macrophage
protein) metal ion transporters, there is no evidence for metal transport activity of EIN2 (Alonso et
al.,, 1999). The sequence of the C-terminus is plant specific and does not show domain signatures
known from other proteins (Alonso and Ecker, 2001; Wen et al., 2012). However, the C-terminus
contains a nuclear localization signal that also associates with the His kinase-like domain of ethylene
receptors (Qiao et al., 2012; Wen et al., 2012; Bisson and Groth, 2015).

It is understood that upon ethylene binding to the receptors, CTR1 is inactivated potentially by
sterical changes (Mayerhofer et al., 2012), preventing phosphorylation of the cytosolic EIN2 portion
on Ser-645 and/or Ser-924 (Fig. 6B; Chen et al., 20113; Ju et al., 2012; Qjao et al., 2012). This renders
EIN2 subject to proteolytic cleavage by an unknown protease, and the C-terminal half of the protein,
referred to in the literature as EIN2 CEND, is released to the cytosol and nucleus (Ju et al., 2012; Qiao
et al, 2012; Wen et al.,, 2012). The precise cleavage site was assigned to Ser-645 by mass
spectrometric analysis, resulting in a C-terminal fragment initiated by Phe-646 (i.e., amino acids 646-
1294; Qiao et al., 2012, 2013). Once detached from the membrane, the major molecular function of
EIN2 CEND appears to be the activation of EIN3-like transcription factors (Chao et al., 1997; Alonso et
al., 1999; Guo and Ecker, 2003; Potuschak et al., 2003; An et al., 20103; Li et al., 2015; Merchante et
al., 2015). These trigger downstream responses mainly via binding to the promoters of
APETALA2/ERF transcription factors (Solano et al., 1998; Zhang et al., 2011b; Chang et al., 2013).
Notably, in etiolated seedlings, it was evident that ethylene also provokes a rapid short-term growth
inhibition that requires EIN2, but is independent of EIN3/EIL1 activity (Binder et al., 2004b, 2004a). It
is not understood how this response is mediated mechanistically.

The protein level of EIN2 is kept at a relatively low level under normal conditions, since EIN2 is
targeted for proteasomal degradation by the F-box proteins EIN2 TARGETING PROTEIN 1 (ETP1) and
ETP2 (Qiao et al., 2009). Upon ethylene signaling, ETP1/2 are destabilized on the protein level
themselves, consequently enhancing EIN2 signaling capacity (Qiao et al., 2009). Accordingly, knock-
down of ETP mRNA resulted in EIN2 hyper-accumulation and constitutive ethylene responses (Qiao
et al., 2009). How ETP protein abundance is regulated is not known. Interestingly, it was shown in
rice that MAO HUZI 3 (MHZ3) interacts with the OsEIN2 NRAMP-like domain in the ER membrane,
and antagonizes EIN2 ubiquitination (Ma et al., 2018a). Here, loss of MHZ3 function resulted in
ethylene insensitivity during etiolation of rice coleoptiles. However, the rice genome appears not to
contain homologs of ETP genes (Ma et al., 2018a).
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1.4.2.1 Molecular functions of EIN2

There are at least two ways how EIN2 influences EIN3 and EIL1 activity: First, EIN2 CEND is
translocated to the nucleus where it facilitates EIN3 binding to its promoter targets. This is at least
partially achieved by EIN2 CEND regulating the levels of HISTONE 3 acetylation at K14, K23, or K9 at
EIN3 target sites by interaction with the active-chromatin associated EIN2 NUCLEAR-ASSOCIATED
PROTEIN 1 (Zhang et al., 2017a, 2018a). Second, next to the nuclear localization, EIN2 CEND was
observed to also form pronounced foci in the cytoplasm, indicating a cytoplasmic function (Qiao et
al., 2012; Wen et al., 2012). This function of EIN2 CEND in the cytoplasm includes, or constitutes, the
negative regulation of the protein levels of two F-box proteins, EIN3-BINDING F-BOX (EBF1) and
EBF2, which in turn target EIN3 and EIL1 for Ub mediated degradation (Guo and Ecker, 2003;
Potuschak et al., 2003; Gagne et al., 2004; An et al., 2010a). Shut-down of EBF1/2 protein levels
during ethylene signaling is accomplished by EIN2 in two ways: First, proteasomal degradation of the
F-box proteins is triggered in an EIN2-dependent manner (An et al., 2010a). Second, EIN2 interacts
with a 5’-3’ exoribonuclease, called EIN5, in order to target EBF1/2 mRNA to cytoplasmic processing
bodies and the RNA decay pathway based on UP-FRAMESHIFT SUPPRESSOR 1 (UPF1), UPF2, and
UPF3 (Li et al., 2015; Merchante et al., 2015). Interestingly, the C-terminal NLS of EIN2 was found to
be essential for both its nuclear and the cytosolic functions (Ju et al., 2012; Qiao et al., 2012; Wen et
al.,, 2012; Li et al., 2015). Moreover, EBF2, and to a lesser extend EBF1 were also reported to be
transcriptionally induced by ethylene in an EIN2- and EIN3-dependent manner, likely as part of a
negative feedback loop (Potuschak et al., 2003).

All ethylene responses downstream of EIN3/EIL1 are thought to depend on the translocation of EIN2
CEND from the ER membrane to the nucleus and cytosol (Merchante et al., 2015). Consistently,
expressions of the EIN2 C-terminal fragment alone was sufficient to constitutively activate a number
of ethylene responses (Alonso et al.,, 1999; Qiao et al., 2012; Wen et al.,, 2012). Namely, it was
described that transgenic expression of EIN2 CEND resulted in growth retardation and reduced
fertility due to the protrusion of the gynoecium prior to flower opening (Alonso et al., 1999; Qiao et
al,, 2012; Wen et al.,, 2012). Moreover, when expressed in ein2-5 mutant plants, EIN2 CEND
reconstituted the light-dependent hypocotyl elongation response to ethylene, as well as the
induction of PLANT DEFENSIN 1.2 gene expression upon JA or paraquat treatment which is blocked
by EIN2 mutation (Penninckx et al., 1998; Alonso et al., 1999). However, not all phenotypes that are
entailed by EIN2 mutation could be rescued by expressing EIN2 CEND alone. Most strikingly, EIN2
CEND fails to complement the triple response in ein2 mutants (Alonso et al., 1999). Moreover, there
are several phenotypes linked to ein2 mutation which were not addressed in the studies using
transgenic EIN2 CEND. For example, alleles of EIN2 have emerged from genetic screens for the
sensitivity of root growth towards auxin transport inhibition (Fujita and Syono, 1996), for cytokinin
resistance of root growth in the light (Su and Howell, 1992; Cary et al., 1995; Kurepa et al., 2014), for
ABA sensitivity (Beaudoin et al., 2000; Ghassemian et al., 2000), and for delayed leaf senescence (Oh
et al.,, 1997; summarized in Alonso and Ecker (2001)). Consistent with delayed senescence, later
flowering was also described for ein2 mutants (Guzman and Ecker, 1990; Feng et al., 2015).
Furthermore, ein2 plants were found to be more susceptible to infection by pathogens such as P.
syringae pv. tomato, and B. cinerea (Bent et al., 1992; Thomma et al., 1999; Alonso and Ecker, 2001;
Geraats et al., 2002). When grown in the light, ein2 was hypersensitive to glucose in the growth
medium (Cheng et al., 2002), and ein2-5 showed altered gene expression upon phosphate starvation
(Kwon et al., 2011; Lei et al., 2011). Finally, ein2-5 and ein3-1 eil1-1 plants were described to be
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hypersensitive towards cadmium exposition (Abozeid et al., 2017), whereas reports on EIN2
requirement for the perception of mechanical stimuli are ambiguous (Johnson et al., 1998; Okamoto
et al., 2008; Braam, 2013). The multitude of effects triggered by a loss of EIN2 activity is in line with
the various consequences of ethylene signaling, as well as a growing number of EIN2-interacting
factors being recognized (see above).

1.5 The phytohormone cytokinin

The phytohormone class of cytokinins regulates plant growth and development at nearly all stages,
most prominently by impacting on cell division and differentiation. The class comprises mostly
adenine derivatives with an isoprenoid side chain at the N° position of the purine, with zeatin-type
cytokinins being the predominant form in higher plants (Mok and Mok, 2001; GajdoSova et al., 2011).
Much less abundant than isoprene-conjugated purines, and potentially restricted to a limited
number of species, are cytokinins with aromatic side chains (Jones et al., 1996; Strnad, 1997; Mok
and Mok, 2001). Despite their rather marginal occurrence, aromatic variants are biologically equally
active, and the synthetic aromatic cytokinin BA, together with kinetin (N°-(2-furfuryl)-aminopurine),
are most widely used in biotechnology due to their high in-vivo stability and ease production (Scott
and Liverman, 1956; Galuszka et al., 2007; Podlesdkova et al., 2012).

First identified and isolated from maize kernels (Netien et al., 1951; Letham, 1973) and coconut milk
(Mauney et al., 1952; Miller et al., 1955, 1956), cytokinins were named with respect to their ability to
promote the growth and division of cultured plant cells in an auxin-dependent manner (Skoog and
Miller, 1957). Using tobacco (Nicotiana tabacum) BY-2 cell cultures, endogenous levels of cytokinin
were shown to oscillate during the cell cycle, thus controlling cell cycle progression dose-
dependently (Redig et al., 1996; Hartig and Beck, 2005). Next to their role in cell proliferation, the
two hormones have opposing effects on apical dominance (Wickson and Thimann, 1958; Jones et al.,
1988b; Shimizu-Sato et al., 2009), as well as on the cell fate in root and shoot meristems, including
the establishment of the apical-basal axis during embryogenesis (Werner et al., 2001; Higuchi et al.,
2004; Nishimura et al., 2004; Dello loio et al., 2007, 2008; Miiller and Sheen, 2008; Pernisova et al.,
2009; Ruzicka et al., 2009). In the shoot, cytokinins promote cell proliferation, whereas they inhibit
growth and partly induce differentiation in the root, both processes being antagonized by auxin
crosstalk (Su et al., 2011). Further processes governed by cytokinin signaling include chloroplast
development (reviewed in Cortleven and Schmiilling (2015)) and leaf senescence (Mothes and
Engelbrecht, 1963; Van Staden et al., 1988; Balibrea Lara et al., 2004), the development of the female
gametophyte (Pischke et al., 2002; Deng et al., 2010; Cheng et al., 2013; Yuan et al., 2016), and the
gynoecium (Marsch-Martinez et al., 2012; Zuiiga-Mayo et al., 2014; Midller et al.,, 2017), seed
production (Ashikari et al., 2005; Bartrina et al., 2011; Li et al., 2011; Zhang et al., 2012b; Zhao et al.,
2015), and development of the vasculature (Mdhonen et al., 2006; Nieminen et al., 2008; Han et al.,
2018).

Trans-zeatin-type cytokinins are produced from adenine nucleotides by the subsequent action of
isopentenyltransferases (Kakimoto et al., 2001; Takei et al., 2001, 2004a; Sun et al., 2003),
cytochrome P450 enzymes hydroxylating the isoprenoid side chain (Takei et al., 2004b), and LONELY
GUY family enzymes liberating the free base active form from the cytokinin ribotides (Kurakawa et
al., 2007; Kuroha et al., 2009). The levels of active cytokinins are reduced reversibly or irreversibly by
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glycosylation (Brzobohaty et al., 1993; Hou et al., 2004; Spichal et al., 2004), or cytokinin oxidase
mediated cleavage of the Nb-side chain (Werner et al., 2001, 2006; Schmiilling et al., 2003).

Cytokinin sensing occurs via a classical multistep phosphorelay system, a His-Asp phosphorylation
cascade resembling bacterial two-component signal transmission (Kakimoto, 1996; D’Agostino and
Kieber, 1999; Hwang and Sheen, 2001). In the plant system, the cytokinin signal is perceived by
receptor kinases containing both His kinase and receiver domains. Phosphate is subsequently
transferred to a His phosphotransfer protein that migrates into the nucleus and ultimately serves as
the phospho-donor for autophosphorylation of a response regulator (RR) (Hwang and Sheen, 2001;
Mok and Mok, 2001; Punwani and Kieber, 2010). All steps are performed by members of multigene
families in Arabidopsis (Hwang et al., 2002; Riefler et al., 2006; Miiller and Sheen, 2007) and other
plants (Ito and Kurata, 2006; Pareek et al., 2006; Du et al., 2007; Pils and Heyl, 2009). Arabidopsis
cytokinin receptors (AHK2, AHK3, and AHK4/CYTOKININ RESPONSE 1/WOODENLEG) reside mostly at
the ER membrane (Caesar et al.,, 2011; Lomin et al.,, 2011; Wulfetange et al., 2011), with the
cytokinin-binding CHASE (cyclase- and His kinase—associated sensing extracellular) domain facing the
ER lumen (Caesar et al., 2011). However, signaling from the plasma-membrane is also argued for
(Zurcher et al., 2016), and the exact site of cytokinin perception is under debate (Romanov et al.,
2018). Downstream of AHKs, there are six Arabidopsis His Phosphotransferases (AHPs) (Suzuki et al.,
2000b; Hwang et al., 2002; Tanaka et al., 2004; Mahonen et al., 2006). AHP1-5 act redundantly as
positive regulators of cytokinin signaling (Hutchison et al., 2006), whereas AHP6 is repressed
transcriptionally by cytokinin and negatively regulates the system (M&honen et al., 2006). As terminal
phosphate acceptors, Arabidopsis RRs (ARRs) translate the cytokinin signal into context-dependent
transcriptional responses (Brandstatter and Kieber, 1998; Imamura et al., 1999; Hwang et al., 2002;
Lohrmann and Harter, 2002). The Arabidopsis gene family of bacterial-type RRs comprises 23
members, 21 of which were associated with cytokinin signaling and are divided into type-A and type-
B ARRs (Lohrmann and Harter, 2002; Pils and Heyl, 2009). Type-B ARRs (ARR1, 2, 10-14, 18-21)
contain both phospho-receiver and DNA binding/transactivation domains and mediate the primary
transcriptional response to cytokinin (Sakai et al., 2000, 2001; Kazuo Hosoda et al., 2002; Mason et
al., 2005; Argyros et al., 2008; Ishida et al., 2008). In contrast to type-B ARRs, type-A ARR genes
(ARR3-9, 15-17) are rapidly induced by cytokinin application (Brandstatter and Kieber, 1998;
Taniguchi et al., 1998; D’Agostino et al., 2000). Lacking domains for DNA interaction, type-A ARRs
dampen the transcriptional response to cytokinin by a mechanism that is not known, but depends on
phospho-transfer to their receiver domains (Imamura et al., 1999; To et al., 2004, 2007). How ARR
function is coordinated to induce the multiple outcomes of cytokinin signaling is poorly understood,
but apparently involves massive hormonal cross-regulation (Xie et al., 2018).

1.5.1 Cytokinin during etiolation

Many phytohormones impact on skotomorphogenesis of seedlings. Next to ethylene exposure (see
above), JA (Zheng et al., 2017), cytokinin (Chory et al., 1994), as well as inhibition of GA (Alabadi et
al., 2004) or brassinosteroids biosynthesis (Li et al., 1996; Szekeres et al., 1996; Asami et al., 2000),
and inhibition of auxin transport (Schwark and Schierle, 1992; Friml et al., 2002; Vandenbussche et
al., 2010) promote aspects of photomorphogenesis in the dark. In the case of cytokinin application,
the morphological changes during etiolation comprise the full induction of a triple response (Chory et
al.,, 1994; Vogel et al., 1998b; Hansen et al., 2009). This effect is at least partially due to cytokinin-
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induced stimulation of ethylene biosynthesis (Liebermann, 1979; Cary et al., 1995; Vogel et al.,
1998b), which occurs downstream of ARR1, 2, 10, and 12 (Hansen et al.,, 2009). ARR-induced
ethylene production is largely accomplished by the type-2 ACS enzymes ACS5 and ACS9 (Vogel et al.,
1998b, 1998a; Chae et al.,, 2003; Hansen et al., 2009; Lee et al., 2017). Cytokinin, as well as
micromolar levels of brassinosteroids (Vogel et al., 1998b; Woeste et al., 1999b; Chae et al., 2003;
Wang et al., 2004; Hansen et al., 2009; Lee et al., 2017), and to a lesser extend also GA and auxin
(Woeste et al., 1999a; Lee et al., 2017), positively regulate ACS activity by increasing their protein
stability. A distinct and conserved sequence signature in the ACS C-termini determines their stability
(Yoshida et al., 2005). In case of the subgroup of type-2 ACSs, the presence of the TOE motif is
conserved in dicots and monocots, and confers recognition by ETO1 family proteins that mediate
degradation via the 26S proteasome (Woeste et al., 1999b; Wang et al., 2004; Yoshida et al., 2006;
Christians et al., 2009). Consistently, overexpression of ETO1 restores hypocotyl elongation of
etiolated seedlings in the presence of kinetin (Wang et al., 2004). Phosphorylation of ACS5 by CASEIN
KINASE 1.8 was shown to enhance the interaction with ETO1 and thus to increase ACS5 turnover (Tan
and Xue, 2014). On the other hand, ACS proteins of both type-2 and type-3 were stabilized by the
interaction with 14-3-3 proteins, partly by 14-3-3-mediated destabilization of ETO1/EOLs (Yoon and
Kieber, 2013). However, cytokinin and brassinosteroids were able to partly increase type-2 ACS
protein levels post-transcriptionally even when the C-terminal TOE degrons were mutated (i.e., eto2
and eto3 alleles of ACS5 and ACS9, respectively), indicating a level of regulation that is independent
of ETO1/EOLs (Chae et al., 2003; Hansen et al., 2009; Yoon and Kieber, 2013). One potential
mechanism might be the regulation of homo- and hetero-dimerization which was shown to influence
kinetics and stability of ACS isoforms (Yamagami et al., 2003; Tsuchisaka and Theologis, 2004a,
2004b; Lee et al., 2017).

Since cytokinin responses are mediated considerably by ethylene biosynthesis and signaling,
mutations of EIN2 lead to cytokinin resistance under dark (Cary et al., 1995; Hansen et al., 2009) and
illuminated conditions (Su and Howell, 1992). However, ethylene mutants are not completely
insensitive to cytokinin application, as ein2 root and hypocotyl elongation in dark were both inhibited
by roughly 10-25 percent of control growth in media containing 0.1-10 uM BA, in comparison to 40-
60 percent inhibition of WT seedling elongation (Cary et al., 1995; Hansen et al., 2009). Moreover,
cotyledon expansion in the dark was triggered to similar extends in WT and ein2-1 mutant seedlings
by the presence of 3 uM BA, indicating a direct role of cytokinin during photomorphogenesis
(Cortleven et al., 2018). Also, simultaneous application of BA and the ethylene signaling inhibitor
silver nitrate failed to fully restore hypocotyl elongation of WT plants (Cortleven et al., 2018). Hence,
cytokinin impacts on the morphology of etiolated seedlings also independently of ethylene. Evidence
was presented supporting that this response might be mediated by the regulators of
photomorphogenesis COP1, DE-ETIOLATED 1, and CYTOKININ INSENSITIVE4/COP10 (Vogel et al.,,
1998a; Cortleven et al., 2018), which all act to enable activation of a CUL4-based E3 ligase complex
towards substrates such as HY5 (Yanagawa et al., 2004; Chen et al., 2006, 2010a). Mutants of these
genes show constitutive photomorphogenic phenotypes, but fail to further reduce hypocotyl length
when subjected to cytokinin (Cortleven et al., 2018). HY5 itself appears not to be involved in
cytokinin-induced hypocotyl shortening in the dark, and how the COP1 complex might regulate
cytokinin induction of photomorphogenesis is not yet understood (Cortleven et al., 2018).
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2. Aims and scope of the thesis

In the past, genetic approaches have revealed multiple components of the Arabidopsis N-end rule
pathway, as well as their involvement in developmental and stress-related processes. In the case of
the type | Arg/N-end rule, enzymatic cascades have been defined, and distinct protein targets were
identified. However, the physiological function of the type-ll pathway remained largely unknown,
and no endogenous substrates had been assigned to the type-Il N-recognin PRT1 till the beginning of
this work. Furthermore, contrasting to the situation of N-degron research in other systems, a
biochemical characterization of the substrate specificity of plant N-end rule recognition elements is
lacking so far. Thus, urgent questions concerning substrate recognition and the selectivity of the
plant N-end rule pathways have remained unanswered. Importantly, the knowledge on N-recognin
substrate binding determinants could also help to substantiate or reject previously proposed
interactions between enzymes of the N-end rule pathway and potential target proteins.

In the frame of this work, two different routes were taken in order to gain a deeper understanding of
the substrate specificity of plant N-end rule components, and to furthermore decipher the
physiological role of the PRT1 gene: First, a reverse-genetic approach was conducted on a mutant
line bearing the prt1-1 null allele. It was anticipated that a phenotypical characterization of the prt1-1
mutant would help to attribute biological functions to this Ub E3 ligase. Indeed, two developmental
abnormalities were identified in prt1-1 which were, however, both caused by the genetic background
of the lines tested, and were independent of the prt1-1 allele. The first phenotype expressed as
complete male sterility conditional for high temperature, which was investigated morphologically,
histologically, and on the level of gene expression. The second phenotype constituted hyposensitivity
to cytokinin in the dark and might provide valuable genetic resources for future studies on
heterotrophic growth during seedling establishment. To enable a phenotypical characterization of
the prt1-1 mutant in the future, backcross lines were generated that separate the prti-1 allele from
both phenotypic alterations.

The second strategy employed within this work was to establish and perform in-vitro techniques for
the robust investigation of the physical interaction of N-recognins and ATE1 with artificial peptide
substrates in a large scale. This should allow for the identification of sequence determinants of
substrate interactions, and for the screening of potential physiological substrates. It was ultimately
aimed to validate the results obtained from in-vitro studies in living cells.

For the purpose of investigating ATE substrate selection, a novel pull-down based arginylation assay
engaging artificial peptides and radiolabeled Arg-tRNA was set up that is highly responsive, specific,
and time efficient. With this in hands, Arg-transfer to canonical ATE substrate N-termini was proven
for Arabidopsis ATEL. Moreover, in collaboration with Mark White! and Emily Flashman?, oxidation of
a Cys-initiated peptide substrate by PCOs and subsequent ATEl-mediated Arg-transfer were
reconstituted in vitro.

In order to study substrate recognition by the N-recognins, peptide array binding assays were
established with libraries of artificial N-termini that were generated by SPOT peptide array synthesis.
Both the N-recognin PRT1 and the UBR domain of PRT6 were exposed to this binding assay system.
This revealed affinity for the predicted N-terminal amino acids, and deeper insight was gained into
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downstream sequence requirements indicating a high degree of selectivity featured by both
enzymes. In the case of PRT1, it was furthermore aimed to exploit peptide binding assays to address
the requirements of two RING domains in substrate recognition, as well as catalytic activity. This
showed dispensability of both individual domain functions for substrate interaction, whereas either
domain proofed to be necessary for in-vitro autoubiquitination activity of this E3, hinting at an
unusual reaction mode performed by PRT1. Finally, to test for interactions with proposed in-vivo
substrates, artificial peptides mimicking endogenous substrate candidates were furthermore
exposed to both N-recognins in the binding assays. This confirmed physical interaction of PRT6 with
peptides mimicking the mature N-termini of ERFVII transcription factors, but not to the post-
proteolysis-N-termini of RIN4. For PRT1, affinity for two potential endogenous substrates was
observed, one of them being the Phe-646 initiated fragment of EIN2. To address a potential role of
PRT1 in EIN2 signaling, EIN2 CEND stability and its dependency on PRT1 was assessed in vivo using
transient expression of protein variants in Arabidopsis protoplasts, and phenotypic consequences
were addressed in stably transformed plant lines.
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3. Results

3.1 The genetic background in prt1-1* confers thermosensitivity of pollen
development

Despite the high impact of the prt1-1 allele on the stability of an N-end rule reporter construct, and
the apparent lack of any homologous sequences of the PRT1 gene in the Arabidopsis genome, hardly
any physiological consequences have been attributed to PRTI mutation so far. Hence, the biological
function of PRT1 remained elusive. Developmental differences between the prt1-1 mutant and WT
plants, or alterations in the stress response of prtl-1, however, could eventually lead to the
identification of PRT1-dependend degradation pathways. Here, a reverse-genetic approach was
undertaken on a line bearing the null allele prti-1, in order to link a potential phenotype caused by
the mutation to a biological function of this E3 ligase.

3.1.1 The prt1-1¥ line is sterile at an elevated temperature

Upon the search for stress-related phenotypes, it was observed that the prti-1 line that was
established in the laboratory (hereafter referred to as prt1-1%; see Fig. 50 for the origin of the plant
line) completely failed to produce any seeds when grown at an elevated ambient temperature of
28°C, a condition that readily allowed seed production of the WT (Fig. 7B). This sterility effect was
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Fig. 7| Development and sterility of the prt1-1' mutant at 28°C. A, Growth phenotype of prt1-1* (right) during
vegetative development at 28°C and 55-65 percent relative air humidity, compared to the WT (left). Top to
bottom: representative plants at the ages of 21, 32 or 42 days, respectively. B, Primary inflorescences from
representative plants of WT and prt1-1* grown at 28°C and 55-65 percent relative air humidity. The failure by
prti-1% to produce siliques is accompanied by a delayed abscission of the petals (arrowhead). C, Magnification
of the excerpt from B. Instead of siliques, unfertilized pistils are observed on prt1-1% inflorescences at 28°C.
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highly specific to the condition of mild heat since growth at a lower temperature (19-23°C) restored
full fertility of prt1-1* (Fig. S1A). The failure of prt1-1* to develop seeds at 28°C furthermore entailed
a delayed abscission of the petals (Fig. 7B). In contrast, WT and mutant were indistinguishable at any
stage of development during vegetative growth at 28°C (Fig. 7A, S2); and neither the time of
flowering nor the formation of the generative shoot system were affected during mild heat.

Moreover, no differences to WT were detected when heterozygous prti-1% [+/-] plants were tested
for silique formation at 28°C (Fig. S1B), indicating that the sterility might potentially be caused by a
genetic locus with recessive inheritance. When sterile plants were transferred from 28°C to lower
temperatures (20°C), newly formed flowers developed normally and immediately gave rise to viable
seeds (data not shown). Thus, prt1-1% was found to be specifically impaired in reproduction under
acute mild heat.

3.1.2 The thermosensitivity of prt1-1% is independent of the PRT1 locus

In order to test if the temperature-induced sterility of the prt1-1* line depended on the loss of PRT1
activity, it was attempted to complement the phenotype with an intact copy of the PRT1 gene. To
this end, the prti-1%* line was stably transformed with different constructs of the PRT1 coding
sequence (CDS), and the transgenic lines were tested for their fertility under the restrictive condition
of 28°C. However, no complementation of the sterility phenotype was observed in any of the tested
transgenic lines (data not shown). These included T2 lines (i.e., the first segregating progeny)
overexpressing a C-terminally triple hemagglutinin- (3HA) tagged PRT1 CDS sequence under control
of the strong constitutive 35S promoter from the cauliflower mosaic virus (p35S::PRT1-3HA), as well
as T3 lines expressing N-terminal PRT1 CDS fusions of either 3HA or GREEN FLUORESCENT PROTEIN
(GFP) under control of an endogenous promoter construct (proPRT12‘"::3HA-PRT1 and
proPRT147T::GFP-PRT1). Of note, during one early experiment, fertility was observed for at least five
T2 lines with single insertions of proPRT1%“T::mGFP5:PRT1 derived from independent
transformation events (data not shown), but the effect was not seen in the next generation and the
result failed to be reproduced by later experiments. Thus, it is possible that a potential malfunction
of the phytocabinet caused this effect.

It was furthermore sought to test the PRT1 dependence of the phenotype by the assessment of
additional alleles conferring loss of PRT1-function. To this end, six T-DNA lines with insertions into
the PRT1 gene were ordered at the Nottingham Arabidopsis Stock Centre (NASC) and termed prt1-2,
prt1-7, prt1-8, prt1-9, prt1-10, and prtl1-11 (Fig. S3). Of these lines, none exhibited sterility under the
elevated temperature condition (Fig. S4). Importantly, while only prt1-2, prti-7, prt1-9, and prt1-11
were derived from the Columbia-0 (Col-0) genomic background, as was prt1-1, only prtl-7, prtl1-9,
and prt1-11 were found to actually contain a T-DNA insertion into PRT1. Moreover, transcript
analysis revealed the presence of PRT1 transcript downstream of the insertion sites in all three of
these lines, indicating that PRT1 function was probably not lost in these plants (Fig. S5).

Since transgenic complementation of the phenotype or reproduction through additional loss-of-
function alleles was not achieved, it could not be excluded that a locus other than PRT1 was causal
for the temperature-sensitive fertility of prt1-1%. Thus, the mutant line prt1-1* () was backcrossed
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Fig. 8] The temperature-dependent sterility phenotype segregates independently of the PRT1 locus. A, The
prt1-1% line was backcrossed to the WT (&) and F2 progeny was scored for fertility at 28°C and PCR-genotyped
for the PRT1 locus. All three possible genotypes were found among both sterile and fertile plants with an
enrichment of the prt1-1 allele within the group of sterile plants. B, Inflorescence phenotypes of different plant
lines grown at 28°C. Representative individuals for each line are shown. Genotypes are: WT; prt1-1%; N119 (the
original prti-1 line deposited at NASC); and BC #30, a descendant of a backcross line that was sterile at 28°C
and was homozygous for the WT PRT1 locus.

to the WT () in order to test for co-segregation of the phenotype with the prti-1 allele. Within the
segregating F2 generation, 29 out of 96 individuals failed to produce seeds at 28°C (Fig. 8A),
representing 30 percent of the tested progeny. This segregation pattern varied from, but was best
explainable by a Mendelian monogenic recessive inheritance. Importantly, among the 22 plants
homozygous for prti-1 (23 percent of all plants), 9 individuals were fertile at the restrictive
temperature condition. The group of 28°C-sterile F2 progeny, however, was composed in almost
equal shares of plants homozygous and heterozygous for the prtl-1 allele, and even comprised two
plants that were genotyped as WT for the PRT1 locus (Fig. 8). The fact that the temperature-
dependent phenotype could be genetically separated from the prt1-1 allele strongly indicated that a
different genetic locus accounted for the phenotype.

The group of sterile assessed individuals was enriched for the prt1-1 allele (Fig. 8A), indicating linkage
disequilibrium between the putative second-site locus responsible for the phenotype and the PRT1
locus. This assumption was supported by Chi? analysis (at http://www.socscistatistics.com on
12/13/2107). Here, Ho (independent distribution of both categories, sterility and prt1-1 genotype)
could be rejected by a level of significance at p< 0.01. Assessment of the frequency of recombination
events between the PRT1 locus and the putative second site within the group of sterile plants
revealed

r=18 (WT alleles) / 58 (total alleles) = 31 percent,

where r is the recombination frequency.
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By definition, this frequency determines both loci to be linked (i.e., likely arranged in cis on a
chromosome) (Bonhomme et al., 1999). Calculating the map distance (D) using the Kosambi function
(Koornneef and Stam, 1992) gave

D =25*In [(100 + 2*31) / (100 — 2*31)] = 36 cM.

This recombination frequency and hence the genetic distance can be assumed to be rather
overestimated: During phenotyping for the sterility effect, a false-positive result (i.e., a heterozygous
or WT plant did not produce siliques) was much more likely than a false-negative (i.e., a mutant plant
did produce siliques), since silique formation on prt1-1% plant was hardly ever observed, while poor
seed production occasionally occurs on WT plants exposed to high temperature stress. This might
also explain the unusual segregation ratio of 30 percent sterile plants.

When comparing the classical Arabidopsis genome map (Meinke et al.,, 1998) to the Arabidopsis
Genome Initiative sequence map (both received from The Arabidopsis Information Resource (TAIR),
www.arabidopsis.org), the genetic distance of 36 cM translated to a physical distance on
chromosome number 3 of roughly 8.5 Mio basepairs (bp) downstream or 11 Mio bp upstream of the
PRT1 locus. A search for genes associated with male gametophyte development (by means of
expression or functional data) was conducted using the sequence annotations on TAIR. A total of 21
genes were identified in a 2.6 Mio bp range surrounding the region upstream of the prt1-1 locus, and
18 genes in a 2.4 Mio bp range surrounding the region 11 Mio bp downstream of the prt1-1 locus
(Fig. S6, Tab. S1). Among these, ABCG16 (AT3G55090) was a potential candidate for being mutated in
a temperature-dependent sterile mutant (see introduction, chapter 1.3.1.1). Hence, the ABCG16
locus (885 bp upstream of ATG to 145 bp downstream of the stop codon) was sequenced from prt1-1%
genomic DNA; however, no sequence divergence from WT was detected (data not shown).

The prt1-1% line established in the laboratory was received by Nico Dissmeyer? personally from Prof.
Andreas Bachmair® in 2004. It was therefore asked whether the fertility phenotype was also inherent
to the prti-1 line deposited at NASC by A. Bachmair in 1991. In contrast to prt1-1% which had been
backcrossed four times to Col-0 in the laboratory of A. Bachmair, the reference line at the stock
center contains the transgenic reporter construct 4H which confers resistance to hygromycin B (Hyg)
(see Fig. 50). This line prt1-1/4H is listed at NASC with the code N119 and will hereafter be referred
to as N119. When N119 was grown at 28°C, normal silique formation was observed (Fig. 8B). Taken
together, this supported the conclusion that the prti-1 allele was not causing the temperature-
sensitive sterility phenotype of the prt1-1% line, but that instead a genetically linked alteration had
apparently occurred in the genome subsequent to the generation of line N119.

3.1.3 The heat-induced sterility of prt1-1* is caused by a defect in male
gametogenesis

Conditional male sterility constitutes a plant trait that is of high economic potential (Saxena and
Hingane, 2015; Zhao et al., 2017). Moreover, mutant alleles affecting reproductive fitness under high
temperature can also lead to the identification of new adaptive mechanisms employed by plants to
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reproduce in a warmer than optimal environment. Thus, in order to find the cause of the
thermosensitivity of prt1-1* reproduction, flower development was examined in more detail. When
flowers of WT and mutant plants grown at 28°C were compared, no morphological differences were
observed up to late stages of development (Fig. 9). Consistent with previous reports (Sakata et al.,
2010), filament elongation was slightly reduced by the elevated temperature in both WT and prt1-1%,
but elongation was sufficient in both genotypes to bring the stamen into proximity with the stigma
(Fig. 9, stages 13/15). However, at the transition from stage 12 to 13, concomitantly with flower
opening, differences between WT and prt1-1* became visible concerning anther development: While
the anthers of the WT appeared slightly swollen short before pollen dehiscence, no changes in size
were observed with the mutant anthers and no pollen was released even from mature flowers of
prt1-1* (Fig. 9, stages 13/15).

Flower stages

15 - inset

13 - inet 15

prt1-1% gl R : . -

Fig 9| Flower development during late stages in WT and prt1-1* at 28°C. WT and prt1-1* mutant plants were
grown at 28°C and 55-60 percent air humidity. Sepals and petals were removed partially to show interior
organs. Flower stages were assigned according to Smyth et al. (1990) and Wang et al. (2011b). Note: Flower
stages do not match anther stages according to Sanders et al. (1999) which are referred to in Fig. 13. Stages
13/15: Pollen grains visible on anthers, pistil, and stigma of the WT are indicated by arrowheads. Panels “13 -
inset” and “15 - inset” show magnifications of the previous panels. Scale bars 0.5 mm; the black scale bar
applies to all inset images, the white scale bar to all remaining images.

In order to test whether the temperature-dependent sterility in prt1-1* was indeed caused by an
anomaly in stamen development rather than a defect of the ovules, prt1-1* plants grown at 28°C
were emasculated before anther maturity and pollen grains of WT plants grown under the same
conditions were applied to the mutant stigmata. After the cross-pollination, plants were returned to
the elevated ambient temperature condition. In this way treated pistils of prt1-1% readily developed
WT-like siliques and produced viable seeds, while untreated flowers of the same plant remained
sterile (Fig. 10A). This result strongly indicated that the integrity of the female flower parts was not
affected in mutant plants.

As described above, heterozygous plants remained fertile at elevated temperature (Fig. S1B). To
determine if the homozygous prt1-1% genotype conferred thermosensitivity to embryo development,
siligues of prt1-1° [+/-] plants grown at 28°C were examined for seed abortion. However,
heterozygotes contained a full set of normal appearing seeds (Fig. 10B), confirming that the defect in
prt1-1% fertility emerges earlier during reproduction than at embryogenesis, most likely at the stage
of male gametogenesis.
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prt1-1% [+/-]

prt1-1% (Q)

- ts A
WT  prti-1 e

Fig. 10| prt1-1% plants are not defective in female gametogenesis or embryogenesis at 28°C. A, WT pollen is
able to complement the fertility phenotype of the prt1-1% line. WT or prt1-1% plants were grown at 28°C before
and after emasculating single flowers of the mutant and pollinating them with pollen from WT plants. Selfed
WT (left) and cross-pollinated mutant flowers (prt1-1% x Col-0) developed into siliques, while untreated pistils
of the same prt1-1% plants remained sterile. B, Plants heterozygous for the prt1-1 locus produce seeds at 28°C
without observable seed abortion.

Provided a defect in male gametogenesis of prt1-1% at mild heat, it would be possible that the line
exhibited impaired male fitness already at control temperature which might be too marginal to
display at seed setting. Thus, gametophyte vitality of plants grown at 23°C was assayed with respect
to pollen tube growth at 25°C in the light, a standard condition for pollen tube growth assays.
Additionally, prolonged tube growth was assessed with additional 14 hours incubation in the dark at
22°C. No differences were visible in either timing or extend of pollen tube growth of the mutant
compared to WT pollen for both growth durations (Fig. 11), confirming that the phenotype was
tightly restricted to the elevated temperature cue or suggesting an effect that does not reflect in
pollen germination capacity.

prt1-1%

P

6 hours

Fig. 11| Pollen tube growth is not affected in prt1-1*. Pollen of the two genotypes was harvested from plants
growing at 23°C, transferred to pollen germination medium, and incubated in a wet chamber. Samples were
kept for 6 hours at 25°C in the light and for additional 14 hours in the dark at 22°C (i.e., 20 hours of tube
growth) before pictures were taken. Scale bars: 100 um.
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Notably, it was observed during backcross experiments between WT and prti-1* performed at
control temperature (22°C), that the transmission of the prti-1 allele was slightly reduced: In two
independent experiments, allele penetration of prt1-1 was 48.4 percent (n = 96) and 48.6 percent (n
= 107), respectively. Thus, there might be a slight effect on gametophyte fitness caused either by the
prt1-1 allele itself, or the linked second locus. This effect on gametophytic performance is present
already under control conditions, but might conceivably be augmented at higher temperatures.

3.1.4 Microspore to pollen transition at 28°C is affected in prt1-1*

The observed failure by prt1-1* to release mature pollen grains raised the question whether
dehiscence by the anthers or pollen development was impaired in the mutant during modest heat.
To address the latter possibility, a microspore and pollen fraction was prepared from whole flowers
before anthesis of WT and mutant grown at 28°C.
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Fig. 12| Microspores of prt1-1* collapse during the development into pollen grains. Bright field images are
shown. Isolations of male gametes were performed on flowers of WT and prt1-1% plants grown at 28°C. Both
populations, microspores and pollen grains, were contained in the same fractions, but were visible at different
focal planes. A, Normal microspores are found in both WT and mutant (white arrowheads), but mutant flowers
additionally contain a high number of collapsed pollen grains (black arrowheads). B, While mature pollen grains
are highly abundant in WT preparations, they are hardly present in preparations from mutant flowers, and the
ones that can be found in one mutant sample appear of different shape (smooth, spherical) and sizes
compared to the WT. Scale bar: 25 um (applies to all images).

Microspore analysis revealed that both microspores and pollen grains were present in the mutant
flowers (Fig. 12). However, while microspores were similarly abundant in preparations from mutant
and WT flowers (Fig. 12A), mature pollen grains were extremely scarce in the mutant fractions and of
irregular size (Fig. 12B). Moreover, in contrast to WT, microspore fractions of the mutant additionally
contained a high number of collapsed immature pollen grains (Fig. 12A). This indicated that pollen
development was disturbed in the mutant at the stage of microspore to pollen transition.
Consistently, DAPI staining of chromatin in meiotic anthers performed by Paul E. Grini on prt1-1%*
plants grown at 28°C showed that mutant microspores progressed through meiosis and tricellular
pollen was found in these flowers, however with lower abundance than in WT flowers (Fig. S7).

To investigate in more detail which stage of pollen development was aberrant in the prt1-1* mutant
plants under elevated temperature, microsections of anthers from different flower stages were
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Fig. 13| Male gamete development in prt1-1* and WT at mild heat. Bright field images of transverse sections
(4 um) of anthers from closed flowers (A to H) and flowers short before (I, J), and at anthesis (K, L) are shown.
Specimens were counterstained using astra blue and safranin O. Anthers from WT (A, C, E, G, |, K) and prt1-1%
mutant plants (B, D, F, H, J, L) grown at 28°C ambient temperature and 55-65 percent relative air humidity were
analyzed. A-F, WT and mutant microsporocytes during and after meioses are visible as well as tetrads (tds).
Slightly enlarged and vacuolated tapetum cells (T) occuring at early stages in both WT and mutant are marked
by arrowheads in C and D. G, H, Anthers at the stage of or shortly after microspore release from tetrads are
depicted (stage 8). I, J, Free microspores are visible at the stage of pollen mitotic divisions (stage 11). An
enlarged microspore, or premature pollen grain visible inside of a locule from prt1-1% is indicated by a white
arrowhead. K, L, Anthers at anthesis are shown. Mature pollen grains have been released from WT anthers.
Collapsed pollen deposits attached to the inner locule wall of the mutant anther are highlighted by a black
arrowhead. PMC, pollen mother cell/premeiotic cell/microsporocyte; T, tapetum; MC, meiotic cell; Tds,
tetrads; Msp, microspore; PG, pollen grain; St, stomium. Scale bars: 50 um. Anther stages according to Sanders
et al. (1999).

prepared. In these images, microsporangia and contained gametes appeared normal up to late
stages (Fig. 13), confirming the results of the gamete isolation. The transition from microsporocytes
to tetrads was passed through apparently normally, indicating that the prti-1% genotype still allowed
for the accomplishment of meiosis at modest heat. Occasionally, slightly enlarged and vacuolated
tapetal cells were visible at premature stages (Fig. 13C, D); but such cells were found within both WT
and mutant microsporangia and were likely a result of the mild heat stress, or microscopic artefacts.

Tapetal cells were still visible at the tetrad stage of mutant anthers (Fig. 13F), coinciding with the WT
development, and further confirming that tapetum development was probably not impaired in
prt1-1%. Next, microspore release from the tetrads was fulfilled in the mutant as in the WT (Fig. 13G,
H). At this stage (anther stage 8), the tapetum is described to be at the most expanded cell stage
under normal conditions (Sanders et al., 1999; Browne et al., 2018). However, both WT and mutant
investigated at 28°C exhibited larger tapetal cells at the tetrads stage (stage 7). This slightly
accelerated tapetum degradation, together with the previous observation of vacuolated tapetal cells
already at stage 5/6, probably reflects the general effect of mild heat on tapetum development
(Parish et al., 2012; Rieu et al., 2017). Blatant differences, however, between WT and mutant anthers
became apparent short before anthesis, when microspores undergo mitosis and maturation into
pollen grains: Here, the majority of microspores did not enlarge in the mutant sample (Fig. 13H, J),
but were found to have completely collapsed in the sporangia of open flowers, manifested by
shrunken depositions at the inner wall of the locule (Fig. 13L). An intermediate state between free
microspores and collapsed pollen was hardly observed, suggesting that the breakdown occurred
rather rapidly.

Broken stomia, in contrast, were found in mature anthers of prt1-1* as well as WT, suggesting that
dehiscence was not affected in prt1-1% (Fig. 13K, L). Strikingly, in anther microsections of prt1-1% at
stage 11, when WT sporangia contained exclusively microspores, some pollen grains were observed
that were larger in size and of spherical shape (Fig. 13J, 14). The large size of these microspores could
reflect an increased DNA content as observed upon meiotic defects (Zamariola et al.,, 2013), or
asynchronous development with the remaining microspores in the locules. Interestingly, the affected
gametes obviously escaped from collapse at the restrictive temperature (Fig. 12B, 13L). However,
since silique formation was hardly ever observed on prt1-1% at 28°C, these pollen grains were
probably inviable, or too few in number to accomplish efficient fertilization.
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Fig. 14| Occurrence of larger and spherical pollen grains in prt1-1* at 28°C. Bright field images of transverse
sections (4 um) through flowers of anther stage 11 of WT and prt1-1* grown at 28°C are shown. Sections were
stained with astra blue and safranin O. Individual pollen grains of prt1-1% that are larger and of spherical shape
are highlighted by white arrowheads. Images are the same magnification. Scale bar: 200 uM.

In the mutant, stainability of microspore walls by safranin O increased before collapse, which was not
observed on WT anthers (Fig. 13H, J, 14). Since safranin O stains phenolic polymers such as lignin
(Wanner, 2010; Ferreira et al., 2017), this might indicate higher contents of polyphenols in the
mutant cell walls, potentially indicating lignification. It was reported that anomalies in tryphine
composition led to male sterile phenotypes that could be rescued by growth at high air humidity
(Koornneef et al., 1989). To test whether pollen collapse upon elevated temperature in prt1-1* was
also a consequence of aberrations in pollen wall formation, plants were maturated at 100 percent air
humidity (established by covering the plants with a transparent bag). But no silique formation was
observed upon these treatments (Fig. S8), suggesting that microspore desiccation or failure to re-
hydrate might not be the reason for male sterility of prt1-1%.

Taken together, prt1-1% exhibited a defect in male gametogenesis under elevated temperature,
manifesting at the transition from microspores to pollen grains. The vast majority of microspores
arrested after release from the tetrads and eventually collapsed at anthesis. However, some prt1-1*
microspores obviously underwent pollen mitoses since tricellular pollen grains were observed and
some pollen grains escaped from collapse. Moreover, individual gametes were found in
microsections and microspore preparations which were of irregular size and shape, indicating
asynchronous development or abnormal DNA contents of these microspores.

3.1.5 Conditional male sterility of prt1-1* is likely a sporophytic trait

Problems in male gametogenesis can either arise from a malfunction of the maternal (sporophytic)
tissues or from defects inherent to the mutant gametes. Hence, the fact that heterozygous plants
exhibited WT-like silique formation at the elevated temperature (Fig. 10B, S1) could be explained by
two scenarios (Fig. 15): 1. In heterozygous anthers, only gametes with the WT allele reach maturity at
28°C, which is still sufficient pollen amount to confer WT-like fertility (i.e., the mutation affected the
gametophyte). 2. Heterozygous anthers developed WT-like because half gene dose in the
sporophytic tissue was sufficient to support normal gametophyte development of both WT and
mutant gametes (i.e., the mutation affected the sporophyte). When the genetic locus causing the
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sterility phenotype is known, both scenarios can be distinguished by performing a backcross of the
WT to a heterozygous father and genotyping of the progeny.

Fig 15| Principle of trait analysis
to differentiate sporophytic and
gametophytic manifestation of a
recessive male sterility
phenotype. The model depicts
sporophytic (anther) and
gametophytic (pollens) tissues at
permissive  (here: 21°C) and
restrictive (here: 28°C) conditions.
gametophyte  sporophyte The color code of the anthers
affected affected indicates the presence of a specific
allele (here: prt1-1%), with yellow
signaling the WT genotype
(homozygous or haploid), red the
mutant genotype (homozygous or
haploid), and orange indicating a
' ' heterozygous situation (prt1-1%
+ XWT(Q) + [+/-]). When heterozygous plants
are backcrossed as the father to
F1: WT 50% WT, 50% het. WT plants under restrictive
conditions, all F1 descendants have
the WT genotype in a gametophy-
tic trait situation, while a mutation affecting the sporophyte leads to half WT, half heterozygous progeny.
Anther pictograms were adapted from Sanders et al. (2000).

21°C

Since the mutation causing the phenotype in prt1-1* was not known, genetic linkage to the prti-1
allele was exploited for the experiment. Two independent crossing experiments of WT x prt1-1% [+/-]
performed at 28°C yielded 41 percent (n = 17) and 45 percent (n = 44) of plants heterozygous for the
prt1-1 allele among the F1 generation. Given a recombination frequency of maximal 31 percent (see
chapter 3.1.2), a gametophytic manifestation of the phenotype-causing mutation would statistically
require that not much more than 31 percent of the progeny are heterozygous for the prti-1 allele,
while 50 percent would be expected for a sporophytic trait. Thus, the mutant allele transmitted in a
way more supporting a sporophytic trait causing the sterility of prt1-1%.

3.1.6 Several genes are differentially expressed in anthers of prt1-1*

Both sporophytic anther parts and pollen rely on an intricately regulated genetic network for faithful
gametogenesis and pollen release (Becker et al., 2003; Wijeratne et al., 2007; Pearce et al., 2015; Li
et al., 2017a). Aberrations of anther development that cause male sterility often cause misexpression
of regulated genes (Wijeratne et al., 2007). Hence, in order to narrow down the cause of the male
sterility in prt1-1%, the expression of a number of genes was assessed using quantitative reverse
transcription polymerase chain reaction (QRT-PCR) on WT and mutant anthers (samples included also
residues of the filaments attached) of flower stages 11 to 13 (i.e., postmeiotic anther stages) grown
at 28°C. Here, target genes were chosen that were relevant to pollen development by means of
hormone signaling or synthesis, carbohydrate metabolism, or pollen exine formation.
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Fig. 16] Marker gene expression of prt1-1* anthers at mild heat in comparison to the WT. Plants of WT or
prt1-1* mutant genotype were grown at 28°C. At a plant age of 7-8 weeks, anthers at flower stages 11 to 13
were collected and pooled from about 50 plants per genotype and experiment. Two independent experiments
were conducted, comprising each two technical replicates. Transcript levels were calculated relative to the
expression of the housekeeping gene PP2A and expressed as a percentage of the WT values. Bars represent the
means between both experiments. The mean values calculated from the technical replicates of both individual
experiments are depicted as dots.

Of the transcripts investigated, a trend was observed in the mutant anthers towards a slightly higher
expression of JA biosynthesis genes such as OPR3, DAD1, and LOX3 compared to the WT (Fig. 16). Of
these, DAD1 was most upregulated in the mutant, albeit displaying quite high deviation between the
two biological replicates. Despite increased JA biosynthetic gene expression, the transcription factor
genes MYB21 and MYB24, which are known to be induced by JA in stamens (Mandaokar et al., 2006),
were found to be only marginally elevated in prt1-1* mutant anthers (Fig. 16).

The auxin biosynthetic genes YUC2 and YUC6 were reported to be expressed in early differentiating
anther tissues, throughout the microspores and until the early pollen stage (Cecchetti et al., 2008).
Crucially, in a study performed by Sakata et al. (2010), both transcripts were found to be reduced by
~60 (YUC2) and ~75 (YUC6) percent in anthers of the premeiotic to meiotic stage upon three days of
heat stress. Hence, YUC2 and YUC6 transcript levels were also investigated in Col-0 and prt1-1%
anthers of postmeiotic stages at elevated temperature. Here, the relative transcript level of YUC2
was found to be comparable between both genotypes (Fig. 16). In contrast, YUC6 transcript was
clearly less abundant in the mutant compared to the WT (Fig. 16), indicating reduced contribution of
this gene to auxin biosynthesis in prt1-1' under warm temperatures. Of note, in contrast to YUC2,
promoter activity of YUC6 was also strongly observed in mature pollen grains by the use of
promoter::GUS constructs (Cheng et al., 2006). In the experiment performed within the work
presented here, the fraction of mature pollen grains was obviously reduced in mutant anther
preparations for gRT-PCR. Thus, it could not be fully ruled out that the apparent downregulation of
YUC6 was an artefact caused by the lower abundance of mature pollen grains in the mutant anther
samples. However, RNA in situ hybridizations (Cecchetti et al., 2008), as well as GFP fusions of YUC2
and YUC6 coding sequences (CDS) (Yao et al., 2018), did not support higher transcript abundance of
YUC6 at the mature pollen stage, but showed co-expression of both genes throughout anther tissues
and stages. Thus, to address the possibility that the sterility phenotype was caused by depressed
auxin biosynthesis, mutant plants grown at 28°C were repeatedly sprayed with a solution containing
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the synthetic auxin 1-naphthaleneacetic acid (NAA) and examined for silique formation. In a previous
work, such a treatment was able to rescue defects in anther development of Col-0 plants induced by
high temperature conditions (31°C or 33°C) (Sakata et al., 2010). However, reconstitution of silique
formation was not achieved by this treatment (data not shown). Hence, reduced auxin biosynthesis is
unlikely to be the major cause of the temperature sensitivity in prt1-1°.

There is growing evidence for the participation of cytokinins in the regulation of stamen
development (Huang et al., 2003a; Werner et al., 2003; Nishimura et al., 2004; Kinoshita-Tsujimura
and Kakimoto, 2011; Zufiiga-Mayo et al., 2018). Strikingly, the phenotype observed for prti-1®
resembled to some extend the effect reportet for a mutant of the PUB4 gene: The mutant line
Atpub4 was described to be male sterile in a temperature-dependent manner, since plants were
infertile at 22°C, whereas partial fertility was restored when plants were grown at 16°C (Wang et al.,
2013a). In this mutant, the tapetum degenerated incompletely, leading to abnormal exine structures
and failure to dehisce. PUB4, together with PUB2, were later shown to be involved in cytokinin
signaling (Wang et al., 2017). Thus, PUB4 establishes a potential link between cytokinins and the
temperature adaption of male reproduction. To investigate whether cytokinin signaling was affected
in prt1-1% anthers at the restrictive temperature, type-A ARR genes were included in the transcript
analysis of prt1-1% stamens. In order to obtain robust reporters of cytokinin signaling, ARR5 and ARR6
were chosen for the high responsiveness of their transcripts towards cytokinins, and ARR4 for its
relatively high basal expression levels (D’Agostino et al., 2000; Rashotte et al., 2003; To et al., 2004).
Differential expression between prt1-1* and WT was observed for all three type-A ARRs (Fig. 16).
Interestingly, while transcript levels of ARR5 and ARR6 were increased in the mutant anthers,
indicating a slight increase in cytokinin levels in anthers of prt1-1%, a slight downregulation of ARR4
was detected in comparison to the WT (Fig. 16).

Transcriptional induction of the ethylene signaling components EIN3 and ETR2 was reported to also
be part of the early response to cytokinin sensing (Brenner et al., 2005). When analyzing anthers
grown at elevated temperature, downregulation of EIN3 transcript, but not of ETR2, was observed in
prt1-1%, again demonstrating a more complex deregulation of cytokinin-related gene expression in
the mutant anthers. Notably, while both genes have major functions in ethylene signaling, only ETR2
expression was described to be induced by ethylene (Hua et al., 1998; Ellison et al., 2011), whereas
EIN3 transcript levels are unaffected by ethylene treatment (Chao et al., 1997). Thus, given that ETR2
MRNA levels were unchanged in prt1-1* anthers compared to the WT at high temperature, ethylene
levels were potentially unchanged in the mutant anthers, or only slightly elevated. In contrast,
downstream signaling via EIN3 appeared to be affected in prt1-1* stamens, potentially through
attenuated cytokinin signaling.

ABCG half-transporters are involved in the deposition of suberin at tissues with barrier functions, and
ABCG1, in particular, is important for pollen exine and intine formation (Yadav et al., 2014; Yim et al.,
2016). Consistent with the increased staining of phenolic compounds on prt1-1* microspores that
was visible in anther thin sections at stage 11 (Fig. 13), ABCG1 transcript was upregulated in these
stamens as compared to the WT (Fig. 16).

Similar to ABCG1, the hexose transporter SWEET8/RPG1 is essential for exine pattern formation and
pollen viability, by facilitating proper callose deposition and primexine formation (Guan et al., 2008;
Chen et al.,, 2010b; Sun et al., 2013). Highest expression of SWEET8 is seen in the tapetum and
microspores at the meiotic stage (5/6) (Guan et al., 2008). Within this work, in samples of post-
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meiotic anthers at mild heat stress, SWEET8 transcript was also detected to relatively high amounts:
In the WT, transcript levels relative to the housekeeping gene PROTEIN PHOSPHATASE 2A (PP2A)
were comparable to YUC2 values in both experiments (Tab. S2). Interestingly, a reduction of the
transcript level of SWEET8 was detected in prti1-1%, suggesting reduced metabolic activity associated
with exine maturation. In contrast, HXK1 — encoding for a protein with glucose sensor function
(Moore et al., 2003; Ramon et al.,, 2008) — is most expressed in stamens of flowers at stage 12
according to publicly available expression data (Arabidopsis eFP Browser; Schmid et al., 2005; Winter
et al., 2007). Thus, HXK1 expression should be relatively high in the samples that were collected for
this experiment. Furthermore, HXK1 transcript is responsive to exogenously supplied sugars as
indicated by microarray expression data available at Genevestigator (experiment IDs AT 00639,
AT_00650, and AT_00313). HXK1 was found to be transcriptionally unchanged in anthers between
WT and prt1-1* (Fig. 16), supporting that both samples (WT and mutant) contained predominantly
anthers of the targeted stage. Moreover, constant HXK1 levels might indicate that sugar availability
was not altered in prt1-1% anthers.

In summary, the mutant line prt1-1* was found to be male sterile conditional on a moderately
elevated ambient temperature, but the phenotype was caused by a second site genetic alteration
which was genetically linked to PRT1. The cause of the male sterility of prt1-1* was most likely
microspore abortion occurring after meiotic divisions. The mutant line exhibited differential
expression of genes related to hormonal pathways, most clearly of JA biosynthesis and cytokinin
signaling, but also of genes associated with pollen wall biosynthesis. These findings are in accordance
with a postmeiotic defect in microspore development of prti-1%, since JA signaling predominantly
affects later stages of anther development, and also cytokinin appears to act mainly during
postmeiotic stages of microspore maturation (Kinoshita-Tsujimura and Kakimoto, 2011).

3.2 PRT1 promoter activity

Information on the expression pattern of the PRT1 promoter and the localization of the PRT1 protein
could help to unravel the gene’s physiological role. To this end, stably transformed Arabidopsis lines
were created that expressed the B-glucuronidase (GUS) reporter gene under the control of the PRT1
promoter or of the ARABIDOPSIS TOXICOS EN LEVADURA 9 promoter (proATL9) as a control. ATL9
encodes for an E3 Ub ligase involved in plant immunity (Deng et al., 2017).

Because of amplification difficulties, the PRT1 promoter could only be obtained as a sequence lacking
CTCT in a 65 bp repetitive sequence that starts 10 bp upstream of the start codon. The resulting

construct is therefore referred to as proPRT14¢7¢7,

At the seedling stage, in the vast majority of the 49 proPRT14°7¢"::GUS T2 lines examined, no GUS signal
(Fig. 17A) or a weak signal restricted to vascular tissues (Fig. 17B) was detected. Individual lines
exhibited relatively strong staining at the shoot and root apices (Fig. 17C), indicating promoter
activity at meristematic regions. Notably, signal strength variation observed between T2 lines were
likely due to different numbers of T-DNA insertions, since T2 lines with the strongest reporter
expression exhibited little to no segregation on selective medium (including lines 26 and 40 shown in
Fig. 17C and 17B, respectively). In contrast, GUS expressed from proATL9 reported uniform
expression in seedling roots of all tested T2 and T3 lines (Fig. 17D). Here, staining in the root was
strongest in the central portion of the primary root, starting at the site of emergence of the first
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lateral root down to the end of the root hair zone. In more developed seedlings (age 14 days) and
more expanded root systems, staining of the lateral roots was at least as strong as of the primary
root (Fig. 18). At this age, the root tip was also stained in many lines (Fig. 18B). Expression of ATL9 in
the seedling root is consistent with microarray data publicly available at the Arabidopsis eFP Browser.
The finding however conflicts with recent work from Deng et al. (2017) who reported proATL9::GUS
activity at this seedling stage predominantly in vasculature, hypocotyl, leaves, petioles and stems.
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Fig. 17| Promoter activity of the PRT1 gene and control genes in GUS reporter lines. Histochemical analysis of
B-glucuronidase (GUS) activity in promoter::GUS expressing Arabidopsis lines. A-D, GUS activity in 10 days old
seedlings transformed with proPRT14¢7T::GUS (A-C) or proATL9::GUS (D). A-C, PRT1 expression in seedlings of
independent transformation events is below the detection level (A), weakly detected in vascular tissues (B), or
localized to shoot and root apices (C); D, proATL9::GUS confers GUS activity restricted to the root in seedlings.
E-H, Expression of proPRT14¢7T::GUS in single-T-DNA-insertion lines (E, F and H) or (G) prolQD4::GUS (the plant
line was kindly provided by K. Biirstenbinder) in reproductive tissues. E, proPRT1%¢""::GUS expression in
inflorescences is seen at the base of young flowers (black arrowhead), and in pedicles (white arrrowhead). F
GUS staining in individual pollen grains (arrowhead) of dehiscent anthers was detected in at least three
independent T2 lines, including the depicted line 32, but could not be detected in T3 lines. G, H, GUS activity in
germinating pollen. G, prolQD4::GUS yields signals in pollen tubes (black arrow) and mature pollen grains (black
arrowhead), but not in germinating pollen grains (white arrowheads). H, No GUS activity was detected in
germinating pollen or pollen tubes of proPRT147T::GUS expressing lines (T3).

In flowers of single-T-DNA-insertion lines of proPRT127T::GUS expressing plants, reporter activity
was detected predominantly in a stripe-like pattern potentially coinciding with vasculature at the
base of young flowers, i.e. the junction between pedicle and young petals (Fig. 17E). This signal was
restricted to flowers younger than approximately stage 10-11. Less frequently, staining was seen in
the pedicle or stem vasculature (Fig. 17E). The signal at the young flower base was observed in three
independent lines with single insertions of the T-DNA in the T2 as well as in the T3 generations.
Furthermore, GUS staining of individual pollen grains of dehiscent anthers was observed in three
independent transgenic lines of proPRT14™T::GUS in the T2 generation (Fig. 17F), but could not be
detected in T3 lines anymore. Of note, PRT1 transcript abundance is reported to have a maximum in
mature pollen grains according to the data available at the Arabidopsis eFP Browser.

In order to test if proPRT1™T was active in germinating pollen grains or pollen tubes, pollen
germination assays and subsequent GUS stainings were performed. Here, no expression of GUS from
proPRT127 could be detected (Fig. 17H). However, GUS activity was readily detected in pollen tubes
and mature pollen grains, but not in germinating pollen, when GUS expression was driven by the
1Q-DOMAIN 4 promoter (Fig. 17G; prolQD4::GUS; stable transgenic lines were kindly provided by
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Jakob Quegwer! and Katharina Birstenbinder! and the line was previously published in
Blrstenbinder et al. (2017)).
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Fig. 18| Expression pattern of the ATL9 promoter in seedling roots at 14 days age. GUS reporter activity was
analyzed in T3 lines stably transformed with proATL9::GUS. A, In branched root systems, promoter activity was
observed in lateral roots as well as the younger part of the primary root. B, Magnification of A. Next to the
maturation and root hair zones, GUS signal in the root tip was also observed in some, but not all T3 lines
(arrowhead). Scale bars: 1 mm.

Because of the deletion of four nucleotides in the PRT1 promoter sequence, the functionality of the
construct was confirmed by RT-PCR analysis of transgenic mRNA produced from proPRT14““T in two
different stable transgenic contexts: Plant lines in the prti-1* genetic background expressed either
the PRT1 CDS as a GFP-tagged variant where Cys-29 of PRT1 had been replaced by Ala (see chapter
3.3.2), or the coding sequence for the WT protein with a triple hemagglutinin (HA) tag.

ProPRT14¢TT::GFP-PRT1%A proPRT14°7°T::3HA-PRT1
C U meAd e LA RO ED SO
TUB2 et - —— -
s = il
endo. pRTT | . s || ) — ——— — — — —
transg. pRT 1 I s (i — ——— ——

Fig. 19| PRT1 transcript is expressed from the proPRT12™" promoter construct. Arabidopsis lines of the prt1-
1¥ mutant genotype were stably transformed with either proPRT14™T::GFP-PRT1%** or proPRT14¢™T::3HA-PRT1
and transcript analysis was performed by semi-quantitative RT-PCR. Transcript of the endogenous PRT1 gene
was targeted by amplification priming in the 5" UTR that was absent from the PRTI transgenic sequence.
Transgenic transcript was amplified starting in the sequence of the affinity tag. For the experiment using GFP-
PRT1%°A [ines in the left panel, flower material of T2 lines was analyzed and PCR cycle numbers were the same
for amplification of both the housekeeping gene TUBULIN BETA CHAIN 2 (TUB2) and the PRT1 targets. In the
case of 3HA-PRT1 lines in the right panels, samples were derived from seedling material and amplification
cycles were adjusted to yield similar amplicon levels for TUB2 and PRT1 sequences. Lines with single T-DNA
insertions are marked by an asterisk. C, Control (untransformed prt1-1%); €"“-PRT1, endogenous PRTI;
transg.pRT1, transgenic PRT1.
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Of these transgenic lines, random T2 lines were selected for transcript analysis. In almost all cases,
transgenic PRT1 transcript was detected (Fig. 19). The levels of expression varied between lines, but
were roughly comparable to the levels of the endogenous mRNA, especially in the cases of
transformants with potential single insertions of the T-DNA which was determined by segregation on
selective medium. This data indicated that neither the activity of the cloned PRT1 promoter, nor the
stability of the transgenic transcript was affected by the deletion in the downstream promoter
sequence.

During RT-PCR (Fig. 19), as well as qRT-PCR (Fig. S5), signals for the endogenous PRT1 transcript were
overall low for both flower (Fig. 19) and leaf material (Fig. 19, S5), and suggested a weak expression
of the endogenous promoter of PRT1, confirming what was concluded from the GUS reporter
analyses. Moreover, recombinant protein in transgenic PRT1-expressing lines could not be detected
by immunoblot analysis against the GFP- or the HA tag, respectively, in any genetic context, even
after enrichment via immunoprecipitation (data not shown). In fact, PRT1 immunoblot detection
failed in stable transgenic lines (all in the prt1-1* genomic background) expressing p35S::PRT1-3HA,
proPRT147T::3HA-PRT1, proPRT1%°"::GFP-PRT1, and proPRT1%"T::GFP-PRT1‘***. The extremely
difficult recovery of PRT1 protein from transgenic lines despite detectable transcript levels indicated
that the protein exhibited low stability in planta.

It was aimed to confirm the results for PRT1 expression patterns obtained from the GUS reporter
system by transgenic lines stably expressing eGFP under control of the PRT1 promoter construct
(proPRT14™C"::eGFP). Yet, no fluorescent signal corresponding to GFP was detected in any of the
examined transgenic lines either at the seedling stage, in anthers, or in pollen grains. The same was
true for the plant lines expressing the translational fusions of GFP-PRT1 or GFP-PRT1%** (data not
shown).

The findings presented here showed that the PRT1 promoter has overall low activity with a
predominance to vascular and apical tissues of seedlings and to the basis of young flowers.
Interestingly, the young flower basis is a region with potentially high proliferating activity (Ichihashi
et al., 2011; Ichihashi and Tsukaya, 2015). This, together with the observation of promoter activity in
apical tissues of some reporter lines, suggests a role for PRT1 at certain meristematic cells.

3.3 Biochemical characterization of the PRT1 protein

Until the beginning of this work, the function of the PRT1 gene was investigated exclusively by means
of genetic approaches. Hereby it was shown that the gene is necessary for the degradation of
reporter constructs bearing type Il N-degrons in plants, and that heterologous expression of PRT1
confers instability to such constructs in yeast. However, the cellular environment in these genetic
experiments might provide additional unknown factors which are required for PRT1 activity, thus
obscuring details of the enzymatic function of PRT1. Furthermore, the determinants for substrate
recognition by PRT1 were assessed only to the level of the very N-terminal amino acid of a flexible
linker at the N-terminus of a test substrate. Therefore, we sought to characterize the PRT1 protein in
more detail using recombinantly expressed purified protein in vitro.
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3.3.1 PRT1 acts as an E3 ubiquitin ligase in vitro

Bioinformatical analysis identifies two putative RING domains within the PRT1 protein sequence, and
the PRT1 gene was associated with protein stability and ubiquitination events in plants (Potuschak et
al., 1998; Stary et al., 2003), leading to the hypothesis that it acts as an Ub ligase. However, in-vitro
ubiquitination activity of purified PRT1 had never been shown, and the reported in-vivo dependency
of test substrate instability on the presence of PRT1 could still be explained by PRT1 functioning as an
adaptor molecule, rather than a catalyst. Hence, in order to test if PRT1 acts as an E3 ubiqutuitin
ligase in vitro, an Escherichia coli clone carrying PRT1 fused N-terminally with an eightfold His-tag in
combination with the MALTOSE BINDING PROTEIN (MBP) tag ("“MBP-PRT1; kindly provided by
Christin Naumann?) was used for protein expression and purification (Fig. S9). To investigate if the
recombinant protein featured E3 activity in vitro, an autoubiquitination assay was set up engaging
Arabidopsis UB ACTIVATING ENZYME 1 (UBA1) and UB CONJUGATING ENZYME 8 (UBC8) as E1 and E2
enzymes, respectively (purified 6His-UBA1 and 6His-UBC8 were kindly provided by Marco Trujillo*?
and Augustin Mot¥3). UBC8 constitutes a promiscuous E2 enzyme that is active with various RING-
type E3 ligases (Kraft et al., 2005), and therefore was a good candidate to function in combination
with PRT1. UBA1 is supposed to act redundantly with the second E1 enzyme in Arabidopsis, UBA2,
since they exhibit very similar expression patterns and the recombinant enzymes showed the same
in-vitro capacity for Ub activation (Hatfield et al., 1997). The combined use of UBA1 and UBCS in
autoubiquitination assays employing plant E3 ligases was established previously (Stegmann et al,,
2012), and the same fusion constructs were applied in this work as published by Stegmann and
coworkers.

In the performed assay, E3 autoubiqutination becomes apparent by the formation of higher
molecular weight protein species, which are seen as a smear of Ub signal upon immunoblot. In the
presence of ATP, Ub, E1, E2, and PRT1 enzyme, the formation of protein species of intermediate to
high molecular weight was detectable with an anti-Ub antibody (Fig. 20A). When instead of the PRT1
fusion protein the protein tag ("*MBP) alone was added to the reaction, no ubiquitination smear
appeared in the immunoblot, showing that PRT1 protein was responsible for the catalysis of the Ub
ligation. Since no additional substrate protein was provided for Ub transfer in the assay, it was
concluded that the observed high-molecular weight signals represented mainly poly-Ub chains as a
result of autoubiquitination. This was supported by the signals obtained from an antibody against the
His tag, where the band corresponding to the unmodified species of the E3 were weaker in those
samples showing an ubiquitination smear in the anti-Ub blot (Fig. 20). However, approaches using
the anti-His antibody failed to detect modified versions of "sMBP-PRT1. This might be due to
differences in sensitivity between the two antibodies, as well as to the fact that each ubiquitinated
E3 species contained only one molecule of "*MBP-PRT1, but increasing amounts of Ub epitopes with
higher order modified species.

Furthermore, when PRT1 was added to activated UBC8 enzyme (i.e., in the presence of Ub, ATP and
E1), the formation of di- and tri-ubiquitinated species of the E2 was strongly enhanced compared to
the same reaction lacking PRT1 (Fig. 20A). This indicated that the presence of PRT1 augmented the
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Fig. 20| PRT1 acts as an E3 Ub ligase in vitro by engaging both RING1 and RING2. A, Recombinant PRT1, UBA1
and UBCS8 proteins were combined with ATP and Ub, as indicated. The reaction was performed for 3 hours at
30°C, and the samples in the endpoint reaction states were subjected to SDS-PAGE followed by
immunoblotting with anti-Ub or anti-His antibodies, respectively. E1 and E2 enzymes were provided at
standard (+) or ten-fold (++) concentrations. Poly-Ub chains on substrate proteins (e.g., PRT1 itself: PRT1-Ubny) is
visible in the immunoblot using anti-Ub antibody (P4D1). B, Endpoint autoubiquitination as described in A but
involving mutant versions of PRT1 with amino acid changes to Ala of Val-28 (RING1), Cys-29 (RING1), or Cys-195
(RING2).

ability of the E2 to multi-mono-ubiquitinate itself, or that the E3 used the E2 as a substrate. In
contrast, the autocatalysis of E2 in combination with "*MBP alone was marginal (Fig. 20A). This
finding was consistent with the assumption that the presence of a RING domain is able to activate E2
enzymes of the mammalian Ube2D family, which is homolog to Arabidopsis UBC8 (Scheffner et al.,
1994; Stewart et al., 2016), towards reaction with Lys (Ozkan et al., 2005; Wenzel et al., 2011;
Stewart et al., 2016). Interestingly, the same effect on E2, but no autoubiquitination, was observed
when purified PRT7 (Fig. S9), a PHD-finger protein-like protein with potential N-end rule adapter
function (Garzon et al., 2007; Talloji, 2011), was subjected to the autoubiquitination reaction (Fig.
$10). This indicated that the increased formation of ubiquitinated E2 species were the result of
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enhanced autocatalysis performed by the E2, which is apparently also facilitated by the presence of a
PHD domain in vitro.

Notably, "*MBP-PRT7 exhibited a considerably higher migration pattern in sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) than would be expected from the molecular weight of
the protein (~130 kDa apparent vs. 96.5 kDa calculated; Fig. S9). However, the protein band at 130
kDa was excised from an SDS polyacrylamide gel, and the identity of PRT7 was confirmed by mass
spectrometry with a sequence coverage of 81 percent (data not shown; unpublished results by
Wolfgang Hoehenwarter! and Petra Majovsky?).

Together, the result showed for the first time that PRT1 1) is active as an E3 Ub ligase catalyzing the
reaction of poly-Ub chain formation, 2) is able to cooperate with UBC8 in vitro, and 3) is
enzymatically active as an N-terminally tagged version.

3.3.2 Both RING domains of PRT1 are required for autoubiquitination

The domain structure of PRT1 is characterized by the presence of two RING finger domains and one
ZZ domain (Fig. 3). Because one RING is normally sufficient for the activity of RING E3 ligases, and the
ZZ domain was presumed to work as a protein-protein interaction site rather than being involved in
catalysis (Stary et al., 2003; Mogk et al., 2007), it was asked whether both RING finger domains are
required for PRT1’s autoubiquitination activity.

lle-26 (BRCA1) Cys-27 (BRCA1)
lle-383 (c-CBL) Cys-29 (RING1)
Val-28 (RING1) Cys-195 (RING2)
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Fig. 21| Alignment of the amino acid sequences of the PRT1 RING domains with human E3 RING domains of
the C3HCA4 type. The alignment with human BRCA1 and c-CBL with the PRT1 RING domains shows conservation
of all eight potential metal coordinating (ligand) residues (Cys and His, numbered below), characterizing the
RING domains of PRT1 as of the C3HC4 type. Residues that were previously found to be important for the
catalytic activity of these human E3 ligases (Zheng et al., 2000; Brzovic et al., 2003; Stone et al., 2005), and
were therefore selected for mutation at the respective PRT1 RING sites, are highlighted with arrows. The red
box indicates a conserved negatively charged residue and dark green boxes highlight conserved hydrophobic
residues. The stretch between metal ligands 2 and 3 which shows divergence between the human and the
Arabidopsis sequences is marked by a black bar above. The following amino acid (aa) sequences are presented:
BRCA1l a2al8-67, c-CBL aa378-421, PRT1_RING1 aa26-65, and PRT1_RING2 aal92-231. A dot indicates
conservation of the amino acid as compared to the uppermost (BRCA1) sequence.
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To address this, it was aimed to identify residues of PRT1 that, when mutated, could be expected to
have a significant impact on catalytic activity. To this end, the amino acid sequences of the two RING
domains of PRT1 were aligned to the RING finger domains of the well characterized human E3 ligases
BREAST CANCER 1 (BRCA1) and c-CBL (referred to hereafter as BRCA1RNS and c-CBL®N®). These
human RING domains were chosen because they are of the C3HC4 type, as it is the case for both
RING domains of PRT1 (referred to hereafter as RING1 and RING2).

The alignment of the four RING domains showed relatively low conservation between the
Arabidopsis and the human sequences apart from the metal coordinating residues (Fig. 21).
Divergence between the human RING domains and the PRT1 domains was found particularly within
the stretch between the second and the third metal ligand, particularly a loss of negatively charged
residues in the PRT1 domains (Fig. 21, black bar). Interestingly, RING2, but not RING1, was
furthermore enriched in negative charges throughout the second half of the domain.

For both BRCA1 and c-CBL, it was reported that mutating the hydrophobic residue preceding metal
ligand 2 completely abrogated E3 activity in vitro (Zheng et al., 2000; Brzovic et al., 2003; Stone et al.,
2005). This effect was attributed to the disruption of the E2 interface. In the case of BRCA1, the
mutation of the respective lle-26 to Ala, a smaller but likewise hydrophobic residue, was sufficient to
prohibit autoubiquitination activity (Brzovic et al., 2003). Interestingly, in RING2, Ala occurs naturally
at this position. This allowed speculation that in PRT1, RING1 but not RING2 might be responsible for
the E2 interaction. To test this, the hydrophobic valine (V, Val) 28 of RING1, which aligns with BRCA1
lle-26 (Fig. 21), was mutated to Ala (PRT1Y%"). In order to furthermore address the contribution of
the individual RING domains to PRT1 activity, two more mutants were created with Cys to Ala
mutations at the position of the second metal ligand of either of the two domains (referred to as
PRT1®* and PRT1‘®*A for RING1 and RING2 mutations, respectively). These mutations were
expected to massively disturb the integrity of the affected RING domain, and it was shown previously
that mutation of the respective Cys residue in other RING E3 ligases abolished RING domain function
(Lorick et al., 1999; Brzovic et al., 2003).

All three mutant proteins could be expressed to equal amounts in E. coli (Fig. S11). However,
purification efficiency via Ni-NTA column was rather poor, as was the case already for the WT
protein, and translational abrogation products were co-purified with high efficiency (Fig. S9).
Moreover, especially the Cys mutants showed a tendency to aggregate upon higher concentration
even as a fusion with the highly soluble MBP-tag (data not shown). This could be a consequence of
protein misfolding due to the disturbed domain structure.

Nevertheless, recombinant protein of all three mutated variants could be recovered at sufficient
amounts for further in-vitro experiments. When subjected to the autoubiquitination reaction, all
three PRT1 mutant variants exhibited compromised activity, differing in the degree of impairment
(Fig. 20B). The V28A mutant, with a change that was expected to highly impact on E2 interaction, but
to preserve overall structural integrity of the protein, was still capable of forming Ub chains of high
molecular weight onto itself as well as it produced higher ubiquitinated species of the E2 enzyme
(Fig. 20B). A strong reduction of activity of PRT1V%* compared to the WT protein was most apparent
at the disappearance of Ub conjugates of intermediate molecular weight (Fig. 20B). Such products
were easily detected in the WT reaction and might represent ubiquitinated species of protein
contaminants present in the reaction or of translational abrogation products of the E3 itself that
were co-purified. Interestingly, detection of ubiquitination products of intermediate molecular

57



weight with PRT1Y?# could be restored by omitting reducing agents during SDS sample preparation
(Fig. S12), indicating that these reaction products of PRT1Y?®A might represent thioesterified E2-poly-
Ub conjugates, rather than covalently ubiquitinated species. Nevertheless, the fact that the activity
of PRT1Y%A was not abolished completely as it was the case for the respective mutant of BRCA1,
suggests that this hydrophobic residue was not as crucial for E2 interaction of PRT1, or Ala at this
position is able to partially fulfill the same function in RING1.

In contrast to Val-28, a single amino acid exchange of the metal coordinating Cys following Val-28
fully abolished autoubiquitination activity of PRT1 (Fig. 20B, S12). Hence, the integrity of the first
RING domain was indispensable for PRT1 activity, even if RING2 was intact. Moreover, the
appearance of a di-ubiquitinated E2 signal was marginal upon reaction with PRT1%°* (Fig. 20, S12),
and resembled incubation with the "*MBP control only. Thus, the first RING domain of PRT1 was also
required for the above mentioned effect of RING domain proteins on E2 activation. This finding
would be in accordance with the assumption that in PRT1, RING1 is most responsible for mediating
the interaction with the E2 enzyme.

Disturbance of RING2 via mutation of Cys-195 also impaired PRT1 autoubiquitination activity severely
(Fig. 20B, S12), showing that both RING domains are mechanistically involved in the reaction.

11954 exhibited strongly repressed autoubiquitination activity, this mutant

However, although PRT
still enabled the production of some higher molecular weight ubiquitinated species, visible as the
formation of a faint smear starting roughly 30 kDa higher than unmodified "*MBP-PRT1 (Fig. 20B,
S12). Furthermore, next to residual ubiquitination activity, PRT19" still triggered pronounced
double- and triple-ubiquitination of the E2, consistent with retained E2 interaction capability of this
mutant (Fig. 20B, S12). Hence, the second RING domain of PRT1 appeared to fulfill an additional role
required for PRT1-mediated Ub ligation. So far, the requirement of more than one RING domain for
E3 activity is known exclusively for RBR ligases (Wenzel et al., 2011). Here, interaction with the E2 is
mediated by a canonical RING domain, and a second, C-terminal RING-like domain accepts Ub via a
transient thioester in a HECT-like fashion (Wenzel et al., 2011; Riley et al.,, 2013). Given the
requirement of two RING domains for the autoubiquitination activity of PRT1, a RBR-like mechanism
of action could be proposed. However, none of the three Zn fingers present in PRT1 aligns well with
the conserved RING2 domain of the RBR E3 ligase parkin which undergoes thioesterification with Ub
(Riley et al., 2013; Fig. S13). Particularly the sequence divergence within the region preceding the
catalytic Cys of parkin contradicts PRT1 acting as a RBR E3 ligase, since this region shows homology
within the family of RBR E3 ligases (Eisenhaber et al., 2007). However, it is possible to aligh most of
the Cys and His residues of PRT1 RING1 and RING2 to the sequence of RING2 from parkin (Fig. S13).
Therefore, it was considered that the faint Ub smear seen with PRT1%* might contain thioesterified
variants of PRT1, suggesting an HECT- or RBR-like mechanism of action for PRT1 that involves
conjugation of Ub to RING1. To address this, it was tested whether the product of PRT1¢%A
autoubiquitination would be increased when the protein was denatured in the absence of a reducing
substance. However, ubiquitination products formed by PRT1%* were not sensitive to treatment
with the reducing agent dithiothreitol (DTT), ruling out the possibility that they represented E3~Ub-
thioesters (Fig. S12).

The finding that disturbance of RING1, but not RING2 resulted in a complete disruption of PRT1’s
autoubiquitination activity and E2 activation, indicated that RING1, rather than RING2, might be most
responsible for E2 interaction. Additionally, RING2 was found to further support catalytic activity of
PRT1 in another, almost equally important manner.
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3.3.3 The in-vitro substrate specificity of PRT1

All work published on the substrate specificity of PRT1 was performed in vivo using reporter proteins
as degradation targets that were equipped with either of two artificial N-terminal amino acid
sequences (Bachmair and Varshavsky, 1989; Bachmair et al., 1993; Potuschak et al., 1998; Stary et al.,
2003; Garzon et al., 2007). First, the N-terminal sequence used as a bait to isolate the prtl-1 allele
was initiated by Phe, followed by Arg-Ser and a subsequent 12 residue Gly stretch (FRS-[G]12-RG-...)
(Bachmair and Varshavsky, 1989; Potuschak et al., 1998). This N-terminus was also employed by
Stary et al. (2003) for Ub protein-reference constructs containing DHFR that were expressed in
plants. Second, for complementation assays expressing PRT1 in Aubrl mutant yeast cells, a
B-galactosidase (B-gal) reporter was applied (Stary et al., 2003). Here, the reporter contained a 40
amino acids N-terminal extension derived from the E. coli Lac repressor (lacl), as a consequence of
the cloning strategy that was originally applied to construct the reporter (Bachmair and Varshavsky,
1989). This linker sequence (X-HGSGAWLLPVSLVKRK...) was termed e (extension [e] containing Lys
[K]; Varshavsky, 2005). The disordered character of e* was considered to confer segmental mobility
to the N-terminal region of the reporter protein, thus enabling the linker to serve as an N-degron,
together with the provision of properly spaced Lys residues for Ub transfer (Bachmair and
Varshavsky, 1989). For previous investigation of PRT1, e was applied as the N-terminus of a B-gal
test substrate in yeast (Stary et al., 2003), as well as for Phe-initiated GUS reporters expressed in
planta by Garzén et al. (2007). Finally, a short variation of e, derived from the N-terminus of a novel
DHFR construct called K2, was expressed for exploiting PRT1-mediated degradation by Faden et al.
(2016, 2019). K2 provides the N-terminal sequence F-HGSGI-MVRPLNCIVA, where the latter part
(MVRP...) represents the N-terminus of WT DHFR.

Based on a BLAST search, peptides similar to eX or FRS-poly-Gly cannot be found in the Arabidopsis
proteome (albeit blasting the sequence YRSGGGGG yielded 3 protein hits; the respective identifiers
are AT3G60110, AT2G21660, and AT4G39260). Thus, the N-terminal sequences that have been used
to investigate PRT1 activity so far are not suitable for the prediction of potential in-vivo targets of this
N-recognin. To unravel the physiological role of the degradation of type Il N-end rule substrates in
plants, however, it would be of major interest to identify those protein targets of PRT1. Hence, it was
decided to investigate in more detail which features of a peptide sequence next to the aromatic N-
terminus specifically confer binding by this N-recognin.

To this end, the synthesis of SPOT (for Synthetic Peptides On membrane support Technique) peptide
arrays was chosen to perform comprehensive binding assays with recombinant "*MBP-tagged PRT1.
SPOT membranes are arrays of artifical peptides on a cellulose surface where each peptide sequence
is individually concentratated within a defined region (“spot”) with a diameter of about 4 mm.
Protein binding to these sequences can be assessed by incubation of the recombinant protein of
interest with the peptide array and subsequent immunodetection following Western blotting (see
materials and methods, Fig. 53). The intensity of the Western blot signal at each “spot” roughly
correlates with the dissociation constant of the tested protein and the respective peptide ligand
(Weiser et al., 2005). Hence, the signal intensities can be used as a relative measure of protein
affinity when comparing peptide sequences. Furthermore, since the local peptide concentration
within each spot can be considered to be extremely high, the method especially allows for the
detection of protein interactions that are transient or of low affinity (Hilpert et al., 2007; Klecker and
Dissmeyer, 2016). In the frame of this work, automated synthesis of SPOT peptide arrays was set up
at the IPB using existing protocols, and binding assays using recombinant N-recognins were
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established. Applying robot-supported methodology, arrays of 17-mer peptides of defined sequences
with a free (i.e., not acetylated) N-terminus were covalently linked to a PEG-functionalized cellulose
support via a C-terminal Gly (residue No. 17). The application of SPOT assays in the context of plant
enzymes had to my knowledge not been attempted before.

In a first approach it was asked if recognition of aromatic N-termini by PRT1 was also influenced by
the amino acid in penultimate position of the N-terminus (referred to as position 2), and if binding
depended on the overall subsequent peptide sequence. For this purpose we designed a SPOT
membrane that comprised two different primary sequences that were previously applied in the
context of N-recognins. These peptide sequences were e* and the N-terminus of the Sindbis virus
RNA polymerase nsP4, the latter representing an authentic type II-N-degron that was used as a
reporter for N-recognin activity in the mouse system (de Groot et al., 1991; Tasaki et al., 2005). Both
e and nsP4 were represented on the SPOT membrane setup with two different amino acids in
position 2 of the N-terminus: Gly or Lys (instead of the WT His) in the case of e, and Ile (conforming
to the WT sequence) or Lys in the case of nsP4 (Fig. 22). Each of these four sequences was
synthesized with all 20 N-terminal amino acids.
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Fig. 22| PRT1 binds peptides with aromatic N-termini with different strength depending on the subsequent
amino acids. A SPOT peptide array was performed using "*MBP-PRT1 as recombinant purified protein. The
peptides synthesized on the membrane are visualized by UV light (left). PRT1 was bound to the membrane and
subsequently transferred to a polyvinylidene fluoride (PVDF) membrane using Western blotting. The tagged
protein was detected using anti-His-tag antibody (center). The scheme on the right side depicts the amino acid
sequences present on the membrane. These differ in their N-terminus (1% position amino acid; aromatic amino
acids are highlighted in red), and the penultimate residue (2"9), as well as in the subsequent 15 amino acid
sequence which is either e (XZ-GSGAWLLPVSLVKRG), or nsP4 (XZ-FSTDTGPGHLQKKSG). The image is
representative for two independent experiments using different membranes and different protein batches. An
excerpt of a replicate of this experiment was published in Dong et al. (2017a).

In the SPOT assay, sequences with aromatic N-termini were most robustly bound by PRT1 (Fig. 22),
with Phe and Tyr both tending to cause a stronger interaction than Trp. Overall, the nsP4 sequence
yielded stronger signals for PRT1 binding than e, even when peptides with identical amino acids in
positions 1 and 2 of the N-terminus were compared. For instance, Lys-Tyr-e* gave a weaker signal
than Lys-Tyr-nsP4. This suggested that amino acids downstream of the very N-terminus most likely
also contributed to PRT1 interaction. Interestingly, the influence of the tested amino acids in position
2 was less pronounced, but a hydrophobic residue in penultimate position of nsP4 (XI-nsP4)
supported more promiscuous binding of PRT1 than a basic one (XK-nsP4) in vitro, meaning less
dependency on the aromatic N-terminus. However, it should be noted that overall binding to all
tested eX and nsP4 peptides was rather weak and the Western blot had to be approached with highly
sensitive detection reagents (i.e., enhanced chemiluminescence substrates of femtogram sensitivity).
In contrast, binding to peptides with non-aromatic N-termini was negligible when using sequences
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with higher binding potential and more stringent detection measures (see below: Fig. 25, 26). Such
weak signals as seen for non-aromatic N-termini of nsP4 might actually represent artefacts of the in-
vitro binding system. Of note, "SMBP alone, or "*MBP-PRT7 did not give rise to Western blot signals
in the binding assay (data not shown).

In order to confirm the peptide array results, an X-peptide pull-down assay was set up where 12-mer
synthetic peptides of a derived e* sequence (with deletion of His in position 2 of the original e
sequence) were coupled to avidin-agarose beads via a C-terminal biotin modification. Here, peptide
synthesis was performed doing batch synthesis on solid-phase resin by Carolin Miiller*? and Tom
Grossmann®?,

Fig. 23| Recombinant PRT1 binds to aromatic N-termini in

| 0.69 | .
nput (0.6%) il an X-peptide pull-down system. "sMBP-PRT1 was subjected

F-e¥ M-e* F-e M-eX to a pull-down assay using C-terminally biotinylated 12-mer
peptides of the e*-derived sequence X-GSGAWLLPVSG, with
HisMBPPRTL | we wh oo o | GHDEED - X = F or M, that were coupled to avidin-agarose beads.

Shown is the immunoblot following SDS-PAGE using anti-
His-tag antibody.

As observed in the SPOT assay, "*MBP-PRT1 was pulled down in the bead-based system
preferentially by peptides with Phe in the starting position (Fig. 23). However, the interaction was
rather weak and did not withstand rigorous washing steps, confirming on the one hand a low affinity
of PRT1 to the modified e* sequence, and on the other hand the strong binding potential of the
peptide array, where washing did not significantly impact on the amount of bound PRT1.
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Fig. 24| The first six amino acids and Lys 14 and 15 influence the in-vitro affinity of PRT1 for nsP4. Shown are
sections from a SPOT peptide assay carrying variants of the nsP4 peptide sequence and employing recombinant
HisMBP-tagged PRT1 as the binding partner. Peptide sequences are annotated as starting from N-terminus
(bottom) to C-terminus (top). A and B are membrane sections derived from the same experiment. The
membrane without protein as seen in UV light is presented in the top row, and Western blot detections of
HisMBP-PRT1 using anti-His tag antibody are shown in the bottom rows. A, Ala walk through a derived nsP4
sequence. The amino acid that has been replaced by Ala is highlighted in red. B, Substitution of Lys in the C-
terminal region (highlighted in red) of the original nsP4 sequence by Gly or Arg. The images are representative
of two independent experiments using two different membranes.
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In order to gain further insight into the effect of downstream N-terminal amino acids of a PRT1
peptide ligand, an array was designed in which each residue of the nsP4 peptide sequence was
individually exchanged for Ala (Fig. 24A). Consistent with the previous findings, the substitution of
amino acids subsequent to the N-terminus had a marked influence on PRT1 binding. The first six
amino acids, bearing mostly polar or hydrophobic side chains in the case of nsP4, but also one acidic
residue (Asp), diminished PRT1 binding substantially when they were replaced by Ala. The only
striking exception was the amino acid in second position, a Lys residue in the test sequence, since
binding capacity of PRT1 was hardly affected by the Lys to Ala substitution. Moreover, replacement
of one of the Lys residues in positions 14 and 15 markedly improved binding of PRT1 (Fig. 24A). The
apparently deleterious effect of Lys in the sequence of a PRT1 ligand peptide was rather
counterintuitive, since the E3 ligase is expected to rely on the presence of Lys residues close to the
binding site for the attachment of Ub.

The influence of the distal Lys residues was further addressed using variants of the N-terminal nsP4
sequence that contained lle (instead of Lys) in position 2, corresponding to the WT version of nsP4
(Fig. 24B). Here, the two distal Lys residues were replaced simultaneously by either Gly, a residue
with a small neutral sidechain, or Arg, a residue that is positively charged like Lys, but is not
ubiquitinatable (Hershko, 1988). Interestingly, PRT1 was pulled down by far most efficiently when
both Lys residues were replaced by Gly (Fig. 24B). Mutation of the distal Lys residues of nsP4 to Arg
also improved the affinity of the peptides towards PRT1, but the effect was less pronounced
compared to the GG-variant. Strikingly, in this experiment (Fig. 24B), binding of PRT1 to the WT nsP4
sequence that robustly and reproducibly pulled down PRT1 in the previous membrane context (Fig.
22), was not detectable. This was likely a consequence of the proximity of the much better binding
GG-variant. The observation hints towards a bias in SPOT assay results that is caused by ligand
competition between closely located spots (Weiser et al., 2005).

Taken together, next to the aromatic N-terminus, polar or hydrophobic side chains within the first six
amino acids of a peptide’s N-terminus appeared to be most decisive in terms of PRT1 interaction. As
an exception of this, the impact of the penultimate N-terminal residue appeared to be modest in the
here tested sequence contexts. Moreover, the elimination of positive charges in the C-terminal part
of a 17-mer peptide generally improved binding capacity of PRT1 in vitro, but Lys residues in this
region proved to particularly weaken the interaction.

3.3.4 PRT1RING domains are not involved in substrate binding in vitro

After having established an assay for PRT1 substrate binding, it was asked if any of the two RING
domains was involved in peptide substrate recognition. To address this question, the previously
introduced PRT1 protein variants with mutations in either RING1 or RING2 were subjected to SPOT
assay experiments. For this purpose, an improved and more robustly binding peptide array setup was
designed. These membranes contained, next to the previously employed descendant of nsP4, the K2
N-terminal sequence. Derivatives of this sequence had facilitated strong in-vitro interaction with
PRT1 in binding assays performed by Frederik Faden? (Faden, 2017).

! Leibniz Institute of Plant Biochemistry, 06120 Halle (Saale), Germany
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Consistent with the assumption that PRT1’s ZZ domain rather than either of the RING domains is
responsible for substrate interaction, none of the two RING mutants showed considerable
differences in binding preference to the peptides presented on the SPOT membrane as compared to
the WT (Fig. 25). For all three protein variants, binding strength to the K2 sequence was stronger
than to the nsP4 sequence. Notably, there was a mild trend observable that the mutant variants,
especially PRT1'*A, bound stronger to the K2 sequence than did WT PRT1, whereas binding to the
nsP4 sequences was slightly reduced for the mutant proteins.

PRT1 PRT162% PRT1C19% N-termini (X)
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Fig. 25| Neither of the RING domains of PRT1 is involved in substrate recognition in vitro. SPOT assays with
peptide arrays comprising peptides of the indicated sequences K2 (grey background in the right panel) and
nsP4 (white background) with varying N-terminal amino acids (X) were performed using recombinant H*MBP
tagged versions of PRT1 WT protein, or mutants in RING1 (C29A) or RING2 (C195A). Depicted are
immunodetections following Western blot using anti-His-tag antibody (top), and membrane images taken in UV
light without protein added (bottom). Images of WT and C29A binding are representative of 2 and 3
experiments, respectively. The experiment using the C195A version was not replicated due to technical issues.

Inferring from the results described above, strong binding of PRT1 to K2 could be explained by the
lack of Lys residues in the K2 sequence. However, additional differences in the physicochemical
properties exist between the Phe-His-K2 sequence compared to the Phe-Lys-e and Phe-Lys-nsP4
sequences that might contribute to PRT1 affinity: First, hydrophobicity does not appear to correlate
with PRT1 affinity, since both K2 and e* are overall hydrophobic peptides, while nsP4 is predicted to
exhibit good water solubility (according to the Innovagen Peptide Property Calculator on
https://pepcalc.com/). This also implies that the propensity of a peptide to expose from the cellulose
matrix into the aqueous medium is not alone decisive for PRT1 binding in the peptide assay. In
contrast, the positive net charge of the peptides at neutral pH increases with decreasing PRT1
binding capacity, being K2 (1) < nsP4 (2.1) < eK (3) (Innovagen Peptide Property Calculator). Thus, a
close to neutral net charge might improve the binding of an N-degron by PRT1, provided that a bulky
hydrophobic amino acid is in the ultimate position. Potentially, this would also explain why
substituting Asp-6 in nsP4 abolished PRT1 binding (Fig. 24A), since this increased the positive net
charge of the peptide.

Importantly, PRT1%°* and PRT1'**A binding to the SPOT membrane also showed that, despite being
catalytically compromised, these mutant proteins were not generally inactive. This indicated that the
overall protein structures were obviously not misfolded, although mutation of the metal chelating
Cys residues likely affected the structure of the respective RING domains.
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3.3.5 In-vitro PRT1 binding to Arabidopsis peptide sequences

The final goal of deciphering the specificity determinants for PRT1 substrate recognition would be
the identification of natural targets. Thus, it was aimed to create a SPOT membrane presenting
peptides that mimick potential physiological substrates of PRT1. This should be used to screen these
candidates for their capacity to bind PRT1 in vitro.

Based on published data, at least two proteins are known to reveal aromatic amino acids after
physiologically occurring peptidase cleavage in Arabidopsis. These proteins are EIN2 (Qiao et al.,
2012), and BIG BROTHER (BB). The RING-type E3 ligase BB limits organ growth by restricting the
duration of cell proliferation (Disch et al., 2006). During the period of this work, the peptidase DA1
(“DA” for Chinese “large”) was identified as a physiological substrate of BB by a group of scientists in
the laboratories of Yunhai Li* and Michael Bevan?. Next to BB, a second RING E3 ligase, called DA2,
was also found by Bevan and coworkers to target DA1. Crucially, ubiquitination of DA1 resulted in the
activation of this endopeptidase and DAl-mediated cleavage of both BB and DA2 as part of a
feedback-mechanism. In the case of BB, this released a 188 amino acid C-terminal fragment initiated
by Tyr (denoted Y61-BB) that was destabilized compared to a Met-initiated variant in a cell-free
rabbit reticulocyte system. Contributing also PRT1-binding assays using YK-initiated nsP4 sequences
from this work (a replicate of the SPOT assay shown in Fig. 22), BB was published as the first
physiological PRT1 substrate in collaboration with our group (Dong et al., 2017a).

Additional hints for potential PRT1-target proteins are provided by a proteomic screen performed on
N-end rule mutants by Majovsky et al. (2014). Here, GLYCERALDEHYDE-3-PHOSPHATE
DEHYDROGENASE B SUBUNIT (GAPB, AT1G42970), and RESPONSIVE TO DEHYDRATION 21A (RD21A,
AT1G47128) were found to be more abundant in prt1-1 than in the WT, although the predicted neo-
N-termini after peptidase cleavage do not reveal type-Il N-degrons in these cases. In contrast, levels
of PECTIN METHYLESTERASE 18 (PME18; AT1G11580) were found to be increased in another N-end
rule mutant, prt6-3, but PME18 likely exposes Phe after signal peptide removal (Naumann, 2017),
thus conceptually qualifying as a potential PRT1 ligand.

Finally, the gene with the identifier AT5G42070 codes for an unknown protein that contains a
presumptive cleavage site for the bacterial effector protease AvrRpt2 with the consensus sequence
VPxFGXxW (Chisholm et al., 2005). AvrRpt2-mediated cleavage behind Gly-100 would release a 64
amino acid peptide that is initiated by Trp. Hence, the neo-N-terminus of this protein was also
considered a potential target for PRT1 (N. Dissmeyer, personal communication). The sequences of
the C-terminal proteolytic fragments of RPM1-INTERACTING PROTEIN4 (RIN4) were present on the
membrane as controls, as were versions of the RAP2.12 N-terminal peptide.

Two different arrays where synthesized that comprised the respective neo-N-terminal peptides of
these proteins. Each sequence was included as variants carrying different N-terminal amino acids in
order to provide additional controls.

1 CAS Centre of Excellence in Molecular Plant Biology, Chinese Academy of Sciences, Beijing 100101, China
2 John Innes Centre, Norwich NR4 7QA, United Kingdom
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Fig. 26] The C-terminal peptidase cleavage products of EIN2 and BB constitute potential PRT1 targets.
Recombinant "*MBP-PRT1 was incubated with SPOT peptide arrays presenting the neo-N-termini of several
proteins which are supposed to be subject to protease cleavage in planta. A, Overview of the SPOT membrane
shown in B. Left: as seen in UV light; right: immunoblot using anti-His antibody. B, "SMBP-PRT1 binding was
detected with the neo-N-terminus (A645) of EIN2 in a manner dependent on the aromatic N-terminus, but not
with versions of RD21A, GAPB, PME18, or RIN4. The presented peptides represent N-terminal variations of
sequences predicted to be produced by protease cleavage in planta. Ax indicates that x amino acids are
removed N-terminally from the native protein sequence to give rise to the presented peptide sequence.
Aromatic N-termini are highlighted in red. C-terminally, Gly was added for synthesis reasons. C, Immunoblot
(top) and UV-seen membrane (bottom) of a SPOT assay using recombinant "*MBP-PRT1 on the neo-N-termini
of the putative AvrRPT2 substrate encoded by AT5G42070 and BB. The hydrophobic residues marked in red
correspond to the WT sequences. A and B show an experiment representative for three independent
experiments using different membranes. The experiment shown in C was not repeated.

Of all tested sequences, only the EIN2 and BB neo-N-termini facilitated binding of PRT1 (Fig. 26). The
signal strength was in both cases comparable to the well-binding K2 sequence and was very specific
for an aromatic amino acid at the N-terminus (Fig. 26), with Phe and Tyr representing the natural
neo-N-termini of cleaved EIN2 and BB, respectively. Consistent with previous findings concerning the
preference of PRT1, both EIN2 and BB peptides lack Lys in the distal parts of their N-termini and the
17-mer N-terminal peptides are overall uncharged at neutral pH. Of interest, Lys in position 2 did
obviously not interfere with PRT1 binding in the BB sequence context. Strikingly, just like K2, both
EIN2 and BB bear a protonatable residue in second position (K2: His-2; EIN2: Arg-2; BB: Lys-2),
prompting the requirement of a basic residue in this position for optimal PRT1 binding. It is
furthermore interesting that especially the FRS-starting EIN2 peptide resembles the artificial
FRS-poly-Gly sequence which was initially used for the identification of PRT1 (Bachmair et al., 1993).
Both sequences, EIN2 and BB, are also rich in Gly and Ser, confirming the requirement of flexibility
and solvent exposure for an N-terminal linker to function as an N-degron. Finally, of all peptides
tested for PRT1 binding, the EIN2 sequence featured the highest number of disorder-promoting
amino acids (according to Dunker et al. (2001)).

In summary, in-vitro binding of PRT1 showed high specificity of this N-recognin for aromatic
N-termini. Furthermore, it was concluded that the amino acids subsequent to the very N-terminus

65



have a high influence on a peptide’s capacity to interact with PRT1. Here, a flexible, slightly polar, and
overall electrically neutral linker with a positively charged residue in second position appeared to be
most favorable for an N-terminus to act as a degron for PRT1. The neo-N-termini of EIN2 and BB
match these requirements and exhibited high affinity for PRT1 in vitro, suggesting that they might be
recognized by PRT1 in a physiological context. Consistently, in the case of BB, in-vivo degradation via
PRT1 could be published in colaboration with Dong et al. (2017a).

3.4 EIN2is a potential in-vivo substrate for PRT1

Ethylene signaling in Arabidopsis and other plants is tightly linked to the processing and stability of
the key regulator EIN2. Activation of EIN2 signaling involves proteolytic cleavage that results in the
liberation of a C-terminal fragment starting with Phe-646 (referred to in the literature as EIN2 CEND).
According to the plant N-end rule, this fragment should have a short half-life and might be targeted
by PRT1. Using peptide arrays, it was confirmed that PRT1 directly bound to the N-terminus of EIN2
CEND in a manner dependent on the ultimate amino acid Phe (Fig. 26). Thus, it was asked whether
this interaction takes place in a physiological context.
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PLTSEGPGSFRSLSGKG---DEGGSSA
SLTSEGPGSFRSLSGKS---DEGGNGT
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PGTPDGPGSFRSLGGKN---DEGGASA
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CVSDDGPPSLIFSKGKG---SDAGNGN
CASDDGPPSLTFSRGKG---SDAGNGS
NLAYEASGSARSLGGRTDASEGGGSGS

Fig. 27| Conservation of the sequence around the bona fide cleavage site of EIN2. An alignment of putative
homolog protein sequences to Arabidopsis EIN2 at amino acids 637-657 is presented. Species were selected as
representatives of different taxa, including eudicots (green), monocots (yellow), and moss (grey). A conserved
region around the bona fide cleavage site (indicated by the arrowhead) is highlighted in yellow, with sequence
variations in green. The conservation of an aromatic residue following the cleavage site is indicated in red
(Phe), and blue (Tyr). The cladogram was adapted from Liu et al. (2016a).
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To assess whether a potential N-end rule-mediated degradation of EIN2 CEND could be relevant also
in other plant species, sequence conservation of the neo-N-terminus of EIN2 was analyzed across
selected species. As noted before (Chen et al., 2011a; Ju et al., 2012; Qiao et al., 2012), Ser-645
preceding the bona fide cleavage site of EIN2 was conserved across all species investigated (Fig. 27).
Interestingly, the motif ®-RSL (where @ represents a hydrophobic residue) following Ser-645 was
also strongly conserved among eudicots (Fig. 27). Variations of the Arabidopsis sequence FRSL at this
position were found in Medicago truncatula and Cucumis sativus (FRSI), Solanum lycopersicum
(YKSL), and a Leu starting variant (LRSL) was detected in both Carica papaya and Citrus sinensis (Fig.
27). Outside of the Brassicaceae, a Lys (or Arg, in Cucumis sativus and Physcomitrella patens)
insertion was furthermore present at position seven of the potential neo N-terminus. The high
degree of conservation around the EIN2 cleavage site likely reflects the requirements for the
conserved interactions of EIN2 with signaling components such as CTR1 (Ju et al., 2015), and/or the
unknown protease responsible for EIN2 CEND release. However, the preferred occurrence of an
aromatic N-terminus (Phe, Tyr) followed by a basic amino acid in penultimate position would
conceptually also allow for interaction with a PRT1 homolog in most eudicot species, suggesting that
N-end rule targeting of EIN2 might potentially be of general relevance in plants. In the following, |
was asking whether such an interaction between PRT1 and EIN2 CEND takes place in Arabidopsis in
vivo, and if it had physiological consequences.

3.4.1 EIN2¢t*mjs destabilized in a PRT1-dependent manner in vivo

In Arabidopsis cells, release of EIN2 CEND occurs upon receptor binding of ethylene. In order to track
EIN2 CEND stability in vivo, the EIN2%%¢12%% fragment was expressed, mimicking a situation of
constitutive cleavage. Approaches to express the EIN2 C-terminal cleavage fragment in Arabidopsis
have been undertaken before (e.g., Alonso et al. (1999), Qiao et al. (2012), Wen et al. (2012); see also
discussion, section 4.4.4). However, all constructs were designed larger or smaller than it would
result from cleavage before Phe-646. Moreover, previous EIN2 CEND constructs were initiated by
Met as a requirement for translation initiation, thereby ignoring the fragment’s true N-terminus Phe
and eluding a potential influence of the N-end rule on the protein. In this work, expression of
EIN26%6-129% with its post-cleavage neo-N-terminus was achieved by application of the UFT. Exposure
of the N-terminal Phe is mediated here by the DUB-dependent co-translational removal of the
N-terminal Ub moiety from the Ub-EIN2%%¢12% fusion protein (Bachmair et al., 1986; Bachmair and
Varshavsky, 1989; Varshavsky, 2005). The resulting EIN2%¢12%% fragment is referred to in the
following as EIN2¢*™ to clearly distinguish it from the EIN2 CEND constructs that have been
published before.

EIN2¢®™ ybiquitination by PRT1 would imply its subsequent degradation and should reflect in
decreased protein stability of EIN2%™ jn vivo. Thus, to test for its stability in plant cells, Ub-EIN2&t™
variants were expressed in Arabidopsis protoplasts under control of the UBQ10 promoter. C-terminal
YELLOW FLUORESCENT PROTEIN (YFP) was chosen as an affinity tag since previous work had proven
its compatibility with EIN2 function (Qiao et al., 2012). To ensure that N-terminally fused Ub was
cleaved of the EIN2¢*™ peptide faithfully in the overexpression system, Met-initiated EIN2Ct™
without Ub fusion was also cloned. The migration of this construct during SDS-PAGE was
indistinguishable from the Ub fusion constructs starting with either Phe or Gly (Fig. S14, 34),
confirming the efficient removal of the Ub moiety from the UFT constructs.
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Fig. 28| The stability of EIN2¢t™ depends on its hydrophobic N-terminus in plant cells. Variants of EIN2&te™-
YFP were transiently expressed in Arabidopsis WT or prt1-1 (line N119) protoplasts as Ub fusion constructs with
either Phe or Gly at the N-terminus after de-ubiquitination. A plasmid for YFP-expression alone was co-
transfected and detected on the same Western blot membrane as an internal control for transfection
efficiency, protoplast viability, gel loading, and immunodetection. All constructs were driven by the UBQ10
promoter. Samples were taken before (0 min) and at 30, 60, and 120 min after addition of the translation
inhibitor cycloheximide (CHX). Total proteins were extracted and subjected to immunoblot analysis. Coomassie
Brilliant Blue (CBB) unspecific protein stains of the membranes are shown as additional loading control. The
figure is representative of three independent experiments.

Protein stability of the fusion proteins was chased after inhibition of protein synthesis with
cycloheximide (CHX), and assessed by immunoblot (Fig. 28). A plasmid carrying YFP alone was co-
transfected as a control. When the Phe-starting EIN2*™ (Ub-Phe-EIN2“*™-YFP) was expressed in
WT protoplasts, protein abundance of the fusion protein in comparison to YFP decreased strongly
within 2 hours after the addition of CHX (Fig. 28). In contrast, in the mutant genotype prti-1, Phe-
EIN2¢®™.YFP remained relatively stable (Fig. 28). Crucially, when Phe at the N-terminus of EIN2¢te™
was replaced by Gly, protein stability was high in both genotype backgrounds (Fig. 28). This finding
was consistent with the observation that Phe to Gly mutation at position 1 of the EIN2“"*™ peptide
abolished PRT1 interaction in vitro (chapter 3.3.5, Fig. 26). These results show that rapid degradation
of EIN2¢*™ depended on N-terminal Phe and the presence of PRT1, indicating that PRT1 might
recognize and ubiquitinate EIN2¢*™ jn vivo.

Control MG132 Fig. 29| Destabilization of F-EIN2*™ is Ub-

WT prt1-1 WT prt1-1 depe.ndent. proUBQl().::Ub-X-E/NZC'“”m was

transiently expressed in protoplasts as Ub

X-EIN2““™-YFP G F G F G F G F fusions exposing either X= Gly or Phe after
DUB cleavage. Protoplasts were treated with
IB: GFP [t S S S S S % | /G132 (50 pM) or DMSO (control) for 3.5
hours before harvest and extraction of total

protein. Line prt1-1% was used as the prti-1
CBB [ St St St . mutant line.

Next to the lower stability of Phe-EIN2“*™-YFP compared to the Gly-starting variant, in most
experiments the steady state levels of Phe-EIN2S*™-YFP protein in the WT genetic background was
lower than G-EIN2%*™-YFP, and also lower in WT than in the prt1-1 mutant background (Fig. 29, 33,
S14). To investigate if this difference in protein level was accounted for by Ub dependent
degradation, cells were treated with the proteasome inhibitor MG132. Indeed, proteasome inhibitor
treatment abolished the difference in protein levels between Phe- and Gly-EIN2¢®™ jn WT
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protoplasts as well as between WT and mutant genotypes (Fig. 29). Thus, N-terminus specific
degradation of EIN2“'™ appeared to be Ub dependent.

No further increase of the protein level was observed upon MG132 treatment for Gly initiated EIN2¢
tem_YEP (Fig. 33). This is noteworthy because next to a potential influence of the N-end rule on EIN2¢
term stability, EIN2 is targeted for degradation by the F-box proteins ETP1 and ETP2 (Qiao et al., 2009).
However, Qiao et al. (2009) have shown ETP1/2-dependent accumulation of EIN2 only for the full-
length protein. Moreover, it was observed during studies in rice, that Ub-dependent degradation of
OsEIN2 requires the N-terminal Nramp-like domain of EIN2 (Ma et al., 2018a). Thus, EIN2*™ might
not represent a target for ETP1/2 ubiquitination. This is also in line with the result presented here
that EIN2¢t™ destabilization was solely dependent on the N-terminus. Nevertheless, functionality of
the proteasome inhibitor treatment in this system was confirmed in collaboration with the group of
Angelika Mustroph! by assaying another target of Ub-dependent degradation (Fig. S15; the
expression clone was kindly provided by Judith Bdumler! and Angelika Mustroph). Hence, the data
presented here support the idea that EIN2"*™ is no subject to Ub dependent degradation, other
than via the N-end rule.

Phe-EIN2¢t™.YFP Fig. 30| EIN2*™ instability depends on PRT1
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It was further asked whether EIN2*™ destabilization depended on PRT1 activity. To test this, PRT1
and its RING domain mutants were co-expressed with the EIN2C*™-YFP construct in the prt1-1%
mutant background. Since an N-terminal tag did not interfere with PRT1 function in vitro, the protein
was cloned with an N-terminal triple-HA affinity tag. Strikingly, EIN2“**™-YFP levels were markedly
reduced when co-expressed with the WT sequence of PRT1 compared to either of the two RING
mutants C29A and C195A (Fig. 30). Since both RING mutants were (nearly) inactive in
autoubiquitination assays, this coincided with PRT1 activity being necessary for EIN2¢t™-YFP
destabilization. The result of EIN2“*™-YFP destabilization by overexpression of active PRT1 was also
obtained when expressing and detecting EIN2%*™ with a C-terminal Myc-tag (Fig. S16). Thus,
EIN2¢t™ jnstability coincided with the presence of active PRT1, further substantiating that PRT1
might be responsible for EIN2¢*™ ubiquitination.

1 University of Bayreuth, 95447 Bayreuth, Germany
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While detection of transgenic PRT1 protein had failed for stably transformed Arabidopsis lines (see
chapter 3.2), an immunoblot signal for 3HA-tagged PRT1 was obtained from the transient
overexpression system in protoplasts (Fig. 30). As would be expected based on their impaired
autoubiquitination activity, the RING mutants showed higher abundance than the WT protein (Fig.
30). Interestingly, the HA-fusion proteins migrated in SPD-PAGE in at least two bands, the lowest of
which still exceeding the calculated molecular weight of 3HA-PRT1 by circa 8 kDa, the next one by
roughly 18 kDa, which would coincide with a mono-ubiquitinated and a di-ubiquitinated species,
respectively. A smear of higher molecular weight species was also detected, the intensity of which
varied between experiments (Fig. 30, 34). The potentially mono- and di-ubiquitinated species were
particularly increased in the RING mutant versions of PRT1 (Fig. 30), indicating that the failure to
autoubiquitinate in vitro did not preclude potential mono- and di-ubiquitination in vivo. Strikingly, a
third band that would coincide with a triple ubiquitinated species was absent in PRT1**A, but not
PRT1®* (Fig. 30), although the Ilatter variant was stronger impaired during in-vitro
autoubiquitination assays (Fig. 20B). In the later course of this work, PRT1 variants were also
transiently overexpressed in protoplasts as fusions with N-terminal GFP. In contrast to the 3HA-
fusion proteins, these constructs appeared as one prominent band in the immunoblot (Fig. 31B).
Here, only a faint smear of moderately increased molecular weight species was apparent which was
restricted to the WT variant, and no obvious difference in the abundances of WT and the point
mutants was detected (Fig. 31B). Since GFP-fused PRT1 was bigger than 3HA-PRT1, mono- and di-
ubiquitinated species might not have separated to a visible extend upon SDS-PAGE. Given that 3HA-
PRT1 facilitated the destabilization of EIN2“*™-YFP (Fig. 30), this might however represent the more
functional fusion construct compared to GFP-PRT1. As N-terminal GFP fusions, both the GFP-PRT1
and GFP-PRT1%A overexpression constructs appeared to localize to the cytosol and nucleus in
protoplasts (Fig. 31A, S17).
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Fig. 31| Transient expression of N-terminally GFP-tagged PRT1 in Arabidopsis protoplasts. Protoplasts of the
prt1-1% genotype were transfected with expression plasmids carrying WT and mutant (PRT1%°A, PRT1¢'%4) CDS
variants of mGFP5-PRT1 under the control of the UBQ10 promoter. Cells were incubated overnight before
microscopy (A), and assessment of protein abundance by immunoblotting (B). A, Representative cells
expressing GFP-PRT1 or GFP-PRT1?A are shown. Scale bar: 16 um. B, Immunodetection of GFP-PRT1 variants
from protoplasts using anti-GFP antibody (JL-8). GFP-PRT1 is expected at an apparent molecular weight of 73
kDa.

In order to test for EIN2 stability in plant lines under more physiological conditions, two stable
transgenic lines carrying C-terminally tagged variants of EIN2 were investigated. Of these, a line
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overexpressing EIN2-7HA in the ein2-1 mutant background (kindly provided by Thomas Potuschak?)
failed to complement the triple response phenotype of ein2-1 and was not used further. The other
line carried a transgene with the EIN2 genomic locus sequence fused to eGFP downstream of an EIN2
promoter construct in the ein2-5 mutant background (kindly provided by Markus Grebe?® and
Yoshihisa lkeda?). This line fully complemented the ein2-5 phenotype in the triple response assay
(data not shown). Here, full-length EIN2 could be detected when using a urea-based extraction buffer
(Fig. 32A). This transgenic line was introgressed into the prt1-1 mutant background and analyzed for
EIN2-eGFP abundance in the presence or absence of the ethylene precursor molecule ACC. However,
no accumulation of EIN2 CEND, and even a slight reduction of full-length EIN2-eGFP protein levels
were observed in the prt1-1 background compared to the PRT1 WT genotype or a pooled batch of
seedlings segregating for prt1-1 (Fig. 32). Importantly, upon ACC treatment, processing of the EIN2

A B
Mock ACC Mock BA ACC
S & & L S S
& £ & & & & ¢ & ¢ & ¢ &
& O & O & A VoA A &
CITFe LT ¢ FILTILITL Se
T Q9 T QN TP I IR Ik
kDa kDa
.-e ar -
180 - |, £ T - 'y a 250~
130 - ™ 150 = 2
100 - G s e e s
[ -— - R P R ! - - - |
% & » —
* - - - . B Kl "
50 - & . - 0]
i %
[22]
. 3 37- 4 -
25 = - - - L - -
20 -
15 -
[+2]
[+s]
(&}

Fig. 32| EIN2 levels in transgenic seedlings of the prt1-1 background. Transgenic lines stably expressing
proEIN2::genEIN2-eGFP were kindly provided by M. Grebe and Y. lkeda and crossed into the prti-1 mutant
background. Whole-seedling protein extracts were subjected to SDS-PAGE and immunodetection using anti-
GFP antibody. A, Seedlings of the indicated genotypes were transferred to agar plates containing 10 uM ACC
or a mock solution at the age of 7 days. Material was harvested after additional 2 days and subjected to urea-
based protein extraction. The genotype description “prt1"¢9” refers to the pooled, segregating progeny of a
line heterozygous for the prt1-1 allele. Asterisks denote unspecific reactions of the antibody. B, Seedlings of the
indicated genotypes were grown for 5 days on agar plates before transfer to agar medium containing 1 uM BA,
1 uM ACC, or a mock solution. After additional 3 days of growth, seedlings were harvested and subjected to
RIPA-buffer based protein extraction. For SDS-PAGE, a control was loaded to the last lane as a reference for the
protein size of the EIN2¢*™ fusion protein: Here, 2 ul of protoplast extract containing EIN2¢*™-YFP and YFP
alone that had been transiently co-expressed under control of the UBQ10 promoter, were applied to the lane.
Full-length EIN2-eGFP is expected at 168 kDa, EIN2 CEND-eGFP at 97 kDa, EIN2“®*™-YFP at 98 kDa, YFP at 27.4
kDa.

! Institut de Biologie Moléculaire des Plantes du CNRS, Strasbourg, France
2 Umeé University, Umed, Sweden
3 University of Potsdam, Potsdam-Golm, Germany
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protein was not observed in any of the samples and full-length EIN2 levels were not increased, as
would be expected from ethylene signaling processes taking place. This indicated that ACC
supplementation might not be sufficient to stimulate the ethylene signaling cascade, including
stabilization of the full-length protein and appearance of the cleaved C-terminal fragment. This
observation was in contrast to what was shown by Qiao et al. (2009), but consistent with the results
obtained with EIN2-GFP by Wen et al. (2012).

Cytokinin is known to trigger ethylene production in etiolated seedlings (Liebermann, 1979; Cary et
al., 1995; Vogel et al., 1998b). Since ACC had failed to elicit EIN2 cleavage in transgenic Arabidopsis
seedlings (Fig. 32A), and ethylene gassing was not established at our institute, the synthetic cytokinin
BA was employed as an alternative ethylene-inducing signal. To better solubilize membrane fractions
during the preparation of protein extracts, a different buffer system (RIPA buffer) was used. Since it
was reported by Qiao et al. (2013) that EIN2 tended to fragment upon harsh conditions of protein
sample preparation, protein extracts were incubated at only 68°C for 15 minutes prior to SDS-PAGE,
instead of boiling. Nevertheless, this procedure led to the detection of a multitude of bands in the
transgenic lines expressing EIN2-eGFP when probing for the GFP tag (Fig. 32B). Of these bands, one
matched the size of the EIN2“*™-YFP product expressed from protoplasts, a sample of which was
loaded as a control (eGFP and YFP are very similar to each other in terms of the calculated molecular
weight, with 27 kDa and 27.4 kDa, respectively). However, a corresponding band was also detected in
untransformed seedlings and therefore likely constituted a cross-reaction of one of the antibodies
(Fig. 32B). Overall, no differences in the protein band pattern could be observed between BA- or
ACC-treated and control seedlings, indicating that EIN2 processing was not induced by either
treatment. Likewise, no difference in band patterns, and no reproducible difference in band
strengths, was observable between the seedlings expressing EIN2-eGFP in the WT or in the prt1-1
mutant backgrounds (Fig. 32B). This data suggested that PRT1 did not impact significantly on the
EIN2 protein levels in whole seedling extracts under the conditions tested within the frame of this
work.
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Fig. 33| EIN2¢t*™ stability is not influenced by the presence of cytokinin during transient expression.
EIN2¢™.YFP (expressed as Ub fusion to expose N-terminal Phe) was transfected in Arabidopsis protoplasts of
WT or prtl-1 mutant genotype (line N119). YFP alone was co-transformed with all samples as a control. All
constructs were driven by the UBQ10 promoter. During overnight incubation for plasmid expression, 0.5 uM of
the synthetic cytokinin BA or a vehicle control were included in the protoplast suspension medium. The next
day, CHX treatments were conducted to follow protein stability dynamics. Samples were taken before (0 min)
and at 30, 60, and 120 min after addition of CHX. Total proteins were extracted and subjected to immunoblot
analysis.
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To test a potential effect of BA on PRT1-dependent EIN2¢*™ degradation, stability of EIN2¢*™-YFP
was assayed during transient expression in protoplasts in the presence or absence of 0.5 uM BA in
the protoplast medium. Here, EIN2“**™-YFP protein abundance was not influenced in the WT by the
presence or absence of 0.5 uM BA in the protoplast medium (Fig. 33). In the prtl1-1 mutant
background, EIN2*™YFP was more stable than in the WT, as was observed before. This was also
unaffected by the presence of BA, confirming that EIN2“*™-YFP abundance during BA signaling was
not regulated in a PRTI1-independent manner (Fig. 33). Thus, PRT1-dependent degradation of
transiently expressed EIN2“*™-YFP was concluded to be unaffected by exogenous supply of
cytokinin —and also ACC (Fig. S14) — in Arabidopsis protoplasts. In summary, PRT1 was identified as a
factor regulating the abundance of an EIN2 fragment initiated by Phe-646, in a transient expression
system. However, loss of PRT1 function did not lead to visible changes in EIN2 protein abundance in
light-grown transgenic seedlings.

3.4.2 Apparent molecular weight of EIN2¢term

In the past, the migration behavior of EIN2 CEND in SDS-PAGE has raised a debate on the true
cleavage site of EIN2 (Cooper, 2013; Qiao et al., 2013). In my hands, the EIN2“**™-YFP constructs all
migrated about 5-10 kDa higher in SDS-PAGEs than it would be expected from the calculated
molecular weight of 98 kDa when comparing to the protein standard (PageRuler™ Prestained Protein
Ladder, Thermo Fisher Scientific) (Fig. S14, 28, 30, 34, 35). Notably, when compared to a different
protein standard (Precision Plus Protein™ Dual Color Standard, BIO-RAD), the fragment migrated at
the expected height (Fig. S18). This marker, on the other hand, gave rise to underestimations of the
size of a second protein, the large subunit of RuBisCO (RBCL), with a calculated molecular weight of
53 kDa and an apparent molecular weight of less than 50 kDa as compared to the BIO-RAD protein
standard (Fig. S18). This discrepancy of RBCL molecular weight was not observed when using the
PageRuler™ protein standard (e.g., Fig. 28, S14). Hence, the PageRuler™ protein standard that
showed a slightly larger apparent molecular weight of EIN“*™-YFP than calculated, but estimated
RBCL subunit correctly, should allow for a better comparison with previous studies.

3.4.3 Physical interaction between EIN2 and PRT1 in vivo

Direct binding between the N-terminal 16 amino acids of EIN2“*™ and PRT1 was observed in vitro
(Fig. 26, chapter 3.3.5). To investigate the biological relevance of this interaction, it was asked
whether a physical association could also be detected in plant cells. To test this, constructs for a
bimolecular fluorescence complementation assay (BiFC, or split-YFP) were created. Here, a fusion
construct comprising 3HA-UbX?>#8R_EIN2Ctem_3HA-YFP (YFPC referring to the C-terminal half of YFP)
was co-transfected in Arabidopsis protoplasts with PRT1-YFPN (this plasmid was kindly provided by C.
Naumann), both under control of the strong UBQ10 promoter. A plasmid for expression of
cytoplasmic and nuclear mCherry (kindly provided by Giulia Furlan® and M. Trujillo) was also co-
transfected as an expression control. Conceptually, if protein-protein interactions take place in this
assay, the fluorophore YFP is reconstituted and fluorescence is emitted. Since BiFC assays can
notoriously lead to false-positive results due to the tendency of the YFP halves to self-assemble

! Leibniz Institute of Plant Biochemistry, 06120 Halle (Saale), Germany
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(Horstman et al., 2014), the construct 3HA-Ub*?948R-G-EIN2¢*™M-3HA-YFP® was included as a negative
control. Indeed, a weak signal of corresponding wavelength with cytosolic or endoplasmic
localization was detected in protoplasts (Fig. S19). However, this was not exclusive to mCherry
expressing cells, indicating that the weak signal was likely not derived from YFP assembly. Confirming
this assumption, the signal was seen in both G-EIN2%%*™ and F-EIN2“'**™ combinations.

Given that PRT1 interaction with EIN2“*™ would conceptually lead to the degradation of EIN2¢®™, it
was conceivable that the BiFC signal intensity derived from PRT1 interaction with F-EIN2“*™ was too
low to be distinguished from the background signal. Next, a C-terminally tagged fusion of PRT1 might
not support substrate binding, given that the putative substrate binding ZZ domain of PRT1 (Stary et
al., 2003) is also located at the C-terminus. Hence, BiFC constructs were created for expression of
both WT and V28A-mutated N-terminally YFPN-3HA-tagged PRT1 variants (YFPN-3HA-PRT1 and YFPN-
3HA-PRT1Y?84), reasoning that catalytic impairment of PRT1Y?®A (see Fig. 20B, S12) would prevent
degradation of EIN2“*™ upon a potential interaction with PRT1. Additionally, EIN2 expression
constructs were recloned to lack the 3HA-tags (Ub"*>*R.G/F-EIN2*™M-Myc-YFP®). However, no
fluorescence signal was detected that matched the emission spectrum of YFP upon expression of any
combination (data not shown). Since both PRT1 and EIN2¢®™ were found to exhibit rather low in-
vivo stability, YFP complementation derived from the interaction of these two constructs might not
lead to signal intensity high enough to be visualized by microscopy. Alternatively, expression of a
K29,48R-mutated Ub sequence in the corresponding EIN2“*™ UFT constructs, and consequent
release of high amounts of mutated Ub upon DUB-dependent cleavage, might be toxic to the cells,
and could have been detrimental to the interaction assay. Taken together, an interaction between
PRT1 and EIN2“*™ could not be detected in BiFC assays.
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Fig. 34| EIN2%*™ physically interacts with PRT1 in Arabidopsis protoplasts. Under control of the UBQ10
promoter, 3HA-PRT1 was transiently co-expressed with variants of EIN2*™-YFP in Arabidopsis protoplasts of
the prt1-1% genotype. N-termini of the EIN2“"™™ constructs were created by Ub-fusions (X= Phe, Gly) or
translation initiation via the start codon (X= Met). After overnight expression, GFP-fused protein was
immunoprecipitated (GFP-Trap®_A, Chromotek) and samples were subjected to SDS-PAGE and immunoblot.
3HA-PRT1 is expected at a molecular weight of 50 kDa, but migrates as a band pattern and high molecular
weight smear as seen before. EIN2“*™-YFP is expected at 98 kDa.
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Thus, a co-immunoprecipitation (co-IP) approach was taken to alternatively test for a physical
interaction of EIN2“*™ and PRT1, expressing the previously employed EIN2®™-YFP UFT constructs
containing the WT Ub sequence. EIN2“®™.YFP strongly pulled down 3HA-PRT1, when both
constructs were transiently co-expressed in Arabidopsis protoplasts under control of proUBQ10 (Fig.
34). However, in contrast to the observations in vitro, this interaction did not depend on an aromatic
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amino acid at the N-terminus of EIN2*™: In-vivo pull-down of 3HA-PRT1 was achieved for EIN2¢te™
constructs initiated by either Phe, Gly, or Met (the last one was not expressed as a Ub-fusion, but
Met served as the translation initiation signal in this construct; Fig. 34).

Notably, when a small protein like YFP alone was co-expressed with PRT1, no interaction with PRT1
was detected for YFP, while N-terminus-independent co-IP of PRT1 by EIN2“*™ persisted (Fig. S20).
These observations, together with the rather low solubility of recombinant PRT1 proteins upon
expression in E. coli, prompted me to assume that a phenomenon like co-aggregation, rather than
specific protein-protein interactions, might have been responsible for the pull-down.
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Fig. 35| Co-immunoprecipitation attempts of EIN2*™ and PRT1 under low expression conditions. In order to
circumvent potential unspecific co-aggregation between the EIN2 and PRT1 proteins during
immunoprecipitation from Arabidopsis protoplast cells, 3HA-PRT1 (A), or both constructs (B) were expressed
under the control of the EIN2 promoter conferring low expression levels. A, Ub-X-EIN2“*™.YFP constructs
under control of the UBQ10 promoter were co-transfected together with proEIN2::3HA-PRT1%%4 (C29A) in prt1-
1 protoplasts. X denotes the N-terminus of EIN2“®*™ after DUB cleavage and is either Gly or Phe. After
overnight expression, 3HA-fused protein was immunoprecipitated (Anti-HA-Agarose, Sigma-Aldrich), and
subjected to SDS-PAGE. For immunodetection, anti-HA tag primary antibody in combination with Protein A-HRP
was applied to minimalize the labelling of IgG heavy chain (asterisk in CBB). EIN2**™-YFP is expected at 98 kDa.
B, Procedure like in A, but instead of co-transfecting EIN25%™™ constructs, protoplasts were prepared from
transgenic lines in the prt1-1 mutant background stably expressing full-length EIN2-eGFP under control of the
EIN2 promoter (line received from M. Grebe and Y. Ikeda and crossed into prt1-1%). Protoplasts of this line
were transfected with proEIN2::PRT1 constructs encoding PRT1 either as a CDS-based 3HA-PRT1%%°4 variant
(C29A), or as the genomic WT sequence with C-terminal 3HA tag (WT: genPRT1-3HA). After transfection,
protoplasts were treated with 0.05 uM BA or a mock solution, and subjected to IP after overnight expression.
Asterisks mark the CBB label of IgG heavy chain in the IP fractions, which are not to be confused with RubisCO
large subunit in the input samples. 3HA-PRT1 (or PRT1-3HA) is expected at an apparent molecular weight of 50
kDa.

Since high protein concentrations can promote protein aggregation (Lebendiker and Danieli, 2014), it
was subsequently attempted to express PRT1 under a weak promoter, thereby also approximating
more physiological conditions. The EIN2 promoter was chosen for weak expression of PRT1, because
it confers low but constitutive and ubiquitous expression in vegetative rosette leaves according to
the Arabidopsis eFP Browser. However, when proEIN2::3HA-PRT1% (the mutant was chosen for its
catalytic inactivity in vitro) was co-transfected with proUBQ10::Ub-EIN2S*™-YFP constructs in
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protoplasts, PRT1%° fusion protein was not detectable (Fig. 35A), potentially due to suppression of
plasmid-resided proEIN2 by co-transfection with the much stronger proUBQ10 (or, potentially, due to
an unknown negative-feedback effect of high levels of EIN2“*™ on the EIN2 promoter). Thus,
transgenic lines stably expressing proEIN2::genEIN2-eGFP (received from M. Grebe and Y. lkeda) in
the prt1-1 genomic background were used for protoplasting and transfection with PRTI constructs
driven by the EIN2 promoter. Here, the PRT1 WT sequence was expressed either as the genomic
locus region including introns and 5’ untranslated region (UTR) with a C-terminal 3HA-tag (genPRT1-
3HA), or as the previously introduced CDS-based 3HA-PRT1%%°4. Moreover, protoplasts were
subjected to 50 nM BA during overnight expression in order to trigger ethylene production, and
consequently EIN2 cleavage. While PRT1 protein was not detected in whole cell lysates (i.e., input
fractions) of these protoplasts, it was readily extracted by IP (Fig. 35B). However, no co-IP of EIN2
CEND-eGFP was achieved by this approach and total EIN2-eGFP levels in the stably transformed plant
line were too low to be detected in input fractions of the protoplast lysates. Co-IP was also
unsuccessful when both partners (3HA-PRT1%%®* and EIN2**™-YFP) were transiently co-expressed
from the EIN2 promoter in the presence or absence of BA, or when YFP-fused protein was targeted
for IP, instead of the HA-tagged partner (data not shown).

Interestingly, under the low-expression conditions, the double-band appearance as well as the higher
molecular weight species of 3HA-tagged PRT1 were absent (Fig. 35B), indicating that overexpression
might have caused these observations. Moreover, PRT1 expressed as genPRT1-3HA exhibited faster
migration in SDS-PAGE than 3HA-PRT1%%*A but both were larger than would be expected for an
unmodified version. In the case of 3HA-PRT1*, a mono-ubiquitinated form could explain the
observed protein size of roughly 58 kDa (Fig. 35B). Thus, either the genomic locus information (5’
untranslated region (UTR) and introns), or the orientation of the affinity tag had an influence on the
protein outcome (whereas it is unlikely that the size shift was caused by the mutation in RING1:
Among the CDS versions, neither 3HA-PRT1 (Fig. 30), nor GFP-PRT1 (Fig. 31B) constructs exhibited
differences in apparent molecular weight between WT and C29A proteins when compared directly).

In summary, an in-vivo physical interaction between PRT1 and EIN2¢*™ clearly attributable to
specific protein interactions as opposed to protein co-aggregation could not be demonstrated. Next
to the possibility that PRT1 might not interact with EIN2 in vivo, this might be caused by a failure to
establish the right culture or assay conditions to trigger and maintain interaction, or by the
dissociation of the interaction complex during IP procedures due to low binding affinity as it was
observed in vitro during X-peptide pull-down assays (Fig. 23).

However, instability of EIN2%*™ clearly depended on the presence of functional PRT1, UPS function,
and Phe on the N-terminus of EIN2¢%*™ which is a canonical substrate recognition signal of PRT1.
These latter results strongly argued that PRT1 ubiquitinates EIN2%*™ jn vivo.

3.4.4 Hypocotyl elongation in the dark is slightly increased in prt1-1%*

So far, direct in-vitro peptide-protein interactions between EIN2“**™ and PRT1 were demonstrated in
this work and it was observed that PRT1 activity led to N-terminus specific destabilization of EIN2¢te™
upon transient overexpression in protoplasts. Given these results it was assumed that EIN2Cte™
might be a substrate for PRT1 in a physiological context. To test for a potential involvement of PRT1
in EIN2-dependent signaling, the prt1-1 mutant was subjected to the triple response assay. Here, the
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Results - EIN2 is a potential in-vivo substrate for PRT1

sensitivity of seedlings towards the specific effects of ethylene during etiolation is tested. In
Arabidopsis, these effects include: 1. The inhibition of hypocotyl and root elongation, 2. hypocotyl
thickening, and 3. exaggeration of the apical hook curvature (Bleecker et al., 1988; Guzman and
Ecker, 1990).

In the triple response assays, no differences were noticeable between WT and prt1-1% mutant
seedlings in terms of hypocotyl thickening and apical hook formation at any concentration of ACC
tested (Fig. 36A, S21). The same was true for hypocotyl and root elongation upon ACC concentrations
as high as or higher than 10 uM (Fig. 36A, B). In contrast, a plant line carrying the ein2-5 knock-out
allele (containing also a transgenic DR5::GUS reporter construct) did not show apical hook formation
and was unaffected by the ACC treatments in terms of hypocotyl and root growth, confirming that
the observed effects on WT and prt1-1° were indeed caused by the supplemented ACC (Fig. 36B). Of
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Fig. 36| Dose response of the prt1-1* mutant to ACC during etiolation. For the triple response assay, seeds
were aligned on sucrose-supplemented agar medium containing ACC or a mock supplement (0.005% ethanol),
and stratified in the dark for 5 days. Before etiolation, germination was facilitated by 6 hours incubation at
room temperature in the light. Subsequently, plates were kept vertically in the dark for 87 hours before
examination. A, Representative seedlings of WT and prt1-1% etiolated at different ACC levels are depicted.
Scale bar 1 cm. B, Quantification of hypocotyl lengths of all seedlings from the experiment exemplified in A. n>
78; whiskers indicate standard deviations. For statistical analysis, each treatment group was tested individually:
Shapiro-Wilk normality tests, followed by one-way ANOVA and Tukey HSD; p< 0.001.
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note, the ein2-5/DR5::GUS line showed longer hypocotyls even under mock conditions compared to
the WT and prt1-1 mutants (Fig. 36, S21), even when seed batches were raised and maturated in
parallel. This was consistent with previous reports on the ein2-5 phenotype (Alonso et al., 1999).

Although prti-1* responded normally towards moderate to high levels of ACC, differences between
WT and mutant were detected at a concentration of 0.2 pM. Here, prt1-1* exhibited slightly longer
hypocotyls (and roots) than WT plants (Fig. 36, S21). The difference was measurable to statistical
significance upon large sample numbers. Interestingly, a marginally longer hypocotyl growth in
darkness compared to the WT was repeatedly observed for prt1-1 mutants under mock conditions
(Fig. 36B), an effect that was also measurable to statistical significance exclusively under large sample
numbers. This might be caused by a lower sensitivity towards endogenous levels of ethylene
(reflecting what was seen for ein2-5), but also raises the question whether the effects observed upon
low ACC dosage were indeed due to the ethylene precursor supplement, or were rather the
continuation of a preexisting effect.

Compromised sensitivity of prt1-1% plants towards ACC would be counter-intuitive when assuming a
function of PRT1 in EIN2%%*™ degradation. Nevertheless, from the results obtained by triple response
assays, it was concluded that PRT1-targeting EIN2 is unlikely to contribute substantially to dampening
ethylene responses during scotomorphogenesis, and that PRT1 might slightly impact on dark-induced
seedling growth in an ethylene-dependent or independent manner.

3.4.5 Cytokinin-induced inhibition of hypocotyl elongation in the dark is
impaired in prt1-1* and N119

Next to its crucial function in ethylene signaling, considerable hormonal crosstalk converges around
the axis of the EIN2 protein. Resistance to root growth inhibition by cytokinin is one of the most
prominent phenotypes caused by an ein2 null allele. It was considered that PRT1 targeting EIN2
might play a role in this pathway, rather than during the triple response to ACC.

To check the role of PRT1 in cytokinin signaling, inhibition of shoot and root growth by BA was
assayed. However, no difference was observed concerning size, root length, or greening of plantlets
upon BA between the WT and prt1-1* (Fig. 37), or prt1-1 homozygous backcross lines that produced
siliques at 28°C (Fig. S22). In contrast, both the ein2-1 and the ein2-5 alleles conferred near
insensitivity of root growth to 0.1 uM BA in the medium, and root growth of the ein2 mutant lines
was also much less affected than WT or prt1-1% seedlings in the presence of 0.5 uM BA (Fig. 37).

Next, to test if prt1 mutation affected cytokinin sensitivity in the dark, the triple-response-like effect
of BA on etiolated seedlings was assessed. For these and all further experiments, the ein2-1 allele
was used for comparison instead of ein2-5/DR5::GUS, since it lacked the reporter construct.
Moreover, the ein2-5 allele leads to a frameshift between the eighth and ninth transmembrane helix
of the N-terminal NRAMP-like domain of EIN2, whereas ein2-1 introduces a stop codon in the
hydrophilic part well behind the NRAMP-like domain, after amino acid number 555 (Alonso et al.,
1999). Hence, the ein2-1 mutant line potentially still contains a truncated version of EIN2 comprising
the N-terminal NRAMP-like domain which was shown to contribute to some aspects of EIN2
signaling, and is certainly required for responses upstream of CEND signaling (see introduction).
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Results - EIN2 is a potential in-vivo substrate for PRT1

Fig. 37| Shoot and root inhibition of prt1-1* seedlings by cytokinin. Seeds of the indicated genotypes were
placed on sugar-supplemented agar medium containing 0.1 uM BA (cytokinin), 0.5 uM BA, or a mock solution
(0.006% dimethyl sulfoxide (DMSO)). After stratification for 5 days, plates were transferred to 22°C and the
plants were grown for 8 days under a long-day light regime (16/8). Pictures were taken of representative
seedlings derived from one out of four independent experiments, each comprising at least 12 plants per
genotype and growth condition. Note: The ein2-5 genotype refers to the line harboring also the DR5::GUS
construct (NASC ID: N16707).

Given that PRT1-function would potentially affect only the C-terminal part of EIN2, the ein2-1 line
was considered the better comparison for these experiments. For both ein2-1 and ein2-5, full
germination capacity could only be reached upon extensive seed after-ripening for several months.
This effect of ethylene mutants was described before (Bleecker et al., 1988; Beaudoin et al., 2000;
Bentsink and Koornneef, 2008). However, in contrast to previous reports (Beaudoin et al., 2000), in
my hands stratification did not break the prolonged seed dormancy of freshly matured ein2 seeds.

To test for their capacity for induction of the triple response to cytokinin, plants of the WT, prt1-1%,
ein2-1, and double mutant prt1-1 ein2-1 (hereafter referred to as prtl ein2) genotypes where
subjected to different concentrations of BA during germination in the dark.

Interestingly, prt1-1% showed a pronounced loss of sensitivity towards BA treatment in the triple
response assay as compared to the WT (Fig. 38). In fact, prt1-1% lines exhibited up to 30 percent
longer hypocotyls than the WT when etiolating on medium containing BA. Next to hypocotyl growth,
root inhibition by cytokinin also appeared to be slightly reduced in prt1-1% lines, but this effect was
much less evident (Fig. 38A). Concerning hypocotyl length, the strongest effect was observed upon
an intermediate BA concentration of 1 uM. Under these conditions, the mean hypocotyl lengths of
prt1-1% were about 90 percent of those of ein2-1, while the difference between prt1-1* and ein2-1
got stronger upon higher levels of BA. No difference was measurable between ein2-1 and the prtl
ein2 double mutant, although the ein2-1 mutation did not confer full insensitivity to BA. Moreover,
cotyledon opening was occasionally observed in the prti-1* line upon BA treatment (Fig. 38A).
Induction of cotyledon opening in the dark, particularly in the presence of BA, is characteristic of
ethylene-insensitive mutants, since WT plants require much higher BA levels to induce cotyledon
opening (Chory et al., 1994; Wei et al., 1994; Hansen et al., 2009; Cortleven et al., 2018).

The prt1-1% line was previously found to exhibit sensitivity to elevated temperatures caused by the
genomic background of the line. To address the possibility that the BA-related phenotype was also
induced by the second locus, the line N119 was subjected to triple response assays. This line also
contains the prt1-1 allele, but lacks the temperature-dependent sterility trait (Fig. 8B).
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Fig. 38| The prt1-1 mutant displays decreased sensitivity towards cytokinin during etiolation. Seeds of the
indicated genotypes were transferred to sucrose-supplemented agar plates containing different concentrations
of BA or a mock additive (0.03% DMSO), chilled for 5 days in the dark, subjected to illuminated conditions at
22°C for 9 hours and subsequently kept in the dark. Hypocotyl lengths were measured after 87 hours of dark
growth. A, Pictures show representative seedlings at different concentrations of BA. The arrowhead indicates a
seedling of prt1-1* with open hypocotyls. B, Quantifications of hypocotyl lengths of all individuals from the
experiment exemplified in A. n> 30; whiskers indicate standard deviations. For statistical analysis, each
treatment group was tested individually: Shapiro-Wilk normality tests, followed by one-way ANOVA and Tukey
HSD; p< 0.001.

While the effect of ACC on N119 during etiolation was minor, like previously observed for prt1-1%,
hypocotyl lengths of N119 were markedly increased in comparison to the WT upon 1 uM BA (Fig. 39).
Hypocotyls of N119 in the presence of 1 uM BA were at least 25 percent longer than WT, resembling
the effect detected for prt1-1%. This indicated that the higher resistance to BA treatment during
etiolation in prt1-1 lines was likely not accounted for by the genetic locus that triggered male sterility
at elevated temperature.
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Fig. 39| Inhibition of hypocotyl elongation by BA, but not by ACC, is also impaired in the prt1-1 line N119.
Seedlings of the WT, the 28°C-fertile prt1-1 line N119, ein2-1, and the double mutant prt1 ein2 were placed on
media containing 1 uM BA and mock (0.001% ethanol), 1 uM ACC and mock (0.006% DMSO), or mock
supplements only (0.001% ethanol and 0.006% DMSO). After 5 days stratification, plates were transferred to
22°C and exposed to light for 8 hours before etiolation for another 88 hours. A, Representative seedlings were
aligned for photographing. B, Quantification of hypocotyl lengths of all seedlings from the experiment
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exemplified in A. n2 32; whiskers indicate standard deviations. For statistical analysis, each treatment group
was tested individually: Shapiro-Wilk normality tests, followed by one-way ANOVA and Tukey HSD; p< 0.001.

Since interplay between ethylene, cytokinin, and sugar signaling had been reported (Gibson et al.,
2001; Yanagisawa et al., 2003; Price et al., 2004; Franco-Zorrilla et al., 2005; Hartig and Beck, 2006;
Laxmi et al., 2006; Kwon et al., 2011; Das et al., 2012), it was asked whether the supplementation
with exogenous sucrose during heterotrophic growth in the dark contributed to the BA hyposensitive
phenotype of the prtl-1 mutant seedlings. In fact, in the absence of sucrose in the medium,
inhibition of hypocotyl elongation by BA was much stronger than previously observed upon sugar
supplementation in N119 (Fig. 40), as well as prt1-1* (Fig. S23), and approached WT levels. In the
presence of additional sucrose, hypocotyl lengths of N119 were decreased by about 35 percent by 1
UM BA compared to mock treatment (Fig. 39, 40). In contrast, without sugar supplement, the
hypocotyl elongation of N119 plants was decreased by about 50 percent (Fig. 40). WT plants, by
comparison, showed a reduction of hypocotyl elongation by about 55 percent, independently of
whether sugar was added to the medium or not. The BA sensitivity of ein2-1 was also marginally
influenced by sucrose supplementation, with 28 and 32 percent inhibition of hypocotyl elongation on
sucrose-supplemented or basal medium, respectively (Fig. 40). Thus, exogenous sucrose provided by
the growth medium apparently counteracted the effect of BA in N199 and prt1-1* mutant plants.
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Fig. 40| BA-resistance of hypocotyl repression in the prti-1 mutant line N119 is sugar-dependent. The triple
response to BA was assayed with or without sugar supplementation of the medium using seedlings of WT, the
prtl-1 genotype N119, and ein2-1. Seeds were placed on agar-containing plates with BA (1 uM) or mock
(0.006% DMSO) addition, and 0.5 % sucrose or without sugar addition. After a 5 day period of dark
stratification, seeds were illuminated at 22°C for 9 hours and subsequently incubated in the dark for additional
87 hours. n> 29; whiskers indicate standard deviations. For statistical analysis, each treatment group was
tested individually: Shapiro-Wilk normality tests, followed by one-way ANOVA and Tukey HSD; p< 0.001.

Of note, in contrast to what was described previously (Zhang et al., 2010; Kushwah and Laxmi, 2014),
hypocotyl-elongation under control conditions was not promoted considerably by the presence of
0.5% sucrose in the growth medium in any of the lines tested. This was potentially due to the
experimental setup, since previous assays evaluated seedlings at the age of 8 days (Zhang et al.,,
2010; Kushwah and Laxmi, 2014), while hypocotyls were assessed at the fourth day after
stratification during this work.
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3.4.5.1 Cytokinin hyposensitivity is not caused by the prt1-1 allele

Hyposensitivity towards cytokinin in the triple response assay was observed in this work for two
related lines carrying the prt1-1 allele, namely N119 and prt1-1%. In order to test whether PRT1 was
required for the cytokinin response, transgenic lines expressing PRT1 under control of a PRT1
promoter construct in the prt1-1* genomic background (compare to Fig. 19) were subjected to the
triple response assay.
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Fig. 41| Expression of an N-terminally tagged PRT1 coding sequence does not complement the BA
hyposensitivity of prt1-1* in the triple response assay. Seeds were transferred to sucrose-supplemented agar
plates containing 1 UM BA or mock (0.006% DMSOQ). Triple response was assayed after 5 days stratification, 8
hours light exposure at 22°C and subsequent 87 hours dark incubation of the vertical plates. Representative
seedlings were aligned for photography. A, Next to WT and prt1-1%, T2 (line 15) or T3 (all others) lines
expressing N-terminally 3HA-tagged PRT1 under control of the endogenous promoter (proPRT14¢") in the
prt1-1* mutant background were assayed. Asterisks indicate lines with single insertions of the T-DNA. B, T3
lines in the prt1-1* background carrying N-terminally GFP-tagged variants of the PRT1 coding sequence were
subjected to the triple response assay. Line WT-8 contained PRT1 as the WT sequence, whereas the other lines
harbored the PRT1%°4 sequence with a mutation in RING1 leading to in-vitro autoubiquitination inactivity.

When assaying T2 and T3 transgenic lines bearing either N-terminally 3HA-tagged or GFP-tagged
PRT1 fusion constructs, complementation of the cytokinin hyposensitive phenotype of prt1-1% was
not observed for any of the lines (Fig. 41). This strongly indicated that the loss of PRT1 function was
not causal for the phenotype, even though it cannot be excluded that the N-terminal tag interfered
with PRT1’s function in this particular case. To further address this possibility, backcross lines derived
from a cross between prt1-1* (female) and Col-0 WT (male) plants were included in the analysis.
These lines, designated BC #68 and BC #85, exhibited WT-like fertility at 28°C while carrying the prt1-
1 allele homozygously (data not shown).

Both tested prti1-1 backcross lines had lost the cytokinin hyposensitive phenotype of reduced
hypocotyl inhibition observed for prt1-1® and N119 in the triple response assay (Fig. 42, S23).
Opposing the progenitor lines, one of the backcross lines, BC #68, even exhibited a faint reduction of
dark-induced hypocotyl growth in the presence of both sucrose and BA (Fig. 42). However, this very
mild effect was not measurable to statistical significance during replication of the experiment and
was not seen for the backcross line BC #85. A previously observed occasional opening of the
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cotyledons in response to BA was likewise lost in the backcross lines (Fig. S23). Based on these
results, it was concluded that loss of PRT1 function does not affect the sensitivity towards BA during
etiolation. Notably, the cytokinin hyposensitive phenotype was not observed in the backcross line BC
#30 which was sterile at 28°C (Fig. 8) but carried the WT PRT1 allele homozygously (Fig. $23). This
indicated that the two phenotypes, high temperature sterility and cytokinin hyposensitivity in the
dark, were genetically independent and were caused by different alterations in the genetic
background of both the prt1-1% and N119 lines.
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Fig. 42| Cytokinin hyposensitivity does not depend on the prt1-1 allele. The triple response to cytokinin (1 uM
BA) in the presence or absence of sucrose was analyzed using two prt1-1 backcross lines, in comparison to the
WT and ein2-1 mutant genotype. Backcross lines BC #68 and #85 were derived from a cross prt1-1% X Col-0 and
were homozygous for the prt1-1 locus, but exhibited WT-like fertility at 28°C. F4 seeds were used in the assay.
The experiment was performed as described in Fig. 40. n> 35; whiskers indicate standard deviations. For
statistical analysis, each treatment group was tested individually: Shapiro-Wilk normality tests, followed by
one-way ANOVA and Tukey HSD; p< 0.001.

3.4.6 Expression of EIN2“*™ confers signs of constitutive ethylene response
in combination with the prt1-1* genotype

Previous work had shown that expression of EIN2 CEND failed to rescue the lack of a triple response
in ein2-5 mutants (Alonso et al., 1999). However, these transgenic constructs were expressed as
simple ORFs initiated by Met. Hence, the gene products differed from the proposed endogenous
EIN2 proteolytic fragment at least in the N-terminal residue. In order to test whether N-terminal Phe
was required for CEND activity, the Ub fusion construct proEIN2::Ub-EIN2*™-YFP was introduced
into the ein2-1 mutant background by Agrobacterium-mediated transformation. Transgenic lines of
the T3 generation were subjected to the triple response assay using ACC or BA as the stimulus.
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Fig. 43| Expression of EIN25*™-YFP does not complement the lack of a triple response in ein2-1. Transgenic
lines stably expressing proEIN2::Ub-EIN2S%™-YFP in the ein2-1 genomic background were subjected to the
triple response assay together with untransformed WT and ein2-1 seedlings. The triple response of etiolated
seedlings was triggered by growth on agar medium containing 1 uM ACC, 1 uM BA, or a vehicle control.
Representative seedlings were aligned for photography. Next to WT and ein2-1 seedlings, transgenic T3 lines
#5, #16, #18, and #19 derived from independent transformation events (each three seedlings are aligned from
left to right in each panel) are shown. All images were taken at the same magnification.

As was reported for CEND, EIN2%*™YFP did not reconstitute a triple response of the ein2-1 mutant
plants (Fig. 43). Moreover, at the rosette stage, the transgenic lines were phenotypically indifferent
from ein2-1 also under normal growth conditions (Fig. 44). The latter was surprising since expression
of CEND had been reported to be sufficient to trigger ethylene-responsive phenotypes in the light
(Alonso et al., 1999; Qiao et al., 2012; Wen et al.,, 2012). It was reasoned that PRT1-dependent
destabilization of the Phe-initiated EIN2“*™ could prevent the emergence of constitutive ethylene-
signaling phenotypes in these lines. Hence, the construct was transformed into the prt1-1* mutant
background and single-insertion lines were selected on the basis of the segregation ratio on selective
medium.

ein2-1/EIN2¢t-YFP prt1-1%/EIN2°t™-YFP

prtl-1

WT (N119) ein2-1 #5 #16 #19 #33 #36 #38

Fig. 44| EIN2“*™.YFP expression triggers morphological defects and early flowering in the prt1-1* genomic
background. Growth morphology of six weeks old plants under long-day (16/8) conditions is depicted for WT,
prt1-1 mutant line N119, ein2-1, and transgenic lines expressing proEIN2::Ub-EIN2S%™-YFP in the genomic
background of ein2-1 or prt1-1%. Each three different transgenic T3 lines (ein2-1 background) or T2 lines (prt1-
1% background) derived from independent transformation events are shown.

Indeed, prt1-1* stably expressing EIN2“*™-YFP exhibited growth retardation phenotypes at various
degrees, and flowered earlier than WT or untransformed prt1-1 mutant plants (Fig. 44). Furthermore,
prt1-15/EIN2¢*™-YFP lines produced only few seeds. The low fertility was partly caused by a
protrusion of the pistil before flower maturity (Fig. 45) which was not observed on untransformed
prt1-1 mutant plants (Fig. 45, compare also to Fig. 9 for the line prt1-1%). However, not all transgenic
flowers exhibited projected pistils; a strong protrusion was observed on average for one flower per
inflorescence, and hence other factors likely contributed to the low fertility of these plants. This was
consistent with overall abnormal flower morphology, including a rather small size of the flower buds,
as well as occasional shortening of individual sepals and petals (Fig. 45).
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Fig. 45| Expression of EIN2*™.YFP leads to abnormal flower morphology in the prti-1* genomic
background. Flowers of untransformed WT and prt1-1 mutant (line N119) plants were compared to transgenic
lines expressing proEIN2::Ub-EIN2*™-YFP in the genomic background of ein2-1 or prt1-1%. Flowers of each
three different T3 lines (ein2-1 background) or T2 lines (prt1-1* background) derived from independent
transformation events are shown. EIN2¢®™M-YFP expressing prt1-1% lines frequently exhibited protruded pistils
already before flower opening (arrowhead), and occasionally shortened sepals and petals (arrow). Scale bar: 1
mm.

The phenotypes observed for prt1-15/EIN2%™-YFP transgenic lines strongly indicated aspects of
constitutive ethylene signaling in these plants, since similar phenotypes were described for CEND
expressing lines before (Alonso et al., 1999; Qiao et al., 2012; Wen et al., 2012). The fact that these
effects of EIN2“"*™ were not observed in the PRT1 WT (ein2-1 mutant) background, supports the
hypothesis that EIN2¢%*™ js destabilized in a PRT1-dependent manner in planta. This was in line with
the results obtained from protoplast experiments (chapter 3.4.1). It was attempted to correlate the
phenotypic results with the levels of the YFP-fusion protein in the transgenic plants. However, no
transgenic protein was detectable in neither ein2-1, nor prt1-1* genetic backgrounds by Western blot
and probing with the anti-GFP antibody. This was likely due to the low expression level of the EIN2
promoter.

Together, in-vitro and in-vivo evidence obtained during this work indicates that a C-terminal
fragment of EIN2 resulting from proteolytic cleavage before Phe-646 is destabilized by PRT1 activity.
The destabilization is most likely caused by proteasomal degradation after PRT1-mediated Ub
transfer. In agreement with this hypothesis, binding of PRT1 to peptides mimicking the liberated EIN2
neo-N-terminus could be observed in vitro. PRT1-dependent decrease of EIN2 signaling does not
appear to contribute substantially to ethylene signaling in the dark, but potentially affects other
aspects of ethylene signaling, such as growth inhibition and determination of flower morphology.

3.5 The substrate specificities of PRT6 and ATE1

3.5.1 The in-vitro substrate specificity of the UBR domain of PRT6

Next to PRT1, the second bona fide N-recognin of Arabidopsis is PRT6 which is acting in the
recognition of arginylated N-degrons (Garzon et al., 2007). Because of the sequence homology of
PRT6 to yeast Ubrl and the conservation of the UBR domain, it was furthermore suggested that PRT6
could also recognize the remaining type | destabilizing residues Lys and His. However, like in the case
of PRT1, a direct interaction of PRT6 with any substrate was not shown so far. Hence, the sequence
requirements for a peptide-PRT6 interaction were analysed using the SPOT system.
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Purified protein of the N-terminally Glutathione S-transferase- (GST) tagged UBR domain comprising
amino acids 119-189 of PRT6 (hereafter referred to as UBR ™) was kindly provided by Hongtao
Zhang! and Frederica Theodoulou?.

GST-UBRP*™

Membrane IB: GST 1 position amino acid 2
A|R|N|D|C|Q|E|G|H]| I G
LIKIM F|P|S|TIW]Y|V e«
AIRINID|CIQIE|GIH|I]| ¢
LIKIMF|P|S|TIW|Y|V
A|RIN|D|C|Q|E|G|H] I I
LIKIM{F|P|S|T|W|Y]|V nsP4
A|R|N|D|CIQ|E|G|H]| I K
LIKIM F|P|S|TW|Y|V

Fig. 46] The UBR domain of PRT6 binds to Arg- and Lys-initiated peptides in a manner dependent on
subsequent amino acids. The UBR domain of PRT6 comprising amino acids 119-189 was obtained from H.
Zhang and F. Theodoulou as a purified N-terminal GST fusion protein and subjected to a SPOT assay with 17-
mer peptides of eX- and nsP4-derived sequences with varying amino acids in the N-terminal positions 1 and 2.
Peptides present on the membrane were visualized by UV light (left), and UBR protein bound during the assay
was detected by immunoblot using anti-GST antibody (center). A schematic representation of the peptide
sequences is given on the right side. Type | primary destabilizing residues are highlighted in red. The
immunoblot is representative of two independent experiments using different membranes.

When this protein was incubated with a SPOT membrane containing variants of the nsP4 and e®
sequences, it was found to bind only to N-termini with Arg and Lys in the first position, but not His
(Fig. 46). In contrast to PRT1, the binding of GST-UBR™ ™ to type | residues was facilitated only by the
nsP4 backbone, and only when lle was the amino acid in second position (Fig. 46). Notably, lle in
second position represents the WT variant of nsP4.

The first identified in-vivo targets of N-end rule components in plants were members of the ERFVII
group transcription factors (Gibbs et al., 2011; Licausi et al., 2011), and ATE1/2- and PRT6-dependent
degradation of RAP2.12 and HRE1/2 was evidenced genetically. Since biochemical studies were
missing, it was decided to investigate this interaction using SPOT assays. Indeed, when GST-UBRPRT®
was incubated with a SPOT membrane presenting peptides that corresponded to the MetAP-
processed and arginylated N-terminus of RAP2.12 (the sequence of which is conserved in RAP2.2 up
to Ser-16; hereafter denoted RAP2 sequence), specific pull-down of GST-UBRP"™ was observed (Fig.
47). Interestingly, this was not the case for a sequence mimicking the deamidation-arginylation
product of the Asn-11 starting fragment of RIN4 (Fig. 47A). This N-terminus is created in vivo by
proteolytic cleavage of the 211 amino acid long RIN4 at two distinct sites by the protease AvrRpt2,
releasing both the Asn-11-starting, and an Asp-153-starting fragment (Axtell and Staskawicz, 2003;
Chisholm et al., 2005; Takemoto and Jones, 2005). Both fragments were proposed to be subject to N-
end rule dependent degradation (Takemoto and Jones, 2005). The A152 C-terminal fragment of RIN4
was not synthesized as an Arg-initiated peptide on this membrane setup due to spatial limitations.
However, an arginylated variant mimicking the considerably longer middle fragment of RIN4
(corresponding to the A10 peptide) was included in the assay and, crucially, was not recognized by
GST-UBRPRT® (Fig. 47A). Thus, the SPOT assay results contradicted the previously proposed interaction
between PRT6 and the RIN4 middle fragment.

1 Rothamsted Research, Harpenden AL5 2JQ, United Kingdom
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Fig. 47| A PRT6 fragment containing the UBR box binds to the arginylated N-terminal peptide of ERFVII
transcription factors, but not the RIN4*'° proteolytic fragment. Inmunoblots of SPOT peptide assays using
anti-GST (A) or anti-HA tag (B) antibodies are depicted together with images of the blank SPOT membrane seen
in UV light (bottom rows). Amino acids at the peptide’s N-termini that were varied between otherwise identical
peptides are highlighted in red. A, Recombinantly expressed GST-UBRPR™ (obtained from H. Zhang and F.
Theodoulou) was incubated with a SPOT membrane presenting peptides corresponding to variants of the neo-
N-termini of RIN4, EIN2, and RAP2.12 which are conditionally produced in plant cells. The experiment was
performed twice with the same result using different replicates of the peptide membrane. B, A fragment of
PRT6 comprising amino acids 1 to 193 was expressed from E. coli with an N-terminal GST- and a C-terminal
simple HA tag. Purified fusion protein was incubated with a SPOT membrane containing variants of the
conserved N-terminal peptide of the ERFVII transcription factors RAP2.12 and RAP2.2. The experiment was
performed four times independently with comparable results using different membranes, one of which (the
one seen in the figure) was derived from an independent synthesis batch.

¥

SPOT-membrane bound peptides pulled down GST-UBR"® with overall relatively low affinity. Hence,
it was aimed to test the interaction with a larger portion of the PRT6 protein. For this purpose, a C-
terminally truncated version of PRT6 comprising amino acids 1-193 with a C-terminal simple HA tag
(received from Pavel Reichman?) was subcloned to be expressed as an N-terminal fusion with GST.
Even though the purification efficiency of this construct from E. coli cells was low, and purifications
contained high amounts of GST alone (Fig. S24), the recombinant protein proved to be applicable to
SPOT assays. When GST-PRT6%3-HA was incubated with peptides representing the RAP2 N-
terminus, binding was observed exclusively for the Arg-Cys starting variants mimicking the ATE-
processed form, as previously observed for GST-UBR™®™ (Fig. 47). In contrast, incubation with GST
alone (purified GST protein was received from H. Zhang and F. Theodoulou) did not lead to
detectable signals (data not shown). However, again only weak binding to RC-starting ERFVII N-
termini was detected, and the pull-down efficiency for both PRT6 fragments varied between
experiments (Fig. 48), and even within the same membrane (Fig. 47B). Of note, the RAP2 sequence
appeared rather difficult to synthesize, as reflected by low signal intensities in UV light, even when
compared to EIN2 sequences with similar contents of aromatic amino acids (Fig. 47A). A potentially
low synthesis efficiency of RAP2 might be due to a high number of residues such as lle which are
considered to cause synthesis problems (Bacsa et al., 2008). Notably, an alternative explanation for
weak UBR binding to Arg-Cys-starting peptides in the SPOT system could be the lack of Cys oxidation
in these peptides.

! Leibniz Institute of Plant Biochemistry, 06120 Halle (Saale), Germany
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Fig. 48] The UBR box of PRT6 binds to peptides mimicking the processed N-termini of two MC-starting
proteins in an N-terminus dependent manner. Purified GST-tagged UBR domain from PRT6 or a mutated
version (both proteins were kindly provided by H. Zhang and F. Theodoulou) were incubated with SPOT
membranes that presented variants of the 17 amino acid N-termini of two different MC-initiated substrate
candidates. The figure depicts Western blot detections of the fusion proteins using anti-GST antibody (top), as
well as the blank membrane as seen in UV light (bottom). The scheme on the right side indicates the N-terminal
amino acids in position 1 and 2 of the peptides (top) together with the arrangement of the peptide backbones
(bottom). The sequences of “candidate 1” and “candidate 2” are confidential. Additionally, two control
sequences were synthesized (c1 being nsP4-derived with RIFSTDTGPGHLQKKSG, and c2 represents the
arginylated N-terminus of RAP2.12 with RCGGAIISDFIPPPRSG). The experiment was performed three times
independently using different membranes. Due to observed variation between the replicates, all three
immunoblots are shown in the figure. Peptides that caused a signal in the immunoblot within all three
experiments are highlighted in red. The mutated UBR variant was included on a parallel membrane each time.
Of these, one representative experiment is shown.

In the next step, binding of GST-UBR™® to other Met-Cys starting proteins was tested, since this N-
terminus conceptually allows for the enzymatic production of an arginylated N-degron in vivo. Here,
two sequences were chosen in collaboration with F. Theodoulou. These sequences had been
identified as potential in-vivo substrates of PRT6 (unpublished results by F. Theodoulou). The two
sequences were synthesized on SPOT membranes as sets of peptides with varying N-termini together
with nsP4 and RAP2 as control sequences. It was found that both candidate sequences produced
clear signals for GST-UBRP™ binding when the first amino acid was either Arg or, with lower signal
intensities, Lys (Fig. 48). In contrast, a UBR" ™ variant containing an Asp to Ala mutation at position
174 (purified protein was kindly provided by H. Zhang and F. Theodoulou) showed no detectable
binding (Fig. 48). Regarding the interaction with the WT protein, candidate 2 gave rise to stronger
signals with UBR"™ than candidate 1 did, even though the two peptides differ only in 3 amino acids
in the C-terminal part. This might, however, have been due to a better accessibility of candidate 2
since the concerning amino acids likely improved flexibility of this peptide, compared to candidate 1.

Since ATEs arginylate N-terminal Glu and Asp in mammals and yeast (Gonda et al., 1989; Kwon et al.,
2002), it was also asked whether an Arg-Glu initiated peptide would support binding by the plant
PRT6. However, peptides initiated by these amino acids did not yield reliable signhals for UBRPR™-
binding when presented on the SPOT membrane (Fig. 48), as it was observed before for the RD-
starting RIN421° sequence (Fig. 47). This was even more surprising since, as mentioned above, the
Arg-Cys variants of the same peptide backbones interacted robustly with UBRPR™ within the same
experiment (Fig. 48), even despite of the fact that they deviated from the naturally occurring protein
version by the lack of Cys oxidation. Hence, it could be concluded from the results obtained with
SPOT assays, that UBR™™ did not target synthetic peptides mimicking ATE products derived from
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RPRT6

Glu- and Asp-starting substrates. In contrast, interaction of UB with peptides mimicking the

processed N-termini of ERFVII transcription factors could be confirmed by these experiments.

3.5.2 ATE1 arginylates acidic N-termini in vitro

Based on genetic evidence, ATE1 and ATE2 were accounted responsible for the N-terminal
arginylation of ERFVII transcription factors prior to their recognition by PRT6 (Gibbs et al., 2011,
Licausi et al., 2011). It was argued that oxidation of the demethiolated Cys-starting peptide triggers
recognition and arginylation of ERFVII members by the ATEs under aerated conditions, ultimately
repressing the hypoxic response in plants. Additionally, it was shown that arginylation activity of a
protein extract prepared from Arabidopsis seedlings towards a test substrate, Glu-starting a-
lactalbumin, depended on an intact ATE1, and to a much lesser extend ATE2 gene (Graciet et al.,
2009). However, whether ATEs use the RAP2 N-terminus as a substrate and whether this relies on
the oxidation of the free Cys was never proven on a biochemical level. Moreover, the state of
oxidation of the N-termini remained unclear. Finally, for a-lactalbumin arginylation, it was unknown
whether arginylation by ATEs depended on additional cofactors or upstream events occurring in the
cell extract.

To address these questions, ATE1 (the CDS was obtained as a Gateway Entry clone from C. Naumann)
was subcloned into an expression vector giving rise to a fusion protein with an N-terminal hexa-His-
tag, which was purified from E. coli (Fig. S24). Using this protein, a new in-vitro arginylation assay was
set up deploying artificial peptides as substrates, which was, in contrast to previous peptide-based
approaches (Song et al.,, 2014), independent of reverse-phase column-based purification of the
peptides. In our assay, 12-mer C-terminally biotinylated peptides were incubated with ATE1 in an
arginylation reaction involving radiolabeled Arg and subsequently coupled to avidin-agarose (the
peptides were synthesized by C. Miller and T. Grossmann). After removal of unreacted radiolabel by
thorough washing steps, bead-coupled peptides were subjected to liquid scintillation counting in
order to assess the incorporation of radioactive Arg.

Using this method, Arg incorporation by ATE1 into peptides of the RIN421! (X-WEAEENVPYTA) and
RAP22% (X-GGAIISDFIPP) (corresponding to the conserved N-termini in RAP2.2, RAP2.12, and HRE2)
sequences was observed with no marked differences between the two sequences, but with strong
dependence on the peptide’s N-terminus (Fig. 49). Consistent with findings from mammalian and
yeast ATEs, both RIN4 and RAP2 were readily arginylated by the Arabidopsis ATE1 when Asp was
exposed at the N-terminus, whereas only a very weak signal was detected when the peptide
contained Gly in the first position. Notably, the RAP2 N-terminus contains an internal Asp residue in
the middle part of the 12-mer peptide used in this assay, and RIN4 carries three internal Glu residues.
The fact that Gly starting variants of these peptides did hardly facilitate Arg incorporation by ATE1 in
our system indicates that midchain arginylation might be of minor importance in case of the plant
enzyme, in contrast to what has been reported for mouse ATE1 (Wang et al., 2014).
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Fig. 49| Arginylation of peptide substrates by ATE1 depends on an acidic side chain in the peptide N-
terminus and can occur downstream of PCO action. In-vitro arginylation by purified 6xHis-tagged ATE1 using
artificial 12-mer peptide variants of the sequences X-RIN4%!! (X-WEAEENVPYTA) and X-RAP2%? (X-GGAIISDFIPP)
(which is conserved in RAP2.2, RAP2.12, and HRE2) was assayed by scintillation measurement of incorporated
radiolabeled Arg. All peptides were C-terminally functionalized by (PEG)-K-(biotin) for avidin pull-down. X=Gly,
Asp, Cys, or (0s)-Cys (sulfonic acid). A, Artificial peptides variants of the RIN4%! and RAP222? sequences were
subjected to an arginylation reaction including recombinant ATE1 and radiolabeled Arg-tRNA. %C-Arg
incorporation was assessed by liquid scintillation counting (CPM: Counts per minute). The reaction mixture
included 100 mM DTT. The experiment was performed twice independently, data points indicate the values of
each independent replicate, and bars are the means of both experiments. The dataset was published in Goslin
et al. (2019). B, Arginylation of X- RAP2%? peptides was performed as described in A, but in the presence of 1
mM DTT, and including recombinant PCO1 or PCO4 as indicated. A control was performed in the absence of
PCO (mock). Mean values with standard deviations are presented. n=3 independent experiments using two
different purification batches of ATE1. The data from this figure (panel B) was published in White et al. (2017).

Crucially, RAP2 was not used as a substrate by ATE1 when present as the Cys-starting sequence that
mimics the MetAP-processed endogenous version in the absence of oxidation (Fig. 49). In contrast, a
peptide starting with Cys sulfonic acid ((Os)Cys) was arginylated by ATE1l in vitro, proving the
requirement of Cys oxidation for ATEl-mediated arginylation (Fig. 49A). Interestingly, the
arginylation reaction, as judged from total scintillation counts, was less efficient, with almost half the
scintillation count values, when offering the (O3)C-RAP2 sequence compared to the D-RAP2 substrate
(Fig. 49A). However, no difference in the reaction efficiency was observed between D-RAP2 and
(O3)C-RAP2 sequences under less reducing conditions (1 mM DTT (Fig. 49B) compared to 100 mM
DTT (Fig. 49A)). Here, both peptides yielded lower signals than previously observed for D-RAP2. Thus,
reducing conditions apparently activated ATE1 towards the Asp-starting peptide substrate.
Alternatively, reducing conditions might have promoted ATE1 activity in general, but the presence of
(O3)C-RAP2 counteracted this effect.

Next, in collaboration with Mark White! and Emily Flashman? it was asked whether processing of a
Cys initiated peptide by PCO1 and PCO4 would enable subsequent modification by ATE1. PCO4,
which is in contrast to PCO1l not induced upon hypoxia (Weits et al., 2014), represents the
catalytically most potent isoform (White et al.,, 2018). PCO1 and PCO4 purifications were kindly
provided by M. White and E. Flashman. It had previously been established by the collaborators that
these recombinant proteins were capable of N-terminal oxidation of a 10-mer RAP2 peptide
(CGGAIISDFI), producing Cys-sulfinic acid in an in-vitro system.

1 University of Oxford, Oxford OX1 2JD, United Kingdom
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When PCO1 or PCO4 were included in the ATE1 activity assay, Arg incorporation into the Cys-RAP2
peptide was robustly detected at high levels (Fig. 49B). Crucially, as seen before (Fig. 49A), the same
peptide was not modified by ATE1 in the absence of PCO. PCO-independent arginylation was again
observed upon application of a peptide that contained chemically oxidized Cys ((Os)C-RAP2). Since
the reaction product of PCO, however, is Cys-sulfinic acid, ATE1 appears to be indiscriminative
between these two oxidation states of Cys, at least under the conditions tested here.

Together, the findings presented here were consistent with the suggestion that oxidation is a
prerequisite for Cys-initiated N-termini to be used as an arginylation substrate by ATE1 in plants. The
result constitutes the first in-vitro evidence for an enzymatic cascade of N-end rule components
acting on an ERFVII group member and proofs that PCO action, in the absence of NO, is sufficient for
the generation of a secondary destabilizing residue according to the N-end rule.
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4. Discussion

The N-end rule pathway of protein degradation is an extremely versatile cellular mechanism for
controlling the abundances of specific proteins in prokaryotes and eukaryotes. While the Ac/N-end
rule and the type | branch of the Arg N-end rule have been the focus of plant research during the last
decade, the type Il branch for the degradation of bulky hydrophobic N-termini has been marginally
investigated to date. This is also due to the fact that only a single component of this branch, the N-
recognin PRT1, has been affiliated with this type of protein degradation in plants. Here | presented a
biochemical characterization of the PRT1 protein, as well as new insights into the substrate selectivity
of other components of the plant N-end rule. Moreover, phenotypic analysis of derived prt1-1
mutant lines revealed two physiological abnormalities that were inherited independently of each
other and of the PRT1 locus, indicating second-site modifications in the genome of this mutant line.

4.1 A new temperature-dependent sterility phenotype

4.1.1 Potential origin of the sterility phenotype in prt1-1%*

Investigation of the prt1-1* mutant line within the course of this work lead to the discovery of a
sterility trait that was conditional for a moderately elevated temperature of 28°C. Using a backcross
population, it was affirmed that this phenotype did not depend on the prt1-1 allele and was likely
associated with an unknown, second locus on chromosome three. Importantly, the original seed
stock of the prti-1 line, listed at NASC as N119, did not exhibit this temperature-dependent
phenotype. A timeline describing the origins of N119 and prt1-1% is presented in Fig. 50. Although
N119 is in the Col-8 genomic background and was backcrossed to Col-0, it is unlikely that the
phenotype is a consequence of the converged genomes of Col-8 and Col-0, since these are
considered genetically identical germ plasm stocks according to TAIR (germ plasm number CS60000).
Hence, it is conceivable that a sponteanous mutation has occurred during propagation of prt1-1* at a
genetic locus that affects plant fertility, which allele has subsequently become homozygous during
further propagation, and has remained unnoticed so far due to the conditionality of the phenotypic
manifestation.

The rate of spontaneous mutations in Arabidopsis is estimated to 7 x 10 per site per generation
(Ossowski et al., 2010), implicating almost one mutation per genome and generation, provided a
genome total of roughly 135 Mbp (TAIR). It is furthermore estimated that 62 percent of all
Arabidopsis genes are expressed throughout male gametophyte development in the spores (Honys
and Twell, 2004), and mutations of these potentially affect pollen development. Numerous additional
genes are required for proper development of the sporophytic part of the anther. In light of this, it
appears justifiable to assume the existence of a second site mutation affecting gametogenesis in
prt1-1%. The observed phenotype, male sterility at mild heat, constitutes a trait that potentially offers
agronomic applicability. Provided a genome mutation as the cause of the phenotype, the line prt1-1*
may furthermore facilitate the discovery of a genetic locus associated with a new mechanism of
temperature adaptation in Arabidopsis reproduction. Alternatively, it is possible that the line bears a
new temperature-sensitive allele of a gene with general importance for male gametogenesis. Such
temperature-sensitive gene variants are rare in plants and have the potential to simplify the
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investigation of traits that otherwise lead to lethality or sterility. Together, if a backside mutation is
causal for the observed phenotype, it would be of great interest to identify the locus associated with
the sterility in prt1-1%. A number of potential gene candidates is provided in table S1, and a detailed
discussion of the phenotype is given below. Efforts towards genome sequencing of prt1-1% are
currently ungoing in the laboratory of A. Bachmair in collaboration with N. Dissmeyer, and may
reveal a genetic cause of the phenotype.

Next to spontaneous mutation, a polymorphism could have been introduced during EMS
mutagenesis, and could have co-segrated during backcrossing of prtl-1. However, since the
progenitor line N119 did not show the sterility phenotype, this szenario would require another factor
suppressing the phenotype in N119. Although it might be possible that a third mutated locus, or the
transgene itself, affects the outcome of the mutation in N119, this would be the least parsimonious
explanation.

In contrast, an epigenetic cause of the sterility phenotype sould be taken into consideration as an
alternative explanation. Environmental factors such as stress situations are known to trigger
epigenetic changes that can progress through several generations (Paszkowski and Grossniklaus,
2011; Lamke and Baurle, 2017; Begcy and Dresselhaus, 2018). In rice, large-scale posttranslational
modifications of histone 3 during male gametogenesis are regulated by MEIOSIS ARRESTED AT
LEPTOTENE1 (MEL1), an Argonaute protein, and mutants of the MEL1 gene are sterile with aberrant
tapetum und pollen mother cell histology (Nonomura et al.,, 2007; Liu and Nonomura, 2016).
Furthermore, Ma et al. (2018b) showed that high temperature caused a disruption in genome
methylation in anthers of the high-temperature sensitive cotton (Gossypium hirsutum) cultivar HO5,
but not in the tolerant line 84021. In the sensitive HO5, exposure to one week of high temperature
entailed defects in endothecium secondary thickening, and microspore abortion (Min et al., 2014).
This defect in male fertility of HO5 upon high temperature stress could be attributed to reduced
genome methylation by Ma et al. (2018b). Next to differences in methylation patterns, the two
cultivars exhibited contrasting changes in the expression of genes involved in the RNA-directed DNA
methylation pathway upon high temperature, with lower expression of such genes in the sensitive
HO5, and upregulation in the tolerant 84021 (Ma et al., 2018b). Sterility of HO5 was additionally
linked to disordered sugar metabolism in the anthers, and suppression of DNA methylation upon
heat stress was shown to impact on starch hydrolysis (Ma et al., 2018b). Taken these results
together, the temperature-dependent male sterility of the cotton cultivar HO5 described by Ma et al.
(2018b) obviously resembles the phenotype observed for prti-1%. It is conceivable that in prt1-1%,
stress conditions during propagation in the greenhouse have incidentally caused epigenetic
alterations that resulted in the male sterile phenotype. Such a trait could probably segregate in a
ratio approximating Mendelian rules, if stable epigenetic modifications at a distinct locus would be
responsible for the phenotype.

However, no phenotype comparable to prt1-1% was raised in any other line propagated under the
same conditions in the laboratory. Thus, it is tempting to consider a scenario where inactivation of
PRT1 actually facilitated the emergence of epigenetic alterations at a second locus in the prt1-1* line.
A number of circumstances would support an involvement of PRT1 itself in epigenetic regulation.
First, PRT1 expression was seen in pollen, a site of high epigenetic activity (Calarco et al., 2012;
Gutierrez-Marcos and Dickinson, 2012), during promoter-GUS analysis (Fig. 17F), and high PRT1
transcript abundance in mature pollen grains is recorded by publicly available expression data bases
such as the Arabidopsis eFP Browser, or FlowerNet (Pearce et al., 2015), and is supported by the
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transcriptome analysis performed by Wang et al. (2008b). Notably however, some mRNAs
accumulate in mature pollen grains and are stored until translation during pollen germination
(Mascarenhas, 1990; Bedinger, 1992); transcript abundance in mature pollen grains might therefore
not necessarily reflect a direct function of the protein product in this tissue. Second, implication of N-
end rule components in epigenetic regulation is already exemplified by UBR2, one of the N-recognins
for type | and type Il N-degrons in mammals. UBR2 mono- and poly-ubiquitinates histone 2 and other
chromatin-associated proteins, and is engaged in transcriptional gene silencing and the DNA damage
response (An et al., 2010b, 2012). Third, next to the RBR E3 ligases and PRT1, only seven more
proteins are found in the Arabidopsis genome that contain more than one RING domain (Stone et al.,
2005), and five of these are implicated in chromatin methylation (Kraft et al., 2008). Fourth, the
similarity of the PRT1 protein to the yeast DNA repair enzyme Rad18p raised early speculations on a
respective function of PRT1 (Potuschak et al., 1998). A role in DNA repair was later rejected for PRT1
by studies in yeast (Stary et al., 2003), and DNA binding by Rad18p was found to depend on its N-
terminal SAP domain rather than the RING domain which shows homology to PRT1 (Notenboom et
al., 2007). However, chromatin association of PRT1 was never examined. Finally, FlowerNet analysis
indicates that PRT1 expression pattern clusters together and is strongly correlated with the
expression of ATRX (AT1G08600), a gene involved in histone H3 deposition (Duc et al.,, 2017).
Mutation of atrx leads to reduced pollen content of otherwise normal anthers, while combination
with a mutation in the H3.3 chaperone gene HIRA results in extreme growth retardation and sterility
(Duc et al., 2017). To unravel a potential involvement of PRT1 in epigenetic regulation during pollen
development, it would be interesting to see if PRT1 genetically interacts with ATRX or HIRA in a
double mutant situation. Furthermore, it might be worth testing whether the RNA-directed DNA
methylation pathway is misregulated in prt1-1% upon high temperature, as it is the case in the cotton
cultivar HOS.

4.1.2 The thermosensitivity of prt1-1 reproduction

4.1.2.1 Post-meiotic defects in prt1-1% pollen development

Reproductive organs of plants, and pollen in particular, are most sensitive to high temperature stress,
causing crop failure already at conditions of mild heat (Hedhly et al., 2009; Zinn et al., 2010; De
Storme and Geelen, 2014; Mesihovic et al., 2016; Rieu et al., 2017). Heat stress is primarily caused by
changes in membrane fluidity and protein folding, cytoskeleton stability, and chromatin structure, as
well as accelerated metabolic processes (Bita and Gerats, 2013). In Arabidopsis, the number of seeds
per silique was shown to gradually decrease with increasing temperature, even within a temperature
range generally considered favorable for the growth of Arabidopsis (Ibafiez et al., 2017). In this work,
a heritable trait in a descendant of the Arabidopsis prtl-1 line was identified which conferred
complete sterility at an elevated ambient temperature of 28°C, where WT plants readily produced
siliques. Using reciprocal crosses, as well as histological analyses, it was shown that male
reproduction was likely affected in the line prt1-1* at a post-meiotic stage (Fig. 9, 10, 12, 13, 14).
Microspore development was found to arrest under the elevated temperature after separation from
the tetrads, when the majority of the microspores stopped enlargement and eventually collapsed
(Fig. 12, 13). Due to pollen abortion, the anthers were indehiscent, but stomium breakage took place
(Fig. 13), indicating that the dehydration process essential for anther opening (Pacini et al., 2006) was
not affected. This is noteworthy since the processes leading to anther dehiscence are commonly
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prevented by heat shock treatment of WT Arabidopsis plants in a manner dependent on high air
humidity (Kim et al., 2001).

Major defects in pollen development of prti-1* were observed following separation of the
microspores from tetrads, indicating that the cells succeeded to pass through meioses (Fig. 13, S7).
However, the observation that larger and spherical microspores occurred in prt1-1* anthers prior to
or concomitant with collapse (Fig. 12, 14) indicated that DNA segregation might be affected in the
mutant gametocytes at high temperature. Likewise, a mutation in SHUGOSHIN1 (SGO1) which is
required for centromere cohesion during meiosis caused reduced fertility with collapse of a portion
of the pollen grains, while other pollen grains were larger than normal, correlating with higher DNA
contents (Zamariola et al., 2013). Given that SGO1 resides in a region roughly 36 cM upstream of
PRT1 which would match the observed recombination frequency between the prti-1 allele and the
sterility phenotype (Fig. S6), this gene constitutes a promising target for sequence analysis in the
mutant.

4.1.2.2 A potential defect of the pollen wall in prt1-1%

The phenotype seen in prt1-1° coincided strikingly with the temperature-independent effect
described for the abcgl abcg16 abcg20 triple mutant (Yadav et al., 2014). Here, normal flower and
microspore development was observed up to flower stage 12, at which state the microspores
collapsed (Yadav et al., 2014). In abcgl abcg16 abcg20, this was accompanied by the retraction of
the cytoplasm from the cell wall visible in transmission electron microscopy. Notably, the abcgl
abcgl16 abcg20 mutant was not completely sterile but showed a severe reduction in pollen produced.
Yim et al. (2016) furthermore described defects in pollen mitoses for the abcgl abcgl6 double
knock-out, which possibly occurred also in prt1-1%, given that tricellular pollen was rarely detected in
this line grown at 28°C. The similarity of the phenotypes suggests that the pollen wall, particularly
the nexine layer, might be affected in prt1-1* as it is the case in abcgl abcg16 (abcg20). In fact, it
would be interesting to test whether one of the single mutants of the ABCG transporters would also
confer temperature-dependent defects in male fertility, since this was not assessed to my
knowledge. High temperature was reported to induce an increase in pollen wall thickness in quinoa
(Chenopodium quinoa) (Hinojosa et al., 2018), indicating that adaptations of the pollen wall
composition could particularly contribute to thermotolerance of the gametes.

The transcript level of ABCG1 was furthermore found to be upregulated in prt1-1% anthers compared
to the WT (Fig. 16), confirming that processes of pollen wall biogenesis might be disturbed in prt1-1%.
Due to its location on chromosome three and the phenotypic similarities between prt1-1* and abgc
mutants, the ABCG16 locus of the prt1-1* line was sequenced within this work and found to be the
WT sequence. Notably, the ABCG16 and ABCG20 genes reside close to each other on chromosome
three (Fig. S6). ABCG20 is suggested to have its major function at the root endodermis (Yadav et al.,
2014); however, its mutation clearly adds to the sterility phenotype in the abcgl abcgl6 abcg20
triple mutant (Yim et al., 2016). Thus, a mutation of ABCG20 in prt1-1* could also potentially be
causal of the temperature-dependent sterility phenotype. Loss of function of this gene might in turn
activate the expression of ABCG1 via a feedback mechanism, which would explain the increased
transcript level measured in prt1-1% anthers. Transcript analyses of ABCG16 and ABCG20 in the
mutant anthers, as well as sequencing the ABCG20 locus, would serve to address these possibilities.

97



In line with a generally high temperature sensitivity of pollen wall biogenesis via the vulnerability of
the tapetum cells (Parish et al., 2012), it was recently described that loss of function of THERMO-
SENSITIVE GENIC MALE STERILE 10 (TMS10) led to temperature-dependent male sterility at 28°C in
two different cultivars of rice, whereas simultaneous knock-out of the close homolog TMS10-LIKE
(TMS10L) caused constitutive sterility under both 22°C und 28°C (Yu et al., 2017). TMS10 and TMS10L
encode Leu-rich repeat receptor-like kinases of unknown function. Yu et al. (2017) showed that they
are required for timely tapetum degeneration at elevated temperature, and sterility of the tms10
mutant is caused by a lack of primexine and reduced sporopollenin deposition on the microspore
surface. As seen with abcgl abcgl6 abcg20 and prt1-1%, pollen grains of tms10 collapse before
anthesis (Yu et al., 2017).

In accordance with a potential aberration of pollen wall development in prt1-1*, mutant pollen walls
were stronger stainable with safranin O than WT microspores short before microspore degeneration
was observed in prt1-1% (Fig. 13, 14). This observation hints at an increased abundance of phenolic
polymers on prtil-1* microspore surfaces, potentially reflecting lignification. Hypothetically, it could
also be possible that a lack of other structures, such as the lipidic tryphine (Piffanelli et al., 1997,
Mariani and Wolters-Arts, 2000), would make polyphenolic compounds, including sporopollenin,
more accessible to staining in the mutant. Mutants unable to synthesize the long chain fatty acid
derivatives required for the production of tryphine waxes exhibit male sterility due to defects in
rehydration upon pollen-stigma interaction (Preuss et al., 1993; Aarts et al., 1995; Hilskamp et al.,
1995; Jenks et al., 1995; Wolters-Arts et al., 1998; Fiebig et al., 2000; Chen et al., 2003; Jessen et al.,
2011; Zhan et al., 2018). Such mutant pollen is viable, but succeeds to germinate only on the
condition of high ambient air humidity. However, since prt1-1* pollen maturation at elevated
temperature was affected already at earlier stages, and pollen germination efficiency of prt1-1% plant
grown at normal temperature was not decreased (Fig. 11), it is rather unlikely that tryphine
production is specifically affected in this line.

In abcgl abcgl6, as well as in tms10, several layers of the pollen wall, including intine and nexine
(abcgl abcg16), or primexine and (consequently) overall exine (tms10), are aberrant due to defects
in tapetal development (Yadav et al., 2014; Yim et al., 2016; Yu et al., 2017). For further analysis of
prt1-1%, it would be required to test if the pollen wall of prt1-1% is indeed similarly defective, and if
so, if this applies to several, or to a distinct structure of the pollen wall. Since no alterations in
tapetum development were observed by histological analysis in prt1-1% (Fig. 13), it would be
anticipated that potential defects might be more specific than in the previously reported mutants.

The Arabidopsis RPG1/SWEET8 gene encodes a sugar transporter located in the tapetum and
microspores and is required for primexine deposition (Guan et al., 2008; Sun et al., 2013). The single
mutant rpgl, and to a stronger extend the double mutant rpgl rpg2, show severely reduced male
fertility at control temperature, and microspore development phenocopies prt1-1% grown at 28°C.
The phenotypic similarities between prt1-1% and rpgl rpg2 also include the observation that the few
individual microspores which manage to escape from collapse appear abnormally enlarged at the
mature stage (Fig. 13, 14; Guan et al., 2008). Interestingly, SWEET8 transcript was found to be
reduced by 50 percent at 28°C in prti-1* anthers in comparison to the WT (Fig. 16). A
downregulation of sugar transport activity and potentially related processes at 28°C might thus at
least partially explain the sterility of prt1-1%. It was previously reported that alterations of the
carbohydrate metabolism occur during high temperature stress in plant reproductive tissues. For
example, sugar metabolism was shown to be downregulated on the transcript level of vacuolar
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invertase by continuous mild heat in microspores of tomato (Sato et al., 2006). Furthermore,
moderate temperature elevation leads to a decrease in the starch content of developing tomato
pollen, and reduced pollen viability (Pressman et al., 2002). Interestingly, this was accompanied by an
increase in soluble sugars of the locular fluid (Pressman et al.,, 2002). A downregulation of genes
encoding microspore-located sugar transporters such as SWEET8 in Arabidopsis might potentially
explain this discrepancy.

High temperature rapidly induces the accumulation of unfolded proteins and causes ER stress (Niu
and Xiang, 2018). Coherently, signaling components of the unfolded protein response (UPR) mediate
part of the temperature sensing in plants (Che et al., 2010; Deng et al., 2011; Niu and Xiang, 2018).
Given the high secretory activity of tapetum cells, ER stress particularly compromises tapetal
performance. In line with this, simultaneous mutations in INOSITOL-REQUIRING ENZYME 1a (IRE1q)
and /RE1b, which disrupt RNA splicing within the signaling of the UPR, lead to temperature-
dependent male sterility in Arabidopsis (Deng et al.,, 2011, 2016; Nagashima et al., 2011). While
developing normally at control temperature, the irela irelb mutant fails to produce seeds at an
elevated temperature of 27.5°C (Deng et al., 2016). Defects under the restrictive temperature include
the production of a more highly vacuolated tapetum which degenerates incompletely, followed by
aberrant deposition of the pollen coat. Consequently, the majority of pollen grains adhere to each
other and to the anther wall, while some of the microspores collapse before maturation (Deng et al.,
2016). The importance of the UPR for plant fertility was furthermore supported by transcriptome
analyses showing that UPR-associated genes are enriched among reproductive tissue-specific genes
upregulated by heat stress (Zhang et al., 2017b). Thus, the UPR constitutes another link between
above optimal temperatures and pollen wall integrity, and aspects of the UPR might also be affected
in prt1-1%, although the phenotype varies from irela irelb by the absence of tapetum abnormalities
and microspore aggregation.

Notably, temperature signaling via the UPR (Che et al., 2010), as well as via PIF4 and auxin (lbafiez et
al., 2017, 2018) were also dependent on brassinosteroid signaling, and mutations in brassinosteroid
synthesis and signaling can lead to male sterility (see introduction). However, male sterility of such
mutants is caused by reduced filament length (Choe et al., 1998; Kim et al., 2005; Xing et al., 2013),
failure of pollen tube elongation (Szekeres et al., 1996), or transient defects in exine formation
(Ariizumi et al., 2008), but not by pollen abortion. Moreover, growth retardation is usually associated
with the inhibition of brassinosteroid pathways. This obviously differs from the phenotype observed
in prt1-1%, and brassinosteroid signaling is therefore less likely to be the primary cause of the
temperature-dependent sterility of this line.

In general, it would be exciting to clarify whether adjustments of the pollen wall specifically
contribute to thermoprotection of pollen grains. Such adaptations of male gametogenesis towards
abiotic stress conditions have been described for changes in ambient humidity (Firon et al., 2012).
Several cellular adaptations of post-meiotic anthers characteristic to heat stress, such as the
induction of heat shock proteins and reactive oxygen species scavenging mechanisms, were also
described which are usually effective to maintain tapetum function (Parish et al., 2012; Rieu et al.,
2017). Identification of the genetic basis of prt1-1* temperature-dependent sterility lacking obvious
aberrations of tapetum development could lead to additional mechanisms enabling anthers to cope
with modest heat stress.
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4.1.2.3 Hormonal alterations in stamen of prt1-1% at 28°C

Transcript analysis performed with prt1-1% anthers at 28°C revealed several genes associated with
hormone biosynthesis or signaling to be differentially expressed as compared to the WT (Fig. 16).
Such hormonal alterations could to some extend explain the developmental differences observed for
mutant and WT microspores at high temperature. On the other hand, hormone pathways could be
secondarily affected on the transcript level by a perturbation of pollen development caused by
metabolic changes. Since anther developmental programs are tightly coordinated with the
differentiation of the gametes (Sanders et al., 1999; Cecchetti et al., 2004; Ma, 2005), stalling of
pollen grain maturation might well impact on the transcript levels of hormone-related genes.

Upon transcript analysis of the auxin biosynthetic genes YUC2 and YUC6, a clear downregulation of
YUC6, but not YUC2 was observed in high-temperature exposed anthers of prt1-1* compared to WT
gene expression (Fig. 16). While yuc2 yuc6 double mutants are male sterile, knock down of YUC6
alone is not expected to trigger developmental phenotypes (Cheng et al., 2006), although the
performance of single mutants at elevated temperatures has, to my knowledge, not been tested.
Furthermore, yuc2 yucé sterility is primarily caused by premature endothecium lignification and
tapetum degeneration (Cheng et al., 2006; Cecchetti et al., 2008), following defects in microspore
development as early as pollen mitosis | (Yao et al., 2018). Characteristically, filament elongation is
also strongly reduced in yuc2 yuc6 mutants (Cheng et al., 2006). Similarly, heat-stress induced
decrease of endogenous auxin levels impairs plant fertility due to shortening of the filament and
microspore abortion beginning at the time of microspore release from the tetrads (Sakata et al.,
2010). These effects of auxin inhibition differ from the phenotype observed in prt1-1% upon mild
heat, since no acceleration of the dehiscence program (i.e., tapetum degeneration and endothecium
lignification) was obvious in prt1-1* (Fig. 13), and filament elongation was not further reduced as
compared to the WT (Fig. 9). Next, microspore abortion initiated slightly later in prt1-1% at 28°C than
in the cases of auxin deficient mutants at control temperature, probably at the time or even after
mitosis Il (Fig. 13, S7). Hence, it is rather unlikely that downregulation of auxin biosynthesis at the
level of YUC6 transcript caused male sterility in the prti-1® mutant. Pertinently, exogenous
application of auxin to prt1-1% flowers did not rescue fertility (data not shown), in contrast to what
was reported for heat-stress induced sterility of WT flowers (Sakata et al., 2010). However notably,
exogenous auxin application was equally not sufficient to rescue fertility of yucl yuc2 yuc6 mutants
(Cheng et al., 2006), leaving the possibility that temporally regulated auxin biosynthesis might be
essential for a rescue effect in prt1-1% as it was suggested for yucl yuc2 yuc6 (Cheng et al., 2006).
Moreover supporting that auxin signaling might at least partly explain the prt1-1% phenotype, auxin
signaling via ARF17 was also shown to be essential for primexine and exine formation, and loss of
function of ARF17 leads to similar phenotypes as in prt1-1*, accompanied by only slightly reduced
filament length (Yang et al., 2013). Thus, it cannot be ruled out that disturbed auxin signaling causes
sterility of prt1-1* at 28°C.

Concerning the downregulation of YUC6, this phenomenon however could be linked with the
observed moderately increased transcript levels of JA biosynthetic genes, since it was reported that
the auxin perception mutants afb1-3 and tirl afb2 afb3 also showed upregulated expression of DAD1
and OPR3 in flower buds (Cecchetti et al., 2013). However, at later anther stages, which were
targeted during sample preparation for prt1-1* transcript analysis, auxin appears to rather positively
regulate JA biosynthetic gene expression (Song et al.,, 2013; see introduction, chapter 1.3.1.3).
Notably moreover, in prtl-1%, increased gene expression particularly of DAD1 did not reflect in
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significantly stronger expression of MYB21 and MYB24 in prt1-1% anthers, as would be expected from
enhanced JA biosynthesis (Mandaokar et al., 2006). However, adequate MYB-gene expression is
crucial for faithful stamen development (Huang et al., 2017a), and likely underlies strict regulation.
Thus, whether auxin or JA levels are altered in prt1-1% anthers at 28°C, remains to be determined
experimentally.

Strikingly, of all JA mutant phenotypes described (see introduction, chapter 1.3.1.1), the dad1 mutant
most closely resembles the prt1-1% phenotype at 28°C, including normally elongated filaments, and
normal microspore development up to flower opening, but failure to produce viable pollen grains
(Ishiguro et al., 2001). Coincidentally, within this work DAD1 was also the gene that (although highly
variable between reproductions of the experiment) showed the strongest upregulation in expression
in prt1-1% anthers as compared to the WT, while the two other tested JA biosynthetic genes, OPR3
and LOX3, were less affected (Fig. 16). DAD1 expression in stamens is believed to be highest in the
filament, which is considered the actual site of JA production in the stamen (Sanders et al., 2000;
Ishiguro et al., 2001), and only a faint expression can be detected in the anther (Jewell and Browse,
2016). Since anthers are not devoid of, but contain rather few plastids (Clément, 2001), JA synthesis
in the filament might also be the logical consequence of precursor availability. The fact that JA
synthesis in the anther is of minor importance however raises the question why DADI might be
differentially regulated in anthers of prt1-1* at all. Interestingly, linolenic acid, the product of DAD1
enzymatic activity, was found to be critical specifically for pollen development (McConn and Browse,
1996). Routaboul et al. (2012) furthermore showed that the knock-out of fad3 fad7 fad8, disrupting
biosynthesis of the galactolipid precursor for linolenic acid (McConn and Browse, 1996), resulted in
decreased tolerance towards long-term, but not short-term, high temperature stress. The
temperature-sensitivity of the JA-deficient triple mutant was not rescued by the exogenous delivery
of JA, indicating that it might be the trienoic fatty acid, not the hormone product, which confers
thermotolerance. This finding was also surprising since a general function of JA signaling in basal
thermotolerance of Arabidopsis was described before (Clarke et al.,, 2009). It is compelling to
speculate that potentially increased DAD1 activity in the prt1-1* mutant anthers might serve to
provide linolenic acid in order to compensate for a defective process in lipid metabolism, and thus to
protect cellular membranes in the anther, or the pollen coat from ongoing thermal damage. Notably,
a decrease in lipid unsaturation upon heat stress was previously associated with thermosensitivity of
Sorghum pollen (Djanaguiraman et al., 2018). Furthermore, linolenic-acid containing phospholipids
make up more than 90 percent of the total extraplastidial phospholipids in wheat pollen, but
decreased to 80 percent upon high temperature stress (Narayanan et al., 2018). This differed from
the situation in leaves, where linolenic acid-containing phospholipids were less prominent. However,
there is no indication that DADI1 transcript upregulation might be part of the response to long-term
heat stress in the Arabidopsis WT, although FAD3 and FADS8 transcript levels were doubled in
transcriptomic data from a recent study investigating the response of Arabidopsis pollen to one week
of alternating temperature stress (Rahmati Ishka et al., 2018). Comparison of DAD1 and FAD
transcription in WT anthers at normal temperature and long-term heat, together with lipid analyses
of anthers, would help to address a potential function of linolenic acid in pollen adaptation to high-
temperature induced stress.

Although several lines of evidence suggest the involvement of ethylene in the high temperature
response of plants (Larkindale, 2002; Frank et al., 2009; Jegadeesan et al., 2018; Jin et al., 2018),
ethylene levels were likely unaffected in prt1-1% anthers at 28°C, as judged from the unchanged
expression of the ethylene-inducible (Hua et al., 1998; Ellison et al., 2011) ETR2 gene. In contrast,
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expression of the type A ARRs ARR4, ARR5, and ARR6 indicated a perturbation of cytokinin signaling
in this mutant (Fig. 16). Concerning cytokinin signaling, it should be taken into account that a
hyposensitivity towards cytokinin in the triple response assay was later detected for prt1-1*, which
was independent genetically from the 28°C sterility (see chapter 3.4.5). Hence, it is difficult to
decipher whether the alterations in cytokinin gene expression seen in the anther of prti-1* were
associated with the sterility phenotype, or rather driven by an independent genetic locus. It would be
crucial to compare anther gene expression of prt1-1% at normal and high temperature, in order to
address a potential involvement of cytokinin signaling in the sterility phenotype. The observed
repression of EIN3, which is known to be induced by cytokinin (Brenner et al., 2005), but unaffected
transcriptionally by ethylene treatment (Chao et al., 1997), in prt1-1* anthers would coincide with
reduced cytokinin signaling in the prt1-1* mutant. EIN3 repression in turn might be responsible for
the observed upregulation of some ARRs, such as ARR5 (Shi et al., 2012). Of note, differential
regulation of type A ARRs in response to heat shock in Arabidopsis pollen was also observed within
an RNA-Seq experiment performed by Rahmati Ishka et al. (2018). Here, a slight but significant
downregulation of ARR4 and ARR7, and a 2.5-fold upregulation of ARR9 were detectable in heat-
shocked WT pollen compared to control temperature. It is therefore conceivable that differential
expression of ARRs in prt1-1* represents an exaggeration of the heat shock response that occurs in
the WT at higher temperatures.

Interestingly, mutation of PUB4, encoding an E3 ligase that acts redundantly with PUB2 (Wang et al.,
2017), results in pronounced cytokinin hyposensitivity of light-grown as well as etiolated seedlings,
and entails temperature-dependent male sterility (Wang et al.,, 2013a, 2017). Both phenotypes,
cytokinin hyposensitivity and reduced male fertility, are shared by a mutant defective in the genes
EXTRA-LARGE G PROTEIN 1 (XLG1), XLG2, and XLG3, and all three XLGs were shown to interact with
PUB2 and PUB4 (Wang et al., 2017). Although the combination of the phenotypes coincidentally
resembles the situation found in prt1-1%, there are some major differences concerning the
manifestation of male sterility. Pub4 is infertile at a control temperature of 22°C, but silique
formation is partially restored upon growth at 16°C (Wang et al., 2013a). In contrast to prt1-1*, pub4
and pub2 pub4 mutants exhibit hypertrophy and delayed senescence of the tapetum at the
restrictive temperature, and fail to dehisce due to adherence of the pollen grains to the locules
(Wang et al., 2013a, 2017), thus mimicking in part the UPR deficient phenotypes (see above). The
pollen produced by pub4/pub2 pub4 is furthermore misshaped, but viable, and hand-pollination
produces normal seeds. Finally, pub2 pub4 exhibited pronounced resistance towards exogenous
cytokinin application already under light-grown conditions (Wang et al., 2017), which was not
observed for prti1-1* (Fig. 37). These differences to the phenotypes of prt1-1%, and the fact that
sterility and hormone insensitivity of prt1-1% were separatable genetically, indicate that different
pathways are likely affected in prt1-1* and the pub mutants.

The data presented here suggests that a so far unknown mechanism potentially affecting pollen wall
development might underlie the defect in male gametogenesis of prti-1%. In the future, this could
provide new insights into the stress response of plant reproduction, or lead to the identification of
new genetic targets for the development of hybrid crops.
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4.2 PRT1 acts as an E3 ligase in-vitro using both RING domains

The PRT1 gene was previously shown to reconstitute poly-ubiquitination of a test substrate in N-end
rule deficient ubrlA yeast cells (Stary et al., 2003), providing indication that the enzyme is capable of
acting as an E3 ligase in cells. Using in-vitro autoubiquitination assays with recombinant purified
proteins, it was shown within this work that PRT1 is indeed not only required, but sufficient for
catalyzing Ub transfer in the presence of E1, E2, and ATP (Fig. 20). Since biochemical studies on PRT6
are still missing to date, this is also the first demonstration of in-vitro Ub ligase activity of a plant N-
recognin.

In the autoubiquitination assays performed here, UBC8 was engaged as the E2 enzyme. UBC8
constitutes a close homolog to the mammalian Ube2D family (Girod et al., 1993; Scheffner et al.,
1994; Stewart et al., 2016) whose members are promiscuously active with diverse E3 enzymes and
indiscriminate for Ub linkage sites (Brzovic et al., 2006; Zhang et al., 2011a; Stewart et al., 2016).
Promiscuity towards RING and U-box containing E3s was also observed for UBC8 (Stone et al., 2005;
Turek et al., 2018), and it is very likely that there are different E2 enzymes acting on PRT1 in vivo,
potentially even in a context-dependent manner. Notably, high protein concentrations in
ubiquitination assays can facilitate unspecific interactions, and E2-E3 pairing in vitro must hence be
carefully interpreted (Turek et al., 2018). Nevertheless, it is noteworthy that the human MEKK1-
related protein X (MEX), an E3 ligase with testis-specific expression, is similar to PRT1 in that it
contains two RING domains and a ZZ domain (Nishito et al., 2006). Interestingly, MEX was
autoubiquitinated specifically through members of the Ube2D family (UbcH5a and UbcH5c), but not
by other tested E2s, in vitro (Nishito et al., 2006). Although MEX exhibits further domains at the N-
and C-termini, a truncated fragment comprising only the two RING and the central ZZ domain was
sufficient for the interaction with UbcH5a during co-immunoprecipitation from co-transfected cells
(Nishito et al., 2006). Thus, the domain structure of PRT1 potentially allows for the interaction with
UBCS also in vivo.

However, in order to reveal a cellular function of PRT1, it would be interesting to know which E2
enzymes specifically cooperate with this E3 in vivo, and where this interaction takes place. The Ub-
linkage specificity conferred by PRT1-E2 interactions in vivo would provide initial information on this
guestion. The fact that recombinantly expressed test substrates were destabilized by the presence of
an intact PRT1 gene in planta (Potuschak et al., 1998; Stary et al., 2003; Garzén et al., 2007) indicates
that PRT1 ubiquitinates its substrates to target them for degradation. Whether degradation occurs
via the UPS, implying mostly K48-linked poly-Ub chains (Thrower, 2000), or rather the endocytic
pathway via K63 chains or multi-mono-ubiquitination (Haglund et al., 2003; Lauwers et al., 2010;
MacGurn et al., 2012), is still an open question. Proteasome inhibitor treatment was shown here to
increase the abundance of a constitutively expressed PRT1 substrate in Arabidopsis protoplasts, to an
extend that approached the effect of PRT1 mutation, or replacement of the N-terminal hydrophobic
residue of the substrate (Fig. 29). This hints towards a role of PRT1 within the UPS, implying K48-
linked Ub-ligation. However, use of proteasome inhibitors can also indirectly affect other Ub-
dependent processes such as autophagy, due to rapid depletion of cellular Ub pools (Mimnaugh et
al., 1997; Hanna et al., 2003). The determination of the Ub-linkage specificity conferred by PRT1, for
example by the use of linkage type-specific anti-Ub antibodies on artificial PRT1 substrates that have
been purified from cell extracts after proteasome inhibition, would help to decipher the specific
purpose of PRT1-mediated ubiquitination.
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Crucially, it could be shown using point mutated variants that in-vitro autoubiquitination activity of
PRT1 depends on both RING domains (Fig. 20B), whilst overall structural integrity of the mutant
proteins was confirmed by peptide binding assays (Fig. 25). The requirement of two RING domains
for autoubiquitination of an E3 ligase was, to my knowledge, observed for the first time outside of
the RBR class of proteins. Since PRT1 lacks a domain homologous to the RING2 domain of RBR ligases
(Eisenhaber et al., 2007; Riley et al., 2013; Fig. S13), it is unlikely that PRT1 acts via an RBR-like
mechanism. However, to exclude the formation of a thioester linkage between PRT1 and Ub during
the autoubiquitination reaction, the initial stages of the reaction, when thioester products of RBR
activity would still outweigh isopeptide linkages, would have to be assayed in the presence or
absence of reducing agents (Wenzel et al., 2011). Additionally, the activities of E3 ligases other than
RBR or HECT are specifically abolished when a catalytic residue of the E2 required for E2~Ub Lys
reactivity (N77 in UBCH5C) is mutated (Wenzel et al., 2011). Hence, to exclude a similar mechanism
for PRT1, it would be of interest to assay its activity with a UBC8 variant mutated in the homologous
residue (i.e., N77 also in UBCS8).

Of the few E3 ligases comprising more than one RING domain outside of RBRs in Arabidopsis,
mutational studies have been performed with ORTH1 (Kraft et al., 2008). Here, point mutants as well
as truncations of either of the RING domains retained most in-vitro autoubiquitination activity (Kraft
et al., 2008). Similarly, replacement of metal chelating Cys residues of either RING domain by Ser in
MEX only slightly compromised autoubiquitination activity of the human protein (Nishito et al.,
2006). Thus, PRT1 autoubiquitination in concert with UBC8 might represent a new mechanism of Ub
ligation performed by a RING enzyme.

The observation that PRT1 is able to ubiquitinate itself furthermore suggests a mechanism for self-
regulation, since autoubiquitination activity of E3 enzymes can lead to proteasomal degradation
(Galan and Peter, 1999; Nishito et al., 2006; Printsev et al., 2014; Furlan et al., 2017). Interestingly, a
PRT1 fusion construct expressed in Arabidopsis protoplasts migrated as double to triple bands
accompanied by a faint smear of higher molecular weight species in SDS-PAGE which would coincide
with mono- and higher order ubiquitination in vivo (Fig. 30). While the potentially mono- and di-
ubiquitinated variants were observed independently of RING mutations, a band corresponding to tri-
ubiquitinated 3HA-PRT1 was lost upon mutation of the second RING domain (Fig. 30), and a faint
smear of higher molecular weights was furthermore seen especially upon expression of the WT
sequence of PRT1 (Fig. 30, 31B). Consistent with a minor role of mono- and di-ubiquitination in
protein degradation (see introduction), only the presence of the higher molecular weight species
coincided with decreased PRT1 protein levels in vivo (Fig. 30). Thus, auto-poly-ubiquitination by PRT1
might depend on functional RING domains also in vivo. In contrast, mono- and di-ubiquitination of
PRT1 are obviously achieved in vivo when either of the two RING domains is mutated (Fig. 30).
Hence, these modifications might be the result of the interaction with another E2 enzyme than UBC8
which does not depend on the integrity of both domains, or PRT1 could be target to mono- and di-
ubiquitination by other Ub ligases in vivo. Surprisingly, formation of the tri-ubiquitinated version in
vivo was only abolished upon mutation of the second RING domain (Fig. 30), which constitutes the
more degenerated RING domain, and is unlikely to mediate E2 interaction as judged from the
sequence information (e.g., the presence of Ala-194 in RING2 instead of a larger hydrophobic
residue, Fig. 21), and based on the fact that residual autoubiquitination was observed in the
respective mutant in vitro (Fig. 20B, S12). Thus, RING2 might offer a different platform for regulation
of PRT1. This could be dimerization or binding of further interaction partners. Interestingly, protein
sequence analysis on InterPro (https://www.ebi.ac.uk/interpro/) identified RING2 of PRT1 as a LisH-
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dimerization motif-Zn finger, supporting the hypothesis that PRT1 might be capable of dimerization.
Of note, whether the higher migration pattern in SDS-PAGE of PRT1 expressed in protoplasts actually
corresponded to ubiquitinated variants, a different modification, or to unusual SDS-loading
properties of the fusion proteins, cannot be unequivocally concluded from the results obtained
within this work und would have to be determined analytically, i.e. by mass spectrometry. However,
regulation of an E3 ligase by mono-ubiquitination would not be unusual and should be considered as
a possibility for PRT1.

When comparing the sequences of the PRT1 RING domains to the RING domains of the well-studied
human BRCA1 and c-CBL, some differences were seen. The amino acids spacing metal ligand 2 and 3
in both RING domains of PRT1 were depleted of acidic residues (Fig. 21). This feature is shared by the
RING domains of the human and yeast Rad18 proteins and make up part of the sequence homology
observed between PRT1 and Rad18p (Barlow et al., 1994; Potuschak et al., 1998; Stary et al., 2003).
As in BRCA1 and c-CBL, the conserved hydrophobic residue preceding metal ligand 2 of human Rad18
(lle-27) was shown to be important for the interaction of Rad18 with the E2 (Huang et al., 2011).
Interestingly, the replacement of this residue of Rad18 by Ala reduced in-vitro ubiquitination activity,
but did not abolish it (Huang et al., 2011), very similar to what was seen for V28A replacement in
PRT1 (Fig. 20B), and differing from the situation with BRCA1 and c-CBL (Zheng et al., 2000; Brzovic et
al., 2003; Stone et al., 2005). Thus, Rad18 and PRT1 might actually share mechanistic properties for
E2 interaction, indicating that the observed sequence similarity might be of some functional
importance after all.

Importantly, Rad18 was also found to appear as a double band in Western blots from human cells,
corresponding to non- and mono-ubiquitinated species, whereas higher order species were detected
during in-vitro autoubiquitination assays (Miyase et al., 2004). Moreover, poly-ubiquitination of
Rad18 in cells was observed upon proteasome inhibition, indicating differential regulation of Rad18
by ubiquitination (Miyase et al., 2004). In fact, immunodetection of high-molecular weight species of
PRT1 was exclusively observed upon overexpression (Fig. 30, 31B, 34), which could mimic a situation
of proteasome inhibition, in terms of E3 protein overabundance. In contrast, expression under the
control of a very weak promoter resulted in a single band potentially corresponding to a mono-
ubiquitinated version (Fig. 35B). In the case of Rad18, it was suggested and evidence was provided
that dimer formation at high nuclear concentrations of Rad18 allows for mono-ubiquitination, which
in turn causes Rad18 re-localization from the nucleus to the cytoplasm (Miyase et al., 2004). PRT1
likely localized to the cytoplasm and nucleus in the overexpression situation (Fig. 31A). This was
independent of the integrity of the first RING domain, as was the formation of potential mono- and
di-ubiquitinated forms (Fig. 30). It would be worth testing whether the single band occurrence seen
with PRT1 under low promoter expression exhibits differential localization as compared to the strong
promoter, and whether isolations of different cellular fractions would yield distinct species of PRT1.

Notably, self-association was also reported for MEX, in a manner dependent on the protein fragment
containing RING- and ZZ domains (Nishito et al., 2006). Given the similar domain organization of PRT1
and MEX, this might indicate the conceptual ability of PRT1 to form dimers or oligomers. In order to
test PRT1 for its ability to self-associate, reciprocal pull-downs of differently tagged E. coli-expressed
PRT1 variants (N-terminal "*MBP or GST) were attempted during this work. However, the experiment
was obstructed by the severe tendency of all PRT1 variants to aggregate, hampering to distinguish
specific protein-protein interactions (data not shown). Creation of RING double mutants of PRT1, and
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of variants mutated in the ZZ domain, as well as reciprocal pull-downs from plant cells under lower
expression conditions, might reveal further regulatory mechanisms acting on PRT1 in vivo.

In summary, the results obtained here show that PRT1 acts as an E3 ligase that might be subject to
posttranslational regulation. This implies that timely PRT1 action might be required under specific
conditions in the plant, and hyperactivity is prevented by cellular mechanisms.

4.3 The in-vitro substrate specificity of plant N-recognins

The substrate binding properties of the two cognate plant N-recognins, with focus on PRT1, were
investigated using recombinantly expressed fusion proteins on peptide arrays. These experiments
demonstrate for the first time a direct physical association of plant N-recognins with substrate
peptides. Previous work has proven the applicability of peptide arrays in the context of mammalian,
yeast, and bacterial N-end rule related substrate recognition using peptides of up to 13 amino acids
in length (Choi et al., 2010; Hwang et al., 2010a; Kim et al., 2014; Wadas et al., 2016; Colombo et al.,
2018; Wang et al., 2018a). Hence, with 17-mer peptides immobilized on a cellulose membrane
support, this work employs the longest peptide sequences that were used so far for N-degron
peptide binding assays. Notably, the overall hydrophilicity of a peptide sequence was not predictive
for N-recognin binding in the assays presented here, since some among the sequences that bound
well to PRT1 (e.g., peptides “K2” and the BB neo-N-terminus) exhibited an overall hydrophobic
character, independently of the N-terminal aromatic amino acid. Thus, it is not to be assumed that
solvent exposure and protrusion from the membrane of these longer sequences were limiting
protein interactions simply in terms of accessibility. Strong interactions of the peptides with the
membrane support would be furthermore unexpected since the membranes used for array synthesis
were functionalized with polyethylene glycol (PEG) as a linker scaffold for peptide coupling, strongly
promoting peptide flexibility and hydration during the assay. Hence, given the large number of
peptide sequences that can be tested in parallel with each SPOT peptide array, it can be assumed
that N-terminus selection of PRT1 and the UBR box of PRT6 can be suitably monitored by the SPOT
assay experiments.

4.3.1 Determinants of N-degron recognition by PRT1

PRT1 substrate selection depends on the exposure of bulky hydrophobic N-degrons, as was shown by
the isolation of the prti-1 null allele using a type lI-N-degron bearing reporter construct, and by
subsequent analyses (Bachmair et al., 1993; Potuschak et al., 1998; Stary et al., 2003; Garzdn et al.,
2007). However, sequence properties determining recognition by PRT1 beyond the very N-terminal
amino acid and the general requirements of N-degrons remained unknown. Here, using peptide
binding assays, the high specificity of PRT1 for bulky hydrophobic N-terminal residues was confirmed
in vitro. Neither of the two RING domains was required for this binding behavior (Fig. 25), and it
remains to be determined whether the ZZ domain is required, or even sufficient for the interaction,
or whether the two RING domains are able to complement each other for substrate binding.

Peptide binding assays furthermore revealed a pronounced influence of the more downstream
amino acids on PRT1 binding, consistent with what was seen for other N-end rule components (Erbse
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et al., 2006; Xia et al., 2008; Choi et al., 2010; Matta-Camacho et al., 2010; Wadas et al., 2016). When
sequentially replacing the amino acids of the nsP4 sequence that interacted with PRT1 in the WT
version, it was found that the first six amino acids were most important for PRT1 binding (Fig. 24A).
Next to the bulky hydrophobic N-terminal residue, these included amino acids with polar side chains
(Ser-4, Thr-5) which might be required for the mobility of the peptide, in accordance with what was
acknowledged before as a requirement for a functional N-degron (Bachmair and Varshavsky, 1989).
In line with this, the sequences of EIN2 and BB which showed very good PRT1 binding, were likewise
rich in Gly and Ser residues, consistent with the assumption that the combination of these residues
will increase flexibility of a peptide linker sequence (Van Rosmalen et al., 2017).

Interestingly, another hydrophobic residue (Phe-3) was furthermore found within the first six amino
acids of nsP4 that proved to be important for PRT1 binding, and especially the well-binding BB
sequence was also rich in aromatic residues. This indicates that the substrate binding pocket of PRT1
might be relatively hydrophobic and large. In the case of E. coli ClpS, it was proposed that a deep
hydrophobic pocket mediates selection of bacterial N-degrons (starting Phe, Leu, Trp, or Tyr),
potentially involving an induced-fit mechanism (Wang et al., 2008a; Schuenemann et al., 2009; Kwon
et al., 2018). A similar mechanism might also apply to PRT1 substrate binding. Alternatively, the PRT1
binding pocket itself could be rather small, and hydrophobic residues might be required to properly
position the substrate N-terminus on the PRT1 surface. Of interest in this context, when comparing
the ZZ domains of p62 and PRT1, Kwon et al. (2018) noted the presence of additional hydrophobic
residues in the PRT1 ZZ domain when compared to the binding pocket of p62. Investigation of the
PRT1 crystal structure in complex with a substrate peptide would help to test wether such
hydrophobic residues of PRT1 are specifically involved in positioning PRT1-substrates in the binding
pocket.

Notably, throughout the peptide sequences tested for PRT1 interaction, the three best binding
sequences, K2 and the neo-N-termini of EIN2 and BB, all exhibited a low net charge at neutral pH,
owing to an overall low number of charged residues. This is in contrast to the A138 N-terminus of
RD21A which, despite of a neutral net charge, contains a rather high number of charged amino acids,
and could not bind PRT1 detectably even when Phe was in N-terminal position (Fig. 26B). It is
possible that differently charged amino acids within a peptide sequence interfere with PRT1 binding
because they impose a rather rigid peptide structure. The preference of PRT1 for N-termini with low
net charges was furthermore supported by the observation that replacement of distal Lys residues
(Lys-14 and Lys-15) of nsP4 by Ala or Gly strongly promoted pull-down of PRT1 by this peptide (Fig.
24), whereas replacement by another positively charged amino acid, Arg, had only a modest effect
(Fig. 24B). Moreover, the positively charged Lys-2 was the only residue among the first six amino
acids of a tested substrate peptide, substitution of which did not dampen PRT1 binding. The
preference of low net-charged N-termini by PRT1 differs from E. coli ClpS substrate binding, where a
preference for N-termini with positive net charge was reported (Erbse et al., 2006).

Finally, despite of the apparent preference for low net charges, all three PRT1 binders (K2, EIN2, BB)
contained a protonatable residue in penultimate position. Interestingly, this was accompanied by the
occurrence of a negatively charged residue in more downstream position, namely Glu-7 and Asp-9 in
EIN2 and BB, respectively, although this co-occurrence of positive and negative charges is also likely
to decrease structural flexibility. Consistent with the presence of negatively charged residues in
peptides that bound well to PRT1, replacement of Asp-6 in nsP4 also weakened the interaction (Fig.
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24A). Potentially, this negative charge compensates for the positive charge in position 2 to restore
neutral net charge.

Together, based on the binding studies performed with peptide arrays it can be concluded that a 17-
mer N-terminal peptide optimal for PRT1 recognition is characterized by 1) an aromatic N-terminal
residue; 2) a protonatable residue in penultimate position; 3) a negatively charged residue in a
central position; 4) a high number of Gly and Ser residues providing segmental mobility; and 5)
preferentially additional hydrophobic residues throughout the sequence.

4.3.1.1 Distal Lys residues in the N-terminus of a PRT1 substrate

The results obtained here concerning Lys in penultimate position of a PRT1 substrate peptide are
rather contradictive. On the one hand, the neo-N-terminus of BB which proofed to be a very good
ligand for PRT1 in vitro, bears a Lys residue in position 2, indicating that Lys at this position is
advantageous for binding. This is also in agreement with the assumption that a protonatable residue
in penultimate position of a peptide substrate increases PRT1 affinity. On the other hand,
replacement of Lys-2 by Ala in the nsP4 sequence did not diminish PRT1 binding, or even improved
pull-down of the N-recognin slightly (Fig. 24A). It would have to be tested whether Lys in second
position is only beneficial in certain sequence contexts, for example when contributing to a neutral
net charge as in the case of BB, or if binding of PRT1 to the BB sequence would be even improved
upon replacement of Lys-2.

In contrast, Lys in the distal part of an N-terminal substrate sequence (Lys-14 and Lys-15 of nsP4)
clearly decreased PRT1 binding compared to Ala in this position (Fig. 24). This was surprising since E3
ligase action depends on the presence of Lys residues for Ub transfer. One explanation for this
observation could be the idea that N-recognins act by scanning the substrate sequence for a
ubiquitination site, eventually allowing for substrate release (Eldeeb et al., 2018a). Although Ub was
not provided in the SPOT assays performed here, it is conceivable that the absence of Lys in a
sequence leads to longer dwell times of the E3 at the peptide during a process of sequence scanning,
resulting in higher steady-state protein levels at the peptide spot. In disagreement with this idea
however, optimal Ub transfer to a substrate by an N-recognin appears to occur considerably more
downstream of the substrate’s N-terminus than residue number 15 (Bachmair and Varshavsky,
1989). Hence, a potential process of sequence scanning by PRT1 would likely target more distal parts
of the substrate protein, and dwell time effects on 17-mer artificial peptides might be negligible. In
contrast, the simpler conclusion for the observation that PRT1 pull-down was augmented upon
replacement of distal Lys residues would be that Lys in a downstream peptide sequence decreased
PRT1 affinity. In fact, this hypothesis would be directly in line with observations made by (Bachmair
and Varshavsky, 1989). Here, replacement of Lys-15 in the eX N-degron linker sequence by Arg even
improved the efficiency of the linker to act as a type Il N-degron in yeast. This effect was however
position specific, since K17R mutation led to a significant reduction in N-degron efficiency, prompting
the authors to propose the requirement of properly spaced Lys residues for degron function
(Bachmair and Varshavsky, 1989). Bachmair and Varshavsky (1989) inferred a competition
mechanism between the two Lys residues of e* at position 15 and 17 for a binding site at the N-
recognin, and suggested that degron efficiency might be decreased when Lys-15 is occupying this
binding site as compared to Lys-17.
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These considerations would suggest that decreased affinity, rather than shortened dwell time of
PRT1 at the peptide, explains the lower protein signals at the Lys-containing compared to the Lys-
deleted peptide sequences. However, in the experiment presented in Fig. 24B, PRT1 occupancy was
also strongly increased upon replacement of all Lys residues in nsP4 (i.e., Lys-15 and Lys-16), in a
manner only partially independent of the positive charge elimination (Fig. 24B). This contradicts the
explanation that competition effects between the Lys residues are responsible for a binding effect.
Instead, the result obtained here suggests that 1) positive charge in the distal region of a substrate’s
N-terminus interferes with PRT1 binding, and 2) Lys in this region furthermore conflicts with the
stability of the association between PRT1 and a peptide ligand by a yet unknown mechanism.

4.3.1.2 PRT1 substrates bear a protonatable residue in position 2

All three peptide sequences that were found to interact strongly with PRT1 in SPOT peptide assays
(i.e., K2, and the neo-N-termini of EIN2 and BB) contained a protonatable residue in penultimate
position. Remarkably, also all of the previously employed artificial substrates used to address PRT1
activity in vivo, i.e. for capturing the prt1-1 allele (Bachmair et al., 1993; Potuschak et al., 1998), as
well as for subsequent studies (Stary et al., 2003; Garzén et al., 2007; Faden et al., 2016), harbored a
protonatable residue in second position. The experiments obtained from SPOT assay experiments
now suggest that the affinity of PRT1 might in fact be strongest towards substrates initiated by
aromatic N-termini followed by a basic amino acid. Notably, in a proteomics approach, Majovsky et
al. (2014) found that some substrates of the type | branch of the N-end rule were also modestly
enriched upon loss of PRT1 function, indicating that PRT1 also slightly contributes to the degradation
of these proteins. The assumption that the PRT1 binding pocket prefers peptides with positive charge
close to the N-terminus would potentially explain this observation. Compellingly, this finding also
implies the possibility that the genetic screen performed by Bachmair et al. (1993) might have
actually resulted in the identification of a specialized N-recognin targeting type Il N-degrons with a
protonatable second residue. This would lead to the conclusion that other substrates with aromatic
neo-N-termini might remain unstable upon loss of function of PRT1, and would allow the postulation
of the existence of further N-recognins with type Il specificity in Arabidopsis. Alternatively, the
specificity for basic amino acids in second position might be a common feature among type Il N-
recognins, given that also several ClpS proteins showed preferential binding to peptides with
positively charged amino acid in penultimate position during SPOT assay experiments (Erbse et al.,
2006; Stein et al., 2016).

There are three proteins from other organisms than Arabidopsis known to confer binding
preferentially to aromatic, rather than branched hydrophobic N-degrons. These are the ZZ domain of
mammalian p62 (Cha-Molstad et al., 2017; Kwon et al., 2018), the ClpS2 N-end rule substrate
adaptor of Agrobacterium tumefaciens, and ClpS1 from Synechococcus elongatus (Stein et al., 2016).
Comparison of PRT1 and p62 substrate binding is worthwhile given that these two are the only
known N-recognins engaging a ZZ domain for substrate interaction. Kwon et al. (2018) investigated
the crystal structure of the ZZ domain of p62 in complex with different N-degrons. Thereby they also
noted structural homology of the p62 ZZ domain with the one from PRT1, including the conservation
of an Asp residue responsible for binding of the substrate’s a-amino group (Kwon et al., 2018). Given
that p62 has the strongest affinity towards Arg-initiated degrons which is a type | residue (Kwon et

109



al., 2018), it would be also conceivable that preference of PRT1 towards substrates with a positive
residue in second position reflects an evolutionarily old feature of the ZZ domain.

Interestingly, many a-proteobacteria and also cyanobacteria contain an additional ClpS protein, and
the variants from A. tumefaciens and S. elongatus were shown to be specific for aromatic N-degrons
(Stein et al., 2016), as is PRT1. Moreover, like PRT1, all ClpS proteins investigated so far exhibit a
preference for positively charged residues in position 2 (Erbse et al., 2006; Stein et al., 2016). In
contrast, the N-terminus of the known natural substrate of p62, BiP, is of highly acidic nature (Cha-
Molstad et al., 2015). Hence, although sequentially different, the PRT1 binding pocket might actually
have specialized to function similarly to the bacterial ClpS domain (Erbse et al., 2006; Stein et al.,
2016). While E. coli ClpS does not discriminate between aromatic amino acids and Leu in N-terminal
position, the examples of A. tumefaciens ClpS2 and S. elongatus ClpS1 show that sequence variations
of ClpS can principally lead to specificity for aromatic amino acids. It would be interesting to learn if
such specialized ClpS proteins show structural analogy to PRT1, and if PRT1 and these ClpS proteins
have evolved in parallel to perform similar substrate binding reactions.

With the criteria for PRT1-binding determined above, it is possible to predict whether a neo-N-
terminus, once proteolytically exposed, principally qualifies as a substrate for PRT1. The uncertainty
of in-planta generated N-terminal sequences however renders the search for potential substrate
candidates difficult. While a growing number of studies provides information on the steady-state N-
terminal proteome of Arabidopsis (Tsiatsiani et al., 2013; Rowland et al., 2015; Li et al.,, 2017b;
Willems et al.,, 2017), data on the unstable N-terminome is still limited, and to date has mostly
addressed the type | substrate branch of the Arabidopsis N-end rule (Majovsky et al., 2014; Zhang et
al., 2015b, 2018b). The analysis of proteomes upon proteasome inhibition using methods suitable for
the identification of endogenously created N-termini, such as COFRADIC and TAILS, could help in the
future to provide the information needed for the identification of plant N-end rule substrates outside
of the oxygen- and NO-dependent pathway.

4.3.2 BB is an in-vivo substrate of PRT1

The RING E3 ligase BB, in cooperation with and also independently of the peptidase DAL, antagonizes
cell proliferation and promotes cell expansion and senescence by destabilizing downstream signaling
components largely independently of phytohormones (Disch et al., 2006; Li et al., 2008; Du et al.,
2014; Peng et al., 2015; Vanhaeren et al., 2017a). In doing so, BB and DA1 regulate the sizes of leaf-
like organs, root meristems, and seeds, and promote leaf senescence (Li et al., 2008; Xia et al., 2013;
Cattaneo and Hardtke, 2017; Vanhaeren et al., 2017b).

The cooperative action of DA1 and BB implies poly-ubiquitination of DA1 by BB, resulting in DA1
peptidase activation towards cellular substrates (Dong et al.,, 2017a). In parallel to BB, DA2 is a
second RING E3 ligase capable of ubiquitination and activation of DA1 (Xia et al., 2013; Dong et al,,
2017a). Following ubiquitination of DA1, both BB and DA2 are subject to DA1-mediated proteolysis
themselves, and their cleavage products are rapidly degraded (Dong et al., 2017a). In the case of BB,
the cleavage site behind Ala-60 releases a 35 kDa C-terminal fragment initiated by Tyr-61 (denoted
Y61-BB), thus qualifying as a PRT1 substrate (Dong et al.,, 2017a). It was shown by the lab of N.
Dissmeyer that Y61-BB was degraded in a rabbit reticulocyte lysate depending on the N-terminal
amino acid, as well as on proteasome function (Dong et al., 2017a). Furthermore, a fusion of Y61-BB
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and the firefly luciferase protein expressed in Arabidopsis protoplasts demonstrated that Y61-BB
stability, assessed from normalized luciferase activity, depended on the N-terminus and on an intact
PRT1 gene in vivo (Dong et al.,, 2017a). In the frame of this thesis, a direct and strong physical
interaction of recombinant PRT1 with peptide sequences corresponding to the N-terminus of Y61-BB
was furthermore shown by in-vitro peptide binding experiments (Fig. 26C), adding to the evidence
that the cleaved C-terminal fragment of BB constitutes the first described in-vivo substrate of PRT1.

In fact, a role of PRT1 within the network controlling meristem activity coincides with the promoter
activity observed with PRT1-promoter GUS fusions (Fig. 17). Although GUS activity was very weak in
the reporter lines, and the majority of lines did not show any signal, some staining was observed in a
few instances in the vasculature of young leaves, at shoot and root apices, and at the base of young
flowers (Fig. 17). This expression pattern matches largely with promoter activity and transcript
localization of BB which was described in the shoot and root meristems, developing vasculature,
young leaf primordia and young flower meristems (Disch et al., 2006).

Destabilization of Y61-BB by PRT1 raises the question of the physiological relevance to this
degradation. Although the cleavage product Y61-BB comprises three quarters of the native protein
sequence, including BB’s C-terminal RING domain, it was shown that this fragment is not capable of
rescuing the large-petal phenotype of a dal bb double mutant upon overexpression (Dong et al.,
2017a). Thus, it is unlikely that PRT1-mediated degradation is required to remove BB function after
peptidase cleavage. This would be also in agreement with the lack of any phenotypes in the prti-1
mutant associated with aberrant BB function, i.e. altered petal, sepal, or seed size, changes in flower
biomass, stem diameter, or in timing of senescence (Disch et al., 2006; Li et al., 2008; Vanhaeren et
al., 2017a).

Yet, the Y61-BB fragment expressed in planta by (Dong et al., 2017a) carried N-terminally an
additional Met arising from the translational start site. It was seen in cell-free assays using both
reticulocyte or Arabidopsis seedling lysates, that M-Y61-BB was also highly unstable, in contrast to a
Gly-starting variant (Dong et al., 2017a). Interestingly, this was unaffected by proteasome inhibitor
treatment in the mammalian system, whereas proteasome inhibition abolished M-Y61-BB
degradation in the seedling extracts. Degradation of a MY-starting substrate would be in accordance
with the idea that Met can serve as an N-degron when a bulky hydrophobic residue is in the second
position, as shown in yeast (Kim et al., 2014). Although it is not clear if this branch of the N-end rule
exists in higher eukaryotes, rapid M-Y61-BB degradation in cell extracts suggests that low stability of
this construct could be responsible for the failure to complement the dal bb phenotype upon stable
expression in this mutant line. Thus, to clarify whether the C-terminal cleavage product of BB is still
functional, it will be crucial to test for the dal bb phenotype complementation by a stable Gly-
initiated variant.

Accumulation of Y61-BB, either by prt1-1 mutation or expression of a stable variant, could have
different consequences depending on the functionality of this construct. Provided that Y61-BB is fully
functional, this could lead to a situation mimicking constitutive BB activity. However, BB
overexpression was shown to cause severe growth retardation (Dong et al., 2017a), and the absence
of any related phenotype in prt1-1 argues against this scenario. In contrast, a fragment with impaired
function might compete with uncleaved BB for interaction with DA1 or other proteins, and could
cause a dominant-negative phenotype. In this case, PRT1-mediated degradation would ensure the
continuous responsiveness of BB signaling. Although this would also ask for a phenotypical
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consequence of PRT1 mutation, it is possible that BB-related phenotypes of prt1-1 are rather mild in
the single mutant. Hence, to evaluate potential phenotype alterations triggered by the accumulation
of Y61-BB in a prt1 mutant situation, it would be interesting to see if the prt1-1 allele has additional
effects in the background of a DA1 overexpressing line, where proper BB function might be more
essential.

As a third option, efficient degradation of Y61-BB via PRT1 might be required irrespectively of the
enzymatic functionality of this fragment, if accumulation to low levels would be toxic to the cell. This
could be the case, for example, if the cleaved fragment is misfolded and prone to aggregation. In this
case, PRT1 activity would contribute to the cellular disposal of this protease product, and protect
from ER stress. Such a role of PRT1 might not even be restricted to Y61-BB, but could be a general
function of this E3 ligase in the protein quality control.

4.3.3 In-vitro substrate interactions of PRT6

Destabilization of MC-initiated substrates, particularly of the ERFVIIs, by PRT6 is well established
genetically (Garzén et al., 2007; Gibbs et al., 2011, 2014a, 2018; Licausi et al., 2011; Majovsky et al.,
2014; Abbas et al., 2015; Zhang et al., 2018b). However, in contrast to mammalian and yeast UBR
proteins, direct substrate interaction and specificity have not been studied for this plant N-recognin.
Here, truncated versions of PRT6 containing the UBR domain were applied to the SPOT array system
in order to approach PRT6 substrate specificity.

Importantly, peptide arrays confirmed binding of UBR™™ to a peptide sequence mimicking the
arginylated N-terminus of Met-1 excised RAP2.12 (and RAP2.2) in an N-terminus dependent manner
(Fig. 47). Moreover, the N-terminal sequence of nsP4 was accepted as a binding ligand by UBRPR™
with pull-down efficiency comparable to or even higher than the RAP2 sequence (Fig. 46, 48). Since
nsP4 was shown to constitute an N-end rule substrate in rabbit reticulocyte extract (de Groot et al.,
1991), and to interact with UBR box proteins from mouse (Tasaki et al., 2005), this indicates the
functional conservation of the UBR boxes from Arabidopsis and mammals. Consistent with such
conservation, investigation of the N-terminus specificity of UBRPR™ furthermore revealed a slight
preference for binding to Arg-initiated peptides over Lys-starting ones, whereas His-initiated
peptides were not bound in the SPOT assay system (Fig. 46). Similar observations were made with
SPOT peptide arrays engaging the UBR box of yeast UBR1 (Choi et al., 2010). Choi et al. (2010)
furthermore confirmed decreasing UBR affinity towards Arg < Lys < His N-degrons using isothermal
titration calorimetry, proving that the signal intensities seen in SPOT assays correlated with the
substrate binding affinity of the UBR. The low affinity towards His-substrates, although recapitulated
by yeast UBR1 (Choi et al., 2010), and human UBR2 (Matta-Camacho et al., 2010), is surprising given
the low stability of His-initiated test substrates in both plants (Graciet et al., 2010) and yeast
(Bachmair and Varshavsky, 1989). In mammalian cell extracts, however, a lower destabilizing effect
of N-terminal His as compared to Arg and Lys was reported (Gonda et al., 1989). It will be interesting
to learn from future experiments if full-length PRT6 is required to bind all three type | residues with
high affinity. However, whether the stability of His-initiated substrates actually depends on an intact
PRT6 gene has not been published so far.

SPOT array binding profiles of UBRPR™ also confirmed a strong influence of the second amino acid of
the substrate sequence on UBRPR™ affinity, since nsP4 was only recognized when lle was in
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penultimate position, but not Lys (Fig. 46). This observation again agrees with reports on other UBR
box proteins (Choi et al., 2010; Matta-Camacho et al., 2010). For yeast UBR1 it was found using SPOT
assays that any hydrophobic residue was accepted at the second position of an RXAAA peptide (Choi
et al., 2010). This was explained by a rather indeterminate positioning of the second residue side
chain inside of a hydrophobic pocket of UBR1 (Choi et al., 2010). Among the non-hydrophobic
residues, only Pro completely prevented binding of UBR1 when present in second position.

As was observed with UBR"®™ (Fig. 47, 48), Cys in second position was also relatively suitable for
peptide binding of UBR1 (Choi et al., 2010). This property of UBR™ ' is on the one hand in accordance
with the fact that endogenous substrates of PRT6 (Gibbs et al., 2011; Licausi et al., 2011), as well as
mammalian UBR1 and UBR2 (Hu et al., 2005; Lee et al., 2005) bear Arg-Cys-starting N-termini. On the
other hand, in both plants and mammals, the true in-vivo N-degrons of these substrates do not
contain Cys, but Cys-sulfonic acid ((Os3)Cys) in second position. Hence, it appears that the UBR
domain, in contrast to ATEs (see below), does not discriminate between these two states of the
penultimate residue. Alternatively, binding affinity towards an Arg-(0s)Cys peptide might be even
stronger than what was seen for Arg-Cys peptides.

Interestingly, Arg-starting peptide substrates with either of the acidic residues Asp or Glu were less
favored by yeast UBR1 (Choi et al., 2010). Likewise, Glu- or Asp-starting sequences of candidate 1 and
2 sequences (Fig. 48), or the Arg-Asp starting sequence mimicking the processed RIN4 middle
fragment (Fig. 47) were not bound by UBRP?™, This is remarkable in the light of Asp- and Glu-starting
N-degrons, next to oxidized Cys starting ones, being canonical substrates for ATE-mediated
arginylation (Kwon et al., 1999; Hu et al., 2006; Graciet et al., 2009; Wadas et al., 2016). Accordingly,
and in contrast to the yeast and plant UBR proteins, a tetrapeptide of the sequence RXFS exhibited
the highest affinity towards the UBR boxes of human UBR1 and UBR2 in isothermal titration
calorimetry when Asp was the residue in second position (Matta-Camacho et al., 2010). It is
therefore possible that ATE-products from Asp- and Glu-starting peptides in both plants and yeast
actually escape UBR-mediated recognition. In vivo, this might even apply to animals as well, since
here the only evidenced endogenous Asp- or Glu-starting ATE substrates are the human chaperones
BiP, calreticulin, and protein disulphide isomerase which are recognized by the N-recognin and
autophagic adaptor p62 after arginylation, rather than any of the UBR proteins (Cha-Molstad et al.,
2015). Similarly, the RIN4 cleavage product starting Asn-11 which is unstable and was proposed to be
degraded according to the N-end rule (Takemoto and Jones, 2005), might actually be destabilized in a
PRT6-independent way. Indeed, even N-terminus independent instability of both C-terminal RIN4
fragments was recently reported in (Goslin et al., 2019), as the result of a collaboration involving also
the Dissmeyer laboratory.

Notably, variability was observed for UBR™™-binding to R-RAP22! sequences between experiments
(Fig. 48), and even within the same experiment (Fig. 47B). Next to the general possibility that the lack
of Cys-2 oxidation might have decreased pull-down efficiency exerted by this peptide, the relatively
low synthesis efficiency of the RAP2 was already taken into consideration (see chapter 3.5.1).
Furthermore, it was discussed by others that SPOT membrane topology can lead to differential
binding of sequentially identical peptide spots at different locations on the membrane (Weiser et al.,
2005). However, during this work, hardly any other peptide sequence exhibited a comparable extend
of technical variability as observed for RAP2 peptides. It should therefore be noted that also the
triple Pro motif of RAP2 could have influenced the interaction with UBR"™, given that Pro exhibits
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random cis-trans isomerization in artificial peptides, whereas cis-trans configuration of this amino
acid in native proteins is strictly determined (Wedemeyer et al., 2002).

In summary, SPOT peptide arrays confirmed UBR box-mediated binding of PRT6 to genetically
predicted substrate peptides starting with Arg or Lys, when either Cys or lle were present in position
2 of the N-terminus. Here, the interaction with RC-starting peptides did not depend on Cys-2
oxidation. Interestingly, the affinity of UBR™ ' towards peptides with an acidic residue (Asp, Glu) in
second position which mimic certain products of ATE activity, was very low. This also applied to the
RD-starting RIN4%!! fragment which was previously suggested a substrate of the Arg/N-end rule
pathway.

4.3.4 In-vitro arginylation activity of ATE1

ATE1 and ATE2 act redundantly within the Arabidopsis N-end rule machinery to control a plethora of
physiological processes (Domitrovic et al., 2017). Whilst the substrate specificities of mammalian
ATEs have been investigated in vitro (Wang et al., 2011a, 2014; Wadas et al., 2016), very few
enzymatic data were available for plant ATEs (Graciet et al., 2009). During this work, first insights into
ATE1 substrate selectivity were gained after the establishment of a new peptide-based assay,
allowing for rapid and highly reproducible assessment of enzyme substrate usage.

In the peptide assays, arginylation of peptides corresponding to sequences from both RIN4 and RAP2
by ATE1 was shown (Fig. 49). While arginylation of the ERFVII N-termini through ATEs was genetically
evidenced by numerous preceding publications (Gibbs et al., 2011, 2014a, 2015, 2018; Licausi et al.,
2011; Weits et al., 2014; Abbas et al., 2015; Riber et al., 2015; Giuntoli et al., 2017), the interaction of
ATEs with the RIN4 proteolytic middle fragment was only anticipated (Takemoto and Jones, 2005).
The finding that deamidated RIN41° peptide functions as a substrate for ATE1 in vitro, strengthens
the possibility that this interaction takes place also in a cellular context, although downstream
processing via PRT6 might be less likely (see chapter 4.3.3).

Importantly, substrate acceptance of ATE1 strictly depended on the peptide’s N-terminus, since only
Asp- and (Os)Cys-initiated variants were modified by ATE1, whereas Gly and Cys did not allow for
arginylation (Fig. 49A). These results are in accordance with the canonical ATE substrate specificity
(Kwon et al., 1999, 2002; Hu et al., 2005, 2006; Gibbs et al., 2014b), proving the conservation of ATEs
between eukaryotes. In contrast, arginylation of Gly or Cys as non-canonical N-termini as previously
reported (Wong et al., 2007; Rai et al., 2008; Zhang et al., 2012a, 2015a) is not supported by the
results obtained here with Arabidopsis ATE1, consistent also with the results from peptide assays
with mouse ATE1 (Wadas et al., 2016). Similarly, during the experiments described here, internal
arginylation of artificial peptides by ATE1 was negligible, given that incorporation of radiolabel was
marginal with the Gly starting peptide variants of either RIN4 or RAP2, although acidic residues were
present in both sequences. This is likewise in agreement with the study performed by Wadas et al.
(2016), and was supported in vivo by the findings of Hoernstein et al. (2016).

Arginylation specifically of the a-amino group of a polypeptide, as seen during this work, would be
explainable by a reaction mechanism performed by ATE1 that is analog but reverse to the ribosome
reaction (Fig. S25), as was previously postulated (Wang et al., 2014). Here, the tRNA-born amino acid
would provide the activated C-group to be attacked by the target protein’s N-group, resulting in the
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formation of a standard peptide bond. In contrast, side-chain arginylation to occur would suggest the
formation of an anhydride intermediate between the two acid groups of the tRNA-Arg and the side
chain Asp, due to the lack of a nucleophile N-terminus, as was also proposed by (Wang et al., 2014).
The latter reaction mechanism might be less likely to occur in the light of the results obtained here.

However notably, without one exception (Wang et al., 2018a), previous reports on both non-
canonical N-terminus arginylation and midchain arginylation were based on either whole protein
substrates, or in-vivo analyses (Eriste et al., 2005; Wong et al., 2007; Saha et al., 2011; Wang et al.,
2011a, 2014; Zhang et al., 2012a, 2015a). Thus, the possibility remains open that such modifications
can occur 1) on proteins rather than short peptide substrates, 2) in a cofactor-assisted manner, or 3)
under certain cellular conditions.

Furthermore, although major differences exist between the downstream sequences of RIN4 (D-
WEAEENVPYTA) and RAP2 (D-GGAIISDFIPP), end point arginylation efficiency of both sequences was
comparable in the experiments presented here (Fig. 49A). This hints at a minor importance of the
downstream sequence for ATE1 substrate selection. However, previous peptide library experiments
with mouse ATEs have shown that the downstream sequence clearly influenced arginylation
efficiency, and a marked impact particularly of the amino acid in position 2 was attested (Wadas et
al.,, 2016; Wang et al., 2018a). Interestingly, among the amino acids tested in position 2 of an Asp
starting peptide substrate, Trp and Gly (which are present in RIN4 and RAP2, respectively) exhibited
similar amenability as arginylation substrates in the peptide array experiments performed by Wadas
et al. (2016). Hence, the comparable results obtained for D-RIN4 and D-RAP2 might also be
coincidental.

Crucially, the arginylation assay established within this work also allowed for the first in-vitro
reconstitution of the sequential action of PCO and ATE enzymes on artificial peptides derived from a
natural substrate. Hereby it was demonstrated that processing of a Cys-starting peptide by PCOs is
sufficient to render the peptide a fully accepted substrate of ATE1 (Fig. 49B). It was shown by our
collaborators that PCOs are cysteinyl dioxygenases that produce N-terminal Cys-sulfinic acid ((Oa)-
Cys) (White et al., 2017)). In the in-vitro arginylation assays, PCO-supplemented reactions with Cys-
starting peptides yielded the same levels of **C-Arg incorporation as did the chemically produced Cys-
sulfonic acid peptide without addition of PCO (Fig. 49B). Using reactions without radiolabel, it was
confirmed by LC-MS analysis that the peptides produced in the presence of both PCO and ATE1
indeed carried Cys-sulfinic acid preceding the N-terminal Arg (White et al.,, 2017). Hence, ATE1
appears to be indiscriminant between the two oxidation products of Cys.

Through PCO-mediated peptide processing, Arg transfer by an ATE enzyme to (0O,)-Cys starting
substrates was also evidenced within this work, and it was previously proposed that a transiently
occurring (02)-Cys N-terminus might structurally best mimic an Asp or Glu side chain, which are well-
established residues for ATE recognition (Kwon et al., 2002; Lee et al., 2005). Considering structural
resemblance of the Asp side chain, it was also pointed out by Mike Schutkowski® during personal
communication that phosphorylated hydroxyl groups on protein N-termini might be recognized by
ATE enzymes as well. A number of proteins have been discovered that likely bear phosphorylated Ser
or Thr residues at their mature N-termini (Sugiyama et al., 2008; Reiland et al., 2009). During
preliminary experiments, peptides representing the phosphorylated or unmodified N-termini of
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three of these proteins (ARA4/AT2G43130, DWARF1/AT3G19820, and AHK2/AT5G35750 (Sugiyama
et al., 2008)) were subjected to the arginylation assay using ATE1. However, no Arg transferase
activity was detected for these peptides (data not shown). Nevertheless, arginylation of
phosphorylated N-termini is an intriguing suggestion and it will be worth testing in the future
whether this can take place in vivo, or whether this can be catalyzed by other ATE enzymes.

Notably, NO was not included in the reaction mixtures for PCO-mediated Cys oxidation of RAP2
peptides, nor were the enzymes pretreated for Cys nitrosylation, and the reaction depended merely
on the presence of PCOs and oxygen in the solution (Fig. 49B; White et al. (2017)). The fact that it
was still possible to produce a functional tertiary N-degron that was further processed by ATE1
indicates that these steps can be conducted fully enzymatically. This was surprising since
destabilization of ERFVII transcription factors in normoxia depends on nitrate reductase activity and
NO in plants (Gibbs et al., 2014a). Furthermore, oxidation and subsequent arginylation of Cys-starting
8-mer peptides by mouse ATE1 was also successfully reconstituted in vitro through application of NO,
instead of PCOs (Hu et al.,, 2005). Concerning the response to low oxygen, both NO- and PCO-
mediated oxidation are likely reinforced upon hypoxia, given that NO levels rise under these
conditions (Sasidharan et al., 2018), and PCOs are induced on the transcript level (Mustroph et al.,
2009, 2010; Weits et al., 2014). These reactions might dampen the hypoxic response, or prepare for
the re-aeration conditions. However, whether NO and PCO pathways can act in parallel, or influence
each other in a physiological context, remains elusive to date.

4.4 A potential role for PRT1 in EIN2 signaling

Although EIN2-independent aspects of the ethylene response are known (Kim et al., 2013c; Bakshi et
al.,, 2018; Binder et al., 2018), EIN2 processing and re-localization remains at the hub of ethylene
signaling. The gene has been in the focus of intense research since its discovery (Alonso et al., 1999),
and latest studies have helped understanding its dual function in transcriptional and translational
regulation (Li et al., 2015; Merchante et al., 2015; Zhang et al., 2017a, 2018a). Nevertheless, crucial
questions regarding EIN2 signaling remain unresolved. For example, it is still not clear why expression
of the C-terminal half alone confers only a subset of ethylene responses, whereas other
developmental defects resulting from ein2 mutation are not complemented by EIN2 CEND
expression. Next, while the stability of full-length EIN2 was thoroughly investigated (Qiao et al., 2009,
2012; Wen et al., 2012), nothing is known about the post-signaling fate of cleaved EIN2 CEND. This is
remarkable, given that rapid removal of EIN2 CEND can be considered essential for both relief from
the signal and maintaining ethylene responsiveness. The work presented here provides evidence for
an N-end rule dependent destabilization of Phe-initiated EIN2%4¢12%% (termed EIN2“*™) via PRT1.

4.4.1 Physical interaction of EIN2 and PRT1

Using peptide binding assays, it was found that purified PRT1 strongly and specifically bound to an
artificial peptide that mimicked the neo-N-terminus of EIN2 resulting from cleavage between Ser-645
and Phe-646 (Fig. 26). Given that PRT1 probably localizes to the cytosol and nucleus (Fig. 31) which
represent the sites of EIN2 CEND action, this opens up the possibility that the interaction takes place
also in vivo.
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In order to test for an interaction between PRT1 and EIN2“*™ in plant cells, BiFC constructs were co-
transfected into Arabidopsis protoplasts, but failed to show an N-terminus dependent physical
association of EIN2¢t*™ and PRT1 (Fig. S19, and data not shown for YFPN-3HA-PRT1V%" constructs).
To test for an in-vivo interaction using a different method, it was therefore attempted to pull-down
N-terminally tagged PRT1 by EIN2¢®™™ variants in a co-IP approach. Indeed, EIN2*™ variants
efficiently captured PRT1 when both partners were expressed from a strong promoter (Fig. 34, S20).
However, no specificity for the N-terminal amino acid of EIN2*™ was observed for this interaction,
and the pull-down was abolished when PRT1, or both PRT1 and EIN2%™ were expressed under the
control of a weaker promoter (Fig. 35). Thus, it cannot be excluded that the pull-down observed
under strong expression conditions was rather due to unspecific protein co-aggregation, especially
since recombinant PRT1 exhibited a pronounced tendency to aggregate in vitro. In conclusion,
further experiments will be required to unambiguously test for a potential in-vivo interaction of
EIN2¢®*™ gnd PRT1. This could be co-IP experiments using stably transformed lines expressing
ubiquitination inactive variants of PRT1 together with EIN2¢%™. Additionally, treatment of these lines
with ethylene gas might be a prerequisite, or also a prohibition, to establish a stable interaction.
Alternative protein-interaction assays, such as yeast-two-hybrid, isothermal titration calorimetry, or
split-luciferase, might furthermore be of choice for further studies.

4.4.2 EIN2“'*™ has low in-vivo protein stability

After withdrawal of an ethylene signal, rapid recovery of Arabidopsis seedlings to pre-treatment
growth rates is observed within 90 minutes (Binder et al., 2004b, 2004a), and this is achieved partly
independently of the downstream transcriptional cascade via EIN3/EIL1 (Binder et al., 2018). Protein
stability of the EIN2 signaling fragment is an obvious target for the efficient abolishment of the
ethylene response. Within this work, it was shown that EIN2*™ exhibits low stability when
expressed in WT Arabidopsis protoplasts. Precisely, the bulk of the protein was reduced to low levels
upon inhibition of translation within one to two hours which matches also the duration of the growth
recovery phase (Fig. 28, 33). Thus, the data presented here identify rapid turnover of the cleaved
EIN2 C-terminus as a previously unknown potential negative regulator of ethylene signaling. This
suggests that the ethylene response may also be fine-tuned by control of EIN2t™ stability, next to
already defined negative-regulatory mechanisms that act on different levels of the signaling network
(Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004; Resnick et al., 2006; Christians et al.,
2008; Gao et al., 2008; Grefen et al., 2008; Gao and Schaller, 2009; Xu et al., 2014; Rai et al., 2015;
Shakeel et al., 2015).

Next to low stability of EIN2'™ in Arabidopsis protoplasts, it was observed that EIN2*™ did not
accumulate to high steady-state levels (Fig. 28, 29, 33, 34, S14). Nevertheless, it has to be assumed
that the active pool of EIN2¢*™ is strictly protected from depletion in order to allow for full and even
dose-dependent activation of the ethylene signaling cascade. This can be concluded from several
studies that have reported constitutive ethylene signaling phenotypes upon perturbance of EIN2
post-translational regulation, where EIN2*™ obviously escaped from cellular degradation also
under ethylene-depleted conditions. First, a severe constitutive ethylene response phenotype is
triggered by the ctr1-1 allele (Kieber et al., 1993). The primary consequence of this mutation is
believed to be the abolishment of EIN2 phosphorylation, resulting in EIN2 accumulation (Qiao et al.,
2009, 2012), and constitutive membrane release of the EIN2 C-terminus (Ju et al., 2012; Qiao et al.,
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2012). Next, in the study performed by Qiao et al. (2009), two F-box proteins, ETP1 and ETP2, were
identified that target full-length EIN2 for proteasomal degradation. Consistent with this function,
microRNA-mediated knock-down of ETP1/2 mRNA also resulted in hyper-accumulation of EIN2 full-
length protein. In the transgenic knock-down lines, this was accompanied by constitutive ethylene
responses as seen in ctr1-1 (Qiao et al., 2009), although it is not fully clear why accumulation of the
full-length EIN2 protein initiates the signaling cascade. It was first argued by Ju et al. (2012) who also
observed constitutive ethylene response phenotypes upon overexpression of the EIN2 genomic
sequence, that excess EIN2 could escape CTR1-mediated phosphorylation resulting in membrane
release of the C-terminus and the onset of signaling.

In all of these studies, constitutive ethylene response phenotypes were observed indicating that
EIN2¢™™ js obviously not unstable “enough” to abolish EIN2 signaling following perturbance of
upstream regulation, even in the absence of ethylene. This might be reconcilable with the idea of
EIN2¢™™ instability by the fact that in all the mentioned cases, genetically induced accumulation of
EIN2 full-length protein was preceding downstream EIN2®™ signaling, potentially causing an
overload of the machinery in charge of EIN2“*™ degradation. This hypothesis can also be carefully
applied to explain the strong constitutive ethylene responses that resulted from native-promoter
driven expression of EIN2 mutated in Ser-924 (Ju et al., 2012), given that Ser-924 phosphorylation is
likely to interfere with ETP1/2 interaction (Ju et al., 2012; Qiao et al., 2013), and can therefore be
assumed to also trigger EIN2 accumulation. However, this has to be tested experimentally, and
protein levels of this mutant version of EIN2 were not addressed by Ju et al. (2012). Nevertheless,
based on the above summarized observations, it appears that a potential new pathway controlling
the level of EIN2¢®*™ after membrane release is regulated to prevent abolition of ethylene signaling.

Ju et al. (2012) first directly suggested a role of EIN2 phosphorylation in the regulation of EIN2
turnover via ETP1/2. Given that no phosphatase was identified so far that would antagonize CTR1
activity, a primary role of ETP1/2 in recycling phosphorylated EIN2 would be extremely convincing,
and might be a prerequisite of maintaining the cell in a signal-sensitive state. Notably however, the
interaction of ETP1/2 with EIN2 occurs at the EIN2 C-terminus (Qiao et al., 2009). In fact, a potential
role of these F-box proteins in controlling also the level of cleaved EIN2 CEND was never disproven,
and would be worth testing, especially since data on the cellular localization of ETP1/2 is missing. In
this context and in general, it would be furthermore interesting to test whether phosphorylatable
sites within the EIN2 C-terminus (e.g., Ser-924) are important for the stability of the cytosolic
fragment in the protoplast assay, either via ETP1/2 or other pathways. Finally, a physical interaction
of EIN2°%612%4 with components of the COP9 signalosome was reported by Christians et al. (2008),
offering another so-far unexplored potential link of ethylene to light signaling via COP1 (Wang et al.,
2009b). The eer5-1 mutation which affects a putative component of the COP9 signalosome, induces
partial ethylene hypersensitivity downstream of EIN2 (Christians et al., 2008). To date, the molecular
function of this interaction is not known. Given the phenotype of the eer5-1 mutant, it might also be
worth testing if EIN2 CEND stability depends on this gene.

4.4.3 In-vivo stability of EIN2“*™ depends on PRT1 activity

Remarkably, upon transient overexpression, EIN2¢®*™ degradation depended on both PRT1 activity
(Fig. 28, 30, 33), and the nature of its N-terminal amino acid (Fig. 28, S14). This strongly indicates
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degradation of EIN2*™ through PRT1 by means of the N-end rule. Inhibition of proteasome activity
gave rise to protein levels of EIN2"*™ comparable to those caused by prt1 mutation, or replacement
of the N-terminal Phe by a stabilizing residue (Fig. 29), hinting at ubiquitination as the mode of
destabilization exerted by PRT1. To unequivocally confirm PRT1-dependent ubiquitination of EIN2“
term immunoprecipitated protein from WT and prt1-1 mutant cell extracts would have to be detected
with the anti-Ub antibody in a next step. Within this work, in-vitro ubiquitination of EIN2*™ variants
by recombinant PRT1 was not achieved, since purifications of recombinant EIN2*™ were extremely
poor (data not shown).

PRT1-dependent stability of EIN2“*™ was not altered by the addition of BA to the protoplast
medium which is assumed to trigger ethylene production (Fig. 33), indicating that N-end rule-
mediated degradation was acting constitutively on EIN2*™ under the conditions of the protoplast
assay. However, it was not assessed within this work whether Arabidopsis protoplasts exhibited
ethylene signaling already under the applied control conditions. Given that ethylene signaling is
activated within the wounding response (Cheong et al., 2002; Delessert et al., 2004; Savatin et al.,
2014), it can actually be assumed that this was the case. Therefore, assaying the stability of EIN2&te™
in protoplasts in the presence of ethylene receptor inhibitors such as silver ions or 1-
methylcyclopropene (Schaller and Binder, 2017) might reveal a potential regulation of PRT1 activity
by ethylene.

Presuming PRT1-dependent degradation of EIN2“*™ under physiological conditions, ethylene
hypersensitive phenotypes caused by PRT1 mutation would be expected, especially those which
were previously associated with increased EIN2 CEND abundance. The latter include a reduction in
rosette size, abnormal morphology of the gynoecium and low fertility, increased expression of
ethylene regulated genes such as GLUTATHIONE S-TRANSFERASE PHI 2 (At4g02520) and ETHYLENE-
RESPONSIVE ELEMENT BINDING PROTEIN (At3g16770), as well as an elongated hypocotyl of seedlings
germinated on low nutrient media in constant light (Alonso et al., 1999; Wen et al., 2012). However,
so far no morphological differences of adult plants were observed for the original and backcrossed
prtl-1 lines compared to the WT, whereas hypocotyl lengths of nutrient depleted seedlings and
ethylene gene expression will have to be determined using genomically clean mutant lines of prt1.
Interestingly, a very mild increment in hypocotyl length was attested for prt1-1* compared to WT
seedlings when grown in the dark, which was significant upon higher sample numbers (Fig. 36). Such
a phenotype would be explainable by a lower sensitivity towards endogenous levels of ethylene,
although additional experiments using backcrossed lines and independent alleles, as well as
complementation studies, will be necessary to exclude a contribution of the genetic background of
prt1-1% that also conferred cytokinin hyposensitivity (see chapter 3.4.5). Nevertheless, it should be
considered that a potential prt1-1-dependent failure to discard low basal levels of cleaved EIN2¢t™
could also activate the mechanisms that lead to desensitizing of plants towards low levels of ethylene
(Hua and Meyerowitz, 1998; Resnick et al., 2006; Rai et al., 2015; Binder et al., 2018). In this scenario,
PRT1 mutation could ultimately result in reduced, rather than enhanced ethylene responses in the
mutant. Expression analyses of members of the AUXIN REGULATED GENE INVOLVED IN ORGAN SIZE
(ARGOS) family (Rai et al., 2015) might help to estimate the level of basal ethylene desensitization in
prt1 mutant plants. Alternatively, continuous low above normal levels of ethylene were also seen to
slightly increase the hypocotyl growth of etiolated Arabidopsis seedlings (Hua and Meyerowitz,
1998). Thus, longer hypocotyls of prt1-1 mutants in the dark might also be directly explainable by a
failure to dampen endogenous ethylene signaling on the level of EIN2¢t™,
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Apart from the considerations made above, PRT1 mutation preventing the degradation of EIN2¢te™
would actually not be expected to impact considerably on the onset of signaling upon perception of
the hormone. In contrast, resetting the signal after withdrawal of ethylene is more likely
compromised by increased stability of the signaling fragment. Hence, failure of EIN2*™ degradation
should express in the timing and/or duration of the growth recovery phase following ethylene
treatment. To test this, experiments assaying the growth response of prt1-1* seedlings upon an
ethylene signal followed by withdrawal of ethylene were performed by David Bullock! in the
laboratory of José Alonso? in collaboration with N. Dissmeyer. However, no changes were observed
for prt1-1* compared to the WT (unpublished results). Nevertheless, growth recovery kinetics might
obviously be linked to EIN2¢%™ stability, and it will be worth to reassess the impact of PRT1 in this
process using independent lines lacking cytokinin hyposensitivity. A potential interference of
cytokinin signaling in this context is particularly critical since B-type ARRs were implicated in the
ethylene growth recovery (Binder et al., 2018).

The protein pool of EIN25®™ was not reduced to undetectable levels in Arabidopsis protoplasts of
the WT genotype (Fig. 28, 33). This might be explained by exceedance of the degradation capacity in
the overexpression situation, as discussed above. However notably, released EIN2 CEND encounters
different fates, including both nuclear and cytosolic functions (Li et al., 2015; Merchante et al., 2015;
Zhang et al., 2017a). Cytosolic tasks of EIN2 CEND involve the localization to processing bodies (Li et
al.,, 2015; Merchante et al., 2015). Furthermore, the requirement of the EIN2 C-terminal NLS for
interaction with the ethylene receptor ETR1 (Bisson and Groth, 2015) indicates that cleaved EIN2
CEND may also fulfill another function at the ER membrane. Crucially, in both cases, the local
environment and/or conformation of EIN2 CEND could potentially interfere with recognition of EIN2
CEND by components mediating its degradation. Thus, an alternative explanation for incomplete
EIN2¢t™ degradation seen in protoplasts might be inaccessibility of a portion of EIN2*™ to PRT1-
mediated degradation due to its association with processing bodies and/or the ER membrane. In this
case, PRT1 might be in charge to reduce the pool of “unengaged” EIN2“*™ rather than contributing
to the abolition of the ethylene signal. Notably, high levels of free EIN2“*™ would bear a particular
risk to the cell, given that this soluble fragment lacking CTR1 phosphorylation might even act as a
competitive inhibitor of CTR1 activity, thus enforcing auto-amplification of the ethylene signal.
Therefore, it should also be tested whether EIN2*™ stability in prt1-1 is particularly critical in
situations of increased signaling, for example in combination with the weak allele ctr1-10 (Yu and
Wen, 2013), or upon knock-out of either of the ETP genes. Here, an aggravation of the ctr1-10 and
etp phenotypes in the respective double mutant situations would hint at a role for PRT1 in reducing
high pools of cleaved EIN2¢%*™, Similarly, prt1-1 mutation might bring about additive phenotypes
with transgenic expression of proEIN2::EIN2°¢** which alone likewise triggered mild ethylene
responses in the WT (Ju et al., 2012).

The functions of the EIN2 cleavage products are diverse and not fully understood. Certainly,
accumulation of EIN2“*™ alone does not trigger all ethylene responses, indicating a so far unknown
role for the N-terminal part remaining in the ER membrane (Alonso et al., 1999; Ma et al., 2018a).
However, there is a range of phenotypes caused by E/IN2 mutation, complementation of which by
EIN2 CEND has not been addressed so far (see above). Any of these responses might potentially be
affected by loss of PRT1 function as well, and N-degron-dependent degradation of EIN2“*™ could be
restricted to certain tissues and conditions. Some ethylene-related stress conditions have already
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been applied on the prt1-1 mutant in different contexts and revealed no aberrant phenotypes. These
include the sensitivity towards ABA during germination (Holman et al., 2009), and susceptibility
towards the necrotrophic fungus B. cinerea (de Marchi et al., 2016). Thus, further experiments will be
required to reveal the physiological function of N-end rule-mediated degradation of EIN2¢t™,

4.4.4 EIN2“*™ degradation in planta

In stably transformed plant lines, EIN2“*™ expression triggered constitutive ethylene response
phenotypes only in the prt1-1 genetic context, strengthening the hypothesis that PRT1 targets EIN2“
term also in intact plants (Fig. 44, 45). Interestingly, ein2-1 mutant plants expressing EIN2¢*™ were
indistinguishable phenotypically from untransformed ein2-1 lines, indicating that EIN25*™ function
was effectively abolished in the presence of an intact PRT1 gene. This observation differed from what
was seen during protoplast experiments, where low steady-state levels of EIN25*™ were persistent
also in the WT. This discrepancy between EIN2“*™ stability in protoplasts and the lack of EIN2¢t™
function in transgenic ein2-1 plants is likely due to the lower expression strength in the transgenic
lines compared to UBQ10-promoter driven expression in the protoplast system. As argued before,
the capacity of PRT1-mediated ubiquitination might be limiting for EIN2*™ degradation under
conditions of EIN2 CEND hyper-accumulation. In support of a generally limited capacity of PRT1
action, it should be noted that the prti-1 mutant allele was also isolated using a stability reporter
expressed from the relatively weak nopaline synthase promoter (Bachmair et al., 1993). Thus, limited
PRT1 capacity could adequately explain the apparent contradiction of PRT1-mediated EIN2¢te™
instability on the one hand, and numerous reported observations of constitutive ethylene signaling
triggered by EIN2 full-length accumulation on the other hand (Kieber et al., 1993; Qiao et al., 2009,
2012; Ju et al., 2012; Wen et al., 2012).

Elimination of EIN2¢*™ signaling in a PRT1 WT genomic background under endogenous expression
conditions however raises the question how ethylene signaling is permitted in the presence of the
hormone. One hypothesis would be that ethylene-mediated accumulation of EIN2 upon ethylene
perception (Qiao et al., 2009) results in levels of cleaved EIN2 CEND which override PRT1-mediated
ubiquitination. This would ask for a cooperative role of PRT1 and ETP1/2 in EIN2“*™-degradation
under ethylene-depleted conditions. In this scenario, ETP1/2 action would contribute to the
degradation of the (erroneously or basally cleaved) C-terminal fragment of EIN2. Such cooperative
degradation would have to be assumed since EIN2 is not induced transcriptionally during ethylene
signaling (Alonso et al., 1999; Qjao et al., 2009), but the entire pool of EIN25*™ produced from an
EIN2 promoter construct was obviously readily depleted in the presence of a WT PRT1 allele, as
judged from the absence of constitutive ethylene responses in these lines (Fig. 44, 45). Addressing
the impact of ETP1/2 mutation on EIN2¢®™ stability in protoplasts will be crucial to test this
hypothesis of PRT1 and the F-box proteins acting cooperatively. Alternatively, PRT1 action on EIN2“
te'm could be subject to additional regulation, with mechanisms in place to antagonize PRT1-mediated
ubiquitination upon ethylene perception. Therefore, a future challenge will be to investigate the
interactions and co-localization of EIN2*™ and PRT1, including their dependences on stimuli,
developmental stages, cell types, and post-translational modifications (e.g., Ser-924
phosphorylation), using stable transgenic lines. The identification of specific ethylene-related
phenotypes of prtl mutants, as outlined above, will additionally help to narrow down appropriate
conditions and tissues to be used for these analyses.
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Importantly, due to the lack of phenotype complementation in the ein2-1 mutant by expression of
EIN2Cte™  evidence is missing so far that EIN2“*™ is generally functional in a PRT1 WT genotype.
Therefore, another priority for subsequent studies will be to test for specific EIN2 CEND responses of
this transgenic line in the ein2-1 mutant background, such as hypocotyl elongation in nutrient
starved conditions, or the induction of defense genes like PLANT DEFENSIN 1.2 in response to JA
(Alonso et al., 1999). A failure of EIN2“"™ to rescue these responses in ein2-1 would be critical, since
this would open up the possibility that a Phe-646 starting fragment is not the right signaling
compound produced in plants, but rather constitutes an artificial degron recognized by PRT1. Indeed,
cleavage of EIN2 at this specific site has been a matter of debate (Cooper, 2013; Qiao et al., 2013). In
previous studies, different variants of EIN2 CEND have been expressed in plants, including EIN2462-1294
(Alonso et al., 1999), EIN2°1612%4 (Christians et al., 2008), EIN25%% 2% (Qjao et al., 2012), EIN24°%-1294
(Wen et al., 2012), and EIN25°41272 (Lj et al., 2015). Functionality of all of these constructs was
demonstrated by means of the ability to induce specific responses. Evidence for the precise cleavage
site between Ser-645 and Phe-646 was provided by a targeted mass spectrometric approach: Here,
after treating plants with ethylene, Qiao et al. (2012) quantitatively detected the peptide EIN2530-64
which cannot be produced by sole tryptic digest but requires an endogenous proteolytic event giving
rise to the C-terminus. Concerns about the correctness of this result were raised from the absence of
this peptide in a different (notably: untargeted) proteome analysis (Chen et al., 2011a; Cooper,
2013). Moreover, it was criticized that in-planta processed EIN2 C-terminal fragments migrated
higher in SDS-PAGE than calculated from the molecular weight of a Phe-646 initiated product (Qiao
et al., 2012; Cooper, 2013). Precisely, Qiao et al. (2012) observed a molecular weight discrepancy of
about 10 kDa increase that was seen in immunodetections of C-terminal cleavage products of both
endogenous EIN2 and an N-terminally fused YFP variant. Strikingly, concerning the latter fusion
construct, a very similar behavior in SDS-PAGE was seen within this work for both Met-initiated
EIN2847-1294.YFP and (Phe-initiated) EIN2¢*™-YFP produced by UFT upon protoplast expression (Fig.
30, 34, 35, S14). Thus, expressing a UFT construct of EIN2¢*™-YFP which is identical to the proposed
in-vivo cleavage product of EIN2-YFP serves as in-vivo proof for previous postulations (Qiao et al.,
2013) that properties of the EIN2 protein (such as post-translational modifications or SDS-binding
behavior), rather than an alternative size of the proteolytic product, are responsible for the
unexpected migration in SDS-PAGE.

Exposure of Phe-646 of EIN2 in vivo would be decisive for PRT1-mediated degradation, as evidenced
by in-vitro peptide binding and stability assays expressing EIN2¢*™ variants initiated by stabilizing
amino acids in protoplasts. Thus, the uncertainty of the true cleavage site constitutes a major flaw to
the postulation of PRT1-mediated degradation of EIN2 CEND. However, the imperative requirement
of Phe exposure for EIN2-targeting by PRT1 may also serve to finally proof cleavage at this particular
site: Having established a robust assay to track PRT1-dependent EIN2¢®*™ degradation in protoplasts,
the system can now be applied to transiently express the constitutively cleaved variants of full-length
EIN2 harboring Ser to Ala mutations at residues 645 and/or 924 (Ju et al., 2012; Qiao et al., 2012). If
the resulting C-terminal fragment is also destabilized in protoplasts in a PRT1-dependent manner,
this would be strong evidence for in-vivo proteolysis of EIN2 between Ser-654 and Phe-646.

Plants respond to ethylene within a stunningly wide range of concentrations (Chen and Bleecker,
1995; Hua and Meyerowitz, 1998; Chang, 2016). While it is assumed that the high responsiveness is
facilitated at the level of the ethylene receptors (Hua and Meyerowitz, 1998; Gao et al., 2008; Grefen
et al., 2008; Chen et al., 2010c), Arabidopsis also reacts quantitatively to doses of ethylene (Bleecker
et al., 1988), and the signaling output of EIN2 is obviously also gradual. One mechanism to balance
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ethylene signaling downstream of the receptors appears to be N-end rule dependent degradation of
the EIN2 CEND signaling molecule. In previous studies, stability determinants of EIN2 CEND have
escaped attention, probably due to the use of constructs of EIN2 CEND giving rise to inaccurate N-
termini for transgenic expression. Likewise, screens for interaction partners of EIN2 such as the
yeast-two-hybrid approach performed by Qiao et al. (2009) must have missed a potential interaction
with components of the N-end rule since proper cleavage of EIN2 is not expected to occur in yeast
cells. The work presented here provides first evidence that EIN2 indeed contains a potential N-
degron that could be important to fine-tune ethylene responses in plants.

4.5 The genetic background of prtl-1 lines confers cytokinin
hyposensitivity in the dark

Upon the search for alterations in the ethylene response of prt1-1 mutant lines, it was observed that
etiolated seedlings of these lines exhibited decreased sensitivity towards exogenously applied BA, a
synthetic cytokinin (Fig. 38, 39). During a backcross experiment, it was possible to obtain prti-1
homozygous lines that were undistinguishable from the WT in terms of dark-induced hypocotyl
elongation in the presence of cytokinin, and the phenotype can therefore be considered a result of
the genetic background of the tested lines. Given that the cytokinin hyposensitivity was present in
both prt1-1% and the progenitor line N119, it is likely that the phenotype resulted from a second-site
mutation that had been introduced during the EMS mutagenesis that gave rise to the prt1-1 allele
(Bachmair et al., 1993). Since the backcross experiment was performed in order to screen for the
presence of a different phenotype (male sterility at high temperature) which also segregated
independently of the cytokinin hyposensitivity (Fig. $S23), no line is available at the moment that
shows the cytokinin phenotype in the absence of the prt1-1 allele. Therefore, it cannot be fully
excluded at this point that the combined effect of PRTI mutation and a second-site locus is
responsible for the observed cytokinin hyposensitivity of prt1-1¥/N119. However, given that
transgenic expression of N-terminally tagged PRT1 variants under control of an endogenous
promoter fragment did not complement the cytokinin hyposensitivity of prt1-1% (Fig. 41), it is rather
unlikely that the prt1-1 allele contributed to this phenotype.

The cytokinin hyposensitivity was mainly pronounced at the level of hypocotyl growth inhibition by
BA. Interestingly, cotyledon opening was also sporadically observed on prt1-15 and N119 lines in
response to BA (Fig. 38, S23). This hinted at compromised ethylene signaling as the cause for reduced
hypocotyl inhibition in these lines, since reduced sensitivity to cytokinin independently of ethylene
would rather prevent precocious cotyledon opening (Chory et al., 1994; Hansen et al.,, 2009;
Cortleven et al., 2018). In this case, it would be assumed that the affected locus is involved in
signaling dependent on EIN2. Consistent with this assumption, the ability of prt1-1*/N119 to inhibit
hypocotyl elongation by BA was similar to the ein2-1 mutant, with a slightly higher responsiveness of
prt1-1¥/N119 compared to ein2-1 (Fig. 38, 39). Crucially, the response to exogenous ACC was normal
in prt1-1%/N119 during etiolation (Fig. 39), suggesting that the signal transduction from cytokinin to
ethylene might be compromised in dark-grown seedlings of prt1-1¥/N119. Since the regulation of
ACC production by cytokinins is still poorly understood, the emergence of a new allele affecting this
process would provide a valuable resource for future studies. For example, the transcriptional targets
of B-type ARRs that mediate stabilization of ACS enzymes are still elusive (Hansen et al., 2009), and
cytokinin was proposed to affect ACS stability through more than one pathway, meaning also
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independently of ETO1/EOLs (Chae et al., 2003). Next, it is not known whether and how cytokinins
might directly impact on 14-3-3 action in ETO1/EOLs regulation (Yoon and Kieber, 2013). Including
also upstream B-type ARR regulation, all of these processes might potentially be affected by the
genetic locus in the background of prt1-1%/N119.

Notably, a number of mutants were previously identified that exhibited inability to produce the triple
response specifically in the presence of cytokinin (Vogel et al., 1998b, 1998a). One of these cytokinin
insensitive (cin) denoted mutants was mapped to the locus of ACS5. Therefore, testing the genomic
sequences of both type-2 ACS genes in the prt1-1¥/N119 background would be recommendable prior
to further experiments. Additionally, the mutation in the prt1-1%/N119 background might be allelic
with any of the remaining cin mutants identified by (Vogel et al., 1998a). Notably, while the
phenotype observed in prt1-1%/N119 rather suggests a disturbance in ethylene signaling, this would
still have to be tested by the assessment of ethylene production, or ACS protein abundance in
etiolated seedlings of these lines. Alternatively, misregulation of photomorphogenesis can also result
in specific cytokinin-insensitive phenotypes in the dark, and especially the COP10 (cin4) locus should
be considered in this respect (Vogel et al., 1998a; Cortleven et al., 2018).

4.5.1 Sugar-dependence of cytokinin hyposensitivity in prt1-1*/N119

Intriguingly, the resistance to cytokinin-induced hypocotyl inhibition in the dark observed on prti-
1%/N119 was dependent on the presence of sucrose in the growth medium. This observation allows
two scenarios for explanation: First, the genetic background of prt1-1%/N119 interferes with an
inhibitory effect that sucrose exerts on cytokinin-mediated repression of hypocotyl elongation.
Second, sucrose promotes photomorphogenesis and this effect is enhanced by cytokinin in a manner
dependent on the prt1-1%/N119 genotype. Given the known crosstalk between sucrose and cytokinin
signaling pathways which will be discussed in the following, the first scenario probably explains the
phenotype better.

Sucrose provided exogenously to the growth medium promotes the hypocotyl growth of etiolated
Arabidopsis thaliana seedlings (Zhang et al., 2010; Kircher and Schopfer, 2012). This effect is specific
to sucrose and its constituents glucose and fructose (Zhang et al., 2010), and is dose-dependent since
concentrations higher than ~30 mM are inhibitory to seedling dark growth (Kircher and Schopfer,
2012; Kushwah and Laxmi, 2014). Several links have previously been established between sugar and
cytokinin signaling. Prominently, the glucose signaling incompetent allele of HXK1, glucose insensitive2
(gin2), displays hypersensitivity to cytokinin for shoot regeneration from hypocotyl explants (Moore
et al., 2003). Cytokinin signaling mutants on the other hand were shown to be hypersensitive to
sugar-induced growth inhibition in the light (Franco-Zorrilla et al., 2005), whereas mutants with
constitutive cytokinin responses are more resistant (Moore et al., 2003). This might be mediated via
ethylene signaling since ethylene insensitivity and constitutive signaling were also found to induce
sugar hypersensitivity and resistance, respectively (Zhou et al., 1998; Gibson et al., 2001; Cheng et
al.,, 2002). In contrast to that, cytokinins act synergistically with sucrose in the regulation of
anthocyanin synthesis (Das et al., 2012), a process which is apparently antagonistic to ethylene
signaling, since ein2-1 showed increased anthocyanin accumulation in response to sucrose (Kwon et
al., 2011).
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In line with the cytokinin hypersensitive phenotype of gin2, glucose induces EIN3/EIL1 degradation in
a HXK1-dependent manner in protoplasts of maize and Arabidopsis (Yanagisawa et al., 2003), and
EIN3/EIL1 transcription was repressed by glucose in sugar-depleted (i.e., dark-incubated) Arabidopsis
seedlings (Price et al., 2004). Given this relationship, the phenotype of increased hypocotyl growth
upon BA and sucrose in prt1-1¥/N119 could be explained by altered HXK1 function (Fig. 51).
However, an increased activity of HXK1 for EIN3/EIL1 repression would have to be assumed in this
scenario, and this would have to be cytokinin-specific. Thus, this explanation would be rather little
parsimonious. HXK1-induced EIN3 repression was assayed by (Yanagisawa et al., 2003) using a
luciferase-based reporter system in maize protoplasts, which might be possible to adapt to
Arabidopsis protoplasts in the presence or absence of cytokinins in order to address a potential
effect of the prt1-1¥/N119 genetic background.

Cytokinins also interact with sugar signaling in regulating the expression of several D-type cyclins to
control cell cycle progression (Richard et al., 2002; Riou-Khamlichi et al., 2002; Hartig and Beck,
2006). However, given that dark-induced hypocotyl elongation is mainly achieved via cell expansion,
rather than cell division (Gendreau et al., 1997), cell cycle regulation by cytokinin is not expected to
impact highly on seedling growth during etiolation.

Cytokinin
type-B ARRs
\_ type-A ARRs Ethylene Hypocotyl elongation
X | k= ens/ei +
+ Brassinosteroids
Sucrose Invert. Monosaccharides

Fig. 51| Connections between sugar and cytokinin signaling and potential implications of the genetic
background of prt1-1¥/N119. Sucrose from the medium enters root cells either by the subsequent action of
cell wall invertases (Invert.) and hexose transporters, or by sucrose transporters and vacuolar invertases (Veillet
et al., 2016). Of these two pathways, the first one is regulated by cytokinin (Balibrea Lara et al., 2004; Hartig
and Beck, 2006), but the effect in hypocotyls of dark-grown Arabidopsis seedlings is not clear. In etiolated
seedlings, sugars promote hypocotyl elongation via brassinosteroid signaling (Zhang et al., 2015c). Glucose is
sensed in the cell primarily by HXK1 (Moore et al., 2003) which represses EIN3/EIL1 in protoplasts and dark-
adapted seedlings (Yanagisawa et al., 2003; Price et al., 2004). Next, type-A ARRs are transcriptionally induced
by glucose in dark-adapted seedlings establishing another antagonistic link between sugar and cytokinin
(Kushwah and Laxmi, 2014). For cytokinin-mediated repression of hypocotyl elongation, ethylene-dependent
and —independent pathways via type-B ARRs were furthermore described (refer to the introduction for details).
Processes that might potentially be affected by the prt1-1¥/N119 genetic background causing sucrose-
dependent resistance to hypocotyl inhibition by the cytokinin BA during etiolation are indicated by a lightning
symbol and +/- for a presumptively promoting or inhibiting effect, respectively.

Importantly, cytokinin signaling also directly impacts on sucrose metabolism by regulating the
expression of extracellular invertases required for sugar uptake, but the effect of the regulation
differs between tissues and plant species (Balibrea Lara et al., 2004; Hartig and Beck, 2006).
Unfortunately, the nature of this regulation has not been addressed in etiolated Arabidopsis
seedlings so far. Notably, a repressive effect of cytokinin on extracellular invertases was observed in
tobacco (Nicotiana tabacum) root cell culture (Hartig and Beck, 2006), and a defect in cytokinin-
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mediated repression of sugar uptake in Arabidopsis roots would be consistent with increased
sucrose-promotion of hypocotyl elongation in prt1-1¥/N119. Thus, to test whether extracellular
sucrose metabolism is affected in prt1-1%/N119 during etiolation in the presence of cytokinin, it
would be necessary to analyze whether the phenotype is still observed upon application of glucose in
this assay.

Transcript analyses in dark-incubated seedlings furthermore revealed an up-regulation of type-A
ARRs by glucose, suggesting a direct mechanism of cytokinin repression by sugar (Kushwah and
Laxmi, 2014). Indeed, a type-A ARR sextuple mutant showed markedly reduced hypocotyl growth
promotion by one percent glucose during etiolation compared to the WT (Kushwah and Laxmi, 2014).
As in the case of HXK1 function, a gain of glucose-mediated type-A ARR activation would be required
to explain the phenotype of prt1-1¥/N119. Transcript analyses of type-A ARRs in etiolated seedlings
of prt1-1¥/N119 would help to address this possibility.

The enhancing effect of sucrose on hypocotyl elongation during etiolation was found to depend
mainly on brassinosteroid signaling in Arabidopsis seedlings (Zhang et al.,, 2010, 2015c). This is
consistent with brassinosteroids promoting hypocotyl growth via the transcription factor
BRASSINAZOLE-RESISTANT1 (BZR1) exclusively in the dark (Wang et al., 2002b; He et al., 2005). Given
that BZR1 action is tightly linked to PIF4 (Oh et al., 2012), and PIF genes were described to govern
seedling growth responses to sucrose (Stewart et al.,, 2011), it is likely that PIF signaling is also
involved in this pathway. Thus, it would be worth testing whether prt1-1®/N119 exhibits a
brassinosteroid hypersensitive phenotype in the triple response, and whether the combination of
cytokinin treatment with inhibitors of brassinosteroid biosynthesis restores WT-like growth patterns.

Since altered brassinosteroid signaling in prt1-1“/N119 would open up the question why cytokinin is
required to produce the phenotype, growth regulation might be more complex in this mutant.
Synergistic effects occur between brassinosteroid and auxin signaling in hypocotyl elongation in the
light and dark (Nemhauser et al., 2004; Oh et al., 2014). Conceivably, a slightly altered auxin response
in prt1-1/N119 could become visible only upon exposure to the antagonist cytokinin. In fact, an
analysis of cytokinin-glucose crosstalk during etiolation also revealed that cytokinin repression of
hypocotyl elongation depended on AUXIN RESISTANT 2/IAA7 (AXR2/IAA7), a repressor of auxin-
inducible gene expression (Kushwah and Laxmi, 2014). However, glucose-dependent growth
promotion was not affected in the respective mutant, and neither were other auxin signaling
mutants like tirl, axr1, or axr3 (Kushwah and Laxmi, 2014), indicating that sucrose induces hypocotyl
growth during etiolation directly via brassinosteroids, and supporting that auxin and brassinosteroids
can act independently in hypocotyl growth regulation (Reed et al.,, 2018). However, to further
decipher how exogenous sucrose impacts specifically on cytokinin signaling during etiolation, it
would be interesting to test if prt1-1%/N119 shows hypersensitivity to auxin in the triple response,
and whether this is promoted by sucrose.

To date, many aspects of cytokinin hormonal crosstalk have been investigated, and cytokinin signal
integration with metabolic cues is increasingly recognized also in crop research (Corot et al., 2017;
Jarret et al., 2018; Lupi et al., 2019). The fact that darkness and sugar supply constitute rather
paradox signals in plants, would actually suggest colliding adaptational pathways. Changes in the
genetic background of the prt1-1*/N119 lines might help to understand in the future how these
signals are nevertheless integrated in plants to allow for optimal growth even under unconventional
conditions. However, given that two independent phenotypes were identified in the prt1-1* mutant
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line within this work, these findings also urge the question whether previous efforts towards the
identification of physiological processes associated with the PRT1 gene might have been hampered
by the masking of respective phenotypes in the currently sole available mutant line, due to the
impact of background mutations.
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5. Conclusions

The plant N-end rule pathway regulates physiological processes through context-dependent protein
degradation. In recent years, much attention was paid to the regulation of MC-starting members of
the ERFVII group of transcription factors which become destabilized through N-terminal processing
by the subsequent action of MetAPs, ATEs, and PRT6. Within this work, new insight was gained into
the substrate recognition determinants of ATE1 and PRT6, and first evidence was provided for the N-
end rule-targeting of endopeptidase cleavage products by the type Il N-recognin PRT1.

During a phenotypical characterization of the prt1-1 mutant, alterations of the genetic background of
this line became apparent with complex physiological implications. First, a defect in male
gametogenesis of the descendant line prt1-1* was attested that was conditional for a moderately
elevated temperature and resulted in complete sterility of the plant. Morphological and histological
analyses revealed that pollen development was impaired after the post-meiotic release of
microspores. Progression of microspore degeneration in prt1-1% resembled the defects observed in
mutants with tapetum malfunctions, or impaired sister chromatid cohesion during meiosis.
Alterations in the gene expression of several plant hormones, as well as genes involved in cell wall
maturation, confirmed that microspore to pollen transition was affected at various levels in prt1-1%.
Next, a hyposensitivity to cytokinin was observed during etiolation caused by the genetic background
of prt1-1 mutant lines. The phenotype is unprecedented in its conditionality on exogenously
provided sucrose, and might be induced by a misregulation of cytokinin crosstalk with ethylene and
other plant hormones. Both (independent) phenotypes found in the background of prti-1 mutant
lines could provide valuable genetic resources for future investigations of plant reproduction, or
development under stress conditions. On the other hand, in the light of the observations described
here, phenotypes previously attributed to the prt1-1 mutation might require re-assessment using
independent alleles.

Using peptide-based approaches, in-vitro substrate specificity was furthermore assessed for
components of the Arg/N-end rule of Arabidopsis. In SPOT peptide arrays, a physical interaction of
the PRT6 UBR domain with peptides mimicking the arginylated N-terminus of members of the ERFVII
transcription factors was demonstrated. Binding assays furthermore confirmed functional
conservation of UBR"®™ with UBR domains from mammals and yeast in terms of substrate specificity,
but potentially excluded recognition of the proteolytic middle fragment of RIN4 by PRT6. In contrast,
in-vitro arginylation of artificial peptides by ATE1 was proven for sequences mimicking both the neo-
N-termini of ERFVII transcription factors, and RIN4. Crucially, it could be shown that ATE1 is able to
act directly downstream of PCOs on Cys-initiated substrate peptides in vitro, confirming PCOs at the
top of a fully enzymatic oxygen sensing cascade.

As opposed to PRT6, little is known on the second plant N-recognin, PRT1, which targets type Il N-
degrons. Within this work, E3 Ub ligase activity was confirmed for PRT1 by the in-vitro reconstitution
of autoubiquitination. Strikingly, ubiquitination depended on both RING domains of PRT1, suggesting
a mechanism distinct from other E3s with multiple RING domains. In peptide binding assays,
substrate specificity of PRT1 was furthermore deciphered hinting at similarity with the binding mode
performed by certain ClpS proteins. Intriguingly, in-vitro peptide binding indicated strong affinity of
PRT1 towards the neo-N-termini of both the organ growth regulator BB, and the ethylene signaling
component EIN2, which are produced by endopeptidase activities in physiological contexts. In the
case of EIN2, PRT1-dependent degradation of the respective protein fragment, EIN2“*™, could be
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proven in Arabidopsis protoplasts. The destabilization of EIN2*™ furthermore depended on the
nature of its N-terminal Phe, consistent with an N-end rule mediated interaction. While physiological
consequences of EIN2“®™™ accumulation caused by PRT1 mutation remain to be identified,
constitutive expression of EIN25%™ brought about signs of ethylene signaling in plants of the prti-1
mutant genotype. So far, how EIN2 signaling is abolished to terminate ethylene responses was not
known. The work presented here suggests that the N-end rule via PRT1 contributes to releasing the
cell from signaling following hormone perception.
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6. Materials and Methods

6.1 Plant growth conditions

Plants were grown on a steamed (3 h, 90°C) soil mixture composed of a clay substrate with coco
fibers (Einheitserde® CL Ton Kokos, Cat.-No. 10-00800, Einheitserdewerke Patzer, Gebr. Patzer,
Sinntal, Germany), and 25% (w/w) Vermiculite (2/3 mm grain size, Cat.-No. 29.060220,
Girtnereibedarf Kammlott, Erfurt, Germany). For plant propagation in the greenhouse, 300-400 g/m3
of the insecticide mixture Exemptor (10% (w/w) Thiacloprid; Hermann Meyer, Rellingen, Germany)
were added. Seeds were spread on soil and dark incubated for three days of stratification at 4°C prior
to transfer to phytochambers (Johnson Controls, Milwaukee, USA) with growth conditions set to 21°C
and 60% relative air humidity at a short day light regime (8 h light, 16 h dark; light intensity 90-107
UE). After 10-15 days, plants were pricked, and either kept at the same short-day growth conditions,
or transferred to growth cabinets (models AR-66L2 or AR-66L3; Percival Scientific, Perry, USA) with a
long-day light regime (16 h light, 8 h dark; 113-173 pE), 55-65% relative air humidity, and
temperatures specified for each experiment. For propagation, plants were transferred to a
temperature-controlled (19°C) greenhouse.

For seedling analyses, seeds were surface-sterilized by exposure to chlorine gas produced from a 2:1
mixture of sodium hypochlorite solution (12% Cl; Carl Roth, Karlsruhe) and 37% hydrochloric acid
(VWR International, Radnor, USA) in a closed container for 35-45 min. Sterilized seeds were placed in
petri dishes on solidified 1x strength Murashige & Skoog (MS) media containing 4.4 g/l MS salts
including vitamins (Cat.-No. M0222.0025; Duchefa Biochemie, Haarlem, Netherlands), 0.8% phyto
agar (Cat.-No. P1003; Duchefa Biochemie), 0.5% (w/v) sucrose, 0.05% (w/v) 2-(N-Morpholino)-ethane
sulfonic acid (MES) (Carl Roth), and KOH to pH = 5.6-5.8. The plates were sealed with Leukopor® tape
(BSN medical; Hamburg, Germany), and stratified in the dark at 4°C for 2-4 days. Subsequently, plates
were transferred to phytochambers with a long-day light regime (90-95 pE), and a 21°C temperature
set point.

6.2 Plant material

If not indicated otherwise, Col-0 (CS60000) was used as the WT and was provided by N. Dissmeyer. A
list of the used mutant genotypes is presented in Tab. 1. The sequences of oligonucleotide primers
used for genotyping are presented in Tab. S3. For genotyping the prt1-1 allele, primers prt1-1_fw and
prtl-1_rev were used, and the 180 bp PCR product was subjected to Mnll (Cat.-No. FD1074; Thermo
Fisher Scientific, Waltham, USA) digestion yielding a 144 bp in the WT situation which is prevented by
the prti-1 allele. A 3.6% agarose (Cat.-No. A8963; AppliChem, Darmstadt, Germany) gel was
employed for electrophoretic separation of the products. For genotyping prtl-2, primers
PRT1_UTR fw and PRT1_Exon3 rev were used to amplify the WT sequence, and primer
combinations of PRT1_UTR_fw with SALK LB, SALK_LB2, and RB_SALK were tested to amplify the T-
DNA. For prt1-7, the WT sequence was amplified using PRT1_UTR_fw/PRT1_Exon3_rev, and the T-
DNA fragment using SAIL_LB1/PRT1_Exon3_rev. prt1-9 was genotyped with
PRT1_upstream_fw/PRT1_Exonl rev (WT sequence) and SAIL LB1/ PRT1_Exon3_rev (T-DNA). For
prtl-11, primers PRT1_upstream_fw/PRT1_Exonl_rev (WT sequence) and
PRT1 upstream_fw/SALK_LB (T-DNA) were used.
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Genotyping of ein2-1 (N3071) using primers ein2-1_dCAPS_fw and ein2-1_dCAPS_rev was described
previously (Resnick et al., 2006), and for restriction of the BsrBI site, Mbil (Cat.-No. FD1274, Thermo
Fisher Scientific) was employed. The restriction products were separated by 3.6%-agarose gel
electrophoresis.

The prt1 ein2 double mutant was created by crossing prt1-1% (female) and ein2-1 (male). Next, the
transgenic line carrying pSL34::proEIN2::genEIN2-eGFP (where genEIN2 denotes the genomic locus
sequence of EIN2) was received from Y. Ikeda and M. Grebe, and crossed into the prt1-1* mutant
background. Due to the presence of the transgene, it was not possible to screen for homozygosity of
the ein2-5 allele, but the presence of the mutant allele was confirmed by PCR.

For genotyping the ein2-5 locus, primers ein2-5_wt_fw/ein2-5_rev were applied to amplify the WT
sequence, and ein2-5_del_fw/ein2-5 rev to amplify the mutant (ACATGACT) sequence. Both
reactions were performed with a primer annealing temperature of 60°C. Reactions to amplify the
EIN2-eGFP transgene were primed using EIN2_Exon7_fw and eGFP_rev.

Tab. 1| Mutant genotypes used in this work. NASC ID, NASC identifier; AGI, Arabidopsis genome identifier; Alt.
name, Alternative name.

NASC ID AGI Name Alt. name Background Source
N/A AT3G24800 prt1-1/ prt1HygS N/A Col-0 A. Bachmair
N119 AT3G24800 4H Proteolysis 4H prt1-1 Col-0 NASC
N586253  AT3G24800 SALK_086253 prt1-2 Col-0 NASC
N876723 AT3G24800 SAIL_772_D04 prtl1-7 Col-0 NASC
N851857  AT3G24800 WiscDsLox340EQ5 prtl-8 Ler NASC
N870226  AT3G24800 SAIL_20_H03 prt1-9 Col-0 NASC
FLAG_496F01 / .
N/A AT3G24800 FLAG_533F12 prt1-10 Ws-4 INRA-IJPB Versailles
N665056  AT3G24800 SALK_127481C prt1-11 Col-0 NASC
N3071 AT5G03280 ethylene insensitive ein2-1 Col NASC
N16707 AT5G03280 ein2-5 DR5:GUS N/A Col NASC
N/A N/A poL34::prokIN2::genkiN2- N/A ein2-5 Y. Ikeda/M. Grebe

eGFP

6.3 Hormone treatments

6.3.1 Triple response assays

ACC stock solutions were prepared at 10 mM in 10% aqueous ethanol and stored at -20°C. Surface-
sterilized seedlings were aligned on standard MS agar plates including ACC (Cat.-No. A3903; Sigma-
Aldrich, St. Louis, USA) at the concentrations indicated in the experiment, or a corresponding volume
of mock solution (10% aqueous ethanol). In the case of BA treatments within triple response assays,
BA (Cat.-No. A7685,0001; AppliChem) was added to the medium at the indicated concentrations
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from a 1 mg/ml stock solution in 25% aqueous DMSO (which was prepared freshly from a 4 mg/ml
BA stock solution in DMSO stored at -20°C). 25% aqueous DMSO was applied as the mock solution.
Where applicable, sucrose was excluded from the medium during BA experiments. Seeds were
stratified in the dark at 4°C for 5 days, transferred to control growth conditions (21°C, 90-95 UE) in
vertical position for 6 to 9 hours, and subsequently wrapped in aluminum foil, and grown vertically in
the dark for additional 87 to 88 hours.

For BA treatments of seedlings in the light, the indicated amounts of BA were included in MS growth
medium containing agar. Seeds were stratified for 5 days at 4°C in the dark, and subsequently grown
vertically for 8 days under control conditions (21°C, 90-95 UE).

6.3.2 Auxin treatments of inflorescences

Auxin treatments of flowers were performed as described by Sakata et al. (2010). WT and prt1-1*
mutant plants were grown at 28°C. Three to five days after opening of the first flowers,
inflorescences were sprayed with an aqueous solution of 1 uM NAA (Cat.-No. N0640; Sigma-Aldrich)
and 0.1% (v/v) DMSO. This was made from a freshly prepared stock solution of 1 mM NAA in DMSO.
In order to test for rescue by auxin application, a single application event and observation for two
weeks was performed as described by Sakata et al. (2010), as well as repeated spraying every two to
three days during three weeks.

6.4 Histological analyses

6.4.1 PEG embedment of flowers

PEG embedment of flowers was performed according to Hause et al. (1996) and Isayenkov et al.
(2005). Of each WT and prt1-1*° mutant plants, more than 215 adult flowers, or three to four young
inflorescences (for younger flower stages) grown at 28°C were harvested into 5 ml glass vials
containing 4% para-formaldehyde (Cat.-No. 104005; Merck Millipore) and 0.1% Triton X-100 in
phosphate buffered saline (PBS) (135 mM NaCl; 3 mM KCI; 1.5 mM KH;POs; 8 mM NayHPO4; pH 7.0-
7.2), and vacuum infiltrated for 15 minutes. After an incubation time of 2 hours at room temperature
to allow for fixation, the samples were washed twice 15 minutes with PBS under rotation. Samples
were subsequently dehydrated by washing steps in PBS containing gradually increasing proportions
of ethanol (30 min in 10% ethanol, 60 min in 30% ethanol, 60 min in 50% ethanol, overnight in 70%
ethanol, 30 min in 90% ethanol, 30 min in 100% ethanol) under rotation and room temperature. This
was followed by 30 min incubation in ethanol at 55°C. Subsequent PEG 1500 (Cat.-No. 807489; Merck
Millipore) embedment was performed at 55°C by each 1 hour subsequent incubations in PEG
solutions containing 25% (w/v), 50%, and 75% PEG in ethanol. Finally, the solution was replaced by
pure liquefied PEG and the samples were incubated for 1 hour, and subsequently 1 hour without vial
lids at 55°C. The samples were hardened at room temperature overnight, and the vials containing
specimens were stored with closed lids at 4°C until use. The PEG-embedded specimens (blocks) were
sectioned to slides of 4 um using a HM 325 rotary microtome (Microm™, Thermo Fisher Scientific™),
and transferred to poly-L-Lys coated microscope slides (see below).
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6.4.2 Poly-L-Lys coating of sample slides

Clean microscope slides (Cat.-No. 1879; Carl Roth) were covered with 60 pl of poly-L-Lys solution
(Cat.-No. P8920; Sigma-Aldrich), and two slides were apposed face-to-face in order to allow
spreading of the liquid film. After incubation for 45 min at room temperature, the slides were
separated in a water bath, placed vertically in a rack, washed 3 times 5 min with water and dried at
room temperature for subsequent storage at 4°C.

6.4.3 Safranin O/astra blue stainings of microsections

Each 100 pl of 0.5% aqueous safranin O solution (Cat.-No. 12284; Armin Baack, Schwerin, Germany)
and astra blue solution in 2% tartaric acid (Cat.-No. 11812; Armin Baack) were mixed and applied to a
microscope slide bearing specimens. This was carefully covered with another microscope slide to
disperse the liquid, and incubated for 5 minutes at room temperature. Unspecific dye was washed off
in an ethanol bath, followed by a PBS bath. Samples were covered with PBS containing 50% glycerol,
and sealed with a cover glass using nail polish.

6.4.4 Preparations of microspore and pollen fractions

Microspores and pollens were prepared according to Borges et al. (2012). In brief, young
inflorescences containing closed flower buds (approximately 20 ml) were harvested and gently
ground with mortar and pestle in 10 ml of pollen extraction buffer (PEB) (10 mM CaCl;; 2 mM MES,
pH 7.5; 1 mM KCl; 1% (w/v) H3BOs (w/v) (Cat.-No. 50765; Euromedex, Souffelweyersheim, France);
10% (w/v) sucrose). The extract was filtered through Miracloth (Calbiochem, Merck Millipore), and
transferred to 15 ml conical tubes for centrifugation at 800 RCF, 5 min. The pellet containing
microspores and pollen grains was resuspended in 500 pul of PEB. Samples of this suspension were
transferred to microscope slides for analysis. Microspores and mature pollen grains appeared in
different focus areas.

6.4.5 Pollen tube growth assays

Analysis of pollen fitness by in-vitro germination was performed using a protocol that was modified
from (Fan et al., 2001). Here, an agar-solidified germination medium was prepared in a petri dish by
mixing 1% (w/v) Phytoagar (Duchefa) with pollen germination medium (5 mM MES, pH 5.8 using Tris;
0.5 mM KCl; 10 mM CaCly; 0.8 mM MgS0g4; 1.5 mM H3BOs; 10 pug/ml myo-inositol (Cat.-No. 57570;
Fluka, now: Sigma-Aldrich); 16.6% (w/v) sucrose; 3.65% sorbitol). The agar-suspension was heated up
to 100°C for 2 minutes, and a thin layer was poured into a petri dish using 1.5 to 2.25 ml per dish.
After the medium had chilled, pollen was transferred to the plates by brushing dehiscent anthers
over the sticky surface. The petri dishes were placed in a transparent wet chamber, and incubated in
the light at 28°C for 6 hours or overnight.

For GUS staining of germinated pollen, the protocol was further modified according to Li (2011).
Here, 20 to 50 freshly opened flowers were collected into 1.5 ml tubes, and desiccated at room
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temperature for 30 minutes. Subsequently, 1 ml of modified pollen germination medium (containing
only 5% sucrose and 15% PEG4000) was added to the samples and pollen was released by vortexing
at maximal speed for 1 minutes. After centrifugation at 500 RCF and room temperature for 5 min,
the supernatants including floating flowers were removed, and the pollen pellets were resuspended
in 1 ml of germination medium by vortexing. Pollen was subsequently germinated by overnight
incubation at 25°-28°C.

6.4.6 GUS histological staining

GUS staining of plant material was performed according to Kim et al. (2006). Here, seedlings or plant
organs grown under control conditions were harvested into 6-well microtiter plates containing ice-
cold harvesting solution (90% (v/v) aqueous acetone). After harvesting, samples were washed once
with 100 mM sodium phosphate buffer (NaH,PO4/Na,HPQOs; pH 7.0), and subsequently vacuum
infiltrated for 30 minutes in GUS staining solution (100 mM sodium phosphate buffer, pH 7.0; 1 mM
Ka[Fe(CN)e]; 1 mM Ks[Fe(CN)e]; 1 mM X-Gluc (obtained from X-Gluc DIRECT on
https://www.x-gluc.com/); 0.1% (v/v) Triton X-100). For GUS staining of germinated pollen grains, the
germination medium was removed from the reaction tubes containing germinated pollen, and was
directly replaced by GUS staining solution for vacuum infiltration. Plant organs, seedlings, or pollen
samples were subsequently incubated in GUS staining solution at 37°C for 4 hours (reporter lines
with proATL9::GUS), or overnight (samples derived from other GUS-reporter lines). For destaining
and fixation, the staining solution was replaced by fixation solution (90% (v/v) ethanol; 10% (v/v)
acetic acid), and the samples were incubated for 4 hours under rotation at room temperature. During
the incubation time, the fixation solution was replaced once. For storage and analysis, samples were
transferred to 70% (v/v) aqueous ethanol.

6.5 Microscopy

GUS stained seedlings were analyzed using a Stemi 2000-c stereo microscope (Carl Zeiss,
Oberkochen, Germany) in combination with an AxioCam ICc 3 (Carl Zeiss) camera and a TV2/3" C
0,63X 1069-414 (Carl Zeiss) camera adapter. AxioVision Release 4.7 (Carl Zeiss) was used as the
software.

For the microscopy of flower and anther thin sections, flowers (Fig. 9), siliques (Fig. 10), and pollen
tubes, an AZ100 stereo microscope (Nikon Instruments, Tokyo, Japan) with a Digital Sight DS-U3
camera controller (Nikon) was used in combination with a DS-Filc camera (Nikon), and a 0.6x camera
adapter (Nikon). The NIS-Elements software (Nikon) was applied as the software.

For microscopy of protoplasts and seedling roots or pollen of transgenic plant lines, a LSM 780
confocal microscope (Carl Zeiss) equipped with a LD C-Apochromat 40x/1.1 W Corr M27 objective
(Carl Zeiss) in combination with the ZEN2.3 SP1 Rel. 14.0.0.0 software (Carl Zeiss) was used. The
following excitation and emission settings were applied: GFP: EX488 nm, EM496-524 nm; YFP: EX488
nm, EM510-560 nm; mCherry: EX594 nm, EM600-640 nm.

For imaging microspore preparations, an Axioplan 2 imaging microscope (Zeiss) was used with the
AxioCam MRm camera (Zeiss) and ZEN software (Zeiss).

134



6.6 Plasmid construction

Cloning success was monitored by endonuclease digestion using at least two independent restriction
enzymes, and following PCR amplification steps, sequences were checked by external sequencing at
Eurofins Scientific (Brussels, Belgium). If not indicated otherwise, cloning was performed in E. coli
strains Dh5a or Top10. All primer sequences used for cloning purposes are listed in Tab. S4.

Most constructs were created by use of the Gateway™ technology (Invitrogen, Thermo Fisher
Scientific, Waltham, USA). To this end, a PCR product flanked by attB-sites was amplified by PfuX7
Polymerase (Ngrholm, 2010), and purified from an agarose gel using the GenelJET Gel Extraction Kit
(Cat.-No. K0832; Thermo Fisher Scientific). Plasmids were purified using the GenelET Plasmid
Miniprep Kit (Cat.-No. K0502; Thermo Fisher Scientific), and DNA concentrations were measured with
a plate-reader photospectrometer (Infinite F200 PRO; Tecan, Mannedorf, Switzerland). BP and LR
reactions were performed with Gateway™ BP Clonase™ Il Enzyme mix (Cat.-No. 11789020; Thermo
Fisher Scientific) and Gateway™ LR Clonase™ Il Enzyme mix (Cat.-No. 11791100; Thermo Fisher
Scientific) according to the manufacturer’s instructions, but with half total reaction volumes and
additional reductions of the respective clonase enzyme mixes. The composition of the BP and LR
reaction mixtures is presented in Tab. 2.

Tab. 2| Compositions of BP and LR reaction mixtures. TE buffer: 10mM Tris-HCI, pH 8.0; 1mM EDTA.

BP reaction LR reaction

attB-PCR product (7.5-75ng)  0.5-3.5 pl Entry Clone (25-75 ng) 0.5-3.5 pl
pDONR vector (150 ng/ul) 0.5 ul Destination Vector (150 ng/ul) 0.5 pl

TE buffer to 4 ul TE buffer to 4 ul
BP clonase Il enzyme mix 0.5 pl LR clonase Il enzyme mix 0.25 pl

Following overnight incubation at room temperature (22°C), 0.5 ul of Proteinase K (provided with the
clonase enzyme kits) was added to the reactions, the mixture was incubated for 0.5-3 hours at 37°C,
cooled down on ice, and subsequently transformed into E. coli cloning strains.

6.6.1 Destination vectors

All promoter constructs were cloned to yield Destination vectors containing the Gateway™ cassette
(GW) behind the promoter sequence by replacing the Ascl/Xhol fragment of pAM-PAT-ProCDKA;1-
GW (Addgene plasmid #79750; Nowack et al., 2006). Ligation was performed using T4 DNA Ligase
(Cat.-No. ELO011; Thermo Fisher Scientific) according to the manufacturer’s instructions. The
promoter sequences of PRT1, ATL9, and EIN2 were amplified from Col-0 genomic DNA (gDNA) using
primers proPRT1_fw/proPRT1 _rev, proATL9 fw/proATL9 rev, and proEIN2_fw/proEIN2_rev,
respectively. The final vector pAM-PAT-proPRT12™"-GW (lacking CTCT in the 3’ region of the
promoter due to amplification problems of a repetitive sequence) is listed on TAIR with the stock
number CD3-2396.

To construct pAM-PAT-ProUBQ10 GW (Addgene #79751), a plasmid that contained the UBQ10
promoter (generated and kindly provided by Stefan Pusch! (Pusch et al.,, 2011)) was used as a
template to amplify the UBQI0 promoter sequence using the primer pair

1 German Cancer Research Center, 69120 Heidelberg, Germany
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(proUBQ10_fw/proUBQ10_rev). The PCR product was subsequently cloned into the Ascl/Xhol sites of
pAM-PAT-ProCDKA;1-GW (Addgene plasmid #79750; Dissmeyer and Schnittger (2011)), yielding
pAM-PAT-ProUBQ10 GW (Addgene #79751). All destination vectors were cloned using E. coli DB3.1.

6.6.2 PRT1 expression vectors

For expression of PRT1-3HA from p35S, a Gateway® Entry Clone containing the CDS of PRT1 plus a 17
bp Kozak sequence (GCTTAGCCGCCATGGGA) upstream of ATG was provided by C. Naumann, and
recombined with pAM-PAT-p35S::GW-3HA (Bernoux et al., 2008). Primers used by C. Naumann to
amplify the BP product were PRT1_kozak_ss and PRT1lnew_as.

3HA-PRT1 was constructed by fusion PCR. To this end, the 3HA-tag was amplified using primers
Fw_HA and Rev_HA-PRT1 from plasmid pENTR-K2-GUS (obtained from F. Faden), and PRT1 was
amplified from plasmid pAM-PAT-p35S::PRT1-3HA using Fw_PRT1 and Rev_PRT1+stop.
Subsequently, fusion PCR of both PCR products was conducted using primers Fw_attB1-HA and
Rev_attB2-PRT1. The fusion product was used in a BP reaction with pDONR 201 (Invitrogen) to yield
pPEN-3HA-PRT1, and the BP product was used in LR reactions with pAM-PAT destination vectors
bearing the requested promoter sequences (i.e., pAM-PAT-ProUBQ10 GW, pAM-PAT-proPRT12CTCT-
GW, and pAM-PAT-proEIN2-GW). pEN-3HA-PRT1 was furthermore subjected to site-directed
mutagenesis to obtain pEN-3HA-PRT1Y2%4, pEN-3HA-PRT1%A, and pEN-3HA-PRT1¢%4 (see below,
chapter 6.7.5).

PRT1 was also cloned as the genomic locus sequence including the 5" UTR followed by a C-terminal
quadruple-Gly linker and a 3HA-tag. For this purpose, the genPRT1 sequence was amplified from
gDNA with primers attB1-genPRT1_fw and HA-genPRT1_rev, and the 3HA-tag was obtained from
pEN-3HA-PRT1 using primers genPRT1-HAT_fw and attB2-HAT_rev. Due to amplification problems
which were already encountered during amplification of the PRT1 promoter, the sequence of
genPRT1 in the final vector contained a deletion of “CT” within a repetitive sequence of the 5" UTR.
Fusion-PCR was performed with attBl-genPRT1_fw and attB2-HAT_rev. The PCR product was
recombined into pDONR 201 and subsequently subjected to LR reaction with pAM-PAT-proEIN2-GW.

To create GFP-PRT1 expression vectors, mGFP5 was amplified including a C-terminal Ser-Ala linker
from pEarleyGate 103 (Earley et al., 2006) using primers attB1_mGFP5_fw and mGFP5_rev, and PRT1
was amplified from pEN-3HA-PRT1 (WT, C29A, or C195A) with primers GFP-PRT1_fw and
Rev_PRT1+stop. Subsequent fusion-PCR employed primers attB1_mGFP5_fw and Rev_attB2-PRT1,
and these products were used in BP reactions with pDONR 201. LR reactions were performed with
pAM-PAT-proUBQ10 GW or pAM-PAT-proPRT12"“"-GW Destination Vectors.

For BiFC assays, a plasmid for expression of C-terminally YFPN-tagged PRT1 (pUBC-YFPN-PRT1) was
kindly provided by C. Naumann. Alternatively, pEN-3HA-PRT1 and pEN-3HA-PRT1Y?®A were
recombined with pUBN-YFPN-Dest (Grefen et al., 2010), to obtain WT and V28A variants of pUBN-
YFPN-3HA-PRTL.

For expression of PRT1 with N-terminal &"SMBP tag in E. coli, an Expression Clone carrying the PRT1
CDS with a 5’ recognition sequence of the Tobacco Etch Virus (TEV) protease in pVP16 (Clontech
Laboratories, Mountain View, USA) was provided by C. Naumann (Naumann et al., 2016). For the
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production of the mutated variants of PRT1, an Entry Clone containing the PRT1 CDS with the TEV
recognition sequence at the 5’ end (pEN-TEV-PRT1) was received from C. Naumann (cloning of this
Entry Clone is described in Mot et al. (2018)), and was subjected to site-directed mutagenesis (see
below). The modified Entry Clones were recombined with pVP16. For N-terminal GST-tagged
variants, the same Entry Clones were recombined with pDEST™15 Vector (Invitrogen). For expression
of PRT1 variants from pVP16, E. coli BI21 (DE3) was used as the expression strain, and pDEST™15
constructs were expressed in E. coli Rosetta™ 2(DE3)pLysS (a kind gift of M. Trujillo).

6.6.3 EIN2 expression vectors

To express a UFT construct of EIN2%%612%4 with a C-terminal Myc-YFP® tag, a plasmid containing the
sequence of a synthetic codon-optimized Ub (Faden et al., 2016) with Lys to Arg exchanges at
positions K29 and K48 fused to the CDS of EIN2%%612% (pEN-UbK2%48R_EIN2646-1294) was kindly provided
by C. Naumann, and used as a PCR template. Primers attB1-Ub and EIN2-myc_rev were used for
amplification. The Myc-tag was amplified from vector pE-SPYNE-GW (Schiitze et al., 2009) using
primers EIN2_myc_fw and attB2_Myc_noS, and both PCR fragments were fused by PCR using primers
Ub_fw and Myc_rev. Subsequently, an adapter PCR primed by attB1_Ub and attB2_Myc noS was
conducted, and the product was subjected to BP reaction with pDONR 201, to yield pEN-Ub?>48R_
EIN2646-12%4_Myc. Phe-646 (TTC) of EIN2%46-12%4 was subsequently changed to Gly (GGT) by site-directed
mutagenesis (see below), and both Entry Clones (containing EIN25%612%% or Gly-EIN2%47-1294) were
recombined with pUBC-YFP®-Dest (Grefen et al., 2010).

To create the BIiFC construct pUBC-YFPS-3HA-Ub*?948R_EIN2CtM_3HA, an Entry Clone was first
constructed by PCR fusion of 3HA (amplified from a plasmid containing the K2 construct (Faden et al.,
2016) using primers Kozak-HAT_fw/HAT rev_1), and Ub"?>48R.E|N2646-1294 (amplified from pEN-
UbX2948R_E|N 26461294 sing primers Ubig_fw/EIN2-Kpnl-Ascl_rev; primer EIN2-Kpnl-Ascl_rev leads to
the 3’ addition of sequential Kpnl (FD0524, Thermo Fisher Scientific) and Ascl restriction sites). Fusion
PCR was performed using primers Kozak-HAT_fw/EIN2-Kpnl-Ascl_rev. The fusion PCR product was
subjected to an adapter PCR using attB1_Kozak/attB2_EIN2, and recombined into pDONR 201 to
yield pEN-3HA-Ub*?948R-EIN2646-1294_K nn]-Ascl. This Entry Clone was used in mutagenesis PCR to create
PEN-3HA-Ub*?948R_G|ly-EIN254712%4_Kpnl-Ascl. Both constructs were subsequently ligated with Kpnl-
3HA-Ascl (including a [Gly-Ala], linker in front of the 3HA sequence) which was amplified from K2
using primers GAGA-HAT_fw/HAT rev2. Ligation was performed using T4 DNA Ligase (Cat.-No.
ELO011; Thermo Fisher Scientific) according to the manufacturer’s instructions, and resulted in Phe-
and Gly variants of pEN-3HA-UbX?48R_EIN2Cte™_3HA, These Entry Clones were recombined with
pUBC-YFPC-Dest to create the final constructs. In an alternative BiFC assay, the above described
plasmid variants of pUBC-YFPS-Ub*?948R_EIN2t™™M_Myc were used.

For Ub-EIN2%*™.YFP constructs, the CDS of EIN254612%% was amplified from pEN-UbK2948R_E[N2646-1294.
Myc using primers ss_UBQ_EIN2 and YFP-EIN2_rev. The CDS of a synthetic codon-optimized Ub
(without any amino acid exchanges) was amplified from a plasmid containing the K2 construct (Faden
et al., 2016) using primers attB1_Ub and as_UBQ_EIN2. YFP was obtained from pEarleyGate 101
(Earley et al., 2006) by applying primers EIN2-YFP_fw and attB2-YFP. All three PCR products were
combined in a reaction for fusion PCR using primers attB1-Ub and attB2-YFP. The product was
recombined into pDONR 201, and subjected to Phe®* (TTC) to Gly (GGT) mutation to yield both pEN-
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Ub-EIN2646-12%4.YFP and Ub-Gly-EIN2547-1294.YFP (or: EIN2S*™-YFP and Gly-EIN2“**"™-YFP). To construct
PEN-Met-EIN2%471294.YFP (or: pEN-Met-EIN2"*™-YFP), the sequence of EIN2%712%4.YFP was amplified
from pEN-Ub-EIN2%¢12%4.YFP ysing primers attB1-Met-EIN2 and attB2-YFP, and subjected to a BP
reaction with pDONR 201. All three Entry Clones were recombined with pAM-PAT-ProUBQ10 GW.
PEN-Ub-EIN2646-129%8.YEP gnd Ub-Gly-EIN254-12%4.YFP were furthermore introduced into pAM-PAT-
proEIN2-GW.

6.6.4 Further expression vectors

The PRT7 expression vector was created by Tag DNA polymerase-mediated amplification of the PRT7
CDS with primers PRT7_CDS _fw and PRT7-attB2 from complementary DNA (cDNA) of Col-0.
Subsequently, an adapter PCR was conducted using primers adapter_TEV and PRT7-attB2 to add the
TEV protease recognition sequence, as well as the attB1 site to the 5’ end of the amplicon. This
product was introduced into pDONR 201 by BP reaction, and into pVP16 for E. coli BI21 (DE3)
expression with N-terminal "*MBP-tag by LR reaction.

An Entry clone containing the CDS of ATE1 was created by C. Naumann using primers ATE1 pos2_ss
and ATE1_as for amplification from cDNA. For in-vitro studies within this work, this Entry Clone was
used in a LR reaction with pDEST™17 Vector (Invitrogen) for N-terminal fusion with a hexa-His tag.
The construct was expressed from E. coli BL21-CodonPlus® (DE3)-RIL.

PCO1 and PCO4 with N-terminal hexa-His tag were provided as purified enzymes by M. White and E.
Flashman (White et al., 2017).

For UBRPR™ expression, an Entry Clone containing the CDS of PRT6'®®* with N-terminal TEV
recognition sequence and C-terminal simple HA-tag was provided by P. Reichman. This was included
in a LR reaction with pDEST™15 for N-terminal GST fusion. The construct was transformed into E. coli
BL21-CodonPlus® (DE3)-RIL. In contrast, purified recombinant GST-PRT61918 was provided by H.
Zhang and F. Theodoulou.

To create pEN-YFP, the sequence of YFP was amplified from pEN-Ub-EIN264¢-12%4.YFP ysing primers
attB1-YFP and attB2-YFP, and the product was recombined into pDONR 201. LR into pAM-PAT-
ProUBQ10 GW yielded pAM-PAT-ProUBQ10::YFP.

A plasmid containing mCherry was co-transformed as a control during BiFC experiments. The
respective plasmid was kindly provided by G. Furlan and M. Trujillo as a vector containing mCherry
for cytoplasmic and nuclear localization (Furlan et al., 2017). The plasmid for expression of YFP with a
plastidial localization signal (Fig. $19) was provided by C. Naumann.

To create the GUS reporter constructs, an Entry Clone containing the GUS CDS was provided by N.
Dissmeyer (IPB, Halle Saale), and originally obtained from Bekir Ulker!. This Entry Clone was
recombined with Destination vectors pAM-PAT-proPRT12""-GW and pAM-PAT-proATL9 (see above).
The vector for expression of GUS under control of the promoter of /QD4 was kindly provided by J.
Quegwer and K. Birstenbinder and was previously published in Biirstenbinder et al. (2017).

1 Institute of Cellular and Molecular Botany, University of Bonn, 53115 Bonn, Germany
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TlACTCT

For expressing eGFP from the PR promoter, pEN-L1-F-L2 (Karimi et al., 2007) was recombined

with pAM-PAT-proPRT14CCT-GW.

6.7 PCR

All PCRs were performed using Labcycler machines (SensoQuest; Gottingen, Germany). dNTPs were
purchased as a set (Cat.No. R0182; Thermo Fisher Scientific), mixed to an aqueous stock solution
containing 10 mM of each nucleotide, and stored at -20°C in aliquots. Primer oligonucleotides were
purchased from Eurofins Scientific (Brussels, Belgium), diluted to an aqueous stock solution of 10 uM,
and stored at -20°C. PCR products were visualized by agarose gel electrophoresis, using a TAE (40
mM Tris-Cl; 1 mM EDTA; 20 mM Acetate; pH 8.2 to 8.6) buffered solution of 1-4% agarose containing
1 ul/100 ml SERVA DNA Stain G (Cat.-No. 39803; Serva Electrophoresis, Heidelberg, Germany).

6.7.1 Standard PfuX7 polymerase PCR

For cloning purposes, if not indicated otherwise, home-made PfuX7 (Ngrholm, 2010) was applied in
PCR steps as the polymerase. PCR was performed in combination with the Phusion HF Buffer (Cat.-
No. F518L; Thermo Fisher Scientific), and was set up according to the manufacturer’s instructions for
Thermo Fisher Scientific Phusion High-Fidelity DNA Polymerase (i.e., 1x Phusion HF Buffer; 0.2 mM
dNTPs (each); each 0.5 uM primer oligonucleotides; 1% (v/v) PfuX7 solution). As the template, 1 ul of
gDNA or cDNA, or 5-10 ng of plasmid DNA were applied per 20 pl total reaction volume. For
amplifying products longer than 1,000 bp, 1 M betaine (Cat.-No. 14290; Sigma-Aldrich) was included
in the reaction mixture. Cycling conditions for PfuX7 PCR are given in Tab. 3. For amplifying promoter
sequences, the temperature during the extension step was lowered to 68°C. For attB-site adapter
PCRs, a standard PfuX7 PCR was conducted, or a two-step protocol was followed which is described
online by the European Molecular Biology Laboratory (EMBL)
(https://www.embl.de/pepcore/pepcore_services/cloning/cloning_methods/gateway/2step/).

Tab. 3| Thermal profiles used for PCR reactions.

Standard PfuX7 PCR Fusion PfuX7 PCR Taq PCR
98°C 1 min 98°C 1 min 96°C 2 min
98°C 15 sec 98°C 15 sec 96°C 30 sec
[Tm]-4°C 30 sec 32x | 46°C 45 sec 5% | [Tm]-5°C 45 sec 32x
72°C 30-90 sec/kbp 72°C 60-90 sec/kbp 72°C 60-90 sec/kbp
72°C 10 min 98°C 15 sec 72°C 10 min
54°C 45 sec 30x
72°C 60-90 sec/kbp
72°C 10 min
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6.7.2 Fusion PCR using PfuX7 polymerase

The reaction mixtures for PfuX7-catalyzed Fusion PCRs were set up as described for standard PfuX?7
PCRs, but additionally contained 1 M betaine. PCR products purified from agarose gels were included
in the reaction as templates at concentrations of 0.1-1 ng/(ul*100 bp), and a molar ratio of 1:1 to
1:10. A two-step cycling program was applied (Tab. 3), except for the PCR performed to fuse the 3HA-
tag with genPRT1 which was performed using a standard PfuX7 cycling program.

6.7.3 Standard Taqg polymerase PCR

Home-made Tag was employed as the polymerase during semi-quantitative RT-PCRs, for screening
bacterial colonies, and for cloning of the PRT7 CDS. The reaction mixture for Tag-PCR included: 2 mM
Tris-Cl (pH 8.7); 5 mM KCI; 0.2 mM MgCl,; 0.1 mM dNTPs (each); 0.2 uM primer oligonucleotides
(each); 1% (v/v) Taq polymerase. For semi-quantitative RT-PCRs and PRT7 cloning, the template was
1 ul of the 20 pl reverse transcription product containing 1 ug RNA in a total PCR volume of 25 pl. For
cycling conditions, refer to Tab. 3. In the case of semi-quantitative RT-PCRs, only 30 sec of initial
denaturation were applied, whereas for screening E. coli colonies, 3 min initial denaturation were
used.

6.7.4 Plant genotyping

Plant genotyping was performed in a slightly modified version of the “TagMulti” protocol that was
previously described (Dissmeyer and Schnittger, 2011). In detail, 500 ul of “Magic buffer” (Tab. 4)
were added to a young leaf and ground in a bead mill (28 Hz, 2.5 min) (MM400; Retsch, Haan,
Germany). The cell debris was pelleted by centrifugation for 10 min at >13,000 RCF, and the
supernatant was used as the template in a PCR reaction (Tab. 4).

Tab. 4| PCR conditions for “TagMulti” genotyping of fresh Arabidopsis leaves (Dissmeyer and Schnittger,
2011). Both “Magic buffer” and TagMulti buffer were autoclaved and stored at 4°C for several month:s.

Reaction mixture TaqMulti Thermal Profile "Magic buffer"
[ui] Temp. [min] Tris-Cl, pH 7.5 50 mM
H20 19 95°C oo NaCl 300 mM
TaqMulti buffer [10x] 2.5 95°C 00:30 sucrose 300 mM
dNTPs [10 mM each] 0.5 [Tm]-4°C 00:45 35x TaqMulti buffer (10x)
Taq 0.5 72°C 1.5/kbp Tris-Cl (pH 8.7) 200 mM
Primers (each) [10 uM] 0.5 72°C 10:00 KCl 500 mM
Template 1.5 15°C oo MgCl, 20 mM
Total volume 25 Xylene cyanol FF 1.5 g/l
Orange G 1.5 g/l

6.7.5 Site-directed mutagenesis

Primers used for PCR-based site-directed mutagenesis are given in Tab. S5. To create PRT1V?%A (GTT
- GCG) in pEN-TEV-PRT1 and pEN-3HA-PRT1, a mutagenesis PCR using primers PRT1_V28A fw and
PRT1_V28A_rev was conducted on the respective Entry Clones according to Edelheit et al. (2009), but
including 1 M betaine in the reaction mixture and using PfuX7 polymerase. In brief, two reaction
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mixtures of 25 pl total volume were prepared containing 1.6 uM of either forward or reverse primer
oligonucleotides in a solution of 1x Phusion HF Buffer; 1 M betaine; 0.2 mM dNTPs; 2% (v/v) PfuX7;
500 ng plasmid template. Cycling was performed as 98°C/3 min; 18 cycles of [98°C/30 sec; 55°C/30
sec; 72°C/5 min]; 72°C/10 min. The PCR products were mixed and subjected to a 10 min-annealing
program with a stepwise temperature decrease from 95°C to 37°C. The annealed product was
digested by Dpnl (Cat.-No. FD1703; Thermo Fisher Scientific) over night, and 4 ul of the product were
transformed into E. coli Dh5a. Mutagenesis success was monitored by digestion with Bsh1236l (Cat.-
No. FD0924; Thermo Fisher Scientific). PRT1¢°A (TGC - GCT) and PRT1%'%*A (TGT = GCT) in pEN-TEV-
PRT1 and pEN-3HA-PRT1 were produced accordingly, using primers PRT1_C29A_fw/PRT1_C29A rev,
and PRT1_C195A_fw/PRT1_C195A rev, respectively. In the case of C195A, the mutation was
visualized by Ddel (Cat.-No. ER1881; Thermo Fisher Scientific) digestion. Since no restriction enzyme
was available to screen for the C29A mutation, these clones were checked by sequencing.

PEN-Ub*248R_Gly-EIN2%47129%.Myc was created from pEN-Ub*¥48R_EIN2646-1294.Myc by a one-step
mutagenesis protocol engaging primers EIN2_F646G_fw and EIN2_F646G_rev (TTG = GGT). Here, a
standard PfuX7 PCR reaction was set up containing both forward and reverse primers, and 300 ng of
plasmid template. The reaction was performed using the same cycling conditions as described for the
prior mutagenesis procedure. After Dpnl digestion, 4 pl of the product were transformed into E. coli
Dh5a. Phe-646 to Gly mutations were monitored by sequencing. Using the same strategy, pEN-Ub-
Gly-EIN2%47-1294.YEP was prepared from pEN-Ub-EIN2546-1294.YFp,

6.8 Reverse transcription and real-time PCR

6.8.1 Tissue collection

Leaf, flower, or seedling material was harvested into tubes containing two metal beads and
immediately frozen in liquid nitrogen. Frozen plant material was ground to a fine powder in a bead
mill prior to use.

For the collection of anthers, whole inflorescences of WT and prt1-1* genotypes growing at 28°C
were harvested into 50 ml tubes containing ice-cold ethanol, and vacuume-infiltrated for 30 min. After
infiltration, flowers were stored in ethanol at -20°C for several weeks. Using a stereo microscope,
anthers of flower stages 11-13 were subsequently manually selected and transferred to a screw cap
tube containing 700 ul ice-cold ethanol and 10-15 ceramic beads. Anthers were collected until a
yellowish precipitation was clearly visible at the bottom of the tube, corresponding to roughly 500
anthers. The closed tubes were stored at -20°C. Anthers were subsequently lyophilized overnight
using an Alpha 1-4 LDplus lyophilizer (Martin Christ Gefriertrocknungsanlagen, Osterode, Germany),
and the dried material was homogenized using a tissue homogenizer (Item No. 03119-200-RD00Q0;
Precellys 24; Bertin Technologies, Montigny-le-Bretonneux, France).

6.8.2 RNA extraction and reverse transcritpion

RNA extraction was performed using the TRIsure™ reagent (Cat.-No. BIO-38032; Bioline, London, UK),
and according to the manufacturer’s instructions, but at half reagent volumes. The purity of the RNA
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was assessed by absorbance measurements at 260 nm and 280 nm, and RNA integrity was checked
by agarose gel electrophoresis. 1-3 pug of RNA were applied to cDNA synthesis for semi-quantitative
RT-PCRs, and 1 pg of RNA for gPCR. In order to remove contaminating DNA from RNA samples,
DNase | (Cat.-No. EN0521; Thermo Fisher Scientific) digestion was performed prior to reverse
transcription according to the manufacturer’s instructions. Reverse transcription was conducted
using RevertAid Reverse Transcriptase (Cat.-No. EP0441; Thermo Fisher Scientific), or RevertAid H
Minus Reverse Transcriptase (Cat.-No. EP0452; Thermo Fisher Scientific). During the procedure,
instructions for the latter reverse transcriptase were followed (i.e., including RiboLock™ RNase
Inhibitor (Cat.-No. EO0381; Thermo Fisher Scientific) in the reaction).

6.8.3 Semi-quantitative RT-PCR

Standard Taq PCRs were set up for semi-quantitative RT-PCRs, and the products were subjected to
1% agarose gel electrophoresis. For amplifying the TUB2 gene in Fig. 19, primers TUB2_fw/TUB2_rev
were used. Endogenous PRT1 was targeted using primers PRT1_UTR_fw/PRT1_FL_rev (Fig. 19, left
panel), or Fw_PRT1/PRT1_rev (Fig. 19, right panel). Transgenic GFP-PRT1“?* was amplified using
primers  attBl_mGFP5 fw/PRT1_Exon3_rev, and transgenic 3HA-PRT1  with  primers
FW_HA/PRT1_rev. The respective primer sequences are summarized in Tab. S6.

6.8.4 Quantitative PCR

Maxima SYBR Green Master Mix (Cat.-No. K0251; Thermo Fisher Scientific) was engaged for gPCR
and used according to the manufacturer’s instructions (using 0.9 uM of each forward and reverse
primers), but at a total volume of 10 pl per reaction and using triple amounts of the reference dye
solution (i.e., 15 pl of “ROX solution” in 2x master mix). As the template, 1.5 ul of the 1:10 diluted
cDNA synthesis product was included in the reaction mixture. Primers were designed to fit the
recommendations of the Maxima SYBR Green Master Mix. All used qPCR primer sequences are
included in Tab. S7, and primer melting curves were monitored as a quality control step after each
run. qPCRs were performed using a MX3005P gPCR system (Stratagene, San Diego, USA). The
thermal profile used is depicted in Tab. 5.

Tab. 5| Thermal profile for gPCR reactions. Reactions were performed as duplicates. Transcript
. levels were calculated from mean values relative to
Temp. min:sec . .

the expression of the housekeeping gene PP2A. If not

95°C 10:00 .. . . .
indicated otherwise, relative transcript levels were

95°C 00:15

40 cycles calculated as
64°C 01:00
95°C  01:00 RTL = 1000*27(-ACT),
55°C  00:30 where ACT is defined as
95°C 00:30 ACT = CTTarget gene — CTPPZA'
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6.9 Bacteria work and transformation protocols

6.9.1 Growth conditions

E. coli strains were grown on MacConkey medium containing agar (Difco Laboratories, Detroit USA),
or in Luria-Bertani (LB) liquid medium (Cat.-No. X968; Carl Roth). E. coli cells were allowed to grow at
21-37°C. Media used for A. tumefaciens GV3101-pMP90RK were either LB, or YEB (all reagents
purchased from Carl Roth, for 1 liter of YEB medium: 5g sucrose, 5 g pepton, 5 g beef extract, 1 g
yeast extract, 2 mM MgS0Q,), containing 1.5% (w/v) plant agar (Duchefa Biochemie) if applicable. For
selection, media were supplemented with antibiotics at concentrations presented in Tab. 6.

Tab. 6] Antibiotics used and concentrations applied to growth media.

Antibiotic/ . Solvent used to
Herbicide Final prepare
Manufacturer Cat.-No. concentration
. [ng/mi] 1000x stock solution

Bacteria
Ampicillin Sigma-Aldrich A9518-5G 100 H20
Carbenicillin Duchefa Biochemie C0109.0025 50 H20
Chloramphenicol Carl Roth 3886.2 34 Ethanol
Gentamycin Duchefa Biochemie G0124.0001 25 H20
Kanamycin AppliChem A1493,0005 50 H20
Rifampicin Duchefa Biochemie R0146.0005 50 DMSO
Streptomycin Carl Roth 0236.2 50 H20
Plants
Kanamycin AppliChem A1493,0005 50 H.O
Phosphinothricin Toronto Research

p. ! Chemicals (North York, G596959 10 H20
glufosinate

Canada)
Basta® Bayer n/a 1/1,000 (v/v) tap water
) . . supplied as solution
Hygromycin Duchefa Biochemie H0192.0001 20,35
407 mg/ml

6.9.2 Preparation of competent E. coli cells

Cells of E. coli were made chemically competent for heat-shock mediated transformation with
plasmid DNA using CaCl; as previously described (Mandel and Higa, 1970; Hanahan, 1983). In brief,
400 ml of LB medium were inoculated with 4 ml of an overnight culture of the respective E. coli
strain, and the culture was allowed to grow until an optical density at 600 nm (ODeggo) of 0.3 to 0.45
was reached. After chilling down on ice, each 100 ml of cells were pelleted in 50 ml conical tubes at
4,000 RCF and 4°C for 10 to 15 min. Each pellet was first washed in 10 ml of sterile, ice-cold 0.1 M
CaCl; solution. Subsequently, cells were resuspended in 2 ml of 0.1 M CaCl,, and the suspension was
mixed with 2 ml of 60% aqueous glycerol. Cell suspensions were aliquoted to 100 pl, frozen in liquid
nitrogen, and stored at -80°C until use.
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6.9.3 E. coli transformation

E. coli cells were transformed by heat shock with plasmid DNA using a standard method (Froger and
Hall, 2007). In brief, 50 ul of competent cells were thawed on ice, and 5-50 ng of plasmid DNA were
added. After 20 to 30 min incubation on ice, cells were subjected to 42°C using a thermoblock (Cat.-
No. T3317; Sigma-Aldrich) for 75 seconds, cooled down on ice, and mixed with 250 ul of LB medium.
After incubation at 37°C and 850 rpm for 1 to 2 hours, cells were plated on selective agar plates.

6.9.4 Preparation of electrocompetent A. tumefaciens cells

To render A. tumefaciens GV3101-pMP90RK cells competent for electro-transformation, 200 ml of
YEB medium containing antibiotics (rifampicin, kanamycin) were inoculated at 1:50 using an
overnight culture of the cells, and grown to ODgg = 0.5. Each 50 ml of the culture were pelleted in
conical tubes by centrifugation at 4,000 RCF and 4°C for 10 min, and incubated for 10 min on ice.
Subsequently, three consecutive washing steps were performed using the following solutions: 1) 25
ml of 1 mM HEPES (pH 7.5); 2) 10 ml of 1 mM HEPES (pH 7.5), 10% (v/v) glycerol; 3) 5 ml of the same
solution as used before. Finally, the cells were resuspended in 1 ml (per tube) of aqueous 10% (v/v)
glycerol, aliquoted to 50 pl, frozen in liquid nitrogen, and stored at -80°C until use.

6.9.5 Transformation of A. tumefaciens

Competent A. tumefaciens cells were thawed on ice, and gently mixed with 2 pl of plasmid DNA
solution (containing up to 800 pg of DNA). Subsequently, the cell suspension was transferred to an
electroporation cuvette with 2 mm gap size (Cat.-No. 732-1136; VWR International) that was
precooled at -20°C. Electroporation was performed with a Gene Pulser (Bio-Rad Laboratories,
Hercules, USA) at a capacity of 25 uF, voltage of 2.5 kV, and resistance of 400 Q for 2 seconds.
Immediately after electroporation, 750 pl of ice-cold YEB medium was added, the cells were
transferred to 1.5 ml reaction tubes, and incubated on a thermoshaker at 28°C/850 rpm for 4 hours.
Cells were subsequently plated on selective plates in aliquots of 10 pl, 100 ul, and residual bacterium
suspension, and incubated at 28°C for 48 to 72 hours. To check colonies for the presence of the
plasmid, a quick test was performed by pelleting 500 pl of an overnight culture (8,000 RCF; 2 min),
washing the pellet in 500 ul of distilled water, resuspension of the pellet in 150 pl of distilled water,
incubation at 95°C for 10 min, and removal of cell debris by centrifugation for 15 min at 8,000 crf. Of
the supernatant, 5 to 10 ul were used in a Tag PCR to amplify the transgene. To confirm
transformation success, plasmid DNA was purified from 3 ml of an overnight culture of the
transformed Agrobacteria using the GenelET Plasmid Miniprep Kit (Cat.-No. K0502; Thermo Fisher
Scientific), and retransformed into an E. coli cloning strain to finally check the plasmid purified from
E. coli by endonuclease digestion.
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6.9.6 Plant transformation by floral dipping

Agrobacterium-mediated transformation of Arabidopsis plants was performed using the floral dip
method (Bent and Clough, 1998) with a few modifications. In brief, a 500 ml overnight culture (YEB
medium containing antibiotics) of Agrobacterium carrying the requested plasmid was supplemented
with 25 g household sugar, and incubated in a shaker at 28°C for 30 minutes. Prior to floral dipping,
100 ul of Silwet L-77 were mixed with the culture. For plant infection, inflorescences of flowering
plants were immersed into the bacteria suspension under some rotation. Subsequently, plants were
oriented horizontally, and incubated in the dark for 16 to 24 hours. The plants were then uprighted
and grown under normal (greenhouse) conditions. Seeds were harvested after at least four weeks
after floral dipping and spread on soil. For selection of transformants, seedlings were sprayed every 3
to 4 days starting from the emergence of the first true leaves with a dilution of 1 ml Basta® (Bayer,
Leverkusen, Germany) per liter tap water. Resistant plants (T1 generation) were pricked and seeds of
the next generation (T2) were screened for segregation patterns on agar plates containing
phosphinothricin.

6.10 Protein work

6.10.1 Plant protein extraction for Western blot

For the purposes of SDS-PAGE and Western blot, extracts of plant total soluble proteins were
prepared either by a urea-based extraction system, or using RIPA buffer. For both purposes, plant
material was collected into 2 ml reaction tubes containing two metal beads, frozen in liquid nitrogen,
and ground in a frozen state with a bead mill for 90 seconds at 28 Hz.

For urea-extraction, 450 pl of freshly prepared pre-warmed (42°C) “Lyse & Load” buffer (8 M Urea;
50 mM Tris-Cl, pH 6.8; 5 mM DTT; 30% (v/v) glycerol; 4% (w/v) SDS) were applied per 22 mg of
ground seedling material. The mixed suspension was incubated on a thermoblock at 42°C for 20 to 25
minutes, and directly loaded onto a SDS polyacrylamide gel.

RIPA buffer (50 mM Tris-Cl, pH 7.6; 150 mM NacCl; 20 mM NaF (57920, Sigma-Aldrich); 10 mM
NasP»07; 1 mM DTT; 1 mM EDTA; 0.5 mM EGTA; 1% (v/v) Nonidet® P40 BioChemica (Cat.-No. A1694;
Applichem); 0.5% (w/v) deoxycholate sodium salt; 1x cOmplete™ protease inhibitor cocktail (Cat.-No.
04693132001; Roche, Basel, Switzerland)) was prepared on the day of use from a 2x stock solution
containing all reagents but protease inhibitors and DTT, which were added from frozen stocks. For
protein extraction, 100 to 400 ul of ice-cold RIPA buffer were added per 20 mg of ground seedling
material (400 pl were applied during the experiment presented in Fig. 32). After addition of RIPA
buffer, the samples were directly transferred to a thermoblock shaking at 850 rpm and 4°C and
incubated for 30 to 60 minutes. Subsequently, cell debris was removed by single or, if necessary,
double centrifugation for 10 minutes, 214,000 RCF, 4°C.

Upon attempts to detect PRT1 fusion proteins from transgenic plant lines, variations of this protocol
were applied: Instead of using a bead mill, up to 500 mg of plant material was ground using mortar
and pestle during some experiments, and RIPA buffer was added upon grinding. The mixture was
allowed to defreeze slowly upon further grinding, and the liquefied suspension was subjected to
centrifugation as stated above.
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6.10.2 SDS-PAGE and Western blot

Protein extracts were mixed with 5x SDS sample buffer (0.25 M Tris-Cl, pH 6.8; 50% (v/v) glycerol;
10% (w/v) SDS; 0.5 M DTT) to a final strength of 1 to 1.5, and denatured either at 95°C for 5 to 10
minutes, or at 68°C for 15 to 20 min. SDS polyacrylamide gels were cast, and SDS-PAGE was
performed using the Mini-PROTEAN® Electrophoresis System (Bio-Rad Laboratories). Resolving gels
were prepared containing 8 to 15% of acrylamide (Cat.-No. 3029.1; Carl Roth), 375 mM Tris-Cl (pH
8.8), 0.01% (w/v) SDS, 0.1% (w/v) APS, and 0.04% TEMED. Stacking gels contained the same
concentrations of SDS and APS, but 4.88% acrylamide, 125 mM Tris-Cl (pH 6.8), and 0.1% TEMED. As
the running buffer, 1x Towbin buffer (24 mM Tris-Cl (no pH adjustment), 192 mM Gly, 0.1% SDS) was
used, and SDS-PAGE was performed at 85 V for the stacking gel, and 135 V for the resolving gel.
Semi-dry Western blotting was done using the Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad
Laboratories). Here, the SDS-gel was equilibrated in Transfer buffer (48 mM Tris-Cl (no pH
adjustment); 39 mM Gly; 20% (v/v) methanol), and was sandwiched between two 3 mm Whatman®
Blotting Papers soaked in Transfer buffer together with a polyvinylidene fluoride (PVDF) membrane
with 0.45 um pore size (Cat.-No. 10600023; GE Healthcare, Chicago, USA). The latter was pre-
equilibrated in methanol. Blotting was performed for 90 minutes at 0.85 mA/cm? of membrane size,
but using at least 60 mA. The Western blot membrane was subsequently blocked overnight on a
rocking table in Tris-buffered saline containing Tween-20 (TBST) (150 mM NaCl; 20 mM Tris-Cl (pH
8.0); 0.1 % Tween-20) containing 3 to 5% of skim milk powder (Cat.-No. T145; Carl Roth). Note that
electro-transfer of SPOT membranes differed from this procedure and is described in section 6.14.3.

6.10.3 Immunodetection

After overnight blocking, Western blots were incubated with primary antibodies (Tab. 7) under
agitation for one hour at room temperature. Subsequently, the membrane was washed three times
for 10 minutes in TBST, incubated with the secondary antibody for one hour (room temperature),
and washed again at least six times for each 10 to 30 minutes. HRP signals were detected using ECL
substrate of picogram level sensitivity (Cat.-Nos. 1862123 and 1862124; Thermo Fisher Scientific), or
femtogram level sensitivity (Cat.-Nos. RPN2235V1 and -V2; GE Healthcare). Chemiluminescence was
imaged with X-ray films (Fujifilm Super RX, Cat.-No. RF11; Hartenstein, Wiirzburg, Germany).

6.10.4 Total protein stains

As the loading control for Western blots, and to stain total proteins following analytic SDS-PAGE,
Coomassie Brilliant Blue (CBB) (Cat.-No. 3074.1; Carl Roth) staining was performed. On a rocking
table, Western blots were incubated in the CBB solution for up to 3 minutes, and SDS-polyacrylamide
gels overnight, before destaining in an aqueous solution of 50% ethanol and 10% acetic acid. To stop
destaining, gels and membranes were briefly incubated in distilled water.
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6.10.5 Expression and purification of recombinant proteins from E. coli

Protein concentrations were determined following purifications using the BCA Protein Assay Kit (Cat.-
No. 23225; Thermo Fisher Scientific), and measured with a plate-reader photospectrometer (Infinite
F200 PRO; Tecan).

Tab. 7| Antibodies used for immunodetection. The Protein-A conjugate was used in combination with the
anti-HA tag and anti-GFP primary antibodies following IP experiments using Anti-HA agarose to circumvent
detection of IgG leached from the beads.

Epitope Manufacturer Name/Clone Cat.-No. Host Dilution Clonality

Primary antibodies

HA.11 Clone

HA tag Covance 16812 MM2-101P mouse 1:1,000 monoclonal
His tag GE Healthcare n/a 27-4710-01 mouse 1:3,000 monoclonal
Ub Sa'nta Cruz P4AD1 sc-8017 mouse 1:5,000 monoclonal
Biotechn.
Living Colors®
GFP Clontech 1L-8 632381 mouse 1:1,000 monoclonal
cMyc Sigma-Aldrich n/a C3956 rabbit 1:5,000 polyclonal
GST Sigma-Aldrich n/a G7781 rabbit 1:10,000 polyclonal
HRP-coupled (secondary) antibodies
. Santa Cruz
rabbit IgG Biotechn. n/a sc-2004 goat 1:2,500 polyclonal
mouse IgG Pierce n/a 31437 goat 1:5,000 polyclonal
Native Ig Novex Protein A-HRP 101023 S. aureus 1:1,000 polyclonal

6.10.5.1 HisMBP-PRT1 and "*MBP-PRT7

E. coli BI21 (DE3) cells transformed with pVP16 vector containing ®"sMBP-PRT7, ®"*MBP-PRT1, or
8HisMBP-PRT1 mutant variants were grown in a culture of 200 ml LB medium including carbenicillin to
ODsoo = 1 before induction with 0.2 mM lIsopropyl B-D-1-thiogalactopyranoside (IPTG). Protein was
expressed at 20°C for 16 hours, and cells were subsequently harvested by centrifugation (4,000 RCF;
4°C; 10 min). The pellet was resuspended in Ni buffer (300 mM NaCl; 100 mM Tris-Cl, pH 8.0; 10%
(v/v) glycerol; 0.25% (v/v) Tween-20), or Lysis-Equilibration-Wash (LEW) buffer (50 mM NaH»PO,; 300
mM NaCl; 1 mM DTT; pH 8.0 using NaOH), treated with lysozyme (1.2 mg/ml), and incubated on ice
for up to one hour. Subsequently, cells were sonicated in the presence of 1 mM
phenylmethanesulfonyl fluoride (PMSF) with a 3 mm titan sonotrode type MS73 (Cat.-No.
530703065; Gebr. Rettberg, Gottingen, Germany) applying the following settings: 2 min 40%, 10 min
60%, each 6 cycles. The lysate was cleared by centrifugation at 12,000 RCF, 4°C for 30 min. A 5 ml
polypropylene column (Cat.-No. 34964; Qiagen, Hilden, Germany) was packed with 1 ml of Ni-NTA
agarose (Cat.-No. 30230; Qiagen), and the beads were equilibrated in Ni buffer/LEW buffer. The
cleared lysate was loaded onto the column and allowed to pass through three times by gravity flow.
The beads were washed once with 5 ml of Ni buffer/LEW buffer, and once with Ni buffer/LEW buffer
containing 20 mM imidazole (Cat.-No. 814223; Merck), before elution with 5 fractions a 500 pl of Ni
buffer/LEW buffer containing 200 mM imidazole. The elution fractions were stored at -20°C until use.
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6.10.5.2 GSTPRT6'19-HA

The UBR box of PRT6 (amino acids 1-193) was expressed as pDEST15::GST-PRT6Y19-HA from E. coli
BL21-CodonPlus® (DE3)-RIL. Two batches of each 400 ml LB expression cultures containing
carbenicillin were induced with 0.5 mM IPTG at ODego = 0.6, and protein was expressed overnight at
20°C. Following harvest, cell pellets were frozen for 30 min, and resuspended in each 15 ml of Lysis
buffer (10 mM Na;HPO,; 1.8 mM KH,PO4; 2.7 mM KCI; 140 mM NaCl; 20% glycerol; 5 mM DTT; pH =
7.3). Suspensions were treated with 1 mg/ml lysozyme and 1 mM PMSF for one hour on ice and
sonicated as described above for "*MBP-tagged proteins. Subsequently, lysates were clarified by
centrifugation at 14,800 RCF, 4°C, 30 min, and filtration with a 0.45 um pore size filter unit. The
cleared lysate was loaded onto a column containing a bead volume of 750 pl (corresponding to 1 ml
of slurry) Protino Glutathione Agarose 4B (Cat.-No. 745500.10; Macherey-Nagel) equilibrated in lysis
buffer. Binding was performed by slow rotation for 30 min at room temperature, and the column was
subsequently washed twice with each 13 ml of lysis buffer. Protein was eluted with 4 ml of elution
buffer (50 mM Tris-HCl, pH = 8; 10 mM glutathione), and finally concentrated to a final volume of 1
ml upon buffer exchange to lysis buffer using Amicon Ultra 30k concentrator columns (Cat.-No.
C7715; Merck Millipore).

6.10.5.3 HISATEL

The ATE1 CDS was expressed in E. coli BL21-CodonPlus® (DE3)-RIL cells from pDest17 for N-terminal
hexa-His (6His) fusion. An expression culture of 800 ml LB with carbenicillin was induced with 1 mM
IPTG at ODgoo = 0.6 and cultivated at 18°C for 20 hours. The next day, the pelleted cells were
resuspended in 30 ml of LEW buffer (see above), and the suspension was incubated on ice with 1.2
mg/ml of lysozyme for 30 min. After 20 min, PMSF was added at 1 mM. For sonication (5 min, 40%;
10 min, 60%,; each 5 cycles), the suspension was split into two aliquots. The lysate was centrifuged at
4,000 crf and 4°C, 53 min, and the clear supernatant was transferred onto a Ni-NTA agarose column
(see above) with a bead volume of 1 ml. Following washing steps using LEW buffer and LEW
containing 20 mM imidazole, eltion was performed at 40 mM imidazole in LEW in a total volume of
2.5 ml. The eluate was subjected to Amicon Ultra 30k filtration for buffer exchange to LEW storage
buffer additionally containing 20% glycerol, and was concentrated to a final volume of 350 pl.

6.11 In-vitro autoubiquitination assays

Autoubiquitination assays in vitro were performed as described in Furlan et al. (2017), with some
modifications. "*MBP-PRT1 and "*MBP-PRT7 proteins subjected to autoubiquitination assays were
purified as described above, whereas "*UBA1 (E1) and "SUBC8 (E2) were obtained from M. Trujillo or
A. Mot as purified recombinant proteins. Expression clones for "*UBA1 and "*UBCS8 were cloned and
provided by M. Trujillo. "*MBP was obtained from A. Mot. In a reaction volume of 30 pl, purified E1
(40 nM), E2 (0.31 uM), and E3 (0.4 uM), or control proteins (1-2 pug) were combined as indicated in
the experiment in the presence of ubiquitination buffer (26.7 mM Tris-Cl, pH 7.4; 50 mM KCl; 5 mM
MgCly; 0.67 mM DTT; 2 mM ATP (Cat.-No. P0O756S; New England Biolabs, Ipswich, USA); 2 ug Ub from
bovine erythrocytes (Cat.-No. U6253; Sigma-Aldrich)). The mixture was incubated at 30°C for 3 hours,
and the reaction was stopped by the addition of 10 pl of 5x SDS sample buffer, and incubation at
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95°C for 5 minutes. After heat inactivation, the samples were directly subjected to SDS-PAGE and
Western blotting.

6.12 X-peptide pull-down experiments

In a total volume of 250 pl per sample, "SMBP-PRT1 was diluted to 1.7 uM in pull-down buffer (20
mM Tris-Cl, pH 7.4; 135 mM NaCl; 5 mM maltose; 1 mM DTT; 0.1% (v/v) Tween-20; 0.5% (w/v) skim
milk powder) containing 20 pM synthetic peptides of the e*-derived sequence (NH,-)X-
GSGAWLLPVSG-(PEG)-K-(biotin), with X being either Phe or Met. Synthetic peptides with C-terminal
biotin were synthesized and provided by T. Grossmann and C. Miiller. The solution was incubated at
room temperature under rotation for 1.5 hours. Subsequently, samples were taken for input
fractions, and the remaining solution was added to each 20 pl bead volume of Pierce™ Avidin
Agarose (Cat.-No. 20219; Thermo Fisher Scientific) equilibrated in pull-down buffer. Biotin-avidin
association was permitted during incubation under rotation for 1 hour at room temperature.
Following incubation, the beads were washed once with pull-down buffer, and eluted by addition of
30 pl 3x SDS sample buffer and incubation at 96°C for 10 minutes.

6.13 In-vitro arginylation assays

In-vitro arginylation reactions using plant ATE1 were set up according to Wang et al. (2014), with a
few modifications. 12-mer peptide substrates with C-terminal (PEG)-Lys-(biotin) functionalization
were synthesized and provided by T. Grossmann and C. Miller. Peptide sequences were X-
WEAEENVPYTA (RIN4%1!, with X = G, D), and X-GGAIISDFIPP (N-terminus®? conserved in RAP2.2,
RAP2.12, and HRE2; X = G, D, C, (0s)-C). In a total reaction volume of 50 pl, recombinant purified
HSATE1 was provided at a concentration of 10 pM in the reaction mixture composed of 50 mM
HEPES, pH 7.5; 25 mM KCl; 15 mM MgCl,; 1 mM (Fig. 49A) or 100 mM (Fig. 49B) DTT; 2.5 mM ATP
(Cat.-No. PO756S; New England Biolabs); 0.6 mg/ml E. coli tRNA (Cat.-No. R1753; Sigma-Aldrich); 0.04
mg/ml E. coli aminoacyl-tRNA synthetase (Cat.-No. A3646; Sigma-Aldrich); 80 uM (4 nCi/ul) *C-Arg
(Cat.-No. MC1243; Hartmann Analytic, Braunschweig, Germany); 50 uM 12-mer peptide substrate.
For combined PCO and ATE1 reactions, purified recombinant PCO enzymes with N-terminal 6His tag
were provided by M. White and E. Flashman. Where applicable, PCOs were included in the reaction
mixture at 1 uM concentration. The mixture was incubated at 30°C for 16 to 40 hours. Following
incubation, the samples were added to each 50 pl bead slurry of Pierce™ Avidin Agarose (Cat.-No.
20219; Thermo Fisher Scientific) equilibrated in binding buffer (100 mM NaH,PO4; 150 mM Nacl;
0.1% Nonidet® P40 BioChemica), and were mixed with an additional 350 pl of binding buffer. Binding
was performed for 2 hours under slow rotation at room temperature, followed by four washing steps
using each 700 pl of binding buffer. For scintillation counting, the beads were resuspended in 4 ml of
FilterSafe scintillation solution (Zinsser Analytic, Frankfurt, Germany), and counting was performed
with a LS 6500 Multi-Purpose scintillation system (Beckman Coulter, Brea, USA).
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6.14 SPOT peptide arrays

6.14.1 SPOT peptide array synthesis

A schematic of the principle of solid-phase Fmoc peptide synthesis is presented in Fig. 52. Synthesis
of SPOT peptide membranes was performed using the SPOT robot system ResPep SL (Intavis, Kdln,
Germany) including the ResPep software (Intavis), and according to Gausepohl and Behn (2002), with
minor changes (see below). The same synthesis protocol for application of the ResPep SL system was
also more recently protocolled in Yim et al. (2015). A list of the used chemicals is provided in Tab. 8.
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Fig. 52| The principle of SPOT solid-phase peptide synthesis. An amino acid with an activated carboxy group
(i.e., HOBt ester) reacts with free amino groups presented by the membrane, or the previously coupled amino
acid (coupling). In the next step, unreacted free N-termini are acetylated to prevent the synthesis of incorrect
peptide sequences (capping). To enable for the next cycle of coupling, the N-terminal Fmoc protection group is
removed using a mild base (N-terminal deprotection). This figure was modified from (Zander and Gausepohl,
2002).

The cellulose membrane was incubated in N,N-Dimethylformamide (DMF) overnight before
synthesis. The ResPep spotter was programmed and equipped to conduct synthesis as follows:

Preactivation of Fmoc amino acids: Each 1 V of Fmoc amino acids (0.5 M in N-Methyl-2-pyrrolidone
(NMP)) was mixed with 0.5 V hydroxybenzotriazole hydrate (HOBt) (1.1 M in NMP), and 0.5 V
Diisopropylcarbodiimide (DIC) (1.1 M in NMP).
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Synthesis cycles:

1. Coupling: Double coupling was performed in a SPOT volume of 0.18 to 0.22 ul (resulting in an
individual spot diameter of 4 mm) with 10 min and 15 min coupling times for the first and second
coupling reaction, respectively.

2. Capping: Free N-terminal amino groups were capped by dispensing of 2.4 ml of capping reagent
(3% (v/v) acetic anhydride in NMP) to the membrane and reaction for 5 min.

3. Deprotection: Fmoc groups of coupled amino acids were removed by double dispensing of 100 pl
of 20% (v/v) piperidine in DMF, with 5 minutes and 8 minutes reaction times for the first and second
application, respectively.

The membrane was washed in between of capping and deprotection, as well as deprotection and
coupling by each 8 washes with 9 ml of DMF, followed by 2 washes with 9 ml ethanol. Capping (i.e.,
N-acetylation) at the synthesis end was not performed to retain free N-termini.

Tab. 8| Chemicals used for peptide array synthesis.

Purpose Substance Supplier Cat.-No.
Membrane support PEG derivatized cellulose membrane Intavis 32.100
Amino acids N-a-Fmoc-amino acids Intavis individual
1-Methyl-2-pyrrolidone, peptide synthesis grade (NMP) Carl Roth P052.1
Solvent/Wash 1-Methyl-2-pyrrolidinone, biotech. grade, 299.7% (NMP)  Sigma-Aldrich 494496
N,N-Dimethylformamide, anhydrous, 99.8% Sigma-Aldrich 227056
Wash Ethanol 299.9% Merck/VWR 1.11727
Storage of solvent Molecular sieve 4 A Carl Roth 8471.2
L DIC, purum, 298.0% (GC) (N,N’-Diisopropylcarbodiimide)  Sigma-Aldrich 38370
Preactivation . . .
1-Hydroxybenzotriazole hydrate (HOBt), 297.0% (T) Sigma-Aldrich 54802
Capping Acetic anhydride, 99.5% Sigma-Aldrich 539996
Fmoc deprotection Piperidine, 299.0% (GC) Sigma-Aldrich P5881
Side-chain deprot. Triisopropyl silane for synthesis Sigma-Aldrich 841359

6.14.2 Side-chain deprotection

Removal of side-chain protection groups was performed manually according to Gausepohl and Behn
(2002). Here, the membrane was incubated in a sealed polypropylene container in a mixture of 7.5
ml trifuoroacetic acid, 2.5 ml dichloromethane, 300 pl triisopropyl silane, and 200 pl water.
Deprotection was conducted for 3 to 4 hours. Subsequently, the membrane was washed four times
with 15 ml of dichloromethane (2 min per wash), subsequently four times for 2 min in each 15 ml
DMF, and finally two times each 5 to 10 min in ethanol. For storage, the membrane was air-dried,
sealed in plastic foil, and kept at -20°C until use. After use and stripping (see below), it was sealed
again for storage at -20°C.
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6.14.3 SPOT binding assays

SPOT assays were performed as outlined in Klecker and Dissmeyer (2016). Before each assay, the
membrane was preactivated by incubation under agitation in methanol (10 minutes), followed by
two short washes in ethanol, and equilibration in the assay buffer. Proteins bound to the membrane
were subjected to electro-transfer using the 3-buffer semi-dry blot system described by Kyhse-
Andersen (1984), for subsequent immunodetection (Fig. 53).

Peptide membrane | Binding of recombinant protein |

UBR N
NH,

Antibody incubations and detection Electro transfer of protein |

e

g s s 5 3

Fig. 53| Procedure of binding assays using SPOT peptide arrays. A synthesized SPOT membrane bearing C-
terminally coupled peptides with free N-termini (NHz) is incubated with a solution of purified recombinant E3
(e.g., UBR box) in binding buffer. After binding, proteins are immobilized on a PVDF membrane by electro-
transfer (Western blot). Immobilized proteins are detected by antibody incubations and HRP signal detection.

The 3-buffer blot system was assembled as follows: The SPOT membrane was briefly (max. 1 minute)
equilibrated in Cathode buffer (25 mM Tris-BASE; 40 mM 6-aminocaproic acid; 0.01% (w/v) SDS; 20%
(v/v) methanol; pH should be 9.4) just before blot assembly. A PVDF membrane (Cat.-No. 10600023;
GE Healthcare) preactivated in methanol was equilibrated in Anode buffer | (30 mM Tris-BASE; 20%
(v/v) methanol; pH should be 10.4). Together with the PVDF membrane, the SPOT membrane was
sandwiched with the peptide-bound side facing the PVDF membrane between one 3 mm Whatman
paper soaked with Cathode buffer (cathode (-) side; i.e., in contact with the SPOT membrane), and
one 3 mm Whatman paper soaked with Anode buffer | on the anode (+) side (i.e., in contact with the
PVDF membrane). A third layer of Whatman paper soaked with Anode buffer Il (300 mM Tris-Cl, pH
10.4; 20% methanol) was placed between the anode and the blotting paper containing Anode buffer
. Blotting was performed for 30 min at 0.8 mA/cm? of SPOT membrane, but using at least 60 mA.
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6.14.4 Binding conditions for SPOT assays using "*MBP-PRT1

For PRT1 binding assays, the SPOT membrane was equilibrated in PRT1 binding buffer (20 mM Tris-Cl,
pH 7.4; 135 mM NaCl; 0.1% (v/v) Tween-20), and blocked overnight in PRT1 binding buffer
additionally containing 5 mM DTT and 10% (w/v) skim milk powder on a rocking table at 4°C. The
next day, purified "MBP-PRT1 (or mutant variants) was diluted at 20 to 50 nM in 20 ml of PRT1
binding buffer containing 5 mM DTT, 10 mM maltose, and 0.075% (w/v) skim milk powder. The
mixture was incubated under rotation for 10 to 20 min at room temperature, and subsequently
transferred to a polyethylene box containing the SPOT membrane. Protein binding to the membrane
was permitted during 2 to 4 hours at room temperature on a rocking platform. The membrane was
subsequently washed three times each 10 to 20 minutes in PRT1 binding buffer containing 5 mM DTT
and 10 mM maltose before performing Western blot.

6.14.5 Binding conditions for SPOT assays using the PRT6 UBR box

Proteins used to determine the binding properties of PRT6 on SPOT membranes were either GST-
PRT6%18 a mutant variant of this construct containing an Ala-replacement at Asp-174 (both were
provided as purified enzymes by H. Zhang and F. Theodoulou), or GST-PRT6¥%3-HA (constructed,
expressed, and purified as described above). In both cases, the SPOT membrane was equilibrated in
PRT6 binding buffer (20 mM Tris-Cl, pH 8.0; 80 mM NacCl; 0.05% (v/v) Tween-20), and blocked
overnight at 4°C in PRT6 binding buffer additionally containing 2.8 mM DTT and 7.5% (w/v) skim milk
powder. Recombinant UBR protein was diluted to 100 nM in PRT6 binding buffer additionally
containing 2.8 mM DTT, 5% (w/v) sucrose, and 0.5% (w/v) milk powder, and incubated under
rotation for 5 min at room temperature. Protein was allowed to bind to the membrane for 2 to 3
hours at room temperature on a rocking platform. Subsequently, the membrane was washed three
times each 10 minutes in PRT6 binding buffer (including 2.8 mM DTT and 5% (w/v) sucrose), and
subjected to Western blotting.

6.14.6 SPOT membrane stripping

After each assay, bound protein was eluted from SPOT membranes using the membrane stripping
protocol described in Leung et al. (2009). Here, the membrane was subsequently washed each three
times for each 10 min in water, in stripping buffer A (8 M urea; 1% (w/v) SDS; 0.5% (v/v) B-
mercaptoethanol), in stripping buffer B (50% (v/v) ethanol; 10% (v/v) acetic acid)), and in ethanol.
Following stripping, the membrane was air-dried overnight.

6.15 Protoplast work

6.15.1 Protoplast preparation

Mesophyll protoplasts from Arabidopsis plants were prepared using the Tape-Arabidopsis Sandwich
method previously described (Wu et al., 2009). In detail, 8 leaves per genotype were cut from 7-to 8
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weeks-old plants grown on soil under short-day conditions. Leaves were immobilized to the desk
with their upper surface (adaxial) using paper tape (Cat.-No. K25B; Hartenstein), and the lower
epidermis (abaxial) was peeled of using Magic Tape (3M; Scotch®, Neuss, Germany). Leaves were
transferred with the peeled side facing down into a petri dish (6 cm diameter) containing 5 ml of the
protoplasting enzyme solution (0.4 M mannitol, 20 mM KCI, 20 mM MES (pH 5.7), 10 mM CaCl,, 0.1%
(w/v) bovine serum albumin (Cat.-No. 8076; Carl Roth), 1% (w/v) cellulase (Cat.-No. 16419; Serva
Electrophoresis), 0.25% (w/v) macerozyme (Cat.-No. 28302; Serva Electrophoresis)). The petri dish
containing enzyme solution and peeled leaves was placed on ice during the time of peeling, and was
subsequently transferred to 19°C for dark incubation (no shaking). After three hours, residual
protoplasts were released from the leaves by manual agitation of the individual leaves. The
suspension containing protoplasts was transferred to cell culture tubes (Cat.-No. 163160; Greiner
Bio-One, Kremsmiinster, Austria), and subsequently kept on ice. Protoplasts were pelleted by
centrifugation at 100 RCF, 4°C for 3 min. The supernatant was removed by inversion, and
resuspended in 5 ml of ice-cold W5 solution (154 mM NaCl, 125 mM CaCl,, 5 mM KCl, 5 mM glucose,
2 mM MES (pH 5.7)). In W5 solution, protoplasts were allowed to settle at the bottom of the
vertically placed tubes during incubation on ice. After 20 to 30 minutes, W5 solution was removed
using a pipet, and protoplasts were resuspended in 3 ml of ice-cold MMG solution (0.4 M mannitol,
15 mM MgCl;, 4 mM MES (pH 5.7)). At this step, protoplasts were counted using a Fuchs-Rosenthal
counting chamber, and cell density was adjusted to 3x10° cells per milliliter of suspension.

6.15.2 Maxi plasmid purification

Plasmid DNA used for transformation of Arabidopsis protoplasts was prepared from 500 ml of E. coli
overnight cultures using the NucleoBond® kit PC500 (Cat.-No. 740574.25; Macherey-Nagel, Diren,
Germany) according to the manufacturer’s instructions for Maxi high-copy plasmid purification. Here,
solutions were home-made according to the buffer compositions provided in the user manual.
Following use, NucleoBond columns were washed with 3 column volumes of distilled water, stored at
4°Cin 0.5 M HCl solution, and washed again with distilled water prior to re-use.

6.15.3 Protoplast transfection

For transient transformation, 5 to 10 ug of each plasmid DNA were prepared in a fresh cell culture
tube per 100 pl of protoplasts to be transformed (except for pAM-PAT-proUBQ10::YFP and the
mCherry expression vector, which were provided at 2 pug per 100 pl), with a maximum of 600 pl of
protoplast suspension per tube. The protoplast suspension was added to the tubes and was mixed
gently but thoroughly by inversion with 1.1 volumes of a solution containing 0.2 M mannitol, 0.1 M
CaCly, and 40% (w/v) PEG MW-4000 (PEG-4000) (Cat.-No. 81242; Fluka, now: Sigma-Aldrich). The
tubes were incubated vertically at room temperature (22°C) for 10 min, and subsequently mixed with
4.4 volumes of W5 solution. Protoplasts were centrifuged at 200 RCF for 1 minute, and the pellet was
resuspended in 1 volume of W1 solution (0.5 M mannitol, 20 mM KCl, 4 mM MES (pH 5.7)). In the
case of a cytokinin treatments of the protoplasts, W1 additionally contained 0.5 uM BA (Cat.-No.
A7685,0001; AppliChem). Protoplasts were incubated overnight in the dark at 19°C for the
expression of plasmid-encoded genes.
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6.15.4 Cycloheximide and proteasome inhibitor treatments

For treating protoplasts with the translation inhibitor CHX (Cat.-No. sc-3508; Santa Cruz
Biotechnology, Dallas, USA), aliquots of up to 200 pl protoplast suspension were transferred to 2-ml
reaction tubes after overnight expression. To reach 100 uM working concentration, 0.72 ul of a CHX
stock solution (33.2 nM in ethanol, stored at -80°C) were added per 200 ul of protoplast suspension.
Mock treatment groups were mixed with the same volumes of ethanol. The mixtures were incubated
without agitation in the dark for the indicated treatment durations, and protoplasts were
subsequently centrifuged at 100 to 200 RCF and 4°C for 1 min. Pellets were frozen in liquid nitrogen
for subsequent protein extraction or storage at -80°C.

To perform proteasome inhibitor treatments, a stock solution containing 100 mM MG-132 (Cat.-No.
F1101; UBPBio, Oxfordshire, UK) in DMSO was stored at -80°C. A volume of 0.3 ul of this stock
solution, or of DMSO alone for mock treatments, was placed on the bottom of an empty 2-ml
reaction tube per 180 pl protoplast suspension to be treated, resulting in 50 uM working
concentrations. Using cut pipet tips, protoplasts transformed the evening before were added
relatively quickly to prevent precipitation of MG-132. For indicated treatment times, protoplasts
were incubated without agitation in the dark, subsequently pelleted, and frozen in liquid nitrogen.
For combined CHX and MG-132 treatments (Fig. S15), MG-132 treatments were performed at least
30 minutes before starting CHX treatments.

6.15.5 Protein stability assays in protoplasts

Frozen protoplast pellets were prepared for SDS-PAGE either by Lyse & Load extraction, or by lysis
with 3x SDS sample buffer (0.15 M Tris-Cl, pH 6.8; 30% (v/v) glycerol; 6% (w/v) SDS; 0.3 M DTT). For
Lyse & Load buffer (see above) extraction (Fig. 29, 30, 31B, S14, S16), the protoplast pellets were
resuspended using 1 volume of buffer per volume of the protoplast suspension before pelleting, and
processed as described for seedling material. For extraction using 3x SDS sample buffer (Fig. 28, 29,
33, S18), the same volumes of 3x SDS sample buffer were applied to frozen protoplast pellets as
explained for Lyse & Load buffer extraction. After thorough mixing, the samples were incubated at
95°C for 5 minutes before loading to SDS-gels. The experiment presented in Fig. S15 is an exception
from this. Here, the frozen protoplast pellet derived from 180 pl of protoplast suspension was
resuspended in 116 pl of RIPA buffer (see above), and incubated at 4°C and 850 rpm shaking for 1
hour. The soluble fraction was subsequently incubated for 15 min at 68°C with SDS sample buffer at a
final strength of 1.5x, and the mixture was loaded onto an SDS-gel.

6.15.6 Co-immunoprecipitation in protoplasts

For the Co-IP experiment presented in Fig. 34, 450 pl of protoplast suspension prepared from prt1-1%
mutant plants were transfected per sample, using 45 pg of plasmid DNA of each construct. After
overnight expression, pelleting, and freezing in liquid nitrogen, protoplast pellets were each
resuspended in 300 ul of RIPA buffer with reduced detergent strength (i.e., 0.1% (v/v) Nonidet® P40
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BioChemica; 0.05% (w/v) deoxycholate sodium salt). The samples were vortexed briefly and were
shaken for 17 min at 750 rpm, 4°C. Cell debris was pelleted by centrifugation at 2,500 RCF, 4°C, 10
minutes. Supernatants were diluted using each 500 pl of RIPA buffer lacking any detergents, input
fractions were taken, and the remaining solution was added to each 15 pl of GFP-Trap® Agarose
beads (Cat.-No. gta-20, Chromotek, Planegg-Martinsried, Germany) equilibrated in RIPA buffer
lacking detergents and protease inhibitors. After 1 hour 20 minutes of binding under slow rotation at
4°C, the beads were washed three times with each 800 ul of RIPA buffer lacking detergents and
protease inhibitors, and eluted in each 55 pl of 2x SDS sample buffer by incubation at 68°C for 15
minutes. For SDS-PAGE, an input fraction corresponding to 12% (for GFP detection), and 4% (for
detection of the HA-tag) of total inputs was loaded onto 10% acrylamide SDS-gels. Elution (i.e., IP)
fractions were 30% (anti-GFP), and 46% (anti-HA tag) of total elution volumes.

For the experiment shown in Fig. S20, the procedure was the same as described above, but pelleting
of cell debris following protein extraction was performed at 16,000 crf, and binding to GFP-Trap®
beads was done for 3 hours and 15 min.

Fig. 35A presents an attempt to co-immunoprecipitate EIN2“*™-YFP variants expressed from the
UBQ10 promoter and 3HA-PRT1%%* expressed from the weak EIN2 promoter. Here, 2.1 ml of
protoplasts prepared from prt1-1¥ mutant plants were transfected per sample with 105 pg of each
construct. Frozen protoplast pellets were extracted with each 800 ul of RIPA buffer containing 5 mM
DTT, and reduced detergent strength (0.1% (v/v) Nonidet® P40 BioChemica; 0.05% (w/v)
deoxycholate sodium salt), and shaking at 4°C and 950 rpm for 1 hour 15 min. IPs were performed
using a bead volume of 7.5 pl of Anti-HA agarose (Cat.-No. A2095; Sigma-Aldrich) as described above
for GFP-Trap® beads. Input fraction loaded to 10% acrylamide SDS-gels corresponded to 2.8% (anti-
GFP), and 3.8% (anti-HA tag) of total inputs. IP fractions were 67% (anti-GFP), and 30% (anti-HA tag)
of total eluate volumes.

Fig. 35B shows the result of an attempt to co-immunoprecipitate PRT1 variants transiently expressed
in protoplasts from the weak EIN2 promoter with stably expressed full-length EIN2-eGFP expressed
from the native promoter. Here, plants of the transgenic pSL34::proEIN2::EIN2-eGFP genotype were
protoplasted, and each 1.4 ml of protoplast suspension were transfected with 140 ug of either PRT1
plasmid (carrying either genPRT1-3HA or 3HA-PRT1° under control of proEIN2). Each sample was
extracted using 800 pl of RIPA buffer (containing 2 mM DTT; 0.1% (v/v) Nonidet® P40 BioChemica;
0.05% (w/v) deoxycholate sodium salt) as described above, and the extracts were added to each 10
ul of bead volume of Anti-HA agarose. The samples were subsequently processed as described in this
section for Fig. 35A, but only two washing steps were performed using each 550 ul of RIPA (no
detergents; no protease inhibitor; 2 mM DTT). Input samples corresponded to 4.4% of total inputs,
and IPs corresponded to 50% (anti-HA tag), and 45% (anti-GFP) of total eluate volumes.

6.16 Websites and software

Sequence information on the Arabidopsis genome was obtained from TAIR at www.arabidopsis.org.

Image processing was performed using Adobe Photoshop CS2 Version 9.0 and Microsoft PowerPoint
Version 14.0.7232.5000 (a component of Microsoft Office Professional Plus 2010). To measure
hypocotyl lengths, Fiji (“Fiji Is Just Image)” obtainable at https://imagej.net/Fiji) was employed.
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DNA sequence analysis was done using Vector NTI Advance 11.5 (Invitrogen), whereas ClustalW
Multiple sequence alignments where conducted using BioEdit 7.2.5 (Hall, 1999). An exception from
this is the alignment presented in Fig. 27. Here, sequence alignments of putative EIN2 variants
(UniProt Knowledgebase identifiers of the underlying sequences are presented in Tab. S8) were
conducted using the full sequences recorded by UniProt with the Clustal Omega Multiple Sequence
Alignment Tool at [https://www.ebi.ac.uk/Tools/msa/clustalo/], and manually curated. The
cladogram was adapted from Liu et al. (2016a). Reverse complement DNA sequences were created
using http://www.bioinformatics.org/sms/rev_comp.html, and sequences were formatted with the
help of http://www.cellbiol.com/scripts/cleaner/dna_protein_sequence_cleaner.php.  Protein
domain assignments were adopted from the InterPro protein sequence analysis tool at
https://www.ebi.ac.uk/interpro. Peptide properties were calculated using the Innovagen Peptide
Property Calculator on https://pepcalc.com/.

For all PCRs, design of oligonucleotide primers was performed using the Primer3 web tool at
http://primer3.ut.ee/, and primers were additionally checked for hairpin formation using the Oligo
Calc web tool at http://biotools.nubic.northwestern.edu/OligoCalc.html.

As gene expression databases, Arabidopsis eFP Browser at www.bar.utoronto (Schmid et al., 2005;
Winter et al., 2007), as well as the GENEVESTIGATOR® software (https://genevestigator.com/gv/)
were employed. The chromosome map shown in Fig. S6 was created using the Chromosome Map
Tool on TAIR, and the image was subsequently manually processed.

Statistical analyses were conducted using Microsoft Excel Version 14.0.7232.5000 (a component of
Microsoft Office Professional Plus 2010) in combination with the “Real Statistics” Add-In obtainable
at http://www.real-statistics.com/free-download/. Normality testing was performed using the
Shapiro-Wilk Normality Test on http://sdittami.altervista.org/shapirotest/ShapiroTest.html. For Chi-
square analysis, the Chi-square test calculator for a contingency table with multiple columns was
used on the website http://www.socscistatistics.com/tests/chisquare2/Default2.aspx (2017/13/12).
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9. Appendix

9.1 Supplemental Figures and Tables

wT prt1-1¢ wT prt1-1° S8 ort1-15[+/
&

23°C 28°C Q

Fig. S1]| Silique formation of WT and prt1-1* mutant lines at control and elevated temperature. Stems of the
main inflorescences from plants grown at 55-65 percent relative air humidity are shown. A, Plants were
germinated under short day 22-23°C conditions for ten days and subsequently transferred to a long day light
regime and the indicated temperature condition. Pictures were taken at comparable developmental stages for
23°C and 28°C grown plants. B, Plants were germinated as in A, and transferred to 28°C long day conditions
after 10 days. Stems of WT, prt1-1* mutant, and prt1-1* heterozygous (prt1-1* [+/-]) plants are shown.

Fig. S2| Seedling morphology of WT and prt1-1* mutant plants at 28°C. Seedlings were surface sterilized,
sowed on 1/2 strength MS plates and stratified for 3 days at 4°C. Subsequently, plates were transferred to 28°C
long day (16/8) conditions and were grown for 6 days.
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prt1-8
prti-10 C=>T (amber)
prt1-9 12 prt1-1
rt1-11 prt1-7 Pt
RING1 RING2 InF_7Z

Untranslated regions |:> Exon | Mutation

Fig. S3| Exon structure and polymorphisms of the PRT1 transcript. All indicated mutations refer to T-DNA
insertion sites, except for the single base pair substitution in prt1-1. ZnF_2Z, ZZ -type Zn finger.

Fig. 54| Silique formation of the main inflorescence stem of PRT1 T-DNA insertion lines at 28°C and a WT
plant of the ecotype Col-0. Plants were germinated under short day conditions at control temperature (22-
23°C) and 55-65 percent relative air humidity, and grown for ten days before transfer to a long day light regime
and 28°C at the same humidity. Col-0 is the ecotype background of the prt1-1 line, as well as of prt1-2, prt1-7,
prt1-9, and prt1-11, whereas prt1-8 is in the Ler, and prt1-10 is in the Ws-4 ecotype.

213



=
o

PRT1
.o

P NWROONOWOW

0 0 rﬂ—l

cov

prﬂ-’? pﬂl'g pt“l

Chr.3

____——AT3G04010
— AT3G05610.1

\‘\-\\ AT3G05960.1
AT3G06830.1

AT3G10440

—— PRT1

AT3G51590
_—AT3G51610
AT3G53510.1
——AT3G54150
AT3G55090

Al

Fig. S5| Transcript levels of PRT1 in mutant
lines and the WT ecotype Col-0. Transcript
levels of PRT1 in leaf samples of rosette plants
were calculated relative to PP2A. Bars
represent the means of two technical
replicates from one experiment. Data points
are the values of each technical replicate. Col-0
is the ecotype background of all lines. RTL,
Relative transcript level (10*2/[-ACT]).
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Fig. S6] Map of chromosome 3 including selected genes in roughly 36 cM distance from the PRT1 locus.
AT3G04010, AT3G05610.1, and AT3G06830.1 are expressed predominantly during pollen stages. STP6 may play
a role during late pollen maturation (TAIR). SGO1 protects meiotic centromere cohesion and mutants show
defects in gametogenesis (Zamariola et al., 2013). The promoter of LIPID TRANSFER PROTEIN 12 (LTP12) is
active exclusively in the tapetum during microspore development (TAIR). NO PRIMEXINE AND PLASMA
MEMBRANE UNDULATION (NPU) encodes a membrane protein involved in pollen development (TAIR). ABCG20
and ABCG16 are implicated in pollen coat formation (see discussion). EXINE FORMATION DEFECTIVE (EFD) is
required for callose wall and primexine formation (TAIR). The depicted loci are highlighted in Tab. S1.
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Fig. S7| Microsporocytes of WT and prt1-1° grown at 28°C following DAPI and Aniline blue staining. The
experiment was performed and images were captured by P. Grini. Anthers from flowers of meiotic to post-
meiotic anther stages were isolated and squeezed between microscope slides. Preparations were covered with
staining solution (PBS containing 2.5 pug/ml DAPI; 0.1 mg/ml Aniline blue; 0.1% (v/v) Tween-20; 5% (v/v)
DMSO0). The suspension was sealed and incubated for 1 hour in the dark before microscopy of the whole mount
preparation. The arrowhead indicates the vegetative nucleus of a (postmeiotic) tricellular microspore of prti-
1%, and the arrow points at the two generative nuclei of the same microspore. All images are the same
maghnifications. Scale bar: 20 um.

Fig. S8]| Inflorescences of prt1-1* grown at 28°C in
a water-saturated ambient air. Plants were grown
at 28°C from the 10-day seedling stage and were
covered with transparent bags at the time of first
flower production in order to create an
environment of high air humidity. Silique formation
was assessed after additional ten days. No siliques
were formed on any of the four replicate plants
and representative stems were photographed.
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Fig. S9| Purifications of "*MBP-fused recombinant proteins. Ni-NTA based protein purifications were analyzed
by CBB staining after 10-percent acrylamide SDS-PAGE. Fractions are bacterial lysate input (F*MBP-PRT1WT, left
panel) and/or column flow-through (FT), a sample of the first or final wash fractions (Wash | and Wash F,
respectively), and the eluates which were directly subjected to in-vitro assays. The calculated protein sizes are
92 kDa for HsMBP-PRT1 variants, and 96.5 kDa for "*MBP-PRT7.

IB: His IB: Ub
WsUBAL(E1) - + + + + o+ WUBAIIEY) ~ + + £ F
HsUBCS (E2) + - + + + + HSUBC (E2) + - + + + +
WsMBP-PRTL - - - + - - WsMBP-PRTL - - - + - -
WsMBP-PRT7 + + - -  + - WsMBP-PRT7 + + - - 4+ -
L I T WsMBP - - - - -+ \Da
250 S
PRT7 3
£ ] - a o 2
] - o (=
PRT1 -
=70
MBP - =55
E2-Ubys =
E2-Ub; = e =35 E2-Ub; =
E2-Ub = T L 25 E2-Ub, =

Fig. $10| Autoubiquitination assays of PRT1 and PRT7. Recombinantly expressed and purified H*MBP-fusion
proteins of PRT1 or PRT7 were subjected to an autoubiquitination reaction engaging "*UBA1 and "*UBCS as the
E1 and E2 enzymes, respectively. All reactions were performed in the presence of ATP and Ub. The results were
analyzed by immunoblotting using antibodies against the His-tag (left panel), or Ub (right panel). Expected
protein sizes: "*UBA1: 123 kDa; HsUBC8: 19 kDa; HsE2-Ub: 27,5 kDa; "*E2-Ub.: 36 kDa; "*MBP: 46 kDa (was not
detected); "sMBP-PRT1: 92 kDa; "*MBP-PRT7: 96.5 kDa.
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WT V28A C29A C195A Fig. S11| Expression of "*MBP-PRT1 protein variants
kDa . . . .
in E. coli. Whole-cell bacterial fractions after
130 overnight expression were subjected to 10 percent

100 :-.------ acrylamide SDS-PAGE and CBB staining. All protein

70
55 N variants have a calculated molecular weight of 92
L

40 : { o kDa.
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Fig. S12| Sensitivity of Ub-products from the "*MBP-PRT1 autoubiquitination reaction towards reducing
conditions. Autoubiquitination reactions with "*MBP-PRT1 variants were performed in the presence of "SUBA1,
HisUBCS8, Ub, and ATP, and reactions were subjected to SDS-PAGE following denaturation with a sample buffer
that either contained 0.5 M DTT (+ DTT), or lacked reducing agents (- DTT). Immunodetections with antibodies
against Ub (IB: Ub), or the His tag (IB: His) are shown. Note that species of intermediate molecular weight
produced by "sMBP-PRT1Y%%* are increased upon non-reducing sample preparation (IB: Ub). However, the
protein concentration of this variant was also lower in this experiment than for the other PRT1 variants (IB:
His).
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Parkin RING2 CPRCHVPVEK--NGG[CMHMKC------ PQPQCRLEWCWNC
PRT1 RING1 CCVCLELLYKPIVLSCGHLSCFWCVHKSMNGFRESHCPIC

Parkin RING2 CPRCHVPVEKNG--G[CMHMKCPQPQCRLEW-------- CWNC
PRT1 RING2 CSACKELLVRPVVLNCGHVYCEG--CVVDMAEESEKIKCQEC

Parkin RING2 CPRCHV-PVEKNG-G[CMHMKCPQPQCRLEWCWNC
PRT1 2Z CDSCGVYPIIGDRYRCK--DC-KEEIGYDLCKDC

Parkin RING2 CPRCHVPVEKNGG[CMHMKCPQPQCRLEWCWNC
ARI1 RING2 CPKCYKPVEKNGGCNLVRCICGQC---FCWLC

Fig. S13| Alignments of the PRT1 Zn finger domains with RING2 from the human RBR E3 ligase parkin.
Conserved residues are highlighted in yellow. Conservation of an amino acid with similar properties is indicated
by grey color. The catalytic Cys-431 of parkin is marked with a red box. An alignment of the RING2 domains
from parkin and the plant RBR E3 ligase ARI1 (AT4G34370) is shown for comparison.
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Fig. S14| Stability and Ub excision efficiency of EIN2S'™.YFP constructs in Arabidopsis protoplasts. Variants
of X-EIN2¢t"™-YFP, where X denotes the first amino acid (Phe in the WT sequence) which was replaced by Gly
or Met, were co-expressed with YFP alone as a control in Arabidopsis protoplasts and analyzed by
immunodetections with the anti-GFP antibody. While Gly- and Phe-starting variants were generated via the
UFT (i.e., as N-terminal Ub-fusions), Met-EIN2*™-YFP was expressed as a simple ORF. During overnight
expression, protoplasts were incubated in a solution containing either 0.5 uM ACC, 0.5 uM BA, or no additives.
EIN2C™.YFP js expected at 98 kDa, YFP at 27.4 kDa. Protein migration was compared to the PageRuler™
(Thermo Fisher Scientific).
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Fig. S15| Proteasome inhibitor treatment in Arabidopsis
protoplasts. A target of Ub-depending degradation
(AtERF#111) was expressed from the p35S promoter in
Arabidopsis protoplasts, and protoplasts were subjected to
a medium containing 50 uM of the proteasome inhibitor
(MG132), or a control treatment, in combination with a CHX
chase following overnight expression. Protein levels were
analyzed using the anti-HA antibody. The expression clone
was provided by J. Bdumler and A. Mustroph. This Western
blot was included in a manuscript that was accepted for
publication in The Plant Journal (Baumler et al., 2019).

Fig. S16| Detection and stability of EIN2¢*™-Myc-YFPC.
Arabidopsis protoplasts of WT or prtl-1% mutant
background were transfected with Phe- or Gly-exposing
variants of EIN2647-12%4_Myc-YFP¢ encoded as Ub-fusion
constructs, with YFPC referring the C-terminal half of
YFP. In the last two lanes, 3HA-PRT1 was co-transfected.
All constructs were expressed under control of the
UBQ10 promoter. Immunoblots were analyzed using
antibodies against GFP or the Myc-tag. X-EIN2%47-12%4.
Myc-YFPC has a calculated molecular weight of 85.8 kDa.
The asterisk indicates a cross-reaction of the anti-Myc
antibody.



Chlorophyll GFP Merge + DIC

mGFP5-PRT1
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Fig. S17| Arabidopsis protoplasts transiently expressing N-terminally GFP-tagged PRT1. Protoplasts of the
prt1-1% genotype were transfected with plasmids for expression of mGFP5-PRT1 or mGFP5-PRT1°%°A. An
overview of several protoplasts from each sample is presented. A magnification of the protoplast indicated
with an arrowhead is shown in Fig. 31. Scale bar: 33 um.
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Fig. S18| Apparent molecular weight of EIN2%'*™.YFP in comparison to an alternative protein standard. Gly-
EIN2547-1294_.yFp was expressed as an N-terminal Ub fusion, and YFP alone was co-expressed in Arabidopsis
protoplasts of the WT genotype. After overnight expression, protoplasts were subjected to a CHX pulse, and
chase samples were analyzed by SDS-PAGE and immunoblot using the anti-GFP antibody (left panel). Protein
migration was compared to the Bio-Rad Precision Plus Protein™ Dual Color Standard (Cat. # 161-0394). The
corresponding CBB stain of the membrane is shown in the right panel. Notably, while the EIN2¢tM-YFP
construct and YFP alone migrate as expected from the calculated molecular weight when compared to the
protein marker, this standard gives rise to size discrepancies with the large subunit of RuBisCO (RBCL).
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F-EIN2Cter™

G-EIN2Cterm

/

Fig. S19| BiFC assay to test for a physical interaction of EIN2¢**™ and PRT1 in Arabidopsis protoplasts. Gly- or
Phe-initiated variants of EIN254712%4 were expressed as N-terminal 3HA-Ub*?*48 fusions, and C-terminal 3HA-
YFPC-fusions, with YFP® referring to the C-terminal half of YFP. In both cases, PRT1-YFP", containing the N-
terminal half of YFP, was co-expressed, as well as an mCherry-expressing vector for cytoplasmic and nuclear

localization as a transformation control (kindly provided by G. Furlan and M. Trujillo). As a positive control for
YFP signal, full-length YFP for plastidial localization was co-expressed with mCherry.

YFP (plastid.)
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Fig. S20| Co-IP of EIN2“*™.YFP and 3HA-PRT1*** from Arabidopsis protoplasts. EIN2“*™-YFP was expressed
in Arabidopsis protoplasts of the prt1-1* mutant genotype either as a Ub-fusion construct to expose N-terminal
Phe, or as a regular ORF where Phe-1 was replaced by Met. As a control, YFP alone was transfected instead of
EIN2St™.YFP, All samples were co-transfected with 3HA-PRT1%°, and all constructs were under control of the
UBQ10 promoter. IP was performed after overnight expression using the GFP-trap, and samples were analyzed
by immunoblotting using antibodies against the HA- or GFP-tag. 3HA-PRT1%°A has a molecular weight of 50
kDa, EIN2“*™M.YFP is expected at 98 kDa, and YFP at 27 kDa. A smear starting about 8 kDa higher than
calculated for native 3HA-PRT1%°A was detected using the anti-HA-tag antibody and might correspond to
ubiquitinated, or aggregated species (Ubn/agg). EIN2*™-YFP normally migrates with an apparent molecular
weight of ~110 kDa in comparison to the PageRuler™ (Thermo Fisher Scientific). Fragmentation was observed
within this experiment for EIN2¢*™-YFP likely due to extended denaturation treatment prior to PAGE.
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Appendix - Supplemental Figures and Tables

Mock (light)

Mock

0.2 uM ACC

10 uM ACC

20 pM ACC

Fig. S21| Dose response of prt1-1* and ein2-5 to ACC during germination in the dark. Seedlings of the
indicated genotypes were subjected to the triple response assay within an experiment corresponding to the
one shown in Fig. 36. Representative seedlings were arranged for photography. For the assay, seeds were
aligned on agar medium containing 0.5 percent sucrose and the indicated concentrations of ACC, stratified for
5 days, transferred to growth temperature and light for 6 hours, and subsequently dark incubated for
additional 4 days. The light control group shown in the first row was kept under illuminated conditions.
Representative seedlings were arranged for photography.
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Appendix - Supplemental Figures and Tables

prt1-1 BC#85 prtl-1 BC #68

o e

73175 (7
/S !

0.5 uM BA

Fig. S22| Sensitivity of prt1-1 backcross lines towards cytokinin in the light. Root growth inhibition by BA was
assayed for WT seedlings in comparison to two backcross (BC) lines homozygous for the prt1-1 allele which
were both able to produce seeds at 28°C. Seeds were placed on sugar-supplemented agar medium containing
0.1 uM BA (cytokinin), 0.5 UM BA, or a mock solution (0.006% DMSO). After stratification for 5 days, plates
were transferred to 22°C conditions where the plants were grown for 8 days under a long-day light regime
(16/8).
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Fig. S23| Triple response to cytokinin of prt1-1* and backcross lines in the presence and absence of
additional sucrose in the medium. Seeds were placed on agar-containing medium supplemented with 1 uM
BA, or a mock solution (0.006% DMSO), in the presence or absence of 0.5% sucrose. Genotypes are WTs of the
two ecotypes Col-0 and Ler, prt1-1%, and three lines derived from a prt1-1% backcross: Line #30 (F3 was used)
has the WT PRT1 locus and is sterile at 28°C (compare to Fig. 8), #68 and #85 (both F4) are homozygous for
prt1-1, but produce WT-like siliques at 28°C. Note: Seeds of Col-0, #68, and #85 were produced in parallel,
whereas Ler, prt1-1%, and #30 were derived from another, older seed batch. Representative seedlings from the

F3/4 [prt1-1*x Col-0]

Col-0 prt1-1° #30 #68 #85 Ler

Mock

Mock
0.5% Suc

1 uM BA
0.5% Suc

assay were aligned for photography.
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Fig. S24| Purifications of recombinant ®TUBR"* and H*ATE1 proteins from E. coli. Protein purifications were
analyzed by CBB staining after SDS-PAGE (10 percent acrylamide). A, ®TUBRM™ (i.e., SSTPRT6Y1%3-HA) was
purified via glutathione agarose. Input and unbound bacterial lysate fractions are depicted together with a
fraction of the first wash step, the elution, and a sample of the protein solution after Amicon® Ultra buffer
exchange and concentration. B, "SATE1 was purified via Ni-NTA agarose. Fractions as in A, but elution fraction is
after buffer exchange and concentration. The identity of ATE1 was confirmed by mass spectrometry performed
by P. Majovsky, Domenika Thieme?, and W. Hoehenwarter (data not shown). This piece of data was published
in White et al. (2017).
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Fig. S25| Proposed mechanism of the ATE reaction modified from (Wang et al., 2014).

1 Leibniz Institute of Plant Biochemistry, 06120 Halle (Saale), Germany
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Tab. S3| Oligonucleotide primers used for genotyping.

Name Sequence (5'-3') Plant line

prt1-1_fw CAGAGGAAGAGCAAGAACGAGAAT o1

prt1-1_rev CCACCTTCTGTTTATCTACAC

PRT1_UTR_fw CCGCAAAAGCAAAAGCTATC prtl-2, prt1-7
PRT1_Exon3_rev TCTTCTTATGAGCAAGTGGGTACA prt1-2, prti-7, prt1-9
SALK_LB GCGTGGACCGCTTGCTGCAACTCTCTCAGG prt1-2, prt1-11
SALK_LB2 CCAAACTGGAACAACACTCAACCCTATCTC

RB_SALK CTCCGCTCATGATCAGATTGTCGTTTCCCG prel-2

SAIL_LB1 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC prt1-7, prt1-9

PRT1_upstream_fw
PRT1_Exonl_rev
ein2-1_dCAPS_fw
ein2-1_dCAPS_rev
ein2-5_wt_fw
ein2-5_rev
ein2-5_del_fw
EIN2_Exon7_fw
eGFP_rev

TCTACCCTTATATGGCATGGCA
GGCAAACGCAGCAGAGAAAT
CCAGAGGAAAGAGAGTTGGATGTAAAGTACTCTACCGCT
CGCCATCTTTGTTTCAACAATCAGATCC
GTCCTGCATGACTTCCTG

CCAACTGATCCTTTACCCTG

GTCGTCCTGTCCTGAAGA

GTGATTGATCCGGCGTTCTC
GCTGAACTTGTGGCCGTTTA

prt1-9, prt1-11

ein2-1

ein2-5

p35S::EIN2-eGFP

Tab. S4| Primers used for cloning. For gateway cloning, attB1- (GGGGACAAGTTTGTACAAAAAAGCAGGCTTA)
and attB2- (GGGGACCACTTTGTACAAGAAAGCTGGGTA) sites were attached at the primer 5’ ends of sense (fw)
and antisense (rev) primers, respectively.

Name Sequence (5'-3') Construct
proPRT1_fw GGGGCGCGCCAAATATCAGGATGCAGTTC

PAM-PAT-proPRT14CTCT-GW
proPRT1_rev CCCTCGAGATTGTTATCGCAAGAGAGAGA
proATL9_fw GGGGCGCGCCGAGCTTTTAGATCAACGAT

pAM-PAT-proATL9-GW
proATL9_rev CCCTCGAGTTGAAGATCATCGTATGGAA
proEIN2_fw GGGGCGCGCCAGGAGAAAGAGGGGTCGAGA

pAM-PAT-proEIN2-GW
proEIN2_rev CCCTCGAGCCTAAATCTATCTGATAATATAATTACTC

proUBQ10_fw
proUBQ10_rev
PRT1_kozak_ss
PRT1new_as
Fw_HA
Rev_HA-PRT1
Fw_attB1-HA
Fw_PRT1
Rev_PRT1+stop
Rev_attB2-PRT1
attB1_mGFP5_fw
mGFP5_rev
GFP-PRT1_fw
genPRT1-HAT_fw
HA-genPRT1_rev
attB1l-genPRT1_fw
attB2-HAT _rev

GGGGGCGCGCCATTTAAATAGTCTAG
CCCCTCGAGGCTGTTAATCAGAAAAAC
GCTTAGCCGCCATGGGAATGGCCGAAACTATGAAAGATATTA
attB2-TTCTGTGCTTGATGACTCATTAGAAG
ATGGGATCCTACCCATACGATG
TCGGCCATAGCACCAGCACCAGCGTAATC
attB1-ATGGGATCCTACCCATACG
CTGGTGCTATGGCCGAAACTATGAAAGATA
TCATTCTGTGCTTGATGACTCAT
attB2-TCATTCTGTGCTTGATGACTC
attB1-ATGGTAGATCTGACTAGTAAAGGAG
GTTTCGGCCATGCTAGCTTTGTATAGTTCATCCATG
CAAAGCTAGCATGGCCGAAACTATGAAAGATATTA
CAAGCACAGAAGGAGGAGGAGGAATGGGATCCTACCCATACGAT
TCCTCCTCCTTCTGTGCTTGATGACTCATTAGA
attB1-ACGGCGGTGGATATTGGC
attB2-TCAAGCGTAATCTGGAACGTC

pAM-PAT-ProUBQ10 GW

pEN-kozak-PRT1 by C. Naumann

pEN-3HA-PRT1

pEN-3HA-PRT1
pEN-GFP-PRT1

PEN-GFP-PRT1

pEN-genPRT1-3HA
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attB1_Ub

EIN2-myc_rev
EIN2_myc_fw
attB2_Myc_noS
Ub_fw

Myc_rev
Kozak-HAT_fw
HAT rev_1
Ubiq_fw

EIN2-Kpnl-Ascl_rev

attB1_Kozak
attB2_EIN2
GAGA-HAT_fw
HAT_rev2
ss_UBQ_EIN2
YFP-EIN2_rev
as_UBQ_EIN2
EIN2-YFP_fw

attB2-YFP

attB1-Met-EIN2
PRT7_CDS_fw
PRT7-attB2
adapter_TEV
ATE1_pos2_ss
ATE1_as
attB1-YFP

attB1-ATGCAGATCTTCGTCAAGACG

GAACTTCCACCCAATGATCC GTACGCAG

CG GAT CAT TGG GT GGA AGT TCATTT CATTTG GAG AG
attB2-AAGATCCTCCTCAGAAATCAACTT
ATGCAGATCTTCGTCAAGACG
AAGATCCTCCTCAGAAATCAACTT
GCCGCCACCATGGGATCCTACCCATACGATG
CGAAGATCTGCATGATTTCACGGGTTGGGGTTTC

CGTGAAATCATGCAGATCTTCGTCAAGACG

GGGGCGCGCCAACCAGCACCGGTACCACCCAATGA-
TCCGTACGCAG

attB1-GCCGCCACCATGGGATCCTACC
attB2-GGGGCGCGCCAACCAGCACC
GGGGTACCGGTGCTGGTGCTATGGGATCCTACCCATACGATG
GTGGCGCGCCGTAGCGTAATCTGGAACGTCGTATG
TTAGAGGTGGGTTCCGCAGCTTAAGTGGGG
CTAGGCACCACACCCAATGATCCGTACGCAG
AGCTGCGGAACCCACCTCTAAGTCTTAAGACAAGATG
GATCATTGGGTGTGGTGCCTAGGGTGAGC

attB2-TCACTTGTACAGCTCGTCCATGC

attB1-ATGCGCAGCTTAAGTGGGGAAGGG
AGAGAATCTTTATTTTCAGGGTATGGCATCTGGTGTTTTC
attB2-TCACTCCATCCTTTTACG
attBI-GAGAATCTTTATTTTCAG
attBI-ATGTCTTTGAAAAACGATGCGAGT
attB2-TCAGTTGATTTCATACACCATTCTCTC
attB1I-ATGGTGGTGCCTAGGGTGAGCAAG

PEN-UbK29.48R_E|N2C-term_{\jy
PEN-Ub-EIN2C-term-yYFp

pEN-U bK29,48R_E|Nz(:—term_’wyc

PEN-3HA-UbK29.48REIN2Cterm_Kpn]-

Ascl

PEN-3HA-UbK29,48R_EIN2Cterm.3HA

PEN-Ub-EIN2¢-tem-YFP

PEN-Ub-EIN2C-term_yFp
PEN-Met-EIN2647-1294.yFp

pEN-YFP

PEN-Met-EIN2647-1294.YFP

pEN-TEV-PRT7

PEN-ATE1 by C. Naumann

pEN-YFP

Tab. S5| Primers used for site-directed mutagenesis.

Name Sequence (5'-3') Site changed Change
PRT1_V28A_ fw CGATCAATTTCTCTGCTGCGCGTGCCTGGAACTTCTTTACAA

PRT1 Val-28 to Ala GTT 2 GCG
PRT1_V28A_ rev TTGTAAAGAAGTTCCAGGCACGCGCAGCAGAGAAATTGATCG
PRT1_C29A fw CTCTGCTGCGTTGCTCTGGAACTTCTTTACAAGC

PRT1 Cys-29to Ala  TGC 2> GCT
PRT1_C29A_rev GCTTGTAAAGAAGTTCCAGAGCAACGCAGCAGAG
PRT1_C195A fw GCTCTGTTCAGCAGCTAAGGAGCTGCTTGTACG

PRT1 Cys-195to Ala TGT - GCT
PRT1_C195A_rev CGTACAAGCAGCTCCTTAGCTGCTGAACAGAGC
EIN2_F646G_fw GACTTAGAGGTGGGGGTCGCAGCTTAAGTGGGG

EIN2 Phe-646to Gly TTC - GGT

EIN2_F646G_rev

CCCCACTTAAGCTGCGACCCCCACCTCTAAGTC
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Tab. S6| Primers used for semi-quantitative
GGGGACAAGTTTGTACAAAAAAGCAGGCTTA.

RT-PCR. The sequence of the attBl-site

Name Sequence (5'-3') Target
PRT1_UTR_fw CCGCAAAAGCAAAAGCTATC

endog. PRT1 (Fig. 19, left panel)
PRT1_FL_rev TCATTCTGTGCTTGATGACTCA
Fw_PRT1 CTGGTGCTATGGCCGAAACTATGAAAGATA  endog. PRT1 (Fig. 19, right panel)
PRT1_rev TCATTCTGTGCTTGATGACTCATTAG endog. PRT1 (Fig. 19, right panel); 3HA-PRT1
Fw_HA ATGGGATCCTACCCATACGATG 3HA-PRT1

attB1_mGFP5_fw
PRT1_Exon3_rev
TUB2_fw
TUB2_rev

attBI-ATGGTAGATCTGACTAGTAAAGGAG
TCTTCTTATGAGCAAGTGGGTACA
CAGTACCGTTCCCTCACAGT
TCACCTTCTTCATCCGCAGT

GFP-PRT1€2%

TUB2

Tab. S7| Primers used for qPCR. Sense (ss) and antisense (as) primers are listed.

Target Sequence (5'-3') Target Sequence (5'-3')
PRT1 (AT3G24800) CACGGTCTCCTCAGGTTCTG sS YUC2 (ATAG13260) AGCCTGCTCAAGTGGTTTCC ss
CCCTTCCTCGCCTTCATCTG as CCGATCCGTGTCACCAAGAA as
HXK1 (AT4G29130) CGGTGGCTGTTTTGGTTGTT ss DAD1 (AT2G44810) AAGCAAGGCACGAAGGTTCT ss
CGGAGTCGCACAATCCTCTT as CTCCACGCGTCTCTGTATCC as
SWEETS (AT5G40260) GCACCAGCGAAGACTTTCTG sS ARR4 (AT1G10470) GGATTCGTCTCCGCCGTTAT ss
GACCGTAAAACACCCACAACA as CCTCATCTTCTGCCGTCGAA as
MYB21 (AT3G27810) GCTCCGGTGGCTGAACTATC ss ARRS5 (AT3G48100) GAGGTTTTGCGTCCCGAGAT ss
GACCACCTGTTTCCCCACTT as CGCTCGATGAACTTCCGATCA as
MYB24 (AT5GA40350) TCAGGAGATGCAGAGGTGAGA  ss ARR6 (AT5G62920) GTTCACTCGCAGCTCAAACG ss
TGGCGAGAGAGTTCCAAACA as AGCTGGCGAGAATCATCAGT as
LOX3 (AT1G17420) TCAACACGCCGCTCTAAACT Ss ETR2 (AT3G23150) GAACCGGGCAGTTACACGTA ss
GGATTAACCGCCGCATCAAC as AGCACCACCACTTGAAACGA as
YUC6 (AT5G25620) CTACCCGACGAAGCAACAGT ss EIN3 (AT3G20770) GCAACAGGTTCCAGCTTGTG ss
CGCCACATCCCAAGGTTTTC as TGCTGCATTCCATCCATCGT as
CGTGGTTGGCATGCTCAATA Ss GACCGGAGCCAACTAGGAC ss

OPR3 (AT2G06050)

ABCG1 (AT2G39350)

GCCTTCCAGACTCTGTTTGC as
CCGTCATCACCGTACCCAAA ss
GGATTCACCGCCGGAAACTA as

PP2A (AT1G13320)
AAAACTTGGTAACTTTTCCAGCA

as
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Tab. S8| EIN2 protein sequences used for conservation analysis. The table presents UniProt Knowledgebase
(KB) identifiers of the putative and bona fide EIN2 protein sequences used for EIN2 alignments presented in Fig.

27.

UniProtKB ID Species

Q9s814 Arabidopsis thaliana
ROFM89 Capsella rubella

M4CZ92 Brassica rapa subsp. pekinensis
AOAOR5P8Z6 Carica papaya
AOA0D2QWSO Gossypium raimondii
AOAO67EIG6 Citrus sinensis

B9SOK3 Ricinus communis
AOA2K2A1B2 Populus trichocarpa

K7KFT2 Glycine max

V7DOR4 Phaseolus vulgaris

B3GN62 Medicago truncatula
AOAOAOKH67 Cucumis sativus

D1M862 Prunus persica

F6GHR32 Vitis vinifera

Q6Q2C1 Solanum lycopersicum
AOA0J8B2A2 Beta vulgaris subsp. vulgaris
AOA2G5D2B6 Aquilegia coerulea
AOA1D6MFGO Zea mays

K3zQ33 Setaria italica

QO0D8I9 Oryza sativa subsp. japonica
AOA2K1)8Y5 Physcomitrella patens subsp. patens

233



9.2 List of publications

9.2.1 Publications with contributions from this work

Bdumler J, Riber W, Klecker M, Miller L, Dissmeyer N, Weig AR, Mustroph A. (2019)
AtERF#111/ABR1 is a transcriptional activator involved in the wounding response. The manuscript is
accepted for publication in “The Plant Journal”.

Goslin K, Eschen-Lippold L, Naumann C, Linster E, Sorel M, Klecker M, de Marchi R, Kind A, Wirtz M,
Lee J, Dissmeyer N, Graciet E (2019). Differential N-end rule degradation of RIN4/NOI fragments
generated by the AvrRpt2 effector protease. Plant Physiol. 180(4):2272-2289. doi:
10.1104/pp.19.00251

Mot AC, Prell E, Klecker M, Naumann C, Faden F, Westermann B, Dissmeyer N. (2018) Real-time
detection of N-end rule-mediated ubiquitination via fluorescently labeled substrate probes. New
Phytol. 217(2):613-624. doi: 10.1111/nph.14497

White MD, Klecker M, Hopkinson RJ, Weits DA, Mueller C, Naumann C, O'Neill R, Wickens J, Yang J,
Brooks-Bartlett JC, Garman EF, Grossmann TN, Dissmeyer N, Flashman E. (2017) Plant cysteine
oxidases are dioxygenases that directly enable arginyl transferase-catalysed arginylation of N-end
rule targets. Nat Commun. 23;8:14690. doi: 10.1038/ncomms14690

Dong H, Dumenil J, Lu FH, Na L, Vanhaeren H, Naumann C, Klecker M, Prior R, Smith C, McKenzie N,
Saalbach G, Chen L, Xia T, Gonzalez N, Seguela M, Inze D, Dissmeyer N, Li Y, Bevan MW. (2017)
Ubiquitylation activates a peptidase that promotes cleavage and destabilization of its activating E3
ligases and diverse growth regulatory proteins to limit cell proliferation in Arabidopsis. Genes Dev.
31(2):197-208. doi: 10.1101/gad.292235.116

Publications in journals without peer-review process:

Klecker M, Dissmeyer N. (2016) Peptide Arrays for Binding Studies of E3 Ubiquitin Ligases. Methods
Mol Biol. 1450:85-94. doi: 10.1007/978-1-4939-3759-2_7

9.2.2 Further publications

Klecker M, Gasch P, Peisker H, Dormann P, Schlicke H, Grimm B, Mustroph A (2014). A Shoot-Specific
Hypoxic Response of Arabidopsis Sheds Light on the Role of the Phosphate-Responsive Transcription
Factor PHOSPHATE  STARVATION  RESPONSE1l. Plant Physiol.  165(2):774-790. doi:
10.1104/pp.114.237990

Ibafiez C, Delker C, Martinez C, Birstenbinder K, Janitza P, Lippmann R, Ludwig W, Sun H, James GV,
Klecker M, Grossjohann A, Schneeberger K, Prat S, Quint M (2018). Brassinosteroids Dominate
Hormonal Regulation of Plant Thermomorphogenesis via BZR1. Curr Biol. 2018 Jan 22;28(2):303-
310.e3. doi: 10.1016/j.cub.2017.11.077

234



9.3 Personliche Daten

Name:

Geburtsdatum und -ort:

Familienstand:

Staatsangehorigkeit:

Maria Katharina Klecker, geb. Bongartz
03.10.1986 in Marburg, Deutschland
verheiratet mit Till Klecker

Deutschland

Beruflicher Werdegang

02/2018 — heute

12/2012 - 12/2017

07/2012

04/2012 — 10/2012

11/2011 - 01/2012

11/2008 —04/2009

07/2006 — 09/2006

Bildungsweg

Wissenschaftliche Mitarbeiterin am Lehrstuhl fur
Pflanzenphysiologie, Universitat Bayreuth

Doktorandin im Fachbereich Pflanzenbiochemie im Labor von Dr.
Nico Dissmeyer, Leibniz-Institut fir Pflanzenbiochemie, Halle (Saale)

Titel der Dissertation: ,The substrate specificity of N-end rule
components from Arabidopsis thaliana®

Externe freie Mitarbeit fir die Redaktion ,bild der wissenschaft”,
Leinfelden

Wissenschaftliche Mitarbeit im Labor von Prof. Dr. Angelika
Mustroph, Lehrstuhl fiir Pflanzenphysiologie, Universitdt Bayreuth

Nebentatigkeit als wissenschaftliche Mitarbeiterin im Labor von Prof.
Dr. Angelika Mustroph, Lehrstuhl fir Pflanzenphysiologie, Universitat
Bayreuth

Arbeit als wissenschaftliche Hilfskraft im Labor von Prof. Dr. Stephan
Clemens, Lehrstuhl fiir Pflanzenphysiologie, Universitat Bayreuth

Freie Mitarbeit in der Redaktion der regionalen Tageszeitung , Neue
Westfalische” in Hoxter

10/2009 —09/2011

235

Studium der Biochemie und molekularen Biologie an der Universitat
Bayreuth

Abschluss: Master of Science; Note: ausgezeichnet (1,1)
Masterarbeit am Lehrstuhl fiir Pflanzenphysiologie

Betreuerin: Prof. Dr. Angelika Mustroph



10/2006 — 09/2009 Studium der Biologie mit molekularer Ausrichtung an der Universitat
Bayreuth

Abschluss: Bachelor of Science; Note: gut (2,1)
Bachelorarbeit am Lehrstuhl fir Pflanzenphysiologie

Betreuer: Prof. Dr. Stephan Clemens

1997 - 2006 Gymnasium Brede in Brakel,

Abschluss: Abitur (Gesamtnote: 1,6)
1994 - 1997 Katholische Grundschule Liichtringen

1993 -1994 Grundschule Haid-Bad Wurzach

236



9.4 Erklarung

Ich habe diese Arbeit selbstindig und ohne fremde Hilfe verfasst und keine anderen als die
angegebenen Quellen und Hilfsmittel benutzt. Wortlich oder inhaltlich wiedergegebene Textstellen
sind als Zitate kenntlich gemacht. Alle Abbildungen wurden von mir eigenstandig erstellt und
bearbeitet, bei nachempfundenen Abbildungen ist die Quelle genannt.

Ich habe nicht versucht, diese Arbeit in der gegenwartigen oder einer anderen Fassung bei einer
anderen Fakultdt einzureichen. Ich habe bisher keinen vergeblichen Promotionsversuch
unternommen.

Ich bin nicht vorbestraft und es ist kein Ermittlungsverfahren gegen mich eingeleitet.

Bayreuth, 26.08.2019

(Maria Klecker)

237



