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1 Introduction

1.1 Conditional protein accumulation as a tool in molecular

biology

The control of protein abundance in vivo under, ideally physiological, conditions, has al-

ways been an important tool in basic and applied research as well as in biotechnology. A

plethora of different approaches now enables researchers to influence amount and function-

ality of a given protein of interest in a temporal and spatial manner (reviewed in Faden

et al. 2014). Still, most approaches have limitations such as reaction velocity, off-target

effects due to possible inducer toxicity, poor reversibility or leakiness in their ”off”-state.

The simplest way to influence a protein of interest’s abundance is still the disruption of the

corresponding gene, leading to reduction or removal of a functional form of the protein.

This has long been used for the determination of the function of a given gene and pro-

tein of interest (POI) respectively. Deletion libraries for many essential and non-essential

genes for most important biological model organisms such as e.g. the yeast Saccharomyces

cerevisae (S. cerevisiae), the nematode Caenorhabditis elegans (C. elegans), the fruit fly

Drosophila melanogaster (D. melanogaster), the mouse Mus musculus (M. musculus), or

the mouse ear cress Arabidopsis thaliana (A. thaliana) are readily available. However, gene

disruption does not always represent the ideal approach for studying the complete function

of a protein in its physiological context, for example due to negative effects resulting from

the reduction of amounts of functional protein at early developmental stages or because

mostly the generation of alternative alleles originally required untargeted mutagenesis or

random insertion of nonsense DNA fragments, potentially introducing undesired back-

ground mutations masking the physiological influence of the altered allele itself. These

considerations make the implementation off fully conditional systems to control protein

abundance as well as functionality, and to therefore generate phenotypes on demand, all

the more important.

Control over protein abundance in eukaryotic systems has been achieved on the level of

transcription, translation, or directly through impinging on the protein of interest itself.

Commonly applied techniques include the use of inducible promoters, temperature-sensitive

(ts)-alleles, and protein tags conferring degradation or stabilization dependent on different

stimuli.

Inducible promoters have been utilized extensively in a vast variety of different organisms.

1



1 Introduction

Similarly to the lac-operon in E. coli1, many of these promoters in yeast, the simplest

eukaryotic system commonly used, rely on the presence of different carbohydrates such as

the sugar galactose (reviewed in Weinhandl et al. 2014). Lately, work has been undertaken

to develop more efficient, fully synthetic promoters for yeast that can also be used in the

context of synthetic biology (Redden & Alper, 2015). In higher eukaryotic systems, one

can generally distinguish between two approaches, namely inducible promoters that directly

regulate the abundance of a given POI, or inducible promoters that regulate expression of a

factor that interacts with the protein of interest on DNA, RNA, or protein level leading to

its destruction, therefore generating a situation of conditionally altered protein abundance.

Examples of the former in animals are e.g. the ecdysone and tetracycline-inducible

systems (Gossen & Bujard, 1992, No et al. , 1996, Saez et al. , 1997, Stebbins et al. , 2001),

or the copper-, tetracycline-, and ethanol-induced systems in A. thaliana and Nicotiana

benthamiana (N. benthamiana) (reviewed in Faden et al. 2014). RNA interference, based

on the interaction of small fragments of RNA with complementary strands of messenger

RNA (mRNA) leading to their destruction, thereby efficiently down-regulating the active

pool of a protein of interest (Fire et al. , 1998), as an example of the latter has been used

extensively in almost all higher organisms (reviewed in Cerutti & Casas-Mollano 2006)2.

Besides altering the transcription/translation status of a protein of interest, impinging

directly on the level of the protein has been proven a powerful way, mainly due to a shorter

reaction time of the system and the avoidance or reduction of a ”phenotypic lag”, since upon

disruption of a protein’s transcription/translation its removal from the cell is determined

by its intrinsic half-life in vivo (reviewed in Varshavsky 2005, Faden et al. 2014).

One of the simplest ways to affect the active pool of a given protein of interest is the use of

ts-alleles. A ts-allele is a version of a protein of interest that carries (a) point mutation(s)

rendering it unstable, mainly at higher temperatures, but usually allowing endogenous

function at lower temperatures. A temperature, where a given ts-protein is degraded, is

called the restrictive temperature, whereas the opposite situation, when the temperature

allows the functional protein to accumulate, is called the permissive temperature. In yeast,

ts-alleles have been adopted widely and successfully applied to elucidate the function of

proteins at different developmental stages (e.g. Hartwell et al. 1970, Shortle et al. 1984,

Jäntti et al. 2002, Ben-Aroya et al. 2010) but also in C. elegans (O’Rourke et al. ,

2011), in M. musculus (Mason et al. , 1992), and A. thaliana (e.g. Pickett et al. 1996,

Sablowski & Meyerowitz 1998, Lane et al. 2001, Whittington et al. 2001, Quint et al.

2005, Hoeberichts et al. 2008, Howles et al. 2016) temperature sensitive alleles have been

described and exploited.

1The use of inducible promoters in bacteria will not be discussed, since they are commonly used for mass
production of proteins rather then for elucidation of biological questions (e.g. Beckwith & Zipser 1970,
de Boer et al. 1983, Amann et al. 1988, Bass & Yansura 2000).

2Even though RNAi is an evolutionary conserved system, it has been lost in S. cerevisiae but has been
identified in other yeast species (Drinnenberg et al. , 2009).
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1 Introduction

Nevertheless, due to the fact that these alleles are not straightforward and easy to identify

and usually require large mutational screens for a targeted approach, their use is mainly

restricted to unicellular organisms and large libraries of ts-alleles of different essential genes

have only been constructed for yeast (Li et al. , 2011b, Kofoed et al. , 2015)3.

An alternative strategy has been described through generation of a library of temperature

sensitive intein4 switches to be introduced in any organism that supports their splicing

(Zeidler et al. , 2004, Tan et al. , 2009). Another possibility of generating conditional

temperature sensitive alleles is the N-degron approach that will be discussed in-depth in

section 1.3.3. In cases where generating temperature sensitive alleles is not possible the

fusion of a protein of interest to a variety of different tags mediating conditional degradation

is possible.

Some, like the AUX or JAZ1 degron, rely on the plant hormones auxin and jasmonate

(Nishimura et al. , 2009, Chini et al. , 2007, Thines et al. , 2007) and are therefore not

usable in plants due to off-target effects. Similar approaches such as SHIELD (Banaszynski

et al. , 2006), LOV2 (Renicke et al. , 2013a), or the approach by engineered F-box proteins,

the substrate recognition particles of Cullin RING Ligase (CRL) based SCF E3 complexes,

hijack the endogenous degradation machinery for the removal of proteins from the cell

(reviewed in Faden et al. 2014). Even though many of these systems show improved

reaction velocity over the use of inducible promoters, they still have limitations such as

poor conditionality or potential toxicity and off-target effects of the inducing substances,

hormones, or peptides (reviewed in Faden et al. 2014).

1.2 The Ubiquitin System

The Ubiquitin System has emerged as one of the key players in many different cellular

processes. Its overall importance is highlighted by the fact that about 6% of the plant

genome code for different components of the Ubiquitin System (Downes & Vierstra, 2005).

As one of the most important systems for protein degradation in all eukaryotic organisms,

it has always been a primary target for various approaches aiming at targeted protein

degradation.

Ubiquitin is a small protein modifier ubiquitously found in all eukaryotic cells. It was

discovered in 1975 as ”ubiquitous immunopoietic (immune system activating) polypeptide

(UBIP)”, shown to induce lymphocyte differentiation in vitro (Goldstein et al. , 1975). Its

discoverers quickly realized that ubiquitin, as it was renamed in a later publication by

the same authors (Schlesinger & Goldstein, 1975), was found almost in every tissue they

analyzed.

3A screening strategy for the discovery of ts-alleles in plants has been proposed (Vidali et al. , 2009).
However, the approach involves the knowledge of structural data for targeted mutation of the protein of
interest as well as a functionality screening in a heterologous organism, the moss Physcomitrell pathens.

4An intein represents the protein version of the DNA intron (reviewed in Liu 2000).
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1 Introduction

Due to its remarkably high evolutionary conservation, sequence differences between

species are minor with the human ubiquitin only differing from the plant ubiquitin in three

and from the yeast ubiquitin in only two amino acids (Gausing & Barkardottir, 1986).

Even though ubiquitin is not present in prokaryotes, an evolutionary origin of the Ubiqui-

tin System in prokaryotes is discussed. Bacteria, namely Mycobacterium tuberculosis, were

found to possess ubiquitin-like proteins involved in similar cellular processes as ubiquitin

(Pearce et al. , 2008, Delley et al. , 2012), hinting towards this hypothesis. Also, it was

found that the bacterial proteins ThiS and MoaD share remarkable structure similarities

with ubiquitin, with ThiS even possessing a ubiquitin fold, a structural element typical

for ubiquitin and ubiquitin-like proteins. Furthermore, the activity of these proteins in

vivo with their respective co-factors highly resembles distinct steps in the ubiquitination

cascade found in eukaryotes (Wang et al. , 2001, Rudolph et al. , 2001, Pickart & Eddins,

2004).

Ubiquitination (= ubiquitylation), the process of covalently attaching a ubiquitin moiety

to a specific amino acid residue of a target protein, is a highly flexible and dynamic process.

It was discovered by Ciechanover and colleagues who demonstrated that a substrate protein

is degraded in an ATP-dependent manner in a rabbit reticulocyte extract (Ciechanover

et al. , 1978, 1980a, 1981). Later, the peptide responsible for a size increase followed

by degradation of the substrate protein, was indeed identified as the small heat-stable

polypeptide identified previously (Goldstein et al. , 1975, Wilkinson et al. , 1980). As a

side note, highlighting the overall importance of the Ubiquitin System, the three researchers

Aaron Ciechanover, Avram Hershko, and Irwin Rose were awarded the 2004 Nobel Prize

in chemistry for their discovery. However, also Alexander Varshavsky’s contribution has

been discussed by his colleagues to be of significant importance (Baumeister et al. , 2004).

It was also Alexander Varshavsky and his colleagues who discovered and established the

N-end rule of protein degradation as an independent field of research within the greater

context of the Ubiquitin Proteasome System (see section 1.3), the pathway the N-degron

system addresses.

The process of ubiquitination is carried out through a three-step enzymatic cascade that

involves the consecutive action of three different families of enzymes. (fig. 1.1). The

cascade starts with the E1 ubiquitin activating enzyme, which was first identified through

its binding to a ubiquitin loaded column supplemented with ATP (Ciechanover et al. ,

1982). This enzyme catalyzes the activation of the ubiquitin through adenylation and

subsequent formation of a thioester bond between the C-terminal of ubiquitin and the

active site Cysteine of the E1. The reaction consumes ATP. When ubiquitin is bound to

the E1 the reaction starts again resulting in an in vivo state, in which the E1 exists as a

complex of E1-ubiquitin, ubiquitin, and ATP (Lee & Schindelin 2008). Two E1 enzymes

have been described in A. thaliana to be integrated into the Ubiquitin System (Hatfield

et al. , 1997). However, there is a range of other E1 enzymes catalyzing the activation of

4



1 Introduction

Figure 1.1 – Scheme of the ubiquitination process.Ubiquitin (UB) is activated
through an ATP-dependent reaction with the ubiquitin activating enzyme (E1). It is then
transferred onto the active cysteil residue of the ubiquitin conjucating enzyme (E2), before
forming a complex together with the ubiquitin ligase (E3) transferring the ubiquitin
moiety onto a Lysine (or other amino acid) residue of the target (T). Here depicted is a
situation where the E3 is a monomeric RING (or U-box) E3 ligase (for explanation see
text). Depending on the type of E2/E3 recruited, different kinds of ubiquitin chains can
be synthesized on the target such as e.g. poly-monoubiquitination, or different chains
adopting different confirmations. Deubiquitinating enzymes (DUBs) can edit the chains
or even reverse ubiquitination adding an additional layer of regulation. For detailed
references see text.

ubiquitin-like proteins (reviewed in Schulman & Harper 2009).

The next step of the ubiquitination cascade is the transfer of the ubiquitin moiety to the

active Cysteine of an E2 ubiquitin-conjugating enzyme (UBC). While there are 48 UBCs

is A. thaliana showing the conserved UBC domain, only 37 of them are believed to possess

E2 activity through their active site Cysteine, indicated by their ability to form a thioester

bond with a ubiquitin moiety transferred from an E1 enzyme. The remaining proteins

might serve other roles as e.g. co-factors (reviewed in Vierstra 2009, Callis 2014). The

last step in the transfer of ubiquitin onto a target protein is finally catalyzed by a diverse

enzyme class called E3 ubiquitin ligases. They usually confer substrate specificity also

indicated by their high numbers, even though processes of E3 independent ubiquitination

have been described (Hoeller et al. , 2007, Kao et al. , 2012). In A. thaliana more than

1400 E3 ubiquitin ligases are predicted (compared to only two E1s and 37 E2s) (reviewed

in Vierstra 2009) as opposed to only 60-100 predicted E3s in S. cerevisiae (reviewed in

Finley et al. 2012) and about 1000 E3s hpredicted in mammals (reviewed in Schwartz &

Ciechanover 2009).

The E3 enzyme, in concert with the ubiquitin-loaded E2 enzyme, catalyzes the formation

of an isopeptide bond between the C-terminal of the ubiquitin and the ε-amino group of

a Lysine residue. Also so-called non-canonical ubiquitination, where the ubiquitin is not

conjugated to a Lysine but rather to a Serine, Tyrosine, Cysteine, or even the N-terminal

of a protein, has emerged in animals as early as 1998 (Breitschopf et al. 1998, reviewed

5



1 Introduction

in Kravtsova-Ivantsiv & Ciechanover 2012) and has recently also been described in plants

(Gilkerson et al. , 2015). The Ubiquitin System, in its hierarchical organization, allows

the regulation and influence on every level of the enzymatic cascade. While the E3 ligases

mainly confer target recognition, the interaction of the different components plays a central

role in the regulation of the system. For example, interaction of the E2 with the E3 enzyme

is an important regulatory point and not only can the interaction strength of these two

enzymes be influenced, for example through co-factors, as it has been described for the

mammalian E3 Smurf2 (Ogunjimi et al. , 2005), but also can one E3 interact with different

E2s resulting in diverse chain topologies and different cellular processes as described e.g

for the mammalian E3 TRIM21 (Fletcher et al. , 2015).

Additionally, the E3 ligases themselves undergo regulation through post-translational

modifications such as phosphorylation (Barbash et al. 2011, Cheng et al. 2011), through

other enzymes such as De-Ubiquitinating Enzyme (DUB)s (Wu et al. , 2004), or also

regulation through oligomerization (Fletcher et al. , 2015, Koliopoulos et al. , 2016) and

autoubiquitination (Varfolomeev et al. , 2007, Amemiya et al. , 2008, Bourgeois-Daigneault

& Thibodeau, 2012). Due to its extremely high degree of conservation and overall systemic

importance, the Ubiquitin System has been a well characterized entry point for pathogens

hijacking and modulating the ubiquitination machinery (reviewed in Steele-Mortimer 2011,

Ashida et al. 2014, Maculins et al. 2016).

Since E3 ligases catalyze the final step of ubiquitin attachment to the target, confer

substrate specificity, and linked to their enormous number, their importance is reflected

in a variety of different types that exhibit high flexibility and diverse modes of action.

They can be broadly divided into four distinct sub-classes: The Homologous to E6AP

C-terminus (HECT), Really Interesting New Gene (RING)/U-BOX, Ring Between Ring

(RBR), and the Cullin RING Ligase (CRL) type E3 ligases according to their general

structure and activity. The former three represent monomeric E3 ligases, whereas the

latter one represents a class of complex multimeric enzymes.

HECT E3 ligases (Huibregtse et al. , 1995) are a family of monomeric E3 ligases. In

contrast to most other E3 ligases, that function as a scaffold to bring the E2 and a target

protein in close proximity, they take up the ubiquitin itself from the charged E2 enzyme

onto an active site Cysteine within their conserved HECT domain before transferring it

onto the target residue. In A. thaliana there are eight potential HECT E3 ligases (Vierstra,

2009).

RING and U-box E3 ligases are another family of monomeric E3 ligases with 477 and 64

members respectively (Vierstra, 2009). They contain a conserved RING or U-box domain

that mediates E2 interaction bringing charged E2 and the acceptor residues on the target

protein into the appropriate proximity for transfer of ubiquitin. The RING domain is a

specialized Zinc-finger domain of 40-60 amino acid length containing an octet of Histidine

and Cysteine residues. This spatially conserved motif conjugates two zinc ions. In U-box E3
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ligases this spatial arrangement of Cysteine and Histidine residues is replaced by a network

of hydrogen bonds that chelates zinc through the combined action of Cysteine, Serine, and

Glutamate side chains. The structure of the 70 amino acid U-box was first determined

in plants in the PLANT U-BOX 14 (PUB14) protein (Andersen et al. , 2004). Since

neither RING nor U-box E3 ligases bind ubiqiuitin but rather only destabilize the ubiquitin-

E2 binding through attack of the thioester bond, therefore facilitating the attack by an

amino group (Das et al. , 2009, 2013), they act as scaffolds/catalysts for the ubiquitination

reaction.

A newly emerging type of E3 ligases are the RBR proteins (reviewed in Spratt et al.

2014). They possess unique features of both HECT and RING E3 ligases namely the fact

that they recruit the ubiquitin charged E2 via a RING domain but instead of transferring

the ubiquitin directly onto the target protein, like RING or U-box E3s would do, they

transfer the ubiquitin onto an active center Cysteine much like the formerly described

HECT enzymes.

The last and probably most complex type of E3 ligases, in regard to their structure,

are the multi-subunit CRL E3 ligases. They contain a RING-box 1 (RBX1) motif for

interaction with the E2 and variable target recognition modules called F-box proteins.

Cullin proteins (Cul) provide the scaffolding backbone for both, RBX1 and the target

adapter. Much like the the formerly described RING and U-box E3s they do not directly

interact with the ubiquitin but catalyze its reaction with the target protein (reviewed in

Petroski & Deshaies 2005, Hua & Vierstra 2011).

Additionally to initial chain synthesis by the E3 ubiquitin ligases, another class of en-

zymes, termed the E4 ubiquitin chain elongation factors, is described. However, since they,

additionally when working in concert with the E3 ligases, also posses ubiquitination ac-

tivity their identity as a separate class of enzymes is still a reason for debate (reviewed in

Hoppe 2005).

One of the main reasons for the high plasticity of the Ubiquitin System, besides the

high diversity of its components, is the possibility to encode for a plethora of information

through the topology of the formed ubiquitin chains. Ubiquitin possesses a total of seven

Lysine (K) residues (K6, K11, K27, K29, K33, K83) that are theoretically available for

ubiquitin chain formation5. Additionally to the seven Lysine residues, ubiquitin chains

can also be linked in a linear fashion via their respective C-and N-terminals (reviewed in

Walczak et al. 2012). This activity by e.g. the RBR E3 Ligase complex LUBAC has only

been identified so far in mammalian systems (Kirisako et al. , 2006, Stieglitz et al. , 2012).

The most abundant linkage types in A. thaliana are, in decreasing order of abundance, K48,

K63, K11, K33, K6, and K29 (Maor et al. 2007, Kim et al. 2013, reviewed in Callis 2014).

5The non-surface exposed K27 residue has not yet been shown to be involved in such processes in
A. thaliana (Kim et al. , 2013), even though this linkage type has been found in yeast (Peng et al.
, 2003) and in mammals but requires conformational changes within the ubiquitin (Meierhofer et al. ,
2008, Xu et al. , 2009).
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Additionally to homogeneous chains of one type of linkage, also mixed chains are discussed

as carriers of even more information (Nakasone et al. , 2013, Walsh & Sadanandom, 2014,

Shibata et al. , 2017).

Due to this high number of regulatory layers the Ubiquitin System represents a highly

versatile and flexible system for regulation of a wide variety of cellular processes efficiently

controlling cellular homeostasis. With its high plasticity, it is able to code for a much

higher amount of information than other, binary post-translational modifications such as

phosphorylation or acetylation, where the information content can only be stored via the

presence or absence of the respective modification.

1.2.1 Recognition of ubiquitin chains and initiation of degradation at the
proteasome

The 26S proteasome is a large, about 2.5 mDa sized, protein complex in the cytosol and

nucleus of eukaryotic cells. It consists of a barrel-shaped 20S core particle (CP) and two 19S

regulatory subunits. The 20S CP, a structure that, as simpler versions, is also conserved in

prokaryotic organisms, contains seven different α- and β-subunits. The β-subunits 1/2 and

5 possess caspase, trypsin, and chymotrypsin-like activities and are therefore responsible

for the destruction of target proteins (Groll et al. 1997, reviewed in Kish-Trier & Hill

2013). The spatial arrangement within the barrel is a ring of α-subunits on the top and

on the bottom of the core particle, with two rings of β-subunits in the middle that their

active sites facing the hollow inside of the barrel (Groll et al. 1997, reviewed in Kish-Trier

& Hill 2013). The α-subunits build a gate that ensures that only unfolded target proteins

can enter the central catalytic chamber. Additionally, the CP is able to keep proteins in

an unfolded state, efficiently inhibiting refolding within the central barrel, thus ensuring

access of the active proteases to the primary structure of the target protein (Ruschak et al.

, 2010). The 19S proteasome activator subunits include the lid on top of the barrel-shaped

core particle. They are called activators because they induce an open conformation of the

otherwise closed gate build by the α-subunits of the core particle (reviewed in Kish-Trier

& Hill 2013).

Poly-ubiquitin chains decorating a target protein are associated with proteasomal degra-

dation depending on their chain topology. The proteasome contains a number of ubiquitin

receptors, some of them being part of the proteasome itself, some of them being shuttle

proteins that carry ubiquitin and proteasome interacting domains.

At the proteasome itself, Rpn10 and Rpn13 represent the main ubiquitin receptors.

Rpn10 recognizes ubiquitin chains through two ubiquitin-interacting motifs (UIM) situated

towards its C-terminal. The two UIMs bind ubiquitin with different affinities but function

in a cooperative manner if more than one ubiquitin is bound to the target (Finley, 2009).

Rpn13 binds ubiquitin through a structurally diverse mechanism, which interacts with the
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same surface of ubiquitin as in Rpn106.

The different shuttle proteins exhibit ubiquitin- and proteasome-binding properties, de-

livering ubiquitinated protein substrates to the proteasome. Radiation Sensitive 23 (Rad23)

from yeast has been shown to interact with poly-ubiquitin, especially K48-linked chains,

through its UBA domain whereas its N-terminal UBL domain confers interaction with

the proteasome, namely the Rpn10 19S subunit (Schauber et al. , 1998, Chen & Madura,

2002, Elsasser et al. , 2004). Mammalian hHR23a moleculses are proposed to interact with

each other through their UBL domain which becomes accessible for proteasome binding

upon interaction of the UBA domain with ubiquitin (Wang et al. , 2003). However, also

contradictory findings have been published namely that binding of Rad23, especially to

K48 linked ubiquitin chains on ubiquitinated target proteins, leads to their stabilization

rather then to their degradation through a mechanism of competitive binding of Rad23

outcompeting proteasomal ubiquitin receptors such as Rpn10 (Raasi & Pickart, 2003). In

plants, it has been shown that two RAD23 isoforms from carrot are able to complement the

yeast rad23-∆ mutant phenotype (Sturm & Lienhard, 1998) and that the family of RAD23

proteins is involved in cell cycle regulation, fertility and morphology, through their action

as shuttles of polyubiquitinated target proteins in A. thaliana (Farmer et al. , 2010).

The shuttle protein Dsk2, being present as two orthologs in A.thaliana (DSK2a and

DSK2b), also contains ubiquitin and proteasome interacting domains suggesting a simi-

lar role as RAD23 family proteins (Farmer et al. , 2010). In yeast, it was shown that

overexpression of Dsk2 leads to over-accumulation of K48-linked ubiquitin chains probably

disturbing the entire ubiquitin System resulting in decreased vitality of cells. The interac-

tion of Dsk2 and Rpn10 acts as a ubiquitin chain length sensor due to the different affinities

of both proteins for different types and length of ubiquitin chains (Zhang et al. , 2009).

Also, a mechanism has been reported where Rad23 and Dsk2 interact directly with an E4

ubiquitin ligase/chain elongation enzyme, suggesting that the shuttle proteins are able to

acquire proteins directly at the place of ubiquitin tagging (Hänzelmann et al. , 2010).

Another ubiquitin shuttle protein in yeast, Ddi1 has been shown to adopt a retroviral-

like protein fold (Sirkis et al. , 2006). It also interacts with the proteasomal subunit Rpn1

(Gomez et al. , 2011) and is involved in the turnover of the SCFUFO1 complex, a CRL type

E3 ligase (Ivantsiv et al. , 2006).

Besides the ubiquitination signal present on the target protein, even though there is

reported cases of ubiquitin-independent proteasomal degradation (reviewed in Erales &

Coffino 2014), a degradation initiation site is crucial for degradation. This initiation site

can be site of local structural flexibility or disordered region within the protein and does

not have to be necessarily directly in the vicinity of the degradation signal even though

the position of the degradation signal determines the direction of proteasomal degradation

6This so called Pleckstrin-like receptor for ubiquitin (Pru) domain is the only domain exclusively relying
on loop-build surface for ubiquitin interaction (Schreiner et al. , 2008).
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from either C-to N-terminal or vice versa. The structure of a protein, besides the initiation

region, highly influences stability and degradation efficiency with some secondary structures

like α-helices being degraded significantly easier then buried β-strands (Prakash et al. ,

2004, 2009, Inobe et al. , 2011, Guharoy et al. , 2016). Hereby, instability is a function of

the length of the flexible region (the longer the more instable), with the length-requirements

for terminal extensions being significantly shorter then for internal regions (Verhoef et al.

, 2009, Fishbain et al. , 2011, Yu et al. , 2016). Structural rigidity can even lead to a

complete stabilization and escape from degradation of a protein despite it being heavily

ubiquitinated, as observed for example in the case of the ubiquitin receptor protein Rad23

(Fishbain et al. , 2011).

1.3 The N-end rule pathway of protein degradation

The N-end rule pathway of protein degradation represents a special subset of the Ubiquitin

System. It links the identity of an N-terminal amino acid to protein stability and was

discovered as early as 1986 when it was shown that a β-galactose reporter exhibited stability

as a function of its N-terminal amino acid in yeast (Bachmair et al. , 1986). The canonical

N-degron, which, in addition to the appropriate N-terminal amino acid, also contains a

certain number of Lysine residues for ubiquitination, was defined in later work through the

investigation of the behavior of an elongated linker (= extension) sequence derived from the

E. coli lacZ gene fused to a Dihydrofolate Reductase (DHFR) protein as a reporter, again in

yeast, where it was confirmed, that not only that certain amino acids act in a destabilizing

manner but also that the presence of Lysine residues in a defined distance to the N-terminus

are crucial for the degradation of the reporter (Bachmair & Varshavsky, 1989, Suzuki &

Varshavsky, 1999). The so-called eK sequence (extension containing Lysines) derived from

these initial constructs was the first described sequence to follow the N-end rule and has

been used ever since in reporter probes addressing the N-end rule pathway of protein

degradation (e.g. Bachmair & Varshavsky 1989, Bachmair et al. 1993, Potuschak et al.

1998).

Since protein translation usually starts with a Methionine7, it became necessary to im-

plement a new technique for exposure of a desired N-terminal amino acid. The approach,

termed the Ubiquitin-Fusion-Technique (UFT), functions via fusion of a ubiquitin moiety

directly upstream of the N-terminal amino acid of the target protein. The expression of

the ubiquitin-POI fusion occurs from the same open reading frame. Co-translationally

the ubiquitin is cleaved of through endogenous DUBs. Since DUBs only recognize the

C-terminal di-glycine motif of the ubiquitin, with no regard for any following amino acid,

this technique allows for efficient cleavage of ubiquitin in vivo in eukaryotes (reviewed in

7Non-canonical initiation at non-methionine coding codons has been identified but remains a special case
(e.g. Schmitz et al. 1996, Simpson et al. 2010).
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Varshavsky 2005).

More recent work also shows that processing of ubiquitin-fusions using DUBs is also

possible through co-expression in bacteria (Piatkov et al. , 2013) or in vitro using purified

DUBs (Sriram et al. , 2013). Instead of ubiquitin, an almost identical approach has been

used, exploiting the ubiquitin-like protein SUMO and its corresponding SUMO-hydrolase

to generate N-end rule substrates (Schmidt et al. , 2009). An alternative to using DUBs

in vitro is the use of recombinant Tobacco Etch Virus (TEV) protease (Naumann et al.

, 2016) or the co-expression of TEV and substrate in E. coli as a possibility to generate

recombinant N-degron probes (Shih et al. , 2005).

1.3.1 Structure of the eukaryotic N-end rule

The N-end rule has been mapped to date to be a hierarchical system distributed over three

branches. Some of the branches include additional upstream layers of processing before

the substrate can be recognized by an E3 ligase. In general, its is divided in so-called

primary, secondary, and tertiary destabilizing residues, where the former can be recognized

immediately by a specialized subset of E3 ligases of the N-end rule whereas the latter two

have to be processed in order to become primary destabilizing residues 8.

The longest known branch is the Arg/N-end rule. It includes two sub-branches with

unique primary destabilizing residues. Type 1 primary destabilizing include basic residues

such as Arginine (R), Lysine (K), and Histidine (H), whereas type 2 primary destabilizing

residues include aromatic and aliphatic amino acids such as Tyrosine (Y), Phenylalanine

(F), Tryptophane (W), Isoleucine (I), and Leucine (L).

The secondary destabilizing residues Aspartic acid (D) and Glutamic acid (E) can be

arginylated through the action of an arginyltransferase that attaches an Arginine moiety

to the N-terminal which then acts as a primary destabilizing residue. This R-transferase

(Ate1) has been described, before even the N-end rule was known (Savage et al. , 1983), and

later associated with functioning within this pathway (Balzi et al. , 1990). Like the entire

pathway, also the arginylation step of the N-end rule pathway is conserved in eukaryotes.

In plants, two homologs of the yeast Ate1, termed ATE1 and ATE2, which show func-

tional redundancy, have been described (Graciet et al. , 2009). In mammals, only one ate

gene has been identified but transcription/translation of the gene results in a total of four

splicing variants with partial functional redundancy and distinct, partially overlapping,

cellular localization (Kwon et al. , 1999, Rai & Kashina, 2005)9.

Upstream of the secondary destabilizing residues one has identified de-amidases that

are able to convert Asparagine (N) and Glutamine (Q) to either Aspartic acid (D) and

8The bacterial N-end rule, which also forwards protein toward degradation via the Clp proteases, depen-
dent on their N-terminal amino acid (reviewed in Dougan et al. 2010, 2012), will not be discussed
here.

9In bacteria also Phe/Leu-transferases have been found (Shrader et al. , 1993, Graciet et al. , 2006, Ninnin
et al. , 2009).
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Glutamic acid (E), and therefore secondary destabilizing residues, respectively. In yeast,

this is carried out by the enzyme Nta1 (Baker & Varshavsky, 1995) whose precise mode

of action on a molecular level has only recently been described (Kim et al. , 2016). In

mammals and plants, the action of the single yeast enzyme is thought to be split into two

distinct enzymes termed NTAN1 and NTAQ1 respectively (Grigoryeve et al. , 1996, Kwon

et al. , 2000, Wang et al. , 2009). Additionally, in plants and mammals, an N-terminal

Cysteine can act as tertiary destabilizing residue, which upon oxidation by NO, O2 (Hu

et al. , 2005), or, in the case of A. thaliana, through the action of a specialized class of

enzymes termed Plant Cysteine Oxidases (PCOs, Weits et al. 2014, White et al. 2017),

can be converted into a secondary destabilizing residue potentially being recognizable by

ATE1/2 (White et al. , 2017).

Besides the Arg-branch of the N-end rule10, more recent work showed that additional

branches of the N-end rule include the recognition of acetylated N-termini, defining a new

branch of the N-end rule called the Ac (acetylation)-branch (Hwang et al. , 2010a). Later

it was shown that even N-terminal Methionine (Met) can act as a degradation signal when

it is either followed by a hydrophobic residue at position two, forwarding a substrate to

the Arg/N-end rule or, through acetylation, regardless of the identity of the amino acid

residue at position two, forwarding it to degradation through the Ac/N-end rule (Kim

et al. , 2014). Met as an N-terminal, with the following amino acid, signal for degradation

represents a type 2 degradation signal, which in yeast would be recognized through the

ClpS homology domain of Ubr1 (Kim et al. , 2014).

Recently, even Proline at the N-terminal has been identified as a real primary in yeast

(Chen et al. , 2017), after first observations about N-terminal Proline being important for

protein degradation had been made as early as 1998 (Hämmerle et al. , 1998). Interestingly,

the authors could demonstrate that also the structural context of the Proline N-degron is

extremely important for its recognition. Strikingly, also Proline at position two of one of

the identified substrates has been found to confer instability in the appropriate structural

context (Chen et al. , 2017). This is very similar to non-acetylated Methionine as a primary

destabilizing residue that can only be recognized when followed by a ”classical” type 2

primary destabilizing residue of the Arg/N-end rule (Kim et al. , 2014), rule suggesting

also some influence of the structural context in the identification of these type 2 residues

by Ubr1. All identified substrates of this new Proline-branch of the N-end rule are enzymes

important for neoglucogenesis and expressed by yeast in glucose starving conditions. The

Proline-N-end rule plays an important role in degrading these enzymes upon availability

of glucose (Chen et al. , 2017).

10Even though in many organisms the recognition of different primary destabilizing residues is distributed
onto a multitude of E3s this branch of the N-end rule is still called the Arg/N-end rule, probably
historically being connected to the fact that R was the amino acid initially shown to be the most
instable (Bachmair et al. , 1986) as well as the fact that in yeast, where all the branches were initially
discovered, only one E3, albeit having different recognition sites, is responsible for the degradation of
all primary destabilizing residues of the Arg/N-end rule.
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Now all proteinogenic amino acids have been shown to confer degradation, however

depending on modifications, as well as their structural context. While the ”classical” Arg/N-

end rule has been shown conclusively to act in plants, the functionality of the Ac/N-end-

rule, the extended Arg/N-end rule including Methionine, as well as the newly discovered

Pro/N-end rule has yet to be demonstrated.

The N-end rule relies on a subset of specialized E3 ligases in eukaryotes that mediate

the degradation of target proteins. These E3 ligases, termed N-recognins11, are responsible

for the recognition of the N-terminal amino acids in accordance with the N-end rule. At

the point of discovery of the N-end rule no ”N-end-recognizing factor” was identified in

vivo. First experiments in rabbit reticulocyte extract suggested this particle to be an E3

ubiquitin ligase (Reiss et al. , 1988, Gonda et al. , 1989) which was identified as Ubr1 in

yeast (Bartel et al. , 1990).

Ubr1 is a large, about 220 kilo dalton (kDa) sized, protein. Interestingly, the yeast Ubr1

possesses binding sites for both types of canonical N-degrons (type 1 and type 2) and is

therefore regarded to be the main determinant of Arg/N-end rule specific degradation in

yeast (Xia et al. , 2008b). The yeast RING E3 Ubr1 interacts with the HECT E3 Ufd4,

an E3 ligase of the ubiquitin-fusion degradation (UFD) pathway (Johnson et al. , 1995,

Hwang et al. , 2010b). Fascinatingly, Ubr1 even possesses a third recognition site targeting

the transcriptional repressor, of the peptide transporter Ptr2, Cup9. Degradation activity

towards Cup9 is enhanced by binding of peptides simultaneously to both, type 1 and type

2 recognition sites (Du et al. , 2002, Xia et al. , 2008a). Additionally, activity of Ubr1 is

regulated by phosphorylation in vivo (Hwang & Varshavsky, 2008). This unprecedented

versatility of Ubr1 highlights the interaction and cross-talk of the yeast Arg/N-end rule

with diverse cellular processes.

Through the discovery of the Ac/N-end rule, a second set of yeast E3 ligase of the N-

end rule pathway was identified. The first one, Doa10, had previously been shown to be

involved in K11 linked ubiquitin chain formation (Xu et al. , 2009, Hwang et al. , 2010a),

a rather uncommon chain topology in the context of degradation, as opposed to K48 type

chains synthesized by Ubr1 (Chau et al. , 1989). It is linked to Endoplasmatic Resticulum-

Associated Degradation (ERAD) in yeast, mediating degradation of misfolded proteins

exported from the ER-lumen (reviewed in Ruggiano et al. 2014, Zattas & Hochstrasser

2015). Later a second E3 of the Ac/N-end rule was identified. Not4 targets a distinct

subset of acetylated targets in yeast (Shemorry et al. , 2013). The degron sequence of a

substrate of Not4, Cog1, has been proposed only to be shielded by steric means proposing

a mechanism of degron exposure through conformational reconfiguration (Shemorry et al.

, 2013).

The E3 ligase Gid4 has been found to be the N-recognin of the Pro/N-end rule (Chen

11The term was introduced as name for ”proteins that are functionally equivalent to the N-end-recognizing
yeast Ubr1 protein.” (Bartel et al. , 1990).
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et al. , 2017). Since it was found to recognize not only the N-terminal of a degron but that

it ”senses” up to six amino acids in their structural context, its relation to peptide-binding

grooves of antigen-presenting MHC proteins is discussed (Chen et al. , 2017).

In animals, a number of N-recognins have been identified as well. So far, using sequence

homologies and peptide-based pull-downs, a total of seven mammalian N-recognins of the

Arg/N-end rule, called UBR1-7, have been proposed (reviewed in (Tasaki & Kwon, 2007)).

Of these seven enzymes, four (UBR1/2/4/5) have been accounted with N-end rule specific

binding (Tasaki et al. , 2005). Interestingly the different enzymes seem to belong to different

types of E3 ligases with UBR1-3 being proposed to function as RING, UBR5 as a HECT,

and UBR6 believed to be a part of a CLR (through an F-box) E3 ligase complex. UBR7

is thought to work through a PHD domain 12) and finally, UBR4, even though it has

been shown to have activity towards type 1 and type 2 N-degrons is not yet accounted

any type of E3 ligase (reviewed in Tasaki & Kwon 2007). Also, an N-recognin of the

Ac/N-end rule has been identified in mammals. Teb4, similarly to Doa10, is associated

with the ER and forwards its targets to degradation via their acetylated N-terminals (Park

et al. , 2015). In D. melanogaster also at least Ubr1, Ubr4, and Ubr5 homologs have been

proposed (Tasaki et al. , 2005). Interestingly, the mammalian UBR4 protein has been

discussed to be a sequelog of the A. thaliana protein BIG and the D. melanogaster protein

PUSHOVER, with whom it shares its exceptionally huge size (UBR4 = 570 kDa, BIG =

540kDa, PUSHOVER = 560 kDa) (Tasaki et al. , 2005).

The N-end rule has been connected to a wide variety of processes in yeast, D. melanogaster ,

and mouse such as chromosome stability, negatively regulating apoptosis, positively regu-

lating apoptosis, as a nitric oxide (NO) sensor, or even behavior and memory (e.g Kwon

et al. 2000, Rao et al. 2001, Varshavsky 2003, Ditzel et al. 2003, Hu et al. 2005, Piatkov

et al. 2012, reviewed in Tasaki & Kwon 2007, Varshavsky 2011, Sriram et al. 2011, Tasaki

et al. 2012).

In plants, to date, only two potential N-recognins have been identified. PLANT PROTE-

OLYSIS 1 (PRT1) has been described first by Bachmair and colleagues using an artificial

reporter (Bachmair et al. , 1993). It’s activity, as crucial part of degradation of type 2 pri-

mary destabilizing residues, has been shown later, also based on heterologous expression in

yeast (Potuschak et al. , 1998, Stary et al. , 2003). Interestingly, PRT1 seems to be a plant

pioneer enzyme. It does only share functional homology to the yeast Ubr1 but is otherwise

not conserved on an amino acid level neither in yeast nor mammals. Its crystal structure

is unknown, but based on sequence analysis it is believed to consist of two RING domains

and a ZZ domain which is a domain closely related to a RING domain (Potuschak et al.

, 1998). It does not contain a ClpS homology domain (reviewed in Tasaki et al. 2012).

To date a proven interaction of PRT1 with an endogenous substrate in vivo still remains

12PHD domains are structurally closely related to RING domains and proposed to confer E3 activity
(Coscoy & Ganem, 2003).

14



1 Introduction

elusive.

The other proposed A. thaliana N-recognin is PLANT PROTEOLYSIS 6 (PRT6) (Garzón

et al. , 2007). It shows the conserved UBR domain, also known to be responsible for type

1 N-degron recognition in yeast, however, it misses the ClpS homology domain responsible

for type 2 N-degron recognition. PRT6 is, so far, the only proposed N-recognin of the

Arg/N-end rule in A. thaliana.

Figure 1.2 – Structure of the plant N-end rule. The Arg/N-end rule, as shown to
be active in planta, consists of a hierarchical, multi step system of primary, secondary and
tertiary destabilizing residues. Primary destabilizing residues can be recognized directly
by the potential N-recognins PRT1 and PRT6, type 1 and type 2, respectively. While
Leucine (L) and Isoleucine (I) have been shown to be instable in yeast and bacteria, they
show only moderate instability in plants and are not recognized by PRT1, implying the
existence of potentially moreN-recognins. Secondary and tertiary destabilizing residues
have to be processed in order to be recognizable (PCO = Plant Cysteine Oxidase, ATE =
Arginyl-Transferase). Exposure through processing of new N-terminals by Methionine-
Aminopeptidases (MetAP), or through internal cleavage can theoretically generate every
kind of destabilizing residue (tertiary, secondary, primary). Modified and combined from
(Graciet et al. , 2010, Weits et al. , 2014, White et al. , 2017)

Even though the existence of the N-end rule in plants is known since 1993 (Bachmair

et al. , 1993), little is known about its overall functions and endogenous substrates in

planta. It has been connected to some biological processes in A. thaliana such as leaf

senescence, shoot, and leaf development, seed germination, and pathogen defense (Yoshida

et al. , 2002, Graciet et al. , 2009, Holman et al. , 2009, de Marchi et al. , 2016).

So far, direct interaction of PRT1 with a probe has been the only demonstrated target

binding for this E3, albeit in vitro (Mot et al. , 2017). One endogenous substrate has

been suggested recently in A. thaliana (Dong et al. , 2017). While genetic evidence is very

strong, direct interaction of the E3 and the substrate in vivo was not demonstrated but

only shown through in vitro peptide-based binding assays as well as stability assays in

A. thaliana protoplasts.

In barley the N-end rule has also been linked to developmental processes as well as stress

response potentially through the action of PRT6 (Mendiondo et al. , 2016). However, the

only accepted substrate proteins for PRT6 identified so far are a class of ETHYLENE

RESPONSE FACTORS (ERF) of the subgroup VII. The ERF RAP2.12 is degraded under
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normoxic conditions through a proposed O2 dependent oxidation of its N-terminal Cysteine

and subsequent degradation via the Arg/N-end rule. Under hypoxia, through the lack of

available oxygen, the N-terminal Cysteine can not be oxidized and RAP2.12 is stabilized

eliciting downstream responses (Licausi et al. , 2011, Gibbs et al. , 2011). While the

genetic evidence presented in these publications is extremely strong, no direct interaction

of RAP2.12 with ATEs or PRT6 has been shown on protein level. Later work showed that

the initial oxidation process was actually carried out by the newly discovered enzyme class

of Plant Cysteine Oxidases (PCOs) (Weits et al. , 2014). A recent work demonstrated that

oxidation the through action of a PCO is a crucial prerequisite for subsequent arginylation

of peptides by ATE1 in vitro (White et al. , 2017).

1.3.2 The canonical N-degron of the Arg/N-end rule, its structure and
recognition by N-recognins

A degron is defined as a peptide sequence within a protein conferring its instability and

therefore its degradation (Varshavsky, 1991). Degrons are usually hidden within a protein

and are exposed through passive or active processes. An example for a passive process

would be the Endoplasmatic-Reticulum Associated Degradation (ERAD), where misfolded

proteins in the lumen of the Endoplasmatic Reticulum (ER) are recognized via hydrophobic

patches that would be hidden in a ”normal” conformation. Proteins are then shuffled into

the cytosol and degraded by the ubiquitin-proteasome machinery (reviewed in Meusser

et al. 2005).

An N-degron is a typical example for a degron that is generated through an active

process. Since all proteins, except for some exceptions, start with a Methionine as the

amino acid of the translation initiation codon ATG normally all N-degrons are hidden.

This means that exposure of an N-degron requires proteolytic processing of the protein

either directly at the N-terminal or somewhere within the primary sequence exposing a

new N-terminal which can serve as a destabilizing residue of the N-end rule (primary,

secondary, or tertiary). Interestingly, in A. thaliana (primary) destabilizing residues at

position one after the initial Methionine are strongly underrepresented and cleavage by

Met-aminopeptidases is altered when such a destabilizing residue is found at that position.

Recently increased work has been undertaken in deciphering the N-terminal peptidome for

the elucidation and identification of potential new substrates of the N-end rule using mass

spectrometry based methods (Staes et al. , 2008, Majovsky et al. , 2014, Venne et al. ,

2015).

Since there are different kinds of N-degrons starting with different kinds of primary

destabilizing residues there is also a certain diversity in the identity of the N-degron bind-

ing/recognition domains of the N-end rule pathway. The type 1 binding pocket was early

on identified as the so-called UBR domain named after the first N-recognin, the yeast

Ubr1. The structure of this domain, which is a conserved feature of most N-recognins of
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the Arg/N-end rule in eukaryotes, has been solved for yeast Ubr1 and human UBR1 and

UBR2 (Choi et al. , 2010, Matta-Camacho et al. , 2010). Human UBR1 and UBR2 domains

were found to contain two antiparallel β-sheets with additional small α-helices in between.

The structure coordinates a total of three zinc ions. Loss of one of these zinc ions leads

to a collapse of the domain in vitro, an observation that also has biological significance as

the loss of one of the zinc ions through a mutation in UBR1 leads to a severe disease in

humans called Johanson-Blizzard syndrome (Zenker et al. , 2005, Matta-Camacho et al. ,

2010, Hwang et al. , 2011). The residues mediating zinc coordination are conserved through

UBR1 to UBR3 but are missing in UBR4 to UBR7 indicating that either they can assure

proper domain folding only through two zinc ions, something that seems unlikely in the

light of the fact that loss of a zinc ion leads to the collapse of the tertiary structure of UBR1

and UBR2, but rather hints towards other mechanisms for tertiary structure stability and

maintenance (Matta-Camacho et al. , 2010).

Binding studies with different peptides suggested that mainly the first two amino acids

of the peptide play an important role in N-terminal mediated binding to the negatively

charged binding pocket of the UBR domain. The domain showed the highest affinity

towards an RD starting peptide mimicking the state of N-terminal arginylation. Binding

is mediated through the positively charged side chain of the N-terminal arginine with the

negative binding pocket. An important residue in the human UBR domain is Phe148 which

coordinates the position of the N-terminal amino group forming an aromatic hydrogen bond

additional to two more hydrogen bonds with Asp150 and the carbonyl backbone of Phe148

thus ensuring specificity and rigid binding only to N-terminal substrates (Matta-Camacho

et al. , 2010).

Structure of the yeast UBR domain does not show significant differences in the structural

arrangement when compared to human UBR1. Also here, the secondary structure is main-

tained through three coordinated zinc ions. Additionally, the secondary structure does not

contain small α-helices but small β-sheets instead (Choi et al. , 2010). Superimpositions

of the two UBR1 structures shows an almost complete structural conservation between the

two protein domains. Substrate coordination is almost indistinguishable (fig. S 5.1), how-

ever, the authors of the yeast UBR domain publication focus more on the importance of

the second residue in a given N-end rule type 1 substrate showing that mainly hydrophobic

residues at position two show the most efficient binding to the yeast UBR domain (Choi

et al. , 2010).

Unfortunately, there is no structure of the eukaryotic type 2 binding domain available to

date. Even though it is known that yeast Ubr1 carries a ClpS homology domain responsible

for type 2 degron recognition, its structure has not been solved. In mammals, UBR1

and UBR2 have been shown to bind Phe-starting peptides in a pull-down assay from

mouse embryonic fibroblasts (Tasaki et al. , 2005), suggesting the existence of, an at least

functionally, ClpS homology domain in these proteins similar to the yeast Ubr1 (discussed
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in Dougan et al. 2010). To date, the structures of the bacterial ClpS proteins from different

bacterial species together with different N-degrons and during interaction with ClpA have

been solved and characterized (Zeth et al. , 2002, Erbse et al. , 2006, Román-Hernández

et al. , 2009, Schuenemann et al. , 2009, Román-Hernández et al. , 2011, Stein et al. , 2016).

Due to the similarity between the ClpS and the ClpS-homology domain, it is tempting to

extrapolate from the binding mode of the prokaryotic to the eukaryotic system. ClpS has

a large C-terminal domain consisting of three antiparallel β-strands and three α-helices

forming a highly hydrophobic binding pocket. Five residues, conserved between E.coli and

C.crescentus (D36/D49, T38/T51, D35/D48, N34/47, H66/79), coordinate binding of the

hydrophobic type 2 N-degron (reviewed in Dougan et al. 2010).

The C-terminal domain also mediates interaction with the bacterial protease ClpA, re-

sponsible for N-degron degradation. TIt is believed to undergo structural rearrangements

upon N-degron binding influencing binding to ClpA (reviewed in Dougan et al. 2010). Op-

posed to UBR-mediated N-degron binding the secondary structure of ClpS is not stabilized

by zinc-coordination but rather through hydrogen bonds and salt bridges. Additionally, it

has been shown that some bacteria, such as Agrobacterium tumefaciens (A. tumefaciens),

express two isoforms of ClpS with different affinities for different type 2 destabilizing

residues (Stein et al. , 2016). Opposed to the ubiquitin ligase activity mediating degra-

dation of PRT1 targets, ClpS merely acts as a recognition and shuttle particle directly

recruiting targets for degradation to the ClpA protease without actually modifying said

target (Schmidt et al. , 2009).

Contrarily to UBR domain-mediated N-degron binding, the structural analysis of the

ClpS domain indicates a much lesser importance of the secondary amino acid in the N-

degron chain, but rather that the N-degron sequence, after coordination into the binding

pocket, retains a high degree of flexibility indicated by the spatial arrangement away from

the binding site. Some peptides showed re-folding onto the surface of the ClpS domain,

which might be a pure in vitro effect without any in vivo significance (Schuenemann et al.

, 2009) but could as well play a role in type-2 N-degron binding. A so-called gatekeeper

residue ensures specificity to type 2 N-degrons (reviewed in Lucas & Ciulli 2017) and

previous findings discuss that recognition of the type 2 substrate peptide is improved by a

net positive charge (Erbse et al. , 2006).

Alltogether, the UBR-domain as well as the ClpS domain both retain a sturdy secondary

and tertiary structure without significant structural rearrangement upon N-degron binding.

Binding to the UBR1 domain seems, to a certain extent, to be dependent on the identity

of the second amino acid of the degron sequence, an effect that might not play a role in

type 2 binding to the ClpS domain. However, even though the potential plant N-recognin

PRT1 does complement a yeast ubr1-∆ mutant allele in regard to degradation of type 2

N-degrons (Stary et al. , 2003) it does not carry a ClpS homology domain.

In the end, all the work done so far by different groups fails to finally define an N-degron
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consensus sequence which could be used to model new, optimized, N-terminal degradation

cues for the N-end rule. The only exceptions with in vivo significance are findings that

elucidate N-degron stability in the structural context of the N-terminal primary desta-

bilizing residues for N-terminal Methionine, which can be degraded if it’s followed by a

hydrophobic residue (Kim et al. , 2014), and the newly described Pro/N-end rule, where it

was demonstrated that binding by the responsive N-recognin is influenced by the first six

amino acids and that different amino acids at different positions allow or disrupt binding

(Chen et al. , 2017).

Even though different peptides with different length were used in co-crystallization stud-

ies the rest of the proteins probably plays a significant role in binding due to its influence on

the mobility of the N-terminal, since also a mechanism of sterical shielding of an N-degron,

however by another protein, has been reported (Shemorry et al. , 2013). Additionally,

recognition of an N-degron is only half the deal since degradation via the 26S-proteasome

also requires some molecular prerequisites such as ubiquitination and flexible regions for

degradation (see section 1.2.1) and also the availability of Lysine residues on the target

protein that are available for ubiquitination can significantly influence degron stability

(Bachmair & Varshavsky, 1989, Suzuki & Varshavsky, 1999).

1.3.3 The temperature-sensitive N-degron

Temperature-sensitive N-degrons are a specialized type of inducible degrons. Besides the

exposure of endogenous N-degrons leading to the degradation of N-end rule substrates,

artificial N-degrons have been a long-established tool for conditional protein abundance

and for the generation of phenotypes on demand in a variety of organisms, namely in

different yeast species, chicken cell culture, as well as drosophila (reviewed in Faden et al.

2014) and recently also in plants, tobacco, and adult D. melanogaster (Faden et al. ,

2016b).

An artificial N-degron is a protein sequence fused to the N-terminal of a POI that

can be processed in a way that the mature degron leads to the destruction of the fused

POI. Two systems exist that offer some level of reversibility and plasticity. The so-called

TEV protease induced protein inactivation (TIPI) (Taxis et al. , 2009), where a protein of

interest is expressed with an N-terminal tag containing a dormant N-degron within a TEV

protease cleavage site. Since TEV protease does exhibit low specificity for the amino acid

at position one after the cleavage site it can be used to generate N-terminals of desired

identity (applied and discussed in Naumann et al. 2016).

In this case, the protease is expressed under the control of an inducible promoter. Induc-

tion of TEV expression leads to processing and exposure of the mature N-degron leading

to the removal of the POI from the cell. To improve velocity and efficiency of the system

the N-degron contains also a sequence stretch of the SF3b protein which interacts with a

p23 sequence fused to the TEV protease. The system offers poor conditionality. Even after
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Figure 1.3 – Schematics of the temperature-sensitive N-degron system ac-
cording to the literature (Dohmen et al. , 1994, Faden et al. , 2016b). Co-
translationally the N-terminal moiety is cleaved of by endogenous DUBs exposing the
destabilizing N-terminal F or R (not shown). After a temperature shift to either per-
missive or restrictive temperature the protein is either stabilized or ubiquitinated and
degraded via the N-end rule pathway.
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promoter shut-off, TEV is still present in the cell mediating the degradation of the POI.

Therefore this system is mainly being used for removal of a POI as a one-time event. It

has so far only been used in yeast (Taxis et al. 2009, Jungbluth et al. 2010, McIsaac et al.

2011, reviewed in Faden et al. 2014).

Another, well-established system, mainly in yeast, for fully conditional control over

protein abundance via a temperature stimulus is the heat-inducible N-degron cassette

(Dohmen et al. , 1994). It was demonstrated that a protein cassette, based on a point-

mutated DHFR, is able to efficiently mediate protein degradation via the N-end rule

(Dohmen et al. , 1994). This degron cassette generates an artificial ts-allele of any fused

protein. The approach of this system is slightly different since it does not rely on a condi-

tional exposure of the destabilizing N-terminal but rather on a hypothesized temperature

induced (partial) unfolding of the point mutated DHFR leading to its ubiquitination and

degradation. The N-terminal is always co-translationally exposed through the use of the

Ubiquitin-Fusion-Technique (Varshavsky 2005).

This so-called ts-degron cassette was shown to operate in a temperature range of 28°C

(permissive temperature) to 37°C (restrictive temperature), a range to extreme for most

higher eukaryotic organisms. This is the reason why its application is mainly restricted

to yeast or cell cultures13 (e.g. Hardy 1996, Gregan et al. 2003, Ben-Aroya et al. 2008

in S.cerevisiae, Rajagopalan et al. 2004, Campion et al. 2010, Piazzon et al. 2012 in

S.pombe, and in chicken cell culture Su et al. 2008, Bernal & Venkitaraman 2011) with

one example of the system being applied in D. melanogaster (Speese et al. 2003, for a full

review of all applications so far see Faden et al. 2014).

Recently the degron was adapted for the use in multicellular organisms at a significantly

lowered temperature range of 14°C to 28°C (Faden et al. , 2016b). This degron consists of

the following parts: An N-terminal ubiquitin moiety for N-terminal processing according to

the ubiquitin fusion technique (UFT), a short linker sequence (F-HGSGI) with the primary

destabilizing residue phenylalanine (F), a point-mutated temperature sensitive (ts) DHFR

(T39A, E173D, Gowda et al. 2013, Faden et al. 2016b), and a triple HAT tag in the linker

to the POI for easy immunological detection via western blot (figs. 1.3 and 5.2).

This degron cassette now represents a truly modular approach to generate artificial

temperature sensitive alleles of a given protein of interest efficiently bypassing the tedious

screening procedure usually linked to the identification of temperature sensitive alleles.

13Chicken cell cultures even require a higher restrictive temperature of up to 42°C (see references in text).
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1.4 Aim of the work

The aim of the work was to transfer the well-established temperature-sensitive degron from

the yeast system to multicellular organisms, especially plants. Initial work in the identi-

fication of the temperature-sensitive degron cassette had already been done previously by

Nico Dissmeyer. I was able to significantly deepen the understanding of the degron tech-

nique by showing its applicability with different proteins of interest in different organisms.

Through analysis of degron behavior and (de)stabilization kinetics the applicability was

demonstrated.

In the end the obtained data resulted in a new and revised model about the degron’s mode

of action, being in accordance with previously published work. Additionally, a peptide-

based screen was established and performed, gaining further inside into the mechanisms of

N-degron binding by PRT1.

Finally a new vector, based on the widely used gateway cloning technique, was generated

that will allow researchers to easily apply the degron technique in their own research.

22



2 Material and Methods

2.1 Cloning

Cloning: For classical cloning standard methods were applied. In brief: Vector and in-

sert were digested using the appropriate compatible enzymes. Enzymes were purchased

from either New England Biolabs (NEB) or Thermo Scientific. Plasmid DNA was puri-

fied from E. coli using the GeneJet Plasmid Miniprep Kit (Thermo Scientific). Ligation

was performed using T4 DNA ligase (Thermo Scientific) according to the manufacturers

instructions. For blunt-end cloning the Quick Blunting and Quick Ligation Kit (NEB,

Cat.No. E0542S) was used according to the manufactureur’s instructions. 4 µl of the re-

action mixture was used for heat shock transformation of 50 µl chemo-competent E. coli .

Gateway Cloning (Hartley et al. , 2000) was performed according to the manufacturer’s

instructions (Ivitrogen/Thermo Scientific). The BP or LR clonase II Enzyme Mix was

used respectively as a 1/4 reaction. The entire reaction was used for heat shock transfor-

mation of E. coli . A PCR product carrying the appropriate att-overhangs, together with

pDONR201, yielded an entry-vector (pENTR) in a BP reaction. This pENTR was then

used together with a suitable destination vector (pDEST ) to yield the different expression

vectors (pEXPR) in an LR-reaction.

PCR products and fragments resulting from DNA digestion were purified from an agarose

gel using the GeneJet Gel Extraction Kit (Thermo Scientific). DNA concentrations were

measured using a photospectrometer (Tecan; M200 pro). For in silico planing of cloning

strategies the Vector NTI 10 software package (Invitrogen/Thermo Scientific) was used.

PCR: All polymerase chain reaction (PCR) reactions were carried out in Labcycler

gradient machines (SensoQuest) using homemade pfuX7 polymerase (Nørholm, 2010) for

cloning and homemade taq polymerase (Desai & Pfaffle, 1995) (GenBank accession No.

J04639) for genotyping purposes. For PCR reactions using pfuX7 a commercially available

5x buffer (Thermo Scientific; Phusion Green HF Buffer, Cat.No. F-538L) was used. For

GC-rich templates betaine (Sigma Aldrich; Cat.No. B2754) was added to a final concen-

tration of 1 M. For PCR reactions using taq, a homemade buffer (10x, 100 mM pH 8.3,

KCl 500 mM, MgCl2 15 mM) was used. A 100 mM dNTP stock (25 mM each) was mixed

and stored at -20°C (Thermo Scientific; dNTP Set, Cat.No. 10297-117). A standard 20 µl

PCR reaction consisted of following components: 1x Phusion HF buffer, 10 mM dNTPs,

23



2 Material and Methods

10 pmol each primer, ca. 100 ng of template DNA, 0.2 µl of pfuX7 1, and H2O to 20 µl.

Primer melting temeprature tM was calculated using the Vector NTI 10 software. The used

annealing temeprature was always tM – 2°C. Elongation time was set at a rate of 15s/kb

for pfuX7 and 30s/kb for taq polymerase.

To fuse two pieces of DNA, both were amplified individually with eight base pairs (bp)

overhangs, complementary to the respective other fragment. PCR fragments were purified

and mixed in an equimolar concentration. 100 ng of DNA were used for a PCR using

spanning 5’-and 3’-primers optionally already containing either att overhangs for gateway

cloning or restriction sites for classical cloning2. Due to the decreased efficiency of very

long primers it was sometime necessary to use short primers for the fusion PCR and re-

amplify the fusion product subsequently with primers carrying the desired overhangs for

downstream application.

An adapter PCR was used if overhangs were to long to be contained within one primer.

In this case, a first PCR was performed with a primer carrying only a part of the desired

overhang. After purification of the fragment a second PCR was performed on the fragment

with a primer that anneals to the previously attached part of the overhang. This was used

to attach a TEV-protease cleavage site to a DNA fragment followed by attachment of att

sites for gateway cloning as described previously (Naumann et al. , 2016).

Plant cDNA synthesis: Plant RNA for reverse transcriptase (RT)-PCR analysis was

purified from two week old A. thaliana seedlings using the RNeasy Plant Mini Kit (Quiagen;

Cat.No. 74904) according to the manufacturer’s instruction. Quality and yield of the

purified RNA were determined using a photospectrometer (Tecan; M200 pro). RNA was

stored at -80°C or used directly for cDNA synthesis. In brief: 200 U of RevertAid Reverse

Transcriptase (Thermo Scientific; Cat.No. EP0442) were used in a 20 µl total reaction

volume together with the supplied reaction buffer, dNTPS (2 µl of a 10 mM stock), 20 U

RiboLock RNase inhibitor (Thermo Scientific; Cat.No. EO0381), and 100 pmol of Oligo-

dT primer. The amount of template was chosen according to the application: For semi-

quantitative analysis of transcript abundance 1 µg of RNA was used. For cloning purposes

3 µg of RNA were used. A standard transcription protocol used was: Mix RNA, Oligo-dT

primer, and water. Incubate in the PCR cycler at 65°C for 5min. Chill on ice and add all

the other leftover components. Run the reaction in a pcr cycler for 1h at 42°C followed by

a 10 min incubation step at 70°C. After the reaction cDNA was either stored at -20°C or

directly used in downstream applications.

Side Directed Mutagenesis: Primers were designed by the QuickChange Primer

Design Tool3. A PCR reaction with modified annealing/elongation steps was used. In

1Because the polymerases were homemade no exact determination of active U/µl could be determined.
2Because many restriction enzymes cut inefficiently if their recognition site is too close to the end of
the DNA strand, a list published by NEB (www.neb.com/tools-and-resources/usage-guidelines/
cleavage-close-to-the-end-of-dna-fragments) was used to optimize primers in that regards.

3Agilent: www.genomics.agilent.com/primerDesignProgram.jsp

24

www.neb.com/tools-and-resources/usage-guidelines/cleavage-close-to-the-end-of-dna-fragments
www.neb.com/tools-and-resources/usage-guidelines/cleavage-close-to-the-end-of-dna-fragments
www.genomics.agilent.com/primerDesignProgram.jsp


2 Material and Methods

brief: Annealing temperature was set to 55°C. Elongation time was set to 30 s/kb. 18

cycles were run. Subsequently, the PCR reaction was digested using one µl of FastDigest

DpnI (Thermo Scientific; Cat.No. FD1703) for at least two hours to overnight at 37°C,

to eliminate non-mutated (methylated) template DNA. Five µl of the reaction were used

for transformation of 50µl of chemocompetent E. coli of the appropriate strain. In case

of difficult or inefficient mutagenesis betaine was added to a final concentration of 1 M.

If this did not yield satisfactory results, a modified protocol according to the SPRINP

protocol (Edelheit et al. , 2009) was applied. This protocol efficiently increases site-directed

mutagenesis (SDM) performance by running an individual reaction for each primer which

then are annealed in a second step.

Sequence verification: Sequence identity of plasmids was achieved via sequencing,

following at lest three independent restriction analyzes using different restriction enzymes.

Sequencing was done in both directions for every sequence (forward/reverse) by either

MWG (Eurofins Genomics GmbH, Ebersberg, Germany) or GATC (GATC Biotech, Kon-

stanz, Germany). Primers SelA and SelB were used as standard sequencing primer for

gateway pENTR vectors (tab. 5.4).

2.1.1 Assembly of degron reporter constructs for plants

In most cases, K2 was fused to the protein of interest using a fusion PCR approach, sub-

cloned into pDONR201 yielding an pENTR, and used to assemble an pEXPR clone in

the pAM-PAT backbone carrying different promoters. These vectors are all derivatives of

the vector pAM-PAT-MCS (multiple cloning site; GenBank accession number AY436765;

Lipka, V., Rademacher, T. and Panstruga, R., unpublished), which by itself is a derivate of

the pPAM vector (GenBank accession number AY027531) (Rademacher et al. , 2002). All

these vectors have in common that they carry the beta-lactamase (bla) gene that confers

carbenicillin (Carb)/ampicillin (Amp) resistance in bacteria as well as the bar gene that

codes for the phosphinothricin-N-acetyltransferase (PAT) protein which confers resistance

to phosphinotricin (glufosinate ammonium, BASTA4; Bayer CropScience) in planta.

GFP constructs are based on a pAM-PAT derivate called pAM-KAN carrying the GFP-

gene downstream of the gateway site and also using the nptII gene conferring kanamycine

(Kan) resistance in planta. The pEXPR construct based on this vector was generated

through an LR reaction with pENTR:K2 (addgene ID 80684), containing a degron cassette

without stop after the last Glycine-Alanine (GAGA) linker.

Cloning of K2:GUS expression constructs: PENTR:K2:GUS was generated through

amplification of the K2:GUS coding sequence from pLEELA:K2:GUS (kind gift from Nico

Dissmeyer, Leibniz Institute of Plant Biochemistry, Halle), using primers K2(P2)_frw and

4BASTA (glufosinate, phosphinothricin) is a widely used herbicide. Resistance to BASTA or its active
components is conferred by the bar gene coding for the PAT enzyme. Two homologues have been initially
isolated from Streptomyces hygroscopicus (Thompson et al. , 1987) and Streptomyces viridochromogenes
(Wohlleben et al. , 1988). Since then it has been used in a wide variety of plants as a selection marker.
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att_GUS_rev followed by recombination into pDONR201 through a gateway BP reac-

tion. The resulting pENTR:K2:GUS, after sequence verification, was used to generate

pEXPR-Pro35S/ProUBQ10/ProCDKA;1:K2:GUS through LR reactions with the respec-

tive pAM-PAT vectors.

Cloning of K2:TEV expression constructs: The expression clone pAM-PAT:K2:TEV 5

was kindly provided by Nico Dissmeyer (Faden et al. , 2016b).

Cloning of K2:PAT expression constructs: The clone pENTR:K2:PAT was recov-

ered from pLEELA:K2:PAT (kind gift from Nico Dissmeyer, Leibniz Institute of Plant

Biochemistry, Halle) through a reverse BP reaction. This pENTR vector was recombined

in a LR reaction with pJAN33 (double CaMV35S promoter fused to the first intron of

WRYKY33, selectable marker NPTII (Kan)) (Weigel et al. , 2003) to yield pJAN33:K2:PAT.

Since the pAM-PAT vectors used already contain a BASTA selection marker (PAT), it

was necessary to modify the vectorspAM-PAT-ProUBQ10/CDKA;1 to express K2:PAT.

For that, both vectors were modified using site-directed mutagenesis to ablate the BASTA

selection marker by mutating the start codon as well as introducing an additional stop

codon into the ORF of the PAT gene. These vectors were termed pAM-NOP-ProUBQ10

and pAM-NOP-ProCDKA;1 6 respectively. Different version of pENTR:K2:PAT, namely

F-, R-, and L-starting, were now recombined with these vectors. The latter two were gener-

ated through side directed mutagenesis with pENTR:K2:PAT as a template using primer

pairs K2_Phe-Leu_frw/K2_Phe-Leu_rev and K2_Phe-Arg_frw/K2_Phe-Arg_rev re-

spectively. Identity of the mutations was verified via sequencing. Subsequently, pEXPR

clones were generated through an LR reaction.

Cloning of K2:GFP expression constructs: Expression clones were created through

recombination of pENTR:K2/R-K2 with the destination vector pAM-KAN-Pro35S:GW:GFP.

The K2 cassette was amplified from pLEELA:K2:GUS (kind gift from Nico Dissmeyer,

Leibniz Institute of Plant Biochemistry, Halle) using primers K2(P2)_frw and K2(P2)_rev

and recombined into pDONR201 through a BP reaction yielding pENTR:K2 (addgene ID

80684). R-K2 was generated through site-directed mutagenesis using pENTR:K2 as a

template and primers previously used to generate pENTR:R-K2:PAT.

For generation of suitable expression clones for the transfection of D. melanogaster Kc

cells, pENTR:K2 was recombined with the pAWG vector (Murphy, 2003). This vector

carries a gateway site followed by a EGFP for C-terminal tagging of target proteins. Ex-

pression of the ORF is driven by the strong constitutive Actin5c promoter.

Exchanging the N-terminal sequences in pENTR:K2 to generate pENTR

clones with altered N-terminals: To test various sequences identified in SPOT assays

in vivo the vector pENTR:K2 was opened using the restriction enzymes SalI and EcoRI.

The sequence containing the new N-terminal peptide was synthesized, already carrying
5In this work TEV protease refers to the 27 kDa C-terminal fragment of the full length protein that is
used in biology and biotechnology, reviewed in Waugh 2011.

6NOP = no PAT
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the appropriate overhangs (complete list of all new N-terminal sequences can be found in

supplementary table 5.5). All sequences were optimized for A. thaliana codon usage using

the JCat engine7. After annealing of the single stranded fragments through slow cool down

after denaturing conditions, the new double stranded insert was ligated into the opened

pENTR:K2 vector, using the Quick Ligation Kit (NEB; Cat.No. M2200S), yielding a new

vector pENTR:X-K2 (X = N-terminal sequence) (fig. 5.14).

The introduction of the new N-terminal sequence was monitored by standard restriction

analysis through a newly introduced BamHI site which is a result of the N-terminal ex-

change and yields an additional digestion fragment (3151 bp and 63 bp vs. 2611 bp, 540

bp, and 63 bp). Following, the sequence identity of all new pENTRs was verified through

sequencing.

Cloning expression clones for recombinant production of four K2 variants:

K2 variants F/M-K2 and F/M-W-GUS-K2 were cloned as described previously (Naumann

et al. , 2016). In brief: The degron cassettes with either the W-GUS or wild type N-

terminal were amplified from their respective pENTR vectors (see above) using primers

K2(WT)_tev_frw/K2(WORL)

_tev_frw and K2-TEV_BP_rev. To change the Phenylalanine at the N-terminal to Me-

thionine, primers K2(WT)_M_tev_frw/K2(WORL)_M_tev_frw were used. The frag-

ments were purified and again amplified using primers adapter_tev/K2-TEV_BP_rev.

After another round of fragment purification, the pieces were amplified again using primers

K2-TEV_BP_frw

and K2-TEV_BP_rev to yield a PCR product suitable for BP gateway cloning. These frag-

ments were recombined with pDONR201, yielding four different pENTR vectors which were

recombined with pVP16 (Invitrogen) for expression of the fusion protein 8xHis:MBPTEV-rec-

F/M-K2-WORL/WT.

Cloning an expression clone for simultaneous expression of the E3 PRT1 with

different K2-versions form the same ORF in yeast: In a first step the ubiquitin

(UB) in pENTR:K2 was mutated to UBQK29/48/63 using site directed mutagenesis and

primer pairs K29R_frw/K29R_rev, K48R_frw/K48R_rev, and K63R_frw/K63R_rev).

All mutations were traceable via restriction digestion (abolished Psp1406I site for K29R,

abolished XhoI site for K48R, abolished XmiI site for K63R) and were confirmed via

sequencing.

To prepare pENTR:K2 for insertion of the 3xHA:PRT1 fragment, an XhoI site within

the ubiquitin moiety had to be eliminated using site-directed mutagenesis and the primer

pair KillXhoI_frw and KillXhoI_rev (template pENTR:3xHA:PRT1, kind gift from Maria

Klecker). This vector was then opened using BglII and XhoI. 3xHA:PRT1 was amplified

from pENTR:3xHA:PRT1 using primers HA_XhoI_frw/PRT1_Bgl_rev. These primers

carried the respective restriction site in their overhangs. Importantly, PRT1_Bgl_rev also

7http://www.jcat.de (Grote et al. , 2005)
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carries some additional basepairs to keep the frame since the BglII site in the Ub moiety

of K2 is some basepairs after the initial ATG. The PCR fragment was digested using XhoI

and BglII and ligated into the opened K2 backbone yielding pENTR:3xHA:PRT1:K2 which

was renamed to pENTR:Ref:K2. Success of cloning was verified through digestion analysis

and sequencing.

The vector was modified further to allow the exchange of the N-terminal sequence as de-

scribed before. Because introduction of the K63R mutation accidentally eliminated the SalI

restriction site important for N-terminal exchange, it was reconstituted using site-directed

mutagenesis and the primer pair SalI_re_frw/SalI_re_rev. Also, since Eco31I, the other

enzyme crucial for the exchange of the N-terminal sequence, has two recognition sites within

the PRT1 coding sequence, these two restriction sites were eliminated via site-directed

mutagenesis aswell, using the two primer pairs prt_kill_ec1_frw/prt_kill_ec1_rev and

prt_kill_ec2_frw/prt_kill_ec2_rev introducing silent mutations. Success was again ver-

ified via restriction and sequencing.

Two pENTR:Ref:K2 -based pEXPR vectors were generated through exchanging the N-

terminal amino acids with a yeast codon-optimized version of the K2 wildype and W-GUS

sequence generating pENTR:Ref:K2-WT and pENTR:Ref:K2-W-GUS. Codon optimiza-

tion was again achieved through the formerly described JCAT tool8. After another verifi-

cation through sequencing, both pENTR vectors were recombined into pAG426GAL-EGFP

(Alberti et al. , 2007) yielding yeast transformable pEXPR clones. For control purposes

also pENTR:K2-WT and pENTR:K2-W-GUS were generated as yeast codon-optimized

versions and recombined into the same pDEST vector.

Cloning constructs for split luciferase and luciferase stability assays: The vec-

tors pENTR:F-WT/W-GUS/W-GUS-E/W-LUC/W-LUC-D/W-LUC-K/nsP4/nsP4-K/

eK/G-GUS/poly-G/poly-GS/M/G-K2 were ligated into pDEST-GW-nLUC. This vector

carries the C-terminal fragment of luciferase downstream of a gateway site. Expression is

driven by the strong viral ProCaMV35S. The K2-versions need a C-terminal fusion because

of the necessary exposure of their N-terminal through co-translational cleavage of the N-

terminal UB moiety. The interacting partner PRT1 was ligated into pDEST-cLUC-GW

using pENTR:3xHA:PRT1.

For a luciferase-based stability assay, the different K2 versions were recombined into

the pAM-PAT-Pro35S:LUC pDEST vector carrying a firefly luciferase for C-terminal POI

tagging.

Cloning pAM-PAT -based expression vectors for easy degron-tagging of a

POI: The K2 cassette was amplified from pENTR:K2 using the primer pair K2_XhoI_frw

and K2_XhoI_rev. The reverse primer contains an additional two basepairs to maintain

the reading frame in the pEXPR vector. The K2 pcr fragment was digested and ligated

into pAM-PAT-ProUBQ and pAM-PAT-ProCDKA;1, using the restriction enzyme XhoI,

8http://www.jcat.de (Grote et al. , 2005)
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yielding the gateway destination vectors pLTDK2-ProUBQ10 and pLTDK2-ProCDKA;1.

Proper insertion of K2 was verified via sequencing using primers pLTDK2_seq1/2.

Using the pLTDK2 vectors for degron-tagging of the transcription factors

AGAMOUS and LEAFY: CDNA was generated from A. thaliana flower buds an used

to amplify the full coding sequence of LEAFY (LFY) and AGAMOUS (AGA) containing

gateway compatible BP recombination overhangs using primer pairs AG.1_att_frw/

AG_att_rev and LFY_att_frw/LFY_att_rev respectively. The primer AG.1_att_frw

contains an ATG start codon to eliminate the non-canonical translation initiation codon

ACG as a precaution to ensure translation over the whole fusion construct. Both PCR

fragments were used in a BP reaction to generate pENTR:LFY and pENTR:AGA. After

sequence verification through specific restriction/digestion and sequencing, these vectors

were recombined with pLTDK2-ProUBQ10 and pLTDK2-ProCDKA;1 to yield the four

expression vectors pLTDK2-ProUBQ10/ProCDKA;1:LFY/AG.

Using pLTDK2-ProCDKA;1 to generate a new versatile vector for simplified

promoter exchange and POI-degron-tagging : In a first step the C-terminal XhoI

restriction site, previously used to introduce the degron cassette in the pAM-PAT backbone

for generation of pLTDK2, was eliminated using the primer pair Kill_XhoI_ref_frw /

Kill_XhoI_ref_rev (fig. 5.16 1/2). After elimination of the XhoI site, the vector was

opened using the enzymes AscI and XhoI to insert a multiple cloning site (MCS) for easy

promoter insertion (fig. 5.16 3). The MCS was synthezised as a whole and offers 13

different unique restriction sites. Additionally, a new NdeI site was inserted between the

TMV omega leader sequence and the ATG of the UB by opening the vector with XhoI

and BglII and inserting a TMV-NdeI fragment that, as the MCS, was also synthesized (fig.

5.16 4). The NdeI/BglII sites offer the possibility to insert a stable reference upstream of

the degron cassette (e.g. DHFR, GUS, or a fluorophore such as GFP). This Ubiquitin-

Fusion/Reference-Technique has been used extensively for stability normalization in vivo

(Varshavsky, 2005). However, it should be taken into account that the UB within the

degron cassette is a wild type ubiquitin. If a reference construct is to be used, after cleavage

of the fusion protein, the UB remains on the reference protein where it might influence its

stability, even though this has not ben reported when using a DHFR as a stable reference

(Varshavsky, 2005). However, using the vector with a stabilized UB_K29/48/63R without

a reference would result in an unwanted stabilization of ubiquitinated proteins because the

free, overexpressed, and mutated UB would lead to chain disruption when incorporated in

polyubiquitin chaines of the K29/48/63R type.

2.2 Bacteria work

Strains:

• E.coli Dh5α - standard plasmid propagation and cloning strain
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F−endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purb20 φ80/ lacZ∆M15 4∆

(lacZYA-argF ) U169, hsdR17(rK−, mK
+), λ−

• E.coli DB3.1 - ccdB resistant strain for propagation of empty gateway vectors

F− gyrA462 endA1 glnV44 ∆(sr1-recA) mcrB mrr hsdS20(rB−, mB
−) ara14 galK2

lacY1 proA2 rpsL20(Smr) xyl5 δleu mtl1

• E.coli BL21(DE3) - standard strain for expression of recombinant proteins. Carries

DE3 for T7 promoter expression

F− ompT gal dcm lon hsdSB(rB−mB
−) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7

nin5])

• A.tumefaciens GV310::pMP90 - Rifr, Gentr, Kanr (Koncz & Schell, 1986)

Growth conditions: E. coli were grown overnight in LB media (Carl Roth; Cat.No.

X968.3) supplemented with antibiotics, if applicable, at 37°C/120 rpm. A. tumefaciens

were grown overnight in YEB media (Carl Roth; 5 g/l saccharose, 5 g/l bakto-pepton, 5 g/l

beef extract, 1 g/l yeast extract, 2 mM MgSO4 pH 7.0) at 28°C/120 rpm also supplemented

with the appropriate antibiotics.

Transformation protocols: Chemically competent E. coli were used throughout this

work9 and transformed using a standard heat-shock protocol. In brief: 0.5 µl of plasmid

DNA or a gateway reaction were incubated with 50 µl of competent bacteria on ice for 15

min. After a heat shock (55 s, 42°C) cells were regenerated with 250 µl LB media on a

thermoshaker (Eppendorf; 37°C, 800 rpm) for one hour and streaked out on MacConkey-

Agar plates containing the appropriate antibiotics for selection. For verification, single

colonies were inoculated in 4 ml LB containing the appropriate antibiotics for selection and

grown overnight. The next day plasmid DNA was extracted using the GeneJet Plasmid

MiniPrep Kit (Thermo scientific) and analyzed via restriction/digestion of DNA using three

different enzymes.

A. tumefaciens were transformed using a standard electroporation protocol. In brief: 1

µl of plasmid DNA were mixed with 50 µl of competent cells in a pre-cooled electropora-

tion cuvette (VWR; 2 mm width). Electroporation was carried out using a Gene Pulser

(BioRad; capacity 25 µF; voltage 2.5 kV; resistance 400 Ω). Cells were regenerated in 1

ml YEB for 3 h and streaked out on MacConkey-Agar plates containing the appropriate

antibiotics. To verify positive colonies single colonies were inoculated in 4 ml YEB con-

taining the appropriate antibiotics for selection and grown overnight. Plasmid DNA was

extracted as described above and used for re-transformation of E. coli . Plasmid identity

was then verified as described above.

9For a protocol using rubidium chloride compare: www.cryst.bioc.cam.ac.uk/hyvonen/methods/
competent_cells
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2.3 Yeast work

Strains:

• S.cerevisiae JD47-13C - Wild type strain

MAT a leu2-∆1 trp1-∆63 his3-∆200 ura3-52 lys2-801 ade2-101

• S.cerevisiae JD55 - Ubr1 knock out strain (in the JD52 background)

Mat a trp1-∆63 ura3-52 his3-∆200 leu2-3112 lys2-801 ubr1∆:HIS3

Cultivation conditions: Untransformed cells were cultivated in YPDmedia (Carl Rot;,

Cat.No. X970.2) or on YPD plates (Carl Roth; Cat.No. X971.2). After transformation,

cells were grown on selective minimal media (0.67% yeast nitrogen base (Carl Roth; Cat.No.

HP26.1); 2% glucose; 0.07% amino acid drop-out mix (stock consists of: 0.5 g Adenine,

2.0 g Histidine, 4.0 g Leucine, 2.0 g Lysine, 2.0 g Methionine, 2.0 g Tryptophane, 2.0 g

Tyrosine; mixed/ground and stored in the fridge); 2% agar). Since the used strains cannot

synthesize Uracil, this was used as a marker for selection of transformed cells. Therefore,

no uracil was added to the selective media or plates. For galactose dependent induction of

the GAL1 promoter in transformed yeast the glucose in the selective media was replaced

with galactose. For direct fluorescence measurements in transformed yeast an alternative

yeast nitrogen base (5 g/l NH4)2SO4, 1 g/l KH2PO4, 0.5 g/l MgSO4, 0.1 g/l NaCl, 0.1 g/l

Ca2Cl, 0.5 mg/l H3BO4, 0.04 mg/l CuSO4, 0.1 mg/l KI, 0.2 mg/l FeCl3, 0.4 mg/l MnSO4,

0.2 mg/l Na2MoO4, 0.4 mg/l ZnSO4, 2 µg/l biotin, 0.4 mg/l calcium pantothenate, 2 mg/l

inositol, 0.4 mg/l niacin, 0.2 mg/l PABA, 0.4 mg/l pyridoxine HCl, and 0.4 mg/l thiamine)

was used. This nitrogen base did not contain riboflavin and folic acid, which, due to their

strong autofluorescence, would mask any GFP signal (Sheff & Thorn, 2004). The nitrogen

base was prepared as a 10x stock, sterile filtrated, and added to the media after autoclaving.

Transformation: S. cerevisiae were transformd using the previously reported LiAc/SS

carrier DNA/PEGmethod (Gietz & Schiestl, 2007) with minor changes. Cells were streaked

out on YPD plates and incubated at 28°C overnight. The next day a single colony was

inoculated in 5 ml YPD media and again grown overnight at 28°C in an incubator at 140

rpm. The following day 1 ml of dense culture was harvested via centrifugation (2 min,

12000 rpm, standard tabletop centrifuge). The pellet was washed once in 1 ml of 0.1 M

TE buffer (1 M Tris-HCl pH 8.0, 0.1 M EDTA) and subsequently resuspended in 300 µl

40% Poly(ethylene glycol) (PEG) 4000 (Fluka, Cat.No. 95904) in LiAc/TE buffer. 74.8 µg

salmon sperm DNA (10 mg/ml in TE buffer) were added as well as 2 µl of plasmid DNA

(ca 0.5-1 µg). Cells were mixed with buffer and DNA and incubated overnight at room

temperature. The next day, the emulsion was re-mixed by pipetting and heat-shocked at

42°C for 10 min and subsequently incubated on ice for 2 min. The whole reaction was then

streaked out on selective media and incubated at 28°C. Single colonies were distinguishable

after two to three days.
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Colony PCR: From each transformation eight colonies were screened for the presence of

the correct transgene. Each of the colonies was sub-cultivated on a fresh minimal selective

media plate to ensure growth. Following, some of the cells were scraped of using an

inoculation loop and resuspended in 500 µl H2O. Cells were pelleted and washed once

more with H2O before being resuspended in 100 µl H2O. The cell suspension was then

boiled for 10 min at 96°C. Cell debris was pelleted by centrifugation and 5 µl of the clear

supernatant were used as a template in a standard PCR reaction.

2.4 Drosophila work

Cell line: D. melanogaster Kc (Echalier & Ohanessian, 1969) cell lines were used.

Cultivation conditions: D. melanogaster cells were cultivated in 3 ml Schneider’s

medium (Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) at 24°C. To keep

cultures vital and healthy cells were passaged every 5 days in a 1:10 dilution.

Transfection: Cells were transfected using the Effectene Transfection Reagent (Quia-

gen; Cat.No. 1054250) in 12-well plates according to the manufacturer’s protocol for semi-

adherent cells.

2.5 Plant work

Seed sterilization: A. thaliana seeds for aseptic cultivation were sterilized using chlorine

gas. Seeds were placed into a 2 ml reaction tube (Eppendorf) and exposed to chlorine gas

for at least 1 h but never more then 4 h to prevent damage to the seeds. Generation T0

seeds, obtained after floral dip transformation of Arabidopsis thaliana, were sterilized for

full four hours. The chlorine gas was created by mixing 10 ml of sodium hypochlorite (Carl

Roth; NaOCl, 12%) with 5 ml of hydrochloric acid (Carl Roth; HCl, 37%)10 in a closed

box.

Plant cultivation: Plants were grown either on steamed (sterilized for 3 h at 90°C)

soil mixture (Einheitserde Classic Kokos (45% (w/w) white peat, 20% (w/w) clay, 15%

(w/w) block peat, 20% (w/w) coco fibers; 10-00800-40, Einheitserdewerke Patzer, Gebr.

Patzer); 25% (w/w) Vermiculite (grain size 2-3 mm; 29.060220, Gärtnereibedarf Kamlott);

300-400 g/m3 soil substrate of Exemptor (100 g/kg thiacloprid, 802288, Hermann Meyer)),

on 1/2Murashige & Skoog (MS) (2.16 g/l MS salts, Duchefa; 0.5% Glucose, Carl Roth; 8

g/l phytoagar, Duchefa; pH to 5-6-5.8 using KOH) plates, or in liquid culture in 1/2MS+2-

(N-morpholino)ethanesulfonic acid (MES) (2.16 g/l MS salts + vitamins, Duchefa; 0.1%

Glucose; Carl Roth; 0.5 g/l MES) in different conditions according to the general demands

of the experiment. Normal or intermediate growth temperatures refer to 21°C. Cold and

warm temperatures refer to 14°C and 28°C respectively. Long day growth conditions refer

10NaClO + 2 HCl > Cl2 + H2O + NaCl
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to a light/dark period of 16/8 h as opposed to short day conditions which refers to a

light/dark period of 8/16 h. Plants grown at intermediate or warm temperatures were

stratified for at least three days at 4°C in the dark. Seeds destined for germination at

14°C were never stratified since this significantly devreased germination efficiency at low

temperatures. For controlled environment experiments, plants were cultivated either in

growth cabinets (Percival Scientific; AR-66L2/AR-66L3) or in phyto chambers (Johnson

Controls) at a humidity of 60%. During temperature shift experiments plants were watered

with pre-cooled or pre-heated water to avoid temperature effects in response to irrigation.

Plants destined for selection of transgenic plants on soil or for seed propagation were

cultivated in greenhouses at long day conditions.

High-throughput plant genotyping: A. thaliana plants were genotyped in a 96-well

format as described previously (Dissmeyer & Schnittger, 2011). The lfy-12 plants were

genotyped using a dCAPS marker and primers BstAPI_frw and BstAPI_rev (Neff et al. ,

1998). Digestion of the PCR product with the enzyme BstAPI results in elimination of an

additional small molecular weight signal in the mutant allele visible through a band weight

difference on a 4% aggarose gel (WT: 345, 25; lfy-12 370).

The genetic identity of the AGA T-DNA insertion line (SALK_014999, Urbanus et al.

2009) was confirmed using primer pairs AG_WT_frw/AG_WT_rev and AG_WT_frw

/AG_LB. Degron constructs were identified using primers DHFR_frw and DHFR_rev.

The PRT1 mutant allele prt1-1 was genotyped using primers N130 and N131. The allele

contains an EMS-introduced CAPS-marker which can be identified through digestion of

the PCR product with the enzyme MnlI.

Generation and selection of stable lines: Stable lines of A. thaliana were gener-

ated using the floral-dip method (Clough & Bent, 1998). In brief: A single colony of

A. tumefaciens that carried the desired pEXPR clone was used to inoculate 5 ml of YEB

media and grown overnight. The next day the dense culture was used to inoculate the

transformation culture. This culture was grown again until it appeared opaque and or-

ange. Depending on the size of the culture this took between eight hours to overnight.

Prior to transformation 5 g/l glucose and 500 µl of the surface surfactant L-77 were added

to the culture. Flowering A. thaliana plants showing many unopened inflorescences were

transformed by submerging the shoots in the A. tumefaciens suspension for 20 s. Sub-

sequently, plants were covered and incubated overnight in the greenhouse without direct

exposure to lights. The next day cover was taken off, plants re-erected, and cultivated until

seed setting.To select for transgenic plants seedlings were either grown on soil or aseptically

on plates. Selection on plates was achieved using either kanamycin sulfate (Carl Roth; 50

mg/ml stock in H2O, dilution 1:1000) or glufosinate (Duchefa; 10 mg/ml stock in H2O, di-

lution 1:1000). Selection on soil was achieved by spraying in two day intervals with BASTA

(Bayer CropScience; dilution 1:1000 in tap water) at least three times or until non-resistant

plants turned white and died.
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Trypan blue staining: Trypan blue is a stain commonly used to stain dead tissues

(described in Strober 2015). A. thaliana leafs or whole seedlings were stained as previously

reported11 with little changes. In brief: Tissue of interest was added into the staining

solution and boiled for one minute. Samples were de-stained using chloral hydrate and

finally stored in 50% (v/v) glycerol.

Polarized light microscopy: To visualize leaf hairs polarized light microscopy was

used, exploiting the birefringent properties of trichomes. When analyzed under a micro-

scope with dual polarization filters trichomes light up in a bright appearance (Gudesblat

et al. , 2012, Pomeranz et al. , 2013). However, I used chloral hydrate for destaining of

the leafs. For better analysis and visibility of trichomes color of the images was inverted

to display trichomes as black on white background. True leafs three to six were used for

analyzed.

Agarose imprints of leaf surfaces: To analyze leaf surface morphology imprints

on agarose were produced as described previously (Mathur & Koncz, 1997) with minor

changes. First, only a 2% agarose suspension was used. Second, a few mg of bromphenol

blue was added to the agarose which yielded a light blue color significantly enhancing the

contrast under the stereo microscope.

Seed mucilage visualization: Seed mucilages was visualized by submerging them in

diluted ink followed by macroscopic analysis using a stereo microscope (Rerie et al. , 1994).

Documentation of plants and microscopy: Pictures of plants in situ were taken

using a Canon DSLR EOS750D camera equipped with a 50 mm Canon macro lens. For

more detailed analysis a Nikon AZ100 stereo microscope equipped with a DS-Fi2 color

camera was used. A confocal laser scanning microscope (Zeiss, LSM780) was used for

microscopic analysis.

Protoplast isolation and transfection: Mesophyll protoplasts from plants of the mu-

tant allele prt1-1 were isolated using the Tape-Arabidopsis Sandwich technique described

previously (Wu et al. , 2009) with minor changes. The digestive enzymes were purchased

from Serva (Macerozyme R-10, Cat.No. 28302.03 and Cellulase "Onozuka" R-10, Cat.No.

16419.03). Also, protoplasts were isolated from the leaf by a three hours incubation period

without shaking and protected from direct light in an air-conditioned room set to 18°C.

To isolate the protoplasts after the incubation period, leafs were shaken delicately in the

solution until cells were released. Protoplasts were transfected according to the protocol

in the same publication (Wu et al. , 2009) again with minor changes. Mainly, after trans-

fection, cells were just washed once with solution W5 and finally incubated overnight in

the dark at 14°C. Transfections were done in 12 ml cell culture tubes (Greiner Bio One;

Cat.No. 163160). DNA for transformation was purified using the NucleoBond PC 500

Maxi kit (Machery Nagel; Cat.No. 740571). DNA yield and purity was monitored using

a photospectrometer (Tecan; M200pro). For storage and simplified transfection, DNA was

11http://www.unifr.ch/plantbiology/eng/Home/research/mauch-group/protocols/trypan-blue
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diluted to a final concentration of 1µg/µl in H2O.

Proteasome inhibitor treatments of Arabidopsis seedlings: For proteasome in-

hibitor (PI) treatments, seedlings were grown aseptically in 20 ml MS+vitamins/MES on

a rocking platform. After two weeks, the media was taken away and the seedlings sepa-

rated into three samples: Untreated, PI-treated, and mock (Dimethyl sulfoxide (DMSO))-

treated. Each sample was treated with 10 ml of the growth media supplemented with the

proper chemicals (PI-treated: MG132 to a final concentration of 50 µl (from a 50 mM stock

in DMSO); mock-treated: 1 µl DMSO/10 ml media (1:1000)). After five hours samples

were harvested, proteins extracted, and analyzed via Western Blot (see section 2.8). 20 µg

of total protein were loaded in each lane.

DAPI staining: 4’,6-diamidino-2-phenylindole (DAPI) staining was performed to stain

nuclei in intact A. thaliana leafs. Plant material was fixed using a solution of 3.7%

formaldehyde in PBT (0.1% Tween in PBS) overnight. After fixation material was washed

twice with PBT and subsequently submerged in DAPI staining solution (2.5 µg/ml DAPI,

5% DMSO in PBT), vacuum infiltrated and incubated again overnight. Samples were

washed with PBT and destained using EtOH using different concentration (30%, 50%,

70%, 50%, 30%) each for one hour and finally transferred to PBT.

2.6 Expression, purification, and in vitro stability of

recombinant proteins

Expression and purification of PRT1 in BL21(DE3): PRT1 was expressed as a C-

terminal 8xHIS:MBP-tagged fusion protein from the vector pVP16 (Invitrogen) (construct

pVP16-8xHIS:MBP:PRT1, kind gift from C. Naumann). Protein was expressed as followed:

One colony was picked and grown overnight in 5 ml Luria Miller broth (LB) + Carb. This

pre-culture was used to inoculate the main culture (250 ml). The culture was grown to an

OD600 of 0.6 in baffled flasks and induced using Isopropyl-β-D-thiogalactopyranosid (IPTG)

at a final concentration of 1 mM. Protein was expressed for three hours at 37°C. Cells were

harvested through centrifugation (4°C, 3000 g, 20 min), resuspended in 10 ml Ni-buffer

(100 mM Tris-HCl, pH 8; 300 mM NaCl; 0.25% Tween; 10% glycerol), and pre-lysed by

incubation with lysozyme at a final concentration of 1 mg/ml on ice. After pre-lysis cells

were further cracked by sonication. Cell lysate was cleared by centrifugation (4°C, 12000 g,

20 min) and the supernatant loaded on a column (Quiagen; Polypropylene Column, 5 ml

volume, Cat.No. 34924) packed with 1 ml Ni-NTA agarose beads (Quiagen; Cat.No. 30230)

equilibrated with Ni-buffer. After re-loading the flow-through once on the column, it was

washed with 20 ml of Ni-buffer. The bound protein was eluted using 5 ml of the Ni-buffer

supplemented with 400 mM imidazole. 1 ml fractions were collected and stored at -20°C

until further use. All purification steps on column were executed at room temperature.

Expression and purification of K2-variants in BL21(DE3): Proteins were es-
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sentially expressed and purified as described above for PRT1 with only changes in buffer

composition. A more stringent Ni-buffer (NiK2-buffer, 50 mM Tris pH 8, 400 mM NaCl,

4% glycerol, 2 mM EDTA, 25 mM imidazole) was used. Elution was done as described

above with the NiK2-buffer plus 400 mM imidazole.

TEV cleavage of N-terminal tags: TEV protease12 was used to cleave N-terminal

tags for exposure of desired N-termini. Homemade TEV protease was used (Kapust et al.

, 2001) according to a previously published protocol (Naumann et al. , 2016).

Stability of fluorescent K2-variants in crude plant extract: Recombinant pro-

teins were labeled using the red dye provided in the SPL starter kit according to the

manufacturers instructions (NH Dyeagnostics; Smart Protein Layers, excitation 650 nm,

emission 665 nm13, Spl Red Kit, Cat.No. PR914) and incubated with a crude protein ex-

tract generated using a previously described buffer (Kim & Kim 2013 with only 1/10 of the

ATP concentration). To analyze stability in regard to proteasomal dependent degradation

the proteasome inhibitor MG132 was used. Every 1.5 hours samples were taken, boiled in

loading dye, and subjected to SDS-PAGE (see 2.8). Fluorescence was measured suing a

Typhoon FLA 9000 (GE Healthcare Life Sciences) with the photomultiplier set to 700 V.

Intensities were analyzed using the ImageJ software suit14 following a protocol for Western

Blot intensity analysis15.

2.7 Degron stability assays in vivo

Qualitative GUS assay: In situ β-glucuronidase (GUS) assays were performed as a

simplified version of the protocol described in (Kim et al. , 2006). Whole plants were

submerged in a GUS staining solution containing 1 mM of the glucoronidase substrate X-

glucuronide sodium salt (X-Gluc) (Santa Cruz Biotechnology; sc-208490). After vacuum

infiltration for 30 minutes, samples were incubated overnight at 37°C and subsequently

fixed in GUS fixation solution (ethanol : glacial acetic acid 9:1) at room temperature for

at least four hours, or until tissue became completely destained of chlorophyll, and finally

analyzed using a standard stereo microscope.

Quantitative GUS assay: GUS activity in seedlings/leafs was measured using a

previously described approach (Kim et al. , 2006) in a streamlined and optimized ver-

sion. For each sample five or more seedlings were harvested. Protein extraction was per-

formed using GUS extraction buffer. 196µl of assay solution supplemented with 1 mM 4-

methylumbelliferyl-β-D-glucuronide (4-MUG) (Santa Cruz Biotechnology; sc-280452) were

mixed with 4µl of the crude plant extrct containing the GUS protein and transferred into a

white 96-well plate (Thermo Scientific; FluoroNunc). The fluorescence measurements were
12In this work TEV protease reffers to the 27 kDa C-terminal fragment of the full length protein that is

used in biology and biotechnology, reviewed in Waugh 2011.
13http://www.dyeagnostics.com/site/wp-content/uploads/2012/05/SPL_Rot_40W.pdf
14http://imagej.nih.gov/ij/
15http://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-image-j/
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performed in a preheated photospectrometer (Tecan; M1000) at 37°C for 60 min. One data

point was recorded every minute for 1.5 h.

The product of the reaction of the GUS enzyme with its substrate 4-methylumbelliferone

(4-MU), is fluorogenic and has an excitation maximum at 365 nm and an emission max-

imum at 455 nm. Individual stopping and measurement of the completed reaction, as

described in the original publication, is hence not necessary. The curve was plotted and

the slope of the linear part of the curve was used to calculate the total GUS activity as

pmol 4-MU per min and mg total protein using a 4-MU calibration curve (produced with

different dilutions of 4-MU, Santa Cruz Biotechnology; sc-206910, see supplementary fig-

ure 5.3A) and through normalization to the total protein content of the sample. In case

of activity measurement in A. thaliana protoplast 10µl of the protoplast suspension were

directly resuspended in 190µof GUS extraction buffer including the substrate in the 96-well

plate and measured as described before. All biological replicates were measured as three

technical replicates and averaged.

Temperature shift experiment in plants: Plants were grown at 14 or 28°C respec-

tively. After ten days plates with plants grown at 14°C were shifted to 28°and vice versa.

Samples were taken at indicated time points. For every sample between 5 and 10 seedling

were pooled. Proteins were extracted using a suitable extraction buffer and subjected to

quantitative (K2:GUS) or western blot analysis (K2:GUS, K2:GFP).

Temperature shift experiments in fruit fly cell culture: After transfection, cells

were incubated at 24°C. At the indicated time points plates were shifted to either 15 or

28°C respectively. Subsequently cells were harvested and protein content analyzed through

western blot.

Temperature tuning experiment: Plants were grown at 14 or 28°C respectively for

10 days. Samples were taken (for every sample five seedlings were pooled) every 24 h and

following temperature was shifted for 2.8°C up or down. This was repeated until both,

samples grown at 14 or 28°C respectively, completed a full cycle (14°C > 28°C > 14°C;

28°C > 14°C > 28°C). Harvested samples were snap-frozen in liquid nitrogen, stored at -

80°C and analyzed all together after the completion of the experiment, using a quantitative

GUS assay.

Split-luciferase assay: After transfection, using 4.5 µg Pro35S:cLUC:PRT1_C29A

DNA, 4.5 µg Pro35S:K2:nLUC DNA, and 1 µg ProUBQ:GUS (Norris et al. , 1993) DNA,

for normalization, per 100 µl of protoplast suspension, the cells were incubated for 19

h at room temperature in the dark. To measure the luciferase activity the substrate d-

luciferin (Carl Roth; Cat.No. 4096.2) was added to a final concentration of 1 mM (from

a 10 mM stock in H2O). 200 µl of protoplasts were transferred to a white 96-well plate

(Thermo Scientific, FluroNunc) and measured in a luminometer (Tecan; M200 pro) with

an integration time of 20 s. GUS activity of every sample was determined as described

previously. The software GraphPad Prism 5 was used for statistical analysis and data
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representation in BoxBlots.

Luciferase stability assay: The p1-1 protoplasts were transfected with 4µg of pAM-

PAT-Pro35S:K2:LUC DNA, 2µg of ProUBQ10:GUS (Norris et al. , 1993) DNA, and 2µg

of pAM-PAT-ProUBQ:PRT1WT/C_29A DNA (kind gift of Maria Klecker) per 100 µl of

protoplast suspension. After 16 h of incubation at 18°C in the dark 140µl of protplast

suspension of every sample was measured for their luciferase activity as described previously

with the only difference that a 10 s integration time was used. GUS activity of every

sample was determined as described previously and used for signal normalization. Stability

of the individual K2 variants was determined as: Stability = LUC-activity in PRT1WT

co-transfected cells/(LUC-activity in PRT1C29A co-transfected cells/100). The software

GraphPad Prism 5 was used for statistical analysis and data representation using BoxBlots.

Degron stability in yeast: Verified colonies were used for degron stability and degra-

dation assays. The different yeast expression clones described above (see section 2.1.1 were

transformed into the different yeast strains. To assess stability, cells were pre-grown on

selective plates. Cells were scraped of and inoculated in liquid selective minimal media

with 2% galactose to induce the protein expression. Cells were grown overnight. The next

day cells were harvested and pellets washed twice with H2O and OD600 was measured.

Cells were pelleted once more and resuspended again in minimal selective media now with

2% glucose to a final OD600 of 1. Glucose was used to shut off promoter activity. 300µl of

the cell suspension was transferred into a black 96-well plate (Thermo Scientific; Nunclon).

EGFP fluorescence was measured in a fluorescence reader (Thermo Scientific; VarioScan,

28°C, 488 nm excitation, 509 nm emission, 500 ms integration time).

2.8 Protein Techniques

Protein extraction and quantification: For protein extraction from D. melanogaster ,

cells from one well were transferred into a standard 1.5 ml reaction tube and sedimented

through centrifugation (4°C, 5 min 300 g). The pelleted cells were washed once with ice

cold PBS. To lyse the cells a radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-

Cl pH 8, 120 mM NaCl, 20 mM NaF, 1 mM EDTA, 6 mM EGTA, 1 mM benzamidine

hydrochloride (sc-207323, Santa Cruz Biotechnology) 15 mM Na4P2O7, and 1% Nonidet

P-40; EDTA-free Complete Protease Inhibitor cocktail (Roche Diagnostics) was added to

the freshly made buffer and aliquots were stored at -20°C for later use) was used with

lysis happening in a pre-chilled thermo shaker (Eppendorf ThermoMixer, 4°C, 800 rpm, 20

min). The cell lysate was cleared of insoluble cell debris via centrifugation (>20,000 g, 4°C,

20 min). The clear supernatant was transferred to a fresh tube and protein concentration

determined using the BCA kit (see below).

For protein extraction from A. thaliana, material (seedlings or tissues such as leafs

or flowers) was collected in standard 2 ml reaction tubes containing three metal beads
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(M’́uhlmeier; Nirosta stainless steal beads; 3.175 mm; Cat.No. 75306). Samples were flash

frozen in liquid nitrogen and either stored at -80°C for later experiments or used directly. A

bead mill (Retsch; 45 s, 30 Hz; with collection microtube blocks (Qiagen; adapter set from

TissueLyser II, Cat.No. 69984)) was used for grinding. After grinding, extraction buffer,

either RIPA buffer, GUS extraction buffer (Kim et al. , 2006) (50 mM Na-phosphate, 10

mM EDTA, 0.1% (w/v) SDS, 0.1% (v/v) Triton X-100, and 10 mM β-mercaptoethanol

freshly added), or the extraction buffer from Kim et al. (Kim & Kim, 2013) with only 1/10

of the ATP use, was added and lysis was carried out for 20 min at 4°on a thermoshaker at

1000 rpm. Subsequently, the protein extract was cleared through centrifugation (20 min,

4°C, >20000g) and the supernatant transferred to a fresh 1.5 ml reaction tube. Protein

content was quantified using either DirectDetect or BCA for RIPA extracts and either

DirectDetect or 2-D Quant for GUS extracts (see below).

Protein content was quantified using either the DirectDetect system (MerckMillipore),

a Pierce BCA Protein Assay Kit (Thermo Scientific; Cat.No. 23225) according to the

manufacturer’s instructions for plate reader and measured in a photospectrometer (Tecan

M200pro, Tecan), or the 2-D Quant Kit (GE Healthcare Life Sciences; Cat.No. 80-6483-56)

according to the manufacturer’s instructions.

Immunoprecipitation of K2:GUS from plant extract: ProUBQ10:K2:GUS ex-

pressing plants were grown on selective 1/2MS plates at permissive temperatures. Proteins

were extracted (Dissmeyer et al. , 2007) and two individual reactions were set in individual

1.5 ml reaction tubes each containing 250 µl of cleared plant extract with a concentration

of 1. 5µg/µl (determined using DirectDetect). Pre-clearing was performed using 100 µl

of an equilibrated 50% bead slurry (GE Healthcare; nProtein A Sepharose 4 Fast Flow

Cat.No. 17-5280-01) for two hours on a rotating wheel at 6°C. Beads were pelleted by

centrifugation, the supernatant transferred into a fresh tube, and 50 µl of a-DHFR anti-

body were added (tab. 5.2). Samples were incubated with the antibody overnight again

on a rotating wheel at 6°C. The next day 250 µl of an equilibrated 50% bead slurry were

added to the reaction and incubated for three hours on a rotating wheel at 6°C. Finally,

beads were harvested by centrifugation (400 g, 2 min, 4°C) and washed twice with bead

buffer (Dissmeyer et al. , 2007). To analyze bound proteins, beads were boiled with 30

µl of 5x loading dye at 96°C for five minutes. Insoluble bead remnants were cleared by

centrifugation and the supernatant was pooled. A small fraction was run on a standard

SDS-PAGE and analyzed by Western Blotting using an a-HA antibody (tab. 5.2) to verify

the success of the Immunoprecipitation (IP). The rest of the sample was run on a gel and

subjected to a mass spectrometry compatible silver staining.

TUBE-based enrichment of the ubiquitome: A Tandem Ubiquitin Binding Enti-

ties (TUBE) approach was used to enrich the ubiquitome from K2:GUS expressing plants

grown under cold and warm temperatures to evaluate the ubiquitiniation state of the pro-

tein at the different conditions. Plants (ProUBQ10:K2:GUS -expressing and wild type)
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were grown aseptically on petri dishes. 3-week old seedlings were harvested and immedi-

ately snap-frozen in liquid nitrogen. Plant material was ground using mortar and pestle

and protein was extracted using the extraction buffer from Kim et al. (see above) with

added proteasome (100 µM MG132) and DUB inhibitors. 1 ml of a protein extract, at

a concentration of 1.5µg/µl, was incubated with 40µl of a 50% slurry of TUBE matrix

(LifeSensors; Agarose-TUBE 2, Cat.No. UM402) equilibrated in the extraction buffer.

The bead matrix was incubated with the plant extract for 1.5 h at 6°C on a 3D-shaker.

Following, beads were washed with 500 µl of extraction buffer and resuspended in 50 µl

of 5x SDS loading dye, boiled at 95°C for 10 min, and centrifuged (20000 g, 5 min) to

remove insoluble cell and bead debris. 20 µl of the supernatant were used for SDS-PAGE

and subsequent analyzed using UB and HA-specific antibodies (tab. 5.2).

SDS PAGE and Western Blot: Defined amounts of protein were diluted with 5x

loading dye (0.2 % [v/v] bromophenol bue, 0.5 M DTT, 50 % [v/v] glycerol, 10% [v/v]

SDS, 0.25 M TRIS-Cl pH 6.8). Proteins were denatured at 96°C for ten minutes. Separation

was achieved using standard SDS-polyacrylamide gel equipment (BioRad; Protean Mini).

For Western Blot analysis, gels were blotted using a semi-dry blotting system (Bio-Rad;

Trans-Blot SD Semi-Dry Transfer Cell) at 0.85 V/cm2 of membrane and a standard PVDF

membrane (GE; Amersham Hybond P 0.45 PVDF, Cat.No. 10600023 ). Subsequently, the

blot was blocked for one hour (at room temperature) to overnight (at 6°C) in TBST (50

mM Tris, 150 mM NaCl, 0.1%Tween 20) + 4% milk on a rocking platform. Blots were

incubated with primary and secondary antibody in 4% milk in TBST for always 1 h each

with a 30 min washing step in between (3x10 min TBST).

Three buffer blotting system: SPOT-array-bound proteins were blotted using the

three buffer blotting system (Kyhse-Andersen, 1984) that has recently been established for

SPOT assays (Klecker & Dissmeyer, 2016).

Detection of HRP-signals: Depending on signal intensity HRP signals were detected

using either a chromogenic substrate (Thermo Scientific; Novex HRP Chromogenic Sub-

strate (TMB), sensitivity range 1 ng, Cat.No. WP20004), or chemo-luminescent substrates

of one of two different strengths (Thermo scientific; SuperSignal West Pico, sensitivity range

10-50 ng/mL, Cat.No. 34077 or SuperSignal West Femto, sensitivity range 2-10 ng/ml sec-

ondary antibody, Cat.No. 34094) with a standard film developing unit and X-ray films

(Hartenstein; Fujifilm Super RX, Cat.No. RF11).

Gel and blot loading controls: Coomassie Brilliant Blue (CBB) (Carl Roth; Rotiphorese

Blau R, Cat.No. 3074.1) was used to stain membranes and gels. This stain is irreversible

and was therefore only used after analysis by e.g. Western Blot was completed. Gels or

membranes were incubated in the CBB solution followed by destaining using destaining

solution (40% methanol, 10% acetic acid). Ponceau S (Saturated solution in 5% acetic acid,

Sigma Aldrich; Cat.No. 141194) was used after blotting and before blocking of membranes

to ensure proper transfer and loading. Ponceau S staining is reversible and membranes

40



2 Material and Methods

were first destained with destaining solution followed washing by TBST. In some cases

blots were re-probed with a primary antibody against a housekeeping gene. In this case

the membrane was stripped ( Carl Roth; Roti-Free stripping buffer, Cat.No. 0083.1) first.

Silver staining: All solutions were used at a 25 ml scale. After gel run the gel was

incubated for at least one hour in fixing solution (40% (v/v) methanol (10 mL), 10%

(v/v) acetic acid (2.5 mL) in H2O). The gel was pretreated for 30 minutes in a solution of

0.8 mM Na2S2O3, 0.8 M CH3COONa, 30% (v/v) methanol in H2O. After washing three

times in water for at least 5 min the staining was performed for 20 minutes using 12 mM

AgNO3in H2O. The staining was developed in 0.2 M NaCO3/0.04% formaldehyde in H2O.

The reaction was stopped by incubation in in 0.3 M Na2-EDTA for at least 10 minutes.

Bands were excised and proteins analyzed by mass spectrometry.

2.9 SPOT assays

Membrane synthesis and Synthetic Peptide On membrane support Technique

(SPOT) assay: Membranes were synthesized as described previously (Klecker & Diss-

meyer, 2016). At least four replicates of the same membrane were synthesized (Membrane

1 - 6x, Membrane 2 - 4x). Dry membranes were sealed in foil and stored at -20°C. Af-

ter de-protection and activation (Klecker & Dissmeyer, 2016), membranes were blocked in

TBSTSPOT (20 mM Tris-HCl, pH 7.4, 135 mM NaCl, 0.1% (v/v) Tween 20) + 10% milk

overnight. 8xHis:MBP:PRT1 was used at various concentrations to distinguish the optimal

signal to background ratio. For initial experiments 8xHis:MBP:PRT1 was used in a con-

centration of 200 nM, for the final and quantified assays the enzymes was diluted to a final

concentration of 18.5 nM in binding buffer (TBSTSPOT + 5 mM dithiothreitol (DTT) + 10

mM maltose + 0.75% milk). 8xHis:MBP:PRT1 was always pre-incubated for 30 minutes

in the binding buffer subsequently followed by a two hour incubation with the membrane.

After washing with TBSTSPOT (3 intervals a 10 minutes, 30 minutes total) the membrane

was blotted using a three buffer blot system (Kyhse-Andersen, 1984, Klecker & Dissmeyer,

2016) or later used for immediate detection of bound proteins.

Antibody based detection of PRT1 binding: After blotting the PVDF membrane

was blocked for one hour in TBST + 4% at room temperature. 8xHis:MBP:PRT1 or

8xHis:MBP were probed using an a-His tag antibody (tab. 5.2) followed by detection

using an HRP-coupled secondary antibody (tab. 5.3).

Fluorescence based analysis of PRT1 binding: To quantify and normalize bind-

ing efficiency of 8xHis:MBP:PRT1 on and between the SPOT membranes a quantifiable

approach using fluorescence was developed, since the dynamic range of X-ray films is too

limited to allow adequate quantification (Faden et al. , 2016a). Three different approaches,

or rather optimization steps, were established. For detection a Typhoon FLA 9000 (GE

Healthcare Life Sciences) was used. The signal intensity was analyzed using the ImageJ
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software16 together with an embedded MicroArray analysis profile17. To analyze the bind-

ing efficiency, the measured values were exported to Excel 2016 (Microsoft). For every

membrane the average binding intensity of six K2 wild type controls was determined. This

value was set as 100% an subsequently all other values obtained from a given membrane

was normalized to the binding efficiency of the K2 sequence in %/K2. A sequence starting

with a stabilizing residue served as blank normalization.

Immuno Blue based detection: The PVDF membrane, as obtained after the assay,

blotting, and blocking procedure was incubated with Immuno Blue, a fluorescent chro-

mogenic HRP substrate (NH Dyeagnostics; Cat.No. PR840) according to the manufactur-

ers instructions and analyzed using the same ImageJ procedure as described above.

Detection of labeled 8xHis:MBP:PRT1 on a PVDF membrane: Before in-

cubating the 8xHis:MBP:PRT1 enzyme in the binding buffer, it was labeled using the

same red dye as mentioned above (see section 2.6). This red dye allows a direct detec-

tion of the fluorescence signal thus eliminating the need for a specific antibody. To label

8xHis:MBP:PRT1, the appropriate amount of protein was labeled in a 5x reaction accord-

ing to the manufacturer’s instruction, however internal standards for Western Blot analysis,

as provided with the kit, were neglected. After the labeling procedure, the whole reaction

was diluted in the binding buffer to a final concentration of 18.25 nM and the SPOT assay

was carried out as described above. After washing, the membrane was blotted on PVDF

and the blot directly analyzed in the Typhoon reader.

Detection of labeled 8xHis:MBP:PRT1 on the SPOT membrane: As a final

optimization step, and to exclude signal alterations by the blotting procedure, the flu-

orogenicly labeled 8xHis:MBP:PRT1 fusion protein was directly analyzed on the SPOT

membrane without any blotting. The SPOT assay itself was carried out as described

before.

Regeneration of SPOT membranes: After use, membranes were stripped (Klecker

& Dissmeyer, 2016). Subsequently membranes were either dried, sealed, and stored at

-20°C or washed with TBSTSPOT and reused directly. Membranes were re-used for up to

six times without noticing signal alterations.

16http://imagej.nih.gov/ij/
17Bob Dougherty, www.optinav.com/MicroArray_Profile.htm
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3 Results

3.1 The degron cassette mediates temperature dependent

control over protein abundance over a wide variety of

proteins of interest

To demonstrate the capabilities of the degron approach and to further characterize the

degron’s behavior on a molecular level, different reporters were fused to the optimized N-

degron cassette (K2, Gowda et al. 2013, Faden et al. 2016b). All reporter proteins offered

an easy readout and/or were well established proteins that have been used widely in a bio-

logical/biochemical context, therefore being of general interest to the science community1.

To confirm true regulation on protein level, transcripts of many of the reporter lines were

analyzed.

3.1.1 Generation of a K2:GUS expressing reporter line

β-glucuronidase (GUS) is an enzyme from E. coli that has been used extensively in higher

plants for promoter and expression studies (Jefferson et al. , 1987). It catalyzes the hydrol-

ysis of β-glycosidic bonds, which in enzyme assays with either 5-bromo-4-chloro-3-indolyl

glucuronide (X-Gluc) or 4-methylumbelliferyl-beta-D-glucuronide (4-MUG) results in eas-

ily measurable read-outs which are a bright blue precipitate for X-Gluc and a fluorescence

signal for 4-MUG. K2:GUS expression in stably transformed A. thaliana plants was driven

by either ProCaMV35S (Pro35S), ProUBQ10, or ProCDKA;1.

Identification of responsive K2:GUS expressing lines: T2 plants were screened

for degron functionality through a qualitative GUS assay of plants grown at 14°C or 28°C.

In the initial screen, two lines, one for the CDKA;1 and one for the UBQ10 promoter

construct, were identified that showed a temperature dependent accumulation of the active

GUS protein, as made visible by a blue color precipitate. However, expression of K2:GUS

in the ProCDKA;1 controlled line seemed weak (fig. S 5.3B). Most of the other lines either

did not show any color, or showed color independent of the growth temperature. Mainly

Pro35S driven lines behaved in this way, most likely due to strong expression from the

viral promoter (fig. 3.1A). The two identified lines were grown again at 14°C or 28°C and

1An overview over this first generation of K2-reporter constructs, depicting overall organization as well
as used promoters and primary destabilizing residues, can be found in fig. S 5.2.
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subjected to a quantitative GUS assay. The ProCDKA;1 line proofed to be a false positive

since it did not show significant GUS activity (fig. S 5.3C).

Protein analysis: To evaluate whether the qualitative differences would correlate with

abundance of GUS protein, samples were generated from cold and warm grown plants and

subjected to Western Blot analysis. Signals for the K2:GUS fusion protein always appeared

specifically as two distinct species over and below 100 kDa (fig. 3.2B). The lower molecular

weight signal occured at the in silico predicted mass weight of the K2:GUS fusion protein

of 94.3 kDa. Longer exposure of blots always resulted in both signals being visible in both

samples (14°C or 28°C) with different intensities (fig. S 5.3D). The higher molecular weight

signal was found to be stronger in samples extracted from cold grown plants, whereas the

lower molecular weight signal was usually more abundant in samples isolated from warm

grown plants. Longer exposure led to both signal appearing in both samples, whereas

weaker exposure of the blot led to a characteristic ”zig-zag” scheme of bands (figs. 3.1B

and 3.2).

3.1.1.1 Characterization of the ProUBQ10:K2:GUS reporter line

A qualitative GUS assay confirms the response of K2:GUS levels to tem-

perature: To analyze the GUS activity, a Pro35S:GUS 2, as well as a non-responsive

Pro35S:K2:GUS expressing line were used as controls. GUS activity in the two control

lines was significantly higher then in the degron expressing lines. Also the dynamics of

the GUS accumulation was inversed. Were non-responsive lines accumulated more active

GUS enzyme under warm conditions, the ProUBQ:K2:GUS expressing line accumulated

significantly more active GUS enzyme when grown at 14°C then when grown at 28°C, in-

dicating functionality of the degron in regard to temperature dependent accumulation of

the K2:GUS fusion protein (fig. 3.1A).

A quantitative GUS assay reveals inverse accumulation kinetics between

the responsive ProUBQ10:K2:GUS expressing line and non-responsive control

lines: Plant lines used for the qualitative assay were now subjected to quantitative analy-

sis. GUS activity in the two control lines was found to be 3 to 23 times higher then in the

K2:GUS expressing lines. Also, the dynamics of the GUS accumulation was inverted. Were

non-responsive lines accumulated more active GUS enzyme at 28°C, ProUBQ10:K2:GUS

reliably accumulated significantly more active GUS enzyme at 14°C (fig. 3.1C). Also it

appeared as if the fusion of the degron to the GUS enzyme influenced overall protein levels

as the activity in the Pro35S:K2:GUS expressing plants was significantly lower compared

to the GUS activity found in the Pro35S:GUS expressing lines. This data confirms the

results obtained in the qualitative GUS assay (fig. 3.1A)

Temperature shift experiments show a quick and timely responsive of K2:GUS

2Expression from the binary plasmid pBI121 (Jefferson et al. , 1987); kind gift of Diana Schmidt (Leibniz
Institute of Plant Biochemistry, Halle)
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Figure 3.1 – The degron cassette stirs K2:GUS accumulation in a highly re-
sponsive, temperature dependent manner.(A) Qualitative GUS assays of different
lines expressing K2:GUS under the control of different promoters reveal a temperature
dependent stability only when expression is driven by the weaker UBQ10 promoter. (B)
Western Blot analysis of cold and warm grown, K2:GUS expressing, plants reveal double
banding with a typical zig-zag signal appearance. Blots were probed with anti-Ha (tar-
geting the degron cassette) and anti-GUS (directly targeting the GUS moiety) antibodies
respectively. (C) Quantitative analysis confirms the observation made in (A). N = 6 for
ProUBQ:K2:GUS and N = 3 for all others. p<0.5 *, p<0.01 **. p<0.001 ***. unpaired
ttest. (D) The degron reacts to a temperature shift within hours. Stabilization at 14°C
is not completed 24 hours past shift. N = 3 (E) Degron stability and linked GUS activity
is flexible and tunable following a temperature stimulus in teh transgenic GUS-expressing
plants. N = 3

levels to altered temperatures: To dissect the resolution of the degron accumulation

in regard to temperature and time, two different shift experiments were employed. In a

first approach, plants were grown at 21°C temperature on plates. After two weeks, plates

were shifted to either 14°C or 28°C respectively. Upon temperature shift, activity increased

or decreased in a temperature dependent manner, indicating accumulation or degradation

of the K2:GUS fusion protein (fig. 3.1D). The level of GUS activity dropped quickly and

reached a low steady-state already after eight hours as indicated by reached statistically

significant differences in activity as compared to time point zero (for values see additional

data in table 5.1). The changed activity correlated with the total amount of K2:GUS fusion

protein (fig. S 5.3D).

A temperature tuning experiments shows a linear link between K2:GUS sta-

bility and temperature: Additionally to the first experiment, where the reaction time

of the stabilization of the K2:GUS fusion protein was assessed, a second experiment was

performed to show tuneability as well as (de)stabilization kinetics of the K2:GUS fusion

protein. Plants were grown at 14°C or 28°C. Every 24 h a sample was taken and the

temperature shifted for 2.8°C up or down. The degron quickly responded to changed tem-

peratures, which allows to tune protein content to desired levels (fig. 3.1E). The response

of the degron to switching temperatures seemed linear, thus confirming the results of the

temperature shift experiment (fig. 3.1D/E).

An inhibitor treatment indicates proteasomal degradation of the K2:GUS

fusion protein: The previous experiments indicated that K2:GUS stability, and there-

fore the enzymatic GUS activity per µg of total protein, is linked to temperature. How-

ever, it remained unclear whether the K2:GUS fusion protein is readily degraded by the

Ubiquitin Proteasome System (UPS) as predicted. Treatment of seedlings with the pro-

teasomal inhibitor MG132 clearly showed accumulation of higher molecular weight signals

after treatment of plants grown at 28°C. This indicates that the K2:GUS fusion protein is

indeed degraded by the proteasome. Also, it suggests that the higher molecular species of

K2:GUS represent the fraction of total K2:GUS protein, that confers the activity, sensitive

to temperature dependent accumulation/degradation (fig. 3.2A).
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Figure 3.2 – Inhibitor treatments, enrichment, and mass spectrometric anal-
ysis suggest potential distinct ubiquitinated species of K2:GUS and its
degradation via the UPS.(A) Treatment of stable transgenic seedlings expressing
ProUBQ10:K2:GUS with the proteasomal inhibitor MG132 indicates degradation of the
K2:GUS fusion protein via the proteasome as indicated by appearance of higher molecu-
lar species after treatment (white triangles). (B) Immunoprecipitation of K2:GUS form
stable transgenic ProUBQ10:K2:GUS expressing plants using a DHFR specific antibody.
The left panel shows success of the pulldown. Not only the two previously identified
signals appear but also numerous others of intermediate molecular masses indicating a
higher diversity of different sub-species. The right panel indicates the three different
samples (high, middle, low) cut from the gel and subjected to mass spectrometric analy-
sis. Peptides specific for the fusion K2:GUS fusion protein were identified in all samples
(compare Faden et al. 2016b for exact results). (C) Ubiquitome enrichment of sta-
ble transgenic plants expressing ProUBQ10:K2:GUS, using a TUBE matrix, indicates
that the multiple signals observed in K2:GUS expressing plants indeed represent various
ubiquitinated subspecies of the fusion protein. Especially the higher molecular weight
species are enriched in the elution fraction when the starting material was grown at cold
temperatures.

Immunoprecipitation (IP) and Mass Spectrometry confirm the identity of

the different protein sub-species: To analyze the different species of K2:GUS, the

fusion protein was immunoprecipitaded and subjected to mass spectrometric analysis. The

success of the IP was monitored via SDS-PAGE. For better resolution of the high molecular

weight signals, a low acrylamide percentage of 8% was chosen. The number of K2:GUS

species, as indicated by the different specific signals appearing, seemed to be even higher

than initially observed. Whereas other Western Blots always showed a separation into only

two species (figs. 3.1A, 5.3D, and 3.2A/C), the analysis on a low percentage gel suggested

at least four species of the K2:GUS fusion protein (fig. 3.2B left panel). However, the two

species previously identified were the most abundant ones. To test whether these species

contained the K2:GUS fusion protein the larger part of the IP reaction was loaded on

another gel and silver-stained. Three different parts of the gel were cut out and subjected

to mass spectrometric analysis (fig. 3.2B left panel). Indeed, in all three fractions peptides

specific for the GUS enzyme could be identified (compare Faden et al. 2016b).

Enrichment of the Ubiquitome of K2:GUS expressing plants reveal over-

representation of discrete sub-populations of the ubiquitinated fusion protein:

To elucidate the ubiquitination state of the K2:GUS fusion protein under different tem-

peratures, a Tandem Ubiquitin Binding Entities (TUBE) based enrichment of the entire

ubiquitome of plants grown at 14°C or 28°C was carried out. Wild type plants were used

as a control to ensure specificity of the immunosignals in the elution fraction. Especially

the higher molecular weight signals always appeared specifically enriched in the TUBE-

enriched ubiquitome fraction (fig. 3.2C). Additionally, a typical ubiquitination smear is

visible atop the upper K2:GUS elution signal. This might indicate that the higher band

of the two bands always visible in the K2:GUS line represents a specific state of ubiqui-

tination. Interestingly, the control blot probed with an anti-Ub antibody revealed that

the overall abundance of ubiquitinated proteins seemed to be lower in plants grown at 28°.
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Also no difference between transgenic and wild type plants in regard to total ubiquitination

levels was apparent.

3.1.2 Cloning and expression of Tobacco Etch Virus protease as a degron
fusion protein

TEV protease, or rather the 27 kDa C-terminal domain of full length TEV protease con-

ferring cleavage activity, has widely been used in vitro and in vivo for protein cleavage at

its conserved recognition site (E-N-L-Y-F-Q-(G/S)) (reviewed in Waugh 2011). Due to its

high specificity it represents a protein of a certain biotechnological importance. Transgenic

T2 lines expressing Pro35S:K2:TEV were screened for the presence of the fusion protein

by Western Blot analysis. For every line samples from plants grown at either 14°C or 28°C

were analyzed to identify lines accumulating K2:TEV in a temperature dependent manner.

Three lines were initially identified, however, one line showed silencing effects in generation

T3, leaving two lines that reproducibly showed a temperature dependent accumulation of

the K2:TEV fusion protein (fig. 3.3A).

3.1.3 Cloning and expression of the BASTA resistance protein PAT as a
degron fusion protein

The aim was to generate a conditionally BASTA-resistant3 A. thaliana line. Transgenic T1

were directly selected through BASTA spraying at 14°C to recover only K2:PAT expressing

lines that showed the desired stability phenotype of the K2:PAT fusion protein.

K2:PAT expressing lines show neither a clear macroscopic nor protein level

phenotype:. Responsive lines should survive at 14°C, but not at 28°C, due to the temper-

ature dependent accumulation of the K2:PAT fusion protein. No Pro35S:K2:PAT express-

ing and responsive line showing the desired phenotype could be isolated. All lines showed

resistance to BASTA regardless of growth temperature (fig. 3.3B).

To exclude possible effects of the temperature on the efficiency of the BASTA selection,

also wild type plants were grown at 14°C and 28°C with or without BASTA. BASTA se-

lection was not influenced by the growth temperature and killed non-transgenic plants effi-

ciently under any growth condition tested (fig. S 5.4). Since it proofed impossible to isolate

a responsive line expressing K2:PAT under the control of the strong ProCaMV35S, a set of

new pEXPR vectors with the weaker ProUBQ10 and ProCDKA;1 driving expression was

generated. These vectors were termed pAM-NOP4. As opposed to previous experiments,

where only phenylalanine starting degron cassettes (K2) were used, now also version with

3BASTA (glufosinate, phosphinothricin) is a widely used herbicide. Resistance to BASTA or its active
components is conferred by the bar gene coding for the PAT enzyme. Two homologues have been initially
isolated from Streptomyces hygroscopicus (Thompson et al. , 1987) and Streptomyces viridochromogenes
(Wohlleben et al. , 1988). Since then it has been used in a wide variety of plants for research, bio-and
aggrotechnological applications.

4NOP = no PAT
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Figure 3.3 – Analysis of Tobacco Etch Virus (TEV) and phosphinothricin-
N-acetyltransferase (PAT) as degron fusions.(A) K2:TEV expressed under the
control of the strong viral ProCaMV35S results in temperature dependent accumulation
of the fusion protein. CDKA;1 was used as a housekeeping gene. (B) Representative
selection of different lines expressing K2:PAT. All lines showed insensitivity to BASTA
independently of the growth temperature (black bar = 1mm). (C) Western blot analysis
of three Pro35S:K2:PAT expressing lines. Even though some changes in signal intensities
and abundance could be observed overall there was no clear phenotype on protein levels
which is in line with the observed insensitivity to BASTA. D Different promoters or
N-termini do not alter the BASTA insensitivity phenotype (black bar = 1 mm).

Arginine (R-K2) and Leucine (L-K2) at the N-terminal were used (pAM-NOP-ProUBQ:K2-

PAT/R-K2:PAT/L-K2:PAT and pAM-NOP-ProCDKA;1:K2-PAT/R-K2:PAT/L-K2:PAT ).

Selection of transgenic lines took place again at 14°C. Transgenic lines for pAm-NOP-

pUBQ:K2-PAT/R-K2:PAT as well as for pAM NOP pCDKA;1:L-K2-PAT could be re-

covered. These lines were screened again for a temperature responsive BASTA resistance

phenotype as described previously. However, no responsive line could be isolated again (for

a representative selection fig. 3.3D).

To elucidate whether the temperature insensitive resistance phenotype might still cor-

relate with a responsive phenotype on protein level, meaning less of the K2:PAT fusion

protein at 28 then at 14°C, selected lines were analyzed via Western Blot. Samples were

harvested from three Pro35S lines (fig. 3.3B) grown at 14°C and 28°C. Multiple specific

signals were identified, with the highest molecular weight one under cold growth temper-

atures correlating with the expected, in silico determined, molecular weight of 46.9 kDa

for the complete K2:PAT protein and with the other ones representing possible cleavage

products. Interestingly, this highest band reliably disappeared under warm growth con-

ditions indicating temperature dependent processing of the fusion protein (fig. 3.3C). No

significant difference in overall levels of band intensities could be observed between the two

growth conditions correlating with the non-responsive phenotype.

3.1.4 Addressing different N-recognins of the plant N-end rule through
Phe- and Arg-starting K2:GFP constructs

Green fluorescent protein (GFP), and its various versions, are long established fluorophors,

used extensively in cell biology (reviewed in Remington 2011). Pro35S:K2:GFP and

Pro35S:R-K2:GFP expressing lines were screened for presence of the fusion protein at

14°C and 28°C through Western Blot analysis. Two lines expressing K2:GFP as well as

two lines expressing R-K2:GFP were isolated that reliably showed the desired phenotype

on protein level (data not shown). These lines were subjected to a temperature shift ex-

periment (fig. 3.4A). All lines showed efficient stabilization or degradation of the fusion

protein depending on the temperature shift. It is worth noting, that the R-K2:GFP ex-

pressing plants performed as well as the K2:GFP expressing ones indicating that the degron

is also able to efficiently target R-K2:GFP for degradation through PRT6. Functionality of
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the K2:GFP fusion protein was verified using a confocal laser scanning microscope. GFP

fluorescence was clearly identified in the root cells of transgenic K2:GFP expressing plants.

The identity of the K2:GFP signal was confirmed through a lambda scan (fig. S 5.5).

3.1.5 The K2 cassette mediates efficient protein degradation in
D.melanogaster embryonic Kc cells

To test whether the degron would also be functional in D. melanogaster , K2:GFP was

expressed in embryonic Kc cells. D. melanogaster , as an example for a poikilothermic ani-

mal, was chosen to demonstrate the comprehensive applicability of the degron in different

organisms. 24 h post transfection cells were treated with either 1 mM of the protein trans-

lation inhibitor cycloheximide (CHX) or a mock treatment and shifted for four hours to

15°C or 28°C respectively. The K2:GFP fusion protein was destabilized upon temperature

shift. The effect became even more eminent when translation was disrupted through the
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Figure 3.4 – K2:GFP with different N-termini addresses both known N-
recognins in plants as well as the N-end rule in D.melanogaster. The pheno-
type is a true protein one and not the result of transcriptional regulation.(A)
K2:GFP adressing the Phe-as well as the Arg-branch of the N-end rule in A.thaliana.
Plants were grown at 21°C temperature and shifted to 14°C or 28°C respectively. Sam-
ples were taken after 0, 6, and 24 h. (B) Semi-quantitative reverse transcriptase anal-
ysis shows that the degron phenotype happens on the level of stabilization rather then
being a result of transcriptional regulation. (C) The degron is able to mediate degra-
dation/stabilization in embryonic D.melanogaster Kc cells. (D) Functionality of the
K2:GFP fusion protein in Kc cells is monitored by fluorescence microscopy.

inhibitor (fig. 3.4C). K2:GFP is also functional as indicated by microscopic analysis (fig.

3.4D).

3.1.6 Transcript analysis confirms regulation of degron levels on protein
level

To ensure that the phenotypes of the different responsive degron lines is dependent on

stabilization of the protein, rather then transcriptional regulation, cDNA from the K2:GFP,

K2:GUS, and K2:TEV expressing lines was analyzed using a DHFR (= K2) specific primer

set. Results clearly showed that the degron transcripts are not responsive to temperature,

indicating a real and temperature dependent protein stabilization phenotype (fig. 3.4B).

3.1.7 Cytotoxic barnase expressed in Arabidopsis trichomes as a degron
fusion is able to stir organ formation

In his master thesis, Stefan Mielke isolated a transgenic A. thaliana line expressing a

K2:BAR fusion under the control of the trichome specific TRYPTICHON promoter (Pro-

TRY) (Mielke, 2014). The bacterial ribonucleas (BAR) is an enzyme possessing RNase

activity, synthesized and secreted by the soil bacterium Bacillus amyloliquefaciens (Buckle

& Fersht, 1994). It is potentially cytotoxic in all eukaryotic and prokaryotic cells. The

ProTRY:K2:BAR expressing line showed a temperature dependent presence of trichomes.

When grown at 14°C trichomes were absent, most probably due to the cytotoxic effects of

the stabilized K2:BAR fusion protein. When grown at 28°C plants appeared wild type-like

(Mielke, 2014).

This line was now further characterized using different microscopic approaches to fur-

ther define the K2:BAR fusion protein as a conditional cell-death module for higher plants.

A. thaliana trichomes, due to their unicellular organization and good characterization (re-

viewed e.g. in Schwab et al. 2000, Hülskamp 2004), represent a versatile model system

for the expression of (toxic) proteins and their effects also due to the ease of trichome

observation using well established microscopic methods.

Trichome formation in the ProTRY:K2:BAR expressing line is a dynamic

process controlled by temperature: Plants were grown at 14°C and 28°C respectively.
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Figure 3.5 – A K2:BAR fusion protein expressed in A.thaliana trichomes
controls organ formation in a temperature dependent manner.(A) Abrogation
of trichomes can be stirred through conditional stability of the K2:BAR fusion protein,
using a temperature stimulus. Plants were grown at either 14°C or 28°C. Cold grown
plants were shifted to warm temperatures for 9 d before being shifted back to cold tem-
peratures. Trichome formation on newly formed leafs was monitored (white bar = 1
cm). (B) Polarized light analysis of cleared true leafs three to six. The plants expressing
ProTRY:K2:BAR show completely glabrous trichomes (black bar = 500 µm). Trichomes
appear as black. (C) Agar imprints of the leaf surface of K2:BAR expressing plants.
K2:BAR expressing plants were compared with wild type plants. Plants were grown at
14°C. The trichome base of the transgenic plants has collapsed and is severely altered
compared to wildtype plants. (D) DAPI staining of K2:BAR expressing plants grown at
cold temperatures show a trichome phenotype similar to the gl2 phenotype. Trichome
cells remain in a state of growth arrest as indicated by the still present nuclei. (E) Older
leafs of ProTRY:K2:BAR expressing plants show occasional induction of trichomes sim-
ilar to the previously described gl2 phenotype.

The previously reported phenotype (Mielke, 2014) was completely reproducible. Plants ex-

pressing ProTRY:K2:BAR reliably abolished trichomes when grown at 14°C (fig. 3.5A).To

test whether the trichome phenotype is dynamically responsive to temperature switches,

plants grown at 14°C were switched to 28°C for nine days. New leaves clearly exhibited a

normal, wild type like, trichome patterning. After a switch back to cold growth tempera-

tures the K2:BAR fusion protein was stabilized and new leaves appeared glabrous5 again.

This clearly indicates that the K2:BAR fusion protein reacts dynamically to changing

temperatures (fig. 3.5A).

To analyze trichome spacing and number in more detail, I used a polarized light mi-

croscopy approach to visualize trichomes. Leafs of plants grown at either 14°C or 28°C

were harvested and visualized. The pictures clearly confirmed the macroscopic data shown

in figure 3.5A. Cold grown plants of ProTRY:K2:BAR expressing plants appear indeed

glabrous (fig. 3.5B)

The K2:BAR fusion protein significantly alters the structure of the trichome

base: To gain further insight into the process of trichome abolition in K2:BAR-expressing

plants, agar imprints of the surface were obtained. The imprints clearly showed significant

alterations in the overall structure of the trichome base. Namely, the cells around the

central trichome-forming cells did not form. However, the central, barnase expressing, cell

is still present in the tissue indicating a growth arrest rather then a complete ablation of

the cell (fig. 3.5C).

DAPI staining of nuclei reveals a cell growth arrest similar to the gl2 mu-

tant allele phenotype: To finally distinguish whether the trichome forming cells of the

K2:BAR expressing plants grown at cold temperatures have collapsed or are only in a state

of growth arrest I performed microscopy analysis of DAPI stained leafs (fig. 3.5D). If the

cells are indeed dead they should no longer contain DNA. The analysis of stained leafs

revealed that the glabrous leaf phenotype elicited through K2:BAR strongly resembles the

5glabrous = smooth, without hairs
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phenotype of the GLABRA2 knockout allele (gl2 ) (Rerie et al. 1994, reviewed in Hül-

skamp 2004). Similar to this phenotype, the cells arrested in a state of enlargement prior

to forming the actual trichome indicating that the initiation and differentiation process

was interrupted. Comparable to the gl2 phenotype, also some cells, even though very

rarely, were able to start trichome initiation, something that was also reported for the gl2

phenotype. However, this only happened solemnly and predominantly on older leaves (fig.

3.5D).

Figure 3.6 – The K2:BAR fusion protein is degraded by the E3 ubiquitin
ligase PRT1 and the phenotype is organ specific.(A) Crossing of ProTRY:K2:BAR
into the prt1-1 mutant background results in a temperature independent stabilization of
the fusion protein (white bar = 1 cm). (B) K2:BAR is also active in flowers (white
bar = 500µm). (C) K2:BAR does not lead to increased seed abrogation under cold
temperatures. Late stage siliques of wild type and ProTRY:K2:BAR expressing plants
were opened and analyzed using a stereo microscope. There is no obvious difference
between the control and the transgenic plants (black bar = 1 mm). (D) Transgenic and
wild type seeds show no difference in mucilage deposition as made visible by a white
aureole around seeds after submergence in diluted ink (black bar = 500 µm).
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Genetic evidence suggests degradation of K2:BAR by the E3 ligase PRT1: To

test whether the degron is indeed predominantly degraded by the E3 ligase PRT1 and to

asses whether barnase activity itself might also be influenced by the changing temperature, I

crossed the K2:BAR-expressing line into the PRT1 mutant background (prt1-1, Bachmair

et al. 1993, Potuschak et al. 1998). Crossing into prt1-1 resulted in a temperature

independent stabilization of the K2:BAR fusion protein, thus indicating that indeed the

degradation by PRT1, and not potential temperature sensitivity of barnase, led to the

temperature dependent toxicity phenotype (fig. 3.6A)

ProTRY is also active in flowers but not in seeds: Transcript data of the TRYP-

TICHON protein obtained from the eFP browser (Winter et al. , 2007) (see also figure

5.6) shows that ProTRY is almost ubiquitiously active throughout the whole plant with

expression maximals in trichomes, early flower stages as well as early seed / silique devel-

opmental stages. This led to the question whether the toxic protein K2:BAR would also

induce cell death in other tissues then in the leafs/trichomes. The temperature dependent

expression of the K2:BAR fusion protein led to abolishment of trichomes on the flowers

(fig. 3.6B). Since the expression data also hints towards expression in early seedlings and

siliques the question arose whether K2:BAR expressing plants would be sterile under cold

growth conditions. This was not the case.

To determine whether expression and activity of the K2:BAR fusion protein at 14°C

would result in in abolished seeds, late stage siliques were opened and seeds analyzed

using a standard stereo microscope. The K2:BAR expressing line did not show more

abolished seeds then the Col-0 wildtype plants grown at the same temperature (fig. 3.6C).

Additionally, the seeds showed an indistinguishable mucilage deposition on the seed coat

when compared to wild type seeds. Disturbed mucilage deposition in the seed coat is a

reported phenotype of gl2 (Rerie et al. , 1994), indicating that the similarity to gl2 does

not extend to the seed but remains exclusive for trichomes (fig. 3.6D).
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3.2 Using a peptide array to determine N-terminal sequences

with improved binding to PRT1

The proposed mode of action of the original heat-inducible degron in yeast suggested an,

at least partial, unfolding of the DHFR moiety at the restrictive temperature, allowing the

conditional ubiquitination of the fusion protein (Dohmen et al. , 1994). This would suggest

that PRT1 can always recognize the N-terminal of the degron cassette and that only the

ubiquitination and the subsequent degradation, but not the recognition, is conditional.

Following this idea, I decided to attempt to improve recognition of the degron cassette by

PRT1. This optimized recognition should lead to a more efficient degradation of the degron-

fusion protein under restrictive growth temperatures. We choose Synthetic Peptide On

membrane support Technique (SPOT) assays using 17mere peptide. The SPOT technique

is a well established technique to map protein-protein interaction and has already been

applied in the N-end rule field for the determination of binding affinities of different peptides

to different N-recognins (Hwang et al. , 2010a, Kim et al. , 2014, Klecker & Dissmeyer,

2016, Dong et al. , 2017).

3.2.1 SPOT membrane design

To identify sequences, showing an improved binding affinity to PRT1, an intensive literature

search was performed. Different sequences were identified that were discussed, or have been

shown previously, to be sequences leading to degradation via the N-end rule pathway of

protein degradation. Partially, these sequences have been used to generate probes mapping

the N-end rule. Some of these sequences were used in this work as scaffolds to map and

optimize binding efficiency. The identity of the sequence, e.g eK or nsP4, refers to amino

acids two to 16 as, amino acid 17 was always a Glycine and the amino acid at position

one, usually a Phenylalanine or a control amino acid, might not have been the same in the

original publication of the sequence.

• eK - The eK-sequence is a derivate of the E. coli LacZ-gene and has been used to

identifiy and map the N-end rule in yeast with a wide variety of N-termini (Bachmair

et al. , 1986, Bachmair & Varshavsky, 1989). The 17-mer peptide sequence (in 1-letter

code) used is: F-HGSGAWLLPVSLVKR-G

• nsP4 - The nsP4 sequence is a derivate of the Sindbis Virus RNA polymerase and has

been used in stability assays with a type 1 (R) and type 2 (Y) primary destabilizing

residue (de Groot et al. , 1991). The 17-mer peptide sequence (in 1-letter code) used

is: F-IFSTDTGPGHLQKKS-G

• W-GUS - The N-terminal extension sequence of a GUS reporter probe previously

described (Worley et al. , 1998). The 17-mer peptide sequence (in 1-letter code) used
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is: F-QIPGYGQSLMLRPVE-G

• W-LUC - The N-terminal extension sequence of a Luciferase (LUC) reporter probe

previously described (Worley et al. , 1998). This reporter has also been used to

map the plant N-end rule with various N-termini(Graciet et al. , 2010). The 17-mer

peptide sequence (in 1-letter code) used is: F-QICRSTDLHSGTVGK-G

Unfortunately, no crystal structure is available, neither for PRT1 nor for any other

eukaryotic E3, binding type 2 primary destabilizing residues. Only a structure of the

E. coli protein ClpS, which is the type 2 recognition particle6 of the bacterial N-end rule,

has been published and described in its binding to the N-terminal of peptide sequences

(Guo et al. , 2002a,b, Erbse et al. , 2006, Román-Hernández et al. , 2009, Dougan et al. ,

2012, Stein et al. , 2016). I was reasoning that the binding of the same type-2 N-degrons

might be reflected in a similar overall domain architecture in ClpS and PRT1, especially

since Ubr1, the E3 of the Arg/N-end rule in yeast carries a ClpS-homology domain for

recognition of type 2 destabilizing residue. While there is only very limited sequence

homology between Ubr1 and PRT1, they share functional homology (reviewed in Tasaki

et al. 2012). Additionally, a SPOT assay approach has already been applied to map

binding efficiencies of different peptides to ClpS (Erbse et al. , 2006).

It has been shown that ClpS binds better to peptides with a positive net charge (Erbse

et al. , 2006), a fact that is further supported through observation of the crystal struc-

tures which shows that the binding pocket for the destabilizing residue is surrounded by

negatively charged amino acid (fig. S 5.7, Román-Hernández et al. 2009).

Also, it has been demonstrated previously that the presence and position of Lysine

residues within the N-terminal sequence have an influence on stability, when addressing

the Arg/Nend rule in yeast with probes exhibiting type 1 or type 2 destabilizing residues at

their N-terminal (Suzuki & Varshavsky, 1999). Therefore, one question to also be addressed

in the SPOT assays was, whether the influence of Lysine residues on stability acts on the

level of recognition or the subsequent degradation, since Lysine residues are prime targets

for ubiquitination crucial for degradation.

Membrane 1: Membrane 1 was synthesized with two different sets of positive controls

to ensure the suitability of the SPOT assay for K2-binding by PRT1. A set of six wild type

K2 sequences was arranged on the first column of the membrane to serve as controls for

inter-and intra-experimental normalization. The last column of the membrane consisted of

six spots of a sequence derived from the protein ETHYLENE-INSENSITIVE PROTEIN 2

(EIN2), that has been shown to be bound strongly by PRT1 in a SPOT assay (M. Klecker,

personal communication). This sequence served as an initial positive control, since it was

unknown how the K2 sequence would behave in this type of assay. The membrane was

6Particle, because ClpS does not have any modifying activity but only recruits substrates to the protease
ClpA.
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designed with two things in mind: One the one hand different sequences already used

in the N-end rule field were to be tested and compared to the K2 sequence in regard to

their binding efficiency. On the other hand different new sequences were modeled following

analysis of hydrophobicity and electric surface potential of the type 2 primary destabilizing

residue binding pocket of ClpS (fig. S 5.7). Below a full rationale of the chosen sequences

is given. An overview over membrane arrangement, as well as a full list of all peptide

sequences can be found in the appendix (tab. 5.6 and fig. S 5.8).

• F-K2 WT control - The standard amino acids of the K2 degron cassette start-

ing with Phenylalanine. Six spots were synthesized for inter-and intra-experimental

normalization.

• F-H + Glycine stretch - Previous understanding about the structure of N-Degrons

always assumed a high mobility of the N-terminal to be important. This was to be

tested using a very mobile Glycine stretch.

• F + small amino acids - Using smaller amino acids while trying at the same time

to respect charge and hydrophobicity of the original sequence for possible increased

mobility.

• F-R + Glycine stretch - Same as the previous glycine stretch, only with Arginine

at position two.

• F + G-GUS - The amino acid sequence used at the N-terminal of a reporter con-

struct leading to the discovery of PRT6 (Garzón et al. , 2007).

• F + nsP4 - The nsP4 sequence as described above with different variations.

• F + non-aromatic hydrophobic aa + K2 - A test whether a hydrophobic patch

close to the N-terminal can alter binding efficiency.

• F + non-aromatic hydrophobic aa + negative stretch + Glycine - Same as

before with addition of a negative stretch and a mobile Glycine part.

• F-H + Glycine-Serine walk - To test whether a combination of mobile (Glycine)

and polar (Serine) residues is beneficial.

• F + W-GUS - As described above with and without negative charge.

• F-I + K2 - K2 sequence with Isoleucine at position 2.

• F + W-LUC - As described above with and without negative charge and Lysines.

• K2 with different type 2 destabilizing residues at position one - To test

whether phenylalanine does indeed provide the best binding efficiency.
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• K2 Alanine walk - Every position replaced once by alanine to determine the influ-

ence of every amino acid on binding.

• F + eK -The eK sequence as described above, also with alterations such as e.g. with

or without Lysines.

• F + EIN2 - The positive control previously identified by M. Klecker (personal

communication).

Membrane 2: Membrane 2 was designed to reproduce some of the results of membrane

1 as well as to gain more insight into the binding behavior of 8xHis:MBP:PRT1 to some

of the sequences. Also, it was attempted to optimize some of the well binding sequences

through creation of hybrids.

Below a full rationale of the chosen sequences is given. For arrangement on the membrane

see figure S 5.9. A full list of all peptide sequences can be found in the appendix (tab. 5.7).

• F-K2 WT control - The standard amino acids of the K2 degron cassette starting

with phenylalanine. Six spots were spread over the membrane for inter-and intra-

experimental normalization.

• F + G-GUS - Same as described above.

• M/G-2 at position 1 or 2 - ELUCidating the influence of the amino acids Glycine

and Methionine at position one and two of the peptide sequence because of their

frequent use as negative controls.

• F + nsP4 variants - Different versions of the previously described nsP4 sequence.

• F + W-GUS Alanine walk - An Alanine walk through the Worley sequence to

determine influences of every amino acid position on PRT1 binding.

• F-K2 Aspartate walk - An Aspartate walk through the K2 sequence to determine

possible positive influence of negative charges at certain positions in the peptide

sequence.

• F + ek - Different versions of the previously described eK sequence.

• F + K2/W-GUS hybrids - Mixtures of the well binding sequences Worley-GUS

and K2.

• F + W-LUC - Different versions of the well binding Worley-LUC sequence.
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3.2.2 SPOT assay - detection, optimization, and data analysis

Assay and data analysis: Membranes were de-protected once and used for the SPOT

assays. Following the assay, membranes were regenerated and stored or reused at a later

timepoint. It is important to emphasize that no decrease or change in binding affinity

between used or fresh membranes could be observed. Also, since one type of membrane

set always originated from one synthesis event they are treated as technical replicates and

values were averaged.

Membrane 1 - blotting and antibody based detection: A first set of membranes

was incubated with the 8xHis:MBP:PRT1 fusion protein as well as with free 8xHis:MBP

as a negative control. A starting concentration of 50 nM of recombinant protein used

on SPOT membranes has been previously described (Klecker & Dissmeyer, 2016). To

account for the fact that a membrane was synthesized, which almost exclusively consisted

of sequences binding to PRT1, a higher concentration of 200 nM was chosen to prevent

protein depletion. 8xHis:MBP was used in the same concentration as a negative control

on an identical membrane. A strong signal was detected when using 8xHis:MBP:PRT1,

while 8xHis:MBP did not show any unspecific binding (fig. 3.7A). Additionally, binding

efficiency and capacity of the membrane was so high that the recombinant protein was even

detectable using CBB staining (fig. 3.7A).

Membrane 1 - optimization of protein concentration for blotting: Because of

the strong binding of 8xHis:MBP:PRT1 to the SPOT membrane the protein concentration

for the assay was lowered to 50 nM as previously described (Klecker & Dissmeyer, 2016).

This significantly improved the quality of the assay (fig. 3.7B). Also some of the weaker

spots (e.g. C2/3) disappeared compared to he first assay indicating that the lower protein

concentration used in this assay led to more stringent binding. The 8xHis:MBP:PRT1

fusion protein reliably showed increased binding to some sequences compared to the K2

wild type control. Especially the spots A7 (nsP4-K), C6 (W-GUS), D2 (W-LUC-K), and

E8 (K2 R8A) reliably appeared in five experiments.

Membrane 1 - quantification using ImmunoBlue: To quantify the efficiency in

binding of 8xHis:MBP:PRT1 to different peptide sequences and to strengthen and validate

the results obtained by antibody/ECL-based detection, an optimized approach was intro-

duced, where the detection of the bound protein was still based on an antibody, but the

chemoluminescent ECL detection was replaced by the fluorogenic substrate ImmunoBlue

enabling quantification. Detection with ImmunoBlue often led to "unclean" results. The

spots seemed to diffuse and substrate to be washed away from the spots before forming

the fluorogenic precipitate. Nevertheless, these assays led to the first quantifiable results

(fig. 3.7C).

A total of three membranes was quantified (fig. S 5.15). The results are consistent with

data obtained from the ECL experiments. For example the well binding spots A7 (No.
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Figure 3.7 – Optimizing synthetic peptide binding assays from a purely qual-
itative to a fully streamlined quantitative experiment identifying optimized
N-terminal sequences for PRT1 binding.(A) Incubation of membrane 1 with 200
nM of 8xHis:MBP:PRT1 or 8xHIS:MBP results in strong binding in a blotting/antibody-
based detection process. 8xHis:MBP does not bind unspecifically to the membrane. (B)
Decrease of protein concentration to 50 nM significantly increases experimental qual-
ity. (C) Replacing standard ECL substrate with the fluorescent substrate ImmunoBlue
allows for quantification but exhibits some problems with substrate dispersal. (D) Di-
rect labeling of PRT1 allows for further reduction of used protein concentration and
further increases the experimental quality while resulting in a fully quantifiable signal
in a blot based assay (detection strength = 800V). (E) Omission of blotting and direct
on-membrane detection further streamlines the experiment. Representative membranes
for membrane 1 (left panel) and 2 (right panel) incubated at the indicated temperatures
are shown (detection strength = 650V).

6), C6 (No. 21), D2 (No. 25), and E8 (No. 39) still appeares. However, the differences

in binding did not seem as striking as seen in the ECL experiments (fig. 3.7B and fig. S

5.15).

Membrane 1 - direct fluorescent labeling PRT1: To avoid the shortcomings of the

ImmunoBlue detection and to streamline the assay procedure further, 8xHIS:MBP:PRT1

was labeled using a fluorogenic dye. Additionally, the protein concentration used for the

assay was lowered again to a final concentration of 18.25 nM, to avoid unspecific binding

and to reduce signal diffusion (fig. 3.7D).

For quantification and comparison of the different experiments all values were normal-

ized to the average of six K2 wild type sequences on each membrane. Also, the value

for the peptide starting with Alanine (31/D8) was always subtracted as a blank, since

8xHis:MBP:PRT1 should not interact with this spot and therefore, binding by PRT1 can

be considered unspecific, or at least N-terminal independent. Figure S 5.10 shows the nor-

malized binding values for all tested sequences. Analysis of the obtained data can be found

below together with data obtained from direct detection of the fluorescent protein on the

membrane.

Membrane 1 - direct on membrane detection and binding at different tem-

peratures: To further simplify and streamline the assay and to improve the quality of the

obtained results, a next level of optimization was reached by directly detecting the labeled

fusion protein on the membrane. This eliminated the blotting procedure and boosted signal

intensities by about 20%, when compared to the blot-based assay. Now, also the binding

efficiency of 8xHis:MBP:PRT1 at different temperatures was assessed. 14°C, 22°C, and

28°C were chosen respectively.

The higher and lower temperatures represent the maximum temperature range of the

degron when used in vivo. The intermediate temperature would help to elucidate the

binding behavior at room temperature, as well as making it comparable to the previous

assays. This follows the idea that N-terminal mobility, as a function of the temperature,

might influence the recognition and therefore destabilization through action of PRT1.
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This mobility might be based only on basic underlining principles such as the Brown-

ian motion7 or could be directly connected to the primary sequence of the peptide chain

adopting different conformations or states of increased or decreased mobility dependent on

temperature, something that has been previously described however for longer sequences

(e.g. see review in Mackay & Chilkoti 2008) .

Figure 3.7E (left column) shows representative images for binding of 8xHis:MBP:PRT1

to membrane 1 at each of the indicated temperatures. Figure 5.10 shows the comparative

and quantified binding efficiency of 8xHis:MBP:PRT1 to membrane 1 at different tempera-

tures.Overall it can been seen that the signal intensity of many sequences is boosted. Also

a large set of sequences previously found not to bind 8xHis:MBP:PRT1 now shows very

high binding efficiency (compare signal intensities of peptide sequences 12-16 in figure 5.10

for blot-based and direct detection) indicating a qualitative and quantitative difference

between the two experimental approaches.

3.2.3 In depth analysis of binding of PRT1 to membrane 1 comparing
direct and blot-based detection as well as different temperatures

Sequences known to follow the N-end rule also bind to PRT1 in vitro: These

sequences have all been used to address, or have at least been discussed to be recognized

by, potential N-recognins (fig. 3.8A).

The binding efficiency varied significantly between the different peptide sequences (fig.

3.8A). The G-GUS sequence, used in a reporter probe to identify the N-recognin PRT6

(Garzón et al. , 2007), was found to not confer binding in the blot-based assay. However,

this sequence actually exhibited strong binding in the direct detection approach with even

an increased binding at ambient temperature compared to 14°C and 28°C respectively (fig.

3.8 lane 1). Also the nsP4 sequence (de Groot et al. , 1991), which, in the blot-based

assay, showed about 40% binding efficiency when compared to the original K2 sequence,

exhibited even stronger binding then the G-GUS sequence in the direct detection assay

again with a peak at ambient temperature (fig. 3.8A lane 2). Elimination of Lysines (K) in

this sequence through replacement with Glycines (G) resulted in increased signal intensity

in the blot-based assay but showed the opposite effect, namely decreased binding, in the

direct detection approach (fig. 3.8A lane 3).

The W-GUS sequence (Worley et al. , 1998) shows very high binding efficiencies in both

approaches (direct and blot-based). It also exhibits a lower influence of the assay temper-

ature on binding of the E3 ligase (fig. 3.8A lane 4). Still, elimination of the negatively

charged Glutamic acid (E) at position 16 of the peptide sequence leads to a complete loss

of signal in the blot-based assay. Contrarily, in the direct detection assay the signal is

boosted by more than 100%, now also showing even more improved binding at ambient

7Brownian motion describes the random motion of a particle in a a gas or liquid through random collisions
with the molecules of that liquid or gas.
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Figure 3.8 – In-depth analysis of different experimental setups synthesized
on membrane one.(A) Binding efficiency of 8xHis:MBP:PRT1 to known N-degron
sequences. Different sequences known to follow the N-end rule were assessed. A huge
difference between the direct and the blot-based detection is visible. All sequences get
bound by 8xHis:MBP:PRT1 at least in the direct detection assay. However some se-
quences show significantly higher binding efficiencies. The red line marks 100% binding
of the K2 WT sequence. (B) Binding efficiency of 8xHis:MBP:PRT1 to variations of the
K2 WT sequence. Different variations of the K2 WT sequence were tested. The first six
lanes show binding efficiencies after replacin the histidine at position two with different
non-aromatic hydrophobic amino acids which leads to an overall relatively low change
in binding efficiency but results in througout higher binding of 8xHis:MBP:PRT1 to set
sequences when incubated at 28°C. Spots number 9 and 23 (lane 3 and 6) are identical
but were on different places on the membrane. Lanes seven to ten show that elimina-
tion of the aromatic ring at the N-terminal by replacing the original Phenylalanine (F)
with either Leucine (L) or Isoleucine (I) leads to abolished binding. Only the aromatic
amino acids Tryptophane (W) and Tyrosine (Y) are able to maintain binding. The red
line marks 100% binding of the K2 wild type sequence. (C) Alanine walk through the
K2 wild type sequence. All amino acids from position 1-16 were replaced with alanine.
Position 1 is not depicted since it served as negative control for reduction of background
binding therefore setting its binding value to zero. Overall the results for the blot-based
detection follow the ones obtained using the direct detection approach except for position
seven to ten (lane 6-9) were signal intensities decrease in the blot-based assay but increase
when using direct detection. Overall one can clearly see that especially modifications in
the last third of the sequence (position 11-13) lead to a decreased binding. (D) Binding
of 8xHis:MBP:PRT1 to long mobile Glycine (G) stretches is very efficient and disrupted
through introductions of Serines at alternating positions. Binding of 8xHis:MBP:PRT1
to long Glycine stretches is very efficient with a clear maximum at ambient tempera-
tures (lanes one and three to eight). Increasing hydrophobicity through replacing any
other Glycine with Serine (S) abolishes binding (lanes nine to twelve). Replacing every
amino acid in the K2 sequence with a smaller counterpart whilst retaining charge and
hydrophobicity also abolishes binding completely.
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temperatures (fig. 3.8A lane 5). So, like the nsP4 sequence described before, this sequence

shows the opposite behavior in the direct detection compared to the blot-based assay.

The next sequence to be analyzed was the W-LUC sequence (Worley et al. , 1998). This

sequence shows binding in all conditions however with a significantly increased binding in

the direct detection based assay (fig. 3.8A lane 5). Elimination of Lysines (K) led to an

increased binding in the blot-based, but to a decreased binding in the direct detection assay

(fig. 3.8A lane 6). Additional elimination of the negatively charged Aspartic acid (D) led

to the opposite effects, increasing binding in the direct detection but decreasing binding

in the blot-based assay, showing a similar pattern as the previously described sequences,

with opposite behavior between blot-based and direct detection approaches. This sequence

however, did not show a high dependency on temperature.

The last sequence assessed was the eK sequence which has been extensively used in

the N-end rule field (Bachmair et al. , 1986, Bachmair & Varshavsky, 1989) in various

probes. It did not exhibit very high binding efficiencies when compared to the wild type

K2 sequence and even did not bind at all in the blot based assay. Also, it showed a higher

dependency on temperature in the direct detection assay, with an increased binding at

14°C. The elimination of a Lysine (K) through replacement by an Arginine (R) did not

significantly alter the binding efficiency to 8xHis:MBP:PRT1 (lanes 9/10).

Sequence variations of K2 slightly alter binding behavior: Different variations of

the K2 sequence were compared (fig. 3.8B). The first six lanes show that the replacement of

the amino acid at position two (originally a Histidine (H)) through different non-aromatic,

hydrophobic amino acids only slightly altered the binding efficiency. Also, one can see that

all sequences showed a binding maximum at 28°C in the direct detection assay with the

sequence possessing a Methionine (M) at position two also showing this increase in binding

in the blot-based detection method.

Lanes seven to ten show that an elimination of the aromatic ring at the N-terminal

of the degrons sequence disrupted binding of the E3 ligase. Only the aromatic amino

acids Tryptophane (W) and Tyrosine (Y) were able to maintain binding with Tryptophane

performing worse, especially at cold temperatures and in the blot-based assay (fig. 3.8B).

Overall, all these sequences show much less alterations in binding efficiency between the

blot-based and the direct detection approach then the known N-degron sequences discussed

before (fig. 3.8A).

An Alanine-walk through the K2 sequence reveals the importance of different

positions for binding of PRT1: In this experimental setup amino acids on position one

to 16 of the K2 wild type sequence were replaced with Alanine (A) to determine the

influence of every position on binding. Alanine-walks are a commonly used tool to map

epitopes for the significance of the individual peptides residues (e.g. see Weiss et al. 2000,

Morrison & Weiss 2001, Gauguin et al. 2008, Dey et al. 2007, Trott et al. 2014).

The reaction of the binding efficiency of 8xHis:MBP:PRT1 to the sequence with Alanine
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at different positions can be subdivided into four sections. In the first part (fig. 3.8C

lanes one to six), the direct detection and blot-based assay follow the same scheme. Signal

intensities oscillated when modifying these positions. Overall, replacing the Glycine at

position three seemed to have the biggest effect. From position eight on (lane seven) until

position ten (lane eight), results from the blot-based approach and the direct detection

approach behaved adversely with the signal intensities for the blot-based method decreasing

and the signal intensities for the direct detection approach increasing.

Also, modification in this part, especially when replacing the Proline (P) at position ten

(lane nine), rendered the whole sequence more temperature susceptible with a clear increase

in binding efficiency at 28°C. Modifications between position ten to twelve altered this

effect and significantly diminished binding activity regardless of the experimental approach.

Modifications toward the end of the sequence again increased binding with a peak at

position thirteen (lane twelve), however, without the clear peak at higher temperatures.

Overall, one can see that modification in the K2 sequence altered its binding behavior

especially at intermediate or higher temperatures, with binding efficiencies obtained when

the assay was performed at 14°C remaining the least influenced.

Long mobile Glycine but not Serine/Glycine stretches lead to highly in-

creased binding of 8xHis:MBP:PRT1: Since the G-GUS sequence contains a high

number of Glycines the effect of these mobile sequences was to be elucidated further.

Glycine based sequences showed the highest binding efficiencies in the direct detection as-

say, with binding maxima at ambient temperatures and the lowest binding potential at

cold temperatures (fig. 3.8D lanes one and three to eight). Replacing every second Glycine

with Serine, rendering the chain more hydrophobic, resulted in complete loss of binding

sometimes even below zero also indicating the the K2 sequence starting with Alanine, that

was used as a blank, still retained residual binding efficiency (see figs. 3.8D lanes 9-12

ans also 3.8B). The Glycine based sequences showed the highest discrepancy between the

blot-based and the direct detection approach with no binding in the former and very high

binding in the ladder.

Lane number two (fig. 3.8D lane two) shows a modified K2 sequence were every amino

acid was replaced by a smaller one while trying to retain charges and hydrophobicity at

every position. This completely abolished binding.

3.2.4 Membrane 2 - direct on SPOT detection and binding of PRT1 at
different temperatures

The second membrane was only analyzed in regard to its binding efficiency using the direct

detection approach, since it offered superior results and significantly easier handling than

the blot-based approach. 8xHis:MBP:PRT1 bound efficiently to membrane 2 at different

temperatures as expected (fig. 3.7E, right column and fig. S 5.12 ) Binding values obtained

from membrane 2 were again normalized to six wild type K2 sequences this time spread
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all around the membrane as well as blank subtraction of spot no. 2 (A3) which carries a

Methionine at position one making it a non-target for PRT1.

Overall, one thing directly met the eye and that is the fact, that the overall binding

strength of membrane 2 seemed to be lower then that of membrane 1 (figs. S 5.12 and

S 5.10). However, analysis of the raw data showed this to be no effect due to real lower

binding of the protein to membrane 2, but rather a result of the fact that the labeled

PRT1 protein bound stronger to the positive controls on membrane 2 than to the ones on

membrane 1 thereby attenuating the signal strength. This could be due to the different

position of the six K2 wild type sequences on membrane 1 (column on on the very left)

and membrane 2 (one in each corner plus two more within the membrane).

Previously tested sequences and some of their variations confirm results of

previous experiments: The G-GUS sequence already tested on membrane 1 (fig. 3.8A)

showed again efficient binding with a binding peak at room temperature (22°C, fig. 3.9A

lane one).

Replacing the N-terminal amino acid of the K2 sequence with either Methionine (fig.

3.9A lane 2) or Glycine (fig. 3.9A lane 3) almost completely abolished binding, confirming

and justifying approaches where these amino acids have been used as negative controls.

Also, sequences carrying non-destabilizing N-terminal amino acids seemed to retain residual

binding properties, indicated by the fact that after normalization some sequences showed

negative binding efficiencies (fig. 3.9A lane 7).

Replacing the amino acid at position two of K2 with a Methionine (hydrophobic) or a

Glutamine (polar) did not significantly alter binding behavior.

The last six lanes again showed that modifications within the Lysine containing parts of

most of the tested sequences resulted in significantly reduced binding efficiency to PRT1. In

a first part (fig. 3.9A lanes six to eight), behavior of the nsP4 sequence with Lysine replaced

by either Glycine (lane seven) or Glutamate (lane eight) is shown. Clearly, mutation of

the Lysine to either of the two residues led to an almost complete abrogation of binding.

This effect was already visible on the previous membrane (fig. 3.8A) even though the same

sequence (Glycine instead of Lysine) did retain binding potential on the first membrane

indicating possible (synthesis) differences between the two membranes.

Lanes nine to eleven show a similar effect also on the W-LUC sequence. Replacing

the C-terminal Lysine with Glycine again results in strongly diminished binding, as seen

previously (fig. 3.8A). Interestingly, the introduction of another negative charge in place

of the Lysine even further diminished the binding potential, indicating that not only is

a Lysine at this position beneficial but also that the newly introduced Glutamate has

additional negative effect (fig. 3.9A lane eleven).

An Alanine walk through the W-GUS sequence reveals the importance of

amino acids at position three, six, and 13: As previously performed with the K2

sequence (fig. 3.8C), an Alanine walk through the W-GUS sequence was performed. Com-
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pared to the original sequence (fig. 3.8C lane one), only a few sequence positions showed a

strong effect on binding of the labeled PRT1 protein. Among these, replacing the Arginine

at position 13 resulted in the most dramatic loss of binding. Replacing positions three

(Isoleucine) and six (Tyrosine) did have similar, albeit not as dramatic, effects. Interest-

ingly, replacing the Glutamate at position 16 with an Alanine as compared to the Glycine

used on membrane 1 (fig. 3.8A) did not have a similarly high positive effect on binding of

PRT1. This is unexpected, since both Alanine and Glycine are small, hydrophobic residues

and eliminate a negative charge (fig. 3.9B).

An Aspartate walk through the K2 sequence indirectly confirms the detri-

mental effect of Proline at position nine: To determine the effects of an additional

negative charge on the binding potential of the K2 sequence an Aspartate walk through

the sequence was performed. As expected replacing almost every position with Apartate

led to decreased binding as a negative charge is clearly detrimental in this case. However,

replacing the Proline at position nine (fig. 3.9C lane nine) boosted binding significantl,y

especially under warm and intermediate temperatures. This suggests a strong negative

effect of Proline.

Hybrids of K2 and W-GUS do not lead to a superior binding sequences: To

determine the effect of the N-and C-terminal part of the the 17mer on binding to PRT,1

two mixed sequences that each consisted of one half of the K2 and one half of the W-GUS

sequence were tested (fig. 3.9D). If the first seven amino acids originated from the K2

sequence, binding was significantly diminished. However, if the first seven amino acids

originate from the W-GUS sequence the complete sequence binds better. This indicates

that the part more N-terminal towards the primary destabilizing residue has a potentially

higher influence on overall binding of the peptide sequence. However, since also the K2

binding sequence is a well binding sequence, the C-terminal part still must play a role in

binding.

A sequentially mixed sequence did not show significantly improved binding but surpris-

ingly retained binding activity even with a stabilizing Glycine at the N-terminal indicating,

again that in these artificial in vitro situations well binding backbones retain residual bind-

ing potential, even with a stabilizing N-terminal.

Mutations within the last amino acids of the eK sequence increase binding to

PRT1 strongly: Surprisingly, the eK sequence, which is a well established and commonly

used sequence in the context of N-end rule research, did not show high binding affinity to

PRT1 in the first assay (fig. 3.8A). In a new approach different mutations were introduced

into the eK sequence which all resulted in more or less improved affinity to PRT1 (fig.

3.9E). Introducing a Cysteine at position 13 (L13C), the same position the K2 wild type

sequence carries a Cysteine, results in improved binding by PRT1. Mutating the Lysine at

position 15 to an Aspartate (K15D) also improves binding, albeit not that drastically. This

is surprising since it was previously believed that Lysines support N-recognin binding. The
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Figure 3.9 – In-depth analysis of different experimental setups synthesized on
membrane two. (A) Binding of 8xHis:MBP:PRT1 to previously tested sequences and
their derivates. Binding of 8xHis:MBP:PRT1 to Bachmair sequence (lane 1) is repro-
ducible on this membrane. Modification of the amino acid at position one or two of the
K2 sequence leads to either abolished binding (lane two and three) or slightly improved
binding (lane four and five). Modification of the Lysine at the C-terminal of the nsP4
sequence leads to binding abrogation. (B) Alanine walk through the W-GUS sequence.
Compared to the original sequence (lane one) especially amino acid at positions three,
six, and 13 seem to influence binding. Replacing the C-terminal Glutamate with Alanine
does not have the some dramatic effect on binding as the previous replacement with
Glycine. (C) Aspartate walk through the K2 sequence. Introducing the Aspartate at
all positions of the K2 sequence mainly results in decreased binding to PRT1 except
when replacing the Proline at position nine. (D) Hybrid sequences of K2 and W-GUS.
A sequence with the first seven amino acids from the K2 sequence shows significantly
diminished binding whereas a sequence with inversed parts (W-GUS at the N-terminal)
still shows good binding (lane one and two). A sequentially mixed sequence of K2 and
W-GUS did not show much improved binding but retained this binding potential almost
completely with a stabilizing N-terminal residue. (E) Different mutations within the eK
sequence increase binding efficiency by PRT1.

positive effect of these two mutations (L13C and K15D) was additive. Introducing a third

mutation, replacing Arginine 16 with Alanine (R16A), the same amino acid again as in

the K2 wild type sequence, did not have drastic effects, only attenuating binding by PRT1

slightly. Mutating the Lysine at position 15 to Valine, as in the K2 wild type sequence.

Keeping the R16A mutation negatively influences binding compared to the triple mutated

sequence, while still maintaining higher binding efficiency then the original eK wild type

sequence.

3.3 Influence of altered N-terminal sequences on degron/E3

interaction and stability in vitro and in vivo

Stability of two different K2-variants in an in vitro degradation assay using

crude plant extract: K2 variants F/M-K2 and F/M-W-GUS-K2 were expressed in

E. coli . Expression of the 8xHis:MBP:K2 variants was always very strong, already af-

ter two hours of induction at 37°C (fig. 3.10A). Following TEV cleavage to expose the

N-terminal Phenylalanine or Methionine, the recombinant TEV, as well as uncleaved pro-

tein, were depleted from the sample via a second purification step (fig. 3.10B). Purified

recombinant protein was used in a cell free degradation assay and monitored via Western

Blot analysis or fluorescent labeling.

Western blot analysis of a cell free degradation assay showed that the degradation of

the recombinant protein in the crude plant extract is proteasomal dependent, as indicated

by increased stability after poteasome inhibitor treatment. However, the stability seemed

to be independent of the N-terminal since Methionine as well as Phenylalanine starting

proteins exhibited the same degradation pattern (fig. 3.10C). To quantify degradation

patterns, an alternative labeling approach was carried out. Quantification showed that
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there was no difference in the degradation between a degron with the wild type or the

optimized (W-GUS) sequence. Proteasomal degradation was confirmed once more. Both

versions efficiently stabilized upon MG132 treatment. Initial degradation is a result of the

inhibitor not functioning instantly (fig. 3.10D).

Cloning a PRT1:K2 co-expression construct for yeast expression: As an al-

ternative for the optimization of the binding efficiency of PRT1 to the degron cassette, a

construct expressing PRT1, as well as the K2 cassette from the same open reading frame

was cloned. This way of expression should boost K2 degradation since it raises the enzyme

to substrate ratio to equimolar. Functionality of PRT1 in yeast has been demonstrated

previously (Stary et al. , 2003).

The approach is a mixture of the widely adopted ubiquitin-protein-reference (UPR)

technique8 (Varshavsky, 2005) and the approach to co-express enzyme and substrate to

reach beneficial ratios of enzyme to substrate to achieve faster processing. This has been

done already, albeit not from the same reading frame, by co-expressing TEV protease (Shih

et al. , 2005) or a de-ubiquitinating enzyme (Piatkov et al. , 2013) together with a substrate

from the same plasmid in bacteria.

For this construct, a vector pENTR:3xHA:PRT1:UBQK29/48/63R:K2, termed pREF, with

N-terminals being the original K2 wild type sequence or the well binding W-GUS sequence

was generated which was expressed in yeast as a GFP fusion. A mutated ubiquitin was

introduced due to the fact that, contrarily to the UFT ,where free ubiquitin is realeased, the

ubiquitin moeity will remain on the PRT1 protein after processing. Even though has been

postulated that at least a chain of four ubiquitin residues is necessary to induce proteasomal

degradation (Ciechanover et al. , 1980a,b, Thrower et al. , 2000), ubiquitin was mutated to

prevent chain formation on the newly exposed ubiquitin moiety. The Lysines at positions

29, 48, and 639 were mutated10. Then a degron stability assay in regard to PRT1 and Ubr1

was performed.

PRT1, when expressed from the pREF construct, led to efficient degradation of the

K2:GFP fusion protein (fig. 3.11). However, there were no stability differences between

the WT-K2:GFP and the W-GUS-K2:GFP protein. Strangely, the stability of K2:GFP or

K2-W-GUS:GFP did not differ significantly when expressed in either wild type or ubr1-∆

yeast cells. Since this was only an initial test, mainly aiming on elucidating if sequences,

identified in the SPOT assays to show superior binding to PRT1, would confer the same

effect in vivo. Since this was not the case, and the wild type as well as the modified K2-

version were degrade at the same speed and efficiency, no further sequences were tested.

Assessing the stability of different versions of the K2-degron cassette carrying

8In UPR a stable reference protein is cloned upstream of the ubiquitin moiety that is cleaved upon
translation to expose desired N-termini in fusion proteins using the ubiquitin-fusion-technique (UFT).

9Although K63 is commonly not associated with degradation it was nevertheless mutated to exclude other
effects, such as re-localisation initiated through K63 linked chains.

10It is noteworthy that the original UFT approach does not use a mutated lysine (Varshavsky, 2005).
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Figure 3.10 – Recombinant degron protein is readily degraded in a protea-
somal dependent albeit N-terminal independent manner in crude plant ex-
tract.(A) All versions of K2 are efficiently induced as 8xHis:MBP fusions after 2 h of
induction at 37°C. 20 µl of crude E. coli extract was boiled and subjected to SDS PAGE.
(B) TEV-processing and purification of degron versions. (C) Recombinantly expressed
K2 variants are efficiently degraded in a cell free degradation assay in a proteasomal de-
pendent but N-terminal independent manner. 3 µl of recombinant protein were incubated
in 80 µl of crude plant extract (c = 1 µg / µl). At timepoint zero MG132 was added were
indicated. At the indicated timepoints 20 µl of the reaction were taken and immediately
boiled in loading dye. Samples were subjected to western blot analysis and visualized
using an a-HA antibody. Detection was carried out using a camera. (D) Fluorescently
labeled protein was used in an assay as described in (C), however, after SDS PAGE gels
were directly analyzed using Typhoon scanner at a set photomultiplier strength of 650V.
(E) Quantification of results obtained in (D) (N = 3, whiskers = standard deviation).
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Figure 3.11 – PRT1 dependent instability of K2:GFP variants in yeast. Degra-
dation of K2 variants is mediated through PRT1 in yeast by complementing the ubr1-∆
dependent degradation phenotype. N = 8, two-sided unpaired ttest, p<0.001 ***
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various N-terminal sequences identified via SPOT assays in vivo: The SPOT

assays identified and highlighted a number of sequences showing altered binding behavior

and affinity to PRT1. To verify and further assess the in vivo relevance of these results,

a number of N-terminal sequences was introduced into the K2-degron cassette replacing

the original N-terminal. Through a split-luciferase assay, using a stabilized and inactive

version of PRT1 (PRTC29A, kind gift of Maria Klecker), as well as a luciferase stability

assay the behavior of these altered K2 variants in regard to target/E3 interaction as well

as PRT1-dependent stability was assessed in A. thaliana mesophyll protoplasts. Following

sequences were introduced into the K2-degron cassette (details about the sequences can be

found in tabs. 5.6 and 5.7):

• WT - The original wildtype sequence as found in the K2 cassette

• W-GUS - The W-GUS sequence

• W-GUS-E - The W-GUS sequence without negative Glutamic acid (E)

• W-LUC - The W-LUC sequence

• W-LUC-D - The W-LUC sequence without negative Aspartic acid (D)

• W-LUC-K - The W-LUC sequence without Lysine (K)

• nsP4 - The nsP4 sequence

• nsP4-K - The nsP4 sequence without Lysines (K)

• eK - The eK sequence

• G-GUS - The original sequence used by Garzon and colleagues

• poly-G - Long Glycine stretch

• poly-GS - Long Glycine/Serine stretch

• M - Methionine starting wild type sequence - unrecognizable/stable control

• G - Glycine starting wild type sequence - unrecognizable/stable control

These sequences were chosen, because most have already been shown to follow the N-end

rule in vivo, making them strong candidates for an improved degron with minimized risks of

choosing a sequence that only shows efficient binding in an in vitro environment. However,

also the poly Glycine/poly Glycine/Serine sequences were tested since their behavior on

the SPOT membrane was unexpected.
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Different N-terminal sequences alter the interaction strength between the

degron and PRT1 in vivo: To verify in vivo interaction between the different K2

versions and PRT1 a split-luciferase assay was chosen11.

The different versions of the degron cassette, carrying the various altered N-termini, were

expressed as a C-terminal fusion with the N-terminal part of firefly luciferase. Its interacting

partner, the E3 ligase PRT1, was expressed as an N-terminal fusion with the C-terminal

part of luciferase. To prevent degradation effects of the different degron proteins an inactive

version of PRT1, where Cysteine 29 was mutated to Alanine was chosen. The C29A version

of PRT1 (kind gift of Maria Klecker) is potentially unable to interact with E2 proteins

(seen through loss of auto-ubiquitination in vitro, Maria Klecker,; personal communication)

rendering it significantly more stable and also preventing substrate degradation during

simultaneous expression of K2 and PRT1 proteins in mesophyll protoplasts.

To further confirm that PRT1C29A does not show an altered substrate interaction be-

havior compared to PRT1WT the SPOT assay was repeated using 8xHis:MBP:PRT1C29A.

This assay revealed that the C29A mutation does not significantly alter binding behavior

to the SPOT membrane (figs. S 5.11 and S 5.13. The N-terminal fusion was chosen again,

because already in the SPOT assays an N-terminal tagged 8xHS:MBP:PRT1 was used,

which showed reliable binding to the membrane. The K2 proteins on the other hand relied

on a C-terminal fusions to still be able to expose the desired N-terminal. Signal intensity

was normalized to the activity of a stable, co-expressed GUS protein (Norris et al. , 1993).

Protoplasts were generated from prt1-1 plants to prevent influence by endogenous PRT1.

The interaction between PRT1C29A and the different degron versions is altered by the

modification of the N-terminal sequences (fig. 3.12A). Most sequences were recognized

more efficiently. However, some sequences, such as nsP4-K as well as the M and G start-

ing controls, did not seem to interact. Also, some sequences did show interaction with

PRT1C29A, however, without any statistically significant differences to the wild type se-

quence. Almost all sequences did show a high variability over the range of the experiments

indicating some experimental issues.

Different N-termini alter the stability of the degron in vivo: To further elucidate

the stability and to determine whether an increased interaction with PRT1 would translate

into decreased stability of the degron cassette, a luciferase based stability assay was used.

The K2 versions described above were transiently expressed in A. thaliana mesophyll pro-

toplasts, isolated from A. thaliana prt1-1 plants, as a C-terminal luciferase fusion together

with either PRT1WT or PRT1C29A (two individual reactions, constructs kind gifts of Maria

Klecker) as well as the ProUBQ:GUS construct for transformation normalization.

11The split-luc assay offers many advantages over the well established Bi-molecular fluorescence comple-
mentation (BIFC) assay, mainly because it enables a quantifiable measurement in a 96-well format as
well as a dynamic interaction read-out since the individual fragments of the luciferase, as opposed to
the traditional YFP based BIFC assay, can still dissociate. Therefore measured interaction represents
a dynamic steady state. Additionally, the technique has been applied extensively in protoplasts (Luker
et al. , 2004, Fujikawa & Kato, 2007, Gehl et al. , 2011, Li et al. , 2011a)
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Figure 3.12 –Different N-termini alter interaction with PRT1 as well as PRT1
dependent stability of a degron LUCiferase fusion in vivo.(A) Different N-
terminal sequences alter the interaction strength between the degron and its E3 ligase
PRT1 in vivo All 14 versions were tested in their interaction with PRT1_WT. Results
indicate a high variability of the interaction strength. Signal intensity was normalized
to the activity a stable co-expressed GUS protein. (N = 6; Whiskers = Tukey; 2-sided,
unpaired ttest; p<0.05 *, ns = not significant). (B) Different N-terminal sequences alter
the stability of the degron in vivo. All 14 sequences were tested in a LUCiferase based
stability assay. Met and Gly starting versions resulted in high stabilization of the con-
struct as expected. All other variants led to a more or less increased instability of the
degron. Signal intensity was normalized to the activity a stable co-expressed GUS pro-
tein. (N = 6; Whiskers = Tukey; 2-sided, unpaired ttest; p<0.05 *, p<0.01 **, p<0.001
***, ns = not significant).
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Stability was determined by measuring GUS and LUC activity. Luciferase activity of

every sample was normalized to the samples’ GUS activity and stability was calculated as

percentage of luciferase activity of the sample co-transformed with PRT1WT, compared to

the one co-transformed with PRT1C29A. Most sequences exhibited a decreased stability.

The stable controls (M and G starting) showed high stability even over 100% indicating

a higher stability when co-transformed with PRT1WT then with PRT1C29A. Variability of

the results was significantly lower then in the split-luc assay. Also, almost all sequences

exhibited a statistically lower stability then the wild tape sequence which, for some se-

quences such as nsP4-K or WL (W-Luc), is not entirely in agreement with the results of

the split-luc assay.

3.4 Using a newly cloned vector for easy degron tagging

To strengthen the application of the degron as a biochemical tool and to facilitate degron

fusions by circumventing fusion PCRs, a new pDEST was assembled, based on the pAM-

PAT backbone, where the K2 cassette was introduced between the promoter and the

gateway site. These vectors, carrying either the UBQ10 or the CDKA;1 promoter, were

named pLTDK2-ProUBQ10/CDKA;1.

Application of the pLTDK2 vectors for expression of two different tran-

scription factors involved in flowering: To test whether the degron could be used

to complement sterile mutant phenotypes, two transcription factors, AGAMOUS (AGA,

AT4G18960) and LEAFY (LFY, AT5G61850), where chosen. AGA and LFY belong to

the class of homeotic genes regulating flower development (Yanofsky et al. , 1990, Huala &

Sussex, 1992, Weigel & Meyerowitz, 1994). The AGA mutant plants grows a second flower

instead of reproductive organs. In LFY knockout plants petals are converted into leafs

(fig. 3.13A). Complementation of the mutant phenotype should result in morphologically

normal flowers and finally in fertile seeds and therefore represent an easy experimental

read-out.

pLTDK2 driven expression of K2:AG and K2:LFY does not complement the

mutant phenotype: Since homozygous mutants of either LFY or AG are sterile (fig.

3.13B) heterozygous plants were transformed. For LFY the strong lfy-12 allele was cho-

sen. This allele is an EMS-allele which contains a premature STOP-codon close to the

start of the coding sequence (Huala & Sussex, 1992). For AGA a T-DNA insertion line

(SALK_014999) was used (Urbanus et al. , 2009).

After BASTA selection a total of 192 plants per construct plants was selected, transferred

into single pots, and genotyped for homozygosity of the mutant allele. Additionally, plants

were genotyped for the presence of the transgene using a DHFR specific primer set (tab.

5.4). Homozygosity appeared at the expected rate of about 25%.Most of them were also

positive for the transgene. However, when grown under cold conditions, no phenotypic
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complementation could be detected12.

Expression of K2:AG from the weaker pCDKA;1 promoter neither resulted in any com-

plementational effect. There was no influence on the phenotype by the construct. However,

ProCDKA;1:K2:LFY expressing plants showed a phenotype. Unfortunately this pheno-

type was dominant negative, indicated by the fact that plants heterozygous for the lfy-12

allele, that normally appear wild type like, looked mainly like homozygous mutants when

the K2:LFY fusion protein was expressed (fig. 3.13C).

Cloning a high-flexibility Gateway-based vector for easy degron-POI expres-

sion: To offer a higher level of flexibility for the degron as a tool, also in regard to choice

of promoter and potential stable references, the pLTDK2 vector was further modified (fig.

S 5.16). The promoter was replaced through a multiple cloning site (MCS) offering a to-

tal of 13 restriction sites for easy promoter insertion. Downstream of the MCS and the

following TMV leader sequence, restriction sites were introduced for easy insertion of a sta-

ble reference protein allowing an ubiquitin-protein-reference (UPR) approach as described

previously (Varshavsky, 2005).

One has to take into account that the UB protein within the whole cassette is still a

wild type UB. While it has not been described for the UPR that mutation of ubiquitin is

necessary (Varshavsky, 2005), one must be careful to never use a Lysine-mutated ubiquitin

without a reference protein, as processing of the fusion protein leading to cleavage and

release of the ubiquitin will result in build-up of mutated and inert ubiquitin within the cell

leading to disturbances within the Ubiquitin-System resulting in overall increased stability

of proteins destined for proteasomal degradation.

12Unfortunately, it was discovered that the vector pAMPAT-ProUBQ10 that was used to generate
pLTDK2-ProUBQ10 carried a formerly unknown and non-annotated insertion of 134 bp. This in-
sertion did change the reading frame and inserted a stop codon when translating the K2:AG/LFY
fusion protein. However, some plants did show some phenotype that can be explained by translation
of only AGA from the vectors since both of them retained a start codon (ATG) (fig. 3.13C). This
eliminated 50% of all plants to be analyzed.
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Figure 3.13 – Cloning and expression of pLTDK2-ProUBQ10:AG/LFY and
pLTDK2-ProCDKA;1:AG/LFY in the respective mutant backgrounds.(A)
Cloning overview of pLTDK2-ProUBQ10/ProCDKA;1:AG/LFY constructs. (B) Green-
house phenotype of the ag and lfy-12 allele. (C) Phenotypes of plants expressing the
different constructs in the respective mutant background. pLTDK2-ProUBQ10:AG ex-
pressing plants exhibited a phenotype as a result of expression of only the AGAMOUS
protein through a second start codon13. Flowers still appeared different than wild type
with enlarged pistills (1/2) and siliques that contained, besides seeds, also a structure
that appeared to be an additional flower organ (3/4). pLTDK2-ProUBQ10:LFY did not
show any phenotype. Plants looked like the mutant allele depicted in (B). pLTDK2-
ProCDKA;1:AG did not show any phenotype and plants looked like the mutant allele
depicted in (B). pLTDK2-ProCDKA;1:LFY showed a dominant negative phenotype when
expressed in a heterozygous background. Plants showed altered flower morphology with
significantly reduced amounts of siliques and seeds when compared to the wild type.
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4.1 The degron is an efficient tool to mediate phenotypes on

demand in vivo

4.1.1 Different POIs expressed as degron fusions show plasticity and
responsiveness of the degron approach

The first, and most thoroughly, analyzed protein of interest (POI) was the commonly used

β-glucoronidase (GUS). Though already introduced in the late 1980s (Jefferson et al. ,

1987), it is still used, mainly for promoter expression studies. However, the GUS protein

possesses some unique features that should be taken into account, when analyzing the data

at hand.

It functions as a homotetramer, which represents the only active form of the GUS protein,

due to the fact that the two active sites of each tetramer are made up by surfaces of two

monomers from opposite dimers. Tetramer formation is restricted by two rate limiting

steps after translation (monomer to dimer and dimer to tetramer formation) (Matsuura

et al. , 2011). Examination of the dimer structure indicates that the N-terminal of each

monomer points away from the active center and is not buried within the protein (Wallace

et al. , 2010, Raju et al. , 2015, Wallace et al. , 2015), making it likely that the degron

fusion at this N-terminal will not hamper with GUS monomer and tetramer structure and

therefore its activity (fig. S 5.17A left panel).

A schematic view of the hypothetical structural arrangement of the GUS homotetramer,

with each GUS enzyme carrying the N-terminally fused degron cassette, highlights again

that active center and degron cassette point into opposite directions, making hampering

of the degron with GUS activity all the more unlikely (fig. 5.17A right panel). Because

no ProCaMV35S:K2:GUS -expressing line could be isolated, K2:GUS expression in the

responsive line was controlled by the weaker UBQ10 promoter. In the case of ProCaMV35S

driven expression, plants mostly showed an ”always on” phenotype (fig. 3.1)1. It seems

unlikely that the ubiquitin system itself would be overridden2, but maybe the capacity

1Due to the qualitative nature of the assay it can however not be excluded that different responsive lines
showing at least differential, temperature dependent accumulation of the enzyme, were lost in the assay
due to a possibly weak phenotype.

2Due to its involvement in almost all aspects of plant homeostasis and development, mutation or disabling
of the proteasome leads, depending on the position of the mutation, to severe defects and developmental
phenotypes (Brukhin et al. , 2005, Kurepa et al. , 2009, 2010), nothing of which can be observed in the
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of PRT1, the E3 ligase responsible for degron degradation, was maxed out, leading, in

combination with the high stability of GUS, to the temperature independent accumulation.

However, when the K2:GUS expressing line was analyzed (fig. 3.1), what was most sur-

prising was that the expression by the UBQ10 promoter instead of the CaMV35S promoter

downregulates the activity of GUS enzyme by about 100 fold (fig. 3.1C). At a first glance,

this effect seems very high, but it can be explained through different effects coming into

play. First of all, it has been shown in transient expression experiments, that the expression

strength of the CaMV35S exceeds that of the UBQ10 promoter by about 50% (Grefen et al.

, 2010). The vector backbone (pAM-PAT-Pro35S ) used for Pro35S driven expression of

K2:GUS contains even a double CaMV35S promoter. Also copy and position effects might

play a role. However, all these effects become multiplied by properties of GUS tetramer

formation. It has been shown that tetramer assembly is a fourth order reaction, therefore a

decrease in DNA/expression/monomer availability by 2-fold will result in a decrease in the

rate of tetramer formation of 16 (=24)-fold (Matsuura et al. , 2011), thus, in combination

with the other effects, explaining the differences in accumulation of active GUS in these

lines. Additionally, it can not be excluded that the degron itself has a certain influence on

the kinetics of tetramer formation.

Also, there is also a significant difference in regard to GUS activity between plants

expressing Pro35S:GUS or Pro35S:K2:GUS. This can be explained by the presence of

the degron cassette. Even though it does not lead to the desired temperature dependent

protein accumulation phenotype, it might hamper with tetramer formation or might put

some other kind of restraint on protein transcription/translation.

The difference in GUS activity between the Pro35S:K2:GUS and the ProUBQ10:K2:GUS

expressing lines can be explained by position effects (discussed in Finn et al. 2011) and copy

numbers multiplied by the effect of tetramere formation explained above. Higher levels of

GUS activity at warm temperatures might reflect either increased tetramere abundance

potentially caused by increased assembly, or increased velocity of protein translation. It

is most likely not a transcritption-related phenotype, as transcript analysis of different

degron-expressing lines showed absolutely no changes in transcript abundance at different

temperatures (fig. 3.4B). The potentiating effects of tetramere assembly functions in both

ways, therefore minor changes in GUS expression will lead to more drastic effects of active

GUS accumulation, which is one of the reasons why GUS is very sensitive especially in

lower expression ranges (Matsuura et al. , 2011).

When plants expressing ProUBQ10:K2:GUS were grown at a standard growth temper-

ature of 21°C and then shifted to either restrictive or permissive temperature, the GUS

activity showed an immediate reaction already after 4h (fig. 3.1D). The initial activity at

21°C seemed to be of an intermediate state, indicating that degron instability, in regard

to temperature, does not represent a simple on/off state but rather a continuous process.

ProCaMV35S:K2:GUS expressing lines.
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Plants shifted to the permissive temperature started to accumulate active GUS enzyme

in nearly linear manner with a plateau not yet reached after 24 h (fig.s 3.1D and supple-

mentary figure 5.3D). This is interesting because GUS assembly into a tetramer has been

shown to be a fourth order reaction in an in vitro transcription/translation system with

monomer to dimer and dimer to tetramer formation being the rate limiting steps, thereby

resulting in a convex curve shape influenced strongly by the concentration of available DNA

(Matsuura et al. , 2011).

The linear accumulation behavior in transgenic plants is another hint for a relatively low

expression/availability of GUS monomers in the functional reporter line, where the rate

of the tetramer formation is solely limited by the amount of available GUS, and therefore

expression strength and stability, and not significantly influenced by the speed of dimer

formation. Additionally, it has been demonstrated in vitro that tetramer dissociation is

neglectable highlighting once more the high stability of GUS (Matsuura et al. , 2011).

Overall this assay also demonstrated the degron’s fast reaction to temperature shifts, but

also that accumulation of the active protein is most likely not finished after 24 h.

This behavior was also evident on protein level as assessed by western blot (fig. 5.3D).

The responsiveness was not restricted to the K2:GUS fusion protein but could also be

observed when repeating the experimental with a K2:GFP fusion protein which behaved

similarly indicating once more that the observed (de)stabilization effect is mediated by

the degron rather than the POI (fig. 3.4A). Also, it has been demonstrated in vitro that

GFP accumulation is a linear function of DNA concentration not showing any higher order

relation behavior (Matsuura et al. , 2011). This highlights that in this situation of rather

low expression the degron represents the governing entity with limited influence of the POI

on stabilization kinetics, as opposed to the high-expression situation in the 35S drive GUS

control lines..

Another shift-based assay, where transgenic plants were continuously shifted by 2.8°C

higher or lower every 4 h (fig. 3.1E) showed that the amount of active GUS protein can

be efficiently tuned in response to temperature and especially highlights the fact that the

degron is able to target the very stable tetramer for destruction. This also indicates, that,

at least for GUS as a POI, the degron-fusion reacts quickly to the temperature stimulus.

This was surprising, since GUS is an intrinsically stable protein, with a reported half-life

of 50 h mesophyll protoplasts (Jefferson et al. , 1987).

This assay conclusively highlights the power of the degron by enabling full control over

the pool of active protein that can be tuned as desired. Higher or lower temperatures than

14 or 28°C respectively were not assayed due to possible side effects on plant development

and stress response. The data also suggests that the temperature range from 14 to 28°C

could be only slightly b adapted to a range from 16.8 to 25.2°C thus potentially decreasing

effects of temperature on plant growth and development. Ubiquitome enrichment from

warm grown plants indicated that overall ubiquitination is reduced in plants grown at
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28°C suggesting that this is not a state of heat stress, which has been previously linked in

yeast to a strong increase of overall ubiquitination levels due to protein misfolding (Fang

et al. , 2011).

Still, levels of GUS activity never reached zero. This might be due to an equilibrium

of synthesis and degradation or rather between tetramer formation and degradation and

is somewhat surprising taking into account that only the tetramer represents the active

conformation highlighting once more the high sensitivity of GUS (Matsuura et al. , 2011).

This also means that newly synthesized K2:GUS is still able to reach the tetrameric state

to some extend without being caught efficiently by the degradation machinery. This prob-

ably being once more a reflection of the intrinsically high stability of the GUS enzyme,

counteracting the instability imposed by the degron cassette at restrictive conditions.

Analysis of the K2:GUS protein revealed a surprising behavior. If one would deduce

from the activity and the histological phenotype (fig. 3.1A/C) to protein levels one would

expect a significantly higher concentration of protein under permissive than under restric-

tive temperature (even though one would not expect a total absence of protein, due to the

retained low activity at restrictive temperature). However, this did not seem to be the case

but rather two distinct sub-species with highly distinctive molecular weights were identified

in Western Blot analysis. Proteasome inhibitor treatments of permissively and restrictively

grown plants indicated that the higher molecular subspecies is indeed the one responsible

for the phenotype and the one targeted by the degradation machinery, since it accumulates

after treatment (fig. 3.2A). Strikingly, the treatment of permissively grown plants does not

lead to further stabilization of the degron indicating that K2:GUS is completely stable at

the permissive temperature of 14°C, contrarily to what might have been expected when

comparing reporter activity of Pro35S:K2:GUS and Pro35S:GUS expressing plants.

The TUBE-based ubiquitome enrichment from K2:GUS-expressing plants grown at 14°C

or 28°C suggest following process: At the permissive temperature, the synthesized K2:GUS

protein is, two a large extend, ubiquitinated but remains stable thus resulting in a higher

abundance of the heavier molecular weight signal. Under restrictive conditions, ubiquiti-

nated K2:GUS is removed grom the cell, therefore leaving only the lower molecular weigth

signal representing the equilibrium between degradation and sysnthesis. The fact that

these ubqiuitinated species can accumulate at the permissive temeprature highlights the

influence of the protein of interest’s intrinsic stability on the degron fusion, since it was

shown previously that a K2:TTG1 fusion in the prt1-1 mutant background, where the E3

ligase responsible for degron degradation is absent, also additionally stabilizes the protein

under permissive temperature (compare Faden et al. 2016b figure 1f).

Even though proteasome inhibitor treatments and an E3 knockout are not exactly ad-

dressing the same process (degradation vs. ubiquitination), they target the same pathway

and should therefore lead to comparable results. Further implications of these findings in

context with other data will be discussed in section 4.8.
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Albeit K2:GUS was the best characterized protein, the degron also proofed applica-

bility with other proteins of different classes, as well as trans-species functionality in

D. melanogaster , as expected from conservation of the N-end rule pathway (reviewed

in Varshavsky 2011). Additionally, transcript analysis clearly confirmed a real degra-

dation/stabilization phenotype and excluded transcriptional regulation of the degron in

response to temperature.

4.1.2 A degron-barnase fusion protein is able to control trichome formation
in A.thaliana

The bacterial ribonuclease (barnase, BAR), which is secreted by the soil bacterium Bacillus

amyloliquefaciens, is a potent non-specific RNase (Buckle & Fersht, 1994). It has been used

in a variety of applications such as creation of male sterile mutants in A. thaliana, tobacco,

and wheat (Mariani et al. , 1992, Burgess et al. , 2002, Gils et al. , 2008), as a sort of

"kill-switch" to prevent uncontrolled spread of transgenes in birch, A. thaliana, and wheat

(Lannanpaa et al. , 2005), or as part of a defense strategy against the pathogen Phytophtora

infestans in potato (Strittmatter et al. , 1995). Furthermore, barnase has been used as

a cell ablation tool in mammalian cell culture (Leuchtenberger et al. , 2001), to map cell

poulations in the murine nervous system (Bar-On & Jung, 2010), or for cell regeneration

studies in the zebra fish (Curado et al. , 2007). Additionally, barnase is discussed as a

therapeuthical anti-cancer tool (Edelweiss et al. , 2008).

The fusion of the degron cassette K2 with barnase (K2:BAR) was able to efficiently

control formation of trichomes. At permissive conditions, potentially3 due to the activity

of the barnase protein, the leafs of plants appeared glabrous4 while loosing this phenotype

completely under restrictive temperatures (fig. 3.5A/B).

The first interesting observation is that K2:BAR seems to drive the cells rather into a

state of growth arrest than into induction of cell death. This is unexpected since barnase

has been known to be a potent RNase, usually inducing apoptosis in cell culture or ablation

in plant organs (see references above). The barnase-elicited phenotype strikingly resembles

a previously described transcription factor mutant, namely the GLABRA 2 (GL2) loss-

of-function allele gl2. GL2 is a transcription factor crucial for cell fate determination

and trichome formation and acts downstream of TRANSPARENT TESTA GLABRA 1,

GLABRA 1/3, and ENHANCER OF GLABRA 3 (Rerie et al. 1994, Szymanski et al.

1998, reviewed in Hülskamp 2004). The gl2 allele has been shown to arrest trichome cell

differentiation in an early state of cell fate determination without proceeding to the next

step of trichome formation. Gl2 plants show an almost glabrous leaf surface where the

trichome forming cells are easily spotted due to their size and elongated shape. Some of

these cells are able to produce a small "stichel" like structure which does not develop into

3Unfortunately the K2:BAR fusion protein could never be directly identified in Western Blot analysis.
4glabrous = smooth, without hairs
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a full trichome (Rerie et al. , 1994, Szymanski et al. , 1998).

However, gl2 plants completely maintain cell spacing, indicating that proteins such as

TRYPTICHON (TRY), a key regulator of trichome spacing suppressing trichome formation

in neighboring cells, are still translated and transported to their target location, where they

efficiently suppress downstream GL2 synthesis and activity (Schnittger et al. , 1998, Pesch

& Hülskamp, 2011). The observed phenotype roughly defines the point of cell growth arrest.

However, it does not allow to accurately determine the point of TRY promoter activity. It

has been shown that the TRY promoter is active in trichomes (Pesch & Hülskamp, 2011)

using expression of ProTRY:GUS. Due to the high stability of GUS this only signifies that

the TRY promoter has been active in the trichome but does not indicate when this has been

the case. Additionally data from the eFP browser highlights a more or less constitutive

activity of the TRY promoter, only being shut off in later stage siliques (Schmid et al.

2005, Winter et al. 2007, fig. 5.6)

Trichome formation already takes place in the leaf primordia (Larkin et al. , 1996).

Since the appropriate spacing requires action of TRY, K2:BAR would start to accumulate

relatively early during leaf development, thus indicating that toxicity of the K2:BAR fusion

protein cannot be very high, since the cells are still able to complete the spacing process and

also do not die later. This fact supports two different models. Either the TRY promoter

indeed shuts of after spacing is complete. This seems to be a state where the cells have

accumulated enough active K2:BAR to stop further development but not enough to have

fatal consequences. Or, if one assumes that the degron partially destabilizes the barnase

protein already at permissive temperatures, then this state could also be an equilibrium

between synthesis and degradation, where the TRY promoter remains active.

The first model would suggest that activator gene expression in the mature leaf is turned

off, since no new cells start differentiation into trichomes and trichome spacing itself is not

disturbed in the K2:BAR expressing plants. However, due to the fact that we failed to

show presence of the protein by western blot analysis, it remains elusive whether the cell is

able to cope and degrade the fusion protein and then rests in the state of arrest due to the

overall developmental stage of the leaf, or whether the amount of active barnase in the cell

results in a sort of steady-state situation. Still, due to the well known toxicity of barnase

which is so high that even cloning without an artificial intron is impossible, makes it more

likely that the TRY promoter does shut off at an early time point of leaf development and

that the degron itself is slightly leaky in regard to its degradation, as observed previously

for a degron-TTG1 fusion (see discussion above and Faden et al. 2016b fig. 1f). This

would result in degradation of small amounts of the fusion protein even at the permissive

temperature, allowing the cell to gradually overcame the toxicity phenotype and survive.

Naturally, one can not exclude sterical hindrance/influence of the degron cassette on

the barnase protein. The degron cassette could disturb either structural conformation or

activity of the barnase protein itself. However, analysis of the crystal structure of barnase
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indicates that the N-terminal, where the degron cassette is fused, faces away from the

active site (fig. S 5.18). Hence, if indeed the degron influences barnase activity itself, other

mechanisms such as splicing of the artificial intron or disturbance of target recognition

might play a role.

What can be stated, however, is that the activity of the barnase moiety itself is not

influenced by temperature as introduction into the prt1-1 mutant allele background leads to

efficient and temperature independent stabilization providing strong genetic evidence that

the observed phenotypei is indeed a protein stabilization/degradation phenotype, rather

then being a result of altered barnase activity or synthesis.

Therefore, the K2:BAR module represents a highly efficient, conditional tool to control

organ fate in A. thaliana. The possibility to control the generation of a plant organ offers

high potential. By combining the K2:BAR module with a tissue specific promoter full

control over a specific subset of cells could be achieved. This offers great possibilities in

basic research, where deletion of a certain subset of cells during plant development could be

studied. Additionally, the conditional control over barnase paves the way towards a more

efficient molecular pharming. Molecolar pharming, as a way to produce cytotoxic peptides,

has been increasingly investigated since a while now. For example peptides, such as the

family of lectins from the mistletoe or others, have long been discussed as a potent class of

cancer therapeutics. However, their production, due to their toxicity, is challenging (Desai

et al. , 2002, Pryme et al. , 2007, Boohaker et al. , 2012, Cho et al. , 2013, Gamerith et al.

, 2014), something that should be overcome by using the degron to specifically accumulate

protein e.g. in storage organs and at later developmental stages. The possibility to de-

stabilize the (toxic) target protein provides efficient means for easy maintenance of the

transgene.

Similar attempts for targeted organ formation/destruction have been undergone using

the A-chain from Diphtheria toxin (DT-A). Diphtheria toxin (DT) is an exotoxin from

Corynebacterium diphtheriae which consists of two fragments, namely the A- and B-chain,

where the A-chain confers toxicity through blockage of protein synthesis, and the B-chain

is responsible for cellular uptake (Pappenheimer Jr., 1977). It is so toxic that one molecule

was fond to be sufficient to kill a cell (Yamaizumi et al. , 1978). DT, as well as DT-A, have

been used extensively for cell ablation studies. In mice mainly full-length DT has been used.

Due to the natural resistance of mice to DT, due to mutation in the receptor responsible

for cellular uptake, in this system toxicity of injected DT is guided through tissue specific

promoters (Saito et al. , 2001b, Brockschnieder et al. , 2004, Buch et al. , 2005). In plants

expression of DT-A is toxic (Czako & An, 1991), but has also been applied in deciphering

processes in seed and pollen development as well as in the root (Thorsness et al. , 1993,

Twell, 1995, Tsugeki & Fedoroff, 1999, Weijers et al. , 2003). Also temperature-sensitive

versions of DT are known and have been applied in yeast and D. melanogaster (Bellen

et al. , 1992), as well as in plants (Guerineau et al. , 2003).
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It was shown previously that DT-A fails to deliver a temperature-sensitive phenotype

when expressed in A. thaliana trichomes as a degron fusion (Mielke, 2014). The K2:BAR

module therefore represents a potent alternative with the advantage of a lower toxicity of

the protein itself, making handling potentially simpler.

4.2 Reporter that do not support the degron fusion

As with every other protein fusion, issues linked to the fusion of the degron cassette can

arise. In this paragraph three examples of degron-protein fusions are discussed which did

not show a phenotype as it would be expected from an instability effect mediated by the

degron fusion. Even though these experiments failed to deliver the desired results, they

still provided knowledge over the functionality of the degron and help to select proteins

suitable to function with the degron approach.

4.2.1 The degron is unable to confer conditional BASTA-resistance when
fused to the resistance protein PAT

BASTA is a common herbicide used in a large scale on fields. The chemical compound

behind the trademark is phosphinothricin, that is contained in the solution as a DL-

racemate with L-phosphinothricin being the active compound. L-phosphinothricin ir-

reversibly inhibits the enzyme glutamine synthetase ultimately leading to a collapse of

photosynthesis and death of the plant (Wendler et al. , 1990). Resistance to BASTA/L-

phosphinothricin is conferred by the bar (bialaphos resistance) and pat (phosphinothricin

acetyltransferase) genes from Streptomyces5, two genes that code for highly similar gene

products with identical functionality (Thompson et al. , 1987, Wehrmann et al. , 1996). L-

phosphinothricin is metabolized quickly an the final metabolites also exhibit mobility within

the plant (Droege et al. , 1992, Droege-Laser et al. , 1994). The enzyme phosphinothricin-N-

acetyltransferase specifically acetylates L-phosphinothricin thereby inactivating it. Acety-

lated ac-L-phosphinothricin remains stable within the plant.

K2:PAT fails to deliver a temperature dependent resistance phenotype. This effect might

be due to expression strength, because the strong constitutive CaMV35S promoter initially

used, might shift the synthesis/degradation equilibrium more in the direction of stability,

as it was observed in the case of plants expressing ProCaMV35S:K2:GUS (fig.s 3.1C and

3.3B/D). Also, down-regulating the expression strength or choosing different N-terminal

amino acids to address different N-recognins, did not alter the non-responsive phenotype.

Analysis carried out on protein level showed that the K2:PAT fusion protein does not

seem to be efficiently removed from the cell (fig. 3.3C), again with potentially more protein

accumulating when plants are grown at 28°C then at 14°C. Comparing plants grown at 14 or

5Also a mutated version of the glutamine synthetase has been identified that also confers resistance to
phosphinothricin (Tian et al. , 2015).
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28°C shows that different potential degradation products are always visible in a temperature

independent manner. Therefore, one explanation might be that the degron cassette gets,

for some unknown reason, cleaved off the PAT protein resulting in a free PAT that could

confer resistance regardless of temperature or the presence or absence of the degron. Since

degron detection is mediated by the HA-tag within the degron cassette, a free PAt would

be invisible” in Western Blot analysis.

Looking at the signals with higher molecular weight one can observe that the initial higher

molecular weight signal seen at permissive conditions seemed to disappear and additional

signals appear. One explanation would be that degradation of the protein starts but, for

some reason, cannot be continued. This is however an unlikely explanation since the degron

alone should be sufficient to mediate degradation of the entire fusion protein. Still, PAT is

a rather small (20.6 kDa) and compact protein which might have a negative influence on

its degradation efficiency (fig. S 5.20). Still, previously it has been demonstrated that a

degron-PAT follows a temperature stimulus when transiently expressed in N. benthamiana,

however, in this transient environment only the protein and not the resistance phenotype

was evaluated (Faden et al. , 2016b). Also, in these experiments, K2:PAT did not appear

as a single molecular weight signal in the Western Blot analysis, but rather as three distinct

sub-species.

Possibly the PAT-protein might also have a sub-cellular localization that is at least

partially not cytosolic making it unavailable for the degradation machinery, however this

theory remains highly speculative.

4.2.2 The degron disrupts the function of the homeotic proteins LEAFY
and AGAMOUS

Flowers consist of four different types of organs namely sepals, petals, stamens, and carpels

that are arranged in four rings, so-called whorls. Organ identity is determined through three

different classes of homeotic genes termed ”A”, ”B”; and ”C”, where every class of homeotic

genes is active in two adjacent whorls e.g. class A in whorl one and two, class B in whorl

two and three and class C in whorl three and four. The classical ”ABC” model of homeotic

genes describes how these different proteins with overlapping expression patterns shape the

floral organ identity in A. thaliana (Bowman et al. 1991, reviewed in Coen & Meyerowitz

1991, Weigel & Meyerowitz 1994).

Expression of K2:LEAFY leads to a dominant-negative effect most likely due

to disturbance of LFY oligomerization: LEAFY (LFY) is a transcription factor acting

upstream of the homeotic genes and it is responsible for flower organ initiation (Schultz &

Haughn, 1991, Weigel et al. , 1992). Previous work has highlighted its importance as the

master regulator of flower meristem induction across plant species (Weigel & Nilsson, 1995,

Kelly et al. , 1995, Rottmann et al. , 2000, Wada et al. , 2002). Even though LEAFY was

found to be conserved among many plant species, its DNA binding specificity differs among

93



4 Discussion

species, showing selectivity for different DNA motifs, therefore attenuating its function

(Sayou et al. , 2014). LEAFY acts directly through transcriptional up-regulation of the

homeotic gene APETALA (Wagner et al. , 1999). It has been shown that LEAFY itself

is activated through the plant hormone auxin (Yamaguchi et al. , 2015) and is specifically

upregulated under long-day conditions (Blázquez et al. , 1997). However, the response of

the shoot to LEAFY induction requires also competence of the shoot for said action as

indicated by experiments where LFY was ectopically overexpressed under control of the

strong CaMV35S promoter. These plants do initiate flowers significantly earlier then the

wild type but are still able to grow some leafs indicating that competence for LEAFY action

is not acquired immediately after germination (Weigel & Nilsson, 1995). The disruption of

the gene coding for LEAFY results in a complete sterile phenotype with flowers transformed

into leaf- and shoot-like structures (Huala & Sussex, 1992).

The degron was fused to the LFY coding sequence using the pLTDK2 vector. Expression

of the K2:LFY fusion protein resulted in a dominant negative lfy phenotype. In this case

plants homozygous for the lfy-12 allele did not show any sign of complementation whereas

plants heterozygous for the same allele adopted the phenotype of the homozygous plants

even though heterozygous plants alone have a wild type like appearance. This phenotype

was temperature-insensitive. This supports the notion that not only did the LFY-protein

not support the degron fusion, meaning it was not able to fulfill its endogenous tasks, but

also that it probably elicits the dominant negative phenotype through interaction with

some of its endogenous binding partners titrating them away from the cell.

The structure of the C-terminal DNA-binding domain has been elucidated (Hamès et al.

, 2008). However, this domain would be relatively far away from the degron cassette and

also in regard to the dominant negative phenotye, disturbance directly in the DNA-binding

domain seems rather unlikely. Only recently the precise mode of action of the N-terminal

domain of LEAFY was determined. Interestingly, an N-terminal domain was identified

that was crucial for LFY oligomerization. Additionally, oligomerization was identified as a

crucial prerequisite for LFY function in vivo and elicitation of downstream effects (Sayou

et al. , 2016).

The domain responsible for interaction of individual LFY molecules was identified as a

SAM domain (and not as previously thought as a leucine-zipper domain, Siriwardana &

Lamb 2012), a type of domain not yet fully characterized in plants. To date, the SAM

domain has been described in other eukaryotes to interact with proteins, DNA, RNA, and

lipids (reviewed in Qiao & Bowie 2005). The N-terminal LFY domain belongs to a type of

SAM domain that enables protein self-assosiaction through two interaction surfaces, called

the mid-loop (ML) and end-helix (EH) domain (Sayou et al. , 2016). Interaction happens

in an ML-EH fashion. Mutations in one or both of these two domains abolished interaction

in vitro as well as functionality in vivo, since a mutated version of LFY was unable to fully

complement the mutant phenotype. Interestingly, the two single mutants of each domain
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were still able to interact forming a dimer indicating that only one functional complemen-

tary interaction domain on each monomer is sufficient for dimer formation (Sayou et al. ,

2016). The oligomerization has strong implications in vivo, with its function being impor-

tant for higher specificity to the target sequences as indicated to less binding to truncated

promoter elements (Sayou et al. , 2016).

Most likely the degron-LFY fusion protein interacts with the endogenous LFY in the

heterozygous mutant background disabling its function. Different models are possible.

Since the N-terminal SAM domain is close to the degron it could be structurally disturbed,

or sterically hindered to interact with other LFY molecules. Since the dominant-negative

phenotype indicates that only one interaction surface is impaired in its function, the spatial

proximity of the SAM-domain to the degron cassette makes it the most likely candidate.

In this case the degron-LFY protein could still interact with a WT-LFY protein forming a

dimer. This dimer, on the WT side, could still interact with further free WT-LFY proteins

forming multimers. This might be where expression strength and copy number come into

play. If one assumes that the amount of the degron-LFY protein is higher than that of

the WT-LFY protein, due to stronger expression of the promoter (CDKA;1 promoter vs.

LEAFY promoter, see eFP browser Schmid et al. 2005, Winter et al. 2007) and a higher

copy number (since there is only one copy of the LFY-gene in the heterozygous mutant

background and possibly a multitude of transgenes) then most WT-LFY proteins will bind

a degron-LFY protein leading to a predominant formation of non-functional dimers, or

shorter-then-necessary multimers.

Another possibility would be that the degron fused to the N-terminal of LFY results

in structural disturbance of the oligomere possibly disrupting or altering its DNA binding

affinity or leading to restructuring of the individual LFY moieties within the oligomere.

Also this possibility would bind functional WT-LFY protein within a non-functional com-

plex with degron-LFY proteins, hence the dominant negative phenotype.

Expression of K2:AGAMOUS disrupts its transcription factor functionality:

AGAMOUS (AGA) is a class C homeotic gene crucial for the specification of carpel and

stamen identity (Bowman et al. , 1991, Mizukami & Ma, 1997). AGA is activated late in

flower development through a cooperation of LFY and WUSCHEL, which plays a role in

stem cell maintenance. Additionally AGA acts on WUSCHEL in a negative feedback loop

(Lohmann et al. , 2001). AGA itself is a MADS domain (for MCM1, AGA, DEFA and SRF)

transcription factor. It is able to homodimerize or to heterodimerize with other homeotic

genes (Riechmann et al. , 1996, Fan et al. , 1997) or with one of the four SEPALLATA genes

using its L- and K-motive (reviewed in Irish 2010). Interaction with different proteins is

thought to alter its DNA-binding affinity and specifies its differential action between whorl

three and four (reviewed in Irish 2010).

Interestingly, AGA is one of the few genes translation of which is not initiated by a

standard AUG but rather by an ACG codon even though artificial addition of an AUG
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and disruption of the ACG codon does not hamper activity (Riechmann et al. , 1999).

Unfortunately, AGA fused to the degron cassette was not able to elicit a phenotype, namely

was unable to complement, or at least partially complement, the sterile mutant phenotype

resulting in fertile plants. Only plants where the degron fusion was expressed under the

control of the UBQ10 promoter showed an almost complete complementation (fig. 3.13C).

However, as it was realized in the course of the experiments, the ProUBQ10 containing

vector backbone included a previously unknown and undescribed insertion that induced

a frame-shift within the degron-AGA fusion protein. The complementation effect can

therefore only be a result of translation initiation at the ATG of AGAMOUS. This point was

further strengthened by the fact that the observed phenotype was temperature insensitive.

Plants expressing the fusion protein under the control of the CDKA;1 promoter failed

to show any complementation phenotype hinting towards a complete disruption of AGA

functionality by the degron. Since AGAMOUS functionality relies on two principles, dimer-

ization with other homeotic proteins through its K-box, and DNA interaction through its

MADS-box, it is probable that one or both of these features is influenced and disrupted

by the degron. Since the MADS domain is close to the N-terminal it is more likely to be

negatively influenced by the degron fusion. However, this suggests that the degron-AGA

fusion protein would retain its dimerization ability resulting in ectopic expression of an

AGA version that can still interact with other proteins but not anymore with DNA. It has

been previously reported that strong ectopic overexpression of AGA from the CaMV35S

promoter induces an APETALA2 (AP2) mutant phenotype (ap2 ) (Mizukami & Ma, 1992).

This phenotype has also been reported in other plant species(Benedito et al. , 2004).

AP2 has been shown to repress AGA (Drews et al. , 1991, Bomblies et al. , 1999) and

proper initiation and identity of the two inner whorl has been proposed to be a result of

the balanced action of AP2 and AGA (Wollmann et al. , 2010). If a degron-AGA fusion

protein would retain its dimerization activity, one might expect a phenotype similar to the

one reported for the AGA overexpression because the degron-AGA protein would interact

with numerous other proteins (among them AP2) without being able to elicit a downstream

response. Therefore one can conclude that non-functionality of the degron-AGA fusion

protein might be a result of an either overall disturbed structure or sterical hindrance

preventing dimerization with its interaction partners. MADS-domain disturbance and

therefore impairment of DNA binding can not be excluded but is secondary since the

AGA monomer is not able to bind DNA on its own. Also, it has been shown that the

N-terminal domain of AGA, the part that is most likely influenced by the addition of the

degron, is not important for DNA binding in vitro and that ectopic expression of an N-

terminally truncated version of AG still elicits the same ap2 -like phenotype as observed

when expressing the full length protein (Mizukami, 1996).
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4.3 An improved and completely quantifiable SPOT assay

design offers tremendous advantages over existing

methods

Traditional Synthetic Peptide On membrane support Technique (SPOT) assay analysis is

a multi-step procedure: After incubation of the SPOT membrane with the target protein

the membrane is blotted (once or several times) and the blot membrane, now carrying

the protein formerly bound to the SPOT assay membrane, is subjected to antibody- or

radioactive labeling-based methods for visualization of the bound protein (e.g. Erbse et al.

2006, Choi et al. 2010, Hwang et al. 2010a, Kim et al. 2014, Klecker & Dissmeyer 2016).

This ”classic” approach is time consuming and does not offer accurate quantification pos-

sibilities, mainly due to a limited dynamic range of the chemiluminescence signal on films

and radioactive labeling is more expensive and needs a special infrastructure. Additionally,

every handling step of the SPOT membrane, such as blotting and intermediate washing

steps, increases the risk of errors. In this work I developed and optimized a fully quan-

tifiable and high resolution method, based on commercially available labels that allow to

execute a full SPOT assay, from incubation of the membrane to target protein detection,

in just under three hours, reducing handling time by more than 50%.

The reported method is based on labeling of the target protein, in this case 8xHis:MBP:PRT1,

using a fluorogenic dye. The red fluorescent dye was chosen over an also available blue dye,

to avoid interference with natural occurring fluorescence, especially of the aromatic amino

acid containing peptides, in the UV spectrum. The red dye exhibits a detection sensitivity

of less than 1 ng with a dynamic range of 104-5. Labeling takes only 30 minutes. SPOT

membranes were incubated with the labeled protein for two hours, washed for 30 minutes

and subjected to fluorescence detection of the bound proteins. The method offers some

advantages when comparing it to the ”classical” approach (fig. 3.7), mainly an increased

velocity and less material consumption due to the omission of blotting and antibody-based

detection.

Thanks to its fluorescent nature the signal could be quantified accurately. Due to the

fact that protein could be detected directly on the membrane, signal strength was boosted,

because less protein was lost thanks to the significantly decreased amount of handling

steps (no blotting, less washing). Much less protein was needed for the assay saving time

and resources, also on protein purification. Maybe the biggest advantage was that also

extremely strong binders could be identified that bound so tightly to the membrane that

the standard blotting procedure could not transfer them to the PVDF membrane. This

problem might be circumventable by repeating several subsequent blotting steps however

this would split the signal onto several membranes, making the assay overall longer, more

material consuming, and the results significantly more tedious to analyze.
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Overall the reported method represents a significant improvement over the existing work-

flow. Another advantage is the possibility, to now also being able to analyze tag-free pro-

tein. This could be advantageous in cases where a fusion tag used for protein quantification

disturbs proper protein functionality. Naturally the labeling process represents a modifi-

cation of the protein. Therefore it is crucial that a blot-based trial assay is performed to

ensure that the label does not disturb binding behavior.

4.4 SPOT assay based degron optimization suggests limited

importance of the N-terminal degron sequence on

recognition by PRT1 in vitro

4.4.1 Membrane 1

Comparison of sequences known to follow the N-end rule: Comparing the binding

efficiency of the wild type degron cassette to N-termini of known N-end rule reporter

constructs shows that all established N-end rule reporters, except for the commonly used

eK sequence, indeed show a strong, often even stronger then K2, binding to the SPOT

membrane (fig. 3.8A). Interestingly a few general tendencies are perceivable: First of all,

the elimination of negative charges seems to increase the binding efficiency. If the Glutamic

acid at position 16 in the N-terminal of the GUS reporter extension from Worley et al.

(Worley et al. , 1998) is replaced by Glycine, binding efficiency is doubled. This indicates

that negative charges within the N-terminal sequence must influence binding/recognition

to PRT1 in a disadvantageous way, potentially reflecting a negatively charged surface of the

binding domain. Another effect observed is that the elimination of Lysine residues decreases

binding efficiency, possibly because Lysine is positively charged so the overall charge of the

protein becomes more negative which might be disadvantageous. This feature has already

been described in yeast where it was shown that spiking an N-terminal sequence with

Lysines can indeed influence the stability of the reporter protein (Suzuki & Varshavsky,

1999). The results that an overall more positive net charge of the peptide sequence is in

agreement with findings regarding the substrate specificity of E. coli ClpS (Erbse et al.

, 2006), highlighting once more that the structure of N-degrons is, at least to a certain

extend, transferable between species.

On the other hand, the fact that the very commonly used eK sequence is such a poor

binder is surprising. Even though it binds to PRT1, its binding efficiency seems much

reduced in comparison to the wild type degron sequence. The fact that the eK sequence

is still functioning so well in vivo hints towards effects that do not play a role in vitro.

One possibility would be that the overall higher hydrophobicity compared to the degron

sequence plays a role. However, this remains highly speculative.

PRT1 recognizes the aromatic amino acids F, W, and Y but not I and L at

98



4 Discussion

the N-terminal: Replacing the residue in the penultimate position with different non-

aromatic, hydrophobic amino acids does not significantly alter the recognition efficiency

by PRT1 (fig. 3.8 B). Isoleucine at position two was tested twice, both times resulting in

almost the same results, again highlighting the robustness of the method. Replacing the N-

terminal with different postulated type 2 destabilizing amino acids resulted in the expected

outcome: While the aromatic amino acids Tryptophane (W) and Tyrosine (Y) still enabled

PRT1 binding, replacement of the N-terminal Phenylalanine with Leucine (L) or Isoleucine

(I) completely abolished binding. This is consistent with previous results obtained for L

when expressing PRT1 and different reporters in yeast mapping their stability (Stary et al.

, 2003). Still, initial work on the N-end rule pathway in yeast showed that I and L starting

reporters are unstable, albeit with I being about ten times more stable (30 min compared

to 3 min) then L (Bachmair & Varshavsky, 1989) in yeast.

In contrast to these findings, in plants only a slightly decreased stability for L and I

starting reporters, when transiently expressed in tobacco (Graciet et al. , 2010). Still,

these two amino acids are proposed primary type 2 destabilizing residues according to the

N-end rule. SPOT results now finally suggest that I and L are not recognized by PRT1

and therefore probably cannot be considered primary destabilizing residues in A. thaliana,

provided that there is no further type 2 N-recognin present in the genome of A. thaliana.

In contrast to structural data from the adapter protein ClpS, the type 2 degron recog-

nizing particle of the bacterial N-end rule, which has been crystallized from two different

bacterial species (E.coli and Caulobacter crescentus) both in complex with L starting pep-

tides (Schuenemann et al. , 2009, Román-Hernández et al. , 2009), PRT1 seems to behave

like ClpS2 from A.tumefaciens.

In this species two different version of the ClpS adapter protein (ClpS1/2) were identified.

These two ClpS versions exhibit differential binding with ClpS1 binding F, Y, W, and I

starting peptides and ClpS2 binding only F peptides well and already Y andW peptides to a

lesser extend, exhibiting no binding to L at all. Additionally, the two different ClpS versions

are expressed at different phases of bacterial culture growth (Stein et al. , 2016). The

findings highlight the evolutionary development and flexibility of the N-end rule pathway

and make it tempting to speculate about a similar mechanism in plants, where PRT1

behaves more like ClpS2, only binding a more limited number of N-terminals, and the

ClpS1 functional homologue might have been lost, or at least is conferred by a different

N-recognin with either a very low activity or a very high selectivity for the structural

context, as reported for Gid4 in yeast (Chen et al. , 2017), thus explaining the only slightly

decreased stability of I-and L-starting probes in tobacco (Graciet et al. , 2010).

An ALA-walk through the K2 sequence reveals a stretch of importance for

binding by PRT1: An Alanine walk was used to identify potential residues important

for PRT1 binding. This well established technique is used to map the influence of ev-

ery amino acid by replacing it with an Alanine (Weiss et al. 2000, Morrison & Weiss
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2001, Gauguin et al. 2008, Dey et al. 2007, Trott et al. 2014, fig. 3.8C)6. The Alanine

walk reveals importance of the residues 11-13 especially at temperatures higher than 14°C,

with replacing the Asparagine at position twelve eliciting the most severe effect almost

completely interrupting binding. The other two mutations mainly seem to have effects at

higher temperatures. Overall it seems that the binding is more uniform over all residues at

lower temperatures. This is insofar surprising as it does not seem to abolish binding but

making it only less prone to react to amino acid exchanges. One possibility might be that

these changes mainly influence mobility of the peptide chain thereby modulating PRT1

binding, an effect being likely less strong under colder temperatures as general mobility of

the peptide chain might be lower. In this regard one also has to take into account that all

values are normalized so the effects seen are always relative to a control.

Long Glycine but nor Glycine-Serine stretches result in extremely tight bind-

ing of PRT1: The influence of long Glycine stretches, ergo very mobile sequences, was

elucidated. Long poly-Glycine stretches, like the sequence previously used to identify PRT6

(fig. 3.8D, Garzón et al. 2007) increased binding significantly. However, sequences with al-

ternating Serine-Glycine sequences completely abolished binding despite the Phenylalanine

reside at position one. This is surprising as the strong binding to long Glycine stretches

suggests that the identity of amino acids is of limited importance. However, later in vivo

assays, using a non-binding Glycine-Serine containing sequence, revealed that this effect

is a SPOT-assay specific effect and that mobile sequences show overall improved binding

indicated also by decreased stability (see 4.6, fig. 3.12).

6The Results for Alanine at position one of the sequence are not shown, as this value serves for as an
internal normalization spot(fig. 5.10, spot D8).
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4.4.2 Membrane 2

The effects of different amino acid exchanges in sequences known to follow the

N-end rule are confirmed and extended: Modifications in different sequences known

to follow the N-end rule have an effect on on PRT1 binding (fig. 3.9A). First, the good

binding efficiency to the formerly used sequence from Garzon et al. could be confirmed.

This sequence was used again on this membrane because it did not appear in the initial

blot-based analysis of membrane 1 (fig.s 5.10 and 3.8A), which was highly unexpected and

required confirmation. After analysis of directly bound PRT1 to membrane 1 however,

this sequence was already confirmed to be recognized extremely well by PRT1 in these

experiments. Secondly, binding of PRT1 to a wild-type degron sequence with Methionine

or Glycine at position one was elucidated. The Methionine starting sequence was used

as negative control since it had been shown previously that it is not recognized by PRT1

(Stary et al. , 2003)7. Also, it has been shown for the bacterial ClpS N-end rule adapter

protein that its binding pocket poorly fits Methionine (Román-Hernández et al. , 2009),

making N-terminal Methionine an adequate negative control.

As expected Glycine exhibited no binding to PRT1, which is in line with results that have

been previously reported, namely that a Glycine- as well as Methionine-starting reporters

are stable, when expressed transiently in tobacco (Graciet et al. , 2010).

Modifications at position two of the degron sequence also did not alter binding. This

was tested to see if the positively charged Histidine residue plays an important role in

coordination of the peptide chain into the binding pocket. Neither replacement with the

more hydrophobic Methionine nor the polar Glutamine showed any influence highlighting

the low selectivity of PRT1 for the amino acid at the penultimate position.

The widely used nsP4 sequence originating from the Sindbis virus RNA polymerase

(de Groot et al. , 1991, Tasaki et al. , 2005, Xia et al. , 2008c) has already been shown

to exhibit increased binding to PRT1 compared to the degron (K2) sequence (fig. 3.8A).

These results were confirmed. Not only did PRT1 bind better to nsP4 than the degron

(K2) but also elimination of the two internal Lysines disrupted binding regardless if they

were altered to Glycines or to the more hydrophobic and aliphatic Isoleucine and Valine

(as present in the K2 wild type sequence). This is similar to previous results obtained

for yeast Ubr1 in regard to type 1 N-degrons, where it had been shown that Lysines at

defined positions of the degron sequence increase degradation rates of a reporter (Suzuki

& Varshavsky, 1999).

Similar results are seen when looking at different versions of the luciferase degron se-

quence from Worley and colleagues (Worley et al. , 1998). Elimination of a C-terminal

lysine decreased binding significantly. Replacing this Lysine with a negatively charged

7It can be recognized in in vivo in yeast, when acetylated, by a specialized E3 ligase called Doa10 (Hwang
et al. , 2010a). However, this does not play a role in vitro. Additionally, this process has not yet been
described in plants.
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Glutamic acid further decreased binding, indicating that negative charges might be detri-

mental for proper degron recognition and binding by PRT1 possibly due to increased surface

clashes with the potentially negatively charged surroundings of the type 2 N-degron bind-

ing pocket of PRT1, as inferred from the analysis of the ClpS domain from bacteria (fig.

5.7, Erbse et al. 2006).

In the end it is difficult to separate recognition and degradation processes when com-

paring the SPOT results (recognition/binding) with published results regarding reporter

stability, since these processes might only be partially dependent on each other. On the one

hand degradation is dependent on foregone recognition by the E3, resulting in ubiquitina-

ton. On the other hand, recognition of the target by the E3 might not be dependent on the

ability to subsequently ubiquitinate the bound target. Initial experiments that highlighted

the importance of Lysine residues for the stability of reporter probes cannot differentiate if

the observed stability phenotype is either a result of disrupted recognition or degradation

(Bachmair & Varshavsky, 1989, Suzuki & Varshavsky, 1999).

Results obtained in the SPOT assay hint more towards a decreased recognition upon

elimination of Lysine residues, likely partially due to a decreased positive net charge of the

peptide sequence. Also, data published monitoring in vitro ubiquitination of a fluorescent

and eK-based probe by PRT1 show that elimination of Lysines in the eK sequence, that

leads to stabilization of an L-starting reporter in vivo8 (Bachmair & Varshavsky, 1989),

leads to altered, albeit not abolished ubiquitination of a reporter, possibly being a result

of altered interaction between the target sequence and PRT1 and the fact that, after

elimination of Lysines within the eK sequence, now other Lysines are ubiquitinated, that

might not be in the ideal distance(Mot et al. , 2017).

An Alanine walk through the W-GUS sequence reveals residues with impor-

tance for recognition by PRT1: An Alanine walk through the Worley-GUS sequence,

found to be a well-bound sequence, was analyzed (fig. 3.9B). It reveals that many positions

in this sequence indeed have an influence on binding behavior. Especially, the Arginine

at position 14 significantly decreased binding albeit not abolishing it. Replacing Arginine

with Alanine eliminates a positively charged amino acid, again possibly having a negative

influence on binding to the (potentially) negatively charged surface of the binding pocket

(Erbse et al. , 2006).

An Aspartate walk through the K2 sequence reveals positions sensitive to in-

troduction of negative charges: An Aspartate walk through the K2 wild type sequence

was done to identify residues where the negative charge of the Aspartate interrupted the

binding to PRT1 highlighting positions with potentially close proximity to the surface of

the degron binding motif (fig. 3.9C). Not surprisingly, replacing the N-terminal phenylala-

nine resulted in loss of binding. All other positions, especially in the first half, as well as

8While L cannot be bound by PRT1 (this work, Mot et al. 2017) it is a type 2 destabilizing residue in
yeast (Bachmair & Varshavsky, 1989).
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the last third, showed that introduction of a negative charge does indeed have detrimental

effects on binding. The only exception was the replacement of the Proline at position ten.

Probably the negative effects of the Proline is higher than the influence of the negative

charge at this position. The same effect had been observed previously when replacing the

Proline with Alanine (fig. 3.8C), interestingly however, to a weaker extend. Proline itself

is somewhat a special amino acid due to its ring-forming side chain and the inability to

adopt many conformations and its preference to introduce a turn structure (Levitt, 1981,

Betts & Russell, 2003).

The replacement of residues one to four, especially with a negative charge, probably

hinders proper binding within the binding pocket as reported previously for ClpS (Erbse

et al. , 2006), indicating at least a low sequence selectivity for these peptides. As with the

previously executed Alanine walk, replacing residues 12 to 13, results in decreased binding.

This effect is however significantly more pronounced when introducing an Aspartate instead

of Alanine. This again suggests a certain importance of the last third of the peptide

sequence for binding to PRT1, at least when found in the structural context of a more

heterogenous peptide chain as opposed to the well binding Glycine stretches (fig. 3.8D).

W-GUS/K2 hybrid sequences show a mixed behavior in regard to PRT1

binding: Hybrid sequences (fig. 3.9D) show mixed results. Combining the N-terminal

part of the wild type degron sequence with the C-terminal part of the W-GUS sequence

results i a sequence that is bound efficiently by PRT1, albeit less then the two original

sequences. Inversing results in a well binding sequence behaving more like a W-GUS wild-

type sequence. This might indicate that the reason for better binding to PRT1 is to be

searched more towards the N-terminal meaning that the difference between the binding of

the W-GUS and the K2 wild type sequence to PRT1 is a result of differences in this part.

This seems logical as this is the part being closer to the binding pocket therefore also being

in closer proximity to the proteins surface.

Surprisingly, a W-GUS/K2 hybrid sequence did not show significantly improved bind-

ing by PRT1 but retained binding when the N-terminal Phenylalanine was replaced by

a Glycine. This is opposed to results from the K2 wild-type sequence with a Glycine at

position one that abolished binding (fig. 3.9A). This means that either there is a synthesis

mistake and there is no Glycine at the N-terminal of this specific peptide sequence, or that

this sequence somehow interacts with PRT1 in an N-terminal independent manner, which

is something that should be elucidated further.

Modifications of the eK sequence increase affinity to PRT1: Surprisingly in

all experiments the wild type e sequence starting with Phenyalanine only showed about

50% of the affinity to PRT1 than the K2 degron sequence (fig.s 3.8A and 3.9E). This is

astonishing, since this is one of the widest applied sequences in the N-end rule field and

has been used in many different reporter constructs (e.g. Bachmair et al. 1986, Bachmair

& Varshavsky 1989, Mot et al. 2017), and was therefore to be expected to be recognized
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well by PRT1.

Introducing a Cysteine at the same position as in the K2 degron sequence increased

binding significantly, an effect that was additive, when also introducing a negative charge,

in form of an Aspartate, for the Lysine at position 15. As oppsoed to the K2 sequence

(fig. 3.9C), the eK sequence seems to benefit from elimination of positive charges, a feature

which is highly unexpected. Additional mutation of an Arginine to Alanine does not change

the binding behavior. The positive effect of Lysine elimination does not seem to be specific

to Cysteine as also introduction of a Valine at said position increases binding by about the

same amount. In total one can say, that the eK sequence behaves very unexpectedly, since

introduction of a negative charge increased binding by PRT1, a feature rarely seen in other

sequences.

4.4.3 Conclusions

Summing up, the temperature dependent binding of PRT1 to various sequences has not

been discussed in depth. This is because the question arises whether this experiments is

actually able to reflect an in vivo situation or whether a change of temperature in vitro

mainly results in in vitro specific effects. This setup has been chosen to account for the

possible mode of action of conditional recognition of the degron by PRT1.

However, it seems unlikely that the effect would be perceivable in a SPOT assay, even

if conditional (temperature dependent) recognition would be the mode of action. This

is because the tested peptides, since there is only 17meres tested, are not tested in their

structural in vivo environment but rather only fixed on a membrane. Two effects are

imaginable, namely that the peptides, depending on their sequence, do also, to a certain

extend, interact with or influence themselves thereby modulating availability for PRT1, or

additionally changing temperature will most likely influence the mobility of all peptides,

however probably to a different extend, depending on their primary structure.

While peptide mobility and conformational changes in regard to temperature have been

described for significantly longer sequences (Mackay & Chilkoti, 2008), on the membranes

the used PEG-linker, that is used to anchor the peptides to the membrane, might play a

role. It has been shown before that the length of a PEG-linker is able to influence binding

of live cells in a binding study (Heon Lee et al. , 2012). While cells and an E3 ligase are

by no means comparable, these assays highlight the possible influence of the PEG linker

on availability of the ligand.

Another possibility to explain temperature-dependent binding difference of PRT1 to

the different peptides would be a certain, albeit low, amount of temperature-dependent

conformational plasticity of the PRT1 N-degron binding pocket. Conformational plasticity

means that a protein can exist in different conformational stages, induced possibly through

factors such as pH, temperature, or ligand binding. Conformation plasticity has been

reported in a wide variety of proteins (e.g Miletti et al. 2015, Plattner & Noé 2015,
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Kovermann et al. 2015), and might play a role in PRT1 binding to the membrane-bound

peptides. However, this is purely speculative and would need additional experimental

confirmation through means such as e.g. Circular Dichroism (CD) measurements.

Comparison between membranes one and two, at least when looking at the absolute

values of PRT1/peptide interaction, is difficult, mainly due to different spacing of the

controls and therefore also differential behavior of the sequences. The fact that sequences

on the membrane also behave in a certain way connected to their position is somewhat

worrying and should be considered.

On membrane 1 all six positive controls were situated on the left side of the membrane.

Respectively, this was not beneficial since the overall interaction of PRT1 with the peptides

was lower, which in exchange artificially amplified the interaction strength of all other

peptides since all values were normalized to that control. This might or might not be an

artifact of incubation or synthesis however it should be taken into account when interpreting

the results. All in total, it is perceivable that on the one hand the SPOT assay procedure

is a very valuable tool to find and identify sequences showing improved binding to PRT1,

but that the absolute quantification of interaction data should be interpreted carefully. To

my best knowledge this protocol using fluorescently labeled protein is one of the fastest

protocols available for SPOT assays regardless if a full quantification is carried out in

the end. Additionally, avoidance of an antibody/HRP-based readout (Cushman, 2008,

Klecker & Dissmeyer, 2016) significantly simplifies handling and also very strongly binding

sequences are efficiently detectable.

Finally, I believe the protocol I developed and implemented offers high potential for

large-scale interaction screening, however, I believe that SPOT assays, the way they are

currently used, offer merely an idea about interaction and need extensive in vitro and in

vivo verification. Even though the readout can (and was by me) quantifie,d I think the

actual outut of the assay is more of a qualitative to semi-quantitative nature.

4.5 In vitro stability assays and heterologous expression do

not confirm SPOT assay results

Two variants of the degron N-terminal (namely the wild type (standard K2) N-terminal

and the GUS N-terminal from Worley et al. 1998) were successfully cloned, purified, and

TEV-processed to generate exposed degron versions that were used in cell free degradation

assays in plant extract. The W-GUS sequence was chosen because after the first, blot-

based, SPOT assays it presented as the strongest candidate.

Unfortunately, the versions starting with the stabilizing residue failed to stabilize indi-

cating an N-end rule independent mode of degradation. However, addition of the potent

proteasome inhibitor MG132 indeed stabilized the protein suggesting a proteasome depen-

dent degradation. In a more in-depth approach, the two F-starting versions were labeled
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with a fluorescent dye and their degradation patterns measured through in-gel fluores-

cence. This approach has the advantage that a really quantifiable signal is generated and

additionally the blotting steps are omitted subtracting one layer of complexity.

Again, there was no difference in the degradation patterns between the wild type and the

optimized W-version. Also, addition of MG132 stabilized both proteins, thus confirming

the proteasomal dependent degradation. Summing up, one can say that a cell free plant

extract does not seem to be the appropriate system to test degradation rates of the degron

cassette due to apparent N-end rule independent degradation effects (fig. 3.10).

Similar results were obtained when the degron versions were co-expressed with PRT1

from the same open reading frame (ORF). The constructs were expressed in the S. cerevisiae

PRT1 knockout homologue ubr1-∆ (Reiss et al. , 1988, Gonda et al. , 1989, Bartel et al.

, 1990) to exclude influence by the endogenous Ubr1. The fact that there was no obvious

stability differences, when expressing a sole degron construct, without the PRT1 fusion, as

a GFP fusion in the wild type or ubr1-∆ cells (fig. 3.11), confirms the strong promoter

expression, leading to similar effects as observed in A. thaliana with a strong equlibrum of

the degradation towards stability.

When the degron is co-expressed with PRT1, a strong reduction in GFP fluorescence is

detectable. Unfortunately, there is no difference between the two version of the degron’s

N-terminal used (wild type and W-GUS) (fig. 3.11), still this result shows that the degron

is degraded in a PRT1 dependent manner confirming results published previously (Stary

et al. , 2003, Faden et al. , 2016b). However, due to the high ratio of E3 to target of 1:1,

differences in the recognition efficiency of the respective N-terminal most likely do not play

a role resulting in an efficient degradation in both cases regardless of the N-terminal. The

leftover fluorescence can be explained with small amounts of free GFP and with the fact

that probably a steady state situation between synthesis and degradation is reached. A

control by Western Blot analysis was not successful due to the almost identical size of the

two parts of the reference construct (HAT:PRT1:UBQmut = 58,5 kDa, F-K2:GFP = 53,2).

Strong signal intensities made a clear distinction impossible.

4.6 In vivo testing of different N-terminal sequences reveals

altered interaction and stability patterns

To confirm the results of the SPOT assays and to elucidate their in vivo relevance, pro-

toplast based assays were carried out. A split luciferase assay was used to confirm the

altered binding efficiency of different N-terminal sequences to PRT1. A total of 14 dif-

ferent sequences was elucidated. The wild type F-K2 degron sequence showed only weak

interaction with PRT1C29A. When the wild type version of PRT1 was used there was no

signal (data not shown), most likely a result of the ubiquitin ligase activity of PRT1 result-

ing in degradation of the target or itself through autoubiquitination, therefore not allowing
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the luciferase to reconstitute. This was the initial reason to use the PRT1C29A mutant

that is inactive, due to its proposed inability to interact with E2 enzymes thus blocking all

ubiquitination processes such as autoubiquitination (might influence E3 stability) as well

as target degradation (Maria Klecker, personal communication).

It is difficult to judge whether this interaction is strong or not because to my knowledge

no exact Kd value of the interaction of an E3 ubiquitin ligase with its target has been

determined in vivo9. Since this particular version of PRT1 is probably not able to recruit

an E2 ubiquitin conjugating enzyme it might, or might not, release the target again. Ad-

ditionally, the interaction with an E2 enzyme can have different effects on the E3 itself.

For example it has been described that the interaction of the Anaphase Promoting Com-

plex (APC), a large multi-subunit E3 ligase, with the E2 UbcH10 limits APC activity and

enables more stringent target selection (Summers et al. , 2008). In the end however, it re-

mains highly speculative whether the disruption of E2-PRT1 interaction does indeed play

a role in its target recognition since this mutation will additionally also influence PRT1s

auto-ubiquitination ability, an general feature of many E3 ligases that has been linked to

several effects such as self-destruction via the proteasome or, contrarily, even enhancement

of activity (Scaglione et al. , 2007, Amemiya et al. , 2008, Ranaweera & Yang, 2013). How-

ever, since SPOT assays function in the absence of E2 enzyme one expect that, if any at

all, the effect of the E2 on E3-target interaction has only modulatory character.

The different biological replicates gave very various results when compared to the wild

type degron, strikingly with high standard deviations making an overall statistical inter-

pretation beyond pure qualitative or semi-quantitative questions somewhat questionable.

Additionally, many of the different sequences tested in vivo gave results very different to

what was deducible from the SPOT assays. On the one hand sequences like W-GUS,

W-LUC, and nsP4 behaved as expected, namely by showing increased interaction (albeit

not statistically significant for Worley-LUC). Other sequences, on the other hand, such as

G-GUS, poly-Glycine, and poly-Glycine-Serine sequences showed a behavior diametral to

what was expected after interpretation of the SPOT assays.

While the G-GUS and poly-Glycine sequences, that showed high affinity in vitro for

PRT1 binding, did not interact strongly with PRT1C29A, the thought to be non-binding

poly-Glycine-Serine sequence mediated a significantly increased interaction with PRT1C29A,

a result completely opposite to the SPOT assays. Also, the eK sequence, not binding well

to PRT1 in vitro showed such increased interaction. Other effects, such as the improve-

ment of interaction upon elimination of negatively charged amino acids or the elimination

of Lysines leading to decreased binding could mainly not be confirmed in this assay. Nei-

ther did the elimination of the negatively charged Glutamic acid (E) in the Worley-GUS

sequence or Aspartic acid (D) in the Worley-LUC sequence result in increased interaction

nor did the elimination of Lysine in this sequence lead to dramatically decreased binding

9Yeast Ubr1 has a Kd of ca. 2 µM in vitro (Xia et al. , 2008c).
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affinity. The only other sequences that behaved as expected were the nsP4 sequence with-

out Lysines (nsP4-K) as well as the non-interacting controls starting with Methionine and

Glycine.

Another issue might be of a structural nature. Since the first 16/17 amino acids of the

degron cassette starting from the N-terminal Phenylalanine were exchanged also the first

eleven amino acids of the DHFR are modified. The last seven of these amino acids are part

of a β-sheet and modification of these amino acids might influence the structural integrity

of the DHFR. For example it would be possible that the long Glycine stretch containing

sequences tested fit better into the structure and are more hidden being actually less

available than on the SPOT assay where they are surface-exposed and potentially very

mobile. Other sequences might also fit into the existing DHFR structure or might have

influences on the overall structure of the protein.

Still, this experimental setup had some properties that might not have made it a perfect

choice for verification of SPOT results. First of all normalization happened via a second

construct (ProUBQ10:GUS ), also because the almost identical size of the expressed pro-

teins impeded a satisfactory separation and analysis using SDS-PAGE and antibody based

detection. Moreover, the normalization of transformation efficiency using reporters such

as GUS or full length luciferase (see e.g Guo et al. 2012, Jeon et al. 2007, Sheikh et al.

2016), can be problematic when elucidating protein binding affinity and interaction.

The absolute interaction strength, measured by the luminescence output, depends on the

ratio of the two interactors as well as their absolute concentration. This is so because the

Kd of the protein is defined by a saturation curve rather than a linear curve. This means

that a sample with low concentrations of both interactors, due to insufficient transformation

efficiency would significantly underestimate interaction strength when using the secondary

GUS signal to normalize it to a second sample with good transformation efficiency. Natu-

rally, such an effect also would hold true the other way around. Additionally, recently it has

been discussed that the intensity of luminescence in a split-luciferase assay actually is not

linearly correlated itself with interaction strength and it tends to underestimate especially

samples with high luminescence signals. It was suggested that the correlation between the

interaction strength of a protein pair and the emitted luminescence is indeed non-linear

(Dale & Kato, 2016).

All this, the obvious discrepancy in regard to the in vitro data as well as the recently

defined shortcomings of the split luciferase system in regard to kinetic analysis suggests at

least a certain cautiousness when interpreting the results. Also, if the reporter constructs

featuring the nsP4-k or G-GUS variant at their respective N-terminals do not interact,

even they were shown to be (strong) interactors in the SPOT assays, that indicates that

the sensitivity of this approach, especially in the range of potential weaker interaction, is

very limited.

To see whether in vitro and in vivo interaction data would actually translate into de-
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creased stability, a luciferase based stability assay was carried out determining the PRT1-

dependent stability again in protoplasts (fig. 3.12 B). All sequences except the W-GUS

sequence without Glutamic acid as well as the W-LUC sequence without Lysines led to a

significantly decreased stability. While this effect is in line with SPOT results (elimination

of Lysines led to weaker interaction) for the W-LUC sequence without Lysines, it is con-

tradictory for the W-GUS sequence without Glutamic acid since elimination of negative

charges should lead to better interaction with PRT1 and therefore to decreased stability.

Notably, the standard deviation for all sequences tested, except the stable M and G

starting controls, exhibited far lower scattering and variability in case of the stability

assays than the split luciferase assays did. The sequences containing long Glycine stretches

indeed conferred high instability. This includes the Glycine-Serine containing sequence,

indicating that the absence of interaction in the SPOT assay is actually not a propensity

of this sequence but apparently only an artifact/false negative result of the SPOT method.

The problem of the luciferase stability assay, besides the possible appearance of structural

”stress” due to the exchanged N-terminal, as mentioned above, is that it can only be carried

out at room temperature, because of the transient nature of the system and the observation

that especially elevated temepratures lead to a generally increased protein accumulation,

probably as a combination of a high copy number of transgenes and faster translation. It

therefore only catches a glimpse of the whole kinetic range of the degron. One possibility

would be for example that the alternative N-terminal sequences do not influence stability

per se but rather alter the (de)-stabilization kinetics. This would be beneficial to know

since already the protein of interest does have a severe influence on said kinetic (see section

4.8).

Maybe, sequence optimization of the degron’s N-terminus using SPOT assays and proto-

plasts is overall misguided. If indeed conditional degradation/ubiquitination is the degron’s

mode of action then introduction of sequences potentially disturbing the degron’s structure

and introducing higher conformational flexibility might alter the whole protein stability

making the already existing point mutations functionally obsolete and rendering the de-

gron cassette intrinsically morein stable. Additionally, if the exchange of the N-terminal

peptide chain leads indeed to structural rearrangements or disturbances within the DHFR

moiety, this process itself might act as a degron e.g. by exposure of hydrophobic patches

degradation at any temperature could happen in a PRT1 independent way. In animal cells

it has been shown that exposure of hydrophobic patches recruits chaperones such as HSP

(Heat-Shock Protein) 40/70 which facilitate recognition by the E3 ligase Chip resulting in

proteasomal-dependent degradation (reviewed in Goldberg 2003). Also in A. thaliana the

existence of an HSP70/CHIP mediated degradation pathway has been shown (Lee et al.

, 2009, Zhou et al. , 2014), making the possibility, that N-terminal exchanges and the re-

sulting possible exposure of hydrophobic patches through misfolding of the DHFR moiety

within the degron result in increased degradation rates, all the more likely.
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Still, also such a more destabilized degron version might have its benefits e.g. for desta-

bilization of very stable proteins of interest. Problematic is also the fact that the kinetics

of degron (in)stability can not properly be addressed in a transient transformation en-

vironment since in protoplasts, but also in tobacco, temperature is directly connected to

transformation efficiency as well as protein expression from the introduced transgene. This,

together with the strong promoters usually used in these experiments, lead to an effect

where cells usually accumulate more protein under warm conditions when e.g. performing

shift experiments (data not shown). Therefore, the degron should best be optimized and

tested in stably transformed A. thaliana lines, or another kind of stable transgenic system,

using weaker promoters and ideally also different proteins of interest exhibiting different

stability such as e.g. GUS and LUC (stable (50 Jefferson et al. 1987) vs. instable (1 h

Koksharov & Ugarova 2011)).

4.7 Conclusions from the degron optimization approach

The newly developed and improved SPOT assay represents a valuable tool for the science

community. However, the results obtained by the method in regard to the goal of improving

the degron is rather limited, at least by the means of verifications obtained here. There is

two main issues, one being the still unclear mode of degradation of the degron, the other

one being that a temperature stimulus is difficult to screen in transiently transformed

organisms.

It is not surprising that many sequences could be identified that bind better to PRT1

than the wild type sequences. Judging from the fact that, in the in vitro environment,

the long Glycine-containing sequences bound best to PRT1 suggests that an old dogma of

N-degron definition is actually accurate namely that the N-terminal must be mobile and

accessible. Following that logic, only the N-terminal Phenylalnine plays an important role

and the nature of the subsequent amino acids is rather insignificant as long as they do not

create structural clashes with the surface of PRT1. The fact that the original degron also

addressed the Arg-branch of the N-end rule, taken together with the fact that also degron-

GFP stably expressed in A. thaliana were efficiently degraded regardless if an Arginine or

Phenylalanine was presented at the N-terminal, hints more towards a mode of degradation

mostly independent of the primary structure subsequent to the N-terminal. The fact that

an alternating Glycine-Serine sequence did not bind in the SPOT environment could be

most easily explained with a synthesis problem, since the sequence behaved as expected

in the other assays. However, since the peptides are covalently bound to the cellulose

membrane and are not elutable verification via e.g. mass spectrometry is not possible right

now. Also a scenario could be imaginable where the massive amounts of Serines within

this sequence produces hydrogen bonds, e.g with the neighboring peptide chains or even

with the cellulose matrix, thereby altering secondary structure and making the sequence
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unavailable for PRT1.

The degron cassette is, due to its structural context, also not the appropriate environ-

ment for the verification and mapping of more general properties of an N-degron. If such

an attempt is undergone, N-terminal exchanges should be carried out in a destabilizing se-

quence such as e.g. the eK sequence, something that has been started in yeast (Bachmair

& Varshavsky, 1989).

In the end, three different parameters are available for optimization and changing that

define the degrons capabilities. For once the range of stabilization (high stability at per-

missive temperatures and low stability at restrictive temperatures), a more narrow range

between temperature extremes to prevent phenotypic differences in the used organism, and

altered kinetics e.g. versions with a small transition zone for efficient and fast changing

between states of stable or unstable protein versus versions with longer transition zones

better better suited for tuning of intermediate protein stability situations. Unfortunately,

the POI has a rather strong influence on this behavior so additional work should be done

reach at least a basic scheme of classification of POI in regard to their behavior as a degron

fusion protein.

Additionally, the SPOT assays indicated a reliable and strong recognition of the degron

sequence by PRT1, overall indicating that optimization in regard to PRT1 binding might

not be necessary, or at least might not play a role in vivo, since in an endogenous environ-

ment with significantly lower amounts of available PRT1 it might not play a role whether

the target sequence is well-binding or extremely well-binding.

4.8 The degron’s mode of action is most likely a predominant

mix of conditional ubiquitination and conditional

degradation

Overall the detailed mode of action of the degron on a molecular level is unclear. However,

DHFR proteins have a long history of serving as stability reporters (e.g. Tasaki et al.

2005, Xia et al. 2008c), therefore, together with the results found in the making of this

work, allowing to postulate a model of degron degradation that mainly relies on conditional

ubiquitination and conditional degradation and not excessively on conditional recognition

by PRT1

The original mode of action postulated for the original yeast degron system was that of

conditional ubiquitination. It was argued then that through increased structural flexibility

at the restrictive temeprature, the mutated DHFR moiety would reach a state of higher

conformational flexibility making some Lysines, previously unaccessible in the tertiary

structure of the DHFR, now available for ubiquitination, finally leading to the degradation

of the degron (and its fused POI) (Dohmen et al. , 1994). This mode of action has been
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proposed as well for the degron version used in this work, supported by in silico modeling

data, suggesting mainly Lysines in the vicinity of the E173D mutation of K2 becoming

accessible after a shift to restrictive temperature (Faden et al. , 2016b)10.

The proposed mode of conditional ubqiuitination indeed fits to previous results obtained

when mapping the stability of the eK sequence in vivo. In these experiments, different

versions of the eK-sequence, fused to a non-mutated DHFR, were tested for their stability

in yeast (Bachmair & Varshavsky, 1989). The eK-DHFR reporter stabilizes efficiently,

when the two Lysine residues within the eK-sequence are eliminated. This shows that

a non-mutated DHFR cannot be ubiquitinated or degraded in vivo, which most likely

reflects the degron’s behavior at the permissive temperature. No Lysines are available for

ubqiuitination therefore the protein remains stable11. he ek-DHFR reporter probe has also

been shown to be recognized by PRT1 in plants as it has been used to identify the prt1-1

mutant allele via a mutagenesis screen, where the ek-DHFR probe stabilized effciently after

disruption of PRT1 functionality (Bachmair et al. , 1993).

The second prerequisite of proteasomal degradation, namely the presence of flexible re-

gions needed for degradation initiation, has to be taken into account. It has been demon-

strated conclusively that proteins, such es e.g. Rad23 in yeast (Fishbain et al. , 2011), can

be heavily ubiquitinated but still escape proteasomal degradation due to their structural

rigidity (Takeuchi et al. , 2007, Fishbain et al. , 2011, Yu et al. , 2016). Intriguingly, this

work also uses a DHFR protein for in vitro stability assays with purified yeast proteasome,

showing once more that a DHFR, without addition of flexible regions, remains stable. Flex-

ible regions at the N- or C-terminal of a protein can be as short as 25 amino acids to confer

instability (Verhoef et al. , 2009) and proteins become more instable with increasing length

of the flexible regions (Takeuchi et al. , 2007, Fishbain et al. , 2011, Yu et al. , 2016). This

fits well to the stability behavior of the ek-DHFR protein described previously (Bachmair

& Varshavsky, 1989) that stabilizes also, when decreasing the length of the eK sequence

which is originally 42 amino acids long and has therefore a length found to be sufficient to

mediate instability (Verhoef et al. , 2009).

This is another strong hit towards the hypothesis that a non-mutated DHFR itself does

not even offer Lysine residues accessible for ubiquitination since the ek-DHFR probe with

the long eK linker but without Lysines in this linker remains stable (Bachmair & Var-

shavsky, 1989). While it would be possible that the DHFR is not ubqiuitinated due to

the Lysines not being in the right spatial distance to the E3, this seems unlikely since the

DHFR contains a total of 16 Lysines, with many of the in the vicinity of the C-terminal,

where they, since the N- and C-terminal are in close vicinity (fig. 5.21) should be ubqiuiti-

nated, if they were available. The fact that an eK-starting probe is still ubquitinated by

10The original yeast degron carries one P66L mutation (Dohmen et al. , 1994), whereas K2 carries two
mutations, namely T39A and E173D (Gowda et al. , 2013, Faden et al. , 2016b).

11While the nsP4 sequence could not be recognized anymore by PRT1 in the SPOT assay upon Lysine
mutation (fig. 3.9A), this is not the case for the eK seqeunce (fig. 3.9A, Mot et al. 2017).
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PRT1 in vitro, even if no Lysines in the direct vicinity of the probe’s N-terminal are avail-

able, shows that PRT1 shows a certain flexibility in its ubiquitination activity (Mot et al.

, 2017).

The N-terminal extension of the K2-construct, that can also be found in the original yeast

degron, consists of five amino acids starting at the penultimate positions (the ultimate po-

sition being the primary destabilizing residue). Exactly this extension (X-HGSGI-M; X =

primary destabilizing residue, M = Methionine of the DHFR), combined with an unmu-

tated DHFR, has been shown to be completely stable in yeast (Bachmair & Varshavsky,

1989).

Two questions now remain. For once, if the degron also relies on flexible regions in order

to initiate degradation, where are these to be found, and secondly what is the influence of

the POI on the behavior of the degron-POI fusion?

The N-terminal linker of the degron is significantly too short to serve as a region of

initiation of degradation at the proteasome. This raises the question how exactly the

degron initiates its degradation after being ubqiuitinated and recruited to the proteasome.

It was shown that flexible regions for efficient degradation initiation at the proteasome,

that are situated within the protein, have to have a minimal length of 95-100 amino acids

to initiate degradation (Fishbain et al. , 2011, Yu et al. , 2016). Since the whole DHFR is

only 189 amino acids long this would mean a more or less complete unfolding, or at least

drastically increased structural flexibility which seems a bit far fetched, since the T39A

mutations does not seem to induce any conformation distress on the overall structure and

only the E173D mutation induces structural clashes (fig. 5.21). If one postulates unfolding

this would be the result of only one mutation. Therefore degradation initiation via either

the N- or C-terminal seems more likely. While the N-terminal in the wildtype DHFR

which, according to the structure (fig. S 5.21, Pettersen et al. 2004), would have a flexible

sequence of only ten amino acids, which would not be sufficient for degradation initiation,

it might be possible that overall higher structural flexibility leads to elongation of this

stretch enabling degradation via the N-terminal.

However, it seems more likely that the C-terminal might be the access point crucial

for degradation initiation. When recombinantly expressed and purified K2-versions were

incubated in a plant extract they were degraded in a proteasome dependent manner (fig.

3.10). This indicates that a degron cassette, even without the a fused POI, can be degraded

by the proteasome. In this case the free C-terminal, consisting of linker regions and a

triple-HA tag might be the starting point of degradation. Since the E173D mutation that

was shown to induce structural flexibility (fig. 5.21, Faden et al. 2016b), is close to the

N-terminal it is tempting to speculate that it wold also be responsible for an increased

flexibility in this region allowing the initiation of proteasomal degradation.

The degron itself, without a POI, would therefore rely on a mixed mechanism of condi-

tional ubiquitination and conditional degradation most likely happening simultaneously at
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Figure 4.1 – Model of degron degradation. At the permissive temperature the
degron cassette cannot be ubiquitinated or degraded. However, a fused POI might po-
tentially be ubiquitinated, also by other E3s than PRT1. Upon shift to the restrictive
temperature the degron itself is ubiquitinated and flexible regions allow initiation of
degradation.

the restrictive temperature.

How might the POI now influence the kinetics of the entire fusion protein? Ubiquit-

ome enrichment of K2:GUS from the ProUBQ10:K2:GUS -expressing line showed that also

at the permissive temperature the protein is ubiquitinated (fig. 3.2C). If one follows the

hypothesis of the conditional ubqiuitination of the degron this would mean that ubiquitina-

tion, in this case, would be exclusive to the GUS moiety. Analysis of the crystal structure

of the murine DHFR (fig. S 5.21) indicates that N- and C-terminal of the protein are in

close proximity to each other. This might indicate that also in the case of a ubiquitination

event, PRT1 would be in close vicinity of the protein of interest located at the C-terminal

of the DHFR possibly facilitating ubiquitination of the POI in a temperature independent

manner.

Naturally,it cannot be excluded that other E3 ligases might play a role in this ubiqui-

tination process. Interestingly, ubiquitinated species of K2:GUS remain completely stable

as indicated by proteasome inhibitor treatments of K2:GUS expressing seedlings where no

accumulation of K2:GUS at the permissive temperature could be observed (fig. 3.2A). This

is most likely based on the intrinsically high stability and rigidity of the GUS protein that

does not offer flexible regions for proteasomal degradation.

Contrarily, it has been demonstrated previously that a degron fusion with the tran-

scription factor TRANSPARENT TEST GLABRA1 (TTG1) also further stabilizes at the

permissive temperature when crossed into the prt1-1 mutant background indicating that
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here ubiquitinated subsepecies are removed from the cell (Faden et al. , 2016b), possibly

because TTG1 offers a higher degree of conformational flexibility then GUS. The fact that

POIs can potentially be ubiquitinated at the permissive temperature probably decreases

the influence of the conditional degradation of the mutated DHFR in the degron cassette

in response to the different temperatures making conditional degradation the prevalent

mechanism of degron-POI degradation through the proteasome.

Still, one question remains. If one assumes that the C-terminal of the free degron cas-

sette serves as the point of degradation initiation then fusion with a POI poses a problem

since now the C-terminal region becomes an internal region. While terminal regions have

been shown to confer degradation also when they are relatively short (Verhoef et al. ,

2009), internal regions need at least a length of 95 to 100 amino acids to efficiently confer

degradation (Fishbain et al. , 2011, Yu et al. , 2016). The only explanation would be that

this region now consists of a large portion of the DHFR, plus the HA-linker, as well as the

N-terminal of the POI to reach a length sufficient for degradation initiation.

In the end also conditional recognition could play a minor role. This would mean that

the N-terminal can only be recognized by PRT1 at the permissive temperature. The SPOT

assays, where binding at different temperatures was elucidated, rather hinted towards con-

ditional recognition not playing an immense role. While some sequences show different

binding affinity by PRT1 no sequence abolishes binding upon temperature. Of course one

has to take into account that the 17mere peptides on the membrane are not in their natural

structural context, therefore they might not completely reflect the in vivo situation. The

stability and interaction studies using the luciferase-based approaches only offer limited

insights into this question as they were all carried out at ambient temperature. While

interaction behavior of PRT1 with the different N-terminals is clearly altered this might

be a result of the N-terminal exchange disturbing the overall DHFR-structure (see section

4.6 and 4.7).

Summing up, I suggest a mechanism where, at permissive conditions only the POI can

potentially be ubiquitinated, which might be due to the action of PRT1 or other endoge-

nous E3 ligases. If the POI can provide a degradation initiation point these species are

removed from the cell. If the POI does not posses such a region the ubiquitinated species

remain stable. The ubiquitination itself hints towards conditional recognition not playing

an important role in degron ubiquitination and degradation. Once switched to restrictive

conditions the point mutation close to the C-terminal of the DHFR induces conformation

flexibility which should increase the length of the flexible region to a point sufficient for

degradation initiation. Now, also additional ubqiuitination through availability of Lysine

residues on the DHFR will most likely play a role.
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4.9 The degron system compared to other conditional degron

techniques

A degron is defined as a peptide sequence within a protein conferring its instability and

therefore its degradation (Varshavsky, 1991). A conditional degron therefore would be such

a degradation initiation sequence that is not constitutively exposed but that would only be

accessible to the degradation machinery upon a certain stimulus. Following, the N-degron

system is compared to other well established systems of conditional protein degradation.

However, only systems functioning directly on the level of active protein are assessed as

they represent the direct competitors to the degron system. Also potential other degron

sequences that have not yet been used in the context of biotechnological or synthetic biology,

such as the widely adopted eK (extensions containing Lysines) sequence (Bachmair &

Varshavsky, 1989), the discussed jasmonate-based degron (Sheard et al. , 2010), or various

destabilizing viral sequences (Sen et al. , 2007) will not be discussed, because this part

of the discussion focuses on comparison with already established and applied techniques

to evaluate strength and weaknesses of the system and to offer potential adopters the

possibility to make an informed choice about which system to use.

The auxin-induced degron (AID) is a system based on the transfer of the plant auxin-

dependent degradation pathway into a heterologous organism (Nishimura et al. , 2009).

In plants auxins, a family of plant hormones, bind to the F-box protein TRANSPORT

INHIBITOR RESPONSE 1 (TIR1) and regulates its binding to the IAA transcription

repressor. TIR1 is part of the SCF-TIR1 complex in planta, a multi-subunit E3 ligase, ca-

pable of recruiting an E2 ubiquitin conjugating enzyme. Auxin serves as a sort of molecular

glue promoting the interaction of the IAA transcription repressor with the SCF complex

therefore promoting its ubiquitination and subsequent degradation. SCF complexes can be

found in all eukaryots with only the adapter protein, in this case TIR1, differing. There-

fore, fusing a protein of interest to the IAA transcription repressor, and parallel ectopic

expression of the TIR1 adapter protein, will mediate the destruction of the IAA-carrying

protein in response to auxin.

The auxin inducible degron has been used successfully in a variety of different organisms,

however mostly, on the level of cell culture or single-celled organisms (Nishimura et al. ,

2009, Holland et al. , 2012, Kreidenweiss et al. , 2013, Heider et al. , 2015). The only

example where this system has been used in an intact multi-cellular organism has been

described recently in the nematode C. elegans (Zhang et al. , 2015). Also, a combination

with trancriptional repression to generate more tightly controlled conditional mutants in

yeast has been reported (Tanaka et al. , 2015). A further improvement of the technique

now allows for a CRISPR/CAS-based tagging of endogenous proteins, therefore generating

conditional mutants, however, again only in cell culture (Natsume et al. , 2016). Compared

to the N-degron approach described in this work there is some shortcomings of the auxin-
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based system. First of all its general applicability in higher organisms has yet to be

demonstrated, even though initial experiment in C.elegans indeed look promising. Control

of Auxin uptake can be difficult, e.g. an age-dependent efficiency of the system in C.elegans,

depending on the developmental stage of the nematodes presumably based on "differences

in the rates of auxin uptake or diffusion through tissues", has been described (Zhang et al.

, 2015).

Even though the degradation rates of the auxin-based system appear superior to that of

the N-degron approach, with the auxin-based system removing proteins from cells within

30 minutes to one hour post induction, depending on the auxin concentration, washing out

of the elicitor can be significantly more tedious because efficiency of the removal is highly

dependent on the applied concentration of the elicitor (Zhang et al. , 2015). This issue is

efficiently circumvented by the temperature stimulus controlled N-degron.

Another disadvantage of the auxin-based system is the limited ability for tuning of

protein amounts. While the N-degron allows for efficient tuning of amounts of active protein

based on the exposure to intermediate temperatures (fig. 3.1E) intermediate amounts of

auxin only result in changes in the degradation kinetics but do not seem to result in

intermediate protein levels. Also, even if such as stage could be reached, this would require

to constantly grow the organism on a certain level of auxin, something that might be very

difficult to monitor and additionally costly. Last, the auxin-based system is only available

in heterologous, ergo non plant, systems as opposed to the N-degron.

Another system, also engaging an SCF-complex, is based on the degradation of a GFP

moiety called deGradFP. In this technique an engineered F-box protein combined with an

anti-GFP antibody fragment recruits GFP, and proteins fused to it, to the SCF complex

initiating their degradation. In D. melanogaster embryos this approach has been used

successfully to generate conditional null mutants (Caussinus et al. , 2011). The fact that

a GFP moiety is used as a degron allows for easy monitoring of degradation efficiency.

Even though proteins are removed relatively quickly from the cell, within approximately

four hours in cell culture, the applicability of this technique in multicellular organisms has

still to be demonstrated. Here, usually a second layer of control over protein abundance

is needed, e. g. the adjustment of the expression level of the F-box protein mediating

recruitment to the SCF. Nevertheless the deGradFP approach constitutes one of the few

techniques available which are also able to act on transmembrane proteins if the GFP is

on the cytosolic side of the protein making it available for the ubiquitin system, something

that has not been attempted with the N-degron yet. In the end the deGradFP approach

possesses the advantage of velocity and monitoring but again does not allow for easy tuning

and reversion of degradation effects.

Another well established system relies on an engineered FK506- and rapamycin-binding

protein (FKBP12) that confers conditional instability by adding a so called destabilizing

domain (DD) to a fused protein of interest, but can be saved from degradation through
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addition of a small compound termed Shield1 (Shld1), efficiently stabilizing the fusion pro-

tein (Banaszynski et al. , 2006). This system allows a rapid depletion as well as tunability

of protein amounts using intermediate concentrations of the stabilizing compound Shld1.

The DD-based approach has been successfully applied to cell cultures (Banaszynski et al. ,

2006, An et al. , 2015), single celled organisms such as Toxoplasma gondii (Herm-Götz et al.

, 2007) or Plasmodium (Armstrong & Goldberg, 2007), and even whole mice (Berdeaux

et al. , 2007, Banaszynski et al. , 2008, Rodriguez & Wolfgang, 2012). Like the N-degron

approach, this system allows a real tunability of protein content however long term tun-

ing to intermediate protein amounts might be difficult due to the needed monitoring and

maintenance of Shld1 levels.

An additional, also Shld1 based, system has been established in the same group. In

this case a different version of the FKBP protein, termed LID-FKBP, confers instability

when Shld1 is added. Even though it has not yet been applied widely, it shows inter-

esting prospects since the concomitant use of DD-FKBP12 and LID-FKBP12 potentially

allows for simultaneous stabilization and degradation of two different POIs in the same cell

(Bonger et al. , 2011).

A new, conditinal degron system that has emerged recently is based on blue light illu-

mination as the environmental stimulus for degradation. It consists of a LIGHT OXY-

GEN VOLTAGE SENSING DOMAIN 2 (LOV2) from A. thaliana PHOTOTROPIN 1

(PHOT1) combinded with the murine ornithine decarboxylase-like degradation sequence

(cODC1) (Renicke et al. , 2013a), termed the photosensitive degron (psd). The system

mediates efficient degradation via the UPS within four hours of blue light illumination.

Treatments with cycloheximide, a strong inhibitor of protein synthesis, showed even that

the half-life of proteins fused to the psd is less than 30 minutes in yeast indicating a strong

destabilization effect (Renicke et al. , 2013b). Additionally, tunability using intermediate

light intensities, high spatial and temporal resolution, and the ability to use the psd mod-

ule for the generation of conditional mutants were demonstrated(Renicke et al. , 2013b).

The degradation mechanism of cODC1 is conserved in yeast, vertebrates, and plants po-

tentially making the degron extendable to these systems, naturally with limitations in

organisms, such plants,mammals, and birds, that are able and/or rely on blue light per-

ception. The psd module has been further optimized with various cassettes with different

stabilization/destabilization behavior being available (Usherenko et al. , 2014). Also it has

been applied successfully in the nematode C.elegans to create a conditional knock down

situation in the central nervous system (Hermann et al. , 2015).

An engineered version of the LOV2 domain from Avena sativa combined with an alterna-

tive peptide degron, replacing the cODC1 degron to control protein stability in mammalian

cells as well as zebrafish embryos, thus expanding the use of light induced protein desta-

bilization to these important model systems was used(Bonger et al. , 2014). Compared to

the N-degron system the light induced system shares the benefit of a potentially non-toxic,
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however possibly developmental influential, inducer as well as the possibility for efficient

tuning of protein amounts.

The use of light restricts these systems to small or single celled organisms or to outer cell

layers due to probably decreased light penetration into deeper tissues as well as it excludes

organisms that sense and/or need blue light for survival.

Recently, the auxin inducible degron (see above) was combined with a chemically mod-

ified photoactivatable auxin, hence increasing the spatiotemporal resolution of the AID-

system in yeast and mammalian cells. Although the idea is appealing, this system has not

been adopted widely yet (Delacour et al. , 2015).

Yet another system that was applied in yeast is the TEV Induced Protein Inactivation

(TIPI) system (Taxis et al. , 2009, Jungbluth et al. , 2010). It relies on a dormant degron

containing a conserved TEV protease cleavage site. The original approach only contained

an N-degron resulting, after TEV cleavage, in an N-terminal fragment showing a primary

destabilizing residue according to the N-end rule which leads to rapid removal of the protein

from the cell. The N-terminal fragment would serve as a stable control. An adapter

protein fused to the TEV protease with its recognition site close to the site of targeted

cleavage resulted in rapid and efficient cleavage upon TEV induction (Taxis et al. , 2009)

by recruiting the protease directly to its destination. In a later approach the system was

extended through introduction of the cODC1 degron upstream of the TEV cleavage site.

Therefore, both fragments would carry a degradation signal upon TEV cleavage. Through

this approach the system acquired higher flexibility, because now target proteins can be

tagged for degradation via their respective N-and C-terminal (Jungbluth et al. , 2010).

However, the system has only been applied in yeast so far and because the regulatory unit

is the TEV protease, which is controlled through promoter induction, it inherits all the

disadvantages of regulation on transcriptional/translational level, namely induction speed

and poor reversibility. Therefore the TIPI system remains more a system for rapid and

targeted protein depletion rather than offering tuning and adjustment properties such as

the N-degron approach.

In general ts allele approaches are naturally the most comparable to the optimized N-

degron approach. Such temperature sensitive alleles have long been used in basic research

as they allow direct control over a protein of interest in its natural biological context.

However, identification of these alleles is tedious as it usually requires large mutational

screens and is therefore, with few examples, restricted to unicellular organisms or cell

cultures with short generation times. A work-around was published, however the reported

approach for plant ts-alleles employs targeted mutagenesis based on structural information

as well as heterologous testing of the mutations in the moss Physcomitrella patens (Vidali

et al. , 2009), an approach that still (A) relies on structural information being available

on the protein of interest (POI) as well as (B) requiring that said tested POI can elicit

a phenotype in the heterologous organism. Western Blot analysis, in the absence of a
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phenotype, would be theoretically possible but impracticable due to the large amount of

samples.

The original ts-degron cassette was the first system to circumvent the problems of ts-

allele identification by introducing the N-degron cassette generating artificial ts-alleles of

a given POI (Dohmen et al. , 1994). This approach has been used extensively in yeast and

also in some other organisms, however mainly in cell culture (reviewed in Faden et al. 2014).

Another work-around is the use of temperature sensitive inteins resulting in temperature

dependent splicing of the POI (Zeidler et al. , 2004). A library of different intein switches

is readily available (Tan et al. , 2009). This technique has two downsides, namely the fact

that the intein sequences have to be introduced into the POI, making cloning more difficult

and secondly the splicing process adds another layer of processing. To date this technique

has been applied in D. melanogaster and yeast.

Later applications of similar systems combine the self-processing abilities of inteins with

the formerly mentioned LOV2 domain to obtain light-splicable modules in mammalian cells,

bacteria, and yeast (Wong et al. , 2015, Jones et al. , 2016). Even a salt inducible version

has been successfully demonstrated to function in vitro (Reitter et al. , 2016). This shows

broad potential for the application of inteins. Still, to-date no large scale experiment,

using the technique, has been performed and detailed kinetics of the system’s behavior

have yet to be elucidated. So far the original work suggests tuneability via intermediate

temperatures but this has not yet been looked at intensively (Zeidler et al. , 2004).

Summing up the degron approach presented in this work is one of the most versatile

solutions available in the field. It suffers from only very few species restrictions and is not

burdened by secondary effects of chemical elicitors or prone to uneven induction through

insufficient tissue diffusion of said elicitor. The sole limitations of the degron is its re-

striction to poikilothermic and eukaryotic organisms. This should still make it available in

mammalian cell cultures but definitely makes it unavailable in higher animals such as mice.

What makes the optimized N-degron approach superior to many of the aformerly discussed

techniques is the possibility for protein tuning as well as the fact that its applicability has

been demonstrated in the most important model organisms.

Similar possibilities have been demonstrated for the Shld1 based system (Banaszynski

et al. , 2006) in mammalian cells, albeit the same potential in multicellular organisms has

yet to be demonstrated and might be impossible due to penetration difficulties of the Shld1

compound into the organism. While the different degrons discussed above all have their

respective strength and advantages, the optimized N-degron approach presents the optimal

compromise between ease of use and efficiency.

Generation of N-degron fusion constructs is now more straightforward then ever since

the assembly of a new vector for easy degron-tagging, which offers high variability through

use of the gateway system.
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4.10 Outlook - How to map degron kinetics, mode of action,

and the influence of the POI

This work highlights the general applicability of the degron technique and the wide array of

possible applications in different organisms. However, a real and in depth characterization

of the degron cassette with or without different proteins of interest is still not completed

and would be crucial for a better understanding and therefore improved application of the

technique. For now, the system has never been analyzed in vivo without any protein of

interest fused to it’s C-terminal, an approach crucial for determining the influence of the

protein of interest on the overall behavior of the degron. Two important questions would

have to be answered: First, what are the exact stabilization/degradation kinetics of the

degron cassette and second, what is the precise mode of action (see section 4.8).

The accurate characterization of the degron actually poses some intrinsic difficulties, such

as detection of the cassette in a large scale and screenable format. It seems logical that

stably transformed A. thaliana lines do not necessarily represent the quickest screening

system, mainly since the generation of reporter lines is lengthy and large scale generation

of material needs at least some phytocabinets with a tightly controlled environment. A pre-

screen could be done using D. melanogaster cell culture. They are stably transformable,

especially since there is vector sets available that co-express GFP or other fluorescent

markers in a multicistronic way similar to the Ubiquitin-Reference-Technique (González

et al. , 2011) and they grow at an ideal temperature of 25°C. While this is not exactly the

intermediate temperature for the degron it was shown that they support the temperature

shift associated with degron usage (fig. 3.4C/D, Faden et al. 2016b).

Stably transformed D. melanogaster cells carrying a degron cassette, additionally tagged

with a FLAG or STREPII tag, could offer a system that is easily maintainable, offers

high protein yields, reacts to the temperature stimulus, and should be relatively easy

to generate. Yeast or also mammalian cells would conceivably be suitable systems as

well, however protein extraction from yeast can be more tedious and mammalian cells’

ideal growth temperature of 37°C is far away from the degrons usual temperature range.

These cells would be more suitable for work with the original yeast degron such as it

has already been done in chicken cells where a restrictive temperature of even 42°C was

used (Su et al. , 2008, Bernal & Venkitaraman, 2011). FLAG or STREPII tags could be

incorporated in the linker region up- or downstrem of the already present triple HA-tag.

They present a good compromise of cost, purity, and yield of the purified protein when

used for production of recombinant proteins in different organisms (Lichty et al. , 2005).

Additionally, modification of this linker region could already provide some experimental

data on whether this region might be involved in the degradation initiation of the degron

cassette, as hypothesized (see section 4.8)

Quantification of degron stability could be achieved using a quantifiable Western Blot
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analysis, best using fluorescent antibodies (Faden et al. , 2016a) where the signal could be

normalized to the co-expressed GFP. The tagging would enable to purify the degron cassette

to quantify its amount in different assays to properly elucidate its degradation/stabilization

kinetics. Quantification of degron stability could be achieved through a DHFR activity

assay, which is commercially available. The advantage of the DHFR activity assay would

be a direct, plate reader based readout enabling higher throughput and automation by

avoiding Western Blot.

As a shortcut for pre-screening purposes also an reticulocyte extract for in vitro transcrip-

tion/translation could be used. Reticulocyte extracts are a long established test system

in the ubqiuitination and N-end rule field (compare introduction). The degron could be

expressed containing the tsDHFR or a wild type version as a control and stability after

cycloheximide-mediated shut down of translations could be monitored. Since the reticu-

locyte extract functions at an optimal temperature of 30°C temperature shifts would not

be applicable in this system rendering it a system solely suitable for initial testing and

pre-screening purposes. However, its commercial availability and ease of use make it a well

suitable system. Analysis would be performed again by fluorescent Western Blotting or e.g

by expressing the degron as a GFP fusion protein for direct live monitoring. Initial tests

showed that GFP fluorescence can be measured in a reticulocyte extract even when diluted

with plant extract (fig. 5.22).

To further elucidate the degrons precise way of action and to shed light on the ques-

tion which precise mode of recruitment and degradation via the proteasome, conditional

recognition/ubiquitination/degradation, several experiments should be performed. First, a

simple in vitro assay to measure the unstructuredness of the degron could be done. Fishbain

and colleagues used a simple protease degradation assay to measure the unstructuredness

of their test proteins (Fishbain et al. , 2011). They used a DHFR, which itself escaped

degradation, while flexible regions at its respective C-and N-terminal, which were shown

to be crucial for initiation of proteasomal degradation, were destroyed.

In vitro ubqiuitination assays with PRT1 and the degron might yield another piece of

the puzzle. Since temperature shifts in vitro, to mimic degron behavior in vivo, are difficult

to analyze, because the changed temperature would most likely influence ligase activity,

a wild type DHFR should be used as a control. Comparison of ubiquitination levels of

the ts and the wildy type DHFR would provide further inside into the contribution of

conditional ubiquitination to degron degradation. For proper quantification, fluorescent

ubiquitin should be used which is commercially available. Alternatively, and since the

labeled ubiquitin might differentiating between auto-and target ubiquitination difficult, a

recently described fluorescence label could be used which enables the fluorescent tagging

of Cysteine residues (Mot et al. , 2017). The DHFR has exactly one Cysteine at position

seven.

Naturally, the experiments of Fishbain and colleagues using purified yeast proteasome
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should be repeated (Fishbain et al. , 2011). Using the ubqiuitinated proteins from the

ubiquitination assay, one would compare degradation efficiency of the wild type DHFR

to the ts-DHFR. This would further indicate whether flexibility of the DHFR is needed

for degradation initiation at the proteasome. In this context the question remains if pre-

ubiquitinade degron protein could re-acquire its structural rigidity upon a shift to the

permissive temperature, because the attached ubiquitin moieties might influence the struc-

tural flexibility.

Other experiments should address the question of conditional recognition by PRT1. Here

in vitro and in vivo pull downs could indicate whether this scenario plays a role. Using

wild type and mutated DHFRs as baits one could compare the pull down efficiencies in

regard to PRT1. This experiment could be performed also in a transient environment, such

as A. thaliana mesophyll protoplasts, since no temperature shift is required and transient

environments allow for high yield production of protein. However the assay itself should

be carried out at 28°C to maintain degron flexibility. Naturally, in vivo the previously

described PRT1 mutant C29A should be used to prevent degradation and N-terminal ex-

tension should be used that do not potentially disturb the structural integrity of the DHFR.

Depending on the precise mode of action, improvement and optimization of the degron

could be achieved. Since data obtained by the SPOT assays suggests only a very limited

influence of the N-terminal’s primary sequence, other means of optimization should be

attempted. If indeed the degrons primary mode of action is conditional degradation and

conditional ubiquitination, than indeed co-expression of PRT1, as it was done in this

work in yeast, could offer a valuable possibility to increase the degrons capacity, albeit

maybe only in connection with very stable POIs since increasing amounts of E3 might

result in increased amounts of POI ubiquitination and subsequent degradation. However,

this would be something that would have to be carefully characterized since it has been

shown that also at the permissive temperature, depending on the protein of interest, small

amounts of degron are degraded (Faden et al. , 2016b), depending on the protein of interest.

Co-expression of PRT1 might shift this equilibrium more into a state of instability thus

diminishing the degrons potential, albeit this scenario might be desirable when working

with very stable POIs.

Similar experiments would then have to be repeated in a structured fashion with different

POIs, best representing different classes of enzymes and proteins. Stable proteins as well

as established reporters of different sizes should be tested. In the end, only proteins of

known stability and/or structural information should be used to be able to accurately

identify, measure, and quantify the effects these different proteins would have on the degrons

stability and kinetics.

At the end of the day, the following questions would be important: Which traits make

a protein an ideal target for the degron? How much do protein traits influence de-

gron behavior and therefore modulate degron kinetics? Data suggests a more continious
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(de)stabilization behavior and not a real switch-like reaction of the degron (mode 1 vs mode

2, fig. S 5.19). Still, different POIs might modulate and shift the fusion proteins behavior

from one mode to another. On the other hand, would the degron be able to significantly

modulate the behavior of a POI, e.g. be able to still confer temperature dependent effects

when fused to other intrinsically stable proteins? Finally, if the linker region between the

degron cassette and the POI plays a role in degradation initiation at the proteasome, how

can this be exploited/optimized? Experiments, where the degron is directly fused to the

POI or where the POI is contained in the vector backbone thus elongating the linker could

already provide first hints.

All these questions, when answered, will make the degron technique an easy to use and

probably further widely applicable approach.
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5 Supplementary information

5.1 Supplementary Tables

Table 5.1 – Statistical analysis of GUS activity from temperature shifted seedlings.
TTest (2-sided, unpaired) n./s. p>0.05; * p< 0.05; ** p<0.01; *** p<0.001
time past shift [h] temperature value level of significance.

4 cold 0.436175407 n./s.
8 cold 0.617174884 n./s.
12 cold 0.126783787 n./s.
16 cold 0.091448048 n./s.
20 cold 0.02564107 *
24 cold 0.00056953 ***
4 warm 0.005650286 n./s.
8 warm 0.000762829 ***
12 warm 0.000735725 ***
16 warm 0.049483404 *
20 warm 0.00083785 ***
24 warm 0.001248274 **

Table 5.2 – List of primary antibodies (ABs) in TBST (0.1% TWEEN / 4% milk)
Type of AB Antigen Risen in Cat.No. Supplier Dillution
monoclonal HA tag mouse MMS-101 Eurogentec 1:1000
polyclonal AtCDKA;1 goat sc-12826 Santa Cruz 1:1000
polyclonal GFP rabbit sc-8334 Santa Cruz 1:1000
monoclonal HsDHFR mouse sc-74593 Santa Cruz 1:500
polyclonal GUS rabbit A-5790 Molecular Probes 1:500
polyclonal HIS tag mouse 27-4710-01 GE healthcare 1:3000
monoclonal ubiquitin mouse sc-8017 Santa Cruz 1:5000

Table 5.3 – List of secondary antibodies (ABs) in TBST (0.1% TWEEN / 4% milk)
Detection Antigen Risen in Cat.No. Supplier Dillution

HRP mouse goat 31430 Thermo scientific 1:5000
HRP rabbit goat sc-2004 Santa Cruz 1:2500
HRP goat rabbit sc-2768 Santa Cruz 1:2500
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Table 5.4 – Primers used in this work

Name Application Sequence

K2(P2)_frw cloning GGGGACAAGTTTGTACAA

AAAAGCAGGCTTACTCGA

GCTGCAGAATTAC

K2(P2)_rev cloning GGGGACCACTTTGTACAA

GAAAGCTGGGTAAGCACC

AGCACCAGCGTA

att_GUS_rev cloning GGGGACCACTTTGTACAA

GAAAGCTGGGTAttattgtttgc

ctccctgctgc

K2_Phe-Leu_frw site directed mutagenesis taagacttagaggtgggctccacggatctg

gaatc

K2_Phe-Leu_rev site directed mutagenesis gattccagatccgtggagcccacctctaag

tctta

K2_Phe-Arg_frw site directed mutagenesis cttaagacttagaggtgggcgccacggatc

tggaatcatg

K2_Phe-Arg_rev site directed mutagenesis catgattccagatccgtggcgcccacctcta

agtcttaag

EF1_ss transcript analysis ATGCCCCAGGACATCGTG

ATTTCAT

EF1_as transcript analysis TTGGCGGCACCCTTAGCT

GGATCA

DHFR_frw transcript analysis and genotyp-

ing

CCATTGAACTGCATCGTC

GC

DHFR_rev transcript analysis and genotyp-

ing

GCCTTTGTCCTCCTGGACC

TC

eK_frw cloning GeK:CO ctcgagctgcagaattactatttaca

eK_rev_OH_CO cloning GeK:CO ttgtttcaacatagcaccagcaccagcgta

a

CO_frw_OH_eK cloning GeK:CO ggtgctggtgctatgttgaaacaagagagt

aacgacatag

CO_rev cloning GeK:CO tcagaatgaaggaacaatccca

eK_frw_BP cloning GeK:CO GGGGACAAGTTTGTACAA

AAAAGCAGGCTTACTCGA

GCTGCAGAATTACTAtttaca

CO_rev_BP cloning GeK:CO GGGGACCACTTTGTACAA

GAAAGCTGGGTATCAGAA

TGAAGGAACAATccca

K29R_frw generating UBQK29/48/63R cttccttgtcctggattctagccttgacgttg

tcgatggtgtc

K29R_rev generating UBQK29/48/63R gacaccatcgacaacgtcaaggctagaatc

caggacaaggaag

K48R_frw generating UBQK29/48/63R agttctaccgtcctcaagctgcctaccggca

aagatcaat

K48R_rev generating UBQK29/48/63R attgatctttgccggtaggcagcttgagga

cggtagaact

Continued on next page
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Table 5.4 – continued from previous page

Name Appliaction Sequence

K63R_frw generating UBQK29/48/63R agatgtaaggtcgattccctctgaatattgt

agtcagcaagagttc

K63R_rev generating UBQK29/48/63R gaactcttgctgactacaatattcagaggg

aatcgaccttacatct

K2(WT)_tev_frw cloning variants for E.coli ex-

pression

gcttagaaaacctgtattttcagttccacgg

atctggaatcatg

K2(WORL)_tev_frw cloning variants for E.coli ex-

pression

gcttagaaaacctgtattttcagtttcaaat

tcctggatatggaca

K2(WT)_M_tev_frw cloning variants for E.coli ex-

pression

gcttagaaaacctgtattttcagatgcacg

gatctggaatcatggttc

K2(WORL)_M_tev_frw cloning variants for E.coli ex-

pression

gcttagaaaacctgtattttcagatgcaaa

ttcctggatatggacaatcttt

adapter_tev adapter for TEV rec. site (Nau-

mann et al. , 2016)

ggggacaagtttgtacaaaaaagcaggct

tagaaaacctgtattttcagggaatg

K2-TEV_BP_frw cloning variants for E.coli ex-

pression

GGGGACAAGTTTGTACAA

AAAAGCAGGCTTACTCGA

GCTGCAGAATTACTA

K2-TEV_BP_rev cloning variants for E.coli ex-

pression

GGGGACCACTTTGTACAA

GAAAGCTGGGTATTACCC

TTGCGAGTACAC

KillXhoI_frw eliminating XhoI site in ubiqui-

tin (K2)

gttctaccgtcctcaagctgcttaccggc

KillXhoI_rev eliminating XhoI site in ubiqui-

tin (K2)

gccggtaagcagcttgaggacggtagaac

HA_XhoI_frw amplifying 3xHAT:PRT1 for

cloning into K2

agctctcgagatgggatcctacccatacga

tg

PRT1_Bgl_rev amplifying 3xHAT:PRT1 for

cloning into K2

tagaagatctgcatttctgtgcttgatgact

cattagaag

SalI_re_frw reconstitute SalI in K2 gatgtaaggtcgactccctctgaatattgta

gtcagcaa

SalI_re_rev reconstitute SalI in K2 ttgctgactacaatattcagagggagtcga

ccttacatc

prt_kill_ec1_frw eliminating Eco31I site 1 in

PRT1

gaaagtgaacatacgggtccctacatatcg

gacaatgag

prt_kill_ec1_rev eliminating Eco31I site 1 in

PRT1

ctcattgtccgatatgtagggacccgtatgt

tcactttc

prt_kill_ec2_frw eliminating Eco31I site 2 in

PRT1

cagaacctgaggagaacgtgcaagctcaa

gc

prt_kill_ec2_rev eliminating Eco31I site 2 in

PRT1

gcttgagcttgcacgttctcctcaggttctg

K2_XhoI_frw amplification of K2 for pLTDK2 gcaggcttactcgagctgcag

K2_XhoI_rev amplification of K2 for pLTDK2 tcagggtacctcgagccagcaccagcacca

gcgtaatc

pLTDK2_seq1 sequencing pLTDK2 insertion ggccacaacctcttcagtgg

pLTDK2_seq2 sequencing pLTDK2 insertion ctgcctccgactatccaaacc

Continued on next page
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Table 5.4 – continued from previous page

Name Appliaction Sequence

AG.1_att_frw cloning pENTR:AGA GGGGACAAGTTTGTACAA

AAAAGCAGGCTTAatggcgtac

caatcggagc

AG_att_rev cloning pENTR:AGA GGGGACCACTTTGTACAA

GAAAGCTGGGTATTACAC

TAACTGGAGAGCGGtttG

LFY_att_frw cloning pENTR:LFY GGGGACAAGTTTGTACAA

AAAAGCAGGCTTAatggatcct

gaaggtttcacg

LFY_att_rev cloning pENTR:LFY GGGGACCACTTTGTACAA

GAAAGCTGGGTActagaaacgc

aagtcgtcgc

BstAPI_frw lfy-12 dCAPS primer AAGCAGCCGTCTGCGGTG

TCAGCAGCTGTT

BstAPI_rev lfy-12 dCAPS primer CTGTCAATTTCCCAGCAAG

ACAC

AG_WT_frw AGAMOUS gDNA primer agttaaaggagatctgagtgagagt

AG_WT_rev AGAMOUS gDNA primer tttttacctattacaacaccagatc

AG_LB left border primer for ag geno-

typing

TGGTTCACGTAGTGGGCC

ATCG

Kill_XhoI_ref_frw Elimination of XhoI gtggatcctctttctagagccagcaccagc

a

Kill_XhoI_ref_rev Elimination of XhoI tgctggtgctggctctagaaagaggatcca

c

SelA pENTR sequencing tcgcgttaacgctagcatggatctc

SelB pENTR sequencing gtaacatcagagattttgagacac

N130 prt1-1 genotyping CAGAGGAAGAGCAAGAAC

GAGAAT

N131 prt1-1 genotyping CCACCTTCTGTTTATCTAC

AC

Table 5.5 – Newly synthezided N-terminal sequences (highlighted in capitals)

Name Sequence

W-

GUS_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCAAATTCCTGGATATGGACA

ATCTTTGATGTTGAGACCTGTTGAAGGAtcccaaaatatggggattggcaa

W-

GUS_rev

gttcttgccaatccccatattttgggaTCCTTCAACAGGTCTCAACATCAAAGATT

GTCCATATCCAGGAATTTGAAAcccacctctaagtcttaagacaagatgtaagg

W-GUS-

E_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCAAATTCCTGGATATGGACA

ATCTTTGATGTTGAGACCTGTTGGAGGAtcccaaaatatggggattggcaa

W-GUS-

E_rev

gttcttgccaatccccatattttgggaTCCTCCAACAGGTCTCAACATCAAAGATT

GTCCATATCCAGGAATTTGAAAcccacctctaagtcttaagacaagatgtaagg

W-

LUC_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCAAATTTGTAGATCTACTGA

TTTGCATTCTGGAACTGTTGGAAAGGGAtcccaaaatatggggattggcaa

Continued on next page
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Name Sequence

W-

LUC_rev

gttcttgccaatccccatattttgggaTCCCTTTCCAACAGTTCCAGAATGCAAAT

CAGTAGATCTACAAATTTGAAAcccacctctaagtcttaagacaagatgtaagg

W-LUC-

D_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCAAATTTGTAGATCTACTGG

ATTGCATTCTGGAACTGTTGGAAAGGGAtcccaaaatatggggattggcaa

W-LUC-

D_rev

gttcttgccaatccccatattttgggaTCCCTTTCCAACAGTTCCAGAATGCAATC

CAGTAGATCTACAAATTTGAAAcccacctctaagtcttaagacaagatgtaagg

W-LUC-

K_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCAAATTTGTAGATCTACTGA

TTTGCATTCTGGAACTGTTGGAGGAGGAtcccaaaatatggggattggcaa

W-LUC-

K_rev

gttcttgccaatccccatattttgggaTCCTCCTCCAACAGTTCCAGAATGCAAAT

CAGTAGATCTACAAATTTGAAAcccacctctaagtcttaagacaagatgtaagg

nsP4_frw tcgaccttacatcttgtcttaagacttagaggtgggTTTATTTTTTCTACTGATACTGG

ACCTGGACATTTGCAAAAGAAGTCTGGAtcccaaaatatggggattggcaa

nsP4_rev gttcttgccaatccccatattttgggaTCCAGACTTCTTTTGCAAATGTCCAGGTC

CAGTATCAGTAGAAAAAATAAAcccacctctaagtcttaagacaagatgtaagg

nsP4-

K_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTATTTTTTCTACTGATACTGG

ACCTGGACATTTGCAAGGAGGATCTGGAtcccaaaatatggggattggcaa

nsP4-K_rev gttcttgccaatccccatattttgggaTCCAGATCCTCCTTGCAAATGTCCAGGTC

CAGTATCAGTAGAAAAAATAAAcccacctctaagtcttaagacaagatgtaagg

G-GUS_frw tcgaccttacatcttgtcttaagacttagaggtgggTTTAGATCTGGAGGAGGAGGAG

GAGGAGGAGGAGGAGGAGGAGGAAGAGGAtcccaaaatatggggattggcaa

G-GUS_rev gttcttgccaatccccatattttgggaTCCTCTTCCTCCTCCTCCTCCTCCTCCTC

CTCCTCCTCCTCCAGATCTAAAcccacctctaagtcttaagacaagatgtaagg

poly-G_frw tcgaccttacatcttgtcttaagacttagaggtgggTTTCATGGAGGAGGAGGAGGAG

GAGGAGGAGGAGGAGGAGGAGGAGGAGGAtcccaaaatatggggattggcaa

poly-G_rev gttcttgccaatccccatattttgggaTCCTCCTCCTCCTCCTCCTCCTCCTCCTC

CTCCTCCTCCTCCTCCATGAAAcccacctctaagtcttaagacaagatgtaagg

poly-

GS_frw

tcgaccttacatcttgtcttaagacttagaggtgggTTTCATGGATCTGGATCTGGATC

TGGATCTGGATCTGGATCTGGATCTGGAtcccaaaatatggggattggcaa

poly-

GS_rev

gttcttgccaatccccatattttgggaTCCAGATCCAGATCCAGATCCAGATCCAG

ATCCAGATCCAGATCCATGAAAcccacctctaagtcttaagacaagatgtaagg

eK_frw tcgaccttacatcttgtcttaagacttagaggtgggTTTCATGGATCTGGAGCTTGGTT

GTTGCCTGTTTCTTTGGTTAAGAGAGGAtcccaaaatatggggattggcaa

eK_rev gttcttgccaatccccatattttgggaTCCTCTCTTAACCAAAGAAACAGGCAACA

ACCAAGCTCCAGATCCATGAAAcccacctctaagtcttaagacaagatgtaagg

M-K2_frw tcgaccttacatcttgtcttaagacttagaggtgggATGCATGGATCTGGAATTATGGT

TAGACCTTTGAATTGTATTGTTGCTGGAtcccaaaatatggggattggcaa

M-K2_rev gttcttgccaatccccatattttgggaTCCAGCAACAATACAATTCAAAGGTCTAA

CCATAATTCCAGATCCATGCATcccacctctaagtcttaagacaagatgtaagg

G-K2_frw tcgaccttacatcttgtcttaagacttagaggtgggTTTCATGGAGGAGGAGGAGGAG

GAGGAGGAGGAGGAGGAGGAGGAGGAGGAtcccaaaatatggggattggcaa

G-K2_rev gttcttgccaatccccatattttgggaTCCTCCTCCTCCTCCTCCTCCTCCTCCTC

CTCCTCCTCCTCCTCCATGAAAcccacctctaagtcttaagacaagatgtaagg
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Table 5.6 – All sequences of membrane 1 - Color code: green = hydrophobic, red =
polar/uncharged, green = special, violet = charged/positive, tan = charged/negative
No. Sequence Info

A1 F H G S G I M V R P L N C I V A G K2 WT

A2 F H G G G G G G G G G G G G G G G H P2+polyG

A3 F H T A T A A A A T G T G T L L G small AA

A4 F R G G G G G G G G G G G G G G G R P2+polyG

A5 F R S G G G G G G G G G G G G R G G-GUS

A6 F I F S T D T G P G H L Q K K S G nsP4

A7 F I F S T G T G P G H L Q G G S G nsP4 -K/D

A8 F A G S G I M V R P L N C I V A G hydroph. AA at P2

A9 F V G S G I M V R P L N C I V A G hydroph. AA at P2

A10 F R S L S G E G G S G T G S L S G EIN2

B1 F H G S G I M V R P L N C I V A G K2 WT

B2 F I G S G I M V R P L N C I V A G hydroph. AA at P2

B3 F L G S G I M V R P L N C I V A G hydroph. AA at P2

B4 F M G S G I M V R P L N C I V A G hydroph. AA at P2

B5 F A H H G G G G G G G G G G G G G A+HH+pG

B6 F V H H G G G G G G G G G G G G G V+HH+pG

B7 F I H H G G G G G G G G G G G G G I+HH+pG

B8 F L H H G G G G G G G G G G G G G L+HH+pG

B9 F M H H G G G G G G G G G G G G G M+HH+pG

B10 F R S L S G E G G S G T G S L S G EIN2

C1 F H G S G I M V R P L N C I V A G K2 WT

C2 F H G S G S G S G S G S G S G S G H+pGS

C3 F H S G S G S G S G S G S G S G G H+pSG

C4 F R G S G S G S G S G S G S G S G R+pGS

C5 F R S G S G S G S G S G S G S G G R+pSG

C6 F Q I P G Y G Q S L M L R P V E G W-GUS

C7 F Q I P G Y G Q S L M L R P V G G W-GUS -E

C8 F I G S G I M V R P L N C I V A G K2+I at P2

C9 F Q I C R S T D L H S G T V G K G W-LUC

C10 F R S L S G E G G S G T G S L S G EIN2

D1 F H G S G I M V R P L N C I V A G K2 WT

D2 F Q I C R S T D L H S G T V G G G W-LUC -K

D3 F Q I C R S T G L H S G T V G G G W-LUC -D/K

D4 L H G S G I M V R P L N C I V A G K2+type 2 PDS

D5 W H G S G I M V R P L N C I V A G K2+type 2 PDS

D6 Y H G S G I M V R P L N C I V A G K2+type 2 PDS

D7 I H G S G I M V R P L N C I V A G K2+type 2 PDS

D8 A H G S G I M V R P L N C I V A G K2 Ala-walk (1)

D9 F A G S G I M V R P L N C I V A G K2 Ala-walk (2)

D10 F R S L S G E G G S G T G S L S G EIN2

E1 F H G S G I M V R P L N C I V A G K2 WT

E2 F H A S G I M V R P L N C I V A G K2 Ala-walk (3)

E3 F H G A G I M V R P L N C I V A G K2 Ala-walk (4)

E4 F H G S A I M V R P L N C I V A G K2 Ala-walk (5)

Continued on next page
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No. Sequence Info

E5 F H G S G A M V R P L N C I V A G K2 Ala-walk (6)

E6 F H G S G I A V R P L N C I V A G K2 Ala-walk (7)

E7 F H G S G I M A R P L N C I V A G K2 Ala-walk (8)

E8 F H G S G I M V A P L N C I V A G K2 Ala-walk (9)

E9 F H G S G I M V R A L N C I V A G K2 Ala-walk (10)

E10 F R S L S G E G G S G T G S L S G EIN2

F1 F H G S G I M V R P L N C I V A G K2 WT

F2 F H G S G I M V R P A N C I V A G K2 Ala-walk (11)

F3 F H G S G I M V R P L A C I V A G K2 Ala-walk (12)

F4 F H G S G I M V R P L N A I V A G K2 Ala-walk (13)

F5 F H G S G I M V R P L N C A V A G K2 Ala-walk (14)

F6 F H G S G I M V R P L N C I A A G K2 Ala-walk (15)

F7 F H G S G I M V R P L N C I V A G K2 Ala-walk (16)

F8 F H G S G A W L L P V S L V R R G eK + K to R

F9 F H G S G A W L L P V S L V K R G eK WT

F10 F R S L S G E G G S G T G S L S G EIN2

Table 5.7 – All sequences of membrane 2 - Color code: green = hydrophobic, red =
polar/uncharged, green = special, violet = charged/positive, tan = charged/negative
No. Sequence Info

A1 F H G S G I M V R P L N C I V A G K2 WT

A2 F R S G G G G G G G G G G G G R G G-GUS

A3 M H G S G I M V R P L N C I V A G M-K2

A4 G H G S G I M V R P L N C I V A G G-K2

A5 F M G S G I M V R P L N C I V A G M P2

A6 F Q G S G I M V R P L N C I V A G Q P2

A7 F I F S T D T G P G H L Q K K S G nsP4 WT

A8 F I F S T D T G P G H L Q G G S G nsP4 KK>GG

A9 F I F S T D T G P G H L Q I V S G nsP4 KK>IV

A10 F H G S G I M V R P L N C I V A G K2 WT

B1 F Q I P G Y G Q S L M L R P V E G W-GUS Ala-walk co.

B2 A Q I P G Y G Q S L M L R P V E G W-GUS Ala-walk (1)

B3 F A I P G Y G Q S L M L R P V E G W-GUS Ala-walk (2)

B4 F Q A P G Y G Q S L M L R P V E G W-GUS Ala-walk (3)

B5 F Q I A G Y G Q S L M L R P V E G W-GUS Ala-walk (4)

B6 F Q I P A Y G Q S L M L R P V E G W-GUS Ala-walk (5)

B7 F Q I P G A G Q S L M L R P V E G W-GUS Ala-walk (6)

B8 F Q I P G Y A Q S L M L R P V E G W-GUS Ala-walk (7)

B9 F Q I P G Y G A S L M L R P V E G W-GUS Ala-walk (8)

B10 F Q I P G Y G Q A L M L R P V E G W-GUS Ala-walk (9)

C1 F Q I P G Y G Q S A M L R P V E G W-GUS Ala-walk (10)

C2 F Q I P G Y G Q S L A L R P V E G W-GUS Ala-walk (11)

Continued on next page
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Table 5.7 – continued from previous page

No. Sequence Info

C3 F Q I P G Y G Q S L M A R P V E G W-GUS Ala-walk (12)

C4 F Q I P G Y G Q S L M L A P V E G W-GUS Ala-walk (13)

C5 F Q I P G Y G Q S L M L R A V E G W-GUS Ala-walk (14)

C6 F Q I P G Y G Q S L M L R P A E G W-GUS Ala-walk (15)

C7 F Q I P G Y G Q S L M L R P V A G W-GUS Ala-walk (16)

C8 F H G S G I M V R P L N C I V A G K2 WT

C9 D H G S G I M V R P L N C I V A G K2 Asp-walk (1)

C10 F D G S G I M V R P L N C I V A G K2 Asp-walk (2)

D1 F H D S G I M V R P L N C I V A G K2 Asp-walk (3)

D2 F H G D G I M V R P L N C I V A G K2 Asp-walk (4)

D3 F H G S D I M V R P L N C I V A G K2 Asp-walk (5)

D4 F H G S G D M V R P L N C I V A G K2 Asp-walk (6)

D5 F H G S G I D V R P L N C I V A G K2 Asp-walk (7)

D6 F H G S G I M D R P L N C I V A G K2 Asp-walk (8)

D7 F H G S G I M V D P L N C I V A G K2 Asp-walk (9)

D8 F H G S G I M V R D L N C I V A G K2 Asp-walk (10)

D9 F H G S G I M V R P D N C I V A G K2 Asp-walk (11)

D10 F H G S G I M V R P L D C I V A G K2 Asp-walk (12)

E1 F H G S G I M V R P L N D I V A G K2 Asp-walk (13)

E2 F H G S G I M V R P L N C D V A G K2 Asp-walk (14)

E3 F H G S G I M V R P L N C I D A G K2 Asp-walk (15)

E4 F H G S G I M V R P L N C I V D G K2 Asp-walk (16)

E5 F H G S G A W L L P V S L V K R G eK WT

E6 F H G S G A W L L P V S C V K R G eK L13C

E7 F H G S G A W L L P V S L V D R G eK K15D

E8 F H G S G A W L L P V S C V D R G eK L13C K15D

E9 F H G S G A W L L P V S C V D A G eK L13C K15D R16A

E10 F H G S G A W L L P V S C V V A G eK K15V R16A

F1 F H G S G I M V R P L N C I V A G K2 WT

F2 F H G S G I M Q S L M L R P V E G K2/W-GUS

F3 F Q I P G Y G V R P L N C I V A G W-GUS/K2

F4 F Q I S P D M Q S L L N C I V E G F hybrid

F5 G Q I S P D M Q S L L N C I V E G G hybrid

F6 F H G S G I M V R P L N C I V A G K2 WT

F7 F Q I C R S T D L H S G T V G K G W-LUC WT

F8 F Q I C R S T D L H S G T V G G G W-LUC K16G

F9 F Q I C R S T D L H S G T V G E G W-LUC K16E

F10 F H G S G I M V R P L N C I V A G K2 WT
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5.2 Supplementary Figures

Figure 5.1 – Superimposition of human and yeast UBR1 structures. Structures
from the human UBR1 N-degron binding domain (pdb structure 3NY3, Matta-Camacho
et al. 2010) and the yeast Ubr1 N-degron binding domain (pdb structure 3NIL, Choi
et al. 2010) were superimposed using chimera. The overall structure is highly conserved.
Detailed views of zinc ion coordination as well as substrate binding modes are almost
indistinguishable.
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DHFRts GAGA HAT GAGA

K2

attB - X - POI

GUS

TEV

PAT

- F -

- F -

- F -

GFP
- F -

- R -

attB

attB

Promoter

p35S

pCDKA;1
pUBQ10

p35S

p35S

UBQ

pCDKA;1
pUBQ10

p35S

Figure 5.2 – Schematics of the first generation of K2-reporter constructs used
to generate stable A. thaliana lines. K2 = Full degron cassette consisting of UB
(UBQ), a primary destabilizing residue (-X-), a temperature sensitive DHFR (DHFRts),
Glycin-Alanin linkers (GAGA), and a triple Human influenza hemagglutinin-tag (HAT);
attB sites for Gatway cloning (upstream and downstream of K2), as well as different pro-
moters ProUBQ10 = ubiquitin-10 promoter, Pro35S = CaMV35S promoter, ProCDKA;1
= CYCLIN DEPENDENT KINASE A;1 promoter. In the GFP-construct the GFP is
located after the attB site because in this case a pAM PAT derivate was used were the
GFP is located in the vector backbone C-terminally of the gateway site.
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Figure 5.3 – Supplementary information for the ProUBQ10:K2:GUS express-
ing lines. (A) 4-MU calibration curve used for quantitative GUS assays. (B) Initial
identification of two responsive lines showing temperature dependent GUS activity as
shown by a qualitative GUS assay. (C) Quantitative GUS assay for plants seen in (B).
n=2 (D) Western Blot analysis of plants shifted from intermediate to cold or warm con-
ditions. Clearly a temperature dependent accumulation of the K2:GUS fusion protein is
visible. (TPS = Time Past Shift)
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Col-0

COLD

WARM

BASTAno sel.

Figure 5.4 – Col-0 control for BASTA selection under cold and warm temperatures.
(scale bar = 1mm)

p35S::R-K2::GFP

GFP BF merge

A B

Figure 5.5 – (A) shows the GFP signal under a confocal lase scanning microscope. (B)
shows the confirmation of the signal using a lambda scan. A clear peak of the signal can
be seen at 509 nm, the wavelength of GFP fluorescence.

Figure 5.6 – TRYPTICHON expression data as obtained from the eFP
browser. (Winter et al. , 2007).
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Figure 5.7 – Electrostatic surface potential of E. coli ClpS. The electrostatic
surface potential is displayed in a color range from red (negative) to blue (positive)
(modified after Román-Hernández et al. 2009, PDB 3O2B modeled with UCSF Chimera
Pettersen et al. 2004).
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1 2 3 4 5 6 7 8 9 10
A
B
C
D
E
F

F-K2 WT control
F-H + Glycin stretch
F + small amino acids
F-R + Glycin stretch
F + Bachmair
F + Nsp4
F + non-aromatic hydrophobic AA + K2
F + non-aromatic hydrophobic AA + negative stretch + Glycin
F-H + Glycin-Serin walk
F + Worley-GUS
F-I + K2
F + Worley-LUC
K2  + different type 2 N-termini
K2 Alanine walk
F + eK
F + EIN2 positive control

Figure 5.8 –Design of the first SPOT membrane. The design of the first membrane
is depicted. Different experimental approaches were analyzed on one membrane. Details
are given below the membrane pictogramm.
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1 2 3 4 5 6 7 8 9 10
A
B
C
D
E
F

F-K2 WT control
F + Bachmair
M/G-K2 at position 1 or 2
F + Nsp4 variants
Worley-GUS Alanine walk
K2 Aspartate walk
F + eK different versions

F + Worley-LUC versions
F + K2/Worley-GUS hybrids

Figure 5.9 – Design of the second SPOT membrane. The design of the second
membrane is depicted. Different experimental approaches were analyzed on one mem-
brane. Details are given below the membrane pictogramm.
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Figure 5.14 – Schematic overwiev over the cloning strategy yielding new
pENTR:K2 versions. After opening the vector pENTR:K2 using SalI and EcoRI
the newly synthezided N-terminal sequences were ligated into the vector using standard
ligation procedures.
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Figure 5.15 – Quantification of ImmunoBlue based fluorescent detection of
8xHis:MP:PRT1 protein. The chart shows the average binding of HIS:MBP:PRT1 to
the SPOT membrane normalized to the WT control. Three membranes were analyzed.
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Figure 5.16 – Cloning strategy of an improved destination vector for easy
degron tagging.(1) Based on pLTDK2-pCDKA;1 the second XhoI site is eliminated.
(2) The promoter is cut out. (3) Insertion of a multiple cloning site (MCS) with 13
restriction sites being unique for the whole vector. (4) Insertion of the reference insertion
site.
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Figure 5.17 – Crystal structure of the GUS enzyme.(A) The crystal structure of
the GUS dimer is depicted based on pdb structure 5czk (Wallace et al. , 2015). Each
GUS protein has an inhibitor bound to its active center (green circle). The N-terminal
of each monomer are highlighted in red. Structure was analyzed using UCSF Chimera
(Pettersen et al. , 2004). The right panel depict the hypothetical structure of a tetramer
of K2:GUS fusion proteins (based on Wallace et al. 2010, Raju et al. 2015, Wallace
et al. 2015). (B) Surface of the same crystal structure from A. Surface exposed Lysines
are highlighted in magenta. The forth structure (in clockwise direction) shows Lysines
most likely buried within the tetramer due to their position on the interaction surface.

Figure 5.18 – Crystal structure of barnase. Side view of the crystal structure of the
barnase enzyme adapted from Urakubo et al. 2008, pdb file 2ZA4. N-and C-terminal
are colored in red and green respectively. The active side can be found on the left side
of the structure facing away fro the N-terminal.
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Figure 5.19 – Possible modes of degron stabilization/destabilization kinetics.
Mode 1 describes a situation where the degron reacts quickly to the temeprature queue
and every switch in temperature is responded by a shift in activity. Mode 2 describes the
complete opposite situation, where the degron acts like a switch with long stability and
degradation zones and a short transition zone describing the temperature range where
the degron starts to be degraded. Naturally every mixture of modes is imaginable as well
as e.g a shifted place of the transition zone.

Figure 5.20 – Crystal structure of Phosphinothricin N-acetyltransferase from
Brucella ovis. Adopted from pdb file 5DWM (Clifton et al, 2015 (unpublished)). N-
terminal in red, C-terminal in blue, Lysines in green.
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T39 T39A

E173 E173D

N-terminal

C-terminal

Figure 5.21 – Structure of murine DHFR and position of K2 mutations. The
tsDHFR was modeled using chimera (Pettersen et al. , 2004) based on the pdb structure
2FZJ (Cody et al. , 2006). N- and C-terminal are in highlighted in red and black respec-
tively. The initiation Met as well as the last two amino acids were not part of the crystal
structure. Mutations T39A and E173D are shown with a 5 Åsphere around them. As
indicated the T39A mutations does not create any structural clashes whereas the E173D
mutations induces clashes with amino acids R132 and l159 probably leading to higher
conformational flexibility in this region.
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Figure 5.22 – Fluorescence of in vitro generated GFP in a dilluted plant
extract. Free GFP was expressed from the pOLENTE backbone. 1/4 reaction according
to the manufacturer’s instructions was used with 250 ng of DNA. Plant extract was
obtained using the modified extraction buffer from Kim et al. (see material and methods)
without detergents to reduce chlorophyll content in the sample. The full reaction (12.5 µl)
was dilluted with 187.5 µl of plant extract at a concentration of 1 µg / µl and measured
in a fluorescence microplate reader (VarioFluor, 485 nm excitation, 510 nm emission,
integration time 1s). N = 3; Whiskers = standard deviation.
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