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1. Abstract 
Auxins, a group of phytohormones and particularly their main representative IAA, regulate a 

plethora of developmental and growth processes in plants, which is largely based on its 

controlled and directed flux through the plant’s body. This so-called polar auxin transport (PAT) 

critically depends on the PIN-FORMED (PIN) proteins, a family of integral membrane auxin 

efflux carriers localizing to the plasma membrane (PM) or endoplasmic reticulum (ER) to 

facilitate PAT and to maintain auxin homeostasis. Arabidopsis has eight PINs (PIN1 – PIN8). 

They consist of two transmembrane domains (TMD) separated by a hydrophilic loop based 

on whose size they are non-phylogenetically categorized into canonical, non-canonical, and 

semi-canonical. Canonical PINs (PIN1, PIN2, PIN3, PIN4, and PIN7) are polarly distributed in 

the PM of many cells, thus conferring directionality to the auxin flux. Their loop is by default 

auto-inhibitory and PINs need to be activated by phosphorylation. This is carried out by 

AGCVIII protein kinases like D6 PROTEIN KINASE (D6PK) and PINOID (PID). Non-canonical 

PINs (PIN5 and PIN8) mainly localize to the ER and are proposed to function in the regulation 

of auxin homeostasis within cells. The semi-canonical PIN6 localizes both at the PM and at 

the ER. In this study, I used the Xenopus laevis oocyte expression system to investigate the 

regulation and activation of PINs by means of their loop and kinases, to characterize the 

lesser-studied family members PIN6 and PIN8, and to investigate modification of 

PIN-mediated IAA transport by substances like other natural and synthetic auxins as well as 

inhibitors of auxin transport.  

First, I identified the four AGCVIII kinases PROTEIN KINASE ASSOCIATED WITH BRX 

(PAX), PAXL, AGC1-9, and KCBP-INTERACTING PROTEIN KINASE (KIPK) as yet unknown 

activators of PINs. Further, I found that AGC1-7, which phosphorylates PINs in vitro does not 

activate PIN-mediated IAA transport. This suggests that phosphorylation is not sufficient to 

explain activation. In summary, my findings substantially increase the current knowledge 

about activation of PIN-mediated IAA transport. Second, I found that PIN-mediated IAA 

transport can be modified by other substances and my results suggest that shape 

complementary plays a large role in recognition of the PIN substrate. In particular, the widely 

used PAT inhibitor, N-1-naphthylphthalamic acid (NPA) was found to directly inhibit PINs, 

which is a parsimonious, mechanistic explanation for NPA’s physiological effects on plants 

that has long been sought after. Third, my characterization of PIN6 and PIN8 in the oocyte 

system showed for the first time clearly that both transport IAA: I found that PIN8 is a 

constitutively active IAA transporter operating independently of kinase control. Further, I found 

that PIN6 is a constitutively active IAA transporter and that its transport capacity is enhanced 

by PID, but intriguingly, not by D6PK, which is a yet unknown feature within the PIN family. 

Lastly, I created and studied a chimaera of PIN8 provided with the PIN2 loop and PIN3 loop, 
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respectively. Alongside IAA transport assays in the oocyte system, I conducted rescue 

experiments in the agravitropic pin2 mutant, GUS histochemical staining as well as a 

subcellular localization analysis using confocal laser scanning microscopy. I found that 

providing a non-canonical PIN with a canonical loop can turn the non-canonical PIN to some 

extent into a canonical PIN and that the canonical loop is more than an “on/off” switch of the 

PINs but determines IAA transport characteristics and contributes to IAA transport activity. 

Moreover, the results indicate that the inhibitory effect of the canonical loop is mediated 

through a specific interaction between loop and TMD. 
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2. Zusammenfassung 
Auxine, eine Gruppe von Phytohormonen und insbesondere ihr wichtigster Vertreter IAA, 

regulieren eine Vielzahl von Entwicklungs- und Wachstumsprozessen in Pflanzen, die 

erheblich auf ihrem kontrollierten und gerichteten Fluss durch den Pflanzenkörper beruhen. 

Dieser sogenannte polare Auxin-Transport (PAT) hängt maßgeblich von den PIN FORMED 

(PIN)-Proteinen ab, einer Familie integraler Membranproteine, die Auxin-Efflux-Carrier sind 

und die in der Plasmamembran (PM) oder dem endoplasmatischen Retikulum (ER) lokalisiert 

sind, um PAT zu bewerkstelligen und die Auxin-Homöostase aufrechtzuerhalten. Arabidopsis 

besitzt acht PINs (PIN1 - PIN8). Sie bestehen aus zwei Transmembrandomänen (TMD), die 

durch einen hydrophilen Loop getrennt sind, und werden aufgrund ihrer Größe 

nicht-phylogenetisch in kanonisch, nicht-kanonisch und semi-kanonisch eingeteilt. 

Kanonische PINs (PIN1, PIN2, PIN3, PIN4 und PIN7) sind polar in der PM vieler Zellen verteilt 

und verleihen so dem Auxinfluss seine Richtung. Ihr Loop ist grundsätzlich autoinhibitorisch 

und die PINs müssen durch Phosphorylierung aktiviert werden. Dies geschieht durch 

AGCVIII-Proteinkinasen wie D6 PROTEIN KINASE (D6PK) und PINOID (PID). 

Nicht-kanonische PINs (PIN5 und PIN8) sind hauptsächlich im ER lokalisiert und scheinen bei 

der Regulierung der Auxin-Homöostase innerhalb der Zellen eine Rolle zu spielen. Der 

semi-kanonische PIN6 ist sowohl an der PM als auch am ER lokalisiert. In der vorliegenden 

Studie habe ich das Expressionssystem der Xenopus laevis Oozyten verwendet, um die 

Regulierung und Aktivierung der PINs durch ihren Loop und durch Kinasen zu untersuchen, 

um die weniger gut erforschten Familienmitglieder PIN6 und PIN8 zu charakterisieren und um 

die Modifizierung des PIN-vermittelten IAA-Transports durch Substanzen wie andere 

natürliche und synthetische Auxine sowie durch Inhibitoren des Auxin-Transports zu 

untersuchen. Erstens identifizierte ich die vier AGCVIII-Kinasen PROTEIN KINASE 

ASSOCIATED WITH BRX (PAX), PAXL, AGC1-9 und KCBP-INTERACTING PROTEIN 

KINASE (KIPK) als bisher unbekannte Aktivatoren von PINs. Außerdem habe ich 

herausgefunden, dass AGC1-7, welche PINs in vitro phosphoryliert, den PIN-vermittelten 

IAA-Transport nicht aktiviert. Dies deutet darauf hin, dass die Phosphorylierung nicht 

ausreicht, um Aktivierung zu erklären. Insgesamt erweitern meine Ergebnisse das derzeitige 

Wissen über die Aktivierung des PIN IAA-Transports erheblich. Zweitens habe ich festgestellt, 

dass der PIN-vermittelte IAA-Transport durch andere Substanzen modifiziert werden kann, 

und meine Ergebnisse deuten darauf hin, dass bei der Erkennung des PIN-Substrats die 

geometrisch komplementäre Struktur eine große Rolle spielt. Insbesondere wurde festgestellt, 

dass 1-Naphthylphthalamidsäure (NPA), ein weit verbreiteter PAT-Inhibitor, PINs direkt 

hemmt, was eine schlüssige Erklärung des Mechanismus der physiologischen Wirkungen von 

NPA auf Pflanzen darstellt, nach der lange gesucht wurde. Drittens zeigte meine 
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Charakterisierung von PIN6 und PIN8 im Oozyten System zum ersten Mal eindeutig, dass 

beide IAA transportieren: Ich fand heraus, dass PIN8 ein konstitutiv aktiver IAA-Transporter 

ist, der unabhängig von der Kontrolle durch Kinasen arbeitet. Außerdem habe ich 

herausgefunden, dass PIN6 ein konstitutiv aktiver IAA-Transporter ist und dass seine 

Transportkapazität durch PID erhöht wird, aber interessanterweise nicht durch D6PK, was 

eine bisher unbekannte Eigenschaft innerhalb der PIN-Familie ist. Schließlich erstellte und 

untersuchte ich eine Chimäre von PIN8 versehen mit dem PIN2-Loop beziehungsweise dem 

PIN3-Loop. Neben IAA-Transportversuchen im Oozyten System führte ich 

Rettungsexperimente in der agravitropen pin2-Mutante, histochemische GUS-Färbungen 

sowie eine Analyse der subzellulären Lokalisierung mittels konfokaler Laser-Scanning-

Mikroskopie durch. Ich fand heraus, dass ein nicht-kanonischer PIN durch einen kanonischen 

Loop zu einem gewissen Grad zu einem kanonischen PIN gemacht werden kann und dass 

der kanonische Loop mehr als ein „An/Aus"-Schalter der PINs ist, sondern die 

IAA-Transporteigenschaften bestimmt sowie zur IAA-Transportaktivität beiträgt. Darüber 

hinaus deuten die Ergebnisse darauf hin, dass die inhibierende Wirkung des kanonischen 

Loops durch eine spezifische Interaktion zwischen Loop und TMD zustande kommt. 
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3. Introduction 

3.1 The phytohormone auxin 

The phytohormone auxin controls essentially all aspects of a plant’s life (Benjamins and 

Scheres, 2008). Not only is it of tremendous importance for plant growth and basically all 

developmental processes, but it is also crucial for a plant’s response to the environment, 

resulting in a seemingly ever-expanding list of processes in which auxin is involved (Finet and 

Jaillais, 2012; Weijers and Wagner, 2016; Vieten et al., 2007). These aspects make it vitally 

important to understand how auxin exerts its diverse functions and although the history of 

auxin research reaches back more than a hundred years (Darwin and Darwin, 1880), we are 

still far from a comprehensive understanding.  

Auxins are defined as low molecular weight organic acids containing an aromatic ring and a 

carboxyl group (George et al., 1963). Notably, the term auxin describes several chemical 

compounds ‐ naturally occurring and synthetic ones ‐ that exhibit auxin activity. Thereof, 

indole-3-acetic acid (IAA) is the most abundant and most studied representative but also other 

endogenous auxins are typically found in lower concentrations in several plant species (Sauer 

et al., 2013; Ludwig-Müller, 2022). Inside the cell, IAA initiates countless different 

transcriptional programs with a wide range of output. The perception of IAA occurs through 

the auxin receptor TIR1 (TRANSPORT INHIBITOR RESPONSE1) and its close homologs 

AFB1, 2, and 3 (AUXIN SIGNALING F-BOX1, 2 and 3) (Dharmasiri et al., 2005). TIR1/ AFB 

receptors are F-box subunits of E3 ubiquitin ligases that promote the degradation of their 

Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID) co-receptors when IAA is bound. At high IAA 

concentrations, these receptors initiate a transcriptional response by binding Aux/IAA proteins, 

leading to their ubiquitinylation and consequently their degradation. Subsequently, the auxin 

response factors (ARF) are derepressed and gene expression is activated (reviewed in 

Weijers and Wagner 2016). Apart from this pathway, upstream of gene regulation, IAA forms 

gradients, as well as maxima and minima, and very often a concentration gradient within a 

tissue governs the developmental output (Friml, 2003). Therefore, IAA is frequently referred 

to as a morphogen rather than a phytohormone. An example of this mode of action is the 

process of protophloem differentiation. Protophloem is the early, initial phloem and it is the 

first tissue, which differentiates in the root meristem (Rodriguez-Villalon et al., 2014). The 

process is regulated by the auxin flux running through: The auxin level decreases as the cells 

divide, and subsequently increases as the cells differentiate (Brunoud et al., 2012; Santuari et 

al., 2011). Interestingly, the timing of differentiation is not uniform across cell files, so for 

instance, developing protophloem sieve elements (PPSE) differentiate as their neighboring 

cells still divide.  
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IAA is produced primarily in young leaves and the apexes of the root and shoot via tryptophan 

biosynthesis depended and independent pathways (Ljung et al., 2001, 2005; Normanly, 2010; 

Petersson et al., 2009; Zhao, 2010). Additionally, it can be released from IAA conjugates by 

hydrolytic cleavage of IAA-amino acids, IAA-sugar, and IAA-methyl ester (Bartel, 1997; Li et 

al., 2008; Woodward and Bartel, 2005; Yang et al., 2008). Passively transported within the 

phloem, IAA is delivered fast from its site of synthesis to the recipient sink tissue (Cambridge 

and Morris, 1996). Interconnected with this rather rough way of distribution, the plant body 

additionally possesses a precise cell-to-cell polar auxin transport (PAT) system, i.e. auxin is 

moved between cells in a directional manner. By controlling local auxin concentrations, PAT 

regulates a variety of developmental responses, including gravitropic and phototropic organ 

growth (Benková et al., 2003; Han et al., 2021; Li et al., 2022). PAT is enabled by an extended 

network of specialized, plasma membrane (PM)-localized, influx and efflux carriers actively 

transporting IAA across cells, and the existence of such a transporter network, ensuring the 

correct time- and space-wise distribution of IAA, makes a unique feature of the phytohormone.  

Additionally to PAT transport, IAA is intracellularly transported across organelle membranes 

like the ER and the vacuole for storage and modification, which plays a crucial role in 

regulating the distribution, activity, and availability of auxin within plant cells (Zhang and Peer, 

2017; Ruiz Rosquete et al., 2012). Notably, our current knowledge about transport systems 

for other auxins than IAA is very limited and the transport of conjugated forms of auxin is barely 

investigated. 

3.2 Auxin transport 

PAT is enabled by various PM-localized IAA influx and efflux carriers, whose differential and 

often polar subcellular localization defines the direction of auxin flow (Armengot et al., 2016; 

Tanaka et al., 2006; Vieten et al., 2007). Our current knowledge about these transporters and 

how auxin moves within the plant body is largely built on experiments in which this process is 

inhibited. In this context, chemicals that are inhibitors of PAT play a big role (Teale and Palme, 

2018). Especially the synthetic PAT inhibitor N-1-naphthylphthalamic acid (NPA), a herbicide, 

has been used extensively in research and contributed highly to our current knowledge of the 

molecular mechanisms of PAT. Interestingly, however, despite its popularity among plant 

physiologists and its importance as a research tool, NPA’s exact mode of action is unclear. It 

is believed to bind to one or more protein components of the auxin efflux carrier network which 

mediate PAT, but NPA’s exact target has been a matter of debate for centuries (Teale and 

Palme, 2018). 

The chemistry underlying the IAA carrier network is the widely accepted chemiosmotic theory 

(Rubery and Sheldrake 1973, 1974; Goldsmith and Goldsmith, 1981; Goldsmith et al., 1981): 
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IAA is a weak organic acid and depending on the compartment pH, it is present either as anion 

IAA- or in its protonated state, HIAA. In the apoplast, at pH 5,5, the majority of IAA is 

protonated. In this state, it can diffuse freely into the cell. This uptake is further assisted by 

membrane-resident auxin influx carriers namely AUX1 (AUXIN RESISTANT1) and its 

homologs LAX1, 2, 3 (LIKE AUX1, 2, 3) (Yang et al., 2006; Swarup et al., 2008). In addition, 

the nitrate sensor/transporter NRT1.1/NPF6.3/CHL1 (NITRATE 

TRANSPORTER1.1/NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER FAMILY 

6.3/CHLORINA1) facilitates auxin uptake at low NO3
− concentration (Krouk et al., 2010). 

Once inside the cell, the more alkaline pH of the cytosol causes deprotonation of IAA, thus the 

molecule cannot pass through the plasma membrane anymore but must be transported 

actively by efflux carriers. Two protein families are primarily responsible for the export of IAA: 

The first is the ATP BINDING CASSETTE (ABC) auxin transporters of a MULTIDRUG 

RESISTANCE (MDR) subfamily (Geisler and Murphy, 2006; Geisler et al., 2005). The second 

is the family of PIN-FORMED (PIN) auxin efflux carriers. The ABC and the PIN families have 

been shown to transport auxin independently in heterologous systems and in planta (Geisler 

et al., 2005; Petrášek et al., 2006; Yang and Murphy, 2009; Zourelidou et al., 2014). 

Furthermore, it is suggested that the families interact in one-way or the other, thus 

independently and interdependently controlling PAT (Bandyopadhyay et al., 2007; Blakeslee 

et al., 2007; Titapiwatanakun et al., 2009; Mravec et al., 2008). In particular, some studies 

suggest that PINs and ABCBs form protein complexes to facilitate IAA efflux in planta 

(Blakeslee et al., 2007; Titapiwatanakun et al., 2009). A major difference between ABCs and 

PINs is their localization within the cell: Only members of the PIN family show clear polar 

localization at the PM and thus have the potential to give essential directionality to the auxin 

flow within the plant (Habets and Offringa, 2014; Adamowski and Friml, 2015). Furthermore, 

PIN localization correlates with the expected auxin accumulation and depletion sites in the 

cells, observable by usage of synthetic output (transcriptional) reporters, as well as auxin input 

reporters (Ulmasov et al., 1997; Sabatini et al., 1999; Benková et al., 2003; Vernoux et al., 

2011; Brunoud et al., 2012; Larrieu and Vernoux, 2015; Liao et al., 2015). Therefore, the polar 

localization of PIN proteins is widely used to predict the auxin flow in plants and the direction 

of it, as to date there is no possibility of direct visualization. The PINs rightly are often referred 

to as the key players in PAT and consequently, understanding their function and their 

regulation is crucial for the understanding of plant growth and development. 

Additionally to intercellular transport, IAA is intracellularly transported across organelle 

membranes like the endoplasmic reticulum (ER) and the vacuole. At the ER, besides members 

of the PIN family, members of the ER-resident family of PIN-LIKE TRANSPORTERS (PILS) 

have been suggested to export IAA out of the cytoplasm into the ER and by that to contribute 
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to the regulation of intracellular auxin distribution (Feraru et al., 2012; Barbez et al., 2012). 

Further, WALLS ARE THIN1 (WAT1/UmamiT5), which localizes to the tonoplast, was 

demonstrated to transport IAA out of the vacuole into the cytosol (Ranocha et al., 2013). An 

overview of all IAA transporters identified to date is given in Fig. 3-1. 

 

3.3 The family of PIN-FORMED proteins 

3.3.1 Protein structure and classification 

The PIN proteins are a plant-specific family of integral membrane transporter proteins (Křeček 

et al. 2009) and their evolutionary origin reaches back to streptophyte algae (Skokan et al., 

2019). In Arabidopsis thaliana, the family consists of eight members (Křeček et al., 2009). The 

name of the family refers to PIN1, the first member identified, as the loss-of-function mutant 

pin1, generates pin-formed inflorescences, largely devoid of leaves or flowers (Gälweiler et 

al., 1998). Pin2 mutants are agravitropic (Luschnig et al., 1998; Müller et al., 1998) and pin347 

mutants are non-phototropic (Willige et al., 2013). Importantly, the observed phenotypes of 

pin mutants can often be mimicked by the application of auxin transport inhibitors (Müller et 

al., 1998; Benková et al., 2003; Blilou et al., 2005), and notably, the application of NPA leads 

to a pin1 like phenotype (Okada et al., 1991). The most economical explanation therefor is 

that NPA directly inhibits PIN1, however, evidence for such a mode of action is conspicuous 

by its absence and a direct molecular association of NPA with PINs has never been reported 

so far (Teale and Palme, 2018). 

Fig. 3-1 Overview of the influx and efflux 
carrier network enabling (polar) IAA 
transport in Arabidopsis thaliana. Schematic 
representation of all IAA transporters identified 
to date, their distribution in the plasma 
membrane or  endomembranes, as well as the 
direction of auxin transport (arrows). Depending 
on the pH, IAA is present either as IAA- or as 
HIAA. HIAA can freely diffuse into the cell and its 
uptake into the cell is further assisted by auxin 
influx carriers (AUX/LAX and NRT1.1). IAA- 
cannot pass through the PM to exit the cell and 
needs to be actively transported by the efflux 
carriers of the PIN and ABC family. Only PINs 
show a polarity at the PM, regulating the 
direction of auxin flux. Additionally to intercellular 
transport, IAA is intracellularly transported 
across organelle membranes. This is carried out 
by ER-resident members of the PINs and PILS 
family and by WAT1, transporting IAA out of the 
vacuole. Figure modified from Hammes et al., 
2022. 
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PINs consist of two transmembrane domains (TMD) of five alpha helices each, with the TMDs 

being separated by a disordered, hydrophilic loop (HL) that reaches into the cytosol (Mravec 

et al., 2009; Zwiewka et al., 2019; Nodzyński et al., 2016) (Fig. 3-2 A). For years, the eight 

Arabidopsis PINs had been classified based on the length of their loop (Mravec et al., 2009; 

Viaene et al., 2013). This classification was refined by Bennett and colleagues a couple of 

years ago (Bennett et al., 2014). Their structural analysis showed that most PIN proteins 

possess a conserved, modular domain within their loop. Consequently, in terms of sequence 

similarity of this shared “canonical” structure and the length of the loop, the PINs can be 

grouped into at least two transporter classes: “long” canonical and “short” or “intermediate” 

non-canonical PINs (Bennett et al., 2014; Adamowski and Friml, 2015) (Fig. 3-2 B). The 

canonical PINs (PIN1, PIN2, PIN3, PIN4, and PIN7) possess long HLs (>350 residues), the 

two non-canonical PINs (PIN5 and PIN8) possess short HLs (<50 residues), and 

semi-canonical PIN6 has a HL of intermediate length (>250 residues), that has homology to 

the canonical structure but lacks most conserved motifs. Bennett and colleagues found that 

the canonical structure dates back to the last common ancestor of all land plants and although 

it has previously been proposed that the short-looped PINs are the ancestral form of PINs in 

land plants (Mravec et al., 2009; Viaene et al., 2013) their results demonstrate that canonical 

PINs were one ancestral form and that non-canonical PINs with divergent structures have 

arisen from canonical precursors multiple times in the angiosperms (Bennett et al., 2014). The 

importance of PIN proteins to PAT is evident: All eight family members have been shown to 

be involved in the regulation of auxin fluxes in planta and their potential to transport auxin has 

been investigated in several expression systems (Mravec et al., 2008, 2009; Blakeslee et al., 

2007; Zourelidou et al., 2014; Band et al., 2014). However, despite their importance and the 

effort made in the field, their IAA transport activity has only been shown clearly for canonical 

PINs and the IAA transport mechanism of the PINs is unknown. Moreover, our current 

knowledge about their biochemical properties is still limited and only little is known about their 

substrate specificity. 
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Fig. 3-2 Structure and classification of PIN proteins from Arabidopsis (A) Schematic structure of a PIN. PINs 
consist of two transmembrane domains (TMD) of five alpha helices each. The TMDs are separated by a 
disordered, hydrophilic loop (HL) that reaches into the cytosol and differs in length depending on the PIN. 
(B) Classification based on sequence similarity and length of the central HL. Figure from Hammes et al., 2022.

3.3.2 Cellular localization 

The individual PINs show differences in their cellular localization. The canonical PINs localize 

solely to the PM and they are polarly distributed in many cell types (Fig. 3-3 left panel). For 

instance, PIN1 is localized basally (rootward) in root stele cells (Gälweiler et al., 1998) and 

PIN2 is localized basally in root cortex cells, but apically (shootward) in root epidermal cells 

(Müller et al., 1998) (Fig. 3-3 small panel). In the root, polar localization of canonical PINs at 

the PM combined with their cell type-specific expression pattern is reflected in and sufficient 

to explain the so-called reverse fountain model of how the IAA flux flows within the root and 

creates an auxin maximum in the root: IAA is transported upward through the epidermis and 

partially flows back through the cortex, endodermis, and pericycle to the vasculature, where it 

returns to the root tip (Kramer and Bennett, 2006; Grieneisen et al., 2007; Mironova et al., 

2012; Geisler et al., 2014) (Fig. 3-3 right panel). In many tissues, different canonical PINs are 

expressed in the same cell, thus an interaction between different PINs is thinkable. Notably, 

their localization at the PM is highly dynamic, either during the plant’s development or in 

response to tropic stimuli and PINs continuously cycle between their polar domain at the PM 

and endosomal compartments (Adamowski and Friml 2015) and depending on the destination 

of the specific PIN, different pathways are used (Feraru and Friml, 2008). For the investigation 

of these processes, application of the fungal toxin BFA (Brefeldin A) is often used as a tool. 

BFA is an inhibitor of subcellular vesicle trafficking. It inhibits GNOM, which belongs to the 

ARF‐GEFs and is responsible for the coordinated delivery of cargo vesicles from the 

trans-Golgi network to the PM (Steinmann et al., 1999; Geldner et al., 2003). In the presence 

of BFA, PM-localized PINs aggregate in so-called BFA-compartments inside the cell 

(Steinmann et al., 1999; Geldner et al., 2001; Ganguly et al., 2010). 

marti
Linien

marti
Linien

marti
Linien

marti
Linien

marti
Linien

marti
Linien



11 

In contrast to the canonical PINs, the non-canonical, short PINs are unique in that they localize 

at internal membranes. Both PIN5 (Ganguly et al., 2014; Mravec et al., 2009) and PIN8 (Bosco 

et al., 2012; Ding et al., 2012) predominantly localize internally to the ER, albeit instances of 

PM localization have been reported for both of them when expressed ectopically (Ganguly et 

al., 2014, 2010). Due to their internal localization, PIN5 and PIN8 have been proposed to 

function in auxin homeostasis within cells rather than IAA transport between cells. At the ER, 

they are assumed to be responsible for the regulation of the intracellular IAA level in the cell, 

by facilitating IAA transport into and out of the ER lumen. Inside the ER lumen, auxin is likely 

unavailable for PAT and nuclear signaling and is potentially inactivated by ER-localized 

auxin-conjugating enzymes (Mravec et al., 2009). Regarding the role of PIN5 and PIN8, in 

Fig. 3-3 Localization of canonical PINs in the primary root tip and the auxin flux according to the reverse 
fountain model. Schematic representation of a longitudinal root section that shows the localization of the different 
PINs (left) and the putative auxin fluxes through the root tissues (right). Localization of PIN3 and PIN7 in the stele 
is redundant with that of PIN1. The small panel shows the dual localization of PIN2, that is basal in cortex cells and 
apical in epidermis cells. Figure modified from Armengot et al., 2016 and Müller et al., 1998 (small panel). 
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particular, a model was presented some years ago, in which PIN5 and PIN8 act 

antagonistically, with PIN5 transporting IAA into the ER lumen and PIN8 transporting IAA out 

of the ER into the cytosol (Ding et al., 2012).   

Lastly, the cellular localization of semi-canonical PIN6. PIN6 shows a noteworthy dual 

localization as it is found at the PM as well as at the ER (Simon et al., 2016; Ditengou et al., 

2018). Where in the cell PIN6 localizes appears to depend on cell type, expression level, and 

phosphorylation status of PIN6 (Simon et al., 2016; Ditengou et al., 2018). The PM-residing 

portion of PIN6 seems to exhibit a certain polarity, which is however not yet clearly determined 

(Simon et al., 2016; Ditengou et al., 2018). Nevertheless, PIN6 is suggested to be involved in 

both intercellular PAT and regulation of IAA homeostasis inside the cell by mediating IAA 

transport into internal compartments (Ditengou et al., 2018; Simon et al., 2016; Cazzonelli et 

al., 2013). It has been debated whether non-canonical PINs have divergent functions from 

canonical PINs and one hypothesis in this context is that non-canonical PINs are broader 

spectrum carriers for auxin-like molecules and auxin conjugates (Bennett et al., 2014). 

3.3.3 PIN-mediated directional auxin flow regulates root gravitropism  

A mechanism of particular relevance for this thesis is the regulation of root gravitropism by 

PIN-mediated directional auxin flow. Gravity is perceived primarily in the columella cells, where 

amyloplasts sediment to the bottom side of the cells (Morita and Tasaka, 2004) and orientation 

of the root growth according to the gravity vector is provoked by dynamic changes of auxin 

distribution and asymmetric auxin distribution between the opposite sides of a 

(gravistimulated) root (Armengot et al., 2016; Sato et al., 2015; Su et al., 2017), which is 

achieved by differential subcellular PIN distribution (Luschnig et al., 1998; Baster et al., 2012; 

Zhang et al., 2019a; Tan et al., 2020). Our understanding of the downward movement of the 

root is based on the Cholodny-Went theory and various interpretations of it ever since (Went, 

1928; Cholodny, 1927). According to the theory, accumulation of auxin in the root tip on the 

side closest to the direction of the gravity vector triggers a decrease in cell elongation within 

the basal zone of the root cap, which causes the root to bend in the direction of the gravity 

vector (Geisler et al., 2014; Krieger et al., 2016). This auxin maximum guiding root growth 

depends on PAT and the IAA flow in the direction of the reverse fountain. PIN2 is the main 

player mediating shootward auxin transport in root gravitropism. It localizes apically 

(shootward) in root epidermal cells and together with AUX1, it transports auxin from the root 

tip to the elongation zone, where root growth is regulated (Fig. 3-4 A) (Luschnig et al., 1998; 

Baster et al., 2012; Zhang et al., 2019a; Tan et al., 2020; Swarup et al., 2001). As mentioned 

above, pin2 is agravitropic and it shows a defective auxin distribution (Müller et al., 1998; Lee 

et al., 2020b). Root reorientation upon gravistimulation (Fig. 3-4 B) further requires the activity 
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of PIN3 and PIN7. Both are expressed in the columella cells, where they localize at the PM in 

an apolar manner. After the root perceived gravistimulation, for instance, by experimentally 

turning it by 90°, they polarize to the now downward-facing side of the cells, thus driving the 

auxin flow towards the lower side of the root tip (Friml et al., 2002; Kleine-Vehn et al., 2010a). 

Subsequently, the abundance and PM localization of PIN2 is strongly enhanced at the 

downward-facing side of the root, reinforcing auxin accumulation in this area (Paciorek et al., 

2005; Baster et al., 2012; Abas et al., 2006). Ultimately, this cascade leads to the gravitropic 

response of the root, i.e. growth inhibition at the lower side of the elongation zone, causing 

downward root bending (Abas et al. 2006). Importantly, auxin itself promotes its efflux in the 

process of gravitropic response, as it was shown that it regulates PIN2 abundance at the PM 

and PIN2 turnover (Abas et al., 2006; Paciorek et al., 2005).  
 

3.3.4 Regulation of PINs by means of the loop 

The loop of the PINs is suggested to contain the molecular cues for PIN trafficking, stability 

and, subcellular polarity (Michniewicz et al., 2007; Dhonukshe et al., 2010; Huang et al., 2010; 

Zhang et al., 2010; Kleine‐Vehn et al., 2011; Barbosa and Schwechheimer, 2014; Barbosa et 

al., 2018) At their loop, PINs undergo constant phosphorylation and dephosphorylation and 

Fig. 3-4 Auxin flux and PIN localization in root gravitropism. (A) As per Cholodny-Went theory (Went, 1928; 
Cholodny, 1927) accumulation of auxin in the root tip on the side closest to the direction of the gravity vector causes 
the root to bend downward, in the direction of the gravity vector (g). This auxin maximum guiding root growth 
depends on PAT and the IAA flow in the direction of a reverse fountain, whereat apically localized PIN2 transports 
IAA shootward through the epidermal cells. (B) Auxin fluxes and localization of PIN2, PIN3, and PIN7 (localization 
is redundant with that of PIN3) in the primary root tip after gravistimulation. High auxin concentration in the 
downward-facing side of the root inhibits PIN2 endocytosis which promotes its localization at the PM and reinforces 
asymmetric auxin localization. The resulting accumulation of auxin locally inhibits cell elongation, thus the root 
bends. Figure modified from Armengot et al., 2016. 
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their phosphorylation status controls IAA transport activity as well as cellular localization, both 

time- and space-wise (Michniewicz et al., 2007; Dai et al., 2012; Zourelidou et al., 2014; Weller 

et al., 2017; Deruere et al., 1999; Rashotte et al., 2005; Shin et al., 2005; Barbosa et al., 2018).  

Phosphorylation of PINs is carried out by following kinases: (i) Ca
2+

/calmodulin-dependent 

protein kinase-related kinases (CRKs) (Rigó et al., 2013), (ii) MITOGEN- ACTIVATED 

PROTEIN (MAP) KINASES (MPKs) (Jia et al., 2016), (iii) CAMEL (CANALIZATION-RELATED 

AUXIN-REGULATED MALECTIN-TYPE RLK) (Hajný et al., 2020) and (iv) members of the 

plant-specific subfamily AGCVIII of the AGC kinase family (serine/threonine kinases with 

homology to mammalian protein kinase A, cGMP-dependent kinase, and protein kinase C) 

(Galván-Ampudia and Offringa, 2007). The role of the AGCVIII kinases in PIN regulation will 

be described in more detail in the next chapter. Additionally to the listed kinases, not yet 

identified kinases also phosphorylate the PIN loop (Barbosa et al., 2018). Phosphorylation is 

antagonized by dephosphorylation by phosphatases and one player here is the protein 

phosphatase 2A (PP2A) (Michniewicz et al., 2007; Dai et al., 2012).  

In 2014, Ganguly and colleagues performed an interesting experiment to examine the role of 

the loop (Ganguly et al., 2014). As both non-canonical, short-looped PINs, PIN5 and PIN8, 

show predominant ER-localization, it was suggested, that they lack the molecular cues for PM 

trafficking. Thus, to test whether the loop of a PM-resident PIN can provide its original 

molecular cues to an ER-resident PIN, Ganguly and colleagues inserted the loop of PIN2 into 

PIN5 and examined the behavior of the resulting PIN5-2-5 chimaera. PIN5 fails to show any 

detectable phosphorylation in planta, the PIN5-2-5 chimaera, however, was found 

phosphorylated. Furthermore, the incorporation of the PIN2 loop caused the chimaera to be 

predominantly PM localized in cells where PIN5 showed an internal localization. Thus, it was 

reasoned that the canonical loop is partially modular for the trafficking behavior of PINs. PIN2’s 

characteristic localization, which is basally in the cortex and apically in the epidermis, was not 

observed for the chimaera. It was concluded that the introduction of the loop enabled the 

phosphorylation of the chimaera, but that this phosphorylation is not sufficient for polar 

localization of the protein. The functionality and the IAA transport activity of the chimaera 

remained unclear. 

3.4 AGCVIII kinases regulate PIN polarity and activity 

Members of the AGCVIII kinase family are crucial for the described regulation of PIN IAA 

transport activity and PIN localization. Arabidopsis possesses 23 AGCVIII kinases in total and 

based on an alignment of their catalytic kinase domains they can be subdivided into four major 

clades, AGC1 - AGC4 (Galván-Ampudia and Offringa, 2007) (Fig. 3-5). The loops of canonical 

PINs is auto-inhibitory; phosphorylation of the loop overcomes this inhibition and activates PIN 
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IAA transport activity (Zourelidou et al., 2014). This is carried out by PINOID (PID) and its 

presumed functional paralogs WAG1 and WAG2 from subclade AGC3 as well as D6 

PROTEIN KINASE (D6PK) and the three candidate paralogs D6PK-LIKE (D6PKL) 1–3 from 

subclade AGC1 (Willige et al., 2013; Weller et al., 2017; Zourelidou et al., 2014). Notably, 

experiments in the heterologous expression system of X. laevis show, that PID activates 

PIN-mediated IAA transport more efficiently, despite equal levels of both proteins and 

phosphorylation (Zourelidou et al. 2014, Dorina P. Janacek, personal communication). 

Further, PID and D6PK cannot functionally replace each other (Zourelidou et al. 2014). If the 

canonical loop, the activating kinase, or a combination of both contribute to IAA transport is 

yet unanswered. Representatives from AGC2 (UCN) and AGC4 (PHOT1) neither 

phosphorylate PINs nor activate PIN-mediated IAA efflux (Zourelidou et al. 2014), thus it is 

suggested that activation of PINs is restricted to clade AGC1 and AGC3. Not yet identified 

kinases are likely to also activate PINs, and consequently members of the AGC1 and AGC3 

clade make interesting candidates to be tested. Further, it remains to be shown if PIN 

phosphorylation leads to PIN IAA transport i.e. if phosphorylation is sufficient to explain 

activation. 

Fig. 3-5 The Arabidopsis AGCVIII protein kinase 
family, a plant-specific subfamily of the AGC 
kinase family. Based on an alignment of their catalytic 
kinase domains, the 23 members in Arabidopsis can 
be divided into four distinct groups, AGC1 – AGC4. 
PINOID (PID, orange arrow) and its presumed 
functional paralogs WAG1 and WAG2 from subclade 
AGC3 (PID/WAG), as well as D6 PROTEIN KINASE 
(D6PK, orange arrow) and the three candidate 
paralogs D6PK-LIKE (D6PKL) 1–3 from subclade 
AGC1, directly phosphorylate PINs. Figure modified 
from Galván-Ampudia and Offringa, 2007. 
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The localization of PINs is regulated by phosphorylation carried out by PID/WAGs. For years 

it was assumed that this phosphorylation directly initiates PIN localization at the apical PM 

(Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010). Although it is clear now that 

the correlation is not as simple and other players must be involved (Weller et al., 2017), correct 

(re)localization of PM-resident PINs critically depends on PID/WAG activity.  

At least five serine residues within the canonical loop (S1 – S5) are critical target for PIN 

phosphorylation and activation by D6PK and PID (Zourelidou et al., 2014) (Fig. 3-6). S1-S3 

are embedded in a highly conserved TPRXS(N/S) motif and are present in all canonical PINs. 

S4 and S5, on the contrary, vary both in context and presence (Zourelidou et al., 2014; 

Barbosa et al., 2018). Even though D6PK and PID phosphorylate the same phosphosites, 

mutations of specific serines have different effects on the ability of each kinase to activate 

PINs in vitro and in oocyte-based auxin transport assays, which suggests a different mode of 

PIN binding (Haga et al., 2018; Zourelidou et al., 2014). 

D6PKs are broadly expressed and interestingly, D6PK predominantly localizes at the basal 

PM where it overlaps with basally localized PINs (Barbosa and Schwechheimer, 2014; 

Zourelidou et al., 2009). PID on the contrary is apolarly distributed at the plasma membrane 

(Kleine-Vehn et al., 2010b; Dhonukshe et al., 2010; Weller, 2017). This localization pattern 

indicates that PIN phosphorylation at the basal PM is maintained by D6PK, whereas PID or 

other non-polar kinases maintain phosphorylation at other PM regions (Barbosa et al., 2018). 

Similar to the PINs, D6PK is sensitive to BFA and constantly recycles to and from the PM, 

albeit in comparison to PINs, D6PK recycling is faster (Barbosa et al., 2014; Kleine-Vehn et 

al., 2010b). On the contrary, PID is BFA-insensitive (Kleine-Vehn et al., 2010b). 

 

 

Fig. 3-6 Alignment of parts of the hydrophilic loop of the canonical PINs. Serines S1 – S5 are critical phosphorylation targets 
of D6PK and PID/WAG in the activation and polarity control of canonical PINs. Figure modified from Zourelidou et al., 2014. 
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3.5 Aims of this thesis 

3.5.1 Examination of potential modifiers and inhibitors of PIN-mediated IAA 
transport, in particular, NPA 

One aim of the present thesis was to test selected substances for their potential to modulate 

PIN-mediated IAA transport and to investigate the sensitivity of PINs to inhibitors of PAT. 

To do so, I used the heterologous expression system of X. laevis oocytes, a well-established 

system to investigate transport activity by membrane proteins, which is suitable for 

investigating IAA transport by PIN proteins (Fastner et al., 2017). In oocytes expressing PINs, 

I examined if the substances affected PIN IAA transport activity and IAA transport rates of 

PINs. I tested eleven different substances by co-injecting them together with IAA: Two 

synthetic auxins [2,4-dichlorophenoxyacetic acid (2,4-D) (Peterson, 1967), and 1-

Naphthaleneacetic acid (NAA)], Indole-3-butyric acid (IBA), which is another naturally 

occurring auxin (Ludwig-Müller and Epstein, 1991), the IAA conjugate methylated IAA 

(Me-IAA), the main IAA precursor tryptophan (Woodward and Bartel, 2005), three inhibitors of 

(polar) auxin transport  [N-1-naphthylphthalamic acid (NPA) (Hoffmann and Smith, 1949), 

2,3,5-triiodobenzoic acid (TIBA) (Galston, 1947; Thomson et al., 1973) and quercetin (Jacobs 

and Rubery, 1988)], trans-Zeatin, which is the most abundant cytokinin, fluorescing IAA 

(NBD-IAA, Hayashi et al., 2014) and serotonin, which’s structure resembles IAA and has been 

proposed to inhibit auxin activity and transport (Erland et al., 2015; Pelagio-Flores et al., 2011). 

NPA’s inhibitory effect on PAT was investigated in more detail. In the oocyte system, I tested 

if PINs can transport NPA and if NPA has an inhibitory effect on other PM-localized 

transporters, namely IAA importer AtAUX1 (Yang et al., 2006) and Leucin transporter AtCAT6 

(Hammes et al., 2006). In in vitro phosphorylation assays, I tested NPA’s potential to impair 

PIN phosphorylation. 

3.5.2 Characterization of semi-canonical PIN6 and non-canonical PIN8 

Another aim was to investigate the IAA-efflux capability and characteristics of semi-canonical 

PIN6 and non-canonical PIN8 because to date, their IAA transport ability has only been 

deduced from experiments based on passive pre-loading, partly not bare of other plant factors 

(Ding et al., 2012; Petrášek et al., 2006; Simon et al., 2016; Ganguly et al., 2010). Further, 

regarding PIN8, I could build up on preliminary data of my Master’s Thesis, indicating IAA 

transport by PIN8 (Kolb, 2015). I tested both PIN6 and PIN8 in X. laevis oocytes to 

characterize their IAA transport activity.  

Additionally, I aimed to investigate if PIN6 can contribute to gravitropic response, as it has 

been shown to be involved in root development and formation of correct root morphology 

(Cazzonelli et al. 2013; Simon et al. 2016). To this end, I tested the potential of PIN6 to 
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complement the agravitropic pin2 mutant when expressed under the control of the PIN2 

promotor. 

3.5.3 Investigation of the role of the PIN loop in regulating IAA transport 
activity and localization of PINs 

As a continuation of initial insights from my Master’s thesis (Kolb, 2015), I performed structure-

function analyses. I asked the question if a non-canonical PIN can be turned into a canonical 

PIN and by providing non-canonical PIN8 with the loop of PIN2 (PIN8-2-8) and PIN3 

(PIN8-3-8), respectively, I aimed to gain insights into how the loop of canonical PINs 

contributes to regulation of IAA transport activity, to IAA transport per se and to localization of 

the PINs. 

In the oocyte system, I examined the IAA transport properties of the two chimaeras and of 

GFP-fused versions of them. Additionally, I examined the chimaeras in planta: First, I tested 

the potential of both chimaeras to complement the agravitropic pin2 mutant when expressed 

under the control of the PIN2 promotor. Second, I investigated the IAA response of these lines, 

by crossing them with the IAA reporter construct PDR5:GUS (Ulmasov et al., 1997). Third, I 

performed CLSM analyses to investigate the localization of PIN8-2-8-GFP in pin2. 

3.5.4 Examination of the potential of other AGCVIII kinases to activate PINs 
and identification of additional players in PAT 

From the AGC1 subclade of the AGCVIII kinase family, only D6PK and its three homologs are 

known to activate PIN auxin transport (Zourelidou et al., 2014), however, additional kinases 

have been suggested to be involved in regulation and activation of PINs by phosphorylation 

(Barbosa et al., 2018). To expand the knowledge of kinase-mediated activation of the PIN 

family, I tested the potential of further kinases from the AGC1 subfamily to do so. Therefore, I 

tested AGC1-3, AGC1-4, AGC1-7, AGC1-8, AGC1-9, and KIPK in the oocyte system for their 

potential to activate PIN-mediated IAA transport.  

Lastly, in light of the finding that BREVIS RADIX (BRX), a plasma-membrane-associated 

protein specifically expressed in developing PPSE interacts with AGC1-3 (Christian Hardtke, 

pers. comm.), I investigated the influence of BRX and its homolog BRXL2 on AGC1 

kinase-mediated activation of PINs in the oocyte system. 
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4. Results 
Most of the data I present in this thesis was published. These publications - one shared first 

authorship and five co-authorships - are listed in Table 4-1 (see also 12. Appendix). The data 

and results that have been published, along with my contributions to these respective 

publications, will be described and discussed in the following chapters of this thesis. 

 
Table 4-1 List of the publications presenting data generated within the frame of the present thesis and 
personal contribution 
 

Publication Contribution 

Ung, K.L., Winkler, M., Schulz, L., Kolb, M., Janacek, D.P., 
Dedic, E., Stokes, D.L., Hammes, U.Z., and Pedersen, B.P. 
(2022). Structures and mechanism of the plant PIN-FORMED 
auxin transporter. Nature 609: 605–610. 

Co-authorship, 
Fig. 1a,  
Extended Data Fig. 2B 

Koh, S.W.H., Marhava, P., Rana, S., Graf, A., Moret, B., 
Bassukas, A.E.L., Zourelidou, M., Kolb, M., Hammes, U.Z., 
Schwechheimer, C., and Hardtke, C.S. (2021). Mapping and 
engineering of auxin-induced plasma membrane dissociation in 
BRX family proteins. Plant Cell 33: 1945–1960. 

Co-authorship, 
Supplemental Fig S8B 

Abas, L., Kolb, M., Stadlmann, J., Janacek, D.P., Lukic, K., 
Schwechheimer, C., Sazanov, L.A., Mach, L., Friml, J., and 
Hammes, U.Z. (2021). Naphthylphthalamic acid associates with 
and inhibits PIN auxin transporters. Proc. Natl. Acad. Sci. 118: 
1–8. 

Shared first 
authorship, 
Fig. 1A-D, 
SI Fig. S1A-E 

Marhava, P., Aliaga Fandino, A.C., Koh, S.W.H., Jelínková, A., 
Kolb, M., Janacek, D.P., Breda, A.S., Cattaneo, P., Hammes, 
U.Z., Petrášek, J., and Hardtke, C.S. (2020). Plasma Membrane 
Domain Patterning and Self-Reinforcing Polarity in Arabidopsis. 
Dev. Cell 52: 223-235.e5. 

Co-authorship, 
Fig. 6I 

Marhava, P., Bassukas, A.E.L., Zourelidou, M., Kolb, M., Moret, 
B., Fastner, A., Schulze, W.X., Cattaneo, P., Hammes, U.Z., 
Schwechheimer, C., and Hardtke, C.S. (2018). A molecular 
rheostat adjusts auxin flux to promote root protophloem 
differentiation. Nature 558: 1. 

Co-authorship, 
Fig. 2d, 4a-d, and h. 
Extended Data Fig. 4h, 
5j, and 6f 

Abbas, M., Hernández-García, J., Pollmann, S., Samodelov, 
S.L., Kolb, M., Friml, J., Hammes, U.Z., Zurbriggen, M.D., 
Blázquez, M.A., and Alabadí, D. (2018). Auxin methylation is 
required for differential growth in Arabidopsis. Proc. Natl. Acad. 
Sci. 115: 6864–6869. 

Co-authorship, 
SI Fig. S8 

 

  



20 
 

I generated large parts of my data with the use of the heterologous expression system of 

X. laevis oocytes. For this reason, I want to give a detailed introduction to the system. 

X. laevis oocytes are a well-established expression system to investigate transport activity by 

membrane proteins and suitable for investigating IAA transport by PIN proteins (Fastner et al., 

2017; Zourelidou et al., 2014). In the first step, cRNA encoding for PINs (+ activating kinases), 

is injected into oocytes, leading to protein expression in the oocytes. In the next step, 
3H-labeled IAA is injected into the oocytes (1µM internal concentration), and the depletion of 

the substrate is measured over time by liquid scintillation counting. For this purpose, six to ten 

oocytes are sampled at different time points post injection and their remaining 3H-IAA content 

is measured by scintillation count. Oocytes expressing canonical PINs alone show very little 

IAA depletion over time. This does, however, not differ significantly from water-injected control 

oocytes. If on the contrary, a canonical PIN is co-expressed together with an activating kinase, 

in most instances in this thesis D6PK or PID, the PIN becomes phosphorylated, the 

auto-inhibitory effect of the loop is overcome i.e. the PIN is activated by the kinase and finally, 

it transports IAA out of the oocyte (Zourelidou et al. 2014). Transport rates of individual PINs 

can be determined from the negative value of the slope of the obtained time courses 

(Absmanner, 2013). A representative experiment for PIN3 and PIN3 co-expressed with D6PK 

or PID including the corresponding linear regression and the calculated transport rates is 

shown in Fig. 4-1. Both kinases activate PIN-mediated IAA efflux, whereat the trend that PID 

stimulates the efflux considerably, has been observed before (Absmanner, 2013; Zourelidou 

et al., 2014). Transport rates from individual biological replicates provided the basis for 

investigating PIN-mediated IAA transport in this thesis. 
 
 
Fig. 4-1 Data of typical experiment of 
PIN-mediated IAA transport in X. 
laevis oocytes and determination of 
relative IAA transport rates (Fastner 
et al., 2017). Reduction of 3H‐IAA 
content in oocytes over time after direct 
injection of the substrate. Counts per 
minute at time point 0 min were set to 
1. Data points show measurements of 
one biological replicate for oocytes 
expressing PIN3 (r2=0,8366), 
PIN3 + D6PK (r2=0,985), and 
PIN3 + PID (r2= 0,9459), respectively, 
and water-injected control oocytes 
(r2=0,9023). PIN3 co-expressed with 
D6PK or PID gets activated by the 
kinase and transports IAA out of the 
oocytes. The linear regression graphs 
serve as a basis for the calculation of 
transport rates and hence relative IAA 
efflux (in brackets). Error bars show 
SEM of technical replicates (n=8-10).  
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4.1 PIN-mediated IAA transport in X. laevis oocytes can be 
modified by co-injected substances 

One aim of the present thesis was to investigate the effect of selected substances on 

PIN-mediated IAA transport and the sensitivity of PINs to inhibitors of PAT. To this end, I 

co-injected the substances of interest together with 3H-IAA into oocytes expressing PINs, with 

the substance of interest present in 100-fold excess compared to 3H-IAA (100 µM and 1 µM, 

respectively). I then monitored if the PIN-mediated 3H-IAA transport was affected by the other 

substance present. I expected to measure altered 3H-IAA transport rates, in case a substance 

interfered with PIN-mediated transport in the oocytes. Oocytes co-injected with unlabeled IAA 

together with 3H-IAA were used as control. Here, labeled and unlabeled IAA compete for 

transport. Thus, transport of the measurable fraction of IAA decreases, exemplified shown for 

PIN3 activated by D6PK in Fig. 4-2.  

 
Fig. 4-2 Effect of unlabeled IAA on the 
transport of 3H-labeled IAA. Data of a 
typical experiment performed as control 
for results in Fig. 4-3. Reduction of 3H-
IAA content over time in oocytes 
expressing PIN3 (+ D6PK) as specified. 
Counts per minute at time point 0 min 
were set to 1. PIN3 transports IAA only 
when co-expressed with D6PK. 
Co-injected unlabeled IAA competes 
with labeled IAA for transport and 
consequently, 3H-IAA content over time 
only slightly decreases. Data points 
represent arithmetic mean and standard 
error from n=6-10 oocytes. The dotted   
lines support the better visualization of 
the course of labeled IAA content and do 
not represent linear regression graphs. 

 
 
I tested the following eleven selected substances: IBA, which is another naturally occurring 

auxin (Ludwig-Müller and Epstein, 1991), 2,4-D and NAA, which are synthetic auxins 

(Peterson, 1967), IAA conjugate Me-IAA, NBD-IAA, which is a synthetic, fluorescing IAA 

(Hayashi et al., 2014), trans-Zeatin, which is the major cytokinin in Arabidopsis (Sakakibara, 

2006) and has been shown to be involved in the regulation of PIN expression and PM 

localization (Osugi and Sakakibara, 2015), serotonin, which’s chemical structure resembles 

IAA, tryptophan, which is the main precursor of IAA (Woodward and Bartel, 2005) and three 

inhibitors of (polar) auxin transport, namely TIBA (Galston, 1947), NPA (Hoffmann and Smith, 

1949), and quercetin (Jacobs and Rubery, 1988). An overview of the substances and their 

chemical structure is displayed in Table 4-2. 
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Table 4-2 Name and chemical structure of the substances tested for their effect on PIN-mediated IAA 
transport in X. laevis oocytes 
 
Name Chemical struture Name Chemical structure 
IAA 

 

NPA 

 
2,4-D 

 

Quercetin 

 
Trans-Zeatin 

 

Serotonin 

 
IBA 

 

TIBA 

 
Me-IAA 
 

 

NBD-IAA 
(Hayashi et 
al., 2014) 

 
NAA 

 

Tryptophan 

 

 

I quantified the depletion of 3H-IAA over time, calculated the transport rates of the expressed 

PINs from individual biological replicates, and compared, how the transport rates changed in 

presence of the additional substance. To obtain more representative data and a better insight, 

I performed the experiments with PIN1 and PIN3, which differ remarkably in their transport 

characteristics in the oocyte system: PIN1 shows weak transport activity, PIN3, on the 

contrary, is a stronger IAA transporter (Zourelidou et al., 2014). 

I found that the presence of trans-Zeatin, IBA, quercetin, serotonin, and NBD-IAA did not 

significantly change transport rates of neither PIN1 (Fig. 4-3 A, upper panel) nor PIN3 (Fig. 
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4-3 A, lower panel) (NBD-IAA was only tested with PIN3), suggesting that – in the given 

scenario - the substances have no effect on PIN1- and PIN3-mediated transport and do not 

compete with IAA, thus are no PIN substrate or transport modulator. Importantly, the 

measured counts per minute (cpm) of oocytes injected with 3H-IAA + quercetin were many 

times lower than the cpm of the control oocytes or those measured for any of the other 

experiments (data not shown). In the case of 2,4-D, the PIN transport rates did not change 

significantly, I did however, note a high variability in the transport rates of the individual 

experiments and the trend that the presence of 2,4-D decreased the transport rates. 

Co-injection of Me-IAA decreased PIN-mediated IAA transport strongly, in the case of PIN3 

significantly (p < 0.05), suggesting that this was due to a competition of Me-IAA with 3H-IAA. 

These findings are my contribution to a paper dealing with the importance of auxin conjugation 

(Abbas et al. 2018). Co-injection of NPA greatly decreased PIN1-mediated IAA efflux, in the 

case of PIN3 highly significant (p < 0.001), close to no transport at all. These findings were 

considered highly interesting and were investigated in more detail (4.2). The findings for NAA 
differed between PIN1 and PIN3 in that in the case of PIN1, NAA had no visible effect, while 

in the case of PIN3, 3H-IAA transport was significantly decreased. The same is true for the 

IAA transport inhibitor TIBA: PIN1-mediated IAA transport was not affected by the presence 

of TIBA, on the contrary, the 3H-IAA transport by PIN3 decreased highly significant (p < 0.001). 

Here, it is noteworthy, that the results of PIN1 and PIN3 cannot necessarily be compared 

directly. This is because they show differential transport activity in the oocyte system and 

consequently, the signal-to-noise ratio (“transport to background”) differs. Lastly, I tested if 

co-injected tryptophan affects PIN-mediated IAA transport. In a preliminary experiment, I saw 

that the presence of tryptophan had no influence on PIN3-mediated IAA transport (Fig. 4-3 B) 

suggesting that in the given scenario tryptophan does not compete with IAA. 
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Fig. 4-3 The effect of various substances on 
PIN-mediated IAA transport in X. laevis oocytes. The 
substances (100  µM) were co-injected together with 
3H-IAA (1 µM) as specified, for mock control only 3H-IAA 
was injected. (A) Bars represent blotted relative 3H-IAA 
transport rates of PIN1 (upper panel) and PIN3 
(lower panel) activated by D6PK. Black dots represent 
transport rates from individual experiments, error bars 
show SEM. Modification of 3H-IAA transport was observed 
for Me-IAA, NPA, NAA (PIN3-mediated transport only), and 
TIBA (PIN3-mediated transport only). Statistical analysis 
was performed by means of a one-way ANOVA vs. mock 
control followed by Holm-Sidak post hoc test, asterisks 
indicate statistical significance (*= p < 0.05, **= p < 0.001). 
(B) Reduction of 3H-IAA content over time with or without 
co-injected tryptophan (Trp) in oocytes expressing PIN3 
and D6PK as specified. Counts per minute at time point 0 
min were set to 1. PIN3-mediated 3H-IAA transport is not 
affected by Trp. Data points represent mean and standard 
error from n = 6-10 oocytes. The dotted lines support the 
better visualization of the course of 3H-IAA content and do 
not represent linear regression graphs. 
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4.2 Naphthylphthalamic acid inhibits PIN auxin transporters 

Our current understanding of how auxin moves and is transported within the plant is largely 

built on experiments in which this process is inhibited. In this context, the synthetic PAT 

inhibitor NPA has been used extensively in research and contributed highly to our current 

knowledge of the molecular mechanisms of PAT. Hitherto, however, NPA’s exact mode of 

action and its target, has been a matter of debate for years (Teale and Palme, 2018). Thus, 

the finding that NPA inhibits 3H-IAA transport rates of PIN1 and abolishes 3H-IAA transport 

rates of PIN3 when co-injected into oocytes expressing the respective PIN was very interesting 

and I decided to investigate this in more detail. 

I published all results described in this chapter as a co-first author in Abas et al., 2020 and 

NPA was used as a tool to inhibit PIN transport activity in further experiments investigating 

PIN6 (4.5) and PIN8 (4.3) as will be described in detail in the respective chapters. 

4.2.1 NPA inhibits PIN-mediated IAA transport in the oocyte system 

To investigate NPA’s effect on PIN-mediated IAA transport in more detail, I performed further 

IAA efflux assays in the oocyte system as described in the former chapter. Due to the higher 

signal-to-noise ratio and therefore, the clearest readout, the experiments were performed with 

PIN3. 

The transport rates of activated PIN3 treated with 100 µM internal NPA are found in the same 

group as the negative control, non-activated PIN3 (without co-expressed kinase) (Fig. 4-4 A). 
In any case, the internal concentration of 100 µM NPA in the oocyte abolished PIN3 transport 

activity. This effect was independent of the identity of the activating kinase - D6PK or 

PID - suggesting that the kinase is no target of NPA. Further, I tested a lower internal 

concentration of NPA (10 µM) (Fig. 4-4 B). I found that 10 µM NPA significantly decreased 

PIN3-mediated transport. This inhibition of transport, however, was significantly less 

compared to 100 µM NPA internal. Taken together the data indicate that NPA in the oocyte 

system inhibits PIN-mediated IAA efflux and that the activating kinase is not a crucial factor in 

the interplay underlying the inhibition. 
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Fig. 4-4 Concentration effect of NPA on PIN3-mediated IAA transport in the oocyte system. IAA efflux assay 
was performed with oocytes expressing PIN3 alone or PIN3 together with either D6PK or PID as activating kinase 
as specified. Oocytes were injected with only 3H-IAA or 3H-IAA + NPA as specified. (A) Transport rates of PIN3 
from individual biological replicates were calculated and blotted, with one black dot representing the transport rate 
of one biological replicate, error bars show SEM. Internal application of 100 µM NPA reduces the level of both 
PIN3 + D6PK and PIN3 + PID 3H-IAA transport to the level of PIN3 alone (negative control). Different letters 
indicate significant differences. Statistical analysis was performed by means of a one-way ANOVA followed by 
Holm-Sidak post hoc test (p<0.050). (B) Reduction of 3H-IAA content over time in oocytes expressing PIN3 or 
PIN3 + PID. The reduction of the relative 3H-IAA content over time is significantly weaker in oocytes co-injected 
with 10 µM NPA (p<0.001, student’s t-test at time point five, ten, and 15 minutes). Data points represent mean and 
standard error from n=6-10 oocytes. The dotted lines support the better visualization of the course of labeled IAA 
content and do not represent linear regression graphs. 
 
 
Next, I wanted to investigate if the reduction of PIN-mediated IAA transport rates upon internal 

NPA application could be explained by competition of NPA with 3H-IAA for PIN-mediated 

transport. Thus, I tested if NPA is transported by PINs. To do so, I injected 3H-NPA (1µM 

internal concentration) into oocytes expressing PIN1 (+ D6PK), PIN3 (+ D6PK) or 

PIN3 (+ PID), respectively, and measured if they released 3H-NPA over time. The content of 
3H-NPA in the oocytes at the end of the experiment was not lower than at the beginning of the 

experiment (Fig. 4-5 A, B, and C). Also, co-injection of IAA did not lead to a decrease of 
3H-NPA content over time (Fig. 4-5 A and B). In summary, as neither oocytes expressing 

PIN1 + D6PK, nor oocytes expressing PIN3 + D6PK or PIN3 + PID showed a depletion of 

injected 3H-NPA over time, I concluded that NPA is not transported by PIN1 or PIN3.  
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Fig. 4-5 NPA is not transported by PINs. Reduction of 3H-NPA content over time in oocytes expressing PIN and 
activating kinase as specified. Oocytes were injected with 3H-NPA or 3H-NPA and IAA as specified. Counts per 
minute at time point 0 min were set to 1. 3H-NPA is not exported from oocytes expressing (A) PIN1 (+ D6PK), 
(B) PIN3 (+ D6PK) or (C) PIN3 (+ PID). Data points represent mean and standard error from n=6-10 oocytes. The 
dotted lines support the better visualization of the course of labeled NPA content and do not represent linear 
regression graphs. 
 
 
Upon the observation that NPA inside the oocyte inhibits PIN-mediated IAA transport, I wanted 

to investigate NPA applied externally. Therefore, I incubated oocytes expressing 

PIN3 (+ D6PK) in buffer containing 10µM NPA prior to the IAA efflux assay. I tested this at the 

usual of pH 7.5 (Fastner et al., 2017) and at pH 5.5 which is closer to the physiological 

situation, and incubated the oocytes either ten minutes or 150 minutes prior to the IAA efflux 

assay. Oocytes in buffer without NPA were used as controls. 

At pH7.5, an incubation time of 10 minutes in the buffer containing NPA did not inhibit 

PIN3-mediated 3H-IAA export (Fig. 4-6 left panel). After a 150 minutes incubation time, 

however, the 3H-IAA transport was significantly reduced, thus a partial inhibition was 

observed. At pH 5.5, NPA applied for ten minutes decreased PIN3-mediated 3H-IAA transport 

significantly (Fig. 4-6 right panel) and in comparison to the higher pH, this inhibition of 3H-IAA 

transport was remarkably more pronounced. The prolongation of the incubation time to 150 

minutes did not lead to a more efficient inhibition. In comparison, co-injection of 10 µM NPA 

caused full inhibition of 3H-IAA transport at both pH values (Fig. 4-6 left and right panel). In 

summary, the results suggest that NPA is able to diffuse into the oocytes in a pH- and time-

dependent fashion where it intracellularly inhibits PIN-mediated transport. Furthermore, the 

pH dependence of the inhibition suggests that NPA, a weak organic acid, diffuses in its 

protonated, uncharged form. 
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Fig. 4-6 NPA applied from outside only partly inhibits IAA transport. Oocytes expressing PIN3 (+ D6PK) as 
specified were injected with 3H-IAA. Oocytes were incubated in BARTH`s with or without 10 µM NPA (for ten or 150 
minutes, as specified) and the 3H-IAA content of the oocytes at the end of the experiment was measured. 3H-IAA 
content at the beginning of the experiment was set to 1. The pH of the incubation buffer was adjusted to 7.5 (left 
panel) or 5.5 (right panel). At pH 7.5, PIN3 still transports IAA when oocytes are incubated for ten minutes but is 
partially inhibited after 150 minutes of incubation time. At pH 5.5 the partial inhibition of PIN3 is more pronounced 
and equally strong after ten or 150 minutes of incubation. At both pH values, co-injection of NPA causes full inhibition 
of 3H-IAA transport. Data points represent mean and standard error from n = 6 - 10 oocytes. (ANOVA; p < 0.0001 
for all subsets).  
 

4.2.2 NPA does not impair PIN phosphorylation 

PIN1 and PIN3 transport activity critically depends on phosphorylation of their loop (Zourelidou 

et al., 2014). Thus, I wanted to examine if the observed inhibition of PIN-mediated IAA 

transport was due to NPA affecting kinase activity. In in vitro phosphorylation assays using 
32P-ATP, it has been shown that GST-D6PK autophosphorylates itself and 

transphosphorylates the GST-tagged loop of PIN1 and PIN3 (Zourelidou et al., 2014, 2009). 

To examine if NPA affects D6PK-mediated phosphorylation, I performed this assay in the 

presence and absence of NPA.  

I found that at a concentration of 100 µM NPA in the reaction buffer, GST-D6PK 

autophosphorylates itself and transphosphorylates GST-tagged PIN1 loop (Fig. 4-7 A) as well 

as GST-tagged PIN3 loop (Fig. 4-7 B). Thus, I concluded that NPA does not cause any 

changes in the D6PK phosphorylation pattern and that NPA does not inhibit phosphorylation 

of PINs. 
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Fig. 4-7 NPA does not inhibit in vitro D6PK autophosphorylation or trans-phosphorylation of PIN1 or PIN3 
hydrophilic loop (HL). In vitro phosphorylation assay performed with recombinant purified GST-D6PK and 
GST-PIN1HL (A) or GST-PIN3HL (B) in the presence of radiolabeled 32P-ATP. NPA was applied in a concentration 
of 100 µM (in Ethanol (EtOH)). The phosphorylation pattern of GST-D6PK auto-phosphorylation and 
trans-phosphorylation of PIN1HL (A) and PIN3HL (B) did not change in the presence of NPA. EtOH only was used 
as solvent control. Asterisks mark PIN degradation products as described before (Zourelidou et al., 2014). AR, 
autoradiogram; CBB, Coomassie Brillant Blue. 
 

4.2.3 NPA is not a general transport inhibitor 

To investigate the effect of NPA on other PM-localized transporters and to see, if NPA 

generally compromises (IAA) transport activity, I tested if NPA influences the transport activity 

of AtAUX1, an IAA importer (Yang et al., 2006) and AtCAT6, a Leucin transporter (Hammes 

et al., 2006). Oocytes expressing AUX1 or CAT6, respectively, were injected with NPA (100 

µM internal concentration) and thereafter incubated in their respective radiolabeled substrates. 

Water-injected oocytes served as a control. I measured the amount of substrate the oocytes 

had taken up after 30 minutes. 

As expected, oocytes expressing AUX1 accumulated significantly more 3H-IAA than 

water-injected oocytes. The increase was similar in the presence and absence of internal NPA 

(Fig. 4-8 A). Similarly, oocytes expressing CAT6 accumulated significantly more 14C-Leucin 

independent of internal NPA (Fig. 4-8 B). I concluded that the inhibition of PIN activity was not 

due to deleterious effects on general oocyte viability and that NPA does not compromise 

transport activity in general. 
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Fig. 4-8 NPA does not affect transport the activity of AtAUX1 or AtCAT6. Import assay with oocytes expressing 
(A) AUX1 or (B) CAT6 were injected with NPA (100 µM internal concentration) or buffer for mock control and 
incubated in their respective substrates 3H-IAA or 14C-Leucin. cpm were measured after 30 minutes. (A) Oocytes 
expressing AUX1 took up significantly more 3H-IAA than water-injected oocytes and this was not affected by 
injected NPA (ANOVA, n=7-10; ab, p < 0.032). (B) Oocytes expressing CAT6 took up significantly more 14C-Leucin 
than water-injected oocytes and this was not affected by injected NPA (ANOVA, n = 9-10; ab, p < 0.045). 
 

4.3 PIN8 is a constitutively active IAA transporter and sensitive to 
NPA 

The non-canonical, short-looped PIN8 has been reported to localize at internal membranes 

where it is postulated to mediate IAA export from internal compartments into the cell lumen to 

maintain the intracellular IAA homeostasis (Ding et al., 2012). This, however, is still a matter 

of debate and when I started my doctorate, PIN8’s IAA transport activity had only been 

deduced from experiments based on passive pre-loading and not shown clearly. However, 

preliminary data from my Master’s thesis indicated IAA transport by PIN8 (Kolb, 2015). To 

examine the potential of PIN8 to mediate IAA efflux, I heterologously expressed PIN8 in the 

oocyte system and performed IAA transport assays. I calculated its transport rates and 

compared the results to canonical PIN3, the strongest transporter in the oocyte system. 

I found that IAA transport rates of PIN8 without kinase were significantly higher than transport 

rates of inactive PIN3 (Fig. 4-9 A), indicating that PIN8 is able to transport IAA without the 

necessity of a co-expressed, activating kinase. Furthermore, co-expression of neither D6PK 

nor PID affected this PIN8-mediated IAA transport, as there was no significant difference 

between transport rates of PIN8 alone in comparison to PIN8 co-expressed with D6PK or PID. 

These results were published within the frame of a collaboration (Ung et al., 2022) and they 

suggest that PIN8 is a constitutively active IAA transporter. To further support this suggestion, 

I tested whether PIN8-mediated IAA transport was sensitive to NPA, as I had observed that 

NPA inhibits PIN-mediated IAA transport (4.2). I co-injected NPA together with 3H-IAA into 

oocytes expressing PIN8 and expected to observe a decrease of IAA transport. Indeed, I saw 
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the trend of NPA decreasing PIN8-mediated 3H-IAA transport (Fig. 4-9 B). In summary, my 

findings demonstrate that non-canonical PIN8 is a constitutively active IAA transporter which 

is not controlled by a kinase and that the inhibition of PIN-mediated IAA efflux by NPA is not 

restricted to canonical PINs, but that NPA also inhibits non-canonical PINs. 
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Fig. 4-9 PIN8 is a constitutive active IAA transporter sensitive to NPA. IAA efflux assay was performed with 
oocytes expressing PINs and kinases as specified. (A) Transport rates of PIN3 and PIN8 from individual biological 
replicates were calculated and blotted, with one black dot representing the transport rate of one biological replicate, 
error bars show SEM. Transport rates of PIN8 alone are significantly higher than transport rates of PIN3 alone 
(negative control) and this constitutive active transport does not significantly vary upon co-expression with D6PK 
or PID. Different letters indicate significant differences. Statistical analysis was performed by means of a one-way 
ANOVA followed by Holm-Sidak post hoc test (p < 0.050). (B) Reduction of 3H-IAA content over time, oocytes were 
injected with 3H IAA only or  3H IAA + 100 µM NPA as specified. PIN8-mediated 3H-IAA transport is reduced by 
internal NPA. Data points represent mean and standard error from n = 6 – 10 oocytes. The dotted lines support the 
better visualization of the course of labeled IAA content and do not represent linear regression graphs. 
 

4.4 Non-canonical PIN8 adopts properties of a canonical PIN 
when provided with a canonical loop 

I was interested in the question to which extent the cellular localization and the IAA transport 

characteristics of PINs are based on or controlled by the nature of the loop and if the loop 

contributes to IAA transport. To answer these questions, I provided non-canonical PIN8 with 

the canonical loop of PIN2 (PIN8-2-8) or PIN3 (PIN8-3-8), respectively, by inserting the loop 

between the PIN8 TMDs (Ganguly et al., 2014, Kolb, 2015) (Fig. 4-10) and examined, which 

characteristics the resulting chimaeras showed in terms of IAA transport and cellular 

localization. 
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Fig. 4-10 Schematic presentation of the generation of the PIN8 chimaeras. The chimaeras were cloned by 
inserting the canonical loop of PIN2 or PIN3, respectively between the two TMDs of PIN8 (Ganguly et al. 2014), 
mimicking the structure of a canonical PIN. 
 

4.4.1 Chimaeras display IAA transport characteristics of their loop donor and 
TMD donor 

IAA transport characteristics of the PIN8-2-8 and the PIN8-3-8 chimaeras were examined in 

IAA transport assays in the oocyte system. I performed several individual experiments and 

calculated the transport rates. Then, the transport rates of the chimaeras were compared to 

the transport rates of loop donor PIN3 and TMD donor PIN8 (Fig. 4-11 A). Data of loop donor 

PIN2 could not be included in the comparison, as to the time I was performing the experiments, 

measurement of PIN2-mediated IAA transport in the oocyte system was not possible due to 

technical problems.  

I found that the relative transport rates of PIN8-2-8 alone were significantly higher than the 

negative control PIN3 and that they were in the same range as constitutively active PIN8 (4.3). 

This indicates that the PIN8-2-8 chimaera, like its transmembrane donor PIN8, is constitutively 

active and suggests that the auto-inhibitory effect of the PIN2 loop is not present in the PIN8 

TM context. Additionally, PIN8-2-8 showed characteristics of canonical PINs: Upon 

co-expressing D6PK or PID, the transport rates increased, in the case of PID significantly. 

Moreover, the trend that PID activates IAA efflux more efficiently than D6PK (Zourelidou et al., 

2014), was visible. The PIN8-3-8 chimaera behaved differently in that in the absence of a 

kinase, transport rates of PIN8-3-8 did not differ from the negative control PIN3. This suggests 

that PIN8-3-8 alone is not transporting IAA and I concluded that the auto-inhibitory effect of 

the PIN3 loop is present in the PIN8 TMD context. Co-expression of the activating kinases 

D6PK or PID increased PIN8-3-8 IAA transport rates significantly and activation by PID was 

more pronounced than activation by D6PK. 

Lastly, I performed IAA transport assays with GFP-tagged versions of the chimaeras, 

PIN8-2-8-GFP and PIN8-3-8-GFP, respectively (Fig. 4-11 B and C). In these chimaeras, GFP 

was inserted into the loop at a position described before (Wiśniewska et al., 2006). I found 
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that PIN8-2-8-GFP, like PIN8-2-8, exhibited constitutively active IAA transport which was 

enhanced by co-expression of either D6PK or PID (Fig. 4-11 B) and that PIN8-3-8-GFP, like 

PIN-8-3-8, was inactive when expressed alone, whereat co-expression of either D6PK or PID, 

activated its IAA transport (Fig. 4-11 C). I concluded that both GFP-tagged chimaeras are 

functional transporters in the oocyte system, displaying transport characteristics resembling 

their untagged, “native” versions. 
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Fig. 4-11 The chimaeras PIN8-2-8, PIN8-3-8, and their GFP-tagged versions are functional IAA transporter 
in the oocyte system and display characteristics from both their parents. IAA efflux assays were performed 
with oocytes expressing PINs, PIN-chimaeras, and kinases as specified. (A) Transport rates of PINs and 
PIN-chimaeras from individual biological replicates were calculated and blotted, with one black dot representing 
the transport rate of one biological replicate, error bars show SEM. The auto-inhibitory effect of the PIN2 loop is 
not present in PIN8-2-8, which transports 3H-IAA without a kinase co-expressed. Upon co-expression with D6PK 
or PID, the transport rates increase, in the case of PID significantly. PIN8-3-8 transports 3H-IAA only when 
co-expressed with an activating kinase. Also here, activation by PID is more pronounced. Different letters indicate 
significant differences. Statistical analysis was performed by means of a one-way ANOVA (All Pairwise Multiple 
Comparison Procedures) followed by Holm-Sidak post hoc test (p < 0.050). Oocytes expressing (B) PIN8-2-8-GFP 
and (C) PIN8-3-8-GFP as indicated, reduction of 3H-IAA content was measured over time. Both GFP-tagged 
chimaeras transport 3H-IAA in the oocyte system, with transport characteristics similar to their untagged, “native” 
versions. Data points represent mean and standard error from n = 6 – 10 oocytes. The dotted lines support the 
better visualization of the course of labeled IAA content and do not represent linear regression graphs. 
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4.4.2 Physiological relevance of the PIN8-2-8 and PIN8-3-8 chimaeras 

From the oocyte system I had learned that both PIN8 chimaeras, PIN8-2-8 and PIN8-3-8 are 

functional IAA transporters and that by providing PIN8 with a canonical loop, it can to some 

extent be turned into a canonical PIN. I was curious if these findings have physiological 

relevance. Therefore, I performed experiments to test if the chimeras can complement the 

agravitropic growth phenotype of the pin2 mutant (Müller et al., 1998) when expressed in the 

PIN2 domain. I introduced PIN8-2-8 and PIN8-3-8 under the control of the PIN2 promotor into 

the pin2 mutant background, all lines were genotyped for the pin2 background and the T-DNA 

construct. I then scored the gravitropic growth of these transgenic plant lines (PPIN2:PIN8-2-8 

and PPIN2:PIN8-3-8, respectively) in comparison to the wild type (ecotype Col-0) and the pin2 

mutant. Besides PIN8-2-8 and PIN8-3-8, I included PIN8-2-8-GFP, TMD donor PIN8, 

loop donor PIN3 and loop donor  PIN2 in the assay (PPIN2:PIN8-2-8-GFP, PPIN2:PIN8, 

PPIN2:PIN3 and PPIN2:PIN2, respectively). To evaluate the phenotypic rescue, I used two-well 

established parameters (Fig. 4-12). Firstly, I measured the root angle, which is small for a Wt-

like, gravitropic root and big for a pin2-like, agravitropic root. Furthermore, for pin2 seedlings, 

the root angle shows a higher variability in its size compared to Wt roots and thus has a 

scattered distribution pattern when more individuals of one line are measured. Secondly, I 

calculated the vertical growth index (VGI, Grabov et al., 2005), which is defined as the ratio 

between the root tip ordinate and the root length. If a root grows perfectly downward, its root 

angle equals 0 and its VGI equals 1, whereas an agravitropic root has a VGI smaller than 1. 
 
 
 
Fig. 4-12 Quantification of root geometry of Arabidopsis 
with use of the root angle and the vertical growth index 
(VGI ) L is the length of the root, Ly is the ordinate of the root 
tip, α is an angular coordinate of the root tip. The VGI is 
defined as the ratio between the root tip ordinate and the 
root length. Gravitropic Col-0 seedlings will generate a 
relatively small α and relatively big VGI, whereas the 
agravitropic pin2 seedlings generate a bigger α and thus 
smaller VGI in comparison to Wt seedlings. VGI as 
published in Grabov et al., 2005. 
 
 

I worked with 5-day-old seedlings of the segregating T2 generation, thus it must be considered 

that 25% of the transgenic individuals are pin2 mutants. I evaluated a minimum of seven 

individual transgenic lines per construct. To this end, I plated 120 individual seedlings per line 

and calculated the mean of their root angles and the mean of their VGIs. 

The root angle distribution pattern of the individual evaluated seedlings of both PPIN2:PIN8-2-8 

and PPIN2:PIN8-2-8-GFP shifted from the pin2 distribution pattern closer to the Wt (Col-0) 

distribution pattern (Fig. 4-13 A, B, and G, upper panel). When I plotted the means of all 

α

α
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LyL L

α = root angle
VGI = Ly / L
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evaluated lines, I found that also here, both the mean of the root angles and the mean of the 

VGIs were shifted from pin2 closer to the Wt phenotype (Fig. 4-13 G middle panel and lower 

panel). Hence, both PIN8-2-8 and PIN8-2-8-GFP decreased the intensity of the pin2 growth 

phenotype. In contrast, in PPIN2:PIN8 the distribution pattern of the root angles was highly 

scattered (Fig. 4-13 C). The mean of the VGI did not differ from pin2 and  the mean of the root 

angles was even higher than in the pin2 seedlings (Fig. 4-13 G upper, middle and lower panel), 

suggesting that PIN8 was not able to complement the pin2 mutant phenotype, which is in line 

with Ganguly et al (2014). The distribution pattern of the root angles of PPIN2:PIN8-3-8 was 

highly scattered (Fig. 4-13 E) and neither the mean of root angles nor the mean of VGIs of the 

lines differed from pin2 (Fig. 4-13 G upper, middle, and lower panel). This suggests that 

PPIN2:PIN8-3-8 behaved like pin2 and that PIN8-3-8 was not able to complement the pin2 

mutant phenotype. For PPIN2:PIN3, I observed that the root angle distribution pattern 

resembled the Wt roots and both the mean of the root angles and the mean of the VGIs fell in 

between the Wt and pin2 control plants (Fig. 4-13 F, G upper, middle, and lower panel), 

suggesting that the construct partially complemented the pin2 root phenotype. The PPIN2:PIN2 

control behaved as expected and grew gravitropic roots (Fig. 4-13 D and G upper, middle, 

and lower panel). 



36 

0

10

20

30

40

50

M
ea

n 
of

 ro
ot

 a
ng

le
 (°

)

Col-
0

pin
2

P8-2
-8-

GFP
Col-

0
pin

2

PIN
8-2

-8

0

50

100

R
oo

t a
ng

le
 (°

)

Col-
0

pin
2

PIN
8

Col-
0

pin
2

PIN
2

Col-
0

pin
2

PIN
8-3

-8
Col-

0
pin

2
PIN

3

0

50

100

Col-
0

pin
2

PIN
8-2

-8

P8-2
-8-

GFP
PIN

8
PIN

2

PIN
8-3

-8
PIN

3

0.4

0.6

0.8

1.0

1.2

M
ea

n 
of

 V
G

I

PPIN2:PINX in pin2

Col-0 pin2 PIN8-2-8 P8-2-8-GFP PIN8 PIN2 PIN8-3-8 PIN3

A

G

B C D E F

Fig. 4-13 Quantification of pin2 rescue with use of the root angle and VGI (Grabov et al., 2005.). All 
transgenic lines have a pin2 background and were analyzed in T2 generation. PPIN2:PINX genotypes with the Wt 
and pin2 controls as indicated. (A-F) Pattern of root angle distribution of representative lines. PPIN2:PIN8-2-8, 
PPIN2:PIN8-2-8-GFP and PPIN2:PIN3 show a distribution pattern shifted from the pin2-like distribution pattern closer 
to the Wt-like distribution pattern. On the contrary, PPIN2:PIN8, and PPIN2:PIN8-3-8 show a distribution pattern like 
pin2. (G) Phenotype of 5-day-old seedlings, genotypes as indicated (upper panel), with mean of root angles 
(middle panel) and mean of VGI (lower panel), respectively, of all lines as indicated. PPIN2:PIN8-2-8 and 
PPIN2:PIN8-2-8-GFP minor the pin2 mutant phenotype and PPIN2:PIN3 partially complements. PPIN2:PIN8 and 
PPIN2:PIN8-3-8 were not able to complement the pin2 mutant phenotype. 
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For root gravitropism, polar IAA transport is pivotal (Armengot et al., 2016; Sato et al., 2015; 

Su et al., 2017). Thus, I was also interested in the IAA response of the transgenic lines. To 

this end, I utilized the IAA reporter construct PDR5:GUS (Ulmasov et al., 1997). DR5 includes 

an auxin-responsive element and a 35S promoter element. In the presence of IAA, GUS is 

expressed and this IAA response can be made visible by histochemical staining for GUS 

activity. I crossed the PDR5:GUS reporter into all PPIN2:PINX (pin2) lines described in the 

previous chapter and in the Wt and pin2 background as controls. All lines were genotyped for 

the pin2 background and the T-DNA construct. I quantified the GUS histochemical staining 

(Béziat, Kleine-Vehn, et al., 2017) by converting the blue color intensity into gray values and 

measuring the signal intensity of a linear, horizontal region of interest (ROI) along the root 

through the quiescent center (QC) (Fig. 4-14 A). I then compared the resulting profiles of the 

different genotypes. the DR5 response in Col-0 was restricted to the QC, columella stem cells, 

and the columella root cap as has been described before (Sabatini et al., 1999) and caused 

one peak in the gray values at the region around the QC and second, slightly higher peak in 

the lower part of the columella region (Fig. 4-14 B). By contrast, the GUS signal in pin2 was 

widespread and distributed undefinedly over the whole root tip in all cell types (Fig. 4-14 C). 

In the intensity profile, this was reflected in a high and stretched peak above the QC area and 

comparatively low peak in the columella root cap. PPIN2:PIN8-2-8, PPIN2:PIN8-2-8-GFP and 

PPIN2:PIN3 (Fig. 4-14 D, E, and I) showed an DR5 response resembling the Wt scenario, 

whereas the staining in PPIN2:PIN8 and PPIN2:PIN8-3-8 (Fig. 4-14  F and H) was widespread 

and distributed undefinedly, resembling the scenario in pin2 roots. The DR5 response of the 

positive control PPIN2:PIN2 equated to Col-0 roots. In a parsimonious interpretation, the data 

obtained in the experiment emphasizes the observations made in the gravitropism rescue 

experiment, and I concluded that both PIN8-2-8 and PIN8-2-8-GFP mitigate and that PIN3 

partially rescues the pin2 mutant phenotype when expressed under the control of the PIN2 

promotor, whereas PIN8 and PIN-3-8 cannot rescue the pin2 mutant.  
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PDR5:GUS x Col-0

PDR5:GUS x pin2

PDR5:GUS x PPIN2:PIN8-2-8 (pin2)

PDR5:GUS x PPIN2:PIN8-2-8-GFP (pin2)

PDR5:GUS x PPIN2:PIN8 (pin2)

PDR5:GUS x PPIN2:PIN2 (pin2)

PDR5:GUS x PPIN2:PIN8-3-8 (pin2)

PDR5:GUS x PPIN2:PIN3 (pin2)

Fig. 4-14 Auxin response of Col-0, pin2, and PPIN2:PINX (pin2) lines, visualized by GUS-staining (Ulmasov 
et al., 1997) and its quantification. (A) Schematic presentation of the root and the linear region of interest (ROI) 
selection, where the signal intensity of gray values was measured, reflecting the GUS intensity (Béziat et al., 
2017). Figure modified from (Rahni and Birnbaum, 2019). (B – I) Scale bars represent 100 μm. Genotypes as 
indicated. (B) DR5 response of Col-0 roots is restricted to the QC and columella cells, whereas the DR5 response 
in (C) pin2 seedlings is widespread and undefined distributed over the whole root. (D) PPIN2:PIN8-2-8, 
(E) PPIN2:PIN8-2-8-GFP, and (I)  PPIN2:PIN3 show a DR5 response similar to the Col-0, whereas the GUS staining
in (F) PPIN2:PIN8 and (H) PPIN2:PIN8-3-8 resembles the pin2 scenario. (G) The DR5 response of the positive
control PPIN2:PIN2 equates to Col-0 roots.

4.4.3 PIN8-2-8-GFP localizes at the PM 

Canonical PINs are predominantly located in the PM, whereas non-canonical PINs are found 

at internal membranes (Ding et al., 2012; Ditengou et al., 2018; Mravec et al., 2009). In root 

tissue, PINs show distinctive localization: PIN2 is expressed in the epidermis and cortex of the 

lateral root, where it displays a dual polarity, namely basal PM localization in the cortex, and 

apical PM localization in the epidermis (Müller et al., 1998). Defects in this polarity or PIN2 
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expression cause agravitropic root phenotypes (Müller et al., 1998; Abas et al., 2006; Rahman 

et al., 2010). PIN8 localizes internally in the root meristem (Lee et al., 2020a), but it displays 

predominantly a PM localization pattern when ectopically expressed in the PIN2 domain, even 

though it fails to show polar localization (Ganguly et al., 2014). 

To assess the subcellular localization of the chimeric PIN8-2-8 and PIN 8-2-8-GFP proteins, 

and to determine if these PIN8 chimeric proteins exhibit similarities to the PIN2 subcellular 

localization, I took confocal images of roots of 5-day-old seedlings. I found that the 

PIN8-2-8-GFP fusion protein was expressed in cortex cells and lateral epidermis cells, where 

it localized to the PM (Fig. 4-15). Whether the chimaera showed a distinct polar localization 

pattern and thus, if providing PIN8 with the PIN2-loop is sufficient to evoke the PIN2-unique 

localization pattern could not be estimated at this point.  

4.5 Characterization of semi-canonical PIN6 

In terms of sequence similarity and the length of its loop, semi-canonical PIN6 is a unique 

member of the PIN family, it is however closer related to the canonical PINs and in particular 

to PIN2 (Bennett et al. 2014). In terms of its cellular localization, in the root, PIN6 localizes 

both in endomembrane domains and at the PM (Simon et al., 2016; Ditengou et al., 2018). 

PIN6 has been shown to be involved in root development and formation of correct root 

morphology: It is suggested to contribute to intracellular auxin homeostasis during root growth 

Fig. 4-15 PIN8-2-8 localizes at the PM in epidermis and cortex in 5-day-old PPIN2:PIN8-2-8-GFP (pin2) roots. 
Representative confocal images of root cells after Propidium iodide (PI) staining of transgenic seedlings. PI signal, 
PIN8-2-8-GFP signal, and merged signals as indicated with magnification of epidermis and cortex (right panel). 
PIN8-2-8-GFP localizes to the PM in the PIN2 expression domain. Co = Cortex, Ep = Epidermis. Scale bar: 50 µm 
(Merge), 10 µm (Magnification). 
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and to play a critical role in both lateral and adventitious root development (Simon et al., 2016) 

and overexpression of PIN6 leads to a pronounced root-waving phenotype, a significant 

reduction in root length and an absence of root hair outgrowth (Cazzonelli et al., 2013; Simon 

et al., 2016; Ditengou et al., 2018). As to date, PIN6 and its biological role are only little 

characterized and its IAA transport activity has not been shown clearly, I performed IAA efflux 

assays and included PIN6 in the root gravitropism assay. 

Parts of the data displayed in this chapter have been published as described in more detail 

below (Abas et al., 2021). 

4.5.1 PIN6 is a constitutively active IAA transporter and its transport capacity 
is enhanced by PID 

The IAA transport activity of PIN6 has so far only been suggested from experiments in tobacco 

BY-2 cells using synthetic auxins, or in yeast cells (Simon et al., 2016). To directly examine 

its IAA transport, I expressed PIN6 either alone or together with D6PK or PID in the oocyte 

system, performed IAA transport assays, and calculated the IAA transport rates of PIN6. 

PIN3 (+ D6PK or + PID) was used as control. 

I found that the transport rates of PIN6 alone were significantly higher than the negative control 

PIN3 alone (Fig. 4-16 A). This implies that PIN6 constitutively transports IAA, without a 

co-expressed kinase. Furthermore, I saw that this transport activity of PIN6 was significantly 

enhanced by one of the kinases only, PID. Co-expression of D6PK, in contrast, increased the 

transport rates of PIN6 only marginal. In terms of its IAA transport, PIN6 therefore resembles 

the PIN8-2-8 chimera and even more so the closely related PIN2 (Dorina P. Janacek, pers. 

comm.). 

PID is known to phosphorylate three serines (S1 – S3) embedded in a highly conserved 

TPRXS(N/S) motif in the canonical PIN loop (Zourelidou et al., 2014). Upon the finding that 

PID enhances PIN6 transport activity, I performed a sequence alignment of the loop regions 

of all canonical PINs and semi-canonical PIN6 to identify potential PID phosphorylation targets 

in the semi-canonical PIN6 loop. (Fig. 4-16 B). I found that two of the three known PID sites, 

S1 and S3, are conserved within the PIN6 loop. Taken together, this suggests that kinase 

regulation in PIN6 is different from other PINs and that PID not only is involved in regulation 

of PIN6 polarity as previously suggested (Ditengou et al., 2018) but also plays a role in control 

of PIN6 IAA transport by phosphorylation at S1 and S3. 
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Fig. 4-16 PIN6 is a constitutively active IAA transporter and its transport capacity is enhanced by PID. 
(A) IAA efflux assay was performed with oocytes expressing PINs and kinases as specified. Transport rates of
PINs (+ kinase) from individual biological replicates were calculated and blotted, with one black dot representing
the transport rate of one biological replicate, error bars show SEM. PIN6 alone transports IAA independently of a
co-expressed activating kinase, as its transport rates are significantly higher than PIN3 alone (negative control).
PID significantly increases the transport rates of PIN6, whereas D6PK has only a marginal effect. Different letters
indicate significant differences, statistical analysis was performed by means of a one-way ANOVA (All Pairwise
Multiple Comparison Procedures) followed by Holm-Sidak post hoc test (p<0.050). (B) Sequence alignment of
the loop of all canonical PINs and semi-canonical PIN6. PID phosphorylates S1-S3 embedded in a highly
conserved TPRXS(N/S) motif (Zourelidou et. al., 2014). Only S1 and S3 are conserved in the PIN6 loop.

Internal NPA inhibits PIN-mediated IAA transport independently from the co-expressed kinase 

(4.2) and a sensitivity of PIN6-mediated auxin transport towards NPA has been observed 

previously (Simon et al., 2016). Thus, I reasoned that IAA transport by both PIN6 alone and 

PIN6 + PID must decrease equipollent in the presence of internal NPA. Indeed, I could 

observe that transport rates of both PIN6 alone and PIN6 + PID showed the trend to decrease 

in the presence of NPA inside the oocyte (Fig. 4-17). The finding that NPA reduces the 

transport rates of a constitutively active PIN further supports the suggestion that inhibition by 

NPA is independent of the activating kinase and the data werepublished within the frame of 

my collaboration investigating the effect of NPA on PIN-mediated IAA transport (Abas et al. 

2020).  
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4.5.2 PPIN2:PIN6 expressed in pin2 background enhances the mutant 
phenotype 

Compared with PM-localized canonical PIN2, PIN6 has been detected both at the PM and at 

the ER membrane (Simon et al., 2016). Given the close relationship to PIN2 and the 

similarities in IAA transport characteristics, I was curious about how PIN6 performs in the 

gravitropism assay (4.4.2). I introduced PIN6 under the control of the PIN2 promotor into the 

agravitropic pin2 mutant plant line and evaluated the root gravitropism of eight transgenic 

PPIN2:PIN6 T2 lines in comparison to the Wt and pin2. All lines were genotyped for the pin2 

background and the T-DNA construct. 

I found that the means of the root angles of the PPIN2:PIN6 lines did not differ from pin2 

seedlings (Fig. 4-18 A) and concluded that PIN6 is not able to complement the agravitropic 

pin2 phenotype. Interestingly however, I observed the opposite, as all lines showed an 

enhancement of the root phenotype and grew roots, which were strikingly impaired in their 

growth (Fig. 4-18 B - E): depending on the individual line, the roots were either highly wavy 

(Fig. 4-18 D), i.e. resembling the phenotype described for PIN6 overexpressing lines 

(Ditengou et al., 2018; Cazzonelli et al., 2013), or highly cloddy (Fig. 4-18 E). Therefore, 

especially in the latter case, measurement of the root length was not possible. This parameter 

is a prerequisite for the VGI, which consequently, I could not calculate. To describe the heavily 

disturbed root system architecture, included new parameters in the assay: I measured the 

area the roots occupied (root area, Ra) and calculated the relation to the rectangular the root 

“spanned” (root rectangular, Rr) (Fig. 4-18 F). With these parameters and the quotient Ra/Rr 

(occupancy index), I qualitatively evaluated the observed enhancement of the root phenotype 

Fig. 4-17 PIN6-mediated IAA transport in 
the oocyte system is sensitive to NPA. IAA 
efflux assay was performed with oocytes 
expressing PINs and kinases as specified. 
Transport rates of PINs (+ kinase) from 
individual biological replicates were calculated 
and blotted, with one black dot representing 
the transport rate of one biological replicate, 
error bars show SEM. Oocytes were injected 
with only 3H-IAA or 3H-IAA + NPA as 
specified. The 3H-IAA transport rates of both 
PIN6 alone and PIN6 + PID show the trend to 
decrease in the presence of NPA inside the 
oocyte. Different letters indicate significant 
differences, statistical analysis was performed 
by means of a one way ANOVA (All Pairwise 
Multiple Comparison Procedures) followed by 
Holm-Sidak post hoc test (p < 0.050). 
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of the PPIN2:PIN6 lines. I found that PPIN2:PIN6 roots occupied a significantly smaller area than 

both Wt roots and pin2 roots (Fig. 4-18 G) and that the area of the root rectangular was 

significantly smaller (Fig. 4-18 H). Also, the resulting occupancy index of the PPIN2:PIN6 lines 

was significantly higher, reflecting the observed enhancement of the pin2 root phenotype (Fig. 
4-18 I). I concluded that PIN6 driven from PIN2 promotor further impairs correct formation of 

the root system architecture, phenocopying PIN6 overexpressing lines. 
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Fig. 4-18 PPIN2:PIN6 in pin2 enhances the agravitropic pin2 phenotype (A) Means of root angle of eight 
PPIN2:PIN6 T2 lines in pin2 background in comparison to Col-0 and pin2 controls. PPIN2:PIN6 does not differ from 
pin2. (B - E) Phenotype of 5-days-old seedlings, genotypes as indicated. PPIN2:PIN6 grows cripple, partly highly 
wavy (D), partly cloddy (E) roots. (F) Quantification of root geometry of Arabidopsis. Rr is defined as the area of 
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the rectangular surrounding the whole root from its origin to the root tip (blue). Ra is defined as the area the root 
actually occupies (brown). The occupancy index was calculated from the ration between Ra and Rr. (G - I) Mean 
of root area Ra, root rectangular (Rr) and occupancy index of eight PPIN2:PIN6 T2 lines in comparison to Col-0 and 
pin2 controls. PPIN2:PIN6 showed an intensification of all three parameters, i.e. an enhancement of the pin2 
phenotype. Different letters indicate significant differences, statistical analysis was performed by means of a 
one-way ANOVA (All Pairwise Multiple Comparison Procedures) followed by Holm-Sidak post hoc test 
(p < 0.050). 
 

4.5.3 PIN6 expressed in the PIN2 domain localizes at the ER and the PM 

Upon the observation that the transgenic PPIN2:PIN6 (pin2) lines showed an intensified 

malformation of the agravitropic pin2 phenotype, I wanted to investigate the cellular 

localization of the construct within the root. I cloned a GFP-fused version of PIN6 (Sawchuk 

et al., 2013) and investigated its localization in the root tip when driven from the PIN2 promotor 

in pin2 background (PPIN2:PIN6-GFP) by CLSM analysis of the T2 lines. Interestingly, I saw 

that also in the PIN2 domain, PIN6 localized both at the ER and at the PM of epidermis and 

cortex cells (Fig. 4-19).  

Fig. 4-19  PIN6 localizes at the ER and the PM in 5-day-old PPIN2:PIN6-GFP roots. Representative confocal 
images of root cells after Propidium iodide  (PI) staining of transgenic seedlings. PI signal, PIN6-GFP signal, and 
merged signals as indicated with magnification of epidermis and cortex (right panel). PIN6-GFP localizes at the 
ER and the PM as indicated by overlapping signal with PI staining. Co = Cortex, Ep = Epidermis. Scale bar: 50 
µm (Merge), 10 µm (Magnification). 

4.6 Characterization of new regulators of PIN-mediated IAA 
transport 

Members of the AGCVIII kinase family are crucial for the activation and regulation of 

PIN-mediated IAA transport (Zourelidou et al., 2014; Galván-Ampudia and Offringa, 2007) but 

our knowledge in this context is still limited, as for instance, other candidates must be involved 

in regulation of PIN-mediated IAA transport that still await characterization and not all 

members of the AGCVIII family have been examined for their potential to activate PINs. Thus, 
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one goal of my thesis was to broaden our knowledge in the context of regulators of PINs and 

PIN IAA transport activity. 

Parts of the data presented in this chapter are my contribution to three publications (Koh et 

al., 2021; Marhava et al., 2018, 2020) as will be described in detail below. 

4.6.1 Identification of new players in regulation of PIN-mediated IAA efflux 

The AGCVIII kinase family consists of the four subfamilies AGC1 – AGC4 (Galván-Ampudia 

and Offringa, 2007). Before the start of my thesis, it was known that D6PK from the AGC1 

clade and PID and WAG1 from the AGC3 clade directly activate PINs, whereas UCN from the 

AGC2 clade and PHOT1 from the AGC4 clade do not (Zourelidou et al., 2014). Consequently, 

PIN activation seems to be restricted to clade AGC1 and AGC3, however, not all clade 

members have yet been examined for their potential to activate PINs. Thus, I tested six 

members of the AGC1 subclade for their potential to activate PIN-mediated IAA transport in 

the oocyte system: AGC1-3, AGC1-4, AGC1-7, AGC1-8, AGC1-9 and KCBP-INTERACTING 

PROTEIN KINASE (KIPK). Notably, AGC1-3 was named PROTEIN KINASE ASSOCIATED 

WITH BRX (PAX) and PAX1-4 was named PAX-LIKE (PAXL) during my doctorate research 

(Marhava et al., 2018). I co-expressed the kinases of interest together with PINs and 

measured the depletion of 3H-IAA over time.  

AGC1-7 was tested for its potential to activate PIN1, PIN3, and PIN6 in individual experiments 

(Fig. 4-20 A - C). None of all three tested PINs co-expressed with AGC1-7 showed an 

increase of IAA depletion over time in comparison to the respective PIN expressed alone. I 

concluded that AGC1-7 does not activate PIN1, PIN3 or PIN6 and likely no other PINs.  

PAX, AGC1-8, AGC1-9, and KIPK were tested exclusively with PIN3. Here, I performed 

several individual experiments (biological replicates) and calculated and plotted the relative 

transport rates (Fig. 4-20 D). In comparison to PIN3 alone, transport rates increased 

significantly upon co-expression with AGC1-9 and PAX and highly significantly upon 

co-expression with KIPK. Importantly, I noted, however, that transport rates were not as high 

as upon co-expressing with D6PK or PID. I extended the experiments in that I tested PAX 

additionally with PIN1 and further included PAXL, the closest homolog of PAX (Galván-

Ampudia and Offringa, 2007). I could confirm the findings insofar as also PIN1 showed the 

trend to be activated by PAX, whereat the trend was even more pronounced upon 

co-expression with PAXL (Fig. 4-20 E).  

In summary, I concluded that AGC1-7 and AGC1-8 do not, whereas PAX, PAXL, AGC1-9, 

and KIPK do activate PIN-mediated IAA efflux in X. laevis oocytes. The finding that PAX and 

PAXL activate PIN-mediated transport was published in Marhava et al., 2018.  
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Fig. 4-20 Potential of selected AGC1 clade kinases to activate PIN-mediated IAA transport. IAA efflux assay 
was performed with oocytes expressing PINs and kinases as specified. Reduction of 3H-IAA content over time, 
data points represent mean and standard error from n=6-10 oocytes. Co-expression of AGC1.7 did not activate 
IAA transport by (A) PIN1, (B) PIN3, and (C) PIN6. The dotted lines support the better visualization of the course 
of labeled IAA content and do not represent linear regression graphs. (D) Calculated transport rates from individual 
biological replicates. PIN3-mediated IAA transport was activated by AGC1-9, KIPK, and PAX. Statistical analysis 
was performed by means of a one-way ANOVA vs. control (no kinase) followed by Holm-Sidak post hoc test, 
asterisks indicate statistical significance (* = P<0.05, ** = P<0.001). (E) Calculated transport rates from individual 
biological replicates. PIN1 showed the trend to be activated by PAX and PAXL. Different letters indicate significant 
differences. Statistical analysis was performed by means of a one-way ANOVA (All Pairwise Multiple Comparison 
Procedures) followed by Holm-Sidak post hoc test (p<0.050). 
 

4.6.2 Characterization of the interaction between PAX, PIN and BRX 

PAX was found to phosphorylate the PIN loop in vitro (Lanassa Bassukas, pers. comm.). 

Phosphoproteomics indicated auxin-induced phosphorylation of phosphoserine S596 in the 

PAX activation loop and interestingly, a phosphomimicking variant of PAX (PAX-S596D) is 

more efficient than wild type PAX or a phospho-mutant variant of PAX (PAX-S596A) (Lanassa 

Bassukas, pers. comm.). Thus, I wondered if PAX, PAX-S596D, and PAX-S596A activate 

PIN-mediated IAA transport with different efficiency and if a more efficient phosphorylation in 

vitro was reflected in a more efficient stimulation of the PIN IAA transport. In the oocyte system, 
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I co-expressed the three PAX variants together with PIN3 (Fig. 4-21). Matching the 

biochemical observation, PAX-S596D stimulated auxin efflux considerably more than 

wild type PAX, to a level approximately equal to D6PK. Activation by PAX-S596A was as 

efficient as activation by wild type PAX. I concluded that a more efficient phosphorylation by 

PAX leads to a more efficient activation of PINs, suggesting that a fine-tuning of PAX activity 

is a feature to correctly fulfill its role in PIN phosphorylation and activation. I published the data 

in Marhava et al., 2018. 

Fig. 4-21 Potential of wild type PAX, a 
phosphomimicing variant (PAX-
S596D, PAX-D) and a 
phospho-mutant variant (PAX-S596A, 
PAX-A) to activate PIN3-mediated IAA 
transport. Oocytes expressing 
PIN3 (+ D6PK or + PAX or + PAX 
variant) as specified were injected with 
3H-IAA. Data points represent mean and 
standard error from n=8-10 oocytes. 
Activation by PAX-D is more efficient in 
stimulation of PIN-mediated IAA 
transport than wild type PAX and PAX-A, 
to a level approximately equal to 
activation by D6PK. Activation by PAX-A 
was as efficient as activation by wild type 
PAX. The dotted lines support the better 
visualization of the course of labeled IAA 
content and do not represent linear 
regression graphs. 

Following the finding that PAX activates PIN-mediated IAA efflux, I extended the experiment 

with another player: BREVIS RADIX (BRX), a regulator of cell proliferation and elongation in 

the root (Mouchel et al., 2004). BRX is a PM-associated protein, localizing at the basal PM in 

the PIN1 domain (Scacchi et al., 2009) and it was identified as PAX interactor by 

immunoprecipitation (Christian Hardtke, pers. comm.). I tested the influence of BRX influence 

on PIN-mediated IAA transport in the oocyte system. 

I found that oocytes expressing PIN1 + BRX and oocytes expressing PIN3 + BRX did not 

show an increase in IAA depletion over time in comparison to the respective PIN expressed 

alone (Fig. 4-22). I concluded that BRX does not activate PIN IAA transport and the data 

described was published in Marhava et al., 2018. 
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Fig. 4-22 BRX does not activate PIN3-mediated IAA 
transport in the oocyte system. IAA efflux assay was 
performed with oocytes expressing PIN3 (and D6PK or 
BRX) as specified. Reduction of 3H-IAA content over 
time, data points represent mean and standard error 
from n=6-10 oocytes. Oocytes expressing PIN3 + BRX 
does not show an increase of 3H-IAA depletion over 
time in comparison to PIN3 expressed alone. The 
dotted lines support the better visualization of the 
course of labeled IAA content and do not represent 
linear regression graphs. 
 
 
 
 
 
 

 

Interestingly, however, in oocytes expressing PIN3 + PAX + BRX, I found that the 

PIN3-mediated IAA transport was strongly reduced in the presence of BRX (Fig. 4-23 A), 

suggesting that BRX substantially inhibited the PAX-mediated stimulation of PIN3. I was 

curious if this hold true also for other activating kinases of the AGCVIII kinase family. First, I 

tested the influence of BRX on PIN3 activation by D6PK, which is like PAX, a member of the 

AGC1 subclade. In oocytes expressing PIN3 + D6PK + BRX, I saw that the IAA transport by 

PIN3 was lower in comparison to oocytes expressing only PIN3 + D6PK (Fig. 4-23 B). This 

inhibitory effect of BRX had been observed also for PIN1 + D6PK (Fastner, unpublished), thus 

I concluded that BRX inhibits activation by D6PK. Next, I tested BRX’s influence on PID, which 

belongs to the AGC3 subclade. Interestingly, I saw that PIN3-mediated IAA transport in 

oocytes expressing PIN3 + PID + BRX was just as strong as in oocytes expressing only 

PIN3 + PID (Fig. 4-23 C). I reasoned that BRX does not inhibit the more distantly related PID, 

but only members of the AGC1 subclade and this was published as contribution to Marhava 

et al., 2018. 
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Fig. 4-23 Effect of BRX on PIN-mediated IAA efflux activated by AGC1 or AGC3 kinases. IAA efflux assay 
was performed with oocytes expressing PINs and kinases as specified. Reduction of 3H-IAA content over time, 
data points represent mean and standard error from n=6-10 oocytes. The dotted lines support the better 
visualization of the course of labeled IAA content and do not represent linear regression graphs. Co-expression 
of BRX inhibits activation of PIN3 by (A) PAX and (B) D6PK from the AGC1 subclade, but not activation by (C) 
PID from AGC3 the subclade. 
 
The Arabidopsis genome encodes five BRX family proteins, BRX and 

BRX-LIKE (BRXL) 1 to 4 and my results prompted me to further examine BRX function as well 

as the role of the other BRX family proteins. The respective proteins exhibit high sequence 

similarity and contain four highly conserved domains (Briggs et al., 2006): the N-terminus 

which confers PM association (Scacchi et al., 2009), an adjacent domain with a conserved 

“KDMA” motif and two so-called “BRX domains” in tandem (Christian Hardtke, pers. comm.). 

Further, BRX is suggested to constitute potential target sites for AGC kinases such as D6PK 

or PAX (Christian Hardtke, pers. comm.). I was interested if BRXL2 inhibits PAX activation of 

PINs as efficiently as BRX. 

In the IAA efflux assays I performed, the reduction of 3H-IAA content over time of oocytes 

expressing either PIN1 + PAX + BRX and PIN1 + PAX + BRXL2, respectively differed 

marginal (Fig. 4-24 A left panel) and therefore, an interpretation of the result in this way was 

not possible. Thus, I decided to plot the exported IAA (fmol) after the end of the experiment 

as compared to the baseline set by the average of the PIN1 sample (Fig. 4-24 right panel). I 

found that BRXL2 could not reduce auxin efflux of PIN1 + PAX to the same extent as BRX, 

suggesting that in comparison to BRX, BRXL2 is only a weak antagonist of PAX. This result 

was published as a contribution to Marhava et al. 2020. 

Moreover, I included a BRX variant in my experiments, in which the three serines in the 

potential D6PK/PAX R(D/E)S target sites were substituted by alanines (BRX-KO). BRX-KO 

was tested for its inhibitory effect on PIN3 + D6PK in individual experiments and I calculated 

the respective transport rates (Fig. 4-24 B). I found that BRX-KO was as efficient as wildtype 

BRX in inhibiting D6PK-stimulated auxin efflux. This suggests that PAX- and D6PK-targeted 
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phosphosites contribute to the fine-tuning of BRX function. This result was published as a 

contribution to Koh et al., 2021. 
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Fig. 4-24 Effect of BRXL2 and BRX-KO (serines in the potential D6PK/PAX target sites are substituted by 
alanines) on PIN-mediated IAA efflux in comparison to wild type BRX in X. laevis transport assays. IAA 
efflux assay was performed with oocytes expressing proteins as specified. (A) Left panel: Reduction of 3H-IAA 
content over time, data points represent mean and standard error from n=9-10 oocytes. The dotted lines support 
the better visualization of the course of labeled IAA content and do not represent linear regression graphs. The 
individual constructs differ marginally. Right panel: Data points indicate fmol of 3H-IAA exported after 60 minutes 
as compared to the baseline set by the average of the PIN1 sample (n = 10 oocytes per time point). Statistically 
significant different groups (a and b, one-way ANOVA) are indicated. BRXL2 does not reduce auxin efflux of PIN1 
+ PAX to the same extent as BRX. (B) Calculated transport rates from three individual biological replicates. 
BRX-KO is as efficient as wild type BRX in inhibiting D6PK-stimulated auxin efflux. Different letters indicate 
significant differences. Statistical analysis was performed by means of a one-way ANOVA (All Pairwise Multiple 
Comparison Procedures) followed by Tukey post hoc test. 
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5. Discussion 
5.1 Characterization of PIN8 and the transport mechanism of the 

PINs 

Non-canonical PIN8 predominantly localizes at internal membranes, and it is postulated to 

mediate IAA export from internal compartments into the cell lumen to maintain intracellular 

IAA homeostasis (Bosco et al., 2012; Ding et al., 2012; Lee et al., 2020a). Specifically, a model 

has been described in which ER-resident PIN5 and PIN8 act antagonistically, with PIN5 

transporting IAA into the ER lumen and PIN8 transporting IAA out of the ER into the cytosol 

(Ding et al., 2012). However, if PIN8 transports IAA remained to be shown, even though 

preliminary data from my Master’s thesis (Kolb, 2015) pointed in that direction. PIN5 on the 

contrary does not show IAA transport in the oocyte system (Kolb, 2015). 

When expressed in the oocyte system, transport rates (Fig. 4-1) of PIN8 were significantly 

higher than non-activated PIN3 (Fig. 4-9 A), similar to activated PIN1 (Ung et al., 2022). This 

transport activity was independent of the identity of co-expressed kinases, D6PK or PID (Fig. 
4-9 A) and sensitive to the inhibitor NPA (Fig. 4-9 B). Collectively, this demonstrates for the 

first time clearly that PIN8 is a functional IAA efflux carrier in the absence of a kinase and 

draws a more profound picture of its suggested role in regulating intracellular IAA homeostasis 

required for pollen and lateral root development (Bosco et al., 2012; Ding et al., 2012; Lee et 

al., 2020a). 
Building up on my data, biophysical analyses of PIN8 were performed within the frame of a 

collaboration (Ung et al., 2022). In this collaboration, we used solid supported membrane 

(SSM) electrophysiology (Schulz et al., 2008) to measure PIN8 IAA transport activity and to 

describe its kinetics. The Michaelis constant Km, defined as the concentration of substrate that 

is transported at half the maximal velocity of transport, is a measure of the affinity of the 

transporter for its substrate. We showed that PIN8 has a relatively low apparent affinity for IAA 

with Km = 356 ± 136 µM, which is 5-500-fold lower than the physiological concentrations of 

auxin in plant tissues of 0.1-10 µM (Petersson et al., 2009). Further, the dissociation constant 

(Kd) of IAA binding was measured to be 39.9 µM. These findings indicate that at physiological 

IAA concentrations, PIN8 transport rates are linear i.e. significantly below Km. This is true for 

canonical PINs, as has recently been shown (Janacek et al., submitted), and implies that the 

distinct functions of AtPINs in the plant body in regulating PAT are not enabled by direct 

modulation of their substrate affinity but rather by other factors like their expression level, 

differing abundance in the PM, localization and auto-inhibition properties (Hammes et al., 

2022).  
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We used single-particle cryo-EM and solved three structures of PIN8: two outward-facing 

conformations with and without auxin, and one inward-facing conformation bound to NPA (Ung 

et al., 2022). The latter confirms Abas et al. (2020) and more on this mechanism will be 

discussed below (5.3.1). In the structures, PIN8 is seen as a dimer. Each monomer is 

composed of ten transmembrane helices and divided into a scaffold domain (Helices 1, 2, 

6, and 7) and a transporter domain (Helices 3 – 5 and  8 - 10), whereat the scaffold domain 

creates the dimer interface. The transporter domain harbors an X-shaped crossover by helices 

4 and 9, constituting a clearly defined auxin binding site (Fig. 5-1 A). All residues defining the 

binding pocket show high sequence conservation across different plant species and are fully 

conserved in all AtPIN proteins except for PIN5 (Fig. 5-1 B). The high conservation of the 

binding pocket indicates that the observations regarding PIN-mediated IAA transport can be 

generalized (Bennett et al., 2014) and that PIN8 is more closely related to the canonical PINs 

than it is to non-canonical PIN5 and semi-canonical PIN6, suggesting that PIN8 lost the loop 

during evolution. This draws a new picture of the clustering of the PIN family members in 

comparison to previous alignments (Mravec et al., 2009; Bennett et al., 2014; Viaene et al., 

2013). Further, it ascribes a certain peculiarity to PIN5 and questions if PIN5 is an IAA 

transporter, which would be in line with the fact that PIN5 is the only AtPIN that does not show 

IAA transport in the oocyte system. With the structural data obtained, PIN8 is the only 

non-canonical PIN for which convincing evidence exists that it is an IAA transporter. Next to 

the binding site, we found what was called “support site”, with several key residues that seem 

essential for the transport mechanism and the structure revealed that the ligand recognition of 

the PINs is based on shape complementarity. 

Collectively, our data suggest that PINs are secondary active uniporters, independent of 

proton and ion gradients, probably driven by the negative charge of auxin, and that they work 

by a cross-over elevator mechanism. We propose the following model for PIN-mediated IAA 

transport (Fig. 5-1 A): At the cytosolic side, deprotonated IAA- enters the binding site between 

the transport and scaffold domains of the PIN (inward-facing conformation). The molecule is 

stabilized and held in place via its negatively charged carboxylate group, while the two 

crossover motifs of the scaffold domain recognize the carbon backbone and indole ring. This 

is followed by a transition to the outward-facing conformation by a rotation of the crossover 

and the auxin binding site in the scaffold domain is translated away from the cytosol. At the 

non-cytosolic side, IAA is released, probably facilitated by a pH shift that protonates and 

neutralizes the carboxylate. After the release of IAAH, the PIN reverts to the inward-open 

state.  
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Fig. 5-1 The structure of PIN8 and a dendrogram of the relationship between AtPIN1 – PIN8. (A) Left: Side 
view of dimer PIN8 composed of monomers A and B with TMD 1–10 of each monomer labeled. The central 
crossover of helices within TMD4 and TMD9 is highlighted in red. Right: Top view from the non-cytosolic side 
displays the dimer interface and the transporter domain (green) and the scaffold domain (blue) in each monomer. 
(B) The dendrogram is based on sequence-alignments of the IAA binding site and the numbers denote bootstrap 
values of 500 trials. PIN8 is in a clade with the canonical PINs, unlike semi-canonical PIN6 and non-canonical 
PIN5. Figure modified from Ung et al., 2022. 
 

The discovery of the structure of the PINs and their IAA transport mechanism we published in 

Ung et al., is groundbreaking as it has been sought after since the cloning of the first PIN 

family member (Gälweiler et al., 1998). Our clustering of the PIN family members shifted the 

perspective towards the PIN family members and their relationship to each other. Lastly, our 

results call into question if PIN5 is an IAA transporter and with PIN8 transporting IAA out of 

the cytosol, we disprove the topology and antagonistic function of PIN5 and PIN8 stated by 

Ding et al. (2012): If at all ER-localized PIN5 transports IAA antagonistically to PIN8, I 

postulate based on my results that PIN5 transports IAA out of the ER-lumen into the cytosol 

and not the other way round. 

5.2 The canonical loop regulates PIN activity by an inhibitory 
interaction with the TMD and contributes to IAA transport  

The function and role of the PIN loop and TMDs have been a matter of debate since the 

prediction of the tripartite domain structure. The canonical loop includes diverse motifs for 

phosphorylation, crucial for polarity control (Kleine-Vehn et al. 2009, 2011; Dhonukshe et al. 

2010; Huang et al. 2010; Ding et al. 2011; Ganguly et al. 2012, 2014; Weller et al. 2017) and 

regulation of IAA transport (Zourelidou et al., 2014). Regarding the latter, the auto-inhibitory 

effect of the loop is overcome by phosphorylation carried out by AGCVIII protein kinases like 

D6PK and PID (Zourelidou et al., 2014). The details of this process have been unresolved to 

date, however, a similar mechanism similar has been described quite recently for SbtA, a 

sodium-dependent bicarbonate symporter found in the carbon uptake mechanism of 

cyanobacteria (Fang et al., 2021; Liu et al., 2021). SbtA forms a complex with its partner 

protein SbtB, which allosterically regulates the transport activity of SbtA. It was found that in 
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the presence of AMP, the loop of SbtB binds to SbtA, locks it in an inward-facing state and 

inhibits its transport activity. 

Transport assays of loop donor PIN2 could not be performed when I was working in the lab 

due to technical reasons. However, my colleague Dorina Janacek is now able to measure 

PIN2-mediated IAA transport. She found that PIN2 and PIN3 differ in their transport properties 

in that PIN2 is not as efficient in transporting IAA as PIN3 (Dorina P. Janacek, pers. comm.). 

When I measured IAA transport activity of PIN8-2-8 and PIN8-3-8 (Fig. 4-11 A), I found that 

the chimaeras vary in the characteristics they adopt from their “parents” in that PIN8-2-8 is 

constitutively active like TMD-donor PIN8, whereat PIN8-3-8 needs to be activated by 

co-expressed D6PK or PID for IAA transport, i.e. in the same TMD context, only the PIN3 loop 

is inhibitory. This means that i) the inhibitory effect of the canonical loop is mediated not solely 

by the canonical loop but by a specific interaction between loop and TMD or certain motives 

within it and that ii) given the predicted co-evolution of PIN loop and PIN TMD (Zhang et al., 

2020a) this interaction can only take place between the more closely related PIN3 and PIN8 

(Fig. 5-1), but not between the more distant related PIN8 and PIN2. In both cases, 

co-expression of the kinases enhances transport activity and here, like seen in canonical PINs 

(Zourelidou et al., 2014), PID is more efficient in activating than D6PK. This implies that 

providing a non-canonical PIN with a canonical loop can turn the non-canonical PIN to some 

extend into a canonical PIN and that the loop carries features determining IAA transport 

properties of canonical PINs. Moreover, the fact that the transport rates of both chimaeras 

were upon activation higher than the transport rates of PIN8, implies that the loop is more than 

an “on/off” switch of the PINs but that the loop contributes to IAA transport carried out by 

PINs - either “alone” or together with the TMD (context) and the kinase.  

Regarding the inhibitory effect of the loop, it is possible that the interaction between loop and 

TMD results in that the loop “covers” the IAA binding side so IAA binding is prevented and that 

phosphorylation of the loop resolves the interaction, so that the binding site is accessible and 

transport can occur. However, in the light of the close relationship of PINs to 

HCO3− /Na+ symporter (Ung et al., 2022), it seems more likely that the canonical loop operates 

by a similar mechanism like observed for the allosteric inhibition of SbtA by SbtB, i.e. the loop 

locks the PIN in its inward-facing conformation, which is resolved by phosphorylation, allowing 

the PIN to switch in its outward-facing state. The additive effect of the kinase seems to have 

structural reasons and suggests that IAA transport by the loop and inhibition by the loop must 

be considered two different mechanisms. As an interesting next step, chimaeras could be 

created with truncated versions of the canonical loop to unravel elements of the loop which 

account for regulation of transport and inhibition. The fact that PIN monomers work 

independently, but nevertheless form homo- and possibly hetero-dimers (Ung et al., 2022), 
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and might be in complex with the activating kinase as well as phosphatases, adds additional 

complexity to the regulation of PIN transport activity in planta, which will be interesting to 

unravel.  

Regarding PIN subcellular localization, even though the cell type seems to contribute, it is 

suggested that the mutual matching of TMDs between the N- and C-termini is crucial for the 

correct localization and moreover, that not only the canonical loop is decisive for correct PM 

localization as has long been thought, but that the PINs underwent an intramolecular 

domain-domain coevolution between loop and TMD to jointly determine the subcellular 

membrane localization (Zhang et al., 2020a). PIN2 shows a polar localization in epidermal 

(apical) and cortical (basal) cells of the root (Luschnig et al., 1998; Müller et al., 1998) and 

defects in PIN2 polarity or expression cause the agravitropic pin2 root phenotype (Müller et 

al., 1998; Abas et al., 2006; Rahman et al., 2010). Apically localized PIN2 exclusively 

transports auxin from the root tip to the elongation zone to mediate root gravitropic growth 

(Müller et al., 1998; Baster et al., 2012; Zhang et al., 2019b) and apical localization to mediate 

shootward auxin flux is crucial to replace PIN2 (Zhang et al., 2019b). Of the canonical PINs 

only PIN2 is able to fully complement the defective root gravitropism phenotype of pin2, the 

other canonical PINs rescue partially (Zhang et al., 2019b). PIN8-2-8-2 slightly mitigated the 

pin2 phenotype in gravitropism (Fig. 4-13) and GUS-staining pattern (Fig. 4-14), and 

PIN8-2-8-GFP localized to the PM (Fig. 4-15). PIN8-3-8 had no moderating effect on the root 

phenotype (Fig. 4-13 and Fig. 4-14). Still, considering that TMD-donor PIN8 is not expressed 

in root tissue, pointing to structural limitations of the fully synthetic chimaeras in planta, the 

results may serve as a proof of concept for the conclusions drawn from the transport assays 

that a non-canonical PIN is turned into a canonical PIN when provided with a canonical loop. 

Performing rescue experiments with the chimaeras in other canonical PIN mutants might be 

an interesting alternative: The non-phototropic pin347 mutant (Willige et al., 2013) can be 

rescued by complementation with single PIN3, PIN4 or PIN7 (Wang et al., 2021; Zourelidou 

et al., 2014) and consequently, rescue experiments in the pin347 mutant make an interesting 

alternative to put the hypothesis to the test. Further, it would be of interest to see if other 

properties of the canonical PINs, NPA-sensitivity and BFA-sensitivity (Zhang et al., 2020b), 

are displayed by the chimaeras and their functional GFP-tagged versions (Fig. 4-11). Lastly, 

if providing PIN8 with the PIN2-loop is sufficient to evoke PIN2-like polarity (Müller et al., 1998) 

remains to be estimated. 
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5.3 PIN substrate specificity and modulation of PIN-mediated IAA 
transport  

One goal of my thesis was to investigate if PIN-mediated IAA transport can be modulated by 

other substances present. The oocyte system allows for the direct injection of substances, 

enabling precise internal application in controlled doses. I co-injected different substances of 

interest together with 3H-IAA into oocytes and expected to observe altered PIN 3H-IAA 

transport rates in case a substance interfered with PIN-mediated transport. The presence of 

unlabeled IAA, competing with the radiolabeled 3H-IAA, led to a decrease of 3H-IAA transport 

rates (Fig. 4-2 and Fig. 4-3 A upper and lower panel). This was highly significant in the case 

of PIN3, which is a strong IAA transporter in the oocyte system, and visible, although not 

significant in the case of PIN1, which is a weak IAA transporter in the oocyte system. This can 

be explained by the fact that for a transporter, which shows only weak transport activity, the 

signal-to-noise ratio is low, and an alteration of the transport rates is only marginal. Still, the 

data gained for PIN1 is in decent agreement with the results of PIN3 and collectively, the 

oocyte system and the chosen set-up were found to be generally suitable to investigate the 

effect of potential modifiers of PIN-mediated IAA transport (Table 4-2 and Fig. 4-3 A upper 

and lower panel), most of which were later tested if they elicit a current response in PIN8 using 

SSM electrophysiology within the frame of a collaboration (Ung et al. 2022, Fig. 5-2). 

5.3.1 NPA directly inhibiting PINs causes the physiological effects of NPA 

The PAT inhibitor NPA is a popular tool among plant physiologists investigating IAA transport. 

Despite its frequent use, its exact mode of action and where exactly it binds has been sought 

after for decades and many potential NPA binding targets have been debated. For instance, 

ABCBs showed high-affinity NPA binding and NPA-sensitive auxin export (Petrášek et al., 

2006; Geisler et al., 2017; Noh, 2001; Bailly et al., 2008) as well as their chaperone TWD1 

binds NPA though only under certain conditions (Bailly et al., 2008). On the contrary, a 

substantial body of literature clearly points to the PIN family as the target of NPA, not least the 

fact that NPA treatment phenocopies the pin-shaped pin1 (Okada et al., 1991; Reinhardt et 

al., 2000; Xu et al., 2005), the agravitropic pin2 (Brown et al., 2001; Rashotte et al., 2000) and 

the non-phototrophic pin3 (Matsuda et al., 2011) mutant, respectively. Nevertheless, a direct 

molecular association of NPA with PINs has never been reported (Kim et al., 2010; Teale and 

Palme, 2018). In addition, NPA acting through the regulation of protein phosphorylation has 

been proposed and in particular, PID has been debated as NPA target: For instance, 

Benjamins et al. describe PID to be NPA sensitive based on the observation that root defects 

of 35S:PID alleles can be rescued by NPA treatment (Benjamins et al., 2001) while on the 
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contrary, studies by Henrichs et al. show that PID phosphorylation activity is NPA-insensitive 

(Henrichs et al., 2012). 

My observation that NPA abolished both PIN1- and PIN3-mediated 3H-IAA export in the 

oocyte system suggested the PINs to be direct target of NPA. However, at first glance, it 

allowed for several explanations. To start with, the possibility of NPA negatively affecting the 

activating kinases D6PK and PID could be ruled out by several lines of evidence: First, 

inhibition of both PIN1 and PIN3 transport activity was independent of the identity of the 

activating kinase (Fig. 4-3 and Fig. 4-4). Second, PIN6 and PIN8, which transport IAA 

independent of activating kinases (Fig. 4-9 A and Fig. 4-16), could be inhibited by NPA (Fig. 
4-9 B and Fig. 4-17). Third, D6PK auto- and trans-phosphorylation activity was not impaired 

in presence of NPA (Fig. 4-7). Thus, my results disprove suggestions that NPA acts through 

the regulation of protein phosphorylation and support Henrichs et al. (2012), who state that 

NPA does not target PID. Next up, the possibility of NPA competing for IAA transport could be 

rejected as I showed that 3H-NPA is not transported by PINs (Fig. 4-5), which is in line with 

previously published data, demonstrating that NPA is not polarly transported in maize 

(Thomson et al., 1973). Lastly, the possibility of NPA being a general (IAA) transport inhibitor 

was ruled out by the fact that the transport activity of neither IAA importer AtAUX1 (Yang et 

al., 2006) nor Leucin transporter AtCAT6 (Hammes et al., 2006) was affected by co-injected 

NPA (Fig. 4-8 A and B). By applying NPA outside, I found that adding NPA to the external 

medium of pH 7.5 at the start of the assay was ineffective in inhibiting PIN-mediated 3H-IAA 

export, as has been observed before (Absmanner, 2013) and only a prolonged incubation time 

or changing to a plant-type medium of pH 5.5 led again to an inhibition of PIN-mediated 3H-IAA 

transport (Fig. 4-6 A and B). This is in line with previous reports, suggesting passive and 

pH-dependent IAA uptake into maize coleoptiles (Sussman and Goldsmith, 1981), and shows 

that NPA must be inside the oocyte in order to inhibit 3H-IAA efflux. Collectively, my data highly 

suggest an intracellular interaction of NPA with PINs. 

Together with the work of colleagues within the frame of a collaboration (Abas et al. 2020), my 

suggestions were confirmed by several lines of evidence including classical in situ membrane 

binding assays in heterologously PIN-enriched oocyte, yeast, and N. benthamiana 

membranes and quantitative multiplexed mass spectrometry (QMS), leaving the PINs as the 

most plausible binding target. Collectively, in Abas et al. 2020 we showed for the first time 

clearly that NPA directly targets and inhibits PINs, independently of any plant-derived 

components and other potential NPA-binding proteins. Shortly after, our findings were 

confirmed by another group (Teale et al., 2021). Importantly to note is that in our paper, we 

suggested that NPA inhibits PINs allosterically. This was based on the finding that in the 

binding assay in N. benthamiana microsomal membranes heterologously enriched for PINs, 
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an addition of excess IAA (10µM) did not wash out 3H-NPA. Within the frame of my more 

recent collaboration (Ung et al., 2022) this assumption was overruled and we were able to 

investigate the NPA-PIN interaction in more detail. By using SSM electrophysiology (Fig. 5-2) 

and by measuring the current response of NPA-bound PIN8 towards IAA titration, we found 

that NPA inhibits PINs competitively with an inhibition constant (Ki) of 1.9 µM. This suggests 

an affinity of PINs towards NPA one order of magnitude higher than the affinity of PINs towards 

IAA. Consequently, the concentration of IAA used in the binding assay in Abas et al. was too 

low to wash out the bound NPA. Further, using single-particle cryo-EM, we solved the structure 

of the inward-facing conformation of NPA-bound PIN8. In the NPA-bound form of the PIN8 

dimer, the scaffold domains and the dimeric interface were unchanged relative to the 

apo-PIN8, but the two transporter domains were rotated, resulting in a translocation of the 

binding site. Due to a different and particularly stronger interaction of the NPA molecule with 

the residues in the IAA binding pocket and several new interactions with the scaffold domain, 

the PIN gets stalled in the inward-open state. This means that we can explain PIN inhibition 

by NPA i) by a stronger binding of NPA due to engagement of additional residues from the 

scaffold domain and ii) by NPA preventing the transition of the PIN to the outward, IAA 

releasing state due to NPA’s larger size (Table 4-2). 

By now, with PIN1 (Yang et al., 2022) and PIN3 (Su et al. 2022), three structures of PINs are 

published in total and all of them see NPA bound to the protein. This means that it is now 

established beyond doubt that PINs are the NPA target and that this interaction is the reason 

for the known physiological effects of NPA on plant growth by PAT-inhibition. This 

parsimonious, mechanistic explanation has long been sought after and disproves numerous 

publications stating that NPA does not bind to PINs. The findings inform our understanding of 

the substrate recognition and transport mechanisms of PINs and set up a framework for future 

research on polar auxin transport, which is one of the most crucial processes underlying plant 

development. The NPA-bound structure could provide the basis for structure-based 

development of novel herbicides and in the light of the data, reinterpretation of past 

publications to reconsider possible overlooked effects or contributions due to NPA binding by 

PINs should be considered. 

5.3.2 Investigation of further potential modulators of PIN IAA transport 

2,4-D is the canonical synthetic auxin and the first to be commercially developed (Peterson et 

al., 2016). At low concentrations it efficiently stimulates plant growth, whereat its application 

at high dosages is toxic for dicot development. It mimics IAA at the molecular level, whereas 

in comparison to IAA, 2,4-D is more stable (Grossmann, 2010, 2000; Song, 2014). 2,4-D not 

only is a widely used herbicide but also is used extensively to study auxin-related activities. 
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However, its intercellular transport is not fully understood: Whereat the import of 2,4-D into the 

cell likely is mediated by AUX1 (Marchant et al., 2002), its export out of the cell is in question. 

It has been suggested that 2,4-D is not transported by auxin efflux carriers (Delbarre et al., 

1996), but by PDR9/ABCG37 (Ito and Gray, 2006; Strader et al., 2008). Other studies on the 

contrary, suggested that PIN6 has the potential to transport 2,4-D (Simon et al., 2016) and 

cultured tobacco BY-2 cells expressing PIN proteins display IAA and 2,4-D efflux (Petrášek et 

al., 2006). Further, a sensitivity of 2,4-D transport towards NPA has been observed (Hošek et 

al., 2012; Goggin et al., 2016) and with PINs being inhibitable by NPA as shown in this thesis, 

this indicates that PINs transport 2,4-D. In my experiments, even though co-injection into the 

oocytes displayed a high variability in affecting PIN-mediated IAA transport, it showed a clear 

trend to decrease the transport rates. Further, 2,4-D elicited a current response in PIN8 as 

strong as IAA (Ung et al., 2022). Collectively, the results suggest that in addition to other 

transporters, PINs transport 2,4-D, mediating its export out of the plant cell.  

NAA, another synthetic auxin analog, is used broadly to exogenous manipulate auxin 

distribution and signaling. Here, NAA is often favored over the endogenous IAA, even though 

there are indications that IAA and NAA have differential activities in the cell (Paciorek et al., 

2005). NAA competes with IAA for transport (Depta et al., 1983) and cultured tobacco BY-2 

cells expressing PIN proteins display 3H-NAA efflux (Petrášek et al., 2006). In my experiments 

co-injected NAA significantly reduced PIN-mediated IAA transport and further, NAA elicited a 

current response in PIN8 similar to IAA (Ung et al., 2022). Taken together, this strongly 

suggests that PINs transport NAA and that in this context it is feasible to thoughtfully draw 

conclusions from experiments using exogenous NAA to study (PIN-mediated) auxin transport. 

TIBA is known to inhibit the polar transport of auxin in plants (Thomson et al., 1973). As it is 

a weak aromatic acid, protonated TIBA is thought to diffuse into cells in a way similar to IAA 

(Depta et al., 1983) and it has been suggested to be polarly transported in a manner similar 

to IAA (Thomson et al., 1973; Depta et al., 1983). It has been shown that TIBA inhibits the 

binding of IAA to membranes in vitro (Thomson et al., 1973) and that it competes with IAA in 

in vitro binding assays in plant tissue (Jablanović and Noodén, 1974). With regards to the 

PINs, TIBA has been shown to interfere with PIN PM cycling (Geldner et al., 2001) and it is 

debated whether PINs transport TIBA, but there is no compelling evidence for this 

consideration. In my oocyte experiments, TIBA decreased PIN-mediated IAA transport and 

further, TIBA elicited a current response in PIN8 similar to IAA (Ung et al., 2022). The way I 

interpret the results is that TIBA is a straightforward competitor for the PIN IAA binding site. If 

this however also leads to PINs transporting TIBA or if TIBA binds to PINs but is not 

transported (de Boer et al., 2020) remains to be shown. 
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Regulated input from the auxin precursor IBA towards the pool of active IAA is a cellular 

mechanism to regulate auxin levels and response in addition to the biosynthesis of IAA and 

conversion of IBA to active IAA modulates developmental processes like lateral root formation 

(Strader and Bartel, 2011; Zolman et al., 2008; Michniewicz et al., 2019). Similar to IAA, IBA 

is thought to move long distances through the plant and several IBA transporters have been 

described (reviewed in Strader and Bartel 2011). For instance, IBA efflux is promoted by 

ABCG36/PDR8/PEN3 (Strader and Bartel, 2009) and ABCG37/PDR9/PIS1 (Růžička et al., 

2010; Strader et al., 2008) and more recently, TOB1 has been identified as a vacuolar IBA 

transporter (Michniewicz et al., 2019). Further, IBA seems to use carriers distinct from those 

that efflux IAA: Examined transporters of IAA, including PINs, are considered to not facilitate 

the transport of IBA (reviewed in Michniewicz et al. 2014). For instance, PIN inhibitor NPA 

does not alter IBA movement, suggesting that IBA transport is mediated by other proteins than 

PINs (Rashotte et al., 2003). However, Ding et al. state that in competitive uptake assays with 

ER-enriched vesicle fraction from PIN8OX IBA competes with 3H-IAA for uptake by PIN8 and 

they suggested that IBA is a substrate for PIN8 (Ding et al., 2012). In my experiments, 

co-injection of IBA had no significant effect on PIN IAA transport rates and the current 

response IBA elicited in PIN8 was significantly lower than IAA (Ung et al., 2022). Collectively, 

this suggests that PINs do not transport IBA, which is in line with the general opinion and 

contradicts Ding et al., whose conclusions might be based on an artifact due to a missing 

positive control in their assay. 

Me-IAA is generated by methylation of IAA by an IAA CARBOXYL METHYLTRANSFERASE 

(IAMT) (Qin et al., 2005) and Me-IAA is an IAA conjugate, which contribute to the maintenance 

of auxin homeostasis in various processes (Woodward and Bartel, 2005). At the time I started 

my doctorate research, Miguel A. Blázquez. and colleagues were investigating the role of 

Me-IAA in maintaining the auxin homeostasis, particularly in the regulation of asymmetric 

auxin distribution across the hypocotyl as a prerequisite for differential growth in gravitropic 

response. They supposed that Me-IAA was an inactive form of IAA and that the conversion of 

IAA into Me-IAA was a fine-tuning mechanism that generates or maintains the correct local 

auxin concentrations in the hypocotyl of seedlings responding to gravistimulation. However, 

the possibility remained that a reduction in auxin methylation can indirectly affect auxin 

conjugation, or that Me-IAA itself has a direct role as a modulator of auxin signaling or 

transport. Upon the finding that co-injected Me-IAA reduced both PIN1- and PIN3-mediated 

IAA efflux to the same extent as IAA, we suggested that Me-IAA is transported by PINs and 

competes with IAA and that is rather unlikely that it acts as an allosteric inhibitor (Abbas et al., 

2018). This suggestion, however, is in conflict with the SSM electrophysiology findings of my 

more recent collaboration (Ung et al., 2022). Here, it was found that the current response 
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elicited by Me-IAA was significantly lower than the response elicited by IAA. This indicates 

that Me-IAA is not transported by PIN8 and likely not by any other PIN, even though we cannot 

rule out the possibility that the observed current response was influenced by the different 

electrostatic potentials of uncharged Me-IAA and IAA. Consequently, the reduction of IAA 

transport by Me-IAA in the oocytes was not due to Me-IAA transport by PINs but due to other 

reasons. 

Tryptophan, an essential aromatic amino acid, made an interesting candidate to be tested for 

its effect on IAA transport, as tryptophan is the main IAA precursor in the de novo IAA 

synthesis through the tryptophan-dependent pathway. This pathway involves various parallel 

routes with many intermediates, with many molecular components still largely unknown (Ljung 

et al., 2001, 2005; Normanly, 2010; Petersson et al., 2009; Zhao, 2010). Tryptophan 

resembles IAA as both contain an indole ring, the 3-position of which is connected to an amino 

acid moiety in tryptophan and a carboxyl group in IAA (Table 4-2). Cultured tobacco BY-2 

cells expressing PIN proteins display efflux of IAA, NAA, and 2,4-D, but not of tryptophan 

(Petrášek et al., 2006), and in line with this, in my experiments, co-injection of tryptophan did 

not reduce IAA transport rates. This implies that tryptophan does not modulate PIN-mediated 

IAA transport, suggesting, that tryptophan is no substrate for PIN transport. 

The indolamine serotonin is a well-studied neurotransmitter with structural similarities to IAA 

(Table 4-2). There are several reports highlighting the roles of serotonin in plant development 

(Mukherjee et al., 2014; Erland et al., 2019a); it has been proposed to inhibit auxin activity and 

transport (Erland et al., 2015; Pelagio-Flores et al., 2011) and has been published to be 

transported in a polar manner through the vasculature towards the root tip in a manner 

reminiscent of auxin (Erland et al., 2019b). In the oocyte system, I did not observe an impact 

of serotonin on PIN-mediated IAA transport. This is in line with results of the SSM 

electrophysiology assays, where serotonin did not evoke a current response in PIN8 (Ung et 

al. 2022). Collectively, the data suggest that the auxin effect of serotonin is mediated by auxin 

recognition and that serotonin transport through the vasculature is not carried out by PINs but 

by other membrane transporters. 

Trans-Zeatin is the main cytokine, a group of plant hormones, which in crosstalk with auxin 

control various aspects of plant development at multiple levels (Moubayidin et al., 2009). Three 

types of membrane transporters have been recognized and implicated in cytokinin 

transmembrane transport and intercellular translocation. These proteins include the subsets 

of purine permeases (PUPs), equilibrative nucleoside transporters (ENTs), and the 

ATP-binding cassette transporter G subfamily member (Liu et al., 2019). Co-injected 

trans-Zeatin did not affect PIN-mediated IAA transport in the oocyte system and the current 

response the substance elicited was significantly lower than IAA (Ung et al., 2022). We cannot 
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rule out the possibility that the observed current response was influenced by the different 

electrostatic potentials of uncharged trans-Zeatin and IAA, however the data collectively highly 

suggests that trans-Zeatin and likely cytokines in general are no substrate for PIN transport 

and that other membrane proteins mediate intercellular cytokine transport as has been 

suggested before. 

Quercetin belongs to flavonoids, a class of secondary plant metabolites, which have been 

suspected to modulate auxin transport and tropic responses, but the identity of specific 

flavonoid compounds involved, and their molecular function and targets in vivo are not yet fully 

understood. Quercetin is a broadly used inhibitor of PAT (Jacobs and Rubery, 1988), 

seemingly by inhibiting PID (Henrichs et al., 2012) and application of quercetin partially 

restores pin2 root gravitropism (Santelia et al., 2008), making quercetin an interesting 

candidate to be investigated in the context of PIN-mediated IAA transport. At first glance, 

co-injected quercetin did not influence IAA transport, however, the calculated 3H-IAA transport 

rates are an artifact: The measured cpm of oocytes injected with 3H-IAA + quercetin were 

many times lower than cpm of the control oocytes or the cpm measured for any of the other 

experiments (data not shown), and consequently, the calculated transport rates are falsified. 

The reason for the low cpm could be that quercetin acts as a chemical quencher in liquid 

scintillation counting and thus falsified the measured amount of radioactivity in the oocytes. 

Another possible explanation is that it affects the oolemma, making it porous for 3H-IAA. 

Collectively, I found the oocyte system to be unsuitable to investigate quercetin’s effect on 

PIN-mediated IAA transport and another experimental setup should be chosen for future 

experiments to answer the question if quercetin specifically alters PIN-mediated IAA transport. 

A similar point can be made for NBD-IAA, a fluorescing IAA compound, which has been 

introduced as a promising tool to visualize IAA transport and transport sites (Hayashi et al., 

2014). Co-injection of NBD-IAA resulted in seemingly reduced IAA transport rates, however, 

it has to be taken into account that other than the other substrates tested, NBD-IAA was 

dissolved in the solvent DMSO. DMSO enhances the permeability of lipid membranes 

(Notman et al., 2006), which likely affected the oolemma and consequently falsified the results. 

Thus, the experimental setup was unsuitable to investigate if NBD-IAA is a modulator of 

PIN-mediated IAA transport and no conclusion can be drawn from the results at this point. 
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In summary, the comparison of all substrates tested suggests that in PIN-mediated transport, 

shape complementary plays a large role in recognition of the substrate: While all synthetic 

auxins tested are likely a PIN substrate, the larger size of IBA, trans-Zeatin, and serotonin 

might be the reason that they are not transported by PINs and thus clearly questions transport 

of the relatively big NBD-IAA and the possibility to use it as a tool to visualize IAA transport 

(Hayashi et al. 2014). Given the high sequence conservation of the IAA binding pocket in all 

PINs (Ung et al., 2022) it is rather unlikely that non-canonical and canonical PINs differ in their 

substrate spectrum as has been hypothesized (Bennett et al. 2014).  

5.4 PIN6 is an exceptional member of the PIN family 

Semi-canonical PIN6 has often been referred to as the intermediate PIN, due to the 

intermediate length of its loop as well as due to its dual subcellular localization that is PIN6 

localizes both in endomembrane domains and at the PM (Simon et al., 2016). In regulation of 

this localization, PIN6 expression level and post-transcriptional modifications play a role. The 

PM-residing fraction of PIN6 exhibits a polarity and in polarity regulation, PID has been 

suggested to be involved (Simon et al., 2016; Ditengou et al., 2018). In terms of evolutions, 

recent results suggest that PIN6 is an invention of angiosperms and that it shares much closer 

common descent with canonical PINs such as PIN2, rather than with the non-canonical PINs 

and consequently that PIN6 is closer related to the canonical PINs than to the non-canonical 

PINs (Zhang et al., 2020a; Bennett et al., 2014; Ung et al., 2022). In addition to its role in 

nectary function and regulation of nectary production (Bender et al., 2013) PIN6 plays a role 

during auxin-mediated lateral and adventitious root organogenesis (Simon et al., 2016), and 

Fig. 5-2 Results of SSM 
electrophysiology 
investigating substrate 
specificity of PIN8. Peak 
currents elicited by IAA (●) or a 
range of putative substrates 
tested at 100 µM (▼). 
Experiments were performed 
at pH 7.4. 5-Fluoro IAA (NBD 
IAA) p = 0.011; 2,4-D p = 0.272; 
NAA p = 0.999; TIBA p = 0.989; 
1-NOA p = 0.539; PAA 
p = 0.0007, 4-CPA p < 0.0001; 
CVX p < 0.0001; IAA-Ala 
p < 0.0001; IBA p < 0.0001; 
Methyl-IAA p < 0.0001; 
Serotonin p < 0.0001; Zeatin 
(trans-Zeatin) p < 0.0001; BA 
p < 0.0001; IAA+NPPB 
p < 0.0001; IAA+NPA 
p < 0.0001). Substrates shown 
in dark grey are uncharged. 
Figure from Ung et al., 2022. 
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35S promoter overexpressing lines grow wavy roots, which are devoid of root hairs (Ditengou 

et al., 2018; Cazzonelli et al., 2013). Root hair growth is proportional to internal auxin levels in 

the root hair cell (Ganguly et al., 2010), which suggests that overexpression of PIN6 interferes 

with auxin availability in these cells and it has been hypothesized that auxin efflux inhibits, and 

auxin influx enhances, the outgrowth of the root hair cell (Cho et al., 2008; Weijers and 

Wagner, 2016). 

I showed for the first time clearly that PIN6 transports IAA (Fig. 4-16 A and Fig. 4-17, Abas et 

al. 2020b). Moreover, the fact that the constitutive transport of IAA can be enhanced only by 

PID but not by D6PK has not been described before for any other PIN and therefore is a 

unique feature of PIN6 within the PIN family. The identification of two TPRXS(N/S) PID target 

motifs within the PIN6 loop (Fig. 4-16 B) is in line with previous publications (Ditengou et al., 

2018; Huang et al., 2010) and the additive effect of PID on PIN6 transport rates possibly 

involves PID phosphorylating the PIN6 loop at these two sites, which remains to be shown. 

Considering the dual localization of PIN6 at PM and ER, one intriguing interpretation of my 

results is that PIN6 may have distinct functions based on its cellular location: When ER-

localized, it constitutively transports IAA and contributes to regulation of intracellular auxin 

homeostasis by sequestering auxin from the cytosol into the lumen of the ER. When localized 

at the PM, it contributes to the intercellular IAA transport, and here, where it coincides with 

PM-localized PID (Barbosa et al., 2014; Kleine-Vehn et al., 2010b) its transport activity is 

enhanced by phosphorylation by PID, ascribing PID-mediated phosphorylation a role in 

regulation of PIN6 polarity as well as PIN6 IAA transport activity.  

When expressed in the PIN2 domain in pin2 background, in my CLSM analysis PIN6 localized 

both in endomembrane domains and at the PM (Fig. 4-19) and in the gravitropism assay, the 

agravitropic pin2 phenotype could not be complemented (Fig. 4-18 A), which is in line with a 

recent publication (Zhang, Hartinger, et al. 2020). Further, I observed that the lines showed 

an impairment of the pin2 phenotype with cloddy and wavy roots (Fig. 4-18 B - I), 
phenocopying PIN6 overexpressing lines. Given the close relationship between PIN2 and 

PIN6, this suggests that the expression of PIN6 under the PIN2 promotor is even higher than 

under the 35S promotor and that an increase in PIN6 activity in the PIN2 domain leads to an 

increase of malformation of root architecture i.e. a dose effect. In this sense, it would be 

interesting to investigate if the absence of root hair outgrowths described for the 

PIN6 overexpressing lines is also found in my PPIN2:PIN6 lines as this would further underline 

the role of PIN6-mediated IAA transport in root hair development. 
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5.5 Identification of new regulators of PIN-mediated IAA transport 

One member of the AGC1 clade (D6PK) as well as members of the AGC3 clade (PID/WAG) 

directly activate canonical PINs by phosphorylating the loop, while representatives from AGC2 

(UCN) and AGC4 (PHOT1) do not activate PIN-mediated IAA efflux (Zourelidou et al. 2014). 

Consequently, activation of PINs seems to be restricted to members of clades AGC1 and 

AGC3. As it has been suggested before that other, yet unknown kinases must be involved in 

activation of PINs (Weller et al., 2017; Barbosa et al., 2018), I tested further members of the 

AGC1 clade - AGC1-3 (PAX), AGC1-4 (PAXL), AGC1-7, AGC1-8, AGC1-9, and KIPK - for 

their potential to activate PINs in the oocyte system, of which PAX (Marhava et al., 2018), 

AGC1.7 (Hiromasa Shikata,, pers. comm.) and KIPK (Weller, 2017) have been shown to 

phosphorylate PINs in vitro. I found that co-expression of PAX, PAXL, AGC1-9, and KIPK 

does activate PIN-mediated IAA efflux and that co-expression of AGC1-7 and AGC1-8 does 

not activate PIN-mediated IAA efflux (Fig. 4-20). With that, I identified  PAX, PAXL, AGC1-9 

and KIPK as new, yet unknown direct activators of PINs, and my data suggests that AGC1-7 

and AGC1-8 are not directly implicated in the activation of PIN-mediated IAA transport. 

Moreover, the finding that AGC1-7, which phosphorylates the PIN loop in vitro but does not 

activate IAA transport, suggests that phosphorylation is not sufficient to explain PIN activation. 

My findings significantly expand our current understanding of kinase-mediated activation of 

PINs (Fig. 5-3), which is indispensable for a better understanding of the regulation of PAT. 

 

Fig. 5-3 Members of the 
AGCVIII kinase family 
and their potential to 
activate PIN-mediated 
IAA transport. Summary 
of previous data 
(Absmanner, 2013, 
Zourelidou et al., 2014) 
and the results of this 
thesis as an overview of 
the current understanding 
of the activation of PIN-
mediated IAA transport by 
AGCVIII kinases. 
Respective members of 
the family have been 
tested in the oocyte 
system and do not (-), do 
(+), or do strongly (++) 
activate PINs. Figure 
modified from Galván-
Ampudia et al., 2008 
according to previous 
data (Absmanner, 2013, 
Zourelidou et al., 2014) 
and data described in this 
thesis. 
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If PIN transport rates correlate with their phosphorylation status and if the kinases 

phosphorylate PINs with varying intensity is still not fully understood. Proteomics data of my 

colleague Dorina Janacek showed that the different PINs as well as the activating kinases 

D6PK and PID show similar abundance in the oocytes (Janacek, unpublished). In light of the 

observed kinase effect on the PIN kinetics, i.e. the finding that transport rates of activated 

canonical PINs vary depending on the co-expressed kinase, this suggests that PINs and 

different activating kinases form a heterodimer mediating IAA transport. A variation in 

phosphorylation intensity, willingness to phosphorylate and a different phosphosite preference 

hint at a differential mode of PIN binding or PIN activation by the kinases (Zourelidou et al., 

2014; Haga et al., 2018) even though results from in situ analyses suggest that differential 

phosphosite preference does not necessarily have to be biologically relevant (Zourelidou et 

al., 2014; Weller et al., 2017; Barbosa and Schwechheimer, 2014). 

Considering the close relationship and sequence similarity among the AGC1 kinases, 

particularly AGC1-7 and D6PK (Galván-Ampudia and Offringa, 2007; Humphrey et al., 2015), 

an unanswered question pertains to why certain AGC1 kinases activate PIN-mediated IAA 

transport while others do not, and what underlies this functional divergence. Finding these 

answers will be exciting future research. 

5.5.1 PIN, PAX and BRX constitute a molecular rheostat modulating auxin flux 
underlying protophloem sieve element differentiation 

In protophloem sieve element (PPSE) differentiation, the timing of differentiation is not uniform 

across cell files, and developing PPSEs differentiate as their neighboring cells still divide 

(Santuari et al., 2011; Brunoud et al., 2012). In this process, BREVIS RADIX (BRX) promotes 

the commitment of precursor cells to the differentiation program (Scacchi et al., 2009; Beuchat 

et al., 2010; Rodriguez-Villalon et al., 2014) and within the frame of three of my collaborations, 

the role of BRX in PPSE differentiation was investigated. 

BRX is specifically expressed in the developing protophloem cells, where it localizes basally 

at the PM (Scacchi et al., 2009; Marhava et al., 2018) and this PM association is negatively 

regulated by auxin threshold levels (Scacchi et al., 2009). The brx mutant is characterized by 

a signature “gap phenotype” in the developing sieve element strand continuity (Anne and 

Hardtke, 2018; Rodriguez-Villalon et al., 2014, 2015; Scacchi et al., 2009), which manifests in 

a systemically reduced auxin response throughout the meristem (Gujas et al., 2012; 

Rodriguez-Villalon et al., 2014). Strikingly, the pax mutant represents a (hypomorphic) 

phenocopy of brx mutants and when my colleagues performed an expression analysis of PAX, 

they found it to co-localize with BRX (Marhava et al., 2018). Moreover, in pax PPSEs BRX 

abundance was severely reduced (Marhava et al., 2018), suggesting that PAX is required for 
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efficient BRX PM recruitment. Notably, PIN abundance was not affected in pax PPSEs 

(Marhava et al., 2018). I found that BRX does not activate PIN-mediated IAA transport ( 
Fig. 4-22), but that it substantially inhibits IAA transport stimulated by PAX and also by D6PK 

(Fig. 4-23 A and B) whereat activation by the more distantly related PID was not affected by 

co-expression of BRX (Fig. 4-23 C). This suggests that BRX affects a subset of related AGC 

kinases and that its inhibitory effect is determined by the identity of the kinase.  

The PM association of PAX is not sensitive to auxin, but auxin stimulates its kinase activity: 

phosphoproteomics indicated an auxin-induced phosphorylation of the PAX activation loop at 

phosphoserine S596, which correlated with simultaneously increased PIN1 phosphorylation 

(Marhava et al., 2018). Phosphorylation of PAX may be conferred by recently identified, 

functionally redundant upstream regulators of D6PK and PAX, the 3-PHOSPHOINOSITIDE-

DEPENDENT PROTEIN KINASES (PDK1) and PDK2 (Zegzouti et al., 2006; Tan et al., 2020; 

Xiao and Offringa, 2020). Matching our phosphoproteomics data, the PAX-S596D 

phosphomimic variant displayed an increased phosphorylation activity towards PIN1 in 

comparison to wild type PAX (Marhava et al., 2018) and also in my oocyte experiments, the 

recombinant PAX-S596D stimulated auxin efflux considerably more than PAX or PAX-S596A, 

to a level approximately equal to D6PK (Fig. 4-21). However, unlike the wild type PAX, 

PAX-S596D not only is unable to rescue the pax mutant but also generated maldeveloped 

roots (Marhava et al., 2018), collectively suggesting a highly fine-tuned auxin-dependent PAX 

activity in PPSE development. 

BRX possesses three potential D6PK/PAX R(D/E)S target sites embedding the serines S217, 

S123, and S228 (Koh et al., 2021). These serines seem to contribute to the fine-tuning of BRX 

function and modulate its auxin-responsiveness, as a BRX variant in which the serines were 

substituted by alanines shows normal expression and localization in planta, largely rescues 

the brx mutant phenotype (Koh et al., 2021) and is still about as efficient as wild type BRX in 

inhibiting D6PK-stimulated auxin efflux in my oocyte assays (Fig. 4-24 B), but its PM-

association does no longer display a significant auxin response (Koh et al., 2021). 

In summary, we postulate in Marhava et al. 2018 that PIN, PAX, and BRX constitute a 

‘‘molecular rheostat’’ that fine-tunes the auxin flux through the developing sieve element cell 

file. In our model, BRX interacts with PAX at the PM, where inhibition of PAX by BRX 

suppresses PIN efflux activity at lower auxin levels. This in turn leads to increases in cytosolic 

auxin levels due to reduced PIN-mediated auxin efflux. Eventually, BRX dissociates, 

accompanied by PAX activation. PAX increasingly stimulates PIN-mediated IAA efflux by 

phosphorylation. Ultimately, reinforced through decreasing cellular auxin levels and auxin-

induced BRX transcription (Scacchi et al., 2009; Santuari et al., 2011), BRX returns to the 

plasma membrane, where again, it inhibits PAX and PIN-mediated auxin efflux.  
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Fig. 5-4 PAX and BRX constitute a ‘‘molecular 
rheostat’’ that regulates and fine-tunes 
PIN-mediated auxin efflux. BRX interacts with 
PAX at the PM, where it inhibits PAX and 
consequently suppresses PIN efflux activity at low 
auxin levels. With increasing auxin level, eventually, 
BRX dissociates, and PAX becomes activated and 
stimulates PIN-mediated IAA transport by 
phosphorylation. Ultimately, reinforced through 
decreasing cellular auxin levels and auxin-induced 
BRX transcription, BRX returns to the PM, where 
again, it inhibits PAX and auxin efflux. This interplay 
modulates auxin flux through developing PPSEs, 
thereby timing PPSE differentiation. Figure from 
Marhava et al., 2018. 
 
 
 
 
 

 

5.5.2 Functional divergence of BRX family proteins 

BRX has four homologs in A. thaliana, BRXL1-4. All five BRX family proteins display four 

conserved domains: the N-terminus, which confers PM association in the case of BRX 

(Scacchi et al., 2009; Rowe et al., 2019) a domain with a conserved “KDMA” motif and two 

signature “BRX domains” in tandem (Koh et al., 2021). The domains are separated by variable 

spacer regions (Koh et al., 2021). Previous data suggested limited yet tangible redundancy 

between BRX and other family members in the root (Koh et al., 2021). The closest homolog 

of BRX, BRXL1, is mainly expressed in the mature vasculature (Scacchi et al., 2009; Cattaneo 

et al., 2019) and shows only a weak expression in the protophloem (Koh et al., 2021). 

However, BRXL1 can rescue the brx mutant phenotype when ectopically expressed (Beuchat 

et al., 2010; Briggs et al., 2006; Koh et al., 2021) while by contrast, the more distantly related 

BRXL2-4 can at best partial rescue the brx mutant phenotype, even though other 

characteristics are shared (Marhava et al., 2020; Koh et al., 2021). Notably, in contrast to BRX, 

PM association of BRXL2 is not auxin responsive (Marhava et al., 2020). I found that BRXL2 

is only a weak antagonist of PAX, which does not reduce auxin efflux to the same extent as 

BRX (Fig. 4-24 A), collectively suggesting that BRX and BRXL2 differ in their activities and 

function and that these differential features might be responsible for the incapacity of BRXL2 

to fully substitute for BRX function. In the context of this differential activity of BRX and BRXL2, 

results of domain swapping experiments suggest that the linker between the tandem BRX 

domains has a crucial function. In the case of BRX, this linker contains the three putative 

R(D/E)S  phosphosites, which are targeted by PAX or D6PK. BRXL2 lacks these phosphosites 

(Koh et al., 2021). A BRX variant in which all three sites were substituted by alanines 

(BRX-KO) shows normal expression and localization, but is not anymore able to fully rescue 
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the brx mutant phenotype (Koh et al., 2021) indicating an impairment of its function. Further, 

PM association of BRX-KO does not display a significant auxin response anymore (Koh et al., 

2021), while interestingly, the variant was still about as efficient as wild type BRX in inhibiting 

D6PK-stimuated auxin efflux in my oocyte experiments (Fig. 4-24 B). Conversely, providing 

BRXL2 with S123, S217, and S228 imparts an BRX-like auxin responsiveness on BRXL2 and 

increases its functionality in the context of PPSE development (Koh et al., 2021), where the 

native BRXL2 can only partially replace BRX (Briggs et al., 2006; Beuchat et al., 2010; 

Marhava et al., 2020). Taken together, this suggests that the functional divergence within the 

BRX protein family resides mainly in the linker between the tandem BRX domains and that 

the PAX-and D6PK-targeted phosphosites S123, S217 and S228, contribute to the fine-tuning 

of BRX function and modulate its auxin-responsiveness. Further, the lack of auxin 

responsiveness seems to be one main difference between BRX and BRXL2 and 

auxin-responsive PM dissociation quantitatively determine BRX activity in the protophloem 

context. 
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6. Materials and Methods 

6.1 Materials 

6.1.1 Biological material 

6.1.1.1. Plant lines 

All Arabidopsis thaliana plants used in this study are based on ecotype Columbia Col-0, which 

is referred to as wild type in all experiments. The homozygous pin2 mutant line (Müller et al., 

1998) was ordered from the Salk Institute for Biological Studies. All (transgenic) Arabidopsis 

lines used in this study are listed in Table 6-1. 
 

Table 6-1 (Transgenic) Arabidopsis lines used in this study 

Background T-DNA construct Provided by/Reference 
Col-0 PDR5:GUS Ulrich Z. Hammes / Ulmasov et al 1997a 
pin2 PPIN2:PIN2 CDS Dorina P. Janacek 
pin2 PPIN2:PIN3 CDS Dorina P. Janacek 
pin2 PPIN2:PIN6 This thesis (Floral dip) 
pin2 PPIN2:PIN6-GFP This thesis (Floral dip) 
pin2 PPIN2:PIN8 This thesis (Floral dip) 
pin2 PPIN2:PIN8-2-8 This thesis (Floral dip) 
pin2 PPIN2:PIN8-2-8-GFP This thesis (Floral dip) 
pin2 PPIN2:PIN8-3-8 This thesis (Floral dip) 
pin2 PPIN2:PIN2, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN3, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN6, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN8, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN8-2-8, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN8-2-8-GFP, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PPIN2:PIN8-3-8, PDR5:GUS This thesis (Crossing with transgenic line) 
pin2 PDR5:GUS This thesis (Crossing with transgenic line) 

 

6.1.1.2. Xenopus laevis oocytes 

Stage V and VI Xenopus laevis oocytes were used for the transport assays. Frogs that 

provided the oocytes were kept in strict accordance with the recommendations and guidelines 

based on the Tierschutzgesetz (TierSchG) of the Federal Republic of Germany at the 

Research Department of Food and Nutrition at the Center of Life and Food Sciences 

Weihenstephan. I explicitly want to thank Angela Alkofer, Franziska Anzenberger, 
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Ulrich Hammes, Dorina Janacek, Katrin Petzold, and Helene Prunkl for taking care of the frogs 

and performing the surgeries. Occasionally, oocytes of stages V and VI were ordered and 

used for experiments. 
 

6.1.1.3. Bacterial strains 

Escherichia coli (E. coli) DH5α was used for GreenGate cloning, E. coli One Shot Mach1 was 

used for blunt-end cloning, E. coli BL21 was used for expression of recombinant GST:D6PK, 

GST:PIN1HL (PIN1 loop), and GST:PIN3HL (PIN3 loop). Agrobacterium tumefaciens 

(A. tumefaciens, GV3101/pMP90 pSOUP) was used for floral dip of Arabidopsis thaliana. 

6.1.2 Plasmids 

Table 6-2 Plasmids used in this thesis 

Name Module/Construct/Usage Provided by/ 
Reference 

pBLAB001 Template for eGFP CDS PCR amplification Andrea Bleckmann 

pDest15-D6PK Protein purification of D6PK via GST-tag 
Alkistis E. Lanassa 
Bassukas, Zourelidou 
et al., 2014 

pDest15-
PIN1HL 

Protein purification of the PIN1 loop via GST-
tag 

Alkistis E. Lanassa 
Bassukas, Zourelidou 
et al., 2014 

pDest15-
PIN3HL 

Protein purification of the PIN3 loop via GST-
tag 

Alkistis E. Lanassa 
Bassukas, Zourelidou 
et al., 2014 

pGGF009 BASTA resistance cassette  Lampropoulos et al., 
2013 

pGGZ003 Destination vector, floral dip Lampropoulos et al., 
2013 

pKOM018 pOO2, in vitro cRNA synthesis of PIN8 cRNA 
for oocyte injection Kolb, 2015 

pKOM019 pOO2, in vitro cRNA synthesis of PIN8-2-8 
cRNA for oocyte injection Kolb, 2015 

pKOM020 pOO2, in vitro cRNA synthesis of PIN8-3-8 
cRNA for oocyte injection Kolb, 2015 

pKOM110 
pGGZ003, PPIN2:PIN8-2-8 CDS / 
BASTA cassette, Generation of transgenic 
lines via floral dip 

This thesis 

pKOM111 
pGGZ003, PPIN2:PIN8-2-8-GFP CDS / 
BASTA cassette, Generation of transgenic 
lines via floral dip  

This thesis 

pKOM117 pOO2, in vitro cRNA synthesis of PIN8-2-8-
GFP cRNA for oocyte injection This thesis 

pKOM118 pOO2, in vitro cRNA synthesis of PIN8-3-8-
GFP cRNA for oocyte injection This thesis 

pKOM127 
pGGZ003, PPIN2:PIN8 CDS / 
BASTA cassette, Generation of transgenic 
lines via floral dip 

This thesis 
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pKOM129 
pGGZ003, PPIN2:PIN6 CDS / BASTA 
cassette, Generation of transgenic lines via 
floral dip 

This thesis 

pKOM130 
pGGZ003, PPIN2:PIN6-GFP CDS / 
BASTA cassette, Generation of transgenic 
lines via floral dip 

This thesis 

pKOM135 
pGGZ003, PPIN2:PIN8-3-8 CDS / 
BASTA cassette, Generation of transgenic 
lines via floral dip 

This thesis 

pOO2-AGC1-3 
CDS 

pOO2, in vitro cRNA synthesis of AGC1-3 
cRNA for oocyte injection Julia Karmann 

pOO2-AGC1-3-
S596A CDS 

pOO2, in vitro cRNA synthesis of AGC1-3-
S596A cRNA for oocyte injection 

Alkistis E. Lanassa 
Bassukas 

pOO2-AGC1-3-
S596D CDS 

pOO2, in vitro cRNA synthesis of AGC1-3-
S596D cRNA for oocyte injection 

Alkistis E. Lanassa 
Bassukas 

pOO2-AGC1-4 
CDS 

pOO2, in vitro cRNA synthesis of AGC1-4 
cRNA for oocyte injection Julia Karmann 

pOO2-AGC1-7 
CDS 

pOO2, in vitro cRNA synthesis of AGC1-7 
cRNA for oocyte injection Hiromasa Shikata 

pOO2-AGC1-8 
CDS 

pOO2, in vitro cRNA synthesis of AGC1-8 
cRNA for oocyte injection Julia Karmann 

pOO2-AGC1-9 
CDS 

pOO2, in vitro cRNA synthesis of AGC1-9 
cRNA for oocyte injection Julia Karmann 

pOO2-AUX1 
CDS 

pOO2, in vitro cRNA synthesis of AUX1 
cRNA for oocyte injection 

Ulrich Z. Hammes, 
Yang et al. 2006 

pOO2-BRX 
CDS 

pOO2, in vitro cRNA synthesis of BRX cRNA 
for oocyte injection Ulrich Z. Hammes 

pOO2-BRXL 
CDS 

pOO2, in vitro cRNA synthesis of BRXL 
cRNA for oocyte injection Ulrich Z. Hammes 

pOO2-CAT6 
CDS 

pOO2, in vitro cRNA synthesis of CAT6 
cRNA for oocyte injection 

Ulrich Z. Hammes, 
Hammes et al. 2006 

pOO2-KIPK 
CDS 

pOO2, in vitro cRNA synthesis of KIPK cRNA 
for oocyte injection Julia Karmann 

pOO2-PIN1 pOO2, in vitro cRNA synthesis of PIN1 cRNA 
for oocyte injection Absmanner, 2013 

pOO2-PIN3 pOO2, in vitro cRNA synthesis of PIN3 cRNA 
for oocyte injection Absmanner, 2013 

pOO2-PIN5 pOO2, in vitro cRNA synthesis of PIN5 cRNA 
for oocyte injection Kolb, 2015 

pOO2-PIN6 
pOO2, in vitro cRNA synthesis of PIN6 cRNA 
for oocyte injection, PIN6 CDS cured of BsaI 
sites and framed with BamHI sites 

Ulrich Z. Hammes 

pOO2-PIN8 pOO2, in vitro cRNA synthesis of PIN8 cRNA 
for oocyte injection Kolb, 2015 

pOO2-PIN8-2-8 pOO2, in vitro cRNA synthesis of PIN8-2-8 
cRNA for oocyte injection Kolb, 2015 

pOO2-PIN8-3-8 pOO2, in vitro cRNA synthesis of PIN8-3-8 
cRNA for oocyte injection Kolb, 2015 

pOO2-PINOID pOO2, in vitro cRNA synthesis of PINOID 
cRNA for oocyte injection Absmanner, 2013 

pOO2-YFP-
D6PK 

pOO2, in vitro cRNA synthesis of YFP-D6PK 
for oocyte injection Absmanner, 2013 
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6.1.3 Primers 

All transgenic lines generated within the frame of this work were genotyped for pin2 

background and the T-DNA insertion by PCR with the primers listed in Table 6-3. Primers 

were ordered at Merck KGaA (Darmstadt). 
 

Table 6-3 Primers used for genotyping in this study 

Name T-DNA 
insertion Sequence (5' - 3') 

pGGZ003_LB_REV LB in pGGZ003, 
REV GATCTTGGCAGGATATATTGTGGTGTAACGTT 

pGGZ003_RB_FWD RB in pGGZ003, 
FWD CGACTTAGTTTACCCGCCAATATATCCTGTCAAGG 

OlexTATA FWD OlexTATA-35s 
Box, FWD TGCATGCCAGCTTGGGCTGCAGGTCGAGGC 

KOM138 PIN8 CDS, FWD  ATGATCTCCTGGCTCGATATCTACCATGTTGTTTCA
GC 

KOM139 PIN8 CDS, REV TCATAGGTCCAATAGAAAATAATATGCCAAAGTTGT
TGG 

KOM142 PIN2 loop, FWD GCTAAGCTTCTCATCTCCGAGCAGTTCCCGG 
KOM143 PIN2 loop, REV ACTCGCCGGCGGCATCTGCTGTTTCCTAGG 
KOM144 PIN3 loop, FWD GCCAAGATGCTCATCATGGAGCAGTTCCCTG 
KOM145 PIN3 loop, REV ACTCGCCGGAGGCATATTTTTTCGTTGACTTGC 

KOM146 PIN8 CDS 
TMD1, REV CCTTGCGGCGTTAAGCTCGAACAAAAAGAGC 

KOM147 PIN2 loop, REV CCGGGAACTGCTCGGAGATGAGAAGCTTAGC 
KOM149 PIN8 CDS, FWD ACAACTTTGGCATATTATTTTCTATTGGACCTATG 
KOM150 PIN8 CDS, FWD ACTTTGGCATATTATTTTCTATTGGACCTATG 
KOM151 eGFP, FWD GGGATCACTCTCGGCATGGACGAGCTGTACAAG 
KOM153 PIN3 loop, REV CAGGGAACTGCTCCATGATGAGCATCTTGGC 
KOM154 eGFP, FWD ATGGTGAGCAAGGGCGAGGAGCTGTTCACCG 
KOM155 eGFP, REV CTTGTACAGCTCGTCCATGCCGAGAGTGATCC 

KOM157 PIN2 Promoter, 
FWD 

AACACAAACAACATTAATTAAATATCGTCTCAAGGA
AC 

KOM160 PIN2 loop, FWD GTCCCGGTCCTAGGAAACAGCAGATGCCGCCGGC
GAG 

KOM161 PIN3 loop, FWD GCAAGTCAACGAAAAAATATGCCTCCGGCGAG 
KOM162 PIN6 CDS, FWD ATGATAACGGGAAACGAATTCTACAC 
KOM163 PIN6 CDS, FWD CTATTTTGTACTACGTCCTCTTGGGC 
KOM164 PIN6 CDS, REV TCATAGGCCCAAGAGGACGTAGTAC 
KOM165 PIN6 loop, FWD GCAGCGAGGTTGCTTATCCGAGC 
KOM166 PIN6 loop, FWD GGCCGCAAGCTTTCTCGAAACCCTAAC 
KOM167 PIN6 loop, REV GTTAGGGTTTCGAGAAAGCTTGCGGCC 
KOM168 eGFP, REV GCTCCTCGCCCTTGCTCACCAT 

KOM169 PIN2 Promoter, 
REV ACACTTTCTGAGCGATCTGC 

KOM170 PIN8 CDS, FWD AGCTCTTCTCACCCGAACAATGCGC 
KOM171 PIN2 loop, REV CCGACACCGGAGAAGCACTCGAACT 
KOM172 PIN6 CDS, REV GTAGAATTCGTTTCCCGTTATCAT 
KOM173 PIN6 loop, REV GCTCGGATAAGCAACCTCGCTGC 
KOM 175 PIN2 loop, FWD AGACGGTAATAACGGGGGAAAG 
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KOM 176 PIN2 Terminator 
(UTR), REV GCAAATACGTTTTGATAATAAC 

GUS_START_FWD ß-Glucuronidase 
CDS, FWD ATGGTCCGTCCTGTAGAAACCC 

GUS_STOP_REV ß-Glucuronidase 
CDS, REV TCATTGTTTGCCTCCCTGCTGCGG 

GUS_MITTE_FWD ß-Glucuronidase 
CDS, FWD TTTGGTCGTCATGAAGATGCGG 

GUS_MITTE_REV ß-Glucuronidase 
CDS, REV GCCAGTAAAGTAGAACGGTTTGTGG 

KOM178 PIN2 loop, FWD TAAAGTTTCTATTCCTCCTCACGAC 
KOM179 PIN2 loop, FWD CCTTTTTTGCCCATGTAAGGTGA 
KOM180 eGFP, FWD GGAGCTGTTCACCGGGGTGGTGCCC 
KOM181 eGFP, REV GGGCACCACCCCGGTGAACAGCTCC 
KOM182 eGFP, FWD GGAGTTCGTGACCGCCGCCGGG 
KOM183 eGFP, REV CCCGGCGGCGGTCACGAACTCC 

KOM184 
PIN8 TMD 
CDS/PIN2 Loop, 
FWD 

GTTCGAGCTTAACGCCGCAAGGGCTAAGCTTC 

KOM185 PIN2 loop/PIN8 
TMD CDS, REV GAAGCTCCAGAAGATGGTAACGCACTCGCCGG 

LP01 pin2 SALK T-
DNA insertion AACCCTGCTACTGATTTTCCG 

LBb1.3 pin2 SALK T-
DNA insertion ATTTTGCCGATTTCGGAAC 

 RP01 pin2 SALK T-
DNA insertion TATGGTCAGTTCCGTCGTACC 

 

6.2 Methods 

Standard methods of molecular biology were performed according to Sambrook et al. 1989 

using molecular-grade reagents. 

6.2.1 Molecular cloning 

The plasmids and vectors used and cloned within the frame of this work are listed in Table 
6-2. All plasmids were cloned with the coding sequences (CDS) of the respective 

genes/constructs. The PIN2 promoter (1132 bp) and the PIN2 terminator (500 bp) were PCR 

amplified from Arabidopsis genomic DNA. Constructs cloned into pGGZ003 (Lampropoulos et 

al., 2013) were assembled using fragments, which were PCR amplified with BsaI sites 

overhangs, a BASTA resistance cassette conferred BASTA (phosphinothricin) resistance to select 

for transformants. Primers were designed using the online NEBridgeTM Golde Gate Assembly 

Tool. eGFP CDS was amplified from pBla001 (Andrea Bleckmann, pGGB000, Lampropoulos 

et al. 2013). cDNAs were cloned blunt into pOO2 (Ludewig et al., 2002) as described before 

(Absmanner 2013; Zourelidou et al. 2014). 
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The compositions of the CDS of the PIN8-2-8 and PIN8-3-8 chimaeras (Ganguly et al., 2014), 

their GFP-fused version, and the PIN6-GFP fusion (Sawchuk et al., 2013) are illustrated in 

Fig. 6-1.  

 

6.2.2 Genotyping of plant genomic DNA 

Genomic DNA was extracted from ca. 50 mg leave/plant material. The plant material was put 

in 2 ml reaction tubes filled with glass beads, frozen in liquid nitrogen, and ground with a 

QIAGEN® TissueLyser at 30 Hz for 2 minutes. 750 μl extraction buffer [50 mM Tris-HCl (pH 

8.0), 10 mM EDTA (pH 8.0), 100 mM NaCl, 10 mM 2-Mercaptoethanol, 1% (w/v) SDS, 2-

Mercaptoethanol and SDS were added just before usage of the buffer] were added and the 

mixture was left to incubate at 65°C in a water bath for 15 min. 200 μl 5 M KAc were added 

followed by incubation on ice for 20 min. After centrifugation (10 min, 13000 rpm), 700 μl of 

the supernatant was transferred to a new tube and 700 μl isopropanol was added. After 

another centrifugation, the supernatant was removed, 600 μl 70% (w/v) Ethanol was added to 

the pellet and incubated for five minutes at room temperature. After another centrifugation, the 

supernatant was removed, and the pellet was air-dried and dissolved in 100 μl ddH20 overnight 

at 8°C. The Arabidopsis lines were genotyped for pin2 background and the T-DNA insertion 

by PCR using Taq DNA polymerase and the primers listed in Table 6-3 according to standard 

operating protocol.  

Fig. 6-1 Illustration of the cloning strategy of the cDNAs of the two chimaeras, their GFP-fused version, 
and PIN6-GFP 
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6.2.3 Biochemical methods 

6.2.3.1. Protein purification of recombinant GST-tagged proteins 

For protein purification of recombinant GST-tagged proteins, E.coli BL21 were transformed 

with pDest15 encoding for GST:D6PK, GST:PIN1-loop or GST:PIN3-loop respectively freshly 

the day before purification. A pre-culture was inoculated and shaken at 37°C overnight. The 

pre-culture was used the next day to inoculate a 200 ml culture which was shaken at 37°C 

until OD600 = 0,6 – 0,7 was reached. Subsequently, protein synthesis was induced by adding 

IPTG (0,5 mM end concentration) and the culture was shaken at 18°C for roughly 21 more 

hours. Cells were harvested in 50 ml tubes by centrifugation (4000g, 10 min, 4°C) and frozen 

at -80°C to help cell disruption and for storage. 

For purification, the cell pellet was firstly thawed on ice and resuspended in 8 ml extraction 

buffer [1x PBS, 10% Glycerol, 1% Triton X, 50 mg / 50 ml Lysozyme, protease inhibitor cocktail 

PIC (Sigma-Aldrich, St. Louis, MO)]. Thereafter, the cells were disrupted by ultrasonication 

while cooling them constantly with ice. After a centrifugation step (10,000 g, 10 min, 4°C), the 

supernatant was transferred into a new 50 ml reaction tube and PBS + PIC buffer was added 

to a final volume of 35 ml. 100 μl of GSH beads were added and the reaction was rotated for 

30 min at 4°C. After another centrifugation step, 30 ml of the supernatant was discarded 

carefully, and the beads were washed two times with 20 ml PBS + PIC buffer with each one 

centrifugation step in between. After washing, the beads were transferred in a new 1,5 ml 

reaction tube, centrifuged and the supernatant was removed completely. For elution with 

glutathione, 50 μl of a 50 mM stock was added to the beads, which were then rotated for 30 

min at 4°C. A last centrifugation step was performed to separate the elution from the beads. 

The protein elution was checked on a SDS gel with a subsequent CBB staining.  
 

6.2.3.2. In vitro phosphorylation of purified PIN loop 

In vitro phosphorylation experiments were carried out as described (Zourelidou et al., 2014). 

For NPA treatment, NPA was solved in EtOH and added to the reaction buffer to a final 

concentration of  100 µM. The equivalent volume of EtOH only was used as solvent control. 

6.2.4 Plant growth conditions 

For growth of plants on plates under sterile conditions, Arabidopsis seeds were sterilized with 

chlorine gas (50 ml NaOCl + 3 ml 37% HCl) for one hour. Sterile seeds were placed under a 

sterile hood on solid growth medium (Murashige & Skoog medium (MS) medium with 1% 

sucrose) and stratification was performed on plates for 48 – 72 hours at 4°C in the dark. 

Seedlings were grown under long-day conditions (120 μmol m-2 s-1, 16 hours light / 8 hours 
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darkness), vertically in a Sanyo chamber. For growth on soil, seeds were put on soil and 

transferred to plant growth chambers under long-day conditions.  

6.2.5 Stable transformation and selection of plant lines  

The individual constructs were introduced into pin2 background using the “Floral dipping 

method” (Clough and Bent, 1998). The Agrobacterium suspension was prepared by the 

addition of 5% (w/v) sucrose and 0.05 Silwet® L-77. Positive seedlings were preselected by 

applying BASTA® solution [0.1% (v/v) BASTA® solution (Bayer), 0.1% (v/v) Tween® 20] three 

times every third day and genotyped for pin2 background and T-DNA insertion (see 6.2.2). 

6.2.6 Crossing of plant lines 

For crossing (transgenic) pin2 mutant lines with PDR5:GUS plants, flowers of the pin2 lines 

were emasculated and pollinated with PDR5:GUS pollen. Mature siliques were harvested and 

seeds were sown out on soil. Plants that contained the PDR5:GUS reporter and the respective 

PIN2 promotor-driven construct were preselected by applying BASTA® solution [0.1% (v/v) 

BASTA® solution (Bayer), 0.1% (v/v) Tween® 20] three times every third day and genotyped 

for pin2 background and T-DNA insertion (see 6.2.2). 

6.2.7 Plant physiology experiments 

Arabidopsis seedlings were grown as described in 6.2.4 for five days, then pictures were taken 

for evaluation. Evaluation of the roots was performed using the Fiji (ImageJ) “Simple Neurite 

Tracer” plugin, the rectangle tool, and the “Angle root script” to give the value of the root angle 

simultaneously, which was kindly provided by José Antonio Villaécija Aguilar. Root length, root 

angle, and VGI were defined according to Grabov et al., 2005. Statistical analysis was 

performed using SigmaPlot 14.0 software (Systat Software Inc), blotting of data was 

performed using GraphPad Prism 8 Software (GraphPad Software) with default settings. 

6.2.8 Histochemical GUS Staining 

For histochemical GUS staining, Arabidopsis seedlings were grown as described in 6.2.4  for 

five days. Afterwards, roots of the seedlings were cut off and each root was transferred into 

one well of a 24-well-plate containing 250 μl freshly prepared GUS staining solution [100 mM 

NaP04 (pH 7.0), 10 mM EDTA (pH 7.0), 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6, 10% Triton X-

100 (v/v), 1.25 mM X-Gluc]. For a stock GUS staining solution, X-Gluc was dissolved in DMSO 

and kept in the dark at 8 °C. The seedlings were left on the plates and grown for three more 

days to allow for gDNA extraction for genotyping. The well plate with the roots was incubated 

at 37°C in the dark for one hour. Afterwards samples were washed three times in 0.05 NaPO4 
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(pH 7.2) and subsequently analyzed by DIC (differential interference contrast) microscopy at 

an Olympus BX61 microscope (see 6.2.9). 

6.2.9 Microscopy and signal quantification  

Confocal microscopy images were acquired with an Olympus BX61 microscope equipped with 

a FV1000 confocal laser scanning unit (Olympus, Hamburg). Propidium iodide staining was 

performed as described (Müller et al. 2015). Images were processed only for brightness and 

contrast adjustments using Fiji (ImageJ). 

GUS-stained samples were analyzed by DIC microscopy at an Olympus BX61 microscope. 

The GUS stained samples were mounted in chloral hydrate solution [50% (w/v) chloral 

hydrate, 10% (v/v) glycerol]. ImageJ-based quantification of the staining was carried out as 

described (Béziat et al. 2017). 

6.2.10 Xenopus laevis oocyte transport assay 

General procedure was performed according to Absmanner, 2013 and Fastner et al., 2017 

with changes as stated below. 
 

In vitro transcription of cRNA 

For in vitro transcription of cRNA (see step 2 in Fastner et al., 2017), 10 μg of vector containing 

the gene of interest was linearized, preferentially with MluI in an overnight reaction. To achieve 

a high yield of cRNA (see step 12), the maximum of template DNA was used and the reaction 

was incubated for two hours at 37°C. After mRNA synthesis, template DNA was removed by 

adding 1 μl of TURBO DNase. 

For oocyte injection with cRNA (see step 4), cRNA working solutions were prepared as 

described in (Absmanner, 2013; Zourelidou et al., 2014).  
 

Efflux experiments with 3H-IAA or 3H-NPA 

For efflux experiments with radioactive labeled substances (3H-IAA or 3H-NPA), oocytes were 

injected at room temperature (see step 4), kept in the “recovery” plate for two minutes (see 

steps 8 and 15), and washed in two Petri dishes containing Barth’s solution which was 

exchanged at times (see step 13). 

For experiments with NPA applied from outside, NPA (prepared in 180 mM stock solution, 

solved in EtOH) was added to Barth’s solution (pH 7.6 and pH 5.5) to obtain a concentration 

of 10 µM. Oocytes were incubated for ten or 150 min before at room temperature. Thereafter, 

the efflux experiment with 3H-IAA was performed.  
 

 

 



79 
 

Co-injection of potential modifiers of  3H-IAA efflux  

The concentrations of the solutions were calculated in a way to obtain an internal 

concentration of 100 µM (or 10 µM) of the different chemicals/substances and 1 µM of 3H‐IAA 

upon injecting the solution together with 3H-IAA into the oocytes. Stock solutions (180 mM and 

18 mM in the case of Quercetin) of the different substances were prepared by solving the 

substance either in H20 (Serotonin, trans-Zeatin, tryptophan) or EtOH (IAA, Me-IAA, IBA, 

2,4-D, NAA, quercetin, NPA, TIBA) according to The Merck Index (Merck & Co., Inc.). To 

perform the assays, working solutions (1,8 mM) were prepared freshly by diluting the stock 

solutions with Barth’s solution. NBD-IAA (in DMSO, stock concentration undetermined) was 

mixed 1:5 with Barth’s solution to serve as a working solution. 3H‐IAA was diluted 1:2.5 in 

Barth’s + Gent and the 3H‐IAA solution was mixed with the respective working solution of the 

substance to be co-injected (or Barth’s solution only for mock control) in a ratio of 1:1.  
 

Uptake experiments with 3H-IAA and 14C-leucine 

For the uptake experiments, Barth’s solution with pH 5.5 was used for all incubation steps. 

Prior to the uptake experiment, oocytes were injected with Barth’s solution with NPA (100 µM 

internal concentration, see “Co-injection of potential modifiers of  3H-IAA efflux”) or without 

NPA. Subsequently, they were incubated on ice for two minutes, thereafter uptake 

experiments with 3H-IAA (Yang et al., 2006) or 14C-leucine (Hammes et al., 2006) were 

performed as described. Here, 1.5 reaction tubes provided with 50 µl of the respective 

substrate-solution were used. Oocytes were incubated for five or 30 minutes at room 

temperature, and afterwards washed three times with Barth’s solution with cold substrate in 

12 well plates. Thus, the oocytes were separated and cpm in oocytes were determined. 
 

Determination of transport rates 

The relative transport rates were calculated from the obtained time courses as described 

before (Absmanner, 2013). Only those parts of the curve in which the auxin content decreased 

in a linear fashion were considered. For assays with PIN1 this was 0 – 30 minutes, for assays 

with PIN3, PIN6, PIN8, PIN8-2-8, PIN8-3-8, and the respective GFP-fused versions this was 

0 – 15 minutes.  

6.2.11 In silico protein alignment 

Protein alignment of the PIN hydrophilic loops was performed as described (Zourelidou et al. 

2014). 
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9. Abbreviations 
 
2,4-D  2,4-dichlorophenoxyacetic acid  
AA  Amino acid 
ANOVA  Analysis of Variance 
ARF  Auxin response factors  
ATP  Adenosine triphosphate 
AUX  AUXIN RESISTANT 
AUX/IAA  AUXIN/INDOLE-3-ACETIC ACID 
BRX  BREVIS RADIX 
BRXL  BREVIS RADIX-LIKE 
CAT  Cationic amino acid transporters 
CDS  Coding sequence 
Col-0  Columbia 0 
cpm  Counts per minute 
D6PK  D6 PROTEIN KINASE 
D6PKL  D6 PROTEIN KINASE-LIKE 
DR5  DIRECT REPEAT 5 
ER  Endoplasmic reticulum 
GEF  Guanine-nucleotide exchange factor 
GFP  GREEN FLOURESCENT PROTEIN 
GN  GNOM 
GUS  ß-GLUCURONIDASE 
HL  Hydrophilic loop 
IAA  Indole-3-acetic acid 
IBA  Indole-3-butyric acid  
KIPK  KCBP-INTERACTING PROTEIN KINASE 
LAX  LIKE AUX 
MAP  MITOGEN-ACTIVATED PROTEIN 
MAPK  MITOGEN-ACTIVATED PROTEIN KINASE 
MDR/PGP  MULTIDRUG RESISTANCE/P-GLYCOPROTEIN 
Me-IAA  Methylated IAA  
NAA  1-Naphthaleneacetic acid  
NBD-IAA  7-nitro-2,1,3- benzoxadiazole-conjugated IAA (Hayashi et al., 2014) 
NPA  N-1-naphthylphthalamic acid  
PAT  Polar auxin transport 
PAX  PROTEIN KINASE ASSOCIATED WITH BRX 
PAXL  PROTEIN KINASE ASSOCIATED WITH BRX LIKE 
PPSE  Protophloem sieve element 
phot  Phototropin 
PI  Propidium Iodide 
PID  PINOID 
PILS  PIN-LIKES 
PIN  PIN-FORMED 
PM  Plasma membrane 
PP2A  PROTEIN PHOSPHATASE 2A 
QC  Quiescent center 



84 
 

ROI  Region of interest 
SDS/PAGE  Sodium dodecyl sulfate/polyacrylamide gel electrophoresis 
SEM  Standard error of the mean 
TIBA  2,3,5-triiodobenzoic acid  
TIR  TRANSPORT INHIBITOR RESPONSE 
TMD  Transmembrane domaine 
TOB  TRANSPORTER OF IBA 
Trp  Tryptophan 
UNC  UNICORN 
VGI  Vertical growth index (Grabov et al., 2005) 
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