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In the soil below 
Lies a seed, waiting to grow 
Tiny, fragile, yet full of life 

Ready to break free from strife 

As the seedling emerges 
Auxin guides its every verge 

Sending signals down the roots 
Telling them which way to shoot 

Through the soil, the roots they reach 
Absorbing water, nutrients—each 

Growing stronger day by day 
As they seek the home they'll stay 

And from above, the plant's abloom 
Through sunshine, rain, and thunder's boom 

A testament of growth and life 
Fueled by seeds, roots, auxin, and strife. 

 

— ChatGTP 3.5 
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Abstract 
 
PIN-FORMED PROTEINs (PINs) are the main factors in polar auxin transport (PAT). Their cell 

biology has been studied extensively over the last decades and members of the AGCVIII kinase 

family were identified as regulators of cellular localization and activation of PINs.  

In this thesis I determined the transport properties of canonical PINs and the impact of the PIN protein 

domains on transport. PINs consist of two transmembrane (TM) domains and a cytosolic loop 

domain. The loop domain contributes to the regulation of localization and has been viewed mainly 

as on/off switch for transport activity upon phosphorylation, whereas the TM domains form the 

transporter unit in the plasma membrane (PM). Using Xenopus laevis oocytes, the concentration-

dependent transport properties of PINs were investigated and more members of the AGCVIII kinase 

family and of other kinase families were tested with respect to their potential to activate transport. 

The agravitropic root phenotype of the pin2 mutant was used to monitor the impact of modulating 

auxin flow on gravitropic root growth and root bending rates.  

Through domain swapping of canonical and noncanonical PINs, additional layers of PIN-mediated 

transport regulation were identified. The loop contributes to transport itself by intramolecular 

interactions with the TM domains. It is suggested that the loop modulates the TM domain context 

and that some regulatory aspects are dependent on the combination of the PIN domains. Neither all 

AGVIII kinases nor members of other kinase families could activate PIN transport. Further, the 

kinase directly impacts the PIN transport properties, which underlines the importance of the kinase 

identity. This suggests distinct structural interactions of the kinase with the TM domains and the loop 

domain.  

It was concluded that the level of (activated) PIN in the PM determines the net flux over the 

membrane, the loop domain and the kinase impact the transport properties through structural 

interactions with the TM domains and/or the loop domain, but that the observed differences in 

transport activity might be compensated in the plant and that activation of transport is limited to some 

members of the AGCVIII kinase family.  

The transport data are in line with the data obtained in planta, which contributes to explain the auxin 

levels in the root. The results demonstrate that PAT and auxin flow cannot be explained solely by the 

cellular localization of PINs. Polar localization to the PM is necessary for PAT, but not sufficient to 

explain auxin distribution by PIN-mediated transport. In the future, it will be necessary to understand 

which molecular mechanisms lead to the differences in transport rates observed for different PINs. 
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Zusammenfassung 
 
PIN-FORMED Proteine (PINs) sind maßgeblich für den polaren Auxintransport in Pflanzen 

verantwortlich. Ihre Zellbiologie wurde in den letzten Jahrzehnten eingehend untersucht und Kinasen der 

AGCVIII-Kinasefamilie wurden als Regulatoren der zellulären Lokalisierung und Aktivierung der PINs 

identifiziert.  

Ziel dieser Arbeit war es die Transporteigenschaften von kanonischen PINs und den Beitrag der 

Proteindomänen zum Transport zu bestimmen. Die PINs setzen sich aus zwei Transmembran (TM)-

Domänen und der zytosolischen Loop-Domäne zusammen. Die Loop-Domäne ist an der 

Lokalisierungsregulation beteiligt und wurde bisher als phosphorylierungsabhängiger 

Aktivierungsschalter betrachtet, wohingegen die Transmembran (TM)-Domänen die Transporter-Einheit 

in der Plasmamembran (PM) bilden. In Oozyten von Xenopus laevis wurden die Transporteigenschaften 

in Abhängigkeit von der Substratkonzentration der PINs untersucht und weitere Mitglieder der AGCVIII-

Kinasefamilie und anderer Kinasefamilien hinsichtlich ihres Potentiales PINs zu aktiveren untersucht. 

Mittels des agravitropen Wurzelphänotyps der pin2 Mutante wurde der Einfluss von modifizierten 

Auxinflüssen anhand von Wurzelwachstum und Biegung der Wurzelspitze nach Änderung des 

Gravitationsvektors untersucht.  

Durch das Austauschen von Proteindomänen kanonischer und nichtkanonischer PINs konnten weitere 

Ebenen der Transportregulierung identifiziert werden. Die Loop-Domäne trägt durch intramolekulare 

Interaktionen mit den TM-Domänen zum Transport bei. Es wird vermutet, dass die Loop-Domäne den 

Kontext der TM-Domänen moduliert und dass manche regulatorischen Aspekte durch bestimmte 

Kombinationen der PIN-Domänen beeinflusst werden können. Der PIN-Transport wurde weder von allen 

Mitgliedern der AGCVIII-Kinasefamilie, noch von Mitgliedern anderer Kinasefamilien aktiviert. Zudem 

beeinflusst die aktivierende Kinase direkt die Transporteigenschaften eines PINs, was die Notwendigkeit 

nach kompatiblen PIN-Kinase-Kombinationen unterstreicht. Dies legt eine strukturelle Interaktion 

zwischen der Kinase und den TM-Domänen, sowie der Loop-Domäne nahe.  

Daraus ergibt sich, dass die Menge an (aktivierten) PINs in der PM den Netto-Efflux über die Membran 

bestimmt, dass Loop-Domäne und Kinase die Transporteigenschaften durch strukturelle Interaktion 

zwischen TM-Domäne und/oder Loop-Domäne beeinflussen, aber dass die beobachteten Unterschiede in 

der Pflanze kompensiert werden und dass nur einzelne Mitglieder der AGCVIII-Kinasefamilie PINs 

aktivieren können.  

Anhand der Transporteigenschaften der PINs können die Auxinlevel in der Wurzel besser erklärt werden. 

Die Ergebnisse dieser Arbeit stellen die gängige Meinung, dass die zelluläre Lokalisierung der PINs 

ausreiche, um polaren Auxinfluss zu beschreiben, in Frage. Die polare Lokalisierung in der PM ist 

notwendig, aber nicht hinreichend um die Auxinverteilung zu erklären. In der Zukunft wird es notwendig 

sein, die molekularen Mechanismen zu verstehen, die zu den beobachteten Unterschieden führen, um 

PINs mit definierten Charakteristiken zu schaffen. 



List of publications 

 IV 

List of publications 
 

Parts of the thesis will be published in:  

 

Janacek, D.P., Kolb, M., Schulz, L., Glanc, M., Friml, J., Ten Tusscher, K.H., Mergner, J., Küster, 
B., Schwechheimer, C., Hammes, U.Z. (2023). Transport properties of canonical PIN 
proteins and the role of the loop in auxin transport. Nat Plants. 

 

Publications from doctoral work not included in this thesis: 

 

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 U S A 118. 

Marhava, P., Aliaga Fandino, A.C., Koh, S.W.H., Jelinkova, A., Kolb, M., Janacek, D.P., Breda, 
A.S., Cattaneo, P., Hammes, U.Z., Petrasek, J., and Hardtke, C.S. (2020). Plasma Membrane 
Domain Patterning and Self-Reinforcing Polarity in Arabidopsis. Dev Cell 52, 223-235 
e225. 

Roth, O., Yechezkel, S., Serero, O., Eliyahu, A., Vints, I., Tzeela, P., Carignano, A., Janacek, D.P., 
Peters, V., Kessel, A., Dwivedi, V., Carmeli-Weissberg, M., Shaya, F., Faigenboim-Doron, 
A., Riov, J., Klavins, E., Dawid, C., Hammes, U.Z., Ben-Tal, N., Napier, R., Sadot, E., and 
Weinstain, R. (2023). Alleviating the barrier of adventitious roots formation in recalcitrant 
mature tissue by slow release of a synthetic auxin. bioRxiv, 2023.2003.2013.532257. 

Skokan, R., Medvecka, E., Viaene, T., Vosolsobe, S., Zwiewka, M., Muller, K., Skupa, P., Karady, 
M., Zhang, Y., Janacek, D.P., Hammes, U.Z., Ljung, K., Nodzynski, T., Petrasek, J., and 
Friml, J. (2019). PIN-driven auxin transport emerged early in streptophyte evolution. Nat 
Plants 5, 1114-1119. 

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. 

Yang, S., de Haan, M., Mayer, J., Janacek, D.P., Hammes, U.Z., Poppenberger, B., and Sieberer, T. 
(2022). A novel chemical inhibitor of polar auxin transport promotes shoot regeneration by 
local enhancement of HD-ZIP III transcription. New Phytol 235, 1111-1128. 

 

 

  



List of figures 

 V 

List of figures 
 

Figure 1 – Auxin flux and levels in the Arabidopsis root ................................................................... 2 
Figure 2 – Protein structure of PIN8 ................................................................................................. 10 
Figure 3 – Time scale of regulation of auxin flow through control of PINs .................................... 12 
Figure 4 – Phylogenetic tree of AGCVIII kinase family from Arabidopsis thaliana ....................... 13 
Figure 5 – Phosphorylation sites of PINs from Arabidopsis thaliana .............................................. 16 
Figure 6 – Plating scheme for the gravitropism assay with T2 lines ................................................ 37 
Figure 7 – IAA transport properties of all canonical PINs in Xenopus oocytes ............................... 42 
Figure 8 – IAA efflux assay at increasing internal concentrations ................................................... 43 
Figure 9 – Proteome and phospho-proteome analyses of PINs and D6PK or PINOID in Xenopus 

oocytes .............................................................................................................................................. 46 
Figure 10 – Potential of PIN1, PIN2 and PIN3 to rescue the pin2 mutant phenotype ..................... 53 
Figure 11 – IAA transport properties and potential to rescue the pin2 mutant phenotype of GFP-

tagged PIN1, PIN2 and PIN3 ............................................................................................................ 54 
Figure 12 – Localization of PINs and IAA levels in root tips .......................................................... 55 
Figure 13 – Polarity index of PIN1, PIN2 and PIN3 in trichoblasts and atrichoblasts in the root tip of 

the pin2 mutant ................................................................................................................................. 57 
Figure 14 – Response of PIN1, PIN2 or PIN3 to a gravitropic stimulus .......................................... 58 
Figure 15 – Root tip growth and DR5 auxin response reporter after gravitropic stimulus .............. 59 
Figure 16 – Canonical PIN chimeras ................................................................................................ 61 
Figure 17 – IAA transport properties of PIN3 without loop domain ................................................ 61 
Figure 18 – Potential of PIN1-2-1 and PIN1-3-1 chimeras to rescue the pin2 phenotype, their 

localization in the root tip and their IAA transport properties .......................................................... 63 
Figure 19 – Potential of PIN2-1-2 and PIN2-3-2 chimeras to rescue the pin2 phenotype, the 

localization of PIN2-3-2 in the root tip and the IAA transport properties ........................................ 66 
Figure 20 – Potential of PIN3-1-3 and PIN3-2-3 chimeras to rescue the pin2 phenotype, their 

localization in the root tip and their IAA transport properties .......................................................... 69 
Figure 21 – Potential of PIN chimeras to rescue the pin2 phenotype and their polarity index ........ 71 
Figure 22 – Response of PIN chimeras to a gravitropic stimulus .................................................... 73 
Figure 23 – IAA levels of PIN chimeras in the root tip .................................................................... 75 
Figure 24 – Potential of triple PIN chimeras to rescue the pin2 phenotype and their IAA transport 

properties .......................................................................................................................................... 78 
Figure 25 – IAA transport properties of mutated PIN variants ........................................................ 80 
Figure 26 – IAA transport properties and ability to rescue the pin2 phenotype and localization of 

PIN8 and the chimeras ...................................................................................................................... 83 

file:////Users/dorina/Promotion/Writing/Dissertation_finalwriting_Masterdokument/Dissertation.docx#_Toc129976291
file:////Users/dorina/Promotion/Writing/Dissertation_finalwriting_Masterdokument/Dissertation.docx#_Toc129976292
file:////Users/dorina/Promotion/Writing/Dissertation_finalwriting_Masterdokument/Dissertation.docx#_Toc129976294
file:////Users/dorina/Promotion/Writing/Dissertation_finalwriting_Masterdokument/Dissertation.docx#_Toc129976295


List of figures 

 VI 

Figure 27 – IAA transport activation by D6PK-LIKE1, D6PK-LIKE2 and D6PK-LIKE3 ............. 86 
Figure 28 – Impact of PDK1 and PAX variants on PIN3-mediated IAA transport .......................... 87 
Figure 29 – Immunoblot analysis of PIN3 and its activating kinases .............................................. 88 
Figure 30 – PIN3-mediated transport activation by AGC1.7 and phosphorylation sites in PIN3 .... 89 
Figure 31 – IAA transport activation by AGC1.8 and KIPK kinase chimeras ................................. 91 
Figure 32 – IAA transport activation by MAP kinases ..................................................................... 92 
Figure 33 – Impact of WAG1 and CRK5 on PIN2-mediated IAA transport .................................... 93 
Figure 34 – Relative transport rates of PIN chimeras ....................................................................... 97 
Figure 35 – Model for IAA transport by canonical PINs ................................................................. 99 
Figure 36 – PIN chimeras ranked by IAA transport rates and root angle. ...................................... 104 

  

file:////Users/dorina/Promotion/Writing/Dissertation_finalwriting_Masterdokument/Dissertation.docx#_Toc129976324


List of tables 

 VII 

List of tables 
 

Table 1 – Bacteria strains used in this thesis. ................................................................................... 20 
Table 2 – Transgenic lines used in this thesis. .................................................................................. 21 
Table 3 – Constructs for oocyte transport assay used in this thesis. ................................................. 22 
Table 4 – Primers for GreenGate cloning to generate plant expression constructs. ......................... 24 
Table 5 – Primer combinations for genotyping transgenic plant lines used in this thesis. ............... 31 
Table 6 – Primary and secondary antibodies for Western Blot analysis. .......................................... 35 
Table 7 – Software used in this thesis. .............................................................................................. 39 
Table 8 – IAA transport rates of PIN1, PIN2 and PIN3. .................................................................. 42 
Table 9 – Phosphosite positions in oocyte-expressed D6PK or PINOID. ........................................ 47 
Table 10 – Phosphorylated sites in PIN1, PIN2 or PIN3 expressed in oocytes with D6PK or PINOID 

in comparison to the Arabidopsis thaliana phospho-proteome. ........................................................ 48 
 

 

  



Abbreviations 

 VIII 

Abbreviations 

2,4-D ...................................................................................................................................... 2,4-Dichlorophenoxyacetic acid 

AAAP ......................................................................................................................................... AMINO ACID PERMEASE 

ABA .................................................................................................................................................................... Abscisic acid 

ABC ............................................................................................................................................ ATP-BINDING CASSETTE 

AnP ....................................................................................................................................................... Antarctic Phosphatase 

AUX1 .................................................................................................................................................. AUXIN RESISTANT 1 

BRX .............................................................................................................................................................. BREVIS RADIX 

bud1 ............................................................................................................................................................ bushy and dwarf 1 

CAMEL ......................  CANALIZATION-RELATED AUXIN-REGULATED MALECTIN-TYPE RECEPTOR KINASE  

CANAR ...................................................................................  CANALIZATION-RELATED RECEPTOR-LIKE KINASE  

CDS ............................................................................................................................................................... Coding sequence 

CRK ........................................................ Ca2+/CALMODULIN-DEPENDENT PROTEIN KINASE-RELATED KINASE 

cRNA ....................................................................................................................................................................... copy RNA 

Cryo-EM ................................................................................................................................. Cryogenic electron microscopy 

D6PK ................................................................................................................................................. D6 PROTEIN KINASE 

DII ............................................................................................................................................................................ Domain II 

EDTA ..................................................................................................................................... Ethylenediaminetetraacetic acid 

ENP1 ........................................................................................................................................... ENHANCER OF PINOID 1 

ER ..................................................................................................................................................... Endoplasmatic reticulum 

FACS ................................................................................................................................. Fluorescence-activated cell sorting 

FRAP ............................................................................................................................... Fluorescence after photo-bleaching 

gDNA ....................................................................................................................................... genomic DNA, genomic DNA 

GFP  ............................................................................................................................................... Green flueorescent protein 

GUS ............................................................................................................................................................... b-Glucoronidase 

HK1 .................................................................................................................................................... HISTIDINE KINASE 1 

IAA ........................................................................................................................................................... Indole-3-acetic acid 

IBA ......................................................................................................................................................... Indole-3-butyric acid 

IMAC .................................................................................................................. Immobilized metal affinity chromatography 

LAX ....................................................................................................................................................................... LIKE-AUX 

LFQ ................................................................................................................................................... Label-free quantification 

LRC ................................................................................................................................................................. Lateral root cap 

MAB4 .......................................................................................................................................................... MACCHI-BOU 4 

MAP ................................................................................................................................................ MITOGEN-ACTIVATED 

MKK ................................................................................................................................................. MAP KINASE KINASE 

MKKK .............................................................................................................................. MAP KINASE KINASE KINASE  

MPK .................................................................................................................................................................. MAP KINASE 

MS ............................................................................................................................ Mass spectrometry, Murashige & Skoog 

NPA ............................................................................................................................................ N-1-naphthylphthalamic acid 

NPF ............................................................................................ NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER 

PA  ................................................................................................................................................................ Phosphatidic acid 

PAT .......................................................................................................................................................... Polar auxin transport 

PAX ............................................................................................................ PROTEIN KINASE ASSOCIATED WITH BRX 



Abbreviations 

 IX 

PDK1 ................................................................................. 3-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE 1 

PI  ................................................................................................................................................................. Phosphoinositide 

PI(4,5)P2 ...................................................................................................................... Phosphatidylinositol-4,5-bisphosphate 

PI4P ..................................................................................................................................... Phosphatidylinositol-4-phosphate 

PID .............................................................................................................................................................................. PINOID 

PIF ................................................................................................................................................. PDK1-interacting fragment 

PILS ....................................................................................................................................................... PIN-LIKE PROTEIN 

PIN ................................................................................................................................................. PIN-FORMED PROTEIN 

PIP5K .......................................................................................... PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASE 

PLD ........................................................................................................................................................ PHOSPHOLIPASE D 

PM ............................................................................................................................................................... Plasma membrane 

PP2A ...................................................................................................................................... PROTEIN PHOSPHATASE 2A 

PYL ........................................................................................................................... PYRABACTIN RESISTANCE 1-LIKE 

PYR ..................................................................................................................................... PYRABACTIN RESISTANCE 1 

QC .................................................................................................................................................................. Quiescent center 

RCAR .............................................................................................  REGULATORY COMPONENT OF ABA RECEPTOR  

ROI .............................................................................................................................................................. Region of interest 

SPR ............................................................................................................................................... Surface plasmon resonance 

TM .................................................................................................................................................................. Transmembrane 

TOB1 ........................................................................................................................................... TRANSPORTER OF IBA 1 

UCN ........................................................................................................................................................................ UNICORN 

UMAMIT ................................................................... USUALLY AMINO ACIDS MOVE IN AND OUT TRANSPORTER 

VGI ........................................................................................................................................................ Vertical growth index 

WAG1 .......................................................................................................................................... WAVY ROOT GROWTH 1 

WAT1 .................................................................................................................................................... WALLS ARE THIN 1 

YFP  ............................................................................................................................................... Yellow fluorescent protein 

 

  



Contents 

 X 

Contents 

Abstract .............................................................................................................................................. II 

Zusammenfassung ............................................................................................................................ III 

List of publications ........................................................................................................................... IV 

List of figures ..................................................................................................................................... V 

List of tables .................................................................................................................................... VII 

Abbreviations ................................................................................................................................. VIII 

1 Introduction ............................................................................................................................... 1 

1.1 The phytohormone auxin .................................................................................................... 1 
1.1.1 History ............................................................................................................................ 1 
1.1.2 Physico-chemical properties and necessity of auxin transport ....................................... 1 
1.1.3 How auxin flows ............................................................................................................. 2 
1.1.4 Plant tropisms ................................................................................................................. 3 

1.2 Auxin and the root .............................................................................................................. 3 
1.2.1 Root growth .................................................................................................................... 3 
1.2.2 Root gravitropism ........................................................................................................... 4 

1.3 Polar auxin transport ........................................................................................................... 5 
1.3.1 History of PAT ................................................................................................................ 5 
1.3.2 Uptake of auxin ............................................................................................................... 6 
1.3.3 Efflux of auxin ................................................................................................................ 7 

1.4 PINs as the main auxin efflux transporters ......................................................................... 8 
1.4.1 Phenotypes and expression ............................................................................................. 8 
1.4.2 Structure ........................................................................................................................ 10 
1.4.3 Function ........................................................................................................................ 11 

1.5 Regulation of PINs ........................................................................................................... 11 
1.5.1 Kinases as master regulators ......................................................................................... 12 
1.5.2 Regulation of transport ................................................................................................. 15 
1.5.3 Regulation of localization ............................................................................................. 17 

1.6 Objectives of this thesis .................................................................................................... 19 

2 Materials and methods ........................................................................................................... 20 

2.1 Biological material and constructs for oocyte assay ......................................................... 20 

2.2 Oligos and molecular cloning ........................................................................................... 24 
2.2.1 Oligos ............................................................................................................................ 24 
2.2.2 Cloning procedure ........................................................................................................ 32 

2.3 Work with oocytes ............................................................................................................ 33 
2.3.1 Transport assay ............................................................................................................. 33 
2.3.2 Phospho-MS analysis .................................................................................................... 34 
2.3.3 Western blot analysis .................................................................................................... 34 

2.4 Work with plants ............................................................................................................... 35 
2.4.1 Growth conditions ........................................................................................................ 35 
2.4.2 Plant transformation ...................................................................................................... 35 



Contents 

 XI 

2.4.3 Genotyping ................................................................................................................... 36 
2.4.4 Crossing ........................................................................................................................ 36 
2.4.5 Physiological experiments ............................................................................................ 37 
2.4.6 Microscopy and signal quantification ........................................................................... 38 

2.5 Software ............................................................................................................................ 39 

2.6 Statistical data processing ................................................................................................. 39 

3 Results ...................................................................................................................................... 40 

3.1 Biochemical and physiological analyses of PINs ............................................................. 40 
3.1.1 PIN transport rates are linearly related to auxin concentrations and depend on the 
activating kinase ....................................................................................................................... 40 
3.1.2 The protein levels and the phosphorylation pattern of PIN1, PIN2 and PIN3 in oocytes 
are comparable .......................................................................................................................... 44 
3.1.3 PIN1 and PIN3 partially rescue the agravitropic root phenotype of the pin2 mutant .. 51 

3.2 Interplay of PIN protein domains ..................................................................................... 60 
3.2.1 PIN1 as TM domain donor ........................................................................................... 62 
3.2.2 PIN2 as TM domain donor ........................................................................................... 65 
3.2.3 PIN3 as TM domain donor ........................................................................................... 68 
3.2.4 Protein domains of PINs work together as functional IAA transporters ...................... 70 
3.2.5 TM domain parts of PIN2 and PIN3 can be swapped .................................................. 76 
3.2.6 Adoption of canonical PIN features by providing a canonical loop domain to the 
noncanonical PIN8 .................................................................................................................... 81 

3.3 Impact of AGC kinases on PIN-mediated transport ......................................................... 86 
3.3.1 D6PK-LIKE1, D6PK-LIKE2 and D6PK-LIKE3 ......................................................... 86 
3.3.2 PAX, variants of PAX and PDK1 as regulator of PAX ................................................. 87 
3.3.3 AGC1.7 ......................................................................................................................... 89 
3.3.4 AGC1.8, AGC1.9, KIPK and chimeras of AGC1.8 and KIPK .................................... 91 
3.3.5 MAP kinases ................................................................................................................. 92 
3.3.6 WAG1 and CRK5 ......................................................................................................... 93 

4 Discussion ................................................................................................................................ 94 

4.1 The transport characteristics of PINs vary ........................................................................ 94 
4.1.1 PINs possess different transport properties .................................................................. 94 
4.1.2 The loop domain contributes to transport ..................................................................... 96 
4.1.3 The kinase impacts PIN-mediated transport ............................................................... 101 

4.2 PIN biochemistry impacts root growth ........................................................................... 103 
4.2.1 Gravitropic root growth .............................................................................................. 103 
4.2.2 Localization of PINs ................................................................................................... 106 
4.2.3 Root bending ............................................................................................................... 108 
4.2.4 Auxin levels in the root tip ......................................................................................... 110 

4.3 Concluding remarks ........................................................................................................ 112 

References ....................................................................................................................................... 113 

Acknowledgements ......................................................................................................................... 124 

Appendix ......................................................................................................................................... 125 

  



Introduction 

 1 

1 Introduction 
 
1.1 The phytohormone auxin 
 
1.1.1 History 
Phytohormones occur naturally in plants and act as signaling molecules with a strong impact on plant 

physiology and development. In 1880, a mobile signal in grass coleoptiles that transports positional 

information from the plant tip through the plant body was described by Charles Darwin and his son 

(Darwin and Darwin, 1880). Later this signal was isolated from fermentation media and was 

identified as indole-3-acetic acid (IAA), that belongs to the group of auxins (Salkowski, 1885; Kögl 

et al., 1934). Auxins are organic acids with a low molecular weight, consisting of an indole ring with 

a carboxyl group in close distance (George et al., 2007). Throughout the plant kingdom, auxins are 

present from Streptophyte algae to flowering plants at low concentrations and play a role in all 

developmental processes. They are synthesized in dividing tissues, like the leaf tip or locally in the 

root apex and released from dying tissues (Petersson et al., 2009; Sheldrake, 2021). The most 

abundant auxin is in most plant species IAA. Comparable to morphogens, which govern pattern 

formation through an uneven distribution in a tissue, IAA acts through gradients in the plant body, 

which makes it a suitable molecule to connect plant growth to environmental stimuli. 

 

1.1.2 Physico-chemical properties and necessity of auxin transport 
IAA is distributed in the plant by diffusion through plasmodesmata, by long-distance transport 

through the phloem and by short-distance transport from cell to cell (Goldsmith et al., 1974; Cande 

and Ray, 1976; Mellor et al., 2020). The cell-to-cell transport occurs in a directional way by polarly 

localized auxin export transporters and is therefore called polar auxin transport (PAT).  

The chemical properties of IAA make it necessary to have a network of importer and exporter 

proteins to establish auxin gradients, as suggested by the chemiosmotic hypothesis by Rubery, 

Sheldrake and Raven (Rubery and Sheldrake, 1974; Raven, 1975). IAA is a weak acid with a pKa of 

4.85. In the apoplast, with a pH of 5.5, only 17 % of the IAA fraction is protonated. This population 

can enter the cell by passive diffusion through the lipid bilayer. The dissociated fraction of IAA is 

transported by auxin influx proteins into the cell. In the cytosol, the pH is 7.4 and the proportion 

which favors the dissociated form of IAA. The dissociated IAA cannot cross the membrane and the 

efflux of IAA from the cytoplasm to the apoplast must be mediated by efflux transport proteins.  
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1.1.3 How auxin flows 
The auxin reflux/fountain model (Figure 1A) describes the self-perpetuating flow of auxin from the 

shoot through the vasculature to the root apical meristem (acropetal auxin flow) and back towards 

the elongation zone (basipetal auxin flow). It is based on the localization of auxin transporters, the 

initial observation that horizontally grown pea roots accumulated C14-labelled IAA in the lower half 

of the root and on mathematical models of the auxin flow (Konings, 1967; Benjamins and Scheres, 

2008). An auxin maximum at the quiescent center (QC) is necessary in order to maintain the root 

meristem. From there, auxin is transported into the root cap away from the QC and distributed 

laterally from the columella through the epidermis by auxin transporters. An auxin minimum at the 

transition zone determines the shift from cell division to differentiation (Di Mambro et al., 2017). In 

the elongation zone, auxin flows back into the vasculature by diffusion and lateral transport. Auxin 

response can be visualized by transcriptional reporter constructs like DR5:GUS or DR5:GFP, which 

show a strong signal in the columella (Ulmasov et al., 1997; Ottenschlager et al., 2003). However, a 

study combining fluorescence-activated cell sorting (FACS) and mass spectrometry (MS) found that 

QC cells accumulate the highest IAA concentration, whereas the columella is largely devoid of IAA 

(Petersson et al., 2009). This indicates that auxin levels and transcriptional response are uncoupled 

in these cells. The study provided clear evidence of an auxin gradient in the root apex, with elevated 

IAA levels in the cortex, endodermis and the stele, and lower levels than the average in the epidermis 

Figure 1 – Auxin flux and levels in the Arabidopsis root. (A) Acropetal auxin flow from the shoot leads to 
increased auxin levels in the QC. Basipetal transport processes distribute auxin at the lateral sides of the root. 
Size of arrows correlates with strength of auxin flow. QC: quiescent center. MZ: meristematic zone. EZ: 
elongation zone. Figure modified from Kepinski and Leyser, 2005. (B) Auxin gradient in the root derived from 
FACS and MS analyses with maximal auxin levels in the QC. Auxin levels in the cortex, the endodermis and 
the stele are elevated. Auxin levels in the columella and the epidermis are below average. Figure from 
Petersson et al., 2009. 
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and the columella (Figure 1 B). In order to sustain the gradient in the root, auxin flow is highly 

dependent on controlled transport processes.  

 

1.1.4 Plant tropisms 
External changes in the plant’s environment make it necessary to adapt plant growth to a new 

situation. Rapid nastic plant movements are determined by the structure of the organ and often 

depend on changes in turgor pressure, e.g. movement of stomata or closing of the Venus flytrap 

(Mano and Hasebe, 2021). In contrast, in tropisms the direction of organ movement depends on the 

direction of the stimulus. Positive tropism describes the movement towards the stimulus, e.g. root 

growth towards the earth center, and negative tropism describes growth away from the stimulus, e.g. 

shoot growth against the gravity. These processes are slower compared to nastic movements, because 

they require signal detection, signal transduction and altered directional growth.  

Early experiments established the role of auxin in these processes: In the 1920s, the Cholodny-Went 

model established the asymmetrical distribution of auxin as reason for differential growth in plant 

tropisms (Went, 1974). Experiments with illuminated coleoptiles revealed that auxin accumulates at 

the shady side of the tip, which stimulates cell elongation and results in shoot bending towards the 

light source. Later the model was expanded to gravitropic growth. It was shown that auxin 

accumulation in the above ground tissues leads to cell elongation, whereas in the root it has the 

opposite effect (Swarup et al., 2005; Esmon et al., 2006). The cells on the upper root side expand 

normally which lead to root bending.  

 

1.2 Auxin and the root 
 
1.2.1 Root growth 
Plants are sessile organisms and must find ways to access water and nutrients in changing 

environments. The decisive reason for successful adaption is the very dynamic root growth, which 

follows the gravity vector and can adjust to avoid obstacles through modulating its growth direction. 

This process is also impacted by hormonal crosstalk and cytoskeletal dynamics.  

Growth on solid medium is distinct from growth on soil. On high percentages of agar, roots show 

different classes of movements: tropisms as a reaction to directional cues (e.g. gravitropism), nastic 

movements that are independent of the plant’s position (e.g. closing leaves at night) and nutations 

through unequal growth rates of organ sides (e.g. circumnutation) (Migliaccio et al., 2013). 

The decision whether the root waves or curls, the wavelength and the amplitude are strongly 

dependent on the environmental factors and can be mainly linked to the tilting angle of the plate 

(Zhang et al., 2022). On plates tilted by 45 °, roots show strong waviness, whereas on horizontal 

plates they curl in most cases. This leads to the hypothesis that curling is the basal root growth pattern 
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and that waving is induced by the gravity vector that is lost on horizontal plates. Thin root hairs 

anchor the root on the plate but only emerge above the root tip and the meristematic zone, leading to 

a part of the root that can move freely (Thompson and Holbrook, 2004). Static friction anchors the 

root tip on the surface, while root growth builds tension between the hair-anchored upper root part 

and the root tip. Once the tension overcomes the force through static friction, the root slips along the 

agar. The observations that roots can start curling after a longer period of wavy growth might result 

from changes in agar composition, i.e. reduced water content (Rizzieri et al., 2006).  

Root skewing describes roots that grow leftwards or rightwards away from the gravity vector (imaged 

from the back of the plate). Like waving, skewing is dependent on the tilting angle of the growth 

plate (Rutherford and Masson, 1996). The epidermal cell file twists through cell file rotation, which 

is caused by different expansion rates between the inner and outer cell layer. The outer epidermal 

cell layer compensates for the growth differences by twisting (Ishida et al., 2007).  

Recently, the first molecular players of root circumnutation were identified in Oryza sativa (Taylor 

et al., 2021). Circumnutation takes place 1-2 mm above the root tip in a region of fast cellular 

elongation with pronounced bending of the root (Takehisa et al., 2012). Mutants of histidine kinase 

1 (hk1) were detected in a screen for increased root length and no root circumnutation compared to 

wildtype. OsHK1 is an active histidine kinase and was shown to regulate the downstream signal 

transduction of ethylene by restricting root elongation (Zhao et al., 2020). It might act as a regulator 

of cross-talk between the ethylene and auxin signaling pathways, because root bending after a 

gravitropic stimulus is reminiscent to root bending during circumnutation. Indeed, the auxin importer 

mutant of OsAUX1 showed no root circumnutation but could be rescued by applying 1-NAA.  

In contrast to Arabidopsis thaliana, root growth patterns of Oryza sativa do not follow a fixed 

chirality which suggests a different mechanism of Arabidopsis waving and rice circumnutation 

(Piconese et al., 2003; Migliaccio et al., 2013). 

 

1.2.2 Root gravitropism 
Roots grow towards the earth’s center. That requires sensing of gravity in the first step, followed by 

transmission of the signal and the actual growth response.  

Early diverging vascular plants show a slower response to gravitropic stimuli, compared to flowering 

plants (Zhang et al., 2019). This can be explained by the localization of statoliths, i.e. starch-filled 

amyloplasts, that differs drastically compared to seed plants. In lycophytes and ferns, amyloplasts 

are found at the lateral sides of the root and in the root apex. In seed plants, statoliths are restricted 

to the root apex and therefore distinct from the elongation zone. Changes in gravity lead to 

sedimentation of statoliths which triggers a signal transduction cascade (Leitz et al., 2009). The 

intracellular statolith distribution and interactions with receptors in the PM might be responsible for 

forwarding the signal (Su et al., 2020). Although the gravity signal is mainly perceived in the root 

tip in seed plants, the elongation zone is also involved in gravity sensing (Wolverton et al., 2002a; 
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Wolverton et al., 2002b). The hydrostatic pressure model suggests that gravitational pressure can be 

sensed by the pressure of protoplasts against the PM and is integrated through activation of 

mechanosensitive ion channels which modify the cytoskeleton network, as observed in rice root tips 

(Staves et al., 1997).  

After stimulus sensing, the gravitropic signal is transmitted through changes in the auxin distribution 

in the root tip. Auxin is transported from the middle of the root cap outward to the lateral root cap 

and root epidermis by an auxin transporter system. This occurs only at the bottom side of the root 

and leads to a lateral auxin gradient across the root tip. The establishment of directional auxin 

transport in gravistimulated roots shows the necessity of polar auxin transport to adapt plant growth 

in response to external stimuli.  

 

1.3 Polar auxin transport 
 
Plant development depends strictly on the controlled distribution of auxin though the plant body. 

Changes of plant growth to external stimuli require the adaptation of auxin flows in the plant, as 

described for the lateral auxin gradient in gravistimulated roots. The polarity of auxin flow that is 

needed to establish auxin gradients is therefore one of the most important and basic requirements for 

proper plant growth.  

 

1.3.1 History of PAT 
After the identification of auxin as the mobile signal that is involved in all developmental processes, 

its polar distribution was intensively analyzed in physiological assays from the 1930s on. Classically, 

unlabeled or radiolabeled IAA was applied to one side of a plant segment, e.g. the hypocotyl, and an 

agar block was placed at the other end as a receiver (Lomax et al., 1995). This revealed that auxin 

transport through the hypocotyl occurs basipetally and is independent of orientation and gravity. 

Later, Frits Went used decapitated coleoptiles and auxin-soaked agar blocks to demonstrate that 

asymmetric auxin distribution lead to coleoptile bending away from the agar block (Went, 1926). 

This allowed to test other naturally occurring auxins besides IAA or synthetic compounds, like 

indole-3-butyric acid (IBA) or 2,4-dichlorophenoxyacetic acid (2,4-D).  

The identification of auxin flow inhibitors opened a new tool box to further investigate PAT (Morgan 

and Söding, 1958; Katekar and Geissler, 1977). Experiments with the identified inhibitors, together 

with auxin transport studies in the 1970s led to the chemiosmotic hypothesis (see Chapter 1.1.2). The 

hypothesis was proved in pea stem cell fractions, where auxin efflux transporters were detected at 

the basal side of the cell with the help of monoclonal antibodies (Jacobs and Gilbert, 1983). As 

proposed, the asymmetric localization of auxin efflux transporters is the reason for the directionality 

of auxin flow. 
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One of the most important auxin efflux inhibitors is N-1-naphthylphthalamic acid (NPA) (Morgan 

and Söding, 1958; Hertel and Leopold, 1963; Hertel et al., 1983). Initially developed as a herbicide, 

it is extensively used to study PAT-depending processes for over 60 years (Teale and Palme, 2018). 

Plants grown in presence of NPA show severe developmental defects, like no or sterile floral organs 

or affected phyllotaxis (Okada et al., 1991). By comparing the NPA-induced phenotypes in wildtype 

plants with mutants impaired in flower morphogenesis, the developmental defects could be linked to 

auxin transport (Goto et al., 1987; Haughn and Somerville, 1988). Mutants resembling the pin-

formed inflorescence were identified as auxin efflux transporter pin1-1 and the AGCVIII kinase 

pinoid (Okada et al., 1991; Bennett et al., 1995). The molecular mechanism of inhibition through 

direct binding of NPA to the auxin transporter was based on studies with Xenopus oocytes, and finally 

proven by the cryo-EM structure of the auxin efflux transporter PIN8 in a complex together with 

NPA (Abas et al., 2021; Ung et al., 2022).  

 

1.3.2 Uptake of auxin 
Besides passive diffusion along the concentration gradient, the major portion of IAA is transported 

across the membrane. The main importer protein is AUXIN RESISTANT 1 (AUX1) (Bennett et al., 

1996). Together with the LIKE-AUX (LAX) proteins – LAX1, LAX2 and LAX3 in Arabidopsis 

thaliana – they form the AUX/LAX family (Peret et al., 2012). AUX/LAX proteins are 

phylogenetically closely related to the plant-specific AMINO ACID PERMEASEs (AAPs). Together 

they form the AAAP family.  

AUX1 is involved in embryo development, female gametophyte development, phyllotactic 

patterning and apical hook formation (Swarup et al., 2001; Swarup et al., 2004). It contributes to 

many developmental processes in the root, like gravitropism, lateral root development and root hair 

development (Bennett et al., 1996; Grebe et al., 2002; Marchant et al., 2002; Swarup et al., 2005). 

The polar expression of AUX1 in the lateral root cap (LRC) and in elongating cells of the root 

epidermis is necessary to establish an auxin gradient that allows gravitropic growth (Swarup et al., 

2005). The most prominent defect of the aux1 mutant is the agravitropic root growth. 

LAX1 and LAX2 act comparable to AUX1 in embryo development and phyllotactic patterning (Peret 

et al., 2012). In complementation studies of the aux1 mutant, LAX2 expression only partially rescued 

the agravitropic root phenotype, indicating that LAX2 is different from LAX1 and LAX3 in planta 

(Peret et al., 2012). Biochemical analyses showed that AUX1, LAX1 und LAX3 share redundant 

transport properties (Swarup et al., 2008; Peret et al., 2012).  

Oocyte experiments demonstrated that AUX1 is a high-affinity IAA transporter with a substrate 

affinity in the physiological range (Km » 1 µM) and a pH optimum in the range of the pH in the 

apoplast (pH 5.5–6) (Yang et al., 2006). Like AAPs, the proton motion force drives AUX1 to 

transport the substrate across the plasma membrane (PM) (Lomax et al., 1985; Dindas et al., 2018). 

Despite the close relationship to AAAPs, no protein structure of AUX1 was published to date and 
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experiments to show that AUX1 transports amino acids, i.e. the IAA precursor tryptophan, failed 

(Hammes et al., 2021).  

Besides the AUX1/LAX transporter family, several other proteins can import IAA and other auxins 

into the cytosol. The contribution to PAT is considered minor, because either their preferred substrate 

is not auxin, they localize apolarly to the PM or to internal membranes.  

For example, members of the NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER (NPF) 

family are nitrate transporter that can as well mediate auxin transport, e.g. NPF6.3/NRT1.1, 

NPF7.3/NRT1.5 or NPF5.12/ TOB1 (Krouk et al., 2010; Michniewicz et al., 2019; Watanabe et al., 

2020). Mutants of npf transporters show defects in lateral root growth (NPF6.3/NRT1.1), root 

gravitropism (NPF7.3/NRT1.5) or lateral root branching (TOB1).  

Another transporter that localizes to the tonoplast is WALLS ARE THIIN 1 (WAT1)/UMAMIT5 of 

the USUALLY AMINO ACIDS MOVE IN AND OUT TRANSPORTER (UMAMIT) family. 

Although amino acid transport of WAT1 could not be shown to date, IAA transport was demonstrated 

in oocyte experiments (Ranocha et al., 2013). Mutants of wat1 show impaired cell wall thickness.  

 

1.3.3 Efflux of auxin 
After import of IAA into the cytosol, the negatively charged IAA molecules are trapped and need 

transporters that facilitate IAA efflux. The most important family of efflux transporters are the PIN-

FORMED PROTEINs (PINs) which will be introduced later in more detail. Two other transporter 

families regulate the auxin concentration in the cytoplasm through export into the apoplast or the 

endoplasmatic reticulum (ER).  

 

ABC transporters 

Members of the ATP-BINDING CASSETTE (ABC) family can translocate IAA over the PM. ABC 

transporters use energy from ATP hydrolysis to operate. Some members of the subgroup B (11 of 22 

ABCBs) were shown to transport IAA and can be identified by a signature D/E-P motif (Hao et al., 

2020). The main functions of ABCB transporters in IAA transport are in the long-distance transport 

and the nonpolar auxin distribution (Blakeslee et al., 2007). Mutations in ABCB1, ABCB4, ABCB19 

and ABCB21 led to changes in the auxin distribution in the shoot, leaves, the hypocotyl and the root 

of Arabidopsis thaliana (Blakeslee et al., 2007; Kamimoto et al., 2012; Kubes et al., 2012; Jenness 

et al., 2019). They were identified as net exporters, but ABCB4 and ABCB21 can change 

directionality if the cellular IAA concentration is very low. Their contribution to PAT is still a matter 

of debate, because the auxin transporting ABCBs differ strongly in their localization, depending on 

the protein and the plant tissue. ABCB1 localizes non-polarly in the root meristem and shows basal 

localization in endodermal and cortical cells above the elongation zone (Geisler et al., 2005). ABCB4 

is either basally or apically localized in the root epidermis (Terasaka et al., 2005) and ABCB19 



Introduction 

 8 

localized polarly in pro-cambial root cells (Titapiwatanakun et al., 2009). Members of the subgroup 

G are known to transport other auxins like IBA (Ruzicka et al., 2010).  

 

PILS proteins 

PIN-LIKE PROTEINs (PILS) are structurally related to PIN proteins. They evolved independently 

in the plant lineage and form an own family. Their localization to the ER suggests a function in 

reducing nuclear auxin concentration by transporting IAA into the ER lumen (Beziat et al., 2017). 

Besides the homeostatic function to buffer the IAA availability in the cytosol, PILS are known to 

integrate internal and external cues in auxin-dependent processes. PILS function was connected to 

brassinosteroids, light and temperature (Feraru et al., 2022). They were not detected at the PM and 

are not directly involved in PAT. To date, PILS-mediated IAA transport could not be shown 

experimentally unambiguously.  

 

1.4 PINs as the main auxin efflux transporters 
 
The main group of auxin efflux transporters are the PINs. In Arabidopsis thaliana, the PIN family 

consists of eight members that are grouped into the canonical PINs (PIN1, PIN2, PIN3, PIN4 and 

PIN7), the noncanonical PINs (PIN5 and PIN8) and the semi-canonical PIN6. The protein structure 

of PINs consists of ten membrane-spanning helices and an intrinsically disordered cytoplasmic loop 

domain which connects helix 5 and 6. The classification of PINs is based on four conserved motives 

in the loop domain of canonical PINs, which are absent in noncanonical PINs (Bennett et al., 2014). 

In Arabidopsis thaliana, this correlates with loop length. The canonical PIN loop domain consists of 

294 (in PIN4) to 325 (in PIN2) amino acids, the noncanonical loop domain of 27 amino acids in 

PIN5 and 40 amino acids in PIN8, and the loop domain of PIN6 is of intermediate length with 248 

amino acids (Ung et al., 2022). Phylogenetic analyses showed that the canonical PINs lost 

characteristic loop motifs selectively. This subfunctionalization gives closely related proteins the 

ability to perform different tasks in the same cellular context as seen for PIN3, PIN4 and PIN7 in the 

root (Bennett et al., 2014). The canonical PINs localize polarly in most cell types and give 

directionality to the auxin flow. 

 

1.4.1 Phenotypes and expression 
The transporter family is named according to the eponymous pin1 mutant that displays a pin-shaped 

inflorescence without reproductive organs and with other severe developmental defects (Goto et al., 

1987). In the shoot apical meristem, PIN1 is necessary to create an auxin maximum in the 

primordium tip (Reinhardt et al., 2003; Heisler et al., 2005). In roots, PIN1 localizes mainly to the 

basal cell side in the vasculature (Gälweiler et al., 1998).  
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Mutations in other canonical PIN genes cause impaired reactions to environmental stimuli. The PIN2 

gene is expressed in the root epidermis and cortex. PIN2 localizes apically in the LRC, epidermal 

cells and in distal cortex cells, and basally in the cortical cell file (Müller et al., 1998; Wisniewska et 

al., 2006). This dual localization is unique among the PINs in Arabidopsis. The pin2 mutant is 

impaired in gravitropic root growth and cannot react properly to a gravitropic stimulus (Luschnig et 

al., 1998; Müller et al., 1998; Abas et al., 2006). 

PIN3, PIN4 and PIN7 are evolutionary closely related and show overlapping expression profiles. In 

the root stele, PIN3 and PIN7 localize polarly together with PIN1. In the columella, PIN3 and PIN7 

are non-polarly distributed together with PIN4 (Friml et al., 2002b; Friml et al., 2002a; Blilou et al., 

2005). A pin3 pin4 pin7 triple mutant displays impaired phototropic hypocotyl bending (Willige et 

al., 2013).  

PIN3 and PIN7 play an important role in gravity sensing cells in the root columella, redirecting the 

auxin flux upon a gravitropic stimulus. In a gravistimulated root, PIN3 and PIN7 localize to the 

bottom side of the PM and transport IAA to the lower side of the root tip (Friml et al., 2002a; Ruiz 

Rosquete et al., 2018). Auxin is then transported from the root columella through the LRC into the 

epidermis and the elongation zone by the auxin transporters AUX1 and PIN2, resulting in inhibited 

cell elongation at the lower root side (Swarup et al., 2005). Consequently, the mutants aux1 and pin2 

show agravitropic root growth, whereas pin3 or pin7 mutants do not show a severe root phenotype 

(Chen et al., 1998; Luschnig et al., 1998; Müller et al., 1998; Swarup and Bhosale, 2019). In the pin2 

mutant, auxin is still transported into the elongation zone, most likely because of a weak PIN1 

expression in the epidermis (Rashotte et al., 2001; Friml et al., 2003; Blilou et al., 2005; Swarup et 

al., 2005). It is predicted that a block of the auxin flux in the LRC cells is responsible for the 

agravitropic root in the pin2 mutant.  

In contrast to the canonical PINs, the noncanonical PINs localize to internal membranes, i.e. the ER 

and might be involved in intracellular auxin homeostasis (Mravec et al., 2009; Ding et al., 2012). 

The expression pattern of PIN5 ranges from the hypocotyl, the cotyledon vasculature and the guard 

cells to the root pericycle, the root tip and later developmental stages in leaves, stems and flowers 

(Mravec et al., 2009). The pin5 mutant has defects in lateral root initiation, root and hypocotyl growth 

and an enlarged root meristem (Mravec et al., 2009; Di Mambro et al., 2019). The PIN8 gene is 

expressed in the pollen and in the phloem along the root stele. The pin8 mutant has a significantly 

reduced density of lateral roots (Lee et al., 2019), but the pollen phenotype was less penetrant, 

ranging from no phenotype to aborted pollen grains (Dal Bosco et al., 2012; Ding et al., 2012).  

The semicanonical PIN6 shows a dual localization, depending on phosphorylation by MITOGEN-

ACTIVATED (MAP) KINASES (MPK) and the gene expression level, i.e. low expression leads to 

localization to internal membranes in the root, high expression leads to localization to the PM in 

nectary glands and the inflorescence stem (Ditengou et al., 2018). A pin6 loss-of-function mutant 
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showed enhanced inflorescence growth and was impaired in root growth processes and lateral root 

development (Cazzonelli et al., 2013; Ditengou et al., 2018). 

 

1.4.2 Structure 
 

 

 

The structures of PIN1, PIN3 and PIN8 where solved by cryogenic electron microscopy (cryo-EM) 

and revealed that PINs form dimers with one monomer consisting of 10 transmembrane (TM) helices 

and the N- and C-termini facing the non-cytosolic side (Su et al., 2022; Ung et al., 2022; Yang et al., 

2022). The TM domains of all eight PINs are highly conserved and the structure is similar to 

bicarbonate/sodium symporters, and with an inverted membrane topology also comparable to bile 

acid/sodium symporters and sodium/proton antiporters (Figure 2) (Hunte et al., 2005; Hu et al., 2011; 

Lee et al., 2013; Paulino et al., 2014; Wohlert et al., 2014; Fang et al., 2021; Liu et al., 2021). Each 

monomer is built of a scaffold domain (helices M1, M2, M6 and M7) and a transporter domain 

(helices M3-5 and M8-10). Comparisons between the structure of PIN8 and its related protein 

families suggest a cross-over elevator-type movement of the substrate binding site. 

In the transporter domain, the helices M4 and M9 form a proline-proline crossover motif that is 

necessary for auxin binding. The IAA carboxylate group orients towards the crossover, the carbon 

backbone contacts helix M4 towards the non-cytosolic side and the indole ring contacts helix M9 

towards the cytosolic side. Non-specific interactions with the scaffold domain further stabilize the 

IAA molecule in the binding pocket. The residues involved in the interaction with IAA are fully 

conserved in all PINs of Arabidopsis thaliana, except for PIN5. The PIN-inhibitor NPA binds at the 

same position as IAA and likely blocks the PIN in the inward facing conformation, because of its 

larger size compared to IAA. Additionally, the affinity of the transporter is higher for NPA and the 

NPA molecule showed stronger binding due to more interactions with the scaffold domain. 

The helices M5 and M6 are connected by a hydrophilic intrinsically disordered loop domain. Cryo-

EM analyses of PIN1 and PIN3 found a short cytosolic segment after helix 5 that forms three b-

strands which interact with helices M5, M6 and M9 (Su et al., 2022; Yang et al., 2022). The rest of 

the loop was not resolved. 
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and show that PIN8 has a relatively low apparent affinity for IAA, with a 
Michaelis constant (Km; Methods, ‘SSM physiology assays’) of 356 ± 136 µM 
(n = 4) (Fig. 1b and Extended Data Fig. 2c). We measure the dissociation 
constant (Kd) of IAA binding to be 39.9 µM (Extended Data Fig. 2d). We 
observe a modest pH dependence with an optimum at 6.0–7.4 (Extended 
Data Fig. 2e). As in oocyte assays, transport can be inhibited by NPA, which 
inhibit with an inhibition constant (Ki) of 1.9 µM, suggesting an affinity one 
order of magnitude higher than that of IAA (Fig. 1c). We screened a num-
ber of additional PIN substrates (Extended Data Fig. 2f) and find that IAA 
analogues—for example, naphthaleneacetic acid (NAA) or the herbicide 
2,4-dichlorophenoxyacetic acid (2,4-D), elicit a current response in PIN8, 
whereas uncharged auxins as well as some endogenous auxins does not. 
Comparison of these substrates suggests that shape complementary has 
a large role in recognition: for example, the larger size of indole-3-butyric 
acid (IBA) and the reduced ring system of 2-phenylacetic acid (PAA) both 
result in reduced currents.

We solved three distinct structures of PIN8 using single-particle 
cryo-EM after reconstitution of the purified protein into peptidisc: 
an apo form at 2.9 Å resolution, PIN8 with IAA bound at 3.2 Å, and 
PIN8 with NPA bound at 3.4 Å resolution (Extended Data Figs. 3–5 and 
Extended Data Table 1). In addition, a structure of the apo form that is 
indistinguishable from the apo peptidisc structure was produced from 
a detergent-solubilized preparation at 3.3 Å (Extended Data Table 1). 
The highest-resolution map of the apo form was used for initial model 
building, but all maps display excellent density for the entire protein 
except for 39 residues of the disordered cytosolic loop, which were not 
modelled (Fig. 1d,e). We could model multiple water molecules and 
lipids as well as IAA and NPA in the relevant structures.

The apo form of PIN8 displays a symmetric dimer of PIN8 (Fig. 1f) 
characterized by a twofold rotation axis perpendicular to the membrane 

plane with a distinct concavity extending into the membrane along this 
axis from the non-cytosolic side. Within each monomer there are ten 
transmembrane helices (M1–M10), comprising an inverted repeat of 
five transmembrane helices17 (Fig. 1d). In each repeat, the fourth helix 
is disrupted around a conserved proline residue in the middle of the 
membrane plane: Pro116 in M4 and Pro325 in M9. These disrupted heli-
ces make an X-shaped crossover that marks the auxin binding pocket 
(Fig. 1f).

The PIN8 monomer is divided into two domains that we name the 
scaffold domain and the transporter domain (Fig. 1d,f and Extended 
Data Fig. 6a). The scaffold domain comprises helices M1, M2, M6 and 
M7 and creates a large interface (1,512 Å2) to the other monomer in 
the dimeric complex. This interface is mediated mainly by M2 and 
M7, and is further stabilized by a lipid in a groove between M1 and the 
kinked M6 (Extended Data Fig. 6b). We also observe another lipid with 
an aliphatic tail sticking into a pocket of the transporter domain. We 
tested a dependence on lipids for activity and found that PIN8 func-
tions similarly in mixed lipid and pure phosphatidylcholine liposomes 
(Extended Data Fig. 6c). The transporter domain consists of helices 
M3–M5 and M8–M10 and harbours the central X-shaped crossover 
(Fig. 1f). The overall fold of the monomer is similar to that of the bile 
acid/sodium symporters, but the membrane topology is inverted18 
(Extended Data Fig. 7). Next to the crossover, there is a well-defined 
water-filled binding pocket nestled between the scaffold domain and 
the transporter domain that is open to the non-cytosolic side of the 
protein via the concavity (Fig. 1f). By contrast, access to the cytosol is 
blocked, clearly defining the conformation of the apo-PIN8 dimer as 
an empty outward-open state.

The substrate-bound form of PIN8, IAA–PIN8, is almost identical to 
apo-PIN8 (root mean squared deviation of Cα atoms (r.m.s.d.Cα) = 0.6 Å) 
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Fig. 1 | Activity and overall structure of PIN8. a, Relative IAA transport rates 
for PIN8 and PIN1 incubated with PIN-activating kinases D6PK and PID show 
that PIN8 is constitutively active in oocytes (internal oocyte IAA 
concentration = 1 µM). The centre line is the median, the box extends from the 
25th to 75th percentile and whiskers extend to minimum and maximum values. 
Points represent biologically independent experiments (PIN8: n = 11, PIN8 
D6PK: n = 5, PIN8 PID: n = 7, PIN1: n = 4, PIN1 D6PK: n = 3). For differences 
between PIN8 and other groups, a one-way ANOVA followed by Dunnett’s 
multiple comparisons test was performed. PIN8 versus PIN8 D6PK: P = 0.8508, 
PIN8 versus PIN8 PID: P = 0.8090, PIN8 versus PIN1: P = 0.0078, PIN8 versus 
PIN1 D6PK: P = 0.9968. b, Peak current response by SSM electrophysiology on 
PIN8 proteoliposomes. Transport is described by Michaelis–Menten kinetics 
(r2 = 0.98, Km = 356 ± 136 µM, maximum current (Imax) = 8.5 ± 1.9 nA; data are 

mean ± s.e.m.; PIN8: n = 4 different proteoliposome preparations, empty: n = 3 
liposome preparations). Inset, stained SDS–PAGE analysis and size-exclusion 
chromatography (SEC) trace for the PIN8 purification. c, Transport current in 
the presence of NPA shows inhibition (Ki = 1.9 µM (95% confidence interval:  
0.9–3.8 µM; n = 3 for 0 and 1 µM NPA and n = 2 for 5 and 20 µM NPA); data are 
mean or mean ± s.e.m. (n > 2)). d, Topology of the PIN8 monomer shows an 
inverted repeat of five transmembrane helices and the relation between 
transporter and scaffold domains. e, Cryo-EM map of the PIN8 dimer with one 
monomer coloured according to panel d. f, Side view of PIN8 with M1–M10 
labelled. The central crossover highlighted in red in monomer B. Right, top 
view from the non-cytosolic side displays the dimer interface and the two 
domains found in each monomer: the transporter domain (green) and the 
scaffold domain (blue).

Figure 2 – Protein structure of PIN8. (e) Cryo-EM map of a PIN8 dimer. Individual helices are colored 
in Monomer A. (f) Model of PIN8 dimer according to Cryo-EM map in (e) and 90 ° turned. Left: Individual 
helices of Monomer A are colored and labeled. Right: Transporter and scaffold domains are colored in 
green and blue respectively, individual helices are labeled. The crossover marks the auxin binding site. 
Figure from Ung et al, 2022. 
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1.4.3 Function 
The PINs transport negatively charged IAA in a proton- and ion-independent way (Ung et al., 2022). 

In radiotracer studies with oocytes from Xenopus laevis, the IAA transport by canonical PINs was 

demonstrated for the first time (Zourelidou et al., 2014). This revealed that canonical PINs need 

AGCVIII kinases for transport activation through phosphorylation of the loop domain. PIN1 and 

PIN3 were shown to efflux IAA only in presence of D6 PROTEIN KINASE (D6PK) or PINOID, 

members of the AGC1 and AGC3 clade.  

Different to canonical PINs, transport studies of the semi-canonical PIN6 in oocytes revealed a 

kinase-independent transport component (Martina Kolb, pers. correspondence). The PIN6-mediated 

transport could be enhanced by co-expression of PINOID, but not D6PK. The PINOID-activated 

PIN6 transport, as well as the kinase-independent transport component were sensitive to NPA 

inhibition. Also, the noncanonical PIN8 has a passive transport component which was inhibited by 

NPA, but the co-expression of any kinase did not increase the transport rate (Ung et al., 2022). For 

the noncanonical PIN5, no transport activity in oocyte uptake or efflux assays has been observed to 

date. Interestingly, several key residues for auxin binding are not conserved in the PIN5 sequence, 

questioning the ability of PIN5 to transport auxin and if so, the transport mechanism.  

Domain swapping experiments in planta between the TM domains and the loop domains of canonical 

and noncanonical PINs revealed that characteristic features of PINs, i.e. the subcellular localization 

in the PM, can be transplanted by providing a canonical loop domain to noncanonical TM domains 

(Ganguly et al., 2014). In further studies, interspecies complementation experiments showed that not 

only the loop domain but also the TM domains contribute to the localization. The TM domains of 

PINs likely co-evolved together with the loop domain (Zhang et al., 2020). Studies on the transport 

ability of PIN chimeras between the noncanonical PIN8 and the loop domains of the canonical PINs 

PIN1, PIN2 and PIN3 showed, that also biochemical features can be transferred to TM domains of 

noncanonical PINs by domain swapping. In the PIN8 chimeras, the steady transport component of 

PIN8 was inhibited by the loop domain and the transporter became regulatable by kinases. This 

underlines the importance of the loop domain in terms of transport regulation and as interaction 

domain with kinases (Janacek et al., 2023, under review).  

 

1.5 Regulation of PINs 
 
PIN-mediated auxin transport is regulated on two temporally distinct levels. First, the transporter 

itself is activated by phosphorylation. This happens through members of the AGCVIII kinase family 

and is a fast-occurring process (Zourelidou et al., 2014). Dephosphorylation of the PINs counteracts 

the transporter’s activity (Christensen et al., 2000). Second, auxin transport direction is regulated via 

the transporter’s localization. Members of the AGCVIII kinase family, as well as other protein 
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families impact endocytosis and polarity control of PINs. Compared to controlling the 

phosphorylation status, modulating the PM is a rather slow process. 

 
Figure 3 – Time scale of regulation of auxin flow through control of PINs. PP2A: PROTEIN 
PHOSPHATASE 2A, ABA: Abscisic acid, D6PK: D6 PROTEIN KINASE, PIP5K: 
PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASE, PI(4,5)P2: Phosphatidylinositol-4,5-bisphosphate, 
PA: Phosphatidic acid, PLD: PHOSPHOLIPASE D, PAX: PROTEIN KINASE ASSOCIATED WITH BRX, 
BRX: BREVIS RADIX, PDK1: 3-PHOSPHOINOSITDE-DEPENDENT PROTEIN KINASE 1, MAPK: 
MITOGEN-ACTIVATED KINASE, CRK: Ca2+/CALMODULIN-DEPENDENT PROTEIN KINASE-
RELATED KINASE, MAB/MEL: MACCHI-BOU/ENHANCER OF PINOID 1-LIKE, CAMEL: 
CANALIZATION-RELATED AUXIN-REGULATED MALECTIN-TYPE RECEPTOR KINASE, CANAR: 
CANALIZATION-RELATED RECEPTOR-LIKE KINASE. 
 

 

1.5.1 Kinases as master regulators 
AGCVIII kinases 

The family of AGCVIII kinases is related to the cAMP-, cGMP- and Ca2+-dependent kinases from 

mammals. It consists of 23 serine-threonine kinases in Arabidopsis thaliana. Most phenotypes of pin 

mutants can be phenocopied by mutants or mutant combinations of the AGVIII family members. The 

inflorescences of the pinoid mutant and the higher-order d6pk mutant resemble the pin1 mutant 

(Bennett et al., 1995; Benjamins et al., 2001; Zourelidou et al., 2009). Also, the mutants pid, wavy 

root growth 1 (wag1) and wag2 were impaired in root growth showing stronger root waving on 

vertical plates (Santner and Watson, 2006). The roots of the pid wag1 wag2 triple mutant showed 

agravitropic growth and were shorter, with reduced root bending rate (Santner and Watson, 2006; 

Grones et al., 2018). The auxin reporter DR5:GFP revealed higher transcriptional output that inhibits 

root growth and leads to reduced gravitropic growth. In contrast, d6pk mutants and the single mutants 

of the closely related d6pk-like mutants had only very mild agravitropic defects, suggesting that these 

kinases do not influence gravitropic growth (Zourelidou et al., 2009; Grones et al., 2018). Root 
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elongation was reduced in seedlings of the d6pk d6pkl1 d6pkl2 triple mutant grown on NPA, which 

suggested a deficiency in auxin transport (Zourelidou et al., 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

Cell biological studies revealed that the kinases are membrane-associated and localize polarly or 

apolarly in the PM, often together with PINs (Lee and Cho, 2006). Later, transport studies in oocytes 

of Xenopus laevis showed that some AGCVIII kinases activate PIN-mediated IAA transport through 

phosphorylation of the PIN loop domain (Figure 3) (Zourelidou et al., 2014). The kinase domains of 

the AGCVIII kinases are conserved. Based on phylogenetic analyses of their catalytic domains, the 

kinase family was grouped in four clades (Figure 4) (Galvan-Ampudia and Offringa, 2007). In all 

AGCVIII kinases, the two protein kinase domains I-VII and VIII-XI are separated by an inserted 

loop domain, the middle (MID) domain, that contains an arginine/lysine(K/R)-rich polybasic motif 

and serine residues that may neutralize the positive charges. The N- and C-termini vary strongly 

between the kinases and are less conserved.  

 

PDK1 and PP2A as regulators of AGCVIII kinases 

Within the C-terminus of most AGCVIII kinases lays a F(D/E)XF motif, that is supposed to be the 

3-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE 1 (PDK1)-interacting fragment (PIF) 

domain. PDK1 phosphorylates the activation loop segment and therefore acts as an upstream 

activator of the AGC1 kinases D6PK and PROTEIN KINASE ASSOCIATED WITH BRX (PAX) 

Figure 4 – Phylogenetic tree of AGCVIII 
kinase family from Arabidopsis thaliana. The 
23 members are grouped in four clades, based on 
an alignment of their catalytic domain. (+)/(-) 
indicate the ability to activate PIN-mediated IAA 
transport in Xenopus oocytes. (-): no activation of 
transport, (+): activation of transport, (++): strong 
activation of transport (+++): maximal activation 
of transport. Figure created by PD Dr. Ulrich Z. 
Hammes, modified for this thesis. 
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(Tan et al., 2020; Xiao and Offringa, 2020), as well as the AGC3 kinase PINOID (Zegzouti et al., 

2006a; Zegzouti et al., 2006b). Interestingly, the AGC2 kinase UNICORN (UCN) could not activate 

auxin transport, but is instead a negative regulator of PDK1 in growth control of integuments and 

petals (Zourelidou et al., 2014; Scholz et al., 2019).  

Besides PDK1 as activator of AGCVIII kinases, the PROTEIN PHOSPHATASE 2A (PP2A) was 

identified as negative regulator of the AGCVIII kinase PINOID (Li et al., 2020). PINOID genetically 

interacts with PP2A and directly binds the catalytic subdomains. This might lead to activity control 

of the kinase by dephosphorylation of the activation loop or to a PINOID-PP2A complex that would 

act directly on common substrates, like the PIN loop domain (Figure 3).  

 

Lipid interactions 

The middle (MID) domain interacts with polyacidic phosphoinositides (PI) which directs the kinases 

to the PM (Figure 3) (Barbosa et al., 2016). The asymmetric distribution of PIs in the PM is an 

important tool to create restricted domains within the membrane. The kinases 

PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASE 1 (PIP5K) and PIP5K2 produce 

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) from phosphatidylinositol-4-phosphate (PI4P) 

which is the most abundant phospholipid in PMs of plants (Simon et al., 2016). A PI4P-dependent 

PM targeting was reported for the AGC3 kinase PINOID and the localization of the AGC1 kinase 

D6PK depends on a combination of different PIs (Ischebeck et al., 2013; Barbosa et al., 2016; Simon 

et al., 2016). 

In protophloem sieve element cells, PIP5K is recruited to the PM by the PAX-BRX module, which 

therefore reinforces its own polarity (Marhava et al., 2020). The PM-associated protein BREVIS 

RADIX (BRX) co-localizes and interacts with PAX and was shown to inhibit PAX activity, leading 

to inhibited PIN1 transport activity at low cellular auxin concentrations (Marhava et al., 2018; 

Marhava et al., 2020). Increasing auxin concentrations within the cell lead to migration of BRX to 

the nucleus, allowing PDK1 to activate PAX and therefore PIN1-mediated transport.  

However, the AGC3 kinases PINOID, WAG1 and WAG2 localize apolarly to the PM in epidermal 

and cortical root cells (Michniewicz et al., 2007; Dhonukshe et al., 2010; Wang et al., 2019). Besides 

PI4P, PINOID binds phosphatidic acid (PA) that results from PHOSPHOLIPASE D (PLD) activity, 

but PINOID does not bind PI(4,5)P2 like the D6PKs (Wang et al., 2019) (Figure 3).  

 

Other kinases 

The influence of AGCVIII kinases on PAT is well-studied. In the last years, kinases from other kinase 

families were connected to PIN-mediated PAT by controlling the PIN localization. An evolutionarily 

conserved family are MPKs, acting in a pathway together with upstream MAP KINASE KINASEs 

(MKK) and MAP KINASE KINASE KINASEs (MKKK). MPKs target conserved threonine 

residues in the PIN loop domain. In the MKK7 gain-of-function mutant bushy and dwarf 1 (bud1), 
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the shoot and root phenotypes were linked to impaired MPK-dependent internalization of PIN1 (Jia 

et al., 2016; Dory et al., 2018).  

Another kinase family which impacts PIN localization are Ca2+/CALMODULIN-DEPENDENT 

PROTEIN KINASE-RELATED KINASEs (CRK). CRKs can phosphorylate PINs in vitro and 

localize apolarly to the PM. Especially the localization of PIN2 was impaired in crk5 mutants with 

depletion of PIN2 from apical membranes in the epidermis and a basal to apical localization in the 

cortex of the root transition zone (Rigo et al., 2013). The mutant of crk5 partially resembles the pin2 

mutant with delayed agravitropic root growth. A recent report links the impact of CRK5 on root 

gravitropism to the maintenance of redox homeostasis and the feedback regulation of PIN2-mediated 

auxin transport (Cseplo et al., 2021). 

 

1.5.2 Regulation of transport 
Substrate movements across the PM can be controlled by regulating the transporter’s activity or by 

regulating the amount of (active) transporter in the membrane. The latter is under control of different 

kinase families, whereas direct regulation of the PIN’s activity through phosphorylation was only 

shown for members of the AGC1 and AGC3 clade of the AGCVIII family. In the recent years, 

important phosphorylation sites in the hydrophilic loop domain of PINs could be linked to transport 

activation (Bassukas et al., 2022). 
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Of special interest for transport regulation is a strictly conserved TPRXS motif which is repeated 

three times in the loop domain of canonical PINs (Figure 5). Mutating the serine residues, named 

S1-S3, to alanine or glutamic acid, reduced the transporter’s activity gradually (Zourelidou et al., 

2014; Weller, 2017). By using an in vitro approach and mass spectrometry, two less conserved 

phosphosites (S4 and S5) could be identified in PIN3, PIN4 and PIN7. Sequence alignments of the 

loop domain showed low conversation for S4 and S5 in PIN2 and an aspartic acid at the S5 position 

in PIN1 (Figure 5 b). The transport activity was completely lost in S1-S4 mutants of PIN1. 

Experiments with Xenopus oocytes and further in vitro studies revealed an overlapping target 

preference for D6PK and PINOID with small differences for some phosphorylation sites (Zourelidou 

et al., 2014; Barbosa et al., 2018). Phosphosite-specific antibodies showed that the phosphorylation 

of PIN1 at all four sites is rapidly lost after internalization of D6PK and that PIN phosphorylation 

only occurs at the PM, not at internal structures (Weller et al., 2017). This also implies that protein 

phosphatases antagonize the PIN phosphorylation and might regulate PIN activity through 

dephosphorylation, as shown for the PP2A complex and PINOID (Michniewicz et al., 2007). 

Through this regulatory interaction, also the phytohormone abscisic acid (ABA) could be linked to 

auxin transport (Figure 3). At high ABA concentrations through stress, ABA binds to the 

PYRABACTIN RESISTANCE 1 (PYR)/PYRABACTIN RESISTANCE 1-LIKE 

Figure 5 – Phosphorylation sites of PINs from Arabidopsis thaliana. (a) PIN1 is phosphorylated at 
indicated sites by different kinases. (b) Sequence alignment of a loop domain fragment of the canonical 
and semi-canonical PINs. Important phosphorylation sites in the TPRXS motives and sites for transport 
activation are highlighted in color. Figure from Bassukas et al., 2022.  
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(PYL)/REGULATORY COMPONENT OF ABA RECEPTOR (RCAR) family of ABA receptors. 

This inhibits the formation of an active PP2A holoenzyme, leading to increased phosphorylation of 

PINs through PINOID (Li et al., 2020). 

 

1.5.3 Regulation of localization 
The establishment of auxin minima and maxima integrates environmental cues into plant 

development. External stimuli act through the regulation of auxin transport, and this is mediated 

through regulation of transporter activity or localization. The PINs are major players in PAT and 

auxin accumulation in different plant tissues can be explained by the polar PIN localization to one 

side of the cell. In the root stele, PIN1 localizes basally (rootward). PIN2 localizes apically 

(shootward) in the epidermis, but basally in the cortex. In the columella and the lateral root cap, 

PIN3, PIN4 and PIN7 are apolarly distributed in the membrane. This unique localization pattern 

needs mechanisms to restrict the proteins to certain membrane domains.  

 

Localization control through AGCVIII kinases 

Phosphorylation by AGCVIII kinases is crucial for the activity control of PINs, but it also regulates 

the PIN localization. In PINOID overexpression lines, a basal-to-apical polarity shift of PIN1 in the 

stele was observed (Dhonukshe et al., 2010; Huang et al., 2010). In contrast, PIN1 does not re-

localize to the apical PM during shoot differentiation in pid mutants (Friml et al., 2004). However, 

the polarity of PINs is neither affected in d6pk mutants nor in D6PK overexpression lines indicating 

that not all AGCVIII kinases can control PIN polarity (Zourelidou et al., 2009; Barbosa et al., 2014; 

Zourelidou et al., 2014). Phosphorylation events at S1-S3 were mapped as the important sites and 

phospho-mimicking mutations led to constitutive PIN apicalization. The phosphorylated positions 

were suggested to be a re-localization signal, but that was falsified later to not be solely responsible 

for the shift in localization (Kleine-Vehn et al., 2009; Dhonukshe et al., 2010; Huang et al., 2010; 

Weller et al., 2017). In seedlings expressing a phospho-mimicking version of PIN3, gravitropic root 

growth after gravitropic stimulus was impaired, because the PIN3 variant failed to re-localize, which 

is similar to the observations in PINOID overexpression lines (Grones et al., 2018). For PIN2, the 

AGC3 kinase WAG1 was identified as the important kinase in dividing epidermal cells that regulate 

the post-cytokinetic polarity establishment from the cell plate to the apical PM (Glanc et al., 2018).  

 

Localization control through other kinase families 

Another kinase family, the CRK family, was found to integrate Ca2+ signaling into auxin-dependent 

processes. It was shown that Ca2+-binding proteins interact with PID and affects PIN polarity through 

the regulation of PID (Benjamins et al., 2003). Increased Ca2+ concentrations led to PID-related 

polarity shifts of PIN1 in the stele or of PIN2 in the cortex (Zhang et al., 2011). Further, Ca2+ was 
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shown to impact endomembrane trafficking (Himschoot et al., 2017) and CRK5 was identified to 

decelerate PIN2 endocytosis and to activate its recycling (Rigo et al., 2013).  

Besides external stimuli, like light or gravitropism, also wounding leads to the re-direction and 

canalization of auxin. This is mediated through the receptor kinase CANALIZATION-RELATED 

AUXIN-REGULATED MALECTIN-TYPE RECEPTOR KINASE (CAMEL) and its interactor 

CANALIZATION-RELATED RECEPTOR-LIKE KINASE (CANAR) (Hajny et al., 2020). 

CAMEL and CANAR play a role in leaf venation and vasculature regeneration. In camel canar 

mutants, PIN1 orientation failed and led to regeneration abnormalities. CAMEL can phosphorylate 

and binds to PINs in vitro, but the PIN loop was no substrate for CANAR.  

 

Localization control through diffusion control and protein interactions 

After exocytotic trafficking to the PM, the PINs diffuse laterally in the membrane (Kleine-Vehn et 

al., 2011). To limit the PINs to one cell side, controlling the lateral diffusion is the first point of 

regulation. Fluorescence after photo-bleaching (FRAP) experiments revealed that the PIN diffusion 

rate is slow compared to D6PK (Alina Graf, TUM, pers. correspondence). Recently, it was shown 

that alternative splicing occurs in PIN4 and PIN7 (Hrtyan et al., 2015; Kashkan et al., 2022). 

Alternative splicing of PIN7 results in two isoforms, PIN7a and PIN7b, which differ in a four amino 

acid motif in the loop domain. This motif leads to decreased lateral diffusion but not to differences 

in their expression and localization pattern. PINs form homodimers and interaction of PIN7a and 

PIN7b could be a mechanism to regulate diffusion in the membrane (Figure 3).  

Another way to limit lateral diffusion is through interaction of PINs with other proteins. The loop 

domain of canonical PINs is predestined to act as an interaction hub, because it faces the cytosol and 

therefore is accessible for modifications and interactions. It was discovered that the plant-specific 

proteins of unknown molecular function of the MACCHI-BOU 4 (MAB4)/ENHANCER OF 

PINOID 1 (ENP1)-LIKE (MAB4/MEL) gene family genetically and physically interact with PINs 

and PINOID/WAGs (Furutani et al., 2011; Furutani et al., 2014; Glanc et al., 2021). In mab4/mel 

mutants, the polar PIN2 localization is lost and more PIN2 signal was detected at the lateral cell side 

(Glanc et al., 2021). In newly divided epidermal cells, the PINs localize to the apical PM first and 

the MAB4/MEL proteins follow the PIN localization. It was shown that this recruitment is dependent 

on PID-mediated PIN2 phosphorylation and that all three proteins interact in vitro.  

For PIN1, the PID-dependent phosphorylation at some specific sites is subject to cis/trans 

isomerization (Xi et al., 2016). The cis/trans prolyl isomerase Pin1At accelerates the conformational 

change of phosphorylated serine/threonine-proline motifs and exhibits a post-phosphorylation 

regulatory function (Wang et al., 2010; Xi et al., 2016). Downregulated expression of Pin1At led to 

agravitropic root growth, root meristem collapse and impaired polar localization of PIN1 (Xi et al., 

2016). Pin1At isomerizes preferentially S337 in PIN1, and phospho-mimicking variants failed to 

shift from the basal to apical cell side in the root stele. Also, the threonine residues T1, T2 and T3 in 
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the TPRXS motif, that were identified as targets of the MAP kinases MPK3, MPK4 and MPK6, are 

isomerized by Pin1At (Jia et al., 2016; Dory et al., 2018). None of these observations were made for 

other PINs.  

 

1.6 Objectives of this thesis 
 
PINs, in conjunction with their transport activation and localization regulated by AGCVIII kinases, 

are the key players in PAT. To date, the cell-biological characteristics of the PIN family were 

investigated intensively, but little is known about their transport properties. Most studies and models 

of auxin flow assumed the same transport rates for all PINs (Di Mambro et al., 2017). First results 

from transport experiments in Xenopus laevis oocytes hinted towards different biochemical 

properties (Zourelidou et al., 2014). In canonical PINs, the cytosolic loop domain is the central point 

of transport regulation. Besides the regulation of localization, AGCVIII kinases also influence the 

IAA transport by PINs to different degrees, as shown for D6PK and PAX (Marhava et al., 2018). To 

gain broader knowledge on PIN activation, the impact of several kinase family members on PIN-

mediated IAA transport was investigated. In order to learn more about the impact of the loop domain 

to transport, PIN chimeras were generated between the respective PINs by domain swapping. The 

chimeras were analyzed biochemically on their transport properties and physiologically on their 

ability to rescue the agravitropic pin2 root phenotype. 

The objectives of this thesis were to characterize the transport properties, particularly the kinetics of 

PIN-mediated IAA transport, to characterize the impact of modulating transport rates in the roots by 

monitoring the gravitropic root growth and the root bending rate, and to characterize several 

AGCVIII kinases and members of other kinase families on their ability to active PIN-mediated 

transport.  
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2 Materials and methods 
 
2.1 Biological material and constructs for oocyte assay 
 
Escherichia coli (XL1-blue) chemically competent cells were used for molecular cloning. For plant 

transformation, Agrobacterium tumefaciens (GV3101/pSOUP) chemically competent cells were 

used.  

 
Table 1 – Bacteria strains used in this thesis. 

Bacteria strain Genotype Reference 

Escherichia coli (XL1-blue) recA1 endA1 gyrA96 thi-1 

hsdR17 supE44 relA1 lac F´ 

proAB lacIqZ∆M15 Tn10 Tetr 

Stratagene/Agilent 

Agrobacterium tumefaciens 

(GV3101/pMP90 pSOUP) 

pMP90(pTiBo542ΔT-DNA) 

and pSOUP in C58C1 

Koncz and Schell, 1986; 

Hellens et al., 2000 

 

The genetic background of all plant lines in this thesis is ecotype Columbia-0. 
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Table 2 – Transgenic lines used in this thesis. 

Construct T-DNA Background Reference 

pin2 mutant SALK_042899.22.25.x Col-0 Willige et al., 2011 

PIN1 PPIN2:PIN1 pin2 This thesis 

PIN1-eGFP PPIN2:PIN1-eGFP pin2 This thesis 

PIN2 PPIN2:PIN2 pin2 This thesis 

PIN2-eGFP PPIN2:PIN2-eGFP pin2 This thesis 

PIN3 PPIN2:PIN3 pin2 This thesis 

PIN3-eGFP PPIN2:PIN3-eGFP pin2 This thesis 

PIN1-2-1 PPIN2:PIN1-2-1 pin2 This thesis 

PIN1-2-1-eGFP PPIN2:PIN1-2-1-eGFP pin2 This thesis 

PIN1-3-1 PPIN2:PIN1-3-1 pin2 This thesis 

PIN1-3-1-eGFP PPIN2:PIN1-3-1-eGFP pin2 This thesis 

PIN2-1-2 PPIN2:PIN2-1-2 pin2 This thesis 

PIN2-3-2 PPIN2:PIN2-3-2 pin2 This thesis 

PIN2-3-2-eGFP PPIN2:PIN2-3-2-eGFP pin2 This thesis 

PIN2-2-3 PPIN2:PIN2-2-3 pin2 This thesis 

PIN2-3-3 PPIN2:PIN2-3-3 pin2 This thesis 

PIN3-1-3 PPIN2:PIN3-1-3 pin2 This thesis 

PIN3-1-3-eGFP PPIN2:PIN3-1-3-eGFP pin2 This thesis 

PIN3-2-3 PPIN2:PIN3-2-3 pin2 This thesis 

PIN3-2-3-eGFP PPIN2:PIN3-2-3-eGFP pin2 This thesis 

PIN3-2-2 PPIN2:PIN3-2-2 pin2 This thesis 

PIN3-3-2 PPIN2:PIN3-3-2 pin2 This thesis 

PIN8 PPIN2:PIN8 pin2 Martina Kolb (TUM) 

PIN8-1-8 PPIN2:PIN8-1-8 pin2 This thesis 

PIN8-2-8 PPIN2:PIN8-2-8 pin2 Martina Kolb (TUM) 

PIN8-2-8-eGFP PPIN2:PIN8-2-8-eGFP pin2 Martina Kolb (TUM) 

PIN8-3-8 PPIN2:PIN8-3-8 pin2 Martina Kolb (TUM) 

PIN8-3-8-eGFP PPIN2:PIN8-3-8-eGFP pin2 Martina Kolb (TUM) 

DR5v2-GUS PDR5v2:GUS Col-0 Liao et al., 2015 

R2D2 RPS5A-mDII-ntdTomato;  

RPS5A-DII-n3xVenus 

Col-0 Liao et al., 2015 and 

Dr. Yao Xiao (TUM) 
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Oocytes were isolated from Xenopus laevis females by the in-house facility or bought from Ecocyte 

(Dortmund, Germany). For the oocyte transport assay, the coding sequences (CDS) of all proteins of 

interest were cloned into the pOO2 backbone and copyRNA (cRNA) was generated for injection 

(Ludewig et al., 2002).  

 
Table 3 – Constructs for oocyte transport assay used in this thesis. 

Name Details Reference 

PIN1  Zourelidou et al., 2014 

PIN1-eGFP  This thesis 

PIN2  This thesis 

PIN2-eGFP  This thesis 

PIN3  Zourelidou et al., 2014 

PIN3-eGFP  This thesis 

PIN3sc PIN3 short cut This thesis 

PIN3*  This thesis 

PIN3-S294A  This thesis 

PIN3-S293A-S294A  This thesis 

PIN3-S293D-S294D  This thesis 

PIN4  Gütter, 2014 

PIN7  Gütter, 2014 

PIN8  Kolb, 2015 

PIN1-2-1  Invitrogen 

PIN1-3-1  Invitrogen 

PIN2-1-2  Invitrogen 

PIN2-3-2  Invitrogen 

PIN2-2-3  Invitrogen 

PIN2-3-3  Invitrogen 

PIN2-3-3*  This thesis 

PIN3-1-3  Invitrogen 

PIN3-2-3  Invitrogen 

PIN3-2-2  Invitrogen 

PIN3-3-2  Invitrogen 

PIN8-2-8  Kolb, 2015 

PIN8-3-8  Kolb, 2015 

AGC1.7  Martina Kolb (TUM) 

AGC1.8  Dr. Yao Xiao (TUM) 

AGC1.9  Dr. Yao Xiao (TUM) 

CRK5  Angela Alkofer (TUM) 
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Name Details Reference 

YFP-D6PK  Zourelidou et al., 2014 

YFP-D6PKin inactive Zourelidou et al., 2014 

D6PK-LIKE1  Angela Alkofer (TUM) 

D6PK-LIKE2  Angela Alkofer (TUM) 

D6PK-LIKE3  Angela Alkofer (TUM) 

KIPK KCBP-INTERACTING 

PROTEIN KINASE 

Dr. Yao Xiao (TUM) 

N-1.8-KIPK-C  Dr. Yao Xiao (TUM) 

N-KIPK-1.8-C  Dr. Yao Xiao (TUM) 

MPK3(D,E) D193G E197A Benedikt Pfeilschifter (now FAU) 

MPK4(D,E) D198G E202A Benedikt Pfeilschifter (now FAU) 

MPK4(Y) Y124C Benedikt Pfeilschifter (now FAU) 

MPK6(D,E) D218G E222A Benedikt Pfeilschifter (now FAU) 

MPK6(Y) Y144C Benedikt Pfeilschifter (now FAU) 

PAX  Marhava et al., 2018 

YFP-PAX  Lanassa Bassukas (TUM),  

Angela Alkofer (TUM) 

PAX(SMA) S596A Lanassa Bassukas (TUM) 

PAX(SMD) S596D Lanassa Bassukas (TUM) 

PAX KD kinase dead variant Lanassa Bassukas (TUM) 

pax8mut S15A S68A S136A S137A S138A 

T227A S269A S316A S596A 

S735A S737A 

Lanassa Bassukas (TUM) 

PDK1  Lanassa Bassukas (TUM) 

PINOID  Zourelidou et al., 2014 

YFP-PINOID  Angela Alkofer (TUM) 

WAG1  Angela Alkofer (TUM) 
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2.2 Oligos and molecular cloning 
 
2.2.1 Oligos 
All oligos were ordered from Sigma-Aldrich/Merck (Darmstadt, Germany).  

 
Table 4 – Primers for GreenGate cloning to generate plant expression constructs. 

Construct Oligo Sequence 5’®3’ Description 

PIN1 JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

009 

TATAGGTCTCGAATGATTACGGCGGCGGACT TM1 FWD 

JAD 

060 

TATAGGTCTCGTCCACGGTACTCAAAGAGAAAGAG TM1 REV 

JAD 

061 

TATAGGTCTCGTGGAGCTAAGCTTTTGATCTCCG Loop FWD 

JAD 

062 

TATAGGTCTCGTGTGATGACAAGACTCATTCTC Loop REV 

JAD 

063 

TATAGGTCTCGTCCACGGTACTCAAAGAGAAAGAG TM2 FWD 

JAD 

010 

TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG TM2 REV 

JAD 

011 

TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN1-eGFP JAD 

007 TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

009 TATAGGTCTCGAATGATTACGGCGGCGGACT CDS FWD 

JAD 

010 TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG CDS REV 

JAD 

011 TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A Terminator REV 

PIN2 JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 
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Construct Oligo Sequence 5’®3’ Description 

008 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

026 

TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN2-eGFP JAD 

007 TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

026 TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG CDS REV 

JAD 

015 TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A Terminator REV 

PIN3 JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT TM1 FWD 

JAD 

054 

TATAGGTCTCGCTTGGCGCCACGAAACTCGAAGAGAA TM1 REV 

JAD 

055 

TATAGGTCTCGCAAGATGCTCATCATGGAGC Loop FWD 

JAD 

056 

TATAGGTCTCGTCGCCGGAGGCATATTTTTTCGTTGACT Loop REV 

JAD 

057 

TATAGGTCTCGGCGAGTGTGATGACAAGGCTGATACT TM2 FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC TM2 REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN3-eGFP JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 
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Construct Oligo Sequence 5’®3’ Description 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

1-2-1 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

009 

TATAGGTCTCGAATGATTACGGCGGCGGACT CDS FWD 

JAD 

010 

TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG CDS REV 

JAD 

011 

TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

1-2-1-eGFP 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

009 

TATAGGTCTCGAATGATTACGGCGGCGGACT CDS FWD 

JAD 

072 

TATAGGTCTCGTTTCCCCCGTTATTACCGTCTTG CDS REV 

JAD 

073 

TATAGGTCTCGGAAAGATGGTGAGCAAGGGCGAGGAGC eGFP FWD 

JAD 

074 

TATAGGTCTCGACAGCTCGTCCATGCCGAGAGTGATC eGFP REV 

JAD 

075 

TATAGGTCTCGCTGTACAAGTCACCTTACATGGGCAAAA

AAG 

CDS FWD 

JAD 

010 

TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG CDS REV 

PIN 

1-3-1 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD TATAGGTCTCGAATGATTACGGCGGCGGACT CDS FWD 
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Construct Oligo Sequence 5’®3’ Description 

009 

JAD 

010 

TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG CDS REV 

JAD 

011 

TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

1-3-1-eGFP 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

009 

TATAGGTCTCGAATGATTACGGCGGCGGACT CDS FWD 

JAD 

010 

TATAGGTCTCGCTCATAGACCCAAGAGAATGTAGTAGAG CDS REV 

JAD 

011 

TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

2-1-2 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

026 

TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

2-3-2 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

026 

TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 
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Construct Oligo Sequence 5’®3’ Description 

PIN 

2-3-2-eGFP 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

026 

TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

2-2-3 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

2-3-3 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

025 

TATAGGTCTCGAATGATCACCGGCAAAGACATG CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-1-3 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 
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Construct Oligo Sequence 5’®3’ Description 

014 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-1-3-eGFP 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-2-3 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-2-3-eGFP 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

014 

TATAGGTCTCGCTTATAACCCGAGTAGAATGTAGTAAAC CDS REV 

JAD 

015 

TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-2-2 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 
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Construct Oligo Sequence 5’®3’ Description 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

026 TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG 

CDS REV 

JAD 

015 TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC 

Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

3-3-2 

JAD 

007 

TATAGGTCTCGACCTAGACCAACGAATTGATGGAG Promoter FWD 

JAD 

008 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCG Promoter REV 

JAD 

013 

TATAGGTCTCGAATGATCTCATGGCACGACCT CDS FWD 

JAD 

026 TATAGGTCTCGCTTAAAGCCCCAAAAGAACGTAGTAG 

CDS REV 

JAD 

015 TATAGGTCTCGTAAGTTATTATCAAAACGTATTTGC 

Terminator FWD 

JAD 

012 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA

A 

Terminator REV 

PIN 

8-1-8 

KOM 

304 

TATAGGTCTCGACCTGTCTTTGCTACGGATTGTGGAA Promoter FWD 

KOM 

305 

TATAGGTCTCGCATTTTGATTTACTTTTTCCGGCGAGAG Promoter REV 

KOM 

306 

TATAGGTCTCGAATGATCTCCTGGCTCGATATCTAC CDS FWD 

KOM 

307 

TATAGGTCTCGCTCATAGGTCCAATAGAAAATAATATGC CDS REV 

KOM 

308 

TATAGGTCTCGTGAGTTATTATCAAAACGTATTTGCAA Terminator FWD 

KOM 

309 

TATAGGTCTCGTAGTATATATAAGACAAAAGAAATGAA Terminator REV 
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Table 5 – Primer combinations for genotyping transgenic plant lines used in this thesis.  

Construct Oligo Sequence 5’®3’ Fragment 

(bp) 

PIN1,  

PIN8-1-8 

KOM157 AACACAAACAACATTAATTAAATATCGTCT

CAAGGAAC 

600 

KOM152 TCTGGAAACTGCTCGGAGATCAAAAGCTTA

GC 

PIN1-eGFP PIN1loop

_fwd 

GCTAAGCTTTTGATCTCCGAGCAGTTTC 840 

GFP_anch

or_rev 

CAGCTCCTCGCCCTTGCTCACCAT 

PIN2 JAD081 AAACGCCTGCCAAAGAAAGAGTGCGGCGA

GG 

1500 

GTSpGG

Z003_RB 

CAATATATCCTGTCAAGGCTCGAAC 

PIN2-eGFP AtPIN2lo

op_fwd 

GCTAAGCTTCTCATCTCCGAGCAGTTCCCGG 900 

GFPanc_r

ev 

CAGCTCCTCGCCCTTGCTCACCAT 

PIN3, PIN3-

eGFP, PIN3-

1-3, PIN3-1-

3-eGFP, 

PIN3-2-3, 

PIN3-2-3-

eGFP, PIN3-

3-2 

KOM157 AACACAAACAACATTAATTAAATATCGTCT

CAAGGAAC 

500,  

500,  

500,  

500,  

380,  

380,  

450 

JAD083 GAAATTAGCCCATAGGACTAAAAGTGACAA

CATGATG 

PIN1-2-1 KOM160 GTCCCGGTCCTAGGAAACAGCAGATGCCGC

CGGCGAG 

500 

PIN1TM_

rev 

TCATAGACCCAAGAGAATGT 

PIN1-2-1-

eGFP 

KOM151 GGGATCACTCTCGGCATGGACGAGCTGTAC

AAG 

600 

JAD084 GCAAATACGTTTTGATAATAAC 
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Construct Oligo Sequence 5’®3’ Fragment 

(bp) 

PIN1-3-1, 

PIN1-3-1-

eGFP, PIN2-

3-2, PIN2-3-

2-eGFP, 

PIN2-3-3 

KOM157 AACACAAACAACATTAATTAAATATCGTCT

CAAGGAAC 

600 

KOM153 CAGGGAACTGCTCCATGATGAGCATCTTGG

C 

PIN2-1-2 PIN2TMf

wd_ancho

r 

ATGATCACCGGCAAAGACATGTACGATG 470 

KOM152 TCTGGAAACTGCTCGGAGATCAAAAGCTTA

GC 

PIN3-2-2 PIN3TMf

wdanc 

ATGATCTCATGGCACGACCTCTACACGGTC 470 

KOM147 CCGGGAACTGCTCGGAGATGAGAAGCTTAG

C 

DR5v2-GUS JAD114 GAGACAAAAGGGAGACAAAAGGGAGACAA

AAGGG 

300 

GUS_anc

_rev 

TTCCACAGTTTTCGCGATCCAGACTGAATG 

pin2 mutant 

background 

pin2_LP0

1 

AACCCTGCTACTGATTTTCCG ~1100 

pin2_RP0

1 

TATGGTCAGTTCCGTCGTACC 

LBb1.3 ATTTTGCCGATTTCGGAAC 750 

 
 
2.2.2 Cloning procedure 
Standard methods of molecular biology were performed as described with molecular grade reagents 

from Carl Roth, Sigma-Aldrich or the Thermo Fisher group (Sambrook et al., 1989). All enzymes 

were purchased from Thermo Fisher Scientific (Waltham, USA) or Kapa Biosystems (Wilmington, 

USA) and used according to the manual. Amplified DNA fragments by PCR were purified by gel 

electrophoresis and the NucleoSpin gel and PCR kit from Machery & Nagel (Düren, Germany). For 

plasmid preparation, the NucleoSpin Plasmid kit from Macherey & Nagel was used. For cRNA 
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synthesis, the mMESSAGE mMACHINE™ SP6 Transcription kit and the MEGAclear Purification 

of Transcription Reactions kit from Thermo Fisher Scientific were used.  

  

Plant expression vectors were generated by a modified GreenGate cloning protocol (Lampropoulos 

et al., 2013). Contrary to the original protocol, the BsaI-recognition site and, if necessary, suitable 

overhangs were added to the DNA fragments through the oligos at the 5’ end (TATAGGTCTCG…). 

The DNA fragments of interest were amplified from genomic DNA (gDNA) or CDS synthesized by 

Invitrogen (Waltham, USA). The inserts were directly ligated into the destination vector pGGZ003 

in a molecular ratio of 1:1 – 1:3. The Basta resistance gene (“F” module) was provided by the entry 

vector pGGF009.  

 

The protein domains of PIN1, PIN2, PIN3 and PIN8 were defined as the following and derived from 

(Ganguly et al., 2014): PIN1: TM1 1–156 aa, loop 157–459 aa, TM2 460–623 aa. PIN2: TM1 1–

156 aa, loop 157–484 aa, TM2 485–623 aa. PIN3: TM1 1–156 aa, loop 157–477 aa, TM2 478–

641 aa. PIN8: TM1 1–163 aa, loop 164–204 aa, TM2 205–367 aa. The CDS of eGFP was inserted 

C-terminally of amino acid positions 432 (PIN1), 301 (PIN2) and 451 (PIN3) or at equivalent 

positions in the loop domain in the PIN chimeras. The loops of PIN1, PIN2 or PIN3 were inserted 

C-terminally of position 163 in PIN8 (Kolb, 2015).  

 

For cloning into pOO2, the CDS was amplified with 5’-phosphorylated oligos and purified by gel 

electrophoreses. The backbone was linearized with SmaI and dephosphorylated with Antarctic 

Phosphatase (AnP). Insert and backbone were ligated in a molecular ratio of 1:3 by T4 DNA ligase. 

The ligation reaction contained the restriction enzyme SmaI to digest re-ligated pOO2 backbones, in 

order to minimize re-transformants and increase the success rate. The ligation reaction was incubated 

at 28 °C for 5 min, followed by 37 °C for 5 min (30x) and finally heat-inactivated. 

 

2.3 Work with oocytes 
 
2.3.1 Transport assay 
The efflux experiments were performed as described (Fastner et al., 2017). Oocytes were injected 

with 150 ng/µl PIN cRNA and 75 ng/µl cRNA of respective kinase. The 3H-IAA was purchased by 

ARC (Saint Louis, USA) or RC Tritec (Teufen, Switzerland). After 4 days, oocytes were injected 

with the substrate to reach the indicated internal IAA concentration. For the kinetic studies, all 

concentrations were spiked with non-labelled IAA (SigmaAldrich). Each time point (0, 5, 10, 15 min 

for PIN3, PIN2-3-2, PIN3-1-3, PIN3-2-3, PIN8 or 0, 7.5, 15, 30 min for PIN1, PIN2, PIN1-2-1, 

PIN2-1-2, PIN8-2-8, PIN8-3-8) resembles the mean and SEM of 7-10 oocytes. The transport rates 
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were calculated by linear regression. Experiments were performed at least three times with oocytes 

from different X. laevis females if not indicated differently.  

 
2.3.2 Phospho-MS analysis 
Oocytes (n = 50) expressing either PIN1, PIN2, PIN3 alone or PIN co-expressed with YFP-D6PK or 

PINOID were collected without oocyte buffer in a reaction tube (2 ml). The oocytes were 

homogenized in 2 ml Lysis buffer (Tris-HCl pH 8.0 50 mM, ½ tablet PhosSTOP (Roche), 1x 

cOmpleteTM EDTA-free proteinase inhibitor cocktail (Sigma-Aldrich), 1 % SDC) and centrifuged 

(2000 g, 10 min, 4 °C). The supernatant without yolk was transferred to a reaction tube suitable for 

ultracentrifugation and centrifuged (150 000 g, 30 min, 4 °C). The cytosolic fraction (supernatant) 

and the membrane fraction (pellet) were split and the membrane fraction was resuspended in 400 µl 

Lysis buffer. All samples were stored at –80 °C before preparation for LC-MS/MS analysis.  

 

Samples were prepared with the help of Dr. Julia Mergner (BayBioMS, Freising/Munich) and a 

detailed protocol can be found in Janacek et al., 2023, under review. 

 
2.3.3 Western blot analysis 
Western blot analysis was performed as described in (Fastner et al., 2017). Oocytes (n = 8) were 

transferred to a reaction tube (1.5 ml) and homogenized with 320 µl Homogenization buffer (50 mM 

Tris-HCl pH 7.6, 100 mM NaCl, 1 mM EDTA, ½ tablet PhosSTOP (Roche), 1x cOmpleteTM EDTA-

free proteinase inhibitor cocktail (Sigma-Aldrich)) The samples were centrifuged (2000 g, 10 min, 

4 °C) and 300 µl of the supernatant were transferred to a reaction cup suitable for ultracentrifugation. 

After ultracentrifugation (150 000 g, 30 min, 4 °C), the supernatant (cytosolic fraction) and the pellet 

(membrane fraction) were split. To the cytosolic fraction, 75 µl of 4x SDS-loading dye were added 

and the sample was boiled at 95 °C for 5 min. The membrane fraction was resuspended in 64 µl 

Homogenization buffer + 16 µl 4x SDS-loading dye and incubated at 42 °C for 15 min. Samples 

were loaded on a 10 % SDS gel with and blotted on nitrocellulose membrane (Amersham Protran 

Premium 0.2 µm pore size) by semi-dry protein transfer. The membrane was blocked over night at 

4 °C in 5 % milk solution (TBS buffer, 0.2 % Tween-20, 5 % (w/v) milk powder). The membrane 

was rinsed in TBS buffer after each step and primary and secondary antibodies were used as indicated 

(Table 6). The membrane was developed with SuperSignal West Femto Stable Peroxide Substrate 

Buffer Kit (Thermo Fisher Scientific) according to the manual. Signal of the kinases (2 min) and the 

PIN3 (1 min) was detected with the ImageQuant LAS4000 luminescence imager. 
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Table 6 – Primary and secondary antibodies for Western Blot analysis. 

Name Dilution Carrier  Source 

anti-GFP 1:3000 rabbit IgG fraction, 

polyclonal 

antiserum 

Pineda Antikörper-

Service 

anti-PIN3 1:5000 sheep crude 

antiserum 

NASC N782251 

anti-rabbit-HRP 1:100 000 goat  Sigma-Aldrich 

anti-goat-HRP 1:8000 rabbit  Sigma-Aldrich 

 

 

2.4 Work with plants 
 
2.4.1 Growth conditions 
For growth in pots, the seeds were spread on moist soil and incubated in the growth chamber with a 

cover under long day conditions (16 h light, 8 h dark, 21-23 °C). After one week, the cover was 

removed and the plants were separated to individual pots, if necessary.  

 

For growth on plates, the seeds were sterilized with chlorine gas (6 %(v/v), 1 h) and homogenously 

spread on the agar or placed individually with an autoclaved toothpick. Plates were sealed and 

incubated at 4 °C in the dark for two days. Afterwards the plates were placed vertically in plant 

growth chambers (Sanyo or Panasonic) under long day conditions (16 h light, 8 h dark, 21 °C).  

 

Solid 0.5 MS medium contained 2.15 g/l Murashige & Skoog (MS) medium, including B5 vitamins 

incl. gamborg B5 vitamins (Duchefa Farma, Harleem, Netherlands), 0.5 g/l MES monohydrate (Carl 

Roth, Karlsruhe, Germany) and 0.8 % (w/v) plant agar (Duchefa Farma).  

 

Solid Growth medium contained 4.3 g/l MS medium, including B5 vitamins incl. gamborg B5 

vitamins, 0.5 g/l MES monohydrate, 0.7 % (w/v) plant agar and 1 % (w/v) saccharose. 

 
2.4.2 Plant transformation 
Competent A. tumefaciens bacteria were transformed with the respective plasmid and incubated for 

3-4 days at 30 °C on YEB-plates with rifampicin (20 mg/ml), gentamycin (20 mg/ml) and 

spectinomycin (300 mg/ml). A single colony was used to inoculate 250 ml of YEB-Rif20-Gent20-

Spec300 medium (beef extract (5 g/l,Becton Dickinson), yeast extract (1 g/l, Carl Roth), peptone 
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(5 g/l, Carl Roth), saccharose (5 g/l), MgSO4 hydrate (0.49 g/l, Carl Roth), supplemented with 

rifampicin (20 µg/ml), gentamycin (20 µg/ml) and spectinomycin (300 µg/ml)). The overnight 

culture was centrifuged (4000 g, 10 min, 4 °C) and resuspended in 300 ml of buffer (5 % sucrose, 

488 µl/l SILVET). The plant pots were dipped upside down into the cell suspension for 5 min and 

were covered with plastic bags over night. The plants were bagged when the first siliques became 

brown and allowed to dry.  

In order to select for positive transformants, the seeds were brought on soil. After one week, the 

seedlings were sprayed with a Basta solution (1 % v/v). Seedlings that survived the treatment were 

transferred to single pots and genotyped.  

 
2.4.3 Genotyping 
Genomic DNA (gDNA) was extracted from small leave pieces. The plant material was added to an 

Eppendorf tube filled with two glass beads (Ø 4 ± 0.3 mm) and several smaller glass beads (Ø 1.25–

1.65 mm) and the sample was frozen in liquid nitrogen. The sample was grinded in the TissueLyzer 

II (Qiagen, Hilden, Germany) for 1 min with a frequency of 30 Hz. Extraction buffer was added 

(750 µl, 50 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 100 mM NaCl, 10 mM 2-mercaptoethanol, 

1 % (w/v) SDS) and the sample was incubated at 65 °C for 15 min. Afterwards, sodium acetate 

(200 µl, 5 M stock solution) was added and the sample was incubated on ice for 20 min. After 

centrifugation (13 000 rpm, 15 min, 4 °C), the supernatant (700 µl) was transferred to a new cup and 

isopropanol (700 µl) was added. The sample was centrifuged (13 000 rpm, 10 min, 4 °C) and the 

supernatant was removed. The pellet was washed in 70 % (v/v) ethanol (600 µl) and incubated for 

5 min at room temperature. The sample was centrifuged again for 10 min at 13 000 rpm and the pellet 

was dried overnight. The gDNA was dissolved in 100 µl dH2O.  

The gDNA was used as template in a PCR reaction and was checked for the PIN T-DNA (see Table 

5) and the pin2 mutant background (pin2_LP01 + pin2_RP01, pin2_LP01 + LBb1.3), or the DR5v2-

GUS T-DNA. 

 
2.4.4 Crossing 
In order to generate DR5-GUS reporter lines, flowers of the respective homozygous PIN rescue line 

were pollinated with pollen from plants carrying the PDR5v2:GUS construct. Positive transformants 

were identified by PCR in the next plant generation. The R2D2 reporter lines were generated by 

floral dipping of the respective homozygous PIN rescue line with Agrobacterium tumefaciens 

transformed with the R2D2 construct. Positive transformants were identified by microscopy. 
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2.4.5 Physiological experiments 
Gravitropism assay T2 

 
Figure 6 – Plating scheme for the gravitropism assay with T2 lines. 

 

The sterilized seeds of the wildtype control Col-0, the pin2 mutant and the PIN T-DNA line were 

plated in two sets of 10 seeds per genotype on the plate containing 0.5 MS + 1 % sucrose (Figure 6). 

In order to minimize plate effects, the position of the genotypes was rotated on different plates, 

resulting in six plates and 120 seeds for each genotype per investigated PIN rescue line. The plates 

were sealed and incubated in the dark at 4 °C for two days. Afterwards the plates were placed 

vertically into a plant growth chamber and scanned 5 days later. The root angle between the root 

origin and the root tip was measured for every seedling, using the SNT plugin of FIJI and a script to 

give the value of the root angle simultaneously, which was kindly provided by Dr. José-Antonio 

Villaécija-Aguilar (now LMU). 

For each PIN construct, 5-10 individual segregating T2 lines were analyzed as described before. One 

representative line was propagated to the next generation, in order to generate a homozygous line.  

 

Gravitropism assay T3 

The representative homozygous PIN T-DNA line was platted with proper controls according to 

Figure 6, with only one plate per plate layout (n = 60 seeds). The plates were processed as described 

earlier. The VGI of the homozygous lines was calculated according to (Grabov et al., 2005) using 

FIJI. The histogram of the root angles was created with GraphPad Prism V9, with a bin width of 15. 

The rose diagrams were illustrated using Adobe Illustrator 2021.  

 

Root bending assay 

The homozygous PIN T-DNA lines of interest, the wildtype Col-0 and the pin2 mutant were grown 

on plates containing the indicated medium for five days, after two days of stratification at 4 °C in the 

dark. Two times five seedlings were transferred to a new plate containing medium as indicated (either 
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0.5 MS + 1 % sucrose, or 0.5 MS without vitamins) and the root was straightened. The plate was 

turned 90 ° and was placed into a growth chamber (Sanyo, Moriguchi, Japan), together with an IR 

LED light module. A Raspberry Pi (Raspberry Pi Foundation, UK) equipped with an IR camera was 

placed in front of the plate and an image was taken every five minutes. The angle between the root 

body and the tip was measured every hour from 1-10 hours after turning and after 16 h.  

 

GUS staining 

The seeds of homozygous PIN T-DNA lines, the wildtype Col-0 and the pin2 mutant were grown on 

plates containing 0.5 MS + 1 % sucrose for five days, after two days of stratification at 4 °C in the 

dark. The whole seedlings were transferred to a 6-well plate containing GUS staining solution 

(100 mM NaPO4 pH 7.0, 100 mM EDTA pH 7.0, 1 mM K₃[Fe(CN)₆], 1 mM K₄[Fe(CN)₆]·3H₂O, 

0.1 % Triton X-100 in H2O, 0.5 mg/ml X-Gluc in DMF) and incubated for 1 h at 37 °C with the plate 

covered in aluminum foil. Afterwards the seedlings were washed three times in buffer (50 mM 

NaPO4 pH 7.0). The roots were mounted in chloral hydrate solution (50 % (w/v) chloral hydrate, 

10 % (v/v) glycerol) and imaged at an Olympus BX61 Upright microscope (Hamburg, Germany).  

 
2.4.6 Microscopy and signal quantification 
In order to image the PIN localization in Arabidopsis roots or to image the R2D2 auxin reporter, an 

Olympus BX61 microscope with a FV1000 confocal laser scanning unit (Olympus, Hamburg, 

Germany) or a Leica TCS SP8 confocal microscope (Leica, Wetzlar, Germany) were used.  

The brightness and contrast were adjusted in all images and the scale bar was automatically included 

using FIJI. All measurements for the polarity index or the R2D2 signal analysis were performed in 

FIJI.  

The polarity index was determined by calculating the ratio of the GFP signal at the apical and lateral 

PM of root epidermal cells. A square (3 px x 15 px) was defined as region of interest (ROI) and four 

cells from two roots of three independent segregating lines were analyzed per genotype.  

In order to analyze the R2D2 signal, a maximum projection of 3-8 images with 2.0 µm intervals of 

either the epidermal or cortical cell file was used. A round ROI covered the nucleus. The R2 (mDII 

signal) to D2 (DII signal) ratio was calculated of the first five cells after the anticlinal division of the 

epidermis/lateral root cap initial cell (Q) and five cells at the transition zone (T).  

The GUS-stained roots were imaged at an Olympus BX61 Upright microscope (Hamburg, 

Germany).  
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2.5 Software 
 
Table 7 – Software used in this thesis. 

Name Distributor 

MS Office for Mac Microsoft, Unterschleißheim, Germany 

GraphPad Prism V9 Dotmatics, Boston, USA 

FIJI/ImageJ2  NIH, Bethesda, USA 

Adobe Illustrator 2021 Adobe Systems, San Jose, USA 

EndNote 20 Clarivate, London, UK 

 

 

2.6 Statistical data processing 
 
All data were plotted with GraphPad Prism V9 (Boston, USA). Statistical analyses were performed 

using the default settings of GraphPad Prism V9.  
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3 Results 
 
3.1 Biochemical and physiological analyses of PINs 
 
3.1.1 PIN transport rates are linearly related to auxin concentrations and depend on 
the activating kinase 
The canonical PINs from Arabidopsis thaliana must be phosphorylated and thereby activated by 

AGC kinases to mediate IAA transport (Zourelidou et al., 2014). In order to understand the transport 

behavior of PINs at physiological IAA concentrations, the transport capacities of all canonical PINs 

(Figure 7) were tested in a time-dependent oocyte transport assay at a cytosolic IAA concentration 

of [IAA]in = 1 µM. The PINs were either expressed alone or co-expressed with D6PK or PINOID. 

PIN3, PIN4 and PIN7 cluster in one phylogenetic group (Krecek et al., 2009; Mravec et al., 2009; 

De Smet et al., 2011) and act redundantly in terms of their cell biological behavior (Haga and Sakai, 

2012; Willige et al., 2013). In the transport assay, similar transport properties to PIN3 were detected 

for PIN4 and PIN7.  

PIN3, PIN4 and PIN7 expressed alone in Xenopus oocytes showed no IAA transport (Figure 7 J, K, 

L). By co-expressing D6PK, the efflux was activated to rates of 2-3 % x min-1 for PIN3 and PIN4, 

and 0.5 % x min-1 for PIN7. The transport rate of PIN3 and PIN4 activated by PINOID was 3-

3.5 % x min-1 and 1.5 % x min-1 for PIN7. Although there were no significant differences between 

D6PK- and PINOID-activated transport, the transport rates were slightly higher for PINOID as 

activating kinase. PIN3 was chosen as the representative PIN of this group and all further 

biochemical and physiological analyses were performed with PIN1, PIN2 and PIN3.  
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Figure 7 – IAA transport properties of all canonical PINs in Xenopus oocytes. PIN1 (A-C), PIN 2 (D-F) 
and PIN3 (G-I) were expressed in oocytes without kinase (l) as well as with D6PK (!) or PINOID (q). (A, D, 
G, J, K) Representative time-course experiments for PIN1, PIN2, PIN3, PIN4 and PIN7. Time points are mean 
and SE of n = 8-10 oocytes. (B, E, H) Relative IAA export rates for PIN1, PIN2 and PIN3 (PIN1: n = 10-17, 
PIN2: n = 7-12, PIN3: n = 30-44). Box plots range from the 25th to 75th percentile and the median is shown, 
the mean is represented by (+). Groups were compared by one-way ANOVA, followed by Tukey’s post-hoc 
test (PIN1 vs. PIN1 + D6PK: * p-value 0.0178, PIN1 vs. PIN1 + PINOID: ** p-value 0.0021, PIN1 + D6PK 
vs. PIN1 + PINOID: n.s., not significant, p-value 0.5589; PIN2 vs. PIN2 + D6PK: n.s. p-value 0.9838, PIN2 
vs. PIN2 + PINOID: * p-value 0.0265, PIN2 + D6PK vs. PIN2 + PINOID: * p-value 0.0458; PIN3 vs. PIN3 + 
D6PK: **** p-value <0.0001, PIN3 vs. PIN3 + PINOID: **** p-value <0.0001, PIN3 + D6PK vs. PIN3 + 
PINOID: * p-value 0.0341). (C, F, I) Transport rates as a function of [IAA]in. Data are mean and SE of n = 4 
(PIN1), n = 3 (PIN1 + D6PK), n = 3 (PIN1 + PINOID), n = 3 (PIN2), n = 3 (PIN2 + D6PK), n = 3 (PIN2 + 
PINOID) and n = 3 (PIN3), n = 3 (PIN3 + D6PK), n = 3 (PIN3 + PINOID). (L) Relative IAA export rates for 
PIN3, PIN4 and PIN7. n = 4 for all constructs. Box plots range from the minimum to maximum percentile and 
the median is shown, the mean is represented by (+). Groups were compared by one-way ANOVA, followed 
by Tukey’s post-hoc test (PIN3 vs. PIN3 + D6PK: *** p-value 0.0005, PIN3 vs. PIN3 + PINOID: *** p-value 
0.0002, PIN3 + D6PK vs. PIN3 + PINOID: n.s., not significant, p-value 0.7894; PIN4 vs. PIN4 + D6PK: * p-
value 0.0338, PIN4 vs. PIN4 + PINOID: ** p-value 0.0037, PIN4 + D6PK vs. PIN4 + PINOID: n.s. p-value 
0.3447; PIN7 vs. PIN7 + D6PK: n.s. p-value 0.1750, PIN7 vs. PIN7 + PINOID: ** p-value 0.0095, PIN7 + 
D6PK vs. PIN7 + PINOID: n.s. p-value 0.1931). 

 

For all canonical PINs, a time course assay was performed to monitor the loss of IAA from oocytes 

over time (Figure 7 A, D, G, J, K). The PIN1-mediated transport was activated by D6PK and PINOID 

to comparable levels (Figure 7 B). The PIN2-mediated transport was activated significantly only by 

PINOID at the described assay conditions (Figure 7 E). Overall, the rates of PIN1- and PIN2-

mediated IAA transport were found to be in the same range (0.5-0.9 % x min-1). In contrast, PIN3 

was strongly activated to transport rates of 3.3 % x min-1 by D6PK and 3.8 % x min-1 by PINOID 

(Figure 7 H). The D6PK- and PINOID-activated transport rates of PIN3 were significantly different 

to each other.  

In order to determine the transport properties of PINs at a range of physiological IAA concentrations, 

a time-dependent efflux assays at cytosolic IAA concentrations ranging from 0.2 µM to 10 µM was 

performed. The transport rates were plotted as a function of [IAA]in (Figure 7 C, F, I). 

 
Table 8 – IAA transport rates of PIN1, PIN2 and PIN3. The transport activity of PINs was tested at different 
[IAA]in and linear regression was performed to calculate the IAA transport rate. The transporters were 
expressed in oocytes either alone or co-expressed with D6PK or PINOID. Table shows the transport rates in 
fmoles x min-1 x oocyte-1 of data presented in Figure 1 C, F, I. Mean and SE of n = 4 for PIN1; n = 3 for PIN1 
+ D6PK, PIN1 + PINOID, PIN2, PIN2 + D6PK, PIN2 + PINOID, PIN3, PIN3 + D6PK and PIN3 + PINOID. 

 no kinase + D6PK + PINOID 

PIN1 0.3 ± 0.3 3.1 ± 0.5 5.4 ± 0.8 

PIN2 -0.3 ± 0.2 1.2 ± 0.4 3.0 ± 0.6 

PIN3 -0.7 ± 0.2 17.0 ± 0.9 20.8 ± 0.6 
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PIN1, PIN2 and PIN3 without co-expressed kinase did not show any transport at higher IAA 

concentrations. Based on these findings, it was concluded that neither canonical PIN is able to efflux 

IAA without kinase co-expression from oocytes, suggesting that phosphorylation is required to 

overcome inhibition. PINs co-expressed with D6PK or PINOID showed a linear relationship between 

transport rate and IAA concentration. This suggests that at physiological IAA concentrations, the 

transport is limited by the turnover rate of the PIN and the amount of transporter in the PM.  

The absolute IAA transport rate for PIN1 + D6PK was 3.1 ± 0.5 fmoles x min-1 x oocyte-1 and 

5.4 ± 0.8 fmoles x min-1 x oocyte-1 for PIN1 + PINOID. The transport rates were slightly lower for 

PIN2 + D6PK (1.2 ± 0.4 fmoles x min-1 x oocyte-1) and PIN2 + PINOID (3.0 ± 0.6 fmoles x min-

1 x oocyte-1). Whereas the transport capacity of PIN3 was strongly enhanced to 

17.0 ± 0.9 fmoles x min-1 x oocyte-1 with D6PK and 20.8 ± 0.6 fmoles x min-1 x oocyte-1 for 

PINOID (Table 8). Notably, the PINOID-activated transport was stronger for all three PINs at all 

tested IAA concentrations. This suggests that the kinase impact on PIN-mediated transport is beyond 

its function as an activation switch.  

 

 
Figure 8 – IAA efflux assay at increasing internal concentrations. (A) Efflux rates of water-injected 
Xenopus oocytes as a function of [IAA]in. Data are mean and SE (n = 4 assays with oocytes from different 
females). The dashed line indicates the concentration to which the assay was stable. (B) Transport rates of the 
indicated PIN-kinase combination as a function of [IAA]in in oocytes. (q) co-expressed with PINOID, (!) co-
expressed with D6PK. Data points are transport rate of n = 8-10 oocytes at respective [IAA]in. 

 

In all cases transport increased linearly with increasing IAA concentration and in no case, saturation 

could be reached. Therefore, higher IAA concentrations on PINs in the oocyte assay should have 

been tested since IAA levels in the Arabidopsis root were described to be in the range of 1–50 µM 

(Petersson et al., 2009). It was not possible to generate a stable baseline at IAA concentrations 

between 10 µM and 20 µM with the methodical layout of the assay as described in Chapter 2.3.1 

(Figure 8). IAA-injected oocytes without any expressed transporter showed that the assay could be 

stably used up to [IAA]in of 10 µM (Figure 8 A). At [IAA]in > 10 µM, a technical artefact from the 

injection scheme led to negative efflux rates. The oocytes that efflux the longest were injected first. 
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High IAA concentrations in the injection needle drastically increased the diffusion rate of radioactive 

IAA from the needle into the oocyte without any injection event. Therefore, the IAA levels in the 

first oocytes were uncontrollably higher than in the later oocytes when the concentration gradient 

inside the needle was already decreased. Because the last time point was injected first and had the 

highest artificial diffusion rate, the transport rates became negative after linear regression.  

The impact of this became obvious when the described PIN-kinase combinations were tested (Figure 

8 B). To test PIN-mediated IAA transport at concentrations higher than 10 µM, SSM-based 

electrophysiology would be a suitable technique (Ung et al., 2022). 

 
3.1.2 The protein levels and the phosphorylation pattern of PIN1, PIN2 and PIN3 in 
oocytes are comparable 
The AGC kinases D6PK and PINOID phosphorylate serine or threonine residues in PINs and are 

necessary for activation of PIN-mediated IAA transport. In order to compare kinetics of different 

PIN transporters, the proteins of interest must be present in comparable levels in the oocyte plasma 

membrane.  

Additionally, the observation that transport rates of PINs depend linearly on the substrate 

concentration and the fact that the activating kinase affects the transport rates of PINs, opened the 

question if changes in the PIN’s phosphorylation status by the two kinases explain the differences in 

transport rates. By using a mass spectrometry approach, the membrane and cytosolic fractions of 

oocytes expressing PIN1, PIN2 or PIN3, and oocytes co-expressing PIN and D6PK or PINOID were 

analyzed. 
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Figure 9 – Proteome and phospho-proteome analyses of PINs and D6PK or PINOID in Xenopus oocytes. 
(A) LFQ intensity of all peptides from PIN1, PIN2 and PIN3 in the membrane fraction without kinase (n = 3) 
and with D6PK (n = 3) or PINOID (n = 3). Data are mean and SE. Data analyzed in their respective group 
(PIN vs. + D6PK vs. + PINOID) by one-way ANOVA, followed by Tukey’s posthoc test showed no significant 
difference (PIN1 vs. PIN1 + D6PK n.s. 0.8239, PIN1 vs. PIN1 + PINOID n.s. 0.6612, PIN1 + D6PK vs. PIN1 
+ PINOID n.s. 0.9535. PIN2 vs. PIN2 + D6PK n.s. 0.6559, PIN2 vs. PIN2 + PINOID n.s. 0.9809, PIN2 + 
D6PK vs. PIN2 + PINOID n.s. 0.7614. PIN3 vs. PIN3 + D6PK n.s. 0.9442, PIN3 vs. PIN3 + PINOID n.s. 
0.8343, PIN3 + D6PK vs. PIN3 + PINOID n.s. 0.9642). (B) LFQ intensity of the shared peptide LILIMVWR 
between the three PINs in the membrane fraction (n = 3). Mean and SE are indicated. Data analyzed by one-
way ANOVA, followed by Tukey’s posthoc test showed no significant difference between groups. (C) LFQ 
intensity of D6PK and PINOID in the membrane fraction (n = 3) and the cytosolic fraction (n = 1) of oocytes 
expressing PIN and the kinase indicated. Mean and SE are indicated. Data analyzed by one-way ANOVA, 
followed by Tukey’s posthoc test showed no significant difference between groups. (D-F) Phosphorylated sites 
in PIN1, PIN2 and PIN3 in comparison to PIN without kinase after phospho-peptide enrichment by IMAC. 
The green line indicates the difference between PIN with D6PK or PINOID. (X) marks sites phosphorylation 
sites that are significantly (p-value < 0.05) increased in response to both kinases, (*) marks phosphorylation 
sites that are significantly (p-value < 0.05) increased in response to D6PK and (o) marks phosphorylation sites 
that are significantly (p-value < 0.05) increased in response to PINOID (Student’s t-test two sided unpaired, 
with multiple-testing correction Permutation-based FDR 0.05). 

 

The comparison of the full proteome’s label-free quantification (LFQ) intensities revealed that the 

overall protein levels were comparable between the samples (Figure 9 A). The three PINs shared one 

unique peptide LILIMVWR that allowed it to compare the PIN protein levels within the group of 

one PIN, and also between the different PINs (Figure 9 B). No significant differences in the protein 

amounts were measured and it was concluded that the PINs were expressed to similar levels.  

The PINs, both kinases D6PK and PINOID as well as 4556 proteins from Xenopus laevis were 

detected in the membrane fractions, that were enriched before analysis. Additionally, one cytosolic 

fraction for each PIN co-expressed with the respective kinase was analyzed and 2950 Xenopus 

proteins were found. D6PK and PINOID were detected in equal levels, likely due to their membrane-

association. Neither the expression level of D6PK nor that of PINOID depended on the identity of 

the PIN co-expressed (Figure 9 C). In contrast to the PINs, the kinases do not share a common 

peptide. Therefore, it was not possible to directly compare the protein levels between D6PK and 

PINOID.  

In order to identify phosphorylated residues in oocyte-expressed PINs, the membrane fraction of 

oocytes expressing PIN and D6PK or PINOID was split in the phosphorylated and non-

phosphorylated fraction by phospho-peptide enrichment (immobilized metal affinity 

chromatography, IMAC). By phospho-LC-MS/MS analysis, several phosphorylated residues in 

PIN1, PIN2 and PIN3 were found, in comparison to the PIN samples without co-expressed kinase 

(Figure 9 D-F).  

In PIN1 (Figure 9 D), three positions (Ser221, Ser231, Ser271) were significantly more 

phosphorylated by both kinases D6PK and PINOID. In the group of PIN1 + D6PK, nine out of twelve 

significantly differently phosphorylated positions were detected. For these nine positions, the 

PINOID samples were variable but showed an overall increase in intensity that did not result in a 

mathematical significance. Thr248 (T2) and Ser253 (S2) were the only positions with significantly 
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higher levels of phosphorylation by D6PK, where no increased phosphorylation in the PINOID 

samples was detected.  

The highest number of phosphosites was detected in PIN2 (Figure 9 E). Surprisingly, only four out 

of 36 measured phosphosites were significantly increased in comparison to samples without kinase 

(Thr233, Ser237, Thr309, Ser310). Three of them showed increased levels of phosphorylation by 

both kinases. Ser237 was phosphorylated to significantly higher levels by D6PK.  

In PIN3, 17 significantly differently phosphorylated amino acids were detected (Figure 9 F), 13 of 

them by both kinases. Only three sites were more phosphorylated by D6PK (Ser248, Ser362, 

Ser452). Ser275 was the only site with increased phosphorylation by PINOID. Thr229 and Ser417 

were phosphorylated significantly less compared to samples without kinase, upon co-expression of 

D6PK or PINOID. That would suggest an oocyte-specific kinase could phosphorylate both positions 

if only PIN was expressed. If D6PK or PINOID were co-expressed, the positions might be sterically 

buried either by direct interaction of PIN loop and kinase or by steric effects on the PIN loop structure 

by phosphorylation events at other positions.  

 
Table 9 – Phosphosite positions in oocyte-expressed D6PK or PINOID. Serine and threonine 
phosphorylation sites in D6PK and PINOID detected in the phospho-proteome analysis of oocytes expressing 
D6PK or PINOID and PIN1, PIN2 or PIN3. Intensities of sites marked with (*) were significantly increased 
(p-value < 0.05, Student’s t-test two sided unpaired, with multiple-testing correction Permutation-based FDR 
0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 D6PK PINOID 

PIN1 + 62 * 54 

264 55 

280 178 

345 *  

PIN2 + 62 54 

264 55 

345 * 178 

408  

PIN3 + 62 * 54 

262 55 * 

264 * 178 * 

345 *  

408 *  
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Besides PIN phosphorylation, phosphorylated serine residues in D6PK and PINOID were detected 

(Table 9). The amino acid positions 264 and 280 of D6PK are part of the MID domain of D6PK 

(Barbosa et al., 2016) and position 345 is in the activation loop indicating that a PDK1-like activity 

is present in oocytes (Xiao and Offringa, 2020). For PINOID, no phosphorylation sites of known 

protein domains (e.g. ATP binding site, activation loop, DFD motif, PIF domain) were found. The 

phosphorylated residues detected in PINOID are part of the Ser/Thr-rich N-terminus (Santner and 

Watson, 2006).  

 
Table 10 – Phosphorylated sites in PIN1, PIN2 or PIN3 expressed in oocytes with D6PK or PINOID in 
comparison to the Arabidopsis thaliana phospho-proteome. PIN1, PIN2 and PIN3 were heterologously co-
expressed in oocytes with D6PK or PINOID and compared to the phosphorylation sites from Arabidopsis 
PIN1, PIN2 or PIN3 found in Mergner et al., 2020 (PIN1 + D6PK n = 24, PIN1 + PINOID n = 22, PIN1 
(Arabidopsis) n = 20, PIN2 + D6PK n = 36, PIN2 + PINOID n = 36, PIN2 (Arabidopsis) n = 21, PIN3 + D6PK 
n = 30, PIN3 + PINOID n = 30, PIN3 (Arabidopsis) n = 28). Sites that were not found in one group are shown 
as gray empty cells. 

  Xenopus oocytes Arabidopsis 

PIN AA position PIN + D6PK PIN + PINOID Mergner et al., 2020 

PIN1 

 

 

 

 

 

 

 

 

209 yes yes  

212 yes yes yes 

214 yes yes yes 

221 yes yes yes 

227 yes yes yes 

231 yes yes yes 

234 yes yes  

240 yes yes yes 

248 yes  yes 

252 yes yes yes 

253 yes  yes 

257 yes yes yes 

271 yes yes yes 

282 yes yes yes 

286 yes yes yes 

290 yes yes yes 

320 yes yes yes 

337 yes yes yes 

408 yes yes  

414 yes yes yes 

426 yes yes yes 
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  Xenopus oocytes Arabidopsis 

PIN AA position PIN + D6PK PIN + PINOID Mergner et al., 2020 

434 yes yes yes 

439 yes yes  

446 yes yes yes 

PIN2 183 yes yes yes 

192 yes yes  

209 yes yes  

210 yes yes yes 

213 yes yes  

214 yes yes  

217 yes yes yes 

218 yes yes yes 

222 yes yes  

229 yes yes yes 

230 yes yes yes 

233 yes yes yes 

237 yes yes yes 

240 yes yes  

245 yes yes yes 

246 yes yes  

254 yes yes yes 

282 yes yes yes 

284 yes yes yes 

298 yes yes  

301 yes yes  

302 yes yes yes 

306 yes yes yes 

309 yes yes yes 

310 yes yes yes 

365 yes yes  

370 yes yes yes 

393 yes yes yes 

405 yes yes  

408 yes yes  



Results 

 50 

  Xenopus oocytes Arabidopsis 

PIN AA position PIN + D6PK PIN + PINOID Mergner et al., 2020 

409 yes yes  

410 yes yes  

419 yes yes  

439 yes yes yes 

458 yes yes yes 

466 yes yes yes 

PIN3 215 yes yes yes 

222 yes yes yes 

226 yes yes yes 

229 yes yes  

235 yes yes yes 

239 yes yes yes 

243 yes yes yes 

248 yes yes yes 

262 yes yes yes 

271 yes yes yes 

274 yes yes yes 

275 yes yes yes 

279 yes yes yes 

283 yes yes yes 

293 yes yes yes 

294 yes yes yes 

341 yes yes  

344 yes yes yes 

362 yes yes yes 

363 yes yes yes 

366 yes yes yes 

389 yes yes yes 

404 yes yes yes 

417 yes yes yes 

427 yes yes yes 

452 yes yes yes 

453 yes yes yes 
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  Xenopus oocytes Arabidopsis 

PIN AA position PIN + D6PK PIN + PINOID Mergner et al., 2020 

458 yes yes yes 

460 yes yes yes 

468 yes yes yes 

 

In light of the phospho-proteome analysis by Mergner et al., 2020, the detected phosphorylated 

residues in Xenopus oocytes and in Arabidopsis thaliana were to high levels congruent (Table 10). 

Four phosphorylation sites of oocyte-expressed PIN1 and two sites of oocyte-expressed PIN3 were 

not detected in Arabidopsis thaliana. In PIN2, 15 out of 36 phosphorylated residues were only 

detected in oocyte-expressed protein, either because the peptides were not detected in the Arabidopsis 

screen due to technical differences or they were not phosphorylated.  

 

The detailed analysis of PINs in oocytes showed that the differences detected in the transport rates 

were neither due to variations in the protein levels of the three PINs nor the kinases, nor could the 

stronger transport activation by PINOID be explained by distinct differences in the phosphorylation 

status of the PIN loop domain.  

 
3.1.3 PIN1 and PIN3 partially rescue the agravitropic root phenotype of the pin2 
mutant 
The transport studies in Xenopus oocytes revealed that the transport properties of PIN1 and PIN2 are 

more similar to each other than either one of them compared to PIN3. In order to investigate if 

physiological consequences result from the different transport rates, the coding sequences of PIN1 

and PIN3 were expressed from a PIN2 promoter fragment in the pin2 mutant background and their 

potential to complement the agravitropic root growth and the lack of response to gravistimulation 

was investigated (Luschnig et al., 1998; Abas et al., 2006). It is noteworthy that the pin2 mutant is 

not fully agravitropic. No root that grew against the gravity vector was detected. The pin2 mutant 

was mainly characterized by the wide distribution of root angles between -90 ° and +90 ° around the 

gravity vector, i.e. 0 °. The angle between the root tip and the gravity vector was used as phenotypic 

read out in independent segregating T2 lines (Figure 10 A, D, G). One representative T2 line of each 

genotype was propagated to homozygous T3. The vertical growth index (VGI) and the root angle 

between the root tip and the gravity vector were measured. The VGI correlates the root length to the 

distance between the root origin and the root tip (Grabov et al., 2005). 
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Figure 10 – Potential of PIN1, PIN2 and PIN3 to rescue the pin2 mutant phenotype. PIN1 (A-C), PIN2 
(D-F) or PIN3 (G-I) were expressed from a PIN2 promoter fragment in the pin2 mutant background. (A, D, G) 
Root angle of ten independent segregating T2 lines between root tip and gravity vector of pin2;PPIN2:PIN1, 
pin2;PPIN2:PIN2 and pin2;PPIN2:PIN3 (n = 103-119, 89-118, 99-116 for PIN1, PIN2 or PIN3, respectively) in 
comparison to wildtype (n = 98-112 in A, n = 111-117 in D, n = 110-119 in G) and mutant (n = 47-98 in A, n 
= 83-117 in D, n = 79-119 in G). Data points are individual seedlings. The mean and SE are indicated. The 
representative line is represented by black dots. (B, E, H) VGI of the representative T3 line of pin2;PPIN2:PIN1, 
pin2;PPIN2:PIN2 and pin2;PPIN2:PIN3 (n = 46, n = 56, n = 54 for PIN1, PIN2 or PIN3, respectively) in 
comparison to wildtype (n = 55 in B, n = 55 in E, n = 53 in H) and mutant (n = 48 in B, n = 50 in E, n = 40 in 
H). Box plots range from the 25th to 75th percentiles, whiskers mark the 5th and 95th percentiles and the 
median is shown, the mean is represented by (+), points below and above the whiskers are drawn as individual 
points. Groups were compared by one-way ANOVA followed by Tukey’s posthoc test. n.s. not significant p-
value 0.9861, ** p-value 0.0012, **** p-value <0.0001 (C, F, I) Root angles between root tip and gravity 
vector of the representative homozygous T3 line of pin2;PPIN2:PIN1, pin2;PPIN2:PIN2 and pin2;PPIN2:PIN3 in 
comparison to wildtype and mutant. Numbers are individual seedlings. 

 

As expected, PIN2 fully rescued the mutant phenotype (Figure 10 D–F). Due to the proportion of 

25 % of pin2 mutant seedlings that originated from the segregating T2 population, the root angles in 

all lines were slightly increased (Figure 10 D). In homozygous T3 seedlings, the VGI was not 

statistically different from the wildtype Col-0 control (Figure 10 E). The root angles were 

indistinguishable from wildtype (Figure 10 F). 

The expression of PIN1 in the pin2 mutant resulted in a partial rescue of the agravitropic root growth 

phenotype (Figure 10 A-C). The VGI of the homozygous pin2;PPIN2:PIN1 line differed significantly 

from wildtype as well as from the mutant. Additionally, the root angles of the T3 line varied less (SD 

= 0.11) than the pin2 mutant (SD = 0.56), but more than wildtype (SD = 0.04).  

The expression of PIN3 in the pin2 mutant resulted in reduced agravitropic root growth (Figure 10 

G–I). The rescue was visible in the reduced variation of the root angle for heterozygous T2 and 

homozygous T3 seedlings. The VGI of homozygous seedlings was higher as the mutant seedlings, 

but pin2;PPIN2:PIN3 seedlings still differed significantly from wildtype and mutant. Statistical 

comparison of the VGIs of pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 seedlings revealed significant 

differences between both genotypes (unpaired t-test, p-value 0.0375), suggesting that the ability of 

PIN1 to rescue the pin2 phenotype is higher than of PIN3.  
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Figure 11 – IAA transport properties and potential to rescue the pin2 mutant phenotype of GFP-tagged 
PIN1, PIN2 and PIN3. (A-C) Representative time-course experiments for PIN1-eGFP (A), PIN2-eGFP (B) 
and PIN3-eGFP (C). PIN1-eGFP, PIN2-eGFP and PIN3-eGFP were expressed in oocytes without (l) as well 
as with D6PK (!) or PINOID (q). Time points are mean and SE of n = 8-10 oocytes. (D-F) PIN1-eGFP (D), 
PIN2-eGFP (E) or PIN3-eGFP (F) were expressed from a PIN2 promoter fragment in the pin2 mutant 
background. Root angle of independent segregating T2 lines (n = 10 lines for PIN1-eGFP, n = 11 lines for 
PIN2-eGFP and n = 10 lines for PIN3-eGFP) between root tip and gravity vector of pin2;PPIN2:PIN1-eGFP, 
pin2;PPIN2:PIN2-eGFP and pin2;PPIN2:PIN3-eGFP (n = 77-120, 57-120, 92-117 seedlings for PIN1-eGFP, 
PIN2-eGFP or PIN3-eGFP, respectively) in comparison to wildtype (n = 95-116 in D, n = 72-117 in E, n = 
103-120 in F) and mutant (n = 90-118 in D, n = 40-111 in E, n = 86-115 in F). Data points are individual 
seedlings. The mean and SE are indicated.  

 

PIN2 is localized polarly to the apical side of the cell in the epidermis and to the basal side in the 

cortex of the root. In order to investigate if PIN1 and PIN3 localize similarly to PIN2, the fluorophore 

eGFP was inserted into the loop domain. The eGFP-tagged PINs were tested for their functionality 

in the oocyte transport assay (Figure 11 A-C). All three PINs behave like untagged PINs and did only 

transport IAA with a co-expressed kinase. This suggests that inserting eGFP into the loop did not 

change the biochemical properties of the PINs. 

The tagged PINs were expressed from a PIN2 promoter fragment in the pin2 mutant and were able 

to rescue the pin2 root phenotype like the untagged PINs (Figure 11 D–F), but the root angle of 

different transformant lines exhibited more variation than their untagged relatives (for PIN1 and 

PIN1-eGFP SD = 3.0 compared to SD = 4.1; for PIN2 and PIN2-eGFP SD = 2.2 compared to SD = 

7.3; for PIN3 and PIN3-eGFP SD = 3.8 compared to SD = 4.0). The population of lines with non-

expressing T-DNA was higher in comparison to the untagged PINs (e.g. 4/11 for PIN2-eGFP in 

contrast to 0/10 for PIN2).  
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Figure 12 – Localization of PINs and IAA levels in root tips. (A) Polarity index of eGFP-tagged PIN1, PIN2 
and PIN3 expressed from a PIN2 promoter fragment in epidermal cells in the pin2 mutant. Representative 
ROIs are indicated by white boxes. Mean intensities of ROIs at the apical and the lateral side of the cells were 
used to calculate the ratios. The arrows mark GFP signal. Scale bar represents 10 µm. Box plots range from 
the 25th to 75th percentiles, whiskers mark the minimum and maximum values and the median is shown. 
Groups were compared by a one-way ANOVA, followed by Tukey’s posthoc test (PIN1 vs. PIN2 <0.0001, 
PIN1 vs. PIN3 0.9592, PIN2 vs. PIN3 <0.0001), n = 24 per genotype. (B-F) Ratio of mDII to DII signal in 
epidermis (Ep) and cortex (Co). First five epidermal cells after anticlinal division of the epidermal/LRC initial 
cell (Q) and five cells at the transition zone as specified by cell elongation (T) were measured for individual 
roots (n = 15-35 for epidermis and n = 15-30 for cortex). Cells analyzed are indicated by white lines. Picture 
shows overlay of DII (green) and mDII (red) signal. Scale bar represents 40 µm. Box plots range from the 25th 
to 75th percentiles, whiskers mark the minimum and maximum values and the median is shown. Whole data 
set analyzed by one-way ANOVA, followed by Tukey posthoc test (Col-0: **** p-value <0.0001, n.s. not 
significant p-value 0.9914. pin2: n.s. p-value 0.6432, ** p-value 0.0053. PIN1: n.s. (Ep) p-value 0.9513, n.s. 
(Co) p-value >0.999. PIN2: ** p-value 0.0075, n.s. p-value 0.0.1938. PIN3: n.s. (EP) p-value 0.1419, n.s. (Co) 
p-value 0.9986).  
 

In order to analyze whether the differences in gravitropism were the result of mislocalized PIN1 or 

PIN3 transporters, the apical localization and the polarity were checked (Figure 12 A). PIN2-eGFP 

localized to the apical side of epidermal cells and was almost completely restricted to this side. PIN1-

eGFP and PIN3-eGFP showed reduced polarity. The GFP signal of both transporters was detected at 

the apical side, but also to pronounced levels at the lateral side of the cell. The polarity index was 

determined by dividing the mean intensities of ROIs from the apical and the lateral sides of the cell. 
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For PIN1-eGFP and PIN3-eGFP, it was significantly reduced compared to PIN2-eGFP, but PIN1-

eGFP and PIN3-eGFP both localized apolarly to a similar degree.  

Because the localization of PIN1-eGFP and PIN3-eGFP in the pin2 background was different 

compared to the wildtype but in itself coherent, the auxin sensor R2D2 was used to check whether 

altered auxin levels in the epidermis could explain the different abilities to rescue the gravitropic 

pin2 root defect (Figure 12 B–F). R2D2 is a ratiometric reporter that monitors the auxin-sensitive 

degradation of the yellow DII signal in relation to the red mDII signal in dividing cells (Liao et al., 

2015). In Col-0 (Figure 12 B), the auxin level was significantly higher in cells at the transition zone 

(T) compared to the first epidermal cells (Q) after the anticlinal division of the epidermis/LRC initial 

cell (Petricka et al., 2012). In the cortex, the auxin level was relatively low and no difference between 

the developmental zones was detected. In the pin2 mutant (Figure 12 C), the auxin levels were 

slightly increased in the transition zone of epidermis and cortex. pin2;PIN2 seedlings (Figure 12 E) 

showed the same trend as Col-0, but had increased overall auxin levels. The auxin amount increased 

between Q and T in epidermal cells, but stayed constant in the cortical cell file. Although a small 

increase in epidermal auxin levels was detected for pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 roots, it 

was not significantly different between younger and older cells. In the cortex, the auxin levels stayed 

constantly low in both genotypes. Notably, the epidermal R2/D2 ratio of pin2;PPIN2:PIN1 roots was 

in the same range as Col-0 and the ratio of pin2;PPIN2:PIN3 roots was more comparable to the pin2 

mutant levels. The cortical auxin levels of Col-0, pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 roots were 

identical.  

Overall, the R2D2 sensor revealed that in wildtype roots the epidermal auxin levels increase from 

younger to older cells and stay at a constant level in the cortex. By removing PIN2 as the main auxin 

transporter in epidermis and cortex, the situation was reversed. In the pin2 mutant, the auxin levels 

in the epidermis stayed at a constant level between Q and T and showed increased differences in the 

cortex. By expressing PIN1 or PIN3, the auxin levels in the cortex were balanced between younger 

and older cells and resembled the wildtype situation. However, the increase of auxin levels in the 

epidermis could not be restored. This suggests that the modified auxin levels in epidermal cells might 

lead to the partial rescue of the gravitropism defect in pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 

expressing roots.  
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Figure 13 – Polarity index of PIN1, PIN2 and PIN3 in 
trichoblasts and atrichoblasts in the root tip of the pin2 
mutant. Polarity index of pin2;PIN1-eGFP, pin2;PIN2-
eGFP and pin2;PIN3-eGFP. Comparison between the 
polarity index of respective PIN in trichoblasts (l) and 
atrichoblasts (!). Box plots range from the 25th and 75th 
percentiles, whiskers mark the minimum and maximum 
values and the median is shown. PIN1: n = 16 and n = 8, 
PIN2: n = 10 and n = 14, PIN3: n = 9 and n = 15. Data sets 
were compared by unpaired two-tailed t-test (n.s. not 
significant, PIN1-eGFP 0.0876, PIN2-eGFP 0.9457, PIN3-
eGFP 0.3984).  
 

 

 

 

 

PIN2 is known to cycle differently in trichoblast and atrichoblast cells with a higher PM abundance 

in atrichoblasts (Lofke et al., 2015). In order to check whether the identity of the epidermal cells 

impacts the polarity of the transporter, the analyzed cells (Figure 12 A) were reevaluated on their 

identity as trichoblast or atrichoblast cell. No difference in the polarity of PIN1-eGFP, PIN2-eGFP 

or PIN3-eGFP was detected between the two cell types (Figure 13).  
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Figure 14 – Response of PIN1, PIN2 or PIN3 to a 
gravitropic stimulus. Root bending kinetics of 
pin2;PPIN2:PIN1, pin2;PPIN2:PIN2 and 
pin2;PPIN2:PIN3 roots in comparison to wildtype 
and mutant. (n = 6 for wildtype, mutant and PIN2, n 
= 3 for PIN1 and PIN3) on plant medium containing 
1 % sucrose (A) or neither vitamins nor sucrose (B). 
PIN1 and PIN3 showed a delayed response to the 
gravitropic stimulus, but reached wildtype-levels 
after 16 h. The pin2 mutant bent against the gravity 
vector on medium containing sugar (A) and did not 
react to the stimulus on medium without sugar (B). 
Data points are mean and SE of 3-6 replicates with 
18-20 roots per genotype. Groups were compared by 
one-way ANOVA, followed by Dunnett posthoc 
test with Col-0 as control group. Significant 
differences are indicated by “*”. n.s. not significant 
p-value ≥ 0.05, * p-value 0.01 to 0.05, ** p-value 
0.001 to 0.01, *** p-value 0.0001 to 0.001, **** p-
value < 0.0001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to add a spatiotemporal component, the genotypes of interest were tested on their response 

to a gravitropic stimulus (Figure 14). After five days, the seedlings were transferred to a new plate 

and the root was straightened. The plate contained either 1 % sucrose (Figure 14 A) or neither sucrose 

nor vitamins (Figure 14 B). Afterwards the plate was turned 90 ° and the bending of the root tip was 

monitored over time in infrared light. On plates containing sugar, the wildtype Col-0 and pin2;PIN2 

plants reacted immediately on the stimulus and bent along the new gravity vector (6-8 ± 0.5-1 ° x h-

1). In the beginning, the bending speed of pin2;PPIN2:PIN1 seedlings was comparable to wildtype 

seedlings (6 ± 1 ° x h-1). The bending velocity decreased after 3 h to 4 ± 2 ° x h-1, but increased again 

after 7 h. The pin2;PPIN2:PIN3 seedlings did not react to the gravistimulus for the first 6 h 

(0.4 ± 0.6 ° x h-1) and were significantly different to wildtype from 4-10 h, but from 7-16 h showed 



Results 

 59 

the highest bending velocity (5 ± 0.7 ° x h-1) compared to wildtype, pin2;PPIN2:PIN1 and 

pin2;PPIN2:PIN2 seedlings (3 ± 0.3-1 ° x h-1). After 16 h, all three genotypes reached wildtype levels. 

The pin2 mutant showed root bending against the gravity vector in all replicates and was significantly 

different to Col-0 from the beginning.  

However, on plates without sucrose, the mutant bent in the beginning but stopped at 5-8.5 ° root 

bending. The differences between the genotypes were smaller under conditions without sucrose. Col-

0, pin2;PPIN2:PIN2 and pin2;PPIN2:PIN3 seedlings bent with the same rate for 8 h (4-7 ± 0.4-0.6 ° x h-

1). Between 8 and 9 h after stimulus, the pin2;PPIN2:PIN3 seedlings grew against the gravity vector 

but started bending again after 9 h. After 16 h, they reached ~70 % of the wildtype level. 

pin2;PPIN2:PIN1 seedlings showed a delayed root bending until 7 h after stimulus with a bending rate 

of 2 ± 0.4 ° x h-1, but then enhanced the bending rate and overtook the PIN3 group after 9 h. After 

16 h, the pin2;PPIN2:PIN1 seedlings reached wildtype levels. This suggests that the PIN’s transport 

properties in the PIN2 domain have an impact on the early reaction to a gravitropic stimulus, although 

all genotypes reacted to the stimulus sooner or later. The gravitropic response was influenced by the 

presence of sucrose in the medium. This showed that besides sugar as an energy source, it can also 

act as signaling molecule impacting the plants’ reaction to environmental stimuli.  

´ 
Figure 15 – Root tip growth and DR5 auxin 
response reporter after gravitropic stimulus. 
Upper panel: representative root tips of Col-0 (A), 
the pin2 mutant (B), PPIN2:PIN1 (C), PPIN2:PIN2 
(D) and PPIN2:PIN3 (E) in the pin2 mutant 
background after 7 h post gravitropic stimulus. 
Scale bar represents 1 mm. Lower panel: Roots of 
respective genotypes crossed with auxin response 
reporter DR5rev:GUS, stained after 7 h post 
gravitropic stimulus. Scale bar represents 50 µm. 

 

 

 

 

 

The gravitropism assay on medium containing sucrose revealed a strong influence of sucrose as 

energy source and signaling molecule. In order to limit the stimulus solely to the gravitropism, assay 

conditions without sucrose were used in the following. In conditions without sucrose, 

pin2;PPIN2:PIN1 seedlings showed a delayed response to the gravitropic stimulus in the first 7 h. In 

order to understand if different auxin levels in the root tip caused the delayed response, the analyzed 

genotypes were crossed with the auxin response reporter DR5rev:GUS. Seedlings expressing the 

respective PIN T-DNA and the DR5rev:GUS T-DNA were plated on medium without sucrose, turned 
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90 ° and allowed to grow along the new gravity vector for 7 h, before performing the staining 

protocol (Figure 15).  

The maximum signal of Col-0 and pin2;PPIN2:PIN2 roots was at the QC and a very faint coloring 

was detected in the columella (Figure 15 A, D). In the pin2 mutant, the signal was strongest at the 

QC, but was also detected in the columella and the LRC in reasonable intensity. The color was 

asymmetrically distributed in the root tip (Figure 15 B). The pin2;PPIN2:PIN1 seedlings resembled 

the pin2 mutant. Compared to the wildtype control, pin2;PPIN2:PIN1 seedlings had very high auxin 

levels in the QC and in the columella. The signal was limited to those regions and only very faint 

staining was detected in the LRC (Figure 15 C). In roots of pin2;PPIN2:PIN3, the signal was strongest 

at the QC and also detectable in the columella. The signal in the columella was stronger than in Col-

0 or pin2;PPIN2:PIN2 seedlings, but the overall intensity was comparable to the wildtype (Figure 15 

E). This suggests that differences in the auxin response could be one reason why pin2;PPIN2:PIN1 

seedlings were delayed, but still able to bend along the new gravity vector.  

 

In summary, the biochemical and physiological properties showed that PIN1 was more similar to 

PIN2. At equal protein levels, PIN3 transported more IAA compared to the other PINs, but its 

potential to rescue the phenotype was lower than that of PIN2 as well as PIN1. It is not sufficient to 

solely transport IAA, but the auxin flux must be tightly controlled. This can either happen by 

controlling the amount of transporter in the PM or by regulating the PIN activity. This is possible by 

regulation of interactions between PIN loop and TM domains or, alternatively by regulation of the 

PIN transport activity by kinases or a combination of both scenarios.  

 

3.2 Interplay of PIN protein domains 
 
The kinetic and the in planta analyses showed that PIN1 and PIN2 display more similar properties 

to each other than either one of them to PIN3. In order to understand to what extend which protein 

domain influences the biochemical and physiological functions, a domain swapping approach was 

used. 

The structure of PIN8 revealed that the TM domains use an elevator-type mechanism to transport 

IAA across the membrane (Ung et al., 2022). As shown by the kinetic studies, the loop domain of 

canonical PINs is by default inhibitory at physiological IAA concentrations and must be 

phosphorylated by kinases to overcome this inhibition (Figure 7). Additionally, the loop domain is 

important for the localization of the transporter (Ganguly et al., 2012; Ganguly et al., 2014) and was 

thought of as the regulatory part of the PIN transporter (Zourelidou et al., 2014). 
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Figure 16 – Canonical PIN chimeras. The loop domain of PIN1, PIN2 or PIN3 was replaced by the loop 
domain of respective PIN, creating the indicated PIN chimeras. 

 

In order to investigate the interplay of the TM domains and the loop domain, PIN1, PIN2 and PIN3 

loop and TM domains were permutated as shown in (Figure 16). The transport properties of the 

resulting chimeras were subsequently tested in the efflux assay and for their potential to rescue the 

pin2 mutant phenotype as explained above.  

 

 
Figure 17 – IAA transport properties of PIN3 without loop 
domain. PIN3 and PIN3 without loop domain (PIN3 short 
cut) were expressed in oocytes alone (l) or co-expressed with 
D6PK (!) or PINOID (q). The IAA content after 15 min was 
compared to the initial IAA content by unpaired two-tailed t-
test (PIN3: ** p-value 0.0096, **** p-value <0.0001. PIN3 
short cut: * p-value 0.0395, n.s. not significant 0.0574 for 
D6PK and 0.2372 for PINOID). Each data point is one oocyte 
(n = 8-10). Box plots range from 25th to 75th percentiles, 
whiskers mark the minimum and maximum values and the 
mean is indicated.  

 

 

 

 

First, the oocyte transport assay was used to understand if the loop domain is of regulatory nature, 

or if it is needed for the protein to fulfill a transport cycle. Removing the whole loop domain and 

putting helix M4b and M5 directly together, rendered the protein non-functional/resulted in the loss 

of transport under all conditions tested (Figure 17).  
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3.2.1 PIN1 as TM domain donor 
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Figure 18 – Potential of PIN1-2-1 and PIN1-3-1 chimeras to rescue the pin2 phenotype, their localization 
in the root tip and their IAA transport properties. PIN1-2-1 (A-C), PIN1-2-1-eGFP (D-E), PIN1-3-1 (F-
H) or PIN1-3-1-eGFP (I-J) were expressed from a PIN2 promoter fragment in the pin2 mutant background. 
(A, D, F, I) Root angle of independent segregating T2 lines (n = 10 in A and D, n = 8 in F, n = 5 in I) between 
root tip and gravity vector of pin2;PPIN2:PIN1-2-1, pin2;PPIN2:PIN1-2-1-eGFP, pin2;PPIN2:PIN1-3-1 and 
pin2;PPIN2:PIN1-3-1-eGFP  (n = 37-120 for PIN1-2-1, n = 95-118 for PIN1-2-1-eGFP, n = 94-119 for PIN1-
3-1, n = 109-115 for PIN1-3-1-eGFP) in comparison to wildtype (n = 103-114 in A, n = 97-107 in D, n = 100-
118 in F, n = 109-119 in I) and mutant (n = 91-106 in A, n = 91-106 in D, n = 41-109 in F, n = 71-89 in I). 
Data points are individual seedlings. The mean and SE are indicated. The representative line is represented by 
black dots. (B, G) VGI of the one homozygous T3 line of pin2;PPIN2:PIN1-2-1 and pin2;PPIN2:PIN1-3-1 (n = 
49 for PIN1-2-1 or n = 45 for PIN1-3-1) in comparison to wildtype (n = 49 in B, n = 42 in G) and mutant (n = 
40 in B, n = 30 in G). Box plots range from 25th to 75th percentiles, whiskers mark the 5th and 95th percentiles 
and the median is indicated. The mean is represented by (+). Points below and above the whiskers are drawn 
as individual points. Groups were compared by one-way ANOVA followed by Tukey’s posthoc test. n.s. not 
significant p-value 0.7753, **** p-value <0.0001 in B. n.s. p-value 0.1919, **** p-value <0.0001 in G. (C, H) 
Root angles between root tip and gravity vector of the representative homozygous T3 line of pin2;PPIN2:PIN1-
2-1 and pin2;PPIN2:PIN1-3-1 in comparison to wildtype and mutant. Numbers are individual seedlings. (E, J) 
GFP signal of pin2;PIN1-2-1-eGFP and pin2;PIN1-3-1-eGFP in epidermal cells. The arrows mark the GFP 
signal. Scale bar represents 20 µm. (K) Root angle of the indicated PIN or PIN chimeras expressed from a 
PIN2 promoter fragment in the pin2 mutant background. Frequency distribution of the mean of individual 
segregating T2 lines shown in (A, D, F, I) in comparison to wildtype (n = 53 in total) and mutant (n = 53 in 
total). Each data point shows the mean of one independent line. The white dot represents the mean of the 
representative line of each genotype. Data for PIN1 and PIN1-eGFP are shown in Figure 10 and Figure 11. 
The line in the plot marks the median. The lower and upper line mark the 25th and 75th percentiles. Groups of 
untagged PINs were analyzed by one-way ANOVA, followed by Dunnett’s test with PPIN2:PIN1 as control 
group. n.s. not significant p-value 0.7886 (vs. PIN1-3-1). ** p-value (vs. PIN1-2-1) 0.0045. **** p-value 
<0.0001. (L, M) Representative time-course experiments for PIN1-2-1 and PIN1-3-1. PIN1-2-1 and PIN1-3-1 
were expressed alone (l) or co-expressed with D6PK (!) or PINOID (q) in oocytes. Time points are mean and 
SE of (n = 8-10 oocytes). Data for (M) collected during Master thesis (Janacek, 2017). 

 

The exchange of the PIN1 loop domain for the loop domain of PIN2 or PIN3, i.e. PIN1-2-1 or PIN1-

3-1, resulted in apparently functional auxin transporters which exhibited characteristics different 

from the TM domain donor PIN1 (Figure 18). In the gravitropism assay, the PIN1-2-1 chimera 

rescued the pin2 root phenotype to wildtype levels. Compared to PIN1, the group of independent T2 

lines of PIN1-2-1 were significantly different (Figure 18K). The VGI of a homozygous T3 line did 

not differ significantly from Col-0 (Figure 18 B). This was also represented by the root angle between 

root tip and gravity vector (Figure 18 C). Although 7 of 10 lines did not express the transgene for the 

GFP-tagged PIN1-2-1, the three lines that showed GFP signal rescued the phenotype to the same 

level as the untagged PIN1-2-1 (Figure 18 K). Comparable to PIN2-eGFP (Figure 12 A), PIN1-2-1-

eGFP localized primarily to the apical side of epidermal cells and almost no signal was detected at 

the lateral sides of the cell. This indicates that by providing the PIN2 loop domain, the physiological 

characteristics of PIN2 could be transferred to PIN1.  

In segregating T2 lines, PIN1-3-1 rescued the pin2 phenotype to the same levels as PIN1 (Figure 18 

K). Compared to PIN1-2-1, the potential to complement the pin2 phenotype was reduced. However, 

the VGI of a homozygous PIN1-3-1 line was not significantly different from wildtype, suggesting 

that the differences were more pronounced in the T2 generation (Figure 18 G). PIN1-3-1-eGFP was 

only detected in four out of five lines (Figure 18 K). The localization of PIN1-3-1-eGFP was less 
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polar than PIN1-2-1-eGFP and more similar to PIN1-eGFP (Figure 12 A). The protein was detected 

with similar intensity at the apical and lateral cell side.  

In summary, the root angle of segregating T2 lines revealed that roots expressing pin2;PPIN2:PIN1-

2-1 were more gravitropic than its ancestor PIN1. The PIN1-3-1 chimera was more similar to PIN1 

in terms of localization and the ability to rescue the pin2 phenotype. This suggests that the PIN2 loop 

domain provides the PIN1 TM domains with necessary physiological features that are different 

compared to the PIN3 loop domain.  

The chimeras alone did not transport IAA in the oocyte assay (Figure 18 L/M). Transport was 

activated by co-expression of either kinase, D6PK or PINOID. The transport rate was very low for 

PIN1-2-1 and increased for PIN1-3-1. This would suggest that the transport activity can be modulated 

by providing the PIN1 TM domains with another loop domain. This was supported by the in planta 

data, where PINs with a transport rate similar to PIN2, i.e. PIN1-2-1, rescued the pin2 phenotype 

better than PINs that did transport faster, i.e. PIN1-3-1. 
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3.2.2 PIN2 as TM domain donor 
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Figure 19 – Potential of PIN2-1-2 and PIN2-3-2 chimeras to rescue the pin2 phenotype, the localization 
of PIN2-3-2 in the root tip and the IAA transport properties. PIN2-1-2 (A-C), PIN2-3-2 (D-F) or PIN2-3-
2-eGFP (G-H) were expressed from a PIN2 promoter fragment in the pin2 mutant background. (A, D, G) Root 
angle of independent segregating T2 lines (n = 10 in A, n = 7 in D, n = 10 in G) between root tip and gravity 
vector of pin2;PPIN2:PIN2-1-2, pin2;PPIN2:PIN2-3-2 and pin2;PPIN2:PIN2-3-2-eGFP (n = 105-116 for PIN2-1-
2, n = 85-114 for PIN2-3-2, n = 60-115 for PIN2-3-2-eGFP)  in comparison to wildtype (n = 95-111 in A, n = 
104-120 in D, n = 102-116 in G) and mutant (n = 93-107 in A, n = 90-118 in D, n = 99-115 in G). Data points 
are individual seedlings. The mean and SE are indicated. The representative line is represented by black dots. 
(B, E) VGI of the homozygous T3 line of pin2;PPIN2:PIN2-1-2 and pin2;PPIN2:PIN2-3-2 (n = 41 for PIN2-1-2 
and n = 58 for PIN2-3-2) in comparison to wildtype (n = 40 in B, n = 57 in E) and mutant (n = 40 in B, n = 57 
in E). Box plots range from 25th to 75th percentiles, whiskers mark the 5th and 95th percentiles and the median 
is indicated. Points below and above the whiskers are drawn as individual points. The mean is indicated by (+). 
Groups were compared by one-way ANOVA followed by Tukey’s posthoc test. * p-value 0.0140, **** p-
value <0.0001 in B. n.s. not significant p-value 0.1123, **** p-value <0.0001 in E. (C, F) Root angles between 
root tip and gravity vector of the homozygous T3 line of pin2;PPIN2:PIN2-1-2 and pin2;PPIN2:PIN2-3-2 in 
comparison to wildtype and mutant. Numbers are individual seedlings. (H) GFP signal of PIN2-3-2-eGFP 
expressed from a PIN2 promoter fragment in epidermal cells of the pin2 mutant. The arrows mark GFP signal. 
Scale bar represents 20 µm. (I) Root angle of the indicated PIN or PIN chimeras expressed from a PIN2 
promoter fragment in the pin2 mutant background. Frequency distribution of the mean of individual 
segregating T2 lines shown in (A, D, G) in comparison to wildtype (n = 47 in total) and mutant (n = 47 in 
total). Each data point shows the mean of one independent line. The white dot represents the mean of the 
representative line shown in (A, D). Data for PIN2 and PIN2-eGFP are shown in Figure 10 and Figure 11. In 
the plot, the median is indicated. The lower and upper line mark the 25th and 75th percentiles. Groups of 
untagged PINs were analyzed by one-way ANOVA, followed by Dunnett’s test with PPIN2:PIN2 as control 
group. n.s. not significant p-value 0.0570. * p-value 0.0145. **** p-value <0.0001. (J) Relative IAA export 
rates for PIN2-1-2 and PIN2-3-2. PIN2-1-2 and PIN2-3-2 were expressed alone (l) or co-expressed with D6PK 
(!) or PINOID (q) in oocytes. PIN1 and PIN3 were used as controls. For comparison, transport rates of PIN2 
alone or with D6PK or PINOID are shown. Data points are transport rates of (n = 3 for PIN1, PIN3 and 
chimeras. n = 9 for PIN2, n = 9 for PIN2 + D6PK, n = 7 for PIN2 + PINOID). Groups were analyzed by one-
way ANOVA, followed by Tukey’s posthoc test. PIN1: n.s. not significant p-value 0.0962 (vs. + D6PK), * p-
value 0.0492 (vs. + PINOID), n.s. p-value 0.8580 (+ D6PK vs. + PINOID). PIN2-1-2: n.s. p-value 0.6263 (vs. 
+ D6PK), n.s. p-value 0.3433 (vs. + PINOID), n.s. p-value 0.8402 (+ D6PK vs. + PINOID). PIN2-3-2: n.s. p-
value 0.0607 (vs. + D6PK), ** p-value 0.0037 (vs. + PINOID), n.s. p-value 0.0913 (+ D6PK vs. + PINOID). 
PIN3: **** p-value <0.0001, n.s. p-value 0.6399 (+ D6PK vs. + PINOID). PIN2: n.s. p-value 0.9002 (vs. + 
D6PK), * p-value 0.0212 (vs. + PINOID), n.s. p-value 0.0510 (+ D6PK vs. + PINOID). Transport data for 
PIN2-3-2 were collected during Master thesis (Janacek, 2017). 

 

The PIN chimeras originating from PIN2, PIN2-1-2 and PIN2-3-2, were tested analogously to the 

PIN1 chimeras. For individual segregating T2 lines, the root angle between the root tip and the 

gravity vector was measured (Figure 19 A, D, G). For better comparison, the mean of each line was 

plotted (Figure 19 I). This revealed, that PIN2-1-2 could rescue the agravitropic root phenotype to 

the same levels as PIN2. PIN2-3-2 was significantly different to its TM domain donor. One 

representative T2 line was used to generate a homozygous T3 line. The VGI showed that PIN2-1-2 

was distinct from Col-0 and PIN2-3-2 behave like wildtype (Figure 19 B, E). This was different to 

the situation found in segregating T2 lines, where PIN2-1-2 rescued to wildtype levels and PIN2-3-

2 was significantly different to Col-0. Also, the root angles of the homozygous T3 lines showed that 

pin2;PIN2-3-2 seedlings resembled Col-0 more than pin2;PIN2-1-2 seedlings (Figure 19 C, F). 

In order to analyze the localization of the chimeras, the transporters were tagged with eGFP in their 

loop domain. Four attempts to generate PIN2-1-2-eGFP transformants, including new cloning of the 

initial construct, failed. All lines were successfully genotyped for the PIN T-DNA but did not show 
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fluorescence and resembled the pin2 mutant phenotype (11 out of 11 tested lines), suggesting that 

the PIN T-DNA was suppressed in these transformants. For PIN2-3-2-eGFP, transgenic lines that 

exhibited fluorescence were found (6 of 10 lines). The root angle between the root tip and the gravity 

vector was measured (Figure 19 G). The fluorescent lines rescued the pin2 mutant like their untagged 

relatives (Figure 19 K), but less than PIN2-eGFP (Figure 11 B). Fluorescence was detected at the 

apical side of epidermal cells, but also at the lateral cell side (Figure 19 H). The localization was less 

polar than PIN2-eGFP, but more polar than PIN3-eGFP (Figure 12 A). Indicating that positional 

information is provided by the PIN2 TM domains and the loop domain. By replacing the PIN2 loop 

domain by a PIN3 loop, some information is lost and the PIN2-3-2 cannot localize as polar as PIN2. 

This hints to major differences between the PIN loop domains. 

The transport properties of the chimeras were tested in the oocyte assay (Figure 19 J). PIN1 and PIN3 

were used as controls in the experiment and the transport rates of PIN2 were shown for better 

comparison. As described earlier (Figure 7), PIN1 and PIN2 display similar transport properties. The 

exchange of the PIN2 loop domain for the PIN1 loop domain resulted in a PIN chimera with similar 

transport characteristics as the domain donors. The transport rates of PIN2-1-2 activated by D6PK 

or PINOID were very small and mathematical not significantly increased to PIN without kinase. In 

limited sample sizes and also with some batches of labelled IAA, this was sometimes also the case 

for PIN1 and PIN2. In contrast, the exchange of the PIN2 loop domain with PIN3 resulted in 

increased transport rates which did not reach the levels of PIN3. But the transport rates upon 

activation by D6PK or PINOID were strongly increased compared to PIN1, PIN2 or the PIN2-1-2 

chimera. Notably, the difference between D6PK- or PINOID-mediated PIN activation was 

pronounced in the PIN2-3-2 chimera. This suggests that the biochemical properties of PIN3 could 

partially be transplanted by the PIN3 loop domain, and that a combination of PIN2 and PIN3 

influenced the ability of the transporter to be activated by D6PK or PINOID. 
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3.2.3 PIN3 as TM domain donor 
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Figure 20 – Potential of PIN3-1-3 and PIN3-2-3 chimeras to rescue the pin2 phenotype, their localization 
in the root tip and their IAA transport properties. PIN3-1-3 (A-C), PIN3-2-3 (F-H), PIN3-1-3-eGFP (D-
E) or PIN2-3-2-eGFP (I-J) were expressed from a PIN2 promoter fragment in the pin2 mutant background. 
(A, D, F, I) Root angle of independent segregating T2 lines (n = 9 in A, n = 10 in D, n = 5 in F, n = 10 in I) 
between root tip and gravity vector of pin2;PPIN2:PIN3-1-3, pin2;PPIN2:PIN3-2-3, pin2;PPIN2:PIN3-1-3-eGFP 
and pin2;PPIN2:PIN2-3-2-eGFP (n = 94-117 for PIN3-1-3, n = 64-117 for PIN3-2-3, n = 109-115 for PIN3-1-
3-eGFP, n = 91-119 for PIN3-2-3-eGFP) in comparison to wildtype (n = 82-106 in A, n = 95-120 in D, n = 
106-115 in F, n = 106-115 in I) and mutant (n = 108-120 in A, n = 47-114 in D, n =  37-52 in F, n = 104-112 
in I). Data points are individual seedlings. The mean and SE are indicated. The representative line is represented 
by black dots. (B, G) VGI of the homozygous T3 line of pin2;PPIN2:PIN3-1-3 and pin2;PPIN2:PIN3-2-3 (n = 46 
for PIN3-1-3 and n = 51 for PIN3-2-3) in comparison to wildtype (n = 46 in B, n = 40 in G) and mutant (n = 
46 in B, n = 56 in G). Box plots range from 25th to 75th percentiles, whiskers mark the 5th and 95th percentiles 
and the median is indicated. The mean is represented by (+). Points below and above the whiskers are drawn 
as individual points. Groups were compared by one-way ANOVA followed by Tukey’s posthoc test. n.s. not 
significant 0.6049, *** p-value 0.0002, **** p-value <0.0001. (C, H) Root angles between root tip and gravity 
vector of the homozygous T3 line of pin2;PPIN2:PIN3-1-3 and pin2;PPIN2:PIN3-2-3 in comparison to wildtype 
and mutant. Numbers are individual seedlings. (E, J) GFP signal of PIN3-1-3-eGFP and PIN3-2-3-eGFP 
expressed from a PIN2 promoter fragment in epidermal cells of the pin2 mutant. The arrows mark the GFP 
signal. Scale bar represents 20 µm. (K) Root angle of the indicated PIN or PIN chimeras expressed from a 
PIN2 promoter fragment in the pin2 mutant background. Frequency distribution of the mean of individual 
segregating T2 lines shown in (A, D, F, I) in comparison to wildtype (n = 54 in total) and mutant (n = 54 in 
total). Each data point shows the mean of one independent line. The white dot represents the mean of the 
representative line shown in (A, F). Data for PIN3 and PIN3-eGFP are shown in Figure 10 and Figure 11. The 
median is indicated. The lower and upper line mark the 25th and 75th percentiles. Groups of untagged PINs 
were analyzed by one-way ANOVA, followed by Dunnett’s test with pin2;PPIN2:PIN3 as control group. n.s. 
not significant p-value 0.2061. *** p-value 0.0002. **** p-value <0.0001. (L) Relative IAA transport rates of 
PIN3-1-3 and PIN3-2-3. PIN3-1-3 and PIN3-2-3 were expressed alone (l) or co-expressed with D6PK (!) or 
PINOID (q) in oocytes. PIN1 and PIN3 were used as controls. Data points are transport rates of (n = 2 for 
PIN1 /+ D6PK /+ PINOID, n = 4 for PIN3 /+D6PK /+PINOID, n = 3 for PIN3-1-3 /+D6PK /+PINOID, n = 4 
for PIN3-2-3 /+D6PK /+PINOID). Groups were analyzed by one-way ANOVA, followed by Tukey’s posthoc 
test. PIN1 vs. PIN1 + D6PK n.s. not significant p-value 0.2588, PIN1 vs. PIN1 + PINOID n.s. p-value 0.3005, 
PIN1 + D6PK vs. PIN1 + PINOID n.s. p-value 0.9849; PIN3-1-3 vs. PIN3-1-3 + D6PK n.s. p-value 0.2225, 
PIN3-1-3 vs. PIN3-1-3 + PINOID n.s. p-value 0.1001, PIN3-1-3 + D6PK vs. PIN3-1-3 + PINOID n.s. p-value 
0.8104; PIN3-2-3 vs. PIN3-2-3 + D6PK n.s. p-value 0.1454, PIN3-2-3 vs. PIN3-2-3 + PINOID *** p-value 
0.0007, PIN3-2-3 + D6PK vs. PIN3-2-3 + PINOID * p-value 0.0129; PIN3 vs. PIN3 + D6PK *** p-value 
0.0003, PIN3 vs. PIN3 + PINOID **** p-value <0.0001, PIN3 + D6PK vs. PIN3 + PINOID ** p-value 0.0066. 
Transport data of PIN3-1-3 and PIN3-2-3 were partially collected during Master thesis (Janacek, 2017).  

 

PIN3 rescued the pin2 phenotype less than PIN1, although both localized equally apolarly and 

transport IAA. In order to understand if PIN3 could be modulated towards a PIN protein that rescues 

like PIN1 or PIN2 in the pin2 mutant, the impact of the PIN1 or PIN2 loop domains in the PIN3 TM 

context was investigated. The root angles of independent segregating T2 seedlings of PIN3-1-3 and 

PIN3-2-3 were analyzed in relation to the gravity vector (Figure 20 A, D). By comparing the means 

of those T2 lines against the TM domain donor PIN3 (Figure 20 K), it was found that PIN3-1-3 fell 

into the same statistical group as PIN3, but PIN3-2-3 rescued the pin2 phenotype significantly better 

than PIN3. This was also reflected in the VGI of homozygous T3 seedlings. One representative line 

was used to generate a homozygous T-DNA line. The VGI of PIN3-1-3 (Figure 20 B) was 

significantly different from both control groups. The pin2 phenotype was rescued, but not to wildtype 

levels. In contrast, the VGI of the PIN3-2-3 chimera was identical to the VGI of Col-0 (Figure 20 

G). The findings from the VGI analysis were also obvious by plotting the root angle of the 

homozygous T3 seedlings (Figure 20 C, H). The root angles of PIN3-1-3 seedling varied more than 
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PIN3-2-3 (SD of PIN3-1-3 = 15.1 vs. SD of PIN3-2-3 = 14.0), but the root angles of both PIN 

chimeras varied less than those of pin2 mutant seedlings (SD in data set of PIN3-1-3 = 29.3 and SD 

in data set of PIN3-2-3 = 22.8).  

To check the localization of the chimeras, the PINs were tagged with eGFP. The resulting segregating 

T2 lines of PIN3-1-3-eGFP and PIN3-2-3-eGFP were analyzed as described. The means of the root 

angles of independent segregating T2 lines showed a higher variation of the mean (SD of PIN3-1-3-

eGFP = 5.2 and SD of PIN3-2-3-eGFP = 6.7) compared to their untagged relatives (SD of PIN3-1-3 

= 3.6 and SD of PIN3-2-3 = 2.9; Figure 20 K). The expression was weak, but the signal of the 

transporter was found at the apical and lateral cell sides. The localization of PIN3-1-3-eGFP in 

epidermal cells was similar to PIN3-eGFP. For PIN3-2-3-eGFP, the localization was slightly more 

polar than PIN3-eGFP or PIN3-1-3-eGFP (Figure 12 A; Figure 20 E, F). 

The PIN chimeras were tested in the oocyte efflux assay to see how the transport of PIN3 is altered 

if the loop domain was exchanged against PIN1 or PIN2 (Figure 20 L). PIN1 and PIN3 were included 

as controls. Both exchanges against PIN1 loop or PIN2 loop resulted in decreased IAA transport 

properties. The effect was stronger for the PIN1 loop. Although the transport rates of PIN3-2-3 were 

higher than PIN3-1-3, the difference between D6PK and PINOID was again detectable and 

significantly different. In this data set, the PIN3 transport rate was also significantly stronger with 

PINOID than with D6PK. This suggests that the kinase identity influences the PIN-mediated IAA 

transport and that the role of the kinase is beyond a simple activation mechanism.  

 
3.2.4 Protein domains of PINs work together as functional IAA transporters 
One goal of this thesis was to examine the impact of the individual protein domains on the 

biochemical and physiological functions of PINs. In the oocyte radiotracer transport assay the 

canonical PINs showed differences in their transport behavior. The AGC kinases D6PK and PINOID 

were required to activate PIN-mediated transport (Zourelidou et al., 2014). To explore the 

physiological relevance of IAA transport rates in planta, the pin2 mutant phenotype was again used 

as described (Luschnig et al., 1998; Abas et al., 2006). The canonical PINs and the chimeras were 

expressed from a PIN2 promoter fragment and the main read out was the angle between the root tip 

and the gravity vector of 5-day old seedlings. GFP-tagged variants allowed it to analyze the 

localization of the transporters.  

 



Results 

 71 

Figure 21 – Potential of PIN chimeras to rescue the pin2 phenotype and their polarity index. (A) Root 
angle of the indicated PIN or PIN chimera expressed from a PIN2 promoter fragment in the pin2 mutant 
background. Frequency distribution of the mean of individual segregating T2 lines shown in Figure 10, Figure 
18, Figure 19 and Figure 20 (n = 10 for PIN1, PIN1-2-1, PIN2, PIN2-1-2, PIN3, PIN3-2-3. n = 9 for PIN3-1-
3. n = 8 for PIN1-3-1. n = 7 for PIN2-3-2) in comparison to wildtype (n = 84 in total) and mutant (n = 84 in 
total). The black plots show the TM domain-donating PIN. In the plot, the middle line marks the median. The 
lower and upper line mark the 25th and 75th percentiles. Groups were analyzed by one-way ANOVA, followed 
by Dunnett’s test with pin2;PPIN2:PIN2 as control group. n.s. not significant p-value >0.9999 (vs. PIN1-2-1) 
and 0.1055 (vs. PIN2-1-2). * p-value 0.0141 (vs. PIN1) and 0.0266 (vs. PIN2-3-2). ** p-value 0.0019 (vs. 
PIN1-3-1) and 0.0011 (vs. PIN3-2-3). **** p-value <0.0001. (B) Polarity index of eGFP-tagged PIN chimeras 
expressed from a PIN2 promoter fragment in epidermal cells in the pin2 mutant. Mean intensities of ROIs at 
the apical and the lateral side of the cells were used to calculate the ratios. Data points show individual cells (n 
= 24 per genotype). TM domain-donating PINs (gray points) are included for comparison with PIN chimeras 
(black points) and are shown in Figure 10. Box plots ranges from 25th to 75th percentiles, whiskers mark the 
minimum and maximum values and the median is indicated. The mean is indicated by (+). Groups were 
analyzed by a one-way ANOVA, followed by Dunnett’s posthoc test with PIN1-eGFP as control group. n.s. 
not significant p-value 0.9994 (vs. PIN3), 0.0803 (vs. PIN2-3-2), 0.9204 (vs. PIN1-3-1), 0.9997 (vs. PIN3-1-
3), * p-value 0.0200, **** p-value <0.0001.  

 

The differences between the respective PINs were visible in the T2 generation. The individual lines 

of each genotype are shown in more detail in Figure 10, Figure 18, Figure 19 and Figure 20. 

The frequency distribution of all lines analyzed in the gravitropism assay allowed it to make the 

following observations (Figure 21 A): PIN1 and PIN3 rescued the pin2 phenotype partially with 

increased gravitropic growth by PIN1 than PIN3. Addition of the PIN2 loop domain in the PIN1 or 

PIN3 TM context improved the degree of rescue by PIN1-2-1 and PIN3-2-3. PIN1-2-1 even was 

indistinguishable from PIN2 in this assay. In contrast, when provided with a PIN3 loop, PIN1-3-1 

and PIN2-3-2 showed reduced ability to rescue the phenotype compared to the TM donors. The 

impact of the PIN1 loop was smaller than that of the PIN3 loop. The degree of rescue decreased 

slightly for PIN2-1-2 but increased for PIN3-1-3 compared to the wildtype versions of PIN2 and 

PIN3, respectively. Particularly in the cases of PIN2 and PIN3, the gradual change of the potential 

to rescue the mutant phenotype was obvious. In the case of PIN2, PIN2-1-2 and PIN2-3-2, the 
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potential to rescue the mutant phenotype was decreased. Conversely, in the case of PIN3, the 

potential to rescue the mutant phenotype was increased for PIN3-1-3 and PIN3-2-3.  

The polarity index of respective PINs in epidermal root cells was lower for PIN1 and PIN3 than that 

of PIN2 (Figure 21 B). In PIN1-2-1 and PIN3-2-3, the polarity index increased compared to the 

wildtype versions, indicating that the PIN2 loop provides a signal that leads to a more polar 

localization. 

Conversely the PIN3 loop decreased polarity of PIN1-3-1 and PIN2-3-2 compared to the wildtype 

versions, indicating that the PIN3 loop does not carry the same information as the PIN2 loop. 

The impact of the PIN1 loop is not clear. PIN3-1-3 localized as apolar as the wildtype versions and 

it was not able to find a functional PIN2-1-2-eGFP.  

Taken together, PIN1 and PIN2 are similar in terms of transport rates in oocytes. The gravitropism 

assay showed that PIN1 and combinations of PIN1 and PIN2 almost rescue the pin2 phenotype to 

wildtype levels. This indicates that besides their phylogenetic relation, PIN1 and PIN2 share 

characteristics in terms of transport properties and phylogenetic behavior. 

PIN3 displayed the highest transport rates in the oocyte assay but could rescue the root phenotype 

only partially. Introduction of PIN1 or PIN2 loop, improved the potential to complement the mutant. 

While the polarity index of chimeras with a PIN2 loop increased, this was not the case when the 

PIN1 loop was introduced in the PIN3 TM context. This suggests that in addition to polar localization 

also the transport rate impacts the degree to which the mutant phenotype can be complemented. 
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Figure 22 – Response of PIN chimeras to a gravitropic stimulus. Root bending kinetics of pin2;PPIN2:PIN1-
2-1 (A, C), pin2;PPIN2:PIN2-1-2 (A, C), pin2;PPIN2:PIN2-3-2 (B, D) and pin2;PPIN2:PIN3-2-3 (B, D) in 
comparison to wildtype and mutant on plant medium containing 1 % sucrose (A, B) or not (C, D). PIN2-1-2, 
PIN2-3-2 and PIN3-2-3 showed a delayed response to the gravitropic stimulus, but reached wildtype-levels 
after 16 h. The pin2 mutant bent against the gravity vector on medium containing sugar (A, B) and did not 
react to the stimulus on medium without sugar (C, D). Data points are mean and SE of 3 replicates with 18-20 
roots per genotype. Groups were compared by one-way ANOVA, followed by Dunnett posthoc test with Col-
0 as control group. Significant differences are indicated by “*”. n.s. not significant p-value ≥ 0.05, * p-value 
0.01 to 0.05, ** p-value 0.001 to 0.01, *** p-value 0.0001 to 0.001, **** p-value < 0.0001 
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The described differences between the PIN chimeras were observed in a state of constant auxin flow 

from the shoot towards the root tip through the vasculature. By applying a gravitropic stimulus, a 

time-dependent component could be added to the system. In order to test if the gradual differences 

between the PIN chimeras and the wildtype versions were also relevant for the reaction to this 

gravitropic stimulus, 5-day old seedlings were transferred on plates containing either 1 % sucrose 

(Figure 22 A, B) or neither sucrose nor vitamins (Figure 22 C, D). The plates were turned by 90 ° 

(Figure 22). The results for the controls and the wildtype PINs can be compared to Figure 14. 

Consistent with the results obtained for gravitropic growth, PIN1-2-1 reacted to the gravitropic 

stimulus indistinguishably from Col-0. PIN2-1-2 bent slower (2 ± 1 ° x h-1) compared to Col-0 

(7 ± 1 ° x h-1) in the first 4 h, but reached the same levels after 10 h (Figure 22 A). The bending rate 

of PIN2-1-2 between 4 and 9 h (8 ± 2 ° x h-1) was increased in comparison to Col-0 (5 ± 2 ° x h-1) 

and PIN1-2-1 (6 ± 1 ° x h-1). On plates without sucrose and vitamins, root bending was reduced for 

all genotypes (Figure 22 C). During the first 3 h, PIN1-2-1 was comparable to Col-0 (4 ± 1 ° x h-1), 

but then the bending rate of Col-0 increased. Root bending of PIN2-1-2 was similar to Col-0 and 

PIN1-2-1 for the first 4 h, then bending slowed down but reached the same levels as PIN1-2-1 after 

10 h. The differences described were not significantly different from Col-0. 

In the gravitropic growth assay, PIN2-3-2 and PIN3-2-3 rescued the pin2 phenotype to the same 

level. Consistently, their reaction to the gravitropic stimulus was similar. On plates containing 

sucrose, PIN3-2-3 bent slightly faster compared to PIN2-3-2, but not as fast as PIN1-2-1 did (Figure 

22 B). The bending rates of 5-7 ± 1 ° x h-1 were indistinguishable within the first 3 h for Col-0, PIN2-

3-2 and PIN3-2-3. Although bending rates increased after 3 h for Col-0 and PIN3-2-3, the bending 

rate of PIN2-3-2 stayed lower for an additional hour. The root bending rates of the genotypes 

indicated were constant between 4 and 10 h (5-6 ± 1 ° x h-1). Interestingly, the differences between 

the genotypes were more pronounced on plates without sugar and vitamins (Figure 22 D). After 2 h, 

the bending rate of Col-0 increased for 2 h and flattened again, whereas the rate for PIN3-2-3 was 

constant until both genotypes reached the same bending angle after 6 h. The bending rate of PIN2-

3-2 was initially slower (4 ± 1 ° x h-1) compared to Col-0 (9 ± 1 ° x h-1) within the first 6 h and the 

root angle did not reach the wildtype level after 16 h. On plates without sucrose and vitamins, the 

bending rate of all genotypes (except the pin2 mutant that did not bend at all) decreased after 6 h, 

whereas on plates containing sugar, the bending rates were relatively constant. 
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Figure 23 – IAA levels of PIN chimeras in the root tip. Ratio of mDII to DII signal in epidermis (Ep) and 
cortex (Co) for pin2;PPIN2:PIN1-2-1 (A), pin2;PPIN2:PIN3-2-3 (B), pin2;PPIN2:PIN2-1-2 (C) and 
pin2;PPIN2:PIN2-3-2 (D). First five epidermal cells after anticlinal division of the epidermal/LRC initial cell 
(Q) and five cells at the transition zone as specified by cell elongation (T) were measured for individual roots 
(n = 15-30 for epidermis and n = 15-25 for cortex). Cells analyzed are indicated by white lines. Pictures show 
overlay of DII (green) and mDII (red) signal. Scale bar represents 40 µm. Box plots show the 25th and 75th 
percentiles, whiskers mark the minimum and maximum values. The line in the box represents the median. 
Whole data set analyzed by one-way ANOVA, followed by Tukey’s posthoc test (PIN1-2-1: ** p-value 0.0077, 
n.s. not significant p-value 0.9991. PIN3-2-3: **** p-value <0.0001, n.s. p-value 0.4814. PIN2-1-2: **** p-
value <0.0001, n.s. p-value 0.4792. PIN2-3-2: n.s. p-value >0.9999 (Ep), n.s. p-value 0.1736 (Co)). 

 

The PIN chimeras were different in their ability to rescue the pin2 phenotype, as well as in their 

reaction to a gravitropic stimulus. The auxin sensor R2D2 was used to identify if differences in the 

auxin levels of epidermis and cortex could give an explanation (Figure 23).  

Five epidermal cells, resp. cortical cells, after anticlinal division of the epidermal/LRC initial cell 

(Q) and five cells at the transition zone as specified by cell elongation (T) were measured for 

individual roots. The findings for the wildtype and mutant situation, as well as the ancestor PINs, 

were shown and described in Figure 12 B–F.  

The R2/D2 ratio in the epidermis at the meristematic position Q was around 1 and therefore in the 

same range for PIN1-2-1, PIN3-2-3 and PIN2-1-2. This was comparable to Col-0 and PIN1 (Figure 

23 B, D). The ratio was slightly increased for PIN2-3-2 to similar levels as in pin2, pin2;PPIN2:PIN2 
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and pin2;PPIN2:PIN3 roots (Figure 23 C, E, F). The ratio of cells at the transition zone (T) was 

significantly increased for PIN1-2-1, PIN3-2-3 and PIN2-1-2. This was similar to Col-0 and PIN2. 

The auxin levels in the epidermis of pin2;PPIN2:PIN3-2-3 roots increased stronger compared to all 

other genotypes. There was no change between the R2/D2 ratio of Q and T in pin2;PPIN2:PIN2-3-2 

roots in the epidermis. This was similar to pin2, pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 roots.  

The auxin levels in the cortex were not significantly different for any PIN chimeras between the two 

positions in the root, as it was found for Col-0, PIN1, PIN2 and PIN3. The overall R2/D2 levels in 

the cortex were low and in the similar range as Col-0, PIN1 and PIN3.  

The chimeras PIN1-2-1, PIN3-2-3 and PIN2-1-2 had the same tendency as Col-0 and PIN2 with a 

significant increase of auxin levels over root length in the epidermis and no change in the cortex. 

Only the PIN2-3-2 chimera showed no difference in the epidermis and the cortex, comparable to 

PIN1 and PIN3 roots.  

 
3.2.5 TM domain parts of PIN2 and PIN3 can be swapped 
The transport studies of PIN2 and PIN3 showed that the two transporters differed by a factor of 7 in 

their IAA transport rates (PIN2 + PINOID = 3.0 ± 0.6 % x min-1 vs. PIN3 + PINOID = 

20.8 ± 0.6 % x min-1, Table 8). The potential to rescue the pin2 phenotype was relatively low for 

PIN3 and could be increased by exchanging the loop domain of PIN3 against the PIN2 loop domain 

(Figure 21). Inversely, by bringing the PIN3 loop in the PIN2 TM domain context, the potential to 

rescue the phenotype was reduced. Both chimeras, PIN2-3-2 and PIN3-2-3, showed a significant 

dependency on the activating kinase. To better understand the influence of individual protein 

domains, additional chimeras between PIN2 and PIN3 were generated. Either the first 5 TM helices 

M1-M5 or the second 5 TM helices M6-M10 of PIN2 and PIN3 were exchanged against each other. 

This created the PIN chimeras PIN2-2-3, PIN2-3-3, PIN3-2-2 and PIN3-3-2.  
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Figure 24 – Potential of triple PIN chimeras to rescue the pin2 phenotype and their IAA transport 
properties. PIN2-2-3 (A-C), PIN2-3-3 (D-F), PIN3-2-2 (G-I) and PIN3-3-2 (J-L) were expressed from a PIN2 
promoter fragment in the pin2 mutant. (A, D, G, J) Root angle of independent segregating T2 lines (n = 9 in 
A, n = 10 in D, n = 10 in G, n = 8 in J) between root tip and gravity vector of pin2;PPIN2:PIN2-2-3, 
pin2;PPIN2:PIN2-3-3, pin2;PPIN2:PIN3-2-2 and pin2;PPIN2:PIN3-3-2 (n = 108-118 for PIN2-2-3, n = 92-105 for 
PIN2-3-3, n = 93-120 for PIN3-2-2, n = 93-119 for PIN3-3-2) in comparison to wildtype (n = 89-120 in A, n 
= 96-110 in D, n = 105-116 in G, n = 91-115 in J) and mutant (n = 86-108 in A, n = 53-89 in D, n = 93-106 in 
G, n = 82-116 in J). Data points are individual seedlings. The mean and SE are indicated. The representative 
line is shown by black dots. (B, E, H, K) VGI of the representative homozygous T3 line of pin2;PPIN2:PIN2-
2-3, pin2;PPIN2:PIN2-3-3, pin2;PPIN2:PIN3-2-2 and pin2;PPIN2:PIN3-3-2 (n = 45 for PIN2-2-3, n = 57 for PIN2-
3-3, n = 55 for PIN3-2-2, n = 50 PIN3-3-2) in comparison to wildtype (n = 42 in B, n = 35 in E, n = 41 in H, n 
= 28 in K) and mutant (n = 44 in B, n = 54 in E, n = 43 in H, n = 48 in K). Box plots range from 25th to 75th 
percentiles, whiskers mark the 5th and 95th percentiles and median is indicated. Points below and above the 
whiskers are drawn as individual points. The mean is indicated by (+). Groups were compared by one-way 
ANOVA followed by Tukey’s posthoc test. n.s. not significant p-value 0.9221 (PIN2-2-3), 0.0511 (PIN2-3-3), 
0.7531 (PIN3-2-2) and 0.9953 (PIN3-3-2), **** p-value <0.0001. (C, F, I, L) Root angles between root tip and 
gravity vector of the homozygous T3 line of pin2;PPIN2:PIN2-2-3, pin2;PPIN2:PIN2-3-3, pin2;PPIN2:PIN3-2-2 
and pin2;PPIN2:PIN3-3-2 in comparison to wildtype and mutant. Numbers are individual seedlings. (M) Root 
angle of the indicated PIN or PIN chimeras expressed from a PIN2 promoter fragment in the pin2 mutant 
background. Frequency distribution of the mean of individual segregating T2 lines shown in (A, D, G, J) in 
comparison to wildtype (n = 57 in total) and mutant (n = 57 in total). Each data point shows the mean of one 
independent line. The white dot represents the mean of the representative line of each genotype. Domain-
donating PIN2 and PIN3 are included for comparison with PIN chimeras and are shown in Figure 10. The line 
in the plot marks the median. The lower and upper lines mark the 25th and 75th percentiles. Groups were 
analyzed by one-way ANOVA, followed by Dunnett’s test with PPIN2:PIN2 as control group. n.s. not significant 
p-value >0.9999 (vs. PIN2-2-3) and 0.1091 (vs. PIN2-3-3) and 0.9974 (vs. PIN3-3-2). **** p-value <0.0001. 
(N) Relative IAA transport rates for indicated PIN chimeras in comparison to PIN3. All PINs were expressed 
in Xenopus oocytes either alone (l) or co-expressed with D6PK (!) or PINOID (q). Data points show transport 
rates (n = 3 for all PINs). Mean and SE are indicated. Groups (PIN vs. PIN + D6PK vs. PIN + PINOID) were 
analyzed by one-way ANOVA, followed by Tukey’s posthoc test (n.s. not significant. PIN2-2-3 vs. PIN2-2-3 
+ D6PK p-value 0.3855, PIN2-2-3 vs. PIN2-2-3 + PINOID p-value 0.5055, PIN2-2-3 + D6PK vs. PIN2-2-3 + 
PINOID p-value 0.9666; PIN3-2-2 vs. PIN3-2-2 + D6PK p-value 0.7349, PIN3-2-2 vs. PIN3-2-2 + PINOID 
p-value 0.8569, PIN3-2-2 + D6PK vs. PIN3-2-2 + PINOID p-value 0.9711; PIN2-3-3 vs. PIN2-3-3 + D6PK 
p-value 0.1480, * PIN2-3-3 vs. PIN2-3-3 + PINOID p-value 0.0263, PIN2-3-3 + D6PK vs. PIN2-3-3 + PINOID 
p-value 0.4009; ** PIN3-3-2 vs. PIN3-3-2 + D6PK p-value 0.0045, ** PIN3-3-2 vs. PIN3-3-2 + PINOID p-
value 0.0034, PIN3-3-2 + D6PK vs. PIN3-3-2 + PINOID p-value 0.9480). 

 

These chimeras were expressed from a PIN2 promoter fragment in the pin2 mutant and scored 

analogously to all other tested PINs and PIN chimeras (Figure 24 A, D, G, J). For better comparison, 

the results were plotted in comparison to wildtype PIN2 and PIN3 (Figure 24 M). All four PIN 

chimeras rescued the mutant to the same levels as PIN2 (data shown in Figure 10). One representative 

T2 line was used to generate a homozygous T3 line. The VGI of each genotype was compared to 

Col-0 and the pin2 mutant (Figure 24 B, E, H, K). All four PIN chimeras were indistinguishable from 

Col-0. This was also illustrated by the root angles of the homozygous seedlings (Figure 24 C, F, I, 

L).  

To see whether the kinase preference of the PIN2-3-2 and PIN3-2-3 chimeras could be resolved in 

the triple chimeras, they were tested in the oocyte assay at [IAA]in = 1 µM. The triple chimeras 

consisting of two thirds PIN2 did not transport IAA or were outside of the detection limit of the assay, 

indicating that by replacing one PIN2 domain the chimeras lost their ability to be activated by a 

kinase or the chimera was not able to form a functional transporter unit. By exchanging the first five 



Results 

 79 

helices of PIN3 against PIN2, the transport rates were drastically reduced. This was not the case if 

the helices M6-M10 were exchanged, suggesting a more important role of the helices M1-M5 for the 

transporter’s speed. The transport rates of PIN3-3-2 were still as high as for PIN3. Interestingly, the 

increased activation upon PINOID co-expression was visible in the PIN2-3-3 chimera, but absent in 

the PIN3-3-2 chimera.  
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Figure 25 – IAA transport properties of mutated PIN variants. (A) Amino acid swap between PIN2 and 
PIN3 in the loop domain between TM helix M3 and M4a (red dot). Amino acids 93-95 of PIN3 (TRS) were 
exchanged with amino acids 93-95 of PIN2 (SRR) to create PIN3*. The same positions were exchanged in 
PIN2-3-3 to create PIN2*-3-3. (B) Relative IAA export rates of PIN3* and PIN2*-3-3 in comparison to PIN3 
and PIN2-3-3. All PINs were expressed in Xenopus oocytes either alone or co-expressed with D6PK or 
PINOID. Data points show transport rates (n = 2 for PIN3* /+ D6PK /+ PINOID, n = 3 for PIN3 /+ D6PK /+ 
PINOID, PIN2-3-3 /+ D6PK /+ PINOID and PIN2*-3-3 /+ D6PK /+ PINOID). Mean and SE are indicated. 
Groups (PIN vs. PIN + D6PK vs. PIN + PINOID) were analyzed by one-way ANOVA, followed by Tukey’s 
posthoc test. PIN3 vs. PIN3 + D6PK *** p-value 0.0010, PIN3 vs. PIN3 + PINOID ** p-value 0.0011, PIN3 
+ D6PK vs. PIN3 + PINOID n.s. not significant p-value 0.9930. PIN3* vs. PIN3* + D6PK *** p-value 0.0002, 
PIN3* vs. PIN3* + PINOID **** p-value <0.0001, PIN3* + D6PK vs. PIN3* + PINOID ** p-value 0.0013. 
PIN2-3-3 vs. PIN2-3-3 + D6PK n.s. p-value 0.5012, PIN2-3-3 vs. PIN2-3-3 + PINOID n.s. p-value 0.1321, 
PIN2-3-3 + D6PK vs. PIN2-3-3 + PINOID n.s. p-value 0.5433. PIN2*-3-3 vs. PIN2*-3-3 + D6PK n.s. p-value 
0.3773, PIN2*-3-3 vs. PIN2*-3-3 + PINOID n.s. p-value 0.3448, PIN2*-3-3 + D6PK vs. PIN2*-3-3 + PINOID 
n.s. p-value 0.9967. (C) Point mutations of S293 and S294 in the loop domain of PIN3 (red dots). Phospho-
dead (StoA) or phospho-mimick (StoD) variants were tested for their IAA transport properties. (D) 
Representative time-course experiment for PIN3, PIN3-S294A, PIN3-S293A-S294A and PIN3-S293D-
S294D. PINs were expressed alone (black symbols) or co-expressed with PINOID (white symbols) in oocytes. 
Time points are mean and SE of n = 8-10 oocytes. 

 

In order to see if the decrease in transport rates between PIN3 and PIN2-3-3 could be broken down 

to specific amino acid positions, the sequences of the first five helices were compared. An interesting 

amino acid in the short loop between helix M3 and M4a was identified (Figure 25 A). At position 95 

in PIN2, the positively charged amino acid Arg is found and the uncharged polar amino acid Ser in 

PIN3. A sequence alignment with all PINs from Arabidopsis revealed that this position is not 

conserved in any PIN (Ung et al., 2022). Because the amino acid is accessible for the kinases and 

might be necessary for PIN-kinase interaction, the positions 93–95 (TRS vs. SRR) were exchanged 

against each other as indicated in PIN3 and PIN2-3-3, creating the point mutations PIN3* and PIN2*-

3-3. The mutated PIN variants were tested in the oocyte transport assay. 

In this data set, PIN3 showed strong transport activation by D6PK or PINOID as expected, but the 

kinase preference for PINOID that was reported before, was not visible in the three replicates (Figure 

25 B, Figure 7 H). The PIN3* mutant transported IAA upon co-expression of D6PK or PINOID and 

showed a significantly higher transport rate with PINOID compared to D6PK. Overall, the transport 

rates of PIN3 and PIN3* were comparable, suggesting that the amino acid exchange did not alter the 

transporter’s activity.  

The PIN2-3-3 chimera showed a moderate transport activation with co-expressed D6PK or PINOID. 

The transport rates were higher with PINOID than with D6PK. By mutating the indicated positions 

to TRS (from SRR) in PIN2*-3-3, only the activation by PINOID was reduced to the same levels as 

the activation by D6PK. The D6PK-mediated activation was not altered.  

Personal communication by Dr. Ive de Smet (Ghent University/VIB, Belgium) and the phospho-

proteomics screen (Figure 9 F) suggested the positions Ser293 and Ser294 in the loop domain of 

PIN3 as potentially interesting phosphorylation sites. Phospho-dead variants PIN3-S294A and PIN3-

S293A-S294A, as well as the phospho-mimicking variant PIN3-S293D-S294D were created. All 

PIN3 variants were tested in the oocyte assay with respect to their transport properties upon co-
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expression of PINOID (Figure 25 C, D). They were identical to PIN3 without mutations, with IAA 

transport rates of 0.1-1.0 % x min-1 for PIN without kinase and 3.9 % x min-1 for PIN + PINOID, 

suggesting that S293 and S294 were no important phospho-sites for the transporter’s activity. 

 
3.2.6 Adoption of canonical PIN features by providing a canonical loop domain to 
the noncanonical PIN8 
Noncanonical PINs can be provided with cell-biological features of canonical PINs by inserting the 

loop domain of a canonical PIN into the TM domain context of noncanonical PINs, as shown for 

PIN5 (Ganguly et al., 2014). PIN8 is closer related to canonical PINs from an evolutionary point 

(Bennett et al., 2014) and Martina Kolb (TUM) created PIN chimeras of PIN8, PIN2 and PIN3 (Kolb, 

2015). She inserted the PIN2 or the PIN3 loop into the short amino acid stretch that connects TM 

helices M5 and M6 of PIN8. Transport studies in Xenopus oocytes revealed PIN8 as a constitutively 

active IAA transporter (Ung et al., 2022). PIN8-mediated transport is insensitive to kinase co-

expression. The PIN8 chimeras became kinase-sensitive by providing the PIN2 or PIN3 loop domain. 

The PIN2 loop could not block the constitutive transport component of PIN8 and co-expression of 

D6PK did not further activate the transporter, but the transport rate was increased upon co-expression 

of PINOID. The PIN8-3-8 chimera did not transport IAA without kinase and transport was activated 

by D6PK or PINOID. In order to investigate if the insertion of the PIN1 loop blocks the intrinsic 

PIN8 transport component and if the transporter becomes kinase-regulatable by D6PK, the PIN8-1-

8 chimera was included. The transport data are published in Janacek et al., 2023, under review. 
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Figure 26 – IAA transport properties and ability to rescue the pin2 phenotype and localization of PIN8 
and the chimeras. (A) PIN3 (circles) alone or with PINOID and PIN8 (triangles) were expressed in oocytes. 
IAA efflux properties were tested at pH 7.4 for PIN3 and at pH 7.4 and 5.5 for PIN8. Uncoupler CCCP was 
tested on PIN8-mediated efflux at pH 5.5. The IAA content after 15 min was compared to the initial IAA 
content by unpaired two-tailed t-test (PIN3: n.s. not significant p-value >0.9999, **** p-value <0.0001. PIN8: 
** p-value 0.0049, **** p-value <0.0001). Each data point is one oocyte (n = 9-10). Box plots range from 25th 
to 75th percentiles, whiskers mark the minimum and maximum values and the median is indicated. The mean 
is indicated by (+). (B) PIN3 (circles), PIN8-2-8 (triangles) and PIN8-3-8 (squares) alone (-) or with PINOID 
(+) were expressed in oocytes. Oocytes were injected with radioactive IAA (white symbols) or radioactive IAA 
+ NPA (black symbols). The IAA content after 15 min of PIN3 was set to 100 % and the IAA content of the 
indicated samples at the endpoint of the experiment were compared to this. Data points resemble individual 
oocytes (n = 7-10). Box plots ranges from 25th to 75th percentiles, whiskers mark the minimum and maximum 
values and the median is indicated. The mean is indicated by (+). Each PIN group (PIN3, PIN8-2-8, PIN8-3-
8) was compared by one-way ANOVA followed by Tukey’s posthoc test. Statistical groups are indicated by 
letters. (C) Transport rates as function of [IAA]in. Data are mean and SE of n = 2. (D) Root angle of independent 
segregating T2 lines (n = 8) between root tip and gravity vector of pin2;PPIN2:PIN8-1-8 (n = 76-116) in 
comparison to wildtype (n =89-103) and mutant (n =41-103). Data points are individual seedlings. The mean 
and SE are indicated. (E) VGI of the homozygous T3 line of pin2;PPIN2:PIN8, pin2;PPIN2:PIN8-2-8, and 
pin2;PPIN2:PIN8-3-8 (n = 46 for PIN8, n = 55 for PIN8-2-8, n = 48 for PIN8-3-8) in comparison to wildtype (n 
= 53 for PIN8, n = 22 for PIN8-2-8, n = 49 for PIN8-3-8) and mutant (n = 43 for PIN8, n = 33 for PIN8-2-8, n 
= 47 for PIN8-3-8). Box plots range from 25th to 75th percentiles, whiskers mark the 5th and 95th percentiles 
and the median is indicated. Points below and above the whiskers are drawn as individual points. The mean is 
indicated by (+). Groups were compared by one-way ANOVA followed by Tukey’s posthoc test. n.s. not 
significant p-value 0.8804 (PIN8-2-8), 0.9751 (PIN8-3-8), * p-value 0.0225, **** p-value <0.0001. (F) 
Polarity index of eGFP-tagged PIN8-2-8, PIN8-3-8 expressed from a PIN2 promoter fragment in epidermal 
cells in the pin2 mutant. Loop domain donors PIN2 and PIN3 were included for comparison as presented in 
Figure 12. Mean intensities of ROIs at the apical and the lateral side of the cells were used to calculate the 
ratios. The arrows mark GFP signal. Scale bar represents 20 µm. Box plots range from 25th to 75th percentiles, 
whiskers mark the minimum and maximum values and the median is indicated. Groups were compared by a 
one-way ANOVA, followed by Tukey’s posthoc test. **** p-value <0.0001, n.s. not significant p-value 0.9749 
(PIN8-2-8 vs. PIN3), 0.9953 (PIN8-2-8 vs. PIN8-3-8), 0.9978 (PIN8-3-8 vs. PIN3). n = 24 cells per genotype. 
(G-I) Root angles between root tip and gravity vector of the representative homozygous T3 line of 
pin2;PPIN2:PIN8, pin2;PPIN2:PIN8-2-8 and pin2;PPIN2:PIN8-3-8 in comparison to wildtype and mutant. 
Numbers are individual seedlings. 

 

In order to see if PIN8-mediated IAA transport shows indications for a proton-coupled mechanism, 

the oocyte transport assay was performed at pH 7.4 and pH 5.5 (Figure 26 A). If the transport 

mechanism was dependent on protons, the transport rate should increase at lower pH values and 

decrease if the proton gradient over the membrane is reduced. Upon co-expression of PINOID, in 

oocytes expressing PIN3 the IAA content was reduced to 33 % of the initial IAA content after 15 min. 

PIN8-expressing oocytes contained 66 % of initial IAA at pH 7.4 and 74 % at pH 5.5. To dissipate 

the proton gradient across the membrane, the decoupler CCCP was co-injected with IAA at a pHExt 

of 5.5. After 15 min, 87 % of the initial IAA content were present in PIN8-expressing oocytes at pH 

5.5. For all conditions, the IAA content after 15 min was significantly reduced compared to the initial 

content, suggesting that the transport mechanism is independent of the proton gradient as transport 

driving force. 

The transport studies conducted by Martina Kolb (Kolb, 2015) suggested that the PIN8-2-8 chimera, 

like PIN8, transports IAA constitutively. PIN8-3-8, however, did not show this property. Therefore, 

the effect of the auxin transport inhibitor NPA (Abas et al., 2021) was tested on PIN8-2-8 and PIN8-

3-8 mediated IAA transport (Figure 26 B).  
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IAA levels at the end of the experiment were presented relative to the IAA content of PIN3 at the 

end of the 15 min experiment. The data showed that PIN8-2-8, like PIN8 exhibited constitutive NPA-

sensitive IAA transport. Expression of PIN3 + PINOID reduced the initial IAA content to 33 %. 

What looked like an increased IAA content in Figure 26 B was a methodological artefact (see Chapter 

2.3.1). PIN8-2-8 showed constitutively active transport after 15 min with an IAA content of 61 %, 

that was increased by PINOID co-expression and resulted in an IAA content of 38 %. Co-injection 

of IAA and NPA into PIN8-2-8 and PIN8-2-8 + PINOID expressing oocytes shut down the IAA 

transport. By providing the PIN3 loop, PIN8-3-8 lost its active transport component. Co-expression 

of PINOID was needed to activate the IAA transport. After 15 min, 67 % of the initial IAA content 

were detectable. The injection of NPA blocked the PIN8-3-8-mediated transport completely. The data 

indicated that all PIN8 chimeras behave like wildtype PIN8 in terms of transport inhibition by NPA 

and that the NPA binding site lays within the TM domains, what was proven by the cryo-EM structure 

of PIN8 (Ung et al., 2022). 

PIN8 is, besides PIN6, one of the two PIN from Arabidopsis that shows constitutive transport. The 

kinetic studies performed on SSM.SURFER revealed that PIN8-mediated transport can be described 

by a Michaelis-Menten equation with Km = 356 ± 136 µM and Kd = 39.9 ± 14.9 µM in presence of 

NPA with PIN8 reconstituted in liposomes (Ung et al., 2022).  

The SURFER data are problematic because the limit of detection falls in the range of the 

physiological IAA concentrations. The oocyte transport assay can be used at low concentration with 

higher sensitivity compared to the SURFER. PIN8-mediated IAA transport was tested as a function 

of IAA concentration in a concentration range between 0.1-10 µM IAA. PIN8-mediated IAA 

transport showed a linear relationship to the IAA concentration with a transport rate of 

10.6 ± 0.3 fmoles x min-1 x oocyte-1 (Figure 26 C). This was three times faster as PIN1 + D6PK 

(3.1 ± 0.1 fmoles x min-1 x oocyte-1) and twice as fast as PIN1 + PINOID (5.4 ± 0.8 fmoles x min-

1 x oocyte-1), see Table 8.  

 

In order to analyze if the relationship between transport rate and IAA concentration is linear or within 

the apparently linear range of a Michaelis-Menten kinetic, the defaults settings of GraphPad Prism 

to compare both models statistically were used. It was found that the preferred model for PIN8 was 

indeed the Michaelis-Menten equation with a Km of 48.9 µM and a 95 % confidence interval from 

28.4 to 134.5 µM. This fitted well with the Kd value of PIN8 in liposomes established later in Ung 

et al. The preferred model for PIN3 + D6PK was also the Michaelis-Menten equation with a Km of 

143.3 µM, three times lower than the Km of PIN8 for IAA, but rather low confidence. Interestingly 

this value is in good agreement with the Kd of PIN3 = 160.4 µM observed in a recent study (Su et 

al., 2022). For the other combinations of PIN1, PIN2 and PIN3 with D6PK or PINOID, the 

comparison revealed a linear correlation as preferred model, which is likely due to the much lower 
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transport rates of these transporters compared to PIN3 and/or larger variability of the underlying data, 

as co-expression of PINOID reduced the affinity of PIN3 towards IAA further and increased the 

transport rate. This suggests that the affinity for IAA in canonical PINs can be modulated by the 

activating kinase, most likely by interaction with the loop domain. 

 

In experiments performed at [IAA]in = 1 µM, PIN8-2-8 + PINOID showed similar transport 

properties to PIN3 + PINOID. PIN8-2-8-mediated IAA transport was tested as a function of IAA 

concentration in a concentration range between 0.1–10 µM. Like the domain donors PIN8 and PIN2, 

transport of PIN8-2-8 + PINOID showed a linear relationship to the IAA concentration, but no Km 

value could be fitted. The transport rate was 21.6 ± 1.4 fmoles x min-1 x oocyte-1 and therefore as 

high as PIN3 + PINOID. This suggests that providing a noncanonical PIN with a canonical PIN loop 

domain transfers canonical transport characteristics, like the regulation by kinases and the different 

kinetic properties of the transporter.  

In order to check the potential of the PIN8-1-8 chimera to complement, it was expressed from a PIN2 

promoter fragment in the pin2 mutant. As described before, the root angle between the root tip and 

the gravity vector was used as read-out (Figure 26 D). None of the lines investigated rescued the 

agravitropic root of the pin2 mutant. One representative T2 line of PIN8, PIN8-2-8 and PIN8-3-8 

generated by Martina Kolb was used to establish homozygous T3 lines. The VGI of pin2;PPIN2:PIN8 

seedlings was significantly increased compared to the pin2 mutant, but did not reach wildtype levels 

(Figure 26 E). In this data set, the VGI of the pin2 mutant was relatively high. The VGIs of 

pin2;PPIN2:PIN8-2-8 and pin2;PPIN2:PIN8-3-8 were comparable to pin2;PPIN2:PIN8 seedlings. By 

analyzing the root angle of the homozygous seedlings, it became also clear that the three PINs did 

not reduce the pin2 mutants’ variability of the root angle (Figure 26 G, H, I). The eGFP-tagged PIN8-

2-8-eGFP and PIN8-3-8-eGFP chimeras localized non-polarly. The signal was solely detected at the 

apical and lateral side of the PM and not in internal membranes. This suggests that the positional 

information for the PIN to localize at the PM was provided by the canonical PIN loop domains. 

Martina Kolb and me could not succeed in generating pin2;PPIN2:PIN8-eGFP transformant lines. 

The analyses of canonical PIN chimeras in the biochemical transport assay and in the physiological 

root assay showed that the characteristics of the loop domain go beyond the idea of a regulatory 

switch and localization navigator of PINs. It became obvious that the PIN TM domains and the loop 

domain mediate the IAA transport together and should not be interpreted separately from each other. 

Although, the non-canonical PIN8 could be equipped with canonical PIN features (transport 

properties and localization) by providing a loop domain, the biochemical properties were not 

sufficient to give physiological relevance.  
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The results presented here showed that the transport characteristics of PINs are neither solely 

embedded in the TM domains nor in the loop domain. The protein domains are very likely to interact 

with each other.  

 

3.3 Impact of AGC kinases on PIN-mediated transport 
 
AGCVIII kinases from Arabidopsis thaliana are important in plant developmental processes, 

because they directly impact PIN-mediated IAA transport. The phenotypes of some family members, 

like D6PK and PINOID, resemble the pin1 mutant phenotype, so it was hypothesized and 

successfully shown that the kinases act in the same pathway as the PINs (Gälweiler et al., 1998; 

Zourelidou et al., 2014). The phosphorylation of PINs by AGCVIII kinases is necessary to activate 

the transport. Although the impact of some members on PINs and their cell-biological features have 

been extensively studied, not all kinases are able to activate PIN-mediated transport to the same level 

(Zourelidou et al., 2014; Marhava et al., 2018). The reasons are not yet clear and further 

investigations are needed. The impact of kinases on PIN-mediated IAA transport can conveniently 

be studied in the reductionist oocyte transport assay. Several kinases from the AGCVIII family or the 

MAP kinase family and potential regulators of kinases were tested upon their impact on PIN1, PIN2 

and PIN3. 

 

3.3.1 D6PK-LIKE1, D6PK-LIKE2 and D6PK-LIKE3 
 

Figure 27 – IAA transport activation by D6PK-
LIKE1, D6PK-LIKE2 and D6PK-LIKE3. PIN1, 
PIN2 and PIN3 were expressed in oocytes alone or 
co-expressed with D6PK, D6PK-LIKE1, D6PK-
LIKE2 or D6PK-LIKE3. The IAA content after 
30 min for PIN1 and PIN2, and after 15 min for PIN3, 
without co-expressed kinase was set to 100 % and the 
IAA content of PIN + kinase was compared to that by 
one-way ANOVA followed by Dunnett’s test with 
PIN without kinase as control group (PIN1: + D6PK, 
n.s., not significant, p-value 0.2209. + D6PK-LIKE1, 
** p-value 0.0089. + D6PK-LIKE2, * p-value 
0.0237. + D6PK-LIKE3 n.s. p-value 0.9985; PIN2: + 
D6PK, n.s. p-value 0.5092. + D6PK-LIKE1, **** p-
value <0.0001. + D6PK-LIKE2, n.s. p-value 
>0.9999. + D6PK-LIKE3 n.s. p-value 0.0800; PIN3: 
+ D6PK, **** p-value <0.0001. + D6PK-LIKE1, 
**** p-value <0.0001. + D6PK-LIKE2, **** p-value 
<0.0001. + D6PK-LIKE3 n.s. p-value 0.0581). Each 
data point is one oocyte (n = 8-10). Box plots range 
from 25th to 75th percentiles, whiskers mark the 
minimum and maximum values and the median is 
indicated.  
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D6PK-LIKE1, D6PK-LIKE2 and D6PK-LIKE3 are closely related to the intensively studied AGC1 

kinase D6PK. They act most likely redundantly in planta and higher-order mutants of D6PK and 

D6PK-LIKEs are required to generate Arabidopsis mutants with pronounced phenotypes (Zourelidou 

et al., 2009). Especially D6PK-LIKE1 is present in the whole plant body compared to all AGC1 

kinases, followed by D6PK-LIKE2 (Mergner et al., 2020). In order to test the effect of the D6PK-

LIKEs on PIN-mediated transport, D6PK and the three D6PK-LIKEs were tested on PIN1, PIN2 and 

PIN3 in the oocyte assay (Figure 27). D6PK-mediated activation of PIN1 and PIN2 was small and 

not statistically significant in this data set. The activation of PIN3 was strong. More data for D6PK 

on PIN1, PIN2 and PIN3 is presented in Figure 7. D6PK-LIKE1 activated PIN3-mediated IAA 

transport to comparable levels as D6PK did. The activation of PIN1 was slightly stronger compared 

to D6PK and significantly different to PIN1 without kinase. The activation of PIN1 by D6PK-LIKE2 

was comparable to D6PK-LIKE1. On PIN2, D6PK-LIKE1 had the strongest impact of all D6PK-

LIKEs. PIN2 showed no IAA transport upon D6PK-LIKE2 co-expression. The combination of PIN3 

and D6PK-LIKE2 was as strong as PIN3 and D6PK. Interestingly, D6PK-LIKE3 co-expression had 

very little effect on the three PINs. PIN1 and PIN2 were not activated at all and the activation of 

PIN3 was reduced. That suggests that the four D6PK kinases act differently on PIN-mediated IAA 

transport, although they are very closely related and supposed to act redundantly in planta.  

 
3.3.2 PAX, variants of PAX and PDK1 as regulator of PAX 
 

Figure 28 – Impact of PDK1 and PAX variants on 
PIN3-mediated IAA transport. Relative transport rates 
of PIN3 upon activation by D6PK or PAX variants (white 
bars), co-expressed with PDK1 as regulator of PAX (gray 
bars). PAX(SMA) is a non-activatable variant of PAX 
with a mutation in the activation loop. PAX(SMD) is a 
constitutively active variant. KD is the kinase-dead 
variant of PAX with a mutation in the ATP cleavage site. 
Pax8mut is a variant with phospho-dead mutations of ten 
residues. Data points are transport rates of n = 2 for all 
indicated constructs. The mean and SE are indicated. 
Groups were analyzed by one-way ANOVA, followed by 
Dunnett’s test against PIN3 without kinase as control. + 
PDK1: n.s., not significant, p-value 0.9971. + D6PK: 
**** p-value <0.0001. + D6PK + PDK1: **** p-value 
<0.0001. + PAX: ** p-value 0.0017. + PAX + PDK1: 
**** p-value <0.0001. + PAX(SMA): n.s. p-value 
.0.6731 + PAX(SMA) + PDK1: n.s. p-value 0.3404. + 
PAX(SMD): *** p-value 0.0003. + KD: n.s. p-value 
0.9999. + KD + PDK1: n.s. p-value 0.9997. + pax8mut: 
n.s. p-value 0.0547. + pax8mut + PDK1: **** p-value 
<0.0001. 
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The AGC kinases activate PIN-mediated IAA transport differently, exemplified by the AGC1 kinase 

D6PK and the AGC3 kinase PINOID (Figure 7). Within the AGC1 clade, the difference was more 

pronounced for the kinases PAX and D6PK (Marhava et al., 2018). The kinase availability at the PM 

can be modulated by factors like BRX inhibiting the kinase through binding, or other kinases that 

are needed to get the full kinase activity. One proposed regulator of PAX is PDK1 (Xiao and Offringa, 

2020). The direct effect of PDK1 on PIN3 was tested. Further, it was investigated how PDK1 

modulates D6PK or different PAX variants to activate PIN3-mediated IAA transport (Figure 28, 

constructs provided by A. E. Lanassa Bassukas, TUM). PDK1 was not able to activate PIN3. It had 

no effect on D6PK-mediated IAA transport, but could increase PAX-mediated activation of transport. 

A phospho-dead PAX mutant with a S to A mutation (PAX(SMA)) in the kinase activation loop could 

not activate IAA transport and this could not be overcome by PDK1 co-expression. However, the 

phospho-mimic PAX variant with a S to D mutation (PAX(SMD)) at the same position activated 

PIN3 similar to PAX. As expected, the kinase dead variant of PAX (KD) with a mutation in the ATP 

cleavage site could not activate transport, also upon PDK1 co-expression. A PAX variant with ten 

phospho-dead mutations to Ala (pax8mut, mutated at S15, S68, S131, S137, S138, T227, S269, S316, 

S735 and S737) showed reduced activation of transport compared to PAX, but the transport rate was 

increased to PAX levels by co-expression of PDK1.  

 

 
Figure 29 – Immunoblot analysis of PIN3 and its activating kinases. PIN3 was expressed in oocytes either 
alone or co-expressed with YFP-D6PK, YFP-PAX or YFP-PINOID. (A) The membrane fraction of oocytes 
was used to detect PIN3 (69 kDa) by anti-PIN3 antibody in oocytes expressing PIN3 or PIN3 and indicated 
kinases. Loading is shown by a section of the Ponceau-stained membrane. (B) The kinases were detected in 
the membrane fraction of oocytes expressing the indicated proteins by an anti-GFP antibody. The PIN3 sample 
was included as control. YFP-D6PK: 82 kDa. YFP-PAX: 112 kDa. YFP-PINOID: 76 kDa. Equal loading is 
shown by a section of the Ponceau-stained membrane. 
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In order to check if the kinases D6PK, PAX and PINOID were expressed to same levels in oocytes, 

the kinases were tagged with eYFP. The membrane fraction of oocytes expressing the indicated 

protein(s) were analyzed in an immunoblot (Figure 29).  

Differences in the overall phosphorylation of PIN3 caused by the kinases were detectable (Figure 29 

A). PIN3 alone or together with YFP-D6PK, YFP-PINOID or YFP-PAX were expressed in oocytes. 

PIN3 was detected in the membrane fraction of oocytes and revealed, that YFP-D6PK and YFP-

PINOID strongly phosphorylated the PIN3 loop domain. The phosphorylation by YFP-PAX was not 

visible on the immunoblot membrane. From phospho-proteomics analyses performed by A. E. 

Lanassa Bassukas (TUM) and Dr. Julia Mergner (MRI/BayBioMS), it is known that PAX 

phosphorylates PIN3 in planta. All three kinases were detected at the expected protein size to similar 

levels in the membrane fraction of oocytes (Figure 29 B) and in the cytosolic fraction (immunoblot 

not shown). The missing phospho-smear of PIN3 suggests that PAX interacts differently with the 

transporter compared to D6PK or PINOID.  

 

3.3.3 AGC1.7 
 

 
Figure 30 – PIN3-mediated transport activation by AGC1.7 and phosphorylation sites in PIN3. (A) 
Relative IAA transport rates of PIN3 expressed in oocytes alone or co-expressed with D6PK, AGC1.7, an 
inactive D6PK variant or AGC1.7 and inactive D6PK together. Data points are transport rates of n = 2-3. The 
mean and SE are indicated. The groups were compared by one-way ANOVA, followed by Dunnett’s test 
against PIN3 without kinase as control. + D6PK: *** p-value 0.0002. + AGC1.7: n.s., not significant, p-value 
0.6079. + D6PKin: n.s. p-value 0.9999. + AGC1.7 + D6PKin: n.s. p-value 0.8455. (B) Phosphorylated sites in 
PIN3 by D6PK (○), PINOID (▽) or AGC1.7 (□) in comparison to PIN3 without kinase after phospho-peptide 
enrichment by IMAC. Data for D6PK and PINOID are shown for comparison and explained in Figure 9 F. The 
bold amino acid positions were only detected upon D6PK or PINOID expression and were not found in the 
analysis for AGC1.7.  
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AGC1.7 is known to phosphorylate the PIN1 loop in in vitro kinase assays (unpublished data by Ass. 

Prof. Dr. Hiromasa Shikata, NIBB, Okazaki, Japan), and could activate PIN1-mediated IAA efflux 

from Xenopus oocytes to very small levels (Martina Kolb, TUM).  

Members of the same clade of AGC kinases activated the IAA transport very differently, i.e. D6PK 

very strong activation, PAX intermediate activation. In order to check if AGC1.7 could activate 

PIN3-mediated IAA transport, PIN3 and the indicated kinases were expressed in Xenopus oocytes. 

To check whether the PIN phosphorylation and the interaction of PIN and kinase can be separated in 

such a scenario, an inactive variant of D6PK (D6PKin) was used  in the transport assay (Figure 30 

A) (Zourelidou et al., 2014). The hypothesis was that AGC1.7 phosphorylates PIN3 as a requirement 

for transport but could not interact with the primed PIN to mediate transport. If the interaction of a 

kinase with the PIN is necessary to transport, the inactive D6PK could have interacted with the 

primed PIN instead. 

PIN3 was activated to expected levels by D6PK and not activated by the inactive D6PK. The co-

expression of AGC1.7 did not significantly activate the IAA transport. By co-expressing the inactive 

D6PK and AGC1.7 together with PIN3, the findings were similar to the PIN3 + AGC1.7 scenario. 

This suggests that phosphorylation and interaction could not be separated in this experimental setup 

and the hypothesis was rejected.  

A phospho-proteomic analysis of PIN3 with AGC1.7 in comparison to D6PK and the AGC3 kinase 

PINOID revealed, that most of the phosphorylated positions were detectable with all three kinases 

(20 of 30 phospho-sites). The position Thr229 was more phosphorylated by AGC1.7 compared to 

PIN3 without kinase, whereas in presence of DP6PK and PINOID, this site was less phosphorylated 

than PIN3 without kinase. Only the position Ser293 was less phosphorylated in PIN3 upon AGC1.7 

expression and almost not phosphorylated by D6PK and PINOID. The overall phosphorylation from 

position 341 to 460 was more constant with AGC1.7 than with D6PK or PINOID. The position 417 

that was significantly less phosphorylated with D6PK and PINOID (Figure 9) suggested an oocyte-

specific kinase that can phosphorylate this site in absence of D6PK or PINOID, or a sterical hindrance 

of this phospho-site either by direct interaction of PIN loop and kinase or by steric effects on the PIN 

loop structure by phosphorylation events at other positions. In oocytes expressing PIN3 + AGC1.7, 

this site was stronger phosphorylated compared to PIN3 without kinase. Suggesting that this position 

can be phosphorylated by AGC kinases and that the PIN-kinase-interaction is different with AGC1.7 

compared to D6PK or PINOID. The differences in the phosphorylation pattern seemed to be more 

pronounced in the second half of the PIN loop domain.  
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3.3.4 AGC1.8, AGC1.9, KIPK and chimeras of AGC1.8 and KIPK 
 

 

 
Figure 31 – IAA transport activation by AGC1.8 and KIPK kinase chimeras. The N-terminus of KIPK 
was replaced by the N-terminus of AGC1.8 and vice versa, creating the kinase chimeras N-1.8-KIPK-C and 
N-KIPK-1.8-C. PIN3 was expressed in oocytes either alone or co-expressed with AGC1.8, AGC1.9, KIPK, N-
1.8-KIPK-C, N-KIPK-1.8-C, D6PK or PINOID. The initial IAA content was set to 100 % and the IAA content 
after 15 min was compared to it by two-tailed t-test (PIN3: n.s., not significant, p-value >0.999, + AGC1.8: 
n.s. p-value 0.1561, + AGC1.9: ** p-value 0.0020, + KIPK: * p-value 0.0119, + N-1.8-KIPK-C: **** p-value 
<0.0001, + N-KIPK-1.8-C: n.s. p-value 0.5772, + D6PK: **** p-value <0.0001, + PINOID: **** p-value 
<0.0001). Each data point is one oocyte (n = 9-10). Box plots show the 25th and 75th percentiles, whiskers 
mark the minimum and maximum values. The line in the box represents the median. 

 

In order to investigate why the kinases activated PIN transport differently, kinase chimeras of KIPK 

and AGC1.8 were tested. The N-terminus was exchanged against each other and tested on PIN3-

mediated transport (constructs provided by Dr. Yao Xiao, TUM). Additionally, the kinase AGC1.9 

that is closely related to KIPK was tested (Figure 31). The IAA content after 15 min was compared 

to the initial IAA content that was set to 100 %.  

PIN3 without kinase did not transport IAA. The co-expression of AGC1.8 did not activate transport. 

AGC1.9 could activate the transporter significantly and to similar levels as KIPK. Interestingly, the 

kinase chimeras behave like the kinase domain donor: N-1.8-KIPK-C activated the transporter and 

N-KIPK-1.8-C did not. None of the investigated kinases could activate PIN3 to the same levels as 

D6PK or PINOID. This suggests that kinase chimeras are functional activators of PIN-mediated IAA 

transport. The kinase domain seemed to be biochemically important, whereas the N-terminus might 

have a more important physiological role in planta.  
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3.3.5 MAP kinases 
 

 

Figure 32 – IAA transport activation by MAP kinases. PIN1 was expressed alone or co-expressed with 
MPK3, MPK4 or MPK6 in oocytes. The MAP kinases were also co-expressed with PIN1 and D6PK. MAP 
kinases were constitutively active variants. MPK3(D,E): MPK3 D193G E197A. MPK4(D,E): MPK4 D198G 
E202A. MPK4(Y): MPK4 Y124C. MPK6(D,E): MPK6 D218G E222A. MPK6(Y): MPK6 Y144C. The first 
box represents the IAA content at the beginning of the experiment and was set to 100 %. The second box is 
the IAA content after 30 min. Each data point is one oocyte (n = 5-10). Box plots show the 25th and 75th 
percentiles, whiskers mark the minimum and maximum values. The line in the box represents the median. 
Groups were compared by two-tailed t-test. PIN1: n.s., not significant, p-value 0.6699. PIN1 + MPK3(D,E): 
n.s. p-value 0.5661. PIN1 + MPK4(D,E) n.s. p-value 0.0791. PIN1 + MPK4(Y): n.s. p-value 0.4218. PIN1 + 
MPK6(D,E): n.s. p-value 0.9955. PIN1 + MPK6(Y): n.s. p-value 0.3645. PIN1 + D6PK: **** p-value <0.0001. 
PIN1 + D6PK + MPK3(D,E): **** p-value <0.0001. PIN1 + D6PK + MPK4(D,E): **** p-value <0.0001. 
PIN1 + D6PK + MPK4(Y): **** p-value <0.0001. PIN1 + D6PK + MPK6(D,E): **** p-value <0.0001. PIN1 
+ D6PK + MPK6 (Y): **** p-value <0.0001. 

 

Strong genetic evidence showed that MPKs alter PIN1 localization in planta (Dory et al., 2018). 

Three target sites in canonical PINs were proposed to be the targets of MPKs. The direct impact of 

MPK3, MPK4 and MPK6 on PIN1-mediated IAA transport was tested. Also, the hypothesis that the 

MPKs were regulators of D6PK, comparable to PDK1 on PAX, were tested. For the transport assay, 

two constitutively active variants of MPK3, MPK4 and MPK6 were used (generated by Benedikt 

Pfeilschifter, now FAU). None of the MPKs could activate PIN1. Efflux was activated only by D6PK. 

The D6PK-activated PIN1-mediated transport was not impacted by any co-expressed MPK. This 

suggests that MPKs cannot activate PIN-mediated transport and do not regulate the AGC kinases 

upstream of PINs in a way that PIN transport would be affected.  
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3.3.6 WAG1 and CRK5 
 

 
Figure 33 – Impact of WAG1 and CRK5 on PIN2-mediated IAA transport. (A) Relative IAA transport 
rates of PIN2 co-expressed with D6PK, PINOID or WAG1. Data points are n= 3. Mean and SE are indicated. 
Groups were compared by one-way ANOVA, followed by Dunnett’s test against PIN2 without kinase as 
control. n.s., not significant. + D6PK: p-value 0.9637. + PINOID: p-value 0.2162. + WAG1: p-value 0.7154. 
(B) Relative IAA transport rates of PIN2 co-expressed with CRK5. Data points are n = 2. Mean and SE are 
indicated. Groups were compared by two-tailed t-test (n.s. p-value 0.7001).  

 

Various cell-biological experiments showed that the PINOID-related kinase WAG1 and CRK5, a 

member of the Ca2+/Calmodulin-dependent kinase-related protein family, are important for the 

proper localization of PIN2 (Rigo et al., 2013; Glanc et al., 2018). 

WAG1 and CRK5 were tested on their ability to activate the PIN2-mediated IAA transport (Figure 

33). The IAA transport rate of WAG1-activated PIN2 was slightly but not significantly increased 

compared to D6PK, but not as high as activation by PINOID (Figure 33 A). CRK5 was not able to 

activate transport (Figure 33 B). This suggests that WAG1 and CRK5 are more important in a 

physiological context, then to activate IAA transport.  
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4 Discussion 
 
Over the last four decades, cell biological studies of PINs as the main auxin efflux transporters 

generated extensive knowledge about their localization, their polarity control, their trafficking 

behavior and their reaction upon environmental cues. In 2022, major progress in the field was made 

by solving the molecular structures of PIN1, PIN3 and PIN8 (Su et al., 2022; Ung et al., 2022; Yang 

et al., 2022). To this date, the transport properties of canonical PINs were barely investiaged. The 

understanding of auxin fluxes in plants requires knowledge about the transport properties of the 

canonical PINs and the impact of the activating kinases.  

In order to connect the physiology and the structure of PINs, the transport characteristics of the 

canonical PINs were investigated using oocyte transport assays in this thesis. Additionally, the impact 

of the PIN transport properties on gravitropic root growth and on root bending kinetics were 

investigated. The protein abundance and the phosphorylation pattern of PIN1, PIN2 and PIN3 in 

Xenopus oocytes were analyzed by mass spectrometry. To understand how individual protein 

domains contribute to the transport, PIN chimeras were created in a domain swapping approach. 

Further, the ability of other kinase families than the AGCVIII family to activate PIN-mediated IAA 

transport was investigated.  

 

4.1 The transport characteristics of PINs vary 
 
4.1.1 PINs possess different transport properties 
In 2014, activation of PIN-mediated IAA transport by AGCVIII kinases was demonstrated for the 

first time (Zourelidou et al., 2014). In the study, oocytes from Xenopus laevis were used as 

heterologous expression system and differences in the transport rates of PIN1 and PIN3 at one 

cytosolic IAA concentration were presented, but not followed up further. The different transport rates 

of PIN1 and PIN3 could be reproduced in this thesis and measurements at increasing internal IAA 

concentrations in oocytes showed that PIN3-mediated transport was strongly enhanced compared to 

PIN1- and PIN2-mediated transport (Figure 7). 

Phospho-MS/MS analyses of membrane and cytosol fractions from oocytes revealed the same 

protein levels and the same phosphorylation status of PINs expressed in oocytes, independent of 

D6PK or PINOID co-expression (Figure 9). Although the overall proteomics approach was 

untargeted, the protein levels could be compared due to one peptide shared by the three PINs (Figure 

9). In line with the published Arabidopsis proteome, almost all possible residues in the PIN loop 

domains were phosphorylated upon co-expression of a kinase (Mergner et al., 2020). Basal 

phosphorylation of the PINs by oocyte-specific kinases in samples without co-expressed AGCVIII 
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kinase was detected. This was not sufficient to activate PIN-mediated transport. In order to transport, 

a AGCVIII kinase was required which indicates certain specificity for transport activation (Figure 7, 

Figure 9).  

Basal PIN phosphorylation was also detected in Flag-tagged PIN1 protein that was purified for a 

mass spectrometry analysis from HEK294F cells (Yang et al., 2022). The transporter was expressed 

alone or co-expressed with D6PK. Phosphorylation sites in PIN1 without D6PK were detected (10 

residues compared to 11 residues in this thesis), but only three of them were found in both analyses 

(S221, S252, S253). For PIN1 + D6PK, the study detected 14 phospho-sites, compared to 24 sites in 

this thesis, with 11 of the 14 sites found in both studies. For PIN2, more residues (15 of 32 residues) 

were phosphorylated in oocytes than in planta, which can result from differences in peptide detection 

between the two studies or was influenced by the overexpression situation in oocytes (Table 10) 

(Mergner et al., 2020). 

The kinetic studies in oocytes did not allow to test the PIN transport at [IAA]in > 10 µM (Figure 8). 

Using SSM in proteoliposomes yielded a correlation between peak current response and substrate 

concentration that could be described by a Michaelis-Menten model for PIN8 at [IAA] > 10 µM 

(Ung et al., 2022). From NPA binding studies with PIN8 proteoliposomes, it was concluded that most 

of the PIN8 proteins incorporate with the same orientation, i.e. the cytosolic side faces outward (Ung 

et al., 2022). This suggests that the binding constant (Kd value) of PIN8 is the kinetic variable for 

IAA binding to the transporter and does not describe any other step in the transport process, like the 

transition of the occluded state to the outward-facing state (Ung et al., 2022). Due to the extended 

time scale of oocyte experiments (up to 30 min for PIN1), the fitted Km value describes the average 

kinetic constant of the whole transport process, which makes it impossible to compare the two 

methods. 

The Km value of PIN3 activated by D6PK observed here was in the same range as the Kd value 

determined by a surface plasmon resonance (SPR) analysis (Su et al., 2022). In the SPR experiments, 

the PIN3 protein was immobilized on a sensor chip which implies that the Kd value reflects the 

average kinetic constant as both sides of the transporter are accessible. This is comparable to the 

kinetic constant from oocytes where the increased time scale leads to the averaged constant, and 

supports the reliability of kinetic data obtained from the oocyte assay. For the other combinations of 

PIN1, PIN2 and PIN3 with D6PK or PINOID in oocytes, the comparison revealed a linear correlation 

as preferred model, which is likely due to the much lower transport rates of these transporters 

compared to PIN3 and/or larger variability of the underlying data.  

The kinetic studies in oocytes revealed that the PIN transport rate is linearly related to the cytosolic 

IAA concentration at physiological IAA concentrations, with PIN1 and PIN2 being more similar to 

each other than PIN3 in terms of their transport properties. A clear kinase effect on the transport rate 

of PIN-mediated IAA transport was detected, which is discussed later in more detail (Chapter 4.1.3). 
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The linear relationship between transport rate and substrate concentration leads to the conclusion that 

only the abundance of activated PIN proteins in the PM determines net IAA efflux at physiological 

concentrations. Computational modeling of root growth used to focus mainly on the localization of 

PINs and assumed the same transport rates and expression strengths of PINs (Grieneisen et al., 2007). 

A study, which investigated cytokinin impact on root growth, discovered that models taking the PIN 

abundance into consideration fit better to the experimentally reported steady state situation than 

models with equal PIN levels (Ruzicka et al., 2009; Di Mambro et al., 2017). The discovery that the 

transport rates of canonical PINs differ, if same protein levels are assumed, will lead to improved 

computational modeling on plant growth (Janacek et al., 2023, under review).  

 
4.1.2 The loop domain contributes to transport 
The cytosolic PIN loop domain was recognized as regulatory domain for proper protein sorting and 

trafficking in the cell (Cheng and Wang, 2022). Several residues were identified as important 

phosphorylation sites for these processes and also for activation of PIN-mediated transport 

(Zourelidou et al., 2014; Barbosa et al., 2018). To date, mainly the influence of the loop domain on 

the cell biology of PINs was investigated (Zhang et al., 2020a; Zhang et al., 2020b). In order to learn 

about the impact of the TM domains and the loop domain on auxin transport, a domain swapping 

approach between the canonical PIN1, PIN2 and PIN3 was performed (Figure 16). The resulting PIN 

chimeras were tested for their functionality and transport characteristics in oocyte transport assays 

and in planta.  
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Canonical PIN chimeras 

From the kinetic studies of the canonical PINs and the transport data of a PIN3 version without loop, 

it was concluded that the loop domain is necessary for the protein function, that the loop domain is 

by default inhibitory and that phosphorylation overcomes this inhibition (Figure 7, Figure 17). In the 

plant, it cannot be distinguished which kinase activated the transporter. In order to simulate the in 

planta situation, the transport rates for PIN or PIN chimeras activated by D6PK or PINOID were 

averaged and ranked according to their relative transport rate (Figure 34). By combining the protein 

domains of a PIN with a high transport rate (PIN3) and the domains of a PIN with a lower transport 

rate (PIN1 or PIN2), the IAA transport by PINs could be modified. It was not only possible to 

decrease the transport rate by providing a PIN1 or PIN2 loop to the TM domains of PIN3, but also 

to increase the transport rates of PIN1 or PIN2 by providing the PIN3 loop domain. This suggests 

that the TM domains of canonical PINs are per se able to transport IAA at similar rates, and that the 

loop domain regulates the transporter’s velocity by restricting degrees of freedom. This regulation is 

beyond the activation control by phosphorylation as shown by the phospho-proteomics analyses 

(Figure 9), and suggests an interaction/interplay of the loop domain and the TM domains. An 

Figure 34 – Relative transport rates of PIN chimeras. Average transport rates of PIN chimeras upon 
activation by D6PK or PINOID (PID), with SEM indicated. Transport rates for both kinases were averaged 
and PINs were sorted according to their transport rates. Arrows show position of PIN chimeras relative to 
their TM domain donor PIN (green: PIN1, red: PIN2, blue: PIN3). 
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intramolecular domain-domain coevolution was also hypothesized by genetic studies of various PIN 

chimeras and is discussed later (Chapter 4.2) (Zhang et al., 2020a).  

As established by the kinetic and in planta analyses, the idea of PIN1 and PIN2 being more similar 

to each other than PIN3, is also supported by the transport studies of the PIN1/PIN2 chimeras. Both 

chimeras PIN1-2-1 and PIN2-1-2 had transport rates in a similar range as PIN1 and PIN2 (Figure 7, 

Figure 18, Figure 19). 

In line with these data, the transport rate of PIN3 was drastically reduced if the loop domain was of 

PIN1 or PIN2 origin. Both “slow” PINs, PIN1 and PIN2, showed increased transport rates if provided 

with the PIN3 loop domain.  

 

Noncanonical PIN chimeras 

Although the combinations of canonical TM domains and loop domains seemed to follow a logic, 

this was different for chimeras between the noncanonical PIN8 and the loop domains of PIN1, PIN2 

or PIN3 (Figure 26 and Janacek et al., 2023, under review). PIN8 transports IAA independently of 

AGCVIII kinase co-expression, and the transport rate is linearly related to the cytosolic IAA 

concentration in the physiological range (Figure 26) (Ung et al., 2022). When PIN8 was provided 

with any canonical loop domain, the PIN chimeras adopted some canonical features, like transport 

regulation by kinases or localization to the PM (Figure 26 and Janacek et al., 2023, under review).  

However, it became clear that the loop domains influence IAA transport differently. The chimeras 

PIN8-1-8 and PIN8-2-8 showed a constitutive transport component without co-expressed kinase that 

was significantly different to the transport rate of PIN1 or PIN2 without kinase (unpaired t-test PIN1 

vs. PIN8-1-8 * p-value 0.0376; unpaired t-test PIN2 vs. PIN8-2-8 **** p-value <0.0001) (Janacek 

et al., 2023, under review). In the PIN8-3-8 chimera, as in PIN3, no transport was detected without 

co-expression of a kinase (Figure 26). The chimeras were sensitive to transport inhibition by NPA, 

this further proved the constitutive transport component of PIN8-2-8 (Figure 26). 

This suggests that the PIN1 and PIN2 loop domain were unable to block the transporter, whereas the 

PIN3 loop domain completely shuts down transport. The co-expression of D6PK resulted in an 

increased transport rate in all three chimeras, but the transport rate was higher when PINOID was 

co-expressed. This is in line with the differences observed in transport activation for canonical PINs 

(Figure 7 and Chapter 4.1.3).  

Like in PIN8-3-8, providing a PIN1 or PIN2 loop domain to PIN8 increased the transport rates in 

PIN8-1-8 and PIN8-2-8, although all donor PINs show rather low transport themselves (Janacek et 

al., 2023, under review). Transport studies of PIN8-2-8 + PINOID at increasing [IAA]in in oocytes 

revealed transport rates higher than PIN8 and comparable to activated PIN3 (Figure 7, Figure 26). 

Providing a PIN3 loop to PIN8 resulted in transport rates smaller than PIN3 and more similar to 

activated PIN8-2-8 (Figure 26).  
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Model for IAA transport by canonical PINs 

The transport properties of the canonical and noncanonical PIN chimeras suggest that the TM 

domains of “slow” PINs like PIN1, PIN2 or PIN8 can mechanically move like the “fast” PIN3 and 

that the loop domain strongly modifies the transport properties by modulating the mobility of the 

transporter or the affinity for IAA.  

 

 
Figure 35 – Model for IAA transport by canonical PINs. After IAA has bound to the inward-open 
conformation, the loop domain inserts itself into the binding domain and blocks the PIN in the inward-facing 
conformation. Phosphorylation of the loop by specific AGCVIII kinases leads to the release of the loop domain. 
The transporter transitions to the outward-facing conformation where IAA is released to the apoplast. The 
empty occluded conformation moves back to the inward-open conformation. Blue: scaffold domain. Green: 
transporter domain. Modified from (Ung et al., 2022).  

 

In the cryo-EM structure of inward-facing IAA-bound PIN3 (PDB: 7XXB), Prof. Dr. B. P. Pedersen 

and team identified densities that can be modeled and a peptide chain in auxin binding pocket (Su et 

al., 2022). Based on this observation and mechanisms in related protein families, it is speculated that 

parts of the loop domain interact with the TM domains and block the PIN in the inward-facing 

conformation after IAA binding (Figure 35) (Selim et al., 2018; Fang et al., 2021). Phosphorylation 

of critical residues by AGCVIII kinases lead to the release of the loop from the binding pocket and 

allows the transporter to transition to the outward-facing conformation, where IAA is released to the 

apoplast. The empty occluded conformation returns to the inward-open conformation and IAA can 

bind again. 

This model is suitable to explain why constitutive IAA transport is observed in PIN8-1-8 and PIN8-

2-8 chimeras. If the loop domain fails to interact properly with the TM domains or the interaction is 

less stable, the transporter can move and change its conformation which would be independent of 

the phosphorylation event. In light of the results on canonical PIN transport, it also explains why the 

noncanonical PIN chimeras became regulatable by kinases, i.e. phosphorylation is required to 

overcome the blocked conformation.  
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It becomes clear that the loop domains change their properties depending on the TM domain context. 

The PIN1 and PIN2 loop can prevent conformational changes in all canonical PIN chimeras, i.e. no 

constitutive transport without kinase, but fail to do this in a noncanonical setting. The PIN2 loop 

slows down the TM domains of PIN3, but increases the transport if paired with PIN8. It is difficult 

to explain how PIN-mediated transport becomes faster by adding a loop domain. One idea is that the 

loop domain adds degrees of freedom to the transporter which would allow faster movement or it 

reduces the affinity for IAA which would promote faster IAA release.  

 

Regulatory mechanism in a related transporter family 

PINs adopt the same protein fold and membrane orientation as HCO3-/Na+ symporters (Ung et al., 

2022). For the bicarbonate transporter SbtA from cyanobacteria, a regulatory mechanism comparable 

to the hypothesized regulation of PINs was described. The transporter forms a complex with the 

inorganic carbon sensor protein SbtB (Selim et al., 2018). SbtB regulates the transport activity of 

SbtA through inserting its T-loop into the cytoplasmic cavity and therefore blocking the substrate 

release when cytosolic AMP concentrations are high, i.e. low inorganic carbon concentrations (Fang 

et al., 2021). The T-loop is released through conformational changes after cAMP-binding to SbtB, 

which accumulates at elevated levels of inorganic carbon. Although the regulation of the SbtA-SbtB 

complex is independent of phosphorylation, this shows that other members of the BART superfamily 

are indeed regulated by mechanisms that come into consideration for PINs.  

Unpublished data of phosphatase and kinase inhibitor treatments on PIN-mediated transport in 

oocytes suggests that an initial phosphorylation of the loop domain is necessary for transport 

activation, but that the transport cycle continues until the PIN is eventually de-phosphorylated (Ass. 

Prof. Dr. Hiromasa Shikata, NIBB, Okazaki, Japan).  

 

How more complex chimeras could help 

One first hint towards understanding the interaction of the loop domain and the TM domains comes 

from triple chimeras of PIN2 and PIN3 (Figure 24). The transport was reduced when the first TM 

domain (helices M1-M5) was exchanged against the domain of PIN2. No change was observed when 

the second TM domain was modified. This suggests that the first TM domain impacts the transport 

properties more than the second TM domain. This result is unexpected, because the TM domains of 

PIN2 and PIN3 are highly conserved and the identified critical residues for auxin binding, in the 

support site and the crossover motif are identical in both PINs (Ung et al., 2022). Site-specific 

mutations of five residues at the interface of M5 in the transporter domain and the b-strands in the 

loop domain decreased the transport activity of PIN3 in HEK293T cells (Su et al., 2022). All five 

sites are conserved between PIN2 and PIN3, which suggests that the interaction of the loop domain 

and the TM domain cannot be limited to these residues and is more complex. 
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Higher-order PIN chimeras are required to narrow down possible interaction points. As a follow up 

experiment, proteins with swapped scaffold and transporter domains, i.e. M1/M2/M6/M7 of PIN2, 

M3-M5/M8-10 of PIN3 and v.v. should be tested for their transport properties. 

 

4.1.3 The kinase impacts PIN-mediated transport 
Transport of IAA by canonical PINs is regulated by AGCVIII kinases. Comprehensive studies on 

transport activation in oocytes and with phospho-site specific antibodies in Arabidopsis revealed that 

specific serine residues in the loop domain must be phosphorylated at the PM to activate IAA 

transport (Zourelidou et al., 2014; Weller et al., 2017). To date, only members of the subclades AGC1 

and AGC3 were shown to activate PINs (Zourelidou et al., 2014). Neither AGC2 nor AGC4 nor the 

AGC kinase PDK1 as master regulator of AGCVIII kinases were able to activate transport (Figure 

4, Figure 28). In this thesis, mainly PIN-mediated transport activated by D6PK and PINOID was 

studied.  

Transport studies in oocytes at increasing [IAA]in showed that canonical PINs are insensitive to 

elevated IAA levels and require co-expression of a kinase for transport activation (Figure 7). For all 

canonical PINs and PIN chimeras studied in this thesis, the transport rate was higher when PINOID 

was co-expressed. A phospho-proteomics screen revealed that the phosphorylation status, as a 

hypothesized read-out for transport activity, of the PINs is independent of the co-expressed kinase 

(Figure 9). An earlier study used in vitro phosphorylated PIN loop domains purified from SDS-PAGE 

gels and synthetic peptides to identify D6PK-specific phosphosites that were reported as crucial sites 

for PIN activation (Zourelidou et al., 2014). The use of membrane fractions from oocytes in this 

thesis allowed to analyze the PIN protein in its entirety. In contrast to the in vitro analysis in 

Zourelidou et al. where the whole loop domain was covered in the proteomics screen, small parts of 

the loop domain were not detected in this thesis. This could either result from differences in the 

experimental settings or opens the question if these loop regions might serve as interaction points 

between PIN and kinase. It is conceivable that PINs and kinases form heterodimers, e.g. between 

different PINs in the same cell, PINs with the kinase or one PIN with different kinases. As the protein 

levels and phosphorylation patterns of one PIN with any kinase are the same, the different transport 

rates must be the result of structural interactions of PIN and kinase that are beyond the 

phosphorylation event for transport activation. If only phosphorylation would be required, the 

transport rates should be independent of the kinase identity. Phospho-MS analysis of PIN3 + AGC1.7 

showed that the critical residues were phosphorylated but the transporter was not activated, which 

strengthens the previous statement (Figure 30).  

The intermolecular PIN-kinase interaction adds an additional layer of regulation to PIN-mediated 

transport. It suggests that the affinity for IAA in canonical PINs can be modulated by the activating 

kinase. Co-expression of PINOID reduces the affinity of the PIN towards IAA and leads to an 

increased transport rate, because affinity and capacity are often inversely correlated. The interaction 
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of both proteins would either modify the IAA transport ability of the PIN by modulating/covering 

the auxin binding pocket sterically or leads to an energetically preferred structure of the loop domain 

which also impacts the transporters motion. The data shows that phosphorylation of the loop domain 

is necessary for transport, but not sufficient to explain IAA transport by canonical PINs (Weller, 

2017).  

In the future, interaction studies of PINs and kinases, e.g. by SPR, could reveal if the PIN-kinase 

interaction is beyond the phosphorylation event and if interactions between the different kinases and 

PINs vary. Further, it would be interesting to investigate the phosphorylation of the transport-related 

phospho-sites in terms of cooperativity. This could point to the temporal resolution of overcoming 

the inhibited PIN state, the supposed interaction with the kinase and finally the interplay of the 

protein domains during the transport process (Figure 35). 

 

Despite the robust reproducibility in vitro, it is questionable if the observations discussed above are 

physiologically relevant. As a next step, a suitable in planta experiment to proof the impact of kinases 

on PIN-mediated transport should be developed. To activate the transporter, PIN and kinase must be 

expressed in the same cell and must localize to the same cell side. With the help of single-cell 

expression data from Arabidopsis, it should be possible to state which AGCVIII kinase can 

potentially interact with which PIN. Immunostaining experiments in the root revealed that D6PK co-

localizes with PIN1 and PIN4 in cells of the root tip, but not with PIN2 in epidermal cells (Zourelidou 

et al., 2009). With more data on co-localization of PIN and kinase, together with data on the 

respective transport properties, it would be possible to build models how PIN-kinase combinations 

would impact auxin flow. But even if localization and impact on transport were solved, the kinases 

could form heterodimers in the cell. The kinase chimeras of KIPK and AGC1.8 tested on PIN3-

mediated transport showed that it is possible to swap kinase domains to gain new regulatory functions 

(Figure 31).  

Although the situation in planta is complex, the PIN transport assay in oocytes is suitable to generate 

knowledge about AGCVIII kinases. The PINs can function as indirect read-out of the kinase activity, 

as shown for PAX and its variants (Figure 28) (Marhava et al., 2018). The oocyte assay increases the 

complexity over the very reduced settings in in vitro kinase assays but has less variables than an in 

planta experiment.  

 

The physiological impact of several other kinase families on PINs – like the CRKs, the MAP kinases 

or the CAMEL-CANAR module – appears to be limited to cell-biological properties (Rigo et al., 

2013; Dory et al., 2018; Hajny et al., 2020). The developmental problems related to impaired auxin 

flux in plants results from defects in PIN localization and trafficking. No activation of transport could 

be detected for any mentioned kinase (Figure 32, Figure 33). Until now, only members of the 

AGCVIII kinase family have been reported to regulate auxin transport on the fast time scale of 
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transport activation (Figure 4). All other kinase families impacted the auxin efflux through the slower 

regulation of transporter localization. It will be interesting to see if new kinase families can be 

identified that regulate solely the transporter activity or both regulatory processes.  

 

4.2 PIN biochemistry impacts root growth 
 
Tightly controlled auxin flow through the plant body is important for proper plant growth and the 

reaction to environmental stimuli. PIN-mediated auxin efflux is the main factor in PAT and underlies 

different regulatory mechanisms. Besides the regulation of (polar) localization, the transport activity 

depends directly on AGCVIII kinases. Efflux assays in oocytes revealed that canonical PINs differ 

in their transport rates (Chapter 4.1.1), that the loop domain contributes to the transport properties 

(Chapter 4.1.2) and that the transport underlies a kinase specificity (Chapter 4.1.3). 

To investigate if the different transport properties impact the physiological situation, the agravitropic 

pin2 mutant was used. The unique expression profile of PIN2 in epidermal and cortical cells of the 

root, as well as the specific dual localization to the apical cell side in the epidermis and the basal side 

in the cortex, and the agravitropic root phenotype make it an ideal mutant. Under the assumption, 

that PIN proteins expressed from the same promoter have similar stability in the cell and follow 

identical protein sorting pathways, i.e. protein levels in the PM are comparable, the PINs and 

chimeras were expressed from the PIN2 promoter. It was investigated if the gravitropic root growth 

can be restored, if the PINs and PIN chimeras localize similarly to PIN2, if different transport rates 

change the time-depending process of root bending after gravitropic stimulus and how steady-state 

auxin levels in the root are impacted. 

 

4.2.1 Gravitropic root growth 
The transport data of PIN1 and PIN2, with the results from the domain swapping approach, suggested 

that PIN1 and PIN2 share similar transport characteristics (Chapter 4.1). Strong synergistic 

interactions between PIN1 and PIN2 were shown by immunostaining experiments in the root, where 

the ectopic expression of PIN1 in the PIN2 expression domain of pin2 mutant was detected and 

strong root growth defects in the pin1 pin2 double mutant were reported (Blilou et al., 2005; Vieten 

et al., 2005; Thomas et al., 2023). The authors suggested that the ectopic activity of the remaining 

PINs mask the defects of pin mutants (Blilou et al., 2005).  

In detailed analyses on fast root gravitropism and on intramolecular domain co-evolution of 

Arabidopsis PINs, different PINs were expressed from a PIN2 promoter fragment in the pin2 mutant 

and analyzed as in this thesis (Zhang et al., 2019; Zhang et al., 2020a). The authors found that only 

PIN2 can fully rescue the agravitropic root, similar to this thesis. The pin2;PPIN2:PIN1 and 

pin2;PPIN2:PIN1-eGFP expressing lines did not rescue the phenotype, with a VGI in the same range 
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as the pin2 mutant. This is in contrast to the findings reported here, where seedlings expressing one 

of the constructs partially rescued the root phenotype (Figure 10, Figure 11). The PIN1 and PIN1-

GFP plasmids in both papers were constructed similarly to the plasmids in this thesis and it remains 

unclear what led to the different results. 

In Zhang et al. 2019, the authors analyzed the VGI of pin2;PPIN2:PIN3 lines, which was in good 

agreement with the results obtained in this thesis (Figure 10). The authors detected a significant 

difference of the VGI of pin2;PPIN2:PIN3 roots to the VGI of wildtype seedlings, but did not test for 

a statistical difference to the pin2 mutant. The statistical analysis of Figure 10 revealed that the 

pin2;PPIN2:PIN3 seedlings form an own statistical group and are significantly different to Col-0 roots 

and pin2 mutant roots, i.e. pin2;PPIN2:PIN3 seedlings partially rescue the agravitropic root.  

Rescue was increased when a PIN with similar transport properties to PIN2 was expressed in the 

root. The same held true for the vice versa situation where PIN2 was comparable to PIN1 during root 

development in pin1;PPIN1:PIN2 seedlings (Zhang et al., 2020b). This suggests that the different 

transport properties impact auxin distribution in the root and therefore the gravitropic root growth. It 

was hypothesized that the auxin flow through the epidermis is enhanced through expression of a 

“fast” PIN, which impairs the gravitropic growth.  

 

 

 
Figure 36 – PIN chimeras ranked by IAA transport rates and root angle. Left: Average transport rates of 
PIN chimeras upon activation by D6PK or PINOID (PID), with SEM indicated. Transport rates for both kinases 
were averaged and PINs were sorted according. Right: Average root angle of individual lines expressing 
pin2;PPIN2:PIN-X, with SEM. PIN chimeras were ranked according to their ability to rescue the agravitropic 
pin2 root. Colored arrows show the relationship of PIN chimeras and the TM domain donor PIN (bold letters). 
For further information, see Results chapter. 
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This observation is supported by the transport data and in planta data of the canonical PIN chimeras 

(Chapter 3.2 and Figure 36). The modular combination of TM domains and loop domains resulted in 

PIN chimeras with modified transport rates (Figure 36). All canonical PIN chimeras rescued the 

agravitropic pin2 mutant root at least partially. The PIN1-2-1 chimera rescued the phenotype fully, 

which was supported by the data in Zhang et al., 2020a. In their study, the authors created PIN 

chimeras between canonical PIN1 and PIN2, as well as chimeras of PIN2, the semicanonical PIN6 

and the noncanonical PIN5 (Zhang et al., 2020a). The authors report that in order to rescue the 

agravitropic root phenotype, both TM domains must be of same origin (both canonical or 

noncanonical) and suggest that the TM domains and the loop domain co-evolved intramolecularly. 

Only chimeras with matching TM domains (independent of PIN identity) and a PIN2 loop domain 

could reverse the phenotype, i.e. the PIN2-1-2 chimera did not (Zhang et al., 2020a).  

Unfortunately, no pin2;PPIN2:PIN2-1-2-eGFP expressing seedlings could be generated in this thesis. 

Based on the transport data and the ability of pin2;PPIN2:PIN2-1-2 roots to rescue, it is tempting to 

hypothesize that PIN2-1-2 localization was not impaired and the chimera was functional in this thesis 

(Figure 19). Further, the data on PIN chimeras with a PIN1 or PIN3 loop domain suggest that the 

chimeras partially reverse the phenotype (Figure 18, Figure 20). 

Especially the ability of pin2;PPIN2:PIN1-3-1 and pin2;PPIN2:PIN3-1-3 lines to rescue better than 

pin2;PPIN2:PIN3 lines, suggested that the rescue of the agravitropic root was independent of the PIN’s 

identity, and more related to the transport rate if localization to the PM was given. PIN chimeras with 

slower transport rates rescued the root phenotype better than PIN chimeras with faster transport rates. 

The IAA transport rates and the degree of rescue correlated decently with a correlation coefficient of 

r = 0.8. This suggests that transport rates are suited to describe auxin distribution in the root. 

However, the direct link between transport rate and degree of rescue did not hold true for 

noncanonical PIN chimeras (Janacek et al., 2023, under review). Although “canonical features’” of 

transport regulation and localization could be provided to PIN8 by inserting a loop domain, the 

chimeras PIN8-1-8, PIN8-2-8 and PIN8-3-8 did not rescue the pin2 mutant (Figure 26). In early 

studies on the impact of the loop domain on intracellular trafficking, the noncanonical PIN5 and 

PIN8 were introduced into pin2 (eir2-1) mutant plants (Ganguly et al., 2014). Both proteins failed to 

rescue the agravitropic root, although they localized to the PM. Also providing the PIN2 loop to PIN5 

(PIN5-2-5) did not lead to polar localization or rescue in this study. Opposing results to this were 

obtained in the later study on co-evolution of PIN domains (Zhang et al., 2020a). In this study, the 

PIN5-2-5 chimera showed polar localization to the apical side in epidermal cells and partially rescued 

the agravitropic root (VGI of 0.8, compared to VGI of 0.95 for pin2;PPIN2:PIN2 lines). The same was 

observed for the semicanonical PIN6 with PIN2 loop domain (PIN6-2-6), although pin2;PPIN2:PIN6 

lines showed no rescue (Zhang et al., 2020a). Preliminary transport studies in oocyte efflux assays 

were inconclusive about the ability of PIN5-2-5 and PIN6-2-6 to transport IAA (Kolb, 2015). 

Together with the finding that important residues for PIN-mediated auxin transport are not conserved 
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in PIN5 (Ung et al., 2022), this suggests that regulation of canonical PINs in planta is different from 

semi- or noncanonical PINs, probably through interactions of loop and TM domains.  

 

The in planta data on canonical PINs strengthen the hypothesis, that the transport properties of PINs 

impact the physiology and are at least as suitable to explain most cell-biological observations as the 

localization of the transporter. However, the situation in a living system is more complex and 

differences reported from a heterologous system might be compensated by unknown mechanisms in 

the plant. The analysis of the noncanonical PIN chimeras showed that not only the ability to transport 

IAA and the localization to the PM are mandatory for gravitropic root growth (Figure 26), but that 

additional unknown layers of regulation play a role. 

 

4.2.2 Localization of PINs 
The localization of PINs in the PM determines the direction of auxin export from the cell. This is 

considered a crucial factor in PAT and directly impacts gravitropic root growth. The localization of 

PIN2 in root epidermal cells is very specifically limited to the apical side of the cell, as shown by 

GFP-fusions and immunolocalization studies (Figure 12) (Müller et al., 1998; Abas et al., 2006; 

Wisniewska et al., 2006; Lofke et al., 2015; Zhang et al., 2019; Zhang et al., 2020a). It was shown 

that the GFP position in the loop domain is decisive if the PIN1 protein localizes apically or basally 

in epidermal cells (Wisniewska et al., 2006). Insertion of GFP into the first half of the loop domain 

resulted in basal localization in the epidermis and no rescue of the gravitropic defects in the pin2 

mutant. If GFP was placed in the second half of the loop, PIN1-GFP localized apically in epidermal 

cells and gravitropic bending was restored. In this thesis, eGFP was inserted at the second half of the 

loop which should not influence the localization in the epidermis. The eGFP-tagged PINs served as 

tool to investigate if and how the PINs and chimeras localize apically and polarly in epidermal cells. 

This is important if the differences observed for the transport properties impact gravitropic root 

growth. The tagged PINs were expressed from a PIN2 promoter in the pin2 mutant and the seedlings 

were analyzed as described before. 

The signal of PIN1-eGFP in the root epidermis was mainly detected at the apical side of epidermal 

cells, with an increased lateral diffusion towards the cell sides (Figure 12). Less polar localization of 

PIN1-GFP in epidermal cells was also observed in a study exploring the effects of cytokinin on PIN 

PM abundancy (Marhavy et al., 2011). In experiments identical to this thesis, epidermal root cells 

were shown as representative cells, where PIN1-GFP localized solely basally and the signal was 

strictly polar (Zhang et al., 2020a). However, measuring the polarity index identified apical (~40%), 

basal (~35%) or nonpolar (~25%) localization of PIN1-GFP. The seedlings of the pin2;PPIN2:PIN1-

GFP line in the paper showed agravitropic root growth, which resulted in a low VGI. As discussed 

above, this contrasts with the data obtained in this thesis (Chapter 3.1.3). The exact position of the 
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GFP in the loop domain was not indicated by the authors, which makes it difficult to compare their 

results with the data in this thesis (Wisniewska et al., 2006; Zhang et al., 2020a). 

The localization of PIN3-eGFP was comparable to PIN1-GFP (Figure 12). In root hair cells, 

overexpressed PIN1-GFP and PIN3-GFP were clearly apolarly distributed in the PM, but the signal 

of PIN2-GFP was limited to one cell side (Lee and Cho, 2006; Ganguly et al., 2010). It supports the 

finding that PIN1 and PIN3 localize similarly to each other, but differently to PIN2, i.e. less polar. 

This suggests that the differences of pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 lines in gravitropic root 

growth result from different transport rates and not from differently impaired localization/polarity 

(Figure 7, Figure 12 and Chapter 4.1). It would be interesting to check if crucial residues for transport 

activity in pin2;PPIN2:PIN1 and/or pin2;PPIN2:PIN3 roots are phosphorylated solely at the apical cell 

side or also at the lateral sides (Weller et al., 2017). Phosphorylation at the apical cell side provides 

the needed directionality of the auxin flux in the epidermis, but laterally phosphorylated PIN would 

diminish the auxin stream at the same time, i.e. impacting root growth. This could be investigated by 

using phosphosite-specific antibodies in immunostaining experiments (Weller et al., 2017). 

To explore the influence of the loop domain on the localization of PINs, the PIN chimeras were 

tagged with eGFP. All canonical chimeras localized to the PM, but those with the PIN2 loop domain 

or PIN2 TM domains showed a higher degree of polarity (Figure 21). If the average root angles of 

segregating pin2;PPIN2:PIN-X lines were plotted against the average polarity index of each PIN, the 

correlation was high with a correlation coefficient of r = 0.7. The correlation is as good as the 

correlation of root angles vs. transport rates (Chapter 4.1). This suggests that localization and 

transport rates serve equally well and are both required to explain PIN-mediated PAT. 

The observation that the TM domains impact the localization was also made by other authors (Zhang 

et al., 2020a). In their study, chimeras with PIN2 loop localized to the apical side of epidermal cells, 

but the identity of the TM domains was crucial for the degree of polarity. If the first and second TM 

domain originated from the same PIN, providing a PIN2 loop resulted in polar apical localization. 

Defects in polarity control were observed in noncanonical PINs and their chimeras (Ganguly et al., 

2014; Zhang et al., 2020a). PIN5, PIN6 and PIN8 localized (at least partially) to the PM, but in a 

nonpolar fashion. Their localization was comparable to the canonical PIN1, PIN3 and their chimeras 

PIN1-3-1 or PIN3-1-3 (Figure 12, Figure 18, Figure 20).  

When equipped with a loop domain, the polarity of PIN5-2-5 and PIN8-2-8 did not change, but 

providing the PIN2 loop to PIN6 (PIN6-2-6) resulted in fully apical and polar localization in 

epidermal cells (Figure 26 and Janacek et al., 2023, under review) (Ganguly et al., 2014; Zhang et 

al., 2020a).  

Although the noncanonical chimeras localized apolarly and were able to transport IAA at comparable 

rates, PIN8-2-8 and PIN8-3-8 could not rescue the mutant phenotype, even though PIN6-2-6 did 

(Figure 26) (Zhang et al., 2020a). This supports the idea of additional yet unknown regulatory 

mechanisms in planta to detect small differences between the PINs. It suggests that PINs with 
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proposed function at the PM (all canonical PINs and the semi-canonical PIN6) are more tolerant to 

intramolecular protein modification, e.g. domain swaps, than PINs with no intended function at the 

PM (PIN5 and PIN8).  

 
4.2.3 Root bending 
The less polar localization of PIN1 and PIN3 in contrast to PIN2 might explain why the agravitropic 

root of pin2 mutant seedlings was only partially rescued in pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 

lines (Figure 10). However, rescue was significantly higher in pin2;PPIN2:PIN1 seedlings, compared 

to pin2;PPIN2:PIN3 seedlings. To answer the question if the different transport rates influence the 

dynamics of root bending, the response of 5-day old roots to a gravitropic stimulus was monitored 

over time (Figure 14, Figure 22). Two studies showed that PPIN2:PIN2 or the GFP-tagged version 

expressed in a pin2 mutant fully bring back the ability to react to changes in gravity (Abas et al., 

2006; Baster et al., 2013). To date, temporal root bending was only monitored in the light of PIN3 

relocalization in pid wag1 wag2 mutants, but not between different PINs in the pin2 mutant (Grones 

et al., 2018).  

 

Root bending in presence of sucrose 

On vertical agar plates containing sucrose, the response of pin2;PPIN2:PIN3 roots was significantly 

delayed in comparison to wildtype, pin2;PPIN2:PIN1 or pin2;PPIN2:PIN2 roots (Figure 14). This is in 

line with the observation in the gravitropism assay where pin2;PPIN2:PIN1 and pin2;PPIN2:PIN2 lines 

were more similar to each other than pin2;PPIN2:PIN3 lines (Figure 10). The roots of 

pin2;PPIN2:PIN1-2-1 seedlings behave identically to pin2;PPIN2:PIN2 roots, whereas 

pin2;PPIN2:PIN2-1-2 roots were delayed until 10 h post stimulus (Figure 22). This is in line with the 

observation of increased gravitropism of pin2;PPIN2:PIN1-2-1 seedlings than pin2;PPIN2:PIN2-1-2 

seedlings (Figure 18, Figure 19). 

 The roots of pin2;PPIN2:PIN2-3-2 and pin2;PPIN2:PIN3-2-3 seedlings were slightly delayed 

compared to wildtype roots (Figure 22). The data suggest that providing the PIN2 loop domain to 

either PIN1 or PIN3 improves bending after a stimulus, although the difference to chimeras with 

PIN2 TM domains were minor and all PIN2-domain containing chimeras showed proper root 

bending. Unexpectedly, roots of the pin2 mutant (SALK_042899.22.25) tended to bend upwards on 

sugar-containing medium, which was not observed for the eir1-1 mutant (Figure 14, Figure 22 and 

Dr. Matouš Glanc, former CMB Gent, pers. correspondence, (Abas et al., 2006)).  

Glucose is known to impact gravitropic root growth through increased deviation from the gravity 

vector (Mishra et al., 2009). PIN2-GFP accumulation in the root tip was enhanced upon glucose 

treatment, which resulted in stronger basipetal auxin transport. Sucrose in the medium led to 

randomized root growth of the eir1-4 mutant (García-González et al., 2021). This effect was 

compensated by illumination of the roots. In a recent paper which identified a new allelic pin2 mutant 
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(pin2-2), the pin2 mutant was described as nutrient-sensitive (Thomas et al., 2023). The authors 

detected that the environmental conditions (nutrient availability) can reverse the mutant root 

phenotype. Strong impact of sugar on the agravitropic root of eir1-1, eir1-4, pin2-2 and 

SALK_122916 mutants was reported (Prof. Dr. Benjamin Péret, CNRS, Montpellier, France, pers. 

correspondence). They suggest that numerous factors impact the strength of the phenotype and that 

various growth conditions in laboratories led to different conclusions on the protein over time. 

Therefore, the assay was also performed on plates neither supplemented with sucrose nor vitamins, 

which is discussed below. 

 

Root bending in absence of sucrose 

In order to diminish the impact of the nutritional status on root bending, the assay was performed on 

plates without sucrose and vitamin supplementation. The overall root bending was reduced, with 

wildtype roots reaching ~55 ° instead of ~90 ° after 16 h post stimulus, which is likely due to the 

unfavorable growth conditions (Figure 14, Figure 22). The growth rate on plates without sugar was 

strongly decreased, which led to smaller differences in root bending and therefore less precise angle 

analysis. 

In contrast to the results obtained from the bending assay with sucrose, pin2;PPIN2:PIN1 roots showed 

delayed bending and pin2;PPIN2:PIN3 roots reacted quicker to the stimulus (Figure 22). For the PIN 

chimeras, results were comparable to root bending on sucrose, although the bending rate was 

reduced. Chimeras with PIN2 loop bended faster than the chimeras with PIN2 TM domains (Figure 

22). The pin2;PPIN2:PIN2-3-2 roots bended comparably to pin2;PPIN2:PIN3 roots, but did not reach 

wildtype levels after 16 h. This implies that root bending of chimeras with transport rates in the range 

of PIN2 were more similar to wildtype than chimeras with elevated transport rates. However, the 

increased bending of pin2;PPIN2:PIN3 roots cannot be explained by this and an explanation remains 

pending. 

The pin2 mutant displayed slight gravitropic bending of 0-15 °, which was comparable to published 

data (Abas et al., 2006; Baster et al., 2013). Based on the strong difference between conditions with 

or without sucrose and vitamins, it is concluded that the pin2 mutant is highly sensitive to the 

environmental situation, as reported recently (Thomas et al., 2023). Wildtype seedlings were less 

affected by the environmental settings. Expression of PIN chimeras improved gravitropic bending of 

the pin2 mutant and differences between the chimeras could be observed. Although the results from 

the bending assay showed some variability, it underlines the data obtained from the transport studies 

and the observations from gravitropic growth (Chapter 3.1 and 3.2), i.e. differences in transport 

properties are as suitable as the transporter localization to explain root growth.  
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Conclusion 

To bend upon a gravitropic stimulus, the auxin levels must be elevated on the lower root side 

compared to the upper root side (Chapter 1.2.2). Modeling of root bending in dependence on PIN2 

revealed that the auxin concentrations between the upper and lower root side must be tightly 

controlled and that the PIN2 proportion on the upper root side plays an important role to balance the 

steepness of this auxin gradient (Retzer et al., 2019). Upon brassinolide treatment, the PIN2 levels 

at the upper root side did not decrease which resulted in a steeper auxin gradient across the root sides 

and root overbending. It seems reasonable to hypothesize that the different transport rates of the PINs 

and the chimeras could lead to a disruption of IAA gradient formation across the root, which would 

impact the root bending.  

Although root bending on plates with sugar was more pronounced, faster and was in line with the 

transport data, sucrose in the medium presents an unphysiological situation to the root. It was shown 

that sucrose stimulates IAA biosynthesis and IAA response in the root, as well as influences root 

traits, like root length, root growth direction and the VGI (Mishra et al., 2009; Sairanen et al., 2012). 

The root bending in this thesis was monitored completely in the dark, upon five days in the light. 

Newly introduced experimental setups, like the D-root system, aim to reduce artificial growth 

situations, i.e. shading of the root to exclude the effect of light (García-González et al., 2021; García-

González et al., 2022). In order to improve the experimental design in this thesis, the root bending 

assays could be performed with illuminated shoot, but shaded roots (García-González et al., 2021).  

 
4.2.4 Auxin levels in the root tip 
Studies on the transport properties of canonical PINs and their chimeras revealed different transport 

rates of PINs. Those correlated well with the ability to rescue the agravitropic root of the pin2 mutant, 

and were also in line with results obtained from root bending assays. In order to understand how the 

steady-state auxin levels in epidermis and cortex are altered by the different transport properties of 

PINs, the auxin sensor R2D2 was introduced into Col-0, the pin2 mutant and pin2;PPIN2:PIN-X 

expressing lines (Figure 12, Figure 23). The R2D2 signal in this thesis was measured at two different 

regions in the root, whereby one region was specified by cell elongation (25-30 cells from the cell 

after anticlinal division of the epidermal/LRC initial cell in Col-0 roots). 

In wildtype, the auxin level in the epidermis increased towards the transition zone and stayed similar 

in cortical cells. This was reversed in the pin2 mutant. The pin2;PPIN2:PIN2 expressing line mimicked 

the wildtype and in roots of pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 seedling the auxin levels in 

epidermis and cortex were not significantly different, representing a partial rescue of the pin2 mutant 

situation (Figure 12). In lines expressing pin2;PPIN2:PIN1-2-1, pin2;PPIN2:PIN2-1-2 or 

pin2;PPIN2:PIN3-2-3, the auxin levels were comparable to Col-0 (Figure 23). Only in 

pin2;PPIN2:PIN2-3-2 roots, the auxin levels in epidermis and cortex did not increase, comparable to 

pin2;PPIN2:PIN1 and pin2;PPIN2:PIN3 roots. This is in good agreement with the results from the root 
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bending assay (without supplemented sucrose), where pin2;PPIN2:PIN2-3-2 and pin2;PPIN2:PIN3 

lines provided comparable results. It further shows that not a single PIN2 domain is the deciding 

factor for rescue of the phenotype and it supports the idea that the ‘right’ transport rate in epidermis 

and cortex is crucial for proper root gravitropic growth, with PIN2-3-2 showing a higher transport 

rate than PIN3-2-3. 

Analyses of the root auxin levels by auxin sensors in other contexts revealed that the relative auxin 

levels depend drastically on the monitored cell file (Brunoud et al., 2012; Di Mambro et al., 2017). 

The studies reported a steep increase in auxin levels in the epidermis and a flat rise in the cortex with 

increased distance from the QC. In Di Mambro et al., an auxin minimum at the transition zone was 

reported. The auxin minimum was not detected in this thesis, although the authors described it at ~30 

cells from the QC for epidermis and cortex, i.e. the same region as analyzed in this thesis. In contrast, 

the auxin levels were increased at this position in comparison to the first five cells after anticlinal 

division of the epidermal/LRC initial cell.  

A study on apoplast acidification investigated the role of auxin in root cell elongation (Barbez et al., 

2017). By using the R2D2 sensor, the authors detected an increase in auxin levels at the onset of 

elongation in epidermal cells. The auxin levels in this thesis and in Barbez et al. were quantified 

similarly and a five-fold change in R2/D2 intensity ratio was reported for the 25th cell from the QC, 

which is in the same range as described in this thesis.  

In a later study, plasmodesmata were reported to contribute significantly to a proper root-tip auxin 

distribution (Mellor et al., 2020). The authors used the DII-VENUS sensor in Col-0 and pin2 mutant 

background to match the root auxin levels with their model predictions. Similar to the studies 

mentioned earlier, the authors detected a steep concentration gradient in the epidermis and less auxin 

with a smaller gradient in the cortex, which is consistent with the relative auxin levels reported in 

this thesis. The DII-VENUS signal in the pin2 mutant revealed overall lower levels of auxin in the 

outer layers of the root compared to wildtype. In the epidermal cell file, the signal was uniform, i.e. 

no auxin gradient. In the cortex of pin2 mutants, the auxin level was comparable to the epidermis. In 

contrast to the R2D2 ratios in this thesis, the differences between cells in close distance to the QC 

and cells at the transition zone were small. 

 

In summary, the auxin levels observed in this thesis match well with existing literature, but highlight 

again that auxin levels are highly dynamic and susceptive to the surroundings and experimental 

settings. Manipulating the auxin transport in epidermis and cortex through PIN chimeras with 

different transport properties and by comparing them to wildtype and mutant, resulted in a 

comprehensive analysis of the canonical PIN chimeras.  
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4.3 Concluding remarks 
 
This thesis aimed to shed light on the transport properties of PINs as main contributors to PAT. New 

regulatory levels were discovered that result from intramolecular interactions of PIN protein domains 

and intermolecular interactions of PIN and activating kinase. The results obtained in this thesis open 

new questions that concern the intramolecular interactions, the intermolecular interactions and their 

physiological implementation.  

The observation that the loop domain impacts the transport properties and modulates the TM domain 

context suggests intramolecular interactions between the loop and the TM domains. In order to 

understand how the loop adjusts, the interacting parts of loop and TM domains should be mapped. 

In the cryo-EM structure of PIN1 and PIN3, a small part of the loop was resolved and observed to 

form b-sheets which interact with the TM helices (Su et al., 2022; Yang et al., 2022). 

Deleting/mutating parts of the loop and testing the PIN functionality in the transport assay, could 

separate which parts are involved in initial activation control and/or regulation of transport rates. 

Further, based on the structures of PIN1, PIN3 and PIN8, the electrostatic surfaces could be compared 

to check if interactions of surface residues and substrate could lead to slower/faster substrate 

binding/release. In summary, further experiments should aim to resolve the molecular properties of 

PIN1/PIN2 and PIN3 that explain the unexpected differences in transport rates that cannot be 

explained by the structures at the moment. 

The regulation of PINs by AGCVIII kinases clearly goes beyond the phosphorylation-dependent 

activation and suggest further intermolecular interactions. The interplay of PIN domains with the 

kinase(s) should be investigated, in order to understand why the transport rate depends on the 

activating kinase. It should be answered which part(s) of the loop/TM domains are the interaction 

sites, how long/stable the PIN-kinase interaction is and if kinases differ in these parameters. The 

canonical PIN3 was successfully tested for IAA transport in SPR assays and a similar approach could 

be used to test interactions with different kinases (Su et al., 2022). These experiments could give 

insight into transporter control by binding of kinase to PIN and could answer why not all AGCVIII 

kinases can activate PIN-mediated transport. 

The physiological relevance of the different PIN transport properties in planta is evident based on 

the results reported, but a conclusive answer cannot be provided. Further experiments should aim to 

separate the effects of AGCVIII kinases on PINs, i.e. regulation of transport and regulation of 

localization. In the first step, it would be necessary to control the protein levels in the PM. This would 

allow to understand if slower PIN transport rates are compensated by increased protein levels in the 

membrane in order to obtain the same net efflux.  
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