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Abstract

Cell polarity is a key concept in plant biology. The subcellular localization of Pin-

formed (PIN) auxin efflux carriers in the root of Arabidopsis is remarkably asymmetrical, 

making PINs prominent markers to study cell polarity. In spite of its developmental 

importance and two decades of research, the molecular basis of PIN polarity remains 

largely unknown. In this thesis, I employed advanced transgenic and fluorescence 

microscopy approaches to gain insight into several aspects of PIN polarity regulation. I 

participated in establishing a novel genetically encoded inhibitor of endocytosis, an 

invaluable tool for the study of the importance of endocytosis for various cellular 

processes, including PIN polarity. I demonstrated that apical polarity of PIN2 needs to be 

re-established after cell division and that this process depends on endocytosis, de novo 

protein secretion and the action of WAG1 and related protein kinases, but not 

transcytosis, cell-cell signaling or intact cytoskeleton. Finally, I identified the previously 

unknown role of MAB4/MEL proteins in PIN polarity, which lies in the ability of MAB4/

MELs to reduce PIN lateral diffusion and thus contribute to PIN polarity maintenance. 

My results, besides broadening current understanding of PIN polarity regulation, identify 

mechanisms that appear to be crucial for plant cell polarity as such, and are therefore 

promising topics for future research.

Keywords: Cell polarity, Arabidopsis, endocytosis, cytokinesis, auxin, PIN auxin 

efflux carriers



Abstrakt

Buněčná polarita představuje v biologii rostlin klíčový koncept. Subcelulární 

lokalizace auxinových přenašečů rodiny Pin-formed (PIN) v kořeni Arabidopsis je 

výrazně asymetrická, což činí z PIN proteinů důležitý model studia mechanismů 

regulujících buněčnou polaritu. I přes její význam pro rostlinný vývoj a dvě dekády 

usilovného výzkumu toho o molekulárním principu polarity PIN proteinů víme stále 

velmi málo. V této práci jsem se za využití pokročilých transgenních a fluorescenčně-

mikroskopických přístupů zaměřil na studium několika aspektů regulace polarity PIN 

proteinů. Podílel jsem se na zavedení nového genetického nástroje pro inhibici 

endocytózy, který se ukázal velmi užitečným pro studium role endocytózy nejen v 

regulaci polarity PINů. Ukázal jsem, že apikální polarita proteinu PIN2 musí být po 

rozdělění buněk znovu ustavena a že tento proces závisí na endocytóze, sekreci nově 

syntetizovných proteinů a funkci WAG1 a příbuzných proteinových kináz; nikoli však na 

transcytóze, mezibuněčné signalizaci či neporušeném cytoskeletu. Nakonec jsem popsal 

dosud neznámou roli proteinů MAB4/MEL v regulaci polarity PINů, která spočívá ve 

schopnosti proteinů MAB4/MEL omezit laterální difuzi PIN proteinů v plazmatické 

membráně a tím přispět k udržení jejich polární lokalizace. Mé výsledky, kromě přispění 

k současným znalostem regulace polarity PIN proteinů, identifikují mechanismy, které 

jak se zdá hrají důležitou roli v buněčné polaritě jako takové, a jsou tak slibnými tématy 

pro budoucí výzkum.

Klíčová slova: Buněčná polarita, Arabidopsis, endocytóza, cytokineze, auxin, PIN 

přenašeče auxinu
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Preface

I started my PhD in October 2014 with a proposal for the project called „Roles of 

ER in auxin signaling and metabolism “, which focused mainly on elucidating the 

function of ER-localized ABP1 in plant development. Three months later, the findings by 

Gao et al. (Gao et al., 2015) put almost everything that had been known about ABP1, and 

therefore also the foundations of my project, into question. After another year, work from 

our as well as other laboratories confirmed that Gao et al. were right in their original 

assumptions that most genetic material used to obtain pre-2015 knowledge about ABP1 

was invalid (Michalko et al., 2015, 2016 (Chapter 9.1); Enders et al., 2015; Dai et al., 

2015). In light of these events, halfway through the second year of my PhD, I decided to 

completely switch my focus and the topic of my PhD project from ABP1 to regulation of 

PIN polarity in newly divided cells and beyond.

The findings presented in the main body of this thesis represent approximately 2,5 

years of work on the latter topic. Results related to my originally proposed PhD project, 

as well as findings that I participated in during the course of my PhD studies, but are not 

directly related to either of the two projects, are appended at the end of my thesis.

I sincerely apologize to all referees that the published manuscripts (chapters 4.1, 

4.2, 9.1-9.4) are embedded as bitmap images, rather than regular text-containing PDFs, 

hence their content cannot be commented, highlighted, copy-pasted etc. Since 2017, 

Charles University requires all theses to be submitted in the PDF/A format, yet it provides 

zero assistance in converting conventional PDFs, such as those of the published 

manuscripts, to PDF/A. Furthermore, the submission system does not accept files 

converted to PDF/A using Adobe Acrobat Pro, the world’s leading PDF-editing program 

and the inventor of PDF/A, as well as PDF format as such, claiming such files do not 

comply with the PDF/A requirements. As a results, converting published PDFs to bitmap 

images is the only way to include them in a thesis. In my opinion, this is a disastrous 

policy which I intend to publicly speak up against in the near future.
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1. Summary

In biology, polarity refers to structured asymmetrical distribution of components 

along an axis. In this respect, the bodies of most plants are polarized at least in one 

direction – they grow roots underground, or along gravity, and shoots including leaves 

and flowers above ground, against gravity. In order to achieve this polarity on the level of 

the whole plant, every single cell needs to be polarized as well.

In the research group led by my supervisor Jiří Friml at IST Austria, we study cell 

polarity on the model of the PIN proteins. PINs are transporters of the plant hormone 

auxin that are typically found only at one end of each cell. By their polar subcellular 

localization, they direct the flux of auxin throughout the plant, which is in turn instructive 

to many developmental processes that shape the whole plant body and help it survive 

under ever-changing environmental conditions.

In spite of the importance of polar PIN localization for both cell and developmental 

plant biology, our knowledge of the molecular mechanisms underlying its regulation is 

still very limited. During the course of my PhD studies, I aimed to contribute to the 

understanding of the fascinating PIN polar localization.

For a long time, it has been known that endocytosis, or removal of molecules from the 

cell surface, plays an important role in regulating PIN polarity, but the exact mechanism 

has been enigmatic, partly due to lack of reliable tools to study it. In chapter 4.1 

(Adamowski et al., 2018), we aimed to identify novel regulators of Clathrin-mediated 

endocytosis through a biochemical screen for Clathrin Light Chain interactors. Among 

the candidates, we found a pair of closely related, previously uncharacterized proteins 

with similarity to animal Auxilins that we called AUXILIN-like1 and 2. Functional 

characterization studies revealed that conditional overexpression of either of the two 

proteins can be used as a powerful tool to specifically inhibit endocytosis of, among other 

cargos, the PIN proteins.

The fact that PIN polarity is lost during cell division has been known almost as long 

as PIN polarity itself, but the mechanism by which it is subsequently re-established had 

remained unknown. In chapter 4.2 (Glanc et al., 2018), we developed tools to study the 

re-establishment of apical PIN2 polarity in newly divided cells in the primary root 

meristem and used them to systematically assess the importance of various cellular 

mechanisms for the process. We found that apical-basal polarity is in this context 

governed by cell-intrinsic cues. We showed that while de novo secretion and endocytosis 
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are indispensable, basal-to-apical transcytosis is not required for PIN2 polarity re-

establishment. Furthermore, we demonstrated that the process depends on the action of 

WAG1, a protein kinase that phosphorylates PIN2 and is expressed specifically in 

dividing epidermal cells, and its homologues PID and WAG2.

This manuscript originally included a chapter where we demonstrated that PIN2 

polarity can be generated also in a situation when both components of the plant 

cytoskeleton, microtubules and actin microfilaments, are pharmacologically 

depolymerized at the same time, implying that the main mechanism of PIN polarity 

establishment must be independent of cytoskeleton-guided endomembrane trafficking. 

Despite we were forced to remove this part from the paper during the peer-review 

process, we are convinced it is a conclusive and important piece of data, therefore we 

transformed it into a stand-alone 1-figure brief communication manuscript presented here 

as chapter 4.3.

A family of proteins called MAB4/MEL has been implicated in regulating PIN 

polarity, but as in the previous cases, the details of their function were not known. In 

chapter 4.4., we showed that while MAB4/MEL proteins are needed for proper PIN 

polarity, the PINs themselves are required for MAB4/MEL association with the plasma 

membrane. We demonstrated that this is achieved through physical interaction between 

the PINs and the MAB4/MELs, and that this interaction likely depends on the 

phosphorylation status of the PINs. Finally, we found that MAB4/MELs contribute to 

PIN polarity maintenance, but not establishment, by reducing their lateral diffusion-based 

escape into the neighboring plasma membrane domains.

All these findings add little pieces to the still very blurry puzzle of our understanding 

of the molecular mechanisms that govern polar subcellular localization of the PIN 

proteins. Furthermore, and perhaps more importantly, they identify several topics that 

appear to be crucial for plant cell polarity regulation in general, and the importance of 

which thus extends far beyond the PINs. These include spatially regulated endocytosis, 

which appears to be able to generate protein polarity even in the absence of cytoskeleton-

guided vesicular trafficking, and the notion that information on cell polarity is, at least in 

the time-frame of a single round of the cell cycle, conveyed by a cell-intrinsic cue that is 

inherited from the mother to the daughter cells, rather than being communicated by cell-

cell signaling from the neighboring cells.
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Addressing these and similar questions in future research, and hopefully 

understanding the underlying molecular mechanisms in detail, will likely advance our 

understanding of cell polarity in plants incomparably more.

2. Introduction

2.1. Cell and protein polarity, its establishment and maintenance 
as key concepts in plant cell biology

Polarity sensu lato in a biological context refers to “persistent asymmetrical and 

ordered distribution of structures along an axis” (Cove, 2000). In this respect, higher 

plants are, like most other multicellular organisms, polarized at all levels of organization: 

the whole organism, individual organs, tissues and cells. Cell polarity thus refers to 

spatially oriented unequal distribution of cellular components including organelles, 

cytoskeletal strands and proteins (Grebe et al., 2001; Kania et al., 2014); when cell 

polarities within a tissue layer are coordinated, the term planar polarity is used (Nakamura 

and Grebe, 2018). Protein polarity can then be understood as asymmetrical distribution of 

molecules of a given protein within the cell. Consequently, the relationship between cell 

polarity and protein polarity can have bidirectional causality. Polarized distribution of a 

particular protein can be seen as a manifestation or readout of cell polarity. But at the 

same time, cell polarity is defined by asymmetrical distribution of its components, and 

therefore, at least in some cases, protein polarity must be the defining element of cell 

polarity.

In order to meet the requirement of persistence according to the definition above, both 

cell and protein polarity need to be first established and subsequently maintained. 

Regulation of these two processes is a fundamental topic of cell biology (Kania et al., 

2014). While the underlying molecular mechanisms are relatively well described in 

animal systems, our understanding of cell and protein polarity establishment and 

maintenance in plants remains fragmented and incomplete. 

In this thesis, I will describe previously unknown mechanisms regulating the 

establishment and maintenance of protein polarity of the canonical polar markers, the 

PIN-formed (PIN) auxin efflux carriers, and discuss the implications of my findings to the 

broader context of cell polarity regulation in plants.
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2.2. PIN proteins: landmark of cell polarity studies in plants
The existence of an unknown polarized regulator of auxin efflux from cells was 

predicted more than 40 years ago based on the chemiosmotic model of intercellular auxin 

transport (Rubery and Sheldrake, 1974). 25 years later, this factor was found in the PIN-

formed (PIN) gene family, named after the characteristic flowerless inflorescence 

phenotype of the knockout mutant in its founding member PIN1 (Gälweiler et al., 1998). 

PIN genes, present in all plant genomes analyzed to date, encode proteins with ten 

transmembrane helices that act as auxin efflux carriers (Petrášek et al., 2006; Zourelidou 

et al., 2014). The genome of Arabidopsis encodes 5 “canonical” (PIN1-4,7) and 3 “non-

canonical” (PIN5,6,8) PIN proteins that differ mainly by the length of their central 

hydrophilic loop and subcellular localization (Mravec et al., 2009; Bennett et al., 2014). 

While the “non-canonical” PINs possess a short hydrophilic loop and localize, at least in 

part, to the endoplasmic reticulum (Mravec et al., 2009; Ding et al., 2012; Ganguly et al., 

2014; Simon et al., 2016b), all of the “canonical” PINs have a long central hydrophilic 

loop and are localized at the plasma membrane (PM). Typically, their distribution within 

the PM is highly asymmetrical – in other words, the PINs are a prominent example of 

polarly localized proteins (Friml and Palme, 2002). Polar localization of activated 

(Barbosa et al., 2014) PINs determines the directionality of intercellular auxin transport 

(Wisniewska et al., 2006), which is instructive for many developmental processes, such as 

embryo patterning, apical meristem organization, phyllotaxis, vascular development, 

tropic responses and more (reviewed in Adamowski and Friml, 2015).

Ever since its discovery 20 years ago, PIN polar localization has received substantial 

attention: in developmental biology for being instructive to auxin-mediated 

developmental processes, and in cell biology for being a great model to study the 

mechanisms of cell and protein polarity establishment and maintenance. 

The root apical meristem is a popular model system for cell biological studies of cell 

polarity thanks to its well-defined tissue organization and accessibility to imaging and 

experimental manipulations. Cells in the root apical meristem possess at least four distinct 

PM domains: basal, apical, outer-lateral and inner-lateral, each of which is marked by the 

localization of specific protein markers (Kania et al., 2014). In normal conditions, PIN1 

and PIN4 localize to and mark the basal PM domain of the stele, endodermis and cortex 

cells, while PIN2 is localized basally in young cortex, but shows pronounced apical 

localization in the lateral root cap, epidermis, and older cortex cells (Müller et al., 1998; 

Steinmann et al., 1999; Friml et al., 2002a; Friml and Palme, 2002; Kleine-Vehn et al., 
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2008b). The outer-lateral domain is marked by proteins such as PEN3, PIS1 and BOR4, 

and BOR1 is a characteristic marker of the inner-lateral domain (Łangowski et al., 2010; 

Takano et al., 2010; Łangowski et al., 2016; Nakamura and Grebe, 2018).

The fact that PIN2 shows opposite polarity in epidermis and cortex demonstrates that 

PIN polarity depends on the cell type. On the other hand, when PIN1 is expressed 

ectopically from the promoter of PIN2, it localizes predominantly basally also in the 

epidermis, therefore sequence of the particular PIN plays an equally important role in 

determining its polarity (Wisniewska et al., 2006). This notion is further supported by the 

observation that one version of the PIN1-GFP translational reporter adopts apical 

localization when expressed in the epidermis, presumably due to disruption of basal 

targeting signal(s) encoded in the primary or secondary structure by the GFP insertion 

(Wisniewska et al., 2006). Moreover, even the polarity of a given PIN in a given cell type 

can change in response to internal or external stimuli (Friml et al., 2002b, 2004, Kleine-

Vehn et al., 2008b, 2010; Prát et al., 2018; Grones et al., 2018). All these findings 

demonstrate that the localization of PINs can change in response to different inputs 

without massive alterations of tissue organization. Therefore, in the root apical meristem, 

PIN protein polarity is a readout and interpretation of cell polarity rather than its 

determinant.

Many aspects of PIN biology, including their evolution, structure, function, 

physiological and developmental relevance and multilevel regulation of expression, 

activity, trafficking and localization have been covered by recent reviews (Luschnig and 

Vert, 2014; Adamowski and Friml, 2015; Zhou and Luo, 2018). Here, instead of 

providing yet another extensive overview of all known mechanisms of PIN polarity 

regulation, I will focus on selected aspects that i) have been studied, but not fully 

understood, ii) cause certain controversies in the field and iii) are most relevant for the 

experimental part of my thesis.

2.3. Selected aspects of PIN polarity regulation
2.3.1. Clathrin-mediated endocytosis 

Early studies with the fungal toxin Brefeldin A (BFA) revealed that PINs undergo 

constitutive recycling between the PM and endosomal compartments (Geldner et al., 

2001, 2003; Grebe et al., 2003). The internalization step of this process happens through 

Clathrin-Mediated Endocytosis (CME) (Dhonukshe et al., 2007; Kitakura et al., 2011). 

Several different experimental approaches have established that defects in CME lead to 

12



defects in PIN polarity (Men et al., 2008; Kitakura et al., 2011). However, the 

mechanistic basis of CME importance for PIN polarity remains unclear. 

One proposed explanation postulates that PINs are initially secreted in an apolar 

manner and their polarity is subsequently established through endocytosis and polarized 

recycling (Dhonukshe et al., 2008; Kitakura et al., 2011; Richter et al., 2014). First and 

main evidence for this hypothesis came from Fluorescence Recovery After 

Photobleaching (FRAP) experiments: after whole-cell photobleaching, recovered PIN1-

GFP signal was reported to be initially apolar and only later to acquire the characteristic 

basal polarity (Dhonukshe et al., 2008). However attractive, this hypothesis cannot be 

taken for fact, since the study that first introduced it has been retracted due to 

irreproducibility of that very same key experiment (Dhonukshe et al., 2014); and a 

directly contradicting observation was made in another paper (Łangowski et al., 2016).

Another theory proposes that CME acts on its own, rather than as a necessary pre-

requisite for polar recycling, in PIN polarity maintenance by removing protein molecules 

that escape the basal or apical PM domain by lateral diffusion. This is supported by 

observations that a Clathrin light chain translational reporter CLC-GFP localizes more 

strongly to lateral than apical and basal cell sides, that point a mutation in a putative 

Clathrin-coated pit sorting motif in PIN2 leads to reduction of its polarity, and by 

mathematical modeling (Kleine-Vehn et al., 2011). Nevertheless, conclusive evidence for 

higher rates of PIN endocytosis on lateral sides and its direct requirement for PIN polarity 

is missing, therefore also this model requires further validation.

2.3.2. Cytoskeleton

One of the principal modes of action of the cytoskeleton lies in the regulation of 

endomembrane trafficking, and therefore the involvement of microtubules (MTs) and 

actin microfilaments in the regulation of PIN polarity is a long-standing question 

(Geldner et al., 2001). 

When actin microfilaments were pharmacologically depolymerized by the application 

of Cytochalasin D or Latrunculin B, relocation of PIN1 from the PM to BFA-induced 

compartments and vice versa upon BFA washout was reduced, suggesting that 

intracellular trafficking routes of PIN1 were actin-dependent. Nevertheless, PIN1 polar 

PM localization was only weakly affected by the actin-depolymerizing treatments in the 

absence of BFA (Geldner et al., 2001; Boutté et al., 2006), questioning the relevance of 

actin-dependent, BFA-sensitive PIN1 trafficking for its polarity. Only marginal 
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importance of actin-guided trafficking for basal PIN localization was confirmed by 

similar experiments with basally localized PIN2 in young cortex cells (Kleine-Vehn et al., 

2008b). In contrast, actin depolymerization led to pronounced defects of apical PIN2 

localization in the epidermis and older cortex cells, indicating stricter dependence of 

apical PIN targeting on intact actin microfilaments (Kleine-Vehn et al., 2008b). 

Treatment with the MT-depolymerizing agent Oryzalin had, regardless of the 

presence or absence of BFA, no effect on PIN1 localization in most cells. Nevertheless, 

ectopic PIN1 accumulation in irregular endomembrane patches could occasionally be 

observed. Since these patches were positive for the cytokinesis-specific syntaxin 

KNOLLE, and both PIN1 and KNOLLE colocalized to the cell plate (CP) of untreated 

dividing cells, the conclusion was drawn that in contrast to actin-dependent trafficking in 

the interphase, CP-targeting of PIN1 during cytokinesis followed a MT-dependent route 

(Geldner et al., 2001). However, the data presented also allow for an alternative 

interpretation: since close KNOLLE and PIN1 colocalization was retained, it might have 

been the biogenesis and morphology of the CP itself, rather than PIN1 targeting to this 

compartment, that was disrupted by the lack of MTs. This interpretation would not 

support a specific role of MT-dependent vesicular traffic for PIN targeting.

On the other hand, defects in basal localization of both PIN2 in young cortex and 

PIN1 in the stele were observed upon Oryzalin treatment of a comparable duration (5 vs. 

6 hours); and prolonged (12 hours) Oryzalin treatment was reported to lead even to a 

basal-to-apical shift of both PIN1 and PIN2 localization (Kleine-Vehn et al., 2008b). 

Nevertheless, PIN localization studies in the tonneau mutants with disorganized MT 

arrays, as well as under even longer Oryzalin treatments (42 hours), showed that polar 

PIN1 localization could still be observed, but its coordination between cells was 

compromised. These data suggest that MTs are required for coordination of polarities 

within the tissue context, or planar polarity, rather than for establishment or maintenance 

of PIN polarity at the level of individual cells (Boutté et al., 2006).

In summary, when it comes to the role of the cytoskeleton in regulation of PIN 

polarity, not only the interpretations, but even the experimental observations lack a clear 

consensus, and the question thus remains wide open.

2.3.3. Lateral diffusion 

In epithelial cells, a classical model system for cell polarity studies in animals, apical 

and basolateral polar PM domains are separated by tight junctions – multiprotein 
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complexes that prevent the diffusion of cargoes from one polar domain to the other, and 

thus play a key role in polarity maintenance (Wells et al., 2006). Plant root epidermal 

cells possess not two, but at least four distinct polar domains, yet no structure similar to 

the tight junction has been described (Kania et al., 2014). Therefore, it remains 

conceptually unclear how is the lateral diffusion-based mixing of cargoes belonging to 

different PM domains prevented.

Multiple reports from different groups have agreed that the lateral diffusion of PINs is 

slow compared to an apolar integral PM protein LTI6b or its close homolog LTI6a (Men 

et al., 2008; Kleine-Vehn et al., 2011; Martinière et al., 2012). However, this comparison 

is problematic, given the manyfold difference in size of the two proteins (PIN2  69 kDa, 

LTI6b  6kDa). Comparing PIN1 and PIN2 mobility to bigger and therefore more 

appropriate apolar membrane protein controls PIP2 or NPSN12 (both  30kDa) revealed 

that while the mobility of all these proteins was low, the differences between PINs and 

other polar proteins and nonpolar controls was very mild or non-existent (Martinière et 

al., 2012; Łangowski et al., 2016). Therefore, slow lateral diffusion is not a unique 

common characteristic of polar proteins (Łangowski et al., 2016) and hence it is unlikely 

involved in protein polarity establishment. This does not, however, exclude the possibility 

that slow lateral diffusion is a necessary prerequisite for protein polarity, possibly through 

being an important factor for polarity maintenance once it is established by other cellular 

mechanisms.

Arguing for this hypothesis, a link between PIN lateral diffusion, its polarity 

maintenance and the cell wall has been proposed based on the phenotype of a cellulose 

synthase catalytic subunit 3 (cesa3) mutant identified in a forward genetic screen for PIN 

polarity regulators (Feraru et al., 2011; Korbei and Luschnig, 2011). cesa3 plants showed 

a basal-to-apical polarity shift of PIN1 expressed ectopically in the epidermis, this 

phenotype could be phenocopied by pharmacological interference with cellulose 

synthesis. Plasmolytic experiments revealed that PINs are physically connected to the cell 

wall in their polar domains, and both plasmolysis and pharmacological disruption of the 

cell wall led to increased PIN2 lateral diffusion (Feraru et al., 2011; Korbei and Luschnig, 

2011). Increase of lateral diffusion upon cell wall disruption was observed also with free 

GFP linked to the PM by a GPI anchor (Martinière et al., 2012). 

In summary, the cell wall physically restricts the mobility of all PM proteins that 

protrude into the apoplast (Martinière et al., 2012). Limited lateral diffusion mediated by 
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interactions with the cell wall is probably required for the maintenance, but not 

establishment, of polar localization of various proteins including the PINs.

2.3.4. Phosphorylation

One of the longest-known factors regulating PIN polarity is the (de)phosphorylation 

of their hydrophilic loops. The AGCVIII kinase PINOID (PID) and its homologues 

WAG1 and WAG2 phosphorylate PINs at three conserved Serine residues known as S1, 

S2 and S3; this is antagonized by dephosphorylation mediated by Protein Phosphatase 2A 

(PP2A) (Michniewicz et al., 2007; Dhonukshe et al., 2010). Overexpression of PID leads 

to basal-to-apical shift in polarity of PIN1, PIN4 and PIN2 in the cortex, while apical 

PIN2 polarity in the epidermis is defective in the pid wag1 wag2 triple mutant (Friml et 

al., 2004; Dhonukshe et al., 2010). pp2a mutants display similar phenotypes as PID 

overexpressors and these are additive (Michniewicz et al., 2007). Finally, mutating the 

respective serine residues to phospho-mimicking glutamates in the PIN1-GFP sequence 

led to partial PIN1 apicalization, while introducing non-phosphorylable alanines in the 

PIN2-Venus sequence instead caused it to occasionally localize basally also in the 

epidermis; and prevented the PID overexpression effect on PIN2 apicalization in the 

cortex (Kleine-Vehn et al., 2009; Dhonukshe et al., 2010). All these findings point 

towards a very straight forward model, in which phosphorylated PINs are targeted to 

apical and dephosphorylated ones to the basal PM domain. Point mutation analysis of 

another putative serine phosphosite in the PIN1 hydrophilic loop showed results 

consistent with this model, despite this residue was not phosphorylated by PID in vitro 

(Zhang et al., 2010).

Nevertheless, there are certain discrepancies between this model and recent findings 

about the requirement of AGCVIII kinase-mediated PIN phosphorylation for their 

transport activity (Zourelidou et al., 2014; Barbosa et al., 2018). It was shown that D6 

protein kinase (D6PK), another member of the AGCVIII kinase clade, phosphorylates 

PINs at the same serine residues previously identified as PID/WAG targets (S1-S3), as 

well as two additional serines, designated S4 and S5. D6PK-mediated PIN 

phosphorylation was shown to be required for PIN transport activity in a Xenopus oocyte 

heterologous transport assay. Interestingly, PID and WAG2 had the same effect on PIN 

activation as D6PK (Zourelidou et al., 2014), but unlike PID or WAG2 overexpression, 

D6PK overexpression did not induce the basal-to-apical shift of PIN polarity (Zourelidou 

et al., 2009; Barbosa et al., 2018). This was first explained by the differential importance 
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of individual phosphosites for PIN polarity and activation, and different phosphosite 

preference of the two kinases: While both PID and D6PK could phosphorylate PIN1 at all 

five sites in vitro, PID phosphorylated preferentially S1, S2 and S3, which were 

presumably crucial for polarity regulation, while D6PK preferred S4 and S5, presumably 

the key activity control phosphosites (Zourelidou et al., 2014). Nevertheless, this 

explanation has been ruled out by in situ immunolocalization experiments with antibodies 

recognizing only S1-, resp. S4-phosphorylated PIN1, both of which behaved identically in 

WT as well as PID overexpressing plants and followed the general PIN1 localization 

pattern, rather than S1-phosphorylation being specifically enriched in the apical PM 

domain (Weller et al., 2017). 

Overall, the body of evidence supporting the involvement of AGCVIII kinase-

mediated PIN phosphorylation in the control of PIN polarity is vast, and the existence and 

importance of this regulatory module are beyond question. Nevertheless, extension and 

update of the classical model, in which phosphorylated PINs are targeted to the apical and 

dephosphorylated ones to the basal PM domain, seem necessary to accommodate also the 

most recent observations. Several such hypothetical extensions of the current model have 

recently been proposed, some of them involving members of the MAB4/MEL gene family 

as additional players (Barbosa et al., 2018).

The founding member of this family, Macchi bou 4 (MAB4) was identified in a 

forward genetic screen for pid enhancers. MAB4 and its Mab4/Enp1-Like1-4 (MEL1-4) 

homologues encode proteins of unknown function related to NPH3, which is part of an E3 

ubiquitin ligase complex that acts in phototropism (Furutani et al., 2007). A genetic 

interaction between MAB4/MEL and PID/WAG genes, as well as a link between MAB4/

MEL function and PIN polarity, have been firmly established (Furutani et al., 2007; 

Cheng et al., 2008; Li et al., 2011; Furutani et al., 2011, 2014). The MAB4/MEL proteins 

were proposed to regulate PIN polarity either by modulating PIN endocytosis, or by 

acting as positive regulators of PID through their hypothetical ubiquitin-ligase activity 

(Furutani et al., 2011; Barbosa et al., 2018). Nevertheless, the first hypothesis is based on 

rather inconclusive results, while the second is entirely speculative. Therefore, until 

convincing experimental data to support the function of the MAB4/MEL proteins 

becomes available, the role of these proteins in PIN polarity regulation, as well as their 

relationship to PID-mediated phosphorylation, remain unresolved.
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2.3.5. PIN polarity establishment and cytokinesis

Already in the first work that described PIN constitutive cycling, an observation was 

made that in cells undergoing cytokinesis, PIN1 localizes to the CP. This implies that 

upon cytokinesis completion, one of the daughter cells ends up with the protein present at 

both apical and basal PM domains, and therefore it must possess a mechanism for 

subsequent re-establishment of PIN1 polarity (Geldner et al., 2001). Symmetrical 

distribution of PINs on both sides of the CP, and therefore the notion that their polarity 

needs to be re-established after cytokinesis,  was confirmed for PIN1 (Boutté et al., 2006) 

as well as PIN2 (Men et al., 2008; Jaillais and Gaude, 2008). 

The first question related to this issue is which trafficking pathways do the CP-

localized PIN molecules originate from? Localization of PM markers including PIN2 to 

the CP also in presence of the translation inhibitor Cycloheximide (CHX) suggested that 

the CP-localized PINs come mainly from endocytic recycling (Dhonukshe et al., 2006). 

Further support for this scenario came from experiments with PIN2 tagged with the 

photoconvertible fluorescent marker EosFP: after irreversible conversion of the 

fluorophore from green to red at the plasma membrane before a cell divided, red signal 

was observed at the CP (Kleine-Vehn et al., 2008a). On the other hand, pharmacological 

and genetic evidence was used to support a directly contradictory claim that trafficking to 

the CP occurs only via the secretory pathway (Reichardt et al., 2007; Richter et al., 2014).

The next, and from the polarity regulation point of view much more important, 

question is what is the fate of PIN molecules that end up on the “wrong” end of one of the 

daughter cells after cell division is completed? The process of PIN2 polarity re-

establishment, as well as CME, was clearly compromised in a sterol biosynthesis mutant 

cpi1-1, suggesting that sterol-mediated endocytosis plays an important role in PIN 

polarity re-establishment (Men et al., 2008; Jaillais and Gaude, 2008). Dynamin-related 

protein 1A (DRP1a) was picked up in a biochemical screen for PIN1 interactors; this 

interaction was shown to take place mainly at the CP, and the drp1a mutant displayed 

similar PIN2 polarity re-establishment defects as cpi1-1 (Mravec et al., 2011). These 

findings suggest that, as one would expect, endocytosis probably plays an important role 

in PIN polarity re-establishment after cell division. Nevertheless, given the strong 

pleiotropic defects of both mutants, secondary effects cannot be ruled out. Therefore, 

conclusive evidence for a direct causal link between CME and post-cytokinetic PIN 

polarity re-establishment, such as was shown for the inner-lateral marker BOR1 by a 
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conditional, genetically encoded endocytosis inhibitor (Yoshinari et al., 2016), is still 

missing. 

Moreover, other important questions related to the topic have not been addressed at 

all: the timing of polarity re-establishment; the fate of the molecules from the “wrong” 

end of the cell after endocytosis (are they turned over, or recycled to the proper polar 

domain by transcytosis? (Kleine-Vehn et al., 2008a)); the molecular machinery that 

mediates the targeting switches; and the nature of the cue that re-determines cell polarity, 

necessary for PIN protein polarity re-establishment. 
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3. Aims of the study

1. To validate whether inducible overexpression of AUXILIN-like1 and 2 in 

Arabidopsis can be used as a genetic tool to conditionally inhibit Clathrin-

mediated endocytosis of, among other cargoes, the PIN proteins.

2. To develop methods to study the re-establishment of PIN2 polarity after cell 

division using live-cell imaging and to use these to systematically dissect the 

contribution of various cellular mechanisms to the process.

3. To understand by which mechanism do NPH3-like proteins encoded by the 

MAB4/MEL gene family contribute to PIN polarity.
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4. Results
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Cell polarity is crucial for the coordinated development of all multicellular 

organisms. In plants, this is exemplified by the PIN-formed (PIN) efflux carriers of the 

phytohormone auxin: the polar subcellular localization of the PINs is instructive to the 

directional intercellular auxin transport, and thus to a plethora of auxin-regulated growth 

and developmental processes [1]. Endomembrane trafficking has been considered one of 

the main factors mediating PIN polar localization. Movement of endomembrane vesicles 

depends on the cytoskeleton, and accordingly, pharmacological interference with actin or 

microtubules (MTs) has been linked to defects in PIN subcellular dynamics [2,3]. 

However, opinions on the importance of the cytoskeleton for PIN polarity per se differ 

[3,4]. Here, we analyzed the effect of cytoskeleton-depolymerizing agents on the 

generation of apical PIN2 polarity in Arabidopsis roots using time-lapse imaging of 

advanced fluorescent reporters. We found, surprisingly, that the correctly polarized 

subcellular PIN distribution can be achieved in the absence of both intact actin and MTs. 

Our findings imply that that the primary PIN polarization mechanism is independent of 

cytoskeleton-mediated endomembrane trafficking.

During cytokinesis of Arabidopsis root cells, PIN polarity is transiently lost and 

subsequently re-established [2,4,5]. We have recently shown that in combination with 

temporally-restricted expression of PIN2-GFP from the cytokinesis-specific KNOLLE 

promoter, the dividing cells can be used as a suitable model to study PIN polarity 

establishment in vivo [5]. Here, we employed this system together with the well-

established actin- and MT-depolymerizing drugs Latrunculin B (LatB) and Oryzalin 

(Ory), respectively, to test the importance of the cytoskeleton for the establishment of PIN 

polarity.
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Application of either of the two drugs caused severe cytokinetic defects ranging 

from division plane misorientationation to complete cell plate formation failure, 

consistently with both actin and MTs playing key roles in multiple steps of cell division 

[6] and providing a good internal control that the treatments indeed disrupted the 

respective cytoskeletal network (Fig. 1a-c). In both cases, KNOLLE::PIN2-GFP signal 

was partly mislocalized to abnormal endomembrane compartments, providing further 

evidence of functionality of the drugs. In spite of the disturbed cytoskeleton, however, 

apical polarity of the plasma-membrane (PM) localized signal was in both cases 

eventually achieved, albeit with a considerable delay (Fig. 1b-c,g). Notably, in case of the 

Ory treatment, establishment of apical polarity was preceded by apolar distribution of the 

PM signal (Fig. 1c).

We next applied both LatB and Ory at the same time. This co-treatment led to 

efficient depolymerization of both actin and MTs, as visualized by the respective markers 

Fimbrin-GFP and GFP-MAP4 (Fig.1e-f), and completely abolished the cells’ ability to 

divide (Fig. 1d). Under these conditions, much of KNOLLE::PIN2-GFP localized to 

ectopic endomembrane aggregates that displayed only slow random movement and never 

reached the PM, indicating that PIN2-GFP trafficking was indeed severely disrupted (Fig. 

1d). Nevertheless, part of the signal was localized at the PM, initially in an apolar manner, 

as in the case of the Ory treatment alone. Nonetheless, surprisingly, apical polarity of the 

PM-bound signal was eventually correctly established, albeit significantly later compared 

to the mock-treated control or either of the treatments alone (Fig.1d,g). This shows that 

the cellular mechanism that establishes apical PIN2 apical polarity is independent of the 

intact cytoskeletal network.

To validate our findings outside of the context of (unsuccessfully) dividing cells, 

we generated an RPS5a::LOX:nls-mCherry:lox::PIN2-GFP construct and introduced it 

into the HS::CRE background. In the resulting plants, a mild heat shock led to the onset 

of Cre/Lox recombination-mediated expression of PIN2-GFP only in a few random and 

therefore often isolated cells, thus allowing to observe the dynamic generation of PIN2 

polarity also in interphase cells (Fig. 1h-i). Consistently with previous results, the LatB + 

Ory cotreatment did not prevent apical PIN2-GFP polarity generation in this experiment 

either (Fig. 1j).
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Figure 1: PIN2 polarity establishment does not require intact cytoskeleton
a-d: Establishment of PIN2 polarity in root epidermal cells visualized by dynamic localization of PIN2-GFP 
expressed from the mitosis-specific KNOLLE promoter. a In a control situation, the signal localizes initially 
to the cell plate-derived new PM pair, and the apical polar distribution typical for PIN2 is reestablished 2-5 
hours afterwards [5]. n = 51 cells from 6 roots in 3 independent experiments. b In  LatB treated cells, part of 
the signal localizes to ectopic endomembrane compartments, but the distribution dynamics of PM signal is 
similar to the control if the CP is formed (upper cell); and apical polar distribution develops also in cells 
where the treatment leads to cytokinetic failure (lower cell). n = 87 cells from 11 roots in 3 independent 
experiments. c In oryzalin treated cells, the signal is initially localized to a ball-shaped endomembrane 
aggregate that forms instead of the cell plate. Most of the signal is subsequently relocalized to the PM 
initially in an apolar manner, followed by development of apical polarity. n = 90 cells from 11 roots in 3 
independent experiments. d Cells treated with both inhibitors at the same time display strict cytokinetic 
failure and signal localization to large, mostly immobile endomembrane aggregates in addition to the PM. 
Nevertheless, apical polarity of PM-bound signal is eventually achieved also in this case. n = 83 cells from 9 
roots in 3 independent experiments. e-f The markers Fimbrin-GFP (e) and GFP-MAP4 (f) confirm that the 
LatB + Ory cotreatment leads to fast and efficient depolymerizatin of both actin and MTs, respectively. n = 
19-20 roots from 3 independent experiments per line and treatment. g quantification of the data presented in 
a-d. The timepoint of KNOLLE::PIN2-GFP apical signal polarity establishment was marked for each cell, 
and the percentage of cells with established polarity in each condition was plotted against time. Mean of 3 
independent experiments, each consisting of >20 cells from 2-4 different roots (see n values in a-d), +/- SD 
is shown. The letters [a-c] indicate statistical significance based on Kruskal-Wallis Rank Sum Test (post hoc 
analysis: alpha: 0.01, p-value adjustment: Bonferroni); the data points from all three experimental replicates 
were pooled for the purpose of statistical analysis. h Schematic depiction of the RPS5a::lox:NLS-
mCherry:nosT:lox::PIN2-GFP construct generated to monitor PIN2-GFP polarity establishment in 
interphase cells. i Merged red and green channels of an RPS5a::lox:NLS-mCherry:nosT:lox::PIN2-GFP-
expressing root  0, 8 and 16h after the heatshock induction of CRE recombinase expression. j Establishment 
of PIN2 polarity in Mock- and LatB + Ory – treated RPS5a::lox:NLS-mCherry:nosT:lox::PIN2-GFP cells. 
The green channel is shown, t0 = the last timepoint before PIN2-GFP signal appeared. n > 30 cells from 6 
different roots in 2 independent experiments. Scale bars = 10µm.
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In both experiments, depolymerization of actin, MTs or both at the same time led 

to partial PIN2-GFP mislocalization to abnormal endomembrane compartments. This 

again confirms that both cytoskeletal components are involved in PIN intracellular 

trafficking as previously proposed [2–4]. Moreover, the polar distribution of 

KNOLLE::PIN2-GFP appeared later under all treatments, demonstrating that 

cytoskeleton-guided trafficking contributes to PIN polar targeting. Nevertheless, the 

establishment of PIN2-GFP polarity was cytoskeleton-independent in both mitotic and 

interphase cells, supporting similar conclusions drawn in the past for PIN1 [4]. This 

suggests that actin- and MT-guided endomembrane trafficking stabilizes cell polarity by 

reinforcing asymmetrical distribution of polar cargoes including the PINs. However, both 

actin and MTs act downstream of an unknown, cytoskeleton-independent polarity 

establishment mechanism.

Therefore, cytoskeleton-dependent polarized exocytosis, either secretory or 

recycling, cannot be the main mechanism of PIN polarity generation as hypothesized 

previously [7]. It has been theoretically predicted and experimentally verified that 

clathrin-mediated endocytosis plays a key role in PIN polarity regulation [5,8,9]. An 

endocytosis-dependent, cytoskeleton-independent system based on differential rates of 

PIN endocytosis at different PM domains is therefore a prime candidate for the main 

mechanism of PIN polarity establishment. In case of apically localized PIN2, such a 

mechanism might in principle work in two different ways, or their combination: A) 

Endocytosis machinery might be generally less active at the apical PM compared to the 

rest of the cell, or B) PIN2 molecules in the apical domain could be specifically 

“protected” from endocytosis by an unknown factor. The observation that CLC-GFP 

signal is enhanced at the lateral PM domains has already indirectly hinted at A) [8], while 

the existence or nature of any factor specifically modulating PIN2 endocytosis in a 

domain-specific manner predicted in B) is so far elusive. It was proposed that NPH3-like 

proteins encoded by MAB4/MEL gene family might possess this function, but the 

evidence presented to support this claim is far from conclusive [10].

In conclusion, we have demonstrated that apical PIN2 polarity can be generated in 

the absence of intact actin and MTs in both mitotic and interphase cells. In combination 

with previous results with PIN1 [4], this excludes any cytoskeleton-guided vesicular 

trafficking-based mechanism as the main driving force of PIN polarity establishment. 

This finding, together with recent evidence that endocytosis plays a central role in PIN 

polarity [5,9], necessitates that regulation of PIN endocytosis, and specifically its rates at 
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different PM domains, be subjected to detailed analyses, as these will likely shed light on 

the still enigmatic mechanisms of cell polarity establishment in plants.
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Supplemental Information

Experimental procedures

Seeds were grown on ½ Murashige-Skoog medium with 1% sucrose and 1% agar and 

grown in vitro for 4 days under long day conditions. The transgenic lines 

KNOLLE::PIN2-GFP [5], 35S::AtFIM1-GFP [11] and 35S:: GFP-MAP4 [12] were 

described previously. The RPS5a::LOX:nls-mCherry:lox::PIN2-GFP construct was 

generated using the Gateway cloning thechnology (Invitrogen) as follows: RPS5a 

promoter fragment was cloned into pDonrP4-P1r, a fragment comprising a LOX site, 

mCherry with an N-terminal nuclear localization signal, a NOS terminator and another 

LOX site was commercially synthesized (Eurofins Genomics) and cloned into pDonr221, 

and the PIN2-GFP fragment was cloned into pDonr P2r-P3. All three entry clones were 

recombined into the pB7m34GW,0 destination vector and the resulting expression clone 

was transformed into the HS::CRE [13] background using the floral dip method [14]. 

20µM LatrunculinB and 40µM Oryzalin (both Sigma) were applied from 20mM or 

40mM DMSO stocks, respectively, in small slices of agar medium as described 

previously [5]. Heat-shock induction of CRE recombinase expression was performed by 

placing the seedlings mounted in chambered coverslips (LabTek) into a 37C incubator 

for 1 hour. KNOLLE::PIN2-GFP and RPS5a::LOX:nls-mCherry:lox::PIN2-GFP time-

lapse imaging was performed on a vertically oriented Zeiss LSM700 confocal microscope 

as described previously [5,15]; imaging of 35S::AtFIM1-GFP and 35S:: GFP-MAP4 

controls was performed on inverted Zeiss LSM700 or LSM880 miscroscopes.
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Abstract

The mechanisms of cell polarity maintenance in plants remain conceptually unclear, since 

plant cells lack tight junctions and therefore their polar plasma membrane domains are not 

physically delineated. Polarly localized PIN auxin efflux carriers represent a prime model 

to study cell polarity in plants. NPH3-like proteins of unknown function encoded by the 

MAB4/MEL gene family were previously implicated in the regulation of PIN polarity, but 

the mechanistic basis of their importance remained unknown. Here, we demonstrate that 

MAB4/MELs are involved in PIN polarity maintenance rather than establishment. 

MAB4/MEL proteins are recruited to the PM by a physical interaction with the PINs, 

likely in a PIN phosphorylation-dependent manner, and reduce PIN mobility within the 

plasma membrane, thereby limiting lateral diffusion-based escape of the PINs from their 

respective polar domain. These findings provide a conceptual advance in the 

understanding of PIN polarity maintenance, and of cell polarity regulation in plants in 

general.
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Introduction

Cell polarity, its establishment and maintenance are pivotal topics of cell biology across 

kingdoms and model organisms. In animal systems such as the epithelial cells, plasma 

membrane (PM) domains are delimited by tight junctions – multiprotein complexes that 

act as physical barriers preventing cargos to escape from their respective polar domain by 

lateral diffusion and thus playing a key role in polarity maintenance (Wells et al., 2006). 

In plants, no similar structure has been described, and hence the mechanisms of polarity 

maintenance remain conceptually unclear (Kania et al., 2014).

PIN-FORMED (PIN) auxin efflux carriers are a popular model to study cell polarity in 

the model plant Arabidopsis due to their remarkably asymmetrical subcellular localization 

as well as a key role in polar auxin transport-mediated developmental processes 

(Adamowski and Friml, 2015). Nevertheless, our knowledge of molecular mechanisms 

underlying PIN polarity is fragmented and incomplete. 

The importance of slow lateral diffusion in PIN polarity maintenance is supported by 

experimental data and mathematical modeling (Feraru et al., 2011; Kleine-Vehn et al., 

2011), but since this feature is neither universal (Łangowski et al., 2016) nor unique 

(Martinière et al., 2012) to polar membrane proteins, the mechanistic basis of its role is 

yet to be discovered.

One of the better-characterized PIN polarity regulators is the Ser/Thr AGCVIII kinase 

PINOID (PID), which regulates the polar localization of PINs by directly phosphorylating 

them (Friml et al., 2004; Michniewicz et al., 2007; Dhonukshe et al., 2010). However, the 

exact nature of the link between PIN polarity and its phosphorylation by the apolarly 

localized PID is missing (Barbosa et al., 2018). The gene MACCHI-BOU 4 (MAB4; also 

known as Enhancer of pinoid 1 /ENP1/ or Naked Pins in Yucca mutants 1 /NPY1/), the 

founding member of the MAB4/MEL (Macchi-bou 4/Enhancer of pinoid 1-Like) family, 

was identified in a forward genetic screen as an enhancer of pid mutants (Furutani et al., 

2007) and multiple members of both MAB4/MEL and PID gene families were shown to 

act in the same pathway based on their genetic interactions in multiple developmental 

contexts (Cheng et al., 2008; Furutani et al., 2011, 2014; Li et al., 2011). MAB4/MEL 

proteins colocalize with PINs and PIN polarity is compromised in higher order mab4/mel 

mutants (Furutani et al., 2011, 2014). Additionally, several findings hinted at the 

existence of a feedback mechanism co-regulating PIN and MAB4/MEL polarity (Furutani 

et al., 2011). However, the mechanism by which MAB4/MELs regulate PIN polarity, as 
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well as the nature of the interaction between MAB4/MEL and PID genes, remains 

unknown.

Here, we show that PINs recruit MEL1 to the plasma membrane by a physical protein-

protein interaction that likely depends on the phosphorylation status of the PINs by PID 

and other AGCVIII kinases. Furthermore, we show that the interaction with MAB4/MELs 

contributes to PIN polarity maintenance by reducing PIN lateral diffusion. Our findings, 

besides identifying the role of MAB4/MEL proteins in PIN polarity, provide a conceptual 

advance in the understanding of polarity maintenance in plant cells.

Results

MEL1 plasma membrane association depends on the presence of PINs 
To test the inter-dependence of MAB4/MEL and PIN polarity, we generated translational 

reporters MEL1::MEL1-GFP and PIN2::MEL1-mCherry. Both constructs rescued the 

mel1234 quadruple mutant to a similar extent (Fig. S1), demonstrating that they were 

functional, but also that MEL absence specifically from the PIN2 expression domain is 

responsible for the reduced gravitropism phenotype of the me1234 mutant (Furutani et al., 

2011). Notably, when introduced into the pin2 null allele eir1-1, the subcellular 

localization of both reporters was severely disrupted in the epidermis. Instead of the 

apical PM domains, the signal localized to the cytoplasm or ectopic membrane 
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Figure 1: PINs recruit MEL1 to the plasma membrane
PIN2::MEL1-mCherry translational reporter localized to 
ectopic membrane aggregations in the epidermal cells of the 
pin2 mutant, instead of the apical PM as in WT (See figure S1). 
Introducing PIN2::PIN2-GFP into PIN2::MEL1-mCherry/pin2 
restored WT-like apical PM localization of MEL1-mCherry, 
while introducing the basally localized PIN2::PIN1-GFP2 
caused MEL1-mCherry to localize basally, demonstrating that 
MEL1 localization depends on PIN localization. Images are 
representative of 18, 15 and 20 roots from 4 independent 
experiments, respectively. Scale bar = 10 µm.
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aggregates, while its localization was not affected in the inner cell files where other PINs 

are expressed (Fig. 1, S1). The different mislocalization pattern was presumably caused 

by a difference in strength of the two promoters. A cross of MEL1::MEL1-GFP/pin2 and 

PIN2:MEL1-mCherry/pin2 lines back into Col-0, or of PIN2:MEL1-mCherry/pin2  into 

PIN2::PIN2-GFP/pin2 or PIN2::PIN2-Venus/pin2, was sufficient to restore apical PM 

localization of both reporters in epidermal cells (Fig. 1, 3a, S1), suggesting that MEL1 

localization depends on PIN localization. To ultimately test this hypothesis, we crossed 

PIN2:MEL1-mCherry with PIN2::PIN1-GFP2, where PIN1-GFP shows basal 

localization in the epidermis (Wisniewska et al., 2006). As expected, MEL1-mCherry 

adopted pronounced basal polar localization in the epidermal cells in the resulting 

PIN2::MEL1-mCherry x PIN2::PIN1-GFP2/pin2 line (Fig 1). Together, these data 

demonstrate that PIN presence at the PM is required and sufficient for MEL1 polar PM 

association.

MEL1 physically interacts with PIN2 

Next, we examined the distribution of PIN2-GFP and MEL1-mCherry signal within the 

PM with Airyscan superresolution imaging. PIN2-GFP signal was highly clustered in 

agreement with previous findings (Kleine-Vehn et al., 2011). Notably, the distribution of 

MEL1-mCherry signal was highly heterogeneous as well, and both signals colocalized 

almost perfectly into the same clusters (Fig. 2a-b). This remarkable co-localization of 

MEL1 with PIN2 prompted us to test whether they could physically interact. To this end, 

we employed two different pulldown assays. In a fully in vitro setup, recombinant MEL1-

His clearly co-sedimented with GST-PIN2 hydrophilic loop (PIN2HL), but not with the 

GST control alone, upon incubation with glutathione agarose beads (Fig. 2c). In a parallel 

semi-in vitro approach, soluble MEL1-GFP from a MEL1::MEL1-GFP plant extract 

partly co-sedimented with the microsomal fraction of suspension cultured cells; the 

amount of MEL1-GFP that was pulled down this way was ca. 2x higher when 35S::PIN 

cell cultures were used, compared to the WT control (Fig. S2).  
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mCherry PM localization was strongly reduced compared to the PIN2::PIN2-Venus 

control (Fig. 3a, compare to Fig. 1). Next, we made use of the fact that basally, but not 

apically localized PINs are quickly and efficiently dephopsohrylated upon treatment with 

the fungal toxin Brefeldin-A (BFA) due to differential BFA-sensitivity of PID and D6PK 

kinases (Weller et al., 2017). Coincidentally, apically localized MEL1-mCherry and 

MEL1-GFP were insensitive to BFA as reported before (Furutani et al., 2011). However, 

both basally localized PIN2::MEL1-mCherry in epidermal cells of PIN2::PIN1-GFP2 

and MEL1::MEL1-GFP in endodermis and pericycle cells of the WT (Fig. S3) dissociated 

from the PM upon BFA treatment (Fig 3b-c, compare to Fig. 1). Interestingly, in basal 

PIN-containing cortex cells, BFA treatment led to apicalization rather than PM-

dissociation of MEL1-GFP (Fig S3). Finally, PID association with the PM, and therefore 

presumably also apical PIN phosphorylation, was shown to be sensitive to the 

phosphoinositol-phospate kinase inhibitor Phenyl-arsine Oxide (PAO) (Simon et al., 

2016). MEL1-GFP apical PM localization was sensitive to PAO in a time- and 
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Figure 3:  MEL1 interacts with phosphorylated PINs 
a: PIN2::MEL1-mCherry was localized to the apical PM in the PIN2::PIN2-Venus/pin2 background, similarly 
as in PIN2::PIN2-GFP/pin2 or Col-0. However, the PIN2::PIN2S3A-Venus construct harboring point mutations 
in three PID/WAG-targeted Ser residues in the PIN2 cental hydrophilic loop failed to restore apical PM 
localization of PIN2::MEL1-mCherry (compare to Fig. 1). The images are representative of 16 roots from 3 
independent experiments. b: BFA treatment (50µM, 1h) had no effect on apically localized PIN2::MEL1-
mCherry localization in the PIN2::PIN2-GFP background, as reported previously (Furutani et al., 2011). 
However, basally localized PIN2::MEL1-mCHerry in the PIN2::PIN1-GFP2 background was largely 
dissociated from the PM upon BFA treatment (compare to Fig. 1). c: quantification of b.The graph shows the 
ratios of PM/cytoplasm signal intensities. n indicates the number of cells from 4 different roots; P-values were 
calculated using two-tailed two-sample T test with unequal variance‑ . The experiment was independently 
repeated twice with comparable results. d: MEL1::MEL1-GFP was dissociated from the PM upon PAO 
treatment with time- and dose-dependence similar to PID (Simon et al., 2016). e: quantification of c. The graph 
shows the ratios of PM/cytoplasm signal intensities. n = 60 cells from 6 different roots. The experiment was 
repeated twice with comparable results. The box-plots represent median, 1st and 3rd quartile; the whiskers 
extend to data points <1,5 interquartile range away from the 1st/3rd quartile; outliers are shown as circles. Scale 
bars = 10 µm.
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concentration-dependent manner very similar to PID (Fig. 3d-e). Taken together, these 

results suggest that the PIN-dependent association of MEL1 with the PM depends on the 

phosphorylation status of the PINs.

MAB4/MEL proteins mediate PIN polarity maintenance by reducing their lateral 
diffusion rate

Having established physical, likely phosphorylation-dependent interaction with PINs as a 

requirement for MAB4/MEL association with the PM, we wanted to know by which 

mechanism do MAB4/MELs regulate PIN polarity? The fact that MEL1 localization was 

determined by PIN localization, and not vice-versa, suggested that MAB4/MELs were 

involved in PIN polarity maintenance, but not its establishment. To verify this, we 

introduced our recently developed KNOLLE::PIN2-GFP reporter (Glanc et al., 2018) into 

the mel1234 mutant and followed its localization pattern in newly divided cells over time. 

In the KNOLLE::PIN2-GFP x mel1234 line, apical polarity of KNOLLE::PIN2-GFP 

Figure 4: MAB4/MEL proteins maintain PIN polarity by reducing PIN lateral diffusion
a: Post-cytokinetic polarity re-establishment of PIN2-GFP expressed from the KNOLLE promoter was not 
obviously defective in the mel1234 quadruple mutant compared to Col-0. Maximum intensity projections of a 
Z-stack are shown. b: quantitative analysis of a. Mean +/- SD of three independent experiments is shown, the 
total number of cells/roots analyzed was 70/7 (WT), resp. 87/8 (mel1234). c-d: FRAP dynamics of PIN2::PIN2-
GFP in Col-0 and mel1234 background revealed significantly faster lateral diffusion of PIN2-GFP in the 
quadruple mutant. The graph shows mean normalized signal recovery +/- SD after background subtraction and 
correction to photobleaching caused by iterative imaging. n = 35 (WT), resp. 34 (mel1234) cells from three 
different roots, P-values were calculated using two-tailed two-sample T test with unequal variance‑ . The 
experiment was repeated independently 3 times with comparable results. Scale bars = 10 µm.
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molecules synthesized in a narrow time window around a cytokinetic event developed 

normally (Fig. 4a-b), confirming that the reduced PIN polarity of the mel1234 mutant was 

caused by defects in its maintenance rather than establishment. PIN polarity maintenance 

has previously been linked to limited PIN mobility within the PM (Feraru et al., 2011; 

Kleine-Vehn et al., 2011; Martinière et al., 2012; Łangowski et al., 2016). We therefore 

hypothesized that MAB4/MEL proteins might contribute to PIN polarity maintenance by 

reducing their lateral diffusion rates and thus reducing their escape from the respective 

polar domain. Test this hypothesis, we analyzed PIN2-GFP mobility by a Fluorescence 

Recovery After Photobleaching (FRAP) experiment in WT and mel1234 background. In 

contradiction with previously reported results (Furutani et al., 2011), we observed 

significantly higher PIN2-GFP FRAP rate in the mel1234 mutant (Fig. 4c-d), suggesting 

that MAB4/MEL proteins contribute to PIN polarity maintenance by limiting their lateral 

diffusion. Two manipulations that caused MEL1 dissociation from the PM, phosphodead 

PIN mutations in the PIN2 loop and the PAO treatment, concomitantly also led to an 

increase in PIN2 mobility (Fig. S4). This supports the hypothesis that PIN 

phosphorylation is a pre-requisite for their binding with MAB4/MELs. Together, these 

data indicate that the contribution of MAB4/MELs to PIN2 polarity lies in mediating its 

maintenance through reducing PIN2 lateral diffusion, likely in a PIN2 phosphorylation-

dependent manner. 

Discussion

In the present study, we found that in root epidermal cells, MEL1 is recruited to the PM 

through a physical interaction with PIN2, and that this interaction is important for low 

PIN2 lateral diffusion and hence its polarity maintenance. The fact that the presence of 

MEL1 in the PIN2 expression domain was sufficient to rescue gravitropic growth of the 

mel1234 roots demonstrates that the lack of MEL-mediated PIN2 polarity maintenance is 

directly responsible for the agravitropic phenotype of the mutant. Although we focused on 

the model of MEL1 and PIN2 in the epidermis, we consider it likely that a similar mode 

of action applies also to other MAB4/MEL and PIN proteins in different cell types and 

developmental contexts, given the substantial functional redundancy within both 

respective protein families (Cheng et al., 2008; Furutani et al., 2011; Li et al., 2011; 

Vieten et al., 2005).

Whether PIN polarity depends on MAB4/MEL polarity or vice versa has previously been 

referred to as a “chicken or egg” question (Furutani et al., 2011). In light of the findings 
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presented here (Fig. 1, 4), it appears that PIN polarity is established first in a 

MAB4/MEL-independent manner and MAB4/MEL proteins are subsequently recruited to 

PIN-containing polar PM domains to maintain PIN polarity through reducing their lateral 

diffusion.

The result of our FRAP analysis of PIN2-GFP lateral diffusion rate directly contradicts 

previously published findings (Furutani et al., 2011). Unlike us, Furutani et al. performed 

the experiments in presence of translation and energy inhibitors; this should however not 

affect the result, since it was shown that this treatment does not affect PIN2-GFP FRAP 

dynamics in the given time scale (Men et al., 2008; Łangowski et al., 2016). In our 

opinion, the most likely explanation of the discrepancy is that in the experiment presented 

by Furutani et al., the difference between WT and mutant was masked by noise due to a 

small sample size (n=10 cells).

Despite an unequivocal proof is missing, several independent lines of evidence suggest 

that MAB4/MELs only interact with PINs phosphorylated by PID or related AGCVIII 

kinases, which would elegantly explain the previously identified genetic interaction 

between MAB4/MELs and PID. Nevertheless, this explanation doesn’t fit with the 

situation in dividing cells, where the PID homologue WAG1 is strongly upregulated and 

localized at the cell plate together with PIN2, while MEL1 first appears at the mature 

apical PM >30 min after cytokinesis (Glanc et al., 2018). Existence of a hypothetic PID/

WAG co-factor required for the efficient phosphorylation of PINs (Barbosa et al., 2018; 

Weller et al., 2017), present at the mature PM but absent from the cell plate, would 

explain this discrepancy.

In a very attractive hypothesis, such a co-factor could be the MAB4/MEL protein itself. 

In that case, MAB4/MELs recruited to phosphorylated PINs would promote their polarity 

maintenance and further phosphorylation by PID/WAGs. Hence, all three components 

would constitute a feed-forward regulatory loop with the potential to quickly reinforce 

and maintain small initial differences in PIN density and thus to substantially contribute 

to PIN polarity.

If both these assumptions, (preferential phosphorylation of apical PINs by PID/WAG and 

existence of a feed forward loop between PIN phosphorylation and their MAB4/MEL-

mediated polarity maintenance) were correct, this model would among others explain the 

previously observed, yet not fully understood apicalization of basally localized PINs after 

PID overexpression or prolonged BFA treatment (Friml et al., 2004; Kleine-Vehn et al., 

2008), since in both cases, apical PINs would be phosphorylated more efficiently than 
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basal ones (due to a simple change of PID:D6PK stoichiometry towards PID in the first 

and D6PK dissociation from the PM in the second).

In conclusion, we have shown that while PIN polarity is established in a MAB4/MEL-

independent manner, PINs recruit MAB4/MELs to the PM, and MAB4/MELs in turn 

contribute to PIN polarity maintenance by limiting their lateral diffusion. These findings 

explain how polar localization of membrane cargoes can be maintained in the absence of 

physical diffusion barriers such as the tight junctions. Detailed analysis of the inter-

dependence between the PIN-MEL interaction and PID-mediated PIN phosphorylation, as 

well as studies of the molecular mechanism by which the MAB4/MEL-mediated 

reduction of PIN lateral diffusion is achieved, will likely advance our understanding of 

plant cell polarity even further.

Materials and Methods

Plant material and growth conditions

Seeds were surface-sterilized by chlorine vapor, sown on ½ Murashige-Skoog medium 

supplemented with 1% sucrose and 1% agar and grown in vitro under long day 

conditions. The transgenic and mutant lines eir1-1(Luschnig et al., 1998), PIN2::PIN2-

GFP (Xu and Scheres, 2005), PIN2::PIN2-GFP/eir1-4 (Abas et al., 2006), PIN2::PIN1-

GFP2, PIN2::PIN1-GFP-3 (Wisniewska et al., 2006), PIN2::PIN2-Venus, 

PIN2::PIN2S3A-Venus (Dhonukshe et al., 2010), KNOLLE::PIN2-GFP, MEL1::MEL1-

GFP (Glanc et al., 2018), mel1234 and PIN2::PIN2-GFP/mel1234 (Furutani et al., 2011) 

have been described previously. The lines KNOLLE::PIN2-GFP/mel1234, 

MEL1::MEL1-GFP/mel1234, MEL1::MEL1-GFP/eir1-1, PIN2::MEL1-mCherry, 

PIN2::MEL1-mCherry/eir1-1, PIN2::MEL1-mCherry/mel1234  were obtained by 

transforming the constructs into the respective background by the floral dip method 

(Clough and Bent, 1998). MEL1::MEL1-GFP/eir1-1 and PIN2::MEL1-mCherry/eir1-1 

were crossed with Col-0 and the respective PIN1/PIN2-XFP/pin2 lines described above 

and F1 seeds heterozygous for each of the two fluorescent reporters and homozygous for 

the eir1-1 mutation (or eir1-1 eir1-4 biallelic) were used. For the in planta FLIM-FRET 

experiments, homozygous PIN2::PIN2-GFP and segregating T2 PIN2::MEL1-mCherry 

lines were used, resulting in a 1:1 ratio of plants expressing only the donor and both the 

donor and acceptor fluorescent markers. Phenotype analysis was performed as described 

previously (Glanc et al., 2018).
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Molecular cloning

Cloning of plant expression constructs was performed using the Gateway technology 

(Invitrogen). PIN2::MEL1-mCherry was obtained by recombination of the entry clones 

pPIN2(pDonrP4-P1r) (Salanenka et al., 2018), MEL1(pDonr221) (Glanc et al., 2018) and 

mCherry(pDonrP2r-P3) (Adamowski et al., 2018) into the destination vector 

pH7m34GW,0. MEL1(pDonr221) was recombined with PK7FWG2 to yield 35S::MEL1-

GFP. To generate 35S::PIN2HL-mCherry, the PIN2 central hydrophilic loop sequence 

(corresponding to amino acid residues 157 - 484)  was cloned into pDonr221 and 

subsequently recombined into p2GWCh7,0 (Yu et al., 2015). Constructs for recombinant 

expression of GST-PIN2HL and MEL1-HIS were generated by inserting the PIN2HL and 

MEL1 fragments into pGEX-4T-1 and pET-32a, respectively, via the EcoRI – SalI sites.  

Empty pGEX-4T-1 was used to express free GST. The sequence of all primers used can 

be found in Supplementary table 1.

Transient expression in protoplasts

Preparation and transient expression in protoplasts was carried out as described 

previously (Meskiene et al., 2003; Fülöp et al., 2005) with minor modifications. Briefly: 

3-day-old Arabidopsis root suspension culture cells were pelleted, resuspended in GM 

buffer (Murashige-Skoog Basal Salt Mixture 4.4 g/l, 0.17M glucose, 0.17M mannitol, 

pH5.5) with 1% cellulase and 0.2% macerozyme and incubated for 4h in darkness with 

gentle shaking. Protoplasts were separated by sucrose gradient centrifugation, 

concentration-adjusted to 108 cells/ml, and incubated for 1h in darkness with 12-15 g of 

plasmid DNA in the presence of PEG, followed by a wash and overnight incubation in 

GM buffer.

Imaging and image analysis

Confocal imaging was performed on 4-day-old, chambered coverslip (Lab-Tek)-mounted 

seedlings using Zeiss LSM700, LSM800 or LSM880 inverted microscopes. 

Immunofluorescence staining was performed as described previously (Sauer et al., 2006); 

following antibodies were used at the dilutions indicated: rabbit PIN1, 1:1000; rabbit 

PIN2, 1:1000; rabbit PIN4, 1:250; mouse GFP (Sigma), 1:1000; Alexa Fluor 488-

conjugated goat Mouse IgG (Thermo Fisher), 1:600; Cy5-conjugated goat Rabbit IgG 

(Thermo Fisher), 1:600. BFA and PAO (both Sigma) treatments were applied by 

transferring the seedlings onto a small slice of agar medium containing the respective 

chemical as described previously (Glanc et al., 2018); the DMSO stock solution and final 

concentrations were 50mM/50M (BFA) and 60mM/30 or 60 M (PAO).
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FRAP experiments and assessment of PIN2 polarity re-establishment from time-lapse 

imaging of KNOLLE::PIN2-GFP-expressing plants were performed as described 

previously (Glanc et al., 2018).

FLIM-FRET experiments were performed using a TriM Scope II inverted 2-photon 

microscope equipped with a FLIM X16 TCSPC detector for time correlated single photon 

counting (LaVision BioTec). Fluorescence lifetime image stacks (150 slices, with 0,082ns 

time interval) were acquired, and a threshold mask was created from the sum projection 

of each stack in FIJI (Schindelin et al., 2012) to segment the apical PM domains. All 

pixels within the masked area were then pooled and averaged at each time point of the 

FLIM stack. The intensity at t=0 was normalized and a simple exponential decay 

[I(t)=exp(-t/lambda)+offset] was fitted to the data. The MatLab code that generates a 

single lifetime value for each image based on the source FLIM stack and the threshold 

mask can be found at https://datarep.app.ist.ac.at/id/eprint/113.

Pulldown assays and western blotting

Recombinant protein expression was induced by 0,5 mM IPTG at 17° C for 24h in E. coli 

strain BL21. The cells were then transferred to TBS buffer (pH7,5) and sonicated. The 

MEL1-His lysate was incubated together with the GST-PIN2HL or free GST lysate, 

respectively, for 12 h at 4° C and 150 rpm before Pierce Glutathione Agarose (Thermo 

Fisher) was added to the reactions, followed by another 1,5 h incubation (4° C, 150 rpm). 

Finally, the agarose beads were collected and washed, and proteins were eluted with TBS 

buffer with reduced glutathione (pH 7,5). Samples were then run on SDS-PAGE and 

blotted, blots were probed with GST and His HRP-conjugated antibodies (both 

Agrisera).

Membrane and soluble protein fractions were prepared from roots of mel1234 and 

MEL1::MEL1-GFP/mel1234 as described previously (Abas and Luschnig, 2010). 

Membrane protein fractions were also prepared from suspension cultures derived from 

Col-0 and 35S::PIN1 and 35S::PIN2 lines. The membrane fractions were resuspended in 

50 mM TRIS-HCl pH 7, 10% v/v glycerol, 5 mM EDTA pH 8, 0.05% casein and protease 

inhibitors. Western blots using mouse monoclonal GFP antibodies (Roche clones 7.1 

/13.1 and Clontech JL8) showed that MEL-1GFP was present in both membrane and 

soluble fractions but was approximately 2-3 times more abundant in the soluble fraction. 

The soluble fraction from mel1234 and MEL1::MEL1-GFP/mel1234 (corresponding to 9 

mg original root material) was mixed with the membrane fraction from Col, 35S::PIN1 

or 35S::PIN2 (corresponding to 2 mg Col, 0.8 mg 35SPIN1/35SPIN2 cell pellet) in a total 
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volume of 60 µl. Samples were incubated at room temperature for 30 min. Samples were 

then diluted with 1.5 volumes of water and spun at 21000 g/4°C/30 min. The supernatant 

was removed and the pellet washed with 100 µl of TE buffer. Both supernatant and pellet 

fractions were precipitated with chloroform/methanol, run on SDS-PAGE and blotted. 

Blots were probed with GFP (as above), rabbit PIN1 and rabbit PIN2 (Abas and 

Luschnig, 2010).
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Figure S1, Related to figure 1

a: Phenotype of 5-day-old seedlings of the genotypes Col-0, mel1234, MEL1::MEL1-

GFP/mel1234 and PIN2::MEL1-mCherry/mel1234. b: Root Vertical Growth Index of the 

seedlings shown in a. n indicates the number of roots; the experiment was repeated 

independently 3 times with comparable results. The box-plot represents median, 1st and 

3rd quartile; the whiskers extend to data points <1,5 interquartile range away from the 1st/

3rd quartile; outliers are shown as circles. c: Expression pattern and subcellular 

localization of MEL1::MEL1-GFP in the eir1-1 (pin2) background and after a backcross 

into Col-0. The images are representative of 8, resp. 9 roots from 3 independent 

experiments. d: Expression pattern and subcellular localization of PIN2::MEL1-mCherry 

in the eir1-1 (pin2) background and after a backcross into Col-0. The images are 

representative of 9, resp. 6 roots from 2 independent experiments. Scale bar = 10 m.
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Figure S2, Related to figure 2

a: Western blot of the membrane fraction after incubation of the soluble fraction of a 

MEL1::MEL1-GFP plant extract with the microsomal fraction isolated from Col-0 or 

35S::PIN1 + 35S::PIN2 suspension cultured cells. The 35S::PIN1+2 membranes pull 

down ca. 2x more MEL1::MEL1-GFP than the Col-0 membranes, suggesting that MEL1 

physically interacts with PIN1 and/or PIN2. b: FLIM-FRET imaging of suspension 

culture protoplasts transiently expressing 35S::MEL1-GFP with and without 

35S::PIN2HL-mCherry. MEL1-GFP fluorescence lifetime is reduced in the presence of 

PIN2HL-mCherry, indicating the occurrence of FRET and hence physical interaction 

between the two proteins. Scale bar = 10 m. c: Quantitative analysis of b. n indicates the 

total number of protoplasts from 2 independent experiments; P-value was calculated using 

two-tailed two-sample T-test with unequal variance. The box-plot represents median, 1st 

and 3rd quartile; the whiskers extend to data points <1,5 interquartile range away from the 

1st/3rd quartile, outliers are shown as circles. 
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Figure S3, Related to figure 3

a: Immunofluorescence staining of PIN1, PIN2 and PIN4 (magenta) and MEL1-GFP 

(green) in a DMSO-treated MEL1::MEL1-GFP root. MEL1-GFP colocalizes with the 

PINs at the apical PM in the epidermis (Ep) and the basal PM in the cortex (Co), 

endodermis (En) and pericycle (Pe) cells. b: The same staining of a BFA-treated root. In 

addition to the PM, PIN signals can be observed in BFA bodies. MEL1-GFP signal 

mostly disappeared from the PM in endodermis and pericycle cells, while it is not 

affected in the epidermis. Notably, in cortex cells, MEL1-GFP is localized to the apical, 

instead of basal PM. The images are representative of 13, resp. 14 roots analyzed. Scale 

bar = 10 m.

a b
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Figure S4, Related to figure 4

a-b: FRAP dynamics of PIN2::PIN2-Venus, PIN2::PIN2S3A-Venus and PAO-treated 

(60M, 1h) PIN2::PIN2-Venus. The graph shows mean normalized signal recovery +/- 

SD after background subtraction and correction to photobleaching caused by iterative 

imaging. n = 39 (control), resp. 33 (S3A mutant, PAO treatment) cells from three 

different roots, P-values (shown as full markers of the corresponding color on the 

secondary logarithmic axis) were calculated using two-tailed two-sample T-test with 

unequal variance. The experiment was repeated independently twice with comparable 

results. Scale bar = 10 m.
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Table S1: Primers used in this study

mel1-1_LP GGAAGAACAAAACCACAAAGG

mel1-1_RP ATGTAACCGCAAAAGCATCAG

mel2-1_LP TCGGATTTACAAAGCAAGTGG

mel2-1_RP CTCTTGCAGGATCCATAGCAG

mel3-1_LP TGCAGGTTCCCAAACTTCTAC

mel3-1_RP TTGATGCTTGCAAAACTGATG

mel4-1_LP TCCAACTACGGAAGATGGTTG

mel4-1_RP GCAGGAAAGATGCAACTTTTG

eir1-4_F CAACGCGAAGAATGCTATGA

eir1-1_F GGCAATTGCTTGATGTTGTTGATCATTTTATGGGACA

eir1-1/4_R AAGCACCAAAGACTATAACTA

GABI-8409 ATATTGACCATCATACTCATTGC

LBb1.3 ATTTTGCCGATTTCGGAAC

PIN2HL_start_B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTAAGCTTCTCATCTCCGA

PIN2HL_nostop_B2 GGGGACCACTTTGTACAAGAAAGCTGGGTAACTCGCCGGCGGCATCTGCT

MEL1_EcoF CCGAATTCATGAAGTTCATGAAACTTGGATCC

MEL1_SalR GGGTCGACATGCTTCTTGCTTGTGGAA

P2HL_Eco-F TGGAATTCGCTAAGCTTCTCATCTCCGAGC

P2HL_Sal-R CCGGTCGACACTCGCCGGCGGCATCTGCTG
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5. Discussion

5.1. PIN polarity establishment – secretion or recycling?
It has been known for a long time that endocytosis plays an important role in 

regulating PIN polarity; nevertheless, its detailed mechanistic role is still elusive (see 

chapter 2.3.1). We have confirmed the causality of the relationship between endocytosis 

and PIN polarity by showing that conditionally inhibiting CME by inducible 

overexpression of AUXILIN-like1 or 2 leads to PIN polarity defects (see chapter 4.1 - 

Adamowski et al., 2018). By combining AUXILIN-like2 overexpression, as well as a 

similar genetic tool based on a dominant-negative version of DRP1a (Yoshinari et al., 

2016), with time-lapse imaging of PIN2-GFP expressed from the mitosis-specific 

KNOLLE promoter, we have shown that CME is required already for the establishment of 

PIN2 polarity after cell division (see chapter 4.2 – Glanc et al., 2018). Nevertheless, our 

findings also demonstrate that PIN2 molecules that end up at the “wrong” end of the cell 

due to reorganization of vesicular trafficking during cytokinesis (Richter et al., 2014) are 

upon endocytosis gradually turned over, rather than being recycled to the apical domain 

by transcytosis (see chapter 4.2 – Glanc et al., 2018). This finding speaks against the 

previously proposed mechanism of polarity establishment, in which PIN molecules are 

initially secreted in an apolar manner, and their polar localization is achieved only 

through polarized endocytic recycling (Dhonukshe et al., 2008; Richter et al., 2014).

Alternatively, PIN polarity establishment could be mediated directly by polarized 

secretion of newly synthesized protein (Łangowski et al., 2016). Directional vesicular 

trafficking of various cargoes including PINs relies largely on actin and/or MT 

cytoskeleton (Geldner et al., 2001), therefore one would expect that if PIN polarity 

establishment relied on targeted secretion, it would be greatly impaired upon interference 

with cytoskeletal dynamics. In support of this scenario, it was previously reported that 

application of either actin- or MT-depolymerizing drugs led to defects in PIN trafficking 

(Geldner et al., 2001; Kleine-Vehn et al., 2008b). However, more in-depth analysis 

employing different model systems, longer treatments and genetic evidence suggested 

that PIN polarity in the context of individual cells is cytoskeleton-independent (Boutté et 

al., 2006). Our data supports the latter notion, since we could show that 

pharmacologically induced depolymerization of actin, MTs, or even both at the same time 

delays, but does not prevent generation of PIN2 polarity in newly divided or interphase 

cells (See chapter 4.3).
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Therefore, while cytoskeleton regulates intracellular PIN dynamics and targeted 

exocytosis probably contributes to PIN polar localization, our findings imply that the 

main PIN polarity-generating mechanism is independent of directional vesicle trafficking, 

but strictly requires functional CME.

One conceivable way such a mechanism might work is by reducing the rate of PIN 

endocytosis in its respective polar domain (Luschnig and Vert, 2014). Even if there was 

initially no domain preference of secretory and recycling PIN exocytosis, reduced PIN 

endocytosis in one of the domains would result in higher PIN density in that domain. 

Even a small asymmetry generated this way might subsequently be reinforced by a feed-

forward mechanism involving reduced lateral diffusion (see chapter 4.4) or polarized 

exocytosis (Kleine-Vehn et al., 2011; Łangowski et al., 2016) to generate a stable, highly 

polarized PIN distribution pattern. 

Moreover, strict requirement of functional endocytosis, but not of intact cytoskeleton, 

seem to apply to the establishment of lateral polarity as well: CME inhibition 

compromised the establishment of inner-lateral polarity of BOR1 (Yoshinari et al., 2016); 

and depolymerization of MTs had no effect on outer-lateral polarity of PEN3, while 

pharmacological or genetic interference with actin dynamics resulted in defects in PEN3 

trafficking, but not polarity per se (Mao et al., 2016). Therefore, identifying molecular 

players involved in the regulation of endocytosis of multiple polar membrane proteins 

will likely advance our understanding of cell and protein polarity establishment in 

general, and should therefore be of utmost priority in further studies.

5.2. MEL proteins, lateral diffusion and PIN polarity maintenance
MAB4/MEL proteins were previously shown to be important for PIN polarity, 

colocalize with the PINs in their respective polar domain, and they were proposed to play 

a role in modulating PIN endocytosis (Furutani et al., 2011), making them prime 

candidates for the hypothetical factor that would limit PIN endocytosis in the respective 

polar domain and thus contribute to PIN polarity establishment. This assumption was 

further supported by our observation that MEL1-GFP did not localize to the CP and its 

appearance at the mature apical PM preceded re-establishment of PIN2 polarity in the 

newly divided cell pair (see chapter 4.2 - Glanc et al., 2018), which suggested that 

MAB4/MEL polarity might be a pre-requisite of PIN polarity.

Nevertheless, several lines of evidence speak against this hypothesis: 1) PIN2 polarity 

is re-established normally in the mel1234 quadruple mutant (see chapter 4.4); 2) 
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preliminary PIN2::PIN2-Dendra photoconversion experiments didn’t reveal any 

difference in the rate of PIN2 endocytosis between the mel1234 mutant and wild type; 

and 3) PIN polarity is a pre-requisite of MEL polarity rather than vice versa (See chapter 

4.4). 

On the other hand, our results indicate that MAB4/MEL proteins play a role in 

regulating PIN2 lateral diffusion and therefore its polarity maintenance. This is in direct 

contradiction with previously published findings that PIN2 lateral diffusion is unaffected 

in the mel1234 mutant background (Furutani et al., 2011). As discussed in chapter 4.4, we 

are convinced the discrepancy can most likely be explained by a difference in sample size 

and that our result better reflects the biological reality.

All together, these findings indicate that MAB4/MEL proteins are most likely not the 

hypothetical factor that limits endocytosis of PINs in their respective polar domain and 

hence contributes to PIN polarity establishment. Instead, we propose that MAB4/MELs 

are recruited to the PM by PINs, whose polarity had already been established, and 

participate in their polarity maintenance by limiting their lateral diffusion-based escape 

into the neighboring domains. Together with PIN phosphorylation mediated by PID and 

related AGCVIII kinases, MAB4/MELs might also be part of a feed-forward mechanism 

to propagate and stabilize initial asymmetry in PIN distribution generated by the 

endocytosis-based mechanism of PIN polarity establishment.

5.3. Phosphorylation-dependent regulation of PIN polarity
It has been firmly established by independent approaches and research groups that 

PID activity and PIN phosphorylation are involved in the regulation of PIN polarity 

(Friml et al., 2004; Michniewicz et al., 2007; Kleine-Vehn et al., 2009; Dhonukshe et al., 

2010; Weller et al., 2017; chapter 4.2. - Glanc et al., 2018). For a long time, all available 

data fit into a straight-forward model in which phosphorylated PIN molecules were 

targeted preferentially to the apical, and dephosphorylated ones to the basal PM domain. 

However, several recent findings call for an extension of this model: D6PK 

phosphorylates PINs at the same residues as PID, but it’s overexpression, unlike the 

overexpression of PID, does not lead to basal-to-apical shifts in PIN polarity (Zourelidou 

et al., 2014); basally and apically localized PIN1 did not show any difference in 

phosphorylation (Weller et al., 2017); and introducing phosphodead mutations to the PID-

phosphorylated residues did not phenocopy the pid wag1 wag2 triple mutant in the assay 
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to monitor PIN2 polarity re-establishment after cell division (Chapter 4.2 - Glanc et al., 

2018).

One possible explanation of these discrepancies is that PID and WAG kinases, but not 

D6PK, phosphorylate other targets involved in PIN polarity regulation in addition to the 

PINs themselves, and phosphorylation of both the PIN and the putative polarity regulator 

is required for PIN apical polarity. In this scenario, PIN phosphorylation would be 

required, but not sufficient for its apical targeting.  In fact, the hypothesis that PID might 

phosphorylate an unknown PIN polarity regulator was postulated before (Michniewicz et 

al., 2007), but since PINs have been established as bona fide PID phosphorylation targets 

in the very same paper, it has never been properly tested.

Another interpretation of the data is that PID and WAG kinases phosphorylate 

preferentially apically localized PINs, for which they possibly require an unknown 

additional regulator (Barbosa et al., 2018), and that PIN phosphorylation is involved in a 

feed-forward mechanism that propagates initial small asymmetries in the amount of 

(phosphorylated) PINs into pronounced polar distribution patterns, as proposed in chapter 

4.4. In this case, it wouldn’t be the change in PID activity and PIN phosphorylation, but 

rather the ratio between the activities of PID and D6PK that would cause the PIN polarity 

changes: a shift of this ratio towards PID activity, as in PID overexpression, would lead to 

the observed (Friml et al., 2004) apicalization of basally localized PINs. Concomitantly, a 

shift towards D6PK activity, such as in the pid wag1 wag2 mutant or phospho-dead 

mutations in the S1-S3 sites that are preferred by PINOID, would lead to increased basal 

targeting of otherwise apical PINs, again as observed (Dhonukshe et al., 2010). This 

model would also explain one more described, but not fully understood aspect of PIN 

polarity changes. It was reported that prolonged BFA treatments led to basal-to-apical 

shifts in PIN polarity; this observation was explained by a difference in BFA sensitivity 

of the basal (sensitive) and apical (resistant) PIN targeting pathways (Kleine-Vehn et al., 

2008a). However, if phosphorylation reinforced and stabilized PIN localization to either 

of the two polar domains, also this phenomenon could be explained by the shift of the 

AGCVIII kinase activity ratio towards PID, since BFA treatment leads to dissociation of 

D6PK, but not PID, from the PM (Barbosa et al., 2014, Weller et al., 2017).
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5.4. Theoretical concept of cell-intrinsic re-establishment of cell 
polarity after cytokinesis

We demonstrated that post-cytokinetic re-establishment of apical PIN2 polarity in 

root epidermal cells requires neither cell-to-cell signaling between the divided cells and 

their immediate neighbors, nor intact root meristem tissue context (See chapter 4.2 - 

Glanc et al., 2018). Despite it can’t be formally ruled out that polarity re-establishment in 

the epidermis depends on communication with adjacent cortex cells, we don’t consider 

this likely, since it is not clear how transversal signaling could direct longitudinal polarity. 

Since PIN polarity is downstream of cell polarity (see Chapter 2.2), this implies that after 

cell division, the cue that instructs the re-establishment of cell polarity itself must be cell 

intrinsic.

In yeast, and to a large extent also in animals, cell polarity is controlled by the small 

GTPase Cdc42 (Wells et al., 2006; Chiou et al., 2017), which acts as a “Master Polarity 

Regulator (MPR)”. Therefore, existence of an unknown asymmetrically localized protein 

with a similar role in apical/basal polarity regulation can be expected also in plants. 

However, this assumption is purely speculative, as the polarity cue could instead be 

conveyed by a membrane lipid, a cell wall component, or virtually any other biological 

molecule; or by an asymmetry in post-translational (in case of a protein) or other 

modification of an otherwise symmetrically distributed molecule. Alternatively, plants 

might possess no master polarity regulator at all, and plant cell polarity might depend on a 

principally different mechanism.

Nevertheless, assuming that a plant MPR exists, it must be inherited from the mother 

to the daughter cells during cytokinesis regardless of its nature (See chapter 4.2 - Glanc et 

al., 2018). Here, I propose a simple, mechanistically plausible model that would explain 

this hypothetical phenomenon.

The model presumes that apical-basal polarity of a cell is defined by the presence of 

the MPR in either its apical or basal pole, and its absence in the other one. For clarity, 

only the scenario with the MPR present in the apical and absent in the basal pole will be 

considered (despite it works identically in the opposite case). Therefore, when a cell 

divides anticlinally, the upper daughter inherits the apical, MPR-containing pole of the 

mother, and the lower daughter inherits the basal pole and therefore it lacks any MPR-

conveyed polarity information. However, immediately after CP insertion, the apical PM 

domain of the lower cell still has (at least partial) CP identity, unlike all other PM 

domains inherited from the mother. Hence, if upon cytokinesis the new, CP-derived PM 
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domain of the lower daughter cell is marked with the MPR, both daughter cells will end 

up with correct MPR-conveyed apical-basal polarity. To achieve this, the cells would 

need to follow only a very simple, mechanistically plausible algorithm: If MPR is present,  

do nothing. If it is absent, insert it into the new, CP-derived PM (Fig. 1a). The algorithm 

is robust towards cell division plane orientation: if a cell divides periclinally or radially, 

the apical PM domain is partitioned between the two daughters and therefore MPR-

conveyed polarity information is kept in both of them without the need of polarity re-

establishment in either one (Fig. 1b). Apart from the existence of the MPR, differential 

composition and identity of the PM and the CP is pivotal to this model. Unlike the 

existence of MPR, this requirement is not purely assumptive, since it has been 

demonstrated experimentally that the two kinds of membrane differ in their 

phosphoinostide composition (Simon et al., 2016a).

Figure 1: Theoretical concept of cell-intrinsic re-establishment of cell polarity after cytokinesis
a: Presuming that the apical PM domain of each cell is marked by a hypothetical Master Polarity Regulator 
(MPR), cell polarity re-establishment after anticlinal cell division could be achieved by the cells following a 
simple algortithm: if MPR is present, keep it where it is and do nothing; if it is absent, put it in the new, CP-
derived PM domain. b: Following the same algorithm, daughter cells would inherit correct polarity 
information also if the mother divided periclinally; the algorithm is hence robust towards division plane 
orientation. The model would work identically if MPR marked the basal rather than apical PM domain.
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Unfortunately, it will be very challenging to experimentally test this hypothesis, since 

removing a single cell from the root meristem, flipping it vertically, returning to its 

original place, waiting for it to divide and observing the re-establishment of polarity of a 

marker such as PIN2 is technically, and probably also biologically, impossible.

6. Conclusions and outlook

Cell polarity plays a crucial role in plant biology, nevertheless its regulation remains 

poorly understood. In this thesis, I aimed to uncover new mechanisms of establishment 

and maintenance of the polar localization of the PIN auxin efflux carriers by setting out 3 

specific objectives: i) to validate whether a newly developed genetic tool can be used to 

study the importance of endocytosis for PIN polarity; ii) to dissect which cellular 

processes are required for the re-establishment of PIN2 polarity after cell division; and iii) 

to identify the mechanism by which MAB4/MEL proteins contribute to PIN polarity (see 

chapter 3 for details).

I have successfully completed these objectives by showing that i) Inducible 

overexpression of AUXILIN-like1 and 2 leads to efficient conditional inhibition of PIN2 

endocytosis (see chapter 4.1 - Adamowski et al., 2018); ii) PIN2 polarity re-establishment 

after cell division requires endocytosis, de novo secretion and the action of PID/WAG 

kinases, but not transcytosis, cell-to-cell signaling or intact cytoskeleton (see chapters 4.2 

Glanc et al., 2018 and 4.3); and iii) MAB4/MEL proteins contribute to PIN polarity 

maintenance by limiting their lateral diffusion rates (See chapter 4.4).

The new findings presented in my work move our knowledge of PIN polarity 

regulation a few steps forward. In addition, and perhaps more importantly, I believe I 

have in places come close to the core cell polarity regulating machinery, and my work 

provides hints that might be valuable in designing future experiments to ultimately 

understand the regulation of cell polarity establishment and maintenance in plants.

I have confirmed that CME plays a key role in PIN polarity establishment (see 

chapters 4.1 – Adamowski et al., 2018, 4.2 – Glanc et al., 2018), but my results also 

suggest that this process cannot be explained by targeted recycling of endocytic PIN 

cargoes (see chapter 4.2 – Glanc et al., 2018 and 4.3). Therefore, detailed inquiries into 

the regulation of PIN endocytosis should be of utmost priority, since understanding PIN 

endocytosis might be the key to understanding PIN polarity. The same holds true also for 

non-PIN markers of other polar domains, since CME appears to be required for protein 
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polarity in general (Yoshinari et al., 2016; Nakamura and Grebe, 2018). This places 

endocytosis into the center of cell polarity regulation as such, making it even more 

important to understand.

My findings reinforce the notion that apart from endocytosis, the action of PID/WAG 

kinases plays a central role in PIN polarity establishment, nevertheless they also support 

the need to refine and extend the current model of phosphorylation-dependent regulation 

of PIN polarity (See chapter 4.2 – Glanc et al., 2018). I provide several such hypothetical 

extensions. Testing these with studies of PID/WAG in situ activity regulation, as well as 

un unbiased screen for potential novel PID/WAG phosphorylation targets, might help 

consolidate some discrepancies currently surrounding phosphorylation-mediated 

regulation of PIN polarity.

One of these models proposes the existence of a feed-forward loop between PIN 

phosphorylation and its interaction with MAB4/MEL proteins (See chapter 4.4). My 

findings support the contribution of MAB4/MELs to PIN polarity by regulating PIN 

lateral diffusion rather than endocytosis as proposed previously (Furutani et al., 2011). 

Nevertheless, understanding the MAB4/MELs in more detail, such as in identifying their 

structure, novel interaction partners, or cellular requirements for proper functionality 

might also contribute to substantial advances in the PIN and cell polarity regulation field.

Finally, my data suggests that the primary cue that defines and coordinates cell 

polarities within the root meristem over iterative rounds of cell division is inherited, 

rather than being conveyed by positional information, and I propose a theoretical model 

how this might be achieved. While testing this hypothesis will require truly ingenious 

experimental design, it might, if successful, shed light on the very core of the still mostly 

elusive regulation of cell polarity in plants.

THE END.
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7. List of abbreviations

ABP1 Auxin Binding Protein 1
BFA Brefeldin A
Cesa3 Cellulose synthase catalytic subunit 3
CME Clathrin-Mediated Endocytosis
CP Cell Plate
Cpi1 Cyclopropylsterol isomerase 1
D6PK D6 protein kinase
Drp1a Dynamin-related protein 1A
ER Endoplasmic Reticulum

FRAP
Fluorescence Recovery After 
Photobleaching

GFP Green Fluorescent Protein
GPI Glycosylphosphatidylinositol
MAB4/MEL Macchi Bou 4/MAB4/ENP1-Like
MPR Master polarity regulator
MT Microtubule
NPH3 Non-phototropic hypocotyl 3
PID Pinoid
PIN PIN-formed auxin efflux carrier
PM Plasma Membrane
PP2A Protein phosphatase 2A
WT Wild type
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