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SUMMARY

Plants have the amazing ability to rapidly adapt their growth and development in order to
cope with continuously changing environments. Their plasticity can be to a large extent
attributed to the action of phytohormones. Auxin is a prominent phytohormone regulating a
wide range of developmental processes and tropisms, and mediating resistance to (a)biotic
stresses (Section | - Chapter 1). Each of these auxin-regulated processes is characterized by a
specific auxin distribution pattern. One of the determinants for establishment of these
distribution patterns is directional intercellular auxin transport, also referred to as polar auxin
transport. Key players in polar auxin transport are the auxin efflux carriers PINs. The PINs show
a polar localization in the apical, basal, or lateral plasma membrane domain thereby mediating
auxin efflux from the cell upward, downward, or sideward respectively. PIN proteins are highly
dynamic proteins that can be rapidly relocalized to a distinct plasma membrane domain via
the endosomal trafficking pathway to modulate auxin flow according to developmental or
environmental cues. Alternatively, the direction of auxin flow can also be reinforced by a
feedback mechanism by which auxin itself inhibits PIN internalization and consequently also
PIN relocalization. This is for example important for forming the leaf pavement cells into
puzzle piece-shaped cells. Identifying the underlying mechanism has been a topic of interest
for many research groups. Auxin and Ca?* signaling previously have been interconnected in
regulation of root gravitropism. Furthermore, Ca?* is also known for its involvement in
regulation of cell polarity (Section | - Chapter 2), and for its contribution to proper protein
sorting throughout the endomembrane system (Section | - Chapter 3). Here, we have also
identified a role for Ca%* as a second messenger in auxin-inhibited PIN internalization (Section
Il - Chapter 2). Not only is Ca?* required for inhibition of PIN endocytosis by auxin, Ca%* is also
sufficient to block PIN internalization. The role of Ca?* most likely relies on early endocytic
trafficking steps and might also regulate PIN levels by affecting late endosomal trafficking
events towards the vacuole. Furthermore, we have indications that auxin-inhibited PIN
endocytosis could be initiated by auxin-induced cytosolic Ca?* dynamics that occur rapidly
upon auxin treatment (Section Il - Chapter 1). However, genetic evidence for the involved Ca?*

signaling components still remains to be found.
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SAMENVATTING

Planten hebben het indrukwekkende vermogen om hun groei en ontwikkeling snel aan te
passen aan hun continu veranderende omgeving. Hun plasticiteit is grotendeels te wijten aan
de werking van fytohormonen. Auxine is een belangrijk fytohormoon dat een brede waaier
aan ontwikkelingsprocessen en tropismen reguleert, en de planten helpt om weerstand te
bieden aan (a)biotische stress (Sectie | — Hoofdstuk 1). Elk van deze auxine-gereguleerde
processen wordt gekenmerkt door een specifiek auxine verdelingspatroon. Eén van de
factoren die bijdraagt aan het tot stand brengen van deze verdelingspatronen is directioneel
intercellulair auxine transport, ook wel polair auxine transport genaamd. Essentiéle eiwitten
voor polair auxine transport zijn de auxine efflux carriers PINs. De PINs hebben een polaire
lokalisatie in apicale, basale, of laterale plasmamembraan domeinen waardoor ze auxine
respectievelijk opwaarts, neerwaarts, en zijwaarts uit de cel kunnen transporteren. PINs zijn
zeer dynamische eiwitten die snel kunnen herlokaliseren naar een ander plasmamembraan
domein via de endosomale transport route om de richting van auxine transport aan te passen
naargelang ontwikkeling-gerelateerde signalen of signalen vanuit de omgeving. Bovendien
beschikt de plant over verschillende mechanismen waarmee auxine de richting van zijn
transport zelf kan beinvloeden zoals het inhiberen van PIN endocytose. Dit is bijvoorbeeld van
belang om de epidermale cellen van het blad hun puzzelstuk-achtige vorm te geven. Er werd
reeds intensief onderzoek verricht naar het onderliggende mechanisme, maar tot nu toe is

onze kennis hieromtrent beperkt.

Het secundaire boodschapper ion CaZ* is een welgekend signaal betrokken in het reguleren
van cel polariteit (Sectie | — Hoofdstuk 2) en endomembraan transport (Sectie | — Hoofdstuk
3). Interessant is dat auxine Ca?* signalen kan induceren (Sectie Il — Hoofdstuk 1) en dat Ca?*
noodzakelijk is voor auxine transport. Dit doet vermoeden dat Ca%* onderdeel zou kunnen
uitmaken van de auxine signalisatie cascade via dewelke auxine zijn eigen transport reguleert.
Hier tonen we aan dat Ca®* als secundair boodschapper ion zou kunnen optreden in de
inhibitie van PIN endocytose door auxine (Sectie Il — Hoofdstuk 2). Ca%* is niet alleen
noodzakelijk voor auxine-gereguleerde inhibitie van PIN endocytose, Ca%* is ook voldoende

om PIN internalisatie te blokkeren. Het effect van Ca?* is hoogstwaarschijnlijk afhankelijk van
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initiele endosomale transport stappen, en Ca®* zou PIN niveaus mogelijks ook kunnen
reguleren door de latere endosmale transport stappen richting vacuole te beinvloeden.
Bovendien hebben we aanwijzingen dat auxine-geinhibeerde PIN endocytose geinitieerd zou
kunnen worden door de cytosolische auxine-geinduceerde Ca?* signalen die gevormd worden
onmiddellijk na auxine behandeling (Sectie Il — Hoofdstuk 1). Analyse van een uitgebreide set
van mutanten en transgene lijnen doet vermoeden dat auxine een subgroep van Ca’* -
afhankelijke kinasen activeert om endocytose te inhiberen. Deze bevindingen moeten echter

nog bevestigd worden via analyse van de corresponderende drie- en viervoudige mutanten.
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SCOPE OF THE RESEARCH PROIJECT

Auxin is a prominent plant hormone that regulates multiple developmental processes and is
involved in adjustment of plant growth in response to changing environmental conditions. In
many mutants with defects in auxin-regulated processes, their phenotypes can be attributed
to distorted directional intercellular auxin transport. Polar auxin transport is established by
polarly localized auxin efflux carriers in the plasma membrane, called PINs. These PIN proteins
can be relocated via trafficking through the endomembrane system to distinct sides of the cell
in order to readjust the direction of auxin flow in response to developmental or environmental
signals. Interestingly, auxin itself can feedback regulate the directionality of its own transport
by inhibiting clathrin-mediated endocytosis of PIN proteins thereby reinforcing PIN

localization at the plasma membrane and sustain auxin efflux in a specific direction.

Over the past years, many research has been conducted to unravel the underlying mechanism
by which auxin can inhibit PIN endocytosis. Typically NAA was used for experimental
treatments as it is more stable than the natural auxin IAA. Data from roots and leaves have
pinpointed a role for intracellular activation of ROP/RIC signaling and downstream
modifications of the cytoskeleton. However, more insight on how NAA activates this

intracellular signaling cascade is still missing.

In my PhD project we wanted to address what could be the role of the second messenger Ca?*.
Ca** was already shown to operate as a second messenger in auxin-regulated root
gravistropism, and many reports had shown that different auxins could induce a cytosolic Ca?*
increase in distinct tissues. Most of these reports had focused on the effect of the natural
auxin IAA, and to lesser extent on the synthetic auxin NAA. Therefore, our first goal was to
establish a clear picture of the NAA-induced Ca%* dynamics in Arabidopsis thaliana root
epidermal cells. It had been shown that auxin-induced Ca?* influx occurred rapidly which made
it technically challenging to capture this rapid response. A first step was to obtain an imaging
set-up which would allow us to record CaZ* dynamics while applying the NAA treatment. For
this purpose, a collaboration with the Schumacher lab (University of Heidelberg, Germany)
and the Costa lab (University of Milan, Italy) was initiated. A second step would be to obtain

sufficient amount of data using this set-up for image analysis and interpretation. A second
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goal was to address the impact of pharmacological and genetic manipulation of Ca?* signaling
on NAA-regulated PIN endocytosis to verify the importance of Ca?* and possibly identify Ca%*
signaling components involved. Thirdly, we wanted to more specifically pinpoint at which step
in the endosomal (PIN) trafficking pathway Ca?* would be impacting by evaluating NAA-
inhibited PIN endocytosis upon Ca?* manipulation in distinct endosomal trafficking mutants.
Finally, a fourth goal was to link the NAA-induced Ca?* dynamics to NAA its effect on PIN
endocytosis by verifying how interfering with the NAA-induced cytosolic Ca?* increase affected

inhibition of PIN internalization by NAA.
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SECTION I. INTRODUCTION







PREFACE

Section I. Introduction is subdivided in three smaller introductory chapters. In Chapter 1, | aim
to give a general introduction on auxin, endosomal protein trafficking, and Ca?* signaling in
plants; the three main topics that come together in my PhD project. | will address the
importance of auxin for plant development, polar auxin transport mediated by the PIN auxin
efflux carriers, and the distinct steps of endosomal (PIN) trafficking and their regulation.
Furthermore, | will introduce Ca?* signaling in plants and our current knowledge on the
involvement of Ca?* as a second messenger in auxin signaling. In Chapters 2 and 3 | will go into
more detail on the role of Ca?* in cell polarity and endosomal trafficking respectively. Cell
polarity is mainly controlled by activity of small GTPases, balanced exo- and endocytosis
controlling membrane tension, and cytoskeletal rearrangements. In Chapter 2, the
established interconnections between Ca?* and these cell polarity determinants are discusses
in more detail. Besides Ca?* signaling, a central topic in my PhD project is PIN-mediated auxin
transport and more specifically intracellular endomembrane trafficking of PINs. Therefore,
Chapter 3 is devoted to summarizing our current knowledge on the role of Ca%* in regulation

of endomembrane trafficking and membrane integrity in plants.

Together, these chapters will give you a brief introduction to the concepts and experimental

data presented in Section Il. Results.






Chapter 1:
General introduction to
auxin and calcium signaling

Ellie Himschoot! 2, Tom Beeckman? 2, Steffen Vanneste® 2

! Department of Plant Biotechnology and Bio-informatics, Ghent University, B-9052 Ghent, Belgium
2 Department of Plant Systems Biology, VIB, B-9052 Ghent, Belgium
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Auxin

Auxin, the phytohormone

In case of animals, the body plan is fully established at birth, and further development into an
adult organism mainly consists of further growth of the existing body parts. In plants however,
the young seedling formed upon seed germination consist of a single primary root, a hypocotyl
and two cotyledons. Many features such as an extensive root system, multiple leaves and

other organs such as flowers, remain to be developed. This is orchestrated by phytohormones.

Not only does the seedling still have to continue development, it has to do this in a
continuously changing environment being exposed to different environmental stresses such
as drought, low nutrient availability, osmotic stress, pathogens,... Whereas animals can
migrate away from hostile environments, plants are immobile and had to evolve alternative
solutions to cope with harsh environmental conditions. Besides regulating plant development,
phytohormones also play vital roles in environmental adaptation of plants. An important

phytohormone that is capable of integrating both endogenous and exogenous signals is auxin.

Auxin discovery

Auxin was first discovered as the growth promoting phytohormone regulating phototropism
(Darwin, 1881). The phototropic response, allowing plants to grow towards the light, had
already been observed long before our time (B.C.). However, then it was still considered that
phototropism was caused by the removal of fluids by sun light at the illuminated side, and that
there were no activators in the plant itself involved. It was Darwin who discovered that
phototropism involved a mobile signal produced in the shoot that was transported to the
hypocotyl where it induced bending (Darwin, 1881; Whippo and Hangarter, 2006). The mobile
signal was later on identified as the auxin indole-3-acetic acid (IAA) (Kogl, 1931). Cholodny and
Went proposed a model in which auxin accumulates asymmetrically, at the non-illuminated
side of the hypocotyl, resulting in increased growth on the shaded side and a simultaneous
decrease in growth rates on the illuminated side, leading to bending of the shoot towards the
light (Went, 1926; Cholodny, 1927; Went, 1928). This model has been challenged by

alternative theories. Boysen-Jensen disputed the principle of differential growth rates



between the illuminated and shaded side by stating the growth rate at the shaded side
increased while growth rates on the illuminated side were not affected (Boysen-Jensen, 1928).
Alternatively, Blaauw and Paal suggested that cell elongation in general decreased with a more
pronounced decrease on the illuminated side (Blaauw, 1918; Paal, 1919). Additionally, they
hypothesized that phototropic bending can be attributed to light- rather than hormone-
regulated growth (photomorphogenesis). Overbeek suggested a combination of the Blaauw
and Cholodny-Went models stating that phototropism involves both auxin-regulated growth
and photomorphogenesis, and also considered that a differential sensitivity to auxin between
both sides contributes to phototropic bending (Overbeek, 1932). Despite these alternative
explanations, the Cholodny-Went model has remained the most widely accepted (Whippo and

Hangarter, 2006).

Besides IAA, plants synthetize other ‘endogenous’ auxins, namely phenylacetic acid (PAA), and
4-chloroindole-3-acetic acid (4-CI-IAA) (Skoog and Miller, 1957). For research purposes the
synthetic auxins 2,4-dichlorophenoxy acetic acid (2,4-D) and 1-naphthaleneacetic acid (NAA)
are frequently used. The observation that these auxins perform similar but not necessarily
identical functions as IAA, and are structurally diverse, has complicated their structure-
function analysis and the search for a possible common mode of action (Ferro et al., 2010).
Up till now IAA has been the most extensively described auxin in terms of hormone perception

and signaling.

Auxin-regulated developmental processes and environmental adaptation

From early embryogenesis to a full-grown plant, auxin is indispensable during several key
developmental steps. Already after the first asymmetric division of the zygote auxin is crucial
for establishing the apical-basal axis determining which cell will give rise to the shoot, and
which cell will be a precursor for the root (Jirgens, 2001). Later on during root development,
auxin mediates the organization of the root apical meristem, primary root growth, lateral root
development, and root hair growth contributing to the development of an extensive root
network crucial for plant stability and nutrient uptake (Pitts et al., 1998; Rahman et al., 2002;
Jiang and Feldman, 2005; Ishida et al., 2008; Péret et al., 2009; Overvoorde et al., 2010). Also



shoot development involving shoot apical meristem patterning and leaf and floral primordia

initiation rely on auxin signaling (Vernoux et al., 2010; Gallavotti, 2013).

A textbook example of auxin-regulated environmental adaption is root- and shoot
gravitropism allowing plants to reorient their growth direction parallel to the gravity vector
(Su et al.; Masson et al., 2002; Sato et al., 2015). Another auxin-regulated tropism, already
mentioned in the previous section, is phototropism (Fankhauser and Christie, 2015). This
feature is crucial for plants during seed germination or when growing in dense populations to
grow towards the light and optimize light exposure to facilitate photosynthesis. Auxin
signaling is also crucial during (a)biotic stress such as drought, cold, salt stress, and pathogen

attack (Kazan and Manners, 2009; Fu and Wang, 2011; Kazan, 2013; Rahman, 2013).

The extent and diversity of auxin-regulated processes clearly demonstrates the prominent

role of this phytohormone for plant development and adaptive plant growth.

Auxin distribution patterns

The different auxin-regulated processes described above rely on distinct auxin distribution
patterns. Some auxin responses are triggered by high auxin accumulation in a group of cells
(morphogenetic trigger), while others require a graded auxin distribution (morphogen).
During embryogenesis, the apical-basal polarity after the first division of the zygote is
established by an auxin maximum in the basal cell defining the future root apical meristem
(Fig. 1, A-C) (Friml et al., 2003). In developed root apices, auxin accumulates in the quiescent
center with a more graded distribution in the columella cells (Fig. 1, E), and across the primary
root meristem (Sabatini et al., 1999; Friml| et al., 2002; Petersson et al., 2009). Upon root
gravistimulation, the steady-state auxin distribution is perturbed, and auxin is redistributed to
the new lower side of the root tip. This asymmetric auxin distribution results in differential
growth and thus bending of the root (Fig. 1, F) (Friml and Palme, 2002). In the shoot, auxin
accumulation at leaf initiation sites triggers the development of leaf primordia which in turn
form an auxin sink (Reinhardt et al., 2003). The graded depletion of auxin in the near vicinity
of the primordium prevents formation of a novel primordium within a certain distance and is

crucial for proper spacing of the leaf primordia in the shoot apical meristem (Heisler et al.,



2010). Also initiation of floral primordia relies on local auxin accumulation (Fig. 1, D) (Benkova

et al., 2003).

Figure 1: Auxin distribution patterns during plant development and environmental adaptation. Auxin
distribution is visualized by means of the auxin reporter DR5rev::GFP. (A-C) An auxin maximum in the apical cell
(ac) lineage of a developing embryo after division of the zygote (A), and during the single-cell (B) and eight-cell
(C) stage. (D) Auxin accumulation at emerging floral primordia. (E) An auxin maximum in the quiescent center
and a more graded auxin distribution in the columella cells of the root meristem. (F) Asymmetric auxin
distribution in gravistimulated roots. The arrow represents the direction of the gravity vector. Images were
modified from (Friml et al., 2003) (A-C), (Benkova et al., 2003) (D), (Moubayidin et al., 2013) (E), (Michniewicz et
al., 2007a) (F, Arabidopsis drawing).

These characteristic auxin distribution patterns are the outcome of local auxin biosynthesis,
regulated auxin conjugation and degradation, and directional auxin transport (Ljung, 2013).
IAA biosynthesis pathways are classically subdivided in tryptophan (Trp)-dependent and —

independent pathways (Woodward and Bartel, 2005; Korasick et al., 2013; Brumos et al.,



2014; Tivendale et al.,, 2014). Thus far, only the indole-3-pyruvate (IPA) Trp-dependent
pathway has been resolved completely (Zhao, 2014). IPA refers to the intermediate that is
formed during a two-step biosynthesis process. First, Trp is transaminated by TRYPTOPHAN
AMINOTRANSFERASEs OF ARABIDOPSIS (TAAs) into IPA, which forms the substrate for
subsequent oxidative decarboxylation by YUCCAs (YUCs) into IAA (Won et al., 2011). Mutant
analysis of yuc and taa has demonstrated the importance of this IAA biosynthesis pathway
during embryogenesis, vascularization, flower development, seedling response to ethylene
and NPA, and shade avoidance (Cheng et al., 2006, 2007; Won et al., 2011). Recently, it was
shown that the biosynthesis pathway of the endogenous auxin PAA is similar to that of IAA.
Even though PAA is synthetized based on phenylalanine instead of Trp, and a phenylpyruvate
intermediate is formed, the conversion is also catalyzed by YUC and TAA (Sugawara et al.,
2015; Cook et al., 2016). There is also evidence that the YUCs are involved in the Trp-
dependent tryptamine (TAM) pathway (Zhao et al., 2001), however, current knowledge on the
biochemical mechanisms of alternative IAA synthesis pathways is still fragmented. IAA is
considered to be a free active molecule, though, it can also occur in inactive state in the form
of indole-3-butyric acid (IBA) or conjugates. Besides de novo biosynthesis, IAA can be
generated by conversion of the precursor IBA in peroxisomes (Zolman et al., 2000; Zolman et
al., 2007). Common IAA conjugates consist of ester-linked simple and complex carbohydrate
conjugates, amide-linked amino acid conjugates, and amide-linked peptide and protein
conjugates, and the occurrence and amounts can differ among plant species (Ludwig-Miiller,
2011; Korasick et al., 2013). Conjugation is reversible and IAA can be released by hydrolysis
e.g. during seed germination (Davies et al., 1999; Rampey et al., 2004). Alternatively, auxin
degradation can affect local IAA levels. For example, previous work has shown that IAA
overproduction triggered IAA catabolism by irreversible IAA oxidation catalyzed by
DIOXYGENASE FOR AUXIN OXIDATION1 (DAO1) to 2-oxindole-3-acetic acid in roots (Péncik et
al., 2013; Porco et al., 2016). Fourthly, auxin distribution is in part also regulated by directional
intercellular auxin transport. Since polar auxin transport forms an important subject in my PhD

project, this will be discussed in more detail in the paragraph below.
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Auxin transport

Generally, two distinct auxin transport pathways are distinguished. One transport route
accounts for rapid, long distance, non-polar transport of auxin away from the main auxin
source (the shoot) via the phloem (Morris and Thomas, 1978). Upon unloading of the phloem
at the level of the sinks (the root), a second slower transport pathway mediates further short
distance, directional intercellular transport (Goldsmith, 1977). This polar auxin transport
results from the asymmetric distribution of auxin efflux carriers as postulated by the
chemiosmotic model (Rubery and Sheldrake, 1974; Raven, 1975). In this model, the weak acid
IAA occurs in its protonated lipophilic form when localized in the slightly acidic apoplast (pH
5.5) and can diffuse freely across the plasma membrane into the cytosol where the more
alkaline environment (pH 7) results in deprotonation of IAA. Later experiments showed that
IAA can also enter the cell via proton-driven influx carriers of the AUXIN1/LIKE-AUX1
(AUX/LAX) family (Bennett et al., 1996; Swarup et al., 2008). In order to facilitate efflux of the
lipophobic IAA- anion from the cytosol, active plasma membrane-localized efflux carriers are
required. The chemiosmotic model proposes the asymmetric distribution of auxin efflux
carriers mediating directional transport of auxin out of the cell thereby establishing polar cell-
to-cell auxin transport. This model mainly applies to IAA, as the endogenous auxin PAA was

suggested to not be actively transported in a polar fashion (Sugawara et al., 2015).

The best known auxin efflux carriers are the PIN-formed (PIN) proteins. PINs are
transmembrane proteins with multiple hydrophobic membrane-spanning domains at their
amino- and carboxy-terminus, and a central hydrophilic loop facing the cytosol (Kfecek et al.,
2009; Nodzynski et al., 2016). In Arabidopsis, the PIN family counts 8 members, which are
typically subdivided in two groups, the “long” and “short” PINs, based on the length of the
central hydrophilic loop (Kfecek et al., 2009; Ganguly et al., 2012). Additionally, the “long” and
“short” PINs differ in their subcellular localization. The “long” PINS PIN1, PIN2, PIN3, PIN4, and
PIN7 are found in the plasma membrane restricted to specific polar domains, whereas the
“short” PINs PIN5, PIN6 and PIN8 localize to the membrane of the endoplasmic reticulum (ER)
(Vieten et al., 2007; ZaZzimalova et al., 2007; Mravec et al., 2009; Zazimalova et al., 2010; Bosco
et al., 2012; Ding et al., 2012; Simon et al., 2016b). Given their localization, the “long” PINs
account for the directional cell-to-cell transportation of auxin, also referred to as polar auxin

transport (PAT), while it is speculated that the “short” PINs are involved in regulating auxin
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homeostasis and metabolism by mediating ER-cytosol auxin transport. The “short” PING is
more atypical given its dual localization at both the plasma membrane and ER (Simon et al.,
2016b). Since plasma membrane-localized PIN6 shows a polar distribution, it can contribute
to directional intercellular auxin transport besides regulation of intracellular auxin
homeostasis. Besides the “short” PINs, the putative auxin carriers PIN-LIKES (PILS) localize to
the ER where they mediate auxin compartmentalization and conjugation thereby reducing
free auxin and nuclear auxin signaling (Barbez et al., 2012; Feraru et al., 2012; Béziat et al.,
2017). Genetic interference with PINs results in defective auxin-regulated processes, and
similar phenotypes can be observed by treatment with auxin efflux inhibitors (Okada et al.,
1991). The pin1 mutant forms a pin-shaped inflorescence (to which the PINs owe their name),
has abnormal cotyledon positioning in the seedling stage, and shows defects in vein branching
resulting in fused leaves (Galweiler et al., 1998). Other pin mutants have abnormal photo- and
gravitropic responses, defective embryo development, and aberrant organogenesis (Luschnig
et al., 1998; Benkova et al., 2003; Friml et al., 2003; Reinhardt et al., 2003). Together, these
observations illustrate the importance of PAT by PINs for different environmental and

developmental processes.

Alternatively, auxin efflux from the cell can be mediated by P-glycoproteins of the ABCB
transporter family (ABCB/PGP). Several ABCBs are targeted by the auxin efflux inhibitor 1-N-
naphthylphthalamic acid (NPA) which prevents association with the ABCB-positive regulator
TWISTED DWARF 1 (TWD1) (Bailly et al., 2008). In contrast to the PINs, these efflux carriers
show no polar localization and therefor do not contribute to PAT. Mutant analyses showed
the involvement of ABCBs in multiple developmental processes (Noh et al., 2001), however,
since mutant phenotypes mostly differ from those observed in pin mutants it could be that
they have additional roles in processes not related to auxin transport. Interestingly, some
ABCB proteins can switch between mediating auxin efflux or influx depending on the

cytoplasmic auxin concentration (Kamimoto et al., 2012; Kubes et al., 2012).

The PIN- and PGP-dependent auxin efflux mechanisms have been shown to operate both
synergistically and antagonistically in specific developmental processes like embryogenesis
and lateral root development, but overall both pathways contribute to the establishment and

maintenance of proper auxin distribution patterns (Mravec et al., 2008).
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PAT via PIN

The polarity of PIN localization is primarily determined by the PIN phosphorylation status.
PINOID (PID), a member of the plant specific family of AGCVIII protein kinases, was shown to
directly phosphorylate PINs (Michniewicz et al., 2007b). Loss of PID function resulted in plants
with pinl-like phenotypes while PID overexpression generated plants with agravitropic
hypocotyl and root growth, and defective primary root meristems (Bennett et al., 1995;
Christensen et al., 2000; Benjamins et al., 2001). Knock-out mutants for the PROTEIN
PHOSPHATASE 2A (PP2A) showed similar phenotypes as the PID overexpression plants
(Garbers et al., 1996; Rashotte et al., 2001). These observations demonstrated the importance
of PID and PP2A function for PIN-dependent PAT. Further research revealed that kinases
WAVY ROOT GROWTH1 (WAG1) and WAG2 redundantly regulate PIN phosphorylation
together with PID (Dhonukshe et al., 2010), and that PP2A is part of a heterotrimeric
phosphatase complex PP6 mediating PIN dephosphorylation (Dai et al., 2012). Interestingly,
at the subcellular level, a shift in PIN polarity from the apical side of the cell to the basal side
was observed in pid mutants (Friml et al., 2004). Conversely, both PID overexpression and
PP2A knock-out induced a basal-to-apical shift. This lead to the development of a model in
which PIN polarity depends on its phosphorylation status; PID/WAG1/WAG2-dependent PIN
phosphorylation recruits PINs in the trafficking pathway to the apical side of the cell, while
PP6-dephosphorylated PIN is trafficked to the basal plasma membrane domain (Fig. 2)
(Michniewicz et al., 2007b; Kleine-Vehn et al., 2009; Dai et al., 2012).
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Figure 2: Schematic representation of polar auxin transport (PAT) via PINs. Newly synthetised or endocytosed
PINs are targeted to the plasma membrane in a polar fashion depending on the PIN phosphorylation status.
Phosphorylated PINs are trafficked to the apical side of the cell, while non-phosphorylated PINs are transported
to the basal side. PINs are phosphorylated and dephosphorylated by PINOID(PID)/WAVY ROOT GROWTH1
(WAG1)/WAG2 and the PROTEIN PHOSPHATASE 6 (PP6) complex respectively. PIN phosporylation can also be
indirectly regulated by Ca?*via Ca?* binding proteins TOUCH3 (TCH3) and PID BINDING PROTEIN1 (PBP1) and the
Ca?*/ CALMODULIN-DEPENDENT KINASE-RELATED KINASES 5 (CRK5). No organelles besides the endoplasmic
reticulum (ER), Golgi Apparatus, and trans-Golgi network (TGN)/early endosome (EE) are depicted for
simplification.

PIN phosphorylation not only affects PIN polarity, it is also important to activate PIN-mediated
auxin transport. The D6 PROTEIN KINASE (D6PK) can phosphorylate PINs in vitro and in vivo,
and dépk mutants showed reduced PIN phosphorylation and auxin transport without affecting
PIN polarity (Zourelidou et al., 2009; Willige et al., 2013; Barbosa et al., 2014). These
observations demonstrate the importance of D6PK-mediated PIN phosphorylation for
regulating auxin transport but not PIN polarity. Although both PID and D6PK can
phosphorylate the same phosphosites in PIN1, their differential effects can only partially be
explained by distinct phosphosite preferences suggesting a more complex mechanism

determining PIN polarity (Zourelidou et al., 2014; Weller et al., 2017).
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PIN phosphorylation status, and therefor also PIN polarity, can also be regulated more
indirectly by modulation of PID activity by second messengers such as Ca?* (Fig. 2) (Benjamins
et al., 2003; Zhang et al., 2011). The Ca?* binding proteins TOUCH3 (TCH3) and PID-BINDING
PROTEIN1 (PBP1) were found to function upstream of PID enhancing PID activity in a Ca?*-
dependent manner (Benjamins et al., 2003). Furthermore, loss-of-function of the Ca?*/
CALMODULIN-DEPENDENT KINASE-RELATED KINASES 5 (CRKS5) resulted in defects in apical,
PID-dependent, targeting of PIN2 (Rigd et al., 2013) providing additional evidence for the

importance of Ca%* for regulation of PIN polarity.

Given the reversible character of PIN phosphorylation, PIN polarity can easily be adjusted to
redirect auxin flow depending on developmental or environmental stimuli. For example,
during lateral root development PIN1 relocation will take place as the lateral root emerges to
redirect the auxin flow towards the future lateral root tip (Benkova et al., 2003). Upon
unidirectional photostimulation of dark grown hypocotyls, apolarly distributed PIN3 in
endodermis cells becomes restricted to the inner later domain of cells localized at the
illuminated side of the hypocotyl (Ding et al., 2011). This results in redirection of the auxin
flow towards the non-illuminated side where auxin will stimulate cell elongation resulting in
hypocotyl bending towards the light. Importantly, the differential removal of PIN3 from the
outer lateral domain was dependent on PID/WAG1/WAG?2 activity, consistent with a model in
which PIN polarity is determined by its phosphorylation status that is under control of

environmental and developmental cues.

The endomembrane system and PIN trafficking

Before going into more detail on PIN trafficking | would shortly like to introduce the structure
of the endomembrane system and trafficking between the different endomembrane
compartments. A plant cell, as well as any other eukaryotic cell, contains a network of
intracellular membranes to facilitate protein transport. The so-called endomembrane system
consists of the plasma membrane, the ER, trans-Golgi network/early endosomes (TGN/EEs),
the Golgi Apparatus, the multivesicular body/prevacuolar compartment/late endosomes
(MVB/PVC/LEs), and the lytic and storage vacuole (Fig. 3). Trafficking between the different

compartments is mediated by membrane-derived vesicles, generally called endosomes, which
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bud off from the source compartment and fuse with the membrane of the target
compartment to release its cargoes. The proteins that are transported can be either luminal
cargoes or transmembrane proteins, e.g. PINs. Inter-compartment transport has a directional
character (Fig. 3). For example, plasma membrane localized proteins, can be endocytosed
(internalized) and transported to the TGN/EE, and conversely, can be recycled back to the
plasma membrane. Newly synthetized proteins can be transported back and forth between
the site of synthesis, the ER, and the Golgi. In case of protein degradation, the internalized
proteins are targeted from the TGN/EE to MVBs/LEs and are from there onward trafficked
unidirectionally to the lytic vacuole (Murphy et al., 2005; Jirgens and Geldner, 2007;
Schellmann and Pimpl, 2009; Zarsky and Potocky, 2010; Reyes et al., 2011; Robinson and
Pimpl, 2014). Key regulators of endosome trafficking between distinct endomembrane
compartments are small GTPases and their regulators GEFs and GAPs (Zarsky and Potocky,
2010; Kania et al., 2014). Small GTPase proteins are often considered as molecular switches
as they can cycle between a guanosine-5'-triphosphate (GTP)-bound form, the ‘on’ state, and
a guanosine diphosphate (GDP)-bound form, the ‘off’ state. Switching between both forms
relies on GTP hydrolysis, mediated by negative regulators named GTPase-ACTIVATING
PROTEINs (GAPs), and exchange of GDP for GTP mediated by the positive regulators called
GUANINE NUCLEOTIDE EXCHANGE FACTORs (GEFs). There are two main groups of small
GTPases involved in regulation of distinct steps during endomembrane trafficking; the ADP-
RIBOSYLATION FACTORs (ARFs) and RAS GENES FROM RAT BRAIN (RABs). ARFs are involved in
recruitment of coat proteins to sites of vesicle budding thereby forming an important
regulator of retrograde and anterograde ER-Golgi transport, and are also involved in
mediating endocytosis and recycling as will be discussed in more detail later on (Nielsen et al.,
2008; Yorimitsu et al., 2014). The RAB GTPases also operate at distinct steps of
endomembrane trafficking coordinating ER-Golgi transport, endocytosis, recycling of cell wall
components. Furthermore, they are important for cell polarization and regulation of
membrane fusion together with SNAREs (Vernoud et al., 2003; Nielsen et al., 2008; Kania et
al., 2014). They also have been shown to be crucial for successful cytokinesis (Davis et al.,

2016).

In the following paragraphs | will discuss the different steps in the endosomal trafficking

pathway in more detail (Fig. 3).

16



As can already be deduced from the ability of PINs to relocate, PINs are highly dynamic
proteins that can swiftly translocate through the endomembrane system. Plasma membrane-
localized PINs are continuously internalized by clathrin-mediated endocytosis (Dhonukshe et
al., 2007), and recycled back to the plasma membrane via exocytosis (Geldner et al., 2001).
Recycling can occur to the original polarity domain, or to a different side of the cell (Kleine-

Vehn et al., 2008b).

Clathrin-mediated endocytosis (CME) is a common endocytic mechanism in plants mediating
internalization of a wide range of plasma membrane-localized proteins such as PINs (Kitakura
et al., 2011), BRASSINOSTEROID INSENSITIVE1 (BRI1) (Di Rubbo et al., 2013), and the flagellin
receptor FLAGELLIN SENSING2 (FLS2) (Mbengue et al., 2016). Early stages of CME are
hallmarked by the arrival of the plant-specific TPLATE adaptor complex and ADAPTOR
PROTEIN complex 2 (AP2) at the plasma membrane (Gadeyne et al., 2014a). These proteins
are crucial for subsequent recruitment of clathrin and other components required for
formation of clathrin-coated vesicles (CCVs). In a last step, small GTPases DYNAMIN-RELATED
PROTEINs (DRPs) will mediate scission of the CCV from the plasma membrane. After the CCVs
are released from the plasma membrane, they will lose their clathrin coat by the action of a.o.
the clathrin coat disassembly chaperone AUXILIN (AX) (Lam et al., 2001). The importance of
CME for proper PIN trafficking, and consequently auxin transport, is illustrated by the wide
range of defective auxin-regulated processes upon interference the CME machinery. For
example loss-of-function of DRP1 resulted in PIN2 mislocalization and associated agravitropic
root growth (Mravec et al., 2011). Also, interference with clathrin coat assembly and function
prevented PIN endocytosis, and caused defective (post)embryonic development and
agravitropic root growth (Kitakura et al., 2011). Alternatively, plants can mediate endocytosis
via clathrin-independent pathways, however, currently little is known about these
mechanisms. In animals, clathrin-independent caveolae- and flotillin-dependent pathways
have been described (Kurzchalia and Partan, 1999; Otto and Nichols, 2011). Although the
former is not found in plants there is evidence for flotillin-mediated endocytosis. Flotillinl
(Flot1) was found to be present in membrane microdomains distinct from CCVs, mediating
formation of membrane-derived endocytic vesicles during symbiotic infection and salt stress
(Haney and Long, 2010; Baral et al., 2015). However, the molecular mechanism and

components involved remain to be resolved.
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Upon scission of CCVs from the plasma membrane, the vesicle loses its clathrin coat and enters
the endosomal trafficking pathway at the TGN/EE from where proteins can be recycled back
to the plasma membrane, or become targeted to the vacuole for degradation. Early
endosomal trafficking is mediated by the ARF-GEF BFA-VISUALIZED ENDOCYTIC TRAFFICKING
DEFECTIVE1 (BEN1)/BFA-INHIBITED GEF5 (BIG5)/ HOPM INTERACTOR7 (MIN7) and
BEN2/VACUOLAR PROTEIN SORTING45 (VPS45) that are both localized at the TGN/EE (Tanaka
etal., 2009; Tanaka et al., 2013). A well-known regulator of PIN recycling is the ARF-GEF GNOM
(Geldner et al., 2003). GNOM-mediated recycling is sensitive to the fungal toxin brefeldin A
(BFA; Geldner et al., 2001). Besides interfering with GNOM function, BFA also inhibits a subset
of other large ARF-GEFs in mammals, yeast, and plants (Peyroche et al., 1996). The basis for
BFA sensitivity is defined by the presence of a few key amino acids in the ARF-GEF catalytic
Sec domain (Peyroche et al., 1999; Sata et al., 1999; Steinmann et al., 1999). Inhibition of ARF-
GEF by BFA consequently prevents ARF activation (Peyroche et al., 1999; Robineau et al.,
2000). Given that ARF(-GEFs) mediate multiple endomembrane trafficking steps, BFA can
affect the endomembrane system at distinct levels. Interestingly, the impact of BFA treatment
was shown to be concentration-dependent. Lower BFA concentrations were reported to block
anterograde ER-to-Golgi transport, secretion/recycling, and cause formation of so called BFA
bodies, a fusion of TGN, Golgi, and ER, accumulating internalized proteins (Donaldson and
Jackson, 2000; Geldner et al.,, 2001; Nebenfuhr et al., 2002). Higher BFA concentrations
additionally block vacuolar trafficking (Tse et al., 2007; Kleine-Vehn et al., 2008b). These
features have made BFA a valuable tool to study PIN trafficking. Further investigation showed
that recycling of PINs to the apical or basal side of the cell involves distinct ARF-GEFs. BFA-
sensitive GNOM primarily regulates basal PIN recycling as sustained BFA treatment resulted
in transcytosis from basal PINs to the apical domain (Kleine-Vehn et al., 2008b). This also
implicates that the apical targeting pathway is GNOM-independent. The closest GNOM
homologue in Arabidopsis is the ARF-GEF GNOM-LIKE1 (GNL1) that localizes at the Golgi
apparatus where it mediates ER-Golgi transport (Richter et al., 2007). Interestingly, GNOM can
take over GNL1 function, but not the other way around. Besides GNOM, also the BFA-
INHIBITED GEF (BIG) family of ARF-GEFs is characterized by sensitivity to the fungal toxin BFA.
As for GNOM, the BIGs have been shown to be important for regulation of recycling, and are
additionally involved in protein secretion during cell division (Shin et al., 2004; Richter et al.,

2014; Kitakura et al., 2017). Besides GNOM, also the ARF-GAP VASCULAR NETWORK3 (VAN3),
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the RABAlb GTPase BFA-VISUALIZED EXOCYTIC TRAFFICKING DEFECTIVES (BEX5), and RAB-
GEF VASCULAR NETWORK DEFECTIVE4 (VAN4) operate as regulators of PIN recycling (Koizumi
et al., 2005; Sieburth et al., 2006; Feraru et al., 2012; Naramoto et al., 2014). Intriguingly,
GNOM, GNL1 and VAN3 also turned out to be involved in regulation of PIN endocytosis
indicating their functional versatility (Teh and Moore, 2007; Naramoto et al., 2010). Upon
targeting of recycling endosomes to the plasma membrane, endosome-plasma membrane
fusion is mediated by the vesicle tethering complex exocyst. This octameric complex is
evolutionary conserved mediating a similar function in yeast, animals and plants (Hala et al.,
2008; Ory and Gasman, 2011; Liu and Guo, 2012). The importance of exocyst for PIN trafficking
is illustrated by delayed PIN recycling and aberrant polar auxin transport in a mutant defective
in subunit EXO70A1 (Drdova et al., 2013). Even though the recycling endosomes don’t have
any characteristic coating like the CCVs, the presence of specific proteins in the endosome
compartments might be a determinant for proper protein sorting. The retromer complex
consists of multiple proteins that can fulfill this function mediating distinct steps of
intracellular trafficking in plants. There has been some debate about the localization and
function of retromer subunits (Oliviusson et al., 2006; Niemes et al., 2010). Nevertheless, it
seems that the retromer complex is involved in both recycling proteins to the plasma
membrane as well as in retrieving proteins from the vacuolar degradation pathway. For
example, the retromer subunit SORTING NEXIN1 (SNX1) is known to mark PIN2 endosomes
destined for recycling to the plasma membrane (Jaillais et al., 2006). Furthermore, VACUOLAR
SORTING RECEPTORs (VSRs) localize to the TGN and MVBs where they mediate vacuolar cargo
sorti