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Alice: “Cheshire Cat, would you please tell me which way I ought to go 
from here?”  

 
Cheshire Cat: “That depends a good deal on where you want to get to”.  

 
Alice: “But I don’t know where I am going”.  

 
Cheshire Cat: “Then it doesn’t matter which way you go”.  

 
(Charles Lutwidge Dodgson) 
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Scope and Summary of the Thesis: 
 
Scope: Early plant development launches typically with a relatively simple 
sketch, resembling a root, stem, and leave like structures. The modesty of 
plant embryogenesis is followed by a remarkable post embryonic 
development. Adult plant growth results into shapes that are not 
predictable by its previous embryonic architecture. Some animals, such as 
insects, also undergo dramatic postembryonic changes; however, plants 
are superior in adopting their individual growth to the environmental stress, 
most likely compensating for their sessile life style. Plants evolved the 
remarkable ability to redefine the polarity of an already specified tissue, 
eventually leading to de-novo formation of stem cell populations for post 
embryonic organ formation. The phyto-hormone auxin plays a decisive role 
in determining and redefining the polarity of plant tissues. Spatial and 
temporal auxin accumulations (auxin gradients) determine positional cues 
for the presumptive sites of primordial development. Hence, mechanisms 
that guide the auxin distribution and, hence, signaling represent a key to 
understand plant growth. The polar distribution of auxins depends largely 
on the PIN-FORMED (PIN) auxin efflux carriers that catalyze auxin 
transport from cell-to-cell. The coordinated polar localisation of PIN 
proteins at different cell sides determines the direction of auxin flux. Hence, 
the PIN-dependent auxin distribution affiliates cellular polarizing signals 
with the polarity of the whole tissue. Moreover, the dynamic nature of the 
flexible polar PIN localisation regulates plant development by redefining 
auxin flux and, hence, initiating embryonic and postembryonic 
developmental programs. 
 Despite the instrumental importance of cell polarity for plant 
development, mechanistic insights in establishment of cell polarity are 
surprisingly limited. The scope of this thesis was to unravel polar targeting 
mechanisms that guide auxin-dependent plant growth on a molecular and 
cell biological basis. A special focus was given on directional vesicle 
transport that determines polarity of auxin influx and efflux carriers. 
Summary: Initially, we examined the unique situation of two polarly 
localised auxin carriers in a single cell, displaying opposite orientations. 
The auxin influx carrier AUXIN-RESISTANT1 (AUX1) preferentially resides 
at the apical (upper) cell side in protophloem cells, while PIN1 shows basal 
(lower cell side) occurrence, enabling us to simultaneously investigate 
apical and basal polar targeting in plant cells. AUX1 targeting is 
hypersensitive to actin depolymerisation and stabilization, suggesting strict 
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actin cytoskeletal requirements for apical AUX1 localisation (chapter 2). 
Interestingly, apical PIN2 localisation in the epidermis also shows higher 
sensitivity to actin depolymerisation compared to basal PIN2 targeting in 
the lower cortex cells (chapter 4). However, both apical and basal PIN 
targeting largely depend on the intact actin cytoskeleton, suggesting a 
general requirement for directional vesicle transport along actin filaments 
(chapter 4). PIN1 and AUX1 show actin-dependent constitutive recycling 
between the plasma membrane and an endosomal compartment; however, 
while PIN1 cycling requires the activity of the vesicle transport regulator 
ARF-GEF GNOM, AUX1 recycling and intracellular targeting is 
independent of GNOM (chapter 2). Hence, apical AUX1 and basal PIN1 
targeting are molecularly distinct and get facilitated by two sovereign 
pathways (chapter 2, chapter 4). Independent targeting of auxin influx and 
efflux carrier at a single cell level appears to have functional relevance for 
fine tuning polar auxin transport during particular developmental events. 

We illustrated two polar competent proteins to utilize independent 
targeting pathways in the same cell, raising the question how a particular 
polar cargo gets recruited to different cell sides. Notably, we found apical 
and basal PIN targeting to be also molecularly distinct by ARF/ARF-GEF 
utilization (chapter 3; chapter 4). Endosomal ARF GEF GNOM regulates 
basal PIN targeting, whereas, apical targeting is independent of GNOM 
(chapter 3). Moreover, pharmacological inhibition of GNOM function by 
brefeldin A (BFA) interferes with basal but not apical PIN targeting and, 
subsequent, leads to a preferential basal-to-apical PIN polarity shift 
(chapter 3). Live cell imaging of photoactivateable PIN2-EosFP reveals 
ARF GEF dependent translocation of the same PIN2 molecules from one 
cell side to the other via intracellular sorting, indicating that the distinct 
apical and basal targeting pathways are interconnected (chapter 3). This 
process is reminiscent to polar cargo translocation in animal epithelial cells 
termed transcytosis. We illustrated polar transcytosis to be operational in 
untreated plant cells and propose that a GNOM dependent PIN 
transcytosis triggers important developmental events, such as apical-basal 
axis formation during embryogenesis and postembryonic de-novo organ 
formation (chapter3). 

  The rate and the directional output of the ARF GEF dependent 
PIN polarity alterations are cell type dependent, in most severe cases, 
determining the directional output of the polarity alteration. Beside cell type 
determinants, the PIN transcytosis largely depends on the polar cargo itself 
(chapter 4). Notably, the ARF GEF dependent apical-basal transcytosis 
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pathways appear to be specific for PIN proteins, because other polar 
cargos, such as the AUX1, do not get recruited (chapter 4), confirming the 
assumptions for independent AUX1/PIN targeting pathways. Similar to 
intracellular AUX1 targeting, intracellular and apical PIN2 targeting in root 
epidermal cells are independent of GNOM, but nevertheless, the data on 
PIN2 targeting suggest ARF dependency (chapter 4), indicating the 
involvement of a BFA resistant ARF GEF in apical PIN trafficking. 
However, the GNOM homolog GNOM-LIKE1, which has been shown to be 
BFA resistant, is unlikely to be involved in apical PIN targeting and 
transcytosis (chapter 4). Apical and lateral PIN2 targeting requires the 
activity of other BFA resistant and sensitive ARF GEFs, respectively, 
illustrating a complex regulatory network for polar PIN targeting to different 
cell sides (chapter 4). 

Next we aimed to unravel additional molecular components for the 
plant transcytosis pathways. Several SORTING NEXINs (SNX) are 
retromer complex components and have been reported to regulate polar 
transcytosis in animal epithelial cells. The putative plant retromer 
components AtSNX1 and AtVPS29 have been suggested to be involved in 
polar PIN targeting. However, SNX1 and VPS29 are not directly involved in 
apical/basal targeting, recycling and transcytosis of PIN proteins (chapter 
3, chapter 5). In contrast, we illustrate that PIN protein stability is reduced 
in snx1 and vps29 mutants (chapter 5). To further address plant retromer 
involvement in PIN targeting, we characterized lytic degradation in plants, 
using a novel drug independent approach for visualizing PIN targeting to 
the lytic vacuole (chapter 5). Vesicle transport along the actin cytoskeleton 
regulates vacuolar targeting of PIN2 by utilizing novel ARF GEF and 
phosphatidylinositol-3-kinase dependent pathways (chapter 5). We 
unravelled SNX1/VPS29 to have a gating function at the pre vacuolar 
compartment and illustrate that SNX1 is required for the restriction of the 
temporal degradation of PIN2 proteins in lytic vacuoles during gravitropic 
response (chapter 5). Collectively, our data suggest that ARF GEF and 
SNX1-dependent vacuolar targeting of PIN proteins is required for the fine 
tuning of polar auxin transport during plant development. 

Collectively, we provide the first mechanistic insights into 
intracellular targeting of PIN proteins, addressing their polar distribution, 
polarity alterations and protein stability; moreover, we illustrate the 
functional importance of these processes for the plant development. 
Directional vesicle transport regulates the PIN activity at the plasma 
membrane via various sorting events, determining the direction and rate of 
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the polar auxin transport and, thus, contributes substantially to auxin 
dependent shaping of the individual plantlet. 
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Cellular and molecular requirements for polar PIN targeting and 
transcytosis in plants 
Jürgen Kleine-Vehn,1,2 Łukasz Langowski,1 Justyna Wiśniewska,2,5 Pankaj 
Dhonukshe,2,3 Philip B Brewer,2,4 and Jiří Friml1,2* 
 
1Department of Plant Systems Biology, VIB, and Department of Molecular 
Genetics, Ghent University, 9052 Gent, Belgium 
2Zentrum für Molekularbiologie der Pflanzen (ZMBP), Universität Tübingen, 
72076 Tübingen, Germany 
3Present address: Department of Biology, Utrecht University, 3508 TB 
Utrecht, The Netherlands 
4Present address: Centre for Integrative Legume Research, University of 
Queensland, Brisbane, Australia 
5Present address: Institute of General and Molecular Biology, Nicolas 
Copernicus University, 87-100 Torun, Poland 
*Correspondence: jiri.friml@psb.ugent.be. 
 
Running title: polar auxin carrier trafficking 
 
Summary 
The polar, subcellular localization of PIN efflux carriers determines the 
direction of intercellular auxin flow, thus defining the spatial aspect of auxin 
signalling. Dramatic, transcytosis-like remobilization of PIN proteins can 
occur in response to external and internal signals, integrating them into 
changes in auxin distribution. Here, we examine the cellular and molecular 
mechanism of polar PIN delivery and transcytosis. The mechanisms of the 
ARF-GEF dependent polar-targeting and transcytosis are very well 
conserved among diverse Arabidopsis ecotypes, consistent with their 
fundamental importance in regulating plant development. At the cellular 
level, we refine previous findings on the role of the actin cytoskeleton in 
apical and basal PIN targeting, and identify a previously unknown role for 
microtubules, specifically in basal targeting. PIN protein delivery to different 
sides of the cell is mediated by ARF-dependent trafficking with a previously 
unknown complex level of distinct ARF-GEF vesicle trafficking regulators. 
Our data suggest that alternative recruitment of PIN proteins by these 
distinct pathways can account for cell type- and cargo-specific aspects of 
polar targeting, as well as for polarity changes in response to different 
signals. The resulting dynamic PIN positioning to different sides of cells 
defines a three-dimensional pattern of auxin fluxes within plant tissues. 
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Introduction 
Plant development is characterized by an exceptional ability to redefine the 
polarity of whole tissues, in addition to individual cells. Tissue polarization 
is a necessary component of developmental processes such as de novo 
organogenesis, vascular tissue formation and regeneration. Nonetheless, 
knowledge on cell polarity and mechanisms of targeted cargo delivery in 
plants is still limited. Classical physiological and current molecular studies 
have identified the plant hormone auxin as a key signal whose asymmetric 
distribution provides positional and directional information for various 
developmental events including tissue polarization (reviewed in Friml 2003; 
Tanaka et al., 2006; Willemsen and Scheres, 2004; Leyser et al., 2005). 
Asymmetric auxin distribution depends on directional (polar) transport 
between cells by auxin transport proteins, including PINFORMED (PIN) 
auxin efflux carriers. PIN proteins have emerged in recent years from 
genetic studies in Arabidopsis thaliana as key regulators of a plethora of 
auxin-mediated developmental processes including axis formation in 
embryogenesis (Friml et al., 2003), postembryonic organogenesis (Okada 
et al., 1991; Benková et al., 2003; Reinhardt et al., 2003), root meristem 
maintenance (Friml et al. 2002b; Blilou et al., 2005), vascular tissue 
differentiation and regeneration (Scarpella et al., 2006; Sauer et al., 2006) 
and tropic growth (Luschnig et al., 1998; Friml et al., 2002a). PINs act as 
mediators of auxin efflux from cells (Petrasek et al., 2006) and show 
distinct polar subcellular localizations at the PMs of different cell types 
(Kleine-Vehn and Friml, 2008). Importantly, the polarity of PIN localization 
determines the direction of intercellular auxin flow (Wiśniewska et al., 
2006) and thus provides the connection between cellular polarizing signals 
and the polarity of the whole tissue (Scarpella et al., 2006; Sauer et al., 
2006).  

An important factor for the polar delivery of PIN proteins to the 
plasma membrane is the endosomal regulator of the vesicle budding, 
GNOM, which encodes a guanine nucleotide exchange factor for adenosyl 
ribosylation factors (ARF GEF) (Shevell et al. 1994; Geldner et al. 2001, 
2003). In gnom (also designated emb30) mutant embryos, the initial 
polarization of PIN1 to the basal side of internal cells is not established at 
the globular stage, leading to defective apical-basal axis formation, as also 
reflected by the failure of coordinated PIN polar localization at later stages 
(Kleine-Vehn et al. 2008a). Also, in postembryonic roots, GNOM function 
seems to be crucial for basal PIN targeting in particular, whereas the apical 
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delivery of PINs or the auxin influx carrier AUX1 (Bennett et al., 1996) is 
unaffected in gnom mutants (Kleine-Vehn et al. 2006, 2008a). Collectively, 
these studies demonstrate that apical cargoes utilize a targeting pathway 
that is molecularly distinct from that used by basally localized PIN proteins 
(Kleine-Vehn et al. 2006, 2008). 

Apical and basal PIN targeting is achieved by the alternate use of 
distinct ARF-GEF dependent polar targeting pathways (Kleine-Vehn et al. 
2008). Pharmacological inhibition of the ARF-GEF subclass by brefeldin A 
(BFA) interferes with the function of GNOM ARF GEF in endocytic 
recycling and results in the internalization of PIN cargoes from the basal 
plasma membrane domain into so called BFA compartments (Geldner et 
al., 2001; Kleine-Vehn et al., 2008). Prolonged pharmacological or genetic 
interference with GNOM function leads to the gradual appearance of the 
basal PIN cargo at the apical cell side. This process is independent of de 
novo protein synthesis and, therefore, hints at a dynamic PIN translocation 
between distinct polar plasma membrane domains via recycling 
endosomes, which was confirmed using photoswitchable version of PIN2 
(Kleine-Vehn et al., 2008). The dynamic translocation of polar competent 
proteins from one functionally distinct plasma membrane to another one via 
recycling endosomes is termed transcytosis in animal cells (Knoblich, 
2000). Thus, PIN proteins are capable to move between the apical and 
basal sides of cells in a manner similar to that of the transcytosis 
mechanism known in animal cells, illustrating that endocytic recycling and 
polar targeting in plants are linked. This mechanism is possibly also used 
for the rapid changes in PIN polarity in response to environmental (i.e., 
gravity) or developmental cues (Friml et al., 2002a; Friml et al., 2003; 
Benková et al., 2003). Such rearrangements reroute local auxin fluxes and 
contribute to regulation of various developmental processes (Friml et al., 
2003). 

Despite the prominent developmental importance of PIN polarity 
and its dynamic changes, the cellular and molecular mechanisms 
underlying PIN polar targeting and transcytosis are poorly characterized. 
Here, we examine the cellular and molecular requirements of these 
processes revealing their strong conservation in diverse Arabidopsis 
ecotypes and a previously unidentified level of complexity in regulations by 
actin cytoskeleton, microtubuli and various distinct ARF-GEF vesicle 
trafficking pathways. 
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Results 
 
PIN polar targeting and transcytosis are strongly conserved among 
Arabidopsis ecotypes  
Within a species, an ecotype is a genetically unique population that is 
adapted to its local environmental conditions. The resulting natural genetic 
diversifications can be generally used to estimate the evolutional pressure 
and thus the general importance of various processes in plant 
development. We used this approach to examine how conserved the 
processes of polar targeting, endocytic recycling and transcytosis of PIN 
proteins are. 
We analyzed polar targeting of PIN1 and PIN2 in 30 selected ecotypes of 
Arabidopsis using the most frequently used ecotype Columbia-0 as 
reference. Notably, apical and basal PIN targeting as visualized in the root 
meristem was largely unchanged. The basal PIN1 localization in stele and 
endodermis cells as well as apical and basal PIN2 localisation in epidermis 
and cortex cells, respectively, was not visibly altered in all 30 analysed 
ecotypes (Supl. Figure 1; Figure 1 A-B; D; F-G; I; K-L; N; P-Q; S). 
 To compare endocytic recycling events of PIN proteins in different 
ecotypes, we made use of brefeldin A (BFA), a well known inhibitor of a 
subclass of ARF-GEF regulators of vesicle trafficking. One of the 
prominent molecular targets of BFA is GNOM ARF GEF (Geldner et al., 
2003) that mediates PIN recycling from endosomes to the basal side of the 
cell (Kleine-Vehn et al., 2008). BFA treatment, thus, inhibits PIN recycling 
resulting in internalization of basal PIN cargoes into so called BFA 
compartments that are aggregations of various endocytic compartments 
(Geldner et al., 2003). Rapid appearance of PIN proteins in BFA 
compartments revealed the BFA-sensitive constitutive cycling of PIN 
proteins in all 30 analysed ecotypes (Supl. Figure 1), with some 
quantitative differences observed in about 10% of the analysed ecotypes 
(Supl. Figure 1). For example, Bor-1, C24, and Cvi-0 displayed reduced 
intracellular accumulation of PIN1 after 30 minutes of BFA treatments 
(Figure 1 C; H; M; R) but normal response after 90 minutes of BFA 
treatment as compared to Col-0 seedlings (not shown). This indicates 
either subtle differences in rate of PIN cycling or differences in the BFA-
sensitivity of these ecotypes. However, the occurrence of endocytic cycling 
in all studied ecotypes and the relatively low degree of variation indicates 
the general importance of PIN cycling for the Arabidopsis development. 
 The transcytosis of PIN proteins between basal and apical cell side 
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can be induced by prolonged BFA treatment. Prolonged inhibition of basal 
PIN targeting under such conditions leads to the recruitment of PIN 
proteins to less BFA-sensitive apical trafficking pathway, resulting in 
reduced occurrence of basally localized PIN proteins in BFA compartments 
and their subsequent translocation to the apical cell side (Kleine-Vehn et 
al., 2008). Such BFA-induced basal-to-apical translocation of PIN1 in the 
stele (not shown) and of PIN2 in the cortex (Supl. Figure 1; Figure 1 E; J; 
O; T) was detected in all 30 ecotypes, suggesting operational transcytosis 
pathway. 
 Collectively, these results illustrate that polar PIN targeting, recycling 
and transcytosis are operational and to a high degree conserved in the 
diverse Arabidopsis ecotypes. These findings indicate that these processes 
are under constant evolutionary pressure and are therefore generally 
required for Arabidopsis development in a wide variety of environmental 
conditions. 
 
Figure 1. Conserved polar PIN targeting and transcytosis in Arabidopsis 
ecotypes. 
(A-T) PIN1 and/or PIN2 localization is shown in Col-0 (A-E), Cvi-0 (F-J), 
Bor-1 (K-O); and C24 (P-T) root cells. PIN1 and PIN2 double staining in 
root tips is presented in (A, F, K, P). Representative pictures of PIN1 
localization in untreated (B, G, L, Q) and BFA [50µM for 30 min] (C, H, M, 
R) incubated seedlings are presented, illustrating slight changes in BFA 
response in Cvi-0, Bor-1 and C24 compared to Col-0. Apical/basal polarity 
is largely unchanged in the analyzed ecotypes as indicated by apical and 
basal PIN2 localization in untreated epidermis and cortex cells, 
respectively (D, I, N, S). BFA [50µM for 12h] induced transcytosis of basal 
cargoes such as PIN2 in cortex cells was not visibly altered in the analysed 
ecotypes (E, J, O, T).    
Arrows depict PIN proteins in the BFA compartments and arrowheads PIN 
polarity. Abbreviations: E, epidermis; C, cortex. Scale bars, 10 μm. 
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Role of actin cytoskeleton in apical and basal PIN targeting 
The maintenance of genetic determinants of PIN polar targeting, endocytic 
recycling and transcytosis throughout Arabidopsis ecotypes further 
demonstrates the important role of these processes in plant development. 
Nonetheless, the requirements of different cellular processes for dynamic 
PIN polar localization are still to a large extent unclear. In particular, the 
role of the cytoskeleton has not been analyzed in detail. The cytoskeleton 
determines cellular shape and, not least, provides guidance for vesicle 
trafficking in all eukaryotic cells. 
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 The actin cytoskeleton is considered to provide primary guidance for 
vesicle trafficking in interphase plant cells and has been shown to be 
important for both auxin transport and PIN endocytic recycling (Dhonukshe 
et al., 2008; Geldner et al., 2001). On the other hand, apical targeting of 
AUX1 auxin influx carrier appears to be more sensitive to actin interference 
as compared to basal PIN1 targeting (Kleine-Vehn et al., 2006). This 
indicates more general differences in the role of actin cytoskeleton in apical 
versus basal trafficking. We initially used PIN2 as a marker for both apical 
and basal polar targeting because PIN2 displays apical (upper cell side) 
occurrence in root epidermal cells but preferential basal (lower cell side) in 
younger (close to root apex) adjacent cortex cells (Wisniewska et al., 
2006). Notably, as cortex cells differentiate and move out of the meristem, 
a basal-to-apical polarity shift occurs resulting in apical PIN2 localization in 
older cortex cells (Figure 2A). Latrunculin B-induced actin depolymerisation 
strongly affected PIN2 localisation in epidermis and older cortex cells, 
whereas the effect on younger cortex cells was less pronounced (Figure 
2B). This result indicates that, similar to apical AUX1 targeting, apical PIN2 
targeting has stricter requirements for intact actin cytoskeleton than the 
basal targeting. On the other hand, when the actin requirements for apical 
versus basal PIN targeting was tested in the same cell type, using 
PIN2:PIN1-HA lines where PIN1 is targeted to the basal plasma membrane 
in root epidermal cells (Wisniewska et al., 2006), both  apical PIN2 or basal 
PIN1 were comparably sensitive to actin depolymerisation (Figure 2C-D). 
 These experiments indicate that polar cargoes designated for the 
apical cell side have a stricter requirement for an intact actin cytoskeleton, 
however, both apical and basal PIN targeting clearly is facilitated along 
actin filaments.  
 
Role of microtubules in apical and basal polar PIN targeting 
In animal cells, vesicle transport along both actin filaments and 
microtubules has been illustrated and linked to various developmental 
processes. Notably, microtubules are mainly involved in perinuclear and 
actin filaments in cortical vesicle transport in animal interphase cells. 
However, both actin and micrtotubule cytoskeleton have been linked to the 
maintenance and establishment of animal cell polarity (reviewed in Goode 
et al., 2000). 
 In plants, the role of the microtubule cytoskeleton for cell polarity has 
been implied (Boutte et al., 2006) but remains widely unknown. The rigid 
plant cell wall represents an additional determinant of their cell shape. The 
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synthesis of cell wall components have been linked to cortical microtubule 
(Paradez et al., 2006). Moreover, microtubules are instrumental for both 
plant and animal vesicle transport during cytokinesis (Van Damme and 
Geelen, 2008), however, their input to vesicle transport in interphase cells 
is ill-defined in plants. 
 We used the microtubule de-polymerizing agent oryzalin to examine 
the potential contribution of microtubules for apical and basal polar 
targeting in plant cells. Oryzalin treatments for 5 hours interfered visibly 
with basal PIN2 targeting in young cortex cells and with PIN1 targeting in 
stele, resulting in a reduced polar distribution (Figure 2E; H). In contrast, 
PIN2 occurrence at the apical cell side in epidermis cells was largely 
unaffected (Figure 2E). These findings indicate that intact microtubules are 
required preferentially for basal in comparison to apical PIN targeting. In 
contrast, we also observed weak PIN2 accumulation following microtubule 
depolymerization in epidermis cells (Figure 2F), suggesting that PIN2 
intracellular trafficking, but not apical occurrence per se was compromised. 
In agreement with these findings, prolonged oryzalin treatments led to a 
preferential ectopic apical PIN2 occurrence in cortex cells (Figure 2G). 
Similarly, PIN1 in stele showed apical and lateral mislocalization after 
prolonged oryzalin treatments (Figure 2I). 
 Together these findings demonstrate that intact microtubules are 
required for polar trafficking in plant cells and identify a previously 
unidentified function in basal polar targeting. 
 
Figure 2. Cytoskeletal requirements for polar PIN targeting. 
(A-D) PIN2 (A-C) and PIN2:PIN1-HA (D) localization is shown in untreated 
(A) epidermis and cortex cells or after latrunculin B [20µM for 3h] treatment 
(B-D), revealing higher sensitivity of apically localized PIN2 in epidermal 
cells, however, the basal cargo PIN1 also showed comparable sensitivity to 
actin depolymerization in epidermal cells. Arrowheads in (A) indicate 
endogenous basal to apical polarity shift of PIN2 in upper cortex cells. 
(E-I) PIN2 in cortex (E-G) and PIN1 localisation in stele (H-I) display 
oryzalin [20µM for 5h] (E-F; H) / [20µM for 12h] (G; I) senstitive polar 
targeting, suggesting microtubuli requirements for basal PIN targeting. 
Arrows depict intracellular accumulation of PIN proteins and arrowheads 
PIN polarity. Abbreviations: E, epidermis; C, cortex. Scale bars, 10 μm. 
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Sequence-based and cell type determinants of ARF-GEF dependent 
transcytosis 
The role of actin in polar targeting as well as previous studies (Wisniewska 
et al., 2006; Sauer et al., 2006) suggests that there are cell type- and 
cargo-specific influences on the PIN polar delivery. However, the cell type- 
and cargo-specific differences in dynamic PIN polarity changes, such as 
those related to ARF GEF-dependent transcytosis have not been 
addressed. 
 To obtain greater insight into this issue, we analyzed the cargo and 
cellular requirement of ARF-GEF dependent processes that dynamically 
guide PIN proteins to different polar destinations at the plasma membrane. 
We used BFA to stimulate ARF-GEF dependent PIN translocation from the 
basal to the apical cell side via recycling endosomes (Kleine-Vehn et al., 
2008). Notably, the BFA induced basal-to-apical shift of PIN2 in young 
cortex cells was faster compared to the same translocation of PIN1 in the 
stele (Kleine-Vehn et al., 2008). Moreover, PIN2 proteins also undergo an 
intrinsic basal-to-apical shift in untreated upper cortex cells (Figure 2A), 
together suggesting a cell type influence on BFA-induced PIN polarity 
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changes. To specifically address the influence of cell type or PIN sequence 
for this targeting event in cortex cells, we ectopically expressed PIN1 
sequences in the PIN2 expression domain. PIN2:PIN1-GFP3 shows apical 
localization in epidermis and basal localization in lower cortex cells, 
resembling the endogenous polar distribution of PIN2 (Wisniewska et al., 
2006). Accordingly, BFA induced basal to apical shift of PIN1-GFP3 in 
lower cortex cells was comparable to PIN2 (Kleine-Vehn et al., 2008; 
Figure 3A-C). This result indicates that it is the cell type, more than 
sequence-specific determinants, that influences the BFA-sensitivity of the 
ARF-GEF dependent PIN transcytosis.  
 Furthermore, we found that some cell files in the stele after 
prolonged BFA incubation showed a basal-to-lateral PIN1 polarity switch in 
preference to a basal-to-apical shift (Figure 3D). Lateral PIN1 targeting in 
the same cells was also observed in partial loss of function mutants of 
gnomR5 (Figure 3F). Interestingly, it was the cell files adjacent to the 
protophloem cells that showed this ARF-GEF-related basal-to-lateral PIN1 
polarity alteration (Figure 3E). These unexpected observations suggest 
that cell type not only determines the rate of BFA-induced PIN transcytosis 
but also influences the plasma membrane polarity domains, between which 
this transcytosis occurs.  
 However, beside the cell type determinants also the sequence of the 
polar cargo seems to influence the rate of BFA-induced transcytosis, 
because PIN1:HA (as compared to PIN2) showed a reduced basal-to-
apical shift and more pronounced localization in BFA compartments even 
after long term BFA treatments when ectopically expressed in cortex cells 
(Figure 3G-I). Moreover, the ARF GEF-dependent transcytosis appears to 
be specific for polar PIN cargoes, because other polar cargoes such as the 
auxin influx carrier AUX1 did not get recruited to the apical cell side after 
prolonged BFA-dependent inhibition of the subclass of ARF-GEFs (Figure 
3J-K). These findings confirm previous observations that auxin influx and 
efflux carrier trafficking is molecularly distinct (Damashiri et al., 2006; 
Kleine-Vehn et al., 2006) and illustrate that auxin influx and efflux carrier 
localizations can be independently regulated. Moreover, such a potentially 
exclusive PIN targeting pathway for PIN distribution in general and for PIN 
polarity alterations in particular could demonstrate the fundamental 
importance of PIN auxin efflux carrier targeting for plant development.  

Here, we illustrate that, similar to the establishment of PIN polarity 
(Wisniewska et al., 2006), the ARF-GEF dependent re-arrangements of 
polar PIN distribution depends on both the cell type and the cargo itself. 
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Figure 3. Cell type and PIN sequence determinants for polar PIN 
transcytosis. 
(A-C) Ectopic PIN1-GFP3 expression under the PIN2 promotor (A,C) leads 
to apical and basal PIN1 distribution in epidermis and cortex cells (A), 
respectively. PIN2-GFP (B) and PIN1-GFP3 (C) showed comparable 
sensitivity to BFA [50µM for 3 hours] induced basal-to-apical transcytosis in 
cortex cells. 
(D-E) long term BFA treatments [50µM for 12h] shows preferentially basal-
to-apical polarity shift of PIN1, however, cell file dependent basal-to-lateral 
shift was detectable (D). Basal-to-lateral shift of PIN1 (green) was most 
readily seen adjacent to the protophloem cells (E) marked by AUX1-HA 
(red). 
(F) PIN1 localization in gnomR5 is presented, showing basal-to-lateral 
polarity shift reminiscent to BFA treatments. 
(G-H) long term BFA [50µM for 12h] treatments lead to a pronounced 
PIN1-GFP3 apicalization in cortex cells (G). Basal PIN cargo PIN1-HA in 
cortex (H) showed reduced basal to apical shift and persisted in BFA 
compartments (I). 
(J-K) AUX1-YFP localization in untreated (J) and BFA [50µM for 12h] 
incubated root epidermal cells, displaying BFA insensitive AUX1 
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localisation at the apical and basal cell sides. 
Arrows depict intracellular accumulation of PIN proteins and arrowheads 
PIN polarity. Abbreviations: E, epidermis; C, cortex. Scale bars, 10 μm. 
 
GNOM ARF-GEF independent trafficking of PIN proteins 
It is possible that the cell type-specific influence on BFA-induced 
transcytosis is related to the different activity of distinct trafficking 
pathways. Therefore, we addressed the potential contribution of different 
ARF-GEF dependent pathways in polar PIN targeting. Our previous work 
suggested that the ARF-GEF GNOM regulates basal PIN targeting but not 
apical PIN targeting (Kleine-Vehn et al., 2008). We addressed this 
assumption directly by the use of an engineered BFA-resistant version of 
GNOMML that resulted in BFA-insensitive targeting of PIN2 to the basal cell 
side in lower cortex cells (Figure 4A-D). In contrast, PIN2 still accumulated 
in BFA compartments in epidermal cells, however, remained polarly 
localized at the apical cell side in both wild type and GNOMML seedlings 
(Kleine-Vehn et al., 2008; Figure 4B; D). These findings are consistent with 
the model that basal PIN2 targeting is GNOM-dependent, intracellular PIN2 
targeting in epidermal cells at least to some degree is facilitated by a 
GNOM-independent but BFA-sensitive pathway, and the PIN2 occurrence 
at the apical cells side is largely insensitive to BFA treatment. Next, we 
addressed in detail the contribution of plasma membrane-derived PIN2 
proteins to its intracellular accumulation in BFA compartments. Notably, 
apical PIN2 protein pool did not primarily contribute to the formation of BFA 
dependent intracellular PIN2 accumulation, because the removal of apical 
PIN2-GFP by photo-bleaching did not interfere with the event of 
intracellular PIN2-GFP accumulation in response to BFA treatment (Figure 
4E-H). In contrast, photobleaching of the basal PIN2-GFP pool in young 
cortex cells largely compromised the intracellular accumulation after BFA 
treatment (Figure 4E-H). This live cell imaging study confirms our previous 
observations that BFA leads to the accumulation of basal but not apical 
PIN2 proteins (Kleine-Vehn et al., 2008). Next we addressed the origin of 
the BFA induced intracellular PIN2 accumulation in epidermis cells. Time 
lapse imaging revealed that lateral, but not apical, PIN2-GFP signal rapidly 
decreased in response to BFA treatments (Figure 4I). These findings 
indicate that the lateral PIN2 protein pool represents a main source for the 
BFA-induced intracellular accumulation of PIN2 in epidermal cells.  
 Here we illustrate that GNOM is a major regulator of basal PIN 
targeting while additional BFA insensitive and sensitive pathways appear to 
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regulate apical and lateral PIN targeting, respectively. Such diversity in 
ARF GEF dependent trafficking pathways might provide a basis for the 
observed cell type- and cargo-specific differences in polar targeting and 
transcytosis.  
 
 
 
 
 
 
Figure 4. BFA sensitive but GNOM independent PIN targeting. 
(A-D) PIN2 localization in untreated (A, C) and BFA [50µM for 1h] treated 
wild-type (A, B) and engineered BFA resistant version of GNOMML (C, D), 
displaying GNOM independent intracellular PIN2 targeting in epidermis 
cells. 
(E-H) apical and basal PIN2 proteins at the plasma membrane was 
bleached in epidermis and cortex cells, respectively (F) and the 
subsequent BFA [50µM] induced accumulation was monitored after 15 (G) 
and 35 (H) minutes, indicating that PIN2 accumulation in BFA 
compartments is largely independent of apical PIN2 protein pool in 
epidermal cells. 
(I) false colour code was used to monitor PIN2-GFP intensity at the plasma 
membrane in response to BFA [50µM for up to 60min] application. Lateral 
PIN2 localization was sensitive to BFA treatment and contributes to PIN2 
accumulation in BFA compartments. In contrast, apical PIN2 localization 
was largely resistant to the BFA treatment. 
Arrows depict intracellular accumulation of PIN proteins and arrowheads 
PIN polarity. Abbreviations: E, epidermis; C, cortex. Scale bars, 10 μm. 
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ARF/ARF-GEF dependent pathways for apical PIN targeting and 
transcytosis 
It is tempting to speculate that GNOM-independent, but BFA-insensitive 
and -sensitive pathways indicate the involvement of distinct BFA-resistant 
and -sensitive ARF-GEFs in polar PIN targeting. We tested this hypothesis 
by the genetic interference directly with ARF pathways. Notably, the 
conditional overexpression of a locked GTP-bound version of ARF1QL 
resulted in intracellular PIN2 accumulation (Figure 5A-B) indicating that 
indeed the ARF pathway is also involved in apical PIN targeting. Moreover, 
BFA-induced polar PIN transcytosis was compromised in ARFQL lines 
(Figure 5C-D). These findings suggest that, in addition to GNOM ARF GEF 
involvement, ARF-GEF/ARF pathways are instrumental for polar PIN 
targeting. These results are in agreement with BFA-resistant apical PIN 
targeting (Kleine-Vehn et al., 2008), and strongly suggest that (a) BFA 
resistant ARF-GEF(s) is (are) required for apical PIN targeting as well as 
for transcytosis.  
 The GNOM homolog GNOM LIKE1 (GNL1) has been shown to be 
BFA resistant and to localize to, and act primarily at Golgi stacks, 
regulating COPI-coated vesicle formation (Richter et al., 2007). Moreover, 
GNL1 was proposed to be also required for internalization from the plasma 
membrane in the presence of BFA (Teh and Moore, 2007). We tested 
whether the BFA-resistant GNOM LIKE1 might additionally contribute to 
apical PIN transcytosis. In both, the engineered BFA-sensitive version of 
GNL1LM and the gnl1-3 mutants, long term BFA treatment still induced the 
basal-to-apical PIN2 polarity shift in young cortex cells (Figure 5E), 
suggesting that the BFA-insensitive apical PIN delivery is GNL1 
independent. 
 These findings collectively illustrate the complexity of ARF-GEF 
dependent PIN targeting to the different cell sides. Basal PIN targeting 
largely depends on the ARF-GEF GNOM, while lateral and apical PIN2 
targeting is apparently independent of GNOM. Our data illustrates that 
apical targeting is also dependent on the ARF pathway and, hence, implies 
the involvement of (a) BFA resistant ARF-GEF(s) in this process. However, 
the BFA-resistant GNL1 does not seem to be strictly required for the apical 
PIN targeting or basal-to-apical transcytosis.   
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Figure 5. ARF/ARF-GEF dependency for apical PIN transcytosis. 
(A-B) apical PIN2 (red) localisation in epidermis cells (A) is compromised 
after heat shock induction of a GTP locked version of ARF1QL (green), 
leading to ARF1/PIN2 intracellular accumulation and reduced PIN2 
labelling at the plasma membrane. 
(C-D) BFA treatments lead to the basal-to-apical transcytosis of PIN2 in 
cortex cells, while ARF1QL (green) expression reduces PIN2 (red) 
translocation to the apical cell side (D). 
(E-G) long term BFA [50µM for 12h] incubations resulted in apical PIN2 
localization in wild type (E), engineered BFA sensitive GNL1LM, and gnl1-3 
mutants, suggesting GNL1 independent PIN transcytosis to the apical cell 
side.  
Arrows depict intracellular accumulation of PIN proteins and arrowheads 
PIN polarity. Abbreviations: E, epidermis; C, cortex. Scale bars, 10 μm. 
 
Discussion 
The polar distribution of PIN proteins correlates with, and determines the 
polar flow of the plant hormone auxin during numerous processes in plant 
development (Friml et al., 2003; Leyser, 2005). In this work we addressed 
some unclarified issues in cellular and genetic requirements for PIN polar 
targeting and transcytosis-mediated polarity changes.  
 The remarkable conservation of PIN polar targeting, BFA-sensitive 
endocytic recycling and BFA-induced transcytosis in 30 selected different 
Arabidopsis ecotypes shows that the mechanisms underlying the control of 
PIN polar targeting and PIN polarity switches are under evolutionary 
pressure, reflecting their overall importance for regulating plant 
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development. 
 Our studies also revealed previously unknown aspects of 
cytoskeletal requirements for apical and basal PIN targeting. Despite the 
evidence that apical targeting is more sensitive to actin depolymerisation 
compared to basal targeting, both apical and basal polar targeting depend 
on the actin cytoskeleton. This corresponds well to the situation in animal 
epithelial cells, where distribution of polar cargos has been also suggested 
to be differentially sensitive to actin manipulations (Rosin-Arbesfeld et al., 
2001; Tamma et al., 2005). Apart from the actin cytoskeleton, microtubules 
also appear to be important for polar PIN localization. So far, conclusive 
data were available only for role of microtubules in the PIN targeting to the 
forming cell plate in dividing cells (Geldner et al., 2001). Here we show 
that, in particular, the basal PIN targeting was disturbed after microtubule 
depolymerization, showing, in the most severe cases, even a basal-to-
apical polarity shift of PIN localization. In the case of PIN targeting, 
prolonged microtubule depolymerization clearly interferes with vesicle 
transport in plant interphase cells, however, it remains to be seen whether 
this reflects direct vesicle transport events along microtubules or, 
alternatively, reflects secondary effects such as cell wall/shape alterations 
that lead to potential loss of basal polarity.  
 Plant cells posses the remarkable ability to re-determine the polarity 
of already predefined tissues, contributing substantially to their flexible 
postembryonic development. The polarity of PIN localization can be rapidly 
rearranged in response to environmental or developmental cues (Friml et 
al., 2002a; Friml et al., 2003; Benková et al., 2003). Such rearrangements 
reroute local auxin fluxes and thus trigger various developmental 
processes and represent important cues for tissue polarity (Sauer et al., 
2006). Despite the fundamental importance of PIN polarity rearrangements 
for plant development, the underlying mechanisms are to date surprisingly 
ill defined. Here, we illustrate the unexpected complexity of various ARF 
and ARF GEF-dependent polar trafficking pathways that underlie PIN 
polarity changes. The data revealed a strong cell type-dependent 
component of this type of polar targeting regulation. In some cases, the cell 
type appears to not only predetermine the rate of transcytosis but also the 
polar domains for ARF-GEF dependent PIN transcytosis. The most 
extreme example is the BFA-induced basal-to-lateral PIN1 translocation in 
cells neighbouring the protoploem as compared to basal-to-apical 
transcytosis in most other root cell types. Nonetheless, apart from cell type 
determinants, PIN recruitment to the BFA-insensitive apical targeting 
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pathway and subsequent apical transcytosis (Kleine-Vehn et al., 2008) 
depends on the PIN sequence itself. Moreover, BFA induced polarity 
alterations from the basal-to-apical cell side appear to be specific for polar 
PIN cargoes, because polar competent AUX1 could not be rerouted by 
prolonged BFA incubations. This finding illustrates distinct targeting 
pathways for auxin influx and efflux carriers, enabling independent 
regulation of auxin influx and efflux in individual cells (Kleine-Vehn et al., 
2006).  
 Collectively, our findings illustrate that distinct ARF/ARF-GEF 
dependent pathways are instrumental for PIN targeting to different cell 
sides. As shown also previously (Kleine-Vehn et al., 2008), we confirmed 
that basal PIN targeting is strictly dependent on the function of GNOM 
ARF-GEF. Furthermore, while apical PIN targeting appears to be regulated 
by another, BFA-insensitive ARF-GEF, lateral PIN2 occurrence is most 
likely mediated by a GNOM-independent, but BFA-sensitive ARF-GEF 
pathway. Our studies also show that the BFA-insensitive ARF-GEF GNL1 
is not directly required for apical targeting or basal-to-apical transcytosis. 
Since the sequence predictions indicate that no other ARF GEF of the GBF 
clade would be BFA-insensitive (Geldner et al., 2003), these processes 
may be regulated by so far uncharacterised ARF GEF(s) of the BIG class.  

The utilization of distinct ARF-GEF vesicle regulators for polar 
distribution to distinct plasma membrane domains appears to have a clear 
functional role in case of PIN proteins. The independent deposition of PIN 
proteins by distinct targeting pathways could enable rapid PIN polarity 
changes by alternative recruitment by these different pathways. PIN 
positioning to different sides of cells defines auxin efflux in a three 
dimensional manner at a level of individual cells and, thus, could 
substantially contribute to the creation of an auxin distribution map for 
defining pattern of plant development. 

92



Chapter IV – Cellular requirements for Transcytosis 
 ______________________________________________________ 

 
 
S.Figure 1. PIN targeting in various Arabidopsis ecotypes. 
Table summarizes immunolocalization studies on PIN polarity and 
transcytosis. 
Apical/basal PIN targeting was largely unchanged among the diverse 
ecotypes, however, BFA [50µM for 30 min] sensitivity was altered in about 
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10% of the analyzed ecotypes. BFA induced basal-to-apical PIN 
transcytosis was detectable in all analyzed ecotypes.  
 

 

 
S.Figure 2. PIN cycling in Arabidopsis ecotypes. 
The chart depicts variable BFA [50µM for 30 min] sensitivity of PIN 
targeting in Bor-1, Cvi-0, and C24 compared to Col-0. 
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Experimental Procedures 
 
Used materials 
gnomR5 (Geldner et al., 2004); GNOMM696L (Geldner et al., 2003); 
PIN2:PIN2-GFP, PIN2:PIN1-HA, and PIN2:PIN1-GFP-3 (Wisniewska et al., 
2006); hs:ARF1QL (Xu and Scheres, 2005); AUX1-HA (Swarup et al., 
2001); AUX1-YFP (Swarup et al., 2004); GNL1LM-YFP in SEC-GFP, GNL1-
YFP in SEC-GFP, gnl1-3 (Teh and Moore, 2007) have been described 
previously. 
 
Growth conditions 
Plants were grown on soil or MS plates as described [Friml et al., 2002] 
under a 16-h light/8-h dark photoperiod at 21/18°C. 
 
Drug applications and experimental conditions 
Exogenous drugs were applied by incubation of 5-days-old seedlings in 
liquid or solid half-strength Murashige and Skoog (MS) medium 
supplemented with BFA (50 mM stock in dimethylsulfoxide [DMSO]) 
(50 μM), latrunculin B (20 mM stock in DMSO) (20 μM) or oryzalin (20 mM 
stock in DMSO) (20 μM). Control treatments contained an equivalent 
amount of solvent (DMSO). 
 For all treatments, markers, and mutant phenotype analyses, 
control experiments were done in the sister lines and a total number of at 
least 36 roots for each treatment were analyzed and representative images 
are presented. For all comparisons, independent experiments were done at 
least in triplicate with the same significant results. Data were statistically 
evaluated with Excel, 2003 (Microsoft). 
 
Expression and immunolocalization analyses 
Whole-mount immunofluorescence was performed as described [Friml et 
al., 2003]. Antibodies were diluted as follows: 1:2000 for rabbit anti-PIN1 
[Paciorek et al., 2005]; 1:2000 for rabbit anti-PIN2 (generously provided by 
C. Luschnig); 1:500 rabbit anti-GFP (Molecular probes); mouse anti-GFP 
1:800 (Roche) and 1:500 and 1:600 for FITC- and CY3-conjugated anti-
mouse and anti-rabbit secondary antibodies (Dianova), respectively. GFP 
was visualized in 5% glycerol or in chambered cover glass (Nunc) 
submerged with solid MS media without fixation for live-cell imaging. For 
the photobleaching experiments 5 to 6 days old seedlings were mounted in 
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liquid media on slides or in chambered cover glass (Nunc) submerged with 
solid MS media. A region of interest was selected for scans using the Leica 
LCS confocal software 2004 (Leica) FRAP procedure as previously 
described [Kleine-Vehn et al., 2006]. GFP images before and after scans 
were collected (n=4) and representative images are presented. For 
confocal laser scanning microscopy, single scans were obtained with Leica 
TCS SP2 AOBS or Olympus FV10 ASW. Images were processed in Adobe 
Photoshop and Illustrator CS2 (Adobe Inc.). 
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Summary 
All eukaryotic cells present a specific set of plasma membrane proteins 
that modulate responses to internal and external cues. Among various 
mechanisms, their activity is also regulated by tightly controlled protein 
degradation. Here, we characterized lytic vacuole-dependent protein 
degradation in Arabidopsis thaliana by means of in vivo visualization of 
vacuolar targeting combined with quantitative protein analysis. We 
identified several cargos of this pathway, including PIN-FORMED (PIN) 
efflux carriers for the phytohormone auxin [1]. In vivo visualization of PIN2 
turnover revealed its differential degradation in response to environmental 
signals such as gravity. In contrast to PIN delivery to the basal plasma 
membrane, which depends on the vesicle trafficking regulator ARF-GEF 
GNOM [2, 3], PIN sorting to the lytic vacuolar pathway requires additional 
Brefeldin A-sensitive ARF-GEF activity. Furthermore, we identified 
SORTING NEXIN1 (SNX1) [4] as an important component of this pathway 
and propose a PIN protein retrieval function from a late/pre vacuolar 
compartment for the retromer complex. Our data suggest that ARF GEF- 
and SNX1-dependent processes regulate PIN sorting to the vacuole in a 
counter directional manner and illustrate its instrumentalisation for fine 
tuning the auxin fluxes during plant development. 
 
Introduction 
Plants evolved a remarkable developmental plasticity to shape their 
individual growth according to environmental stress. The signal molecule 
auxin has been ultimately linked to the flexible plant expansion. The 
distribution of the phytohormone auxin depends largely on its directional 
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transport from cell to cell (Tanaka et al., 2006). Auxin efflux carriers of the 
PIN-FORMED (PIN) family show polar localisation that correlates with and 
determines the direction of auxin flow (Wisniewska et al., 2006; Petrasek et 
al., 2006). By the action of this delivery system, auxin accumulates in 
spatial and temporal patterns, which are read out to direct plant growth and 
development (Leyser, 2006; Kleine-Vehn and Friml, 2008). Throughout the 
plant's life, auxin contributes to developmental adaptation such as 
postembryonic organ formation, apical dominance, tissue regeneration and 
tropisms (Friml et al., 2002, 2003; Benkova et al., 2003, Sauer et al., 
2006).  

PIN auxin efflux carrier targeting displays a highly dynamic process 
with constitutive cycling of the PINs between the plasma membrane and 
(an) endosomal compartment(s). This process depends on ADP-
ribosylation factor GTP-exchange factors (ARF-GEFs) proteins such as 
GNOM (also called EMB40), and is sensitive to vesicle trafficking inhibitors 
such as brefeldin A (Geldner et al., 2001, 2003; Friml et al., 2002b). GNOM 
appears to regulate PIN recycling strictly to the basal plasma membrane 
(Kleine-Vehn et al., 2008), while the putative retromer complex component 
SORTING NEXIN1 (SNX1) resides in intracellular structures distinct of 
GNOM and has been suggested to be involved in apical PIN2 but not basal 
PIN1 recycling (Jaillais et al., 2006). SNX1 genetically interact with other 
putative retromer complex members such as VACUOLAR PROTEIN 
SORTING29 (VPS29) (Jaillais et al., 2007), but in contrast to SNX1, the 
VPS29 has been proposed to be involved preferentially in basal PIN1 
targeting and has been suggested to function downstream of GNOM 
(Jaillais et al., 2007). Nevertheless, the contribution of the retromer 
complex to the PIN recycling remained controversial (Jürgens and Geldner, 
2007). 
 However, the overall function of the PIN constitutive cycling 
remains unclear, though it has been proposed to enable the rapid changes 
in PIN polarity in response to environmental stimuli (Friml et al., 2002b; 
Kleine-Vehn et al., 2008) or to control the levels of PIN proteins at the 
plasma membrane and thus the activity of auxin transport (Paciorek et al., 
2005). The activity of the PIN-dependent auxin distribution network can be 
regulated at multiple levels, including transcription [7-9] polar subcellular 
localization [10, 11], endocytosis [12] and, not least, protein degradation 
[13-16]. In particular, the mechanisms that regulate PIN degradation are 
still widely elusive. However, after gravi-stimulation, proteasome-
dependent variations in PIN2 localization and degradation at the upper and 
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lower sides of the root result in asymmetric distribution of PIN2, suggesting 
functional importance for posttranslational regulation of PIN stability for 
plant development (Abas et al., 2006). 
 The mechanisms underlying the degradation of plasma membrane 
proteins are to date not well understood in plants, hence, we examined the 
cellular and molecular requirements of this process with a special focus on 
PIN efflux carriers. We used a drug free assay to illustrate PIN degradation 
in lytic vacuoles and illustrate its importance for fine tuning auxin transport 
during plant development. In particular, we illustrate that recycling and 
vacuolar degradation are interdependent but molecularly distinct. Our data 
suggest that a partially BFA sensitive ARF-GEF promotes the PIN protein 
transition from endosomes to the PVC, while SNX1 can counteract this 
process by retrieving PINs from the PVC, which appears to have functional 
importance during temporal PIN degradation during gravitropic response. 
Hence, we propose that the SNX1/VPS29-dependent retromer complex 
regulates the homeostasis of PIN proteins, but is not directly required for its 
recycling events to the plasma membrane.  
 
Results and Discussion 
 
Auxin efflux carrier PIN2 displays dynamic turnover in the lytic 
vacuole 
 To visualize the targeting to the lytic vacuole for degradation, we 
initially used concanamycin A, a well established and specific inhibitor of 
vacuolar H-ATPases, to reduce acidification of lytic compartments and, 
thus, protein degradation [17]. Under our experimental conditions, 
concanamycin A treatments enabled us to visualize accumulation and, 
hence, trafficking of fluorescently tagged plasma membrane proteins to the 
lytic vacuole for degradation, namely of the auxin efflux carrier PIN2 
(Figure 1A-B), brassinosteroid receptor BRI1 (Figure 1D-E) and the 
aquaporin PIP2 (Figure 1G-H).  
 Because concanamycin A might have unwanted side effects on 
protein trafficking [19], we made use of the fact that green fluorescent 
protein (GFP) and related proteins are far more stable in lytic vacuoles 
under dark conditions than in light due to conformational changes [18], in 
order to study plasma membrane protein degradation in a drug-
independent manner. Indeed, dark treatment led to vacuole-like 
accumulation of the GFP signal in various transgenic lines, including PIN2-
GFP, BRI1-GFP, and PIP2-GFP (Figure 1C; F; I). 
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 GFP localization in dark-treated PIN2-GFP coincided with the 
vacuolar occurrence in transmission light images (Figure 1J), confirming 
that the diffuse GFP signal following dark treatment revealed vacuole-
targeted proteins. Moreover, the endocytic dye FM4-64, which labels the 
tonoplast within 2 h of incubation [19], surrounded the diffuse GFP signal in 
PIN2-GFP-expressing seedlings following 2 h in the dark (Figure 1K). 
These findings confirm that GFP resides in the lumen of the tonoplast after 
dark treatment, thus illustrating the degradation of PIN2 in lytic vacuoles. 
 To roughly estimate the turnover of PIN2, we analyzed the earliest 
GFP accumulation in lytic vacuoles. A diffuse GFP occurrence in lytic 
vacuoles was already detectable after 1-2 h in the dark in two independent 
PIN2-GFP [14, 20] lines (Figure 1K; data not shown). In contrast, BRI1-
GFP fusions [21, 22] displayed their earliest vacuolar signals within 4-6h 
(Figure 1F; data not shown), in agreement with previous half life 
estimations of BRI1-GFP [22]. To investigate the PIN2 protein stability 
independently of the light-to-dark transition, dexamethasone-inducible 
TA:PIN2-GFP lines were used [14]. After induction of the transgene and 
subsequent removal of dexamethasone, PIN2-GFP was rapidly depleted, 
further indicating a fast, proteolytic turnover of this protein (Suppl. Figure 
1). 
 These data show that integral plasma membrane proteins, such as 
PIN2, BRI1, and PIP2 are targeted to the vacuole for degradation. 
Moreover, we illustrated the rapid turnover of the PIN2 protein, suggesting 
a tight posttranslational regulation during plant development. 
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Figure 1. Visualization of trafficking of plasma membrane proteins to the 
lytic vacuole. 
(A-C) PIN2-GFP localization at the plasma membrane and endocytic 
intracellular compartments in untreated epidermal root cells (A). 
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Appearance of GFP signal in lytic vacuoles in PIN2-GFP expressing 
seedlings after concanamycin A [1 µM/6 h] treatment (B) or incubation [6 h] 
in the dark (C). 
(D-F) BRI1-GFP-expressing transgenic lines showing BRI1 localization at 
the plasma membrane and in intracellular structures (D). BRI1-GFP 
degradation in lytic vacuoles after concanamycin A (E), and dark (F). 
(G-I) PIP2-GFP distribution in epidermis cells (G), after concanamycin A 
(H) and dark (I) treatments. 
(J-K) Appearance of diffuse vacuolar GFP signal (in green) in PIN2-GFP 
expressing cells following dark treatment (2 h) were identified 
morphologically in transmission light image (in red) (J) or by endocytic 
uptake of FM4-64 (K) dye (in red) labelling the tonoplast around the  diffuse 
GFP signal. 
Arrowheads indicate vacuolar occurrence of GFP signals. 
 
ARF-GEF-dependent trafficking of PIN2 to the lytic vacuole 
To gain insights into the biological function of the PIN2 targeting to the lytic 
vacuole, we examined the cellular requirements for endocytic trafficking of 
PIN2. The PIN2-GFP targeting to the vacuole for degradation depends on 
actin cytoskeleton, because latrunculin B-induced depolymerization of actin 
inhibited GFP accumulation in lytic vacuoles and stabilized PIN2 as 
manifested by increased total levels of the PIN2 protein (Figure 2B and 
2N), implying an actin-dependent vesicle transport for vacuolar PIN2 
trafficking. Brefeldin A (BFA), an inhibitor of ARF-GEF-type vesicle 
transport regulators, restrains recycling to the plasma membrane and leads 
to PIN accumulation in aggregated endosomes [23] and also elevates PIN2 
protein levels (Figure 2N) [14]. Notably, BFA reduced the PIN2 targeting to 
the lytic vacuole (Figure 2D), suggesting the involvement of an ARF-GEF. 
Moreover, BFA also inhibited the uptake of FM4-64 to the tonoplast 
membrane (Figure 2H) and stabilized BRI1 in endosomes [22], hinting at a 
general requirement for BFA-sensitive ARF GEF activity in the control of 
membrane trafficking from endosomes to the vacuole. The BFA-sensitive 
ARF-GEF GNOM is a major regulator of polar PIN recycling [2, 24]. 
However, reduced BFA concentrations sufficient to inhibit GNOM-
dependent PIN recycling to the basal cell side [2] did not fully abolish 
endocytic PIN2-GFP or FM4-64 trafficking to the tonoplast (Figure 2C and 
G), which might indicate a GNOM-independent mode of action for BFA. To 
determine whether BFA affects the PIN2 trafficking to the vacuole 
independently from GNOM, we used an engineered BFA-resistant version 
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of GNOM [24]. The BFA-resistant GNOMML lines still showed BFA 
sensitivity for endocytic uptake of PIN2 and FM4-64 to the vacuole (Figure 
2E and I), indicating a GNOM-independent vacuolar trafficking and 
involvement of an additional ARF GEF. This involvement of ARF and ARF-
GEF activity in the PIN2 vacuolar targeting has been further substantiated 
by conditional overexpression of a constitutively active version of an ARF-
GEF substrate ARF1 [20] that strongly interfered with the endocytic FM4-
64 trafficking to the tonoplast (Figure 2J). 
 Thus, while polar recycling of PIN proteins to the basal plasma 
membrane depends on the GNOM function, endocytic translocation of 
plasma membrane components, such as PIN2, to the vacuole is GNOM 
independent and most probably utilizes another BFA-sensitive ARF-GEF 
activity. Importantly, these findings indicate that, following internalization, 
the PIN recycling to the plasma membrane and the alternative posting to 
the vacuole for degradation are molecularly distinct by ARF-GEF utilization. 
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Figure 2. Cellular and molecular requirements of the PIN trafficking to lytic 
vacuoles. 
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(A-B) Latrunculin B (LatB) [30 µM] treatment (B) as compared to control (A) 
reveals actin dependent trafficking of the PIN2-GFP to the vacuole as 
visualized by dark treatment (2 h). 
(C-E) Dark treatments (2 h) illustrates reduction of PIN2-EosFP in vacuolar 
targeting at [25 µM] BFA (C) and a complete block at [50 µM] BFA (D). In 
the transgene carrying engineered BFA-resistant version of GNOM ARF 
GEF (GNOMML), the vacuolar trafficking of PIN2-EosFP is still BFA-
sensitive (E).  
(F-J) ARF GEF-dependent FM4-64 uptake (2 h) to the tonoplast (indicated 
by arrowheads) of untreated (F), [25 µM] BFA (G), [50 µM] BFA (H), [50 
µM] BFA, in the BFA-resistant version of GNOMML (I), and after heat-shock 
induction [37°C; 2 h] of the constitutively active ARF1QL (J). Inset in (J) 
shows FM4-64 and ARF1QL-YFP colocalization. 
(K-L) Concanamycin A [1 µM, 6 h]-visualized trafficking of PIN2-GFP (K) 
and PIP2-GFP (L) to vacuoles was inhibited by wortmannin [15 µM, 6 h] (K’ 
and L’) treatment. 
(M) Occasional PIN2 localization at the tonoplast after wortmannin [15 µM, 
3 h in the dark] treatment. 
(N) PIN2 protein-stabilizing effect of wortmannin (WM) Brefeldin A (BFA), 
and latrunculin B (LatB) by quantitative western analysis. Concomitant drug 
treatment with protein biosynthesis inhibitor cycloheximide (CHX) was 
done for inhibition of the PIN2 secretion. 
(O) Schematic representation of the ARF-GEF (BFA) and PI3K (WM)-
sensitive sorting events of PIN2 to the lytic vacuole for degradation. 
Arrows mark BFA dependent accumulation and arrowheads the PIN2 
occurrence in vacuoles or endocytic mistargeting 
 
Vacuolar trafficking of PIN2 depends on PI3K activity 
Progress has been made in the elucidation of the cellular machinery, by 
which cargo is delivered to the lysosome/vacuole in animal, yeast, and 
plant cells [25]. In plants, wortmannin, an inhibitor of phosphatidyl-inositol-
3-kinase (PI3K), affects recycling of vacuolar sorting receptors between the 
prevacuolar compartment (PVC) and the trans Golgi network (TGN) and 
thus alters the PVC identity [26, 27]. In accordance, wortmannin severely 
affects the PVC morphology of treated plant cells [28]. 
 Notably, wortmannin has been shown to interfere with apical PIN2 
localization in epidermis, but not with basal PIN1 targeting in stele cells, 
indicating that wortmannin interferes with apical but not basal PIN 
trafficking [4]. However, ectopic expression of basal PIN1 cargo in root 
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epidermis cells resulted in comparable wortmannin sensitivity (data not 
shown). Similarly, we observed wortmannin sensitive PIN1 targeting in 
stele after prolonged wortmannin treatments (data not shown). Hence, 
differential sensitivity to wortmannin could be explained by cell type 
dependency or drug uptake. This finding indicates that wortmannin 
treatment does not discriminate between apical and basal polar cargos in 
plant cells.  
 Although, wortmannin has been suggested to interfere with PIN2 
recycling events to the plasma membrane [4]; the underlying mechanisms 
remain unclear. We show that wortmannin abolishes vacuolar trafficking of 
PIN2-GFP (Figure 2K and K’) as well as of additional plasma membrane 
proteins, such as PIP2-GFP (Figure 2L and L’/data not shown). Consistent 
with the observed effects of wortmannin on vacuolar targeting, the drug 
also increased the total PIN2 protein levels in membrane protein 
preparations (Figure 2N). From these findings, we concluded that 
posttranslational regulation of plasma membrane proteins, such as PIN2, 
involves PI3K signaling as a regulator, of protein translocation to the lytic 
vacuole. 
 As in tobacco cell cultures, wortmannin has been shown to reduce 
the endocytic uptake of FM1-43 [29], hence, we analysed if the observed 
effect on the PIN2 degradation was potentially a consequence of an overall 
reduced endocytosis in Arabidopsis root cells. Under our experimental 
conditions, early internalization of FM4-64 from the plasma membrane into 
the intracellular compartments was not severely altered (Suppl. Figure 2A-
B and 2E-F). Also, wortmannin treatment did not abolish BFA-dependent 
intracellular accumulation of FM4-64 (Suppl. Figure 2D and 2H), clearly 
demonstrating the ongoing endocytosis in Arabidopsis epidermal root cells. 
In contrast, the endocytic targeting of FM4-64 to the tonoplast was reduced 
after wortmannin treatment (Suppl. Figure 2C and 2G). Thus, wortmannin 
affects the endocytic targeting of plasma membrane proteins to the vacuole 
by inhibiting intracellular sorting events rather than endocytosis at the 
plasma membrane. In accordance, in some cases we observed 
mistargeting of PIN2-GFP to the tonoplast membrane after wortmannin 
treatment (Figure 2M), suggesting sorting/invagination defects at the multi-
vesicular body/pre-vacuolar compartment [28]. 
 Taken together, the effect of wortmannin on the intracellular 
compartments disrupting vacuolar sorting of plasma membrane proteins, 
such as PIN2, strongly indicates that the PI3K activity is required for the 
regulation of vacuolar degradation of PIN2. 
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SNX1 localization and conditional mutant phenotypes suggest their 
involvement in vacuolar targeting 
SNX1 is a potential downstream effector of PI3K because it bears a 
phosphatidylinositol binding PX domain [30] and colocalizes with a marker 
for phosphatidyinositol-3-phosphate (PI3P) enriched membrane 
subdomains (Figure 3A). Yeast orthologs of SNX1 are retromer complex 
components required for vacuolar receptor retrieval from the PVC to the 
TGN in a clathrin- and COP-independent manner [31]. In plants, putative 
retromer components localize to the PVC and might interact with vacuolar 
sorting receptors [32]. Moreover, SNX1 has been shown to co-localize and 
genetically interact with the putative plant retromer component VPS29 [33]. 
In agreement with these findings, we found another putative plant retromer 
component [32], VPS35 that colocalizes with SNX1 at the PVC (Figure 3B). 
 Mutants in the VPS29 gene, which has been shown to be crucial 
for protein storage vacuole formation in Arabidopsis embryos [34], exert 
conditional growth arrest phenotypes on sucrose-depleted medium (Suppl. 
Figure 3). Similarly, snx1 seedlings exhibited a pronounced growth arrest 
on sucrose-depleted medium (Figure 3D). In the most severe cases, snx1 
mutant seedlings arrested growth after cotyledon formation (Figure 3D). 
The growth arrest of sucrose-depleted snx1 seedlings was conditional and 
could be fully rescued by sucrose application (Figure 3F). Remarkably, 
similar growth phenotypes have been described for mutants in 
GRAVITROPISM DEFECTIVE 2 (GRV2), an Arabidopsis homolog of 
RECEPTOR MEDIATED ENDOCYTOSIS 8 from Caenorabditis elegans 
[35]. grv2 mutants are characterized by deficiencies in shoot gravitropism 
and exhibit a conditional growth arrest phenotype, when grown in the 
absence of sucrose [35]. These grv2 phenotypes have been attributed 
primarily to defects in the late steps of the endocytic pathway that interfere 
with the proper delivery of cargo to storage as well as to lytic vacuoles [35, 
36].  
 Hence, we assume that interference with storage vacuole 
formation affects the energy consuming postembryonic leave organ 
formation, leading to growth arrested phenotypes that can be rescued by 
exogenous sucrose. The analogy to the grv2 growth phenotype could 
indicate that the SNX1/VPS29 dependent retromer complex is involved 
protein storage vacuole formation and in late steps of the endocytic 
pathway for lytic transmembrane protein degradation. 
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Figure 3. Putative plant retromer components regulate rate of PIN 
degradation. 
(A-B) Merged images of colocalization (arrowheads) of SNX1-GFP (green) 
with the PI3P-binding domain FYVE-YFP (red) (A) and retromer 
component VPS35 (red) (B).  
(C-F) Two-week-old wild-type seedlings with normal growth on media 
without sucrose (C), and snx1 mutants arrested in growth (D). Rescue of 
growth defects by transfer on sucrose containing media (F). 
(G-H) Substantial vacuolar targeting of the PIN2-GFP in the wild type (G) 
and even more pronounced in snx1 (H) mutant after dark treatments for 2 
h. 
(I) Reduced PIN2-GFP levels at the plasma membrane in snx1 mutant. 
Three-dimensional-animation of z-stacks (80 µm with 2-µm steps) were 
obtained. Roots were digitally tilted for outlook at the apical cell surface. 

114



Chapter V – Vacuolar Degradation of PINs 
 ______________________________________________________ 

False color code was used for PIN2-GFP intensity visualization. 
(J) Reduced total PIN2 protein levels in snx1 mutants by quantitative 
western analysis. 
(K-L) Reduced PIN1 protein levels in vps29 (L) compared to wild type 
seedlings (K) by z-stack analysis and maximum projection of the PIN1 
immunolocalization (approximately 80 µM, 2-µM steps).  
(M-P) PIN2 immunolocalization in wild-type (M and O) and vps29-3 
mutants (N and P). PIN2 accumulation in vps29 was ectopically localized in 
vacuolar-like structures in meristematic (I’) and in elongated root cells (J’), 
suggesting enhanced degradation in vacuoles. 
Arrows indicate BFA-dependent accumulation and arrowheads the PIN 
occurrence at the plasma membrane. False color code depicts relative 
fluorescent intensity (I and K-P) 
 
The putative retromer components SNX1 and VPS29 mediate vacuolar 
targeting and steady state levels of PIN proteins 
The similarity of the phenotypes observed in either vps29 or snx1 might 
indicate overlapping, interdependent functions of the corresponding gene 
products in the control of vacuolar targeting. Therefore, we analyzed 
abundance and intracellular distribution of the PIN proteins in these 
mutants. Mutants in snx1 interfere with steady-state PIN2 levels, reflected 
in reduced PIN2-GFP abundance at the epidermal plasma membrane and 
in diminished PIN2 protein levels in snx1-1 and snx1-2 membrane protein 
preparations (Figure 3I and 3J). Changes in PIN protein abundance in snx1 
mutants were independent of transcriptional regulation and hint at a 
posttranslational regulation (data not shown). Similar observations were 
made, when analysing endogenous PIN1 and PIN2 in a vps29 mutant, 
demonstrating reduced amounts of both proteins at the plasma membrane 
and elevated amounts of PIN2 signals in vacuole like structures, beeing 
suggestive for enhanced turnover of the protein (Figure 3K-P). Moreover, 
our data indicates that retromer dependent sorting events at the PVC 
affects both apical and basal PIN2 or PIN1 targeting. 
 PIN proteins have been shown to constantly cycle between plasma 
membrane and an endosomal pool whose identity is not fully understood 
yet [2, 3, 23]. It has been suggested that the putative retromer complex is 
required for polar recycling of PIN proteins by regulating PIN exocytosis to 
the plasma membrane downstream of GNOM [33]. Thus, disturbance of 
the exocytotic branch of PIN cycling could also lead to observed changes 
in PIN abundance at the plasma membrane in snx1 or vps29 by default 
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targeting to the vacuole. However, even prolonged pharmacological 
interference with the SNX1 labelled PVCs did not inhibit PIN targeting to 
the plasma membrane (data not shown; Suppl. Figure 4D; 4H). In contrast, 
BFA treatment leads to reversible GNOM dependent accumulation of basal 
PIN cargos in agglomerating endosomes and has been extensively used to 
study recycling of PIN proteins [2, 23]. To investigate especially polar 
recycling from endosomal compartments to the basal plasma membrane in 
snx1, we used BFA washout experiments in the presence and absence of 
the protein biosynthesis inhibitor cycloheximide. These experiments 
demonstrated that the PIN polar localization, BFA response, and 
recycling/exocytosis from endosomes to the plasma membrane after BFA 
removal remains unaffected in snx1 mutants (Suppl. Figure 4A-H; data not 
shown). This finding contradicts previous assumptions that the retromer 
complex at the PVC is involved in polar PIN exocytosis downstream of 
GNOM and illustrates that PIN2 and PIN1 recycling does not directly 
require the function of the retromer complex.  Thus, while SNX1 activity 
appears crucial for PIN2 homeostasis, it appears not to be directly involved 
in polar localization or in a exocytic recycling step of PIN proteins to the 
plasma membrane, illustrating again the interdependent but distinct 
regulation of PIN recycling and vacuolar degradation. 
 Remarkably, deficiencies in putative plant retromer components 
result in defects in plasma membrane protein localization and turnover that 
differ from those observed upon wortmannin treatments. Specifically, while 
the pharmacological inhibition of the SNX1-labelled PVC by wortmannin 
reduced PIN2 accumulation in the vacuole, loss of SNX1 function did not 
but preferentially enhanced vacuolar translocation(Figure 3G-H). Moreover, 
unlike wortmannin treatments that lead to increased PIN2 protein levels, 
PIN2-GFP abundance at the epidermal plasma membrane and total PIN2 
protein levels were reduced in snx1 mutants (compare Figure 2N and 
Figure 3J). Moreover, in contrast to wortmannin treatments (Suppl. Figure 
2G), endocytic FM4-64 uptake was not significantly altered in snx1 mutants 
(data not shown). Thus, while the effects of wortmannin on the PIN 
localization and turnover might arise from a more general interference with 
the sorting of plasma membrane proteins at the PVC, such as multi 
vesicular body formation, the mutant analysis was consistent with a more 
specific function of SNX1 and VPS29 in the control of vacuolar targeting. In 
alignment, PIN2 targeting remained sensitive to wortmannin treatment in 
snx1 mutants (data not shown). The snx1 mutant phenotypes, as well as 
SNX1 subcellular localization, suggest its involvement in vacuolar sorting 
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events at the PVC. In such a scenario, SNX1 might function in the plant 
retromer complex, which is required to identify a subpopulation of pre-
vacuolar compartments for lytic vacuole targeting. Thus, SNX1/VPS29 
seem to have a gating function for endocytic translocation of PIN2 to the 
lytic vacuole for degradation. 
 
Differential PIN2 degradation in lytic vacuoles in response to external 
stimuli 
Posttranslational mechanisms that determine protein abundance of the PIN 
auxin efflux carriers and their contribution to the plant development are still 
ill defined. External signals such as light or gravitropic stimulation have 
been reported to trigger intracellular redistribution to the vacuole or 
increased degradation of PIN2, respectively [14, 16]. Quantitative western 
blot analysis revealed that the total PIN2 protein levels are downregulated 
after both prolonged dark treatment (Suppl. Figure 5) and gravity 
stimulation (Suppl. Figure 6). In particular, the PIN2 is downreguled in 
response to gravity stimulus only in a transient manner and recovers after 
prolonged stimulation, suggesting a defined and complex regulation of the 
PIN2 turnover in response to external stimuli. To obtain further insights into 
the biological role of proteolytic PIN2 turnover, we employed vacuolar 
targeting visualization methods to examine the differential degradation of 
plasma membrane proteins in response to a gravity signal. 
 To investigate whether the gravity stimulus induces PIN2 
degradation via this pathway, we utilized dark treatments to monitor PIN2 
targeting to the lytic vacuole. Notably, in PIN2-GFP seedlings, higher GFP 
accumulation was detectable in vacuoles of epidermis cells at the upper 
side of gravity-stimulated roots (Figure 4A-D), suggesting rather a spatial, 
differential regulation of the vacuolar PIN2 trafficking during gravitropism. 
This finding appears to question our previous findings that PIN2 
degradation depends on proteasom activity [14]. Notably, pharmacological 
inhibition of proteasom function interfered with vacuolar translocation of 
PIN2 (data not shown), indicating a indirect mode of action. This finding 
substantiates previous reports on asymmetric PIN2 stability [14] and 
indicates involvement of differential vesicle trafficking of PIN2 to the lytic 
vacuoles during the gravitropic response. In this scenario, the asymmetric 
vesicle transport for vacuolar degradation of PIN2 with an increased 
activity at the upper side of gravistimulated roots limits the PIN2 activity 
and, hence, auxin flux into the elongation zone, eventually inducing 
differential cell elongation that results in root bending towards the gravity 
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vector. 
 
SNX1 is required for the temporal PIN2 degradation during the 
gravitropic response 
Interestingly, PIN2 preferentially resides in SNX1-labelled PVC after gravity 
stimulations [4] and, moreover, snx1 mutants are defective in gravitropic 
response [4]. As differential degradation of PIN2 in lytic vacuoles regulates 
gravitropic responses (Figure 4A) [14], we analyzed potential SNX1 
involvment in this process. PIN2 showed gravity-induced differential 
downregulation of upper epidermal cell files in wild type and snx1 mutants 
(Figure 4E). To address potential quantitative differences we monitored 
PIN2 protein levels after gravity stimulation. Quantitative western analysis 
revealed that the tight regulation of the PIN2 degradation and subsequent 
replenishment were altered in snx1 mutants (Figure 4F), suggesting that 
the SNX1 function is required for temporally defined vacuolar targeting of 
PIN2 after gravity stimulation and might account for the gravitropic defects 
observed in snx1 mutants [4]. In this scenario, the SNX1-dependent protein 
retrieval from the PVC prevents the PIN2 degradation after prolonged 
gravitropic responses. 
 Our finding substantiates previous findings on gravity-induced 
targeting of PIN2 [4, 14] that depends on the SNX1 function. Also, it further 
illustrates that PIN2 gets translocated to the vacuole for degradation via the 
SNX1-dependent pathway during plant development. Moreover, the SNX1-
dependent feedback mechanism for the PIN2 retrieval and subsequent 
recovery for recycling after prolonged gravitropic stimulus/responses 
appears to be functionally important for the plant development. In this 
scenario, the retromer complex prevents transition of PINs through the 
PVC and shuffles the proteins to the recycling endosomes, thus, revealing 
its interdependency but also enabling independent regulation of polar 
targeting to the plasma membrane and posting to the vacuole for 
degradation. 
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Figure 4. Differential PIN targeting to the lytic vacuole during plant 
development. 
(A-B) Increased PIN2 targeting to the vacuole in epidermal cells at the 
upper root side in contrast to the symmetric vacuolar signal in vertically 
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grown roots (A) after dark treatment of gravistimulated [for 3 h] PIN2-GFP 
roots (B). 
(C-D) Stronger GFP intensity in vacuole of upper epidermis cells (see 
yellow boxes 1 and 2). Enhanced localization in vacuoles correlated with 
reduced signals at the plasma membrane (red boxes 1 and 2) in upper (C) 
and lower (D) epidermal cell files after gravity stimulation in the dark. 
(E) Differential downregulation of PIN2-GFP in upper epidermal cells after 
gravitropic stimulus for 3h in snx1 mutant seedlings. 
(F) Enhanced gravity-induced degradation of PIN2 in snx1 mutants 
revealed by quantitative time course of total PIN2 protein abundance after 
gravity stimulation. 
Arrowheads mark differential PIN degradation in lytic vacuoles. 
 
Conclusions 
 
Our data provide novel insights into the turnover mechanism of plant 
plasma membrane proteins, including the PIN auxin efflux carriers. The 
PIN proteins regulate important decisions during plant development by 
limiting rate and direction of the polar auxin transport [1, 5]. The PIN-
dependent auxin transport can be controlled at the level of PIN 
transcription [7, 8], polar targeting [37-40], endocytosis [12] or protein 
stability [14]. 
 We show that degradation of PIN proteins is mediated by their 
targeting to the vacuole that depends on the actin cytoskeleton and PI3K 
activity. The PIN2 vacuolar trafficking and its polar recycling to the plasma 
membrane are interdependent, yet molecularly distinct, thus, enabling the 
independent modulation of the PIN2 protein abundance and polar 
localization. The ARF GEF GNOM regulates the PIN recycling rate to the 
basal plasma membrane [2, 3], while (an) additional partially BFA-sensitive 
ARF GEF(s) appear(s) to regulate the vacuolar degradation of PIN2 most 
probably on endosomes-to-PVC trafficking level. On the other hand, 
activities of the putative retromer components SNX1 and VPS29 are 
required for defined PIN2 translocation from the PVC to the vacuole. It 
appears that the retromer complex promotes PIN2 retrieval from the PVC 
most likely to the TGN, but is not directly involved in polar PIN targeting to 
the plasma membrane. The PIN vacuolar trafficking and, henceforth, PIN 
levels can be controlled by external signals, such as light and gravity, 
providing a mechanism for translating environmental signals into 
modulation of intercellular auxin fluxes and, consequently, auxin-
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dependent development. 

  
 

Figure 5. Model for intracellular sorting of PIN proteins. 
Vesicle transport regulators such as ARF-GEF(s) and the retromer 
complex regulate PIN stability in a counter directional manner. Partially 
BFA sensitive ARF-GEF(s) appear(s) to promote PIN degradation in lytic 
vacuoles. In contrast, activity of the retromer complex regulates PIN 
retrieval from the pre vacuolar compartment (PVC), thus, keeping the PIN 
proteins in a subpopulation of early- or recycling endosomes (EE/RE) for 
subsequent targeting to the plasma membrane (PM). 
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Supplemental Figure 1. PIN2 protein turnover after DEX induction. 
DEX-induced PIN2-GFP showed rapid degradation within hours. PIN2 
degradation was confirmed by western and confocal microscopy (PIN2-
GFP in green; propidium iodide in red was used as counter staining) 
 

 
Supplemental Figure 2. Effect of wortmannin on the intracellular 
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membrane flow to the vacuole. 
(A-C) FM4-64 uptake in root epidermal cells of untreated wild-type 
seedlings after 10 (A), 40 (B), and 180 (C) min. 
(D) Disruption of FM4-64 targeting to the tonoplast after BFA [50 µM] 
treatment. 
(E-G) FM4-64 uptake in root epidermal wild-type root cells treated with 
wortmannin [15 µM] after 10 (A), 40 (B) and 180 (C) min; initially, 
wortmannin did not visibly interfere with FM4-64 uptake, but displayed 
severely reduced FM4-64 trafficking to the tonoplast. 
(H) FM4-64 accumulation in BFA compartments by concomitant treatments 
of wortmannin [15 µM] and BFA [50 µM], illustrating ongoing endocytosis in 
the presence of wortmannin. 
 
 
 
 
 
 

 
Supplemental Figure 3. Conditional growth phenotype in the absence of 
exogenous sucrose. 
Percentage of wild-type, snx1, and vps29 mutants that displayed severely 
inhibited growth in the absence of exogenously applied sucrose. 
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Supplemental Figure 4. SNX1 is not directly involved in polar PIN 
targeting or recycling. 
(A-D) PIN2 immunolocalization in snx1-1 mutants. PIN2 localization at the 
apical plasma membrane in epidermal and basal in cortex cells (A), 
suggesting unaffected polar PIN targeting in snx1 mutants. BFA [50 µM, 1 
h] induced rapid internalisation of basally localised PIN2 in cortex cells (B), 
indicating constitutive endocytosis of PIN2 in snx1 mutants. PIN2 recycled 
back to the plama membrane following BFA removal [1 h washout] (C), 
revealing no polar targeting defects in the snx1 mutant background. 
Pharmacological impairment of SNX1-labelled PVCs by wortmannin [15 
µM] did not prevent recycling of PIN2 following BFA removal (D). 
Differences to wild-type samples were not observed (data not shown). 
(E-H) PIN1 immunolocalization in snx1-1 mutants. Basal PIN1 in the stele 
was unchanged (E). BFA [50 µM, 1 h] induced rapid internalisation of PIN1 
(F) that recycled back following BFA removal [1 h washout] (G). BFA 
removal in presence of wortmannin [15 µM; 1 h] did not prevent recycling 
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of PIN1 to the plasma membrane (H). Differences to wild-type samples 
were not observed (data not shown). 
Arrows mark BFA-dependent accumulation and arrowheads the PIN 
occurrence at the plasma membrane. Abbreviations: C, cortex; E, 
epidermis cells. 
 
 
 

 
Supplemental Figure 5. PIN2 protein degradation in dark-grown 
seedlings. 
Quantitative Western analysis revealed dark-dependent degradation of 
total PIN2 after 2-4 h. 
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Supplemental Figure 6. Gravity-induced temporal degradation and 
recovery of PIN2. 
(A) Time dependent down regulation of total PIN2 proteins after gravity 
stimulation (left panel) and no differences in protein abundance in 
unstimulated samples (right panel) revealed by quantitative Western 
analysis. 
 
 
Materials and Methods  
Materials 
PIN1:PIN1-GFP [38]; PIN2:PIN2-GFP(1) [20]; PIN2:PIN2-GFP(2); 
TA:PIN2-GFP [14]; BRI1:BRI1-GFP(1) [21, 41]; BRI1:BRI1-GFP(2) [22]; 
35S:PIP2-GFP [42]; snx1-1, snx1-2 and SNX1-GFP, SNX1-RFP [4]; 
vps29-3 (obtained from SALK) [33]; and YFP-2xFYVE [43] have been 
described previously. Data presented in the figures were all obtained with 
PIN2:PIN2-GFP(1) and BRI1:BRI1-GFP(1). Control experiments with 
PIN2:PIN2-GFP2 and BRI1:BRI1-GFP2 led to similar results. 
 
Growth conditions 
Plants were grown on soil or Murashige and Shoog (MS) plates (with or 
without sucrose) as described [10] under a 16 h light/8 h dark photoperiod 
at 21/18°C. Dark experiments were carried out in light period. 
 
Drug applications and experimental conditions 
Exogenous drugs were applied by incubation of 5-day-old seedlings in 
liquid half-strength MS medium supplemented with BFA (50 mM stock in 
dimethylsulfoxide [DMSO]) (10/25/50 μM), cycloheximide (50 mM stock in 
DMSO) (50 μM), concanamycin A (1 mM stock in DMSO) (1 µM), 
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latrunculin B (20 mM stock in DMSO) (20 μM), or wortmannin (30 mM 
stock in DMSO) (15 μM). Control treatments contained an equivalent 
amount of solvent (dimethylsulfoxide). Double drug treatments were carried 
out with 30 min of pretreatment followed by concomitant drug treatment for 
the indicated time. 
 Dark treatments were done in liquid or solid MS medium. For 
gravitropic analysis, a dark treatment for 2 h was performed followed by 
gravistimulus for 3 h. 
 FM4-64 uptake experiments were performed as described [12]. 
 For all comparisons, independent experiments were done at least 
in triplicate with the same significant results and representative images are 
presented. Statistics were evaluated with Excel (Microsoft office 2003). 
 
Expression and immunolocalization analyses 
Wholemount immunofluorescence was prepared as described [38]. 
Antibodies were diluted as follows: 1:500 anti-GFP (Molecular probes), 
1:2000 for anti-PIN2 [14]; 1:2000 for anti-PIN1 [12]; 1:500 for anti-VPS35 
(generously provided by D. Robinson) and 1:500 and 1:600 for FITC-  and 
CY3-conjugated anti-rabbit/mouse secondary antibodies (Dianova), 
respectively. GFP was visualized in 5% glycerol without fixation for live cell 
imaging. For confocal laser scanning microscopy, a Leica TCS SP2 AOBS, 
Zeiss CLSM, and Olympus FV10 ASW were used. The intensity of the 
PIN2-GFP signal was measured with ImageJ 1.37v. Images were 
processed in Adobe Photoshop CS2 (Adobe Inc.). 
 The PIN2 protein levels in membrane protein fractions were 
analysed as described previously [14]. Affinity-purified anti-PIN2 was 
decorated with HRP-conjugated goat anti-rabbit IgG (Pierce, USA; 
1:100.000) and detected by enhanced chemiluminescence (SuperSignal 
West Pico, Pierce). 
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