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SUMMARY 

In order to adapt to ever-changing environmental conditions and to respond to environmental 

stimuli, plants with their sessile lifestyle developed different strategies than animals. The plan 

of a plant’s body is dynamically changing through its life span. These changes involve 

postembryonic development of new organs and formation of new meristems. The body plan 

of animals is already established during embryogenesis and postembryonic changes involve 

mainly tissue and organ growth. This amazing plant plasticity is regulated most prominently 

by the phytohormone auxin. Polar transport and local accumulation or depletions of this 

hormone in plant tissues underline the basis of this regulatory mechanism. Auxin is 

transported from one cell to another by PIN auxin efflux carriers, which, by feedback loop, 

regulate auxin concentration in cells. Polar localization of PIN proteins is crucial for 

establishing auxin gradient within plant tissues. 

In Chapter 1 we introduced the importance of polarity in the development of multicellular 

organisms and described factors which are known to play a role in the establishment and 

maintenance of polarity. Although the core mechanism regulating the delivery of proteins to 

their polar domains is similar in plants and animals, the genes responsible for polar targeting 

differ between those two kingdoms. Animal epithelial cells provide a good model system to 

study polarity as they display basolateral and luminal apical polarities separated by tight 

junctions. In plants, most of the knowledge about polar protein localization comes from PIN 

family studies. In this chapter we have presented forward and reverse genetics methods for 

studying polarity in plants and pointed out chemical genetics as a promising tool, which can 

overcome limitations of classical genetics.   

In the Chapter 2 and 3 we described two small molecules, endosidin 4 (ES4) and endosidin 

6 (ES6) identified in chemical genomics screen. Both chemicals were identified as factors 

affecting polar PIN1 localization in PIN2:PIN1-GFP; pin2 line (Drakakaki et al., 2011). We 

confirmed the initial results of the screen by immunolocalization of PIN1 protein in 

PIN2:PIN1-GFP; pin2 line. Both chemicals induced apicalization of PIN1 in epidermal cells of 

this line.  

Further characterization of ES4 described in Chapter 2 revealed its effect on various 

morphological and intracellular features of plant phenotype, including shortening of the root 

of wild type plants, inversion of gravitropic defect observed in PIN2:PIN1-HA;pin2 line, 

induction of various intracellular trafficking markers agglomeration and inhibition of BFA 

bodies formation. Among all mutants analyzed for their root growth sensitivity to ES4, arf-

gefs were those most affected, with the strongest inhibition of root growth displayed by gnl1. 

Root growth of wild-type plants was examined also on medium co-supplemented with ES4 
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and BFA at various concentrations. When combined, these two chemicals displayed additive 

effect on root growth indicating that they most likely affect different trafficking pathway. In this 

chapter we presented the results of forward genetic screen performed to identify mutants 

resistant to ES4. For this purpose we assessed the root length of PIN1:PIN1-GFP EMS 

mutagenized population grown on medium supplemented with ES4. Map-based cloning and 

sequencing of es4r1 mutant selected in the screen revealed a mutation in the δ subunit of 

the COPI coatomer (δ-COPI). δ-COPI belongs to medium subunit family protein of clathrin 

adaptor complexes. Haploinsufficiency test was also conducted on heterozygous deletion 

yeast strains for the sensitivity to ES4 of various intracellular trafficking regulators like genes 

encoding different ARF, ARF GEFs and subunits of COPI coatomer. Among tested strains 

the only mutant that displayed a severely increased ES4 sensitivity was a sec7/SEC7 ARF 

GEF. In addition the impact of ES4 on the wild-type (ARF1WT), GTP-locked (ARF1Q71L), and 

GDP-locked (ARFT31N) forms of ARF1 (Xu and Scheres, 2005) in transgenic Arabidopsis 

plants was tested. The only GTP-locked ARF1Q71L was resistant to the ES4 treatment. 

Altogether the above results indicate that ES4 affects ARF1/ARF-GEF dependent trafficking 

pathways.  

In Chapter 3 we characterized morphological, intracellular and biochemical phenotypes of 

Arabidopsis plants treated with ES6. This small molecule inhibited root and hypocotyl growth, 

induced root hairs outgrowth and auxin accumulation. Among all test marker proteins only 

the cellulose synthase A proteins (GFP:CESAs) were affected by ES6. Additionally ES6 

induced formation of Microtubule Associated Cellulose Synthase Compartments MASCs. 

Isoxaben is a chemical known to inhibit cell wall cellulose synthesis. We have compared its 

effect to ES6 on cell wall cellulose and hemicellulose composition. ES6 affected different 

sugars than isoxaben, indicating distinct mechanism of action for these two compounds. The 

above results demonstrated that ES6 affected cell wall composition. What is more, among all 

mutants tested for their sensitivity to ES6, the only resistant one was rcn1, defective in a1 

subunit of protein phosphatase 2 (PP2Aa1). rcn1 revealed smaller reduction in root and 

hypocotyl growth when compared to the control. The connection between the effects of ES6 

on cell wall and PP2AA1 protein needs to be further investigated.  

In Chapter 4 we designed and initiated the study of sequence encoded cues for directionality 

of auxin transport in PIN proteins. PIN5 and PIN8, in contrast to other PM localized PIN 

proteins, are localized to the ER membranes. Both proteins are capable of transporting 

auxin, but in opposite directions.  Genetic analysis of the knock-out and overexpression lines 

revealed that PIN5 and PIN8 can potentially compensate each other function, in maintaining 

auxin homeostasis and thus presumably contribute to antagonistic developmental responses 

observed in these lines. Alignment of PIN protein sequences in CLUSTAL X revealed two 
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sequences characteristic only for PIN8 protein. To address the possible involvement of these 

two domains in opposite auxin fluxes, we generated the set of constructs with mutated 

versions of the two specific domains.   

In the closing Chapter 5 we summarized the main conclusions of the thesis and proposed 

future experiments beneficial for broader understanding of mechanisms regulating polar 

localization of PIN proteins and opposite auxin fluxes. 
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LIST OF ABBREVIATIONS 

 
A   ALANINE 
ABCB    ATP BINDING OF B-TYPE 
ABP    AUXIN BINDING PROTEIN  
AEE   APICAL EARLY ENDOSOME 
AFB   AUXIN SIGNALING F BOX 
ALA   ALANINE   
AP    ADAPTOR PROTEIN  
aPKC   ATYPICAL PROTEIN KINASE C 
AMPK   AMP-ACTIVATED PROTEIN KINASE 
ARE   APICAL RECYCLING ENDOSOME 
ARF    ADP-RIBOSYLATION FACTOR 
ASP   ASPARTIC ACID 
At    ARABIDOPSIS THALIANA 
AUX    AUXIN RESISTANT  
AXR    AUXIN RESISTANT 
BEE   BASOLATERAL EARLY ENDOSOME 
BEN    BFA-VISUALIZED ENDOCYTIC TRAFFICKING DEFECTIVE 
BEX   BFA-VISUALIZED EXOCYTIC TRAFFICKING DEFECTIVE 
BFA    BREFELDIN A 
BRI    BRASSINOSTEROID INSENSITIVE 
CaMV   CAULIFLOWER MOSAIC VIRUS 
CAPS   CLEAVED AMPLIFIED POLYMORPHIC SEQUENCES 
CDC   CELL DIVISION CONTROL 
CDS   CODING SEQUENCE 
CEV  CONSTITUTIVE EXPRESSION OF VEGETATIVE STORAGE 

PROTEIN 
CES    CELLULOSE SYNTHASE  
CFP   CYAN FLUORESCENT PROTEIN 
CHC   CLATHRIN HEAVY CHAIN 
CLC   CLATHRIN LIGHT CHAIN 
CLSM    CONFOCAL SCANNING LASER MICROSCOPY 
CME    CLATHRIN MEDIATED ENDOCYTOSIS 
CO   CORTEX 
Col   COLUMBIA 
COP   COATOMER PROTEIN COMPLEX 
CRE   COMMON RECYCLING ENDOSOME 
CSC   CELLULOSE SYNTHASE COMPLEX 
CSLD   CELLULOSE SYNTHASE (CESA)-LIKE PROTEIN 
D   ASPARTIC ACID 
DARTS  DRAG AFFINITY RESPONSIVE TARGET STABILITY 
DLG   DISCS LARGE 
DMSO   DIMETHYL SULFOXIDE 
DNA    DEOXYRIBO NUCLEIC ACID 
DRP    DYNAMIN RELATED PROTEIN 
EDTA   ETHYLENEDIAMINETETRAACETIC ACID 
EE    EARLY ENDOSOME  
ELI    ECTOPIC LIGNIN 
EMB   EMBRYO DEFECTIVE 
EMS    ETHYL METHANESULFONATE 
ENP   ENHANCER OF PINOID 
EP   EPIDERMIS 
ER    ENDOPLASMATIC RETICULUM 
ES   ENDOSIDIN 
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EXO   EXOCYST 
FRAP    FLUORESCENCE RECOVERY AFTER PHOTOBLEACHING 
FYPP  PHYTOCHROME-ASSOCIATED SERINE/THREONINE PROTEIN 

PHOSPHATASE 
GAP    GTPASE ACTIVATING PROTEIN 
GBF  GOLGI-ASSOCIATED BREFELDINA-RESISTANT GUANINE 

NUCLEOTIDE EXCHANGE FACTOR 
GDI GDP DISSOCIATION INHIBITOR 
GDP GUANOSINE DIPHOSPHATE  
GEF    GUANINE NUCLEOTIDE EXCHANGE FACTOR 
GFP    GREEN FLUORESCENT PROTEIN 
GN   GNOM 
GNL    GNOM LIKE  
GTP   GUANOSINE-5'-TRIPHOSPHATE 
GUS    β-GLUCURONIDASE 
H   HISTIDINE 
HA    HUMAN INFLUENZA HEMAGGLUTININ 
HIS   HISTIDINE 
HSP    HEAT SHOCK PROMOTER 
IAA    INDOLE-3 ACETIC ACID 
ICR    INTERACTOR OF CONSTITUTIVE ACTIVE ROP 
IX   ISOXABEN 
IXR    ISOXABEN RESISTANT 
LAX    LIKE AUX1 
Ler   LANDSBERG ERECTA 
LGL   LETHAL GIANT LARVAE 
LKB   LIVER KINASE B 
MAB    MACCHI-BOU 
MAP   MICROTUBULE ASSOCIATED PROTEIN 
MASC  MICROTUBULE ASSOCIATED CELLULOSE SYNTHASE 

COMPARTMENTS 
MBD   MICROTUBULE BINDING DOMAIN 
MDCA   MADIN-DARBY CANINE KIDNEY 
MDR   MULTIDRUG RESISTANCE 
MHD   µ HOMOLOGY DOMAIN 
MS    MURASHIGE AND SKOOG 
MUNC   MAMMALIAN UNCOORDINATED 
MVB    MULTIVESICULAR BODY 
NAA   α-NAPHTHALENEACETIC ACID 
NPA   1-N-NAPHTHYLPHTHALAMIC ACID 
NPY   NAKED PINS IN YUC MUTANTS 
OD   OPTICAL DENSITY 
OE   OVEREXPRESSING 
PALS   CRUMBS/PROTEINS ASSOCIATED WITH LIN SEVEN 
PAR   PARTITIONING DEFECTIVE 
PAT    POLAR AUXIN TRANSPORT 
PATJ   PALS-ASSOCIATED TIGHT JUNCTION 
PCR    POLYMERASE CHAIN REACTION 
PGP   PHOSPHOGLYCOPROTEIN 
PID    PINOID 
PILS   PIN-LIKES 
PIN    PIN-PINFORMED 
PIP    PLASMA MEMBRANE INTRINSIC PROTEIN 
PK   PROTEIN KINASE 
PM    PLASMA MEMBRANE 
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PP    PROTEIN PHOSPHATASE 
PRC   PROCUSTE 
PVC    PREVACUOLAR COMPARTMENT 
RCN    ROOTS CURL IN NPA 
RE    RECYCLING ENDOSOME 
REPP    REGULATOR OF PIN POLARITY 
RIC   ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 
RNA   RIBONUCLEIC ACID 
ROP   RHO OF PLANTS 
RPM   ROUNDS PER MINUTE 
RPS5A  RIBOSOMAL PROTEIN5A 
RSW   RADIAL SWELLING 
SAC   SUPPRESSOR OF ACTIN 
SAL   SAPS DOMAIN-LIKE 
SAR   STRUCTURE ACTIVITY RELATIONSHIP 
SCR   SKP1/CULLIN1/F-BOX 
SD   STANDARD DEVIATION 
SE   STANDARD ERROR 
SEC   SECRETORY 
SNX    SORTIN NEXIN 
SSLP   SINGLE SEQUENCE LENGTH POLYMORPHISM 
ST   SIALYLTRANSFERASE 
SYP   SYNTAXIN OF PLANTS 
TALEN  TRANSCRIPTION ACTIVATOR-LIKEEFFECTOR NUCLEASES 
TAP   TANDEM AFFINITY PURIFICATION 
TEM   TRANSMISSION ELECTRON MICROSCOPY 
TGN    TRANS GOLGI NETWORK  
THE1   THESEUS1 
TIBA   2,3,5-TRIIODOBENZOIC ACID 
TILLING  TARGETING-INDUCED LOCAL LESIONS IN GENOMES 
TIR    TRANSPORT INHIBITOR RESPONSE 
TMK   TRANSMEMBRANE KINASE  
TXR   THAXTOMIN A RESISTANT 
VAN    VASCULAR NETWORK DEFECTIVE  
VHAa1  VACUOLAR H+-ATPase SUBUNIT A1 
VPS    VACUOLAR PROTEIN SORTING 
VTI   VESICLE TRANSPORT V-SNARE 
WAG    WAVY ROOT GROWTH 
Ws   WASSILEWSKIJA 
WT   WILD TYPE 
X-GLUC  5-BROMO-4-CHLORO-3-INDOLYL-BETA-D-GLUCURONIC ACID 
YFP    YELLOW FLUORESCENT PROTEIN 
YPD   YEAST EXTRACT/PEPTONE/DEXTROSE 
ZFN   ZINC FINGER NUCLEASES 
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RESEARCH OBJECTIVES 

Phytohormone auxin, through local accumulation and coordinated polar transport, plays a 

pivotal role in the developmental and environmental responses of plants. The aim of this 

work was to obtain a better insight into the mechanisms regulating polar localization of PIN 

proteins in the model plant Arabidopsis thaliana, using a chemical genomic approach. So far 

the topic was mostly studied using classical genetics approaches, including knock-out and 

overexpression lines defective in polar PIN localization or using variable chemicals interfering 

with specific pathways involved in this process. To better understand the mechanisms 

regulating polar PIN localization and maintenance, and possibly characterize unknown 

players involved in those processes, we took the advantage of chemical genomics approach. 

We selected two chemicals, which interfere with polar PIN localization. Through 

characterization of these two small molecules we expected to reveal unknown pathways 

regulating polarity of PIN proteins.  

PIN proteins transport auxin not only between cells, but also intracellularly. Opposite auxin 

fluxes between ER membranes presumably contribute to maintain auxin homeostasis and 

regulate availability of auxin for signaling and transport. PIN8 protein, localized to the ER 

membranes, transport auxin in opposite direction to other PIN proteins. Sequence alignment 

between PIN proteins revealed two domains characteristic for PIN8. The aim of this project 

was to determine whether the two motifs specific for PIN8 play a role in mediating 

directionality of auxin fluxes. 
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ABSTRACT 

Although plant and animal cells use a similar core mechanism to deliver proteins to the 

plasma membrane, their different life style, body organization and specific cell structures 

resulted in the acquisition of regulatory mechanisms that vary in the two kingdoms. In 

particular, cell polarity regulators do not seem to be conserved, because genes encoding key 

components are absent in plant genomes. In plants, the broad knowledge on polarity derives 

from the study of auxin transporters, the PIN-FORMED proteins, in the model plant 

Arabidopsis thaliana. In animals much information is provided from the study of polarity in 

epithelial cells that exhibit basolateral and luminal apical polarities, separated by tight 

junctions. In this review, we summarize the similarities and differences of the polarization 

mechanisms between plants and animals and survey the main genetic approaches that have 

been used to characterize new genes involved in polarity establishment in plants, including 

the frequently utilized forward and reverse genetics screens, as well as a novel chemical 

genetics approach that is expected to overcome the limitation of classical genetics methods. 
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INTRODUCTION 

Establishment and maintenance of cell polarity are one of the most fundamental topics in cell 

biology. Differences in cell polarization among different cell types enable them to form cell 

sheets that carry out the same function and result in the formation of various tissues and 

organs. At the cellular level, polarity can be described as an asymmetrical distribution of 

molecules, proteins, organelles or cytoskeletal strands along a particular axis (Grebe et al., 

2001). Such organization of intracellular structures plays a crucial role during cell 

differentiation, proliferation, morphogenesis, intercellular communication and cell signaling. 

Cell polarity is of crucial importance in unicellular organisms that, thanks to asymmetrically 

distributed molecules inside the cells, are able not only to proliferate and move, but also to 

specify distinct cell sites to fulfill a different function. A canonical example of such an 

organism is the green alga Acetabularia that develops structures resembling organs of higher 

plants, such as rhizoids, stalks and cups (Mine et al., 2008). In multicellular organisms, 

polarity plays an additional role in the communication between cells that is necessary for 

their cooperation and function as a whole organ. Although in both plants and animals, cell 

polarity determines the integrity of the organism, in most animal cells, polarity is, once 

established, retained throughout the life span, whereas in plants, due to their sessile life 

style, relocation of the plasma membrane (PM)-localized proteins between different polar 

domains plays an additional role in responding to the ever-changing environmental stimuli 

and in developmental plasticity. The mechanism that allows plants to align along the gravity 

vector involves the relocation of the PIN-FORMED3 (PIN3) auxin efflux carriers in columella 

root cells and endodermal hypocotyl cells to redirect the auxin flow (Friml et al., 2002a; 

Rakusová et al., 2011). Different life strategies between plants and animals are reflected in 

their distinctive development: whereas most animals shape their adult body plan already 

during embryogenesis, plants continue to develop their body architecture postembryonically 

and are able to rearrange it in response to environmental conditions. 

 In plants, virtually all developmental processes, such as embryogenesis, 

organogenesis, vascular tissue formation or regeneration, require the establishment or 

rearrangement of the polarity. Many aspects of this developmental flexibility are mediated by 

the plant hormone auxin that acts as a polarizing cue (Berleth and Sachs, 2001; Leyser, 

2011; Sauer et al., 2006). Through an asymmetric distribution between cells and the 

formation of local maxima and minima, auxin controls many developmental processes, such 

as embryogenesis (Friml et al., 2003; Schlereth et al., 2010), organogenesis (Benková et al., 

2003; Heisler et al., 2005; Reinhardt et al., 2003; Sorefan et al., 2009), tropic growth (Chen 

et al., 1998; Friml et al., 2002a; Luschnig et al., 1998; Müller et al., 1998; Utsuno et al., 

1998), vascular tissue formation (Scarpella et al., 2006), root meristem maintenance (Blilou 
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et al., 2005; Friml et al., 2002b; Sabatini et al., 1999) and apical hook formation (Zádníková 

et al., 2010). An auxin concentration gradient in a tissue can be created by its localized 

synthesis or metabolism, but predominantly by polar auxin transport (PAT). PAT depends on 

polarly localized auxin influx and efflux carriers that guide the auxin flow direction (Grunewald 

and Friml, 2010). Auxin efflux is carried out by a family of PIN proteins (Petrásek et al., 

2006), most of which (PIN1, PIN2, PIN3, PIN4 and PIN7) are polarly localized on the PM, 

depending on PIN protein, cell type, and developmental stage (Vieten et al., 2007). Already 

during embryogenesis, the localization of PIN1, PIN4 and PIN7 directs the auxin 

accumulation toward distinct parts of the developing embryo and results in the specification 

of the main apical-basal plant axis. After the first division of the zygote, auxin accumulates in 

the proembryo, which specifies the apical pole. At the globular stage, auxin starts to 

accumulate in the hypophysis where the future root pole will be established (Friml et al., 

2003). Besides PIN proteins, auxin transport is also facilitated by other components, such as 

AUXIN-RESISTANT1/LIKE AUX1 (AUX1/LAX) and MULTIDRUG 

RESISTANCE/PHOSPHOGLYCOPROTEIN/ATP-BINDING CASSETTE OF B-TYPE 

(MDR/PGP/ABCB), which are influx and efflux carriers, respectively (Zazímalová et al., 

2010). The localization of these proteins depends on the cell type in which they are 

expressed; for example, in the protophloem, AUX1/LAX proteins are located on the apical 

part of the cells, whereas in the shoot apical meristem, they localize similarly as the PIN1 

proteins on the basal part of the cells (Swarup et al., 2001). The ABCB auxin transporters, 

ABCB1/PGP1, ABCB4/PGP4 and ABCB19/PGP19, are mainly distributed equally at the PM; 

however, in root epidermal cells, ABCB4/PGP4 displays a more polarized basal or apical 

localization (Terasaka et al., 2005). Unraveling the mechanisms of the polarization process 

at the cellular level is crucial for understanding how single cells are able to organize 

themselves in a polarized manner to form the tissues and organs of living organisms. 

1. COMPARISON OF VESICULAR TRAFFICKING AND PROTEIN LOCALIZATION 

FACTORS BETWEEN POLARIZED CELLS OF PLANTS AND ANIMALS 

Eukaryotic cells share common cellular components that are involved in cell polarization, 

such as the endomembrane system, cytoskeleton, extracellular matrix/cell wall, and 

molecular regulators of polarity (such as Rab GTPases). Nevertheless, the independent 

evolution of multicellularity in plants and animals resulted in the origin of specific executors 

and structures, such as cell walls in plants or tight junctions in animals, associated with the 

establishment and maintenance of polarity. In the animal system, the most remarkable 

polarity determinants (partitioning defective (PAR) and the Scribble and Crumbs complexes) 

serve as components to multiple effector pathways, including cytoskeleton formation, cell-cell 

junctions and cell membrane and cortex organization, ensuring formation and maintenance 
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of polar domains as a consequence (Chen et al., 2010; Humbert et al., 2006; Lu and Bilder, 

2005; Tepass et al., 2001; Wells et al., 2006). Plants have established their own polarization 

manner based on the activity of the Rho-like small G proteins, designated RAC/ROP 

GTPases (Yang and Lavagi, 2012) that are domain identity proteins. ROP GTPases are 

master molecular switches controlling cell polarization by regulating vesicle trafficking, 

interacting with cytoskeleton or working as domain identity proteins. Additionally, PIN 

proteins are important factors that induce their own polarity: they are auxin transporters, not 

regulatory proteins, and they need a polarized vesicular transport. Furthermore, the polar 

domains are differently organized in plants and animals (Figure 1). In plant epidermal cells, 

four polar domains have been identified: the apical, basal, outer lateral and inner lateral, 

whereas in animal epithelial cells, only basolateral and apical domains can be distinguished 

separated by the so-called tight junctions (Kleine-Vehn and Friml, 2008). 

 

Figure 1. Schematic representation of polar domains in the plant epidermal and animal 
epithelial cells. 
Plant epidermal cells exhibit four polar domains: apical, basal, inner lateral and outer lateral 
and are surrounded by cell walls. Animal epithelial cells exhibit apical and basolateral 
domains separated by tight junctions. 
 

1.1 Conserved trafficking cellular machinery and organelles  

In both plants and animals, polarly localized proteins follow the secretory pathway from the 

endoplasmic reticulum (ER), through the cis- and trans-Golgi stacks, to the PM (Peer, 2011). 

Proteins are transported between the intracellular compartments in vesicles that are formed 

by three classes of protein complexes: the coatomer protein complex II (COPII) guides the 

anterograde transport from the ER to the Golgi apparatus; the coatomer protein complex I 

(COPI) is crucial for retrograde transport from the Golgi apparatus to the ER and the intra-

Golgi stacks (Beck et al., 2009; Popoff et al., 2011); and the adaptor protein (AP) clathrin 
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complex encapsulates proteins during the transport between PM, Golgi apparatus and 

endosomes (Paul and Frigerio, 2007). 

 Sorting and polar targeting of newly synthetized proteins to the PM are better 

examined in animal systems. For a long time, only three main routes had been described for 

the secretion of polar proteins after exiting the trans-Golgi network (TGN). Proteins could be 

targeted directly to the apical polar and basolateral domains or, in some cases, apically 

localized proteins could follow an indirect route and go first to the basolateral domain from 

where they were transcytosed to the apical side (Bonilha et al., 1997; Mostov et al., 2003). 

The direct targeting to the polar domains was identified in the 1980s by biochemical and 

morphological studies that investigated the localization of different viral proteins in epithelial 

cells. After coexisting at the TGN, the influenza virus hemagglutinin and the vesicular 

stomatitis virus G protein were targeted directly to the apical or basolateral PM domains, 

respectively (Fuller et al., 1985; Misek et al., 1984; Pfeiffer et al., 1985). Recently, new 

experiments have demonstrated that the secretory pathway of some proteins can be more 

complex, encompassing the so-called recycling endosomes (REs) on the way from the Golgi 

apparatus to the PM. Although in animals the trafficking of newly synthetized, polarly 

localized proteins is well characterized, in plants this process is still unclear. In Arabidopsis 

cells, proteins are probably secreted in a polar manner (Łangowski et al., manuscript in 

preparation). The transcytosis of PIN proteins in plants has been shown (Kleine-Vehn et al., 

2008a, 2008b) but it remains unclear whether this process assists the polar delivery in 

general or serves only for the repolarization after signals, such as gravity (Kleine-Vehn et al., 

2010). 

 Besides the involvement of polar secretion in the cellular polarization, establishment 

and maintenance of the distinct polar domain is also regulated, both in plants and animals, 

by the constant polar recycling of the PM proteins. In epithelial cells, internalized proteins 

from the apical and basolateral domains localize to the apical and basolateral early 

endosomes, respectively, from where they can be recycled back to the PM, or targeted to the 

common recycling endosome that plays multiple roles in the protein-sorting pathway where 

common trafficking pathways intersect, such as recycling, secretion and transcytosis. 

Additionally, an apical recycling route encompasses the apical recycling endosome that is 

involved in basal-to-apical transcytosis and transport of newly synthesized proteins 

(Gonzalez and Rodriguez-Boulan, 2009). In plants, PIN proteins are internalized from the PM 

to the TGN/early endosome (EE) compartments and can further follow either the recycling 

route to the PM via hypothetical compartments, the REs (Figure 2), or the degradation route 

to the vacuole via prevacuolar compartments that correspond to late endosomes in plants 

(Grunewald and Friml, 2010; Robinson et al., 2008). 
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 Polar cargoes derived both from secretory and endocytic pathways have to be sorted 

to the destination site. In epithelial cells, sorting of secreted proteins occurs mainly at the 

TGN, whereas REs sort mainly recycling proteins (Treyer and Müsch, 2013) (Figure 3A and 

3B). In contrast, in plants, the TGN/EE is the compartment in which secretory and endocytic 

routes merge (Dettmer et al., 2006; Viotti et al., 2010). Exocytosis is mediated by 

evolutionarily conserved complex, the exocyst, which consist of eight subunits (Sec3, Sec5, 

Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84). In plants and animals, exocyst is 

responsible for vesicle tethering to the PM (Drdová et al., 2013; Hála et al., 2008; Liu and 

Guo, 2012; Ory and Gasman, 2011). Constant trafficking of PM proteins is required for their 

proper polar localization. Although the trafficking mechanisms between plants and animals 

are similar, there are some main differences at the molecular level. The cellular trafficking 

machinery is better described in epithelial system. Different types of sorting endosomes are 

distinguished in epithelial cells, whereas in plant the main sorting station is EE/TGN. Also, 

more polarly localized proteins were identified in epithelial cells, allowing a better insight into 

dissecting the trafficking routes. However, in plant cells, a lot of important information is still 

missing, such as the sorting mechanism of de novo synthetized PIN proteins. 

 

Figure 2. Intracellular trafficking and cellular requirements for polarization of PIN 
proteins. 
Auxin binding to its receptor ABP1 inhibits CME through ROP6/RIC1 signaling. PIN proteins 
require the DRP1 function for CME. Clathrin interacts with AP-2 to form clathrin-coated 
vesicles. They are internalized to the TGN/EE and then follow the pathway to the RE that is 
regulated by BEN1 and VPS45/BEN2 ARF-GEFs. Exocyst tether vesicles to the PM. 
Recycling of PIN proteins from the RE to the PM is regulated by a GNOM-dependent 
mechanism. Control of apical and basal PIN targeting depends on the phosphorylation status 
of PIN proteins. PIN proteins are directed to the apical domain through phosphorylation by 
PID/WAG1/WAG2/PP6 kinases, whereas they are guided to the basal domain by 
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dephosphorylation by means of PP2A/FyPP1/FyPP3 phosphatases. Basal targeting of PIN 
cargoes is controlled by GNOM. 

 
Figure 3. Schematic representation of intracellular trafficking in epithelial cells. 
(A) Proteins from TGN to the apical domain can be targeted directly, through apical early 
endosome (AEE), apical recycling endosome (ARE), common recycling endosome (CRE) 
followed by ARE or can go first to the basolateral domain from where they are transcytosed 
to the apical domain. Proteins from TGN to the basolateral domain can be targeted directly, 
through CRE or basolateral early endosome (BEE).  
(B) COPI and COPII guides the protein transport between Golgi and ER. Clathrin interacts 
with AP-2 in CME. AP-1A and AP-1B interact with clathrin and sort proteins to the basolateral 
domain. Two signalling complexes PAR and Crumbs mediate tight junctions establishment 
and formation of the apical domain. Scribble complex regulate the identity of the basolateral 
domain. The PAR, Crumbs and Scribble mutually regulate the localization and activity of 
eachother. CDC42 interacts with PAR3/PAR6/APKC and maintains tight junctions. Rho 
GTPases stimulate actin polymerization through which deliver proteins to the PM. Rab8 
interacts with AP-1A, AP-1B and exocyst complex and mediate protein delivery to the 
basolateral PM. Rab10 together with Rab8 mediate cargo trafficking to the basolateral 
domain. Rab25 and Rab11 control the apical recycling.  

1.2 Clathrin adaptor complexes 

Endocytosis and exocytosis are highly dynamic processes (Ketelaar et al., 2008) that are key 

determinants of the PM integrity and that regulate transport and signaling at the cell surface. 

Clathrin-mediated endocytosis (CME) has been shown to be involved in the recycling of 

polarly localized proteins in plants and animals (Dhonukshe et al., 2007; McMahon and 

Boucrot, 2011). Protein endocytosis from the PM to the endosomal compartment is initiated 

by recognition of the cargo-sorting signals by the adaptor protein-2 (AP-2) complex that 

recruits clathrin to form clathrin-coated vesicles. The AP-2 complex can recognize two 

specific peptide motifs in the cytoplasmic domain of transmembrane proteins, the tyrosine-

based and the dileucine-based motifs, as well as posttranslational modifications, such as 

phosphorylation and ubiquitination (Ohno et al., 1998). Recently, the role of AP-2 in 

endocytosis has been shown in plants as well (Kim et al., 2013a; Rubbo et al., 2013). 
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 From the five existing adaptor protein complexes, the AP-2 complex is implicated in 

CME (Kim et al., 2013a; McMahon and Boucrot, 2011; Rubbo et al., 2013). As CME is the 

main endocytic route involved in the transport of PM components known in plants, it has a 

great influence on the polarization of PM proteins. However, in mammalian cells, also 

clathrin-independent mechanisms of endocytosis are known that regulate the PM 

composition. In contrast, other clathrin-dependent trafficking pathways have a tremendous 

impact on the polarization events. Analysis of clathrin knockdown mutants in Madin-Darby 

canine kidney (MDCK) cells has revealed that clathrin-mediated vesicle transport plays an 

essential role for the basolateral polarity without effect on the apical polarity (Deborde et al., 

2008). Three of the adaptor protein complexes (AP-1, AP-2 and AP-3) have binding sites for 

clathrin (Bonifacino and Traub, 2003), but the AP-3 function in polarized cell sorting has not 

been studied yet. The AP-1A and AP-1B complexes sort the proteins to the basolateral 

domain of epithelial cells, by recognizing the sorting signals and coating the proteins into 

clathrin vesicles (Gravotta et al., 2012). The AP-1B complex occurs specifically in epithelial 

cells and differs from the ubiquitously expressed AP-1A complex in the µ1B subunit that is 

closely related to the µ1A (Ohno et al., 1999). The sorting signals for basolateral PM proteins 

are tyrosine and dileucine motifs that are similar to those recognized in CME (Hunziker and 

Fumey, 1994; Matter et al., 1992). Another sorting signal, a single leucine motif, has been 

characterized in the stem cell transmembrane growth factor, which is important specifically 

for basolateral sorting, but not for endocytosis (Wehrle-Haller and Imhof, 2001). Additionally, 

the AP-4 complex that does not interact with clathrin can recognize different basolateral 

sorting signals to mediate transport in epithelial cells, as confirmed by depletion of the µ4 

adaptin that results in missorting of some basolateral proteins to the apical domain (Simmen 

et al., 2002). 

 Whereas CME was well characterized in mammals and yeast, the genetic 

characterization of the clathrin involvement in this process has been identified only recently 

in plants. A first insight into the role of clathrin in CME was gained by immunolocalization of 

clathrin at different stage of vesicle formation (Dhonukshe et al., 2007). CME was best 

described for PIN proteins as an important factor for their polar localization. When 

endocytosis is blocked by chemical inhibitors, PIN proteins at the PM spread laterally. Live-

cell imaging and computational approaches revealed that laterally diffused PIN proteins that 

escaped from polar domains are internalized by clathrin-dependent endocytosis and via 

exocytosis are delivered back to the polar domain center by superpolar recycling (Kleine-

Vehn et al., 2011). Characterization of the clathrin heavy chain 2 (chc2) mutants and 

dominant-negative CHC1 (HUB) showed defects in the bulk endocytosis and the recycling 

machinery of PIN proteins, with a defective polar targeting as a consequence (Kitakura et al., 

2011). Furthermore, mutations in different subunits of the AP-2 complex, such as the σ 
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adaptin (ap2σ) or the µ adaptin (ap2m), result in impaired endocytosis and disruption of the 

polar PIN1-GFP localization during embryogenesis or of the PIN2-GFP localization in the 

male reproductive organ development (Fan et al., 2013; Kim et al., 2013b). Deficient PIN 

localization together with other developmental defects in clathrin and AP-2 mutants, such as 

reduced vegetative growth or impaired vascular patterns, which are reminiscent of defects in 

auxin signaling and transport, hint at an important role of CME in the polarization process. 

Another group of proteins involved in the CME process required for fission of clathrin-coated 

vesicles in mammals are dynamin-related proteins (DRPs). Although their function is not very 

well characterized in plants, DRP1A has been shown to interact with PIN proteins during 

CME at the cell plate. Examination of the drp1 mutant phenotype confirmed the importance 

of these proteins for proper PIN1 distribution in dividing cells and of their role in auxin-

mediated development (Mravec et al., 2011). Additionally, AP-1 is involved in intracellular 

protein sorting at the TGN/EE in the interphase and in protein delivery to the cell plate during 

cytokinesis (Park et al., 2013; Teh et al., 2013; Wang et al., 2013). AP-3 has been suggested 

to act in the transport from the Golgi apparatus to the plant vacuoles, but its function is still 

poorly defined (Feraru et al., 2010; Zwiewka et al., 2011) and its role in polarity has not been 

shown yet. Clathrin, together with the AP-2 complex, plays an important role in polarity 

maintenance, both in plants and animals. However, in plants, CME serves as a main 

pathway for internalization and recycling of PM proteins, whereas in animals it is involved 

mostly in the regulation of basolateral trafficking. Additional important role in basolateral 

cargo delivery in epithelial cells plays the AP-1 complex. In plants, other AP complexes have 

to be examined further to evaluate their role in polarization events. 

1.3 Small GTPases 

Small GTPases are a group of hydrolase enzymes implicated in a broad range of cellular 

signaling events. Of the many genes that code for GTPases and their regulators in plants 

and animals, some subfamilies are involved in polarization events, such as the Rho, Rab and 

ADP-Ribosylation Factor (ARF) GTPases. They regulate the vesicular trafficking between 

intracellular compartments by recruiting coat protein complexes to the vesicle formation sites, 

organizing the cytoskeleton, and docking vesicles to the destination membranes. GTPase 

proteins constitutively cycle between their active GTP-bound and inactive GDP-bound 

conformations. Their activation is mediated by the Guanine Exchange Factor (GEF) that 

stimulates the GDP-to-GTP substitution and the deactivation process by GTPase-Activating 

Proteins (GAPs) that promote the GTP hydrolysis and the return of Rho, ARF or Rab proteins 

to the GDP-bound form (Nielsen et al., 2008). Additionally, the Rho protein has another 

regulator, the Rho GDP Dissociation Inhibitor (RhoGDI). During evolution, the Rho 

superfamily diverged into subgroups: characteristic for mammals and filamentous fungi, Rho, 
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Rac and the cell division control protein CDC42; for yeast, CDC42 and Rho, and the plant-

specific Rho Of Plants (ROP) (Nagawa et al., 2010). In metazoans and fungi, Rho and 

CDC42 are considered the major polarity organizers. In budding yeasts, a preexisting 

budding scar provides a landmark for the formation of the next daughter cell, but CDC42 can 

polarize cells even in the absence of polarizing cues. CDC42 activated by its exchange factor 

polarizes actin filaments toward itself to the new bud formation site, enhancing the activated 

CDC42 accumulation to the same site and depletion from other cell sites (Wedlich-Soldner et 

al., 2003). In animal cells, CDC42 is necessary to polarize PAR proteins, it interacts with the 

PAR3/PAR6/aPKC polarity complex, and maintains tight junctions (Joberty et al., 2000; Lin et 

al., 2000). In general, in animals and yeasts, Rho GTPases influence the actin filament 

formation and regulate vesicle transport by actin polymerization targeting to the PM domains, 

where they deliver the proteins (Ridley, 2006). In the mammalian system, the secretory and 

endocytic pathways are regulated by the Rab family of small GTPases that plays a role in the 

different steps of membrane trafficking, i.e. budding, delivery, tethering and fusion 

(Grosshans et al., 2006), but only a few of them might have a specific function in the 

basolateral and apical trafficking. The small GTPase Rab8 regulates the basolateral cargo 

delivery by interacting with the AP-1B complex and the exocyst-tethering complex, which is 

implicated with basolateral cargo delivery (Ang et al., 2003). Besides basolateral polarization, 

Rab8 is also involved in apical protein localization in intestinal cells (Sato et al., 2007) and in 

de novo generation of the apical domain and lumen (Bryant et al., 2010). Another Rab 

GTPase, Rab10, together with Rab8, mediate cargo trafficking from the TGN to the 

basolateral surface of newly synthetized proteins (Schuck et al., 2007), whereas Rab25 and 

Rab11 control the apical recycling in epithelial cells (Wang et al., 2000). Different Rho and 

Rab proteins mark polar PM domains and regulate polar exocytosis by interaction with the 

exocyst complex. The first small GTPase found to interact with the exocyst was Sec4 in 

yeast (Guo et al., 1999). In epithelial cells, basolateral exocytosis is controlled by Rab8, 

Rab10, CDC42 and RalA, whereas Rab8, Rab11 and Rabin8 (Rab8GEF) drive the transport 

to the cilium in the apical domain (Kang and Folsch, 2009). Another small GTPase, ARF6, 

regulates the CME in the apical and basolateral domains (Altschuler et al., 1999) that, 

besides its function in endocytosis, plays also an important role in actin cytoskeleton 

rearrangements. 

 Recent experiments have improved the knowledge on the involvement of ROP 

GTPases and their interactors in polarity establishment in plants. In some cell types, such as 

trichoblasts, the localization of ROP GTPases to specific membrane domains is determined 

by auxin. A local auxin gradient induces the ROP accumulation on the rootward end of 

trichoblasts, marking the future root hair growth position (Fischer et al., 2006). In pollen 

tubes, highly polarized growth that occurs at the very tube tip is governed by ROP1 that 
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oscillates between an active and inactive form to maintain the optimal level for efficient tube 

elongation. Globally, RhoGDI and RhoGAP inhibit ROP1 to prevent lateral propagation from 

the apical cap. Furthermore, ROP1 influences the apical actin microfilament formation that 

drives the polar exocytosis of ROP activators and inhibitors, generating positive and negative 

feedback-regulatory mechanisms, respectively (Yang and Lavagi, 2012). Furthermore, ROP6 

and its downstream ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 1 (RIC1) 

effector are involved in CME of PIN proteins in roots, where they recruit clathrin to the PM. 

This process is regulated by auxin through the Auxin-Binding Protein 1 (ABP1) that acts 

upstream of ROP6/RIC1 (Chen et al., 2012). Recently, the PM-localized transmembrane 

kinase (TMK) receptor-like kinases has been demonstrated to interact with the ABP1 protein 

at the cell surface and to activate ROP GTPases (Xu et al., 2014), which have been shown 

to be master regulators of the formation of interdigitated pavement cells where the locally 

activated ROP4 and ROP6 are responsible for lobe and indentation formation (Bloch and 

Yalovsky, 2013). The interactor of the activated ROP gene, ICR1, mediates the interaction of 

ROP-Sec3 at the PM and is necessary to recruit PIN proteins to the polar domains (Hazak et 

al., 2010). 

 Endocytosis of PIN proteins is not only mediated by clathrin (Chen et al., 2011; 

Dhonukshe et al., 2007), but is also dependent on the GNOM (GN or also known as 

EMBRYO DEFECTIVE30 [EMB30] or VASCULAR NETWORK7 [VAN7]) and GNOM-like1 

(GNL1) ARF-GEFs (Naramoto et al., 2010; Teh and Moore, 2007), together with the Rab 

GTPase ARA7 (Dhonukshe et al., 2008). The PIN1 proteins that are directed to the recycling 

route are controlled by the GNOM-regulated ARF GTPase (Geldner et al., 2003). GNOM 

consists of a Sec7 domain recognized by the fungal toxin Brefeldin A (BFA) that inhibits 

GNOM-dependent exocytosis, resulting in the accumulation of internalized proteins in so-

called BFA compartments, together with the TGN, and in the depletion of PIN proteins from 

the PM (Geldner et al., 2003). After a prolonged incubation with BFA or a genetic 

interference with GNOM, PIN1 proteins from the basal domain are gradually transported to 

the apical cell side, whereas apically localized PIN2 proteins in the epidermis are BFA 

insensitive, indicating the importance of GNOM in the basal PIN localization (Kleine-Vehn et 

al., 2008a). In addition to its role in the intracellular trafficking, GNOM is involved in the 

endocytosis process, together with another ARF-GEF, namely GNL1, and ARF-GAP, namely 

Vascular Network Defective 3 (VAN3). Mutant analysis and localization of these factors at 

the PM confirmed the significant role of the ARF GTPase machinery in the endocytic process 

(Naramoto et al., 2010; Teh and Moore, 2007). Besides the GBF class of ARF-GEFs that 

includes GNOM and GNL1, another class of BFA-Inhibited Guanine nucleotide exchange 

(BIG) proteins is also involved in intracellular trafficking, although it is still not well 

characterized. One member of this class, i.e. BFA-visualized endocytic trafficking defective 1 
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(BEN1)/BIG5/MIN7, has been found to be involved in BFA-induced internalization of basally 

localized PIN proteins: PIN1-GFP in the stele and PIN2 in cortex cells (Tanaka et al., 2009). 

BEN1, together with BEN2/VPS45, functions in early endosomal trafficking, which is required 

for polar PIN localization (Tanaka et al., 2013). Besides ARF and ROP GTPases, also other 

small GTPases, such as Rab GTPases, play a role in the regulation of vesicle trafficking and 

polar PIN localization. BFA-visualized exocytic trafficking defective5 (BEX5)/RabA1b is 

associated with trafficking and proper PIN polarization. BEX5 is localized to the TGN/EE 

compartment and is implicated in exocytosis and transcytosis processes of PIN proteins 

(Feraru et al., 2012). Small GTPases are crucial for many steps in endomembrane vesicle 

trafficking, such as vesicle formation, movement, tethering and fusion. However, due to the 

divergence of the GTPases in evolution, they regulate distinct stages in vesicle trafficking 

and have a different impact on cell polarization processes in plants and animals. 

1.4 Phosphorylation 

Protein phosphorylation is a posttranslational modification that occurs on serine, threonine or 

tyrosine residues and that is catalyzed by kinase enzymes. The reverse process of 

phosphate groups removal is mediated by phosphatases. Besides other roles, the 

phosphorylation status of proteins in plants and animals serves as an intrinsic cue for polar 

cargo delivery. 

 In mammalian cells, phosphorylation plays an important role in polar cargo delivery to 

the PM. Two main kinases are involved in this process: the serine/threonine kinase 

LKB1/PAR4 that is activated by the bile acid taurocholate and, in turn, triggers the second 

AMP-activated protein kinase (AMPK). LKB1 additionally activates 11 AMP-related kinases, 

including the four mammalian PAR1 paralogs (Lizcano et al., 2004). LKB1 has been 

described first as a polarity determinant in a genetic screen for mutants defective in cell 

divisions of early Caenorhabditis elegans embryos that were designated partitioning 

defective (par) (Kemphues et al., 1988). After fertilization, the first asymmetrical cell division 

of the zygote is crucial for proper establishment of the polarity axis in the future embryo. In 

most of the par mutants, the first cell division is symmetrical, leading to the synchronous 

division of the daughter cells, with severe defects in cell specification as a consequence. 

Each of the six PAR proteins identified so far is distributed in a characteristic manner after 

the first asymmetric cell division, indicating that their role is crucial for the formation of 

anterior-posterior cell polarity (Goldstein and Macara, 2007). That PIN protein sorting to the 

apical or basal domains relies on its phosphorylation status (Dhonukshe et al., 2010; Friml et 

al., 2004; Huang et al., 2010; Kleine-Vehn et al., 2009; Zhang et al., 2010) could be 

demonstrated after study of the localization of distinct PIN proteins in the same cell type. In 

root epidermal cells, the ectopically expressed PIN1 was located on the basal cell side, in 
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contrast to the apically localized PIN2, hinting at sequence-based determinants for polar PIN 

localization (Wisniewska et al., 2006). Sequence analysis and in vitro phosphorylation 

assays revealed that phosphorylation of PIN1 by PINOID (PID) kinase occurs in the central 

hydrophilic loop (Michniewicz et al., 2007) on several serine residues (Huang et al., 2010; 

Zhang et al., 2010). An antagonistic function of the serine/threonine PID kinase and Protein 

Phosphatase 2A (PP2A) in the polar PIN trafficking was demonstrated by a genetic study of 

pp2a and pid mutants in embryo and root development. PID phosphorylates PIN proteins to 

direct them to the apical domain, whereas PP2A counteracts the PID activity and 

dephosphorylates PIN proteins, targeting them to the basal cell side (Michniewicz et al., 

2007). Close analysis of the pid mutant phenotype with defective apical polarization revealed 

that the apical PIN2 localization was intact in root epidermal cells (Sukumar et al., 2009), 

implying that additional kinases are present that redundantly regulate the phosphorylation 

status of PIN proteins. WAVY ROOT GROWTH1 (WAG1) and WAG2 kinases that belong to 

the AGC-3 kinases, phosphorylate PIN proteins, together with PID, predominantly at the PM, 

where from they are directed to the apical recycling pathway after endocytosis (Dhonukshe 

et al., 2010). Mutations in pid, wag1 or wag2 lead to root meristem collapse and agravitropic 

growth (Dai et al., 2012). Another kinase involved in the phosphorylation of PIN proteins is 

D6 Protein Kinase (D6PK). D6PK colocalizes with PIN proteins on the basal membrane of 

the stele, cortex and lateral root cap cells. The d6pk mutant was shown to be defective in 

auxin transport, but its exact role remains unclear (Zourelidou et al., 2009). 

 PP2A phosphatase with its multiple regulatory (A and B) and catalytic (C) subunits 

produces various holoenzymes with distinct functions and properties. Analysis of the loss-of-

function mutants of three PP2AA isoforms revealed abnormal cotyledon phenotypes and 

aberrations in early embryo developmental stages (Michniewicz et al., 2007; Zhou et al., 

2004) that resembled embryos with defects in auxin transport (Friml et al., 2003) and the 

pin1 and pid mutant phenotypes, implying a role for the regulatory A subunit in basal PIN 

localization. Three isoforms of the regulatory A subunit gene family together with the catalytic 

subunits Phytochrome-associated serine/threonine protein phosphatase1 (FyPP1), its 

homolog FyPP2, and SAPS DOMAIN-LIKE (SAL) proteins, physically interact to form the 

PP6 heterotrimeric holoenzyme complex (Dai et al., 2012). Genetic interference in FyPP 

genes by mutations or their dominant-negative versions results in an altered PIN 

phosphorylation level that causes a basal-to-apical shift of PIN1 in stele cells and of PIN2 in 

cortex cells (Dai et al., 2012). Recent data also indicated that the catalytic subunits of the 

PP2A subfamily II, PP2A-C3 and PP2A-C4, redundantly regulate embryo patterning and root 

development and affect the PIN1 protein polarity (Ballesteros et al., 2013). In plants and 

animals, the protein phosphorylation status plays a crucial role in their localization to the 

proper polar PM domains. However different kinases and phosphatases are involved in the 
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phosphorylation process: the LKB1/PAR4 and AMPK kinases in animal cells and the PID, 

WAG1, WAG2 and D6PK kinases, together with the PP2A phosphatase and PP6 complex, in 

plant cells. 

1.5 Cytoskeleton involvement in cell polarity 

Actin filaments and microtubules are polar polymers oriented along the polarity axis and 

consist of actin subunits and tubulin heterodimers, respectively. The polarity of cytoskeletal 

structures results from the unidirectional association of the subunits that can polymerize and 

depolymerize in a fast manner, depending on changing polarity signals (Li and Gundersen, 

2008). Trafficking of vesicles and polar deposition to the PM takes place along the 

cytoskeleton. The cortical cytoskeleton serves also as a scaffold structure that determines 

the animal cell shape, whereas the plant cell shape relies on cell wall and turgor pressure. 

Treatment of actin and microtubules with depolymerizing chemicals revealed that the 

cytoskeleton targets polarly localized proteins, such as PIN proteins (Kleine-Vehn et al., 

2008b). 

 In epithelial cells, the actin cytoskeleton plays a role in the vesicle assembly at the 

Golgi and endosomes and in the vesicle transport across the cytoplasm. Actin, together with 

actin-associated proteins (such as spectrin, ankyrin and myosin), and the actin-regulatory 

protein CDC42 that is considered a main polarity regulator in most eukaryotes, regulate the 

vesicle exit from the TGN to the basolateral domain. CDC42 is necessary for the 

polymerization of actin cables in a polarized orientation and, subsequently, in directional 

transport. Interruption of the CDC42 function by knockout mutation leads to a reduced 

transport from the Golgi apparatus to the basolateral domain and an increased trafficking to 

the apical domain (Müsch et al., 2001). Additionally, actin depolymerization results in 

transcytosis of the cargo vesicles from the basolateral EEs directly to the apical surface, 

omitting the REs (Sheff et al., 2002). In many epithelial cells, the microtubular orientation 

designates the apical-basal cue of the cell: microtubule minus-ends face the apical and plus-

ends the basal domain. Microtubules together with microtubule motors, are also involved in 

the vesicular sorting/transport from the TGN and endosomes to the apical PM (Allan et al., 

2002). 

 The impact of actin on differentially localized PIN proteins in distinct cell types was 

checked after actin interference with Latrunculin B. The experiment revealed an essential 

role for the actin filaments in both apical and basal cargo deliveries, but the apical targeting 

seemed to be more sensitive to actin disintegration (Kleine-Vehn et al., 2008b). Microtubules 

are essential both in plants and animals during cell division as well as in the interphase to 

maintain the general cell polarity. Disruption of the microtubule organization interferes not 

only with the general vesicle trafficking with cellular shape loss as a consequence, but also 
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specifically with the polar PIN trafficking. After microtubules had been depolymerized with 

oryzalin, basally localized PIN proteins were mislocalized and shifted preferentially to the 

apical domain, whereas their apical localization was largely unaffected, indicating that, in 

contrast to actin filaments, an intact microtubule organization is needed for basal PIN 

trafficking (Kleine-Vehn et al., 2008b). Additionally, the same cargo can be transported by 

two different pathways, depending on the cell cycle phase. PIN1 trafficking in the interphase 

between PM and endosomes depends on actin filaments, whereas delivery to the cell plate 

during cytokinesis depends on microtubules (Geldner et al., 2001). In summary, both the 

actin and microtubule cytoskeleton are crucial for establishment and maintenance of cargoes 

at the polar domains, but further analysis is needed to dissect their role for specific cargos 

and their regulation. 

1.6 Specific non-conserved polarity components: tight junction, Casparian stripes 

and cell wall 

In addition to similar components of the basic cellular machinery and the involvement of the 

cytoskeleton and clathrin adaptor complexes in the establishment and maintenance of 

polarity, there are also other structures that are specific only either for animals, such as tight 

junctions that serve as physical borders between apical and basolateral polar domains, or for 

plants, such as cell walls. A structure comparable to the tight junctions exists in plants as 

well, but is present exclusively in the endodermis, namely the Casparian strips that are belts 

made of specialized cell wall material that acts as an extracellular diffusion barrier (Roppolo 

et al., 2011). 

 In polarized epithelial cells, basolateral and apical domains are separated by tight 

junctions that form a mechanical barrier against diffusion events and regulate paracellular 

permeability and, as a consequence, they help maintain the unidirectional transport of 

macromolecules across the epithelial cells. Tight junctions consist of transmembrane and 

peripheral membrane proteins that interact with the cytoskeleton and form a protein complex 

involved in polarity and proliferation control through signaling transduction pathways. The 

tight junctions consist of a few main families of transmembrane proteins: occludin, claudins, 

E-cadherins, and junctional adhesion molecules (Shin et al., 2006), among which E-cadherin 

is a crucial protein in cell-cell adhesion and cell polarization and is required for the tight 

junction orientation and lumen positioning. These proteins also promote basolateral cargo 

delivery to the cell-cell adhesion sites and lateral membrane domains (Nejsum and Nelson, 

2007). Two evolutionarily conserved protein complexes, PAR and Crumbs, take part in the 

organization of the tight junctions and are involved in polarity establishment and maintenance 

in epithelial cells. The Crumbs/Proteins Associated with Lin Seven1 (PALS1)/PALS-

associated tight junction protein (PATJ) module is linked via PALS to the 
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PAR3/PAR6/atypical Protein Kinase C (aPKC) module that helps in the establishment of tight 

junctions and contributes to the formation of the apical domain, whereas the DISCS LARGE 

(DLG)/Scribble/LETHAL GIANT LARVAE (LGL) module functions at the basolateral domain 

(St Johnston and Ahringer, 2010). 

 Until recently, no data had been provided for the connection between polarity 

maintenance of PIN proteins and the cell wall integrity. Such a link was suggested after the 

characterization of the regulator of PIN polarity3 (repp3) mutant, which is affected in the 

ectopically expressed PIN1 gene. The mutation responsible for the phenotype was localized 

in the gene coding for the CELLULOSE SYNTHASE CATALYTIC 

SUBUNIT3/CONSTITUTIVE EXPRESSION OF VEGETATIVE STORAGE PROTEIN1 

(VSP1)/ISOXABEN RESISTANT1/ECTOPIC LIGNIN1 (CESA3/CEV1/IXR1/ELI1) (Feraru et 

al., 2011). CESA3 is part of the cellulose synthase complex that is localized at the PM and is 

responsible for the synthesis of the β-1,4 glucans, the building blocks for cellulose microfibrils 

(Desprez et al., 2007). Moreover, chemical disintegration of the cell wall and plasmolysis 

experiments revealed that proteins localized in the polar domains are attached to the 

extracellular matrix in a cellulose-dependent manner, preventing lateral protein diffusion 

(Feraru et al., 2011). The data obtained from the genetic analysis of the repp3 mutant and a 

pharmacologic study also indicated that the cell wall is implicated in the process of PIN 

polarity maintenance (Figure 4) (Feraru et al., 2011). 

 

Figure 4. Design of a specific screen for PIN polarity components. 
PIN2 proteins localize to the apical side of epidermal cells in the gravitropic wild-type line. In 
the pin2 mutant, PIN2 proteins do not occur, provoking the agravitropic phenotype. PIN1-HA 
is mislocalized in the epidermis to the basal cell side in the PIN2::PIN1-HA;pin2 line, resulting 
in an agravitropic phenotype. Mutations in the putative PIN polarity regulators (repp) are 
predicted to restore the apical localization of PIN1 and, hence, the gravitropic phenotype. 
 

2. GENETIC APPROACHES TO DISSECT POLARITY IN PLANTS 

To gain more insight into the process of polarity establishment and maintenance, it is 

important to characterize all proteins involved in these signaling cascades. Different methods 
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are applied to find novel genes active in this process. One of such methods is the forward 

genetic screen, in which mutants with the desired phenotypes are mapped to find the 

causative mutation. In the reverse genetic approach, the gene function and its action in 

various processes are assigned by analyzing the phenotypic changes after perturbation of 

the gene activity. Mutagenesis induction in the Arabidopsis genome can be achieved by 

using different biological and chemical agents, of which ethyl methanesulfonate (EMS) 

causes predominantly single-base pair substitutions. 

2.1 Identification of polarity-defective mutants by morphological phenotypes 

Several polarity-linked mutants were found in genetic screens based on morphological 

phenotypes, such as the gnom mutant with impaired basal PIN trafficking, the pid mutant 

with affected apical PIN distribution, and the macchi-bou 4/enhancer of pinoid/naked pins in 

yuc mutants 1 (mab4/enp/npy1) with preserved PIN proteins at the PM in the polar domains. 

The gnom mutant was first discovered in a screen for mutants defective in pattern formation 

in Arabidopsis seedlings (Mayer et al., 1991). The loss-of-function gnom mutant displays 

severe phenotypes, including lack of roots, fused cotyledons, defects in vascular patterning, 

and defective formation of the embryo axis (Mayer et al., 1993). Further analysis of GNOM 

function hinted at a role in embryo axis formation (Steinmann et al., 1999) and 

postembryonic development of Arabidopsis (Geldner et al., 2004). All the phenotypes of 

gnom mutants can be mimicked by application of a high dosage of auxin or polar auxin 

transport inhibitors, demonstrating the connection between GNOM and auxin transport. 

Further characterization of GNOM revealed that its action mechanism is the regulation of the 

basal PIN localization and that it is a crucial component in this process. 

 Another mutant with a key function in the polar PIN localization is pid (Christensen et 

al., 2000) that has been isolated in a screen for mutants defective in inflorescence meristem 

formation. Besides the defects in floral organ development, the pid mutant is also impaired in 

cotyledon and leaf growth (Bennett et al., 1995). The defective bud formation in the pid 

mutant is similar to the pin1 phenotype and the phenotype induced by the polar auxin 

transport inhibitors, indicating that both mutations play a role in the polar auxin transport 

(Okada et al., 1991). Furthermore, characterization of loss-of-function and gain-of-function 

PID lines revealed that PID is implicated in the polar PIN localization (Friml et al., 2004). 

 Genetic analysis of the laterne mutant that displays a complete deletion of cotyledons 

pointed toward two phenotype-causing mutations: one in the PID gene and another one in 

the MAB4/ENP gene (Treml et al., 2005). Through a detailed analysis of the MAB4/ENP and 

other members of the MAB4/ENP subfamily, its polar localization at the PM and function in 

retaining of PIN proteins at the PM were validated (Furutani et al., 2007, 2011). 
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2.2 Fluorescent marker-based forward genetic screen 

An EMS-treated population of transgenic Arabidopsis plants with the PIN1-GFP marker was 

used in a forward genetic screen to identify new mutants defective in the accumulation 

and/or internalization of PIN1::PIN1-GFP into BFA compartments (Tanaka et al., 2009, 2013). 

Mutants were screened using a fluorescence microscope to identify the desired subcellular 

phenotype. Three mutants were characterized and designated ben1, ben2 and ben3 (from 

BFA visualized endocytic trafficking defective). They were defective in agglomeration of 

internalized PM proteins, but showed a different sensitivity to the aggregation of endosomes 

and the Golgi apparatus, hinting at their distinct role in intracellular trafficking. ben1 has been 

identified as an ARF-GEF component from the BIG subfamily of early endosomal trafficking 

AtMIN7/BIG5 with a defect in polar PIN1 localization, whereas ben2 codes for the 

SEC1/Munc18 family protein BEN2/VPS45, a universal constituent of membrane fusion in 

eukaryotic cells (Tanaka et al., 2009, 2013). The BEN2 localization in the early endosomal 

pathway differs from that of BEN1 and mutation in the BEN2 gene modify the intracellular 

trafficking of PIN proteins. 

2.3 Reverse genetic screen 

Whereas the aim of forward genetics is to find the genetic basis of phenotypic features, 

reverse genetics looks for phenotypes that result from gene modifications. In reverse 

genetics, specific genes are disrupted to find their function by comparing the mutated gene 

phenotypes with the wild-type organisms. Different approaches are used in A. thaliana 

reverse genetics, such as gene silencing with RNAi or artificial microRNAs, which specifically 

target the gene of interest, or T-DNA and transposon insertional mutagenesis and targeting-

induced local lesions in genomes (TILLING), which randomly perturb the gene activity. 

Recently, new tools for targeted mutagenesis have been introduced in plants which use 

sequence-specific nucleases, such as zinc finger nucleases (ZFNs), meganucleases, and 

transcription activator-like effector nucleases (TALENs) (Voytas, 2013). In mammalian cells, 

the Rab5 protein plays a pivotal role in the internalization of PM-localized proteins. In plants, 

two genes homologous to Rab5, designated Ara7 and Rha1, are involved in endocytosis as 

well. Mutations in either gene do not display any phenotype, but the double mutant ara7rha1 

and the knockout mutant of its activator Rab5-GEF AtVPS9a, is embryo lethal. 

Characterization of the dominant-negative version of Ara7 (DN-Ara7), which is an inactive 

Ara7 form, specified its role in endocytosis and in PIN polarity establishment (Dhonukshe et 

al., 2008). 

 Genetic interference with the clathrin heavy chain (CHC) by overexpression of its C-

terminal part led to the dominant-negative effect noticeable by impaired PIN internalization 

and defective plant development and auxin distribution (Dhonukshe et al., 2007; Kitakura et 
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al., 2011). Further characterization of the loss-of-function chc mutant confirmed the previous 

observation of the involvement of clathrin in endocytosis. 

2.4 Specific screens for PIN polarity components 

Screening of mutants using the microscope by direct observation of the cellular PIN 

localization is very laborious and time consuming. To overcome these difficulties, it was 

necessary to translate the problem of polarity at the cellular level to a macroscopically visible 

phenotype that would be fast and easy to screen. Examination of the gravitropic response of 

the mutagenized transgenic PIN2::PIN1-HA line in the pin2 mutant background provided the 

solution. In wild-type plants, the apical localization of PIN2 in the root epidermis directs the 

auxin flow from the root tip to the top parts of the root, enabling root growth toward the 

gravity vector. In the PIN2::PIN1-HA line, the PIN1 proteins localize predominantly at the 

basal side of epidermal cells and, thus, do not rescue the agravitropic phenotype of the pin2 

mutant. Weak polarity mutants are mostly defective in PIN1 localization and exhibit a basal-

to-apical polarity shift; hence, in polarity-defective mutants, the basal PIN1 proteins in the 

epidermis were hypothesized to be targeted to the apical domain, as macroscopically 

observed by the gravitropic growth restoration. Screening for mutants that respond to the 

gravity vector enabled the identification of the repp3 mutant as a new candidate for the polar 

PIN localization (Feraru et al., 2011). 

2.5 Chemical genetic screen and chemical biology 

Classical genetic approaches have greatly contributed to our understanding of polarity in 

plants. However, the plant genomes are genetically redundant, meaning that a cellular 

function can be encoded by more than one gene and, in the case of a mutation, the 

redundant gene can take over the function of the inactive one. As a result, some genes 

important for polarity might have been omitted in the classical genetic screens. Another 

limitation of classical screens is that mutations in genes that are crucial for polarity 

establishment and maintenance, which are the essential features of all living organisms, 

might be lethal. Biologically active small molecules can overcome these limitations because 

they can be applied at different stages of plant development and at different concentrations, 

with a broad range of phenotypes as a result. Some small molecules can also target one 

specific protein, whereas others can affect entire protein families when a conserved region is 

targeted, thereby overcoming gene redundancy. Chemical genetic screens have already 

been used to dissect chemicals affecting cell wall synthesis (Desprez et al., 2007; Scheible 

et al., 2001), molecules inhibiting auxin signaling or transport (Armstrong et al., 2004; Rojas-

Pierce et al., 2007; Sungur et al., 2007; Surpin et al., 2005), molecules inhibiting 

brassinosteroids synthesis (Asami et al., 2003), or affecting the endomembrane system 

(Zouhar et al., 2004). The endosidin1 (ES1) small molecule induced the selective 
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accumulation of the auxin transporters PIN2 and AUX1 and the brassinosteroid receptor 

BRI1, but not other PM proteins, such as PIN1 and PIN7, providing a new tool to investigate 

recycling pathways (Robert et al., 2008). Huge libraries of small molecules have been used 

in high-throughput screens as a novel tool to dissect the polarity process, although from the 

very beginning plant polarity research was conducted with small molecules, such as auxin 

analogs, antagonists, and transport inhibitors. The synthetic auxin naphthalene-1-acetic acid 

was utilized in a forward genetic screen that helped characterize the AUXIN RESISTANT1 

(AXR1) loci involved in the TIR1 and SKP1/CULLIN1/F-BOX PROTEIN (SCRTIR1)/AUXIN 

SIGNALING F BOX (AFB)-based auxin signaling pathway. Other substances, such as BFA 

or wortmannin are commonly used in plant research to interfere with specific trafficking 

routes. Wortmannin induces the accumulation of PIN2 on its way to the vacuole by affecting 

phosphatidylinositol 3-kinase (Jaillais et al., 2006). Other chemicals, such as 1-N-

naphthylphthalamic acid (NPA) or 2,3,5-triiodobenzoic acid, (TIBA) inhibit the polar auxin 

transport (Keitt and Baker, 1966) and interfere with the auxin trafficking transporters, the PIN 

proteins and PGPs, possibly by targeting the actin cytoskeleton (Tanaka et al., 2009), but the 

exact mechanism has still to be determined. 

 To assess the mechanism of polar targeting in plants, libraries of small molecules can 

be screened for modifiers of the PIN polar localization by means of an innovative chemical 

genomics approach. In a first round, a high-throughput screen was carried out based on the 

ability of small molecules to inhibit pollen germination in tobacco (Nicotiana sp.) or interfere 

with polarized tube growth. Potential inhibitors of pollen germination were selected and 

tested on their effect on the polar PIN localization (Drakakaki et al., 2011). By this approach, 

a set of bioactive chemicals affecting the basal PIN localization or PIN trafficking is selected 

and characterized. To further identify targets and affected pathways of the small molecules, 

the genetic resistance or hypersensitivity to the chosen molecule in Arabidopsis has to be 

screened. Although a chemical genetic screen is more laborious than a classical one 

because even two screens have to be performed – one to find biologically active molecules 

affecting the desired pathways and another to find the target protein of the chemical – it is 

nevertheless expected that it will be an instrumental new method to identify novel regulators 

of polarity in plants. 

3. SUMMARY 

The generation of polarity involves a complex machinery of interacting factors, including ROP 

GTPases, the cytoskeleton, vesicular trafficking, mechanical tensions (not described here), 

the extracellular matrix, and environmental signals. In animal epithelial cells, the main 

polarization factors are PAR proteins that are involved in the establishment of the antero-

posterior axis of the developing embryo. They localize polarly in the cells and mutually 
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regulate their polarity. Additionally, CDC42 plays a role in polarity establishment by 

interacting with the PAR6 protein and is implicated in the association of the 

PAR3/PAR6/aPKC complex with the cell cortex. In plants, ROP GTPases can be considered 

as main factors responsible for the polarization processes that influence the local polarization 

of actin and microtubules. ROP GTPases accumulate at the PM landmarks, such as the 

growing pollen tube tip. The active GTPase sites trigger the local polarization of actin and 

microtubules that serve as roads along which the vesicles can be transported to the place of 

destination. 
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ABSTRACT 

Subcellular cargo trafficking in plant cells is tightly regulated by the vesicle budding 

machinery mediated by the ADP-ribosylation factor guanine nucleotide exchange factors 

(ARF GEFs). ARF GEFs have been shown to play crucial roles in a multitude of processes, 

including endocytosis, vacuolar trafficking, recycling, secretion, and polar trafficking, 

illustrating the pronounced developmental importance of this gene family. Here, we identified 

a small molecule endosidin 4 (ES4) from a chemical genomic screen as a compound 

affecting the basal polar localization of the PIN-FORMED1 auxin transporter. ES4 acts 

additively with the ARF GEF inhibitor brefeldin A and has a broad spectrum of effects on 

intracellular trafficking, including endocytosis, exocytosis, and vacuolar targeting. Genetic 

analysis revealed that mutants defective in ARF GEFs were the most sensitive to ES4. 

Additionally, in a forward genetic screen for mutants resistant to ES4, we identified a mutant 

encoding the ARF GEF-regulated δ subunit of coat protein I (COPI) vesicles. ES4 interfered 

with the localization of the ARF1 GTPases, but not of their mutant variants activated 

independently of ARF GEFs. Screening of yeast trafficking mutant strains confirmed the 

SEC7 domain-containing ARF GEFs as targets of the ES4 action. These observations 

collectively identified ES4 as a previously unknown chemical tool that interferes with ARF 

GEF-mediated processes, also acting on brefeldin A-resistant ARF GEFs. 
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INTRODUCTION 

In plants, polarity at the cellular and tissue level is manifested and linked by the directional 

transport of the plant signaling molecule auxin, which mediates various developmental 

responses (Grunewald and Friml, 2010). The polar localization of PIN-FORMED (PIN) auxin 

transporters on the plasma membrane (PM) determines the directionality of auxin transport, 

contributes to the establishment of a differential auxin distribution within tissues, and 

coordinates tissue polarization (Petrášek et al., 2006; Wiśniewska et al., 2006). The PM-

localized PIN proteins (PIN1, PIN2, PIN3, PIN4, and PIN7) are located at different cell sides, 

depending on PIN identity, cell type, and developmental context (Kleine-Vehn and Friml, 

2008). PIN polarity establishment is regulated by many factors, including phosphorylation, 

cell wall and PM sterol composition, feedback of auxin and other hormones, and intracellular 

vesicle trafficking, including secretion, endocytosis, and degradation (Grunewald and Friml, 

2010). 

 To maintain their polar distribution, PIN proteins undergo constant cycles of 

endocytosis and recycling between PM and endosomes. Recycling of PIN proteins to the 

basal side is predominantly regulated by the ADP-ribosylation factor guanine nucleotide 

exchange factor (ARF GEF) GNOM (Geldner et al., 2003). PIN protein cycling can be 

visualized by application of brefeldin A (BFA), an inhibitor of some ARF GEFs, including 

GNOM, that impedes PIN1 exocytosis and results in its accumulation intracellularly in BFA 

compartments (Geldner et al., 2001). Inhibition of PIN recycling by BFA or in gnom mutants 

results in polarity loss and, after prolonged treatments, induces transcytosis of PIN proteins 

from the basal to the apical cell side (Kleine-Vehn et al., 2008a). Also in the gnomR5 mutant, 

a basal-to-lateral shift of PIN1 was observed that is reminiscent to that induced by BFA 

treatment (Kleine-Vehn et al., 2008b). Another ARF GEF involved in retrograde trafficking of 

the endoplasmic reticulum (ER)-localized cargos from the Golgi apparatus to the ER is the 

BFA-resistant GNOM-LIKE 1 (GNL1) (Richter et al., 2007; Teh and Moore, 2007). GNOM 

and GNL1 display distinct, but overlapping, functions in intracellular trafficking (Richter et al., 

2007; Doyle et al., 2015). They work together at the Golgi, regulating retrograde coat protein 

I (COPI)-dependent vesicle transport from the Golgi to the ER (Richter et al., 2007). 

Additionally, they are involved in selective endocytosis (Teh and Moore, 2007; Naramoto et 

al., 2010), but only GNOM is implicated in protein recycling. Another ARF GEF, BFA-

VISUALIZED ENDOCYTIC TRAFFICKING DEFECTIVE1 (BEN1), mediates early endosomal 

trafficking (Tanaka et al., 2009, 2014). The ben1 mutant is defective in polarity, BFA 

sensitivity, and growth. The functionally redundant ARF GEFs, BIG1, BIG2, BIG3, and BIG4, 

mediate the late secretory pathway and transport newly synthesized and recycled proteins to 

the cell division plane during cytokinesis (Richter et al., 2014). 
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 Other proteins involved in vesicle transport and PIN polar trafficking are ARF GTPases, 

the direct targets of ARF GEFs. ARF proteins cycle constantly between their active GTP-

bound and inactive GDP-bound states. Inactive ARF GDPs localize to the cytosol. Following 

activation to the GTP-bound state, ARFs bind to the membranes where they are responsible 

for recruiting cytosolic coat proteins (COPI, COPII, and clathrin) to the specific sites of 

vesicle budding at the Golgi apparatus, trans-Golgi network (TGN), and endosomal 

compartments (Serafini et al., 1991: Bonifacino and Lippincott-Schwartz, 2003). ARF1 was 

shown to be involved in retrograde trafficking from the Golgi apparatus to the ER and from 

the TGN to the endosome (Dascher and Balch, 1994; Ooi et al., 1998; Goldberg, 1999; Poon 

et al., 1999; Jackson and Casanova, 2000), regulating the sequence-specific vacuolar 

sorting route to the lytic vacuoles (Pimpl et al., 2003) and dynamin-independent endocytosis 

(Kumari and Mayor, 2008). In plants, ARF1 localizes to the TGN and Golgi stacks (Robinson 

et al., 2011), is implicated in ER-to-Golgi and cargo-dependent Golgi-to-PM transport (Lee et 

al., 2002; Takeuchi et al., 2002), and is involved in epidermal PIN2 cell polarity (Xu and 

Scheres, 2005) and PIN recycling to the PM (Tanaka et al., 2014). 

 Forward genetic methods had been used to identify mutants defective in PIN 

localization or trafficking (Feraru et al., 2011; Tanaka et al., 2009, 2013; Zwiewka and Friml, 

2012), but genetic approaches are insufficient to study complexity of the dynamic vesicular 

trafficking due to gene lethality and redundancy. One approach that can overcome these 

problems and assess the polar targeting mechanism in plants is chemical genomics. Small 

molecules can interfere with intracellular trafficking in a dose-dependent manner, resulting in 

severe phenotypes. Recently, chemical libraries were screened on free-living tobacco 

(Nicotiana tabacum) pollen to select small molecules that interfered with the endomembrane 

trafficking system. Out of 46,418 tested chemicals, 360 were selected as inhibitors of pollen 

germination and growth (Robert et al., 2008; Drakakaki et al., 2011). Further analysis with 

different marker lines helped to cluster the chemicals based on the intracellularly induced 

phenotypes (Drakakaki et al., 2011). One of the clusters consisted of molecules affecting the 

polar localization of PIN1 proteins in PIN2:PIN1-GFP;pin2, but not in the wild-type 

PIN2:PIN2-GFP (Drakakaki et al., 2011). From this set of molecules, we selected the basal 

PIN polarity-influencing endosidin 4 (ES4). Characterization of its morphological and 

intracellular effects revealed that ES4 inhibits ARF1/ARF GEF-dependent pathways. 

Additionally, from an ethyl methanesulfonate (EMS) screen, we identified an ES4-resistant 

mutant with a mutation in a δ-COPI subunit. Characterization of ES4 can contribute to our 

understanding of the connectivity between vesicular trafficking and control of polarized 

growth in plants. 
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RESULTS 

Identification of the ES4 compound Affecting PIN1 Polarity in the PIN2:PIN1-HA;pin2 

Line 

In wild-type plants, PIN2 localizes to the apical side of epidermal cells, directing auxin from 

the root tip toward the upper parts of the root. PIN2-mediated auxin transport is required for 

asymmetric auxin translocation following gravistimulation and, thus, for root growth toward 

the gravity vector (Müller et al., 1998; Abas et al., 2006; Baster et al., 2013). In the 

PIN2:PIN1-HA;pin2 line, the absence of PIN2 results in agravitropic root growth. The ectopic 

localization of PIN1 (normally localized on the basal side of stele cells) in basal or both apical 

and basal sides of epidermal cells does not rescue the agravitropic pin2 phenotype in this 

line (Wiśniewska et al., 2006). We reasoned that PIN1 apicalization would facilitate the auxin 

flow and result in gravity rescue. From clusters of chemicals able to apicalize PIN1 proteins 

in epidermal cells of the PIN2:PIN1-GFP;pin2 line (Drakakaki et al., 2011) we analyzed a set 

of 11 molecules in term of their effect on the PIN1 localization and gravity response 

restoration. Three-day-old seedlings were grown on medium supplemented with chemicals 

for another 2 days. The PIN1-HA localization was verified by immunolocalization with anti-HA 

antibodies (Supplemental Figure 1A). Plants sense the gravity vector and modulate their 

growth accordingly. Turning a plate with vertically grown seedlings by 90° (gravistimulation) 

allowed us to analyze gravitropic responses of roots. The effect of chemicals on the gravity 

response was tested by gravistimulation of seedlings grown on medium supplemented with 

chemicals (Supplemental Figure 1B). Among the tested molecules, besides ES6, which is 

the subject of other studies, ES4 (Figure 1A) displayed the strongest effect in increasing 

apical localization of PIN1 and rescuing gravitropic defect and was therefore selected for 

further analysis. ES4 increased prominently the number of epidermal cells with apically 

localized PIN1 (Figures 1B to 1D) and partially rescued the response to gravitropic stimuli 

(Figures 1E to 1G) of PIN2:PIN1-HA;pin2. The impact of ES4 on the polar localization of 

PIN1 and PIN2 was also investigated in wild-type plants. Prominent changes in polar 

localization were observed only for ectopically expressed PIN1 in PIN2:PIN1-HA;pin2, but 

not for natively expressed PIN2 in wild-type plants, which localized at the apical side of 

epidermal cells (Supplemental Figures 2A and 2B). The weak polarity mutants have a 

preferentially disrupted basal polar localization, leading to the basal-to-apical switch in the 

PIN localization (Kleine-Vehn et al., 2008b), pointing to a more robust control of the apical 

than of the basal polar proteins. We examined the effect of ES4 on native basally localized 

PIN1 and PIN2 in stele and cortex, respectively. In the cortex, a dual expression of PIN2 

occurs: in the young cortex cells, PIN2 localizes on the basal cell side, whereas in the older 
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cells, away from the root tip, the PIN2 polarity switches its localization to the apical cell 

side (Kleine-Vehn et al., 2008b).  

 

Figure 1. Identification of the ES4 compound. 
(A) Chemical structure of ES4. 
(B) to (D) Immunolocalization of PIN1-HA in epidermal (ep) and cortex (co) cells. After mock 
treatment (B), PIN2:PIN1-HA;pin2 shows a predominantly basal and nonpolar PIN1-HA 
localization (red arrowheads), whereas after ES4 treatment (17 µM; 48 h), the localization of 
PIN1-HA is predominantly apical in epidermal cells (green arrowheads) (C). Evaluation of 
PIN1-HA localization in epidermal cells (D) indicates that after ES4 treatment, 63% of the 
PIN2:PIN1-HA;pin2 epidermal cells display a predominantly PIN2-like localization of PIN1-
HA at the apical side, contrasting to mock-treated PIN2:PIN1-HA;pin2 that has a 
predominantly nonpolar and basal PIN1-HA localization. In three independent experiments, 
308 and 325 epidermal cells were analyzed in total for the mock and ES4 treatments, 
respectively. Data are means ± standard error (SE) of three experiments. Student’s t test, **P 
< 0.01. Bars = 10 µm. 
(E) to (G) Response of 48 h gravistimulated 7-day-old seedlings and quantification of the root 
gravitropic response. The white and yellow arrows mark gravity vectors after the first and 
second gravistimulation, respectively. The black dots on the roots represent the localization 
of the root tips at the time of the plate turning. In contrast to mock (E), PIN2::PIN1-HA;pin2 
grown on 17 µM ES4 (F) shows a positive gravitropic response. Gravistimulated roots were 
assigned to one of the eight 45° sectors on a gravitropism diagram (G). The length of the 
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bars in the diagram represents the percentage of seedlings assigned to the respective 
sector. In four independent experiments, at least 41 roots were analyzed for each treatment 
in total. Bars = 1 cm. 
(H) to (J) Root length sensitivity to ES4 and quantification. Seven-day-old Col-0 seedlings 
grown on media supplemented with 17 µM of ES4 had shorter primary root length (I) than the 
mock control (H). In three independent experiments, at least 48 roots were analyzed for each 
treatment in total (J). Data are means ± SE of three experiments. Error bars represent SE. 
Student’s t test, ***P < 0.001. Bars = 1 cm. 
 

After ES4 treatment, both PIN1 and PIN2 signals became weaker. However, neither the 

PIN1 basal localization in the stele of wild-type plants, nor the PIN2 basal localization in 

young cortex cells was affected (Supplemental Figures 2A to 2E). Accordingly, ES4 did not 

affect the normal gravitropic response of gravistimulated Col-0 wild-type roots (Supplemental 

Figures 2F to 2H). Next, we checked the phenotypic effects of ES4 on primary root growth, 

hypocotyl growth, and lateral root density of the Col-0 wild-type. At the concentration of 

17 µM, the primary root length was nearly reduced by 50% (Figures 1H to 1J), the hypocotyl 

length of dark-grown Arabidopsis seedlings by 25% (Supplemental Figures 2I to 2K), 

cotyledons of dark-grown seedlings were open without apical hook (Supplemental Figures 2I 

to 2K, insets), and lateral root density decreased (Supplemental Figure 2L). To test whether 

ES4 influenced auxin accumulation, we used the auxin-responsive promoter DR5:GUS. 

Treatment for 48 h at a 17 µM concentration had no visible effect when compared to the 

control (Supplemental Figures 2M and 2N). 

ES4 Affects Endocytic Trafficking and Multiple Intracellular Compartments 

PM-localized PIN1 proteins undergo constitutive cycling between PM and endosomes 

(Geldner et al., 2001). In the presence of the recycling inhibitor BFA, internalized PIN1 

proteins accumulate in BFA-induced intracellular agglomerations, called BFA bodies 

(Geldner et al., 2001). In comparison to mock treatment, ES4 decreased the number of 

PIN1-labeled BFA bodies depending on the concentration, even by 93% at 83 µM (Figures 

2A to 2C; Supplemental Figures 3A to 3D). The observed effect was not specific for the polar 

PIN1, but was also visible for the apolarly localized PM marker PIP2-GFP. After treatment 

with 17 µM ES4, the number of PIP2-labeled BFA bodies significantly decreased 

(Supplemental Figures 3E to 3G), whereas the number of PIN1-labeled BFA bodies was only 

slightly reduced at the same concentration, possibly suggesting that PIP2 is more sensitive 

to ES4 than PIN1. To test whether the reduced number of BFA bodies after ES4 treatment 

resulted from inhibited endocytosis by ES4, we examined the uptake of the endocytosis 

tracer FM4-64 (Ueda et al., 2001). At 17 µM ES4, the internalization of FM4-64 was not 

affected, but the morphology of the endosomes differed (Supplemental Figures 3H to 3J). At 

higher concentration (83 µM), the uptake of FM4-64 was reduced, hinting at endocytosis 

inhibition by ES4 (Figures 2D to 2F).  
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Figure 2. Effect of ES4 on intracellular trafficking. 
(A) to (C) Immunolocalization of PIN1 (red signal) in Col-0 stele cells and mean number of 
BFA bodies per cell. Five-day-old seedlings were pretreated for 30 min with mock or 83 µM 
ES4 before 25 µM BFA was added for an additional 90 min. Compared to mock (A), almost 
no BFA bodies were visible after ES4 (B). The number of BFA bodies in the stele was 
counted for 10 cells in each root. In four independent experiments, 41 roots were analyzed 
for each treatment in total. Data are means ± SE of four experiments. Mann-Whitney U test, 
***P < 0.001. Bars = 10 µm. 
(D) to (F) Uptake of endocytic tracer dye FM4-64 (2 µM) after 10 min. Five-day-old Col-0 
seedlings were pretreated for 2 h with mock (D) or 83 µM ES4 (E). Decreased uptake of 
FM4-64 in epidermal cells was observed after ES4 treatment (E) compared with the mock 
(D). FM4-64 uptake was quantified by dividing the mean grey value of the fluorescent signal 
inside the cell to the adjacent PM signal (F). In three independent experiments, at least 21 
roots were analyzed for each treatment in total. Data are means ± SE of three experiments. 
Student’s t test, *P < 0.05. Bars = 10 µm. 
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(G) to (L) Intracellular localization of PIN2-GFP pretreated for 2 h with mock ([G] to [I]) or 
41 µM ES4 ([J] to [L]) and stained with 8 µM of FM4-64 followed by a 4 h treatment in the 
dark on the growth medium supplemented with mock or ES4, respectively. After the ES4 
treatment, aberrant vacuolar targeting of FM4-64 was observed with decreased labeling of 
the tonoplast and intracellular agglomerations of the signal after ES4 (J), whereas in the 
control, a clear tonoplast labeling was visible (G). The vacuolar accumulation of PIN2-GFP 
after ES4 [(K) and (L)] decreased when compared to the control [(H) and (I)]. Bars = 10 µm. 
 

Additionally, the ES4 effect on exocytosis was tested by BFA washout in the presence of 

ES4. Washing removes the BFA inhibitory effect on exocytosis, restores vesicle trafficking to 

the PM and results in disappearance of BFA bodies (Geldner et al., 2001). After treatment 

with 25 µM BFA followed by washout with 41 µM ES4, the number of BFA bodies was slightly 

higher than that of the washout with mock medium, indicating a mild effect of ES4 on 

exocytic trafficking (Supplemental Figure 3K to 3N). Recycling of PIN1 to the PM is inhibited 

by 25 µM BFA, whereas 50 µM BFA additionally inhibits the degradation pathway to the 

vacuoles, resulting in formation of enlarged BFA bodies (Kleine-Vehn et al., 2008c). Washout 

of 50 µM BFA with ES4 increased the number of BFA bodies when compared to the mock 

washout (Supplemental Figures 3O to 3R). This observation suggests that ES4, besides its 

effect on recycling, affects also the vacuolar trafficking pathway. Therefore, we examined the 

localization of FM4-64 and PIN2-GFP after treatment in the dark, knowing that dark 

treatment stabilizes GFP proteins in the lytic vacuoles (Tamura et al., 2003). After FM4-64 

uptake, followed by 4 h of mock treatment in the dark, the FM4-64 dye reached almost 

completely the tonoplast and the PIN2-GFP signal was detected in the vacuoles, whereas 

after ES4 treatment at 41 µM, the morphology of tonoplasts was changed when compared to 

the control. Vacuoles appeared more fragmented, tonoplast labeling was less pronounced, 

the PIN2-GFP signal was less visible at the PM and small agglomerates of the FM4-64 

signal, not present in the mock treatment, occurred (Figures 2G to 2L). Additionally, the 

vacuolar PIN2-GFP signal was less abundant after ES4, although the ratio of intracellular 

PIN2-GFP signal versus the PM signal was comparable with that of the control, indicating 

that PIN2 was internalized from the PM, but was affected in reaching the vacuole 

(Supplemental Figure 3S). Furthermore, analysis of the ultrastructure by electron microscopy 

after ES4 treatment revealed enlarged and a slightly increased number of prevacuolar 

compartment/multivesicular bodies (PVC/MVBs) per cell (Figures 3A to 3D). Transport to the 

lytic vacuoles in Arabidopsis is mediated by MVBs that mature from the TGN/early 

endosome (EE) (Scheuring et al., 2011). Enlarged MVBs, together with the altered FM4-64 

staining of tonoplasts, indicate that ES4 affects the vacuolar trafficking pathway. To better 

examine the ES4 impact on intracellular compartments, we tested different marker lines: 

BRASSINOSTEROID INSENSITIVE 1 (BRI1)-GFP (PM and endosomes), CLATHRIN LIGHT 

CHAIN 2 (CLC2)-GFP (PM and TGN), GNL1-yellow fluorescent protein (YFP) (Golgi and 
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TGN/EE), GNOM-GFP, SIALYLTRANSFERASE (N-ST)-GFP (Golgi) and VACUOLAR H+-

ATPase SUBUNIT A1 (VHAa1)-GFP (TGN/EE) (Figures 3E to 3L; Supplemental Figures 3T 

to 3W).  

 

Figure 3. Effect of ES4 on intracellular compartments. 
(A) to (D) Transmission electron microscopy images of MVBs after 2 h mock and 41 µM ES4 
treatment and quantification of number and size of MVBs [(C) and (D)]. After ES4 treatment, 
the size of MVBs increased when compared to the control (D) whereas there was no 
significant difference in MVBs number per cell between treatments (P > 0.05, by Mann-
Whitney U test) (C). Quantity of PVC/MVBs was calculated for 39 cells for mock and 46 cells 
for ES4 (C) and the size of the PVC/MVBs was measured for 12 cells for mock and 21 cells 
for ES4 in one experiment (D). Asterisks indicate Golgi apparatus, arrows, rough ER, and 
arrowheads, PVC/MVBs. Data are means ± standard deviation (SD) of indicated cells 
number. Student’s t test, *P < 0.05. Bars = 0.5 µm. 
(E) to (L) Intracellular localization of CLC-GFP [(E) and (F)], GNL1-YFP [(G) and (H)], N-ST-
GFP [(I) and (J)], and VHAa1-GFP [(K) and (L)] after mock [(E), (G), (I) and (K)] and 17 µM 
[(F), (H) and (J)] or 41 µM (L) ES4 treatment. After 2 h of ES4 treatment, all markers 
displayed an intracellular signal accumulation when compared to the controls. Bars = 10 µm. 
 

At the concentration of 17 µM ES4 intracellular signal agglomerations were observed for 

almost all tested marker lines, except VHAa1. The lowest active concentration of ES4 for this 

marker, which induced signal agglomeration, was 41 µM. Thus, ES4, to a different extent 

depending on the concentration, affects many intracellular trafficking routes, including 

endocytosis, recycling, and vacuolar transport pathway. 
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To determine essential structural determinants of ES4 bioactivity the structure activity 

relationship (SAR) was performed. Five chemicals with chemical structure similar to ES4 

(Supplemental Figure 4A) were tested for their ability to restore gravitropic growth of 

PIN2:PIN1-HA; pin2 seedlings (Supplemental Figure 4B to 4I) and for effects on intracellular 

agglomeration of GNL1 and SYNTAXIN OF PLANTS 61 (Syp61) markers (Supplemental 

Figures 4J to 4V). The chemical derivatives differed in modifications of the difluoro, nitro and 

carbonyl groups and the presence of chlorine on the bicyclic chroman-4-one core. None of 

the tested molecules affected agravitropic root growth of PIN2:PIN1-HA; pin2 seedlings or 

induced intracellular makers’ accumulation as observed after ES4 treatment. These results 

indicate that all groups present on the bicyclic core are important for ES4 activity. 

Forward Genetic Screen for Mutants Resistant to ES4 Identifies ES4-resistant 1 (es4r1) 

With the aim of identifying targets of ES4, we performed a forward genetic screen for 

mutants resistant to the compound. The effect of ES4 on shortening of the root length was a 

macroscopically easily observed phenotype, convenient to use in a screen. Therefore, we 

screened M2 EMS-mutagenized PIN1-GFP populations grown on ES4 for mutants with roots 

longer than those of the wild-type control (Figures 4A to 4F and 4J). The M3 generation of 

selected candidates was rescreened based on the root length. Confirmed candidates with 

longer roots were additionally tested for the effect of ES4 on the formation of BFA bodies at 

83 µM, a concentration that inhibits this process in wild-type plants (Figures 4L to 4O). From 

4,600 M1 families, we identified 10 es4r mutants displaying elongated roots together with the 

formation of BFA bodies after ES4 treatment. Under standard growth conditions, the es4r1 

mutant, which had the most pronounced resistance to ES4, did not differ in primary root 

growth (Figures 4A, 4D, and 4J), hypocotyl length, and number of lateral roots when 

compared to the wild-type (Supplemental Figures 5A to 5D), confirming the specificity of this 

mutation for ES4 effects. When grown on ES4, the root length of the wild type was nearly 

50% reduced, but only 28% of the es4r1 (Figure 4K). Additionally, reduction of the es4r1 

hypocotyl length induced by ES4 was smaller than the wild-type hypocotyl length under the 

same conditions (Supplemental Figure 5C). We identified the es4r1 mutant that was resistant 

to the ES4 effects on growth, morphology and cellular processes. 

Es4r1 Encodes δ Subunit of COPI Coatomer 

The es4r1 mutant, with the strongest resistance, was mapped to a 121-kb interval on 

chromosome 5 by using es4r1 recombinants derived from the F2 progenies of a cross 

between es4r1 (Columbia background) and Landsberg erecta. The F1 heterozygous plants 

grown on ES4 exhibited intermediate growth and the F2 progenies displayed segregation of 

the root length from short through medium to long, suggesting that this mutation is semi-

dominant. Map-based cloning and sequencing revealed a proline365-to-leucine365 amino acid  
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Figure 4. Identification of the es4r1 mutant from the screen. 
(A) to (J) Root length sensitivity to ES4 of the wild type, es4r1, and RPS5A:es4r1 in the wild-
type background grown for 7 days in a 16-h light/8-h dark photoperiod on media 
supplemented with mock [(A), (D) and (G)] and 17 µM [(B), (E) and (H)] or 25 µM [(C), (F) 
and (I)] ES4. There was no significant difference in mock treated root length between PIN1-
GFP and es4r1 (P > 0.05, by Student’s t test) (J). Primary root length of es4r1 grown on ES4 
was longer [(D) and (F)] than that of the wild-type control [(B) and (C)], indicating its 
resistance to ES4. RPS5A:es4r1 in a wild-type background, when grown on ES4, had an 
intermediate root length [(H) and (I)] between the sensitive short roots of the wild type [(B) 
and (C)] and the resistant long roots of es4r1 [(E) and (F)]. The partial resistance of 
RPS5A:es4r1 in the wild type results from the existence of a nonmutated copy of a gene 
from a wild-type background that is sensitive to ES4. Quantification of primary root length in 
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two independent experiments with 27-76 roots analyzed for each treatment in total (J). Data 
are means ± SE of two experiments. Student’s t test, ***P < 0.001. Bars = 1 cm. 
(K) Ratio of root lengths grown on 17 µM ES4 to those grown on mock in three independent 
experiments for 29-44 roots per treatment per line. Data are means ± SE of three 
experiments. Student’s t test, *P < 0.05. Bars = 1 cm. 
(L) to (O) Live imaging of 5-day-old PIN1-GFP and es4r1 in PIN1-GFP background seedlings 
and mean number of BFA bodies per cell. After 2 h of 25 µM BFA treatment, regular PIN1-
GFP-labeled BFA bodies were observed in the wild type (L). The es4r1 mutant shows 
resistance to ES4, as demonstrated by the formation of BFA bodies (N), whereas in the wild 
type almost no BFA bodies were detected (M). The number of BFA bodies in the stele was 
counted for 10 cells in each root. In one experiment, 7 roots were analyzed for each 
treatment. Data are means ± SE of indicated roots number. ANOVA, P < 0.05. Bars = 10 µm. 
(P) Scheme of Es4-coding locus and organization. The position of the es4r1 allele 
(continuous line) and the point mutation (red letter) are depicted. 
 

substitution in the open-reading frame of the gene described as a clathrin adaptor complexes 

medium subunit family protein that codes for the δ subunit of the COPI coatomer (δ-COPI) 

(Figure 4P). The mutation was found in the µ homology domain (MHD) that, besides δ-COPI, 

also occurs in µ subunits of adaptor protein (AP) complexes and proteins of the stonin and 

muniscin families. Those proteins are endocytic adaptors that bind to transmembrane cargos 

through MHD (Jung et al., 2007; Reider et al., 2009). COPI vesicles are formed on the ER 

and Golgi membranes and are associated with transport between these organelles. 

Formation of COPI involves activation of the ARF1 protein by ARF GEF regulators (Wieland 

and Harter, 1999) that recruit COPI coatomer and AP1 proteins to the vesicle formation sites 

(Scales et al., 1999). The COPI coatomer is a protein complex composed of seven subunits 

(α-, β-, β’-, γ-, δ-, ε-, and ζ-COPI) (Waters et al., 1991). 

In publicly available mutant libraries, we did not identify any loss-of-function mutants in δ-

COPI, consistent with the lethal phenotypes of the corresponding mutants from yeast 

(Saccharomyces cerevisiae) (Faulstich et al., 1996), Drosophila melanogaster 

(http://flybase.org, Flybase ID: FBal0096846), and Caenorhabditis elegans 

(http://www.wormbase.org/db, Wormbase RNAi ID:WBRNAi00033328 and 

WBRNAi0007611). To confirm that the es4r1 resistance to ES4 was caused by the semi-

dominant mutation in the δ-COPI gene, we introduced the mutated version of the gene under 

the constitutively strong RPS5A promoter into the wild-type background. Indeed, wild-type 

plants transformed with RPS5A:es4r1 displayed a partial, but clear, resistance to ES4 in 

terms of root length (Figures 4G to 4J) although the resistance phenotype of RPS5A:es4r1 

compared to that of the original es4r1 mutant was less pronounced. Perhaps it is that the 

overexpression is not tissue specific so it may have a detrimental effect on development 

compared to a PIN promoter construct in es4r1. Additionally, RPS5A:es4r1 transformants 

after an 83-µM ES4 treatment were also resistant in terms of inhibition of formation of BFA 

bodies as observed for the original es4r1 mutant (Supplemental Figures 5E to 5I). These 
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data confirm that the proline365-to-leucine365 δ-COPI mutation is responsible for the ES4 

resistance. Thus, identification of es4r1 defective in δ-COPI revealed a possible ES4 action 

in ARF1 and ARF GEF-mediated vesicle formation. 

ES4 Targets ARF GEF-Dependent Processes 

Identification of the es4r1 mutant defective in δ-COPI suggested ARF GEF-related processes 

as an ES4 mode of action. To gain further insight into the mechanism of the ES4 action, we 

tested the sensitivity of different PIN trafficking mutants to ES4 by measuring their root length 

after growth on media supplemented or not with chemicals (Figure 5A). Among all tested 

mutants, the gnl1-2, gnl1-3, and ben1-2 mutants defective in different ARF GEFs displayed 

the highest sensitivity to ES4 (Figure 5B). Mutation in another ARF GEF, GNOM, known for 

its important function in PIN protein trafficking, resulted in agravitropic, short roots that made 

the analysis after ES4 treatment more difficult.  

However, sensitivity of both GNOM mutants, gnomR5 and van7, to ES4 was similar to the 

wild-type. In contrast, 35S::PID-21, overexpressing PINOID (PID) kinase, which 

phosphorylates PIN proteins and promotes their apical cell side localization, showed a slight 

resistance to ES4 (Figure 5A). The PID kinase-mediated apical PIN polarity has been shown 

to be independent from GNOM trafficking (Kleine-Vehn et al., 2009), whereas ES4 affects 

preferentially the basal PIN cargo, without affecting the apical PIN proteins, thus explaining 

the partial ES4 resistance of this line. Other trafficking-related or auxin-related mutants, such 

as roots curl in NPA (rcn1), auxin resistant (axr), 35S:PIN1, clathrin heavy chain (chc), 

sorting nexin 1 (snx1), vti12, and big3 did not change their sensitivity to ES4. These 

observations strengthen the link between the ES4 action and the ARF GEF-dependent 

processes. 

 BFA is a well-characterized inhibitor of the SEC7 domain-containing ARF GEFs. 

Similar to ES4, BFA affects more strongly gnl1 than the wild type (Supplemental Figures 6A 

and 6B). Moreover, the combined treatment with BFA and ES4 completely inhibited 

germination in the gnl1 mutants when compared to single treatments with BFA or ES4. In 

BFA-treated gnl1, both ARF GEFs, GNOM and GNL1, are inactive, strengthening growth 

inhibition (Richter et al., 2007; Teh and Moore, 2007). GNOM can functionally substitute 

GNL1 in the Golgi-ER-dependent pathway, but not vice versa (Richter et al., 2007). 

Accordingly, after the BFA treatment, the BFA-sensitive GNOM cannot substitute GNL1 

anymore in the gnl1 mutant, resulting in largely reduced primary root growth. Similarly, the 

ben1 mutant is also hypersensitive to both BFA (Tanaka et al., 2013) and ES4. In contrast, 

the big3 mutant, in which an ARF GEF from the BIG family is affected, displayed an ES4 

sensitivity similar to that of the wild type (Figure 5A). BIG3, together with BIG1, BIG2, and 

BIG4, play a redundant function in regulating post-Golgi trafficking (Richter et al., 2014). 
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Among the four BIG proteins, BIG3 is the only one resistant to BFA; hence, BFA treatment of 

big3 results in a more pronounced plant growth inhibition (Richter et al., 2014). 

  

 

Figure 5. Identification of ES4-sensitive trafficking mutants. 
(A) Quantification of root length sensitivity of the wild type (Ws, Ler, and Col-0) and mutants 
(rcn1, van7, gnomR5, 35S:PID21, axr2-1, 35S:PIN1, axr1-12, chc1-2, snx1-1, vti12, chc2-2, 
big3, ben1-1, ben1-2, gnl1-3, and gnl1-2). Seedlings were grown for 7 days on growth 
medium supplemented with mock and 17 µM ES4. Ratio of root lengths grown on ES4 to 
those grown on mock was calculated. The highest ES4 sensitivity was revealed for gnl1-2 
and gnl1-3 mutants. In three independent experiments, 20-69 roots measured per treatment 
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per line. Data are means ± SE of three experiments. Student’s t test, **P < 0.01, ***P < 
0.001. 
(B) Representative image of the ES4 sensitivity of gnl1 mutants. Wild-type, gnl1-2, and gnl1-
3 seedlings were grown for 7 days on growth medium supplemented with 17 µM ES4. gnl1 
demonstrated a highly reduced root length when compared to the control, indicating its ES4 
sensitivity. Bars = 10 µm. 
(C) Root length sensitivity of PIN1-GFP and es4r1 to ES4 and BFA. Seven-day-old seedlings 
were grown on medium supplemented with mock, 17 µM ES4, BFA (1 µM, 1.5 µM, 2 µM, and 
2.5 µM), and ES4 together with BFA. BFA together with ES4 has an additive effect on root 
length reduction. In one experiments, 10-22 roots were analyzed for each treatment. Data 
are means ± SE of indicated roots number. Different letters indicate statistically significant 
differences between the treatments (ANOVA, P < 0.05). Asterisks indicate statistically 
significant differences between the genotypes (Student’s t test, *P < 0.05, ***P < 0.001). 
 

To characterize the effects of ES4 and BFA, we tested the sensitivity of the wild type and 

es4r1 mutant to a range of BFA concentrations in combination with ES4 (Figure 5C). ES4 

inhibited root growth of PIN1-GFP and, to a lesser extent, of es4r1. BFA in concentrations 

varying between 0.5 µM to 2.5 µM did not visibly reduce root growth of the tested lines. 

However, when BFA and ES4 were combined, the root length of the wild type was shorter 

than when grown separately on each of the chemicals, indicating their additive effect. 

Importantly, es4r1 was strongly resistant to the combined effect of ES4 and BFA. The results 

demonstrate that ES4, similarly to BFA, affects the SEC7 domain-containing ARF GEFs, but 

given the additive effects, presumably by distinct mechanisms. 

ES4 Interferes with ARF1 Activation 

Previous experiments suggested that ES4 might act on different ARF GEFs. The direct role 

of ARF GEFs is to activate ARF1 proteins by catalyzing the exchange from GDP to GTP. 

Activated, GTP-bound, ARFs recruit coat proteins from the cytosol to the membranes and 

initiate the vesicle formation and transport processes (Beck et al., 2009). 

 We tested the impact of ES4 on the wild-type (ARF1WT), GTP-locked (ARF1Q71L), and 

GDP-locked (ARFT31N) forms of ARF1 (Xu and Scheres, 2005) in transgenic Arabidopsis 

plants. The expression of these constructs was driven by the Arabidopsis heat shock-

inducible promoter of the HSP18.2 gene and proteins were tagged with fluorescent proteins 

(XFPs). For activation, the lines were incubated for 2 h at 37°C, followed by chemical 

treatments for 2 h at room temperature. ARF1WT localized to the Golgi structures and 

endocytic organelles (Xu and Scheres, 2005) (Figure 6A). After treatment with 17 µM ES4, 

the GFP labeling was agglomerated and partially localized to the cytosol (Figure 6B), 

whereas a higher (41 µM) concentration led to an almost complete cytosolic fluorescence 

signal (Figure 6C).  

Similar cytosolic localization and no organellar labeling were observed for an inactive GDP-

locked ARFT31N form (Xu and Scheres, 2005) (Supplemental Figures 7A and 7B). On the 

contrary, the GTP-locked ARF1Q71L form was more associated with membranes than the wild-
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type ARF1WT form (Figures 6A and 6D). Importantly, the GTP-locked ARF1Q71L was resistant 

to the ES4 treatment and, in contrast to the ES4-treated ARF1WT, the cytosolic fluorescent 

signal did not increase (Figures 6E and 6F). 

 These results are entirely consistent with the ES4 impact on the ARF GEFs that are 

required for ARF1WT activation and their binding to the membranes. The permanently 

activated GTP-bound and already membrane-bound ARF1Q71L does not require the ARF 

GEF function and therefore, is unaffected by the ES4 treatment, whereas the GDP-locked 

ARFT31N form shows a localization similar to that of the ES4-treated ARF1WT wild-type form, 

namely an inactive, cytosolic localization. 

 

 

 
Figure 6. Effect of ES4 on ARF1-GFP marker and sec7 yeast deletion mutant. 
(A) to (F) Intracellular localization of ARF1WT-GFP and ARF1Q71L-YFP. Five-day-old seedlings 
were induced by heat shock at 37°C for 2 h and treated with mock, 17 µM, and 41 µM ES4. 
In wild-type seedlings, partial cytosolic localization and agglomerated intracellular signal 
were visible for 17 µM ES4 (B) or localized mostly to the cytoplasm for 41 µM (C) when 
compared to the mock treatment with regular intracellular signal (A). A similar intracellular 
localization of agglomerated signals was visible for ARF1Q71L-YFP after ES4 treatments [(E) 
and (F)] and after mock treatment (D). After ES4 treatment, ARF1Q71L-YFP did not localize to 
the cytosol (F) as the ARF1WT-GFP (C), indicating its probable ES4 resistance. Bars = 
10 µm. 
(G) to (H) ES4 sensitivity of heterozygous deletion strains of yeast. Growth of wild-type (G) 
and sec7/SEC7 (H) strain as a function of time (h) in the yeast extract peptone dextrose 
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(YPD) liquid culture under mock and 17 µM ES4. Growth curves were done in triplicate and 
OD600 was measured by means of a Microplate Reader (BioTek). Growth curves represent 
means ± SE of three experiments. Student’s t test, *P < 0.05, **P < 0.01, ***P > 0.001. 
 

ES4 Targets Evolutionarily Conserved SEC7-containing ARF GEFs 

We have established that in Arabidopsis ES4 inhibits ARF GEF function and interferes with 

the ARF GEF-mediated activation of ARF1 GTPases. As these ARF GEFs are evolutionarily 

conserved, we tested the effect of ES4 in yeast. Many proteins in plants and yeast share 

some conserved sequences, enabling one to search for or confirm a known target from 

plants also in yeast. We performed a yeast growth assay on a set of heterozygous yeast 

deletion strains, including COPI coatomer subunits and ARF GEFs (Supplemental Table 1). 

Treatment of heterozygous yeast strains has been reported to trigger drug-induced 

haploinsufficiency, meaning that a deletion of one gene copy in diploid cells results in an 

increased sensitivity to the applied chemical (Giaever et al., 1999; Baetz et al., 2004). To 

determine the sensitivity of yeast to ES4, the wild-type diploid yeast strain (BY4743) was 

grown in a liquid culture with a range of ES4 concentrations (Supplemental Figure 8A). At a 

concentration 41 µM, ES4 severely inhibited yeast growth, whereas at 17 µM, the 

concentration used for Arabidopsis experiments, slightly reduced yeast growth and, 

therefore, was chosen for the growth assays of heterozygous deletion strains. From the 

tested deletion strains (Figures 6G and 6H; Supplemental Figures 8B to 8H), the only mutant 

that displayed a severely increased ES4 sensitivity was a sec7/SEC7 ARG GEF (Figures 6G 

and 6H). SEC7p is the major ARF GEF in yeasts and is required for the membrane traffic 

from the ER to and through the Golgi and from TGN (Franzusoff et al., 1991; Deitz et al., 

2000; Richardson et al., 2012). Like other ARF GEFs, it contains a highly conserved SEC7 

domain that had first been identified in this protein and took its name from it (Achstetter et al., 

1988). A line deficient in another GEF, SEC12, that activates another GTPase (Sar1), but not 

from the ARF class, was not affected by ES4 (Supplemental Figure 8H). ES4 had also no 

effect on the deletion strains of the COPI subunits α-COPI (RET1), β-COPI (SEC26), β’-

COPI (SEC27), γ-COPI (SEC21), δ-COPI (RET2), and ζ-COPI (RET3). Two other major ARF 

GEF proteins involved in the ER-Golgi secretory pathway in yeast, GEA1p and GEA2p, play 

redundant functions in ARF1 activation at the early Golgi compartments to regulate COPI-

mediated vesicle formation (Peyroche et al., 1996, 2001). Complete knockout of GEA1p 

protein showed an ES4 sensitivity comparable to that of the wild type (Supplemental Figures 

8I and 8J), due to the second redundant GEA2p. The obtained results were in line with the 

observations from Arabidopsis and confirmed that also in yeast, ES4 affects specifically the 

SEC7-domain-containing ARF GEFs, but no other similar regulators. 
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DISCUSSION 

ES4 is a Compound Interfering specifically with ARF GEF-Dependent Trafficking 

Here, we identified and characterized a chemical compound that affects endomembrane 

trafficking, particularly the ARF/ARF GEF-dependent pathway. ES4 works in a dose-

dependent manner, slowing down or inhibiting multiple trafficking processes, including 

endocytosis, recycling, and trafficking to the vacuole. ES4 treatment changes basal polarity 

of ectopically expressed PIN1 in the PIN2:PIN1;pin2 line, without visibly affecting the native 

PIN1 and PIN2 in the wild type. This impact is in accordance with previous findings (Kleine-

Vehn et al., 2008b), showing that the ectopic basal PIN1 polarity in epidermis is easily 

perturbed by trafficking defects; ES4 does not specifically affect the PIN protein trafficking, 

but that of other PM proteins as well. Defects at the cellular level are mirrored in 

macroscopically observed phenotypes, including inhibited primary roots and hypocotyl 

growth and decrease in lateral root density, revealing that ES4 is a developmentally 

important inhibitor of a broad range of trafficking processes. The number of independent 

experimental approaches strongly indicates that ES4 specifically acts on ARF GEFs: (i) the 

highest ES4 sensitivity occurs in the gnl1 and ben1 mutants defective in different ARF GEFs; 

(ii) ES4, together with the known ARF GEF inhibitor BFA, has similar and additive effects on 

growth, suggesting a common pathway as target of both ES4 and BFA; (iii) ES4 affects the 

subcellular localization of the ARF GEF substrates - the ARF1 proteins that are responsible 

for coat protein recruitment to the membranes and initiation of vesicle formation for 

endomembrane trafficking; (iv) the wild type version of ARF1 is sensitive but the GTP-locked 

ARF1Q71L that does not require functional ARF GEFs for its activation, is resistant to ES4; 

and (v) ES4 application to the yeast deletion mutants has identified sec7/SEC7p, which is 

defective in the major ARF GEF-regulating subcellular trafficking in yeast (Wolf et al., 1998), 

as the most ES4 sensitive. Defects in ARF1 activity triggered by ES4 are fully consistent with 

the observed ES4-induced agglomerations of membrane proteins and all other trafficking 

defects, including enlarged PVC/MVBs and defects in vacuolar trafficking, because transient 

assays in tobacco cells showed the ARF1 involvement in transport to the lytic vacuole (Pimpl 

et al., 2003). All these results strongly suggest that ES4, similarly to BFA, inhibits ARF GEF-

dependent pathways, most probably the SEC7 domain-containing ARF GEFs. 

 Years of experimentation helped us to better understand the BFA mode of action and 

established BFA as an important tool in dissecting endomembrane trafficking pathways. 

Especially important was the discovery of its target, the SEC7 domain of ARF GEFs 

(Peyroche et al., 1999). ES4 is an extra chemical with an impact distinct from that of BFA, 

but targeting the same process. It has a clear potential to become an important tool to 

dissect different roles of ARF/ARF GEF-dependent trafficking pathways, including those in 
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polar targeting. Herein, the GTP- and GDP-locked versions of ARF1 helped us understand 

the effect of ES4 in intracellular trafficking. Analysis of the bex1 mutant, encoding ARF1A1C 

demonstrated its importance in PIN recycling and auxin-dependent developmental responses 

(Tanaka et al., 2014). Although the combination of genetic and cell biological approaches 

conclusively mapped the ES4 action on ARF GEF-mediated processes, future work should 

focus on defining the precise molecular target of ES4. Already at the present stage of 

knowledge, ES4 enables the targeted manipulation of ARF GEF-mediated processes, 

circumventing the obstacles of the BFA-insensitive ARF GEF versions. 

ES4 confirms a role in ARF GEF-Dependent Trafficking in basal PIN polarity 

Two of the characterized ARF GEF mutants, gnom and ben1, displayed defects in basal 

trafficking of the PIN1 proteins, indicating a role for GNOM and BEN1 in the regulation of this 

process (Kleine-Vehn et al., 2008a; Tanaka et al., 2009, 2013). In the partial loss-of-function 

gnomR5 mutant, the basal-to-apical shift of PIN1 in the stele and of PIN2 in the cortex was 

demonstrated, whereas in the ben1 mutant, the lateral PIN1 signal was relatively strong. We 

identified ES4 as a compound causing the basal-to-apical shift of ectopically expressed 

PIN1. The subsequent genetic and microscopical analyses established that ES4 affects 

different ARF GEF-mediated processes, confirming the involvement of ARF GEFs in 

trafficking of basal PIN cargos. Additionally, we detected a mutant, defective in the δ-COPI 

coatomer subunit that was resistant to ES4 in terms of root length, hypocotyl length, and 

formation of BFA bodies. The COPI vesicles are mainly involved in retrograde transport 

between Golgi and ER. Although some of the subunits of COPI coatomer were shown to play 

a role also in other trafficking pathways (Whitney et al., 1995; Aniento et al., 1996; Gu et al., 

1997; Gabriely et al., 2007; Razi et al., 2009), so far, δ-COPI subunit has only been 

associated with Golgi-to-ER trafficking. For a long time, GNOM has been suggested to 

localize at the endosomal compartments, presumably at its recycling part (Geldner et al., 

2003). However, recent studies showed that GNOM predominantly localizes to the Golgi 

apparatus and that, only after BFA treatment, it translocates to the TGN/EE (Naramoto et al., 

2014). Colocalization studies of GNL1 and GNOM revealed their close, but not overlapping, 

localization at the same Golgi stacks. Defects in secretion of polysaccharides and secGFP in 

gnom and gnl1 mutants, respectively, hint at a role in transport regulation of different cargos 

(Shevell et al., 2000; Teh and Moore, 2007). Immunogold labeling of plant coatomer 

localized all COPI subunits only on the Golgi stacks or in their close vicinity (Pimpl et al., 

2000). Interestingly, fluorescently labeled GNOM and GNL1 localize to ring-like structures 

(Naramoto et al., 2014), similarly to COPI with its ring-like distribution at the Golgi (Pimpl et 

al., 2000). These observations link the localization of δ-COPI and ARF GEFs at the Golgi 

and hint at a possible role in basal PIN polar targeting from this compartment. 
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 Further research has to be conducted to elucidate the δ-COPI involvement in 

intracellular trafficking in plants and its possible role in polar trafficking. The δ-COPI mutant, 

together with ES4, can contribute to our understanding of coatomer involvement in vesicle 

trafficking and its interaction with ARF1. 

 

METHODS 

Plant Material and Growth Conditions 

Seeds of Arabidopsis thaliana (L.) Heyhn. were stratified for 2 days in the dark at 4°C and 

grown vertically at 21°C under continuous light on 0.8% agar half-strength Murashige and 

Skoog (½MS) medium (Duchefa) with 1% sucrose (pH 5.9). The Arabidopsis lines 

PIN2:PIN1-HA;eir1-1/pin2 (Wiśniewska et al., 2006); DR5:GUS (Ulmasov et al., 1997); N-ST-

GFP (Batoko et al., 2000); 35S:PID21 (Benjamins et al., 2001); BRI1:BRI1-GFP (Russinova 

et al., 2004); CLC2:CLC2-GFP (Konopka and Bednarek, 2008); VHA-a1:VHA-a1-GFP 

(Dettmer et al., 2006); PIN1:PIN1-GFP (Benková et al., 2003); 35S:GFP-PIP2a (Cutler et al., 

2000); PIN2:PIN2-GFP (Xu and Scheres, 2005); GNOM:GNOM-GFP (Geldner et al., 2003); 

GNL1:GNL1-YFP (Richter et al., 2007); SYP61:SYP61-CFP (Robert et al., 2008) ; 

HSP:ARF1WT-EGFP and HSP:ARF1Q71L-EYFP (Xu and Scheres, 2005); axr2-1 (Wilson et al., 

1990); ben1-1 and ben1-2 (SALK_013761) (Tanaka et al., 2009); big3 (SALK_044617) 

(Richter et al., 2014); rcn1 (Garbers et al., 1996); gnl1-2 and gnl1-3 (Teh and Moore, 2007); 

gnomR5 (Geldner et al., 2004); van7 (Koizumi et al., 2000); snx1-1 (Jaillais et al., 2006); chc1-

2 (SALK_103252) and chc2-2 (SALK_028826) (Kitakura et al., 2011); and vti12 (Surpin et 

al., 2003) have been described previously. Columbia (Col-0) accession was used for 

immunolocalization, transmission electron microscopy, FM4-64 uptake, and as wild-type 

control in seedling growth experiments, except for growth of rcn1 and gnomR5 and van7 for 

which the Wassilewskija (Ws) and Landsberg erecta (Ler) accessions were used, 

respectively. 

Chemical Treatments 

Chemical numbers in Supplemental Figures 1A and 2A are the Chembridge IDs. Stock 

solutions of BFA (Sigma-Aldrich), ES4 (Chembridge ID 6938485) and FM4-64 (Invitrogen) 

were prepared in dimethylsulfoxide (DMSO) and diluted in liquid ½MS (or growth) medium 

for treatments with the indicated concentrations and times. Equal volumes of solvents were 

used as mock treatments for controls. For germination and growth of seedlings on ES4 and 

BFA, seeds were sown directly onto ES4/BFA/ES4+BFA-supplemented growth medium. For 

polar localization and DR5:GUS experiment, 3-day-old seedlings were transferred for 48 h 

from solid growth medium to solid media complemented with ES4. For shorter treatment 

(4 h) of DR5:GUS, 5-day-old seedlings were mounted in liquid medium complemented with 
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ES4. After treatment, seedlings were stained overnight at 37°C in darkness in GUS staining 

buffer [100 mM Na-phosphate buffer (pH 7), 0.1% Triton X-100, 10 mM EDTA (pH 8), and 

2 mM of each K3FeIII(CN)6 and K4FeII(CN)6] containing X-Gluc to visualize GUS activity. X-

Gluc was added at a final concentration of 1 mg/ml from a freshly prepared 10-mg/ml stock 

dissolved in DMSO. For BFA treatments, 5-day-old seedlings were pretreated for 30 min with 

ES4 before addition of 25 µM BFA to the treatment for a further 90 min. For BFA washouts, 

5-day-old seedlings were treated with 25 µM or 50 µM BFA for 2 h followed by 30 min of 

wash treatment. For FM4-64 uptake experiments, 5-day-old seedlings were transferred 

directly after 2 h of treatment to 2 µM FM4-64 in the treatment medium on ice for 5 min, 

followed by two washes in treatment medium on ice. Endocytosis was started by removing 

seedlings from the ice-cold conditions. For visualization of the vacuolar GFP labeling, 5-day-

old seedlings were transferred directly after 2 h of treatment with 41 µM ES4 to 8 µM FM4-64 

in treatment medium on ice for 5 min, followed by two washes in treatment medium on ice 

and transferred to 41-µM ES4-supplemented growth medium and incubated vertically in 

darkness for 4 h. For live imaging and transmission electron microscopy, 5-day-old seedlings 

were mounted for 2 h in their treatment medium. For induction of HSP:ARF1 expression, 

plates were incubated at 37°C for 2 h followed by ES4 treatment for 2 h at room temperature. 

Forward Genetic Screen 

Seven-day-old EMS-mutagenized PIN1:PIN1-GFP seedlings (progenies of 4,600 M1) grown 

on 25 µM ES4 were scored for individuals with roots longer than those of the wild-type 

control. From 447 candidates, 96 were confirmed with long roots in the next generation from 

which 10 es4 mutants had long roots and formed BFA bodies upon ES4 treatment. 

Mapping 

es4r1 was mapped on the short arm of chromosome 5 between MUK11 (1.409 Mb) and 

K2A11-MseI (1.530 Mb) (SSLP and CAPS markers). es4r1 displayed a C-to-T point mutation 

that causes an amino acid substitution at position 1834: proline to leucine. For the 

information about the Col-0/Ler polymorphisms, we used the collection of SNPs and INDELs 

provided by Monsanto Arabidopsis Polymorphism and Ler Sequence Collection (Cereon 

Genomics) and TAIR (http://www.arabidopsis.org). 

Genotyping 

To genotype es4r1, we used the foward primer 5’-CATCCCAACATCAACCGAG and the 

reverse primer 5’-AACACCATCTCCACCTTGACCACTG and digested the PCR product with 

DdeI. 
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Generation of the RPS5A:es4r1 Construct and Transformation 

δ-COPI genomic DNA (AT5G05010) was amplified by PCR from the es4r1 mutant isolated 

from the EMS screen with the following primers: forward 5’-

ggggacaagtttgtacaaaaaagcaggctccatggtattgacttttgttctatg and reverse 5’-

ggggaccactttgtacaagaaagctgggtctcatatgacttgatagttctgg and cloned into the pDONR221 

Gateway donor vector (Karimi et al., 2002). The RPS5A promoter from the pDONRP4-

P1/RPS5A donor vector (kind gift of W. Grunewald) and δ-COPI were transferred to the 

pK7m24GW.3 Gateway destination vector (Karimi et al., 2002) by LR Clonase II (Invitrogen). 

The obtained construct was transformed to the Agrobacterium tumefaciens strain C58C1 and 

introduced into Arabidopsis accession Col-0 with the floral dip method (Clough and Bent, 

1998). Transformants were selected on kanamycin-containing plates. 

Immunolocalization 

Whole-mount immunolocalization on 5-day-old seedlings of Arabidopsis was done with the 

InSituProrobot (Intavis, Germany) according to the described protocol (Sauer et al., 2006). 

Primary antibodies and final dilutions were: rabbit anti-PIN1 (Paciorek et al., 2005) 1:1000; 

rabbit anti-PIN2 (generously provided by C. Luschnig) 1:1000; mouse anti-HA 

(AbCam/HA.C5) 1:500. Secondary antibodies and final dilutions were: Cy3 anti-rabbit 

(Sigma-Aldrich) 1:600 and Alexa488 anti-mouse (Invitrogen) 1:600. 

TEM on Roots 

Root tips of 5-day-old Col-0 seedlings untreated and treated for 2 h with 41 μM ES4 were 

excised and processed as described (Tanaka et al., 2009). 

Yeast Strains and Media 

The diploid heterozygous and homozygous gea1 deletion mutants generated by the 

International Deletion Consortium (Winzeler et al., 1999) were obtained from EUROSCARF. 

BY4743 and BY4742 were used as the diploid wild-type control for the diploid heterozygous 

and the gea1 homozygous deletion mutants, respectively. Yeasts were grown on standard 

rich medium [yeast extract/peptone/dextrose (YPD)] with and without ES4. For growth rate 

analysis and ES4 sensitivity, BY4743 cells were grown in 1 ml liquid YPD medium in 50-ml 

Falcon tubes for 4 h at 28°C with shaking at 200 rpm to an OD600 of approximately 1. After 

4 h, 2 µl of the liquid cell culture was transferred into 96-well plates containing 198 µl of liquid 

YPD with mock treatment or with different concentrations of ES4 (17 µM, 21 µM, 28 µM, and 

41 µM) at final OD600 of approximately 0.1 and was grown overnight at 28°C with shaking in a 

H1 Microplate Reader (BioTek). The deletion mutants were grown at 17 µM ES4 and with the 

mock treatment as described for the wild type. 
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Quantitative and Statistical Analyses 

For PIN polarity quantification in the cortex, the ratio of the cell numbers with basal PIN2 and 

the total number of cortical cells was calculated from the confocal laser scanning microscopy 

(CLSM) images of the root apical meristem. For polarity in epidermal cells of PIN2:PIN1, the 

ratio of the cell numbers with basal, both basal and apical, or apical PIN localization was 

compared to the total number of epidermal cells from the CLSM images of the root apical 

meristem. For analysis of the gravitropic response, 5-day-old seedlings grown vertically in 

light were gravistimulated by a 90° rotation (Col-0). PIN2:PIN1-HA seedlings were 

gravistimulated twice, at the 5-day-old stage and 24 h after the first gravistimulation. The 

bending angle was measured with the Java-based ImageJ application 

(http://rsb.info.nih.gov/ij/) 48 h after the first gravistimulation. All gravitropically stimulated 

roots were assigned to one of the eight 45° sectors on a gravitropism diagram. The length of 

the bars in the diagram represents the percentage of seedlings assigned to the respective 

sector. Wild-type root lengths and hypocotyl lengths were measured with the ImageJ 

software. For the mutant root lengths, the ratio was calculated of the root length of seedlings 

grown on ES4 and that of seedlings grown on mock media with the ImageJ application. For 

quantification of FM4-64 and PIN2-GFP internalization, the ratio of the mean pixel intensity of 

the internal cell fluorescence and the mean pixel intensity of the adjacent PM fluorescence 

was obtained by ImageJ. The size of the PVC/MVBs was calculated by the ImageJ software. 

For the yeast growth assay, we analyzed the growth curves of 12 strains (including wild 

types), each grown with mock treatment or in the presence of 17 µM of ES4. OD600 of the cell 

density was determined every 2 h for nine time points. Three or two replications per strain 

per experiment for ES4 or mock treatment were done, respectively. The statistical 

significances of differences of data were quantified with Student’s t-tests, Mann-Whitney U 

test and ANOVA. 

Image Analysis 

Imaging was done on a LSM 710 (Zeiss), LSM 700 (Zeiss) and Leica SP2 confocal laser 

scanning microscopes. 

Accession Numbers 

Sequence data from this article can be found in the Arabidopsis Genome Initiative or 

GenBank/EMBL databases under the following accession numbers: PIN1 (At1g73590), PIN2 

(At5G57090), PIP2a (At3G53420), VHAa1 (At2g28520), CLC2 (At2G40060), N-ST 

(AJ243198), BEN1 (At3G43300), SYP61 (AF355754), GNL1 (At5G39500), ARF1 

(At2g47170), δ-COPI (At5g05010), GNOM(At1g13980), BRI1 (At4g39400), PID (At2g34650), 

CHC1 (At3g11130), CHC2 (At3g08530), SNX1 (At5g06140), VTI12 (At1g26670), RCN1 

(At1g25490), AXR2 (At3g23050), and BIG3 (At1g01960). 

http://rsb.info.nih.gov/ij/
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SUPPLEMENTARY INFORMATION 

 

 

 
Supplemental Figure 1. Chemical screen of a set of 11 small molecules implicated in 
polarity changes. 
(A) Evaluation of the PIN1-HA localization in PIN2:PIN1-HA;pin2 epidermal cells after 
chemical treatments followed by immunolocalization. Three-day-old PIN2:PIN1-HA;pin2 
seedlings were transferred on growth medium supplemented with mock or a set of 11 
chemicals and grown vertically for 48 h. Eight of the chemicals were diluted in a growth 
medium at 1:200 from a stock concentration of 10 mg/ml; ES4 was used at 17 µM and ES6 
at 6 µM. The PIN2:PIN1-HA;pin2 line showed predominantly a basal and nonpolar PIN1-HA 
localization. Among the 11 tested compounds, ES6 and ES4 had the most prominent effect 
on PIN1-HA apicalization in epidermal cells. Two to four independent experiments were done 
for each chemical and one experiment for the ID7641499 small molecule. Error bars 
represent SE. Chemical numbers are the Chembridge IDs. 
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(B) Response of 7-day-old PIN2::PIN1-HA;pin2 seedlings gravistimulated for 48 h. Seedlings 
were grown on medium supplemented with mock or a set of 11 chemicals, of which eight 
were diluted in a growth medium at 1:200 from a stock concentration of 10 mg/ml. ES4 was 
used at 17 µM and ES6 at 6 µM.  The most prominent gravitropic response was observed for 
seedlings grown on ES4 when compared to the agravitropic root growth on the mock 
treatment. Bars = 1 cm. 
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Supplemental Figure 2. Characterization of the ES4 effect. 
(A) to (E) Immunolocalization of PIN2 in epidermal (ep) and cortex (co) cells [(A) and (B)] 
and PIN1 in the stele [(D) and (E)] of 5-day-old Col-0 seedlings and quantification of basal 
PIN2 in cortical cells (C). Three-day-old seedlings were transferred on medium 
supplemented with mock or 17 µM ES4 and grown for 48 h. After mock treatment, PIN2 
shows an apical localization in the epidermis and older cortex cells and a basal localization in 
young cortex cells (A), whereas PIN1 is localized basally in the stele. No changes in PIN2 
and PIN1 localizations were observed after the ES4 treatment [(B) and (E)]. Evaluation of 
PIN2 localization (C) shows no significant changes in the polar localization between ES4 and 
mock-treated samples (P > 0.05, by Student’s t test). In four independent experiments, at 
least 26 roots were analyzed per treatment in total. Error bars represent SE. Bars = 10 µm. 
(F) to (H) Response of 7-day-old Col-0 seedlings gravistimulated for 48 h and quantification 
of the root gravitropic response. Seedlings were grown on medium supplemented with mock 
or 17 µM of ES4. After 5 days, plates were turned 90° for another 48 h. Seedlings grown on 
17 µM ES4 (F) showed positive gravitropic responses as observed for the control (G). 
Gravistimulated roots were assigned to one of the eight 45° sectors on a gravitropism 
diagram (H). Percentage of seedlings assigned to the respective sector. Three independent 
experiments were done with at least 72 roots analyzed per treatment in total. Bars = 1cm. 
(I) to (K) Hypocotyl length sensitivity of 7-day-old Col-0 seedlings grown in the dark on 
medium supplemented with mock or 17 µM of ES4 and quantification (K). Hypocotyls grown 
on ES4 had open and shorter cotyledons (J) than the control with closed cotyledons formed 
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in the apical hook (I). Insets, magnified cotyledons. In three independent experiments, at 
least 24 hypocotyls were analyzed for each assay. Error bars represent SE. Student’s t-test, 
***P < 0.001. Bars = 0.5 cm. 
(L) Quantification of lateral roots density in 11-day-old Col-0 seedlings grown on medium 
supplemented with mock or 17 µM of ES4. Three independent experiments were done with 
20 roots analyzed for each assay. Error bars represent SE. Student’s t-test, *P < 0.05. 
(M) and (N) GUS staining of 5-day-old DR5:GUS seedlings. Three-day-old seedlings were 
transferred on growth medium supplemented with mock (M) or 17 µM ES4 (N) and grown for 
48 h. Bars = 100 µm. 
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Supplemental Figure 3. Effect of ES4 on intracellular trafficking and compartments. 
(A) to (D) Immunolocalization of PIN1 (red signal) in the stele and number of BFA bodies per 
cell. Seedlings were pretreated for 30 min. with 17 µM or 41 µM ES4 before addition of 
25 µM BFA for an additional 90 min. Compared to mock (A), the number of BFA bodies was 
not significantly reduced after ES4 treatment (P > 0.05, by Mann-Whitney U test) [(B) and 
(C)]. Quantification of BFA bodies in the stele was counted for 10 cells in each root. In four 
independent experiments, 20 (for 17 µM) or 41 (for 41 µM) roots were analyzed in total. Error 
bars represent SE. Bars = 10 µm. 
(E) to (G) Life imaging of PIP2-GFP (E and F) and number of PIP2-labeled BFA bodies (G). 
Five-day-old seedlings were pretreated for 30 min. with mock or 17 µM ES4 before addition 
of 25 µM BFA for an additional 90 min. Compared to mock (E), the number of BFA bodies 
had decreased after ES4 treatment (F). Bars = 10 µm. 
(H) to (J) Uptake of endocytic tracer dye FM4-64 (2 µM) after 10 min. Five-day-old Col-0 
seedlings were pretreated for 2 h with mock (I) or 17 µM ES4 (J). No difference in uptake of 
FM4-64 was observed after ES4 treatment (J) compared with the mock (I) (P > 0.05, by 
Student’s t test). FM4-64 uptake was quantified by dividing the mean grey value of the 
fluorescent signal inside the cell to the adjacent PM signal (H). Six independent experiments 
were done with at least 23 roots analyzed for each treatment in total. Error bars represent 
SE. Bars = 10 µm. 
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(K) to (R) Immunolocalization of PIN1 (red signal) in the stele [(K) to (M) and (O) to (Q)] and 
number of BFA bodies per cell after wash-out with ES4. Five-day-old seedlings were treated 
for 2 h with 25 µM (K) or 50 µM BFA (O), followed by 30 min of wash-out with medium 
complemented with mock [(L) and (P)] or 41 µM ES4 [(M) and (Q)]. Three independent 
experiments were done with 5-49 cells analyzed for each root and for 16-23 roots for each 
treatment in total. Error bars represent SE. Mann-Whithey U test, **P < 0.01. Bars = 10 µm. 
(S) Ratio of the intracellular to the PM PIN2-GFP signal. Seedlings were treated as described 
(Figure 2G to 2L). For each root, 32-63 cells were analyzed and 15 roots for each treatment. 
There was no significant difference between mock and ES4 treatments (P > 0.05, by 
Student’s t test). Error bars represent SD. 
(T) to (W) Intracellular localization of BRI1-GFP [(T) and (U)] and GNOM-GFP [(V) and (W)] 
after mock [(T) and (V)] and 17 µM [(U) and (W)] ES4. After 2 h of ES4 treatment, all markers 
displayed an intracellular signal accumulation when compared to the controls. Bars = 10 µm. 
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Supplemental Figure 4. Search for ES4 bioactive analogue. 

(A) Chemical structures of ES4, 5539742, 6890301, 6889232, 8896397 and 5102911. 

(B) to (I) Response of 10-day-old (B) to (E) or 8-day-old (F) to (I) gravistimulated PIN2:PIN1-

HA;pin2 seedlings. Seedlings were gravistimulated twice, at the 6-day-old stage and 24 h 

later. Seedlings were grown on medium supplemented with mock or a set of five chemicals, 

of which four were diluted in a growth medium at 1:2400 from a stock concentration of 

10 mg/ml. ES4 was used at 17 µM. None of the four chemicals showed rescue of PIN2:PIN1-

HA;pin2 agravitropic root growth when compared to the root growth on the ES4. Bars = 1 cm.  

(J) to (V) Intracellular localization of GNL1-YFP [(J) to (P)] and Syp61-CFP [(Q) to (V)] after 
mock [(J) and (Q)], 17 µM [(K) and (R)] ES4, 6889232 [(L) and (S)], 5102911 [(M) and (T)], 
5539485 (N), 6890301 [(O) and (U)] and 8896397 [(P) and (V)] treatment. After 2 h of 
chemicals treatment, only ES4 induced an intracellular signal accumulation of both markers, 
when compared to the controls. Bars = 10 µm. 
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Supplemental Figure 5. Characterization of the es4r1 sensitivity to ES4. 
(A) to (C) Hypocotyl length sensitivity of 7-day-old es4r1 seedlings grown in the dark on 
medium supplemented with mock (A) or 17 µM ES4 (B) and quantification (C) and 
comparison with the results obtained for wild type. The lengths of the hypocotyls grown on 
ES4 (A) was slightly shorter than those of the control (B). Three independent experiments 
were done with 30 hypocotyls analyzed per treatment per experiment. Error bars represent 
SE. Student’s t-test, *P < 0.05, ***P < 0.001. Bars = 1 cm. 
(D) Quantification of lateral root densities in 11-day-old es4r1 seedlings grown on medium 
supplemented with mock or 17 µM ES4 and comparison with the results obtained for 
wild type. In three independent experiments, 20 roots were analyzed per treatment per 
experiment. Error bars represent SE. Student’s t-test, *P < 0.05. 
(E) to (I) Immunolocalization of PIN1 (red signal) in stele cells of Col-0 [(E) and (F)] and 
RPS5A:es4r1 in Col-0 background. Five-day-old seedlings were pretreated for 30 min with 
mock [(E) and (G)] or 83 µM ES4 [(F) and (H)] before addition of 25 µM BFA for an additional 
90 min. BFA bodies were observed in RPS5A:es4r1 in a Col-0 background after ES4 
treatment (H) when compared to the mock treatment in which almost no BFA bodies were 
visible (F). The number of BFA bodies in the stele was counted for 10 cells in each root (I). In 
one experiment, 5-7 roots were analyzed for each treatment. Error bars represent SE. Mann-
Whitney U test, *P < 0.05, **P < 0.01. Bars = 10 µm. 
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Supplemental Figure 6. Characterization of ES4 and BFA sensitivities of ARF GEFs. 
(A) and (B) Root length sensitivities of 7-day-old Col-0, gnl1-2 and gnl1-3 seedlings grown 
on medium supplemented with mock, 2.5 µM BFA, 17 µM ES4 or 2.5 µM BFA plus 17 µM 
ES4. One experiment was done with at least 13 roots analyzed per treatment. Error bars 
represent SD. Student’s t- test, ***P < 0.001. Bars = 10 µm. 
 

 

 

 

 

 
Supplemental Figure 7. Effect of ES4 on ARF1T31N-CFP marker. 
(A) and (B) Intracellular localization of ARF1T31N-CFP. Five-day-old seedlings were induced 
by heat shock at 37°C for 2 h and treated with mock and 41 µM ES4. In mock and ES4-
treated samples, the localization was only cytosolic. Bars = 10 µm. 
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Supplemental Figure 8. ES4 sensitivity of deletion yeast strains. 
(A) to (H) Growth of wild-type (BY4743) (A), ret1/RET1 (B), sec26/SEC26 (C), sec27/SEC27 
(D), sec21/SEC21 (E), ret2/RET2 (F), ret3/RET3 (G), sec12/SEC12 (H), wild-type (BY4742) 
(I), and gea1/gea1 (J) strains in function of time (hours). Strains were grown in YPD liquid 
medium with or without ES4 treatment as indicated. Growth curves were obtained with a H1 
Microplate Reader (BioTek) and represent the average of three independent experiments. 
There was no significant differences between mock and ES4 treatments (P > 0.05, by 
Student’s t test). 
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ORF Name 
Encoded 

protein 

YDL145C RET1 alfa-COPI 

YDR238C SEC26 beta-COPI  

YGL137W SEC27 beta'-COPI  

YNL287W SEC21 gamma-COPI 

YFR051C RET2 delta-COPI 

YPL010W RET3 teta-COPI 

YDR170C SEC7 ARFGEF 

YNR026C SEC12 GEF 

Supplemental Table 1. Heterozygous deletion strains used in the growth assay. 
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Chapter 3 

 

Endosidin 6, a novel inhibitor of cell wall 

biosynthesis affects polarity and development 

in Arabidopsis 
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ABSTRACT 

Polarity is fundamental feature of living organisms, enabling cellular function and multicellular 

development. In plants, polarly localized PIN proteins transport auxin in a cell-to-cell manner 

and help to establish differential auxin distribution. In plant tissue, these so called auxin 

gradients are required for many developmental processes and responses to the 

environment. One of the known components involved in maintenance of polar PIN 

localization is the cell wall. Here we identified in a chemical genomic screen a small molecule 

endosidin 6 (ES6), which interferes with the basal localization of PIN-FORMED1 (PIN1) 

proteins. Plant treatments with ES6 induced phenotypes similar to the cellulose defective 

mutants, including radial swelling of the roots; depletion of CELLULOSE SYNTHASEs 

(CESAs) markers from the plasma membrane; formation of MICROTUBULE ASSOCIATED 

CELLULOSE SYNTHASE COMPARTMENTS (MASCs); and changed composition of the cell 

wall. These observations identified ES6 as a new tool inhibiting cellulose synthase and 

interfering with cell wall composition.    
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INTRODUCTION 

Polar localization of the PIN auxin efflux carriers is crucial for directional transport of auxin, 

which is involved in many developmental processes (Grunewald and Friml, 2010). Different 

factors are involved in establishment of PIN polarity, including intracellular vesicle trafficking 

(reviewed in Luschnig and Vert, 2014), plasma membrane composition (Carland et al., 2010; 

Men et al., 2008; Willemsen et al., 2003), cytoskeleton (Geldner et al., 2001; Kleine-Vehn et 

al., 2006) and phosphorylation (Huang et al., 2010; Zhang et al., 2010). It has been shown 

that cell wall also plays a role in maintaining polarity of PIN proteins (Feraru et al., 2011). The 

plant cell wall is a rigid structure that provides structural support and protection for cells. It 

connects neighboring cells together, prevents them from moving, and influences their 

localization in the tissue. However, it is not only the mechanical structure which strengthens 

the body of plants, but it is also important in the dynamic response to intracellular and 

environmental signals. Loosening and rearrangements of the cell wall is required for cell 

elongation and is initiated by auxin (reviewed in Perrot-Rechenmann, 2010). Identification of 

regulator of PIN polarity (repp3) mutant, defective in cell wall formation and polar PIN 

localization, revealed connections between polar PIN domains at the plasma membrane and 

the cell wall (Feraru et al., 2011). Disruption of cell wall by genetic, pharmacological, or 

mechanical interference breaks the connections and consequently leads to lateralization and 

complete loss of PIN polarity (Feraru et al., 2011). Additionally it has been shown that 

isoxaben, a known chemical that inhibits cellulose synthesis, reduces the thickness of the 

cell wall and leads to localization of PIN1-GFP to the corners of the meristematic cells 

(Hamant et al., 2011; Heisler et al., 2010). Connection between cell polarity and cell wall is 

represented in rapid and highly polarized growth of root hairs and pollen tubes. They are 

formed through tip elongation of cells, which require deposition of new cell wall material at 

the precise end of the growing cell. Growth of root hairs is similar to growth of pollen tubes 

requiring action of Rho of Plants (ROP)-GTPases, formation of tip-focused Ca2+ gradient, 

and vesicle delivery to the apical region (Gu and Nielsen, 2013). Consequently, many 

mutants defective in cellulose synthesis, one of the components of the cell wall next to the 

hemicelluloses and pectins, display defects in root hair formation (Caño-Delgado et al., 2000; 

Gu and Nielsen, 2013). 

Herein, we took advantage of chemical genomics approach to identify components 

involved in polar PIN localization and maintenance. Recently a chemical genomic screen 

was performed on a library of chemicals to select small molecules interfering with 

intracellular trafficking (Drakakaki et al., 2011). The first selection was based on the ability of 

small molecules to inhibit or affect highly polarized growth of pollen tubes. In the second 

screen, chemicals affecting localization of fluorescently labelled proteins were chosen and 
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classified according to the induced phenotype. One of the chemical clusters contained 

molecules interrupting ectopic polar localization of PIN1 in the PIN2:PIN1-GFP;pin2 line 

(Drakakaki et al., 2011). From those chemicals, we characterized endosidin 6, which we 

found is a specific inhibitor of cellulose synthase localization and interferes with cell wall 

composition.    

 

RESULTS 

Identification of the Endosidin 6 Compound Affecting Polarity of PIN2:PIN1-HA 

From the cluster of chemicals interfering with the ectopic, predominantly basal (rootward), 

PIN1 localization in PIN2:PIN1-GFP;pin2 line (Drakakaki et al., 2011; Wiśniewska et al., 

2006) we analyzed a set of 11 molecules in term of their effect on the PIN1 localization 

(Figure 1A). To select those with the strongest effect leading to the basal-to-apical switch of 

PIN1 in PIN2:PIN1-HA; pin2, seedlings were grown for 48h on medium supplemented with 

small molecules and an immunolocalization with anti-PIN1 antibody was performed. 

Endosidin 6 (Figure 1B) was identified as the most effective small molecule, inducing 

apicalization of ectopically expressed PIN1 in about 82% of analyzed epidermal cells at the 

concentration of 6 µM (Figure 1C to 1E).  

Additionally we analyzed PIN2 polarity in the cortex cells of wild-type seedlings after 

48 h of 6 µM ES6 treatment. Since PIN2 displays dual localization in the cortex cells, basal in 

young cells, and apical in older cortex cells that are more distant from the root tip (Kleine-

Vehn et al., 2008), it is a sensitive system to test factors for their effects on PIN polarity. 

Thus, some factors might induce basal-to-apical shift of PIN2 in the young cortex cells, while 

having no obvious effect on PIN polar localization in other tissues. However, despite ES6 

clearly have effect on the polarity of ectopically expressed PIN1 in epidermis, it did not visibly 

affect the polar localization of PIN2 in cortex cells (Supplemental Figure 1A).  

Next we tested the effect of ES6 on the expression of DR5:GUS’ auxin response 

reporter (Figure 1F to 1I). A less pronounced auxin response maximum in the root meristem 

(Sabatini et al., 1999) and visibly induced DR5 activity in the whole root tip, and in particular 

in the elongation zone, was observed already after treatment with 4 h of 6 µM ES6. This 

suggests increased auxin flow away from the root tip consistent with more apicalized PIN 

proteins as a result of the ES6 treatment. Thus, it is possible that despite no visible changes 

in PIN polarities being detected on the level of individual cells, the ES6-mediated partial 

apicalization occurs in the wild-type, leading to the ectopically increased auxin response in 

the elongation zone. 

To determine essential structural determinants of ES6 bioactivity the structure activity 

relationship was performed (SAR). Two chemicals with chemical structure similar to the ES6 
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(Supplemental Figure 2A) were tested for their ability to restore gravitropic growth of 

PIN2:PIN1-HA; pin2 seedlings (Supplemental Figure 2B to 2E) and effects on intracellular 

agglomeration of CESA3 marker (Supplemental Figures 2F to 2I). These two chemicals 

differed in modifications of the phenolic and the bicyclic rings. 7813952 molecule generated 

similar phenotype changes as ES6, including less curly root growth, depletion of marker 

signal from the PM and its intracellular accumulation. These results indicate, that the bicyclic 

structure is important for ES6 activity and 7813952 is a bioactive molecule. 

 

 
 
Figure 1. Identification of ES6 chemical. 
(A) Evaluation of the PIN1-HA localization in PIN2:PIN1-HA;pin2 epidermal cells after 
chemical treatments followed by immunolocalization. Three-day-old PIN2:PIN1-HA;pin2 
seedlings were transferred on growth medium supplemented with mock or a set of 11 
chemicals and grown vertically for 48 h. Eight of the chemicals were diluted in a growth 
medium at 1:200 from a stock concentration of 10 mg/ml; ES4 was used at 17 µM and ES6 
at 6 µM. The PIN2:PIN1-HA;pin2 line showed predominantly a basal and nonpolar PIN1-HA 
localization. Among the 11 tested compounds, ES6 had the most prominent effect on PIN1-
HA apicalization in epidermal cells. Two to four independent experiments were done for each 
chemical and one experiment for the ID7641499 small molecule. Data are means ± SE of 
two to four experiments. Error bars represent SE. Chemical numbers are the Chembridge 
IDs. 
(B) Chemical structure of ES6. 
(C) to (E) Immunolocalization of PIN1-HA in epidermal (ep) and cortex (co) cells. After mock 
treatment (C) PIN2:PIN1-HA;pin2 shows predominantly basal and nonpolar PIN1-HA 
localization (red arrowheads), whereas after ES6 treatment (D) (6 µM; 48 h) shows 
predominantly apical PIN1-HA in epidermal cells (green arrowheads). Evaluation of PIN1-HA 
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localization in epidermal cells (E) indicates that after ES6 treatment, 82% of PIN2:PIN1-
HA;pin2 epidermal cells display a predominantly PIN2-like localization of PIN1-HA at the 
apical side, contrasting to mock-treated PIN2:PIN1-HA;pin2, that has a predominantly 
nonpolar and basal PIN1-HA localization. In eight independent experiments, at least 70 roots 
were analyzed in total for the mock and ES6 treatments. Data are means ± standard error 
(SE) of eight experiments. Student’s t test, ***P < 0.001. Bars = 10 µm. 
(F) to (I) GUS staining of five-day-old DR5:GUS seedlings. Five-day-old seedlings were 
mounted in liquid medium supplemented with mock (F) or 6 µM ES6 (G) for 4 h; or three-day-
old seedlings were transferred on growth medium supplemented with mock (H) or 6 µM ES6 
(I) and grown for another 48 h. Induced GUS staining was observed in ES6 treated seedlings 
[(G) and (I)] when compare to mock [(F) and (H)] treatment. Bars = 10 µm. 
 

Endosidin 6 effects on plant growth and development 

Next we analyzed the ES6 effect on the gravity response of PIN2:PIN1-HA; pin2. In wild-type 

plants PIN2 is localized at the apical (shootward) side of epidermal root cells that enables 

auxin transport from the root tip towards the elongation zone. Ectopically localized PIN1 

proteins on the basal side of epidermal cells in PIN2:PIN1-HA; pin2 are not able to transport 

auxin away from the root tip, which results in their agravitropic root growth (Wiśniewska et 

al., 2006). We expected that the basal-to-apical shift of PIN1, induced by chemical treatment 

restores the gravitropic response in PIN2:PIN1-HA; pin2. After five days of growth on 0.5 or 

1.4 µM ES6, vertically located plates were turned by 90° (gravistimulation) (Supplemental 

Figure 1B to 1E). Although ES6 was very effective in inducing the apical PIN1 localization, 

(see above) it did not rescue the gravity response of PIN2:PIN1-HA; pin2 (Supplemental 

Figure 1B to 1D). In addition, application of 1.4 µM ES6 to the growth medium did not change 

the root gravity response in the wild-type (Supplemental Figure 1F to 1H). 

Next we examined morphological responses of wild-type seedlings grown on 1.4 µM 

ES6, including primary root, lateral root, hypocotyl and root hair growth. Primary roots of 

ES6-treated seedlings were significantly shorter compared to the control (Figure 2A to 2C) 

and they showed an increased number of lateral roots in 11-day-old seedlings (Supplemental 

Figure 1I). Seedlings grown in the dark on 1.4 µM ES6 displayed shorter and thicker 

hypocotyls with open cotyledons, in contrast to the control seedlings with elongated 

hypocotyls and closed cotyledons forming an apical hook (Figure 2D to 2F). Additionally we 

observed an increased number of longer root hairs and root swelling induced by ES6 

treatment (Figure 1I; 2G and 2H). 

Similar phenotypes have been observed in cellulose synthase mutants, cesa1, cesa3 

and cesa6, displaying shorter root growth, radial swelling, increased root hair growth and 

density (Caño-Delgado et al., 2000). The same phenotypic effects can also be induced by 

isoxaben, a chemical which interferes with cellulose synthase activities (Desprez et al., 2002; 

Park et al., 2011; Scheible et al., 2001). Additionally cesa mutants display defects in pollen 

germination and pollen tube growth (Persson et al., 2007). A similar effect on tobacco pollen 
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has been observed for ES6, which was selected in the chemical screen as an inhibitor of 

pollen tube germination (Drakakaki et al., 2011). Notably, isoxaben treatment or cesa 

mutations also lead to basal-to-apical PIN1 polarity switch (Feraru et al., 2011) as induced by 

ES6. All these observations suggest that ES6 may interfere with some aspects of cellulose 

synthesis. 

 

Figure 2. Morphological effects induced by ES6. 
(A) to (C) Root length sensitivity to ES6 and quantification. Seven-day-old Col-0 seedlings 
grown on media supplemented with 6 µM ES6 had shorter primary root length (B) than the 
mock control (A). In four independent experiments, at least 58 roots analyzed for each 
treatment in total (C). Data are means ± SE of four experiments. Student’s t test, ***P < 
0.001. Bars = 1cm. 
(D) to (F) Hypocotyl length sensitivity of seven-day-old Col-0 seedlings grown in the dark on 
medium supplemented with mock or 1.4 µM ES6 and quantification (F). Hypocotyls grown on 
ES6 demonstrated reduced hypocotyls length (E) compared to the control (D). In three 
independent experiments, at least 112 hypocotyls were analyzed for each treatment in total. 
Data are means ± SE of three experiments. Student’s t-test, ***P < 0.001. Bars = 0.5 cm. 
 (G) to (H) Root hair growth in 11 day old Col-0 seedlings grown on mock or 1.4 µM ES6. 
Seedlings grown on ES6 (H) displayed denser and longer root hairs than that of the wild type 
control (G). Bars = 500 µm. 

 

Effects of Endosidin 6 on Intracellular Trafficking and Intracellular Compartments 

To gain further insight in the mode of ES6 action we examined its effect on intracellular 

trafficking of various subcellular markers. First we tested whether ES6 affect endocytic or 

exocytic trafficking pathways. We used a fungal toxin brefeldin A (BFA), a known inhibitor of 

the ADP-ribosylation factor small GTPases (ARF-GEFs). PIN1 proteins cycle constantly 

between plasma membrane (PM) and intracellular compartments. This continuous trafficking 
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can be visualized by application of BFA, which inhibits PIN1 recycling and results in its 

accumulation in intracellular compartments called BFA-bodies (Geldner et al., 2001). An 

immunolocalization experiment with PIN1 antibodies on the wild-type seedlings treated with 6 

µM ES6 for 30 min. followed by co-treatment with ES6 and 25 or 50 µM BFA did not show 

any difference in number of BFA-bodies per cell. This suggested that ES6 has no effect on 

the endocytosis of PIN1 (Supplemental Figure 3A to 3F). To examine the potential influence 

of ES6 on exocytosis, wild-type seedlings were treated with 25 or 50 µM BFA followed by 

wash-out with 6 µM ES6. Compared to the mock wash-out, the number of BFA-bodies did 

not significantly differ. This indicated that the exocytosis process was not affected by ES6 

(Supplemental Figure 3G to 3N). Next we analyzed 5-day-old marker lines after 2 h 

treatment with 6 µM ES6, including CESA3 and CESA6 (cellulose markers), ARA7 

(prevacuolar compartment / multivesicular bodies), CLATHRIN LIGHT CHAIN 2 (CLC2) (PM 

and trans-Golgi network (TGN)), MICROTUBULE ASSOCIATED PROTEIN 4 (MAP4) 

(microtubules), SIALYLTRANSFERASE (N-ST) (Golgi) and SYNTAXIN OF PLANTS 61 

(Syp61) (TGN). Localization of fluorescent signal was not changed for ARA7, CLC2, MAP4, 

N-ST and Syp61 (Supplemental Figure 3O to 3X). However, the cellulose markers CESA3 

and CESA6 were visibly affected (Figure 3A to 3D). CESAs in the roots are localized mainly 

at the lateral side of the cells and intracellularly at the TGN. After ES6 treatment, the lateral 

localization disappeared and bigger agglomerations of GFP-labelled proteins were observed 

intracellularly (Figure 3B and 3D). These results, together with the effect of ES6 on the 

hypocotyl and root hair growth, indicate that ES6 might affect cell wall formation.  

Endosidin 6 Induce Formation of MASCs and Affects Cellulose Content of Primary Cell 

Wall   

Next we tested the effect of ES6 on the formation of MASCs. In the elongated hypocotyls 

CELLULOSE SYNTHASE COMPLEXEs (CSCs) localize to the PM, Golgi bodies, 

VHAa1/GFP-CESA3-containing compartments and MASCs. Internalization of CSCs into the 

MASCs can be induced by treatment with the cellulose synthesis inhibitor CGA 325’615 or 

osmotic stress (Crowell et al., 2009). MASCs were identified by their fluctuating velocities 

and linear trajectories whereas Golgi bodies and the VHAa1/GFP-CESA3-containing 

compartments are characterized by rapid and non-linear movements. Additionally, movement 

and formation of MASCs depends on the dynamic cortical microtubule array (Crowell et al., 

2009). 5-day-old seedlings expressing GFP-CESA3 together with microtubule marker 

mCherry:MICROTUBULE BINDING DOMAIN (MBD) were treated for 5 h with mock and 

6 µM ES6 (Figure 3E to 3J). Compared to the mock control displaying bidirectional 

movement of CESA3 particles (Figure 3K), 
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Figure 3. ES6 affects cellulose synthase complex. 
(A) to (D) Intracellular localization of GFP-CesA3 and GFP-CesA6 in roots of five-day-old 
seedlings after mock [(A) and (C)] and 6 µM ES6 [(B) and (D)] treatment. After 2 h of ES6 
treatment, both markers displayed reduced signal at the lateral PM an intracellular signal 
accumulation when compared to the controls. Bars = 10 µm. 
(E) to (J) Intracellular distribution of GFP-CASA3 [(E) and (H)] and mCherry-MBD [(F) and (I)] 
in the five-day-old seedlings after 5 h of mock [(E) to (G)] and 6 µM ES6 [(H) to (J)] treatment 
in epidermal root cells. White arrows indicate GFP-CESA3 labelled MASC particles. Bars = 
10 µm. 
(K) and (L) Representative kymographs for treatment with mock (K) and 6 µM ES6 (L). Time 
is represented along the vertical axis, and a 7 min scale bar is shown at left (for information 
on interpreting kymographs see Crowell et al., 2009). CSC movement is steady and 
bidirectional (K). Erratic movements of CSC indicates presence of MASCs (L).  
 
ES6 treated seedlings presented discrete, small, bright particles labeled with GFP-CESA3 

associated with cortical microtubules having erratic movement of GFP-CESA3 complexes 

(Figure 3L). Such fluctuating velocities indicate presence of MASCs. Formation of MASCs 

were also observed in GFP-CESA1 and GFP-CESA6 (Supplemental Figure 4A to 4H) 

indicating that ES6 is not CESA3 specific but affects the whole cellulose synthase complex. 

Next we compared cell wall composition of 5-day-old wild-type seedlings grown in the dark 
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on mock, 1.4 µM ES6 and 2 nM of established cellulose synthesis inhibitor isoxaben (Figure 

4A). The hemicellulose (fucose, arabinose, rhamnose, galactose, glucose, xylose and 

mannose) and cellulose (glucose and xylose) assay was performed separately for hypocotyls 

and roots dissected from the same seedlings. The primary cell wall in plants is composed of 

three main polysaccharides: cellulose, hemicelluloses (mainly xyloglucan) and pectins 

(Cosgrove, 2005). The backbone of cellulose and hemicelluloses is comprised of β-1,4-linked 

glucan polymers. The hemicelluloses glucan polymers are highly modified with chains of 

xylose, galactose and fucose sugars. Inhibition of cellulose synthesis by chemical inhibitors 

like isoxaben leads to change in polysaccharide content of extracellular matrix an 

accumulation of lignin and callose (Desprez et al., 2002; His et al., 2001).  

 

Figure 4. Effects of ES6 and isoxaben on cell wall sucrose composition. 
(A) Neutral ose composition of hemicelluloses and cellulose in the cell wall. Five-day-old Col-
0 seedlings grown on mock, 1.4 µM ES6 or 2 nm isoxaben (IX) supplemented medium in the 
dark. In three independent experiments, 100 mg of hypocotyl tissue plus corresponding roots 
was collected from each treatment. Different letters, numbers and number of asterisks 
indicate statistically significant differences between the treatments (ANOVA, P < 0.05). Upper 
and lower panels present the same data in different scales. Data are means ± standard 
deviation (SD) of three experiments. 
 

ES6 and isoxaben treatment decrease the mannose and cellulosic glucose content of the 

dark grown hypocotyls (Figure 4A). Additionally, in the ES6-treated hypocotyls, the fucose, 

arabinose and hemicellulosic glucose content was increased, whereas in isoxaben-treated 

plants no change compared to mock was observed. Also in roots of ES6-treated seedlings 

fucose, arabinose and hemicellulosic glucose and xylose content was elevated when 
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compared to the mock and isoxaben-treated seedlings. Cellulosic xylose was decreased in 

roots of isoxaben-treated seedlings. The results suggests that ES6 targets cell wall 

biosynthesis but does not act exactly the same way as isoxaben, perhaps not directly on the 

CESA complex. Furthermore we tested different cellulose defective mutants, je5, 35S:THE1, 

eli1-1, prc1-1, rsw1-10 and repp3, for their sensitivity to ES6 (Supplemental Figure 4I). 

Seedlings were grown for 7 days on medium supplemented with 1.4 µM ES6. eli1-1, prc1-1, 

rsw1-10 and repp3 roots appeared to be slightly more sensitive when grown on ES6. 

However, such difference could be caused by reduced root length of mutants grown on mock 

and poor germination of repp3, which made it more difficult to measure. Such an explanation 

can be supported by the fact, that je5, another allel of CESA3 next to repp3, displays similar 

sensitivity to ES6 as the wild-type. 

rcn1 mutant resistant to Endosidin 6 effect 

To further dissect what intracellular trafficking pathways might be affected by ES6, we 

compared the root growth of 7-day-old wild-type and different trafficking mutants seedlings 

(rcn1, van7, gnomR5, axr2-1, vti12, chc1-2, big3, 35S:PIN1, chc2-2, gnl1-3, ben1-2, 

35S:PID21, gnl1-2, pin2, ben1-1 and pid wag1 wag2) (Figure 5A) on mock and 1.4 µM ES6. 

When compared to mock, none of those mutants showed increased sensitivity to ES6 as 

compared to the wild-type. On the other hand, the root growth of the ROOT CURLING ON 

NPA (rcn1) mutant displayed the highest resistance to ES6. rcn1 is defective in A1 subunit of 

PROTEIN PHOSPHATASE 2 (PP2AA1), which, in addition to other roles, is involved in 

dephosphorylation of PIN proteins and basal PIN targeting (Michniewicz et al., 2007). PP2AA 

acts antagonistically to the PINOID (PID) kinase, which phosphorylate PIN proteins and 

mediate apical PIN targeting (Michniewicz et al., 2007; Zhang et al., 2010; Huang et al., 

2010). AGC3 kinases mutant pid wag1 wag2, displayed slightly increased sensitivity to ES6, 

however, the difference was not statistically significant. Few other trafficking mutants (vti12, 

chc1-2, big3, chc2-2) or auxin signaling mutant axr2-1 and PIN1 overexpression line 

revealed slight reduction of ES6 sensitivity when compared to the wild-type. Since rcn1 was 

the only strongly ES6-resistant mutant, we analyzed other phosphatases loss-of-function and 

overexpression lines. We compared the root growth of 7-day-old seedlings on mock and 1.4 

µM ES6 of pp2aa3-2, F1OE, sac3 sac4 sac5, sal1, fypp3 (f3), fypp1 (f1), sal1OE and 

35S:SAC2 (Figure 5B). F1OE, sal1, f3, f1 and sa1OE pp2aa3 are lines defective in PP6-type 

phosphatase holoenzyme (Dai et al., 2012), whereas SUPPRESOR OF ACTIN (SAC) 

phosphatases mediate vacuolar trafficking and morphogenesis (Nováková et al., 2014). 

Among all tested lines no statistically significant difference in sensitivity to ES6 was detected 

when compare to the control. Additionally hypocotyl growth of 35S:SAC2, sac3 sac4 sac5 

and rcn1 was tested (Figure 5C). 7-day-old seedlings were grown on medium supplemented 
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with mock and 1.4 µM ES6. Compared to mock, only rcn1 displayed increased resistance to 

ES6 treatment. Those results suggests that PP2AA1 is specifically affected by ES6 among 

other phosphatases. 

 

Figure 5. Identification of ES6 resistant mutants. 
(A) Quantification of root length sensitivity of wild type (Ws, Ler, and Col-0) and mutant (rcn1, 
van7, gnomR5, axr2-1, vti12, chc1-2, big3, 35S:PIN1, chc2-2, gnl1-3, ben1-2, 35S:PID21, 
gnl1-2, pin2, ben1-1 and pid wag1 wag2) lines. Seedlings were grown for seven days on 
growth medium supplemented with mock and 1.4 µM ES6. Ratio of root lengths grown on 
ES6 to those grown on mock was calculated. The highest ES6 resistance was revealed by 
rcn1 mutants. In four independent experiments, 32-88 roots were measured per each line per 
treatment. Data are means ± SE of four experiments. Student’s t test, **P < 0.01. 
(B) Quantification of root length sensitivity of wild type (Ws and Col-0) and mutant (rcn1, 
F3DN, F1DN, rcnL2-2, F1OE, sac3sac4sac5, sal1, f3, f1, sal1OE and 35S:SAC2) lines. 
Seedlings were grown for seven days on growth medium supplemented with mock and 
1.4 µM ES6. Ratio of root lengths grown on ES6 to those grown on mock was calculated. In 
two independent experiments, 20-61 roots were measured per each line and each treatment. 
Data are means ± SE of two experiments. There were no statistically significant differences 
between wild type and mutant lines (Student’s t test, P > 0.05). 
(C) Quantification of hypocotyl sensitivity of wild type (Col-0) and mutant (pp2aa3-2, F1OE, 
sac3sac4sac5, sal1, f3, f1, sal1OE and 35S:SAC2) lines. Seedlings were grown in the dark 
for seven days on growth medium supplemented with mock and 1.4 µM ES6. Ratio of 
hypocotyl lengths grown on ES6 to those grown on mock was calculated. In three 
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independent experiments at least 70 roots were measured per each line and each treatment 
in total. Data are means ± SE of three experiments. Student’s t test, **P < 0.01. 
 
 

DISCUSSION 

ES6 as a New Inhibitor of the Cell Wall Biosynthesis 

Here we identified and characterized endosidin 6, small molecule, which specifically affects 

cell wall structure. Wild-type seedlings treated with ES6 displayed variable morphological 

defects, including decreased root and hypocotyl length, induced root hair length and density 

and higher number of lateral roots - phenotypes associated with cell wall defects. Cellulose 

deficient mutants exhibit denser root hairs, swelling of the roots, changed cellulose content 

as well as polarity defects (Caño-Delgado et al., 2000; Gu and Nielsen, 2013; Feraru et al., 

2011). Further experiments confirmed specific effect of ES6 on cell wall organization. Various 

intracellular trafficking processes including endo- and exocytosis were also not significantly 

affected by ES6. Among all tested subcellular markers only cellulose synthesis CESAs 

localization were affected by ES6 treatment. Similar effects on CESAs localization were 

observed after treatment with inhibitors of cellulose biosynthesis, CGA and isoxaben, which 

induced clearance of CESA-GFP signal from plasma membranes (Crowell et al., 2009; 

Paredez et al., 2006). Additionally, ES6 changed the cellulose and hemicellulose 

composition of the cell wall. Analysis of the sugar composition in hypocotyls and roots 

revealed elevated or decreased level of different components when compared to mock and 

isoxaben treatment. Isoxaben specifically inhibits radioactive glucose incorporation into the 

acid insoluble cellulosic cell wall fraction of Arabidopsis (Heim et al., 1990a). ES6, besides 

decreased cellulosic glucose, had also changed fucose, arabinose, glucose, xylose and 

mannose levels. Two isoxaben resistant loci, IXR1 and IXR2 encoding for CESA3 and 

CESA6, respectively, have been described in Arabidopsis (Desprez et al., 2002; Heim et al., 

1989, 1990b; Scheible et al., 2001). Among tested cellulose deficient mutants, none of them 

displayed resistance to ES6. Since isoxaben was shown to affect cellulose synthesis 

complex and some of the cesas mutants showed resistance to its effect, it might suggest that 

ES6 affects CSC complex by other mechanisms. Phenotypic defects induced by ES6 

specifically resemble those of cesas mutants, which display root hair formation, whereas 

other cell wall mutants have no root hairs. It might be due to the fact that CESAs were not 

detected in the area of growing root tips and other proteins, like CELLULOSE SYNTHASE 

(CESA)-LIKE PROTEIN (CLSD3) localize to the polar plasma membrane domain in root 

hairs (Park et al., 2011). It might indicate that observed cell wall defects are due to the ES6 

effect on CSC complex. 
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Cell Wall Plays a Role in Apical-Basal Cell Polarity 

ES6 induced basal-to-apical shift of ectopically expressed PIN1 protein in PIN2:PIN1-

HA;pin2 line but had no strong effect on natively expressed PIN1 in stele nor PIN2 in 

epidermis or cortex. 

So far the connection between PIN polarity localization and cell wall has been revealed by 

characterization of polarity defective repp3 mutant. It is defective in cellulose synthesis, 

resistant to isoxaben and with basal-to-apical shift of PIN1 localization in epidermis (Feraru 

et al., 2011). It also rescued the gravity response of agravitropic PIN2PIN1-HA;pin2, whereas 

ES6 was not able to do so. Additionally, it has been shown that defects in cell wall influence 

mobility of proteins at the plasma membrane (Martinière et al., 2012). Ectopically expressed 

PIN1 do not show clear basal localization in the epidermal cells of PIN2PIN1-HA;pin2, but 

rather non-polar localization. It suggests that the proteins are not as stable as native PIN 

proteins, and, as such are easier to perturb.  

Auxin also has an effect on cell wall rearrangements. It induces cell wall loosening, leading to 

cell expansion (reviewed in Perrot-Rechenman, 2010) and induces growth of root hairs (Lee 

and Cho, 2006). Decreased auxin level was suppressing the swollen roots of cellulose 

deficient roots (Steinwand et al., 2014). We demonstrated, that ES6 induced accumulation of 

auxin, visualized by DR5:GUS reporter system. However, it has to further examine if ES6 

has a direct effect on CSC or the cell wall defects is induced by auxin accumulation. 

 

ES6 effect on PP2AA1  

Among all tested mutants only rcn1 showed resistance to the ES6 effect in terms of root and 

hypocotyl growth. rcn1 is defective in A1 subunit of PP2A phosphatases, which were 

reported to play role in apical-basal targeting of PIN proteins (Michniewicz et al., 2007). It has 

been shown that double pp2aa1,3 mutant displays altered, apical localization of PIN1 

proteins in stele, PIN2 in cortex and PIN4 in all expression domain (Michniewicz et al., 2007). 

Defects in protein phosphatases exhibit also defects in auxin transport, gravity responses 

and lateral root growth (Rashotte et al., 2001). Additionally, rcn1 displays increased auxin 

content (Fisher et al., 1996). Effects on lateral root growth and auxin response were also 

observed after ES6 treatment. The effect of phosphatases on cell wall composition is not well 

examined. It has been shown, that rcn1 mutant was selected as defective in responses to 

auxin transport inhibitor NAPHTHYLPHTHALAMIC ACID (NPA), exhibited by root curling and 

hypocotyl elongation (Garbers et al., 1996). Interestingly, some cellulose biosynthetic 

mutants, which show resistance to isoxaben and other cellulose biosynthetic inhibitor 

thaxtomin A, display enhanced tolerance to NPA (Tegg et al., 2013). At the same time root 

growth response of these mutants, ISOXABEN RESISTANT (ixr1-1) and THAXTOMIN 

RESISTANT (txr1-1), was not affected by synthetic auxins or another auxin transport inhibitor 
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2,3,5-TRIIODOBENZOIC ACID (TIBA) (Tegg et al., 2013). It is also known, that changes in 

CESA phosphorylation affects mobility of the proteins and reduce anisotropic cell growth 

(Chen et al., 2010; Bischoff et al., 2011). Additionally, PP2A is involved in regulating 

microtubule dynamics (Camilleri et al., 2002). PP2A phosphatase might act in CESA 

phosphorylation signaling. It is possible, that ES6 alters phosphorylation sites of CSCs which 

influence its trafficking, activity, or association with microtubules. However, it is not excluded, 

that ES6 affects the two pathways, cellulose biosynthesis and PP2A, independently.  

These data indicate a connection between PP2AA1 and cell wall biosynthesis, although the 

mechanism is not clear and has to be further examined. ES6 appears as a promising 

additional tool to elucidate the connection between polarity, phosphatases and cell wall 

function.  

 

METHODS 

Plant Material and Growth Conditions 

Seeds of Arabidopsis thaliana were stratified for 2 days in the dark at 4°C and grown 

vertically at 21°C under continuous light conditions, under long-day conditions in Figure 5B 

(16 / 8 h of light/dark), or in the dark when indicated on 0.8% agar 0.5x Murashige and Skoog 

(MS) medium (Duchefa) with 1% sucrose (pH 5.9). The Arabidopsis lines: PIN2:PIN1-

HA;eir1-1/pin2 (Wiśniewska et al., 2006); DR5:GUS (Ulmasov et al., 1997); N-ST-GFP 

(Batoko et al., 2000); CLC2:CLC2-GFP (Konopka and Bednarek, 2008); PIN1:PIN1-GFP and 

35S:PIN1 (Benková et al., 2003); CESA3:GFP-CESA3, CESA1:GFP-CESA1 and 

CESA6:GFP-CESA6 (Desprez et al., 2007); ARA7-GFP:ARA7 (Ueda et al., 2004); 

SYP61:SYP61-CFP (Robert et al., 2008); 35S:GFP-MAP4 (Marc et al., 1998); GFP-

CESA3/mRFP-MBD (Crowell et al., 2009); 35S:PID21 (Benjamins et al., 2001); axr2-1 

(Wilson et al., 1990); ben1-1 and ben1-2 (SALK_013761) (Tanaka et al., 2009); big3 

(SALK_044617) (Richter et al., 2014); rcn1 (Garbers et al., 1996); gnl1-2, gnl1-3 (Teh and 

Moore, 2007); gnomR5 (Geldner et al., 2004); van7 (Koizumi et al., 2000); chc1-2 

(SALK_103252) and chc2-2 (SALK_028826) (Kitakura et al., 2011); vti12 (Surpin et al., 

2003); pin2 (eir1-1) (Luschnig et al., 1998); pid wag1 wag2 (Dhonukshe et al., 2010); F1OE 

(35S:YFP-FyPP1), sal1 (SALK_035181), f3 (or fypp3, CS877364), f1 (or fypp1, CS874166) 

and sal1OE (Dai et al., 2012); 35S:SAC2 and sac3 sac4 sac5 (Nováková et al., 2014); 

pp2aa3-2 (SALK_099550) (Zhou et al., 2004); 35S:THE1-GFP (Hématy et al., 2007); je5cesa3 

(Fagard et al., 2000); eli1-1cesa3 (Caño-Delgado et al., 2003); prc1-1cesa6 (Desnos et al., 

1996); rsw1-10cesa1 (Arioli et al., 1998) and repp3cesa3 (Feraru et al., 2011) have been 

described previously. Columbia (Col-0) ecotype was used for immunolocalization, cell wall 

content analysis, and as wild-type control in seedling growth experiments, except for growth 
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of rcn1 for which Wassilewskija (Ws) ecotype was used and gnomR5 and van7 for which 

Landsberg erecta (Ler) ecotypes was used.  

Chemical Treatments 

Stock solutions of BFA (Sigma-Aldrich), ES6 (Chembridge ID 7697233), isoxaben (Sigma) 

were made in dimethylsulfoxide (DMSO) and diluted in liquid 0.5x MS medium (or growth 

medium where indicated) for treatments of the indicated concentrations and times. Equal 

volumes of solvent were used as mock treatments for controls. For germination and growth 

of seedlings on ES6 and isoxaben, seeds were sown directly onto ES6/isoxaben-

supplemented growth medium. For root length and hypocotyl measurements mutants and 

overexpression lines were grown for 7 days. For lateral roots calculation Col-0 was grown for 

11 days. For polar localization and DR5:GUS experiment 3-day-old seedlings were 

transferred for 48 h from solid growth medium to solid medium supplemented with ES6. For 

shorter treatment (8 h) of DR5:GUS, 5-day-old seedlings were mounted in liquid medium 

complemented with ES6. After treatment seedlings were stained overnight at 37°C in 

darkness in GUS staining buffer [100 mM Na-phosphate buffer (pH 7), 0.1% Triton X-100, 10 

mM EDTA (pH 8) and 2mM of each K3FeIII(CN)6 and K4FeII(CN)6] containing X-Gluc to 

visualize GUS activity. X-Gluc was added to a final concentration of 1 mg/ml from a 10 mg/ml 

stock dissolved in DMSO, which was freshly prepared. For BFA treatments, 5-day-old 

seedlings were pre-treated for 30 min with ES6 before adding 25 µM BFA to the treatment for 

a further 90 min. For BFA washouts, 5-day-old seedlings were treated with 25 or 50 µM BFA 

for 2 hours followed by 30 min treatment wash. For live imaging 5-day-old seedlings were 

mounted for 2 h (5 h for visualization of MASCs) in their treatment medium.  

Immunolocalization 

Whole-mount immunolocalization on Arabidopsis 5-day-old seedlings was performed with the 

InSituProrobot (Intavis, Germany) according to the described protocol (Sauer et al., 2006). 

Primary antibodies and final dilutions were: rabbit anti-PIN1 (Paciorek et al., 2005) 1:1000; 

rabbit anti-PIN2 (generously provided by C. Luschnig) 1:1000; mouse anti-HA 

(AbCam/HA.C5) 1:500. Secondary antibodies and final dilutions were: Cy3 anti-rabbit 

(Sigma) 1:600 and Alexa488 anti-mouse (Invitrogen) 1:600. 

Quantitative and Statistical Analyses 

For PIN polarity quantification in the cortex, the ratio of the cell numbers with basal PIN2 and 

the total number of cortical cells was calculated from the confocal laser scanning microscopy 

(CLSM) images of the root apical meristem. For polarity in epidermal cells of PIN2:PIN1, the 

ratio of the cell numbers with basal, both basal and apical or apical PIN localization was 

compared to the total number of epidermal cells from the CLSM images of root apical 



107 
  

meristem. For analysis of gravitropic response, 5-day-old seedlings grown vertically in light 

were gravistimulated by a 90° rotation. The bending angle was measured with the Java-

based ImageJ application (http://rsb.info.nih.gov/ij/) software 48 h after gravistimulation. All 

gravitropically stimulated roots were assigned to one of the eight 45° sectors on a 

gravitropism diagram. The length of the bars in the diagram represents the percentage of 

seedlings assigned to the respective sector. Wild-type root lengths and hypocotyl lengths 

were measured with ImageJ software. For the mutant root lengths, the ratio was calculated 

of the root lengths of seedlings grown on ES6 and that of seedlings grown on mock media 

with the ImageJ application. The statistical significances of differences of data were 

quantified with Student’s t-tests, Mann-Whitney U test and ANOVA. 

Image Analysis 

The imaging was performed on a Zeiss LSM 710, Zeiss LSM 700 and Leica SP2 confocal 

laser scanning microscopes.  

Cellulose quantification 

The analyses of polysaccharides were performed on an alcohol insoluble material prepared 

as follow. Hundred mg (FW) of grounded 4-days-old dark-grown seedlings were washed 

twice in 4 volumes of absolute ethanol for 15 min at 80°C, then rinsed twice in 2 volumes of 

acetone at room temperature for 10 min and left to dry under a fume hood overnight at room 

temperature. Non-crystalline polysaccharides were hydrolysed in 2.5 M TriFluoroAcetic acid 

for 1.5 h at 100 °C as described previously in (Harholt et al., 2006). To determine the 

cellulose content, the residual pellet obtained was rinsed twice with ten volumes of water and 

hydrolysed with H2SO4 as described in (Updegraff, 1969). The released glucose was diluted 

500 times and then quantified using an HPAEC-PAD chromatography as described in 

(Harholt et al., 2006). 
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SUPPLEMENTARY INFORMATION 

 

 

Supplemental Figure 1. Characterization of ES6 effects. 
(A) Quantification of rootward PIN2 in cortical cells of five-day-old Col-0 seedlings. Three-
day-old seedlings were transferred on medium supplemented with mock or 6 µM ES6 and 
grown for 48 h. After mock treatment PIN2 shows apical localization in epidermis and older 
cortex cells, and basal localization in young cortex cells. No change in PIN2 and localization 
was observed after ES6 treatment. In three independent experiments, 16 roots were 
analyzed per treatment in total. There was no statistically significant difference between 
treatments (Student’s t test, P > 0.05). Data are means ± SE of three experiments.  
(B) to (H) Response of seven-day-old seedlings gravistimulated for 48 h and quantification of 
the root gravitropic response. PIN2:PIN1-HA;pin2 seedlings [(B) to (D)] were grown on 
medium supplemented with mock (B), 0.5 (C) or 1.4 µM ES6 (D) and Col-0 [(F) and (G)] on 
medium supplemented with mock (F) and 1.4 µM ES6 (G). After five days plates were turned 
90° for another 48 h. PIN2:PIN1-HA;pin2 did not show positive gravitropic response to 
neither mock (B) nor ES6 [(C) and (D)]. Col-0 seedlings on both mock (F) and 1.4 µM ES6 
(G) showed positive gravitropic response. Gravistimulated roots were assigned to one of the 
eight 45° sectors on a gravitropism diagram [(E) and (H)]. The length of the bars in the 
diagram represents the percentage of seedlings assigned to the respective sector. In three 
independent experiments, at least 54 roots were analyzed for each treatment in total. Bars = 
1cm. 
(I) Quantification of lateral roots density in Col-0 eleven-day-old seedlings grown on medium 
supplemented with mock or 1.4 µM ES6. In three independent experiments, 60 roots were 
analyzed for each treatment in total. Data are means ± SE of three experiments. Student’s t 
test, *P < 0.05. 
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Supplemental Figure 2. Identification of ES6 bioactive analogue. 

(A) Chemical structures of ES6, 7813952 and 7724970. 
(B) to (E) Response of 10-day-old gravistimulated PIN2:PIN1-HA;pin2 seedlings. Seedlings 
were gravistimulated twice, at the 6-day-old stage and 24 h later. Seedlings were grown on 
medium supplemented with mock or a set of three chemicals, of which two were diluted in a 
growth medium at 1:20000 from a stock concentration of 10 mg/ml. ES6 was used at 1.4 µM. 
Treatment with 7813952 resulted in less curly roots when compared to the mock control. 
Similar phenotype was observed for ES6 treated roots. Bars = 1 cm.  
(F) to (I) Intracellular localization of GFP-CESA3 after 2 h of mock (F), 6 µM ES6 (G), 
7813952 (H) and 7724970 (I) treatment. The 7813952 and 7724970 were diluted at 1:4800 
from a stock concentration of 10 mg/ml. The 7813952 induced signal depletion from PM and 
its intracellular accumulation similar to that observed for ES6 treated seedlings. Bars 
= 10 µm. 
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Supplemental Figure 3. Effects of ES6 on intracellular trafficking and compartments. 
(A) to (F) Immunolocalization of PIN1 in Col-0 stele cells and mean number of BFA bodies 
per cell. Five-day-old seedlings were pre-treated for 30 min. with mock [(A) and (D)] or 6 µM 
ES6 [(B) and (E)] before 25 µM [(A) to (C)] or 50 µM BFA [(D) to (F)] was added for 
additional 90 min. The number of BFA bodies in the stele was counted for 10 cells in each 
root. In three independent experiments, 19-23 roots were analyzed for each treatment in 
total. There was no statistically significant difference between mock and ES6 treatment 
(Mann-Whitney U test, P > 0.05). Data are means ± SE of three experiments. Bars = 10 µm. 
(G) to (N) Immunolocalization of PIN1 (red signal) in stele and quantification of BFA-bodies 
after wash-out with ES6. Five-day-old seedlings were treated for 2 h with 25 µM (G) or 50 µM 
of BFA (K) followed by 30 min. wash-out with medium complemented with mock [(H) and (L)] 
or 6 µM of ES6 [(I) and (M)]. In two independent experiments, 219-513 cells were analyzed 
for each treatment in total. There was no statistically significant difference between mock and 
ES6 wash-out (Mann-Whitney U test, P > 0.05). Data are means ± SE of two experiments. 
Bars = 10 µm. 
(O) to (X) Intracellular localization of five-day-old ARA7-GFP [(O) and (P)], CLC-GFP [(Q) 
and (R)], MAP4-GFP [(S) and (T)], N-ST-GFP[(U) and (V)] and Syp61-CFP [(W) and 
(X)]marker lines after 2 h of mock and 6 µM ES6 treatment. There was no visible difference 
between mock and ES6 treatments in all tested markers. Bars = 10 µm. 
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Supplemental Figure 4. Effects of ES6 on intracellular compartments and identification 
of ES6 sensitive mutants. 
(A) to (D) Maximum projected z-stacks showing intracellular distribution of GFP-CASA1 [(A) 
and (B)] and GFP-CESA6 [(C) and (D)] in the five-day-old seedlings after 5 h of mock  [(A) 
and (C)] and 6 µM ES6 [(B) and (D)] treatment in epidermal root cells. White arrows indicate 
GFP-CESA labelled MASC particles. Bars = 10 µm.    
(E) to (H) Representative kymographs for treatment with mock [(A) and (C)] and 6 µM ES6 
[(B) and (D)]. Time is represented along the vertical axis, and a 7 min scale bar is shown at 
left. CSC movement is steady and bidirectional [(E) and (G)]. Erratic movements of CSC 
indicates presence of MASCs [(F) and (H)]. 
(I) Quantification of root length sensitivity of wild type Col-0 and mutant (je5, 35S:THE-GFP, 
eli1-1, pre1-1, rsw1-1 and repp3) lines. Seedlings were grown for seven days on growth 
medium supplemented with mock and 1.4 µM ES6. Ratio of root lengths grown on ES6 to 
those grown on mock was calculated.  In two independent experiments 10-25 roots were 
measured per each line and each treatment. There was no statistically significant difference 
between Col-0 and mutant lines (Student’s t test, P > 0.05). Data are means ± SE of two 
experiments.   
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ABSTRACT 

PIN5 and PIN8 auxin transporters are localized to the endoplasmic reticulum (ER) 

membranes where they regulate auxin transport between cytosol and ER lumen. Previous 

studies suggest that PIN5 transports auxin from the cytosol to the ER lumen, whereas PIN8 

may direct auxin flux in the opposite direction from the ER to the cytosol. To address the 

molecular properties and roles of PIN5 and PIN8 in determining the auxin flow directions 

across ER membranes, sequence based analysis of plasma membrane (PM) and ER- 

localized PIN proteins was conducted. The results revealed two domains specific for PIN8 

proteins. To test whether these two motifs are important for the direction of auxin transport 

we generated a set of constructs designed for both auxin transport assays in heterologous 

yeast and tobacco protoplasts systems as well as for generating transgenic plants. The 

designed constructs contained modified PIN1 and PIN2 proteins with various configurations 

of the two PIN8 specific domains. Functional analysis of these constructs by genetic and 

biochemical approaches will provide new information about the possible role of these two 

motifs in controlling auxin fluxes.  
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INTRODUCTION 

Auxin is an important hormone regulating many aspects of plant development including 

embryogenesis (Friml et al., 2003), organogenesis (Benková et al., 2003), vascular tissue 

differentiation (Cheng et al., 2006; Scarpella et al., 2006) and tropic responses (Friml et al., 

2002; Marchant et al., 1999). A variety of developmental responses in plants are associated 

with differential auxin distribution in the tissues. Such an unequal distribution of auxin, 

sometimes called auxin gradient, is established in tissues through PIN mediated polar auxin 

transport (PAT) (Petrásek et al., 2006). PM polarly localized PIN proteins mediate auxin 

efflux from the cells and in result auxin flow across the tissues. Besides PIN auxin efflux 

carriers, PM-localized AUXIN RESISTANT1/ LIKE AUX1 (AUX1/LAX) family proteins are 

responsible for auxin flowing into cells (Swarup et al., 2008; Yang et al., 2006). In some 

tissue types, like protophloem and shoot apical meristem, AUX1 displays asymmetric 

localization (Reinhardt et al., 2003; Swarup et al., 2001). In addition to the PM-localized PIN 

proteins, cellular auxin level is regulated by ER-localized PIN5, PIN6, and PIN8 mediating 

intracellular auxin transport between the cytosol and the ER (Bosco et al., 2012; Ding et al., 

2012; Mravec et al., 2009; Sawchuk et al., 2013). Also recently characterized PIN-LIKES 

(PILS) were shown to regulate intracellular auxin accumulation  and metabolism (Barbez et 

al., 2012). Characterization of PIN5 indicates its role in auxin transport at the ER, presumably 

transporting auxin from the cytosol to the lumen of the ER and reducing the amount of auxin 

available for the intercellular auxin transport and TIR1-dependant auxin signaling in the 

nucleus (Dharmasiri et al., 2005; Kepinski and Leyser, 2005). PIN8 is expressed in 

Arabidopsis male gametophyte (Ding et al., 2012). Ectopically expression of PIN8 revealed 

its localization to the ER (Ding et al., 2012). Genetic analysis of the loss-of-function mutants 

and overexpression lines of PIN5 and PIN8 demonstrated that the two proteins can 

compensate each other in regulating different developmental processes and auxin 

homeostasis which suggests their antagonistic function (Ding et al., 2012). To test the 

hypothesis whether PIN5 and PIN8 transport auxin in opposite directions, auxin transport 

assay in heterologous yeasts system was performed. Heterologous expression of  PIN8 in 

yeast cells, when compared to the PIN5 and other PIN proteins (Petrásek et al., 2006; 

Mravec et al., 2009), induced accumulation of radioactively labelled indole-3-acetic acid (IAA) 

(Ding et al., 2012) which indicate that PIN8 has the property to import auxin. Additional 

transport assay on ER membrane fractions from PIN5 and PIN8- overexpressing (OE) cells 

showed increased auxin accumulation of the ER fractions from PIN8OE, and decreased from 

PIN5OE (Ding et al., 2012). Together this data indicates that PIN8 transports auxin in the 

opposite direction than other PIN proteins and as such is an auxin influx carrier, like the 

AUX1 protein. It has been shown that polar localization of PIN proteins depends on tissue-
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specific factors (Wiśniewska et al., 2006). Additionally, sequences of PIN proteins encode 

information about its subcellular localization (Křeček et al., 2009). The PM-localized PIN 

proteins (PIN1-4 and PIN7) contain transmembrane segments separated by long hydrophilic 

loop (“long” PINs), whereas PIN5 and PIN8 with reduced and PIN6 with partially reduced 

hydrophilic loop were shown to localize to the ER (Mravec et al. 2009; Dal Bosco et al. 2012; 

Ding et al. 2012; Sawchuk et al. 2013). However, recent data also demonstrated PM 

localization of PIN5 and PIN8 in diverse cell types (Ganguly et al., 2014). A recent study 

demonstrated that the long hydrophilic loop of “long” PIN proteins encodes molecular cues 

for intracellular PIN trafficking (Ganguly et al., 2014). Presumably the amino acid sequences 

of PIN proteins can also encode motifs regulating auxin transport activity. Although the 

mechanism of PIN proteins in auxin transport is not well understood, it is clear that both, PIN 

and AUX1/LAX proteins are crucial in this process. 

RESULTS 

Sequence Analysis of PIN Proteins 

Sequence alignments between PIN proteins (CLUSTAL X) identified two domains specific for 

PIN8 (HPTTG, 94-98 and EEEDEEE, 190-196; Figure 1A) (Ding et al., unpublished).  

 

Figure 1. PIN proteins sequence alignment. 
(A) and (B) Amino acid sequence alignment of PIN proteins using CLUSTAL X indicated that 
the HPTGG domain was only present in PIN8 (A). The EEEDEEE domain contains 
conserved aspartic acid (D) among other PIN proteins and is absent in PIN5 (B). Both 
domains were localized in the heavily charged cytosolic loop in loop connecting two 
transmembrane domains.  
 

The HPTTG motif existed only in PIN8. The second motif identified in PIN8 (EEEDEEE) 

contained Asp (D) amino acid conserved between PIN8 and other PIN proteins, preceded 

and followed by three Glu (E) amino acids characteristic only for PIN8 (Figure 1B) (Ding, 

unpublished). To assess the role of these domains in PIN8-mediated auxin transport, a site-
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directed mutagenesis was performed in PIN8 by replacing His94 with Ala94 (PIN8H94A). 

Additionally, the HPTTG domain was added after amino acid 93 in PIN5 sequence 

(PIN594HPTGG) and both constructs were transformed into yeast for auxin transport assays 

(Ding et al., unpublished). Replacing His94 with Ala94 in the PIN8 sequence (PIN8H94A) 

inverted the auxin transport direction (Figure 2A and B), as indicated by decreased retention 

of the radioactively labelled auxins IAA and α-naphthaleneacetic acid (NAA; Fig. 1A and B). 

However, insertion of this domain into the PIN5 sequence had only a slight effect on auxin 

transport (Ding et al., unpublished; Figure 2C).  

 

Figure 2. PIN8 and PIN5 have opposite auxin directions. 
(A) and (B) in the yeast auxin efflux assay, PIN8H94A showed a decreased retention of IAA 
(A) and NAA (B) compared to the increased retention of IAA and NAA in the wild-type PIN8 
expressing yeast, which implies that PIN8H94A has an opposite auxin transport direction 
compared to the wild-type PIN8. Data are means ± standard error (SE) of four experiments. 
Student’s t test, *P < 0.05, **P < 0.01. 
(C) The introduction of HTPGG domains into PIN5, resulting in PIN5 94HPTGG did not alter 
PIN5 auxin transport directionalities.  
 
The second motif identified in PIN8 (EEEDEEE) contained Asp (D) amino acid conserved 

between PIN8 and other PIN proteins, preceded and followed by three Glu (E) amino acids 

characteristic only for PIN8 (Figure 1b) (Ding, unpublished). The apparent transport rates in 

the opposite direction can be an indication of the importance of these motifs for different 

affinities to IAA at the open/closed conformations at the particular side of the membrane. To 

further study their function, site-directed mutagenesis was performed on PIN1, PIN2, PIN5 

and PIN8 (Ding et al., unpublished). For simplicity, mutations related to the first domain 

(PIN194HPTGG, PIN294HPTGG, PIN594HPTGG, PIN8H94A) were named “A”, and to the second one 

(PIN1D258A, PIN2D264A, PIN5180EEEDEEE, PIN8Δ190-196) “B” (hereafter). The preliminary results 

were obtained from the auxin transport assay in yeasts expressing PIN2, PIN2A, PIN2B, 

PIN5, PIN5A, PIN5B, PIN8, PIN8A and PIN8B. The PIN8 displayed opposite auxin flux 

compared to PIN2 or PIN5 and PIN2A worked slightly in an import direction (Ding et al., 

unpublished).    
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Generation of the Constructs for Yeasts Auxin Transport Assay 

Preliminary results on auxin transport mediated by genetically modified PIN proteins 

prompted us to further analyze the identified domains. A site-directed mutagenesis of the 

coding sequences (CDS) of PIN1 and PIN2 was performed analogously as described above. 

As a result the following constructs were obtained: PIN194HPTGG (PIN1A), PIN1D258A (PIN1B), 

PIN194HPTGG, D258A (PIN1AB) and PIN294HPTGG, D264A (PIN2AB). The PIN1, PIN1A, PIN1B, 

PIN1AB, PIN2, PIN2AB were tagged with a haemagglutinin epitope (HA) on their C-terminus 

and the NotI restriction sites were added for the introduction to the yeast expressing pNEV-N 

vector for auxin transport assay. It has been shown that the expression of PIN proteins in 

yeasts lead to decreased retention of radioactively labeled auxins suggesting increased 

auxin efflux (Petrasek et al. 2006; Mravec et al. 2009). Beside the auxin transport in the 

heterologous yeast system, the ability of the mutated PIN proteins has to be checked in 

planta. 

Generation of the Constructs for Auxin Transport Assay in Tobacco Protoplasts 

To test the directionality of auxin fluxes, driven by the mutated PIN proteins, we have 

introduced the PIN1, PIN1A, PIN1B, PIN1AB, PIN2, PIN2A, PIN2B and PIN2AB genes to the 

destination vector. The resulting clones were created to perform auxin transport assay in 

mesophyll protoplasts of transiently transfected tobacco (Nicotiana benthamiana).  

Generation of the Gateway Constructs for Arabidopsis Transformation 

To further test whether the two identified domains specific for PIN8 play a role in mediating 

auxin fluxes, we have introduced the PIN1, PIN1A, PIN1B, PIN1AB, PIN2, PIN2A, PIN2B 

and PIN2AB into the destination vectors under the transcriptional regulation of their native 

promoters, the AUX1 promoter and cauliflower mosaic virus (CaMV) 35S constitutive 

promoter for the Arabidopsis plant transformation. All of the destination vectors with CaMV 

35S promoter contained kanamycin phosphotransferase plant-selectable marker gene. 

Vectors with the PIN1, PIN2 and AUX1 promoters contained basta plant selectable marker 

gene and could be transformed to the SALK T-DNA insertions lines (pin1-201, eir1-4 and 

aux1) which are kanamycin resistant. To examine the subcellular localization of mutated 

PIN2A, PIN2B, PIN2AB and wild-type PIN2 in plants, GFP sequence was inserted into the 

constructs, as described in Xu and Scheres, 2005 and expressed under the control of the 

CaMV 35S promoter.  

Plant transformation 

To test the functionality of the PIN1 and AUX1 promoters, they were introduced into the 

reporter vectors carrying a double GFP fusion with a nuclear localization signal and 
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transformed to the Col-0 wild type. Plants transformed with these constructs showed nuclear 

GFP signal in the root meristematic zone (Figure 3). 

 

Figure 3. Analysis of the AUX1 and PIN1 promoter activity. 
(A) and (B) AUX1 and PIN1 promoter activity visualized by fusion of double GFP with a 
nuclear localization signal.  
 

Constructs with genes driven by the CaMV 35S promoter were transformed into the Col-0 

wild-type plants, whereas those containing PIN1 and PIN2 promoters were transformed  into 

the pin1-201 and eir1-4 T-DNA insertion lines, respectively. Additionally, constructs with the 

AUX1 promoter were introduced into the aux1 T-DNA mutant background. As pin1 

homozygous mutants are sterile, heterozygous plants were selected on medium 

supplemented with kanamycin for plant transformation. Generations of plants obtained after 

transformation with different constructs are summarized in table 3. 

 

DISCUSSION AND PERSPECTIVES 

In this study we have generated constructs for the analysis of auxin transport direction in 

yeasts and protoplasts. Moreover, we obtained plants transformed with variable constructs 

with mutated PIN proteins. Further analysis of the generated constructs and transformants 

needs to be conducted in order to dissect the role of two domains specific for PIN8 in 

mediating auxin transport directionalities. Since no straightforward method is known to show 

direction of auxin transport mediated by PIN proteins, different approaches have to be 

combined to address this issue. By comparison of the auxin transport in yeasts and 

protoplasts or free auxin accumulation in the protoplasts expressing various PIN proteins 

(Petrasek et al., 2006; Mravec et al., 2009; Ding et al., 2012) we can draw conclusions about 

the direction of auxin flux. Another option is to use the heterologous Xenopus laevis oocyte 

expression system, which has recently proven useful in studying auxin transport by PIN 

(Zourelidou et al., 2014). Additionally, genetic analysis of plants carrying modified versions of 
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PIN proteins, like loss of function and overexpression lines of the PIN5 and PIN8 (Ding et al., 

2012), might indicate the possible direction of auxin transport mediated by those proteins. 

Analysis of the pin1, eir1 and aux1 mutants transformed with generated constructs can 

provide us with additional information about directionality of auxin transport. Mutants of the 

auxin efflux carriers pin1-201 and eir1-4 and auxin influx carrier aux1, display variable 

phenotypic defects associated with the transport of auxin and as a result exhibit changed 

auxin gradients. pin2 and aux1 have agravitropic roots whereas pin1 mutant has fused 

leaves, pin-like inflorescence, defective flowers and three cotyledons (Chen et al., 1998; 

Luschnig et al., 1998; Marchant et al., 1999; Okada et al., 1991). Mutated PIN1 and PIN2, 

driven by their native promoters and expressed in the pin1-201 and eir1-4 background, 

respectively, will demonstrate whether these mutants can be complemented by any of the A 

or B domains. If the two domains mediate directionality of auxin transport, it is expected that 

mutated versions of PIN1 and PIN2, as opposed to the wild type sequences, will not be able 

to complement the pin1-201 and eir1-4 phenotypes. AUX1, as opposed to the efflux carriers 

from the PIN protein family, is an influx carrier facilitating auxin entry into the cells from the 

extracellular matrix. This means it transports auxin in the opposite direction than PM-

localized PIN proteins. Restoration of the wild type phenotype of the aux1 by expression of 

the mutated PIN1 and PIN2 driven by the AUX1 promoters would indicate that the PIN8 

specific domains are involved in mediating auxin transport direction. The transformants will 

be examined in terms of the free auxin levels, auxin transport and auxin metabolism. Also, 

various aspects of plant development which require unaffected polar auxin transport can be 

tested, like root and hypocothyl growth, meristem organization or lateral root growth. 

Additionally, modelling of PIN8 and comparison to the other known transporters structures 

can provide additional information about role of the two motifs in different transport 

directionalities. It is possible that the opposite direction of auxin flux can be caused by 

different substrate affinities to IAA at the open/closed conformations at the particular side of 

the membrane. 

 

METHODS 

Plasmid Construction 

All primers used to generate constructs in this study are summarized in Table 1. Mutated 

PIN1A (insertion of HPTTG, 94-98), PIN1B (Asp258 replaced with Ala258), PIN1AB and 

PIN2AB (HPTGG after 93 and Asp258 replaced with Ala 258) constructs with the HA-tag 

(TACCCATACGATGTTCCAGATTACGCT, C-terminal fusion), NotI restriction sites and attB-

flanking sites were obtained through direct gene synthesis (DNA 2.0). Generated constructs 

were introduced into pDONR221 (Invitrogen) to obtain entry clones PIN1A_pDONR221, 
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PIN1B_pDONR221, PIN1AB_pDONR221 and PIN2AB_pDONR221 (Table 2, numbers 1-4). 

The wild type PIN1 and PIN2 were amplified from plasmids containing CDS of those genes 

and inserted into pDONR221 vector with primers containing additional HA-tag, NotI and attB 

sites (Table 2, numbers 20-21). All generated entry clones were sub-cloned into the pNEV-N 

yeast expression vector to generate P1A_pNEV, P1B_pNEV, P1AB_pNEV, P2AB_pNEV 

and PIN1HA_pNEV and PIN2HA_pNEV control vectors for auxin measurement in yeasts 

(Table 4). Constructs containing PIN1, PIN2 and AUX1 promoters (PIN1prom_TOPO, 

PIN2prom_TOPO and AUX1prom_TOPO, respectively) were generated by BP clonase 

recombination reaction according to the manufacturer’s instructions (Invitrogen) (Table 2, 

numbers 5-7). For the BP reaction PCR-amplified fragments of PIN1, PIN2 and AUX1 

promoters (nucleotides -1289 to -5 for PIN1, according to Benkova et al., 2003; -1302 to -1 

for PIN2, according to Wiśniewska et al., 2006 and -2479 to -4 for AUX1) and  pENTR5'-

TOPO vector were taken. Entry clones with numbers 8-19 (Table 2) were generated by BP 

clonase recombination reaction between PCR-amplified fragments and pDONR221 vector 

according to the manufacturer’s instructions (Invitrogen). Entry clones containing GFP 

fluorescent marker (Table 2, numbers 16-19) were generated by insertion of GFP into the 

coding sequence of the wild type and mutated PIN2 at 1287 position from ATG of wild type 

PIN2 (corresponding to the 2312 position in genomic fragment; Xu and Scheres, 2005). 

Expression vectors were generated by LR clonase reactions of DNA fragments from entry 

clones and destination vectors according to the manufacturer’s instructions (Invitrogen) 

(Table 3). For auxin transport assay in protoplasts the pK7WG2D destination vector was 

used (Table 3, numbers 4-11). This vector contains kanamycin selection marker and free 

GFP for visualization of transformed cells. The products of LR recombination reactions were 

used to transform heat shock competent E. coli strain DH5 alpha.  

Plant Material and Plant Transformation. 

Obtained constructs (Table 3, numbers 1, 3, 12-38) were transformed to the Agrobacterium 

tumefaciens strain C58C1 and introduced into A. thaliana Col-0, pin1-201 (SALK_047613), 

pin2/eir1-4 (SALK_091142) or aux1-100 plants using the floral dip method (Clough and Bent, 

1998). As pin1 homozygous mutants are sterile, heterozygous plants were selected on 

medium supplemented with kanamycin for plant transformation. Plants transformed with 

constructs containing 35S promoter were selected on kanamycin supplemented medium, 

whereas those with constructs driven by PIN1, PIN2 and AUX1 promoters were selected on 

basta containing medium. All the constructs were summarized in a table (including vector 

name, construct name, and transformed Arabidopsis plants recipient pDONR, entry clone 

and destination vector). 
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Synthesized Gene Sequences. 
 
PIN2AB: 2059bp (HPTGG after 93; D264 changed to A264) 

 
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATCACCGGCAAAGACATGTACGATGTTTTAGCGGCTATG
GTGCCGCTATACGTTGCTATGATATTAGCCTATGGTTCGGTACGGTGGTGGGGGATATTCACACCGGACCAATGTTCCGGT
ATAAACCGGTTCGTTGCGGTTTTCGCGGTTCCTCTTCTCTCTTTCCATTTCATCTCCTCCAATGATCCTTATGCAATGAATTAC
CACTTCCTCGCTGCTGATTCTCTTCAGAAAGTCGTTATCCTCGCCGCACTCTTTCTTTGGCAGGCGTTTAGCCATCCAACAGG
AGGACGCAGAGGAAGCCTAGAATGGATGATAACGCTCTTTTCACTATCAACACTGCCTAACACGTTGGTAATGGGAATCCC
ATTGCTTAGGGCGATGTACGGAGACTTCTCCGGTAACCTAATGGTGCAGATCGTGGTGCTTCAGAGCATCATATGGTATAC
ATTAATGCTCTTCTTGTTTGAGTTCCGTGGGGCTAAGCTTCTCATCTCCGAGCAGTTCCCGGAGACGGCTGGTTCAATTACT
TCCTTCAGAGTTGACTCTGATGTTATCTCTCTTAATGGCCGTGAACCCCTCCAGACCGATGCGGAGATAGGAGACGACGGA
AAGCTACACGTGGTGGTTCGAAGATCAAGTGCCGCCTCATCAATGATCTCTTCATTCAACAAATCTCACGGCGGAGGACTT
AACTCCTCCATGATAACGCCGCGAGCTTCAAATCTCACCGGCGTAGAGATTTACTCCGTTCAATCGTCACGAGAGCCGACG
CCGAGAGCTTCTAGCTTTAATCAGACAGCATTCTACGCAATGTTTAACGCAAGCAAAGCTCCAAGCCCTCGTCACGGTTAC
ACTAATAGCTACGGCGGCGCTGGAGCTGGTCCAGGTGGAGATGTTTACTCACTTCAGTCTTCTAAAGGCGTGACGCCGAG
AACGTCAAATTTTGATGAGGAAGTTATGAAGACGGCGAAGAAAGCAGGAAGAGGAGGCAGAAGTATGAGTGGGGAATT
ATACAACAATAATAGTGTTCCGTCGTACCCACCGCCGAACCCAATGTTCACGGGGTCAACGAGTGGAGCAAGTGGAGTCA
AGAAAAAGGAAAGTGGTGGCGGAGGAAGCGGTGGCGGAGTAGGAGTAGGAGGACAAAACAAGGAGATGAACATGTTC
GTGTGGAGTTCGAGTGCTTCTCCGGTGTCGGAAGCCAACGCGAAGAATGCTATGACCAGAGGTTCTTCCACCGATGTATC
CACCGACCCTAAAGTTTCTATTCCTCCTCACGACAACCTCGCTACTAAAGCGATGCAGAATCTGATAGAGAACATGTCACCG
GGAAGAAAAGGGCATGTGGAAATGGACCAAGACGGTAATAACGGGGGAAAGTCACCTTACATGGGCAAAAAAGGTAGC
GACGTGGAAGACGGCGGTCCCGGTCCTAGGAAACAGCAGATGCCGCCGGCGAGTGTGATGACGAGACTAATTCTGATAA
TGGTTTGGAGAAAACTCATTCGAAACCCTAACACTTACTCTAGTCTCTTTGGCCTTGCTTGGTCCCTTGTCTCTTTCAAGTGG
AATATAAAGATGCCAACGATAATGAGTGGATCGATTTCGATATTATCTGATGCTGGTCTTGGAATGGCTATGTTTAGTCTT
GGTCTATTTATGGCATTGCAACCAAAGATTATTGCGTGCGGAAAATCAGTAGCAGGGTTTGCGATGGCCGTAAGGTTCTTG
ACTGGACCAGCCGTGATCGCAGCCACCTCAATAGCAATTGGTATTCGAGGTGATCTCCTCCATATCGCCATCGTTCAGGCT
GCTCTTCCTCAAGGAATCGTTCCTTTTGTTTTCGCCAAAGAATATAACGTCCATCCTGATATTCTCAGCACTGCGGTTATATT
CGGAATGCTGGTTGCTTTGCCTGTAACAGTACTCTACTACGTTCTTTTGGGGCTTTACCCATACGATGTTCCAGATTACGCT
GCGGCCGCTTACCCAGCTTTCTTGTACAAAGTGGTCCCC 
 
PIN1A: 1984bp(HPTGG after amino acid 93) 

 
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATTACGGCGGCGGACTTCTACCACGTTATGACGGCTATG
GTTCCGTTATACGTAGCTATGATCCTCGCTTACGGCTCTGTCAAATGGTGGAAAATCTTCACACCAGACCAATGCTCCGGCA
TAAACCGTTTCGTCGCTCTCTTCGCCGTTCCTCTCCTCTCTTTCCACTTCATCGCCGCTAACAACCCTTACGCCATGAACCTCC
GTTTCCTCGCCGCAGATTCTCTCCAGAAAGTCATTGTCCTCTCTCTCCTCTTCCTCTGGTGCAAACTCAGCCATCCAACAGGA
GGACGCAACGGTTCTTTAGATTGGACCATAACTCTCTTCTCTCTCTCGACACTCCCCAACACTCTAGTCATGGGGATACCTCT
TCTCAAAGGCATGTATGGTAATTTCTCCGGCGACCTCATGGTTCAAATCGTTGTTCTTCAGTGTATCATTTGGTACACACTCA
TGCTCTTTCTCTTTGAGTACCGTGGAGCTAAGCTTTTGATCTCCGAGCAGTTTCCAGACACAGCAGGATCTATTGTTTCGAT
TCATGTTGATTCCGACATTATGTCTTTAGATGGAAGACAACCTTTGGAAACTGAAGCTGAGATTAAAGAAGATGGGAAGCT
TCATGTTACTGTTCGTCGTTCTAATGCTTCAAGGTCTGATATTTACTCGAGAAGGTCTCAAGGCTTATCTGCGACACCTAGA
CCTTCGAATCTAACCAACGCTGAGATATATTCGCTTCAGAGTTCAAGAAACCCAACGCCACGTGGCTCTAGTTTTAATCATA
CTGATTTTTACTCGATGATGGCTTCTGGTGGTGGTCGGAACTCTAACTTTGGTCCTGGAGAAGCTGTGTTTGGTTCTAAAG
GTCCTACTCCGAGACCTTCCAACTACGAAGAAGACGGTGGTCCTGCTAAACCGACGGCTGCTGGAACTGCTGCTGGAGCT
GGGAGGTTTCATTATCAATCTGGAGGAAGTGGTGGCGGTGGAGGAGCGCATTATCCGGCGCCGAACCCAGGGATGTTTT
CGCCCAACACTGGCGGTGGTGGAGGCACGGCGGCGAAAGGAAACGCTCCGGTGGTTGGTGGGAAAAGACAAGACGGAA
ACGGAAGAGATCTTCACATGTTTGTGTGGAGCTCAAGTGCTTCGCCGGTCTCAGATGTGTTCGGCGGTGGAGGAGGAAAC
CACCACGCCGATTACTCCACCGCTACGAACGATCATCAAAAGGACGTTAAGATCTCTGTACCTCAGGGGAATAGTAACGAC
AACCAGTACGTGGAGAGGGAAGAGTTTAGTTTCGGTAACAAAGACGATGATAGCAAAGTATTGGCAACGGACGGTGGGA
ACAACATAAGCAACAAAACGACGCAGGCTAAGGTGATGCCACCAACAAGTGTGATGACAAGACTCATTCTCATTATGGTTT
GGAGGAAACTTATTCGTAATCCCAACTCTTACTCCAGTTTATTCGGCATCACCTGGTCCCTCATTTCCTTCAAGTGGAACATT
GAAATGCCAGCTCTTATAGCAAAGTCTATCTCCATACTCTCAGATGCAGGTCTAGGCATGGCTATGTTCAGTCTTGGGTTGT
TCATGGCGTTAAACCCAAGAATAATAGCTTGTGGAAACAGAAGAGCAGCTTTTGCGGCGGCTATGAGATTTGTCGTTGGA
CCTGCCGTCATGCTCGTTGCTTCTTATGCCGTTGGCCTCCGTGGCGTCCTCCTCCATGTTGCCATTATCCAGGCAGCTTTGCC
GCAAGGAATAGTACCGTTTGTGTTTGCCAAAGAGTATAATGTGCATCCTGACATTCTTAGCACTGCGGTGATATTTGGGAT
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GTTGATCGCGTTGCCCATAACTCTTCTCTACTACATTCTCTTGGGTCTATACCCATACGATGTTCCAGATTACGCTGCGGCCG
CTTACCCAGCTTTCTTGTACAAAGTGGTCCCC 
 
PIN1B: 1969bp (D258 changed to A258) 

 
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATTACGGCGGCGGACTTCTACCACGTTATGACGGCTATG
GTTCCGTTATACGTAGCTATGATCCTCGCTTACGGCTCTGTCAAATGGTGGAAAATCTTCACACCAGACCAATGCTCCGGCA
TAAACCGTTTCGTCGCTCTCTTCGCCGTTCCTCTCCTCTCTTTCCACTTCATCGCCGCTAACAACCCTTACGCCATGAACCTCC
GTTTCCTCGCCGCAGATTCTCTCCAGAAAGTCATTGTCCTCTCTCTCCTCTTCCTCTGGTGCAAACTCAGCCGCAACGGTTCT
TTAGATTGGACCATAACTCTCTTCTCTCTCTCGACACTCCCCAACACTCTAGTCATGGGGATACCTCTTCTCAAAGGCATGTA
TGGTAATTTCTCCGGCGACCTCATGGTTCAAATCGTTGTTCTTCAGTGTATCATTTGGTACACACTCATGCTCTTTCTCTTTG
AGTACCGTGGAGCTAAGCTTTTGATCTCCGAGCAGTTTCCAGACACAGCAGGATCTATTGTTTCGATTCATGTTGATTCCGA
CATTATGTCTTTAGATGGAAGACAACCTTTGGAAACTGAAGCTGAGATTAAAGAAGATGGGAAGCTTCATGTTACTGTTCG
TCGTTCTAATGCTTCAAGGTCTGATATTTACTCGAGAAGGTCTCAAGGCTTATCTGCGACACCTAGACCTTCGAATCTAACC
AACGCTGAGATATATTCGCTTCAGAGTTCAAGAAACCCAACGCCACGTGGCTCTAGTTTTAATCATACTGCATTTTACTCGA
TGATGGCTTCTGGTGGTGGTCGGAACTCTAACTTTGGTCCTGGAGAAGCTGTGTTTGGTTCTAAAGGTCCTACTCCGAGAC
CTTCCAACTACGAAGAAGACGGTGGTCCTGCTAAACCGACGGCTGCTGGAACTGCTGCTGGAGCTGGGAGGTTTCATTAT
CAATCTGGAGGAAGTGGTGGCGGTGGAGGAGCGCATTATCCGGCGCCGAACCCAGGGATGTTTTCGCCCAACACTGGCG
GTGGTGGAGGCACGGCGGCGAAAGGAAACGCTCCGGTGGTTGGTGGGAAAAGACAAGACGGAAACGGAAGAGATCTTC
ACATGTTTGTGTGGAGCTCAAGTGCTTCGCCGGTCTCAGATGTGTTCGGCGGTGGAGGAGGAAACCACCACGCCGATTAC
TCCACCGCTACGAACGATCATCAAAAGGACGTTAAGATCTCTGTACCTCAGGGGAATAGTAACGACAACCAGTACGTGGA
GAGGGAAGAGTTTAGTTTCGGTAACAAAGACGATGATAGCAAAGTATTGGCAACGGACGGTGGGAACAACATAAGCAAC
AAAACGACGCAGGCTAAGGTGATGCCACCAACAAGTGTGATGACAAGACTCATTCTCATTATGGTTTGGAGGAAACTTATT
CGTAATCCCAACTCTTACTCCAGTTTATTCGGCATCACCTGGTCCCTCATTTCCTTCAAGTGGAACATTGAAATGCCAGCTCT
TATAGCAAAGTCTATCTCCATACTCTCAGATGCAGGTCTAGGCATGGCTATGTTCAGTCTTGGGTTGTTCATGGCGTTAAAC
CCAAGAATAATAGCTTGTGGAAACAGAAGAGCAGCTTTTGCGGCGGCTATGAGATTTGTCGTTGGACCTGCCGTCATGCT
CGTTGCTTCTTATGCCGTTGGCCTCCGTGGCGTCCTCCTCCATGTTGCCATTATCCAGGCAGCTTTGCCGCAAGGAATAGTA
CCGTTTGTGTTTGCCAAAGAGTATAATGTGCATCCTGACATTCTTAGCACTGCGGTGATATTTGGGATGTTGATCGCGTTGC
CCATAACTCTTCTCTACTACATTCTCTTGGGTCTATACCCATACGATGTTCCAGATTACGCTGCGGCCGCTTACCCAGCTTTC
TTGTACAAAGTGGTCCCC 
 
PIN1AB: 1984bp(HPTGG after amino acid 93; D258 changed to A258) 

 
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATTACGGCGGCGGACTTCTACCACGTTATGACGGCTATG
GTTCCGTTATACGTAGCTATGATCCTCGCTTACGGCTCTGTCAAATGGTGGAAAATCTTCACACCAGACCAATGCTCCGGCA
TAAACCGTTTCGTCGCTCTCTTCGCCGTTCCTCTCCTCTCTTTCCACTTCATCGCCGCTAACAACCCTTACGCCATGAACCTCC
GTTTCCTCGCCGCAGATTCTCTCCAGAAAGTCATTGTCCTCTCTCTCCTCTTCCTCTGGTGCAAACTCAGCCATCCAACAGGA
GGACGCAACGGTTCTTTAGATTGGACCATAACTCTCTTCTCTCTCTCGACACTCCCCAACACTCTAGTCATGGGGATACCTCT
TCTCAAAGGCATGTATGGTAATTTCTCCGGCGACCTCATGGTTCAAATCGTTGTTCTTCAGTGTATCATTTGGTACACACTCA
TGCTCTTTCTCTTTGAGTACCGTGGAGCTAAGCTTTTGATCTCCGAGCAGTTTCCAGACACAGCAGGATCTATTGTTTCGAT
TCATGTTGATTCCGACATTATGTCTTTAGATGGAAGACAACCTTTGGAAACTGAAGCTGAGATTAAAGAAGATGGGAAGCT
TCATGTTACTGTTCGTCGTTCTAATGCTTCAAGGTCTGATATTTACTCGAGAAGGTCTCAAGGCTTATCTGCGACACCTAGA
CCTTCGAATCTAACCAACGCTGAGATATATTCGCTTCAGAGTTCAAGAAACCCAACGCCACGTGGCTCTAGTTTTAATCATA
CTGCATTTTACTCGATGATGGCTTCTGGTGGTGGTCGGAACTCTAACTTTGGTCCTGGAGAAGCTGTGTTTGGTTCTAAAG
GTCCTACTCCGAGACCTTCCAACTACGAAGAAGACGGTGGTCCTGCTAAACCGACGGCTGCTGGAACTGCTGCTGGAGCT
GGGAGGTTTCATTATCAATCTGGAGGAAGTGGTGGCGGTGGAGGAGCGCATTATCCGGCGCCGAACCCAGGGATGTTTT
CGCCCAACACTGGCGGTGGTGGAGGCACGGCGGCGAAAGGAAACGCTCCGGTGGTTGGTGGGAAAAGACAAGACGGAA
ACGGAAGAGATCTTCACATGTTTGTGTGGAGCTCAAGTGCTTCGCCGGTCTCAGATGTGTTCGGCGGTGGAGGAGGAAAC
CACCACGCCGATTACTCCACCGCTACGAACGATCATCAAAAGGACGTTAAGATCTCTGTACCTCAGGGGAATAGTAACGAC
AACCAGTACGTGGAGAGGGAAGAGTTTAGTTTCGGTAACAAAGACGATGATAGCAAAGTATTGGCAACGGACGGTGGGA
ACAACATAAGCAACAAAACGACGCAGGCTAAGGTGATGCCACCAACAAGTGTGATGACAAGACTCATTCTCATTATGGTTT
GGAGGAAACTTATTCGTAATCCCAACTCTTACTCCAGTTTATTCGGCATCACCTGGTCCCTCATTTCCTTCAAGTGGAACATT
GAAATGCCAGCTCTTATAGCAAAGTCTATCTCCATACTCTCAGATGCAGGTCTAGGCATGGCTATGTTCAGTCTTGGGTTGT
TCATGGCGTTAAACCCAAGAATAATAGCTTGTGGAAACAGAAGAGCAGCTTTTGCGGCGGCTATGAGATTTGTCGTTGGA
CCTGCCGTCATGCTCGTTGCTTCTTATGCCGTTGGCCTCCGTGGCGTCCTCCTCCATGTTGCCATTATCCAGGCAGCTTTGCC
GCAAGGAATAGTACCGTTTGTGTTTGCCAAAGAGTATAATGTGCATCCTGACATTCTTAGCACTGCGGTGATATTTGGGAT
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GTTGATCGCGTTGCCCATAACTCTTCTCTACTACATTCTCTTGGGTCTATACCCATACGATGTTCCAGATTACGCTGCGGCCG
CTTACCCAGCTTTCTTGTACAAAGTGGTCCCC 
 
Legend 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCT  -  attB1  
GCGGCCGC  -  NotI restriction site 
GCGTTTAGC , AAACTCAGC  -  sequence preceding HPTGG insertion 
CATCCAACAGGAGGA  -  inserted HPTGG 
GCA  -  D to A substitution 
GAT  -  D amino acid 
ACTAAA (GFP) GCGATG  -  place of GFP insertion 
TACCCATACGATGTTCCAGATTACGCT  -  HA-tag 
TTACCCAGCTTTCTTGTACAAAGTGGTCCCC  -  attB2 with two additional TT to maintain the proper reading frame 
 

Table 1. List of Primers Used for Constructs Generation. 

 
No Name Sequence 
1 PIN1promF     5'-CCTCATTATATCATCAACCCATTGC 
2 PIN1promR    5'-TGTTCGCCGGAGAAGAGAGA 
3 PIN2promF  5'-TAAAACTGAGATCACTTATTAAAGGC 
4 PIN2promR    5'-TTTGATTTACTTTTTCCGGCGAGAG 
5 AUX1prom_FP_new 5'-taaagaagacctgcaacatt 
6 AUX1prom_RP 5'-tttagcttctagatctgag 
7 PIN2Rgfp 5'-tcctcgcccttgctcaccatTTTAGTAGCGAGGTTGTCGT 
8 GFPFpin2 5'-ACGACAACCTCGCTACTAAAatggtgagcaagggcgagga 
9 PIN2F2gfp 5'-gcatggacgagctgtacaagGCGATGCAGAATCTGATAGAGAACA 

10 GFPRpin2 5'-cttgtacagctcgtccatgcTGTTCTCTATCAGATTCTGCATCGC 

11 
P2F_NotIattb 

5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATCACCGGCAAAGA 

12 P2R_HAstopNotIattb 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCGGCCGCTTAAGCGTAATCTGGA 
     ACATCGTATGGGTAAAGCCCCAAAAGAACGTAG 

13 P2geneNotI_stop_attb_R     5'-GCGGCCGCTTAAAGCCCCAAAAGAACGTAGTAGA 

14 P1F_NotIattb   
5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCGGCCGCATGATTACGGCGGCGGA 

15 P1R_HAstopNotIattb 5'-
GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCGGCCGCTTAAGCGTAATCTGGA 
     ACATCGTATGGGTATAGACCCAAGAGAATGT 

16 P1geneNotI_stop_attb_R     5'-GCGGCCGCTCATAGACCCAAGAGAATGTAGTAG 

 
Table 2. Gateway Entry Clones. 
 

No Construct name  Vector name Comments Primers 

1 PIN1A_pDONR221 pDONR 221 synthesized by company, no stop   

2 PIN1B_pDONR221 pDONR 221 synthesized by company, no stop   

3 PIN1AB_pDONR221 pDONR 221 synthesized by company, no stop   

4 PIN2AB_pDONR221 pDONR 221 synthesized by company, no stop   

5 PIN1prom_TOPO pENTR5'-TOPO promoter 1, 2 

6 PIN2prom_TOPO pENTR5'-TOPO promoter 3, 4 

7 AUX1prom_TOPO pENTR5'-TOPO promoter 5, 6 

8 PIN2_CDS_stop pDONR 221 stop, NotI 11, 13 

9 P1A_stop_221 pDONR 221 stop, NotI 14, 16 
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10 P1B_stop_221 pDONR 221 stop, NotI 14, 16 

11 P1AB_stop_221 pDONR 221 stop, NotI 14, 16 

12 P2A_stop_221 pDONR 221 stop, NotI 11, 13 

13 P2B_stop_221 pDONR 221 stop, NotI 11, 13 

14 P2AB_stop_221 pDONR 221 stop, NotI 11, 13 

15 PIN1CDS_stop_221 pDONR 221 stop, NotI 14, 16 

16 P2A-GFP_221 pDONR 221 stop, NotI 7, 8, 9, 10, 11, 13 

17 P2B-GFP_221 pDONR 221 stop, NotI 7, 8, 9, 10, 11, 13 

18 P2AB-GFP_221 pDONR 221 stop, NotI 7, 8, 9, 10, 11, 13 

19 PIN2-GFP pDONR 221 stop, NotI  7, 8, 9, 10, 11, 13 

20 PIN1-HA pDONR 221 stop, HA-tag, NotI 14, 15 

21 PIN2-HA pDONR 221 stop, HA-tag, NotI 11, 12 
 

Table 3. Gateway Expression Clones. 

 
 
No Construct name  Vector name 

Entry 
clones Destiny Transformed plants 

Obtained T 
generation 

1 PIN1prom_NLS NLS-2xGFP 5 plant transformation Col-0 T1 
2 PIN2prom_NLS NLS-2xGFP 6 plant transformation Col-0 N/A 
3 AUX1_NLS NLS-2xGFP 7 plant transformation Col-0 T1 
4 PIN1 free GFP pK7WG2D 15 a. t. a. in protoplasts    
5 35SPIN1A,freeGFP pK7WG2D 9 a. t. a. in protoplasts    
6 35SPIN1B,freeGFP pK7WG2D 10 a. t. a. in protoplasts    
7 35SPIN1AB,freeGFP pK7WG2D 11 a. t. a. in protoplasts    
8 PIN2stop,free GFP pK7WG2D 8 a. t. a. in protoplasts    
9 35SPIN2A,freeGFP pK7WG2D 12 a. t. a. in protoplasts    

10 35SPIN2B,freeGFP pK7WG2D 13 a. t. a. in protoplasts    
11 35SPIN2AB,freeGFP pK7WG2D 14 a. t. a. in protoplasts    
12 AUX1:P1A pB7m24GW.3 7, 9 plant transformation aux1-100 T2 
13 AUX1:P1B pB7m24GW.3 7, 10 plant transformation aux1-100 T2 
14 AUX1:P1AB pB7m24GW.3 7, 11 plant transformation aux1-100 T2 
15 AUX1:PIN2 pB7m24GW.3 7, 8  plant transformation aux1-100 T2 
16 AUX1:P2A pB7m24GW.3 7, 12 plant transformation aux1-100 T2 
17 AUX1:P2B pB7m24GW.3 7, 13 plant transformation aux1-100 T2 
18 AUX1:P2AB pB7m24GW.3 7, 14 plant transformation aux1-100 T2 
19 P1PIN1 pB7m24GW.3 7, 15 plant transformation pin1-201 (SALK_047613) N/A 
20 P1P1A pB7m24GW.3 7, 9 plant transformation pin1-201 (SALK_047613) T3 
21 P1P1B pB7m24GW.3 7, 10 plant transformation pin1-201 (SALK_047613) T3 
22 P1P1AB pB7m24GW.3 7, 11 plant transformation pin1-201 (SALK_047613) T3 
23 P2PIN2 pB7m24GW.3 6, 8 plant transformation eir1-4 (SALK_091142) T2 
24 P2P2A pB7m24GW.3 6, 12 plant transformation eir1-4 (SALK_091142) T2 
25 P2P2B pB7m24GW.3 6, 13 plant transformation eir1-4 (SALK_091142) T2 
26 P2P2AB pB7m24GW.3 6, 14 plant transformation eir1-4 (SALK_091142) T2 
27 35S:P1_stop pK7WG2 15 plant transformation Col-0 T3 
28 35S:P1A_stop pK7WG2 9 plant transformation Col-0 T3 
29 35S:P1B_stop pK7WG2 10 plant transformation Col-0 T3 
30 35S:P1AB_stop pK7WG2 11 plant transformation Col-0 T3 
31 35S:P2_stop pK7WG2 8 plant transformation Col-0 T3 
32 35S:P2A_stop pK7WG2 12 plant transformation Col-0 T3 
33 35S:P2B_stop pK7WG2 13 plant transformation Col-0 T3 
34 35S:P2AB_stop pK7WG2 14 plant transformation Col-0 T3 
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35 35S:P2-GFP pK7WG2 19 plant transformation Col-0 T3 
36 35S:P2A-GFP pK7WG2 16 plant transformation Col-0 T3 
37 35S:P2B-GFP pK7WG2 17 plant transformation Col-0 T3 
38 35S:P2AB-GFP pK7WG2 18 plant transformation Col-0 T3 

a. t. a. – auxin transport assay 
 

Table 4. Yeast Expression Clones. 
 

Construct name  
Vector 
name 

Entry 
clone 

Resistance 
in bacteria Destiny 

PIN1HA pNEV pNEV-N 20 Amp a. t. a. in yeasts 
PIN2HA pNEV pNEV-N 21 Amp a. t. a. in yeasts 
P1A_pNEV pNEV-N 1 Amp a. t. a. in yeasts 
P1B_pNEV pNEV-N 2 Amp a. t. a. in yeasts 
P1AB_pNEV pNEV-N 3 Amp a. t. a. in yeasts 
P2A_pNEV pNEV-N from Z.D. Amp a. t. a. in yeasts 
P2B_pNEV pNEV-N from Z.D. Amp a. t. a. in yeasts 
P2AB_pNEV pNEV-N 4 Amp a. t. a. in yeasts 

a. t. a. – auxin transport assay; Z. D. - Zhaojun Ding 
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In this study, we identified and analyzed two small molecules, ES4 and ES6, which affect 

ectopic polar localization of PIN1 protein in root epidermis cells; characterized chemicals 

revealed their effect on ARF/ARF GEF-dependent intracellular trafficking pathway and cell 

wall biosynthesis, respectively.  It has been shown that both, ARF/ARF GEFs and cell wall, 

are implicated in polar localization of PIN proteins at the plasma membrane (PM) (Doyle et 

al., 2015; Geldner et al., 2001, 2003; Kleine-Vehn et al., 2008; Richter et al., 2007, 2010, 

2012; Steinmann et al., 1999; Feraru et al., 2011). This was concluded based on the PIN 

localization analysis in ARF GEF- and cell wall biosynthesis-defective mutants and in wild 

type seedlings treated with chemicals affecting those pathways. Interestingly, although they 

clearly influenced pathways involved in polar PIN localization, none of the tested ES 

molecules affected visibly polar localization of natively expressed PIN proteins. Our 

experimental results showed that ES4 affects endocytosis, exocytosis and vacuolar 

degradation pathways, all of which are crucial for trafficking of PIN proteins (Figure 1). As 

shown for ES6, it induced increased expression of auxin response reporter in wild type, 

which further confirms defects in the PIN auxin transporters localization.  

 

 

Figure 1. Model illustrating ES4 mode of action.  
ES4 presumably affects endocytosis and exocytosis of PIN1. It affects PVC/MVB 
compartment and degradation pathway. ES4 presumably affects early secretory pathway 
mediated by COPI through ARF/GNL1. 

It remains unclear how ES4 and ES6 induce basal-to apical shift of ectopically localized 

PIN1. Despite the fact that polarity of native PIN proteins is not affected, ES molecules might 

influence their mobility and/or abundance at the PM. To visualize the dynamics of PIN 
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proteins in wild type and PIN2:PIN1-GFP;pin2 after treatments, Fluorescence Recovery After 

Photobleaching (FRAP) experiments can be performed in the future. Additionally, western 

blot assay would provide information about PIN protein abundance after chemical 

treatments.  

The best understood role of ARF GEFs in polar PIN localization is GNOM-mediated 

basal PIN1 targeting (Geldner et al., 2001; Kleine-Vehn et al., 2008); however, other ARF 

GEFs were also reported to affect polar PIN localization (Teh and Moore, 2007; Tanaka et 

al., 2009, 2013; Feraru et al., 2012). Here we demonstrated, that ES4 clearly targets the 

ARF/ARF GEF dependent pathway but the exact mechanism has to be researched further. It 

is possible that ES4 acts as a GTP analog. To test this hypothesis and to better understand 

the connection between ES4 and ARF GEFs, the ES4 competition for GTP binding with 

ARF1 could be performed to determine whether ES4 compete with GTP to bind to ARF1.  

Different factors have been shown to play a role in localization and maintenance of 

PIN polarity at the PM, including kinases and phosphatases, which are important in apical-

basal targeting of PIN proteins (Michniewicz et al., 2007) and cell wall crucial for 

maintenance of PIN polarity (Feraru et al., 2011). Here we demonstrated that in addition to 

the effects on PIN polarity and auxin transport, ES6 affects cell wall composition. We also 

presented, that ES6 might target PP2A phosphatase, since rcn1 mutant is partially resistant 

to the ES6 treatments (Figure 2). 

 

Figure 2. Model illustrating ES6 mode of action. 
ES6 induces depletion of CSC from the PM and accumulation in MASCS and presumably in 
TGN/EE. ES6 presumably affects PP2A dependent pathways and induce basal-to-apical 
shift of ectopic PIN1 proteins. 
 
It remains unclear, whether ES6 affects cell wall and PP2A pathway independently, or the 

observable phenotypes interconnect. This hypothesis could be tested by analyzing crosses 

between rcn1 and CESA marker lines and DR5::GUS. Doing so would clarify whether the 
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rcn1 mutation confers resistance to ES6 treatments in terms of CESA proteins trafficking and 

auxin response. Additionally, cell wall composition in rcn1 in the presence of isoxaben and 

ES6 could be tested, as it was done for wild type. Some chemicals were reported to affect 

cell wall composition, like isoxaben and CGA 325’615. They could be tested for their effects 

on auxin reporter accumulation in DR5::GUS and on root and hypocotyl growth of rcn1 to 

compare their effects with ES6. Results would bring more information about possible link 

between cell wall biosynthesis and PP2A. The DR5 analyses indicated that ES6 promotes 

root-to-shoot fluxes; however, localizations of PIN proteins seem not to be affected. Besides 

the PIN protein family, members of the ATP-binding cassette (ABC) superfamily of 

transporters, predominantly of its B type (ABCB/multidrug resistance 

[MDR]/phosphoglycoprotein [PGP]) possess auxin-exporting activity (Geisler et al., 2005; 

Terasaka et al., 2005). The trafficking of this protein transporters family could be tested for its 

response to ES6. It is also not excluded, that the effect on the cell wall biosynthesis is not 

specific, since other chemicals or osmotic stress can induce internalization of Cellulose 

Synthase Complex (CSC) from plasma membrane and induce accumulation within MASCs 

(Crowell et al. 2009; Guttierez et al., 2009).  

To fully understand the mechanism of action of the characterized chemicals it is 

necessary to find their target. The method of choice to identify the target include forward 

genetic screen for mutants resistant to the chemicals. In the screen we found the es4r1 

mutant, carrying mutation in δ-COPI, a single copy gene crucial for plant viability. COPI 

vesicles are mainly involved in retrograde protein transport between Golgi and ER, mediated 

by GNL1 (Richter et al., 2007; Teh and Moore, 2007). Recently it has been shown, that early 

secretory trafficking mediated by GNL1 and GNOM is essential for basal polarity 

establishment (Doyle et al., 2015). This implicates a possible role of δ-COPI in basal-to-

apical shift of ectopically localized PIN proteins. This hypothesis can be tested by analyzing 

genetic interactions between es4r1 mutant and PIN2:PIN1-HA;pin2; ARF-GDP, ARF-GFP 

and gnl1 lines in response to ES4 treatment. In any case, the partial resistance only to ES4 

indicates that δ-COPI is not its direct target and other methods have to be used to identify 

the target.  

To address this issue, biochemical approaches can be applied. However, affinity-

based target identification techniques require modification of the chemical. We performed 

SAR analysis to identify active and non-active sites of the ES molecules for possible 

modification. Analysis revealed that the whole ES4 structure is possibly essential for its 

bioactivity since all the tested derivatives of ES4 were biologically inactive. This makes 

modification of the molecule difficult. To address this problem, Drag Affinity Responsive 

Target Stability (DARTS) could be performed, a technique that does not require any 

structural changes of the tested molecule. DARTS relies on the assumption that after the 
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binding of a small molecule and its protein target stabilizes that target by conformational 

change or by masking its protease recognition sites and protects it from digestion with 

applied protease (Lomenick et al., 2009; Lomenick et al., 2011). Comparisons of treated and 

non-treated samples would reveal the protected target of the small molecule. On the other 

hand, for the ES6 chemical we identified its active derivate, which indicates that this 

molecule can be tagged.  The new derivative could be tested for other effects described for 

ES6, such as GUS accumulation or rcn1 resistance. Obtained results could reveal which 

molecule is more biologically potent. Additionally, ES6 molecule could be cleaved to better 

identify its bioactive sties. Moreover, the DARTS technique could also be used to determine 

the ES6 target. 

Utilization of chemical genetics in plant research can help to better understand 

endomembrane trafficking, hormone transport, and cell wall biosynthesis. Many of the 

identified and characterized chemicals are commonly used as tools in every day laboratory 

practice to investigate different processes in plants. Over the course of our research we used 

several of them: BFA used to investigate PIN trafficking or isoxaben, which specifically 

affects CESA3 and CESA6 proteins, involved in cell wall biosynthesis (Desprez, 2002; 

Scheible, 2001). In recent years many other small molecules were used to investigate 

molecular basis of plant life. Fluorescent brassinosteroide analogue, Alexa Fluor 647–

castasterone (AFCS) helped to visualize endocytosis of BRI1-AFCS, the receptor ligand 

complex (Irani et al., 2012). Characterization of endosidin 8 (ES8) helped to investigate the 

connection between early secretory pathway and basal polarity establishment (Doyle et al., 

2015). Screen for resistance to picolinate-type auxin DAS534 helped to identify homologue 

of TIR1, which mediates transcriptional repression of auxin responses (Walsh et al., 2006). 

Here we identified two new small molecules which can help to better understand 

endomembrane trafficking processes, cell wall biosynthesis and possibly their connection 

with trafficking and localization of PIN auxin transporters. Additionally, we identified es4r1 

mutant, which together with ES4 can be used to study δ-COPI function. So far it was not 

possible due to the lethality of the full knock-out in the gene.  
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