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1 INTRODUCTION

1.1 Exocyst functions in eukaryotic cell polarization

Cell surface is a dynamic system continuously ugoieg endocytic and
exocytic events, tightly regulated on many différevels. Docking and tethering of
secretory vesicles to the plasma membrane emplgyniachinery of regulatory
proteins. First models emphasized the importance SOFARE proteins for
specification of vesicles and targeted membraner gd membrane fusion. Further
investigation revealed the promiscuity in SNARErpg and step by step prove the
importance of additional factors, such as small &#®E3of the Rab and Rho protein
subfamily, regulatory syntaxin-binding protein ($ptMuncl18-like, SM) and last but
not least specific plasma membrane (PM) tetherorgaiex named exocyst (reviewed
in Koumandou et al., 2007; Bassham and Blatt, 2dé8sky et al., 2010)

The exocyst is an evolutionary conserved octameoimplex, consisting of
Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70 aBd Exbunits, which coordinates
tethering of incoming secretory vesicles to the HMocyst subunits Sec3, Sec5,
Sec6, Sec8, Secl0, Secl5 were originally discoviergdast genetic screen focused
to secretory defects. This screen was based onumegsthe cell density and
accumulation of secreted enzymg@svertase) in temperature sensitive mutants of
Saccharomyces cerevisiae (Novick et al., 1980). Last two subunits Exo70 &84
were discovered later by co-immunoprecipitation hwidlready known exocyst
subunits (TerBush et al., 1996; Guo et al.,19904)ereas knockout mutant in any of
the exocyst subunits is lethal, temperature semesitautants blocks exocytosis and
accumulate secretory vesicles (Novick et al., 1$8Diger et al., 1998).

In Opisthokonts, exocyst is localized at specifid Bomains, characterized by
extensive fusion of post-Golgi derived exocytic ieless. Depending on the external
and internal cues, exocyst localizes also to thé&l Ta&d/or different population of
endosomes (Vega and Hsu, 2001; Yeaman et al., F@ifent et al., 2003; Folsch et
al., 2003; Oztan et al., 2007).

According to the “landmark model”’, EXO70 and SEG3 as a spatial PM
landmark for the rest of the exocyst subunits (Beydl., 2004; Roumanie et al.,



2005). The polar PM localizalion of EXO70 and SE@3independent on actin

cytoskeleton and Rho GTPases interaction is prapwsesgulate localization of these
subunits to the site of exocytosis. The remainirgcgst subunits form subcomplex
on the secretory vesicle and via subunit SEC15antevith RabGTPase. Assembling
of the whole exocyst complex enables tetheringxotegtotic vesicles to the PM prior

the SNARE complex pairing (Boyed et al., 2004). Ranie et al. (2005) assumed
alternative model, where RHO GTPases play the &kyin activation of the exocyst

complex rather than in localization. The authoppsed that polar distribution of the
exocyst in the PM may be a consequence ratheralaause of polarized exocytosis
(Roumanie et al., 2005; Wu et al., 2008).
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Figure 1 Yeast model showing the role of exocystmplex in the vesicle tethering
SEC3 and EXO70 are regulated by RhoGTPases antiduras the landmarks for the
remaining exocyst subunits. SEC15 interacts diyegith RabGTPases presented on
the vesicle. Assembling of the whole complex ermabd¢hering of the vesicles to the

targeted membrane prior to SNARE complex formation.

1.1.1 Localization and function of exocyst
In budding yeast exocyst participates in bud-sstatdishment and later during

cytokinesis in separation of doughter and mothdlr (@erBush et al., 1996; Finger



and Novick, 1997; Finger et al., 1998). Temperatsemsitive mutants result in
secretory defects and accumulation of post-Golgivdd vesicles (Novick et al.,
1980). Exocyst subunits Sec5p, Sec6p, Sec8p, SeSkefh5p and Exo84p are bound
to the secretory vesicle and guided to the placseafetion by actin cytoskeleton.
Sec3 is delivered to the place of secretion byckesndependent pathway whereas
Exo70 can use both pathways to reach the PM (Bogtl,2004; Finger et al., 1998).

In fission yeast exocyst localizes and tetherssdgmetory vesicles to the cell
tip and to the division site in dividing cells (Waet al., 2002; Wang et al., 2003).
Interestingly, destabilizing of actin and microtldsiin fission yeast do not abolish
polar localization of PM proteins, including exocy®endezu and Martin, 2011)
Also, disrupting of the exocyst complex is not st to impair polarity of the cell,
only simultaneous destabilization of exocyst antbsikeleton perturbed polarity of
the fission yeast and evoke isotropic growth (Beddand Martin, 2011). Since
exocyst does not affect cytoskeleton organizatiot ace versa, authors suggested
that exocyst and actin cytoskeleton form two indej@mt morphogenetic pathways in
fission yeast. In contrast to fission yeast, in Heatells it was shown that EXO70
coordinates actin cytoskeleton through interactisith Arp2/3 complex and
significantly affects actin-based membrane protmsiand cell migration (Zuo et al.,
2006).

In neurons exocyst resides in the tip of neuritd &cilitates its outgrowth,
branching and synaptogenesis (Vega and Hsu, 208Zzukd et al.,, 1999). In non
polarized MDCK epithelial cells exocyst is localizen trans-Golgi at the perinuclear
region (Yeaman et al., 2001; 2004). In polarized GkDcells, Sec8 and Sec6 reside
on the TGN and the PM of tight junction (Grindstefffal., 1998; Yeaman et al., 2001,
2004). More recent work done by Oztan and coworkevealed the localization of
exocyst subunits Sec6, Sec8 and Exo70 in the neulippulations of endosomes in
polarized MDCK cells. They proposed exocyst requeat in several endocytic
pathways including basolateral recycling, apicalyoiing and basolateral-to-apical
transcytosis (Oztan et al., 2007).

In addition to the role of exocyst complex in delimg material to the site of the
polar growth exocyst also participate in targetnagous transporters and receptors to
the PM. Studies of neuronal cells showed that estosybunits facilitate transport of
vesicles carrying several synaptic membrane pretednch as neurotransmitter
transporter GAT1 (Farhan et al., 2004), glycinengporter GLYT1 (Cubelos et al.,



2005), NMDA (N-methyl -D-aspartate) receptor (Sansl., 2003) and AMPA-type
glutamate receptor (Gerges et al., 2006). In adigscwell described is tethering of
vesicles carrying glucose transporter GLUT4 (Inetial., 2003).

1.1.2 Molecular structure of exocyst subunits

The size of exocyst subunits ranges from 70 - 124 KrerBush et al., 1996;
Guo et al., 1999). Despite the fact that sequedeatity between exocyst genes is
only about 10%, their secondary and tertiary stngs are remarkably similar (Dong
et al., 2005; Sivaram et al., 2006; Wu et al., 20060re et al., 2007).

It was predicted that exocyst subunits contain aepef helical bundle that are
folded in rod-like structure. Almost complete cajsstructure of EXO70 and patrtial
structure of EXO84, SEC3, SEC5, SEC6 and SEC15rooed previous prediction
(Dong et al., 2005; Jin et al., 2005; Baek et2010; Yamashita et al., 2010; Fukai et
al., 2003; Hamburger et al., 2006). This structigsrguite unique and was proposed
and further described in evolutionary exocyst eslatethering complexes COG,
GARP and DSL1 (Bonifacio and Hierro, 2011). The iehexocyst complex is
probably assembled by parallel alignment of indiraldexocyst subunits together.



Sec15

S)
5

Exo84Cter
.

.
kL ﬁg ‘ig

9 ()

(Hertzog and Chavrier, 2011)
Figure 3 Structure of exocyst subunits
The model showing EXO70, SEC15, SEC6 C-terminus#@84 C-terminus folded

into the rod-like structure.
1.1.3 Exocyst and the interactors

1.1.3.1 Exocyst and interaction with RabGTPase

RabGTPases represents one of the major factorsiegsuganelle identity. Rab
binding to the membrane is enabled by prenylatiothe C terminus or plant-specific
myristoylation on the N terminus of RabGTPase @exsd in Woollard and Moore,
2008). Rabs are able to bind the membrane onlgtineaGTP form. RabGTPase in
the inactive GDP bound state is caged in cytoplasyjnRabGDI (GDP dissociation
inhibitor), which masks the prenyl or myristoyl gm At the target membrane,
RabGDF (GDI displacement factor) catalyses theodission of RabGTPase from
GDI and enables anchoring of prenyl group to thenimane. Rab is activated by
RabGEF (Guanine exchange factor) catalyzing replaceé of bound GDP for GTP.
Activated RabGTPase recruits to the membrane & latgnber of effector proteins
(Bassham and Blatt, 2008) including tethering caxes$ (factors) CORVET, HOPS,



TRAPPI, Il, 1ll, COG, GARP, exocyst (see review Bker et al., 2010), enzymes of
phosphatidyl-inositol metabolism (phosphatidylinos# kinase, phosphatidylinositol
3 kinase, phosphatidylinositol 5- and phosphatitgitol 4-phosphatases) (Shin et al.,
2005), molecular motor proteins (myosines, kingsiasd regulators of SNARE
complex (Grosshans et al., 2006). The final reguiastep represents hydrolysis of
GTP bound to the activated Rab. This hydrolyticctiea is accelerated by RabGAP
(GTPase activating protein) and leads to inactivatf RabGTPase. Inactivated Rab
is localized to the cytosol and prepared for newntbof the RabGTPase cycle. Above
described RabGTPase activation, inactivation antdirgy between membrane and
cytosol via GEF, GDF, GAP, GDI is analogous tosaflall GTPase (Vernoud et al.,
2003).

Interaction between exocyst and RabGTPase wasrdipstrted in yeast. It was
shown that exocyst subunit Sec15p is a downstreéauter of Sec4p- RabGTPase
presented on the secretory vesicles derived fram&blgi apparatus (TerBush et al.,
1996; Guo et al., 1999b; Fielding et al., 1998)adidition, Sec15p interacts also with
Sec2p, protein with dual role, functioning as afeebr for Rab Ypt32p and also as a
GEF for above mentioned Rab Sec4p (Medkova et28D6). Later the interplay
between SEC15 and RabGTPase was confirmed in $ewaramalian cell types
(Zhang et al., 2004; Oztan et al., 2008; Bryardalgt2010). For example in epithelial
MDCK cells Secl5A interacts with Rabll and regulddtasolateral-to-apical
transcytosis (Oztan et al., 2007).Wu group fourad 8ec15-C terminus can interact
vitro with several Rabs (Rab3, Rab8, Rabll, Rab27) emghasized the strongest
interaction with Rab11 (Wu et al., 2005). Rablihis major Rab involved in TGN to
PM trafficking. InDrosophila they revealed colocalization between Secl5 and Rab
in photoreceptor cell and described their commatioradn trafficking of vesicles

containing rhodopsin (Wu et al., 2005).

1.1.3.2Exocyst and interaction with Rho GTPase

The family of RhoGTPase represents a key regulatoell polarization. This is
achieved mainly by organization of action cytost@teand vesicle trafficking. In
animals, family of RhoGTPase can by subdivided thtee major subfamilies - Rac,
Cdc42 and Rho. Interestingly no clear homologuethese subgroups were found in

plants, however plants possess specific subfaniBhoGTPase called ROP (Rho Of
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Plants) with the highest similarity to the Rac subily (reviewed in Mucha et al.,
2011).

One of the identified downstream effectors of atd RhoGTP was the
exocyst complex. In yeast, three out of six Rho ifamembers (RHO1-5, and
CDC42) associate and regulate the exocyst comBle®a3 and Cdc42 are interactors
of exocyst subunit Exo70 (Robinson et al., 1999mHarger et al., 2006; Wu et al.,
2010). Rhol and Cdc42 associate with the subuei #oyd et al., 2004; Roumanie
et al., 2005; Zhang et al., 2008). Whered®l or cdc42 mutant displays
mislocalization of exocyst subunits including Seeda Exo70prho3 mutant do not
affect exocyst subunits localizatigBuo et al., 2001; Zhang et al., 2001).

In mammalian cells, interaction between Exo70 ardo@TPase is well
described on trafficking of glucose transporter GUUo the PM of adipocytes (Inoue
et al., 2003). After insulin stimulation, active 8®bound form of Rho GTPase TC10
(homologue of yeast Cdc42), associates with Exand laeads to relocalization of
Exo70 to the PM. Consequently, Exo70 acceleratégriag of GLUT4 vesicles and
increase glucose uptake into the cell (Inoue e2aD3; 2006).

Plant specific RopGTPases (Rho Of Plants) are a&ruplayers in plant
signaling, polar growth, cell division and plantemobe interactions. The exact
mechanism of Rop action in those processes isamopletely uncovered, but there is
for example strong evidence for Rop mediated cyletkn dynamics, intracellular
C&" flux and ROS production (reviewed in Brembu et 2006; Yang and Fu, 2007).
RopGTPases regulate cellular processes throughaatien with plant unique Rop-
interactive CRIB domain-containing proteins (RIThese proteins function probably
as adaptor proteins enabling the interaction witiwristream effectors (Vernoud et al.,
2003). However despite the intensive study no downstreéfecters of RIC have
been identified till now, except for several otnewvel scaffolding proteins uncovered
in Y2H screen (reviewed in Mucha et al., 2011kdéms that in contrast to the direct
interaction between exocyst subunit and RhoGTPasgeiast and animals, the
interaction between exocyst subunit Sec3 and Roplants is mediated through
additional adaptor protein ICR1 (Interactor of Citnsive active ROPs 1jLavy et
al., 2007). ICR1can interact with constitutivelytiae Rop6, Ropl0 and Sec3A
exocyst subunit in Y2H. Additionallynteraction between ICR1 and Sec3A was
further confirmed by pulldown assay. Transient espion inNicotiana benthamiana

revealed that ICR1 make a complex with AtSEC3A wtoplasm and after
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coexpression with AtRop9, the preformed complesesuited to the PM (Lavy et al.,

2007). Since ICR1 contains two coiled coil domaarsd no other catalytic or

structural domains were identified, authors presicthat ICR1 functions as the
adaptor protein scaffolding the interaction betwea&ocyst subunit Sec3 and Rops
(Lavy et al., 2007).

1.1.3.3Exocyst and interaction with ArfGTPase

ADP-ribosilation factors (ARFs) represent a keyyplain vesicle trafficking. Its
main role is recruiting coat proteins to the membraf forming vesicle (reviewed in
Vernoud et al., 2003). There are several linesymfesce showing interaction between
exocyst and ArfGTPase in animals. In epithelial MDE€ells Prigent and coworkers
(2003) described relocalization of Secl0 from tH@NTand recycling endosomes
(RE) to the PM via interaction with activated ARfigent et al., 2003). Furthermore
Fielding et al. (2005) performed detailed studyuled on regulation of mammalian
cytokinesis using human cancer cell lines. Basedaquired results they proposed
that family of Rab 11 interacting protein-FIP3 dfé4 may serve to tether RE to the
PM of the cleavage furrow and midbody of dividirglls by forming ternary complex
with endosomal localized Rab11 and PM localizeccggbsubunit EXO70 and ARF6
(Fielding et al., 2005).

In mammalian kidney cells (COS7 cell lines) EXO7@ntrols recycling of
transferrin receptor (TfnR) through interaction lwgndosomal localized ARF GEF
BIG2 (Shen et al., 2006). Involvement of EXO70 glavith other exocyst subunits in
TfnR recycling was confirmed in several differemllctypes (Folsch et al., 2003;
Oztan et al., 2007).

1.1.3.4Exocyst and interaction with SNARE complex

The last regulatory step during vesicle fusion w#iget membrane is provided
by SNARE complex, which specifically tightens twodjacent membranes
downstream of exocyst complex. SNARE complex isateer composed of Qa-, Qb-,
Qc-SNARE and R-SNARE. Alternatively Q-SNAREs aresquently called t-
SNARESs due to the association with target membeate R-SNARES are called v-
SNARE due to the association with vesicles. Assergbdf the SNARE complex
enables the fusion of the vesicle membrane witht#igeted membrane. Several

regulatory proteins were shown to control this pssc SM family protein
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(Seclp/Muncl8-like) is required for activation cA-GNARE (Sudhof and Rothman,
2009). The link between SNAREs and RabGTPases tuaéed by Grosshans and
coworkers (2006). They established that vesicle@ated RabGTPase SEC4 interacts
indirectly with t-SNARE SEC9 via SRO7 protein (Gsbans et al., 2006).

The interplaybetween exocyst and SNARE proteins was first reyloirt yeast.
Overexpression of either Sec4p, Seclp or Sro7pssyibe inviability ofsec3, sec5 or
exo70 strains (Wiederkehr et al., 2004; Zhang et alQ32@rosshans et al., 2006) as
well overexpression of t-SNAREs Sso2p and Sec9ppeatially suppress secretion
defect ofsec3 mutant (Grosshans et al., 2006). Moreover Sro7pshawn to interact
with Exo84p (Zhang et al., 2005). In mammalian é¢¢lterminal domain of Exo70
competes with t-SNAREs SNAP23 for Snapin bindingai8n interacts directly with
t-SNARE SNAP23 and SNAP25 and its depletion deewamsulin stimulated
glucose uptake (Bao et al., 2008). Those data suppe hypothesis, that exocyst
probably act prior to SNARE assembly and might meived in SNARE complex

regulation.

1.1.4 Exocyst membrane localization

Membrane phospholipids composition significantlyfliences membrane
trafficking. Membrane composition adjust binding mgulatory proteins to the
membrane and vice versa same regulatory protenns #mall GTPase family have a
potential to regulate phospholipid composition die tmembrane by recruiting
enzymes of phosphatidyl-inositol metabolism to thembrane (Shin et al., 2005).
Each compartment maintains original membrane composwhich is dynamically
changing but possesses certain characteristic teuren organelle identity.
Phosphatidylinositol-3-phosphatel3P) are localized mainly in the early endosomal
membrane, phosphatidylinositol-3,5-bisphosph@&@k3,5)R) in the late endosomal
membrane and phosphatidylinositol-3-phosph&#dP) is in the membrane of GA
(reviewed in Behnia and Munro, 2005). PI4P is aisesent on the PM and serves as a
substrate for synthesis of phosphatidylinositoHdigphosphate (PI(4,5) the main
Pl in the PM (McLaughlin et al., 2002). Rapid tuveo of phospholipids is managed
by specific Pl phosphatases, kinases and phospisekp(reviewed in Behnia and
Munro, 2005). Interestingly, the ratio PI4P/PI(#£5)n the PM is much lower in
plants (10:1) than in animals and yeast (1:1) (€reoid Nielsen, 2008; Perera et al.,

13



2005). In Arabidopsis genome 70 genes contain predicted phospholipidiirogn
pleckstrin homology (PH) domain, Phox homology (R¥ymain or FYVE domain
(Leeuwen at al., 2004).

Direct interaction between exocyst and PM was dasdrfor exocyst subunits
SEC3 and EXO70 in yeast and mammals. N-terminuSBEC3 contains a new
subclass of pleckstrin homology domain, respondiniéinding membrane lipids and
small GTPase Cdc42 (Baek et al.,, 2010). This donsaimies cluster of positive
residues, that are responsible for phospholipid dibgy predominantly
phosphatidylinositol 4,5-bisphosphate (Pl(45)Baek et al., 2010).

Positively charged patch is formed also on the wetiserved C-terminus of
EXO70 in yeast and mammals and is directly lialole ifteraction with negatively
charged phospholipides (Liu et al., 2007; He et28l07). Some of the plant EXO70s
have well conserved this motif, suggesting thdeast some plant EXO70 isoforms
could bind directly the PM (Zarsky et al., 2009)tédminal region of mammalian
EXO84 also carries putative PH domain. Howeverititeraction of EXO84 with the
PM was not experimentally proved (reviewed in Hegtand Chavrier, 2011).

Alternative to the “spatial landmark” model is “extic signal” model. The
authors of this model assume that local activatbRHO GTPase via the PI1(4,5)P2
dependent exocytic signal, organize actin cytos&eleand coordinate exocyst

function (Yakir-Tamang and Gerst, 2009).

1.1.5 Plant exocyst

Homologues to all eight exocyst subunits were foundplant genomes
(Cvrckova et al., 2001; EliaS et al., 2003). Recenttywas proved that exocyst
functions as a complex in plants and facilitatelpzed secretion in growing pollen
tubes and in hypocotyl elongation of etiolated $agd in Arabidopsis (Hala et al.,
2008). Interestingly, plant genome contains a iy of Exo70 genes- e.g. 23
members inArabidopsis thaliana (Elias et al., 2003), while yeast and animals have
single copy of Exo70. This fact points to the pb#ity of plant-specific functions or
tissue specialization of individual EXO70 isoforn®3 isoforms ofArabidopsis
Exo70s can be divided into the 3 classes: EXOXID70.2 and EXO70.3. These
classes possibly evolved from three Exo70s thahtiigve been present in common
ancestor of mosses and vascular plant&rabidopsis, EXO70.1 class possesses the

highest homology to the Exo70 in yeast and mamaadscontains two members of

14



the cluster EXO70A. One of the genes, Exo70A1 ghllyi expressed in sporophyte,
whereas the second, Exo70A2 is expressed spelyificathe pollen (Chong et al.,
2009). Class EXO70.2 is subdivided to the clsskrC, D, E, F, H and contains 19
Arabidopsis Exo70s. (Elias et al., 2003jrabidopsis EXO70.3 class compasses
cluster EXO70G containing 2 members - Exo70G1 esgme in all sporophytic
tissues and Exo70G2 specifically expressed in tlerpand root tissue (Chong et al.,
2009). Arabidopsis T-DNA insertional mutant in Exo70G1lgene did nobwhany
discernible phenotype (Synek L., Ph.D. Thesis).

Based on expression patterns of Exo70A8rebidopsis and phenotypic analysis
of severalexo70 mutants we have indicated that the EXO70AL isofptays a major
role in the sporophyte (Synek et al., 2006). T-DMA&ertional mutants in Exo70Al
exhibit short stature, loss of apical dominancdaykxl senescence, delayed lateral
root initiation, reduced number of cells, defeats @longation of root hairs and
stigmatic papillae as well as in etiolated hypotxtsnd aberrant pollen development,
leading to nearly complete sterility (Synek et &006). Cole at al. (2005)
demonstrated that several T-DNA insertions in SgeBe cause partial or complete
pollen transmission defect. Mutant pollen grainsnptete microgametogenesis but
were unable to germinate. This defect can by comeiged by the expression of Sec8
gene under the pollen specific promoter LAT52 (Ceteal., 2005). Furthermore
mutants in other exocyst subunited3, sech, sec6, secl5) exhibit similar defects in
germination and polar growth of pollen tubes (Gatlal., 2005; Hala et al., 2008).
While Exo70Al is expressed homogenously in all spbytic tissue some other
Exo70 genes display tissue specific expression. é&s@mple 14 out of the 23
Arabidopsis Exo70s are expressed in roots (Geneinvestigatoet lal., 2010). For
details see figure 2. Expression profile furthevesded that some Exo70s are
significantly up regulated during different stressdition such as pathogen infection
(B2, H1, H4), wounding (B1, E1), cold (H4,H1,E2glts(H2, B2, D3, B1, E1)
osmotic (G2, F1, H8), drought (H8) or heat strad48,(H2, H5) Arabidopsis eFP

Browser).
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(Chong et al., 2010)

Figure 2 Expression analysis of exocyst subunits

1.2 Polar auxin transport

Plant hormones (phytohormones) are low moleculaghteorganic compounds
that regulate plant growth and development. Diatidn and concentration of
phytohormones reflect environmental as well asrinate signals. Phytohormones
modulate signalling cascades leading to changgene expression, and consequently
to physiological responses. Auxin has a prominesitmn among plant hormones, as
it is the only one known to be transported in aapohanner along the shoot-root axis,
creating an important component of positional infation within the plant body. On
the organ level, auxin promotes adventive and dateoot formation, vascular
development, apical dominance establishment andhterance, gravitropic and
phototropic responses (reviewed in Benjamins andefes, 2008; Vanneste and
Friml, 2009). On the cellular level, auxin stim@atcell division, elongation and
differentiation.
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Auxin distribution is controlled by coordination @k synthesis, conjugation,
degradation and transport. Auxin is produced egfigdiy the shoot apical region and
move toward the root base by active polar pathwieguigh parenchymal cells and by
a passive non-polar pathway through the phloemthé root tip, the auxin flow
changes direction and passes actively through epalecells back to the elongation
zone (reviewed in Benjamins and Scheres, 2008; &stenand Friml, 2009). The
direction of auxin flow is determined by polarlychlized auxin efflux carriers PINs.
Expression pattern and polar localization of PIMs dependent on developmental
stage of the plant and change in response to ektand internal cues. For example
PIN1 is localized mainly on the basal PM in thetrpmtophloem cells (Galweiler et
al., 1998) whereas PIN2 resides on the apical P&pidermal root cells and basal PM
in the root cortex cells (Muller et al, 1998). Tpelar localization of PIN proteins is
connected to their constitutive cycling between glesma membrane and endosomal
compartments (Geldner et al., 2001; Dhonukshe.ef@07; 2008). PIN proteins are
initially delivered to the PM in a non-polar manmerd their polarity is established by
subsequent endocytic recycling (Dhonukshe et 808P which depends on F-actin,
clathrin-mediated endocytosis and exocytosis (Gel@én al., 2003; Dhonukshe et al.,
2008).

Polar PIN localization is known to determine theediion of intercellular auxin
flow however the precise mechanisms generating frildrity remain unclear. Only

few regulators of PIN polar localization have béescribed so far:

1.2.1 Regulators changing phosphorylation status of PINs

Phosphorylation status of protein often represantsmportant aspect in their
activation and function, the same is true for PWdt@ins. There is strong evidence
showing that AGC3 serine/threonin kinase PINOIDD(Ptan phosphorylate central
hydrophilic loop of PIN proteins and therefore paimapical PM localization of the
PINs (PIN1, PIN2, PIN4) (Kleine-Vehn et al., 20@®onukshe et al., 2010; Zhang et
al., 2010). Additionally Dhonukshe and coworkersawered that also other two
AGC3 kinases WAG1 and WAG2 undertake the similacfion as PID (Dhonukshe
et al., 2010). On the other hand protein phospha?ds(PP2A) acts antagonistically
to the mentioned serine/threonin kinases and iatstrafficking of PINs to the basal
PM (Friml et al., 2004; 2007; Michniewicz et alQ@¥) (Figure 4).
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1.2.2 Arf-GEFs in PINs trafficking

In general ADP-ribosilation factor (ARF) is coordied by ARF-GEF and ARF-
GAP and all together regulate recruitment of proteoat on the secretory and
endocytic vesicles. In plants ARF-GEF GNOM was fingt discovered ARF-GEF
involved in PIN recycling (Steinmann et al.,, 1999).was shown that GNOM is
localized to the endosomes and instruct traffickaigresicles carrying PINs to the
PM (Geldner et al., 2003). Since that time sevethér ARF-GEFs involved in PIN
recycling were identified- the closest GNOM homalegGNL1 (GNOM LIKE1)
placed on the PM and VAN3 (VASCULAR NETVORK DEFEGTB) localized to
the TGN (Robinson et al., 2008). Using variable larepifluorescence microscopy
(VAEM) Naramoto and coworkers (2010) were ableditalize GNOM and VAN3 to
partially overlapping discrete foci at the plasmanmmbranes that are regularly
associated with the endocytic vesicle coat clatifeak mutant alleles for GNOM
and null alleles for GNL1 and VAN3 confirmed impadrendocytosis of PM proteins,
including PINs (Naramoto et al., 2010).

To study endomembrane system ARF GEF specific itanibrefeldin A (BFA)
is widely used. InArabidopsis root tip cells, BFA inhibits several ARF GEFs
including GNOM and induces aggregation of endosoames TGN in so called BFA
bodies. The core of BFA body is composed of RabABZhembranes, surrounded by
VHAal containing membrane (TGN), GNOM endosomes #rel most of outer
membrane is composed from Golgi stacks and PVC @Séixlosomes) (Chow et al.,
2008). Whereas GNOM is BFA-sensitive and represehes major ARF GEF
regulating PINs recycling, GNL1 is BFA-resistantdaim case of BFA treatment,
GNL1 partly compensates GNOM function in PIN reaygl(Naramoto et al., 2010;
Teh and Moor 2007) (Figure 4).

1.2.3 Rab5 GTPase pathway in PINs polarization

The importance of endocytosis in PINs polarizatimas emphasized by
Dhonukshe et al., (2009). They demonstrated thstuidiing Rab5 pathway blocks
endocytosis of PIN proteins, which consequentlyl$ei@ the unpolarized localization
of PINs in the PM. Interestingly, in embryogenesiss defect provokes homeotic
transformation of cotyledons to roots (Dhonukshealet 2009). Later in the plant

development defect in Rab5 pathway perturbed gogiit reaction and impaired
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lateral root initiation. Rab5 pathway was disturligdnduction of dominant negative
version (DN-Ara7) lacking Rab5 in the active statédy using mutated weaker allele
of Rab5 GEF AtVps9a-2. Since all thrAambidopsis RAB5 homologues reside on the
endosomes, the authors suggested that impaired RABSvay provoke accumulation
of internalized vesicles, which in turns block eagtosis through regulation feedback
(Dhonukshe et al., 2009).

1.2.4 Retromer complex sorts PINs from PVC to the TGN

Important part in controlling auxin flow represemegyulated accumulation of
PINs in lIytic vacuoles and their further degradaticCertain conditions such as
gravitropic stimulation and/or dark treatment prkeoncreased degradation of PINs
(Laxmi et al., 2008; Kleine-Vehn et al., 2008).lal8 and coworkers described
involvement of putative retromer subunits SNX1 &R529 in retrieval of PINs from
PVC to TGN (Figure 4). Furthermore they demonsttaielocalization of SNX1 and
VPS29 at the PVC (pre-vacuolar compartment) dowastr of GNOM endosomes
(Jaillais et al., 2007; 2008). Wps29 mutant PIN1 and PIN2 recycling was inhibited
and PINs were accumulated in aberrant SNX1 endosddedlais et al., 2007; Jallais
and Gaude, 2007). Kleine-Vehn et al., (2008) comdnl these data and further
demonstrated, thanhxl andvps29 mutants carry less PIN1 and PIN2 on the PM and
accumulate PIN2 in the vacuole-like structure (KéeWehn et al., 2008). It is worth
mentioning that in contradiction to the previouse@&ch Nimes detected retromer
component SNX1 at the TGN/EE in BY2 cells as wsllimArabidopsis root cells
(Nimes et al., 2010).

The final sorting of PINs into the internal vesglef the MVB is managed by
ESCRT-related CHMP1A and CHMP1B (CHARGED MULTIVESICAR BODY
PROTEIN 1A/1B) proteins (Spitzer et al., 2009).

1.2.5 ICR1 and Rop GTPase in PIN polarization

ICR1 was originally described as an adaptor stdiffg the interaction between
the active RHO GTPases and the SEC3 exocyst sulbuArabidopsis (Lavy et al.,
2007); its loss of function (LOF) mutation resulisa mislocalization and
misexpression of PIN1 iArabidopsis embryo and roots (Hazak et al., 2010). Another
testimony showing importance of RopGTPase in Planmation comes from the

study of lobes formation iArabidopsis leave epidermal cells. Current model assumes
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the effect of auxin activated Rop2-Ric4 pathwaysrdulobe formation in epidermal
pavement cells. Auxin induces rapid activation afpR GTPase, leading to polar
recruitment of RIC4 to the plasma membrane of ttoeving lobes, rearrangement of
the actin cytoskeleton and consequently to thergali@gon of PIN1 in growing lobes
(Xu et al.,, 2010). It is worth mentioning that deggn of ICR1 perturbed lobe
formation on the pavement cell and results in sepgdiaped cells (Lavy et al., 2007).
This fact points to possible involvement of adapfootein ICR1 in the lobe

formation.

®
Apical side *?

GNOMR

VPS297 GNOM
GNOM® endosomes

%
%”f
apis |eiaje|

5 . e RC
-: * Basal side

/ EC: Endocytosis
GNOMR: BFA resistant o @® phosphate group TC: Transcytosis

GNOMS: BFA sensitive . auxin RC: recycling

(Gao et al., 2008)

Figure 4 A model of regulators and pathways contribting to polar PIN

pocalization.

Schema showing PINs targeting to the apical, bdatdral side of the root cell
dependent on kinase PINOID (PID), protein phosgwtdA (PP2A), retromer
complex subunits SNX1, VPS29 and ARF GEFs GNOM@NdL1.
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1.3 Defining the hypothesis

My PhD thesis is the extension of previous reseancbur laboratory on the
characterization of the plant EXO70A1 exocyst sutbuArabidopsis insertional
exo70A1l mutants exhibit some phenotypic features pointmgompromised auxin
transport and/or signalling (Synek et al., 2006jstf the mutant exhibits delayed
lateral root initiation that is dependent on autevel (e.g. Hobbie and Estelle, 1995;
Casimiro et al., 2001). Second, short root hairhefmutant can be partly rescued by
addition of external auxin to the growth medium.oRbair elongation is also known
to be promoted by auxin (Leyser et al., 1996; Rettsal., 1998). Third, the apical
dominance is compromised iexo70Al plants, resulting in a bushy stature of
flowering plants — a symptom well connected to thsturbance in polar auxin
transport (PAT). Therefore the main aim of my Phiesis was to elucidate whether
exocyst is involved in auxin transport and if sartlwhat is the mechanism of exocyst
action in PAT.

Taking advantage of available transcriptomic ddtambidopsis thaliana we
hypothesize that EXO70AL represents the main EX€Xd@yst subunit in sporophyte
development, while other EXO70 isoforms may acspecific developmental stages,
environmental situations or in different membraoendins. Therefore, the second aim
of my project was to characterize along with EXOTI0&nd SEC8 exocyst subunit
other EXO70 isoforms with respect to PAT.

To achieve the goals of this study, | have defitvedl working hypotheses and

tried to answer the following questions.

|. Hypothesis

Polar auxin transport is compromised in exocyst mwnt exo70Al.

1) Is PAT compromised inexo70A1 mutant plants?
a) measuring the auxin transporexo70A1l mutant and WT plants.
b) comparing the auxin distribution #xo070A1 mutant and WT plants using DR5

reporter.
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Il.Hypothesis
EXO70Al1 along with other exocyst subunits are inveled in recycling and

polarization of vesicles carrying PIN1 and PIN2 prdeins.

2) Is Exo70Al1 along with other exocyst subunits iralved in PIN1 and PIN2
polarization?

a) monitoring PIN1 and PIN2 polarization @xo70Al, sec8-m1 mutants and WT
plants.

b) monitoring PIN1 and PIN2 repolarization afterBEeatment and its washing in
exo70Al, sec8-m1 mutants and WT plants.

¢) monitoring PIN1 and PIN2 transcytosis provokedpbolonged BFA treatment in
exo70Al, sec8-m1 mutants and WT plants.

3) How specific is the action of EXO70AL in PIN reycling? Does EXO70A1
function specifically in PIN recycling or is its rde more general in protein
recycling?

a) monitoring localization of some other recyclipgptein (BRI1:GFP) inexo70A1

mutant and WT plants.

4) Does exocyst localization depend on the plasma&mbrane composition and
BFA sensitive trafficking pathway?

a) treating GFP tagged exocyst subunits with BFA.

b) treating GFP tagged exocyst subunits with wartnin.

5) Is there any adaptor protein linking EXO70A1 orother exocyst subunits
to PIN proteins?
a) using co-immunoprecipitation to detect interestaf EXO70AL in respect to PIN

polarization.
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2 Aims of the thesis

1) To measure and compare radioactively labeled trafsport and activity in 1AA

maxima using DR5 reporter between WT axd70AL.

2) To analyse possible involvement of EXO70A1 alanth other exocyst subunits in
auxin efflux carriers (PINs) localization and reliyg.

3) To analyse specificity of EXO70AL for PIN reayd.

4) To address the EXO70A1 and some other exocysirsts localization in respect

to membrane lipid composition.

5) To study direct or indirect interactions betw&XO70A1 and other proteins using

co-immunoprecipitation.
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3 SUMMARY

The polarization of exocytosis in yeast and aninslassisted by the exocyst —
an octameric vesicle tethering complex and an &ffecf Rab and Rho GTPases.
Recently, the exocyst was described as a functioo@hplex involved in
morphogenesis also in plants. Hala et al. (2008crt@ed involvement of exocyst
complex in pollen tube growth and hypocotyls elditgain dark grown seedlings,
Fendrych et al. (2010) uncovered key role of exbrysell plate formation, Kulich et
al. (2010) emphasized the participation of exodystseed coat generation and
Pe&ienkova et al. (2011) described the contributiomxafcyst subunits in plant defense
towards the pathogens. All these processes aradtdly linked to secretion. Here we
show involvement of exocyst in auxin efflux carsadtINs recycling.

Using direct auxin transport measurement and GEgeth proteins, we showed
that the exocyst is involved in recycling and piaation of PIN proteins and polar
auxin transport regulation. Rootward polar auxansport is compromised in loss-of-
function mutants in exocyst subunits EXO70Al. Or ttellular level we have
detected accumulation of PIN2GFP in the enlargedA-Bke FM4-64 labelled
compartments distinct from VHAal labeled endosomvésreover recycling of PIN1
and PIN2 is retarded in roots @éfrabidopsis loss-of-function mutants in exocyst
subunits EXO70A1 and SECS8 after brefeldin A treattnEven more severe secretory
defect is observed after prolonged BFA treatmehts Bpproach normally provokes
transcytosis — i.e. relocalization of PINs from BEAmpartment to the apical PM in
the WT plants. However in exocyst mutareso/70A1 and sec8 PINs remains
internalized in the BFA compartment. We observedt thlso recycling of the
brassinosteroid receptor BRI1 is disturbed in s@mimanner as PIN recycling
indicating more general PM proteins recycling de{see manuscript).

Plasma membrane localization of GFP-tagged EXO7@Ad other exocyst
subunits studied (SEC8, SEC10) are resistant teldie A treatment suggesting that
studied exocyst subunits traffic BFA-insensitivéhpeay. On the contrary localization
of these subunits are sensitive to wortmannin +nhibitor that modifies membrane
phospholipids. These findings indicate that bindifigtudied exocyst subunits to the
PM might depend on the phospholipide membrane csitipo (see manuscript).

Using co-immunoprecipitation we revealed that EXAY(s present in a complex
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with ICR1 (see manuscript) — an adaptor protein iatgd interaction of activated
RHO/ROP GTPases with the SEC3 exocyst subunit (leda}., 2007) Recently ICR1
was proved to contribute to the regulation of pdaxin transport through PIN1
polarization (Hazak et al., 2010).

Whereas EXO70Al1 along with other exocyst subunitspldy uniform
distribution on the PM (Fendrych et al., 2010; nsomipt), EXO70G1 shows
enrichment on the apical and basal cell sidesearrdbot tip cells (see chapter Results).
This localization pattern might point to the role riecycling of polarly localized
protein such as PINs. Sinego70G1 mutant did not show any discernible phenotype
(Synek et al., 2006) we will have to prepare doulnetriple mutant ofexo70G1,
exo70G2 andexo70Al to uncover its function

Our data show that polar auxin flow mediated by PiNteins in plants relies
also on the proper function of vesicle tetheringnptex exocyst. Despite an
independent origin of plant multicellularity, thexoeyst conserved its role in cell
polarization and significantly participates in thegulation of polarity and

morphogenesis also in plants.
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4 Manuscript and appended publications
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5 Materials and methods

This chapter does not include materials and mettedsribed in the appended

manuscript and publications.

Plant material and growth conditions

Exo70G1 was cloned from the pCAT vector (Eliasletz03) to binary vector
pBAR modified by insertion of GFP cassette usingrietion sites BamHI. Construct
was used foAgrobacterium — mediated transformation of Col-0.

Arabidopsis seeds were surface-sterilized (10 min in 20% coroialebleach
and rinsed 3 times with sterile distilled waterdattispersed onto agar plates with
growing medium: 1/2x MS-salts (Sigma) supplementéth 1% (w/v) sucrose
(Fluka), vitamins, 1.6% (w/v) plant agar (Duchefla)ffered to pH 5.7. Stratification
was performed at 4 °C for 3 days. Seedlings wemvgrvertically in a climate
chamber at 22 °C under long-day conditions (16 Igbt per day).

Microscopy

Seedlings expressing fluorescently labeled proteiee transferred on a block
of agar into a chambered coverglass Lab-Tek Il aoserved with a Zeiss LSM 5
DUO confocal laser scanning microscope equippel #giss C-Apochromat 40x/1.2
water corrected objective. Bleaching during the PR&nalysis was performed two
times by 10 iterations using 75% of laser powertlos cell; images were grabbed

consequently ever30 s.

Drug treatments

Seedlings were transferred from agar plates intweb-cell culture plates
containing ¥2x MS liquid medium supplemented with 8@ brefeldin A (Sigma, 50
mM stock in DMSO) and incubated in light conditionsa climate chamber for 2 h.
DMSO in even concentration was added to negativerals. Washout of BFA was
performed by transfer of seedlings to medium withthe drug. Seedlings were

labeled by FM 4-64 (Invitrogen) in 5 uM final comteation and by propidium iodide
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(Invitrogen) in 10 uM final concentration 10 minfbee observation. Seedlings
stained by propidium iodide was rinsed two timethwvater.
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6 Results

6.1 Supporting information not included in the manscript

We have revealed perturbed auxin canalizatioexaYOA1 mutant plants after
local application of IAA. Since our recent publicat shows importance of exocyst in
primary cell wall formation (Fendrych et al., 201®e decided to test the
impermeability of Casparian strips 8xo70Al1 and sec8 mutant plants to uncover
whether the defect in auxin canalization cannoekglained by the escape of auxin
through the apoplastic pathway. To test impermaghof Casparian strips we have
used propidium iodide — compound that specificaligins cell walls and does not
penetrate through the Casparian strips (Alassinanal., 2010). This experiment
confirmed complete impermeability of Casparianpstrin mutants as in WT and
therefore supported the hypothesis of perturbedveadransport through auxin
transporters. Moreover this experiment revealeshquaced staining of the cell walls
in exo70A1 and even more irsec8 mutants in comparison to the WT. Increased
staining indicates changes in cell wall compositiwhich is in agreement with
transcriptomic data foexo70Al (Genevestigator database; Zimmermann et al., 2004)
and is the major subject of current exocyst projacbur laboratory. Completely
perturbed plasma membrane of dead cell enablesatiEation of propidium iodide
and staining of nucleic acids (Jones and SenftS19herefore propidium iodide also
used as a marker of dead cells. In our experimesigium iodide have labelled a
number of dead epidermal cellssec8 mutant, less i@xo70A1 mutant and none were
detected in WT plant (Figure 1).

29



Propidim iodide Bright field

S— - =y -

Figure 1 Roots ofexo70A1 and sec8-m1l stained by propidium iodide

WT

exo7041

sec8

Casparian strips iaxo70Al1 andsec8-ml mutants are impermeable for the propidium
iodide.
Cell walls of epidermal and cortex cellsaxno70A1l andsec8-ml display pronounced

staining in comparison to the WT plants. Bars =r20u

6.2 Localization of GFP:EXO70G1

Using Agrobacterium mediated transformation, we have prepared plants
expressing GFP:EXO70G1 under the control of 35&pter. In these plants we have
observed polar localization of GFP fused proteiredgrentially to the transversal PM
in the root tip cells. Significant portion of thiidrescent signal was also detected in
the cytoplasm (Figure 2A). To distinguish whethiee signal on the PM is apical,
basal or both we utilized FRAP (Fluorescence Regowfter Photobleaching)
analysis. Bleaching the signal from the whole oeealed that the new signal on the
apical and basal side is delivered from the neighgocells with the same rate, this
indicates enriched localization of EXO70G1 on badpjcal and basal cell sides
(Figure 2D). As in the work done by Fendrych et @010) we monitored
GFP:EXO70G1 during cell plate formation in root wells. In contrast to other
studied exocyst subunits, the GFP:EXO70G1 was ikezhlto the forming cell plate

from the initiation phase till the maturation phals®reover the intensity of the signal
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at the newly formed cell plate was weaker when cmeqb to other non dividing
adjacent cells (Figure 3). In contrast other stddiexocyst subunits display
enrichment in the maturing cell plate (Fendrychlet2010).

To get insight into the intracellular Exo70G1 rdayg, we have treated the
stable transformed plants expressing GFP:EXO70Gh fsefeldin A (BFA). The
BFA treatment did not affect PM localization of t6&P:EXO70G1 (Figure 2B). On
the contrary using wortmannin - the inhibitor ofogphoinositide 3-kinag®13K) and
phosphoinositide 4-kinase (PI4K) - disrupted dyramgcycling of the EXO70G1
between the PM and cytoplasm and provoked the tieplef the signal from the PM

and cytoplasmic pool enrichment (Figure 2C).
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Figure 2 Localization of GFP:EXO70G1

>
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(@]

Wortmannin treatment

o

FRAP analysis

A) Polar localization of GFP:EXO70G1 in teabidopsis root tip cells.

B) 50uM BFA treatment for 2 h do not perturbed GBERO70GL1 localization in the
Arabidopsis root tip cells.

C) 66uM Wortmannin treatment for 2 h evoked theast of GFP:EXO70G1 from
the PM ofArabidopsis root tip cells.

D) Monitoring GFP:EXO70G1 dynamic using FRAP anay8leaching whole cell
uncovered that the same time is needed to rectweisignal on apical and basal
transversal cell plate. Bars = 10uM
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Figure 3 Localization of GFP:EXO70GL1 during cell phte formation
GFP:EXO70G1 localize to the newly forming cell plaBar = 10um
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7 DISCUSSION

Auxin related phenotype ofexo70A1 mutant plants

The indirect proof for the connection of exocysthwihe regulation of polar
auxin transport and possible involvement of the ERB®1 in the switching of the
PINs destinations may be also found in the sintjtasf exocyst mutantsxo70Al1 and
sec8-ml with mutant in PIN polarization.
exo70Al andsec8-ml mutants display aberration in root meristem maiatee (Cole
R. Ph.D. Thesis), in lateral root initiation and &uxin maxima maintenance,
phenotypes linked to defect in polar auxin trangptypical for mutants in PIN
polarization. Especially strong deviation in roa¢nstem is seen ignom (Steinmann
et al.,, 1999)jcrl (Lavy et al., 2007), mutants in RAB5 pathway (Dhkshe et al.,
2010), in mutants with enhanced expression of PIWAG1, WAG2 (Dhonukshe et
al., 2010) and among the sterol biosynthetic mstamitantgpil-1 (Man et al., 2008)
andsmtl (Willemsen et al., 2003). These mutants differeeffgct PINs polarization,
mistargeting PINs to thapical, basal, lateral site or to the aberrantaceHular
compartments.

Interestingly, all singlg@in mutants display various weak phenotypes in primary
roots. Single mutanpinl and pin2 have only slightly reduced root length and root
meristem sizepin3, pind andpin? have slight division defect in the quiescent centr
and columela root cap cells (Blilou et al., 200A8%. described Blilou et al. (2005)
triple mutant pin3 pind pin7 enhanced expression of PIN1 in lateral-basal mangr
of the endodermis and PIN2 localized ectopicallyhimbasal end of prevascular cells,
the domains that originally express PIN3 and PINthese findings suggest partial
redundancy between PIN proteins in the root mensi@lilou et al., 2005).
Furthermore Blilou et al. (2005) performed seriégxperiments utilizing double and
triple pin mutants pointing to key role of PINs in root m&ia size regulation and
auxin maxima maintenance, which supports auxinedlphenotypic oéxo70Al.
However the most striking phenotype in comparisoneto70A1 mutant display

gnom™ andgnom®’®

the weakgnom alleles. Whereas loose of function alleles of the
Arabidopsis GNOM gene leads to severe defects in the embryonie sthgracterized

by perturbed establishment of embryonic axis, ek embryonic root and fused or
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deleted cotyledons (Mayer et al., 1993), the wealtlles except for rarely fused
cotyledons are nearly indistinguishable from the Wp to the 5 days after
germination. These weainom alleles as well aexo70A1l andsec8-ml are defective
in root meristem maintenance and lateral root foiona (Getdner et al., 2004; Cole
R. Ph.D.Thesis). To shed light on GNOM function der et al. (2004) used similar
approach as we did, they treated gmm™ mutant seedlings carrying DR5:GUS
reporter with synthetic auxin. They uncovered draenaccumulation of DR5:GUS
signal through the whole root tissue of grm™®mutant, whereas the WT effectively
canalized the auxin and probably provide the trarisfp the site of degradation
(Geldner et al., 2004). This finding strongly resdes the defect observedaxro70A1
plants and points to the common defect in effectaugxin canalization and
maintaining auxin gradients after external auxiplaation.

We have shown tha#xo70A1 mutant displays the most severe defect on PIN
recycling after blocking the function of GNOM byagtonged BFA treatment. There
are other four BFA sensitive ARF GEFs functionimgthe Arabidopsis, however
expression of BFA resistant form of GNOM uncoverésl major role in PIN
trafficking from the endosomes to the PM (Geldnerak, 2004). These findings
suggest that blocking GNOM function simultanouslythwdepletion of exo70A1
almost completely block trafficking to the PM anctamulate PINs and BRI1 in the
enlarged BFA compartments.

We have shown that depletion of EXO70A1 resultedcompletely perturbed
root waving phenotype. It was proposed that wavmeflects circumnutation,
gravitropism and negative thigmotropism (Migliaceind Piconese, 2001; Santer and
Watson, 2006) and due to the impact of auxin ort noeristem, it is expected that
auxin transport and signaling is involved in thisgess as well (Santer and Watson,
2006). It is worth mentioning that even though ¢hex an interplay between waving
and gravitropism, the gravitropic response @{©70A1 mutant seedling was
indistinguishable from the WT. Despite the intelesstudy, precise involvement of
auxin trasport in root waving are not elucidatedtilrecently, WAG1 and WAG2,
the proteins acting as the suppressor of wavingtédaand Watson, 2006) were
shown to act redundantly to PINOID (PID) functiddhpnukshe et al., 2010). It was
proved that WAG1 and WAG2 as well as PID are ACfakes, that instruct basal to
apical PIN polarity shifts (Dhonukshe et al., 20KGine-Vehn et al., 2009).
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The mutant seedlingsagl, wag2, wagl wag2 as well aexo70Al did not show
any defect in gravitropic response. Unlikely égo70A1, single wagl, wag2 and
doublewagl wag2 mutants display pronounced waving phenotype. Hewénple
mutantwagl wag2 pid display gravitropic defect and completely lackedytedons,
similarly to pid pin1 mutant (Furutani et al., 2007; Dhonukshe et &10. On the
contrary overexpression of PID, WAG1 and WAG2 lgadthe loose of gravity
responses, depletion of auxin maxima and totalapst of root meristem. On the
cellular level overexpression of PID, WAG1 and WA@auce apicalization of PIN1,
PIN2 and PIN4 (Dhonukshe et al., 2010). Theseltesuicate that even though the
WAG1 and WAG2 play important role in PIN polarizatj utilizing singlewagl,
wag2 and doublevaglwag2 mutants uncover strong waving phenotype but mizeik t
participation in gravitropic responses. Moreovegsth findings corroborate that root
waving phenotype, root tip auxin maxima and rootristem size reflect auxin
distribution and supports the fact thexo70A1 phenotype mirrors the compromised
auxin transport through PIN polarization.

Detail microscopic inspection ofirabidopsis exo70A1l uncovered a unique
unpublished root cap phenotype - we observed extraccumulation of border-like
cells (BLC) layers still attached to the root capexo70Al. In contrast WT plants
release these cells from the root cap region ardagf connected cells (Driouich et
al., 2006). Root cap architecture is under thercbmtf auxin, however we speculate
that this phenotype @&xo70Al might reflect a defect in cell wall material ollogall-
degrading enzyme deposition, since BLCs are dethftben the growing root cap by
cell wall-degrading enzymes. Importance of cell lwabmposition in root cap
organization was recently supported by charactiéoizaof Arabidopsis mutant
guasimodo (Durand et al.,, 2009). This mutant has reduced ybibesis of
homogalacturonan and sheds isolated cells fromatbiecap (Durand et al., 2009).

Exocyst and PM protein recycling

Based on expression profile of EXO70s, EXO70A1 maslicted to function as
the main EXO70 in sporophyte development. This etgimn was strengthened by
detailed analysis of T-DNA insertional mutant in @X0A1 (Synek et al., 2006).
Some phenotype deviations @ko70A1 mutant resembled the defect in auxin

transport or synthesis. Here we present data slgothi@ involvement of EXO70A1
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and other exocyst subunits in PINs and BRI1 rengcland therefore confirming
evolutionary conserved role of exocyst in PM pmot&cycling also in plants

We have uncovered pronounced decrease (about 88npem the rate of auxin
transport for both mutant allelexo70A1-1 and exo70Al1-2. Detailed monitoring of
auxin transport through the tissue using DR5:GU%rnter line uncovered reduced
auxin maxima in the root tip a#&o70Al, confirmed compromised rootward auxin
transport and additionally revealed perturbed kzait#gon of auxin inexo70A1 mutant
plant. Since our recent publication showed impaanf exocyst in primary cell wall
formation (Fendrych et al., 2010) we tested theemyeability of Casparian strips in
ex070Al and sec8 mutant plants by propidium iodide staining. Thisp@riment
confirmed complete impermeability of Casparianpstrand therefore the defect in
auxin canalization cannot be explained by leakdgaugin from apoplastic pathway
but rather by perturbed active transport througkiratransporters. The main auxin
transporters are represented by efflux carrierssPiilux carriers AUX1 and ABC
transporter-like phosphoglycoprotein (PGP). We hslrewn that exocyst plays the
important role in PIN1 and PIN2 recycling in roit tells.

We have observed accumulation of PIN2 in the compamt distinct from
VHAal labelled early endosomes. We did not uncokerorigin of this compartment
but we have suggested that it functions downstrednthe early endosomes.
Formation of aberrant compartments in plant exooystant is in accordance with
studies in animal cells. IDrosophila exocyst subunits Sec5, Sec6 and Secl5 localize
to the recycling endosomes and regulate DE-Cadheaifficking to the PM in
epithelial cells and mutations in any these exosystunits provoke accumulation of
DE-Cadherin in enlarged Rabll recycling endosomemgdevin et al., 2005).
Another viableArabidopsis exocyst mutanéxo84b with pronounced secretory defect
was characterized by Fendrych et al, (2010). Usiaigsmission electron microscopy
they observed accumulation of vesicles in the niuteave epidermal cells, the
aberration resembling the secretory defect in yeagicyst mutants which is
manifested by accumulation of secretory vesicles tiee PM (Novick et al., 1980;
Guo et al., 1999b).

Furthermore inexo70A1 mutant as well asec8 mutant we have described
perturbed repolarization of PIN1 and PIN2 after washing BFA and even more
severe defect was observed during transcytosiscetwby prolonged BFA treatment.

These results indicate that the transcytotic paghfea some transporters might be
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exocyst dependent processes. In animals exocysipalsicipates during transcytosis
as documented by Oztan et al. (2007). They obsdnealization of exocyst to the
apical and basolateral endocytic compartments asdribed involvement of SEC15A
in basolateral to apical transcytodrs plants transcytotic re-localization of PIN ocgur
also under physiological conditions, as shown byassive redirection of PIN2 from
the apical and basal cell sides of the newly formmetplate to strictly apical or basal
polar localization (Kleine-Vehn et al., 2008). Sinwe have shown that exocyst plays
the key role during maturation of newly formed qatite (Fendrych et al., 2010) it is
possible that also PIN polarization on the newlgnfed cell plate might depend on
exocyst function, however we have not tested thassibility. Transcytotic
relocalization of specific PINs to the lateral meare is also the major factor
regulating auxin flow during phototropic and gravfic reaction (Friml et al.,
2002).Considering the slower growth and skewinghefexo70A1 homozygous root
we did not measure any major difference in grapitaesponse except for short term
root growth disorientation during germination oetkeedling which might or might
not be the consequence of perturbed auxin transpadther example of naturally
occurring transcytosis of PINs in the cell représeapolarization of PIN1 from basal
site to the outer lateral site during lateral rootiation (Benkova et al., 2003).
Although exo70A1 mutant displays delayed lateral root initiatiore tirief inspection
of PIN1 did not reveal any major defect in polarstyitch (data not shown). These
findings show that whereas drug induced transcyto§iPINs is almost completely
blocked in exocyst mutants under physiological ¢oas, EXO70AL is not required
for lateral auxin redirection or alternatively themight be functional redundancy
between EXO70 isoforms. In fact the functional mdlncy between EXO70
isoforms is expected; it was previously reportedt #t least 16 out of 23 EXO70s are
expressed i\rabidopsis roots (Genevestigator; Li et al., 2010).

Similar recycling defect irexo70A1 mutant as described for PIN has been
recorded also for brassinosteroid BRI1 receptatedn, experiment revealing reduced
sensitivity ofsec8 mutant to externally added brassinosteroids itdccanvolvement
of the exocyst in brassinosteroid signaling (Cole F.D. Thesis). We cannot
conclude that the defect in PINs polarization imapst mutants fully describes the
dramatic reduction in rootward auxin transport awarfish phenotype ofxo70Al
mutant we have to consider the fact that also brasteroid signaling effects the

auxin homeostasis and signalling (Hardtke et abQ72 and therefore it might
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significantly contributes to the phenotypic dewatin exo70Al plant. These findings
supports the idea that exocyst function generdtcang several trafficking pathway,
which is in agreement with our previous studiespog to its key role in variety of
secretory processes including cell plate formaffeendrych et al., 2010), seed coat
formation (Kulich et al., 2010), pollen tube grovehd hypocotyl elongation (Hala et
al., 2008).

As mentioned above ABC transporter-like phosphagpyoteins (PGP) also
operate as the auxin transporters. Two members fhasnfamily PGP1 and PGP19
significantly accelerate long distance auxin tramspGeisler et al., 2005; Noh et al.,
2003), furthermore PGP19 is localized to the rawmtoglermis and pericycle cells and
is proposed to prevent escape of auxin from thée StBlakeslee et al., 2007).
Therefore the defect in PGP19 proteins resembldecdelescribed inexo70Al
mutants after application of IAA on the root/shgahction. We cannot exclude
possible involvement of EXO70AL1 in PGP mediatedimuransport, but our result
showing proportional reduction of auxin transpdtemapplication of PGP inhibitor
gravacin inexo70A1 mutant plants did not support this possibility.eTéame is true
for auxin influx carrier AUX1/LAX, we have not test the impact of depletion of
exocyst subunits on localization of these trangwsrtbut considering the result
showing no less effect on IAA transportero70Al after application of AUX1/LAX
auxin uptake inhibitor 1-NOA we might suggest tWdiX/LAX are not the main
target of exocyst function.

Exocyst - ICR1 interaction

We have shown that EXO70A1 coimmunoprecipitates \WitR1 protein. ICR1
was originally described as the adaptor proteirffaicing the interaction between
SEC3 and RHO GTPase (Lavy et al., 2007). Thesenfysdsupport the hypothesis
that the plant exocyst function is regulated by RBOPase likewise describe the
yeast and mammalian models (Brennewald and Ro38¥)2The exocytotic defects
on the cellular level imcrl mutant such as accumulation of PINs inside theared
delay in recruitment of PINs to the PM after BF&daimment resembles the defects
observed inexo701 mutant plants, however the aberrant PINs polaomain icrl
mutant is much more pronounced and results in sedevelopmental defect which is
notable from the triangular stage embryo onward fdot ofexo70A1 plant displays

compromised auxin maxima in the root tip, reduded ef the root meristem (Cole R.
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Ph.D. Thesis) and lower amount of starch. The amdeviations are known in the
root tip of ICR1 knockdown, nevertheless the aliemng are much more severe
during the time of post embryonic development legdio complete loose of auxin
maxima and to the collapse of primary root 14 DA{&aZak et al., 2010).

Whereas we have seen only slight intracellular aedation of PIN2 in
untreatedexo70Al plant,icrl has pleotropic impact on PIN recycling. First, idgr
embryogenesiscrl accumulated PIN1:GFP in enlarged compartment.rlLdieing
post embryonic development the basal to apicat ehiPIN1 and PIN2 were observed
in the root oficrl. Moreover this approach revealed misexpressioRINL:GFP in
epidermal cells and root hairs and its subsequestimaulation in intracellular
aggregates (Hazak et al., 2010). These deviatiare wever observed iexo70Al
background, suggesting that ICR1 might functiortheesadaptor for other regulatory
proteins in the secretory pathway which contribiatehe more severe defect in PIN
polarization inicrl mutant. Alternatively losing one of the exocysbsnit does not
completely impair the function of the remaining saoimplex, which can partly
manage the tethering function in PIN recycling. Btwrer we have to consider that
large number of the EXO70s in the root might belpaedundant in their function.

The strength of the deviation in PIN polarizati@flects the aberration on the
organ level. Whereas iexo70Al plants we have discovered a delay in lateral root
initiation, primary root oficrl collapsed before forming lateral roots and insteatl
forms the adventitious root with arrested primordianew lateral roots. Considering
the phenotypic deviations in aerial tissue, it isrtlv mentioning the square shape
epidermal pavement cells @1 mutant. This defect points to the possible rolmbe
formation through ROP2-RIC4 and ROP6-RIC1 dire®#d1 polarization as pointed
out Xu et al., (2010). In contrapxo70Al leaves carry properly shaped pavement cells
similar to other studied exocyst mutaetg84b, sec8-ml) suggesting that this process
do not require EXO70A1 and might be exocyst indeljpan

GLUT4 trafficking versus PIN recycling

We have shown that in the plant exocyst regulaii¢king of auxin transporter
PIN to the PM. This result correlates with studies animal cell, describing
involvement of exocyst in transport of severaleggors and transporters to the PM.
Best characterized is trafficking of vesicles cargy glucose transporter GLUT4

(Inoue et al, 2003; Bao et al., 2006; Wu et al1®0 Comparing these two exocyst
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dependent trafficking pathways in plant and anio@l reveals many similarities but
also differences.

Comparing localization, the major pool of PIN piogin the cell is polarly
localized on the PM, to achieve the polar distidout PIN have to recycle through
clatrin mediated endocytosis, which require funwilcARF GEFs, actin cytoskeleton
and Rab5 endocytic pathway. Recycling of PINs ® BM runs through TGN and
GNOM containing endosome. On the contrary in uns@ted animal cell GLUT4
reside mainly on the intracellular compartment, lecthl GLUT4-specialized
compartment (GSV). The process of sequestratiddLddT4 to the GSV is controled
by IRAP and RabGAP AS160 (Jordens et al.,, 2010)odaézation of GLUT4
transporters to the PM is induced by external homhsignal - by insulin stimulation.
Insulin provokes redirection of GLUT4 from the GSM recycling endosomes to the
PM. Accordingly PIN polarization is continually effted by the presence of plant
hormone auxin. Increased auxin concentration itdhil@ndocytosis of PINs and
promotes increase auxin transport from the celti@Pek et al., 2005). However the
precise mechanism of auxin action on PINs remdurs\e.

Localization of exocyst in these two pathways misrthe distribution of the
regulated transporters PIN and GLUT4. Whereas immaln cell EXO70 is
predominantly locked in the endosomal compartmemtd the insulin stimulation
induces relocalization to the PM, in the plant dek EXO70A1 maintains rapid
recycling to the PM. It is noteworthy that EXO70Adcycling is much faster than
PIN recycling.

In plants we have shown that EXO70A1 coimmunopitatp with ICR1,
adaptor protein for ROP GTPase. The inherenceeolink between exocyst and ICR1
was further supported by Hazak et al. (2010). Thegovered that ICR1 interacts
directly with SEC3 and has a potential to recrli#C3 to the PM (Lavy et al., 2007).
Moreover ICR1 (Hazak et al., 2010) as well as EX@FQvere shown to regulate
PIN1 recycling. These findings document an essertia of exocyst and adaptor
protein ICR1 in tethering of vesicles carrying Ppxbteins. In mammals it is well
documented that targeting of GLUT4 carrying vesiobgluires direct interaction
between EXO70 and RHO GTPase TC10 (Inoue et &@3)20

Comparing Exo70A1GFP and Exo70G1GFP localization
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Till now EXO70A1 and EXO70G1 were the only GFP ideXO70s stably
expressed irArabidopsis. Comparing their localization in root tip cells ureoed
several common features. First, GFP:EXO70G1 as aglGFP:EXO70AL localizes
on the PM and also significant portion of the GH&nal remains intracellular.
Second, PM localization of both plant EXO70s areaftected by treatment of ARF
GEF specific inhibitor brefeldin A. In mammalianudtes certain discrepancy exists in
relation to the sensitivity of exocyst subunitstih® BFA. Whereas Vega and Hsu
(2001) did not observe perturbed localization obBX from Golgi structure after
BFA treatment in PC12 cells, Xu et al. (2005) releat BFA induced dispersion of
Exo70:GFP from the Golgi in HepG2 cells. Third, tiee plant root tip cell both
EXQO70s relocalize from the PM to the cytoplasmratiteatment by wortmannin - the
inhibitor of PI3K and PI4K. InArabidopsis root tip cells wortmannin inhibits
specifically SNX1 endosomes (PVC) and blocks retadg transport from PVC to
TGN (Jaillais et al., 2008). Due to the fact th&tKPresides also on the PM, we can
speculate, that the high concentration of wortm@anrtreatment disturbs
phospholipides composition of PM which can consatyélock binding of EXO70s
to the PI(4,5)Pand evokes the release of EXO70s to the cytoplatese results are
consistenwith the findings in yeast and mammals. Crystalbgranalysis of EXO70
and detail characterization of C-terminus of thetg@in uncovered positively charged
patch on the well conserved C-terminus of EXO70 ithdirectly liable for interaction
with negatively charged phospholipides (Liu et 2007; He et al., 2007). As shown
by Zarsky et al, (2010) some of the plant EXO70gehaell conserved this motif,
suggesting that at least some plant EXO70 isofocodd bind directly the PM
(Zarsky et al., 2009). To confirm the direct birgliof EXO70s to the PM lipids, it
will be necessary to prepare point mutations indbeserved binding domain in the
EXO70s and also test exocyst protein/domain intenaevith liposomes.

However there are two important differences in liaaéion of both EXO70
isoforms. First, GFP:EXO70AL resides on the PM memé homogenously, similar
to other exocyst subunits (Fendrych et al., 20Mhereas EXO70G1 localizes
preferentially on the apical and basal sides ofrtdwe cells. Second, as described by
Fendrych at al. (2010) EXO70A1 along with otherdgtd exocyst subunits localizes
to the newly forming cell plate during the init@ti phase, later during the growing
phase the signals disappear and occur again dtnegdfinal stage of cell plate
maturation (Fendrych et al., 2010). On the contt@fP:EXO70G1 persists in the
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newly formed cell plate from the initiation till ¢hmaturation phase. Moreover,
whereas EXO70A1 and other exocyst subunits disglagychment on the newly
formed cell plate, the signal of GFP:EXO70G1 is kexain comparison to the
adjacent non dividing cells. Due to theonounced polar distribution in the root cells,
it seems that EXO70G1 might specifically functionvesicle tethering to the apical
and basal domains of the PM. Such domains are sxtdn utilized by PINs and by
the regulatory proteins that facilitate PINs reaygl such as ICR1 (Hazak et al.,
2010). Unfortunately we did not find any discereilghenotype foexo70G1 mutant
plant which might be caused by redundancy betwe€Dms. Therefore to shed light
on EXO70G1 function it will be necessary to prepdoeble and/or triple mutant of
ex070G1, exo70G2 andexo70AL.

When we are discussing GFP:EXO70A1 and GFP:EXO70&&hlization
pattern we have to consider the fact, that both @&Fed protein were expressed
under the 35S promoter which might partly causeoabal localization due to the
overexpression. To avoid this, it will be necesgargxpress these GFP fused proteins

under the native promoter.

Comparing localization of exocyst in plant, yeastrad animal cell

We have previously published that GFP:EXO70G1 @aliaed to the distinct
patches near or on the PM and to the nucleus imlanped Nicotiana tabacum
protoplasts (Elia$ et al., 2003). Similar localiaat pattern was observed also for
GFP:EXO70AL (Synek L. Ph.D. Thesis). Wang et @1(® utilized the same method
and overexpressed transiently 8 out of &&bidopsis EXO70 isoforms. However
only EXO70A1, EXO70B1 and EXO70E2 localized to fheiches in the PM and in
the cytoplasm, which might partly resembles lo@ion pattern for EXO70G1 and
EXO70AL in protoplasts prepared in our laboratdiye remaining studied EXO70s
showed strictly cytoplasmic localization (Wang &t 2010). Wang and coworkers
focused the interest on EXO70E2, trying to elu@dae origin of the patches. Using
immunolocalization inArabidopsis roots, transient expression of EXO70:GFPs in
BY2 cells and in protoplasts, they described nglaht specific compartment called
EXPO, which carry EXO70E2, EXO70A1 along with otlocyst subunits, but did
not colocalize with any standard endomembrane markeither the FM4-64 dye.
This compartment was not sensitive to BFA or wortma treatment. Surprisingly
our detailed study of GFP:EXO70Al1, GFP:EXO70G1 atider exocyst subunits
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(SEC8:GFP, EXO84b:GFP, SEC10:YFP) in roots of statdnsformedirabidopsis
plants did not reveal any structure resemblinggdK€0O compartment. Using confocal
scanning microscopy we have detected strong unifBivh signal for all exocyst
subunits, except for GFP:EXO70G1 which kept pred@mily polar PM distribution.
It is noteworthy that whereas expression of EXOTO&4#P under the native
promoter led to the PM localized of fused protewerexpression of EXO7084b:GFP
provoked accumulation in the intracellular compamis (Fendrych et al., 2010). This
finding confirms that overexpression of same fug@dteins might lead to the
mislocalization. Our results stand in contradicttonWang'’s results and therefore
further study is needed to clear up the discrepaBaged on our findings | suggest
that loosing polarity in protoplast evokes relozafion of EXO70s to the patches
near/on the PM and to the nucleus. It is evideat tell polarization and proper
exocyst localization and function are intimatelykied. For example in non polarized
MDCK epithelial cells exocyst is localized on TGNtlae perinuclear region (Yeaman
et al., 2001, 2004) whereas in polarized MDCK ¢elEC8 and SEC6 reside on the
TGN and the PM of tight junction (Grindstaff et,dl998; Yeaman et al., 2001, 2004).
These findings indicate that exocyst localizatiorghth change in relation to the
differentiation state of the cells.

PM localization of exocyst complex in the plant retates with exocyst
localization in animals and yeast. As describedaHl al. (2008) exocyst subunits
colocalize in the tip of tobacco pollen tube andipgpate probably in secretion of cell
wall material, fundamental process for pollen tgb@vth. Similar function delivering
material for polar or apical growth is attributedthe exocyst in yeast and mammals.
In yeastSaccharomyces cerevisiae exocyst localizes to the tip of growing bud (Finge
et al., 1998), in neuronal cell exocyst resideshia tip of growing neurit ensuring
vesicle targeting during neurit outgrowth and syogpnesis (Vega and Hsu, 2001).
This finding is further supported by Murthy et @003) showing key role of exocyst
subunit SEC5 in secretion of membrane proteins raatkerial essential for neurit
growth. Moreover in the plant cell Fendrych et (@010) have shown that exocyst
participates in cytokinesis and localizes to thk gkate during initiation phase and
later during post-cytokinetic cell plate maturatidrhis result is consistent with the
findings in yeast and mammals, showing localizatadnexocyst to neck between

daughter and mother cell in dividirgccharomyces cerevisiae (Finger et al., 1998),
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to the abscission site Baccharomyces pombe (Wang et al., 2002) and to the midbody
in dividing mammalian cell (Gromlea et al., 2005).

In addition to huge impact of exocyst on tethenmgicles to the PM in yeast,
animals and plants, there are several lines ofeené pointing to exocyst function on
TGN or endosomes in cargo selection or vesicldickafig in mammals. As reported
Grindstaff et al. (1998) and Yeman et al. (20019cking SEC6/SEC8 complex
inhibits exit of cargo from the TGN. In mammali&iney cells (COS7 cell lines)
EXQO70 functions in trafficking of transferrin redep (TfnR) through interaction with
endosomal localized ARF GEF BIG2 (Shin et al., 208en et al., 2006). In the root
tissue we have detected GFP fused to the exocysinga mainly polarly or non-
polarly in the PM. The significan portion of thégrsal manifest intracellular
localization, however no structures resembling epdwes/TGN were detected.

Therefore the localization of plant exocyst to émelosomes remains elusive.

The assembly of the exocyst complex in plants andp3thokonts

We have shown that plant exocyst coordinates varfocesses connected to
polarized secretion such as root hair growth (Syetesl., 2006), pollen tube growth
and hypocotyl elongation in etiolated seedlingsléH& al., 2008), formation of seed
coat (Kulich et al., 2010) and initiation and mation of cell plate (Fendrych et al.,
2010). All of these functions involve the estabint and maintenance of the cell
polarity, which is a well described role for exocys Opisthokonts. Our work on the
composition of the plant exocyst complex revealedserved pairwise interactions
SEC3a-EXO70Al1, SEC15b-SEC10 and SEC6-SEC8 known freast and animals,
however it is possible that plant exocyst subumiight assemble in a slightly
different way utilizing multiplied subunitéHala et al., 2008). Additionally Fendrych
et al. (2010) uncovered direct interaction pairsB4¥b-EXO70A1 and EXO84b-
SEC15, the interactions described in animals, loaitim yeast (reviewed in Munson
and Novick, 2006).

All these plant studies describing the role of filant exocyst in polarized
secretion, analysed the role for EXO70A1, the dbdsomologue of yeast and
mammalian EXO70 subunit (EliaS et al., 2003; Syretkal., 2006). Extreme
mutiplication in EXO70 family rises the questionhether other EXO70 subunits act
individually or as a part of the exocyst complexr Fwo other EXO70 isoforms,
EXO70B2 and EXO70H1, interactions with SEC5a, SHC4a6d for EXO70H1 also
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SEC3a were found using Y2H system. Moreover thexpeeted interaction of
EXO70B2 with EXO70H1 was also uncovered. On theeotiand the interaction of
EXO70B2 and EXO70H1with the putative core exocysiusits SEC6 and SEC8 was
not detected by Y2H system (@ekova et al., 2011). Based on these results it is
suggested that different population of exocyst demgs or subcomplexes might exist
in plants (P&nkova et al., 2011). Since the Y2H system mayahweays reflect the
true physiological interaction, the verificationtbese results will be matter of further

experiments.

Vesicle tethering independent of exocyst function

In mammals exocyst is involved in many but not linsacretory pathways. For
example fusion of synaptic vesicles to the PM isoyst-independent process. Instead
Muncl3 protein is required for tethering vesiclaesd aneurotransmitter release.
Munc13 protein contains MUN domain that can bindhi syntaxinl and stabilizes it
in the open conformation that is necessary for SEABRomplex formation.
Interestingly detail sequence analysis uncoveredilagity of Muncl3 to known
tethering complexes exocyst, COG, GARP and Dsl1nd@ originated probably
from duplication of one exocyst or GARP subuniti(Beal., 2009). Interestingly
genome of Arabidopsis thaliana contains 5 orthologues containing MUN
domain/DUF810 (At5g06970, At2g33420, At2g20010, g’a3800, At1g04470) (Pei
et al., 2009). In plants till now, the only idergd tethering complex acting on the PM
was the exocyst. Our results suggest that exocydicypates in various exocytic
events at the PM, but it is possible, that somegs®es might not require exocyst or
might not require the whole exocyst complex. PMitN domain containing proteins
are not experimentally characterized in plants. E\ev transcriptomic data suggest
that four of these genes are highly expressed énwhole sporophyte tissue or
specifically in the mature pollerA(abidopsis eFP Browser). Intensive study will be
required to uncover whether the plant MUN domaimtaming proteins regulate
tethering of vesicles to the PM alternatively te #xocyst complex also in the plant
cells.

It is clear, that plant exocyst possess many cheniattic common to yeast and
mammalian exocyst, however many features are uniquihe plant exocyst and
further study is needed to shed light on regulabbrexocytosis mediated by plant

exocyst.
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8 CONCLUSION

1) Using direct auxin transport measurement we lsaesvn that rootward polar auxin
transport is compromised in T-DNA insertional mutaim exocyst subunits
EXO70AL. Using DR5:GUS reporter line we uncovereduced auxin maxima in the
root tip of exo70A1 mutant plants. Moreover we detected canalizatiefea after

local application of IAA inexo70A1 mutant plants.

2) On the cellular level we have detected accunuradf small portion of PIN2:GFP
in the “BFA-like” compartments, that are differdmm early endosomes marked by
VHAal. Moreover recycling of PIN1:GFP and PIN2:GtePthe plasma membrane is
retarded in roots odxo70Al andsec8-m1 mutants after washing out the brefeldin A.
Even more severe secretory defect is observed piftéonged BFA treatment. This
approach normally provokes transcytosis — i.e.calpation of PINs from BFA
compartment to the apical PM in the WT plants. Hesven exocyst mutanixo70Al
andsec8-ml PIN1:GFP and PIN2:GFP remain internalized in tRABompartments.

3) We observed that recycling of the brassinostiereceptor BRI1 is also disturbed in
similar manner as PINs recycling indicating morenegal PM proteins recycling

defect.

4) Plasma membrane localization of studied GFPedgrxocyst subunits (EXO70AL,
SECS8, SEC10) are resistant to brefeldin A treatmertich indicates that these
subunits traffic BFA-insensitive pathway. On thentary localization of these
subunits is sensitive to wortmannin — an inhibithrat modifies membrane
phospholipids. These findings indicate that bindigtudied exocyst subunits to the
PM might depend on the phospholipide membrane cesitipo.

5) Using co-immunoprecipitation we revealed thatdZXAL is present in a complex

with ICR1, indicating that PIN recycling might begulated by interplay between
exocyst, adaptor protein ICR1 and RHO/ROP GTPases.
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SOUHRN

1) Fimym mefenim auxinového transportu jsme ukézali, Ze tratspxinu ke Spice
kofene mutantaexo70Al je vyrazié zpomalen. S vyuZitim reportéroveé linie
DR5::GUS jsme odhalili zmenSené auxinové maximukoienove Sgice mutanta
exo70Al a navic lokalni aplikaci IAA se nam pdida odhalit kanalizani defekt
v koreni mutantaxo70AL.

2) Na bur¢né arovni jsme detekovali akumulaci malého mnoZiizhiho proteinu
PIN2:GFP do kompartmeintodliSnych od endosaimnesoucich VHAal. Navic byla
po pisobeni brefeldinu A sithnaruSena zfina recyklace faznich prota@irPIN1:GFP
a PIN2:GFP na plazmatickou membranu wekmch mutarit exo70A1 a sec8-ml.
Jest vyrazrejSi recykl&ni defekt byl patrny po prodlouzeniigobeni BFA. Tento
pristup vyvolava transcytozu — tj. relokalizaci PINeini z BFA kompartmerit do
apikélni PM v biikach kadene WT. AvSak v fipact mutanti exo70Al a sec8-ml
zastavaji fuzni proteiny PIN1:GFP a PIN2:GFP intezwlany v BFA

kompartmentech.

3) Zzjistili jsme, Ze mutanéxo70Al vykazuje defekt v recyklaci brasinosteroidového
receptoru BRI1, obdobny jako ¥ipadt proteimi PIN1 a PIN2, coZz poukazuje na

obecrjSi defekt pi recyklaci bilkovin plasmatické membrany.

4) Lokalizace GFP zranych podjednotek exocystu (EXO70A1, SEC8, SEC10) v
plazmatické membré&nje rezistentni k f{sobeni brefeldinu A, coz indikuje, Ze
studované podjednotky exocystu putuji drahou, ktexai citliva k BFA. Naopak
lokalizace &chto podjednotek je senzitivni kigobeni wortmanninu — inhibitoru
modifikujiciho membranové fosfolipidy. Tyto pozngtknaznguji, Ze vazba
podjednotek exocystu na plazmatickou membranu bylan@aviset na jejim

fosfolipidovém sloZeni.
5) Pomoci koimunoprecipitace jsme ukazali, Zze EXQI/{e piitomna v komplexu s

ICR1, coZz naznalje, Ze by recyklaci PIN proteirmohla byt regulovana spaéiegym
pusobenim exocystu, adaptorového proteinu ICR1 a BDIPaz.
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