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Abstract

Cytoskeleton is known to participate in exocytosfsyeast and animal cells. The role of plant

cytoskeleton during exocytosis has not been fulhydarstood yet. However, both actin and

microtubules evidently contributes to the secretibspecific cargo proteins or cell wall components

Plant cytoskeleton influences the dynamics of etamig through various functions. First, secretory
vesicles are delivered near the plasma membragen8gemicrotubules were shown to mark the place
of exocytosis. Third, cytoskeleton is able to préavenembrane fusion by simple separation of
compartments. Fourth, cytoskeleton potentially ratdi the interaction between molecules of
secretory apparatus. Secretion of certain cargoecotds appears to be dependent on different
cytoskeleton types and the exocytosis seems tqéeifeally regulated in each tissue. This thesis
aims to describe interplay of cytoskeleton andetecy pathway on the example of tip growth and to

predict future direction of research on secret@hway based on cellulose synthase secretory data.
Key words:

Plant exocytosis, secretory apparatus, actin, ribrdes, tip growth, pollen tube, root hair, cake

synthase containing compartments

Abstrakt

Cytoskelet se v Zivisnych a kvasinkovych likach vyznamé podili na exocytése, aviak u rostlin
dosud neni f@sny molekularni mechenismus interakce sekretdritkaaratu s cytoskeletem znam.
Novodoba pozorovani vSak napovidaji, Ze mikrotulbalitin ovliviiuji dynamiku exocytosy titych
proteiri. Obecr se cytoskelet podili na exocytdése dopravou selickfah vaka k plasmatické
membrag a je schopen oztiavat mista budouci sekrece. Péelpaieni limitni koncentrace
cytoskeletalnich vidken ide slouZzit jako sterickad zabrana a brani tak faenpartment. Rostlinny
cytoskelet také pra¥godobr prispiva k exocytose ffmou interakci se sekretorickym aparatem.
Sekrece twznych rostlinnych sekretorickych &k je zavislaA na aktinu, mikrotubulech, obou
komponentackii nezavisla na cytoskeletu. Také se ukazuje, Zeyd@sa jefizena tkédove specificky.
Tato prace si klade za cil uvést n#ikjadu vrcholového irstu souhru cytoskeletufipexocytose
jednotlivych proteid a komponent bugné stény a na zaklatl spoluprace aktinu s mikrotubulyip
sekreci celulosa syntasy se snazi n&traudouci smr vyzkumu dynamiky exocytosy v kontextu

rostlinné buiky.
Kli éova slova:

Exocytosa rostlinnych bék, sekretoricky aparat, aktin, mikrotubuly, vrchojorist, pylova léka,

korenové vlaseni kompartmenty obsahujici celulosaasynt
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1. Introduction
In eukaryotic cells, the secretory pathway is etgglefor morphogenesis, cell growth, the delivefy o
molecules to the plasma membrane, signalling andynogher processes. The basic features of the
process and the set of the molecules participatimyocytosis are evolutionary conserved, butadtle
some of the interactions between exocytic comp@nappear to be unique for different eukaryotic

groups including plants (Vask@adva et al., 2013).

Plant cell is highly dependent on delivery of nesll eall material, lipids and membrane proteins to
the plasma membrane during cell growth, morphogsreesd housekeeping processes. The dilivery
must be spatiotemporally regulated. In general,pitedeins are trafficked through the conventional
protein secretion pathway. Proteins, which arearsiationally inserted in endoplasmic reticulum,
continue through the vesicle transport into thegGapparatus, where they undergo posttranslational
modifications such as glycosylation. Then theydetvered to the vacule or to the plasma membrane.
In contrast several evidences of unconventionaleprosecretion have appeared and it seems to be

more common phenomenon than expected in the pidist(©rakakaki and Dandekar, 2013).

Actin and microtubule cytoskeleton plays importaolies in transport of donor compartments and
secretory vesicles as well as exocytosis itseltffizzi and Wasteneys, 2013). Once created, the

secretory vesicle is delivered to the cell perigherar the site of exocytosis.

Each type of compartment in the cell posseses aifgpsget of membrane identificators. Mainly, Rab
GTPases (belong to the superfamily of small GTRHasiSARE (SNAP receptor, enables the final
step of membrane fusion) proteins and specific mmanm® lipid composition. The Rab GTPases are
able to switch between GTP and GDP binding stdtes predominantly GTP-bound Rab GTPases
orchestrate changes in lipid and membrane composgiti the donor membrane and secretory vesicles
during maturation via a number of effectors. Therery vesicles vary in their size, morphological
features, origin and content. Just those with treect combination of SNARE proteins, Rab GTPases
and lipids are delivered to the exocytic site aralable to fuse with the plasma membrane (Saito and
Ueda, 2009).

The secretory vesicles are delivered near the plasambrane. Docked vesicles are those which
reached less than10-30 nm from the cell surfaceatF®hliom et al., 2013) and are prepared for
following step, vesicle tethering. Tethering resulh targeting to the plasma membrane through
multisubunit complex exocyst (Zarsky et al., 2008)e final step, fusion of the secretory vesicléhwi

plasma membrane, is called exocytosis and reqaiisordination of a number of secretory proteins
with cytoskeleton in animal and yeast cell and alstentially in the plant cell. The membrane fasio

on its own is mediated by SNARE complex. Three SIEARoteins at the plasma membrane interact

with one SNARE protein on the secretory vesicleiciieads to the physical contact and fusion of the



membranes (Saito and Ueda, 2009).

Since the late twentieth century, cytoskeletonulisng drugs have been applied on plant cells as a
powerful tool to reveal cytoskeleton dependent gsses. Nowadays, combination of fluorescently
labelled proteins, drug treatment and specializenlascopic techniques (such as fluorescent recovery
after photobleaching and high resolution micros¢dmyps to define dynamics and kinetics of specific

cargoes during exocytosis and its interplay wittosleleton.

This thesis aims to summarize known interactiorte/den secretory apparatus and cytoskeleton with
emphasis on movement and exocytosis of secretaiglgs. The first part reviews basic knowledge
about plant cytoskeleton and secretory apparatuslynan the context of molecular interactions
between these two components. Following part dessria general model of secretory vesicle
generation, delivery and fusion with emphasis darpay with cytoskeleton and associated motors.
The third chapter is focused on the role of cyttetk@ during the delivery of secretory vesiclesijn
growing cells. Tip growth is well described procebsracteristic for polarized elongation of a singl
cell dependent on a massive delivery of new cell material and involving massive exocytosis. Tip
growing cells are widely studied and most experit®estudying interplay of exocytosis and
cytoskeleton in plant cells have been performedhia system. Both cytoskeleton assembly and
disassembly are crucial regulatory steps, particigan positive and negative regulation of exosyo

in pollen tubes, a powerfull model system for plaetretory pathway and cell morphogenesis. The
last chapter of thesis discusses exocytosis ofiapeargo- cellulose synthase complex. CesA
(cellulose synthase) containing vesicles and tleacytosis with relation to cytoskeleton have been
recently examined with high spatiotemporal resoluti High resolution observations of CesA
containing compartments enable to describe detadsgible by mere combination of drug treatment
and laser scanning confocal microscopy. They albpgcise observations of interplay between both

cytoskeleton types during vesicle transport anagasis.



2. Cytoskeleton, secretory apparatus and interactionbetween them
This chapter introduces basic components of cyteske and its regulators, as well as important
protein sof secretory pathway. The key protein f@sinvolved in the exocytotic process appealdo b
evolutionary conserved. Actomyosin systém, micraoteb with associated kinesins, ROP and Rab
GTPases, SNARE and exocyst participace in the fstap of secretion among all eukaryotes
(VaSkovicova et al., 2013). However, some of the interastibbetween secretory apparatus and
cytoskeleton or thein regulations may differ ameawglutionary distant eukaryotes. Known protein-
protein interactions of importace for exocytosigtoskeleton interplay in plant cells are pointe tdou

and discussed.

2.1 Cytoskeleton, cytoskeleton associated molecular nays and cytoskeleton organization

Actin and tubulin polymerize into long fibers, whiform highly dynamic cell skeleton. Architecture
depends on cell type and conditions. Actin and otidysules enable the motility of secretory vesicles
via associated molecular motors, myosins and kisggRomagnoli et al., 2007). However, the role of
microtubules is less clear and appears to be adedcionly with certain types of cargo
(Sampathkumar et al., 2013; Apostolakos et al.9p00ytoskeleton dynamics is orchestrated by ROP
(Rho of Plants) GTPases and many associated regulabteins (Craddock et al., 2012).

2.1.1 Actin cytoskeleton

Actin is a globular protein that is able to creatRighly dynamic filamentous polymer in dependence
on its ADP/ATP binding state. Actin cytoskeletonrngs multiple essential roles including
establishment of the cell polarity, tip growth, el@ination of cellular shape, cytoplasmic streaming
organelle trafficking, responses to pathogen andynmher important processes (Kandasamy et al.,
2002). Several types of actin participate in ddferactions and appear to be developmentally and
tissue specific (Ringli et al., 2002a). The actymaimics is coordinated by a number of actin-binding

proteins (Hussey et al., 2006).

Ten genes encoding actin are localized in Anabidopsis genome, eight of them are functional.
ACT1, 3 and 11, are expressed mainly in reprodedissues (Meagher et al., 1999). The rest of the
actin isovariants can be found in vegetative tissB®th vegetative and reproductive actin types are
very similar to each other on amino acid level. @hergence and different expression pattern ohact
supports the idea that the actin isovariants ppaties in different processes (McDowell et al., @99
Changes in cytoskeletal organization could be atuor localization of exocytosis as shown during
characterization of act2 mutant. ACT2 was showrbdoessential for root hair tip growth, where
defines exocytic site and participates in selectibthe future tip position in trichoblast cell ¢(®jli et

al., 2002).



Cytoskeleton organization is maintained by cytosia binding proteins. Coordination of these
proteins is mostly orchestrated by ROP GTPaseslskesv). Actin binding proteins could be also

regulated by changes in lipid composition (Husgegl.e 2006). Actin nucleators polymerize the actin
filaments in the correct localization in accordateehe cellular signals and include Arp2/3 complex
and formins. Capping proteins, gelsolin, formin g@mdfilin, were observed to bind to the barbed end
of actin filaments. Fimbrins, villins and forminsanicipate in actin bundling. ADF/cofilin exhibited

severing of actin filaments (Hussey et al., 20@)me of the actin interacting proteins are known to
regulate actin assembly or disassembly in relatidth exocytosis. Many of these proteins have

multiple roles (Hepler et al., 2013).

2.1.2 Myosins, the actin- associated motors
Myosin is an F-actin associated molecular motor ¢baverts chemical energy of ATP hydrolysis into
kinetic energy.Arabidopsis thaliana genome encodes two classes of myosins (VIII, Xil &oth
groups share similar domain architecture with ahimgosin V class (Madison and Nebenfiuhr, 2013).
Farquharson and Staiger speculate about broad pigosin redundancy (Farquharson and Staiger,
2010). Myosins are known to facilitate cytoplasmsiteaming, viral movement, plasmodesmata
opening and trafficking of Golgi stacks, peroxisenad mitochondria in the plant cells (Sparkes,
2011).
Myosin structure includes 4 domains. Amino termimogtor domain contains positively charched
loopes involved in actin interaction and nucleotidiading site. Neck domain, which determines
velocity and processivity, contains 6 1Q motifsttkarve for calmodulin related protein interaction.
Myosins dimerize through coiled coil rod region®©@H terminus enables the myosin to bind the
cargo vesicle (Tominaga and Nakano, 2012). Myosw#ich between conformational states in

calcium dependent manner (Tominaga and Nakano,)2012

Myosin function appears to be redundant within ¢chesses. Two redundant moss myosins myoXI
accumulate at subcortical apex of protonemal tignehthey participate in tip growth (Vidali et al.,
2010). Arabidopsis XI-2 (also known as MYA2) and-K perform similar role in organelle
trafficking during root hair tip growth (Peremysl@t al., 2008). Observation in tobacco leaf cells
implies partial functional redundancy of myosin XIXI-F and XI-K during trafficking. Myosin XI-K
participates mainly in Golgi stack, peroxisome amtbchondrial organelle movements was confirmed
by overexpression of headless tails (Avisar et28(08). Myosin proteins drive polarized trafficking
MYAZ2 appears to participate in polar growth in augiependent manner (Holweg and Nick, 2004).
Myosin XI-K accumulates in growing root hair tipgflé@myslov et al., 2012). There is evidence that
actin and actin related proteins affects behavmiusecretory vesicles and alter their dynamics of

exocytosis (Cai et al., 2011; Sampathkumar eR@ll3). Myosins exhibit a number of interactions via



variable interactors as reviewed by Madison andeN&bhr (Madison and Nebenfiihr, 2013), however

just several of them were found on secretory vesicl

DUF 593 (abmain of unknown_function) was observed to bind myosin XI-K and XIFhis interaction
is important for formation of endosperm (Holding at, 2007), although does not participate in
exocytosis (Peremyslov et al., 2013). DUF 593 wamd in transmembrane protein zein that is

involved in the formation of endosperm (Holdingakt 2007)

RabC2 and RabD1 were shown to interact with Myol{((BXA2) (Hashimoto et al., 2008) . RabD
was observed to regulate trafficking from ER to gs@pparathus (Woollard and Moore, 2008). In
addition, myosin XI-K was co-fractionated with Rati®\ the regulator of exocytosis in root hairs, and
Sec 6, the exocyst subunit and co-localized wittietery vesicle markemn vivo (Peremyslov et al.,
2012).

2.1.3 Microtubules
Microtubules are long tubular polymers made of alpimd beta tubulin dimers. They participate in
processes such as plant mitosis, where they marguhasic band followed by a formation of
phragmoplast (Zhu and Dixit, 2012). In interphasets, clear cooperation between microtubules and
cellulose synthesis was observed. Microtubules rengtoper organelle localization (Cai and Cresti,
2012) including Golgi stacks and are involved imaixin polar transport (Brandizzi and Wasteneys,

2013). However, their role in trafficking is stilhclear.

Interestingly, disassembly of microfilaments affechicrotubule depolymerisation (Poulter et al.,
2008), but depolymerisation of microtubules does$ afbect the actin organization. Microtubule
organization could fine tune modulation of actinoskeleton and cytoplasmic streaming (Brandizzi
and Wasteneys, 2013). Additionally, Golgi vesiclasve along microtubules and microfilaments
with different kinetics and are able to switch begéw both cytoskeleton types (Romagnoli et al.,

2007), thus also microtubules regulate the organedalization.

Microtubules appear to play a role during traffigki of several types of secretory vesicles.
Microtubule organization affects synthesis of teutose microfibrils (Paredez et al., 2006), csdlo
(Apostolakos et al., 2009) and potentially pectativeery to the plasma membrane (McFarlane et al.,
2008) (see below).

2.1.4 Kinesins, the microtubule associated motors
Kinesins are microtubules associated molecular madtwat transfer energy from ATP to the force
generation through conformational change. Eukatykiinesin proteins were distinguished into 14

families (Lawrence et al., 2004). Kinesins familgs3, 9, and 11 are not present in the plant genom



families 7 and 14 diverged into plant specific fiimes (Zhu and Dixit, 2012) such as phragmoplast
formation and transport of various organelles lk#ochondria, chloroplasts and Golgi bodies. All

Arabidopsis kinesins have not been fully characterized yetthped role might be underestimated (Cai

and Cresti, 2012).

The kinesin protein consists of head part and #anstalk. Kinesin head includes catalytic corehwit
ATP and microtubule binding site and neck- like @émwhich helps to amplify conformational
change during catalytic core enzymatic activity aedves as direction determinant. Filament stalk is
another part divided into coiled coil domain anidldamain that mediates binding of kinesin to cargo
(Zhu and Dixit, 2012).

The kinesin family has further complex effect oantlphysiology although the role during exocytosis
has not been elucidated yet (Cai et al., 2011)esiims may participate in the interaction between
microtubules and actin cytoskeleton. Cotton kineSinKCH2 contains additional domain that is
believed to bind the actin filaments (Xu et al.020 Kinesins coordinate both cytoskeleton typesd an
potentially affect the vesicle trafficking directynd indirectly via actin organization.ln genetak
kinesins are able to transport Golgi stacks (Weil¢t2009), mediate slow directed movement along
microtubules (Romagnoli et al., 2007) and enabt®p sind go movement of secretory vesicles
(Nebenfuhr et al., 1999). Kinesin 13 motor protesese shown to influence motility of Golgi bodies
in interphasic cell (Cai and Cresti, 2012). Eaafekin appears to drive specialized cargo in cantras
with redundancy observed among myosins. Kinesing lh@en shown to interact with Rab GTPases
(Hala, pers. com., unpublished data). This may bssiple link between exocytic vesicles and

microtubules.

2.1.5 ROP GTPases, the ghosts in the machine
Small GTPases constitute a superfamily of protelmaracterized by their ability to bind guanosine-
5’triphosphate (GTP) with high affinity and veryweefficiency of GTP hydrolysis. These soluble
proteins are mostly modified with covalently attadhipid (prenyl and S-acetyl) (Yalovsky et al.,
2008). Small GTPases were named “the ghost in thehime” with respect to their essential broad
cellular functions (Wu et al., 2008). Ras, Rab,, Aé&r, Rho and Ran subfamilies belong to the small
GTPase superfamily (Bischoff et al., 1999).

The Rho superfamily orchestrates establishmenelbpolarity. Plant genome encodes just RORQR
of plants) in contrast to animals and fungi containaigo CDC42, Rho/Rac and RAL. 4 almost
identical ROPs in basal plants seem have to undergluplications and resulted in 11 ROPs in
Arabidopsis genome, which evolved in diverse functions (Craftdet al., 2012; Christensen et al.,
2003).



ROPs are relatively small proteins that consistwad domains. GTP binding domain is called G-
domain and ensures binding and hydrolysis of GTdP ameractions with effector proteins (Berken
and Wittinghofer, 2008). G-domain is highly consstvin the plant kingdom (Christensen et al.,
2003). The second hypervariable domain determinstsellular targeting and can be prenylated
(Berken and Wittinghofer, 2008).

ROP control requires a number of regulators asevesil by Yalovsky et al. (2008). ROP GEFs
(guanine nucleotide exchange factors) are ROP aotiy, ROP GAPs (GTPase activating proteins)
acts as inhibitors. Several types of GAPs are kndwrparticipate in tip growth through GTP
hydrolysis of active ROP in the pollen tube flankdabalance between GAPs and GEFs enables
spatiotemporal control of activated ROP. (Klahrd &wost, 2006). Non-protein regulation of ROP is
possible through direct interactions with lipid$4,BP, may act as another ROP activator in up-stream

and down- stream manner (Kost, 2008).

Rho GTPases regulate the cell polarity via a warddt effectors. The best known group of ROP
interactors are RICs (Rop effectors containing QRIBIC 1 and RIC 4 control directional cell
expansion under the leadership of ROP2 in devedppavement cells (Fu et al., 2005).RIC 3 helps to

stimulate Ca2+ influx and F- actin depolymerisaiiGu et al., 2005).

ICR1/RIP1 (ROP interactive prtner 1) is involved in positive feedback regulatof ROP1 and helps
to establish polar sites during pollen germinatioiret al., 2008). ICR1 binds directly exocyst satiu
Sec3 during exocytosis (Bloch et al., 2008), wtdaggests importance of ICR1 during tip growth. In
addition, ICR 1 is required for recruitment of Pfi¥oteins to polar domains at plasma membrane
(Hazak et al., 2010). These findings indicate tB&1 is an important marker of exocytic sites dgrin

a variety of processes (see below).

2.2 The secretory apparatus

Secretory apparatus ensures the process of extcyRa GTPases resides on the vesicle membrane
and drives its maturation via Rab-conversion preeesGTP and GDP interaction with GTPase is
characterized by rapid binding and nearly irrexdesconformational change of the complex, which
results in very low dissociation constant of bofiFGand GDP. This implies that Rab GTPases require
precise regulation of their enzymatic activity ahsisociation of nucleotides (Simon et al., 1996¢.Th
Rab effectors ensure a new phospholipid composiifahe membrane and binding of several down-
stream effectors that prepare the vesicle for parsand membrane fusion. Exocyst, the tethering
complex, mediates first contact between the vesinkk target membranes, which includes tethering,
docking and possibly also facilitates formation aative fusiform SNARE proteins complex. The

fusion step is mediated via SNARE proteins. Exosigtoplays a crucial role during cell



mormogenesis. The specificity and dynamics of etasiy is highly spatiotemporally regulated via

correct sequence of interactions between cytoskektd secretory apparatus.

2.2.1 SNARE and their regulators

SNARE (Soluble N ethyl maleimide sensitive factdaeptor protein receptor) is a membrane protein
containing coiled-coil SNARE motif. Correct combiioa of four SNARE helices initiates fusion of
secretory vesicle with target membrane (Saito aedaJ2009). At least 30 different SNARE proteins
are needed for proper trafficking in unicellularkaryotic organisms (Sanderfoot, 2007). 60 loci
encoding a SNARE protein were discovered\abidopsis thaliana genome (Lipka et al., 2007) and
almost all of SNARE proteins are expressed thralptissues (Uemura et al., 2004).

SNARE protein forms a simple helical structure. Nbeame attachment requires lipid anchor or
COOH terminus transmembrane domain. Each SNAREHEeiprocontains one SNARE motif
(excluding SNAP 25-like proteins with 2 heptad r@pelomains). Functional domain harbours
SNARE motif, which is able to fold into coiled-catructure (Lipka et al., 2007). Four compatible
SNARE motifs (Qa, Qb, Qc, R) are required to fornstable complex. SNARE complex can be
dissociated via--SNAP interaction. This process is regulated by NSFfethylmaleimide- sensitive

factor) and requires energy released from ATP Hydi®(May et al., 2001).

SNARE proteins are distinguished due to the cemtmaho acid in the SNARE domain. Q-SNARESs
contain glutamine in their sequence and are mdstigted on target membranes. This group includes
Qa-SNARE (SYP=syntaxin of plant), Qb-SNARE, Qc- JREA In contrast R-SNAREs host
conserved arginine in the SNARE R-domain. R-SNAR&islly label vesicle membrane (Lipka et al.,
2007). Some of the Qa SNARE proteins contain agtdatory domain at their amino terminus. This
domain imitates already folded 4 helix bundle, sat tSNARE can switch between “opened” and
“closed” state (Saito and Ueda, 2009).

Regulators of SNARE proteins participate in trdffig machinery. Six members of
Sec1/Muncl8/KEULE family were found in tiAabidopsis thaliana genome and possibly regulate
the final fusion of secretory vesicles by convggt8NARE from closed into opened conformation and
vice versa (Assaad et al., 2001). Interestingly, KEULE waseaed to interact with Sec6 (Wu et al.,
2013), the exocyst subunit, which supports the,itleat Secl family participates in coordination of

secretory apparatus.

Arabidopsis Qa —SNAREs have been shown to interact with dopénzoteins, namely annexins,
which participate in SNARE regulation, Band7 famiihich plays essential role during establishment
of microdomains, and enzymes involved in lignindyisthesis. Interestingly, binding of myosins to

specific SNARE was also observed during interactoamialysis (Fujiwara et al., 2014). However it is



not clear if the interaction is physiologically eeant. It could potentially serve for regulation of
SNARE complex assembly by preventing its prematarmation or potentially participate in polar
distribution of Qa- SNARE, since some of the SNAREBteins are known to be focused in a specific

membrane domain (Ichikawa et al., 2014).

2.2.2 Rab GTPases, membrane identificator

The Rab GTPase sub family belongs to small RasdikPases superfamily. The term Rab is derived
from the first eukaryotic Rab identification (sonégy cDNA of a RAt Brain). Each cellular
compartment posseses at least one type of Rals aytisolic side of membrane (Saito and Ueda,
2009). Rab GTPases play crucial role as organaderchinants during vesicle trafficking and
participate in vesicle formation, motility and vesi fusion in dependence on the GTP/GDP bound
state. There are 57 loci iArabidopsis thaliana genome encoding Rab GTPase (Rutherford and
Moore, 2002) with high sequence diversity, but esmsd domain structure (Zhang et al., 2007). Rab
subfamily nomenclature is based on 8 clades andtri@tural subclasses (Rutherford and Moore,
2002).

Molecular structure of eukaryotic Rab GTPases wiaehy characterized. Hypervariable region (35-
40 amino acids), which appears to be importardiigdting of Rab to specific compartment, is located
at the COOH terminus of the protein. Next to th@dryariable region is situated CAAX box. Two
cystein residues near this position are geranybhrggated which is important for membrane
attachment. GTP hydrolysis involves conformatioclaange while the protein appears to be more

disordered (Hutagalung and Novick, 2011).

Rab A (Animal Rabl1l homologue) is crucial for thstlstep of exocytosis and plasma membrane
recycling. AtRabA3 and AtRabA 4 are located on Gagparatus, prevacuolar and endosomal
compartments (Rutherford and Moore, 2002). NtRab#pollen tube drives a secretion of new cell
wall material (Nielsen et al., 2008). RabA4b reside the trans- Golgi network and initiates the
formation of secretory vesicle. Diversification®&b A clade could be caused by special requirements

in polar exocytosis.

Regulation of Rab GTPases is very complex and akvegulators are needed for proper function of
Rab GTPases. GTPase activating protein (GAP) iseredficiency of GTP hydrolysis in Rab-GTP

bound form. Guanine nucleotide exchange factor (Gtelips GTPase to release GDP nucleotide and
load GTP thus helps conversion into GTPase actate.sSeveral proteins mediate posttranslational
modifications of Rabs. Many downstream effectoriRabs are thought to be involved in processes
during vesicle formation, vesicle movement, tetgrand membrane fusion (Saito and Ueda, 2009).

AtRabA4b was observed to directly and specificatieract with phosphatidylinositol 4-OH kinase



PI-4KB1 in root hairs, which contributes to maturationsefcretory vesicles (Preuss et al., 2006).
RabC2 and RabD1 directly bind to the myosin MyolH32previously described. (Hashimoto et al.,
2008). This type of interaction should be invesegahroughly.

2.2.3 Exocyst, the tethering complex

Exocyst is an octameric, evolutionary conservedigmmocomplex that serves for preparation of
exocytic fusion. Eight long helical subunits (SeS8¢5, Sec6, Sec8, Secl0, Sec15, Exo70 and Exo84)
participate in interaction between vesicle and mpsnembrane via small GTPases, lipid anchoring
and possibly other interactors. Exocyst contribedozens of processes like autophagy, tip growth,
cytokinesis, response to pathogen, polar secretimhexocytosis in general. However, many aspects

of its precise function in plants have not beemidted yet.

All of these proteins posses tandem helical- bundieeats and rod-like domains performing
characteristic unique hydrophobic and electrostateraction pattern (Sivaram et al., 2006). How th
exocyst complex assembles and mediates tetherisgllisinclear, although it is generally accepted
that in yeast and animals Sec3 and Exo70 servelasdanark to target the complex at the plasma
membrane. Each of the subunits is essential fopgir@xocyst assembly and assemply/docking
mechanismus might be cell specific (Heider and Man2012). Several interactions between exocyst

subunits were identified and a number of them entigiaiffers within kingdoms (Liu and Guo, 2012).

Sec15 triggers interaction between exocyst andes®yr vesicle in the yeasts, animals (Heider and

Munson, 2012) and potentially in plants via Rab @3é% (Hala, pers. com., unpublished data).

Sec3 binds the plasma membrane through interactiihsP1(4,5)P2 and small GTPases (Cdc42 and
Rhol in yeast model). Exo70 also binds directl4PE)R, and seems to define a spatial landmark for
exocytosis in yeast (Zhang et al., 2008b) and pbsaiso the plant celArabidopsis genome encodes
23 different Exo70 subunits, subdivided into maineé subclasses, that are expressed in different

tissues and participates in different exocytic peses (Synek et al., 2006).

Sec3 and Exo70 regulatory pathways are indepenttawever may partially overlap in function.
Fission yeast double mutant of Sec3p and Exo70ptlsl in contrast with sec3p single mutants
sensitive to restrictive conditions (Bendezu et 2012), however the regulatory paths mediated by
Sec3 and Exo70 do not appear to be redundant (Roeneh al., 2005). Interestingly, interaction
between Arabidopsis Exo70A1 and Sec3a was proveyehgt two hybrid analysis in the plant cell
(Hala et al., 2008). This behaviour was not obsimemammalian and yeast model and may imply

interesting plant specific scenario of exocyst adsg.
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2.3 Conclusions

Many celar examples of protein- protein interactidietween component of secretory pathway and
cytoskeleton or cytoskeleton- associated proteivehlaeen reported. Even more other data was
acquired from interactomic screens (e. g. Fujinatral., 2014). However the physiological relevance
of interactions was not always verified. Not mushknown about molecular interactions between
secretory apparatus and cytoskeleton in compatisanimal and yeast models. Sec3-ICR1-ROP1
(Bloch et al., 2008), myosin- Rab GTPase and okmawn adaptors (Li and Nebenfuhr, 2008),
kinesin- Rab GTPase (Hala, pers. com.) are the weliydescribed direct link between cytoskeleton
and secretory apparathus to date. One would expattmany of the interactions known from
opisthokonts are evolutionary conserved and willliseovered in plants. In my opinion, myosins may
bind secretory Rab GTPases. Some of the interactom clearly plant specific. For instance, the rol
of microtubules during exocytosis in plant cellsi#l underestimated (as is also noted and supgort
in following chapters) and probably differs in maagpects from situation in well investigated

opisthokont models due to different global archiiee of microtubule cytoskeleton.

3 From the donor compartment to the plasma membrane

The secretory vesicle originates from a donor coimpent, undergoes a process of maturation, is
delivered toward cell surface, tethered by tetlgedamplex and finaly fuses with plasma membrane.
General scheme of these processes is well knovanimal and yeast cells, and most of the features
were also observed in plant models. Many detaifeth® exocytosis are believed to be conserved
among all eukaryotes. However, some of them havgetdeen investigated in plant cell in sufficient
details. Next part summarizes known facts abouersg\steps of secretory pathway from secretory
vesicle biogenesis to exocytosis and accompanyiolgcular mechanism. In most instances, state of
knowledge in plant cell is introduced. In case xdaytosis steps not yet investigated in plant dells
detail, general model derived from opisthokont aeske is introduced and the rare relevant details

known from plants are discussed afterwards.

Exocytosis is a highly coordinated process whicsults in the delivery of proteins, lipids and
components of cell wall to the plasma membraneaaredtracellular space. The secretory vesicles are

delivered into the cell cortex and then fuse wité plasma membrane.

3.1 Secretory vesicle origin, biogenesis and maturation

Plant secretory vesicles could be distinguishethfeach other in size, morphological features, origi
and content. The size of average exocytic vesages between 60 and 180 nm in dependence on
secretory tissue. The origin of secretory vesictesariable and depends on cell type and actual
conditions (Zarsky et al., 2009). Based on SNARE&egn analysis, Uemura speculates about three

different paths that result in exocytosis (Uemuralg 2004). The RabA GTPase family participate in

11



trafficking to the pre-vacuolar compartment, retyglendosomes, Golgi and also helps do define
exocytic compartments. Multiplication of RabA/Rab%@ibfamily possibly corresponds to special
requirements during plant exocytosis (Asaoka et26112). In last decade, many examples of plant
unconventional protein secretion were investiggi¥dg et al., 2012; Drakakaki and Dandekar, 2013).

Unconventional secretion appears to be more conthamit was supposed.

Not many examples of protein cargo for Golgi apperaindependent exocytotic paths were examined,
although several cases were described. Mannitolydiebenase from celery and hygromycin
phosphotransferase frodrabidopsis were never observed to reach the Golgi or Golgb@ated
compartments (Drakakaki and Dandekar, 2013). Amoteeample of non-typical trafficked
compartment is exocyst positive organelle; howewer knowledge about this newly described
compartment is very limited (Ding et al., 2012). ddnventional protein secretion should not be
underestimated, although | will focus this thesis avassical Golgi apparatus- dependent pathway,
mainly due to scarity of relevant research focusedrafficking by alternative pathways. Prevacuolar
compartments are another important plant sour@xogytic vesicles in form of exosomes (Zarsky et
al., 2009).

Processes resulting later in formation of secret@gicles begin in endoplasmic reticulum. Major
components of the cell wall matrix are createchmlumen of Gogli apparathus. These compounds are
trafficked through the Golgi apparatus and trantgGoeetwork toward the plasma membrane. The
cargo proteins undergo maturation in each compattnieecise mechanism of protein sorting in plant
cells requires further investigation (Zarsky ef 2009). Trans- Golgi network was determined alyear
(rececling) endosome (Woollard and Moore, 2008)aadtains several overlapping domains that

serve as contact intermediary steps between otimepartments.

Each domain posseses a different set of small &®fawhich implies a different sorting and
regulatory mechanisms (Rutherford and Moore, 20828b GTPases drive the maturation of post-
Golgi compartments through interaction with phogiglyhinositol 4-OH kinase. This kinase responds
on C&" elevations and produces PI-4P in active statee@emerated, phosphatidyl inositol initiates
the secretory vesicle formation (Preuss et al.,620When the secretory vesicle is prepared for

exocytosis, it is transported by cytoskeleton rleamplace of secretion.

3.2 Cytoskeleton drives the transport of secretory vesles towards the plasma membrane
Many experiments showed that the vesicular traiffigkequires actin and/or microtubules (e.g. Cai et
al., 2011). Both microtubule and actin based movdmequires molecular motors. Additionally actin

filaments participate in cytoplasmic streaming thlab affects vesicular movement.
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It is believed that microtubules participate in domange transport, whereas actin cytoskeleton
mediates short range movement and stimulates thi@nfuof secretory vesicle with the plasma
membrane in animals (Porat-Shliom et al., 2013 Jécretory vesicles could switch from the actin to
microtubules and vice versa (Schroeder et al., RA@nneville examined organelle movement and
precise role of the human cytoskeleton at the peliphery. Long- range transport of vesicles,
dependent primarily on the microtubules, was injged by pauses in which the vesicles exhibited
rotations and oscillations. The breaks in the mammwere mostly registered near the plasma
membrane, where the actin cytoskeleton is densentSrange transport that is dependent on actin
and microtubules showed diffusive-like movement.sMof the observed vesicles performed short-

range transport (Manneville et al., 2003).

In tobacco pollen tube shank the motion is moredored, in contrast with apex where the movement
appeared to be more chaotic (de Win et al., 198Bjch implies that the organelle motion is nearly
independent on cytoplasmic streaming in the apgiomne This is consistent with the fact that in the
pollen tube apex the actin cytoskeleton is mucrséleand the vesicles are transported mainly along
the actin cytoskeleton (Lovy-Wheeler et al., 200B)contrast, microtubules participate in organelle
motion in the tube shank more often (Cai et al1120Golgi vesicles isolated from tobacco pollen
tubes were tested in actin- and tubulin- bindingagis Organelles moved fast and switched between
actin filaments often. Vesicles suddenly stoppedijlevinteracting with microtubules, and then
continued to move slower and more vectorially inesin dependent manner (Romagnoli et al., 2007).
Golgi stacks were observed to perform “stop- and movements characterized by fluctuations
between random-like movement, which is possiblyseduby switches of the vesicles between
cytoskeletal filaments, and directed motion mediadby cytoplasmic streaming (Nebenfuhr et al.,
1999).

Trafficking is mediated by the cytoskeleton; inmikathe acto- myosin system plays a central role in
the vesicular delivery to the plasma membrane. Tisement appears to be diffusive and fast in
accordance to the myosin motor speed and procggiMitminaga and Nakano, 2012). It is possible
that microtubules affect the trafficking throughtivdnteraction with actin cytoskeleton and marking

the exocytotic sites.

It is possible that the pause is an important $bepcargo sorting or localizing to distinct sites o
simply, it could be caused by a steric hindrancehef filaments with or without any functional
meaning. The data implies that the cytoskeletoveseas a highway for vesicles to a treshold dgnsit
(Lee et al., 2008). From this threshold filamenhaantration the cytoskeleton serves as the steric
hindrance and local destabilization is required ifoplementation of exocytosis. Taken these data
together, the cytoskeleton ensures polarized dglieé secretory vesicles and both assembly and

disassembly is crucial for trafficking.
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3.3 Myosins drive the secretory vesicles via adaptors

Myosins are associated with the vesicles througipta proteins. Although many adaptor proteins of
myosins were not identified yet, several myosienattors were revealed. Myosin V protein was also
observed to associate directly with membrane adaptoanimal and fungal cells. Neither myosin
interacting motif nor any typical folds do appearbie homologous or similar to each other, which

complicates the identification of adaptor protdinsand Nebenfiihr, 2008).

Plant myosin Xl is homologous to animal myosin \Wareast myo2p and several similarities were
observed. Interestingly, two interaction eventsthe two different globular tail subdomains could
influence proper docking of myosin on the vesidleghd Nebenfihr, 2007). These subdomains are
highly conserved among the myosin V group. Pashldescribed five conserved residues that are
responsible for secretory vesicle trafficking ambther five highly conserved residues required for
vacuole movement in the myosin V structure. Thigggsts that the regulation of vesicular trafficking
is more complex and every type of organelle codddgulated independently on each other, although
the organelles share the same myosin motor (Paahioal., 2006). The plant myosin XI motor was
analyzed and 42 amino acid residues were founa teomologous to the yeast myo2p tail. Transient
expression of this subdomain resulted into thebitbn of mitochondria and Golgi movement
(Sattarzadeh et al., 2013). Myosin molecules weeva to dimerize. The proper anchoring to the

cargo potentially requires dimerization of adaptmnghe organelle surface (Li and Nebenfihr, 2008).

Intracellular trafficking could be regulated onfdient levels. Alternative splicing of myosins biba
described in the plant cells is one of the pogst#sl (Tominaga and Nakano, 2012). Second, myosin
Xl is known to bind acidic phospholipids (Nunokaetal., 2007). It is believed that this a general
feature of myosins Xl, but not myosins V (Li anddeefiihr, 2008). Regulation of the phospholipid
composition in the membrane cytosolic leaflet iSraportant regulatory step since lipid turnover can
cause association or release of myosins from wesi€hird, regulation can be affected by
conformational change of myosin or myosin interagtprotein (Ishikawa et al., 2003). Dissociation
and association constant affects the binding ptmseof different myosins and the regulatory system
of the cell affects these constants on the diffel@rels (Li and Nebenfiihr, 2008). Different myasin
are active in different organs during a number afcpsses. The pool of specifically expressed
myosins can be another possibility how to reguthte function of the molecular motors (Sparkes,
2011).

Myosins were shown to interact with several orgasethrough adaptors. Although many adaptor
proteins are still unknown, the majority of aninaald fungal identified interactors are Rab GTPases
(Li and Nebenfihr, 2008). Yeast and animal myosiassport a number of particles and organelles
including secretory vesicles and interaction of sigand Rab was shown to be a key regulatory step

during exocytosis (Donovan and Bretscher, 2012).ném-plant models many myosin isoforms
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transport a specific organelle. However the plagbsins were found to be redundant (Farquharson
and Staiger, 2010). Mutation in one myosin genalltgsin pleiotropic effect including altered
secretory pathway (Peremyslov et al., 2008). Thiggests that one myosin binds is able to bind

several adaptor proteins.

3.4 Cargo delivery to the plasma membrane

Many models of plant secretion take into accoumegal scheme of protein secretion with all steps.
Several model systems were investigated and #fieofesults are generalized. However this approach
is not successfully appliable in every case. Fang{e, the role of the microtubules during the tip
growth in pollen tube and trichomes appears toitberent (Cai and Cresti, 2010; Folkers et al., 200
Pattern of delivered CesA to the plasma membraemséo be similar with localization of pectin, but
does not completely match with other componentthefcell wall (Cai et al., 2011; Szumlanski and
Nielsen, 2009). These observations indicate thatrédgulation of trafficking can be specialized for

each cargo.

Establishment of a jigsaw puzzle-like shaped pattgrpavement cells is highly coordinated process
driven by small GTPases and their effectors. Bathigrotubule (Microtubule organization 1,
Microtubule associated protein 18 and Angustifubad actin (Arp2/3 and its homologs, SCAR/
WAVE complex) organizers are required for protearetteristic pattern formation. Microtubules
participate in formation of necks and actin is ilweadl in organizing of lobes (Qian et al., 2009).
Exocytosis is directed to the lobes, where the RD#KE interaction between cytoskeleton assembly
and exocyst through interaction of ICR1-Sec3 (Lawgl., 2007).

Details about exocytosis of specific cargo protdiase been less investigated in comparison with
endocytosis. For instance, PIN, auxin transpottefficking has been widely studied in context of
endocytosis. However not much is known about Plbcgtosis and its regulation. PINs are localized
in specific non-mobile domains. Although the exosys of PINs is polar, it is not sufficient to
maintain polar distribution and endocytosis at ¢laige of the domains is required to prevent lateral
diffusion (Kleine-Vehn et al., 2011). Microtubuleeem to have indirect long-term effect on PIN1
positioning (Boutté et al., 2006) and contributethie PIN targeting in basal region (Kleine-Vehn et
al., 2008). In contrast actin microfilaments wenectly observed to drive PIN recycling (Geldner et
al., 2001) and targeting to the apical domain (kKdéeVehn et al., 2008).

Majority of other cargo proteins were shown to be@aytosed in cytoskeleton dependent manner.
Penetration resistance 3 (PEN3), protein associaigdresistance to pathogens, accumulates at the
plasma membrane in dependence on actin cytosketkiing papillae formation (Underwood and
Somerville, 2013). In contrast, neither actin nacnotubules contribute to the PEN3 delivery to the

plasma membrane and exocytosis in epidermal rdlst @&angowski et al., 2010). Similarly, no type
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of cytoskeleton appears to drive the plasma menabpatarization or exocytosis inendodermis since
actin and microtubule disruption by Latrunculin Bdaoryzalin did not alter exocytosis of polarly

localized proteins (Alassimone et al., 2010).

Secondary cell wall is deposited along dense @rticrotubules, which are coordinated by ROP
GTPases (Oda and Fukuda, 2013). The molecular mschaf exocytosis has not been elucidated to
date and deposition of primary cell wall was exadimmore (Cai et al., 2011). For instance, calose
sysnthase (CalS) cellular distribution is regulagdacto-myosin system, although the microtubules
participate in trafficking of CalS compartmentsdistal region. The data suggest that the microtibul

dynamics, not the presence on its own, is requipegroper compartment organization (Cai et al.,
2011). Depositionof CalS is dependent on microtebulith oryzalin completely disrupting the

pattern of callose microfibrils in fern stomata @§polakos et al., 2009).

Oryzalin, inhibitor of microtubule association,ek significantly the pattern of pectin deposition,
unicellular algae. Microtubule disruption alterg¢ceagth and thickness of the cell wall, thus atfdct
the cell morphology during elongation. The authoypothesize that the oryzalin treatment influenced
cellulose synthesis which in turn affected pecepakition (Domozych et al., 2014). Alteration of th
microtubule organization resulted in defect in pedeposition during the maturing of seed coat. The
site of pectin cargo fusion with the plasma memeéraoincidences the microtubule and CesA
localization (McFarlane et al., 2008). Similarlyefdcts in cellulose synthesis caused by 2,6-
dichlorobenzonitrile resulted in reorganization rafcrotubules and reduction of pectin deposition
(Peng et al., 2013). It is not known if the defecipectin deposition is caused primarily by altered
vesicular trafficking to the plasma membrane odigruption of cellulose deposition is secondary

followed by altered pectin trafficking or both efte are involved.

3.5 Docking and tethering the secretory vesicles

Once delivered to the cell cortex near the sitexafcytosis, the secretory vesicles docks under the
plasma membrane up till a signal triggers the etasiy. Calcium ions, phosphatidyl inositol-4, 5-
bisphosphate, D-myo-inositol-1, 4, 5-trisphosphael phosphatidic acid are the direct or indirect
decisive signal during tip growth (Monteiro et &005). Elevation of Caresults in different states of
actin polymerization. Proteins polymerize actinleabin high level of calcium, which enables the
replacement of secretory vesicles to the cell goftecontrast decrease in calcium is a signahfiin
disassembly. High concentration of actin filameertves as a steric hindrance and the destruction of

actin results in ability of secretory vesicles tmtact the plasma membrane and fuse.

Cytoskeleton, especially actin, is known to pap@té in exocytosis in yeast and animal cells.
Specificity of exocytosis is mediated by exocyshilev secretory vesicles are brought closer to the

plasma membrane (Heider and Munson, 2012). Rab &TBiads yeast myosin V, Myo2p, which
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enables to deliver the secretory vesicle towardplaema membrane. Near the plasma membrane,
Myo2p interacts with Sec15, the exocyst subunits$ thggers vesicle tethering (Jin et al., 201d)s |
likely, that tethering of secretory vesicles isledst kinetically dependent on actin cytoskeleton i
plants (Fendrych et al., 2013). However, similadgoolar mechanism is believed to be found in the

plant model.

Interactions between exocyst and small GTPasesaappde crucial in mammalian and yeast cells.
This binding enables specific and polarized exasigt@f vesicles. The animal exocyst has been
shown to bind RalA/B, Arf6 and Rabll, in contrashst exocyst directly binds Rholp, Cdc42p,
Sec4p and Rho3p (Munson and Novick, 2006; Heidet lslunson, 2012). Plant ROP GTPases
potentially interact with exocyst through adaptootpins (such as ICR1). Polarization of exocyst is

also possibly enabled by interaction with spegfiospholipids.

Tethering of yeast and animal secretory vesiclaitsated by interaction between homolos RabA
GTPase with homologous exocyst subunit Sec15 (Guab,e1999; Wu et al., 2005). Hypothetically,

the plant exocyst also binds the exocytic compants#hrough Rabs.

Sec3 and Exo70 exocyst subunits are bound to ldsmmpa membrane and facilitate the interaction
between exocyst core and plasma membrane. Exaatilégo link exocyst with actin polymerization
through direct docking of Arp2/3 complex at thegntea membrane during lamelopodia formation.
(Liu et al., 2012).

Sec3 exocyst subunit performs is link of secretparathus with cytoskeleton through its indirect
interaction with ROP GTPase in plant cell (Blochakt 2008). In addition, yeast Sec3 interacts with
formin For3, the actin nucleator (Jourdain et 2012). This interaction ensures presence of actin
filaments in the exocytic site and enables direatk for exocytic vesicle. Disruption of actin
cytoskeleton leads to altered pattern of exocyatidution in one hour after Latrunculin B applicat

The dynamic and density of exocyst attached toptlasma membrane supports the theory, that
tethering complex marks the future site of exodgtas the plasma membrane, rather that the exocyst
core is delivered to the plasma membrane with sasreesicle and potentially cooperates with actin
cytoskeleton (Fendrych et al., 2013).

Exocyst, and also Exo70 subunit alone, is ablahdit tubulin polymerization in animal cells (Wang
and Hsu, 2006). Kinesins may be involved in exosigtof Callose synthase (Cai, 2011; Apostolakos
et al., 2009) since the interaction between Raba3&® and kinesin proteins has been observed (Hala,
pers. com). However no details about possible l@tween kinesins and exocyst have been
investigated. If this is proven, another plant weignteraction will be postulated (Wang and Hsu,
2006).
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3.6 What happens after the vesicle tethering?

Once delivered close to the cell surface, SNARHEgms of vesicle interact with SNARE proteins at
the plasma membrane and the fusion pore is cre&addmann measured capacitance of BY-2
protoplasts during exocytosis. Kinetics of opensgd closing of the fusion pore appears to be
periodic and secretory vesicles oscillate betwesth Btates quite long time in some of the observed
exocytotic events. Non- fused state lasts appraxir80 ms and fused state persists about 50 ms
during the periodic changes. In the same experimeva types of compound exocytosis were
described. First, one exocytotic event follows phnevious one after complete internalization of the
previously fused vesicle. Second, newly deliverediale can interact with another secretory vesicle
before the exocytic event (Bandmann et al., 2011i9.believed that the molecular mechanism may be

similar in plant and animal cells due to the similesion and fission oscillations (Thiel et al.,020).

Not much is known about creation of a fusion pbt@yever in plant cell were observed two possible
scenarios. In the first one, fusion pore expands the vesicle fully incorporates into the plasma
membrane. The second, the cargo releases fromelieler into the extracellular space, however the
pore closes in several seconds and the vesicleperated back to the cytoplasmic area. This type of
vesicles is termed as “kiss and run” and was widddgerved in mammal exocrine tissues, but was
also observed in plant cells (Weise et al., 200@ndBnann et al., 2011).The cytoskeleton is able to
control the membrane dynamics after fusion. In @himodel the actomyosin system was observed to
regulate the fusion pore opening and closure asttrposlational modifications of myosin Il plays an
essential role. Activation by phosphorylation ofasin leads to the following expansion of exocytic
pore and the vesicle is fully integrated in thespta membrane (Chan et al., 2010). In animals,
actomyosin system is characterized by its conteaetctivity and mediates the pressure force on
secretory vesicles. First, myosin delivers thealesialong the actin cables to the cell cortexo8egc
actin is able to generate force parallel to thestgface and supports the opening of fusion pbinéd,
actin prevents the inadvertent fusion of intradalicompartments including secretory vesicles (Pora

Shliom et al., 2013). This effect in the plant ¢glpossibly increased due to the cytoplasmic stieg.

3.7 Conclusions

Studies focusing on roles of cytoskeleton in déférsteps of plant secretory pathway are gradually
accumulating. Many observations fir the prevalemidel based on investigation yeast and animal
models. The “general concept” known from other argas is an excellent hint to study plant
exocytosis, but it may not be correct in every tlef@r example, the actin based tip growth of @oll
tubes and animal invadopodia appears share mamyrdea(VasSkoviova et al., 2013). However,
trafficking of callose appears to undergo plantcdéperegulations. Actin is major regulator of aram
and yeast exocytosis. On the other hand, plantotubules should not be underestimated, since both

actin and microtubules contribute to plant exodgt@Brandizzi and Wasteneys, 2013). Specific cargo
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proteins appear to require their own regulatedvpayis, which interact with cytoskeleton in different
manner. Interestingly, these regulations seem ttsbee and context specific like in the case dNBE
exocytosis (Underwood and Somerville, 2013; Landows al., 2010). One should keep this fact in
mind, although it is often useful to think in termEa general model of plant exocytosis. In many
cases, properties and behaviour of specific cgedywill have to be examined to complenet the
general scheme derived from well- accessible sys@urently, the only systematically examined
cells in plant biology are tip growing cells. Fbarst reason, | will focus on cooperation of cytoskeh

and secretory apparatus in pollen tube and roos irathe next chapter.
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4 Tip growth

Tip growth is a process in which the cell expamdpolar manner at the tip. Root hairs and pollen
tubes perform this type of morphogenesis. Bothemotubes and root hairs are amenable for easy
treatment with drugs and accessible with microscd@psils exhibiting tip growth tend to be very
sensitive for genetic and pharmacological disruigi@_ibault et al., 2010; Qin and Yang, 2011). As
such, they are good model system to uncover thieadrcomponents of growth/exocytosis- related
processes. Tip growth is well characterized in maspects and considerably contributes to our

knowledge about plant exocytosis.

Tip growth is accompanied by characteristic po&tian and oscillatory dynamics of cytoskeleton
orchestrated by ROP GTPases. Small GTPases diavéheir effectors tip localized production of
specific membrane lipid compounds and ROS in raatsttogether with tip focused €anflux (Qin

and Yang, 2011; Guan et al., 2013; Carol and DA&806), which results in periodic actin assembly
and disassembly. A number of positive and negafieriback loops with periodic oscillation of
various components that are shifted in phase tb etieer, enables regulated trafficking to the plasm
membrane (Gu et al., 2005; Li et al., 2008; Yanglgt2007). System of feedback loops appears to be
self- sustaining and was defined as LENS (for iaatibn enhancing network, self-sustaining) (Cole
and Fowler, 2006). This chapter aims to charaaerizoskeleton dynamics and its interactions with

secretory vesicles in pollen tubes and root hairs.

Pollen tube and root hair can be divided into 3imi$ zones (Cole and Fowler, 2006; Shaw et al.,
2000). Three distinct pools of vesicles were ideediduring pulse chase labelling with FM1-43 and
FM4-64 (Zonia and Munnik, 2008). The very apex igame of constitutive clathrin independent
endocytosis. The “clear zone” (so called invertede) harbours secretory vesicles. Following part,
subapical organelle rich zone adjacent to the agiaae (3-5 um), displays massive exocytosis and
highest curvature (Parton et al., 2001). The shmagins 6-10 microns distal to apex and its membrane
performs predominant clathrin dependent endocytatitivity (Zonia and Munnik, 2008). The
organelle movement is more vectorial near the etko®jtes and their exocytosis oscillates with a
period of 35-45 seconds. Fluctuations were obseB#&0 pum distal to the apex, in the subapical

organelle rich region (Parton et al., 2001).

Pollen tube is guided by a number of pistil sigriatduding phytohormones and ligand peptides for
receptor like kinases. Auxins, gibberillins anddsiaosteroids are the main phytohormonal regulators
of pollen tube development (Guan et al., 2013).tRadr growth initiation is dependent on auxin leve
and receptor like kinases for various ligands sagmutrients maintain the activity of ROP GTPases
(Shaw et al., 2000). Both pollen tube and root hegulation of ROP cascade requires protein kinase
that phosphorylates ROP GEF, which in turns aai&OP (Zhang et al., 2008a); Duan et al., 2010).

Localized signal input is the first possible way aiftive ROP polarization. Alternatively, ROP is
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specifically delivered to the plasma membrane jreetive of its activation (Lavy et al., 2007). ICR1
is an example of a protein stabilizing polar lozafion of ROP1 at the plasma membrane and
overexpression of this protein affects pollen tpb&rization. Before germination, ICR1 is situated
the nucleus of pollen grain. During pollen tubevgito initiation, ICR1 moves from nucleus to the
future site of exocytosis and marks positioningR®@P1 (Li et al., 2008). In addition, ICR1 mediates
localized exocytosis via interaction with Sec3 epdcsubunit, thus links the actin cytoskeleton with

secretory apparatus in polarized manner (Bloch g2@08).

ROPs are known to determine the germination tiro&l tlength, localization and balanced ratio
between endocytosis and exocytosis in pollen tabesroot hairs on morphological level (Venus and
Oelmiller, 2013). On the molecular level, ROPs wardctin assembly, disassembly and polarization.
Overexpression of ROP caused stabilization of Fagtd tip swelling in pollen tube (Fu et al., 2p01

and formation of multiple tips in root hairs (Jonetsal., 2002). Dominant negative form of rop2
resulted in reduced number of shorter and wavy haats (Jones et al., 2002) in comparison with

dominant negative ropl, which decreases the raggadytosis in pollen tubes (Lee et al., 2008).

ROP1 is the activator of two antagonistic pathwiiysugh RIC3 and RIC4 as seen in Figurel (Gu et
al., 2005). RIC4 regulates assembly of collar-kkactin structure in the apical dome, whereas RIC3
helps to create Gagradient, possibly via NADPH oxidase, which lesmigctin disassembly. Ratio of
RIC3 and RIC4, which is in physiological conditioabout %2, appeared to orchestrate the actin
dynamics; however the total concentration is ngbartant (Lee, 2005). Overexpression of RIC4
induces enormous polymerization of F-actin thattite exocytosis. Similar effects were also detécte
in pollen tubes treated with jasplakinolide, théirastabilizing drug. 5nM latrunculin B, the actin
disrupting drug, suppresses the defects of RIC4expeession, which is consistent with the theory,

that accumulation of F-actin near the membranerpiaiey blocks exocytosis (Lee et al., 2008).

The gradients of protons, Ca2+ and ROS affect el formation (Hepler et al., 2013) and
cytoskeletal regulators. A number of actin intaragtproteins are influenced by elevation of ion
concentration. ADF and AIP, actin interacting pros, are pH sensitive. In contrast villin/gelsamd
profilin participate in response to Ca2+ elevatioRRospholipids are other key players that affect
actin dynamics. PiPdirectly binds to AtCP, profilin and ADF (Hussey al., 2006; Fu, 2010). In
pollen tube model, profilin and villin/gelsolin akmown to participate in degradation of actin feng
(Hepler et al., 2013), in contragtrabidopsis formins have been shown to initiate microfilament
formation (Fu, 2010; Ye et al.,, 2009). ROP GEF dlseinteracts with WAVE complex, which
recruits ARP 2/3 complex to the plasma membranenagdiates the actin nucleation and assembly in
trichomes and potentially in other tissues (Basualgt 2008). Most mutants of actin remodelling
proteins are characterized by twists and turnsoot hair or pollen tube and altered cytoplasmic
streaming (Qin and Yang, 2011; Miller et al., 1997)
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Thousands of secretory vesicles are formed frongiGaparatus per minute and moved behind the tip
in reverse fountain like pattern (Bove et al., 2008e polymerized cytoskeleton functions as aitaff
road for secretory vesicles in the shank; howeusioh of the exocytotic compartments with the
plasma membrane is prevented by high density of dithments in the subapex. Free access to the
plasma membrane is enabled by actin depolymersatibis suggests that the oscillatory manner of
actin dynamics is necessary for the delivery of rsmeretory vesicles and following exocytosis
(Hepler et al., 2013). The precise function of maytoskeleton during exocytosis is not known to
date, although each type of cytoskeleton appegattcipate in specific cargo trafficking in distin

parts of tip growing cell (see above and below).

Positivie
feedback

S m en—

F  ———
F Negative
feedback

Figure 1: Pollen tube ROP1 regulated by RopGEFs and RhoGAPs orchestrates the actin assembly
and disassmebly via its downstream effectors RIC4 and RIC3. Interaction between ROP1 and Sec3
through RIP1/ICR1 facilitates the polarized exocytosis

ROP effectors mediate formation of cortical fringevy-Wheeler et al., 2005; Ketelaar et al., 2003),
which is essential for trafficking of secretory iatss. Major role of actin cytoskeleton in pollarbée
trafficking was investigated for many years. Lown{d) concentration of latrunculin B, the inhibitor
of actin polymerization, primarily disrupts clathrilependent endocytosis that affects proper ragycli
of membrane material back to the secretory pathavalyaffects the oscillatory pattern of pollen tube
growth, but not the cell expansion (Moscatelli let 2012). Treatment in 20 nM latrunculin B results
in affected morphology of pine pollen tubes andedént pattern of exocytotic sites. Deposition of
pectin and cellulose was massively reduced anderdrated to the extreme apex (Chen et al., 2007).
At 25 nM concentration of latrunculin B, the cytapiic streaming was completely inhibited. In
addition, at 250 nM concentration most of the poligbes exploded. Cytochalasin D is another drug,
which results in inhibitory effect on actin polynetion, and similarly performs stronger inhibitioh

tip growth rather than cytoplasmic streaming, altiio the morphology of treated pollen tube appears
to be more swollen (Vidali et al., 2001).
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Actomyosin system drives cytoplasmic streaming ikdiormed in reverse fountain like pattern in
both pollen tube and root hairs. Cycling of theopyasmic particles is able to move organelles
including secretory vesicles. It is very debatdimev to distinguish between the effect of cytoplasmi
streaming and direct interactions between myogidssacretory vesicles. Both effects are required fo
tip growth, although the portion of action appearde hypothetical. Actin altering drugs may affect
trafficking rather than cytoplasmic streaming asatlibed above, but the real effect may be more
complex. Observation of single organelle movememestigated unique tracks for each compartment
that are independent on other vesicles. In additimrtion of secretory vesicles is more chaotichia t
pollen tube apex in comparison with pollen tubenkhéde Win et al., 1999). This implies the
importance of molecular motors. Secretory vesick&se shown to bind myosins and kinesins,

although myosins appear to play major role duregyetory trafficking (Romagnoli et al., 2007).

Myosins in pollen tube and root hairs appear toabéeast partially redundant (Peremyslov et al.,
2008) and mutants are reduced in organelle vedsciiProkhnevsky et al., 2008), growth rate and
length and display hooked phenotype similar to 2 profilin and adfl mutants (Ojangu et al.,

2007). Myosins are believed to be activated b§/ This supports the idea that secretion is complexly
orchestrated by ROP GTPases. Interestingly, rowt rhgosin XI- K participates in ROP GTPase

positioning to the plasma membrane, thus may affextdynamics of actin filaments, however this
finding requires further investigation. Myosin Xk is localized near the tip in actin dependent
manner and root hair mutant exhibits reduced groath and stop its elongation earlier. However the

architecture of actin cytoskeleton is not altefedrk and Nebenfuhr, 2013).

Secretory vesicles from pollen tube were testethimitro motility assay. Motion of Golgi vesicles

was slower and directed along microtubules, in re@itwith movement along actin microfilaments,
which appeared to be faster (Romagnoli et al., RODfAis is consistent with observation of “stop and
go” movements of plant Golgi stacks described neslly (Nebenfihr et al., 1999) and reveals a

potential role of microtubules during trafficking.

Microtubules serve diverse functions and parti@pit forming of the pollen tube and root hair
morphology. Destabilization ofArabidopsis microtubules results in depolarization and creatd
multiple tips in a single root hair (Bibikova et,a1999) and the role of this cytoskeleton type is
similar among common root hair models (Siebereralet 2005). In contrast, gymnosperm and
angiosperm pollen tubes differ in cytoskeletal dextiure and the effect of microtubule destabilzat
on growth (Cai and Cresti, 2010), with gymnospeuines being more sensitive to the microtubule

depolymerisation (Anderhag et al., 2000).

Microtubules appear to participate in exocytosiséveral regions due to their cellular distribution
Two types of microtubules are formed during rootir hmitiation. In contrast, endoplasmic

microtubules are present just in elongating rodtshand assemble close to the apex region, where
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they possibly participate in exocytosis (Sieberenle 2002). Endoplasmic microtubules were not
described during pollen tube elongation, althougbatco pollen tube pollen tube microtubules
localize in the shank along plasma membrane atitticentral domain of the apex (Idilli et al., 2p13

Microtubules are absent in the pollen tube veryf@ai and Cresti, 2010).

Distinct effects of microtubule destabilizing drugere observed. Taxol did not affect the root hair
morphology. 1 uM oryzalin completely disrupted epldsmic microtubules, however cortical

microtubules appeared to be unaffected (Sieberar,e2002). Papaver pollen tube revealed no deffec
during treatment with oryzalin (Poulter et al., 8DQGossot and Geitmann, 2007), 5uM concentration
of nocodazol altered both endocytosis and exocytositobacco pollen tube. Nocodazol did not
change architecture of actin, nevertheless largigcted recycling of plasma membrane material and
exocytotic events in central region (Idilli et akP13). The differences between the effects of
microtubule depolymerising drug are potentially swdi by different tested species (tobacco and

papaver).

Root hair undergoes reorganization of cytoskeletfiar initiation of growth. This organization is
dynamic and can be restored after microtubule techire damage (Bruaene et al., 2004).
Microtubules form the exocytosis organizing cen@n and Yang, 2011) considering that 5 nM
latrunculin B, actin destabilizing drug, is abledisturb microtubule organization in tobacco pollen
tube (Idilli et al., 2012). It is likely that mictabule cytoskeleton affects cytoplasmic streami@gi (
and Cresti, 2010), helps in organization of actmimteraction with kinesins (Yang et al., 2001w
down the organelles in general (Romagnoli et &Q72 and determines the direction of elongation
(Bibikova et al., 1999). In accordance with currembwledge, the precise role of the microtubules ha
not been elucidated yet (Cai and Cresti, 2010).rdtibules appear to participate in the local

exocytosis of specific cargo, such as callose sg#fCai, 2011).

Kinesin- like protein participates in transportsgfcretory vesicles. Firstly, pollen tube ATP- bl

90 kDa kinesin was co-fractionated with microtulsu{®omagnoli et al., 2003). Transglutaminases,
calcium dependent enzymes, have been shown tat #iffleaffinity of interaction between kinesins
and tubulin in apple pollen tube (Del Duca et 2009) indicating importance of this interaction in
calcium oscillations dependent manner. Armadillpea kinesin 1 and 2 influence root hair
morphogenesis by regulation of endoplasmic micndieg(Sakai et al., 2008) and the mutant displays
similar phenotype as class ARF GAP mutant (Yoo BRlahcaflor, 2013), and leads to disruption of
RabA4b and ROP2 GTPase signalling. Another kinesia, conifer calmodulin binding kinesin,
participates in organelle streaming. Interestingtyicroinjection of affinity purified antibodies
regulating calmodulin resulted in reorganizationvatuoles and altered organelle motility in the tip

region (Lazzaro et al., 2013).
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Pectin methyltransferase (NtPPMEL) is a solubleymezchanging rigidity properties of cell wall via
demethylesterefication of pectin. This enzyme isvde=d to the cell wall space of the tip regionfby
actin in oscillatory dependent manner. Long- tereatment with 2 nM latrunculin B, wortmannin
and 0,15 nM jasplakinolide, the drugs affectingiraétehaviour, results in altered the targeting of
NtPPME1 vesicles (Wang et al., 2013).

Sucrose synthase (Suc) undergoes transport thr@otdi to the plasma membrane or extracellular
space (Persia et al., 2008). Suc vesicles arevedlito be driven by actin and not microtubules in
pollen tubes. Internalization of membrane contgn8uc is potentially actin dependent. Another
enzyme participating in cell wall synthesis, calk¢ synthase, is also delivered to the plasma
membrane via secretory vesicles. CesA appears tmrfanized along microtubules, but this
cytoskeleton type is not essential for CesA intiezation in pollen tubes (see bellow) in comparison

with the actin skeleton.

Callose forms a genotype specific plug and theepatbf callose deposition is heritable (Qin et al.,
2012). Deposition of CalS is dependent on microeguHowever, no specific accumulation of any
kinesin-like protein near callose plug was obserwei@rrestingly, direct interaction between Caifsl a
tubulin has been observed, but the physiologidaeleace has not been elucidated to date (Cai, 2011)
In addition, maize Ptil-like kinase has been shdwrcolocalize with callose, which implicates

possible signalling involved in deposition of otleefl wall components (Herrmann et al., 2006).

Pollen tube is an excellent model to study a périaubcillator that performs spatiotemporally
regulated exocytosis. Subapical region is “exodyttspot” with exocytosis likely dependent on actin
due to no presence of microtubules (Hepler et 2013). Cytoplasmic streaming in this region
potentially supports trafficking to this region. &otubule cytoskeleton drives exocytosis mainly
distal to the cell apex (Cai et al., 2011). Cororetbetween cellular components, such as cytoskeleta
fibers and cell wall polymers patterns, should b&ngined in the future research. Different
components of cell wall could also mutually regelaheir trafficking (Domozych et al., 2014,
(Herrmann et al., 2006). Many interesting factsuditexocytosis should be elucidated from relations

between delivery of different cell wall components.
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5 Interpaly of actin and microtubules during cellulose synthase exocytosis

Cellulose is an important component of plant cellland participates in proper cell wall, architeet
and physical properties, direction of cell expansiand cell morphogenesis. Trafficking and
regulations of cellulose synthase (CesA) have [#edied and several details about the exocytosis
were described. Recently, several key point studiesCesA trafficking have been performed.
Relations between the pattern of cytoskeleton astdlslition of CesA comparrments near the plasma
membrane have been observed and functional aspectgoskeleton during CesA trafficking have
been analyzed. Considering the level of detailsvideml, CesA provides large insight in role of

cytoskeleton in exocytosis, including mutual intaypof microfilaments and microtubules.

Cellulose microfibrils are formed at the plasmambeane by transmembrane enzymes of the CesA
family. The complex of cellulose synthases (CSQalgaes reaction between UDP- glucose and 1, 4-
beta-D-glucosyl chain forming a cellulose polynteellulose microfibrils were largely described to be
co-aligned with microtubules (Somerville, 2006). duitubules potentially act as mechano elastic
sensors via kinesins (Preuss et al., 2004), marlexiocytotic sites (Nebenfihr et al., 1999), moula
crystalline and morphous content of cellulose nfibrds (Fujita et al., 2011), guide the trajectsiof
CSC and regulate the balance between insertionraechalization of CSC (Crowell et al., 2009).
Actin orchestrates distribution of CSCs on cellularel (Cai et al., 2011) and potentially mediates
exocytosis (Sampathkumar et al., 2013). The preoigecof cytoskeleton during exocytosis is widely

discussed (Bashline et al., 2014). However the oubde mechanism remains unclear.

CesA was found to reside at the plasma membranigj Gesicles and special CesA compartments.
CesA containing vesicles were termed MASC (microteb associated cellulose synthase
compartments), which are defined by VHA-al market &esA3 (Crowell et al., 2009), and SmaCCs
(Small CesA- containing compartments) that are mabmpartments containing CesA6 (Gutierrez
et al., 2009). SmaCCs appear to be heterogenodsa aimgle marker was not determided (Gutierrez
et al., 2009), thus the SmaCCs category might Iperguwr to the MASCs. Both CesA containing
vesicles are distinguished form Golgi by size amdre directed movements (Gutierrez et al., 2009).
Cellulose synthesis is regulated by equilibriumalesn exocytosis and endocytosis. MASCs possibly
act as both recycling endosomes and intermedianpaament between Golgi apparatus and plasma

membrane (Crowell et al., 2009).

Gutierezz observed triphasic behaviour of individeimaCCs tracks. First, vesicles moved rapidly and
exhibited random like movement. Second, the vesistayed fixed at the immovable position and
third, the vesicles followed a linear track (Gutgzr et al., 2009). MASCs are possibly those
compartments moving along linear tracks alignedhwiicrotubules in accordance with the fact that
destabilization of microtubules by oryzalin affattpattern of MASCs in the cortical region. These

tracks are independent on actin cytoskeleton (Cltogteal., 2009). Pausing behaviour of vesicles
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could be interpret as “stop and go” movemet (Néldanet al., 1999), as described previously. In
general, the SmaCCs were shown to associate wdtotubule depolymerising ends and microtubule
bundles (Gutierrez et al., 2009). This movememoissibly enabled by a kinesin like protein, whish i
able to depolymerise microtubules. Such examplesr@sin- driven motion were widely observed
(Lombillo et al., 1995). Kinesin like protein FRA{ragile fiberl), a microtubule binding protein,
localizes to the cell periphery and possibly cdstarder of cellulose microfibrils. Mutation in fta
causes reduction in mechanical properties of therdiand results in altered orientation of micnagb
However no direct interaction between AtCesA7 amAE was described and the primary and
secondary effect of this mutation could be discdgZdong et al., 2002). Interestingly, microtubules
participate in SmaCC trafficking, however they a essential for this process (Gutierrez et al.,
2009). This suggests, that microtubules serve piatBnas landmark for targeting secretory vesicles
but do not act during the act of exocytosis ang tre not essential for any step of vesicle dejiver

the plasma membrane.

In general, directed movement along actin filammgatong microtubules and cytoplasmic streaming
potentially participate and cooperate in movemdnt@sA containing compartments (Romagnoli et
al., 2007; Gutierrez et al., 2009; Crowell et @009). Stabilization of actin filaments influences
mictotubule organization, thus the actin stabil@atcan cause a change in CesA trajectories
(Sampathkumar et al., 2011). Actin also appearsrthestrate positioning of the SmaCCs at the
cellular level. Actin cytoskeleton is required ftire distribution of cellulose synthase complexes
during primary and secondary cell wall synthesisalfulose (Gutierrez et al., 2009). Destabilizatio
of actin affected the distribution of SmaCCs in thibcortical region (Sampathkumar et al., 2013).
Treatment of tobacco pollen tubes in LatB resuitethassive redistribution of CesA compartments.
BDM, the myosin inhibitor, caused a decrease itivdgl of SmaCC to the plasma membrane (Cai et
al., 2011).

Single mutants of actins act2, act7 and act8 sholy weak phenotypes, in contrast the double
mutants exhibit compromised phenotype with compsewhicell growth (Kandasamy et al., 2009). The
double mutant act2act7 results in altered actiramizgation and cortical actin microfibrils perform

more fragmented ends. Golgi tends to make aggredatéthese mutants and higher percentage of

SmaCCs remained in fixed position.

Based on FRAP analysis, it is believed that cefl@loontaining compartments are not exocytosed
randomly. MASCs appear to be inserted along lipadins potentially guided by microtubules. Newly
inserted cellulose synthase complexes into them@amembrane lost the common pattern after
destabilization of microtubules by oryzalin, whtlee stabilization of microtubules by taxol caused

more aligned pattern in comparison to control (Gelbwt al., 2009). This is consistent with the fact

27



that inhibition of microtubule polymerization aléek precise, fine- scale pattern of YFP-CESAG in the

plasma membrane (Paredez et al., 2006).

Actin also appears to participate in insertion ¢sesf SmaCCs into the plasma membrane. The
analysis of SmaCCs exocytosis distinguished betwegkehtype cells and act2act7 mutants indicating
that the actin organization plays a role in effitiexocytosis of SmaCCs (Sampathkumar et al., 2013)
Disruption of actin cytoskeleton also causes charigecell wall thickness and defects in cellulose
deposition. Actin cytoskeleton regulates the rdtéghe SmaCC delivery and life time of cellulose

synthase complexes at the plasma membrane. Thiggtpat the actin cytoskeleton contributes to

exocytosis.

Interestingly, relation between exocyst and CSCecgtxsis is questionable. Co-localization test of
Sec3 exocyst subunit with newly inserted CesA6 megative (Zhang et al., 2013). However, Exo70

exocyst subunit should be also examined.

Once inserted in the plasma membrane, CSC synésesidlulose microfibrils in both microtubule
dependent and independent manneellulbse gnthase mteractive, which guides the cellulose
synthase along microtubules is functionally impottéor optimal velocity of cellulose (Lei et al.,
2013). However, cellulose microfibrils continue be oriented in the absence of well organized
microtubules (Sugimoto et al., 2003). In additiapplication of 2, 6- dichlorobenzonitrile affects
CesA mobility at the plasma membrane and possitigcis both the microtubule organization and
Golgi trafficking (Peng et al., 2013), which im@idight connection between CSC and tubulin
cytoskeleton. In addition, recent observations lelulose synthesis and CSC delivery. Fluorescent
signal recovery of CSCs (labelled by YFP-CesA6)kdiged dependence on sustaining cellulose
synthesis (Fujita et al., 2013).

The signal cascade that regulates exocytosis atatgtosis of CSC is not known, albeit is influenced
by osmotic stress and a number of functional CS@énplasma membrane (Gutierrez et al., 2009).
Several other kinesins, cotton kinesin KCH1 and RCIifacilitate interactions between actin and
tubulin (Brandizzi and Wasteneys, 2013). The datplicate that kinesins serve as sensors of
mechanical stresses and therefore control the mimute organization and cellulose synthesis at

multiple levels.

SmaCC motility is facilitated by both microtubulesd actin cytoskeleton. Disassembly of actin
microfilaments affects distribution of SmaCCs irbsortical region (Sampathkumar et al., 2013),
destabilization of microtubules by oryzalin affetigattern of secretory vesicles in the corticaloeg
(Crowell et al., 2009). This implies, that actinganizes SmaCCs distribution on cellular level,
whereas microtubules fine tune SmaCC distributiear ihe plasma membrane. Exocytosis events are

regulated by both microtubules and actin cytoskaleMicrotubules help to stabilize the SmaCCs
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under the plasma membrane (Nebenfiihr et al., 199%pntrast actomyosin system may trigger the
exocytotic process (Sampathkumar et al., 2013). &fiect of cytoplasmic streaming was not
examined and possibly participates in exocytosether the proper molecular mechanism is known,
nor are the components mediating exocytosis orgerigg the responses in the cellular and
intercellular context. Future research on CesA amnpents may help to investigate further relations
between cytoskeleton and secretory apparatus agkecation between actin and microtubules during
exocytosis. Moreover, current knowledge about Caslivery provides excellent platform for general
detailed examination of exocytosis. Microscopic eleations with high spatial and temporal
resolution will bring many yet unknown details aboerplay of cytoskeleton and delivery of various
proteins to plasma membrane. Such observationsal¢se to uncover actin and microtubule interplay

during exocytosis, a well known phenomenon nothatracterized in details.
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6 Conclusions

The role of cytoskeleton during plant exocytosisdsputable but many details of cytoskeleton-
secretory pathway still provide many questionsgémeral, actin, microtubules and combination of
both, cytoplasmic streaming together with molecutaechanisms independent on cytoskeleton
contribute to spatiotemporal regulation of planb@sosis. Current most widespread methodology
involving drug treatment enables to study depeneleicexocytosis on cytoskeleton, although it is
very hard to distinguish between primary and seapneéffects. Actin disruption affects motility of
secretory vesicles via disrupting interactions witlyosins and alters cytoplasmic streaming.

Interactions between both cytoskeleton types gipear to play their role.

Most interactions between palnt cytoskeleton ancresery apparatus probably still await to be
uncovered. In contrast to the case in opisthokgstems, plants Rab GTPases were not shown to bind
myosin yet. On the other hand, Rab GTPases wepztdet to interact with kinesins and this fact
should not be underestimated. Taken together wiimynin vivo data, microtubules significantly

contribute to exocytosis of at least some cargoes.

In one cell, different cargoes are delivered argkduwith the plasma membrane in different manner.
For example, delivery of pectin, a major componentell wall, is dependent on actin. In contrast,
callose appears to be inserted into the plasma mambn dependance on microtubules. This can be
potentially caused by different requirements fdi wall composition in different regions of pollen
tubes and root hairs. On the other hand, exocyaisime cargo molecule, for example PEN3, can be
driven by actin cytoskeleton in one instance (papiformation) or fully independent on both actin

and microtubules in cells in other case root epiger

Cellulose synthase (CesA) synthesizes an impodamiponent of cell wall and its delivery to the
plasma membrane requires precise regulation. Alciires trafficking of CesA compartments near the
plasma membrane.The vesicles are slowed down bgomiules and prevented from the untimely
exocytosis. Insertional events into the plasma miandare also influenced by actin. This implies tha
both actin and microtubules contribute to traffickiof CesA compartments. Future research should
focus on cooperation between both cytoskeleton stygering docking and exocytosis, because
microtubules and microfilaments evidently influeneach other. Hopefully, the trend of CesA
compartment exocytosis research involving highdtggm measurements will serve as example for

other investigations of cytoskeleton-exocytosigfiplay in plant cells.

Both actin and microtubules were shown to mediateyosis. Secretion of certain cargoes requires
different cytoskeleton type, organization, dynanaosl localization. However, regulation of secretion
appears to be tissue and context specific. Theiggrenolecular mechanisms of interaction between

cytoskeleton and secretory apparathus need taubmlated in future research.
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