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Abstrakt

Morfogeneze rostlinnych bunck tzce souvisi s koordinaci plasmatické membrany, cytoskeletu a
exocytozy. Forminy jsou proteiny regulujici tvorbu vldken aktinového cytoskeletu. Rostlinné
forminy nalezejici do tfidy I jsou integralni membranové proteiny, mohou tedy regulovat dynamiku
cytoskeletu z pozice membranového proteinu. Zjistiti jsme, ze formin AtFH4 z Arabidopsis
thaliana se vaze na mikrotubularni cytoskelet. Doména zodpovédna za tuto vazbu se nachazi mezi
transmembranovou a ,,formin homology 1* doménou. V in vitro podminkach vazal AtFH4 protein
aktinovéd vldkna. AtFH4 se lokalizoval do membrian endoplasmatického retikula, kdyz byl
overexprimovan v builkkdch tabaku. Zaroven tato lokalizace zplsobila rozmisténi membran
endoplasmatického retikula podél mikrotubularniho cytoskeletu. Z téchto vysledkli vyvozujeme, ze
AtFH4 je schopny byt soucasné umistén v membrané a svoji vazbou na aktin a mikrotubuly
propojovat tyto dva typy cytoskeletu.

Rostlinnd cytokineze zavisi na sekretorické draze; na exocytdoze i endocytoze. Pied tim, nez
sekretorické vacky splynou s plasmatickou membranou, jsou k ni poutany ,,poutacim komplexem*
zvanym exocyst, slozenym z osmi podjednotek. Analyzovali jsme mutanty v jedné z podjednotek
exocystu A. thaliana — EXO84b. Mutantni rostliny byly zakrslé, nejspiSe kvili porusené
sekretorické draze, a Cast jejich bunék vykazovala cytokinetické defekty — nedokoncena bunécna
déleni. Soud¢ podle lokalizace podjednotek exocystu béhem bunééného déleni bylo pti¢inou téchto
defektti Spatné dozravani bunécné desticky. Podjednotky SEC6, SECS, SEC15b, EXO70A1 a
EXO84b znacené zelenym fluorescencnim proteinem se masivné lokalizovaly do bunécné desticky
v okamziku jejiho vzniku a poté do zrajici bunééné desticky. Ulohu exocystu ve vzniku tohoto
utvaru navic podporuje poskozené skladani bunécné desticky u rostlin mutantnich v podjednotce
EXO70A1. Tyto vysledky napovidaji, ze exocyst je klickovy pro procesy bunécného d€leni —
skladani bunécné desticky a dozravani nové bunééné stény mezi deefinymi buiikami.

Lokalizace exocystu je vétSinou popisovdna jako intenzivni signdl v oblastech plasmatické
membrany spojenych s aktivni exocytézou. V této praci jsme pouzili tzv. ,variable-angle
epifluorescent microscopy*, kterd vynikd vysokym podilem signalu ku pozadi, ¢ehoz je dosazeno
¢astecnym osvétlenim vzorku. Pomoci této metody jsme pozorovali umisténi exocystu do tecek na
plasmatické membrané bunék A. thaliana. Abychom potvrdili, ze tyto teCky predstavuji jednotlivé
exocytické vacky navazané na plasmatickou membranu, oznadili jsme je pomoci membranové
barvy FM4-64 a proteinu VAMP721 a zjistili jsme CasteCnou kolokalizaci mezi exocystem a takto
znaCenymi vacky. Exocyst nekolokalizoval s endocytickymi vacky ozna¢enymi pomoci dynamin-
related proteinu 1C. Dale jsme zjistili, Ze tecky znafené exocystem piimo nekolokalizuji s
aktinovym ani mikrotubuldarnim cytoskeletem. Tyto vysledky piedstavuji jedny z prvnich pokust
popsat ve vysokém rozliSeni lokalizaci a dynamiku vazani a exocytozy vackl u rostlinnych bunék a
zaroven podporuji piedstavu exocystu jako poutace vacki na plasmatické membrané rostlinnych
bunék.



Abstract

Plant cell morphogenesis is largely dependent on the coordination of cytoskeletal elements, plasma
membrane, and vesicle trafficking. Formin proteins are nucleators of the actin cytoskeleton. Plant
Class I family formins are integral membrane proteins and thus have the ability to coordinate
cytoskeletal dynamics with the plasma membrane localization. We identified Arabidopsis thaliana
formin AtFH4 as a microtubule associated protein. The binding is conferred by a novel domain
located between the transmembrane domain and the formin homology 1 domain. The protein
associated with actin in in vitro conditions. Overexpressed AtFH4 accumulated in the endoplasmic
reticulum, and induced coalignment of endoplasmic reticulum membranes with microtubules.
Together, these data suggest that the combination of plant-specific and conserved domains enables
AtFH4 to function as an interface between membranes and both major cytoskeletal networks .
Secretory pathways supported by the activity of the Golgi apparatus play a crucial role in
cytokinesis in plant cells. Prior to their fusion with the plasma membrane, secretory vesicles are
tethered at exocytic sites by the exocyst, an octameric protein complex. We analysed the mutant in
the EXO84b exocyst subunit, and discovered that the mutant plants were dwarfed and exhibited
cytokinetic defects. The dwarf stature of the mutants is probably caused by a general secretion
defect. The cytokinetic deviations resulted from a post-cytokinetic cell wall maturation defect; this
we inferred from the behaviour of GFP-tagged SEC6, SEC8, SEC15b, EXO70A1, and EXO84b
exocyst subunits during cytokinesis. These exhibited distinctive localization maxima at the cell
plate initiation and cell plate maturation stages, suggesting that the exocyst is also involved in the
assembly of the cell plate. Accordingly, the cell plate assembly of exo7041 mutants was defective.
We conclude that the exocyst complex is involved in secretory processes during cytokinesis in
Arabidopsis cells; in cell plate initiation, cell plate maturation, and formation of new primary cell
wall.

The available data present localizations of the bulk of exocyst proteins to plasma membrane
domains associated with high secretion activity. We used variable-angle epifluorescent microscopy
that provides higher signal-to-background ratio than confocal microscopy to visualize exocyst
subunits at the plasma membrane. Exocyst subunits localized into distinct foci at the plasma
membrane, likely corresponding to the individual exocytic sites, which were distinct from sites of
endocytosis marked by the dynamin-related protein 1C. Exocyst foci partially overlapped with
bona fide vesicles markers — the membrane fluorescent dye FM4-64 and v-SNARE VAMP721. We
further analysed colocalization of the exocyst foci with actin and microtubule cytoskeletons. These
results provide first insights into the dynamics of single exocytic events at the plant plasma
membrane in plant cells, and at the same time provide further experimental evidence for the exocyst
function in the vesicle tethering process in plants.



Uvod

Vsechny bunky v téle rostlin jsou polarizované, obvykle podél jedné i vice os. Ve vétSing situaci
jsou rostlinné buiiky obklopené bunéénymi sténami, které vytvaii pomoci tzv. difizniho nebo
Spickového rlstu. Asymetrické rozlozeni bunéénych komponent tvoii bunéénou polaritu. Na jejim
ustanovovani a udrzovani se podili mnoho procest, vcetn¢ signdlnich kaskad, cytoskeletu,a
vackového transportu. Polarita bun¢k také zahrnuje diferencialni sloZeni riiznych membranovych
domén(1). Piikladem takové polarity v rostlinnych buiikach jsou vSudyptitomné — transportéry
auxinu PIN, iontové pienasece (2). V této praci jsem se zaméfil na roli proteinil formint (3) jako
potencialni integratorii plasmatické membrany a aktinu a mikrotubulli (4). Druhym centrem této
préce je proteinovy komplex exocyst, ktery je zodpovédny za poutani exocytickych vacka k
plasmatické membrané (5).

Cile prace

Jaka je role forminut v molekularnim propojeni obou typii kortikalnach cytoskeletii s plasmatickou
membranou v rostlinnych bunkach?

Rostlinna cytokineze zavisi na koordinované cinnosti cytoskeletu a smerované sekrece. Jaka je role
exocystu v tomto procesu?

Exocyst lokalizuje do exocyticky aktivnich oblasti plasmatické membrany. Je mozné vizualizovat
podjednotky komplexu exocyst na jednotlivych exocytickych vaccich?

Shrnuti vysledka

Formin AtFH4 asociuje se aktinem a mikrotubuly a obsahuje nové objevenou mikrotubuly vazebnou
doménu(6)

Dynamické chovani aktinového cytoskeletu u rostlin zavisi na koordinované ¢innosti nékolika tfid
aktin-vazebnych proteinylti Mezi né nalezi forminy, které nukleuji aktinova vldkna. Arabidopsis
thaliana koduje vice nez 20 paralogti formint (7), z nichZ n¢které obsahuji transmembranovou
doménu. Identifikovali jsme rostlinné specifickou doménu forminu AtFH4, kterd zprostiedkovava
spojeni s mikrotubuldrnim cytoskeletem. AtFH4 se lokalizoval do membran endoplasmatického
retikula, kdyz byl overexprimovan v buiikach tabaku. Zaroven tato lokalizace zplisobila rozmisténi
membran endoplasmatického retikula podél mikrotubularniho cytoskeletu. Z téchto vysledka
vyvozujeme, ze AtFH4 je schopny byt souasné umistén v membrané a svoji vazbou na aktin a
mikrotubuly propojovat tyto dva typy cytoskeletu.

Komplex exocyst se ucastni cytokineze u Arabidopsis thaliana(8)

Reprodukce buiiky je slozity proces, ktery zahrnuje vSechny bunééné struktury. Cytokineze,
posledni faze bunécného dé€leni, je obzvlaste u rostlin zavisla na vackovém transportu. Pomoci
proteomickych, cytologickych a genetickych piistupl jsme prokézali, Ze rostlinny exocyst obsahuje
podjednotku EXO84b. Rostliny Arabidopsis mutantni v této podjednotce vykazovaly trpaslici rist a
poruchy bunécného de€leni. V pribehu cytokineze se podjedotky exocystu SEC6, SEC8, SEC15b,
EXO70A1 a EXO84b znacené zelenym fluorescencnim proteinem lokalizovaly do bunécné
destic¢ky pfi jejim vzniku a posléze podél dozravajici bunééné piepazky; obé€ tyto faze se vyznacuji
vysokou poptavkou po fuzi vackl. Dale uvadime data dosvédcujici defekt v sestavovani bunééné



desticky u mutanta podjednotky exocystu EXO70A1. MizZeme shrnout, Ze komplex exocyst je
zapojen do sekre¢nich procesti béhem cytokineze v buiikach Arabidopsis, zejména v iniciaci
bunécné piepazky a nasledném dozradvani a formovani nové bunécné stény.

Vizualizace komplexu exocyst a jeho dynamiky na plazmatické membrane Arabidopsis thaliana

Ve tieti publikaci, ktera je soucasti této disertace, jsme se soustiedili na vizualizaci komplexu
exocyst na plasmatické membrang. Jak jiz bylo feceno, tento komplex se lokalizuje do sekretoricky
aktovnich oblasti plasmatické membrany. Jednou z ptikladnych domén tohoto typu je vnéjsi
membrana epidermalnich bunck kotene Arabidopsis, ktera vymezuje rozhrani mezi rostlinou a ne-
rostlinou. Pouzili jsme mikroskopickou metodu s vysokym rozliSenim - VAEM(9) k vizualizaci
podjednotek SEC6, SEC8, EXO70A1 a EXO84b. Tyto se nachéazely v ohrani¢enych teckach na
plasmatické membrang, pravdépodobné odpovidajicich jednotlivym sekretorickym vackim.
Pozorovali jsme znacné snizeni hustoty téchto tecek v buitkach mutanta podjednotky exocystu
EXO70A1. Tecky znacené exocystem se ¢asteCné prekryvaly s bona fide markery sekretorickych
vackl - fluorescenénim barvivem FM4-64 a V-SNARE proteinem VAMP721. Zaznamenana
dynamika tecek pravdépodobné reprezentuje dynamiku poutani exocytickych vacki k plasmatické
membrané u Arabidopsis. Nakonec jsme ukézali, Ze lokalizace exocystu je nezavisla na
mikrotubulech a aktinu, ale delsi naruSeni aktinového cytoskeletu vedlo ke zménam v polarité
exocystu v ramci buiiky. Tato prace miize slouzit jako podklad pro dalsi studium exocytozy ve
vysokém rozliSeni u rostlin.
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Model propojeni plasmatické membrany s aktinovym a mikrotubularnim cytoskeletem pomoci
forminu AtFH4.

A model depicting a putative role for AtFH4 at the plant membrane-cytoskeletal interface. Actin
filament anchoring could theoretically occur in parallel to microtubule association, or microtubule
and F-actin binding could be mutually exclusive.



Introduction

All cells in the plant body are polarized, usually along more than one axis. In the majority of
situations, plant cell live interconnected by their cell walls. These cells usually grow by a so called
diffuse growth. Diffuse growth is characterized by distribution of the growth along the growing
region, whereas tip growth is a spatially focused cell expansion.

Asymmetric distribution of cellular components and structures constitutes cell polarity. Many
processes, including signal cascades, cytoskeletal dynamics and intracellular trafficking, are
engaged in cell polarity establishing and maintenance. Cell polarity includes differential
composition of different membrane domains (1). Examples of such polarity in plant cells are
ubiquitous — auxin transporters PIN, ion transporters (2). Cell polarity is controlled and maintained
by protein and other cargo sorting in the endomembrane system, by transport of proteins and cargo
to target plasma membrane (PM) domains, and by fusion of the vesicles containing the cargo with
the selected PM domain. In this thesis, I focused on the role of formin proteins (3) as potential
integrators of plasma membrane and both actin and microtubule cytoskeleton (4), and the exocyst
tethering complex that controls the last step of the secretory pathway (5).

Aims of the thesis

What is the role of formins in the molecular machinery interconnecting the two types of cortical
cytoskeletons and plasma membrane in plant cells?

Plant cytokinesis depends on coordinated action of cytoskeleton and focused secretion into the
developing cell plate. What is the role of the exocyst in this process?

The exocyst localizes to highly secretory active plasma membrane domains. Is it possible to
visualize subunits of the exocyst complex at exocytic sites using a high resolution imaging
technique?

Summary of results

The plant formin AtFH4 interacts with both actin and microtubules, and contains a newly identified
microtubule-binding domain(6)

The dynamic behaviour of the actin cytoskeleton in plants relies on the coordinated action of
several classes of actin-binding proteins (ABPs). These ABPs include the plant-specific subfamilies
of actin-nucleating formin proteins. The model plant species Arabidopsis thaliana has over 20
formin proteins, all of which contain plant-specific regions in place of the GTPase-binding domain,
formin homology (FH)3 domain, and DAD and DID motifs found in many fungal and animal
formins. We have identified for the first time a plant- specific region of the membrane-integrated
formin AtFH4 that mediates an association with the microtubule cytoskeleton. In vitro analysis
shows that this region (named the GOE domain) binds directly to microtubules. Overexpressed
AtFH4 accumulates at the endoplasmic reticulum membrane and co-aligns the endoplasmic
reticulum with microtubules. The FH1 and FH2 domains of formins are conserved in plants, and we
show that these domains of AtFH4 nucleate F-actin. Together, these data suggest that the
combination of plant-specific and conserved domains enables AtFH4 to function as an interface
between membranes and both major cytoskeletal networks



Title: The Arabidopsis Exocyst Complex Is Involved in Cytokinesis and Cell Plate Maturation(8)

Cell reproduction is a complex process involving whole cell structures and machineries in space and
time, resulting in regulated distribution of endomembranes, organelles, and genomes between
daughter cells. Secretory pathways supported by the activity of the Golgi apparatus play a crucial
role in cytokinesis in plants. From the onset of phragmoplast initiation to the maturation of the cell
plate, delivery of secretory vesicles is necessary to sustain successful daughter cell separation.
Tethering of secretory vesicles at the plasma membrane is mediated by the evolutionarily conserved
octameric exocyst complex. Using proteomic and cytologic approaches, we show that EXO84b is a
subunit of the plant exocyst. Arabidopsis thaliana mutants for EXO84b are severely dwarfed and
have compromised leaf epidermal cell and guard cell division. During cytokinesis, green fluorescent
protein—tagged exocyst subunits SEC6, SEC8, SEC15b, EXO70A1, and EXO84b exhibit distinctive
localization maxima at cell plate initiation and cell plate maturation, stages with a high demand for
vesicle fusion. Finally, we present data indicating a defect in cell plate assembly in the exo7041
mutant. We conclude that the exocyst complex is involved in secretory processes during cytokinesis
in Arabidopsis cells, notably in cell plate initiation, cell plate maturation, and formation of new
primary cell wall.
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Lokalizace podjednotky EXO84b zna¢ené¢ GFP béhem cytokineze v buiice kotene Arabidopsis.

EXO84b-GFP subunit during cytokinesis in Arabidopsis root cell. The cell plate was labelled by
FM4-64



Title: Visualization of the Exocyst Complex Dynamics at the Plasma Membrane of Arabidopsis
thaliana

Polarized exocytosis is crucial for plant cell morphogenesis. Prior to their fusion with the plasma
membrane, secretory vesicles are tethered at exocytic sites by the exocyst, an octameric protein
complex. Accordingly, exocyst subunits localize to secretory active regions of the plasma
membrane of yeast, animal, and plant cells. Such a region is exemplified by the outer epidermal
domain of Arabidopsis root cells that delimits the root-soil interface. We employed the high
resolution VAEM(9) microscopy to visualize exocyst subunits SEC6, SEC8, EXO70A1, and
EXO84b. These colocalized in distinct foci at the plasma membrane, likely corresponding to single
exocytic sites, which were distinct from sites of endocytosis marked by dynamin-related protein 1C.
We observed considerable decrease of SEC6-GFP foci density at the plasma membrane in
Arabidopsis exocyst subunit mutant exo70A1. Exocyst foci partially overlapped with bona fide
vesicles visualized by membrane fluorescent dye FM4-64 and by v-SNARE VAMP721. The
recorded dynamics of exocyst foci plausibly represents dynamics of secretory vesicle tethering at
the plasma membrane in Arabidopsis cells. Finally, we show that the exocyst foci localization was
independent on microtubule and actin cytoskeleton, although prolonged actin disruption led to
changes in exocyst polarization within the cells. This work provides a background for high
resolution studies of Arabidopsis exocytosis.
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