Endocytoza



Endosomy, vakuola a ti druzi

e.g. PIN1, BRI1, FLS2, BOR1

GNOM - e 29,
BFA— /.7 -I) LE/MVB/PVC
J_ A AN RABF
A23 : Retromer 4
- TGNEE | - VSRs 4
Wm -J

SYP21

’

Ry
4,244 ConcA,
SCAWP1 4 < # 4 9 A23 Wm
VHAa1 7 :

SYP41 ;,J: _




Endocytické vacky maji clathrinovy obal
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Various receptors and clathrin protein coats recognize vesicle types, and these are
delivered (along cytoskeleton pathways?) to appropriate target sites in the cell.

Other recognition molecules, such as (vesicle) v-SNARE and (target) t-SNARE are
involved in targeting vesicles with one set of contents to one site, and another set
of vesicles to another site.

Genom Arabidopsis obsahuje cely komplement genl kédujicich a regulujicich
klatrinové obaly.



Endocytické vacky maji clathrinovy obal

Figure 13-6. Clathrin-coaled pits and vesicles, This rapid-froeze, deep-elch eleciron micrograph shows numerous clathrin-coated
pits and vesicles on the inner surface of the plasma membrana oFculured [Throblasts, The cells were rpidly frozen in liquid
heliom, fractured, and deep-elched Lo expose the cytoplasmic surface of the plasma membrane. (From . Henser, & Celf Blol,
FAA05EE, 1980, © The Rockefaller University Press.)
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Figure 13-7. The strocture of a clathrin eoal. (A) Flectron micrographs of clathrin triskelions shadowed with platinum. Althoogh this faature camot be seen in these
micrographs, aach irizskelion is composed of 3 clathrin heavy chains and 3 clathrin light chains. (B A schematic drwing of the probahle armngement of triskelions on the
cylosolic surlace of a clathrin-coated vesicle, Two triskelions are shown, with the heavy chiins of one in red and thosz of the ather in grays the light chains ame shown in
yetleny, The everlapping arrangement of the Nexible tnskelion arms prowvides both mechanical strength and Nexibility. Mote that the end of 2ach leg of the triskelion fums
inward, 5o that its M-terminal domain forms an intermadiate shell. (O A eryo electron micrograph taken of a clathrin coat composed of 36 triskelions organized in a
natwork of 12 pentagons anid & hexagons. The interwoven lags of the elathrin triskelions form an outer shall into which the N-terminal domains of the triskelions protrudea
ter Form an imer layer visible throngh the openings. It is this inner layer that contacts the adaptor proteing (adapting) shown in the next figure. Although the coat shown is
too mmall toenclose @ membrane vesicle, the clathrin coats on vesicles are constmcted ina similar way from 12 peniagons plus a larger number of hexagons, resembling
the architecturs of o seccer ball. (A, from B, Ungewickell aml D, Branton, Megae 289:4204 22, 1981, © Macmillan Magazines Lid.; B, from L5, Nathke et al., Caf
BRIEO 0, 1992, 4 Elsevier; O, conrtesy of B.ALE. Paarse, from C.J. Smith ot al., EMBOLT 1740434053, 1908}




Tvorba endocytickych vacku
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Figure 13-8. The assembly and disassembly of a elathrin eoal. The assembly of the coat is thought o introduce curvature into the membrane, which leads in fum o the
formation of unifonnly sized coated buds. The adapting bind both clathrin triskelions and membrang-bound cargo receptors, thereby mediating the selective recruitmant of

toth membrang and cargo molacules into the vesicle. The pinching-off of the bud 1o form a vesicle involves membrang fusion; this is helped by the GTP-hinding protein
dynamin, which assembles around the neck of the bud. Tha coat of clathrin-coated vesicles is rapidly removed shortly afber the vesicle fonns.
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Figure 13-41. The formation of clathrin-coated vesicles from the plasma membrane. These electron micrographs illustrate the probable sequence of events in the
formation of a clathrin-coated viesicle from a clathrin-coatad pit. The clathrin-coated pits and vesicles shown are larger than those szen in nonnal-sizad cells. They are
involved in taking up lipoprotein particles into a very large hen socyte to form yolk. The lipoprotein particles bound to their membrane-hound receptors can be seen asa

ensa, fuzzy layer on the extracellular surface of the plasma membrane - which is the inside surface of the vesicle, (Courtesy oMM Perry and AB. Gilbert, J. Celf Set.
39:257272, 1979, 4 The Company of Biologists )




Tvorba endocytickych vacku
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Fig.1 Model depicting established and putative interactions of mammalian receptor
protein kinases (RPKs) and plant receptor-like kinases (RLK) with components of the
clathrin endocytosis machinery. A Binding of its ligand EGF induces the dimeriza-
tion of the RPK EGF-R and also its trans-autophosphorylation on tyrosine residues
located within its cytoplasmic domain. These in turn represent docking sites for SH2-
or phosphotyrosine binding domain containing downstream effector proteins such as the
ubiquitin ligase c-Cbl and EPS15, which assemble a signalling network for the regulation
of the intracellular response to the ligand. In addition, the EGE-R itself is an active cargo
since it modifies directly components of the clathrin endocytosis machinery by covalently
phosphorylating their tyrosine residues. B The hypothetical model of plant RLK internal-
ization shows similarities to the down-regulation of mammalian RPKs. Plant RLKs also
dimerize after ligand binding and some contain the YXX¢-internalization motif while
others might be prone to ubiquitylation. Furthermore, dephosphorylation by the plant-
specific phosphatase KAPP is also crucial for their internalization. Several plant homologs
of the clathrin endocytosis machinery, required for the downregulation of signalling re-
ceptors, have been functionally characterized and their interactions are demonstrated by
solid arrows (see text) while putative interactions are indicated by dashed arrows. An
EPS15 homolog has been identified from the Arabidopsis database (Holstein 2002)




Signhalizacni endosom

Internalizace obsazeného receptoru (recyklace)
nemusi byt jen krok vedouci k oslabeni signalizace
jeho destrukci, ale v nékterych pripadech
signalizace pokraCuje v endosomu — tzv.
signalizaCni endosom
(napf. signalizace brassinosteroidy — BRI1).
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Endocyrotie cyeling in animals and plants. Endooytotic eyeling is well stadied in animal cells with several
wpes of cyeling known: clathrin-mediated, clathrin-coated recepror-mediated, nonclathrin-mediaved
Rabd -—‘—\_* (eaveolae/li pid raft-me diared, fluid-phase endocyosis, phagocyrosis), In contrase, livde is known about
endocymwsis in plants and much has been excrapolaced from animal liverarure. Two discrere endosomal
compartments have been identified in plants, as well as a gradation of maturation from one oo the other
Redirection of endocytosed PM proveins back oo the PM has not heen divectly demonstrated but is serongly
supported by indirect evidence (43, 44, Black amows indicate the endocytotic pathway; red amows indica e
the secrerory pathway. (4) In animals, clathrin-coated and recepror-mediated endocymosed vesicles from the
plasma membrane (PM) are direcred o the sorting endosome/early endosome [Rab4, LDL-recepror
(LI2L-R) and wansferrin recepror ¢ ) markers]. From there, cargo is ransporwed to the PM, endosomal
recycling compartment [Rabd, Rab11, LIDL-R, transferrin bound o mansferrin recepror (CETHR) | or
multivesicular body (MVBWlate endosome [Rab?, M6PR, lysobisphosphatidic acid (LPBA) (87)]. From the
endosomal recycling compartment, cargo can waffic back v the PM or the trans-Golgi nemwork (TGN
(Rabl11). From the MVEAae endosome, cargo can wavel w the TGN [cadonic-independent
mannose-fi-phosphate recepror (CI-MATPR)| or the lysosome [fluid-phase endocyrosed HRIP* (FPE-HR),
H 4 L4 lysosome-associated membrane protein (LAMP) (24)]. Cargo can also wavel from the TON wo the sorting
O rg a n e | y S pOJ e n e S e n d o Cytozo u endosomedearly endosome and MVEB/are endosome. (8) ITn plants, cargo and PM proteins/markers are
endocymsed inm the pardally coaved redculum (PCR) [earonized ferdcin (CF), GNOMN, Ara6, FAM4-04,
H H k b 4 o h RabF2a]. From the PCR, vesicle maturation resules in direction of cargo to MVBs [CF, FAM4-64, Ara7,
JSO u moza I O u me m ra n OVyC ArSyp2 1, VSR proceins| chrough vesicle maruration with overlapping compartment markers [ Ara6 and Ara7]
, or the TGN [ FAT-64, SYP-42, Arad]. From the MVB/lawe endosome/prevacualar comparoment (PVC),
d 0 me n cargo is trafficked to the vacuole [CF, FM4-64, pyrophosphamse (139]; crafficking wo the TGN is
hypothesized. Trafficking from the TGN w the PCR or MVE has not been demonstraved.




Endocytoza

Pfi endocytoze PM velmi pravdépodobné muize také dochazet k internalizaci
(modifikaci a posléze recyklaci) ¢asti pektint a xyloglukan bunééné stény.

Po pridani BFA (B) jsou
témér vSechny
xyloglukany
internalizovany

do BFA kompartmentu.

Fig. TA-C. A Xyloglucans are wery abun-
dant in cross walls of xylem elements and of
cells in the middle and outer cortex. BB In BEA-
treated cells, almost all xyloglucans internalize
into abundant BEA compartments. C and D In
cytokinetic cells, xyloglucans are localized
within compartments sized between about 500
and 1000 nm, which by their fusion build both
the early and late cell plates. Bar: 15 pm




Markery endocytozy

FM styrylové slou€eniny/barvicky fluoreskuji po zapojeni do membrany.
Internalizuji se endocyozou.
Optimalni pro rostlinné bunky je FM4-64

Fi11—43

Figure 1. Integrated endocytic and secretory netwaorks in tip-growing root hairs of plants. lab} Actively growing rot haims, like pollen tubes [35,71], internalize e ndocytic
tracers FM 1-43 {a} and FM4-84 {b} within minutes and accumulate them throughout their growing tips. Bars, 4 pm. Pictures courtesy of Mirosley Ovecka [University of
Wianna. &nstrial
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Fig. 4. Fidd-6d-uptake time course in a growing L. fongiformm
pollen tube. [ A-J) Median confocal fluorescence images at increasing
times (minutes ) after addition of FM4-54 (2 pM& in 115% standard
medium). To avold osmotic perturbation, pollen tubes were
pretrzated with 115% madium before dye application. Inserts show
brght fizld images at 1/3 size. Bar, 20 Lm.
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Interakce GTPazy-lipidy

zakladni regulaéni smy¢cka endomembranového systému

Lokalni specifické domény membranovych fosfolipidd jsou kliCovou soucasti
udrzovani identity nejen celych organel, ale také subdomén na organelach.

Arf, Rho a Rab GTPazy reguluji nékteré aktivity - kinazy, fosfolipazy, flipazy,
které vytvareji lokalizované membranoveé domeény.

sialyl trasferaza
(trans-GA marker)

VHA-a1
(TGN marker)




Interakce GTPazy-lipidy

Rab GTPazy Ize pouzit jako markery

riznych soucéasti endomembranového systému

Table . Clasification of endosomes

T pret Lipsicd el rboears Eafr Mlarkers pH Cathher Slarkoars
Sarting (early) Structural sterok, P1-3-P Rahs, Rahd 5.9-6,0  Annexin |l
Recyding Structural sterok Rab4, Rahl1l 6465
Multivesicular body  PF3-P 5,0-6,0  ESCRT, Hrs, Alix
Late Lysohisphosphatidic acid — Rah?, Raha 5.0-6,0  Alix
Lyssometacuole Rah2 7A 5.0-5.5




Interakce GTPazy-lipidy

Distribution of phosphatidylinositides

Plasma Membrane in cells:

Ptdins(4,5)P2
P1(4)P (blue) - concentrated on Golgi

PI(3)P (green) - early endosomes
P1(4,5)P, - plasma membrane
P1(3,5)P, - multi-vesicular endosomes
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Structure of PI(3)P-binding modules

Mearmibrmne
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Loap
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FYVE | PX
Figure3: Structures of (A) the EEA1 FYVE domain dimer (PDB code 1JOC) (31) and (B) the p40°™*PX domain (PDE code THGH)
(30) bound to Ins(1,3)P: and dibutanoyl-Ptdins(3)P, respectively. The two domains are onented such that the membrane in which
the bound phosphoinositide would be embedded 15 perpendicular to the page, passing beneath the representation of the two domains.
The 1-and 3-phosphates are labeled P1 and P3, respectively. Dimerization of the FYWE domain is driven by a 60 amino-acid M-terminal
extension that forms a coiled-coil. In the FYVE domain, the two bound Zr®t ions per protomer are colored gray. In the PX dormain, the Yo4
side-chain, which makes van der Waal's contact with the glycerol backbone is shown and labeled (see textl. The loop labeled ‘membrane
interaction loop’ s thought to insert into the membrane in both cases, based on MMR chemical shift changes seen upon binding of each
domain to PidInsi3iPcontaining micelles (37,42).

Lemmon 2003



Plant Physiol. Vol, 135, 2004

Figure 1. Onion cells were cotransformed  with
two construds: Y FP-tagged RahF2a (shown in artifi-
cial green color) and DsRed-tagged double FYWE
[shown in red). Pronounced colocalization of both
constructs on endosomes (yellow) is shown in the
merged image indicating that the double FYWE
construct is a reliable endosomal marker in plant
ce

[s.



Lokalizace ruznych Rab GTPaz odhaluje
ruznorodost endosomu

Distinct Localization of Ypt3/Rabll in Higher Plants

[Flgrp| Praz | [RFP[ Pra3 | Merged

Fra. 7. Distinet localization of Pra2 and Prad in tobaceo BY-2 eells. The plazmid carrving the RFP-PRAS fusion gene was intro
shacen cellz expressing GFP-Pra2 by particle bombardment. After incubation for 18 h, cells were obaerved by a confocal laser-scanning n
| FLAG-tag.



Ara6, homolog Rab5 (RabF u At),
je lokalizovan v casném endosomu

Y Arab-GEP

Fig. 3. Araf, a plant-unique Rab GTPFass, is localizzd on the sub-
population of early endosomes and regulatzs endosomal fusion.
(4 Arad™T-GFP was distributed mainly on the early endosomes,
and dominant active Ara6“MLGFP was chsarved on aggegat-
ing vesicls and vacucks. (B) Protoplasts of suspension-culturad
Arabidopsis cells expressing Ara6™ T-GFP were labeled by FM4-64,
a tracer of the endocytic pathway. The dots labeled by Arag™T-
GFP (amows) were also labzled by FM4-64. MNote that some
dots labeled by FM4-64 were not labelad by &raT-GFP (arrow-
heads). Bar = 10 jum.



Recyklace plasmatické membrany
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Figure 13-52. Storage of plasma membrane profeins in reeyeling endosoames. Recycling endosomes can serve as an intracellular pool for specialized plasma
membring proteins, enabling tham to be mobilized when needed. In the examplea shown hare, insulin binding 1o the insulin receplor rigears a signaling pathway that
causes the rapid insertion of glucose ransporiers inio the plasma membrane of a fat or muscle cell, greatly increasing glucose intake.

Podobné je zfejmé regulovana lokalizace auxinovych prenasecu PIN. Auxin
blokuje endocytézu, a tak automaticky zvySuje vyskyt vytokovych pfenasecu na
PM. Takto auxin pravdépodobné reguluje svij vlastni transport.



Pohyb endosomu

Endosomy se pohybuji po
aktinovych vlaknech, ale také
mechanismem aktinové
komety.

Pohyb je zavisly na polymeraci
aktinu a nezavisly na myosinu.

crocyost ors O 53

endocyiosis

F-actin

= ARP23
F-mstin eomsts & Dynamin
gnd bundles
polar transport * MAPKs
of vesicles and AR
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Figure 3. Waorking model depicting endosomalAvesicular trafficking and
possible roles of the actin filaments inan idealized tip-growing root hair.
Local adtin polymerization together with accumulation of dynamin
could faciliite endocylic recyveling of receptors, ion channels, and cell
wall molecules (eg. pectins and AGPs| by asisting the pinching off the
endoovlic vesicles and by joming actin comels on these vesicles
dependent on ARPs. Signaling molecules such as MAPKs associate bath
with endosomal vesicles and the adtin ovtoskelaon. Additionally, dense
meshworks of actin filiments regulated by profiline and ARPs are
suggesled o act as a strucural saaffold in order 1o sequester and
maintain signaling and regulatory molecules, including MAPKs within
the apical vesicle pool (dear zong, GA, Golgi apparatus. Amrows
indicate polar trafficking of exo- and endoodtic vesiclesfendosomes, as
well as putative tramspon between TGN and endosames.




Brefeldin A (BFA)

sEm=itve lne | untrealsd sonisiieg ine | BEA reated  resistant Ina | BFA restsd

BFA, inhibitor GEF pro Arf GTPazy, o |
je dulezitym nastrojem studia z jsou
sekre¢ni drahy. Vede ke vzniku tzv. 3 fkeé'FSf”t”'

BFA kompartment.

Pozor, ne kazdy Afr GEF je citlivy
k BFA! (Buriky Arabidopsis maiji 8
GEFU pro 12 ARFU, ruzné silné
exprimovanych a rizné
lokalizovanych.)
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brefeldin A
Molecular Formula: CgH- 0y Polarni transport auxinu
Molecular Weight: 28036 (IAA) je zavisly na
CAS Humber Hame:20350-155 /1 § 7 8,8,115,12,13,14 148 Decahydro-1 ,13-difydroxy-S-methyl-4H- cyclopent[floxacyclotridecin-4-one polarni lokalizaci PIN
auxinovych vytokovych
OH prenasecu. Jejich

lokalizace je zavisla na

HOI 3 polarizované sekreci a
4, 7\/\): aktinovém cytoskeletu.
H
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1. ARFl=small GTPASE, initiates coating in 6TP form

(myristoylated)
2. ARF1-GEF=marks the spot | This is a brefeldin A target

3. ARF1-GAP=stimulates ARF1 &TPase

4. Cargo membrane protein = KKXX motif in C-terminus

5. Carge receptor, e.g. KDEL receptor

6. Coatamer = coat recruited by ARF1-G6TP and cargo
membrane protein. y subunit recognizes KKXX



Brefeldin A (BFA)

V rostlinnych burikach se po pusobeni BFA objevuji min. 2 nové kompartmenty
(v riznych burikach rizné):

1. hybridni cisGA-ER (podobné jako u zivocichu)
2. tzv. ,BFA-compartment” — trans-GA — endosom

Obsah BFA kompartmentu odhaluje bilkoviny PM

(napf. PIN1), které cykluji mezi PM a recyklujicim
endosomem.



Research tool for membrane trafficking: BFA

Vesicle budding in Golgi is ARF1-dependent;
ARF1 undergoes recruitment to Golgi membrane
by ARF-GEF-promoted GTP for GDP exchange;
ARF1 recruits protein coats (green) needed for
vesicle budding; brefeldin A binds at ARF1-GDP
/ARF1-GEF interface and inhibits GTP exchange/
membrane recruitment of ARF1 and coats; Golgi
stack is disrupted and protein trafficking through
the Golgi is inhibited,

Arf-GEFy pusobi i na nékolika dalSich ,,stanicich*
endomem. systému.

Figure 1. Overall Structure of the ARFsGDPsSec7sBFA Complex

{A) Ribbon diagram with the Sec? domain of Geal colored green and BFA colored blue with oxygen atoms red. Human ARF1 is orange, with
its switch | and 2 regions in lighter hues.

(B} “Open book" view of the interfacial surfaces, with space-filling models of the Sec7 domain and ARF1 rotated apart by 180° Molecules
are colored as in (A}, Bound BFA is included on both proteins.
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Figure 2. A Endooyviosis in planis—insights from BFA compariments. Upon B FA treatment, the ollowing plasma menmhrane and
plasma membrane-associated molecules accumulate in BRA comparments: PIRs [putative auxin efflux cariens), ALUXT [putative
auxin influe carrier), plasma membrane H-ATFise, plasma membrane structural sterols, and peripheral membrane pratein ARG
{altered response 1o gravityl. Except this, cell wall pectins cross-linked by boron, small GTFase ARF1, and AR Factivair GWOM
(ARF-GEF) accumulate within BFA compartments. The |IM&4 carhobydrate epitope and dynamin ADLG associate hath with
plasma membrane and TGM, and can be eventually transported 1o the BRA compartment fram both locations. Internalization of
cell wall pectins could be inhibited by short4erm boron deprivation. ALUXT accumulation to BFA companments i restricted to
protaphloem cells. B, Ulrastructure of BFA compastment alter 30-min incubation of root epidermal cell with 25 gwm BFA
{reproduced with permission from Grebe et al, 20031 C, Immunofluorescence colocalization of putative awin efflue carier
PINT second antibody coupled 10 FITC green) and cell wall pectins recognized by monoclonal antibody |15 (zecondany
antibody coupled to TRITC red) on BREA companments fvellow] inmaize root cells ireated with 100 pa BFA Jor 2 h. Muclei (blus

are counterstained with DAPL
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Figure 1. Effects of BFA on membrane trafficking between ER and
Galgi. In untreated cells (leftl, export from the ER ipinkl is mediated
by COPll-coated vesicles (green). Fusion of these anterograde vesi-
cles depends on anterograde w-5MNAREs on the vesicles (red triangles)
and t-5MNAREs on the cis Galgi (red lines). Anterograde transport (at
least to the PVO) continues on the trans side of the Golgi with
clathrin-coated vesicles (crossed blue lines). Retrograde transport
within the Golgi and from the Golgi to the ER depends on COPI coats
ired) and retrograde v- and t-5NAREs iblack triangles and linesi. In
BFA-treated cells irightl, all vesiculation at the Golgi stops due to the
inhibition of Arfl. As a result, retrograde v-SNAREs remain exposed
on the Golgi and the cisternae fuse directly with the ER. Cisternal
maturation continues in the presence of BFA so that early Golgi
compartments assurme a more translike morphology. At the same
time, the later cisternae and the TGN are lost to the cvtoplasm and,
eventually, o the BFEA compartment. COPI vesicle formation at the
ER is initially not inhibited by BFA, but anterograde vesicles may no
longer be able to fuse with the maturing cis cisterna, thus efiectively
blocking ER-to-Galgi transport.



Endocytoza behem cytokineze
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Figure 2
Polarity and growth speed of EMTs bridging nucleus and cortex. Green: GFF-ATEBI {in A-L). {A-F) EMTs axhibit bidi-

rectional growth and microwbule bundling. Maote that that the micretubule originating from the nuclear surface (outgoing) and
the one coming from the cortex (incoming) cross each other (arrow) and, as in the cortical array, grow with similar speeds
without interfering each other (arrowheads) (see additional file 4: Movie 4). (G-L) EMT plus ends radiating mainly in an out-
ward direction from the NE during PPB maturation {see additional file 5: Maovie 51, Kymograph projection of micratubule plus
ends in the interphase cortex (M), PPB cortex (M) and preprophase cytoplasm {©) showing sustained polymerization. The hor-
izortal axis, d, represents distance {18 pm in M, 13 pmin Mand 20 wm in @), and the vertical axis, t, represents time (290 s in
M. 1405 in M and 390 5 in Q). Mote that for each of the 3 cases (M-O). the microtubules follow the tracks, exhibit bi-direction-
ality and grow with tha same speads. By comparing the slopas batween images M-0, it becomeas evidant that the microtubule
growth spead increases from interphase to the PPE stage, as previously reported [9]. Mote that the arrowhead in M shows the
crossing of two EMTs growing on the same path at the same tima but in opposite directions. Muclaus is marked by '™, time is
indicated in seconds and bars represent 8 um.




Endocytoza behem cytokineze

Pfed nastupem mitozy se tvofri
v misté zaostfujicicho se
preprofazniho pasu (PPB) pas
zvySené endocytozy.

Endosomal belt co-localizes with microtubular PPB during preprophase. Green: GFP-MaP4 (in &, B, L M and P},
GFP-ATEBI (in C-K), GFP-Aral (in M) and ST-YFP {in O}, Rad: FM4-64 (in A-M and Q-F). Early in tha G2-M transition, F4-64
labelad endocytic vasicles follow the emerging EMTs labaled with GFP-MAP4, as shown in single median section (A) and 3D0-
projection (B). The marked rectangle in (C) is zoomed infor (D). FM4-64 labeled endacytic vesiclas preferenially internalize
from the cortical araas approachad by the GFP-AEE] labalad EMT plus ends (D-F) (se2 addidonal fila &: Maovia &), and oryza-
lin-induced microtbule depolymerization disrupts their intarnalization routes (G-) (see additional file 7: Mavia 7) whereas the
internalization paths are recoverad after oryzalin remaval {)). (K) Close-up of GFP-AtEBI marked EMT plus ends bridging the
ME and PPB. Mote that during PPB narrowing, FM4-64 labeled endacytic vesicles preferantially intarnalize from the cortical
areas approached by the GFP-AEBI (see additianal file 8: Movie 8). Formation of an FM4-64 labelad cortical belr at the PPB
site (labeled with GFP-MAP4) is shownin a single median section (L) and in 3.0 projection (M). (N) 3-D projection of GFP-
Aral labeled endosomes exhibiting an endosomal belt at praprophase. (0 Both FM4-64 labeled andosomes and ST-YFP
labeled Gas form a cortical balt at the PPB site. (F) GFP-MAP4 labaled EMTs connecting the nucleus to the PPB intersact FM4-
£4 labeled vacuoles. Time s indicutad in minuees. Bars represent 7 wmin A, B, |, L M, 10 pmin €, N-Pand 5 um in K.

GFP-MAP4 = marker mikrotubult

GFP-EB1 = marker (+)-konct mikrotubult

Golgi + endosomy



F-K: EMTs (Endoplasmic
MTs) dorustaji do oblasti
pfedchoziho PPB a tak se
setkavaji s endosomy, které
po nich putuji v minus-sméru.

PM targeted EMT plus ends probe the areas occupied by the preceding PPB and align the cell plates for proper
docking at the parental walls. Green: GFP-MAP4 (in A, F), GFP-A®€E| (in B-E |-O and P). Red: FM4-64 (in A, F-O), YFP-
MaP4 (in P). (A) Discontinuity of the vacuslar structuras in the preceding PPE site (arrowheads) is maintained at the spindle
stage, as visualized with FM4-64 labeled vacucles and GFP-MAP4 labeled microwbules.(B-C) At the onset of the phragmoplast
stage, GFP-ATER | labelad EMT plus ends ired arrowheads) originating from the former spindle poles grow towards the cortex
(see additicnal file 5 Maovie 9). Occasionally, they grow towards the polar areas (yellow arrowhead). (D) GFP-AEB] labeled
EMT plus ends {arrewheads) are atrracted to the cortical areas marked by the praceding PPE. At late telophase, the disance
through which GFP-AEBI labeled EMT plus ends reach towards the cortex is reduced. (E} 3-D projection showing GFP-AER |
labeled EMT plus end trajectories directed towards the cortex, which are different from the main phragmoplast structure.
GFP-MaP4 labeled EMTs (F-1) or GFP-AtERI labalad EMT plus ends (|-M) continue to reach the cortax at the former PPE sita

and display close proximity to FM4-64 labeled endosomes (red arrow and arrowheads). These endosomes display movemeant
towards the minus end of these EMTs. (N-O) GFP-ATEE] labeled plus end growth of EMTs {arrowheads) towards opposite
sides of the cortex is maintained during cell plate and phragmaoplast tilting (see additional file 10: Mavie 10). (F) Enrichment of
GFP-ATER| labeled microtubule plus ends (arrowhead) but not of YFP-MaP4 labeled microtubular parts at the phragmoplast
midline. Tima in F-1is given in seconds while that in J-© is indicated in minutes. Bars in A-O represent 8 um while thatin P rep-
resents 10 wm.




F

Figure &

MNPA induces abnormal PPBs and altered cell divisions. (A-B) Normal anticliml cell divisions (arrowheads in A) and
transverse organization of cortical microwbules in MPA untreated cells. (C-D) Inclined and pericinal cell divisions (red arrow-
heads in ) with altered organization of GFP-MaP4 labeled cortical microtubules (red arrowheads in D) in MP& treated cells.
A, C show single madian sections and B, D show 3-D projections. Note that the first round of call division (yallow arrow-
heads) is normal and a shift in the cell division planes occurs in the second round. (E-F) Formation of periclinal PFBs and spin-
dlas (arrowheads in E) and periclinal phragmoplasts {arrowhead in F). Bidirectional arraws in A, C, E and F show the long axes
of the cells. (G-L) NPA treatment sometimes causes formation of two separate FPBs (arrowheads in G) equidistant from the
nucleus, which results in tileed spindle formation {1} and phragmoplast initiation (]}, phragmoplast growth (K) and call plate
docking (L) at sites marked by either of the FPBs (arrowheads) (see additional file 11: Maovie |1). G shows 3-D projection and
H-L show single madian sections. Bars represent 10 wm and time is indicated in minutes.

Inhibitor transportu auxinu
NPA (naphthylphtha-

lamic acid) naruSuje tvorbu
PPB a orientaci bunécné

prepazky.



Endocytoza behem cytokineze

Endocytdza je intenzivni v mistech kde se endoplasmatické MTs setkavaji s
PPB.

Pas endosomu proto lezi v tésné blizkosti PPB a je zachovan i po rozpadu PPB
pfi tvorbé mitotického vieténka.

Kyselina naftylftalamova (NPA), inhibitor polarniho vytoku auxinu, pusobi
anomalni PPBs a nasledné posuny v roviné bunécného déleni.

Dynamika cytoskeletu
je neoddélitelné a reciproCne provazana
s dynamikou endomembranového systemu.




Vakuola

Ci spiSe vakuoly



Ve vakuole dochazi k
nespecifickeé degradaci rady
substratu vCetné lipidu,
polysacharidu a bilkovin.
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Vakuola

Vakuola je topologicky
extracytoplasmaticky
kompartment.

Velmi rychle se vyrovnava
se zmeénami osmotickych
pomérl v apoplastu.
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Vakuolarni lokalizacni signaly

(A)

HN—{ SP | NTPP | J—COOH
HoN—{ SP | ] CTPP )—COOH
H.MN—{ 5P | | Internal | J—COOH
(B)

M-terminal propeptides (NTPP) NP IR

Sweet PD‘.HIL'I 5].HJ-THI'I'.IiI'I

Barlev aleurain

Barley lectin

Tobaceo chitinase

Tobaceo -1 3-glucanase  EDED@EDEDIDIDEREDED
Tobacco AP24 DD D GD CDED DD ¢

trans Golgi; neutral to
slightly acid pH

pre-vacuole - acid pH

Kirsch T, Paris N, Butler JM. Beevers L. Rogers JC.
Purification and initial characterization of a potential
plant vacuolar targeting receptor. Proc Natl Acad Sci.
1994, 91:3403-7.
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Golgl

(YMPL)
Q Cytoplasmic tail
Cytoplasm
L Membrana ]
o
Lumen i
AP-1 adaptor complex
H-tarminal
Cargo protein (proaleurain)
e

BP-A0/AIELP

V5D (NPIR}

Clathrin triskelon

Fig.2 Working model of receptor-mediated sorting in plants. Depicted are the possible
interactions between the receptor BP-80 and the cargo protein proaleurain in the trans-
Golgi network (TGN). A Formation and budding of clathrin-coated vesicles (CCVs) at the
TGN. B Specific protein components and their interactions within a CCV. AP-1, adap-
tor protein complex AP-1; NPIR, vacuolar sorting determinant (VSD) from proaleurain;
YMPL, tyrosine motif from the cytoplasmic tail of BP-80

Ttidéni do lytické vakuoly pres BP-80/ELP receptory.



(A) Transport to PSV in dense vesicles
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Od ER odvozena PB jsou obklopovana a pohlcovana
vakuolami.



Apepl2+
A.1r. cDNAZ2

Apepl2+
S.c. PEP12

Apep 12+ unrelated
A.r. cDNA

Apepl2+
A.1. cDNAI

PEP12 je prevakuoldrni t-SNARE u Arabidopsis



Prolaminy

Agregace jako tfidici mechanismus v ER - PB.
Lokalizovana translace na spec. doménach ER.



Podstatnou soucasti tfidéni leguminu je jejich
postupna agregace v perifernich oblastech

(A)

o




Clathrin coated vesicles, které vznikaji na PB
doménach GA pravdépodobné odtiid’uji
slozky, které¢ do PSV nepatfi.



Tvorba MVB

bodies. Eventually, all of the internal mambranes producad by the invaginati cns shown ara di gested by
profeases and lipases in lysosomes, The invagination is essential to achieve complete digestion of endecylosad
membrane profeins. RHecauss tha outer membrane of the nltivesicular body bocomes continuous with the
Iyzosomal mambrane, lysosomal hydrolases could not digest the cytesolic domaing of transmambrane proteins
such as the EGF receptor shown here, i it were not For the invagination.
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Figura 1: The endosomal system of a model plant cell. foute /- The time-course of the clathrn-depandent intemalization of lectron-
dense markers can be considered established. Thus, after budding from the clathrin-coated pit {CCF) endooytosed markers first appear in
the parfially coated reticulum (PCRE) and in the Goli region (GAL Along this route the next compartments are the multivesicular bodies
(WMIVE] and finally the hetic vacuale (LV), fowte & Fiv-labeled plazma membrane (FM) i delivered 1o a Rabb- positive putative early endasomal
compartment [EE], but the dependency on clathrin for the uptake st the P remainag to be shown. Aowbe I Soluble protens bound to the
vacualar sorting receptor BELF) destined for the hic vacuole are deliversd via COV from the Golgi to & prevacuclar compartment (PYC)
Sewveral classes of prateire imcolved inintracellular transport have been described for the following beations: AW Phragmeplasting SYP111,
EYP121, SMAPZE, Araf; B8 Aral, Ara?, SVC AELR, 5YP21, BYP22, 5YPEL VT O cellwall. See text for more details..

Tridéni bilkovin z MVB do vakuoly je fizeno tfemi komplexy
ESCRT - u Arabidopsis jsou nékteré podjednotky znamy diky
analyze mutanti Ayade.
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Figure 13-3. Molecular Biology of the Cell, 4th Edition.

Retromer
pomaha
recyklovat
z PVC
do TGN

Vesicular traffic and the role of Golgi apparatus (body) as a “traffic controller”. Protein
modifications take place in the Golgi, which result in acquisition of appropriate signals,
and hence packaging into correct vesicles. Hydrolytic enzymes are sent to lysosome,
export vesicles to plasmalemma and ER membranes and proteins are recycled back

to ER (Fig 13-21).
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Fig.5 The molecular components of the retromer complex. Shown are the relationships
between the yeast vacuolar sorting receptor VpslOp and the components of the two
retromer subunits

Homology jsou také u rostlin a je pravdépodobné, zZe funguje podobné.



Autofagicka vakuola

Macroautophagy

| Autophagic
o | body

4 drahy

Amino acids

@ ~¥ - Sugars
Wacuole/lysosome Lipids

Micropexophagy

Current Opinion in Plant Biology

Mormphological steps during microautophagy, macrautophagy, CVT, and micropexophagy. Micropexophagy and microautophagy proceed by
imsagination of the tonoplast to engulf portions of the cytosol and peroxisomes (Per) to create autophagic bodies within the vacuole. Conversely,
both macmautophagy and CVT sequester cytosaolic companents in a double membrane-bound vesicle, which then fuses with the tonoplast to
release its contents into the vacuolar lumen. For macroautophagy, this vesicle is called the avtophagosome. Where appropriate, the cago is
degraded by resident vacuolar hydrolases; the products are either stored in the vacuole or transported back to the cytosol for reuse. Adapted

from [33]. C, chloroplast. M, mitochondrion.



Rostliny jsou schopny prezivat faze nedostatku zivin
mj. také diky bohaté rozvinuté schopnosti autofagie -
degradace cytoplasmatickych Casti ve specialni
vakuole.
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Bilkoviny fidici tvorbu
autofagickych vakuol
jsou dobie evolu¢né
konzervovany.
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Vesicle
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(b) Vesicle expansion and enclosure

()

Schematic representation of known companents within the ATG autophagic pathways in yeast and Arabidopsis. (a) Induction of the ATG

pathway is regulated by the nutritional status of the cell. Under nutrient-rich conditions, the TOR kinase hyperphosphorylates the ATG1

kinase and ATG13, promoting their dissociation from a complex that contains the accessory factors ATG11, ATG17, and VACSE. Under
nutrient-poor conditions, ATG1 and ATG13 are dephosphorylated, which in turn promotes the re-association and activation of the kinase complex.
The active ATG1-ATGE13 kinase complex promotes nucleation of the PAS to form the autophagosome in a process invalving the PI3K VPS34,

the transmembrane protein ATGS, and other factors. This step is blocked by the PI3K kinase inhibitors wortmannin, LY284002 and 3-MA

(b} Engulfment by the PAS is achieved with the help of two ATP-dependent Ub-like conjugation systems that involve the tags ATGE and ATG12,




Arabidopsis s postizenou tvorbou
autofagnich vakuol rychleji starne
a hdfe odolava hladovéni.

atg7-1ATGTC -5

(b) WT atg7-1 atg7-11ATGT

Current Cpinion in Plant Biclogy

Phenctypes of an Arabidopsis mutant that is affected in the ATG7 gene, which encodes the E1 required for activation of ATGS and ATG12 before
their conjugation to PE and ATGS, respectively. Plant lines include wildtype Arabidopsis (WS ecotype), the atg?-7 mutant, and the atg7-7

mutant complemented with either ATG7 or a mutation in which the active-site teine codon was rted to that for a serne (ATG7C —5)

(a) Eary senescence of rosette leaves. Five-month-old plants grown in nutrient-rich soil under a short-day photoperiod (from [25]). (b) Plants
grown for 32 days in nitrogen-free liguid medium. (¢} Plants exposed to dark-induced carbon starvation. Six-week-old plants were grown

under an 8 hour light/16 hour dark short-day photoperiod, transfered to darkness for 2, 4 or 6 days and then transferred back to the short-day
period for one week (AR Thompson et al., unpublished).




Vakuoly jsou centralni
pro pochopeni zivota
rostlinné bunky
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