Endomembranovy
system

tfidéni bilkovin — transport vacka — sekretoricka draha — exocytéza — endocytéza
protein sorting — vesicle trafficking — secretory pathway — exocytosis — endocytosis



Endomembranovy systém - funkce a dynamika

tfidéni proteint — transport vacku — sekretoricka draha — exocytéza — endocytoza
protein sorting — vesicle trafficking — secretory pathway — exocytosis — endocytosis

Cell exterior/cell wall

Prokaryoticka burika vystaci s cytopl.
membranou, velké eukaryotické bunky
vyvinuly endomembr. systém

(pomér povrchu/objemu).

Jak se proteiny a lipidy pohybuji mezi
kompartmenty?

Jak burika zajisti spravnou lokalizaci proteinu?

Molekularni mechanismy transportu vacka.

Soucasti endomembranoveho
systému je také jaderna membrana
a plasmaticka membrana




Soucasti endomembranového systému
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burfika ma 2 pooly
ribosomu

syntéza proteinu
probiha

Transport proteinu v bunce

volné

v cytoplazmé

ER vazané

na ER
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mRNA encoding a cytosolic protein
remains free in cytosol
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common pool of ribosomal
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common pool of ribosomal
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to ER membrane by
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mRNA encoding
a protein targeted
to ER remains




Transport proteinu a lipidu

proteiny syntetizované v cytoplasmé se transportuji: 1) jadernymi pory
Cytosm Mammalian nuclear pore complex Plant nuclear pore complex
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2) translokatory (rozvinuti a opétovné
sbaleni)
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Transport proteinu a lipidu

proteiny endomembranvého systému se transportuiji: 3) vezikularnim transportem
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Metody studia sekrecni drahy

2002 Albert Lasker Award for Basic Medical

James E. Rothman and Randy W. Schekman

For discoveries revealing the universal machinery that orchestrates the budding
and fusion of membrane vesicles - a process essential to organelle formation,
nutrient uptake, and secretion of hormones and neurotransmitters,

biochemicky
pristup

geneticky
pristup

James E. Rothman — Cchairman and Randy W. Schekman —
Paul A. Marks Chair, Cellular Investigator,
Biochemisty & Biophysics Program, University of California, Berkeley

Vice Chairman,
Sloan-Kettering Institute



Genetické metody studia sekrece

Call, Wol. 29, 205-215, August, 1980, Copyright ©4 8980 by Cell Press

Identification of 23 Complementation Groups
Required for Post-translational Events in the
Yeast Secretory Pathway

Peter Novick, Charles Fisld and Randy Schekman™
Department of Biochamistry

University of California, Berkalay

Berkeley, Califomia 94720

mutageneze

sedimentace denznich bunék
sledovani sekrece invertazy
analyza mutantl pomoci
elektronové mikroskopie na
Vv tenkych fezech

sec15-1po2h @ 37 °C

Cells of a Saccharomyces cerevisiae mutant that is temperature-
sensitive for secretion and cell surface growth become dense during
incubation at the non-permissive temperature (37 degrees C). This
property allows the selection of additional secretory mutants by
sedimentation of mutagenized cells on a Ludox density gradient.
Colonies derived from dense cells are screened for conditional growth
and secretion of invertase and acid phosphatase. The sec mutant
strains that accumulate an abnormally large intracellular pool of
invertase at 37 degrees C (188 mutant clones) fall into 23
complementation groups, and the distribution of mutant alleles suggests
that more complementation groups could be found. Bud emergence and
incorporation of a plasma membrane sulfate permease activity stop
quickly after a shift to 37 degrees C. Many of the mutants are
thermoreversible; upon return to the permissive temperature (25
degrees C) the accumulated invertase is secreted. Electron microscopy
of sec mutant cells reveals, with one exception, the temperature-
dependent accumulation of membrane-enclosed secretory organelles.
We suggest that these structures represent intermediates in a pathway
in which secretion and plasma membrane assembly are colinear.

akumulace
vacku!

el



Genetické metody studia sekrece
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Figure 6. Yeast Secretory Pathway

N: nucleus. NM: nuclear membrane. ER: endoplasmic reticulum. SEC:
wild-type gene product. sec: mutant gene product. V: vesicle. PM:
plasma membrane. CW: cell wzll. BB: Berkeley body.

Novick P., Ferro S., and Schekman R. (1981)



Biochemické metody studia sekrece

Cell-free assays of vesicular transport: Reconstitute transport between two organelles
in vitro (= bezbunécény systém studia sekrece)

Balch W.E., Dunphy W.G., Braell W.A., and Rothman J.E. (1984)

Reconstitution of the transport of protein between successive compartments of the
Golgi measured by the coupled incorporation of N-acetylglucosamine. Cell 39, 405-416.
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pH gradient sekretorické drahy
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Gradient okyselovani sekre¢ni drahy je klicovy pro jeji funkci! Citlivy k monensinu.



COH Me monensin A HO OH

IONOPHOR (,diry“ v membrané)
blokuje dynamiku transporu Na*/H*, a tim regulaci pH v endomembranovém systému

efekt: inhibice sekrece, proteiny se akumuluji v ER, trans-GA zvétSuje svUj objem

Monensin isolated from Streptomyces cinnamonensis is a well-known
representative of naturally polyether ionophore antibiotics. It is able to form
pseudomacrocyclic complexes with mono and divalent cations and transport
of the cations across cellular membrane. In cells monensin blocks the
secretion of glycoproteins. It is soluble in chloroform, ethanol and methanol.
Monensin plays an important role as an Na+/H+ antiporter, it blocks

intracellular protein transport, and exhibits antibiotic, antimalarial, and other
biological activities.



pH gradient sekretorické drahy
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efekt: inhibice sekrece, proteiny se akumuluji v ER, trans-GA zvétSuje svUj objem




Endoplasmatické retikulum

ER vizualizované pomoci GFP

- syntéza proteinl pro endomembranové kompartmenty, membrany a sekreci
- modifikace proteinu (glykosylace)

- syntéza nékterych lipidu (rust membran)

- kontrola kvality proteint

- signalni funkce (regulovany vytok Ca?*)



Endoplasmatické retikulum

ER-téliska (ER bodies)

specialni struktury
nékterych rostlinnych
bunék v listech;

obsahuiji proteazy, které
se ucastni reakci na stres
a senescence.




Drsné endoplasmatické retikulum

inner nuclear membrane ER membrane
nucleus outer nuclear membrane

e [ 2 ¥

polyribosome

A

(A) 560 rm 2 200 nm-

TEM of rough endoplasmic reticulum (rER). Extensive cellular network of membranes. In this
case the membranes are involved in protein synthesis and ribosomes are associated with
the membranes, giving them a “rough” appearance. The inside of the compartment is called
“cisterna”, or “cisternal space”.



Hladké endoplasmatické retikulum

hladké ER (smooth ER, sER)

u rostlin pfedevsim produkce lipidu
a membran




Endoplasmatické retikulum

rough ER Ima
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Separation of smooth and rough ER as “microsomes” on sucrose gradient.
Different conditions may have to be used to separate peroxisomal microbodies
and other vesicles from the smooth microsomes.



Svyntéza proteinu na ER

Jak bunka rozlisi,
které proteiny syntetizovat v cytoplasmeé
a které do ER?
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Secreted form of invertase

Svyntéza proteinu na ER
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Svyntéza proteinu

na ER

BINDING OF SRP

TO SIGNAL
tRNA PEPTIDE CAUSES
5 A PAUSE IN
TRANSLATION
SRP-BOUND RIBOSOME
, ATTACHES TO SRP
3 RECEPTOR IN

7 ~ ER MEMBRANE

mRNA

signal sequence SRP \
on nascent

CYTOSOL

polypeptide

ER LUMEN
protein plug SRP receptor protein
translocator in rough ER membrane

Figure 12-42 part 1 of 2. Molecular Biology of the Cell

SRP-BOUND RIBOSOME
ATTACHES TO SRP
RECEPTOR IN
ER MEMBRANE

SRP receptor protein
in rough ER membrane

signalni sekvence

ribosomy jsou associované
s drsnym ER prave
prostrednictvim signalni
sekvence

SRP AND SRP RECEPTOR
DISPLACED AND RECYCLED

TRANSLATION
CONTINUES AND



Svyntéza proteinu na ER

struktura signalniho peptidu

Mature
Signal peptide { 30 to 70 a.a.) protein
o m— ——— .--'.
In the membrane
i Electroneutral
or negative

(hydrophilic) {hydrophobic) {hydrophilic)
positive charge 10-15 a.a. polar sequence;
Lys, Arg rich in Ala, Leu
Signal
Peptidase
cleavage site

Fig. 3. Typical tripartite structure of the N-terminal signal peptide of preproteins targeted to the ER.



Svyntéza proteinu na ER

25 nm

v

Met side

7SL RNA

L PN r
Y A
Signal peptide-recognition Domain that may bind to the
domain ribosome

funkCni soucasti SRP je molekula RNA



Svyntéza proteinu na ER

kotranslacni import proteint do ER

\
|\

signalni peptidaza

translokon (2 rizné zmény konformace)

.,
NH2  cytosoL

ER LUMEN

NH2
OOH

signal

inactive protein active c
peptidase

translocator translocator

SIGNAL PEPTIDASE CLEAVES OFF
SIGNAL SEQUENCE, RELEASING
MATURE PROTEIN INTO ER LUMEN



Svyntéza proteinu na ER

syntéza transmembranovych proteinu:
iniciacni a terminacni signaly translokace

COOH
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Il sequence

stop-transfer
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mature transmembrane protein
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Typy transmembranovych proteinu

typ | typ Il typ Il typ IV

Cytoplasma

ER, GA, ...

N C

signalni
peptid se
neodstépi



Modifikace proteinu v ER

N-glykosylace

pfeneseni hotového
oligosacharidu z
dolicholu na -NH2
skupinu asparaginu
(Asn)

takto se modifikuje
vétSina proteinu
syntetizovanych
do ER

H O

ER LUMEN H[ CH2

asparagine { C=0
side chain

NH

growing
polypeptide chain

i g;
lipid-linked
oligosaccharide

mannase = ‘

N-acetylglucosamine = O



Modifikace proteinu v ER
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Fig. 1. Addition and processing of N-linksd glyeans in the endoplasmic reticulum (ER) and Golgi apparatus of plant and mammalian cells. A precursor
oligosacchande assembled onto a lipid camier 15 transferred on specific Asn residues of the nascent growing polypeptide. The MN-glycan is then trimmed off
with removal of glucosvl and most mannosy! residues. Differences in the processing of plant and mammalian complex N-glycans are late Golg maturation
eveits,



Kontrola kvality proteinu v ER

Retikuloplasminy

skupina proteinl v retikuloplasmé (lumen ER), které se podileji na regulaci konformace
bilkovin uvnitf ER = kontrola kvality bilkovin

napf. calnexin, calreticulin, PDI Protein disulfide isomerase (PDI)
is an enzyme in the ER in eukaryotes or
periplasmic space of prokaryotes that catalyzes

Calnexin is one of the chaperone the formation and breakage of disulfide bonds
molecules, which assist protein folding between cysteine residues within proteins as
and quality control in ER, ensuring they fold. This allows proteins to quickly find the
that only properly folded and correct arrangement of disulfide bonds, and
assembled proteins proceed further therefore the enzyme acts to catalyze protein
along the secretory pathway. Calnexin folding.

retains unfolded or unassembled
N-linked glycoproteins in the ER.

Calreticulin binds to misfolded proteins and prevents them from being exported
from the ER to the Golgi apparatus. Calreticulin has the function of binding to
oligosaccharides containing terminal glucose residues thereby targeting them
for degradation. In normal cellular function, trimming of glucose residues off the
core oligosaccharide added during N-linked glycosylation is a part of protein
processing.



Kontrola kvality proteinu v ER

Calnexin/Calreticulin  Po deglykosylacnich upravach
komplexniho polysacharidu vazou substrat,
dokud ma jednu terminalni glukozu —
cyklus glykosylace/deglykosylace ,drzi“
bilkovinu v ER. Po odstranéni posledni
glukozy se retikuloplasminy ,poustéji
substratu a ten unika z ER.




Rizena degradace proteint

Nepodarené bilkoviny jsou exportovany ven z ER a po ubikvitinaci jsou degradovany
proteasomem.

Rizena degradace protein(i proteasomem je stejné dulezity regulaéni pochod jako jejich
syntéza.

EF jpro e bren Shoecasine
el compl gl

" minbokded profwin

chaparong
Figure 12-55. The export and degradation of misfolded ER proteins. Misfolded solubla protzing in the ER lumen are tanslocated back into the cytosol, where they are
deglycosylatad, ubiquitylabad, and degraded in proteasomes. Misfolkded membrane proteing follow a similar pathway. Misiolded protains are exporied through the same
iype of trinslocator that mediated their impor; accessory probeins that are asscciated with the ranslocator allow it to oparate in the expori direction.




Unfolded Protein Response

uplatriuje se i u rostlin
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Denaturované bilkoviny vazou BiP, ktery normalné drzi IRE1 neagregovanou; po agregaci aktivovana
IRE1 vystfihne intron TF XBP1. Vedle toho PERK kinaza (ER TM bilk.) inhibuje translaci (fosf. elF2a).
ATF6 je TM TF v membr. ER, ktery je aktivovan také uvolnénim z BiPu, transportem do GA a po
odstépeni proteazou putuje do jadra.



Golgiho aparat

ER

: smeér sekrece
cis FACE Golgi vesicle
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secretory vesicle trans FACE dozravani cisteren trans-GA

CM

3-dimensional reconstruction from electron micrographs
of the Golgi apparatus in a secretory cell

Velkou ¢ast metabolické aktivity GA u rostlin
pfedstavuje vedle glykosylace proteinu predevsim
syntéza pektinu a rdznych "hemicelul6z, - stavebnich
latek bunécné stény.
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rostlinné bunky:
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mezi ER a GA



Golgiho aparat
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Modifikace proteinu v GA
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Fig. 1. Addition and processing of N-linkad glyeans in the endoplasmic reticulum (ER) and Golgi apparatus of plant and mammalian cells. A precursor
oligosacchande assembled onto a lipid camier i transferred on specific Asn residues of the nascent growing polypeptide. The N-glyean is then trimmed off
with remeval of glucosyl and most mannosy! residues. Differences in the processing of plant and mammalian complex N-glycans are late Golg maturation

Evenis.

Rozdily v posttranslacnich modifikacich komplikuji biotechnologické vyuziti.




Modifikace proteinu v GA

A e s Gle B
“w&'Gal Ser { Fuchie . Glaife
Ara Y X /. GalMae
5N /: Gal
Ser Thréf-- Man
Tyr {gfl Man _\:\ Fuc
= Thr { GleNAe iy
" G DuAeTridH
Hyl — Gal ' izal

u"fdl‘ 4Or1.! ‘ [ @

Oh-linkad fussse glyean

O-linked mannose glycan

Mugin

ald A ai,

i@ Core 1 maturation

L. Cosa 2 matyration

linkage regicn

Glysesamineglysan

D Disoochando repoating ragion
(40-100 limes]
Heparinf i
Heparan sulfale (D
]

Chondroitin/ 4 "
Dérimatan Sulkabe

( 14
3 n M3 1.4

3. 3 3’
Cj:. Dpi_ADﬁi.JO .pn_a.rn

[
a2 4

)

18
] d. ° I'yulrale

upnnupllms

LRl ) e Rl A P

-2 p1-2 w13

Extensin type O-glycan Type ll

e Oooine oo D2omeruc [ fi

b

Hydraxyproline rich proteins

I:lmun: &

Zal, lectin-
typé U-glyean

Oaw Arw

O-glykosylace

na -OH skupiné
Ser, Thr nebo hydroxyprolinu
(Hyp)

cukerné zbytky se pfipojuji
obvykle po jednom



Modifikace proteinu v GA

Transmembrane
Golgi lumen

Cytoplasm

Amino terminus

Cumrert Cpinion in Plant Biclogy

Schematic representation of the topology of most Gokgi-localized
alycosylitransferases. The amino terminus is located at the cytoplasmic
face of the Golgi membrane whereas the glbular domain, lbcated near
the carbasyl terminus of the protein, is located in the lumen of the Golgi.

glykosyltransferazy v GA

transmembranové proteiny, které
pripojuji cukerné zbytky

ve fuzi s GFP slouzi ¢asto jako
markery GA - napf. zivoc.
sialyltransferaza (ST)




Endomembranovy systém rostlin

Unique features of the plant secretory system

Minor
1. Plants lack the intermediate compartment between ER and Golgi that is present in animals.
2. Plants may not possess a TGN that is the distinctive sorting compartment is animals,. TGN funguje jako endosom!

Major

3,0\}’|anf cells possess many small Golgi rather than the single large perinuclear Golgi of animals.

4, Plant Golgi stream on actin cables in association with the ER.

5. Plant Golgi make non-cellulosic cell wall polymers in addition to glycosylating proteins.

6. Plant cells have two distinct vacuoles with distinct targeting routes. The two vacucles
have been shown to fuse during development.

7. Dividing plant cells assemble a new plasma membrane at the cell plate rather than divide by
constriction,

8. Plant cells of certain tissues store proteins in the ER for later direct delivery to the lytic
vacuole.

9. GA je funkeni pri cytokinezi a tedy nedisociuje.

Universal Features

*The plant secretory system consist of one genetic membrane, the endoplasmic reticulum
(ER), which synthesizes its polar lipids and acquires all proteins by direct insertion or
transport via the Sec translocon.

*All other compartments of the secretory system (also called the endomembrane
system) are derived membrane-enclosed compartment that ultimately obtain
their proteins and membrane bilayer from the ER. Genetic membranes arise

by growth and division. Derived membranes, if lost, can be regenerated from
the genetic membrane.



Vesicle trafficking



Vesicle trafficking

CYTOSOL
Ry, DONOR
COMPARTMENT

g TARGET
= COMPARTMENT

.....

1) specifikace mista puceni vacku

2) puceni vacku + nalozeni nakladu
3) odstfizeni vacku od membrany

4)  uncoating vacku

5) transport vacku

6) tethering vacku (25 nm)

7)  docking vacku (5-10 nm)

8) fuze vacku s cilovou memebranou



Transportni vacky

COPII mediates ER to Golgi transport
COPI mediates retro-transport through the GA to ER, but also forward GA transport

CCV (clathrin coated vesicles) mediates GA to plasmalema transport
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Retrogradni transport

vraci proteiny specifické pro ER zpét z GA do ER, udrzovani spec. obsahu ER

adresova sekvence (tzv. retencni signal) KDEL (HDEL u kvasinky S. cerevisiae)
na C-konci proteint lumen ER (retikuloplasmin()

KDEL = Lys-Asp-Glu-Leu

rozpoznani receptorem ERD2

doprava pomoci COPI vackua do ER
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Transportni vacky

: e e

athrin

coPIl |
100 nm

(C)

Tvorbu oball/vacka reguluji malé GTPazy z rodin ARF a SAR

e Sar1-COPII

« ARF1 a homology ARF1 — COPI, CCV (clathrin coated vesicles)
» neprostudované typy oball mohou vyuzivat jiné GTPazy



Transportni vacky

B) C)
COPVeoatomer COPII
Sec3lp
ARF1 Secl3p
Sec2ip
SeeZdp Sarip
v ER/Golgi, intra- ER o Gaolgi
(A) (B) COPI Golgi pathways pathway
A)
Clathrin
C) B) A) _ Light chain
Clathrin (:‘
COP-I (Golgi) TGN, PM, Endo Qul”
COP-Il (ER ' ;.,, /
ul%lj'. TGN mlf Heavy chain
. e [IYVs0s0ma
B-COP Clathrin “triskelion” vacuoiar pathway)
“Cage" Sec31/13 ;’_'_gg'; (3 heavy chains, 3 light chains) and endocytosis
Complex £-COP
& N
ey 2 nEna b
Selective” g Sec23/24 MF'-COP 5.COP pluzpdpd | AP-1,23,4
Complex {-cop 01020304
CoatGTPase  _&. Sar-GTP %’ Arf-GTP % Arf-GTP




Tvorbu vacku reguluji malé GTPazy

A Anterograde transport: COPYl vesicles

Sar «G0P
*‘- 224 5n-.:1.1'31

\LL Qﬂx_fﬁb

S 6T !

ER Lumen {

b Retograde ransport: GOP! veslcles

E E_J Cop | coatomer ARE GAP
1) Camplax .
A 1sGDP ]F* -

M - SONY

AF=GTP

Galgl Lumen



Dva hlavni mechanizmy signalizace u eukaryot

1) fosforylace

FHROTEIN
KIMASE

QFF

FRLTEIN
PHOSPHATASE

SIG MAL OUT

[&)  SIGNALING BY PHOSPHORYLATION

2) GTP-vazebné proteiny

Inactive Active
state GEF state
GDI GAP GTP-binding

.; protein

(B) SIGMALING BY GTP-BINDING PROTEIN



Tvorbu vacku reguluji malé GTPazy

Nucleotide-dependent (GTP/GDP) ARF1

confomational changes in ARF1

ARF = ADP ribosylation factor

- na N-konci navazany
hydrofobni myristyl

- v GDP formé ukryty v
molekule

- v GTP formé vystrCeny ven,
interakce s membranou

GDP forma - neaktivni GTP forma - aktivni

ATERGDP

Lee et al. 2004



Vacky COPII - anterogradni transport

Signals combined with the machinery for
vesicle trafficking give the overall specificity.

Kirchhausen T. Three ways to make a vesicle. Nat Rev Mol Cell Biol. 2000 Dec;1(3):187-98. Review.

CopIl
ER to cis Golgi

Ao i i Cangm vapnm

This step is well characterized

in yeast and animals. The machinery
(esp Sarlp) is required for transpert in
plants, but the vesicles haven't been
observed.

=)

il
[ =/

@ s

Dl'.a..').lp. @ snpom
u':.-u::.p (B =up-ace

Figum 2| The bey atupsm S Sormustion of CODN-comied vesicies. Cost axsamb s o sctrstec by the e et of
LN p- GTF 12 1 TBTIEr . TIL RGAAR TS EVING O NS S82.0p- L) 4 EOm Bt 10 N8 FETGETENL T Euran Tra
Eap11p- Sandp rrmpled Ereln Aus, bk el ks mama s daleimadien. Vi ban e m2ak @ Enmplai, i vsalek Bl Tra
TR N TR b e i G Tl et 18 e 1R e e et e e ) et FEER

‘x| asw ackeaing probon |

1. Sarlp= Small GTPASE initiates coating in &TP form

2. Secl2 = Guanine nucleotide exchange factor (GEF)

for Sarlp - marks the spot
3. Sec23 = Sarlp GAP (stimulates GTPase)
4, Sec24 = Along with Sec23 recruit carge

5. P24 = possible adaptor for carge recruiting
6. Sec3l/Secl3=part of the coat
7. vSNARE = proteins required for fusion



Vacky COPI - retrogradni transport

WELWELKT LRI EAfilEe

Copl
cis Golgi to ER
and intra Golgi

D,l.ﬁ: :EF In AR GTE !F :{algg é LA moepkar llu.rrh.l'.!'-'d-: @ e @
0,1;5..3,-_.;.- @AI’-‘FI-I’_JHJ

‘N‘\ LOP coanome

Figra 2| Thee ey ata e in e f tatn of I ‘

BRF1- 5P b tha rvambranes. This alboss the birnckneg of the 00
shos when BHFY i bound inits prefered cargn. alowing Hnetic moiigihon of cogt recruiment, Membrane deformation cerures

Ieles. Crat 2 by b sl by 1hee ra

ey Ar..nulhrm it of cange. GTE by

o the same tme 2= coat recufment. When the osk B complete, bhe I bueds. | b [ [Harse activiy of BYET iz enbanced by 4., ERDZ
BRF1GAR wrech acts 2= a imer. imadng o rachation of ARF1 and uncolgnn, (ARF 1. A0Prbostst on fachor 1 &RF1G8F T
by tshon tactor 1 GTRa=e scitating proken | 8RF1GEF. 2DF.nboey Syon factor 1 guanine s changpe tacion I:].ﬂd KDEL Pr‘ﬂ"’ﬂlﬂ

1. ARFl=small GTPASE, initiates coating in 6TP form

(myristoylated)
2. ARF1-G6EF=marks the spot

3. ARF1-GAP=stimulates ARF]

This is a brefeldin A target

| & TPase

4, Cargo membrane protein = KKXX metif in C-terminus

5. Cargo receptor, e.g. KDEL receptor

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



Transport z ER do GA

Mammalian NRK cell stained for
ER exit sites (COPIl component
mSec13) and cis-Golgi marker
(Giantin).

Yeast cell stained for transitional
ER (COPII = Sec13p) and
cis-Golgi marker Sec7p.

Note differences in physical
distances

Jak to funfuje u rostlin?
Také maji Sar1 GTPazu.



Transport mezi GA a plasmalemou

konstitutivni

sekrece /
\

regulovana (polarita)

Obaly doprovazejici tvorbu sekretorickych vacku na TGN putujicich
k plasmalemé nejsou dosud znamy.

Na EM snimcich rostlinnych bunék popsal Staehelin
Jace like coat".



GA rostlin se pohybuje po ER/aktinu

Golgi

aktin

zniceni
aktinového
cytoskeletu
latrunculinem

139.0

Golgi

tubulin

4 narusSeni
mikrotubularniho
cytoskeletu
colchicinem
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Mechanismus transportu vacku

A B C
*vacuum cleaner’ ‘stop-and-go’ ‘mobile export sites’
{random export siles) (Nixed export sites)
¥ o0 & By %o |t'i¢"tt_-¢-'.-| e ¥, e v . s *,]

11:'!_'!.1-'.-" o ® % & & o4 g ¥ 5]

L

-' I..--

Eras _.-_-.4% [.-_.-_4._-..%“ [.-_.:.._..gi;.‘l

[ | ER T Cargo D Golgi

Fii. 3. Models of ER-te-Golgi pratein transpon. A, The “vacuum cleaner mode]” { Boevink er al, 1998) suggests that Goelgi stacks move over the ER

constamly picking up cargo. Acceding 1o this model, the whele ER surface & capable of forming expon sites, resulling in their random distribation.

In contrasi, the “siop-and-pe' medel {B) hypothesizes that Gelgi stacks sop at fixed ER export sites 1o take up carge from the ER, before moving ente

ihe next siop. Inthe more dynamic ‘moebile expon sites’ medel {C) Golgi stacks and ER expont sites move fogeiher as ‘secrelory units’ | Brandizzi
ef al, 262k allowing cargo io be ransporied from the ER iowards the Golgi st any fime during movement.

Lixport sibes




Mechanismus transportu vacku

A Sec12-YFP Sec12-YFP photobleach

FRAP

B ERD2-GFP Secl2-YFP merged




Mechanismus transportu vacku

ERD2 — marker cis-Golgi

SAR1 — marker exit sites

ERD2-GFP
SAR1-YFP

Sarl-YFP




Mechanismus transportu vacku

o

A
‘vacuum cleaner’
(random export siles)

F'.-l-‘_l....‘-.

B
‘stop-and-go’
(Nxed export sites)

C

‘mobile export sites’

| R LT = e % e e e "] T, B, BT W |
CL I -l"".u""'-'l et .-n":"'"i'I
i 'L
t.,_j ll% [.Itm'l
[ | FR ¥ Cargo o Gz FExport siles

ef al, 2060028 allowing carge o be ranspoded from the ER towands the Golgi at any time during movemeant.

ER exit sites
(ERES) putuji
s GA

Fuii. 3. Models of ER4e-Gelgl praein transpen. A, The “vacuum cleaner mode]” | Boevink er al, 1998 sugeeds that Golei stacks move over the ER
constantly picking wy cargo. Acconding o this model, the whoele ER surface & capable of forming expon sites, sesulling in their random distribution.
Iip contrast, the “stop-and-go’ moedel (B) hypothesizes that Golgl stacks gop at Axed ER export sites o take up cargo from the ER, befon moving onte
the mext stope. In the mode dymamic ‘moebik expodt sites’ moedel (O, Golgi stacks and ER expon sites move topether as "socretory unils’ | Brandizzi



Transport Golgiho aparatem

(a) Stable compartments model

To endosomes To plasma membrane

(b) Cisternal maturation model

2 modely

To plasma membrane

P 1

To endosomes

® =) o t
SC=t. =) - ==
@ =\ 3 t
Ty LR e v
S 0T e L ot
Sl - e

/v * ™ | J—— \ cls /_. ™ .A._
@ @ ERGIC \*@ @

Large secretory cargo
Small secretory cargo
Clathrin coat
VTC-like structures

® Lysosomal precursor protein
Resident Golgi protein
() COPI veside

Currant Opinion in Cell Biolbgy

a) movement
trough a vesicle-
mediated process

b) cisternal
maturation model:

vesicles fuse to ER-
Golgi intermediate
compartment; this
matures into a cis-
Golgi by removal of
proteins found in
earlier parts of the
secretory pathway;
these proteins are
sorted into COPI
vesicles that move
retrograde



Transport Golgiho aparatem

a) movement trough
a vesicle-mediated
process

b) cisternal
maturation model:

peri-GA vacky by obsahovaly
sekretované proteiny

peri-GA vacky by obsahovaly
proteiny rezidentni v GA

napr. experimentalné
produkovany protein G viru VSV

napf. mannosidase I, giantin,
KDEL-receptor, rBet1



Transport Golgiho aparatem

COPI (10 nm gold)
colocalizes with
mannosidase Il (15 nm gold)
in lateral rims (arrowhead)
and peri-Golgi vesicles
(arrows)

Martinez-Menarguez et al. 2001 immuno-elektronova mikroskopie



Transport Golgiho aparatem

VVSVG is absent from

peri-GA vesicles, but u rostlin prevazuje
present in GA maturace cisteren
cisternae GA (model B)

peri-GA vesicles contain retrograde but
not anterograde proteins, consistent
with the cisternal progression model of

Martinez-Menarguez et al. 2001 intra-Golgi transport.




Tridéni proteinu

vakuola o

Secretion default

—_—
late endosom — Endocytic default
>

Vacuolar sorting
........ » Retrograde sorting

= Specialized sorting

plasmaticka membrana

extracelularni matrix



Tridéni proteinu

bilateralni interace na nékolika urovnich zaijistuji specifitu transportu vacku

PROTEIN SORTING AND VESICLE TARGETING

e s




Exocytoza

Adresovani vacku
k plazmatické membrane



Rab GTPases regulate-vesicle trafficking

>\\

radb 11, rab 25, ials 3 {NC)

. TIE
Rab GTPazy aihi %Imﬂ
reguluji tvorbu - network TR0 11

a pohyb vack
(nékteré
interaguji s
cytoskeletalnimi
motory) a pfi
kontaktu

s cilovou
membranou
interaguiji

s poutacimi
komplexy
(tethering
complexes).

lyscmame

PLATE 1. Inracellular localization of rab proteins. Cverviesw of rab protein localization in mammalian cslls. GCR
clathrin comad pit; GG clathrin coated vesicle; M, malanosomes; E, epithelial cell type specific expression; MG, nsu-
roral cell specific; VTG, vesiculo-ubular cluster; MyEB, mulivesicular body; MTOC, microtubule organizing center.



Struktura a klasifikace Rab GTPaz

(a)

GuoxGRST WDTAGOE GMEXD ETSAK

Cumant Opinkon in Flant Bislogy

zivodiSné rostlinné




Struktura
a klasifikace

Rab GTPaz

Arabidopsis ma 57 Rab
GTPaz

polovinl predstavuje
skupina RabA
(homology Rab11 a Rab
25)

RabA reguluji export z
Golgi a recyklaci
membran (endosom).

Endosomes

Cell Polarization?

ER-Golgi

Polarized Secretion

Golgi-ER Retrograde Transport




Rab GTPases regulate vesicle trafficking
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Rab GTPazy nezbytné pro spravhou morfogenezi

s

Pleiotropic effects of RabA
supression by RNAI

Figure 3, Visual Phenotypes of Hab Antsense Transgenic Plants,

(4] Sepals of wild-typs flower {l=it) and ransformant foaer (right).
(B} Howers afwid-type left) and tansfornant jright) plnts.



Poutaci komplexy

Tethering mechanism

1. Approach 2 Wesicle tethering 3. SNARE assembly 4. Fusion

(2 praméru vacku) tethering
Q ~25 nm complex
v-SHARE

t-SMARE

Fiz. 1. Steps in the delivery of vesicles to the correct organelle. (17 An intracellular transport vesicle approaches its destination organelle aither
by diffusion or motor-mediated directsd transport. (2 The vesicle is then proposed to be tethered to the organelle by protein complexes and
long cotled-coil proteins. (3 A v-5MARE protein on the vesicle then engages a t-SNARE on the tamget, forming a four-helical bundle whese
assembly drives the two bilavers into close proximity, (4) thereby causing membrane fusion. Both vesicle tethering and SMARE assembly have

been referred to by others as “docking’, =0 to avoid confusion we use only the former terms here,

Polarized secretion requires proper targeting of secretory vesicles to specific
sites on the plasma membrane.

Tethering complexes hold vesicles in proximity to the plasma membrane and
facilitate, thus, the formation of SNARE complexes that mediate fusion.

Cilovy kompartment byva urCen kombinaci specifického ,landmarku®
(dulezitou roli hraji Rho/Rop GTPazy) a lipidového slozeni membrany.



Poutaci komplexy

Guatrefoil tethering complexes

Exocyst COG complex GARP complex
{SecEiE) {Sac3435) WPS52/53(54, VFT)
[Bec |« [Cood |+ [Cod fvpesd] |
ek ] * [Cogb ] [Vpesd ]
[Beck ] Con3 * Tacd [Vps5d)
Secls * G [¥pes]
L { [EZAL % Cal+
Golg “"“ . -
% 1= I P
cos y * [CmZ ]+
TRAFP I
TRAPF'I % HOPS I:Inn(:
Other complexes
TRAPP | and TRAPF 1I Class CVps complex Dsl1p complex
{HOPS, Papd/s)
[i=tz0 l«] [Vam vpsddl ] *
[Tr=120 % [Peps Tvre= 1T Il [Tl ] %
(s (Vs DN [F=20 Q-+«
oo (Vpee] W W]
=31 ]+ oo [pslE ]
=EME
[M=z3l «
= +
[Tr=20] + 4 required for [l dathrin rpt. SeclHike
Fig. 2. Putative tethering complexes in the yeast secretory pathway. =a ] growth PIRING-H2 (R

Protein complexes that have been found to have a role in particular
vesicular transport steps are indicated next to those steps. The role of
early and late endosomes in yeast is contentious, and so for
simplieity this compartment has been shown as a single organelle.




Poutaci komplexy - efektory malych GTPaz

Exocyst Sec4p, Rho1p, Tethering of exocytic fungi, animals,

(Sec6/8 Rho3p, Rho4p, vesicles to the plasma | amoebae, plants

complex) Cdc42p, RalA membrane

COG Yptip Retrograde transport fungi, animals,

(Sec34/35 to the cis-Golgi amoebae,

complex) kinetoplastids, plants

GARP Ypt6p Retrograde transport fungi, animals,

(VFT or to the trans-Golgi amoebae,

Vps52/53/54 kinetoplastids,

complex) apicomplexans,
plants

HOPS Ypt7p (Vps21p) Transport to the generally eukaryotic?

(Class C vacuole (endosome), | (experimental data

VPS homotypic vacuolar for yeast, mammals,

complex) fusion plants)

TRAPP Ypt1p, Ypt31/32p | Anterograde transport | generally eukaryotic?

(TRAPP | to the cis-Golgi, intra- | (experimental data

and TRAPP Golgi transport for yeast and

1)) mammals)

Golgi

Class C
%} ﬂ
TRAPP ||

TWP : % HOPS munc

CoG
Dsl1p

u rostlin experimentalné charakterizovan pouze HOPS komplex (Natasha Raikhel’s lab)

a exocyst (nase lab)




Komplex exocyst

Exocyst is a multisubunit complex required for
exocytosis (TerBush et al., 1996), polarity in
epithelia, neurons and for budding in yeast cells. (Hsu et al. 1998)

Plasma
membrane

Plasma membrane (Munson and Novick 2006)



Komplex exocyst

In Yeast

Sec4p (Rab GTPase) controls the
final step of the exocytic pathway;
the exocyst is an effector for Sec4p

Rho3p is involved in regulation of
actin polarity, transport of exocytic
vesicles, and docking and fusion of
vesicles with the plasma
membrane

Cdc42

Rho3

Rho4

Snpl1

Rsrl

Vam7

Secd

Bem1




Exocyst a polarita

exocyst se podili na ur€eni a udrzeni polarity bunék

lokalizuje se do mist intenzivni sekrece

)
@)@
)

(a
(b

— —— —

MDCK
epithelial
cells




Exocyst a polarita

priklady vysoce polarizované sekrece/rustu

o

A

rostouci kofenovy vlasek

vznikajici bunécna prepazka

rostouci pylova lacka

anti-EXO70A1



Maji rostliny exocyst?

Tomographic
analysis of
nascent cell plate
in cytokinesis
(putative vesicle
tethering
complexes).

Segui-Simarro,
Staehelin et al., 2004.
Plant Cell 16: 836.




Maji rostliny exocyst?

Lab of Cell Biology - Institute of Experimental Botany
&
Lab of Plant Cell Morphogenesis - Charles University

Collaboration Oregon State
Rex Cole and John Fowler (Oregon State University, Corvallis, USA) prERsITY
Nicole Schlager and Marie-Theres Hauser (BOKU, Vienna, Austria)

Frank Hochholdinger (University of Tuebingen, Germany)

www.ueb.cas.cz — Laborator biologie bunky




Maji rostliny exocyst?

(Elias et al. 2003)

SEC3 | SEC5 | SEC6 | SEC8 | SEC10 | SEC15 | EXO70 | EXO84
yeast 1 1 1 1 1 1 1 1
mammals 1 1 2 1 1 2 1 1
Oryza 2 1 1 1 1 3 39 3
Arabidopsis 2 2 1 1 2 2 23 3
Populus 26
Physcomitrella 13
Selaginella S
Chlamydomonas 1

* homologs of all eight exocyst subunits have been identified in silico
in all tested plant genomes

+ plant homologs of exocyst subunits are often encoded by multiple
genes in contrast to yeast and animals

» the EXO70 gene proliferated into a large gene family in land plants




Analyza exprese genu exocystu u Arabidopsis

SD LR EZ AP LV FB P1 P2 P3 PM SP SD LR EZ AP LV FB P1 P2 P3 PM SP
EXO70A1 SEC3a
EXO70F1 SEC3b
EXO70D3 SECba
EXO70H7 SEC5b
EXO70D2 SECG6
EXO70D1 SEC8
EXO70H2 SEC10
EXO70H8 SEC15a
EXO70G1 SEC15b
EXO70E1 EXO84a
EXO70E2 EXO84b
EXO70B1 EXO84c
EXO70B2
EXO70H1 low _ high expression
EXO70C1
EXO70C2 SD — seedlings P1 — unicellular pollen
EXO70A2 LR - lateral roots P2 — bicellular pollen
EXO70H3 LV —leaves SP — suspension

EXO70H5
EXO70A3
EXO70H4
EXO70H6

FB — flower buds

Affymetrix ATH1 DNA chip
Genevestigator (www.genevestigator.ethz.ch)




Mutace genu exocystu

exo70A1-1 exo70A1-2

. 2
{ 7] l'\:.. 3
exo/0A1-1 exo70A1-2

3 weeks

Mutant homozygotes exhibit: mutant exo70A1

» dwarfish growth WT ex070A1

* reduced apical
dominance

* indeterminate
growth

» delayed
senescence

 short root hairs




Mutace genu exocystu

Rex Cole and John Fowler (Oregon State University)

Natural self-crosses of hetegozygotes (%) Manual backcrosses to WT (%)
WT het hom WT het WT het
expected 25 50 25 50 50 50 50
SEC6/sec6-1 48 52 0 100 0 50 50
SEC6/sec6-2 54 46 0 100 0 52 48
SEC8/sec8-1 52 48 0 100 ] 47 53
SECS8/sec8-2 50 50 0 100 0 54 46
SEC8/sec8-3 47 53 0 100 0 50 50
SEC8/sec8-4 28 49 23 82 18 51 49
SEC8/sec8-5 24 47 29 78 22 52 48
SECS8/sec8-6 19 58 23 69 31 52 48
SECS8/sec8-7 49 51 0 100 ] 49 51

mutants in SEC6 and SEC8 show a W W W W

pollen-specific transmission defect



Mutace genu exocystu

zatimco mutantni pylova zrna exo70A17 kli¢i normalné (aktivni jsou zde jiné isoformy exo70),
mutanti sec5h, sec6, sec8, sec15 vykazuji defekt v polarnim rastu pylové lacky




Fuze vacku s membranou

Specifita kone¢né fuze vacku s cilovou membranou je zajistovana
interakci membranovych SNARE proteint na vacku (v-SNARE) i na
cilové membrané (t--SNARE).

Arabidopsis ma celkem 54 SNARE protein0.

SNARE = Soluble NSF Attachment Receptor

NSF = N-ethyl maleimid Sensitive Factor

1 v-SNARE + 3 t-SNARE
(stary model predpokladal 2+2)

t-SNARE

|

NSF  o-SNAP

|

?
-0

L




t-SNARE

Fuze vackd s membranou )%,
G 5
|

v-SNARE

synaptotagminy jsou klicové regulatory fuze vacku citlivé k vapniku

Synaptotagmin is a Ca?* sensor and is involved in @_‘_,
(i) early synaptic vesicle docking to the presynaptic

membrane via interaction with SNAP-25 l

(i) late steps of Ca?* evoked synaptic vesicle fusion
with the presynaptic membrane.

synaptic ) %%ﬁ

vesicle

synaptotagmin

|

NSF  o-SNAP

TR RRRARRTRRASER |




Exocytoza

Fuse in the regulated
secretory pathway is
mediated by SNAREs
and controlled by
elevations in
cytoplasmic Ca?*.

L. VAMP  (Rab)

. T
Mucleation La

Zipping

]
SNAP-25 Syntaxin

Membrane

fusion
c-SNAP O

Figure 4 | Molecular model of vesicle exocytosis. Syntaxin is bound to n-Sec before formation of the core complex. Rab inhibition of regu lated
proteins might faciltate the dissociation of n-Sec? from syntaxin, alowing subsequent binding (nucleation) between the three .

neuronal SNAREs, syntaxin, SNAP-25 and VAP (for simplicity, only one coilis drawn for SNAP-25). Ca® triggers the full zipping secretion Only.

of the colled-coil complex, which results in membrane fusion and release of vesicle contents. After the fusion event, recruitment H ;

of a-5NAP and NSF from the cytoplasm and subsequent hydrolysis of ATP by NSF causes dissociation of the SNARE complex. bOtUllnum toxins
Syntaxin, YAMP and SNAP-25 are then free for recycling and ancther round of exocytosis. (NSF; N-ethyl-maleimide-sensitive C|eave (th rough |ts

fusion protein; SNAP-25, 25 kDa synaptosome-associated protein: SNARE, soluble NSF attachment protein receptor, VAMP,
vesicle-associated membrane protein.)

protease activity)
SNAP-25, leading to
paralysis in clinically
developed botulism




Exocytoza

Selecting and fusing with the target membrane

i
: "  Rabs and SNARES
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Rab proteins in their GDP form are cytosolic and only

_f jovem
. a8 ._T[_ o associate with the budding vesicle membrane when
" % — B \ activated by their corresponding GEF to bind GTP.
L. @ Rab-GTP interacts with specific Rab effector proteins
ok o sumscimr ﬁ-‘“ﬁ w=i  on the target membrane and brings the v-SNARE in

; contact with tSNAREs. The SNAREs promote fusion
& and can do so in vitro. The SNARE complex consists of
| wiws  ONE VSNARE and two or three tSNAREs, making up a
four helix bundle.

NSF
acncscr M NSF is an AAA ATPase that helps pry the SNAREs
\ : "M o ] - apart after fusion. It was the first identified
' AN f we/, +®  component of the fusion machinery, named after its
N ha . '}E‘ { nii sensitivity to N-ethyl maleimide.



Kdyz néco nefunguije

V fizeni rannych stadii embryogeneze rostlin hraji dulezitou ulohu regulatory
bunécné morfogeneze — sekretoricka draha a cytoskelet.

KNOLLE (t-SNARE) — mutant knolle (kn) ma narusenou tvorbu
bunécnych prfepazek a v dusledku toho orientaci bunéénych
déleni

KEULE (At homolg Sec1) — mutant keule ma podobny fenotyp

GNOM (GEF pro Arf GTPazy) — mutant gnom ma postizen
polarni transport auxinovych transportért (PINy)




