
Endomembránový systém.
exocytózaa endocytóza



Transport membrán -Membrane 
Traffic

How do proteins and lipids move from one 
compartment to another?

What are the signals that target molecules to their 
appropriate subcellular location?

How do organelles maintain their identity with the 
constant flux of lipid and protein?  How are resident 
proteins of an organelle retained there?

What is the molecular basis of vesicular transport?



Gradient okyselování sekreční dráhy je klíčový pro její funkci!
Citlivý k monensinu.

Early Endos. u
rostlin!!



The Golgi Apparatus

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

Endoplasmic reticulum

Secretion



(B) Transitional zone 
between ER and Golgi
in an animal cell

(C) Golgi apparatus in
a plant cell



unstained

Stained w/ osmium -cisGolgi cisternae

Nucleoside diphosphatase activity = trans Golgi cisternae

Acid phosphatase activity
= trans Golgi network

Biochemical 
Compartmentation
Of the Golgi



A -Vesicular Transport:  Mechanism for communication 
between intramembranous compartments.

Transport carriers have different morphologies - can be small vesicles, 
pinched off tubules, or other structures.

B- DOZRÁVÁNÍ CISTEREN



Mladé

Early Endos. u
rostlin!!

Staré



• Součástí endomembránového systému je 
také nejen jaderná membrána, ale také
plasmalema.



Kompartmenty a cesty 
endomembrán rostlin.



9. GA je funkční při cytokinezi a tedy nedisociuje.

TGN funguje jako endosom!



Metody studia sekreční dráhy

• Genetic Approach by Schekman and 
coworkers

• Biochemical Approach by Rothman and 
coworkers



2002 Albert Lasker Award 
for Basic Medical Research



Genetické metody studia 
sekrece

• Genetic:  Isolate yeast mutants with 
temperature-sensitive defects in 
secretion

• Landmark paper:  Novick P., Field C., 
and Schekman, R. 1980.  
– Identification of 23 complementation groups 

required for post-translational events in the 
secretory pathway.  Cell 21, 205-215





Assays and Analysis
• Morphological - thin section electron 

microscopy

sec4-2 25 ºC sec15-1 after 2 hr @ 37 ºC

Wild type
morphology

Accumulation
of vesicles



Analýza sekrečního defektu
• Biochemical:  secretion of invertase

• Electrophoretic mobility as an indicator of 
progress through the secretory pathway
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Immunoprecipitation of invertase accumulated 
in single and double mutants



Novick P, Ferro S, and Schekman R; 1981



Hledání mechanismů -
• Clone SEC genes
• Guess function by sequence homology

– SEC4 = monomeric GTPase

• Characterize gene products
– Localization
– Assay activity

• More genetic screens to isolate additional players in 
the pathway
– Multicopy suppression

• Reconstitute transport step in vitro



Biochemické metody studia 
sekrece

• Biochemical:  Cell-free assays of 
vesicular transport

• Landmark paper: 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



Bezbuněčný systém studia sekrece in 
vitro.

Goal:  Reconstitute transport between two organelles in vitro

VSV = vesicularstomatitisvirus



Golgi Transport Assay

What is measured?

Incorporation of 
[3H]GlcNAc
into VSV G protein

INSET:
Lane a = total reaction
Lane b = IP w/ anti G serum
Lane c = IP w/ preimmune serum

PNS = post nuclear supernatant



Golgi Transport 
Assay

• Components in the 
assay required for 
activity
– Golgi membranes
– Energy
– Acyl-Coenzyme A
– Cytosolic proteins



Konvergence genetické a biochemické
analýzy

In vitro Golgi transport assay

Purify mammalian NSF

cDNA cloned

Homology to SEC18

SEC Mutants

Yeast Sec18p reconstitutes 
activity in the Golgi
transport assay. 

dál uvidíme u SNARE.



Endoplasmatické retikulum



Fig 12-35 ENDOPLASMIC 
RETICULUM. Cultured mammalian 
cell (Part A) stained with blue 
fluorescent antibody against protein 
retained in the endoplasmic 
reticulum (ER). Part B also shows ER 
by fluorescence, but this time the 
gene for the protein was genetically 
engineered to extend the sequence 
with green fluorescent protein and 
the constructed gene introduced into 
plant cells.

Green fluorescent protein from 
jellyfish Aequorea victoria has 
become an essential tool in cell 
biology (search the web for GFP).

http://pantheon.cis.yale.edu/~wfm5/gfp_gateway.
html

Má důležitou signální funkci -
regulovaný Ca2+ výtok.

Kontrola kvality bílkovin





ER-tělíska (ER bodies) - zvl. některých rostlinných buněk.
V listech - obsahují proteázy, které se účastní reakcí na stress 

(i biotický!!) a senescence.



Hladké ER (smooth) u rostlin mj. doména produkce lipidů a membrán.



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”.



Fig. 12-39 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.



The pool of free ribosomal 
subunits in the cytoplasm and 
their association into (1) free 
and (2) endoplasmic reticulum 
bound polyribosomes. Note that 
the association with the ER 
membrane is via the signal 
sequence on the newly forming 
protein. 





SRP



ER signal peptides and 
SRP direct ribosomes to 
the ER membrane.



Import of a protein destined for the LUMEN of the ER and possibly further 
translocation. Signal peptidase on inner surface of ER membrane cleaves off 
the amino end (and the initiator methionine) of the imported protein. 



The need for “stop transfer” signal sequence in proteins which have to 
remain integral inside the membrane. Proteins which span the membrane 
SEVERAL TIMES, need several of these start and stop transfer sequences (Fig. 

12-49, 50).



Fig. 12-51The asparagine-linked 
(N-linked) oligosaccharide that is 
added to most proteins in RER. 
This is called “core” glycosylation. 
The reactions which synthesize 
the “christmas tree” of sugars take 
place elsewhere on the membrane 
- dolichol molecule - and the 
entire structure is transferred to 
the asparagine by enzyme called 
oligosaccharyl transferase.

Further processing of the sugars 
takes place in the Golgi body and 
many glycoproteins end up on the 
surface of the cell, in the 
glycocalyx, which characterizes 
the organism as “self”. Antibodies 
recognize “non-self” glycosylation
patterns and attack “foreign” cells.







Retikuloplasminy
podílejí se na regulaci 

konformace bílkovin v lumen 
ER.

BiP,calnexin, calreticulin, PDI
(prot. disulf. isomeráza)…



Calnexin se podílí na kontrole 
kvality

ve srov. s cytoplasmou je v ER oxidační prostředí



a nepodařené bílkoviny jsou exportovány ven z ER a degradovány 
po ubikvitinaci PROTEASOMEM.

Řízená degradace bílkovin proteasomem
(příp. COP/signalosomem) je stejně
důležitý regulační pochod jako jejich 
syntéza. 



UnfoldedProtein Response
se uplatňuje i u rostlin

Denat. bílkoviny váží BiP, který normálně drží IRE1 neagregovanou; po agregaci 
aktivovaná IRE1 vystřihne intron TF XBP1. Vedle toho PERK kináza (ER TM  
bílk.) inhibuje translaci (fosf. eIF2αααα). ATF6 je TM TF v membr. ER, který je 
aktivován také uvolněním z BiPu, transportem do GA a po odštěpení proteázou
putuje do jádra.



Retrograde Traffic - Required for 
retention of ER-resident proteins

• Signal-mediated mechanism

– Lumenal proteins = rozpustné

• KDEL sequence at carboxyl-terminus; HDEL in 
S. cerevisiae

• (http://www.ergito.com/lookup.jsp?expt=pelham)

– Membrane proteins (reviewed in Cosson and 
Letourneur 1997)

• Dilysine motif  - KKXX



Udržování spec. rozp. obsahu 
ER.

• Residentní bílkoviny ER jsou udržovány v 
tomto kompartmentu C´term značkou -
retenčním signálem

• His(Lys)-Asp-Glu-Leu = H(čiK)DEL
• rozponávaným rec. ERD2
• COPI váčky dopravují retikuloplasminy

uniklé do GA zpátky do ER.



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).



Retrograde Traffic - Required for 
retention of ER-resident proteins

• Receptor-mediated 
mechanism for retrieval

• HDEL receptor 
identified in yeast -
ERD2; multispanning
transmembrane protein

• Dilysine motif in C-
terminal tail binds to 
COPI coat 





Membránový transport začína na
ER, ale také se do něj

vrací.



• Vesicular Transport - how are transport 
vesicles formed?
– Golgi transport assay - COPI vesicles

– ER to Golgi transport in yeast - COPII

• Transport through the Golgi
– Cisternal maturation vs. vesicles



COPII mediates ER to Golgi transport.

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



Vesicle formation in the 
transport assay

• Addition of GTPγS to the Golgi transport 
assay inhibited transport

• Immunoelectron microscopy of Golgi
membranes incubated with GTPγS showed 
an accumulation of coated vesicles

• Vesicles were isolated and protein coat 
purified



COPI = coat protein or coatomer
Coatomer is a 7 subunit complex preassembled in 
the cytoplasm that is recruited to membranes through a GTPase.



ARF -ADP ribosylation factor

• GTPase switch 
– Active = GTP form
– Inactive = GDP form

• Cycles between cytoplasm and membrane
– Modified at its N-terminus with fatty acid myristate

(see handout on post-translational modifications)

– Myristoyl-GTP switch
• In GDP form, hydrophobic myristate is buried 
• In GTP form, myristate is extruded and 

interacts with membranes



Nucleotide-dependent confomational
changes in Arf1

Lee et al. 2004



Malé GTPázy regulují tvorbu 
obalů

• Sar1 – COPII.
• ARF1 a další ARF homolgy – COPI a 

také CCV = clathrin coat.ves.
• Další neprostudované typy obalů

mohou využívat další GTPázy.



ER to Golgi Transport -
Yeast vs. Mammalian Cells

• Mammalian NRK cell stained 
for ER exit sites(COPII 
component mSec13, green) and 
cis-Golgi marker Giantin, red). 

• Yeast cell stained for 
transitional ER (COPII -
Sec13p) and Cis-Golgi marker 
Sec7p (red).

• Note differences in physical 
distances

Duden 2004

JAK JE TO U ROSTLIN?



Two major signaling mechanisms of eucaryotic cells

Molecular Biology of the Cell, 3rd edn, by B. Alberts, D. Bray, J. Lewis, M. Raff, K.  Roberts, and J.D. Watson



SAR1-dependent binding of Sec23/24 to synthetic liposomes requires acidic
phospholipids.

Membrane binding surface is basic.

Conformational change in Sar1
N-terminus with GDP/GTP exchange - promotes insertion into membrane



COPII = protein coat that forms to vesiculate ER 
membranes











GA rostlin se pohybuje po 
ER/aktinu







Jak ER a GA "komunikují" - transportují
váčky?



FRAP



AtSar1
kolokalizuje
s GA













ERES putují s GA.



Transport GA - Golgi aparátem

• Two Models
– Stable Compartments:  secretory cargo (large and 

small) moves through by a vesicle-mediated 
process 

– Cisternal Maturation Model:  VTC’s fuse into an 
ERGIC (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.  



Glick 2000



Peri-Golgi vesicles contain retrograde 
but not anterograde proteins,

consistent with the cisternal progression 
model of intra-Golgi transport

Martinez-Menarguez et al. 2001

• Use quantitative immuno-EM to localize proteins
• Resident Golgi enzyme - mannosidase II 
• Anterograde cargo - VSV-G
• Transport proteins - COPI, KDEL-receptor, giantin, 

and rBet1



Figure 1.  Man II (mannosidase II – GA residentní bílk ovina) is present
in the cis-medial Golgi, lateral rims of the Golgi,  and associated vesicles (arrows)

Martinez-Menarguez et al. 2001



Figure 3.  COPI (10 nm gold )colocalizes with Man II (15 nm gold) in 
lateral rims (arrowhead) and peri-Golgi vesicles (arrows)



Transport through the Golgi

• General agreement that COPI vesicles contain 
retrograde cargo; whether COPI mediates both 
retrograde and anterograde transport is still debated

• Mechanisms may depend on cell type and system 
studied 

• Tubule-mediated transport - distinct mechanism or 
variation on a theme - needs to be studied

• Tubulární struktury/intermediáty se objevují při nízké
teplotě. 



Rozdíly v posttranslačních úpravách komplikují biotechnologické využití.



O-
glykos.

na OH- skup.
Ser, Thrči Hyp

Probíhá v GA.



Velkou část metabolické aktivity 
GA u rostlin vedle glykosylace
bílkovin představuje syntéza

pektinů a ruzných "hemiceluloz".



Glykosyl Transferázy v GA



• U rostlin převažuje v 
dynamice GA maturační
mechanismus. (viz. šupiny řas)



Rab GTPázyjsou regulátory
tvorby a pohybu váčků buňkou 

(některéinteragují s 
cytoskeletálními motory), a při 
kontaktu s cílovou membránou 

interagují s poutacími
komplexy (tethering c.)
např. EXOCYSTEM
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The functional cycle of a small GTPase

GDF-Yip3 + rel.



Protein prenyltransferases



AtRabGDI1 klonován pomocí
komplementace.



Rab structure and subclassification



RabA is 
the 

biggest 
class in 
plants

(celkem57 
všech Rabů

u At).



Pleiotropic
effects of 

RabA
supression
by RNAi



Jak se váček potká s cílem.

(aneb než přijde ke slovu 
SNARE)

Transport váčků k plasmalemě.



Obaly doprovázející tvorbu 
sekretorických váčků na TGN 

putujících k plasmalemě nejsou 
dosud známy.

Na EM snímcích rostlinných 
buněk popsal Staehelin

„lace like coat“.



Tethering mechanisms



Tethering
complexes



Tethering complexes composition



RAB- and RHO-interacting protein complexes

generally eukaryotic?

(experimental data for 

yeast and mammals)

Anterograde transport 

to the cis-Golgi, intra-

Golgi transport

Ypt1p, Ypt31/32pTRAPP

(TRAPP I and 

TRAPP II)

fungi, animals, plantsF-actin nucleation, cell 

polarization

Cdc42p, Rho-class

GTPases
Formin-ass.
complex

(polarisome)

generally eukaryotic?

(experimental data for 

yeast, mammals, 

plants)

Transport to the 

vacuole (endosome),

homotypic vacuolar

fusion

Ypt7p (Vps21p)HOPS

(Class C VPS 

complex)

fungi, animals, 

amoebae, 

kinetoplastids, 

apicomplexans, plants

Retrograde transport to 

the trans-Golgi

Ypt6pGARP

(VFT or 

Vps52/53/54 

complex)

fungi, animals, 

amoebae, 

kinetoplastids, plants

Retrograde transport to 

the cis-Golgi

Ypt1pCOG
(Sec34/35 

complex)

fungi, animals, 

amoebae , plants

Tethering of exocytic

vesicles to the plasma 

membrane

Sec4p, Rho1p, 

Rho3p, Rho4p, 

Cdc42p, RalA

Exocyst

(Sec6/8 

complex)

OccurrenceProposed functionInteracting 

GTPases

Complex



Jediným z těchto komplexů, který 
je dobře popsán u rostlin je HOPS 
komplex (class C, VPS komplex 

Natasha Raikhel lab) 



The exocyst – an effector of 

small GTPases



Polarita buněk u rostlin



The Exocyst: effector of Rab and Rho
GTPases

• a multisubunit complex required for exocytosis
(TerBush et al., EMBO J. 15:6483-6494, 1996)

• interacting with the translocon on ER
• conserved in yeast, fly and mammals
• required for polarity in epithelia, neurons and for 

budding in yeast cells(Grindstaff et al., Cell 93:731-740, 1998, Finger
et al., Cell 92:559-581, 1998)

• does it exist outside the Apicomplexa?

• … do plants have Exocyst?



Exocyst Component

11111111Ratus norvegicus
11211111Mus musculus
11211111Homo sapiens
11111111Drosophila melanogaster
11111111Anopheles gambiae
11111111Caenorhabditis elegans
11111111S. cerevisiae
323211122Arabidopsis thaliana
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Organism

Putative orthologs of the eight 
exocyst components are 
identified in Arabidopsis 
thaliana genome.



Tomographic
analysis of 

putative vesicle 
tethering 
complexes

(Segui-Simarro,
Staehelin A.

et al. 2004. Plant 
Cell 16: 836.)





RabA
in 

pollen
tubes



Sec6 in pollen tubes



Podařilo se nám ukázat, že exocyst
existuje také u rostlin a účastní se 

regulace buněčné polarity.



Specifita fůze váčku s cílovou 
membránou je zajišťována
interakcí membránových 

SNARE bílkovinna váčku (v-
SNARE) a cílové membráně (t-

SNARE).



U Arabidopsis
je celkem 54 SNARE
bílkovin.





FUSE in the regulated (to co vypadá u rostlin jako konst. sekrece je 
většinou asi nějak regulováno!) pathway is mediated   SNAREsand 
controlled by elevations in cytoplasmic Ca2+

inhibition of regulated secretion: prevent elevations in Ca2+ through
use of BAPTA-AM etc.; in neurons, use of botulinum neurotoxins, 
which are selective proteases for neuronal SNARE proteins, to inhibit
regulated but not constitutive secretory pathway



SNARE komplex je het-erotetramer
- R (váček) + QaQbQc (cílová

membrána)



V řízení ranných stádií
embryogeneze rostlin hrají
důležitou úlohu regulátory 
buněčné morfogeneze –

sekretorická dráha a cytoskelet



KNOLLE – knolle (kn) má narušenou tvorbu bun ěčných 
přepážek a v d ůsledku toho orientaci bun ěčných d ělení

KNOLLE – knolle (kn) má narušenou tvorbu bun ěčných 
přepážek a v d ůsledku toho orientaci bun ěčných d ělení

Podobný
fenotyp
má Sec1
homolog
keule a 

gnom
= GEF
pro Arf
GTPázy



Knolle je 
t-SNARE
bílkovina





Důležitým nástrojem studia 
sekreční dráhy je brefeldin A





GDP

GTP

ARF-G
EF

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, ALE I DALŠÍ KOMP.
Arf-GEFy p ůsobí na několika „stanicích“ endom. Syst.

Research tool for membrane trafficking: BFA





BFA
on
GA



V rostlinných buňkách se po 
působení BFA objevují min.dva 
nové kompartmenty(v různých 
buňkách různě):
1. Hybridní cisGA-ER(podobně
jako u živočichů).
2. Tzv. „BFA-compartment“–
transGA-endosom.





Problém interpretace vlivu BFA

1. V buňce je (podle stavu diferenciace) 
několik GEFů (8x u At) pro několik 
ARFů(12x u At), různě
silněexprimovaných a různě

lokalizovaných.
2. Některé ARF-GEFy (u At 3x) nejsou! 
inhibovány BFA.







Polární transport IAA je 
závislý na polární lokalizaci
PIN auxinových výtokových 
přenašečů.
Jejich lokalizace je závislá na 
polarizované sekreci a 
aktinovém cytoskeletu.
Auxin inhibuje endocytózu
(J. Friml lab - Tübingen)







Dynamiky cytoskeletu a 
endomembránového systému 
jsou neoddělitelně recipročně

provázány.








