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Vezikularny transport

Vstupom do ER zacina vystupna draha transportovanych latok, transport
zvyCajne prebieha cez Golgiho aparat, presne determinované transportné
drahy, ktoré sa tiahnu od ER k cytoplazmatickej membrane a od
cytoplazmatickej membrane k lyzozémom.

- proteiny aj lipidy prepravované tymito drahami su chemicky upravované
(glykozilacia, disulfidické mostiky ai.)
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Molekula ,,maly guanozin trifosfat vazobny protein“ vymeni GDP za GTP vd'aka interakcii s molekulou
guanin nukleotid exchange faktor (GEF). Takto aktivovany zmeni svoju konformaciu a vysunie sa z jeho
molekuly hydrofobicky segment, ktory interaguje s cytoplazmatickou membranou a pripoji a ukotvi
molekulu v membrane. Takto aktivovany small GTP binding protesin interaguje s komponentami budiiceho
plasta vezikuly a ukotvuje ich v membrane. Su tu zvyéajne dve Casti plasta, adaptorova vrstva a vonkajsi
plast. Adaptorova vrstva sa spaja s transmembranovymi proteinmi, ktoré maju sekvenciu, ktora umoziuje
Specificku vdzbu s adaptorovnou vrstvou a d'alSie maju doménu na luminalnej strane membrany a viazu
Specificky buduci naklad vezikuly. Vonkajsie vrstvy sa akumuluju a vytvaraju plo$nu dvojvrstvu, ktora tvori
vezikulu. Na koniec sa vezikula oddeli a plast’ disciuje po hydrolyze GTP na GTP viaziicom proteine.
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- aby mohla transportna vezikula plnit svoju funkciu, musia tam byt
konkrétne proteiny vhodné pre cielovu stanicu a musi fuzovat s
vhodnou membranou

- tieto rozpozndvacie deje zavisia na proteinoch spojenych s
membranou transportnej vezikuly

- vezikuly, ktoré pucia z membrany maju na svojej cytozolovej
strane $pecificky proteinovy plast — oplastené vezikuly

(A) exocytosis

(B) endocytosis

» Endocyt6za

— vyziva, hormény, virusy, toxiny, rastové faktory

» Exocytdza: enzymy, protilatky, sérové proteiny, virusy, membranové proteiny, peptidické hormony,
proteiny extracelularnej matrix, produkty endokrinnich Zliaz

* Transcytéza

— protilatky
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Figure 13-2 Molecular Biology of the Cell (© Garland Science 2008)
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1 ENDOPLASMIC RETICULUM ‘

I Cervené drahy — molekuly su
transportované z ER k
[ GOLGI ‘ plazmatickej membrane alebo do
' t lyzoz6mov
| SECRETORY zelené drahy — molekuly su
LATE ENDOSOME | VESICLES resorbované z cytoplazmaticke;

membrany a dopravené do
endozémov a nésledne do
lyzoz6mov

modré drahy — spatné drahy,

| EARLY ENDOSOME | ktoré &ast transportovaného
' materialu vracaju na opatovné
spracovanie

J CELL EXTERIOR

Figure 13-3a Molecular Biology of the Cell (© Garland Science 2008)
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cervené drahy — molekuly su transportované z ER k plazmatickej membrane alebo do lyzozémov
zelené drahy — molekuly su resorbované z cytoplazmatickej membrany a dopravené do
endozémov a nasledne do lyzozémov

modré drahy — spatné drahy, ktoré ¢ast transportovaného materialu vracaju na opatovné
spracovanie
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Ako prva molekula, ktora vytvara plast vezikul bol
popisany klatrin, ale zname su viacere, ktoré
mediuju prenos vezikul v bunkovych
kompartmentoch.

Figure 13-5 Molecular Biology of the Cell (© Garland Science 2008)
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(A) clathrin Q) copn L—1
100 nm

Figure 13-4 Molecular Biology of the Cell (© Garland Science 2008)
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klathrinové vezikuly

pucia z Golgiho aparatu na pociatku sekre¢nej drahy
smerujucej von z bunky a z cytoplazmatickej membrany na
zaciatku endocytotickej drahy veducej do vnutra bunky

- z cytoplazmatickej membrany sa kazda vezikula oddeluje
ako jamka s klathrinovym plastom
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Molekuly klathrinu sa na cytolozolovej strane membrany skladaju do siete
podobnej kosSu a tak postupne membranu formuju do podoby vacku. Okolo
ustia hiboko vchhlipeného klathrinom potiahnutého vacku sa ako kruzok
Zlozi mlay GTP-viazuci protein dynamin. Dynamin hydrolyzuje GTP &im sa
stiahne a odSkrti vaCok od membrany.

Vezikularny transport zahffia aj dalSie druhy transportnych vackov, ktorych
plaste su tvorené inymi proteinmi.

Obal vacku a jeho obsah nie si nahodne sparované.

Pre zachytavanie Specifickych molekul, ktoré budu transportované su
délezité proteiny nachadzajuce sa v plasti vezikuly — adaptiny.

Adaptiny napomahaju zachytavaniu Specifickych molekul nakladu tak, ze
zachytavaju receptory nakladu, na ktoré sa prepravované molekuly viazu.
Existuje minimalne 2 typy adaptinov (pre plazmaticki membranu a pre
Golgiho aparat).
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klatrinové molekuly na vezikulach fibroblastov

Figure 13-6 Molecular Biology of the Cell (© Garland Science 2008)
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polypeptidové retazce
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- in vitro
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https://www.youtube.com/watch?v=-ZFnO5RY1cU

(B)

Figure 13-7a, b Molecular Biology of the Cell (© Garland Science 2008)
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prekrytie triskelionov - flexibilita i pevnost
36 triskelionov tvori 12 pentagonov a 6 hexagonov

Figure 13-7c,d Molecular Biology of the Cell (© Garland Science 2008)
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adapt.or vesicle
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COAT ASSEMBLY BUD VESICLE
AND CARGO SELECTION FORMATION FORMATION ECORTING

Adaptorové proteiny tvoria druhu vrstvu klatrinovej vezikuly.

SuU umiestnené medzi klatrinom a membranou.

Drzia klatrin pri membrane a viaZu sa na r6zne transmembranové proteiny

vratane transmembranovych receptorov, ktoré viazu molekuly, €¢o sa maju

transportovat. Pri akom transporte sa vyuziva klatrinovy
plast?

Existuje viacero adaptorovych proteinov, ktoré su Specifické pre naklad. Link 2
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retromer — odliSuje sa od klatrinu alebo COP .’
plastov
je to zoskupenie proteinov, vytvara sa na PX domain
endozémoch a vracia receptory pre kyslé
hydrolazy naspat do golgiho aparatu. vps29 vPs2

BAR domain

PX domain

pozostava zo Styroch podjednotiek snx1, vps29
vps35, vps26 - naklad

retromer je komplex proteinov, ktory sa vytvori na
endozémovej membrane iba ak

- ma naviazany prenasany naklad ‘
- interaguje so zakrivenou fosfolipidovou
dvojvrstvou

- ma naviazany Specificky fosforylovany
fosfatidylinositol (lipid)

‘ ENDOPLASMIC RETICULUM

GOLGI

SECRETORY
VESICLES

LATE ENDOSOME

naviazanie retroméru zakrivuje membranu a preto Sl

podporuje naviazanie dalSich retromérov

\ CELL EXTERIOR
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Figure 13-9 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-10 Molecular Biology of the Cell (© Garland Science 2008)
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receptor s

RTKs tyrozin
kindzovou
aktivitou

‘ v !
Activates cedl cycle progression Prevents apoplosis by blocking Induces growthranslation
by inhibiting FOXO, p27 and GSK FOXO, PAR-4 and BAD by negatively regulating

TSC2 thereby inducing mTOR

Figure 1 The Phosphatase and Tensin homolog deleted from chromosome ten (PTEN)/phosphatidylinositol 3 kinase (P13K) network
regulates many facets of cancer biology. Pictured is a simplistic schematic rey ion of the PTEN/PI3K pathway in cancer. Lines
represent direct or indirect activation (arrow head) or inactivation (blunt end) by various signaling molecules. In essence, certain growth
factor receptor tyrosine kinases and Ras activate P13K, leading to an increase in the cellular levels of phosphatidylinositol 34,5 tri-phosphate
(PIP3). PIP3 binds 10 and activates a subset of pleckstrin homology domain-containing proteins including the protein kinases PDK1 and
AKT. These kinases in turn regulate many critical processes involved in cancer such as cell cycle progression, apoptosis and cellular growth

translation. PTEN acts as a critical negative regul of PI3K signaling by removing the D3 phosphate from PIP3 10 produce
phosphatidylinositol 4,5 bi-phosphate (PIP2). For simplicity, this figure predominantly pictures the membrane/cytoplasmic localization of
certain PTEN/PI3K pathway components, even though many of these molecules are also known to reside and function in the nucleus.
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) toplas
PIP, It L
P
p
(]

P g P Cell Survival
P Akt, P PATHIES Apoptosis Inhibition

PTEN is a tumor suppressor protein that functions both as a dual specificity protein
phosphatase and an inositol phospholipid phosphatase, and regulates signaling
pathways involved in cell growth, migration, and apoptosis.

PTEN is a lipid phosphatase that antagonizes the action of PI3K by dephosphorylating

PIP, at position D3 to generate PIP,. Class Il and class Il PI3Ks use phosphatidylinositol
(P1) as a substrate to generate PI-3-P
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cargo
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PI(4,5)P, ‘ ’
L = endocytosis &
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AP2 locked

Komplex adaptorovych proteinov AP2 ma Styri podjednotky (a, 2, y2 a 02). Po
interakcii s fosfoinozitidom PI (4,5) P2 na cytosolovej strane plazmatickej membrany sa
AP2 preskupi tak, aby boli vystavené vazbové miesta pre receptory nakladu. Kazdy
komplex AP2 viaze Styri molekuly PI (4,5) P2 (pre zjednodu$enie je zobrazeny iba jeden). V
otvorenom komplexe AP2 viazu podjednotky y2 a 62 cytosolické konce kargoreceptoroy,
ktoré zobrazuju prislusné signaly endocytdzy. Tieto signaly pozostavaju z motivov
kratkych aminokyselinovych sekvencii. Ked sa AP2 pevne viaze na membranu, indukuje
zakrivenie, ktoré uprednostnuje vazbu dalSich komplexov AP2 v okoli. funguje pre klatrin

27

-membrana
sekretorickych vezikul
obsahuje Pl4

- ked vezikula fuzuje s
membranou Pl kinaza
fosforiluje P14 na Pl14,5,
ktory napomaha ako

KEY: adaptor pri formacii
PI(3)P klatrinom potiahnutych
PI(4)P vezikul pri endocytéze

PI(4,5)P, - ked je vezikula
odskrtena z membrany
fosfatdza hydrolyzuje
Pl4,5, €o umozni
oddelenie plasta vezikuly

—_—

endocytosis

@)

regulated exocytosis

-\Q________'

constitutive exocytosis

PI(3,4,5)P,

fosfatidylinositol

Figure 13-11 Molecular Biology of the Cell (© Garland Science 2008)
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blocked by
some
dynamin
mutations ’
\ ; 1
—_—
Y24 -

— S

and associated
proteins

Dynamin vytvara prstenec okolo spojenia vezikuly s membranou, obsahuje
Pl4,5 doménu, ktora viaze dynamin k membrane a GTP-azovu doménu, ktora
reguluje ako rychlo sa vezikula odpoji.

Po odpojeni sa k dynaminu sa pripajaju dalSie molekuly na uzavretie vezikuly.

Ked sa molekula odpoji rychlo straca klatrinovy plast a PIP fosfataza
hydrolyzuje PI14,5 ¢o oslabi vazbu adaptorovych proteinov. Hsp70 chaperén za
spotrebovania ATP napoméze uvolneniu plasta.

Figure 13-12a Molecular Biology of the Cell (© Garland Science 2008)
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200 nm

ak je dynamin nefunk&ny, vezikuly sa nedokazu odpojit
(neuron drozofily)

Figure 13-12b Molecular Biology of the Cell (© Garland Science 2008)
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PIPs reguluju najma klatrinové vezikuly na
plazmatickej membrane a golgiho aparate,

na tvorbe klatrinovych vezikul na endozomoch a
tvorbe COPI a Il vezikul na golgiho aparate a
endoplazmatickom retikule sa podielaju najma
GTPazy

Na akom transporte sa

. Link 4
podiela COPII
31
inactive soluble arf-proteiny napomahaju
Sar1-GDP vytvaraniu COPI vezikul
. Sar1 proteiny napomahaiju
GDP . vytvaraniu COPII vezikul
ST active,
membrane- COPII pokryva vezikuly
bound vytvarané na ER
Sar1-GTP -ked sa ma vytvorit
amphipathic vezikula, Sar1 viazuce
heIiF:( P GTP GDP v cytoplazme sa

naviaze na SAR1-GEF
(guanozin exchanger
factor)

sa tam naviaze GTP a
amphipaticky helix sa
vystréi a vnori do
membrany

donor
membrane (ER)

Sar1-GEF

Figure 13-13a Molecular Biology of the Cell (© Garland Science 2008)

- Sar1 uvolni GDP, hned
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Sec24

ER
membrane

cargo

Figure 13-13b Molecular Biology of the Cell (© Garland Science 2008)

cargo receptor

Sec23

Sar1-GTP

Sar1 GTP naviaze komplex dvoch
COPII proteinov (Sec24 aSec23)

komplex je jemne ohnuty a vytvara tak
vezikulu

33

COPIlI-coated vesicle

Sec23/24

Sar1-GTP

Figure 13-13d Molecular Biology of the Cell (© Garland Science 2008)

I Sec13/31

- dalSi komplex sec13 a sec31 vytvara
vonkajsi plast

- GTP-azy maiju ulohu aj v rozkladani
plasta

- ked sa GTP hydrolyzuje na GDP
zmeni sa konformacia Sar1 a
hydrofébny koniec sa schova

Vzouter coat

inner coat

selected donor membrane
membrane
proteins
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sec13 a sec31 sa aj in vitro poskladaju

25 nm

Figure 13-13c Molecular Biology of the Cell (© Garland Science 2008)
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R f 4 9\ 0 fmom) + COP-I (tvoreny alfa, beta, gama,
®. R delta, epsilon) Golgi-Golgi; Golgi-

>>ER (retrogradny)

* COP-II (tvoreny Sec23/24; Sec13/31;
Sec16) ER->>Golgi (anterogradny)

* Klatrin (T a L-retazce, AP1-3)
sekreéné granule postupujiuce z
trans-Golgi k PM alebo k
endozémom, endocytické vezikuly,
ktoré su uvolfiované z PM a
transportuju svoj obsah do vnutra
bunky. -Sekre¢na a endocyticka
cesta maju spolo¢né elementy

sCisternal progression® Tri zakladné
procesy su:

1) tvorba (budding)

2) spojenie (docking)

3) fuzia

Trans Golgi

Medial-Golgi |

CisGolgi |

36

18



- vezikuly nemaju rovnaky tvar

- vezikuly tvorené z membrany su relativne ploché a tuhé, lebo
obsahuju cholestrol a je pod nimi cytoskelet, je tazké vytvorit
zahnutie

- vezikuly z vnutrobunkovych Struktur sa tvoria najma tam, kde su uz
membrany ohnuté

- transportné vezikuly maju rézne tvary a velkosti

Docking

1. Rab proteins and Rab effectors direct the vesicle to specific spots on the
correct target membrane.

2. SNARE proteins and SNARE regulators mediate the fusion of the lipid
bilayers.

37

transportné vezikuly obsahuju markery — organela, ndklad, cielové organely

Rab proteiny s monomerické GTPazy (viac ako 60 typov)

Kazdy Rab protein je asociovany s jednou organelou a biosyntetickou resp.
sekretorickou drahou, kazda organela md aspon jeden Rab protein na membrane.

Rab proteiny sa presuvaju medzi membranou a cytosolom a reguluju reverzibilné
zoskupenia na membrane.

- Rab protein spojeny s GDP je inaktivny a spojeny s inym proteinom, ktory ho udrziava
v cytoplazme

- ak sU Rab asociované s GTP viazu sa na membranu organely alebo transportnej
vezikuly

- na membranu viazany Rab-GEF aktivuje Rab na vezikuldch aj na membrane.
Aktivovany Rab sa viaze na Rab efektor, ktory facilituje vezikularny transport, docking a
faziu.

Hydrolyza GTP urcuje koncentraciu aktivneho Rab proteinu.

Rab efektory su rozne (motorové proteiny, ukotvujlice proteiny, SNARE proteiny)

38
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Table 13-1 Subcellular Locations of Some Rab Proteins

Rab1 ER and Golgi complex
Rab2 cis Golgi network
Rab3A synaptic vesicles, secretory granules
Rab4/Rab11 recycling endosomes
Rab5A plasma membrane, clathrin-coated vesicles, early endosomes
Rab5C early endosomes
Rab6 medial and trans Golgi cisternae
Rab7 late endosomes
Rab8 early endosomes
Rab9 late endosomes, trans Golgi network
| Inactive state | Active state I
=

/a\@
C

Pi
Table 13-1 Molecular Biology of the Cell (© Garland Science 2008)
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ST 1T GDI udrziava Rab solubilny

cargo

\
v-SNARE

Rab-GTP YTHERING

Rab-GDP
DOCKING

Rab effector \
(tethering protein)

t-SNARE
CYTOSOL \( (\
i- L

-~ . —GDI

-
=L@ §

L
trans-SNARE
target membrane complex

Kedy sa nachadzaju Rab proteiny v )
cytoplazme? Link 5

40
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Soluble cargo and|
transmembrane
receptor

- kratke vzdialenosti - difuzia

- ak je vzdialenost' vacsia, je vezikula prenasana motorovymi proteinmi po
cytoskeletovych vlaknach. Ked vezikula dorazi k ciefovej organele, musi
ju rozpoznat. Délezita ulohu v tom zohravaju SNARE proteiny na povrchu
vezikul, ktoré su Specificky rozpoznavané komplementarnymi SNARE
proteinmi na povrchu cielovych membran t-SNARE. Kazda organela a
kazdy typ transportnych vackov pravdepodobne nesie unikatne SNARE-
proteiny.

Cytoskeletal filament

Acceptor
membrane
DONOR ORGANELLE TARGET ORGANELLES
@\ A @ COMPARTMENT
e b Movement s i A

v-SNARES T-SMARES

T @ —‘ COMPARTMENT
B

Donor
membrane

" [aBuddng

Moter protein iy
o Long coiled-coil

N1 tethering factor
Costprotein  Multimes &‘

.
tethering complex c
Cytosolic pool of peripheral membrane proteins

o ['v-sNARE

0y

41

Interakcie medzi komplementarnymi SNARE-proteinmi zaistuju, ze
transportné vacky fuzuju len so spravnymi membranami.

Okrem transportu odovzdava vacok aj svoju vlastni membranu, na to, aby
mohli dve lipidové membrany splynut je potrebna Specificka reakcia a
vzdialenost 1,5nm. Na dosiahnutie tejto malej vzdialenosti je potrebné
odstranit z membrany vodu, ¢o je energeticky naroény proces. Moze
prebehnut vdaka fuznemu komplexu molekul, ktoré to umozni.

42
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SNARE proteiny

synaptic
vesicle

CYTOSOL

v-SNARE ;
i t-SNARE
(synaptobrevin) e
t-SNARE
(syntaxin) —

8 1

nerve cell plasma membrane

Figure 13-16 Molecular Biology of the Cell (© Garland Science 2008)

vSNARE sa prepletu s tSNARE ako vrko¢

43

Pevna vazba pomocou SNARE
proteinov

Figure 13-17 Molecular Biology of the Cell (©
Garland Science 2008)

Vazbou sa vytlaci voda
Medzistupen - hemifuzia

HEMIFUSION

10 nm
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Disociacia SNARE po fuzii

recyklacia

NSF sa viaze k SNARE cez adaptorové protein a rozplieta SNARE za
hydrolyzy ATP

accessory y
proteins *

N-ethylmaleimide Sensitive Factor

a5

ENDOPLASMIC RETICULUM

LATE ENDOSOME | VESICLES

N~
EARLY ENDOSOME |

Ll

CELL EXTERIOR
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- molekuly opust'aji endoplazmatické retikulum ER cez exit sites,
na ktoré nie su viazané ribozémy

-molekuly su do vezikul presivané selektivhe a potom su
koncentrované

47

forming ER transport vesicle
I 1

- Sar1-GTP

exit signal on subunits of
membrane-bound COPII coat
cargo protein exit signal on
cargo receptor

CYTOSOL
exit signal on
cargo receptor

exit signal on
soluble cargo
protein

chaperone proteins bound to
unfolded or misfolded proteins

Figure 13-20 Molecular Biology of the Cell (© Garland Science 2008)
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Chaperoén BiP kryje signalnu doménu, kym protilatka nie je dokonc¢ena
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Figure 13-21 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-23a Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-23b Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-25a Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-25b Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-25¢ Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-26a Molecular Biology of the Cell (© Garland Science 2008) uloha mikrotubulov
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Figure 13-26b Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-29 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-35a Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-36 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-37 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-39 A model for lysosome
maturation. Late endosomes fuse with
preexisting lysosomes (bottom arrow) or
preexisting endolysosomes (top arrow).
Endolysosomes eventually mature into
lysosomes as hydrolases complete the
digestion of their contents, which can include
intralumenal vesicles. Lysosomes also fuse
with phagosomes, as we discuss later.
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Figure 4-23. Mannose 6-phosphate (M6-P) pathway for delivery of lysosomal
enzymes to lysosomes, (1) Lysosomal enzymes receive the M6-P marker in the
cis-Golgi network (CGN) and migrate through the Golgi cisternae with other secretory
enzymes to the trans-Golgi network (TGN). (2) The M6-P receptor in the TGN binds
lysasomal enzymes via the M&-P marker, segregating lysosomal enzymes from other
soluble secretory proteins. The clathrin/adaptor protein 1 (AP-1) adaptor coat is recruited
by interactions with the small guanosine triphosphate (GTP}-binding protein ARF (not
shown) and collects M6-P receptors with associated lysosomal enzyme carga in the
budding vesicles. (3) After vesicle formation and loss of the coat, the vesicles fuse with
late endosomes where the low pH dissociates lysosomal enzymes from the M6-P
receptor. (4) The enzymes reach when the late
endosome fuses with existing lysosomes, or matures into a lysosome. (5) The M6-P
receptor is retumed to the TGN in vesicles that bud from the TGN, but the coat involved
in this branch of the pathway is not yet known.
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Hurler’s disease

deficiency of alpha-L iduronidase, an enzyme responsible for the
degradation of mucopolysaccharides in lysosomes, mutacia v géne

skeletalne deformity a oneskoreny psychomotoricky vyvo;.

Nastup priznakov sa objavuje priblizne 6-8 mesiacov po narodeni. K
dalSim znakom patri zakal rohovky, organomegalia, postihnutie srdca,
nizky vzrast, hernie, facialna dymorfia a hirzutizmus.

Radiologické vySetrenie skeletu odhali obraz charakteristicky pre
dysostézu multiplex.

Po druhom roku Zivota sa méze objavit hydrocefalus.
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I-Cell Disease (Mucolipidosis Type Il)
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Figure 13-45 Molecular Biology of the Cell (© Garland Science 2008)
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- nestravitelné zvysky

keratinocyty

niektoré lyzozémy su vylu€¢ené exocytoézou

- melanocyty vylucuju takto pigment, ktory potom resorbuju
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Figure 13-46 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-48 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 13-65a Molecular Biology of the Cell (© Garland Science 2008)
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V-SNARE (synaptobrevin) Figure 13-69 Scale models of a brain presynaptic
terminal and a synaptic vesicle. The illustrations show
sections through a pre-synaptic terminal (A; enlarged in
B) and a synaptic vesicle (C) in which proteins and lipids
are drawn to scale based on their known stoichiometry
and either known or approximated structures. The relative
localization of protein molecules in different regions of the
presynaptic terminal was inferred from super-resolution
imaging and electron microscopy. The model in (A)
contains 300,000 proteins of 60 different kinds that vary in
abundance from 150 copies to 20,000 copies. In the modq
n (C), only 70% of the membrane proteins present in the
membrane are shown; a complete model would therefore
show a membrane that is even more crowded than this
picture suggests (Movie 13.7). Each synaptic vesicle
membrane contains 7000 phospholipid molecules and
5700 cholesterol molecules. Each alse contains close to
50 different integral membrane protein molecules, which
vary widely in their relative abundance and together
glutamate contribute about 600 transmembrane o helices. The
transmembrane v-SNARE synaptobrevin is the most
abundant protein in the vesicle (~70 copies per vesicle).
By contrast, the V-ATPase, which uses ATP hydrolysis to
pump H* into the vesicle lumen, is present in 1-2 copies
per vesicle. The H* gradient provides the energy for
neurotransmitter import by an H*/neurotransmitter antiport,
which loads each vesicle with 1800 neurctransmitter
molecules, such as glutamate, one of which is shown

to scale. (A and B, from B.G. Wilhelm et al., Science
344:1023-1028, 2014. With permission from AAAS;

C, adapted from S. Takamori et al., Cell 127:831-846,
2006. With permission from Elsevier.)
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