Cytoskelet
doc. Mgr. Vitezslav Bryja, Ph.D.




7) CYTOSKELET A JEHO FUNKCE - zakladni slozky cytoskeletu (mikrofilamenta, intermediarni filamenta,
mikrotubuly) - jejich struktura a funkce; dynamicka nestabilita, cytoskeletalni toxiny, pfiklady proteinu
asociovanych s mikrofilamenty a mikrotubuly a jejich funkce, molekularni motory — typy a funkce, centrozom
a jeho cyklus, cilia — primarni a pohybliva. Pohyb bunék a pfispéni bunék k pohybu organismu: pohybliva
cilia, mitéza v€. funkce cytoskeletu v mitéze, pohyb burky po substratu — zakladni mechanismy a uc€astnici
se proteiny, svalovy stah z molekularniho pohledu — pficné pruhovany a hladky sval.

8) ZAKLADNI PRINCIPY SIGNALNi TRANSDUKCE - z&kladni déleni jednotlivych typd buné&éné signalizace,
pozitivni a negativni zpétna vazba v¢&. pfikladu, hlavni biochemické mechanismy (fosforylace a vyména
GTP/GDP) a jejich regulace, pfehled zakladnich typd membranovych receptorl; druhy posel — principy a
hlavni pfiklady; vapnikova signalizace, receptory spfazené s trimerickymi G proteiny, receptorové tyrosin
kinazy, malé GTPazy, funkce rhodopsinu v procesu vidéni. VYZNAMNE SIGNALNi DRAHY - signalni drahy
vyznamné pro regulaci embryonalniho vyvoje a imunologie — JAK/STAT, NFkB, TNFa, Wnt, TGF/BMP,
Hedgehog, Notch (pouze nejzakladnéjSi principy a klicové proteiny).

9) BUNECNA BIOLOGIE V CISLECH (pro ¢lovéka) — velikost lidské buriky, po&ty hlavnich biomolekul v
bunce, pocty bunék v téle, velikost — voda, lipidové membrany, proteinu, ribozomu, cytoskeletu (v€éetné
rozlieni elektronového a optického mikroskopu), délka a poCet bazi DNA, pocet genu, délka buné&ného

cyklu, délka ,zivota“ bunék — kratce a dlouze Zijici buniky, rychlost pohybu buriky a motord po cytoskeletu,
rychlost nervového vzruchu



NejpocCetnejsi proteiny v bunce?

» Realna data

» Proteiny jako molekularni stroje, DNA jako navod na
jejich vyrobu a malé metabolity jako palivo



Figure 16-1a Molecular Biology of the Cell 6e (© Garland Science 2015)



Figure 16-1b Molecular Biology of the Cell 6e (© Garland Science 2015)



Aktinova filamenta = mikrofilamenta

» zvana také mikrofilamenta

» spiralovitd vldkna/polymery tvorené proteinem aktinem

» tvori flexibilni struktury o priméru 8 nm, které mohou byt
organizovany do linearnich svazku, dvou- i trojrozmeérnych
siti

» jsou rozprostrena po celé bunce, ale koncentrovana jsou
predevsim primo pod cytoplasmatickou membranou



Aktinova filamenta = mikrofilamenta

» i) jednoduché aktinové o v
Fu‘é_- l‘ ""‘\

. Wy
filamentum :I

o ‘t “"t

Ry "1..

> ii) microvilli

> iii) stresova vlakna
(Cervené) koncici ve
fokalnich adhezich
(zelené)

» iv) pficné pruhovany
sval

Micrographs courtesy of R, Craig (i and iv); P.T. Matsudaira and D.R. Burgess (ii);
K. Burridge (iii).



Mikrotubuly

» dlouhé duté valce tvorené proteinem tubulinem (vnéjsi
primér 25 nm)

» tuzsi oproti aktinovym filamentim

dlouha rovna vlakna, ¢asto jednim koncem uchycenav
mikrotubuly-organizujicim centru (MTOC) zvaném
centrozom

A 4




Mikrotubuly

» i) jednoduché vlakno
mikrotubulu

> ii) prurez na bazi 3 cillii
zobrazujici triplety .
mikrotubulU

» iii) mikrotubuly
(zelené) a organely
(Cervené) v interfazi

» iv) prvok s ciliemi

Micrographs courtesy of R. Wade (i); D.T. Woodrow and
R.W. Linck (ii); D. Shima (iii); D. Burnette (iv).




Intermediarni filamenta

» vldkna strukturou pfipominajicilano s prdmérem 10 nm

% tvorena heterogenni rodinou proteint

» jeden typ intermediarnich filament (IF) tvori jadernou
laminu pod jadernou membranou

» dalsi typy IF jsou rozprostreny napric¢ cytoplasmou a zajistuji
mechanickou odolnost bunky

» v epitelidlnich tkanich IF zajistuji spojeni bunék mezi sebou



Intermediarni filamenta

> i) jednotliva
intermediarni filamenta

> ii) IF (modre) v
neuronech

> iii) epitelidlni bunka

» iv) jaderna lamina



Aktinova filamenta = mikrofilamenta

actin molecule

plus end plus end

(ADP when
in filament)

minus end . minus end

(R) (B)

Figure 16-11 Molecular Biology of the Cell 6e (© Garland Science 2015)



Aktinova filamenta = mikrofilamenta
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Figure 16-13a Molecular Biology of the Cell 6e (© Garland Science 2015)



Polymerizace a depolymerizace

» linearni polymery proteinovych molekul, kterymi jsou
mikrofilamenta nebo mikrotubuly tvoreny, vznikaji
pripojovanim podjednotek (monomert) ke koncum
polymeru

» mira pripojovani/polymerizace téchto podjednotek je ddna
konstantou k,, (jednotka M-s), mira depolymerizace je
dana konstantou k  (jednotka st)

polymer (with n subunits) subunit

+
konl ‘ Kort

polymer (with n +1 subunits)
Panel 16-2 (part 1) Molecular Biology of the Cell 6e (© Garland Science 2015)




Polymerizace a depolymerizace

» dva konce mikrofilament anebo mikrotubul( polymerizuji
riznou rychlosti

» rychle rostouci konec se nazyva ,, plus konec”, pomaleji
rostouci konec oznacujeme jako ,,minus konec”

» rozdil v rychlosti polymerizace je dan rozdilnou potrebou
zmeny konformace podjednotky v momentu pripojeni k

pOIVmeru free - subunitin

subunit polymer

minus plus
end N, _ e end



Polymerizace a depolymerizace

PLUS AND MINUS ENDS
The two ends of an actin filament or microtubule polymerize ‘»._,, fem———————l e

at different rates. The fast-growing end is called the plusepnd, ™ —

whereas the slow-growing end is called the minus end. The minus plus
difference in the rates of growth at the two ends is made end . . - end
possible by changes in the conformation of each subunit as
it enters the polymer.

free . subunitin -

subunit polymer e 1= == == ===

This conformational change affects the rates at which subunits add to the

two ends, which determines the equilibrium constant for its association
Even though k_, and kqg will have different values for the plus and minus ~ with the end, is identical at both ends: if the plus end grows four

ends of the palymer, their ratio k 4k ,—and hence C,—must be the same times faster than the minus end, it must also shrink four times

at both ends for a simple polymerization reaction (no ATP or GTP faster. Thus, for C > C,, both ends grow; for C< C, both ends
hydrolysis). This is because exactly the same subunit interactions are shrink.

broken when a subunit is lost at either end, and the final state of the The nucleaside triphosphate hydrolysis that accompanies actin
subunit after dissociation is identical. Therefore, the AG for subunit loss, and tubulin polymerization removes this constraint.

Panel 16-2 (part 5} Mabecular Biology of the Cell 62 () Garland Scence 2015)



Hydrolyza nukleotidti

(T = monomer carrying ATP

T — T —_— D or GTP)
S A (D = monomer carrying ADP
free monomer subunit in polymer or GDP)

» kazda molekula aktinu nese pevné navazanou molekulu ATP,
ktera je hydrolyzovana na molekulu ADP brzy po jejim
pripojeni k polymeru

» stejné tak molekula tubulinu nese pevné navazanou
molekulu GTP, ktera je po pripojeni k polymeru
hydrolyzovana na GDP

» hydrolyza navazaného nukleotidu snizuje vazebnou afinitu
této podjednotky k polymeru a zvysuje pravdépodobnost jeji
disociace z polymeru

» proto je obvykle T forma pripojena k polymeru a D forma z
polymeru disociuje



ATP a GTP cepicky

» rychlost pripojovani podjednotek k rostoucimu polymeru
mikrofilamenta ¢i mikrotubulu muUze byt vétsi nez rychlost,
se kterou je nukleotid nové podjednotky hydrolyzovan

» v tomto pripadé na konci polymeru rozeznavame tzv. ATP Ci
GTP Cepicku, ktera obsahuje nukleosid trifosfaty (ATP na
mikrofilamentu ¢i GTP na mikrotubulu)

ATP or GTP cap

Panel 16-2 (part 7) Molecular Biology of the Cell 6e (© Garland Science 2015)



Dynamicka nestabilita

» mikrotubuly depolymerizuji 100x rychleji od konce s GDP nez
od konce s GTP

» GTP Cepicka podporuje polymerizaci, pokud je GTP Cepicka
ztracena, dochazi k depolymerizaci

GTP cap
! ! >3
& b e & =
05&;]8 . - e %)H ek
GROWING - . e SHRINKING _

Panel 16-2 (part 10) Molecular Biology of the Cell 6e (© Garland Science 2015)

» u jednotlivych mikrotubult se tak stfida stav pomalé
polymerizace a rychlé depolymerizace = dynamicka
nestabilita



Cytoskeletalni toxiny

» brani polymerizaci ¢i depolymerizaci

Latka

Latrunculin
Cytochalasin B

Phalloidin

Taxol®
(Paclitaxel)
Nocodazol

Colchicin

Uéinek na _
Mechanismus
cytoskelet
ACTIN
depolymerizuje vaze aktinové
podjednotky
depolymerizuje kryje plus konec
filament
stabilizuje vaze se podél
filament
MIKROTUBULY
stabilizuje vaze se podél
filament
depolymerizuje vaze podjednotky
tubulinu
depolymerizuje kryje konce

filament

Zdroj

morské houby
Nizsi houby

muchomurka

ker tis

synteticky

safran



Proteiny asociované s aktinem

» vétsSina bunék obsahuje vice nez 100 raznych proteinu
asociovanych s aktinem a je pravdépodobné, ze rada dalSich
takovych proteinl nebyla jesté |dent|f|kovana
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Proteiny asociované s aktinem

o = o =g,

formin Arp2/3 complex
nucleates assembly and remains nucleates assembly
associated with the growing to form a web and remains
plus end associated with the minus end
thymosin ° &
binds subunits, Q & @ ®
prevents assembly o \ profilin
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Proteiny asociované s aktinem

tropomodulin ~
prevents assembly and ® -
disassembly at minus end SN ’:
g o *
actin filament N %
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filament bundling, cross-linking, and attachment to membranes
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Proteiny asociované s aktinem

free actin

e ‘ plus-end growth

\ actin filament
Y2 e )
® ©

actin- o

2 no binding
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free actin
monomer

\plu:-end growth
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profilin
complex




Proteiny asociované s aktinem

actin—prof‘ lin complex

A actin filament
profilin

g 1Y (PP

monomer
Ymusm /

actin-thymosin complex

PROFILIN COMPETES WITH THYMOSIN FOR BINDING TO ACTIN MONOMERS
AND PROMOTES ASSEMBLY



Proteiny asociované s aktinem

plus end

actin [':I
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Proteiny asociované s aktinem

activating
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4 other proteins '
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Proteiny asociované s aktinem

Figure 16-16d Molecular Biology of the Cell 6e (© Garland Science 2015)



Proteiny asociované s aktinem




Proteiny asociované s aktinem

actin
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Figure 16-18 Molecular Biology of the Cell 6e (© Garland Science 2015)



Proteiny asociované s aktinem

(A) actin filament

Figure 16-20 Molecular Biology of the Cell 6e (© Garland Science 2015)



Aktinova filamenta = mikrofilamenta

stress fiber \ Gl filopodium

cell cortex lamellipodium

|

A
O AN

////////

contractile bundle gel-like network dendritic network tight parallel
bundle
I
100 nm

Figure 16-21 Molecular Biology of the Cell 6e (© Garland Science 2015)
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Figure 16-23 Molecular Biology of the Cell 6e (© Garland Science 2015)
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Proteiny asociované s aktinem
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Figure 16-24a Molecular Biology of the Cell 6e (© Garland Science 2015)




Myosiny — molekularni motory pohanéjici auta na
aktinové dalnici

, 150 nm ,
.' neck or hinge region E-tarrinne

& |
& light chains i i

coiled-coil of two o helices

~ N-terminus
(B)

Figure 16-26 Molecular Biology of the Cell 6e (© Garland Science 2015)



Myosiny — molekularni motory pohanéjici auta na
aktinové dalnici

myosin overall

motor domain
type structure

L I N eves
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B o e
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B Xl g
B XV @

1000 amino acids

Figure 16-40 Molecular Biology of the Cell 6e (© Garland Science 2015)



30 to 40 nm swing
of lever arm




Mikrotubuly

B
L.

tubulin heterodimer
(= microtubule subunit)

protofilament

plus
end

minus
end

(A) a-tubulin

Figure 16-42ab Molecular Biology of the Cell 6e (© Garland Science 2015)




Mikrotubuly

GTP-tubulin dimer

| B 1

exchangeable GTP ]

straight protofilament |

GTP HYDROLYSIS CHANGES SUBUNIT CONFORMATION
AND WEAKENS BOND IN THE POLYMER

o

curved protofilament |

DEPOLYMERIZATION

1

GDP-tubulin
dimer

|
GDP-GTP EXCHANGE

pw‘._J

Figure 16-44b Molecular Biology of the Cell 6e (© Garland Science 2015)




Dynamicka nestabilita mikrotubult

HEE -
rapid growth with GTP-capped end

random loss of GTP cap CATASTROPHE

rapid shrinkage

2000 =
regam of GTP cap RESCUE

-+  — — a—

l etc.

Figure 16-44a Molecular Biology of the Cell 6e (© Garland Science 2015)



SHRINKING

GROWING

Figure 16-44c Molecular Biology of the Cell 6e (© Garland Science 2015)

GTP cap
less stable
region of
microtubule
containing
GDP-tubulin
dimers

Dynamicka nestabilita mikrotubult




Centrosom

(A)

distal

pericentriolar
material

microtubule
triplet

Figure 16-48 Molecular Biology of the Cell 6e (© Garland Science 2015)



Mikrotubuly — MTOC (microtubule-organizing center)

nucleating sites
(y-tubulin ring complexes)

pericentriolar
- material

sy /
' o pod %
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i

-3

pair of
centrioles

Figure 16-47a Molecular Biology of the Cell 6e (© Garland Science 2015)



Mikrotubuly — MTOC (microtubule-organizing center)

+ microtubules growing from
v-tubulin ring complexes
of the centrosome

Figure 16-47b Molecular Biology of the Cell 6e (© Garland Science 2015)




Mikrotubuly — MTOC (microtubule-organizing center)

microtubule “seam”

vy-tubulins

B-tubulin
a-tubulin
schematic of v-tubulin
seven copies of
v-TuSC in“lock —
washer” spiral y

proteins in
vy-tubulin ring
complex

accessory
proteins

| i |
v-TuSC overlapin
(R) (B) v-TuSC spiral (€

Figure 16-46 Molecular Biology of the Cell 6e (© Garland Science 2015)

y-TuSC — gamma tubulin small complex



Mikrotubuly

Figure 16-47¢ Molecular Biology of the Cell 6e

(© Garland Science 2015)




Proteiny asociované s mikrotubuly

» vétsSina bunék obsahuje vice nez 100 raznych proteinu
asociovanych s mikrotubuly a je pravdépodobné, ze rada
dalSich takovych proteint nebyla jesté identifikovana
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Proteiny asociované s mikrotubuly
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Proteiny asociované s mikrotubuly
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Figure 16-51 Molecular Biology of the Cell 6e (© Garland Science 2015)
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Proteiny asociované s mikrotubuly
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Figure 16-52 Molecular Biology of the Cell 6e (© Garland Science 2015)



Proteiny asociované s mikrotubuly

tubulin dimer

stathmin | .

Figure 16-54 Molecular Biology of the Cell 6e (€ Garland Science 2015)




Molekularni motory vozici vozidla po mikrotubulové
silnici: kinesiny a dyneiny

N motor domain
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500 amino acids
Figure 16-56 Molecular Biology of the Cell 6e (€ Garland Science 2015)



Struktura dyneinu

MT-binding

33 motor
¥ v ATPase domain

g B

heavy

chain intermediate
chains
light chains

Figure 16-58b Molecular Biology of the Cell 6e (© Garland Science 2015)



Dyneinovy komplex




Proteiny asociované s mikrotubuly

microtubule @

cytoplasmic
dynein

dynactin
complex

vesicle

Figure 16-60 Molecular Biology of the Cell 6e (© Garland Science 2015)



Funkce dyneinu v melanosomu

decrease
cAMP

increase
cAMP

(A) DISPERSED AGGREGATED

50 pm
Figure 16-61 Molecular Biology of the Cell 6e (© Garland Science 2015)



Centrosom a jeho dynamika
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Cilium (rasinka) — pohybliva nebo primarni cilium

CILIUM

MOTILE NON-MOTILE (9+0)
| “Primary” monocilium (sensory)

|
Planar motion (9+2) Rotary motion (9+0)

Multiple cilia on a cell “Primary” monocilium
— I

Kidney tubule

Bile duct
et — Pancreatic duct
Brain (Ependymal) Embryo Bone, Cartilage
Airways (Respiratory) (Nodal cilium) Eye (Phgtureuaptnr-
Reproductive Tract cunne_ctmg_]'
(Fallopian tubes, Ear (Kinocilium®)
Fibroblasts

Sperm Flagellum®)



Primarni cilium - vznik bazalniho téliska a jeho ukotveni

primary
cilium

plasma
membrane

basal body — ‘||I I||L

mother
& \ centriole

daughter
centriole

daughter mother
centriole centriole

Fiqure 16-66a Molecular Bioloqy of the Cell 6e (© Garland Science 2015)




Primarni cilim — obsahuje modifikovany tubulin

(€)




Primarni cilim — obsahuje modifikovany tubulin
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Recyklace kinesinu a dyneinu v primarni cilii
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Intermedialni filamenta

NH; COOH
(A) e e P
I

L
a-helical region of monomer
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(B) P

coiled-coil dimer
NHz COOH

Je——————— 48 nm——7MM |

NHz COOH —rr COOH
Q) o NH,
NH, e .
COOH -— COOH NH;

staggered tetramer of two coiled-coil dimers

lateral association of 8 tetramers

El addition of 8 tetramers to growing filament
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Intermedialni filamenta

» Laminy (jaderna membrana)

Velmi specificke pro individualni bunécné typy

» Vimentin — mesenchymalni bunky

» Desmin — sval

» GFAP — glialni bunky

» Keratiny — epithelialni bunky

» Neurofilamentové proteiny (NF-L atd.) - neurony




Keratin v epitelialnich bunkach

Figure 16-68 Molecular Biology of the Cell 6e (© Garland Science 2015)




Cytoskeletalni realita bezné bunky
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Konec prvniho dilu




Extra slides




Hydrolyza nukleotidti

» situace na ,plus konci“:

/T
kT
DD D D D Sl o
D D D D D D
kD
off
D

» polymer bude rust, pokud C=C_ (k. a k' + mUzZeme

zanedbat, protoze jejich hodnoty jsou obvykle velmi malé),
takze polymer roste, kdyz:

kTGn L= anﬂ: or .=



Hydrolyza nukleotidti

kTun C= Jkmn::off or cc - kT

» jedna se o stabilni stav, ale nikoli o skuteCnou rovnovahu,
protoze ATP Ci GTP, které jsou hydrolyzovany, musi byt
doplnény reakci, kdy podjednotka polymeru prechaziz D
formy do T formy



