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Osnova kurzu

uvod — metody analyzy proteinovych
komplexu, strukturni biologie

funkce proteinu (chaperony, PTM, PPI,
signalni drahy ...) a komplexu (proteasom)

nejvétsi proteinové komplexy = chromosomy

DNA-vazebné komplexy

Komplexy v transkripci

Komplexy v replikaci

Komplexy opravujici poskozenou DNA
Komplexy chromatinu

Evoluce proteinu a komplexu _




Priklady komplexu o kterych uslysite v tomto kurzu
chapen N

TBP

; nukleosom
7’proteasom Molekula mésice (PDB 101)



Informacni zdroje

Alberts a spol: Molecular biology of the Cell
Liljas a spol: Structural biology (2009) ...

... hejnovéjsi ¢lanky z ¢asopisu Cell, Nature, Science ...
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Databaze proteinovych struktur: hitp://www.rcsb.org/pdb/home/home.do,
http://www.ebi.ac.uk/pdbsum/




Primarnim zdrojem strukturnich informaci = PDB

ATP pumpa

voda, ATP .
mikrotubuly
Molecular Machinery: a rour of the Protein DataBank
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[ ATP Synthase 30 Strscture for 1673

POB ID: 1678, 1217, 112p,
2aiu

Four 3D structures show
different parts of this large
protein complex,

Learn more from the
Moiecule of the Month
article ATF Synthase

Extracellular Membrane
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Interaktivni web PDB-101 - relativni velikost komplexu

aktin-myosin chromatin
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Program prednasek 2021

04.03.2021 10-11.30 hod doc. Palegek Uvod, analyza komplext

11.03.2021 10-11.30 hod doc. Palegek Uvod, PPI, skladani komplext

18.03.2021 10-11.30 hod Dr. Muller Chaperony

25.03.2021 10-11.30 hod Dr. Kolesar Ubiquitinace, ligasy (cullin, APC), proteasom
01.04.2021 10-11.30 hod Mgr. Lelke$ replikace DNA

08.04.2021 10-11.30 hod doc. Palegek DNA-proteinové interakce, vazebné motivy
15.04.2021 10-11.30 hod doc. Palegek DNA-proteinové interakce, transkripéni komplexy
22.04.2021 10-11.30 hod Dr. Sebesta Oprava DNA, homologni rekombinace
29.04.2021 10-11.30 hod doc. Palegek Chromatinové komplexy

06.05.2021 10-11.30 hod doc. Palegek Evoluce proteinovych komplex

13.05.2021 10-11.30 hod C2-2.11 doc. Palegek zkouska (test + prezentace)?

- Pohled na vybrané procesy probirané v biochemii a molekularni biologii z
hlediska proteomiky a pfedevsim z hlediska proteinovych komplexu

- vybér komplext majicich vztah k tématum studovanym v laboratofich
,chromatinovych molekularnich komplext“, NCBR a dalsich skupin z MU

Souvisejici: Cvi€eni z modelovani proteinovych komplexa (CG031),
Struktura a funkce eukaryotickych chromozomu (C9041, prof. J. Fajkus),
Metody proteomiky (CG090) ...



Zkouska: - test + prednaska

, Smc5/6
« Uvod - Analyza proteinu
— Domeény
« fold-struktura (ss, PDB) MO A
» v PyMolu pripravit 3D strukturu Ligase (/
* Interakce (IntAct)
— Komplexy
 Funkce a7
 Lokalizace Tandem-WHD™“Tandem-WHD
— evoluce

» Konkrétni nova data — ¢lanek (< 5 let)

v-SMC

Kleisin

Ujasnit si souvislosti, rozsifit si znalosti, aplikovat
poznatky z pfednasek ...



Analyza proteinovych komplexu

— Separacéni metody

— MS pristupy

— Strukturni analyzy

— Mikroskopické metody

— Vizualizace ... Bertero et al, Cell, 2010
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NejCaste|si postup charakterizace
proteinovych komplexu

Novy gen/protein — charakterizace funkce a funkéniho kontextu =>
1. - identifikace partneru tzn. PPI, respektive izolace komplexu

2. - charakterizace komplexu
- vzajemné PPI podjednotek - architektura/struktura komplexu

- funkce podjednotek (geneticka analyza, lokalizace v bunce)
3. - rekonstituce a analyza aktivit celého komplexu in vitro

Metody izolace a analyzy
proteinovych komplexu

Prolinaji se analytické a izolacni:

- ultracentrifugace, gelova filtrace ...

- TAP-tag (a jiné tagy) purifikace a MS analyza

- ko-imunoprecipitace, pull-down, ko-purifikace ...
- crosslink MS, X-ray, (cryo) elektronova mikroskopie SIS
(Prolinaji se i metody pro komplexy a PPI - viz MePro — 12.4.2021)
... visualizacni metody




Metody analyzy a izolace PKxu
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Metody analyzy a izolace PKxu

Ultracentrifugace — analyticka (preparativni — malé objemy)
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Lee et al, Plant Cell Phys, 2004

A. Hrubsi pouze rozdéli na
kompartmenty/organely - lokalizace
B. Jemny - cukerny gradient - izolace

Centrifugal force
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Metody izolace a analyzy PKxu

- Gelova filtrace (size exclusion chromatography)
- Za nativnich podminek (komplexy zustavaji pohromadeé)
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NSEda
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Taylor et al, MCB, 2008
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Metody izolace a analyzy PKxu " &

212

- TAP-tag (,Tandem-affinity purification®, - & ..
jiné tagy a protilatky) ...

Protein CBP A
I

66.4

55.6

| jiné kombinace
(HBH — His-biotin-His)

42.7

TEV protea

s / TEV protea

56 — '7.' —— Hsh49

Tandem-affinity purification

(vicestupnoveé — vyssi cistota) Q =
1. Protein A (vaze 1gG beads) F,mmm .
2. TEV-proteasové misto tobacco

etch virus) — uvolnéni z matrice
3. calmodulin-binding

(CBP) — eluce EDTA Q

Zaintegrované v genomu (pfirozena

TEV protease eavage

hCalmodulm Beads ~
M Second affinity purification

hladina proteinu, pfirozeny vyskyt ‘
partnerd/komplexu ...) NativeeluﬁoanTA
zname jeden protein — hledame dalsi ~

podjednotky *’ Puig et al, Methods, 2001



|zolace komplexu z kvasinky Saccharomyces cerevisiae

a Strateqgy External datasets
3 . Tl Yaast genomea 6,486 ORFs MIPS/SED
i I i
: Strain 1 —Jorr1 IRl —{oRF2}— — | TAP cassette integration 5,474 (85%) 2002 genome
| Strain 2 — G20 | TAP fusion expression 3,206 (59%) Annofation
I"H ___________________________________________ -j' 5
Socio-affinity model
Co=purified proteins b = @ i A

1 2500 40| 45

145 [ 350 230 [ 134 [ 100 | 300 | 600 | 700 b

Attachments

491 Set of known

Cores 478 complexas:
Modules 147 MIPS (217)
Isoforms 5,488 Pubhed (62)

Gavin et al., Nature, 2006



Metody izolace a analyzy PKxu

e

| Protein:Protein Interaction

Capture Protein:DNA Interaction
HaloLink™ (HaloCHIP™ System)

Protein Immobilization
3/ Protein Purification
£ —

HaloTag®
Fusion Protein

Labeling o
Fluorescent ligands Protein Labeling and Detection

H 0 . e
3’\'\ * Protein Quantification

_Cellular Imaging

o

8567MA

Velmi vhodny HALO tag pro izolaci komplexu: kovalentné vazany ligand (silngjsi
vazba, vice oplachu)

Uvolnit Ize pouze proteolytickym stepenim (nevyhoda) — vs stépeni specificky uvolni
pouze komplex z matrice (nespecificky navazané proteiny ztistanou na matrici)



Tagging
system

in vivo
function

Purified
interaction
partners

RuUzné pfistupy charakterizace komplexu

klasicky

Affinity Purification

Epitope for
antibody

3XFLM

7

\

anti-FLAG
beads

alternativni
BiolD
(Proximity Biotinylation)
s Biotin activation h
o o

_
N
Activated biotin cloud
A = b

.

£ 3
Streptawdln‘h

\ beads

G102 104d I ‘e 10 WaquieT

Biotinylace na
vzdalenost
<20nm

MS identifikace
biotinylovanych
proteinu



Metoda BiolD Pfidani biotinu v

urCitém cCase (rychlé
pfipojeni) — pulse-
Express BiolD-fusion protein Add biotin to cells chase — Ize sledovat

interakce v ¢ase

. 2 (napf. bunéény
L igase ‘ S— ‘ cyklus)

Napfr. chromatin-

|
y

BirA biotin ligasa (fusovana k proteinu) Lyse cells asociované komplexy
I jsou huf rozpustne —
izolace za
Denature proteins denaturacnich
Biotin affinity podminek

r" purification - rﬂ.

-

Citliva metoda
(kovalentni znaCka

@ r 1 zustava i po oddaleni
)—\ interakéniho partnera
Biotinylované |proteiny jsou purifikovany pomoci streptavidinu — slabé/transientni

interakce (vice nez
Mass spectrometry

to identify candidates komplex » .
,sousedici® proteiny

Roux, CMLS, 2013 <20nm)

» o
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Metoda BiolD
PPl v Case

Histon chaperony
(16.4.2020)

”O FDR < 1%
() 1% <FDR<5%

5% < FDR
relative abundance

®
I

=50

spectral counts

=0

Lambert et al, J Prot, 2015

Pridani biotinu v
urcitém cCase (rychlé
pfipojeni) — pulse-
chase — |ze sledovat
interakce v ¢ase
(napf. bunécny
cyklus)

Napfr. chromatin-
asociované komplexy
jsou hur rozpustné —
izolace za
denaturacnich
podminek

Citliva metoda
(kovalentni znacka
zustava i po oddaleni
interakéniho partnera
— slabé/transientni
interakce (vice nez
komplex —
,sousedici“ proteiny
<20nm)
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Y complex

Metoda BiolD — organizace komplexu

Dosah biotinylace je 10-20nm — Ize vyuzit
kK mapovani ,blizkych“ proteinovych
sousedu ve velkych komplexech
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Ko-Iimunoprecipitace

Jednoduche tagy/znacky:
Myc, FLAG, V5, S-tag, GFP (vazba pres protilatky)

GST, Streptactin (biotin-streptavidin), MBP ... (vazba pfes ligandy)

&— MYC smce hinge!

blot
.

E: — *— swmcs

)
© B =
a - <4— Hsp70 S (
D U = arm )
2 > . a )
s L@ Z \
o M - 2 Nse3
S =% — 4 Nse4
o
: ‘ Nse2

|
§ __a; — Nsei
(@) ]

Pozor na kontaminace
(napfr. chaperony)

MS analyza SDS-PAGE
nebo roztoku

SMC?

Zname-li vice podjednotek - znacky na rizné
podjednotky komplexu (vs TAP na jedné
podjednotce) — postupna purifikace => kompletni
komplex (vychytany pres rizné podjednotky)

(Apuebi ogau Apndad) aonje 1ugnadwoy



Ko-purifikace

Silné interakce/komplexy — proteiny Ize ko-exprimovat (muze
pomoci s jejich rozpustnosti) a nasledné ko-purifikovat

Nse1 g N %% Nse4
1. His-tag Nse3 2. Strep-tag Nse4d
(Nse3 vice nez Nse4) (srovnal se pomér Nse3:Nse4)

Elution fractions — 10ml = Elution fractions — 1.5ml
e 1. 2. 3. 4. 5.6.7.8. 9 10. iclt 1. 2. 3. 4.5 6.7. 8.9 10. 11.

Total extract
* Soluble fraction

40 :: Nse3 —> -:'.'-- - - <+
35
o5 <+ Nse1 — e e - - —— . <+

15 a = a=. §5
o Dol - . o ,
Nse4 protein se samostatné exprimuje malo a je malo rozpustny

Znacky na rtznych podjednotkach komplexu —
postupna purifikace => kompletni komplex
(pfirozeny pomeér podjednotek v komplexu)

Zabrady et al, NAR, 2016



Ko-purifikace
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Mapovani komplexu - crosslinking

Na purifikovanych komplexech nebo komplexu XL v bunce a poté purifikace za
denaturacnich podminek (tag-ligand interakce musi byt odolna vici denaturacnimu
Cinidlu — napfr. 6xHis-tag vaze Ni-kulicky i v 8M mocoviné nebo HALO-tag)

Protein complexes in live cells Fixed protein complexes
crosslink propoji podjednotky - stabilizuje komplex
‘ : 18 O 0 0 Q
Chemical NaQ1S, 74 [L Y
—» crosslinking —» \[,_../\ M~ PN
in vivo N0 N
| ~ D DD D DN
e T oo o ' o’ SO;Na
Affinity purification 0
Generate peptides +
by digestion ” .
- “ - estery reaguiji s Lys (e-amin)
; . - homofunkéni - spoji proteiny
Identification of Determination of dohromady v jednom kroku
complex constitients protein interface sites - heterofunkcénich - postupné aktivace

-y =

’5\ —gﬂ Reactive group 1 Reactive group 2

|ldentifikace
podjednotek Mapovani . >

komp|exu interakCi
podjednotek
Roux, CMLS, 2013 ( ® ) Reactive group 3
Sinz, MS Reviews, 2006

(e.g. biotin)



An Overview of the Crosslinking Mass Spectrometry (XL-MS) Workflow

‘.— @ Complexes with up to 100 subunits
o Pull-downs, in vivo applications

Complementary chemistry targeting

Crosslinking 3 acidic residues
reaction Affinity-tagged and cleavable reagents
— — — —T— | Increased use of size exclusion, ion
ﬁ n_au__f w . exchange, and affinity chromatography
enrichme 1= to enrich crosslinked peptides
ﬁ MS acquisition E _ _ Faster and more sensitive spectrometers
FDR D o s : .
New software for differential quantification
ﬁ Data analysis E 4 N = Calculation of false discovery rate

Dedicated software for sequence graphs

Structural mapping and filtering software

Suﬁ__n»no:.
modeling

Leitner et al., Trends in BS, 2015




- krosslink vypurifikovanych
casti komplexu SMC5/6

- 3 hotspots silné
prokroslinkované —
ramena proteind SMC5-
SMCE6 jsou vedle sebe
(nikoli krouzek)

Adamus et al, JMB, 2020

SMC5 SMC6 SMC5 SMC6
SMC5 SMC6

NSE3




Kin28 ©

ccl ©
Med1 ®
Med8 ©
Med14 @
Med20 ©
Med21 o

crosslink uvnitf a mezi proteiny
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—— 3 Kinzs
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778

- crosslink data podpofi/doplni strukturni
informace z krystalografie nebo
kryoEM

analyza PIC-MED komplexu
(~50 podjednotek - ~2MDa)

Schilbach et al, Nature, 2017



analyza PIC-MED komplexu
(~50 podjednotek - ~2MDa)

- zpusob sbéru dat, klasifikace
a rekonstrukce struktury
komplexu pomoci kryoEM

Initial PIC-cMED filtered to 60 A, “Model I”

Removal of aggregated particles, -
1600 000 650 000 particles bf

8 - autopicked particles gold contaminations,
< g ice contaminations and false positves
: H
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: B cMed, middle module O TFIA M TFIE B TBP
Schilbach et al, Nature, 2017 [ cMed, head module ETFIB W TFIF @ Pol I

cPIC




vers L. ] a X-ray crystallography
Pouziti metod strukturni biologie |,

pro studium proteinovych 900 |
komplexu g 800
s 700
. . vy & 600 | |
- krystalogra_fle ~ nejv,hoglng& R
(boom v minulé dekade diky S a0} Monomers
sekvenacnim projektum) %300 .
- NMR je limitovana velikosti 2 200 / ~
- cryoEM je vhodna pro velké et T =" Heteromers |
komplexy (boom Vv SOUéaSHOS’[I) 1975 1980 1985 1990 1995 2000 2005 2010
Year
b nNwmR C Electron microscopy
450 30 ,
- 400 Monomers - Heteromers
@ 350 | 5
@ 300 :.’ 20
g 250 % i
T 200 | ]
é 150 ‘E 10}
3 Monomers
§ | z s| ]
50 Heteromers \\_/\/
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Year Year

Marsh et al, ARB, 2015



Integrativnhi modelovani

MEDIATOR MIDDLE MODULE MEDIATOR HEAD MODULE
B, m
i",,i 4

Topology of the Mediator middle module  Architectural model of the Mediator middle module Structure of the Mediator head module
Koschubs et al, 2010 Lariviére et al, 2013 Robinson et al, 2012

* Native MS * Crosslinking-MS » Crosslinking-MS

* IMS-MS * Homology modeling = X-ray crystallography

* Limited proteolysis * X-ray crystallography

* Light scattering

* SAXS

* Pull-down assays

CORE MEDIATOR (cMED) COMPLEX

Tail

Lossl et al, EMBO J, 2016

Structure of a 15-subunit Mediator complex Architecture of a 21-subunit Mediator complex
Plaschka et al, 2015 Robinson et al, 2015

* Crosslinking-MS * Integrative modeling

¢ Cryo-EM * Crosslinking-MS « Original data
* Homology modeling * Cryo-EM

= X-ray crystallography * X-ray crystallography . :;thegr:::ﬁgigsata from
* Homology modeling




Integrativni modelovani

Table 1. Example Methods that Are Informative about a Variety of Structural Aspects of Biomolecular Systems

Structural information

Method

Stoichiometry
Atomic structures of parts of the studied system

3D maps and 2D images
Atomic and protein distances

Binding site mapping
Size, shape, and distributions of pairwise atomic
distances

Shape and size

Component positions
Physical proximity

Solvent accessibility

Proximity between different genome segments
Propensities for different interaction modes

MS, quantitative fluorescence imaging

X-ray and neutron crystallography, NMR spectroscopy, 3DEM, comparative modeling,
and molecular docking

Electron microscopy and tomography

NMR, FRET, and other fluorescence techniques; DEER, EPR, and other spectroscopic
techniques; and XL-MS and disulfide bonds detected by gel electrophoresis

NMR spectroscopy, mutagenesis, FRET, and XL-MS
SAS

Atomic force microscopy, ion mobility mass spectrometry, fluorescence correlation
spectroscopy, fluorescence anisotropy, and analytical ultracentrifugation

Super-resolution optical microscopy, FRET imaging, and immuno-electron microscopy

Co-purification, native mass spectrometry, XL-MS, molecular genetic methods, and
gene/protein sequence covariance

Footprinting methods, including HDex assessed by MS or NMR, and even functional
consequences of point mutations

chromosome conformation capture

Molecular mechanics force fields, potentials of mean force, statistical potentials, and
sequence co-variation

Abbreviation are as follows: 3DEM, 3D electron microscopy; DEER, double electron-electron resonance; EPR, electron paramagnetic resonance;
FRET, Foerster resonance energy transfer; HDex, hydrogen/deuterium exchange; NMR, nuclear magnetic resonance; SAS, small-angle scattering;

XL-MS, cross-linking mass spectrometry.

Integrative Modeling Platform (htips://integrativemodeling.org/)

Rout et al, Cell, 2019

PDB-Dev (https://pdb-dev.wwpdb.org)



Integrativni modelovani

30 nm 10 nm 3 nm 10 A 3A
2007 Structure (~60 A precision) 2018 Structure (~9 A precision)
Affinity purification of subcomplexes Cryo-electron tomography
Membrane fractionation Chemical crosslinking mass spectrometry
Cryo-electron tomography Small angle X-ray scattering
Overlay binding assays Comparative modeling
Immunoelectron microscopy NMR spectroscopy
Analytical ultracentrifugation X-ray crystallography
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Rout et al, Cell, 2019
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A GFP-Bax wild type

100 min

C Dots Agaregates Lines

Arcs

Rings Double lines

Lokalizace
proteinovych
komplex

Konfokalni mikroskopie vs
super-resolution
mikroskopie
(STED=stimulated emission
depletion microscopy —
rozliSeni 60nm)

+ AFM (atomic force
microscopy)

Gallego et al, EMBO J, 2016




Lokalizace
proteinovych
komplexu

Bax protein vytvafi pory v
mitochondrialni membrané
(apoptdsa)

Gallego et al, EMBO J, 2016

S




... fluorescenc¢ni
metody ...

vice doc. Hofr C7230

D

Passive DNA-binders

;i :

Topoisomerases

Supercoiling
Neg

Pos

g% |
v

RNA polymerase

ii

Toraueliporce <
" —

.
N )
e

o

Phase separation

300 nm

Crowders & solvent

Confinement

H@g

iii

Birnie et al, ACS nano, 2020
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Analyza proteinovych komplexu
vice Metody v proteomice (CG090)

Structural analysis Molecular interactions studies
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NMR, crystallography, SAXS,
electron microscopy

Protein concentration

Fluorescence polarization, FRAP, HI-FI, FRET,
microscale electrophoresis

Analytical methods Chemical probes and libraries
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Mass spectrometry, pull-down assays,
electrophoretic-shift assays,
analytical ultracentrifugation Photochemical probes,

barcoded DNA, nucleosome libraries

Speranzini et al, EMBO J, 2016



Ozer et al, CO in SB, 2015

Analyza proteinovych komplext

Challenges and Methods
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Visualizace proteinovych komplexu

Existuje mnoho
nastroju na
visualizaci
komplexu (i v
bunééném
prostredi)

od PyMOL pro
pfimou visualizaci
krystalovych
struktur

... az po CellPACK
pro interaktivni
nahled do bunky a
jejich procesu

...vychazi z hernich
a animacnich
algoritmu ...

Johnson et al., Nat Meth, 2015



Visualizace proteinovych komplexu

Molecular
mgredlents

Mesoscale ‘

Surt—ace
containers molecular model

Current Opinion in Structural Biology

Pro lepsSi prfedstavu (virové Castice) se integruji ... (nakopirované) struktury,
data z molekularni dynamiky (simulaci), koordinaty pohybu ,objektu® ve
svételném mikroskopu ... animovat i bunécny kontext — namichat v ,realnych®

pomérech do ,organel” a na ,membrany“ — CellPack ...

Lze pouzit k testovani modelu ...

Johnson et al., Nat Meth, 2015; lwasa, CO in SB, 2015



Visualizace proteinovych komplexu - CellPACK

CellPACK poskytuje vhled do
bunécnych procesu — pouzit
na simulaci distribuce proteinu

B virové ¢astice (napf. R-noMa:
random-bez interakci)
r' N (
- -
R-offMa closaMa closeMa-Env
C Gag-Env nahodne Gag-Env interaguji Env cluster
Observed (ref. 39) celIPACK models to simulate fluorescence
X
()]
R
[
>
[
LIJ
5 >
&
@]
o PR(-) R-noMa R-ofiMa R-InMa closeMa closeMa-Env cIoseEnv

\PR(-)gp < 0.001 p <0.00+ p <0.410] p=0.73+ p= 04902 p < 0.00+
_ ) Ta ) i jreinre Fp—— Johnson et al., Nat Meth, 2015
Experimentalni vysledek
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Existuje mnoho
nastroju na
visualizaci
komplexu

od PyMOL pro
pfimou visualizaci

krystalovych
struktur ... 3D tisk



Docking - hra

Bioblox 22D Game on the Topic of Protein Docking

www.BANDICAM.com

Simple and intuitive
touch controls.

Bioblox 2'%D is a free mobile game on the Topic of Protein
Docking. Play the Proteins Docking game. Learn about the
fascinating world of bio-molecules and their interactions.
Drag, Rotate, Swipe and fit the chains together like the
components of a mechanism.

Getiton l 125 2 0%
‘ > or PLAY ONLINE amamEE
V G()()g L p Iay High Score  Lives Do:lu-'n:%

https://www.doc.gold.ac.uk/bioblox/




BioBloxVR

BioBlox VR Feel the docking experience! . @ »

: . : : : ; Prehrat po... Sdilet
BioBloxVR is a visualization tool for the docking of

proteins using virtual reality. It is still under development ;
- -
® sl

if you want to have a try contact us!

Docking — VR ...

https://www.doc.qgold.ac.uk/bioblox/
https://www.youtube.com/watch?v=G6gSuT T XsM4&t=12s
https://www.voutube.com/watch?v=2z8v7rUWQos




