(DNA-)proteinové komplexy

ntroduction
to Protein-DNA
nteractions

Gary D.Stormo

Bi7015 - Chemické vlastnosti, struktura a interakce nukleovych kyselin (doc. Fojta)



DNA-proteinove komplexy
Komplexy spojené s transkripci (az 5% genomu)
Komplexy spojené s duplikaci genomu
Komplexy podilejici se na oprave genomu
Chromatinové strukturni komplexy

NPIDB

Database of structures of nucleic acid - protein complexes

S0zZ2mMmO

Search | PDB:

Z)PDB ) Pfam (U SCOP OGO terms ) Fuzznuc ) BLAST

NPIDB List of complexes O

http://npidb.belozersky.msu.ru/

The resource NPIDE (Mucleic acid — Protein Interaction
DataBase) includes a collection of files in the PDEB format
containing structural information on DMNA-protein and RMNA-protein
complexes, and a number of online tools for analysis of the
complexes. The tools are: an original program CluD for analysis of
hydrophobic clusters on interfaces, program for detecting potential
fydrogen bonds and water bridges, wisualization of structures with
Jmal. Information on SCOF and Pfam domains detected in protein
chains is presentad.

Reference: Kirsanov et al. NPIDE: nucleic acid—protein interaction database.
Mucleic Acid Research, Wolume 41 Issue 01 D517-D523 (January 2013)

Structures of protein-nucleic acid complexes are extracted
from Protein Data Bank (FDE) as files in the PDE format.

Asof 27.11.2013 there are 4482 structures.

Each individual complex has its own web page, containing
general information, links to other resources (e .g., PDBsum and
EIFA), atable describing biological units or models, tables
describing Pfam and SCOP domains in protein chains, and the list
of available actions (including Jmaol visualization)

5000 struktur v PDB (v roce 2014)




Protein-proteinove interakce: pripomenuti

Podivejte se u ,,svych“ proteinu na jejich interakce v
databazich a v PDB...

— domeény maji urcitou strukturu, ktera do znacné miry determinuje tvar
jejiho povrchu, ale ...

— charakter (hydrofobicitu, polaritu, naboj) povrchu urCuji postrani fetézce
aminokyselin sméfujicich do solventu, takze ...

— interakce proteinu je determinovana povrchem, ktery musi mit tvar i
charakter komplementarni s interakCnim partnerem (typy interakci: ...)

sekundarni a terciarni struktura

surface 1

surface 2

(A) SURFACE-STRING (B) HELIX-HELIX (C) SURFACE-SURFACE



Tvarova a nabojova specifita DNA determinuje typy DNA-
vazebnych domeén (oproti velké rozmanitosti protein-proteinovych

Guanine Cytosine Adenine Thymine

- proteiny interaguji s cukrfosfatovou
kostrou (fosfat) nebo pres zlabky s
bazemi (vod. vazba, tvar Sroubovice)
- Interakce sekvencne nespecificke
(kostra — histony; strukturné specifické
- HMG proteiny) nebo sekvencnée
specifické (kostra+zlabky —
kombinace: Bglll (AGATCT) a BamHI 4
(GGATCC) kontaktUjl' Stejné baze a - ,shape readout”
”étou“ zakriveni okolni DNA ) zakriveni kostry souvisi se sekvenci




B-DNA ELIXIR: DNATCO.ORG: Cerny et al, NAR, 2016
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zakfiveni kostry - souvisi se sekvenci a prostiedim Rohs et al, Annu Rev Bioch, 2010



Vazba DNA-protein muze indukovat
zmeny

Rohs et al, Annu Rev Bioch, 2010
Kink

1jj4 (... napt. histony) 2kei, Lac represor
(Leu do malého zlabku)

- vazba proteinu muze indukovat zmeény ve strukture DNA

- vazba DNA na protein Casto indukuje zmény v jeho strukture
- pfipadné u nestrukturovanych proteinu strukturu indukuje (c-
Jun/c-Fos = Sroubovice az po navazani dimeru na DNA)



Vazba proteinu s DNA prostrednictvim
« fosfaty mohou interagovat s

Arg a Lys — solné § glxr“y-:g:—m*qstk.u
mustky/salt bridges Y. Tl

(pozitivni naboje Arg a Lys '
vytvari vazbu s negativnim
nabojem fosfatove skupiny)

 Elektrostaticky naboj/povrch
naznacuje vazebnée
schopnosti proteinu

Table 2. The simplified relative charge set defined from CHARMM (10)
used in the calculation of the electrostatic potential of atoms in the DNA-
binding proteins

Atom type (PDB entry) Residue Relative charge
NZ Lys 1.00
NH]1 Arg 0.50
NH2 Aro 0.50
QOEI Glu —0.50
OE2 Glu —0.50
ODI Asp —0.50
op2 Asp —0.50
OXT All residues —1.00
N All residues —0.10
CA All residues 0.10
C All residues 0.55

0 All residues —0.55 Gajiwala & Burley, COiSB, 2000




Major groove Major groove Minor groove Minor groove
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sekvencne-specificky protein kontaktuje baze (,direct”
readout) — skrze velky nebo maly zlabek — velky zlabek je
lépe pristupny — vodikove vazby (donor vs akceptor elektronu)
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major groove major groove

Jak odlisi
protein ruzné
pary bazi?

Pozice donor vs
akceptor
+ metyl skupina

Minor grooV® Mminor grooV®

major groove major groove

metylace Ade u
bakterii zmena!

KEY:
= H-bond acceptor
= H-bond donor

= hydrogen atom

CO0®

= methyl group

Minor groove



Vazba proteinu s DNA
prostrednictvim vodikovych vazeb

H O
| |l
« Velky zlabek ma velikost x o ¥ %
odpovidajici rozmé&ram a- o P S -
Sroubovice a ma (orasparagine) O [t
exponované H-vazebne \\O/C\N H—N—L
skupiny e 8 h Hooow o
N 'H— z N\H“'g H
Ade zbytky C-6(NH,) a N-7  § ~i\y /\(\)\&\
mohou tvofit specifické 2 B SR WP N
’ ’ N
vodikove vazby s GIn a Asn \
Thymine =Adenine Cytosine=Guanine

Gua muze tvorit specificke
vodikove vazby s Arg

Silna vazba, sekvencné specificka - afinita nM — uM
Slaba vazba, strukturné specificka - afinita uM — mM



Protein-DNA specificity

Shape readout

Major groove Minor groove Global shape Local shape
— Hydrogen bond |~ Hydrogenbond |~  Bending — Kink
Water mediated = Hydrophobic — A-DNA — Minor groove
—  Hydrophobic pres aromatické AMK L 7-DNA —  Major groove

(base stacking)
+ triplex, kvadruplex ...

- vice jak 70 SCOP superrodin (strukturnich motivu)
- dle sekundarnich struktur — a-sroubovice (17), B-listy (7),

smisenée o/ motivy (48
B y ( ) Rohs et al, Annu Rev Bioch, 2010



Motivy DNA-vazebnych domen
Zipper typ I :

— Leucinovy zip
— Helix-loop-helix

Helix-otacka-helix
— HTH

— Winged helix

— TALE

Zinkovy prst

— BPa zinc-finger

— Hormon-receptor
— Loop-sheet-helix
— Gal4d

Histon, HMG-box
B-sheet motivy I B-listy

Luscombe et al, Genome Biology, 2000

a-Sroubovice

.




Motivy DNA vazebnych domeén

« Zipper typ (dle zplsobu dimerizace)
— Leucinovy zip (tzv. bZIP = basic)
(transkr. fakt. yGCN4, c-Jun/c-Fos=AP-1)

« 2 a-sroubovice

 coiled-coil (>30AMK, Leu, C-term) o
» bazicka Cast (N-terminus, navazuje na CC) {@ %
« bazicka $roupovice vazana do VZ -

c-Fos @
Frk Erk Rsk2 Erk
Pkc/Cdc2
I I l I 1 l lv

58 139 ! ! T232 T325 T331 5362 5374

I N —

1 387




Interakce bazickych AMK: Arg(232+240)=PO,, Arg(243)=Gua
Konsensus sekvence: TGACTCA
kvasinkovy GCN4 — regulace genu pro syntézu AMK

PDB: 1YSA



Wps://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
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| DNA-binding protein/DNA PDB id 1YSA
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Figure 28-10
Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

Konsensus sekvence: TGACTCA @ C
Thr236(C) OG1 ————
Key © & |

@ Backbone sugar and base-number = -

® Phosphate group

GCN4

NUCPLOT

. C ............... OD1 Asn235D)

- NH1 Arg232(D)

~ - Thr236(D)

G—C oo |[NH1, NH2 Arg243(D)

- NH2 Arg240(D)

-------- Hydrogen bond to DNA

--- Nonbonded contact to DNA (< 3.35A)
Water molecule and number

e —

=

Jones a spol., NAR, 2003



Chemokines,

Hormones,
- Survival Factors Transmitters Growth Factors
AP-1 e.g., IGF1) e.g., interleukins,  (e.g., TGFa, EGF) E“th“:“f!'”'ﬂr
l serotonin, etc.) l i rix
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//upload.wikimedia.org/wikipedia/commons/b/b0/Signal_transduction_pathways.svg

a c homo/hetero
e JUN) c-JUN RE > CRE)
JUNB RE > CRE)
JUND  (TRE » CRE)
FOSB r::E > CRE)
FRAT TRE > CRE)
FRA2 RE > CRE)
ATFa RE - CRE)
ATF2 |_E,‘*E TRE)
ATF3 (CRE > TRE)
ATF4 (CRE)
B-ATF (TRE > CRE)
C-MAF  (MARE I
MAFA  (MARE I
MNEL (TRE-related)
MAFF/G/K (MARE I
NRF1 (ARE]
NRF2 (ARE]
NFIL.&  (TRE)

b d
—
TRE: TGACTCA c-JUN
ACTGAGT JLhB
JUND
CRE:  TGACGTCA ATFa
ACTGCAG ATF2
— ATF4
MARE | TGCTGACTCAGCA EAEF%&F
ACGACTGAGTCGT MAFB
i—
— MNEL
MARE |l: TGCTGACGTCAGCA MAFF/G/K
ACGACTGCAGTCGT NRF2
MNFILB
ARE: a/gTGACNHnnGC

t /cACTGnnnCG
[E.0. FASL, INT)

heterodimery

(TRE = CRE)
(TRE = CRE)
(TRE = CRE)
(Mo binding)
(CRE = TRE)
(CRE)

(MARE 1/1)
(MARE 1/1)
(MARE 1/1)
(TRE-related)
(MARE 1/1)
(ARE)

(TRE)

Growith Factors Extracellular
[njs. (e.g., TGRa, EGF) Matrix
Integrins
RTK_ odcaz
Cr hEiSDS Fyn/She
Ras FAK Dishevelled +——
—_— SIc T
Raf GSK-3p
' '
MEK APC
/ PN } -
MEEK  MAPK ME K B-catenin -
TCF §
( N
w
=
CyclD_ Gli =— peia
Rb—CDK: 'l
"""*—-.._\_‘_l\ 4“‘ pl5

E2F

Cycle —p27
CDK2,

&
1 |
Proliferation
H‘pﬁﬂ\/

Kombinace — rlizna specifita/afinita

Wt

Hedgehog

Efferl & Wagner, NRC, 2003

Wikipedie


//upload.wikimedia.org/wikipedia/commons/b/b0/Signal_transduction_pathways.svg

« Zipper typ (dle zplsobu dimerizace)

— Helix-loop-helix (c-Myc/Max, MyoD)
« CC a bazicke casti jsou oddeleny smyckou


//upload.wikimedia.org/wikipedia/commons/a/af/C-Myc-DNA_complex.png

Motivy DNA vazebnych domeén
o Zipper typ

Leucinovy zip
Helix-loop-helix

%

Helix-turn-helix

HTH

— Winged helix
— TALE

e Zinkovy prst

BBa zinc-finger
Hormon-receptor
Loop-sheet-helix
Gal4

(P)

a-Sroubovice

16. Ets domain (1bc8)



Helix-turn-helix motiv (HTH)

* QObsahuje vzajemné kolmeé
sroubovice

» a-helix pro vazbu na DNA
(,recognition”) - B-obratka —
druha sroubovice

» Sekvencné-specificka vazba
prostrednictvim ,recognition”
sroubovice a velkého zlabku

» nejcastejsi motiv u prokaryot -
homodimery vazou
palindromatické sekvence

» HTH motiv se obvykle vyskytuje
ve svazku 3-6 sroubovic
(stabilizovanych hydrofobnim
jadrem)

» motiv muze byt bud soucasti
hlavniho proteinu (Cro) nebo z
néj muze pouze vybihat (Lacl)

S

Luscombe et al, Genome Biology, 2000
3. Lacl repressor (1wet)



AMK motiv: KDRWR
DNA sekvence: TTAGGG (komplementarni: CCCTAA)

TRF2 (myb) doména — vazba na telomery (Shelterin komplex) PDB: 1WOU



,2Winged“ helix (okridlena sroubovice)

- ,winged” HTH obsahuje ,recognition” sroubovici (H3) a B-listy,
které poskytuji dalsi kontakty s DNA (smiseny o/ typ)

wing

\— Gajiwala & Burley, COISB, 2000 16. Ets domain (1bc8)

w2 Luscombe et al, Genome Biology, 2000

Méné &asto kFidlo ve VZ a cukr-fosfatovéa kostra se Sroubovici (hRFX1)



Interakce bazi se Sroubovici (H3) a kridla s cukr-fosfatovou kostrou

Méné &asto kFidlo ve VZ a cukr-fosfatovéa kostra se Sroubovici (hnRFX1)

T-dVvS '80dT :9dd



|\

Histon H1/H5 interaguje s DNA vybihajici z
nukleosomu (kompaktnéjsi struktura) — WH
doména muze vytvaret vice kontaktu

(interaguji: H2, H3 i kfidlo s 3 DNA retezci)

PDB: 5NLO




Transcription activator-like effectors (TALE)
Patogenni bakterie injikuji do rostlinnych bunek
ovlivauji transkripci hostitelskych rostlinnych promotoru

n

2y
PthXo1

. ., v TALEN technologie Mak et al, Science, 2012
23 repetic obtaci DNA ve VZ



Interaguje otaCka/turn spise nez sroubovice, PDB: 3V6T



Type lll Repeat Activation
Secretion Signal Region NLS Domain
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Motivy DNA-vazebnych domen
o Zipper typ !

— Leucinovy zip
— Helix-loop-helix

 Helix-otacka-helix

inc finger

. Zinc fi
‘ His motif
v Cys

%_‘ 4
— HTH ‘ @E%
— Winged helix a-Sroubovice -
— TALE

« Zinkovy motiv
— BBa zinc-finger
— Hormon-receptor
— Loop-sheet-helix
— Gal4 ‘

Zinc finger motif




Zinc-finger/Zinkovy prst

- cca 30 AMK ve dvou kratkych antiparalelnich B-listech
a a-Sroubovici

- smycka (,hairpin®) stabilizovana (,crosslinked“) Zn?* -
koordinovany 4xCys nebo 2xCys + 2xHis (tetraedricka
struktura)

C2H2 motiv:
Cys-X,_4-Cys-X;-Phe-Xc-Leu-X,-His-X;-His

I

FPTACP‘%T & CDE'RF oy DELTE'_H IR I HTGQ
3 10 15 20 25 30

Motifs: 5 beta turn == beta hairpin

Hesiduse contacts: 't: DHNARMNA 't: metsl




Zinc-finger/Zinkovy prst

- cca 30 AMK ve dvou kratkych antiparalelnich B-listech
a a-Sroubovici

- smycCka (,hairpin®) stabilizovana (,crosslinked“) Zn?* -
koordinovany 4xCys nebo 2xCys + 2xHis (tetraedricka
struktura)

C2H2 motiv:
Cys-X,_4-Cys-X;-Phe-Xc-Leu-X,-His-X;-His




- 3x v Zif268, PDB=1zaa

- a-Sroubovice se vaze do VZ

- v tandemu obtagi VZ

- AMK na pozici 0 — 6; variancemi
AMK => sekvencéni specifita

Zif Finger 1 Zif Finger 2




- AMK na pozici 0 — 6; variancemi AMK v téchto pozicich Ize
dosahnout ruzné sekvencéni specifity
— a-Sroubovice vaze 2, 3 nebo 4 sousedni pary bazi

Zif Finger 1

TTK Finger 1

Zif268

Zif Finger 2

TTK Finger 2

- nejcastejsi jsou kontakty

Gua-Arg
- Gua se muze vazat i na His,
Lys, Ser
- Serse muze vazatna T Ci A
H O
I
. B R—I\Il—(II—C—R
R—N—cl—g—R Arginine " c|"|2
|| CH>
) H CH» |
Glutamine . | CH,
(or asparagine) ?Hz l\I“_|
/c\ |-|—N—cI
vy H\\\O /N\ |'-+"‘>N—H
Eron GHs O / o " I
oA Z\( 'H ~N Ii - s H
= i o =
e c | N~ “"'N\):&? (\(NH )‘\ﬁw
(0] N N\ N
.,".::‘. 'IIH N)~N N
\

H

Thymine =Adenine Cytosine= Guanine



- Dobre charakterizované DNA-proteinove kontakty —je znama
specifita ZFs pro vsech 64 moznych kombinaci 3 sousednich bp
- Lze pro specifickou sekvenci DNA poskladat ZFs — nova
technologie ,zinc nuclease” pro genové manipulace
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- Dobre charakterizovane DNA-proteinove kontakty —je znama
specifita ZFs pro vsech 64 moznych kombinaci 3 sousednich bp
- Lze pro specifickou sekvenci DNA poskladat ZFs — nova
technologie ,zinc nuclease” pro genové manipulace

»genome editing* Transcription activator-like

(a) Zinc Finger Protein ; (b) TAL Effector

)

Domain

o
e
>
"
-
4
<
=
o
=

a) DNA-Binding

64 variant pro vSechny triplety

* Perez-Pinera a spal., COICB, 2012




- CTCF obsahuje 11 zinkovych prstu — k vazbé na DNA pouziva
v ruznych org. ruzné kombinace ZF
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AAGGGCCCGCAC GarccccABhEaccccacaaeT

TRENDS in Genetics

Ohlsson a spol., TiG, 2001
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Normal
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o 'y o Wl g o iy lng izolatory
enhancer @ CTCF binding site | TAD oncogene off 3% cohesin
B promoter: epigenetic/ boundary

B oncogene g

genetic alteration | disruption

Cancer .-~

enhancer-promoter
loops

oncogene ONN

- CTCF interaguje s kohesinem a vytvari TAD (topologicky
asociované domeény)
- sousedni domeény jsou ,, nezavislé” (izolovane)

Cremer a Cremer, GCC, 2019



Loop-sheet-helix

- core/DNA-vazebna doména p53 — transkripCni faktor dulezity
pro regulaci bunécného cyklu, apoptozy a opravy poskozenée
DNA (nadorovy supresor)

- sSmycCky vychazejici mimo
hlavni core domenu — vycniva
B-list a a-Sroubovice

- 3 Cys a 1His koordinuji Zn

- helix ve velkem zlabku a
smyCka v malem zlabku

- Aktivace transkripce skrze
kyselou TA doménu

TFIID,;I'FIIH - transkripce

MDM2/MDM4 - ubi



Loop-sheet-helix

- core/DNA-vazebna doména p53 — transkrip€ni faktor dulezity
pro regulaci bunécného cyklu, apoptozy a opravy poskozenée
DNA (nadorovy supresor)

- Konsensus sekvence
PuPuPuC(A/T)(T/A)GPyPyPy
(v promotorech p21, PUMA)

- 95% “nadorovych” mutaci je v
,core” doméne (R273H)

- Regulace/aktivace modifkaci
C-koncové domeény

Protein se vaze jako tetramer
(C-koncova domeéna)



Gal4d

- transkripCni faktor reguluje v kvasinkach metabolismus

¢l

galaktosy (kvasinkovy dvou-hybridni systém)

- 2 a-Sroubovice

- 6 Cys koordinuje 2 Zn (2 Cys
sdilené 2 Zn)

- 1. sroubovice ve velkem
zlabku a smycCka k 2.
Sroubovici kontaktuje cukr-
fosfatovou kostrou

- Dimerizuje pres kratky CC L
segment S

£

Marmortstein et al.: Nature, 1992 20. Ga|4-type (1d66)



Gal4d

PDB: 1D66



Motivy DNA vazebnych domeén
o Zipper typ

— Leucinovy zip
— Helix-loop-helix
» Helix-otacka-helix
— HTH
— Winged helix
— TALE
e Zinkovy prst

— BBa zinc-finger

Transkripce ...
Kombinace vice proteinu ...

Vliiv chromatinu ...

— Loop-sheet-helix
— Gal4

IFN-B enhanceosom



Chemokines,

Hormones,
Survival Factors Transmitters Growth Factors
(e.g., IGF1) (e.g., intedeukins,  (e.g., TGFa, EGF) E“T:“f'_”'ﬂr
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IFN-B enhanceosom

integrace ruznych signalu

Efferl & Wagner, NRC, 2003
Wikipedie
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IFN-B enhanceosom
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A\CTTATCA 5!

——— transkripce

- jeden z nejlépe popsanych enhancerl u vysSich eukaryot — induk. viry
- sekvence -102 az -47 basi upstream od pocCatku transkripce

- TF pokryvaji 72% povrchu DNA (tésné sbaleni DB-domén) — malo PPI
- nicméné vazba 8 proteinu je koordinovana (AP-1, IRF-3, IRF-7, NF-kB)
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Panne et al, Cell, 2008
Panne, CO in SB, 2008
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31 TTTACTGTATCCTTTTGAC " "CCCTCTTCA T« CACCCTTTAAGGAGACA 5 '
F-7E IRF-7D RelA

=51

c-Jun

AP-1 leucin zipper, IRF — podobny WHD (smés), NFkB — komplexni motiv
cervené teCky — molekuly vody http://www.rcsb.org/pdb/101/motm.do?momID=122



. Transcription Phase-Separated

factor Transcriptional Condensate
. Coactivator
Intrinsically \ \ '1:; J
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Interaction types: b
RlDR  Structured/ (8

E=

mediator

>4 cohesin

Boija et al, Cell, 2018
Tuttle et al, Cell Rep, 2018

O
enhancer-promoter
loops

- TF obsahuji aktivaéni doménu — na AD se vaZze mediator komplex —
integruje/propoji TF — zprostfedkuje vazbu s RNA polymerasou - iniciaci transkripce



