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Podstatnou éast genomu tvori
opakujici se Useky DNA (repetice)
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Zmena paradigmatu v genetice:
Genomy jsou dynamicke

Classes of interspersed repeat in the human genome

Length Copy Fraction of
o number genome

LINEs= Autonomous = ORF1__ ORF2 pol) AAA 6-8 kb 850,000 21%
SINEs MNon-autonomous -ﬁ-ﬁ—.ﬂ-_ﬂ.ﬁ 100-300 bp 1,500,000 13%%
Fetrovirus-like Autonomous [ dad pal (env) s 6-11kb
elements } AL0.000 qos,

MNon-autonomous = -':gﬂ—g}—- 1.5-3 kb
DMA Autonomous W el s | -3 kb
transposon 300,000 39
tossils

MNon-autonomous e - 80-3,000 bp

lidsky genom

*Atributem genomd - inherentni nestabilita  .gobecké x altruistické (chovan)
‘Barbara McClintock - 1948 (NC 1984) ‘Parazitické x mutualistické (role)

-Stochastické ale regulované procesy -Zbyte&nd DNA x geny (podstata)




Reverzni transkriptaza v modernich

SINEs
Alu
MIR
MIR3
LINEs
LINET
LINE2
LINE3
LTR elements
ERV-class |
ERV(K)-class |
ERV (L)-class lll
MalR
DNA elements
hAT group
MER1-Charlie
Zaphod
Te-1 group
MER2-Tigger
Tc2
Mariner
PiggyBac-like
Unclassified

Unclassified

Total interspersed
repeats

Number of
copies (x 1,000) bases in the draft

1,058
1,090

393
75
868
516
315
37
443
112
8
83
240
294

182
13

of
4
14
2
22

3

Total number of

genome
sequence (Mb)

359.6
290.1
60.1
9.3
558.8
462.1
88.2
8.4
227.0
79.2
8.5
39.5
99.8
77.6

38.1
4.3

28.0
09
2.6
0.5
3.2

3.8
1,226.8

Fraction of the
draft genome
sequence (%)

13.14
10.60
2.20
(.34
20.42
16.89
3.22
0.31
8.29
2.89
0.31
1.44
AR
2.84

1.39
0.16

1.02
0.03
0.10
0.02
0.12

0.14

44 83

genomech

Témér polovinu lidského
genomu tvori mobilni
elementy

20 az > 1 000 000 kopii

Eukaryotické genomy: geny plovouci
po mori retrotransposont (Bushman
2002)




Distribuce repetitivnich sekvenci v
genomech neni rovnomérna:
Genom jako ekosystém elementu
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RETROELEMENTY
A RETROTRANSPOZICE




Uvod

- RNA svét ----- > DNA svet

vyznam reverzni transkripce (pri vzniku DNA i dnes)

* retroelementy - relikty RNA svéta (struktura,
replika¢ni mechanizmy, vSudypritomnost)

» Uloha v evoluci genomd,
RT - nejhojnéjsi gen kédujici protein v lidském
genomu




Co jsou retroelementy?

* Retroelementy = sekvence DNA nebo RNA
obsahujici gen pro enzym reverzni transkriptdzu
(katalyzuje prepis RNA do DNA).

Sirsi definice zahrnuje vedkeré sekvence vzniklé
reverzni transkripci RNA do DNA.

Po genomech se S$iri procesem retropozice.

- Re‘rropozice = presun genetického materidlu z
jednoho mista v genomu do mista jiného
prostrednictvim RNA intermediatu. Ma vzdy
duplikativni charakter.




Zivotni cyklus retrotransposont a

RNA reverzni transkripce DNA
e, S P

transkripce/' Xinzerce
s 00

retroelement DNA hostitele
I ||
plvodni kopie DNA hostitele nova kopie
retroelementu retroelementu

reftroviru
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Ll R U5 PBS

U3 R 3

(a) Reverse transcriptase
makes strong-stop

DNA.
Ll B U5 PBS U3 R Kj
3 5! (b) RMNase H removes R
and US RNA.
r
L PBS Uz A ki

(c) First jump. Strong-stop
DNA jumps to other

end of RMA.

Sl PES U3 A Rt

extends primer.

r
Sl PES U3 H kel

il PBS U3/ U5 5
(e) RNase H removes most
of viral RNA.
4 s' I 3

el PES U3 R US g
(f) Reverse transcriptase

g PES

extends RNA primer.

5 U3 R U5 PBS )

U3 R U5 5

{g) RMase H removes viral [?_S‘Q
RNA and tRNA.

G U3 R US PES i

<l PES Uz R Us K

U3 A USIPBS k)

{h) Second jump. PBS sites
at opposite ends pair up.

i PBS [SEENERRVEY 5

(i) Both strands filled in
by growth at 3'-ends.

S8 U3 R USs FBS U3 R US Eej
EN U3 B US PBS U3 R US )

g Imc: 5
(d) Reverse transcriplase

Reverzni transkripce

- hasednuti primeru tRNA a extenze

- odstranéni RNA oblasti R a U5

- prvni preskok a extenze

- odstranéni vétsiny RNA RNdzouH

- zbyde primer a extenze

- odstranéni zbytku virové RNA a tRNA
- druhy preskok a dosyntetizovani

RY3
V32
LTR

V3 gl
v3_RY3
LTR




ZAKLADNI TYPY.
RETROELEMENTU




Typy retroelementt

TYP - Gen pro Retropozice Dlouhé koncové Tvorba
reverzni | (integraza) repetice (LTR) virionu

RETROELEMENTU Vtranskriptézu

Retroviry | +

Pararetroviry \ -
Retrotranspozony \

Retropozony

Retrony

Mitochondrialni
plazmidy

|
|
Introny Il. skupiny

~ Telomery \

Retrogeny |

Retropseudogeny |

|
|
|
|

- Retrosekvence \




Retroviry - obecné schéma

gag ol env

LTR
>IN ~ss

eny —_—

ag, pol, env ....... geny Surfaca Glycoprotein SU
... dlouhé koncové repetice oot -
PBS\... misto vazby primeru ansmem e
BR .5 rotedza »
INT ; p
R revergni transkriptdza |risense B
PP inovy Usek 0

......... prime repgtice gag A
Capsid CA -"""_.
{Core Shell)
p24

RMA -
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Polymeorsasa RT &
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P R ..... repetitivni sekvence

obracenad LT P ! ; :
repeticesesilovate  POlyadenylaéni signdl U5 ... jedinecnad sekvence na 5 konci

transkripce




Retrotranspozony - obecné schéma

(a) Typ Tyl-copia:
LTR gag pol LTR

>l - I R - I >

gag, pol, env ....... geny

LTR ... dlouhé koncové repetice

PBS .... misto vazby primeru

PR ...... doména kddujici protedzu

INT ... doména kédujici integrazu

RT ..... doména kodujici reverzni transkriptazu
PPT ..... polypurinovy Usek

D N primé repetice

(b) Typ Ty3-gypsy:

LTR gag pol env? LTR
=il et IR >

>




Retropozony
(polyA, nonLTR retroelementy)

(a) LINE (L1):
sute  ORF1

ORF2 3UTR

IREVRNEEN T Poly(A)>

1 kb

@RELl" T 1A protein vazici RNA

ENSL-T1S.. doména kédujici endonukledzu

R doména kédujici reverzni transkriptazu
BUTREL 5. netranslatovand oblast na 5' konci
JYIR..... N netranslatovand oblast na 3' konci

ERTE ' s polypurinovy Usek

poly(A) ....... polyadeninovy dsek

N % o primé repetice

(b) SINE (sekvence Alu):

| levy monomer

poly(A) pravy monomer | poly(A)S

100 bp




Véleriovani LINE elementl  tyin priming:
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Alu elementy - nejhojnéjsi retroelementy
lidského genomu

millions of yesrs ago

hiurman Al
SR UENCes

o

i

3

mouse 81
SACUANCHE

| I .
1,090,000 100,000
copies copins

751 ANA

- odvozeny z 7SL RNA genu kédujiciho
podjednotku signadlni rozpozndvaci
Castice (prenos proteint pres
membrany a zaclefiovani do membran)

- Alu inzerce - u kazdého 200
narozeného jedince

- transkripce z promotort RNApolIIT
(uvnitr oblasti)

- reverzni transkripce zajist'ovana RT
poskytovanou LINE elementy




Retrony - primitivni retroelementy
bakterii

(a) retron: (b) msDNA:

msr msd

msr ... gen kédujici RNA slozku
msd ... gen kddujici DNA sloZku
RT ..... gen pro reverzni transkriptdzu

msDNA (=multicopy single-stranded)

- intfermedidty extrachromosomadlniho
replika¢niho cyklu nebo

- abortivni produkty intermedidtt




Retroelementy prokaryot jsou
starobylé

1. Koduji jediny RT protein s jedinou enzymatickou aktivitou (doménu).
(protedza, integrdza, endonukledza) retroelementy v pribéhu
evoluce ziskaly (jako onkogeny retrovira)

2. RT prokaryot provddi syntézu nezdvislou na primeru podobné jako RNA
polymerdza (predchidce RT)

3. Prokaryotické RT jsou podobné RdRP (RNA-directed RNA polymerase), RT
eukaryotickych retroelementl jsou méné pribuzné

4. Telomerdza (starobyly eukaryoticky enzym) je podobna prokaryotickym RT a
RT retroposond

Typy prokaryotickych retroelementt:
1. Retrony

2. Retroplasmidy

3. Retrointrony (introny II. skupiny)




Dalsi primitivni retroelementy

1. Mitochondridlni (retro)plazmidy:

dsDNA plazmidy, v mitochondriich hub, kéduji
RT, replikace procesem transkripce-reverzni

’rr'anskmpce homologie s tRNA, sekundarni

struktury na 3'konci, vldsenky i~ e
. A Reverse i
2. InTr'ony IT. SkUDIﬂY' splicing _gz)
u bakterii a v organeldch hub, fas a rostlin, kéduji v
RT, samosestrih, .reverzni sestFih" do RNA bez P Antsense g Ve
intronu a reverzni transkripce <o
'
3. Telomery: e M
u eukaryot, kompenzace zkracovani chromozomd, || y
telomerdza - homologie s RT, vlastni RNA TemplaT mepar




Paraziti paraziti: Neautonomni elementy tvori
vétsinu. Balancovand rovnovaha

a [DMA transposons b LTR retrotransposons ¢ Mon-LTR refrotransposons
a LIME=
A A= > =] o - OB BT 1 JA—=
||'| '|'. IIr I'.I I : : : : i
'|." ||1- J|' III I I \ I I
Mon-autorcmous e ' ' ' ' SIMEs |
dements 4| Ife [ —’F h—--l* — A
"I'n. 'I"-.. ,""F ,.-'II “'-.__' 1"'-‘ ‘_-r"; ‘_.-"’ pol W
L] 1r d --.lI 1"-. _..-"' J_..r
—I'h- -
DNA-mediated TEs RMA-madiated TEs
[class 2) (class 1)

Vybalancovana rovnovdha mezi autonomnimi (A) a neautonomnimi (N) elementy:
- prilisna dspésnost neautonomnich vede k zdhubé

- titrace transpozdazy neautonomnimi vede k omezenim aktivity
- inhibice nadprodukci

- koevoluce A a N rizena kompetici o RT
- koevoluce endogennich a exogennich retrovirt - rezistence k infekci
- dalsi mechanizmy restrikce: metylace a heterochromatinizace




PUVOD A EVOLUCE
RETROELEMENTU




Ptvod a evoluce retroelementu

1. Plvodni genomy byly tvoreny molekulami RNA
myslenka RNA jako predchiidce DNA (Crick, 1968)
vsudypritomnost RNA (viz Relikty svéta RNA)
objev ribozymu (Cech, 1982) - uloZeni i realizace informace
reverzni transkriptdza (Temin, 1970), homologie s RNA replikdzami a telomerdzami

viudypritomnost retroelementl, riznd struktura a mechanizmus replikace, 1RNA a
sekunddrni struktury pri prevedeni informace z RNA do proteint i do DNA

2. Hledani spoleéného predka vSech retroelementt
pribuznost retroelementd, evoluéni strom
progenitor - jednoduchd struktura a vdudypritomnost
dvé alternativni hypotézy:

(a) (nejjednodussi, codon usage - v¢lenény davno)
(b) (nejvetsi diverzita sekvenci RT, vSudypritomné, jednoduchy

mechanizmus)

3. Dvé hlavni evoluéni vétve retroelementu (OBR)
prvni vétev: retroelementy bez LTR, jednodussi struktura

VVVVV




Schéma evoluce retroelementu
gen p,ﬂo gag + INT
RNA

S S

gag RT INT

prvni vétev

\

bakteridlni mitochond. intron
. genom plazmid
"~ Hepadnaviry O
druha vétev e s \
env Retropozony l \

e’rro‘rranspozony Q sy
\yl -copia Retrony IT. skupiny
Mitochondridlni
ReTroTranspozony plazmidy

P

Retroviry Caulimoviry




CHROMOSOMALNI
DISTRIBUCE
RETROELEMENTU




Chromozomalni distribuce retroelementt

- vyskyt na vSech chromozomech (hybridizace /n situ)
- mista s vyssi koncentraci retroelementl i bez retroelementd

- retroelementy v heterochromatinu i euchromatinu, hrbitovy RE (targeting
nebo selekce?)

- sex chromozomy - akumulace na chromozomu Y:
u D. miranda, Cannabis sativa, Marchantia polymorpha, Silene latifolia

S. latifolia

Marchantia
B soiymorpha (&)/atifoliding wgs




Inzercni specificita a inzerce
retroelementd do heterochromatinu

inzerce neni ndhodna (retroviry)

role IN - targed domain (TD)

interakce s proteiny chromatinu
inzenyrstvi (nové specifity), genova terapie
.local hopping"

Ty5 [] [

Inzerce retroelementu do jiz
existujicich retroelementu

[ re _prRIN N RT his3al]

e / TD*
ﬁ D | HHCC DDE \‘
TD

g integrdaza

Mested LTH retrotransposons

—=——{ === —p ] =t

Time % similarity
heterochro (M) ITRLTR
0- % — 100
(Voytas lak ;-
- a0
.
INTD c:' TYS5 TD (6 aa), RadSp (13 aa), NpwBP (12 aa)
& sirdp LexA fusion @ SirdpC, Rad53p FHAI, Npw38 WW 3 L 80
Fig. 1.  Strategy forretargeting Ty5 imtegration. Top, schematic of Tys single ORF encoding RMNA binding
(RB), protease (PR}, integrase (IM), reverse transcriptase (RT), and marker gene (his3Al) (open box). View 44
of IM is expanded to show conserved residues and targeting demain {TD) (solid). Lower left, preintegration | 7
complex showing wild-type IN bound to ends of TyE: DNA (thick line) and integrating into telomeric - '
heterochromatin, mediated by Sirdp (hatched). Lower right, same as left except that the natural TD is [
replaced with heterclogous domains (TD¥) from Rad9 and NpwBP (solid). LexA DNA-binding domain % E
{open) is expressed fused to 5irdpC, Rad53p FHAT, and Npw38 WW domains (hatched). Integration occurs L

proximal to LexA-binding sites (open arrows) in plasmid target (closed circle).




Metoda ,transposon display” - detekce
novych inzerci transposonu

a Bitic andior - Fgue 4 | Detection of nesr genomic insertions by
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1hat induces iransorption of e Teel LTH mitrolrarsposon
Irduction might bs mediated by thes binding of & trarscrpicnd
acthealor b aci-matffvelowbod in the LTA®. Scme Trti-
ercoded mANAs o corresrisd into double-strarded cDblds
that integraleinio the lobacoo genome. b | The rarsposone
dispbry proicool begine with the digestion of genomic DA with
a reaticion eregms (hare EcoR. Masl of the thoosands of
maliction fragnents donot beres TE inesrtiors. dapiors Hnk
b ars kgabed o all fragments and the midure is ussd as
termplale for ons fas showri of bao rct shoran) roundis of PCH
amplicalion, udng primers thal arecompemesntang bo
abterming TE sequences &rowel. o | Mew nbegralion sens
apsar as ad dional bands p=d amaes) onan avlicradicgraph
ol & tersposcrr displry gl ol genomic ORAL Inhis ssample,
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Bickogie Cllaire, Inatik Matioral de la Recherche
Sgonomiqus, ercales, Frarcs )

- indukce transpozice stresem
- $tépeni genomické DNA

- ligace adaptord

- PCR okolni oblasti

- nové bandy




FUNKCE
RETROELEMENTU




Funkce retroelementt

Koadaptace retroelementu a hostitele

alternativni hypotézy - parazité x vyznamny cCinitel v evoluci,

slu¢itelnost hypotéz, koadaptace, vliv na hostitele
pravidlo 3K: konflikt-kompromis-kooperace (ekologie genomu)
Mutabilita - stochastické ale regulované ..mutageny"

misto inzerce retroelementu do genomu - exony, introny,

regulacni sekvence, LTR, RE, sekvencni specificita

regulace poctu kopii retroelementl v genomu - obranné

mechanizmy hostitele, metylace, rekombinace, mechanizmy RE




Negativni vliv retroelementt na hostitele

- vyplyva z povahy RE - sobecka a paraziticka DNA
- choroby (hemofilie, rakovina), L1, Alu
- pricinou inzerce nebo rekombinace (mezi Alu)

Mechanizmy transposonu
minimalizujici jejich vliv na hostitele

- omezeni transpozice na linii
- prednostni vélenovani do

- elementl rekombinaci mezi homologickymi elementy

Obranné mechanizmy hostitele




OBRANNE MECHANIZMY
3 HO§TITELE : ;
UMLCOVANT TRANSPOSONU




Umlicovani transposonu metylaci a reaktivace jejich

aktivity u mutanta se snizenou metylaci DNA:

» Aktivni retrotransposon Ttol vnesen z tabdku do Arabidopsis

» Ovérena transpozice (obnoveni delece v LTR)

» Zvyseni poc tu kopii a ndslednd metylace a uml¢eni (MspI / HpaII)
» Zkrizeni s ddml mutantem - vneseni Ttol do ddml! mutanta

» Snizeni metylace Ttola transkripéni a transpozi¢ni aktivita
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Umicovani transposonu: transkripéni i

posttranskripcni (mefylace a RNAi)

iN

Transcriptional silencing (TGS)

i

\ii
ﬁﬁﬂh pﬂitm
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/”T—l‘_“\
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aro Jp|| t ins
@
BNA-protein interactipns?
Covtoplasm
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F"-:rst -transcriptional silencing (PTGS)

Readthrough
transcription
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RNA-RNA
} paring \'ﬁ
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= 21-256-
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Transkripéni umlCovani -
Posttranskripéni uml¢ovani -

metylace promotort TE
sekvencné specifickd degradace RNA v cytoplazmé




Umlcovani transposont mechanizmem RNAI

Transposition ¢
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TRANSPOSONY UZITECNE
PRO HOSTITELE

DOMESTIKACE
TRANSPOSONU




Pozitivni vliv transposonu na hostitele

1. Transposony jako zdroj funkci uziteénych pro hostitele - strukturni funkce:
- prestavby genomu, rekombinace

- duplikace, genové rodiny, vznik novych gent (Setmar)

- felomery drozofily - Het-A, TART

- centromery - CENP-B pochdzi z transposoni (pogo, Tigger)

- role v segregaci chromosom, reprodukéni izolace, speciace

2. Transposony jako zdroj funkci uzitecnych pro hostitele - enzymatické a
regulacni funkce:

- imunitni systém - V(D)J rekombinace

- rezistence k virovym chorobdm, imunosuprese u zivorodych

- reparace zlomt v DNA

- regulacni dloha MITE leZicich v intronech a regulaénich oblastech gent
- inaktivace chromosomu X




Prestavby genomu transposony

Bestor 2003, TIG
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Retrotransposony mohou nahradit
telomery u drozofily

- Het-A a TART retrotransposony u drozofily

- stdle trvajici prechod ze svéta RNA do DNA,

- TE jako ..genome builders"”

- L1 RT tvori cDNA sekvenéné nespecificky i z bunéénych gent
- L1 zaceluje zlomy v DNA

- homologie mezi RT a
telomerdzou

(Science 276, 561, 1997)




LINE elementy - vyznamny hrdc¢ v genomu clovéka

- vliv na velikost genomu u primatu (struktura), neddvnd aktivita u primdtd, rozdily mezi

druhy i uvnitf druhd

- mista homologii pro genovou konverzi a rekombinaci (evoluce)

- v€lenuje se do genu a narusuji kodujici sekvence, nemoci (funkce)

- exon shufling, zkrdceny na 5' konci - nedosyntetizovdny

- zaceluji mista chromosomovych zlomt (reparace)

V¢&lenovani mechanizmem
TPRT
(target primed reverse
transcription)

R2 ANA Primer strand cleavage
+
Reverse transcription

Ll

Mon-primer strand cleavage




Chromosom X - kriZovatka pohybu genu
mechanizmem retrotranspozice

1. Unik gentl z chromosomu X_je ovlivnén jeho inaktivaci (Xi):

- meioticka inaktivace pohlavnich chromosomt (MSCI) - sex chromosomu
kondenzovdny v samci meidze, ..sex body", . XY body", aby nedochdzelo k
rekombinaci mezi nehomologickymi chromosomy

- geny na XY tedy transkripéné suprimovany

- proto backup genl na autosomech, prenos retropozici (compensatory hypoth.)

2. Prenos gent na chromosom X:

- prednostni vélenovani i selekce

- L1 elementy i retropseudogeny, L1 masinérie

- recesivni geny vyhodné pro samce a dominantni geny vyhodné pro samice (2/3)

A
A&QA//'A




Alu elementy a alternativni sestrih

- Alu elementy tvori 10% lidského genomu (>1 milion)
- 5% lidskych alternativnich exont je odvozeno z Alu elementd

Alternativni sestrih:

(a) Alu element
5" splice ' ' 3" splice
it it
e 279 275 .
— Alx Al ————
\ﬁplice 5’ EW
site site

- 40-60% lidskych genti ma alternativni sestrih

- rozdil mezi ¢lovékem a mysi:

- 30 000 gent, fenotypové rozdily zplisobeny druhové-specifickym

alterantivnim sestrihem

- exony - konstitutivni (konzervativni) a alternativni
- alternativni exony - majoritni a minoritni formy

Vznik alternativnich exonu:

- duplikace exont,

- inzerce transposonu nebo retroviru,
- mutace existujici intronové sekvence,
- z Alu elementl (5% lidskych alternativnich exont)




Pdvod genu SETMAR - ,recyklace" transposonu

Birth of a chimeric primate gene by capture of the
transposase gene from a mobile element

Richard Cordaux*, Swalpa Uditt, Mark A. Batzer*, and Cedric Feschotte?

Fig. 1.
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Milestones leading to the birth of SETAMAR. The structure of the SETAA B locus (Right) and a simplified chronology of the divergence time of the species
examined relative to hominoid primates (Left) are shown. Pink boxes represent the two 5ET exans, which are separated by a single intron (internipted black ling)
and tarm a "3k f-only” genewhose structure 1s conserved inall nonanthropoid speoes examined and terminated with astop codon (#) located at a homologous
position (except in cow; se= Fig. 23). The Hsmari transposon (event 1)was inserted inthe primate lineage, after the split beteseen tarsier and anthropoids, but
before the divergence of extant anthropoid linsages. The transposon is showm herewith its TIRs (black triangles) and trareposase coding sequence (red box).
The secondary Afu5x insertionwithin the TIR of Hsmari (event 2) is represented as a blue diamond. The position of the deletion removing the stop codon of the
“SET-only™ gere (event3) is indicated as a lightning balt. The de nowo corversion from noncoding to exonic sequenceis shown ingreen, the creation of the second
intron is represented as a dashed blue line (gvent 4), ard the splice sites are shown asthick blue liness.
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- vznik intronu
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Fig. 1. Establishrment of a TE-derived genetic
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inserts doww am of host gene exons {red). (b TE
binding fuses wwith host o anscript.
t<h The= o gene can nowe rea multiple
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DNA TRANSPOSONY




1. Prokaryotické:
- IS elementy
- Tn elementy_

2. Eukaryotické:

DNA transposony

DNA transposons of prokaryotes

ITR ITR

Insertion sequence I ~ 0.3-up to 2kb

transposase I

@ |

Composite transposon | Is IS 2.5-10kb

ITR

ITR
Tn3-type transposon I ansposase | _ ~5kb

ITR ITR

Transposable phage — Protein coat genes I ~38kb

- Ac a Ds elementy - autonomni a neautonomni u drozofily
- P elementy - hybridni dysgeneze u drozofily (samci P+ a samice P-)
- Tc1/mariner - u C. elegans (Tcl) a drozofily (Mariner)




Helitrony - nedavno objevené transposony
vyuzivajici mechanismus otacejici se kruznice

- replikace mechanizmem otdcivé kruznice (RC, podobné jako plazmidy,
jednoretézcove fagy, rostlinne geminiviry)

- vyskyt u eukaryot - 2% genomu A.thaliana, C. elegans, také v Oryza sativa
- nedelaJl duplikaci cilové sekvence (TSD)

- cilend inzerce do AT dinukleotidu

- zacinaji 3'-AT a konci CTRR-5', nemaji TIR

- konzervace palindromu pred 3' CTRR (sekvence neni konzervativni)

- ve’rsma elementt Je heautonomni (0.5-3kb)

- méné hOJne dlouhé Helitrony (5.5-15kb)

- kédujici proteiny pro RC r'ephkacu helikdzu (HEL), nukledzu/ligdzu a
proteiny vazici jednoretézcovou DNA (RPA)

- mechanizmus tvorby neautonomnich elementl ne jasny

- Helitrony jako evolu€ni spojovnim mezi prokaryotickymi RC elementy a
geminiviry (potomci geminivirt intergrovanych do genomt ¢asnych eukaryot)




Helitrony putuji po genomu a sbiraji geny

WH'M'B'_"EJZL-_ir'l::f

NEWS AND COMMENTARY Rolling-circle transposons in eukaryotes

Viadimir V. Kapitonov* and Jerzy Jurka

Plani geEnomes Genetic Information Resear. ch Institute, 2081 Landings Drive, Mountain View, CA 91043

M assive ¢ |-'| anaes o [ -[ |-'| e maize All avicaryotic DNA transposons reported so far belong to asingle  and best iliustrated by a recent study of Slecping Beauty, a
category of elements transposed by the so-called “cut-and-paste” Tel-like transposon from fish (13), reconstructed from its inac-
- mechanism. Here, we report a previously unknown category of tive copies and demonstrated to be transpositionally active in a
eukaryotic DNA transposons, Helitron, which transpose by rolling- test tube. Another much more ancient example is a PiggyBac-like
g enome are cause d h v He ,' ftrﬂ ns o DA T2 posons, Helon, which transpote by [olime: 1o aibe Another much more anclent example i 2 PiggyBac like
helicase and nuclease/ligase similar to tho:
rolling-circle replicons. Helitron-ike trans ] ] ] ]
SK Lal and LC Hannah merrenic et Treasures in the attic: Rolling circle transposons
repeats. They contain 16- to 20-bp hairpin .
i I . the 5°-A and T-F', with no modifications ¢
Horedity [2005) 985, 421-422, doi10.1038/s.hdy.6800764; published online the 5+A and T:3' with no modifications ¢ d |5covered in euka ryot ic genomes
12 'DC’I.GD'Er 2005 dants, Helftrons constitute ~2% of both thi

and Caenorhabditis elegans genomes and =
sativa genome. Sequence conservation su
continue to be transposed.

Cadric Feschotte and Susan R. Wessler®

D partments of Botany and Genetics, University of Georgia, Athens, G4 308502

16-20b
ATC HEL RPA
— I . 5 CTAGT

Journey of Helitrons (non-autonomous) through maize genome and capturing genes:
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Maverick - obri transposon pribuzny DNA virdm

- c-integrase
-, CMG1: similar to type B viral

Mav-Ce2.1 il —— e e ~5 kb
Mav-Ce2.2 o

mifirer-Fhe
Mav-Ce2.3 Deff—mmmmmb- —F oot e— P
Mav-Cal H—-"—'_-— ——‘.‘—H CMG2: coiled-coil domain protein (up

to ~40% similarity to SMC domain
Mav-Cb1 - ey —————— — — proteins)
Mawv-Cr1.1 H—ﬁ-——ﬁ—-— ——vn-—’b

Mav-Pd2.1 bl o et o] P

Mav-Tel.1 H_HH—_—H

DNA polymerase

MNematodes

CMG3: coiled-coil domain protein

Annel.
(S

g

F Mav-Dan1.1 H————J—d—h—h-é—ﬂ—_uh ﬂ CMG4: up to ~45% similarity to virion

= Mav-Dpet.1 el . - - P packaging ATPases from dsDNA viruses

2 i mmp CMGS5: up to ~45% similarity to

E| Mav-Stp2.1 p-‘—-——-q——i-———_—h adenovirus. cysteine protease

£ | Mav-0d1.1 #{-4————-————4_—,#5 /—h—}b imilari = i

= . kb 53% similarity over 62 aa (e-value=Te-03) with

a :::) AAGOZEOT, unknown proteln from Amsacta moorel

entomopoxvirus and ~48% sim. over ~70 aa to

Mav-Dr1 H—-_ - =,.L —"fﬁ HD/‘* capsid proteins from various DNA viruses

Mav-Dr2 M_-_._-_‘_-g.#_—qls kh/_p ﬁ 58% similarity over 65 aa (e-value=d4a-04) with
AANDAIGY, matrix metalloproteinase from
Baculovirus-like HZV-1

Mav-Xt1 p‘-—-—_ﬂ———m—*h
46% similarity over 194 aa (e-value=6a-04} with
NP_955245, N1R/p28-like protain with KilA-N

Mav-Sp1.1 P‘——&-}—-ﬂ—_—’b domain from canarypox virus
Mav-Gii.1 P“"::":"‘t‘—_'_—h |::> 50% similarity over 241 aa (e-value=4e-17) with

pigayBacdike  Phantamdike DlES-llka? MP_042780, unknown protein from african swine fever

. i
] MavPi1.1 ‘-—hﬂ— . = ﬂZ’- R
37% similarity over 267 aa {e-value=Te-03} with
= I*q ‘ " s m— ’ } WP_96T670, cell wall surface anchor protein from
[ Mav-Tv1 hilis = Bdellovibrio bacteriovorus

1R F GR OMA Helicase-ike :b 46% similarity over 115 aa (e-value=0,14) with
Tir D“—-—C? b — %—-—‘ﬁ@@(:'ﬂ hhfh—"‘.‘b AAZ04291, unknown protein from Cotesia

plutelize polydnavirus

Verlebrates

LT-F (200Z) (6E P35y ¢ e 2 Wolndd

Ciliate Tricho. Stram. Fumngi

Fig. 1. Coding capacity and genetic organization of Mavericks. The individual elements are labeled with the initials of the genus and species, except the previously described element TYr] from J2trahvmena thermopfitla,
Ce = Caenorhabditls elegans, Cb = C briggsae, Cr = C repaned, Pd = Platmerels dumerilii, To = Tribolium castanenm, Da = Drosophila ananassae, Dpe = D). persimilis, Stp = Stranglocentrotes purpuratus, Od

Otkopleura diotca, Dr = Danio rerte, Xt= Xenopus tropicalls, Sp = Sphenodeon punctatus, Gio= Glomus intraradices, Pi = Phytophthora infestany and Ty = Trichomonas vaginalis. The black triangles represent the
terminal-inverted repeats and the small open triangles the 5- or 6-bp TSD, when identified. Related ORFs are color-coded and a description of each ORF is given in the key. Solid colored armows represent CMGs, which
are defined as ORFs present in Maverick elements from multiple species. Arrows not shaded represent ORFs present in Mavericks from a single species that are homologous to viral proteins, When secondary insertions

of TEs were detected, their position is indicated and the type of nested TEs is given. .
Pritham et al (2006) Gene 390, 3-17




MITE elementy

* rostlinné ekvivalenty lidskych Alu

* neautonomni elementy (master = DNA TE Mariner)

- mala velikost: 125 - 500bp

+ obrdcené koncové repetice (TIR) - konzervativni 10-15 bp
+ AT-bohaté (~72% Stowaway)

» tvori sekundarni struktury DNA (hairpins)

- preference cilového mista - TA(A)

- asociace s geny - v intronech, pobliZ 5' nebo 3' koncl gent
- rodiny:

- Stowaway (jednodélozné, dvoudélozné, ZivoCichové)

- Tourist (travy)

- Emigrant, Alien, Heartbreaker, Bigfoot, ... (rostliny)




MITE elementy
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EXPLOSIVNI AMPLIFIKACE
TRANSPOSONU V EVOLUCT
HOMINIDU




Korelace mezi expanzemi transposonu a
oddélovanim vétvi savcu

Chrosomal fraction (%)
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Human genome comprised
by repeat class (%)

Korelace mezi expanzemi transposonu a
oddélovanim vétvi savcu
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Human genome comprised

Korelace mezi expanzemi transposonu a
oddélovanim vétvi savcu

by repeat class (%)

Utlum transpozice

v hedavné dobé
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Dynamika transposonu v evoluci mysi

Mouse genome comprised
by repeat class (%)
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MGSC. Nature (2002) 420 520-562




Lidsky genom je plny starych transposonu zatimco
transposony v jinych genomech jsou mladsi

100
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Srovndni stari transpozont v eukaryotickych genomech




TANDEMOVE REPETICE




Tandemové repetice,
knihovna" satelitni DNA

B.Ugarkovié and M.Plohl Hlavni parametry:
- pocet kopii (zména v B a D)

- sekvence DNA (zmény C a D)
A

F

L S

B




Evoluce tandemovych repetici

Evoluce v koncertu (concerted evolution)
Genova konverze

Molekularni tah (molecular drive)
Nerovnomérny crossing-over

Evoluce satelithich sekvenci - skladani ze segment

axon 1 2 3

B'1501 - —— -~ 2 H

G —H j):: Cw'0102
B*1501 - =

B'4601 N H— ~

exon 1 2 3

E Cw'D102
S
S

F Cw'0102

Interallelic conversion

exon 1 2 3
B*5101 -

B*3501 4__H
oF
85301 (W

S

Genova konverze
- interchromosomalni
- intrachromosomalni

ST — T >— T )T
e >t > >—_ >—{— 1] >

mutation

ST p— T >— T >— 1>

intrachromosomal
homogenization

gene conversion
(rate-limiting step)

ST ¥ o> ¥ =)

intrachromosomal
homogenization

l interchromosomal




Satelity mohou vznikat i z retroelementu

Common celacean DNA saiellile

.ee E

5555 |
1110 1237 1275 az

L1 ORFZ Protein

PPT
1 kb
TED f’. aD
. Dasheng (5.5-8.5kb)
FFPT
gag il pal !
pro rt rh int 15D
PRS
RIRE2 (llkb, gypsy-type)




PROMISKUITNI DNA




ENDOSYMBIOTIC GENE TRANSFER:
ORGANELLE GENOMES FORGE
EUKARYOTIC CHROMOSOMES

Jeremy N. Tirmmis*, Michael A. Ayliffe’, Chun Y. Huang™ and William Martin®

Genome sequences reveal that a deluge of DNA from organelles has constantly been
bombarding the nucleus since the origin of crganelles. Recent experiments have shown
that DNA is transferred from organelles to the nucleus at frequencies that were previously
unimaginable. Endosymbictic gene transfer is a ubiguitous, continuing and natural process
that pervades nuclear DMA dynamics. This relentless influx of organelle DNA has abolished
organelle autonomy and increased nuclear complexity.

“Promiscuous DNA" (Ellis, 1982)

"Endosymbiotic gene transfer is ubiquitous...
.. at frequencies that were previously unimaginable”.

Nature Reviews Genetics, 2004




Organelové genomy - pozustatky prokaryot

(a) chloroplast
20-200 kb
20-200 proteind
progenitor - cyanobacteria (Synechocystis)
3.6 Mb
3000 proteint

(b) mitochondrie
6-400 kb
3-67 proteint
progenitor - alpha-proteobacteria (Mesorhizobium
loti)
7 Mb
6 700 proteint




chloroplas

rostlinna bunka

B

proteobakterie
~"4000 kb
~'4000 genfl

mitocho
10-2000 kb*

Hromadéni cpDNA
na chromosomu Y u
Silene latifolia

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

BACTH5
CTY16

CCTTCGGGAACGCGGACACAGGTGGTGCATGGCTGTCGTCAGCTCGTGCCGTAAGGTGTT
T T A

GGGTTAAGTCCCGCAACGAGCGCAACCCTCGTGTTTAGTTGCCAACGTTGAGT TTGGAAC
-ACC T-A--T ——

CCTGAACAGACTGCCGGTGATAAGCCGGAGGAAGGTGAGGATGACGTCAAGTCATCATGC
TT-A-GGTA--C:

CCCTTATGCCCTGGGCGACACACGTGCTACAAT GGCCGGGACAAAGGGTCGCGATCCCGC
T T----GI---CA--A-G-A---

GAGGGTGAGCTAACCCCAAAAACCCGTCCTCAGTTCGGATTGCAGGCTGCAACTCGCCTG
---1 T-T-C TTCT AGA-

CATGAAGCCGGAAT CGCTAGTAAT CGCCGGTCAGCCATACGGCGGTGAATTCGTTCCCGG

GCCTTGTACACACCGCCCGT CACACTATGGGAGCTGGCCATGCCCGAAGT CGTTACCTTA
ATTCA- —

AC-CGCAAG-GAGGGEGATGCCGAAGGCAGGGCTAGT GACTGGAGT GAAGTCGTAACAAG
—-F-—-—--] A----CA-GC-A-C-C--T6--IT---C

GTAGCCGTACTGGAAGGTGCGGCTGGATCACCTCCTTT 43814
C: 1

43358
457

43418
397

43478
337

43538
277

43598
218

43658
159

43718
99

43776
39




Endosymbiotickd evoluce a strom Zivota
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Velikosti organelovych a prokaryotickych

genomu

Genome
Algae

cp Porphyra purpurea

cp Cyanidium caldanum
cp Guillardia theta

cp Cyanophora paradoxa
cp Odontella sinensis

cp Euglena gracilis

Land plants

cp Marchantia polymorpha
cp Chlorella wilgans

cp Nicotiana tabacum

cp Oryza sativa

cpZea mays

cp Pinus thunbergii

Non-phosynthetic plastids

cp Toxoplasma gondli
cp Eimeria tenella
cp Epifagus virginiana

Cyanobacteria

Synechocystie sp.
Prachlorococcus mannus
Nostoc PCC 7120
Nostoc punctiforme

Plants and algae

mt Pylaielia littoralis

mt Marchantia polymarpha
mt Laminaria digitata

mit Cyanidioschyzon merolze
mt Arabidopsis thaliana

mt Chondirus crispus

mt Scenedeamus oblquus

161
1656
122
138
120
143

121
161
156
134
140
120

35
356
70

3673
1660
6413
~2000

60
187

32
367
26

Length [kbp] Number of proteincoding genes | | Genome

5 Various protists and fungi

167 mt Raclinomaonas amercana

5 mt Malawimonas fakobifrmis

124 mt Naeglena gruben

58 mt Rhodomonas salina
mit Dictyostelum discodleum

84 mt Phytophthora infestans

78 mt Acanthamosba castellani

76 mt Cafetena roenbergensis

4 mt Monosiga brevicollis

60 mt Physarum palycephalum
mt Harpochytrium sp

% mit Candida alhicans

o8 mit Cprococws neofarmans

21 mt Plasmodum falciparum
Anaerobic mitochondria

3168 -

1884 mt Hydrogenosomes

e u-proteobacteria
Caulobacter crescentus

52 Mesorhizobium loti

g é Bradyrhizobium jgponcum

% Yeast

25 (nuclear)

20

Length [kbp] Number of protein-coding genes

e
47
50
48
56
38
42
43
77
63
24
40
25
B

4017
7596
~9100

13,469

67
40
46
44
40
40

3767
7281
~8300

6,327




Typicky chloroplastovy genom

spinacia oleracea plastid, complete genome

Avcession: NC 00203
Total Bazes Sequenced: 150725 bp
Completed: Apr 20, 2000,

tRMA-Arg
LRHA-Leu i
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velikost: ~ 150 kb

LSC (large single copy) - 80 kb
SSC (small single copy) - 20 kb
IR (inverted repeats) - 25 kb

118 gend:

83 proteiny
photosystem I and IT
cytochrome
ATP synthase
Rubisco
NADH dehydrogenase
ribosomal proteins
RNA polymerase

29 1RNA

4 rRNA




Endosymbioticky genovy prenos:
- transport genu, reimport proteinu

Protechacterium-like
endosymbictic ancestor
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Mechanizmy genového prenosu

1. Prenos velkych kusid DNA (“bulk DNA” hypothesis)
intergenové spacery, introns

experimenty u kvasinek
>100kb

2. Prenos prostrednictvim cDNA ("cDNA intermediates™)
prenesend DNA je sestrizena a editovdna

rekombinace sestrizené mtDNA s nesestrizenou mtDNA
heterogenita velikosti mfDNA




Pro¢ nékteré geny zustdvaji v organelach?

1. Hydrophobicita
- hydrofébni proteiny jsou tézko importovdny do
organel

2. Rizeni redoxniho stavu
- organely ridi expresi gend, které kéduji komponenty
jejich elektronového transportu, jejich lokalizace je
vyhodnéjsi v organelach

Zmenseni genomu u organel a parazitu:

Parazité: - specializace na intracelularni prostredi
- ztrdta gent

Organely: - export gent do jadra hostitele
- import produktt




Nékteré geny se prenadseji do
jadra drive jiné pozdéji
Nejdrive - regula¢ni funkce

(sigma factor of RNApolymerase, gamma subunit
of ATPase)

Posledni - translace
- respirace

Rubisco:
katalyza - v plastidu (rbcl)
regulace - v jadre (rbcS)




Kam se prenesena DNA integruje?
- zadné dukazy preferovanych sekvenci
i ¢asti chromosomt

Sekvencni promeénlivost promiskuitni DNA
>95% identity svédci o velké obméne
organelovych sekvenci

Faktory vedouci k degeneraci sekvenci:
- asexudlita

- poskozujici zplodiny metabolismu

- selekce na malé genomy

Kompenzujici faktory (u rostlin)
- polyploidie
- reparace DNA




Genovy prenos z organel do jadra v realném

case

Frekvence prenosu:
- v gametdch - 1: 16 000
- v somatickych burikach - 1: 5 million

Pricina rozdilu (300x):

- programovand degenerace plastidu
pri vyvoji pylovych zrn zvysuje

frekvenci prenosu




