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Velikost genomu (hodnota C) neni zavisla na komplexité organismu.



Dynamickeé slozky genomu

1. Promiskuitni DNA
2. Tandemove repetice

3. Transpozony



1. PROMISKUITNI DNA



Endosymbioticka evoluce a strom zivota

' Eukaryotes Plants

Early diversification of
algal/plant lineages and
gene transfer to the host

Ancient
protozoon

Early diversification of
eukaryotic lineages and

The host(

Ancient )
proteobacterium that acquired
mitochondria

Cyanobacteria Proteobacteria Archasbacteria

ENDOSYMBIOTIC GENE TRANSFER:
ORGANELLE GENOMES FORGE
EUKARYOTIC CHROMOSOMES

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

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

,Endosymbiotic origin of organelles” (Lynn
Sagan (Margulis), 1967)

“Promiscuous DNA” (Ellis, 1982) — cp DNA v mt
genomu

“Endosymbiotic gene transfer is ubiquitous...

... at frequencies that were previously
unimaginable”.

(Timmis et al., 2004)



Vznik Eukaryotické bunky (mitochondrie)

further evolution of
eukaryotes

A

~—1—— HGT curtailed

@ = protoeukaryote

protomitochondrion-— (] Massive HGT
assive

endosymbiosis

o-proteobacterium

—~ | archaeon with a complex
— R : .
eres -~ | cellular organization

- +:: HGT from diverse bacteria
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(Koonin, 2016)

HGT je velice rozsiteny jev u Eubakterii i
Archei, je povazovan za dominantni proces v
evoluci prokaryot, hovori se o Pan-genomu
prokaryotickych druhd.

-> ancestralni Archaeon obsahoval mnoho
bakteridlnich genl a patrné mél jiz znaky
Eukaryotické bunky. Podle jinych teorii tyto
znaky ziskal az po pohlceni endosymbionta.

HGT prispél k evolu¢nimu prechodu
(evolutionary transition) od prokaryotické k
eukaryotické bunce.

Masivni tok genll z endosymbionta
(protomitochondrie) do jadra.

V soucasnosti je (EGT) tok genll utlumen.
EGT = Endosymbiotic Gene Transfer

HGT = Horizontal Gene Transfer
LGT = Lateral Gene Transfer



Synechococcus-like
cyanobacterium

Endosymbioticky vznik plastidu a strom zZivota

Gloeomargarita-like
cyanobacterium

0 Lineage with primary plastids
9 Lineage with secondary green plastids

e Lineage with secondary red plastids

Primarni endosymbidza pouze 2x:
- Archeplastida (endosymbiont = Gloeomargarita)
- Paulinella (endosymbiont = Synechococcus)

Sekundarni a terciarni endosymbioza mnohokrat:

- Euglenozoa, Chlorarachniophyta (endosymbiont

= Viridiplantae)

- Cryptophyta, Haptophyta, Alveolata,
Stramenopiles (endosymbiont = Rhodophyta)

ProcC?

- Bariéry proti adopci primarniho endosymbionta
- Sekundarni endosymbionti vznikaji mnohem
Castéji — odstranéni bariér diky toku genu a
prevzeti mnoha funkci jadrem

(Ponce-Toledo et al., 2019)



Primarni endosymbioza — charakteristiky plastidu

Characteristic Archaeplastida Paulinella

Plastid genome size 100-200 kbp 1021 kbp

Number of plastid genes 80-250 911

EGTs in plastid proteome 70-390 >70

Noncyanobacterial prokaryotic 40-240 >170
proteins in plastid proteome

Host-derived and proteins of 320-900 >390
uncertain origin in plastid proteome

Lineage age estimation >1000 Ma 90-140 Ma

Import system of nucleus-encoded
proteins into the plastid

Phagotrophic capacity

Peptidoglycan wall

Translocons at the outer and inner

plastid membranes (TOC/TIC complex)

Lost in Rhodophyta, Glaucophyta and
most Viridiplantae but preserved in
some prasinophytes

Present in Glaucophyta and some
Viridiplantae species

Vesicles of the host endomembrane
system fuse with the outer plastid
membrane and proteins cross the
inner membrane through a simplified
TIC translocon

Lost

Present

(Ponce-Toledo et al., 2019)



Proteobakterie Promiskuitni DNA

~ e s o 4 ° °os
2000 poré Endosymbidza a tok genti do jadra a mitochondrii
oo abiotio maestor EGT dnes:
= Mitochondrie Donor Akceptor
~ 10-400 Ifb Mitochondrie -> Jadro
~ 60 genu Jadro ->> Mitochondrie

Mitochondrion

Crganelle
DNA

Chloroplast
~ 150 kb
~ 100 genl

Organelle

Chloroplast  ->>>
Chloroplast ->>>>

Mitochondrie (1-6 %)
Jadro

Sinice
~ 3000 kb
~ 3000 genU

Cyancbacterium-like
endosymbiotic ancestor

(Timmis et al., 2004)




Table 1 | Sizes and coding content of some organelle and prokaryote genomes

Genome Length [kbp] Number of protein-coding genes  GenBank accession number
[} ([ V 4
Algae
elikosti organelovyc
cp Cyanidium caldarium 165 197 AFD22186
cp Guillardia theta 122 148 AFD41468
cp Cyanophora paradoxa 136 136 CPU30821
cp Odontella sinensis 120 124 OSCHLPLXX [ ] Y 4
cp Euglena gracilis 143 58 CLEGCGA
Land plants
cp Marchantia polymorpha 121 84 CHMPXX
cp Chiorella vulgars 151 78 ABOO1684
cp Nicotiana tabacum 186 76 CHNTXX

o
cp Oryza sativa 134 76 X15901
cp Zea mays 140 76 ZMABB563 e n O m u
cp Finus thunbergii 120 69 PINCPTRPG

Non-phosynthetic plastids

cp Toxoplasma gondii 35 26 87145

cp Eimeria tenella 35 28 AY217738
cp Epifagus virginiana 70 21 EPFCPCG
Cyanobacteria

Synechocystis sp. 3573 3168 ABOO1339
Prochlorococcus marinus 1660 1884 NC_005071
Nostoc PCC 7120 6413 5368 AP003602
Nostoc punctiforme ~9000 ~7400 http:/Anwwi/jgi/doe/gov
Plants and algae

mt Pylaiella littoralis 59 52 NC_003055
mt Marchantia polymorpha 187 M MPOMTCG
mt Laminaria digitata 38 39 AJ344328
mt Cyanidioschyzon memolae 32 34 NC_000887
mt Arabidopsis thaliana 367 31 MIATGENA
mt Chondrus crispus 26 25 MTCCGNME
mt Scenedesmus obliquus 43 20 NC_002254
Various protists and fungi

mt Reclinomonas americana 69 67 NC_001823
mt Malewimonas jakobiformis 47 49 AF295546
mt Naegleria gruberi 50 46 NG_002573
mt Rhodomonas salina 48 44 NC_002572
mt Dictyostelium discoideum 56 40 NC_000895
mt Phytophthora infestans 38 40 NC_002387
mt Acanthamoeba castellani 42 36 U12386

mt Cafeteria roenbergensis 43 34 NC_000946
mt Monosiga brevicollis 77 32 AF538053
mt Physarum polycephalum 63 20 ABO27295
mt Harpochytrium sp 24 14 A¥182006
mt Candida albicans 40 13 NC_002653
mt Cryptococcus necformans . 25 12 NC_004336
mt Plasmodium falciparum 6 3 NGC_001677
Anaerobic mitochondria

mt Hydrogenosomes™ 0 0

o-proteobacteria

Caulobacter crescentus 4017 3767 AEDOB573
Mesorhizobium loti 7596 7281 BADOOD12
Bradyrhizobium japonicum ~9100 ~8300 BADOOD40
Yeast

(nuclear) 13,460 6,327 hittp:/Arww.ebi.ac.uk (TlmmIS et aI., 2004)




Nekteré geny se prenaseji do jadra drive jiné pozd

Nejdrive — regulacni funkce

(sigma factor of RNApolymerase, gamma subunit

of ATPase)
Posledni — translace
- respirace

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

O

chloronlastova
DNA

l

podjednotka L
Ruhisco

l

komplex

Buhisco

podjednotka S
Ruhisco

bunééné
jadro

cytoplasma

e

J



ProC nékteré geny zustavaji v organelach?

1. Hydrophobicita
- hydrofobni proteiny jsou tézko importovany do organel

2. Rizeniredoxniho stavu
- organely fidi expresi genu, které kéduji komponenty jejich
elektronového transportu, jejich lokalizace je vyhodnéjsi v
organelach

Zmenseni genomu u organel a parazitu:

Parazité: - specializace na intracelularni prostredi
- ztrata gend

Organely: - export genu do jadra hostitele
- import produktu



Mechanizmy genového prenosu

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

experimenty u kvasinek
>100kb

2. Prenos prostrednictvim cDNA (“cDNA intermediates”)
prenesena DNA je sestrizena a editovana
rekombinace sestrizené mtDNA s nesestrizenou mtDNA
heterogenita velikosti mtDNA



Box 4 | Design of experiments that showed DNA transfer from organelles to nucleus in real time

A construct that consists of chloroplast sequences
(Cand D) that flank two selectable marker genes is
inserted into the chloroplast genome through
homologous recombination, thereby transforming
the native plastome into a TRaNsPLASTOME (a). In the
experiments of Huang et al.*, the flanking chloroplast
sequences were in the inverted repeats of the tobacco
plastome. One of the selectable genes (aadA in the
case illustrated) is designed for exclusive expression in
the chloroplast and incorporation of this marker
confers spectinomycin resistance. The other gene, a
neomycin phosphotransferase gene neoSTLS2 (that
encodes NPTII and incorporates a nuclear intron;
here neo), is tailored, by virtue of a nuclear-specific
promoter and the presence of a nuclear intron in the
reading frame, for expression only when it is
transposed to the nucleus. Continuous selection of
growing leaf cells on spectinomycin medium allows
transformed plastomes to be selected and eventually
the transplastome entirely replaces the native
chloroplast genome, such that all copies of the
chloroplast genome contain the two selectable marker
genes (b).

Selection of cells or progeny seedlings on kanamycin
medium allows the detection of the rare cases in which
the neo gene has changed its location, such that strong
expression is promoted from the nuclear environment
(c). The progeny of self-fertilized transplastomic
plants were not screened directly™. Rather, to
eliminate low-level expression of neoSTLS2 from the
chloroplast genome, transplastomic plants were
crossed with wild-type female plants such that,
because of strict maternal inheritance of tobacco
plastids (BOX 1), progeny that contained only wild-
type chloroplasts were produced. Therefore,
chloroplast-to-nucleus transposition must have
occurred at some stage during the life cycle of the male
parent of the seedlings that were screened on
kanamycin plates.

The observation that 1 in 16,000 male tobacco
gametes contained a newly integrated segment of
chloroplast DNA (REE 83) was unpredictably high, but
it must be an underestimate of the true chloroplast-to-
nucleus transposition frequency. In this experiment,
the detection strategy enabled the identification only
of those events that resulted in an entire, expressed
neoSTLS2 gene in the nucleus. Other regions of the
tobacco plastome that integrated in the nucleus
without this selectable marker necessarily remained
undetected. A similar strategy was used by Stegmann
et al® and by Lister et al.®.

Insertion by

o ' homologous
+ _recombination

Selection for
spectinomyacin resistance

Chloroplast

kanamyacin resistance

l Selection for

Nucleus
Chloroplasts

[ aadA (inactive) [ neo (inactive)

[ aadA (active) B reo (active)

Genovy prenos z organel do
jadra v realném case

EXPERIMENT:
- exprese/rezistence jen po prenosu do jadra

Frekvence prenosu:
-v gametach—1:16 000
- v somatickych bunkach —1 : 5 million

Pficina rozdilu (300x):
- programovana degenerace plastidu

pri vyvoji pylovych zrn zvysuje frekvenci
prenosu



Kam se prenesena DNA integruje?

- Zadné dlkazy preferovanych sekvenci ¢i ¢asti chromosomu

Sekvencni promenlivost promiskuitni DNA
>95% identity svedci o velké obmeéné organelovych sekvenci

Faktory vedouci k degeneraci sekvenci:
- asexualita

- poskozujici zplodiny metabolismu
- selekce na malé genomy

Kompenzujici faktory (u rostlin)
- polyploidie
- reparace DNA



Lateralni (horizontalni) transfer genu
a ,,Pan-genom“ Eukaryot?



Lateralni (horizontalni) transfer genu
a ,,Pan-genom” u Prvoku?
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Trends in Parasitology

U jednobunécnych Eukaryot je HGT vyznamnym
faktorem.

U mnohobunécénych Eukaryot je HGT obCasnym
jevem a souvisi obvykle s parazitismem nebo
symbidzou.



Koncept ,,Pan-genomu® u nizsich Eukaryot

Pan-genome Strain ‘C’

Strain ‘B’ Strain ‘D’

Strain ‘A’ Strain ‘E’

/N

Core genome

Accessory genome

Trends in Parasitology

Studie genomU stejného druhu z rGznych lokalit
odhalily populacné specifické geny odvozené od
jinych organizm Zijicich v misté (bakterii nebo
eukaryot) = accessory genome

Pan-genom = Zakladni (core) genom + Pridavné
(accessory) genomy vsech jednotlivych populaci.

Sibbald et al., 2020



HGT u mnohobunécnych Eukaryot

Table A1. Selected examples of organisms in which horizontal gene transfer was found.

Gene Donor Recipient of Gene References
Bacteria: Plant: [108]
Agrobacterium rhizogenes Nicotiana

Plant: Plant: ;
Oryza Zea mays (1091
Plant: Plant:

Flowering plant: Gnetum [110]
Asterid

Plant: Plant:

Monocot Aktinidia

Eudicot Amborella 58]
Unknown Betulaceae

Ranunculales Caprifoliaceae

Monocot Sanguinaria

Nékteré studie odhaduji, Ze asi 1-2 %
genU eukaryotickych genomu je tvoreno
geny ziskanymi HGT od vir(, bakterii a
jinych eukaryot relativné nedavno.

Gene Donor Recipient of Gene References
Bacteria: Fern: (111
Nostoc azollae genus Azolla
Plant: Plant: 112]
Multiple grass lineages Alloteropsis semialata L
Cyanobacteria:
Calothrix Alga: [113]
Alga: Euglena myxocylindracea
Porphyra purpurea
Bacteria: Yeast: [114]
Lactococcus sp. Saccharomyces cerevisiae
Plant: Plant:
Flowering plants Amborella trichopoda [115]
Mosses
Plant: Plant: 8
Eudicot Phaseolus vulgaris &1
Plant: Plant:
Fabales Apodanthaceae (el
Plant: Plant: (171
Orobanchaceae Plantago
Bacteria: Yeast: (18]
Pseudomonas spp. Saccharomyces cerevisiae
Plant: Plant:
Flowering plant: Fern: [119]
Santalales Botrychium virginianum
Plant: Plant:
Ericaceae Ternstroemia [120]
Cyrillaceae
Plant: Plant:
Flowering plant: Flowering plant: [121]
Populus Populus
Cyanobacteria: Alga:
Crocosphaera watsonii Heterocapsa triguetra [122]
Trichodesmium erythraeutn Karlodinium micrum
Oxyrrhis marina
Plant: Plant:
Poa palustris Festuca ovina [123]
Plant: Plant:
Orobanche Phelipanche [124]
Fungus: Plant:
Physcomitrella patens Oryza sativa [125]
Coprinopsis cinerea Arabidopsis thaliana i
Laccaria bicolor
Plant: Plant:
Cuscuta Plantago [126]
Dinoflagellate: Dinoflagellate: [127]
Prorocentrum minimum Prorocentrum minimum nucleus
Alga Fern: [128]
B . Mankyua chejuense Helminthostachys
acteria g .
zeylanica Botrychium ternatum
Bacteria Alga:
Ochrophytes [129]
Bacteria: Nematode: [130]
Wolbachia Onchocerca volvulus .
Bacteria: Animal:
Wolbachia Insect: [131]
Callosobruchus

Gene Donor Recipient of Gene References

Bacteria: Animal:

Wolbachia Insect: [132]
Drosophila ananassae

Alga: Animal:

Vaucheria litorea Snail: [133]
Elysia chlorotica

Bacteria: Animal:

Wolbachia Insect: [134]
Aedes aegypti

Cyanobacteria: Protozoan:

Synechococcus sp. Prochlo rococcus sp. Amoeba: [135]
Paulinella chromatophora

Human: Protozoan:

Homo sapiens Malaria parasite: [136]

Plasmodium vivax

Desitky zdokumentovanych pfrikladd, ale
pozor! Ne vSechny jsou spolehlivé
prokazané (metodika, kontaminace
vzorkl nebo verejnych zdrojl dat).

(Filip a Skuza, 2021)



Jakeé geny se nejcast

Geny poskytujici okamzitou adaptivni vyhodu:

Biosyntéza proteinl — Rhodoquinone (akceptor elektronu
béhem syntézy ATP, umoznuje dychani v anaerobnich
podminkach), bakterie -> prvoci (2x) -> dalsi prvoci

Geny pro transportéry latek — transport a vyuziti
konkrétnich metaboliti, znamo mnoho pfikladd HGT mezi
houbami

Celé bakterialni operony — biosyntéza siderophoru,
enterobakterie -> stfevni kvasinky hmyzu, lepsi vyuziti

zeleza

Rezistence k chorobam a stresu

AV N

€jp

» Epichloé aotearaas

» Perastgoornospora
nodomen, Pyrenophora
trific-reperits, Bipolaris
sorokDTang

» Neot yphodien loln, .
cogrophialuem, V.

LFICTFLEE 1T

renasi HGT

HGT

*Endohytic fungi to
wheat.

=Fungi to plant.

*Endophytic fungi to
grasses.

» Provides resistanceto
FHE diseasein wheat.

» Shapesplant genomes

* Protects wheat against
diseasss, reducing
susceptibility.

» Causesadaptationsfor
ANFIOSpPenns.

» Produces secondary
metabalites.

(Filip a Skuza, 2021)




HGT u mnohobunécnych Eukaryot

Pfenos genu Fhb7 pro rezistenci k fusaridze 8 sy
z endofytické houby do pfibuzného psenice
Thinopyrum elongatum

Fusarioza:
RGzZovéni psSenice
Poskozeni zrn

Mykotoxiny XA DA
Fhb7 ~. P4 \_/

— i 3 i Fungus-plant . o
th7 glutatrnonsyntetaza: detOX|k§ce oz e sfor  Distant hybridization
trichothecenu produkovanych fusariem
prostfednictvim vazby glutathionu. B
97% homologie s genem E. fungus
0% homologie se viemi rostlinnymi G a0 R

, ) \F Fhb7
databazemi | 0 —ain ¥

Rs™ 7 = N
. §4 R/ CH3 RZ
(Wang et al., 2020, Science) 3




Pripad Bdelloid Rotifers, virnici

Pijavenky (virnici Bdelloidea) — 40-60 milionU let stard linie, 18 rodud, 360 druhu.
Partenogenetické samicky, zadny sex. Klidova stadia na preziti nepriznivych podminek - vyschnuti. Unikatni
zplsob ziskavani genetické informace od bakterii, hub, prvok, fas — vypujcéuji si jejich geny (horizontalni
genovy transfer) - ndhrada sexu?

— —
4 Epibionts on
L = water louse
| ————a Moss on trees
e R - Temporary ponds
0 0.5 1 0.08 0.1 012 014 016

Proportion surviving desiccation Proportion of transcripts A, = 30

35 -
Ogains
30 - B losses
25 -
B
= 1
= 20 -
Jg AN -——
q—rls - —
&
P
10 -
5 -
0 b | b b
mag s0C sor tar mag&soc sor&tar  total

Branches (Eyres et a|,, 2015)



Pripad Bdelloid Rotifers, virnici

Virnici si osvojuji geny bakterii, hub i ras

. % Identity  Best hit,  Best hit, . 2 o
Gene ID, name Contig ID Introns Al to best hit E-value metazoan Best hit, taxonomy Definition
AV10027_XynB  Av212A 0 460 63 0.00E+00 No hits  Bacteria; Bacteroidetes Xylosidase/arabinosidase
AV10001_NRPS  Av110A 10 460 32 0.00E+00 No hits  Bacteria; (Proteobacteria/ Nonribosomal peptide synthetase
Cyanobacteria)
AV10134_PheA  161F07 0 400 61 1.00E-174 No hits  (Fungi; Bacteria) Monooxygenase, FAD dependent
AV10002_TrkA Av110A 0 379 54 1.00E-175 4.00E-11 Bacteria; Proteobacteria ~ Monooxygenase, NAD dependent
PR10002_MviM  182F10 0 327 67 1.00E-149  2.00E-07 Bacteria; (Acidobacteria/  Oxidoreductase
Chloroflexi)
PR10010 DAP2 182F10 0 310 27 1.00E-140  1.00E-05 Bacteria; (Acidobacteria/  Prolyl oligopeptidase*
Proteobacteria)
AV10104_Dur3  AvTell.B 1 243 44 1.00E-132  4.00E-27 Eukaryota; Fungi Urea active transporter*
PR10012_RamA 182]17 0 246 31 1.00E-107 No hits  (Bacteria; Fungi) a-1-Rhamnosidase
AV10121 _NRPS 9907 4 237 30 1.00E-103 No hits  Bacteria; Cyanobacteria Nonribosomal peptide synthetase
AV10153_XghA  210B3 0 212 50 1.00E-108  2.00E-16 Eukaryota; Fungi Endo-xylogalacturonan hydrolase
AV10042_HemK Av240B 1 199 56 2.00E-91 1.00E-04 Bacteria; Proteobacteria HemK-like methyltransferase
AV10092_f-Gal  AvTelL.A 0 153 33 1.00E-105  4.00E-39 Eukaryota; Viridiplantae  p-o-Galactosidase
AV10044_Alr Av240B 1 152 38 1.00E-67 No hits  Bacteria; Bacteroidetes Alanine racemase
AV10025_AMH  Av212A 1 150 52 8.00E-77 2.00E-11 Eukaryota; Fungi Amidohydrolase
AV10045_Ddl Av240B 1 138 40 1.00E-60 No hits  Bacteria; Bacteroidetes p-Alanine-p-alanine ligase
AV10140_PLDc  193E18 2 126 31 1.00E-55 No hits  Eukaryota; Fungi Phospholipase-D active site motif
protein*
AV10016_FabG  Av212A 0 98 58 1.00E-74 8.00E-32 Bacteria Short-chain dehydrogenase/reductase
AV10109_FabG  AvTell.B 0 92 57 4.00E-73 5.00E-33 Bacteria Short-chain dehydrogenase/reductase*
AV10011_FabG  Av212A 0 88 54 6.00E-67 2.00E-28 Bacteria Short-chain dehydrogenase/reductase
AV10071_HAL AvTelK.A 0 77 48 2.00E-61 1.00E-27 Bacteria Histidine ammonia-lyase
AV10095_GCN5  AvTell.A 0 59 35 2.00E-27 No hits  Bacteria; Proteobacteria GCN5-related N-acetyltransferase**
AV10158_FabG  210B3 2 46 41 2.00E-39 2.00E-19 Bacteria Short-chain dehydrogenase/reductase

(Gladyshev et al., 2008)



2. TANDEMOVE REPETICE



Tandemoveé repetice

Jednotka (= monomer) se opakuje n-krat za sebou — Jadient

centrifugation satellite bands
> monome> monome> monome>> monome>

main barnid

Satelity — objeveny pri hustotni gradientové

centrifugaci - tvori satelitni prouzek kvuli N4 4
jinému slozeni bazi.

Typické rozlozeni tandemovych repetic
- PFitomny ve véech genomech (prokaryota i eukaryota) na chromosomech Stoviku
- Klasifikace: N rag7s0
e Satelity — vyznamna slozka genomu (i > 50%), tvori bloky Y2
heterochromatinu, délka monomert i >2 kbp)
e Minisatelity — 0,5-30 kbp, délka monomeru 10-100 bp
e Mikrosatelity — kratké useky, délka monomeru <6 bp

Strukturni a regulacni funkce, expanze mikrosatelit( u nékterych chorob



Tandemoveé repetice,
Lknihovna® satelitni DNA

Hlavni parametry:
- pocet kopii (zména v B a D)

- sekvence DNA (zmény C a D)
- ]

B.Ugarkovié and M.Plohl
Repeats in dot plot
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from the book Bioinformatics. David. M. Mount




Evoluce tandemovych repetici

Evoluce v koncertu (concerted evolution)
Genova konverze
Nerovnomeérny crossing-over

Evoluce satelitnich sekvenci — skladani ze segmentl — vznik higher order repeats (HORS)

axon 1 2 3 exoni 2 3
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p i
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Genova konverze transposonu na pohlavnich
chromosomech

Awvailable online at www.sciencedirect.com _—— 93p
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Satelity mohou vznikat i z retroelementu

Retand element (Silene latifolia)

LTR gag m‘ tandem imi? LTR

[ 1 ml 11111 Immrnmli I AT Il IIIIII
STV O A I AR VA
I[NNI TN E LI Iy B i e mr iy e - 1 T

1 odoo |

T
[=imm]w]

LTR tandem LTR
- NON-AUTONOMOUS

ELEMENT (3.7 kb

monomerl GTAAATACAAT CEAGCCEAARACCT CEATCACCTCGETCAR — —AACCEEZACT GACGEECEAACCAGCCE &7
monomerz AALACAT GCAAT CEACGCCAAALCCT CEATCACCTCSEOCA A — —AGCCCEEEAGT GACGEEEEAACGAGOCE 67
monomner: GTALAT GCAAT CEAGCCARARCCT CGATCACCTCGETCAR — —AGCCEEEACT GACGEECEAACCAGCCE &7
monomer 4 GTAAAT GCAAT CEACCCAAAACCT CEATCACCTCEECCAA—— —— ACGCCEEEACT CACGEEEEAACGAGCCE a7
monomners CTAAAT CCAAT CCAGCCAALLCCT CCATCACCTCEGECCAR —— —— ACCCCEEACT GACCEGEEAACCACCCE &7
monomer & GTAAAT GCAAT CEACGCCAAAACCT CCGATCACCTCGGCCAM———— AGCCEEEAGST GACGEEEEAACAAGCCE 67
monomner’? STAAAT GCAAT CCAGCCAR AR CCT G- ———————— COCAR—— —— AGCCCEEAGCT CGACGEECEAACGACCCE 58
monomer S GTAAAT GCAAT CEAGCCAAAACCT CCGATCACT TCGGCCEA—— —— AGCCAGGAGST GACGEEEEAACGAGCCGE a7
monomer 9 GTALAT GCAAT CEAGCCAAAACCT CEATCACCTCGECTAL—— ——AGCCGEEAGT GACGEEEEAACGAGCCE &7
monomer 10 ARACSAT GCAAT CEAGCCAAAACCT CCATCACCTCGGCCAM —— —— AGCCEEEAAT CACGEEEEAAT GAGCCE &7
monomerll ARLCEAT GCAAT CGAGCCAAAACCT CEATCACCTCGECTAL—— —— AGCCEEEAGT GACGEEEEAACGAGCCE 67
monomer 12 GTAAAT GCAAT CEACGCCAAAACCT CCATCACCTCSGCTAATTAA A ACCCAGEECCACGEEEEAACGAGCCE 71
d or ke b ki ik ok ok ook ook ok . * a* w * ok ok e ook e

The Plant Journal (2020) 101, 484-500 doi: 10.1111/tpj. 14546

TECHNICAL ADVANCE

Characterization of repeat arrays in ultra-long nanopore reads
reveals frequent origin of satellite DNA from retrotransposon-
derived tandem repeats

Tihana Vondrak'?, Laura Avila Robledillo™?, Petr Novak', Andrea Koblizkova®, Pavel Neumann' and Jifi Macas™*
"Biology Centre, Czech Academy of Sciences, Branisovska 31, Ceské Budéjovice CZ-37005, Czech Republic, and
2Faculty of Science, University of South Bohemia, Ceské Budéjovice, Czech Republic
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3. TRANSPOZONY



Mobilni elementy = transpozony (TE)

Barbara McClintock (1948)
Nobelova cena (1983)

Disociator (Ds)
Aktivator (Ac)

Méni polohy na chromozomu a
ovliviuji prilehlé geny - zména
barev kukufricnych semen




Transpozony

(disponuiji vlastnim aparatem
pro transpozici)

DNAYransposon

TIR transposase TIR cytoplazma

Trida Il.




mmiiRmmp- =5 | gag pro rt rnaseH int _eons oo TR

.AAAAAAAA
LTR retrotransposon
,COpy and paste*

Transpozony

(disponuiji vlastnim aparatem
pro transpozici)

retrovirus
7 N
8
PN
DNAXransposon translace
ncut argd p Autonomni
TIR transposase TIR cytoplazma X )
T¥ida Il Neautonomni

Havecker et al. (2004)




Klasifikace transpozonu

" Trida I. Retrotranspozony

Dle typu Replikativni transpozice prostfednictvim RNA meziproduktu (copy and paste)
transpozice

Trida Il. DNA transpozony
Transpozice bez RNA meziproduktu

Podtrida | — konzervativni ,,cut and paste” mechanizmus transpozice
Podtrida Il — replikativni mechanizmus transpozice (napr. Helitrony)

(I — Stépi oba retézce DNA, Il — Stépi jen jeden retézec DNA v misté inzerce i v novém misté)

Autonomni - plné funkéni, obsahuji vSechny geny pro transpozici
Dle struktury Neautonomni — nefunkéni, absence genu, transpozice je zajisténa proteiny autonomnich elementut



Zakladni typy transpozonu dle transpozice

Trida |
Retrotranspozony

Class | element

TR RNA Polll LTR

=

Reverse transcription

Reverse transcriptase

Transport to
the nucleus

Integrase Integrase

O H0

Integration at a
new postion

> >

New position

—

Old position

Trida
DNA transpozony

Class Il element

TIR Transposase TIR
—>-

l Excision

S ‘g

Transposase Transposase

O (O

Integration at a
new postion

> ¢

New position

Old position

Helitron

ATC CTRR T

.
Single- /& Transposase
stranded nick i

e
Target
‘l' Rolling
A TC CTRR T CI rCIe
i ——
replication

Strand invasion

Replication
resolution

Lisch 2013, Nature Rev. Genet.



Classification Structure TSD Code Occurrence
Order Superfamily
7 Class | (retrotransposons) N
Tr | d a I . LTR Copia —>» GAG_AP_INT_RT_RH_}—>» 46 RLC PM,FO
Gypsy memppel GAG AP RT RH INT | 46 RLG PM,FO
Bel-Pao el GAG AP RT RH [INT | 46 RLB M
Retrovirus mppel GAG AP RT RH INT ENV | 46 RLR M LTR
ERV =3 GAG AP RT RH INT ENV |e=3= 46 RLE M P~
DIRS DIRS Pl GAG AP RT RH YR | 0 RYD PM,FEO retrotranspozony
Ngaro mpel GAG AP RT  RH YR e o) 0 RYN M, F
VIPER ol GAG AP RT  RH YR | omim— 0 RYV O
PLE Penelope g | RT EN - Variable RPP PM,EO |
LINE R2 =~ R[N o Variable RIR M B
RTE = APE  RT ~ Variable RIT M
Jockey ={ ORF = APE RT e Variable RIJ M
L1 = ORA__ M APE RT_ Variable RIL PM,FO Non-LTR
] = ORFl M  APE RT RH = Variable RII PM,F retrotranspozony
SINE tRNA Variable RST PM,F
7S5L Variable RSL PM,F (ret ropozony)
55 e e Variable RSS M, O
v/ Class Il (DNA transposons) - Subclass 1
Tr‘ | d a I I . TIR Tc1-Mariner Tase™ TA DTT PM,FO
hAT Tase* 8 DTA PM,FO
Mutator Tase* 9-11 DTM PM,FEO
Merlin Tase™ 89 DTE M, 0
Transib 5 DTR M, F
p 8 DTP PM
PiggyBac TTAA DTB M, O
PIF- Harbinger P Tase* P={  ORF) g 3 DTH EM,FEO
CACTA ) Tase ORF] [t 2-3 DTC PM,F
Crypton Crypton 0 DYC F
Class Il (DNA transposons) - Subclass 2
Helitron Helitron ={  RPA p ol YD HEL 0 DHH PM,F
Maverick  Maverick Pl CINT o ATP |l  CYP |l POLE | 6 DMM M,FO




Vysveétlivky k predchozimu obrazku:

Structural features
=3 |ong terminal repeats = Y= = Terminal inverted repeats == == Coding region Non-coding region

—e— Diagnostic feature in non-coding region m— i Region that can contain one or more additional ORFs

Protein coding domains
AP, Aspartic proteinase APE, Apurinic endonuclease ATP, Packaging ATPase C-INT, C-integrase CYP, Cysteine protease EN, Endonuclease

ENV, Envelope protein GAG, Capsid protein HEL, Helicase INT, Integrase ORF, Open reading frame of unknown function
POL B, DNA polymerase B RH, RNase H RPA, Replication protein A (found only in plants)  RT, Reverse transcriptase
Tase, Transposase (* with DDE motif) YR, Tyrosine recombinase Y2, YR with YY motif

Species groups
P, Plants M, Metazoans F, Fungi O, Others



Trida Il. DNA transpozony



Transpozony

(disponuiji vlastnim aparatem
pro transpozici)

DNAYransposon

TIR transposase TIR cytoplazma

Trida Il.




Bakterialni DNA transpozony




Transpozony prokaryot

Mobilni v ramci bakterialniho chromozomu
nebo mezi chromozomem a plazmidy

Plasmid

Chromosome

Inzercni sekvence (IS)

—[TIRJ[ transposase | BLIR—~
Nucleoid

Slozené transpozony

Levy IS element Oblast kodujici proteiny Pravy IS element
\ |
\l

|
[ |
transposase | RTIRY | B | TR transposase | RIIRL

| [TIRG aspsodsupniy |RTIRT]

[ TIRg| transposase | RIIRT] | B




IS-elementy T ——

O e -

b

.'I LY
B-to 11-bp Protein-coding = B0-bp
direct repeat region inverted
repeat

* obvykle méné nez 2500 bp

e ohraniceny kratkymi identickymi sekvencemi —
obracenymi koncovymi repeticemi

* mutace v koncovych repeticich eliminuje
premistovaci schopnost

* obsahuji pouze geny pro zajisténi a regulaci
transpozice

e kéduji transpozazu: vaze se ke koncum elementu,
kde Stépi oba retézce DNA — tim je element uvolnén
z puvodniho mista

a Cut-and-paste DNA transposition

Donor DNA _ Tn _ Donor DNA
TR R
/N4 IN/N/NTNTN/NORTNT/N /L

Tnp-encoding sequence

forms a transposition

Tnp binds to Tn IRs and
complex

~R~
8§ 7
‘:'" i \\r
Tnp
Donor DNA b Donor DNA
NN TN RN/ NN/

Tnp cleaves Tn. Fate of
uncleaved donor DNA is

uncertain
I/
(7
|:. ‘.:‘
Donor DNA ) __Donor DNA
INININT YN/ N,

Released transposition
complex binds to targst
sequence

0y

i: - \"
O O Target DNA

N/ NIN TN NN TN

Tnp catalyses insertion
of Tn into target with
micro-duplication

IR IR
/NS IN/NINININT INI/NY/L
Target DNA



Transposon, Tn3

tnpA

B 4,957 bp

Transpozon Tn3 ’
| Transposase

Left ilnvened
repeat (38 bp)

mRNAs

obsahuje geny, které nejsou pro transpozici nezbytné

na koncich jsou jednoduché obracené repetice

replikativni typ transpozonu, doCasné spojuje molekuly za

vzniku kointegratu, po rozlozeni kazda molekula obsahuje
1xTn3

v cilovém misté nastava duplikace

Struktura:
gen pro transpozazu a resolvazu (represor transpozazy)

gen pro beta-laktamazu (rezistence k Amp)

Resolvase

tnpB bla ,
! |

I — |

e 1
( [i-lactamase

Right inverted
repeat (38 bp)

o

Cointegrale
Plasmid ———
with Tn3 "Tﬂrﬂﬂtlplasmid Tna 4 '; - .‘5| —o % % T3
Tn3 — ¥y L%
|
A B 14 N B
. + Elockad in certain
Reasolution transposon deletions
of cointegrale
A : .ﬁ'._
\ Original
LA Tnd | . f :
Fr. _ >< " [ Transposition
_ products
Blacked in - T
| 1 certain :
| I | transposon | New
s ! mutants
5 B



Slozené transpozony bakterii

Tna
Tnd =570 np
=2500 np I i I
| 'ﬁ‘ | gen blg’
gen cam’
— gen kan” || gen i
768 np 768 np 1533 e A .|l A _.153-3 np
a ssc [ Rezistence k antibiotikiim:
R P anamyan
koncoveé repetice koncové repetice Genta mycin
(a) (b) Ampicilin
Tetracyklin
Tn10 .
=301 Chloramfenikol
'Iﬂ' ]
| gen tef ' Streptomycin
1329 L —h— _.132'9 np
so. I -
- =e .. - e
h\rﬁ uhrEcrllaFll'lE \T’ff
koncove repelice

{c)



Horizontalni genovy prenos

Horizontal gene transfer (HGT)
Pfenos genll mezi bakteriemi pri konjugaci
Zprostredkovan IS elementy
Conjugative transposition

Donor

I

Excision of circular inlermadiale

Insertion Sequence: IS Composite transposon QX)

Tr rn's -c‘r of 1'5r"q1 strand of the circular intermeadiate
e [ ™ |

TIR: Terminal Inverted Repeat.
tpase. ransposaso

Replication

(@D@

Integration

Cay D oD

Acceplor

Vyznam HGT zprostredkovaného
transpozony v lékarstvi:

Transpozony Casto obsahuji geny pro
rezistenci k antibiotikdm

tim se tyto geny mohou snadno Sirit a
zvysovat tak odolnost patogennich bakterii
k antibiotikiim

dnes je obtizné Iécit radu infekcnich
onemocnéni (Uplavice, kapavka,
tuberkuldza, atd.)

Sifeni rezistence umoznilo Siroké pouzivani
antibiotik (selekce rezistent()

transpozény (prenos mezi molekulami
DNA uvnitf bakteridlni buriky) a
konjugativni plazmidy (prenos mezi
rdznymi bakteridlnimi kmeny)



Eukaryotické DNA transpozony




DNA transposony

.« L2 DNA transposons of prokaryotes
1. Prokaryotické: p prokary

- 1S elementy Insertion sequence Ii Ii ~ 0.3-up to 2kb
transposase
- Tn elementy

Composite transposon 2.5-10kb

ITR ITR

Tn3-type transposon I anepose _ ~5kb

ITR ITR

Transposable phage — Protein coat genes I ~38kb

2. Eukaryotické:

- Ac a Ds elementy — autonomni a neautonomni u kukurice

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




Ac/Ds transpozony u kukurice (hAT superfamily)

a) Purple kernels ;
ul Ac |y 4 T G ——
Normal C gene
expressing

pigment product

b) Colorless kernels

Activates Ds Ds can transpose
transposition into C
[ ¥ [ v
5 4 [y A — A ¢ W
'
B A Iy A 7B N -
Disrupted (mutant)
¢ gene

c) Spotted kernels

Activates Ds transposition out of C in
a few cells during kernel development

( Y
N Ac (N W4 | EoE

Reversion of | Mutant ¢ gene
¢ mutation to C |

o (4 e

Normal C gene s 20




MITE elementy

e rostlinné ekvivalenty lidskych Alu, délka: 125 - 500bp

* neautonomni elementy (master = DNA TE Mariner)

e obracené koncové repetice (TIR) - konzervativni 10-15 bp

e AT-bohaté (~72% Stowaway)

e tvori sekundarni struktury DNA (hairpins)

e preference cilového mista - TA(A)

e asociace s geny — v intronech, pobliz 5 nebo 3 konctd genl

au‘DJI‘ID’TIDuS:TE
| Diversification
! | ) J
N W — . D D d i
rodiny: s | | | i
- ' glozng, | mmes 3 O : O i O : O
StOW?W?y ,(J%(,jnovqelozrfe’ P copis SR R e 8 SR o s i SO o
dvoudeélozné, ZivoCichové) ‘ : (D> : I D> : I
. , r O r O r O r OO \
- Tourist (travy) : l ' l : i ' \ MITE.
; ; s mobikaten e it ekt ampiation
-B I._-'r}wgrant,(Allelr?, I-;eartbreaker,ﬂwﬁim D%% 0%% 0%% % % % %
igfoot, ... (rostliny o O O O
¢ OO0 00O 000 OO OO
| OOOI o000 o000 oo
MITE subdarnily
[
MITE farmily




Helitrony — nedavno objevené transposony vyuzivajici
mechanismus otacejici se kruznice

- replikace mechanizmem otdacivé kruznice (jako plazmidy, ss fagy, geminiviry) Helitron
- vyskyt u eukaryot - 2% genomu A.thaliana, C. elegans, také v Oryza sativa - S
- nedélaji duplikaci cilové sekvence (TSD) — @
- cilend inzerce do AT dinukleotidu dnge
- zacCinaji 3’-AT a konci CTRR-5’, nemaji TIR J'
- konzervace palindromu pred 3’CTRR (sekvence neni konzervativni) -
- vétSina elementu je neautonomni (0.5-3kb), vzacné dlouhé Helitrony (5.5-15kb) Target
- kédujici proteiny pro RC replikaci: helikdzu (HEL), nukleazu/ligazu a proteiny vazici 'lr
jednoretézcovou DNA (RPA) ATC CTRR T
- mechanizmus tvorby neautonomnich elementl nejasny g —
- Helitrony jako evolu¢ni spojovnik mezi prokaryotickymi RC elementy a geminiviry (potomci
geminivirl intergrovanych do genomu ¢asnych eukaryot) /"d“‘m‘"“
Target
_ () b
-1
' ' g : f Target
T [N Replication
f \ \ resolution

i i g & d |




Trida I. Retrotranspozony
(Retroelementy)




ORF
< e

PPT |ﬁ

mmiiiRemlp- r:s (gag pro rt rnaseH int

LTR retrotransposon

,COpy and paste*

Transpozony

(disponuiji vlastnim aparatem
pro transpozici)

p  Gag/Pol )

cytoplazma

translace

'AAAAAAAA

Havecker et al. (2004)

retrovirus

Autonomni
X
Neautonomni




Témer polovinu lidského genomu tvori mobilni elementy

Classes ot interspersad repeat in the human genome
Length Copy Fraction of
o number genome

LINEs Autonomous ORF1__ ORF2 jpol AAA 6-8 kb 850,000 21% L1 elementy
SINEs MNon-autonomous -ﬁ-E—MA 100-300 bp 1,500,000 1395 Alu eIementy
Retrovirus-like Autonomous [ gdag pal () e 6-11kb
elements } 450 000 8oy, H-ERVs

MNon-autonomous x> " 1.5-3 kb
DMNA Autonomous b Uansposase 4 2-3 kb
transposon } 00,000 30
tossils

MNon-autonomous S 14 80-3,000 bp

20 az > 1 500 000 kopii Eukaryotické genomy: geny plovouci po mofi retrotransposonu

Endogenni retroviry — otisky davnych infekci primatd



Co jsou retroelementy?

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

Siréi definice zahrnuje veskeré sekvence vzniklé reverzni
transkripci RNA do DNA.

Po genomech se Sifi procesem retropozice.

* Retropozice = presun genetického materialu z jednoho
mista v genomu do mista jiného prostrednictvim RNA
intermediatu. Ma vzdy duplikativni charakter.




8 R U5 PBS Us R K3

R T— Reverzni transkripce

makes strong-stop

i DNA.
[l R U5 PBS U3 R K3
3 IEI_% E5' (b) RNase H removes R
nd US RNA. s .
.- - nasednuti primeru tRNA a extenze
Ll PBS U3 R k3 v s .
3 - - odstranéni RNA oblasti R a U5
lm_&b (c) First jump. Strong-stop ’ v
DNA jumps o oter - prvni preskok a extenze
Mees T BRE - odstranéni vétsSiny RNA RNazouH

’ I:,.mc 5' .
(d) Reverse transc:ptase -Z byd e p roimer a eXte nze

xtends primer. v s . s
T - odstranéni zbytku virové RNA a tRNA
gPBs 0 u3 Ak

* LT —— T - druhy preskok a dosyntetizovani
(e) RMase H removes most
of viral RNA.
r s I 3

3 E_E-E._: 5
(f) Reverse transcriptase

extends RMA primer.

5' U3 R U5 PBS K}

Kl PBS U3 R (U5 R ;5"
(g) RMase H removes viral

RMNA and tRNA.

r

0o = us ros B R _US
+ EE TN 5 [ T 4

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

El U3 R U5 PBS )
kN PBS Us R U5 K3

l {i) Both strands filled in

U3 R U5

by growth at 3'-ends.

JUs R usees U R Ul
3 5 LTR LTR




LTR retrotranspozony

env
Surface Glycoprotein SU
gp 120

anv

- Dominantni skupina transpozon( u rostlin, u ZivoCich(l obvykle méné kopii

7 v . 7 . v )4 . . J4 . Transmeambrana _
- Desitky az stovky podrodin v ramci kazdé rodiny (jménem Athila, Ogre, Angela, i T
chromovirus...) 4

Qag

g S

Membrane Assoclated

- Obvykle jen nékolik podrodin je u daného druhu extrémné amplifikovano do poctll o EEEESIE=ER

-""-h*'l..ll- E .
. L -

pi7

gag

tisicich az desetitisicich kopii a tvori dohromady az 90 % délky genomu o @
- Ty3/gypsy LTR retrotranspozony jsou pfedkové retrovird (coresnai @

RMA

(2 molecules) =
| Ty3 S pol
Protease PR p9

Polymarsase RT & ~
RMAse H RNH pGE

gag pOI Integrase IN p32
mmigiRmmlp- s |gag | pro rt rnaseH int eo e
|¢ 4 | IO gag, pol, env ....... geny
LTR ... dlouhé koncové repetice
PBS .... misto vazby primeru
PR ...... doména kddujici proteazu
INT .... doména kddujici integrazu
Typ Ty]_/copia RT ...... doména kddujici reverzni transkriptazu
gag 00l PPT ..... polypurinovy usek
> e rimé repetice
s (gag | pro int rt rnaseH rer IR P P

1

* [ YYYYYY



Retroviry

Endogenni retroviry

c W
\{J re
gag  pol env ~ a e
mmiiiRmmlp>- s | gag | pro rt rnaseH int env .ﬂﬁ “ res

'AAAAAAAA Monkeys Gibbons Great apes Humans
b possess ERV 1 possesqERV 1 possess ERV 1, possess ERV 1,
T and ERV 2 and ERV 3 ERV3and ERV4  ERV 3, ERV4and
Surface Glycoprotein SU ERVS
gp 120 f
s e T8
gpal ™
i o Sl ;».., My RV
ey P i aca
pi7 . - : : .
ST B o N
’ T e —
RNA . ‘i't"
pol s - .
P:::::rs;::ﬂs&
e it i
—ERV 3
- PGvodem retroviry, které kolonizovaly genom a prestaly vytvaret infekéni ¢astice
- U Clovéka znamé jako Human Endogenous Retroviruses (H-ERVs), tvori cca 8 % genomu
- Opakované infekce béhem vyvoje savcu i béhem evoluce primatd
- Env — nékolikrat ,,domestikovan“ — vznik syncitint v placenté ERV1——
- Patrné prispivaji k imunité proti retrovirim (naptiklad prostfednictvim tvorby siRNA

molekul, které v burice nici retrovirovou RNA) Common ancestor |




Non-LTR retrotranspozony (Retropozony)

- Velmi rozsifena skupina transpozon( u ZivocichU, u rostlin obvykle méné kopii

- U ¢lovéka dominantni typ transpozont, L1 —21 % genomu, Alu—13 % genomu

- Mnoho riaznych podrodin, ale vysokého poctu kopii dosahuji jen nékteré z nich

- Hraji roli v kompenzaci davky gen( (Inaktivace X) a vzniku regulacnich genovych siti

LINE (L1):
s BN Poly(A) |
1 kb ORF1 ......... protein vazici RNA
| ' =\ doména kédujici endonukledzu
RT e doména koduijici reverzni transkriptazu
. 5‘UTR ........ netranslatovana oblast na 5‘ konci

SINE (sekvence A|U) - 3UTR ........ netranslatovana oblast na 3‘ konci
poly(A) ....... polyadeninovy Usek
> e primé repetice

> T - R ">

100 bp




L1 elementy (LINE)

mouse LINE1 (~ 6 kb)

TSS (Pol Il) .
| 5 UTR 4 ORF2 3'UTR
@ﬂ ORF1 H EN RT hAA(n)-
IRES IRES

Anti-sense TSS

- Autonomni LINE elementy savcl, dominuji lidskému genomu — 21 %,
celkem 850 tisic kopii

- Clovék: aktivni L1 (516 tis), neaktivni L2 (315 tis) a L3 (37 tis)

- TPRT mechanizmus mobilizace (Target Primed Reverse Transcription)
- Hraji roli v kompenzaci davky gent (Inaktivace X) a vzniku
regulacnich genovych siti

- Prlmérny lidsky genom obsahuje asi 100 aktivnich kopii, vysoka
variabilita, néktefi jedinci maji daleko vyssi aktivitu L1 — mozny vznik
chorob inzeréni mutagenezi

- ZvySena aktivita v mozku lidi se schizofrenii (pri¢ina nebo disledek?)
- Mista homologie pro genovou konverzi a rekombinaci — evoluce

- Inzerce do zlom chromozom( — reparace DNA

First-strand cleavage
5

host DNA AATTTT

) 1\ Nicking by ORF2

endonuclease activity

L1 RNP

First-strand reverse-transcription
ORF2-mediated
second strand nicking

ORF2-mediated Reverse-transcription
using host DNA strand as primer

O Jump from RNA
5 to DNA template —

Attachement of the first
strand ?

Second-strand reverse-transcription

m Second strand synthesis
?

5 - 11—

TSD . ) TSD
(target site duplication) New L1 insertion



Twin priming:
mechanizmus tvorby inverzi

Vélenovani LINE elementu

(AR RRARNRNARARY

FTRNERERRnnnnn

1‘ Iy First strand cleavage

+ + b Becond atrand
cleavage
i

Iy Annealing

&£ 3} Reverse transcription

- + &) Integration
1 ?

= &) BNA synihesis

=V =

Mew' migert Mimked by tareet site duplicntions

TPRT (target-primed RT)

+ I} Faral siranad clesvage

v

Ay Second sorandd
elenvage

) AikivialRiig
of L1 FMNA

v

21 mvasdom of Internial priiee
anl reverse fromsoripibon

aqt
¥

“Falnt of Inverdasn™
) Removal of BN A
* ";lﬂﬁinﬁﬂljulﬂﬂﬂ""
3 1] -
* ’I

E
1 Fatring of ends and remaiming 06A syathasis

s

laverson Manked by farget siiv duplicatons

/

Template switch

ﬂ_j/ Homology search
P and template jump to
< ¢ cellular RNA/DNA (green)

l

s Vo A,

].~ Continue minus
¥ strand synthesis
pr— £ Homology search

" of top strand and top
strand cleavage

\

E
.
Sray

completion of minus
and plus strand synthesis

Template switch product




Alu elementy (SINE)

- Odvozeny od 7SL RNA genu kddujiciho podjednotku signdlni rozpoznavaci
Castice (prenos proteinll pres membrany a za¢lenovani do membran)

- délka 300 bp, u ¢lovéka 1-1,5 milionu kopii

- Vznik pred oddélenim linie primdatt a hlodavct (70 milionU let)

- Zavislé na mobilizacnim aparatu L1 elementu

- Trvala kumulace kopii v genomu pravdépodobné kvili malé délce Alu —
nizka pravdépodobnost delece genovou konverzi

- Casté vélefiovani blizko nebo do gen(i — ovlivnéni exprese pfilehlych gen(
(alu obsahuje vazebnd mista pro transkripéni faktory) a vznik mist pro
alternativni sestrih, predc¢asné ukonceni transkripce...

- Hraji roli pfi vzniku mnoha genetickych chorob a rakoviny

X

S o Cd
& Q2 e 3% Y
Species -2\"6\ C(‘\& (9°e\ @&b @5" Q'sa Q‘@ \96\

Density | 306MB  293MB

Dels 492 663
A skl 2k J 42k JJo2s

T

Y subfamilies

155,000 copies

333MB 404/MB 367/MB  122/MB

S subfamilies
650,000 copies

J subfamily
(160,000 copies)

Alu insertions in human disease

Locus Chromosome  Subfamily Disease

3 x HEME (IX) X Yas, Yas, Yb8 Hemophilia B

2 x HEMA (VIII) X YbE, Ybo Hemophilia A

2 % CLCN3 X Ya6, Yas Dent's disease

2 % BTK X YY X-linked agammaglobulinemia
IL2RG X Yas X-linked severe combined immunodeficiency disease
GK X Yel Glycerol kinase deficiency
CD40LG X Yhé Hyper IgM syndrome

ATP7A4 X Yasa2 Menkes disease

CRBI 1 Y Retinitis pigmentosa

ZFHXIB 2 Yas Mowat-Wilson syndrome

BCHE 3 Yb8 Cholinesterase deficiency

QPAl 3 Yhé Autosomal dominant optic atrophy
CASR 3 Yad Hypocaleiuric hypercalcemia and hyperparathyroidism
MLVI2 5 Yas Associated with leukemia

APC 5 Yb8 Hereditary desmoid disease

P5NI 7 Yas Chronic hemolytic anemia

EYAI 8 Y Branchio-oto-renal syndrome

LPL 8 Ybo Lipoprotein lipase deficiency
POMTI 9 Yas Walker Warburg syndrome

3 x FGFR2 10 Ya5, Yb§, Yel Apert's syndrome

TNFRSF6 10 Ybh8 Autormmune lymphoproliferative syndrome
CINH 11 Yel Complement deficiency

AIP 11 Yas Acute intermittent porphyria
GNPTAB 12 Y Mucolipidosis

3xBRCA2 13 Yas, Yel, Y Breast cancer

PMM2 16 Yb8 Congenital disorder of glycosylation type I
BRCAI 17 Yas Breast cancer

15 x NF1 17 Y subfamilies Neurofibromatosis




Retrony - primitivni retroelementy bakterii

msDNA: retron:

msr ... gen kddujici RNA slozku
msd ... gen kédujici DNA slozku

RT ..... gen pro reverzni transkriptazu

msr  Msd

msDNA (=multicopy single-stranded)
- intermediaty extrachromosomalniho replika¢niho cyklu
nebo abortivni produkty intermediatd

Prokaryotické retroelementy:

1. Kéduiji jediny RT protein s jedinou enzymatickou aktivitou (doménu).

Ostatni aktivity (protedza, integrdza, endonukleaza) retroelementy v pribéhu evoluce ziskaly od hostitele (jako
onkogeny retrovir()

2. RT prokaryot provadi syntézu nezavislou na primeru podobné jako RNA polymerdza (predchlidce RT)

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



Schéma evoluce retroelementu

gen pro gag +INT

RNA replikazu \
gag RT INT
L [rr_] B |

[ ®

/

prvni vétev

\

bakteridlni
genom

LTR mitochond. intron

Hepadnaviry

druha vetev S
Retropozony l
env 5
BRI RT
T -~ RT

I < e T

plazmid
Retrotranspozony a ntron
Tyl-copia Retrony Y
. skupiny
x T Mitochondrialni
Retrotranspozony plazmidy
s — P T

Retroviry Caulimoviry



Paraziti parazitu: Neautonomni elementy
tvori vetsinu. Balancovana rovnovaha

a DMA transposons b LTR retrotransposons ¢ MNon-LTR retrotransposons
n LIME=
RONomoUs .
clemants —*4| T'ar'“mme |b~+ F 2 |F+ »>[TCREI|[EN. AT | JAin—>
1 1 1 | 1
l. r ! : : ::
Mon-autonemous ~1'- Y ' I I SINES L
clamants R h=- +l--4| | >
"Lu. 'l'- .-"II -' ‘_.r"; ;H,.-" () m
y ar .I B ""-. i i
—I:'-‘:I}'i)- —'h-h— S
DMNA-meadiated TEs RNA-madiated TE=s
[class 2) (class 1)

Vybalancovana rovnovaha mezi autonomnimi (A) a neautonomnimi (N) elementy:
- priliSna uspésnost neautonomnich vede k zahubé

- titrace transpozazy neautonomnimi vede k omezenim aktivity

- inhibice nadprodukci

- koevoluce A a N fizena kompetici o RT

- koevoluce endogennich a exogennich retrovirl( — rezistence k infekci

- dalsi mechanizmy restrikce: metylace a heterochromatinizace



