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Experimentalni d Ukaz pFitomnosti a p usobeni RM systém

nemodifikovany fag

Kmen E. coli
obsahujici RM
system EcoK
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Plaka vytvo fFena
fagem, ktery se na
kmeni K modifikoval

Plaka vytvo Fena
fagem, ktery se na
kmeni B modifikoval



RESTRIKCNE-MODIFIKACNI (RM) SYSTEMY

O Slozkami standardniho restrikcné-modifikacniho
(RM) systému jsou sekvencné specifické
enzymy:

O A. modifikacni metylaza (metyltransferaza)
O B. restrikéni endonukleaza

O Restrikci a modifikaci podléha jen dsDNA:
1. Pri infekci fagem

2. Pri prenosech DNA transdukci a konjugaci,
omezené transformaci (pri uméleé tr.)

Monitrovani p Fijmu exogenni DNA — ,imunitni systém prokaryot*



Metylované baze v DNA
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SYSTEMY RESTRIKCE A METYLACE

1. Hsd systémy (host specificity of DNA)

O tHdy (typy) I, II, III, IV
restrikCni a metylacni aktivita

2. Systémy restrikce modifikované DNA
O Mar, Mrr (methylated-adenine), Dpnl
O Mcr (methylated-cytosine)
3. Systémy metylujici specifické sekvence DNA
0 Dam (adenine-methylation)
O Dcm (cytosine-methylation)



Table 6.1 Characteristics of the four classes of Hsd syste:ﬁs.

Properties ‘ Class 1 . Class II Class II1* Class IV'-
R and M activities  Trimeric ::ca;mplex Single enzymes Trimeric complex  Single protein +
C e 2nd methylase
Genetic Two transcripts: hsdR, Usually two Two transcripts: 1-2 geny,
organization hsdSM ~ transcripts: hsdR, hsdSM
hsdR, hsdM
Recognition Non-symmetric, Usually Non-symmetric Palindromic,
sequence hyphenated palindromic hyphenated
Requirements for .
restriction SAM® Mg?* SAM, ATP, Mg** Mg**
methylation SAM, Mg?*, ATP SAM SAM, ATP, Mg**
Location of Random, at least 10° Usually within 24-26 bases 3’ of | 30 bases 3' of
cleavage site bases away from the recognition ~ recognition recognition
recognition site sequence site. site
Restrictirim versus Mutually exclusive Separate Simultaneous protein $tépi
methylation | jen modifiko-
Recycling of No _ Yes Yes vanou DNA
endonuclease '
Model systems EcoB and EcoK EcoRI SP1 Eco571 + M-Eco571

a, On.ly- five Class Ill and one Class IV cases have bcch Sludicd. b, SAM: S-adenosylmethionine.



Table 6.2 Recognition sequences of some restriction enzymes.

Recognition

Enzyme  Name Organism sequence Observations
Class I EcoK E. coli K12 AACNGTGC Cleavage =10° bascs away
Class II EcoR1 E.coli RY13 G/AATIC Palindromic sequence
M-EcoRl  E. coli RY13 GAA*TTC Cognate methylase
Rsrl Rhodopseudomonas sphaeroides G/IAATTC Isoschizomer of EcoRI
Aval Anabaena variabilis C/PyCGPuG Palindromic degenerate sequence
Dpnl Diplococcus pneumoniae GmeA/TC Necessitates me-DNA
BamHl  Bacillus amyloliquefuciens G/GATCC Compatible enz ’mes-
Mbol Moraxella bovis CATC pat )
ClassllI  SP1 Phage P1 AGACC Cleavage 24 bases from 3’ end
Class1V  Eco571 E. coli RFL57 " CTGGAG , Cleavage 14 bases from 3’ end

By convention, oniy the 5’ to 3’ strand is shown. N, nucleotide; Py, pyrimidine; Pu, purine; meA, methyl-
Ade; * represents the methylating site; / indicates the cleavage site.



GENY KODUJICI RM-SYSTEMY JSOU NESENY
NA RUZNYCH REPLIKONECH

TABLE 2. Organization of Types I and IlI Restriction—Modification Systems

Recognition Cellular location

Group Members sequence of the R—-M system
Type [A EcoK : AAC(N)eGTGC Chromosomal

EcoB TGA(N)sTGCT Chromosomal

EcoD TTA(N),GTCPy Chromosomal

StySB GAG(N)ePuTAPyG Chromosomal

StySP ACC(N)eGTPuC Chromosomal

StySQ ACC(N)sPuTAPYG Chromosomal

EcoDXX1 ATCA(N)-ATTC Plasmid
Type IB EcoA GAG(N),GTCA Chromosomal

EcoE Chromosomal
Type IC EcoR124 GAANgPuTCG IncFIV plasmid R124

EcoR124/3 GAAN,PuTCG IncFIV plasmid R124/3
Type 1li EcoP1 AGACC Prophage P1

EcoP15 CAGCAG Plasmid 15B

Hinflll CGAAAT Chromosomal

lokalizace genli na chromozomu,
plazmidech, nebo profagach



PFitomnost gen u RM systém u na mobilnich elementech

Mobilni element

Priklad RM systému

Plazmid paeR71 P. aeruginosa
ecoRI E. coli
ssol | Shigella sonnei
bsp6l Bacillus sp.
Bakteriofag/profag hindl11 H. influenzae

sau4?l S. aureus
eco01091 E. coli
bsuMI B. subtilis

Integra¢ni komulativni
element/genomicky ostrov

Sth368I Streptocvoccus thermophilus
hsdMS S. aureus

Transpozon

Rle39BI

Integron

xbal Xanthomonas campestris
M.Vch0211 Vibrio cholera
hph! Vibrio metschnikovii
CAAGS8 Lactococcus lactis




 Multifunctional type | enzymes have different
- subunits for restriction, modification, and - e
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Restriction and :
modification enzyme

Mc_ndl'fl_cu'tl.on complex - -
- (EcoB only) - :

PODJEDNOTKOVE SLOZENL
ENZYMOVEHO KOMPLEXU
TYPU I

S = rozpoznani cilove sekvence

M = vazebné misto pro SAM a aktivni
misto pro metylaci

R = aktivni misto pro hydrolyzu ATP,
pro translokaci DNA a pro St  épeni

Multifunkcni komplex



INTERAKCE ENZYMU RM SYSTEMU TYPU I
S CILOVOU SEKVENCI NA DNA

s-udenosyl methlonin . s
Alosterlcky efektor

umoznujici rozpoznani
cilové sekvence

SAM se
uvoliuje
pred
stepenlm

E

- DN, is fully methylated”




Does a type I enzyme move aiong DNA or does
it remain at its target site, Simultaneously pullmg
.the DNA through the proteln'?

Interakce enzymového
komplexu s rozpoznava-
cim mistem

1. Vyhledani rozpoznavaci
sekvence
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MODELY TRANSLOKACE DNA
ZPROSTREDKOVANE ENZYMY RM SYSTEMU
TYPU I

Smy ¢ky pozorované v EM

\ + Pi
ap ADP

DP + Pi
5

-

ATP-dependentni translokace DNA - ke stépeni dochazi
po kolizi DNA retézcli v misté navazaného enzymu

Pokud jsou mista nemodifikovana, vytva Fi se rozpoznavaci komplex, vazany na
rozpoznavaci misto, a jim je DNA protahovana (translok  ovana) az k mistu

vzdalenému zhruba 1000 bp nebo vice, kde pak prob  éhne St épeni.



Navazany restrikcni
enzym



Vytvareni RM systémi typu I s novymi sekvenénimi specifitami

a| Struktura rozpoznavaci podjednotky Enzyme  Recognition sequence
StySPI AAC (Ng) GTRC Prirozeny RM systém
SHATII GAG (Ng) RTAYG ~ PFirozeny RM systém

Sy5Q AAC (Ng) RTAYG » hybridni hsdS
St GAG (Ng) GTRC

StysQ' AAC (Ng) RTAYG mutagenrlzovana
centralni oblast

Amino  Central i F Ji
THO. Corsaned _1a0Y coamow  Geny hsdS mohou rekombinovat — p  Fedstavuji

Region Region dvé alely

") prrrZZZA TZZZZZZZZZZZZZZZ oz GRAMNORTCG  Zmény pottu

L7777 7R X Y7777 777 777773  EcoRi24ll - GAA (N,) RTCG aminokyselin
v centralni oblasti

EcoDXXI  TCA(N;) RTTC g e
ovliviiuji rozpoznani

DR2 TCA (Ne) RTCG cilové sekvence
RD2 GAA (Ng) RTTC
DR3 TCA (N;) RTCG
AD3 GAA (N;) RTTC

Amino Amino Central Carboxy Carboxy
Conserved TRD Conserved TRD  Conserved

Region Region Region TRD = target recognition domain




MUTACE V GENECH RM SYSTEMU

Bowiae i w»  Pro RM systém typu I je
nezbytna funkcni hsdS -

IR jeji mutace vede
k fenotypu r- m-.

o T |S=— MR

' m-



RM SYSTEMY, U NICHZ JE STEPENA MODIFI-
KOVANA DNA (KMEN NETVORI METYLAZU)

O0O000

E. coli K12
Mar = methyladenine restriction (GmeAC, GmeAG)
Mrr = methyladenine recognition and restriction

Mcr = methylcytosine restriction - modified
cytosine restriction (GmeCG - C5, N4, HM-C5) -
stépeni sekvence v nékolika mistech (stépi téz
neglukozylovanou fagovou DNA)

Diplocooccus (Streptococcus) pneumoniae:
RM systém DpnI - stépi GmACT

(Caulobacter, Neisseria, Acholeplasma,
Streptomyces)



Detekce restrik¢niho systému Mar

Gen hsdM Koduje mistné
specifickou

/ metylazu
Transformace

Metylace DNA do kmene
Hsd- Mar+
| '
Stépeni DNA Smrt bungk
ko Indukce SOS-odpovédi
Reparace DNA




Restrikéni systémy Dpnl/Dpnll Diplococcus pneumoniae

Dpnl - RE §tépi metylovanou DNA v sekvencich GmATC
(v buiikach s Dpnl chybi aktivni metylaza)

| DpnlI - RE §tépi nemetylovanou DNA v sekvencich GATC Standa I‘(il ni
(v buiikach s DpnlI je metylaza aktivni) RM system
Dpnl Dpnll
_ Endo dpnD - ; MethBﬁ) MethA! Endo >—
o i
R e & / _
o a \ " - -

-
-

koncové sekvence s 90% homologii

prenos transformaci

J

rekombinace do jediného lokusu na chromozomu

V

selekce jednoho z obou systémii Na urovni |
(podle stavu metylace fagové DNA) populace



TABLE 3. Antirestriction Strategies

Antirestriction gene,
polypeptide, or base

Antirestriction target

Strategy Bacteriophage modification (R—M type) Reference
Inhibition of endonuclease T3, T7 ocr EcoK., EcoB (type 1) Kriger et al., 1978
‘ EcoPl (type IlI) Kriiger et al., 1982
$NR2rH, ¢1rH 20 kD BamNx (type 1) Makino et al., 1979
Makino et al., 1980
Protection of viral DNA by viral-  SPB, $3T, SPR M.BsuRI M.SPR Warren, 1980
encoded methylase Noyer-Weidner et al.,
T2, T4 T2,4 dam Mutant EcoPl1 (type 11I) 1981
Bdchi et al., 1979
Hattman et al., 1985
Overproduction of host-encoded N ral EcoK, EcoB (type I) Zabeau et al., 1980

methylase
Modified bases in viral genome

Metabolism of S-adenosyl-t-
methionine (SAM)

‘Underrepresentation of
restriction sites in phage
genome

SPO1, SP8, SP2G
$25, de, 2C .
PBS1, PBS2
T-even phages

P1

1, $29

5-Hydroxymethyluracil
(for thymine)

Uracil (for thymine)

Hydroxymethylcytosine
(for cytosine)

darhA, darB

No GGCC sites

Many type' Il systems

EcoB (type 1)
EcoRl, EcoRV (type I1)

Ecol, EcobB (type 1)

BsuRI (type 11)

Hemphill and Whiteley,
1975
Warren, 1980

Li et al., 1975

Revel and Georgopoulous,
1969

Takahashi et al., 1978

Kriiger and Bickle, 1983

Kawamura et al., 1981
Ito and Roberts, 1979

Mechanismy, kterymi plazmidy a fagy unikaji restrikci
1. Neobvyklé modifikace DNA
2. Nizka frekvence cilovych mist

3. Tvorba protein U, které interferuji s jednou nebo vice aktivitami RM sy
4. DNA vstupujici do bu nky ve form & ssDNA (konjugativni plazmidy nebo n
restrikci, ale stava se k nim citlivd po syntéze druhéh

stému

o vlakna.

ékteré fagy), neunika



Priklady antirestrik €nich mechanism u

Fag MU - funkce MOM: konverze adeninu na A-(1-
acetamido)adenin, ktery je necitlivy k EcoKI a EcoBlI.

Plazmidy: Ard (alleviation of restriction) - antirestrikcni
protein, zmirneni restrickce

Fag lambda: Ral (restriction alleviation) - antlrestrlkcm
ﬁil‘\‘ll)tSWA zvyseni modifikacni aktivity enzymu typuAl na

Fagy T3 a T7: (proteiny Ocr = overcoming restriction)
inaktivace enzym typu I (zabrana jejich vazby na DNA)

Fag P1: Dar-proteiny (defense against restriction) ? -
rozklad SAM



"Loss" of restriction sites.  Some phage have many fewer recognition sites for certain re striction
endonucleases than you would predict by random chance. Fo r example, the phages T3 and T7 lack the
5-bp EcoRII recognition site CC(A or T)GG. This is thought to aris e by selection for phage with
mutations that prevent cleavage by restriction endonucle ases commonly encountered in their hosts
Modified bases. Some phage have modified bases that prevent recognition by restriction
endonucleases. For example, phages T2 and T4 have hydro  xylmethylcytosine instead of cytosine in
their DNA.

Self-methylation. Some phage encode a methylase that can modify their DNA so t hat it is not cleaved
by certain restriction endonucleases. For example, the E. coli phages T2, T4, and the Myxococcus
phage Mx8 encode dAdenine methylases ( dam). Certain plasmids also encode methylases that may
provide protection against restriction endonucleases

Activation of a host methylase.  Some phage encode a protein that stimulates the host's me thylase to
modify the phage DNA. For example, the Lambda Ral ("restr iction alleviation™) protein enhances
methylation by the HsdM subunit of the  EcoK and EcoB restriction systems]. Ral seems to act by
stimulating the expression of the host hsdS and hsdM genes

Degradation of host S-adensylmethionine.  Some host restriction systems only recognize modified DNA
(e.g. the McrA and McrB systems in  E. coli). Phage T3 encodes a S-adensylmethionine hydrolase
activity that degrades the substrate required for methylat ion by host enzymes, thus avoiding
modification of the phage DNA and subsequent cleavage by m odification-dependent host
endonucleases

Inhibition of host restriction endonucleases. Many conjugal plasmids produce antirestriction proteins
(called Ard) that specifically inhibit Type I restricti on endonucleases. The Ard proteins have a motif that
is very similar to a motif found in the HsdS subunit, thus it is possible that the Ard proteins prevent
proper assembly of the restriction endonuclease complex b y binding to the other Hsd subunits. Phage
T3 produces a protein called Ocr which inhibits host met hylases, resulting in resistance to
modification-dependent restriction systems

DNA repair systems. Activity of certain phage genes may allow repair of the doubl e-stranded breaks
produced by restriction endonucleases. For example, th e lambda Gam and Red proteins may repair the
cleaved DNA by recombination with another copy of the pha ge DNA



Lokalizace genu ocr/0,3 na
fagovém genomu

Ocr 0,3

Lokalizace genu ard na
plazmidu

N—

Antirestrik €ni
protein

Promotor genu ard




Antirestrikéni mechanismy T-sudych fagi

Fagova DNA
5-HMC 5-HMC
urcité kmeny <«— Rgl systémy E. coli
E. coli (restriction of non-glucosylated DNA)
inaktivace rgl-enzymu
s 4
v restrikce

glykozylace S-HMC
(rezistence vuci RM II)

Reakce f4 crikei

1. T4 -—->HMC
2. E. coli --» rgl
3. T4 ---> arn

4. T4 ---> glukozylace HMC

Fag - arn (antirestriction

endonuclease)

Glukozylace HMC zbytk G DNA T-
sudych fag U je G€innou ochranou
pred vétsinou RE — a navic slouzi
k identifikaci fagové DNA, takze
enzymy kédované fagy mohou
selektivn & degradovat hostitelsky
chromozom



Evoluce interakci mezi T-sudymi fagy a hostiteli

restriction

(nurmalp h??ﬁ.}

Tevenphage  o-hydroxymetyl-

mcr nucleases (hmC DNA) cytosin
————
The prr locus was originally described as
coding a ribonuclease that is activated
4 Teven Phaﬂﬂ after phage T4 infection to cut within the
7P nudaasel j (alycos A) anticodon of a specific tRNA, inactivating
protein synthesis and thus blocking phage

development.

T avenrhage glykozylace hmC

E cosylated hmC
I&{A, ANA ligase,
PN kinase)




Evoluce interakci mezi T-sudymi fagy a hostitel

Glu—HMC
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mechanismus
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SYSTEMY METYLACE DNA (E. COLI K12)

- V bunikach neni p fitomna RE rozpoznavajici metylovanou sekvenci —
nejedna se tudiz o standardni RM system

O 1. Systém Dam (dam-metylaza)
B metylace A v GATC (donor met = SAM)

B GATC - regulacni funkce: pocatek replikace,
promotory, reparace, transpozice
O sekvence GATC je rozpoznavana 15% RE typu
II, je pritomna u 50% vsech 4N-RM-systému,
neni vsak cilovou sekvenci pro restriktazy v
zadném z druhi@i enterobaktérii.

O 2. DNA cytozin metylacni - Dcm (E. coli K12)

B metylace cytozinu na C5 v sekvenci CC(A/T)GG
(?funkce pri reparaci na velmi kratké vzdalenosti)



VYSKYT RM SYSTEMU
U ENTEROBAKTERII (3 DRUHY)

O 30% kmeni (z 1000 studovanych) obsahuje RM
systém

O u 170 RM systémi bylo zjisténo jen 33 rliznych
cilovych sekvenci

0 nebyly zjistény RM systémy rozpoznavajici 4 bp-
mista (vcetné GATC) - ucast na regulacich



VYZNAM RESTRIKCE

O Ochrana integrity viastni DNA

B obrana pred bakteriofagy (typ II) . ]
...docasné plsobeni —epigenetické zmény, na drovni
populace nutna obmena

u ?ysté? napomahajici rekombinaci cizorodé DNA
typ 1
B sStépeni DNA (nahodné) mimo rozpoznavaci sekvenci
umozni rekombinaci mnoha gentli - analyza prenosu

genl transdukci a konjugaci podporuje vliv RM
systému pfFi vzniku mozaikovych genomu (E. coli)

O ? ,Selfish DNA™

®  molekularni paraziti bakterii. RM sKstémy typu II se
udrzuji prostrednictvim plazmidd, které je koduji
(usmrceni bezplazmidovych bunek)



RM systémy jako mechanismus postsegrega  €niho zabijeni

Locus (plasmid) Bacteria Killer Target Anti-killer

B. Restriction-modification systems restriktaza metylaza

paeR7I (pMG7) Pseudomonas aeruginosa  PaeR7I 5" CTCGAG in M.PaeR7I
the chromosome

ecoRI (RTF-1) Escherichia coli EcoRI 5 GAATTC in M.EcoRI
the chromosome

ecoRII (Fig. 6; Escherichia coli EcoRII 5" CCWGG in M.EcoRII

RTF-2; N-3) the chromosome

ecoRV (pLG13) Escherichia coli EcoRV 5" GATATC in M.EcoRV
the chromosome

ssoll (Fig. 6; P4) Shigella sonnei Ssoll 5" CCNGG in M.Ssoll
the chromosome

bsp6l (pXH13) Bacillus sp. strain RFL6 Bsp6l 5" GCNGC in M.Bsp6l

the chromosome



Odlisny obsah GC —indicie p fenosu HGT

"Immigration control region"

- . —— e

R R o SRS SEeat S S

E-M genes Recognition sequence
BlSy Eedb g BxiRy  AACHNMNNNNGTGC
BNy kedh g bRy TGANNNNNNNNTGTC

EeiSy Aedbfp heify  AACHNNNNNNGTGC

Gen hsdS m uze byt nahrazen genem hsdS z jiného RM systému
stejné t ridy, nebo geny mohou vzajemn & rekombinovat



VYUZITI RM SYSTEMU
V EUKARYOTICKYCH BUNKACH

Transgenni linie mysich bunék exprimujici geny RM
systému

1. prenos a exprese genu M.PaeR7 (Pseudomonas
aerugmosa) metylaza CTCGmeAG

2. prenos a exprese genu R.PaeR7 - endonukleaza
(restriktaza)

3. infekce bunék HSV1 adenoviry - ocekavana
rezistence bunék - vytvorenl organizmu
rezistentniho k virlim (nebo jen urcitych tkani)

Dalsi moznost: studium vlivu metylace na genovou
expresi



Typel Type II Type LII
Hetero-oligomeric enzymes * ENase and MTase separate Hetero-oligomeric ENase
e  Require ATP hydrolysis for enzymes ATP required for restriction
restriction e  Cut DNA within recognition e  Cut DNA close to recognition
e« Cut DNA at sites remote sequence sequence
from the recognition sequence e DEAD-box proteins
* DEAD-box proteins Konzervativni motiv
e.g. EcoKl e.g. EcoRI e.g. StyLTI
Genes hsdR hsdM  hsdS ecorlR ecorlM mod res
o> > >
Subunits HsdR HsdM  HsdS Res Mod Mod Res
L ] L T J e 1
MTase ENase MTase MTase
Activities
| L j l ]
Both ENase and MTase Both ENase and MTase

FIG. 1. Distinguishing characteristics and organization of the genctic determinants and subunits of the different types of R-M systems. ENase, restriction
cndonuclease; Mtase, methyltransferase, Modified with permission from a figure in reference 83,

Geny pro R a M byvaji blizko sebe, ale ne
v transkripcnich jednotkach









Evoluce bakterialnich genoni

Charakteristické rysy:

Rychlé a rozsahlé zminy ve strukture a informa¢nim
obsahu genomu (plasticita, dynamicke ziny)

- Vnitini pirestavby

- Ziskavani a ztraty geni a genetickych element

Vyvoj kmenu v ramci druhu

Adaptace na nové podminky



Podstata zmén v obsahu genomu prokaryot v prubéhu evoluce

Bodové mutace uvnity Duplikace genu (expanze
jednotlivych genii genu a sekvenci ve
vyvojovych vétvich)

Chromozomové prestavby
intragenomové presuny
segmentu a genomovych
sekvenci

Ziskavani genii
horizontalnim
prenosem

Irreverzibilni ztraty gent,
Redukce velikosti genomu

ZvétSeni genomu
Adaptace na nova prostiedi

(intraceluldrni parazité)

Dusledek: Poradi gent je zachovano jen u velmi blizce pfibuznych druhu




Mechanismy evoluce bakterialnich genorin

Fagy, plazmidy,
IS, Tn, PAI

avani a

7

Procesy zisk

7

V4

pozm énovani
genovych funkci

~

ziskavani getia
HGT

+ Aditivni
evoluce

genove duplikac
pirestavby

transformace

rekombinace,

_,.) delece

bakterialni

genom

v

Udrzovani geni
poskytujicich selekéni
vyhody

¥

&'I::%’
@ fagy \‘ “':\‘." .

ztrata gena

Reduktivni
evoluce ==

inaktivace gena,
psedogeny

Fnimi

Ztraty genovych
mechanismy

funkci vnit




Struktura genomu odrazi zivotni styl bakterie

Common bacterial ancestor

PFic¢iny zmén ve
velikosti a obsahu
genomu

‘Mutations,
rrangemer

Intracellular bacterium, Extracellular bacterium, All lifestyles
obligate intracellular pathogen, facultative pathogen,
endosymbiont symbiont



Mechanismy odpov¥dné za plasticitu genomu

Geneticky element nebo mechanismus

Dusledky

A. Zisk vlastnosti

Bodové mutace

Zména genoveé exprese

Homologii rekombinace

Preskupeni DNA, inverze, duplikace, dalece DNA
Integrace DNA prenesené HGT

Transformace

Ziskani pridatné genetické informace

IS elementy, transpozony

Inzerce, dalece , inverze DNA, z&ny genové exprese

Integrony

Prenos ge#, preskupeni DNA

Konjugativni transpozony, plazmidy

Konjugace, HGT, mobilizace jinych elemeni (plazmidi,
chromozomu)

Bakteriofagy

HGT, transdukce, fagova konverze

GTA, VTA

HGT

Genomove ostrovy a ostiivky

HGT, integrace a delece velkych UsakDNA

B. Ztrata vlastnosti

Bodové mutace

Zmény v genoveé expresi, ztrata funkce gai

Homologii rekombinace

Preskupeni DNA, dalece DNA, integrace gaéziskanych
HGT

Transpozice

Zmény genoveé exprese, ztrata funkce gén




Spektrum faktora podilejicich se na zrdnach genoni

Cell duplication

(determine

e

1 10! 102 102 10 107

F plasmud Duplication
transfer
Deletion
s formation
phaghcd e by 5}
transduction L

Sequence hotspots

DNA polymerase
mutator strain

Spontaneous mutation rate
by sequence analysis)  (de

......

rmincd by phenotype)

i

10 107 10® 10”° 10"

Hfr chromosome gene transfer

phage p_1 Phase variation
transduction

_P_h ag:_g ?‘* pl:gag{.. A induction
transdu%tlcm

Tn9 transposition

DNA polymerase



Vnit¥ni prestavby replikomi navozené fFitomnosti repetici

Typy repetici Typ piestavby
« geny rRNA a tRNA _
* Inzeréni sekvence *Duplikace
. transpozony R (a[l)mlollflkace)
o kratké repetice :In(\a/:r(;i
e rhsa Chi-sekvence| Mechanismus

Homologni rekombinace
Transpozice

Mistné-specificka rekombinace
Nerovnomérny crossing-over




pfima opakovani (repetice)

A R B R C
= ‘ Y 11
—
A R B R C
deletion 1 2
A R C -
L —— ) duplication
A R B R B R C
—_e =i i

obracena opakovani (repetice)

A Re Bl € HaRin B
. — — .

/ inversion
B C

C B
R

Prestavby navozene interakci repetic

(homologni rekombinace)



Genomova preskupeni navozena rrn operony u kmenii Salmonella typhi

rrn operony

e

| 2

Escherichia coli

Salmonella typimurium

Salmonella paratypi
I

| 22
| 57

| 4

| 1

I K12

| RS
| B | 172
T e s ]

A




Rozdily ve strukturie genomu pribuznych druhu

delece uvnitr

/ segtnen\!;ﬁ

Mycoplasma genitalium 4 (< 4 {

| 580 kbp

/

I_ >l
Mycoplasma pneumoniae VAR N |

|

816 kbp

MgPa (RepMP2/3/4/5) 150-1000 bp



Pohyby inzercnich sekvenci v populacich bunék E. coli
sledované v prubéhu 10 000 generaci.

Ancestor
500,02 1000,15
500,05 1000,16
mény v genomu po s et
Z y g p 500,12 1500,09
500,13 16500,10
dl h d b, h AMN\/ANT 800,14 150,12
ounoaopem ucnovavani 000,05 1800112
1000,08 1500,16
1000,10 1500,18

kultur E. colia S. typhimurium 600’12 150020

2000,12
= 500,10
— 1000,18
1 000,02 — 1000,09
— 1500,11 I
— 000,11
1500,05
1500,08
1500,07
- _ i S . e
>zmeny lokalizace IS 1000173 ylogenetcky strom sestrojeny z

RFLP podminénych piresuny IS1,

»zmény velikosti genomu Zouice
v y J Al Hasie™ IS2, 1S3, 1S4, 1S30, 1S150, 1S186
»zmény fenotypu B
, ""‘I:z-o—oﬂlo\:ooo'us
5000,01
e 2000,04 5000,08
= | 5028610‘?13
b4 e35070 5900.09
500003
= b 8000,11
e 8000,08

8000,01
-E 8000,08
8000,07
1 000,15

8000,12
8000,16

8000,02

8000,05
10000,03 — 10000.01

10000, 14 10000,08
10000,07 '4p000,02

1
10000,13 10000,09

— 10000,06
10000,12




Evoluc¢ni historie chromozomuE. coli
(srovnani E. coli K12-MG1655 a kmehse znamou genealogii)
67 udalosti: 37 inzerci a 30 deleci
*- 90% ORF je pro vSechny geny spol@mé
* kb az Mb jedine¢né DNA:
* geny prenesené horizontal®
» plazmidy
» bakteriofagy
» transpozony

> genove kazety



Rozdily v genomeclE. colia S. typhimurium
(divergence obou druhla pired 120-150 milony let)

- rozdily zpiasobené rozsahlymi genomovymiiestavbami:

» velké inverze zahrnujici az 10% genomu
» &etné oblasti jeding&né kazdému druhu

tzv. ,smycky“ —inzerce nebo delece az 15%élky chromozomu
s nahodnou distribuci

- druhoveé-specifické geny ziskane horizontalnimfenosem
e genylac u E. coli,geny pro invazivitu u S. typhimurium



Zavéry z analyz prestaveb genomltk. coli a S. typhimurium
(u neselektovanych kultur)

e Prumérny lokus je duplikovan v kazdé z 1000 buik
e 10% bunék v kultu e nese duplikaci ®které oblasti chromozomu
e Velikost duplikaci: 140 kb — 2100 kb

» Distribuce duplikaci neni ndhodna
» Duplikace jsou ohranieny dlouhymi pfimymi repeticemi riizného typu
Duplikace funkci =%  adaate na znény prostredi

e ZVySeni davky gei
e vytvoreni redundantni DNA pro naslednou genetickou divergnci

—| paralogni geny — adaptace na nova progedi




Vytvareni paralognich geni duplikaci a divergenci

Ancestral gene

X

Am__

1 Gene duplication

(homolog formation)

X X
No divergence Evolutionary divergence
(due to functional constraints) (due to mutations and selection for novel function)

X Y

— A S —

Original gene New gene (paralog)



Evoluéni vztahy mezi ortolognimi a paralognimi geny

xﬁ
Species A

Gene .
duplication Species

X . X
CQ and @ diversification
evolutionary

divergence
Common
ancestor [ ] S
pecies B
X andY
Xs and Yy,
ﬁa aneX Orthologous genes Xg and Yg Paralogous genes
aand Yy Xa and Yg

Xg and Y,



Pocty paralognich genu v genomech bakteridlnich druhu

Organizmus Velikost genomu (Mbp) Pocet ORF Podet paralogu
T. pallidum 1.14 1040 129 (12%)

B. burgdorferi 1.44 1751 707 (40%)

H. pylori 1.66 1657 266 (16%)

A. fulgidus 2.18 2 437 719 (30%)

B. subtilis 4.20 4100 1947 (47%)

M. tuberculosis 4.41 3924 2 000 (51%)

E. coli 460 4 288 2272 (53%) +

zvysSeny adaptivni potencial



Vznik plazmida béhem evoluce bakterialnich replikoni

;mmi .

Plazmid
(vicekopiovy)

repD
l

Pavodni genom tvaeny nékolika
mensimi replikony

Vytvareni hybridi téchto
replikona vzajemnou integraci

Rozklad hybrida za vzniku
vétSich nizkokopiovych stabilnich
replikona (chromozomi)
nesoucich ¥tSinu geni,

a malych vysokokopiovych
replikonu (plazmidu)

Opakovani procesu integrace a
rozkladu, optimalizace
informa ¢niho obsahu replikoni

Vyhoda vysSiho pétu kopii:
1. vySSi davka gei,

2. vySSi Sance mutaci

3. prenos mezi butkami




Horizontalni pirenos gei

o Casto prenadsené: oper&ni geny (metabolismus :
regulace, burééna struktura)

o Zridka prenasené: inform&ni geny (transkripce,
translace)

Horizontalni prenos geud je spjat s variabilnimi
genetickymi elementy
profagy,
plazmidy,
|S-elementy,
transpozony,
Integrony



Pocet horizontaln & prenesenych gen u

u vybranych druh G bakterii a archeii

Velikost Horizontaln é
Druh genomu| Pocet prenesené ORF
(Mbp) ORF
Proteobacteria pocet %
Escherichia coli 4.64 4289 381 9.6
Haemophilus influenzae 1.83 96 96 6.2
Helicobacter pylori 1.67 1553 89 6.4
Rickettsia prowazekii 1.11 834 28 3.6
Gram-pozitivni bakterie
Bacillus subtilis 4.21 4100 537 14,5
Mycoplasma genitalium 0.58 480 67 14.5
Mycoplasma pneumoniae 0.82 677 39 5.9
Mycobacterium tuberculosis 4.41 3918 187 5.0
Spirochaete
Borrelia burgdorferi 0.91 850 12 1.56
Treponema pallidum 1.14 1031 77 8.3
Chlamydiae
Chlamydia trachomatis 1.04 894 36 4.3
Deinococcus radiodurans 2.65 2580 95 3.92
Synechocystis sp. 3.57 3169 219 7.5
Thermotoga maritima 1.86 1846 198 11.63
Archaea

Aeropyrium pernix 1.67 2694 370 14.0
Methanobacterium therm. 1.75 1869 179 10.3
M ethanococcus jannaschii 1.66 1715 77 5.0
Pyrococcus abyssi 1,76 1765 124 7,35

1% bakterialnich
geni bylo ziskano
HGT z eukaryot



Horizontaln é pirenesené geny (HGT) . coli K12 MG1655
(po divergenciE. colia S. typhimurium)

GenomE. coli obsahuje relikty 755 HGT
(18% genomu = 548 kb, 234 ¥enosovych udalosti)

»\/y3Si proporce HTG v oblasti terminatoru replikace
» Lokalizace HTG pobliZz geni pro tRNA (prenos pomoci fag)
>V blizkosti HGT se nachazi 68% vsech inzé&nich sekvenci
- IS jsou pirenaseny spolu HTG
- IS navozuji integraci prenasené DNA



Geneticky element Oznaceni Faktory virulence nebo jiné funkce
Ostrovy patogenity
EnteropatogenniE. coli PAI Adhesiny, hemolyziny, cytotoxiny

Enterohemorhagickék. coli

LEE (esp-LEE)

Adhesiny, enterotoxiny

Vibrio choleraO1, 0139

VPI (vibrio path. island)

Pilusy, regulace

Staphylococcus aureus

TSST-1-PAIl (SaPI1 aj)

Exotoxinovy PAI
Enterotoxinovy PAI

Toxin toxického Soku
Exotoxin
Enterotoxin

Ostravky patogenity

E. coli, Shigella dysenteriae

Lokus chuA a shuA

Prijem hemu

Salmonella enterica sv. Typhimurium

Lokus msgA/pagC

Protein vnéjSi membrany, prezivani v makrofagach

Streptococcus pyogenes

Oblast vir

protedzy

Plazmidy

E. coli (mimo stievo)

pHly, Vir plazmidy

Hemolyzin, cytotoxicky nektrotizujici faktor

intestinalni E. coli

pO157,Vir plazmidy

Adheziny, enterotoxiny, kataldza, hemolyzin

Shigella flexneri

pWR100, pWR501

Invasiny, enterotoxin

Clostridium tetani

pCL1

Tetanovy toxin

Bakteriofagy

Clostridium botulinum cl Botulotoxin A, B
Corynebacterium diphtheriae B Diftericky toxin A, B
E. coli (enterohemorhagické) H19, 933 Shiga toxin A, B
S. aureus 042 Enterotoxin A, B
V. cholerae CTX¢ Cholerovy toxin A, B




Odhadované st&i geni horizontalné prenesenych do chromozomu
E. coli MG1655 a jejich lokalizace v genomu
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Genomicke ostrovy (,fithess* ostrovy)

¢asti genomi se znaky mobilnich genetickych elemeiits odliSnym
obsahem GC, ohranéené repeticemi a geny pro mobilitu

> ostrovy patogenity
> ekologické ostrovy
» saprofytické ostrovy
» symbiosové ostrovy

Charakteristicke pro jednotlivé kmeny v ramci druhu



Obecna struktura ostrova patogenity

Inzeréni sekvence
VIV, W VWV, IS gy —

t + t 1

Geny pro virulenci

70 — ; Prima opakovani
& 60 = v v
e R i (g
19 ;g = I|I|II||||,iuI|I|[l|H Ilillllli|I||]i|||||III||[|k|]|||||I|E[i|||I[;|||||{I|I|m||l|lE||||i;||i|l|”§g|||;j;II|I“|"||Iit||||1;|EIIi§iI

20 —

Patet nukleotid




Vyznacneé rysy ostrovi patogenity

¢ Nesou jeden nebatkolik geni pro virulenci

¢ Jsou pitomny jen u patogennich kmiedaného druhu

¢ Predstavuji relativé velké tseky genomu (10 — 200 kb)
¢ Maji odlisny obsah GC a jiné vyuzivani kodaon

¢ Jsoucasto umisiny pobliz geid pro tRNA (kotvy pro
Inzerci cizi)

¢ Jsoucasto spojeny s mobilnimi genetickymi elementy.
¢ Casto jsou ohraneny DR (16-130 bp) - rozpoznavaci
mista pro enzymy zajigjici integraci a excizi mobilnich
element (integraza nebo transponaza)

¢ Jsoucasto nestabilni a jsou deletovanyigmymi
frekvencemi.

¢ Maji mozaikovitou strukturu — jsou slozené z elendent
které se Bhem evoluce viizné dols a z fiznych zdrai
akumulovaly do ufitych mist.



Distribuce ostrova patogenity uS. enteriticaserovar Typhi

SPI-10; 33 Kb (4683690-4716539)
Phage 4, chaperone-usher fimbrial operon

SPI-7; 134 Kb (4409511-4543072)
polysaccharide bicsynthesis,
prophage, Type IV pili

SPI-4; 25 Kb (4321943-4346614)
invasion and intracellular sunriva[l

SPI-3; 17 Kb (3883111-3900458)
invasion & intracellular survival

SPI-8; 7 Kb (3132606-3139414)
bacteriocin biosynthesis & immunity,
degenerate integrase

SPI-6; 59 Kb (302172-361067)
chaperone-usher fimbrial operons

S. enterica

SPI-5; 7 Kb (1085156-1092735)
enteropathogenesis

serovar
Typhi
4.809 Mb

SPI-2; 40 Kb (1625084-1664823)
TTS & intracellular survival

SPI-9; 16 Kb (2742876-2759156)
Type | secretion, RTX-like protein

SPI-1; 40 Kb (2859262-2899034)
~adhesion, cell entry, TTS




Vznik genomickych ostravu patogennich a environmentalnich mikiob

Core genome
@ Reductive evolution
and establishment

Prenos fégem Hypothetical of GEls
@ Transfer of

Lifecycle

4t Gang X

I )

@ Addition of genes

from mobile elements




Model vzniku ostrovii patogenity u patogennichi. coli

Kmeny E. coli adaptované
na ruzna prostredi

Enterohemolytické k.

Enteropatogenni k.

Uropatogenni k.




Horizontaln é ziskané virulentni faktory zodpovédne za
patogenitu enterohemorhagického kmene E. coli O157:H7

Plazmid 0157
ziskany patrné
konjugaci

. intracellular .
%, catalase-peroxidase

................
. "y
. Loy
--------
......
............
.

'S Qe

3

.. EHEC S Large
®: hemolysin =

‘ i % @ clostridial ;
¢>Shiga toxin = 9. @ Sae toxins ¢

............
------
"

O

.t
o
*

Host cell surface

LEE = locus for enterocyte effacement (uchyceni mavsti sliznici a jeji [éze)



Sukcese genetickych udalosti vedoucich k virulencraha Shigella

= Virulence
?—;:EJ i -
) | plasmid

SHI-1 SHI-2

"SHI-2
E. coli ancestor ompT cadA Shigella

Kmeny Shigellajsou odvozeny zE. coli po ziskani virulencniho
plazmidu a dvou chromozomovych get (SHI-1, SHI-2) a po
ztraté nékolika malo geni z genomuk. coli (lyzindekarboxylaza —
Inhibice toxin)

/ 90% homologie DNA (1)

r. Shigella x Escherichia coli K-12 <‘> Kolinearita geni
Rekombinace po HGT




Vliv ztraty genu ztraty geni na patogenitu enterobakteri

Genomove delece ¢erne diry*) zvySujici virulenci u Shigellaspp. a u
enteroinvazivnich kmeni E. coli (EIEC)

E. coli K-12

4254428 bp 4406306 bp
| 1 I I I I ) 1 ] 4 'I_ T T T 1 I 1

A A N

lex4 uvrA acs ghtP yicV  pinl  proP  mel4 cadd cutA  ampC  psd ml vacB

3. flexneri 2a + + + o+ 5 =+ . "% . G e R
3. dysenteriae 2 + + + 4 -+ 4+ . e B . B
S. boydii 14 + + + o+ - - % : - # % -
3. sonnei + + + o+ - - % ; % & ' ER
EIEC 0124:NM + + -+ - .+ " PR + + o+ o+
MC4100 + + + 4+ + + o+ 4 + 4+ + + + +

Vysledek hybridizace sond z 14itiznych geni E. coli K12 z oblasti genomu
4254428-4406306 bp k genomové DNA reprezentativnicimeni Shigellaa
EIEC (+ = pozitivni hybridizace, - = negativni hybridizace)



ZACHYTAVANI GENU INTEGRONY

e intl

Promoter

att
Qx 59-base element
_ ! Gen (nebo
genova kazeta)

—— intl

- Integrase

../\

m—— intl

59-base element

ay i
@ Gene 2

Integron obsahuje:

1. att misto,
umoznujici opakove
zachyceni gend nebo
genovych kazet

2. Gen intl kodujici
integrazu,
rozpoznavajici ruzna
59 bp rekombinacni
mista

3. Promotor
umoznujici expresi
vlozeného genu

Genova kazeta v CTn (v plazmidu)

Vibrio cholerae — obsahuje superintegrony s mnoha genovymi kazetami




Typy stafylokokovych chromozomovych kazet (SCCmec)adpovédnych
za rezistenci kmerni S. aureusk meticilinu

SCCmec type Class B mec

34 kb

IT53 kb

11-67 kb

Jregion Class B mec

IVa-24 kb

Class C2 mec
oftf  hsdM |

D N
hsds X’ AmeckT 15431
ool mec

V-28 kb



Interakce patogen-hostitel u bakterialnich infelénich onemocréni

EVOLU CNi PROCES VYZADUJICi
ZISKANI VIRULEN CNICH NEBO _
Oportunni patogen ZTRATU NEVIRULEN CNICH ZNAK U Primarni patogen

schopny vyvolat onemoc#ni ——— vyvolavajici onemocréni jako

4 . : cast sveho zivotnih I
u vnimavych pacienti soweast sveho zivotniho stylu

HOSTITEL

ORGANISMUS, KTERY JE
KOLONIZOVAN NEBO

INFIKOVAN
ADAPTIVNI PROCES EVOLU CjN[ PROCES
VYVOLANY HOSTITELEM VYZADUJICI ZISKANI
VIRULEN CNICH NEBO
ZTRATU NEVIRULEN CNiCH
Komensal ZNAK U

nevyvolava bul’ Zadné poskozeni
nebo jen inaparentni onemoc#ni;
muze vyvolat imunitni odpowd’



Odhad minimalni sady genu pro Zivot bunky ze srovnani genomu
Haemophilus influenzae a Mycoplasma genitalium

ortologni geny  peortologni genové
Zameny

redundandni geny
a geny specifické pro

parazity
_ il 6
H. influenzae M. genitalium
1703 genti 469 genti
prapuvodni — o
sada genid parsimonie, Minimalni sada genu

vyFazeni genu



Poéty geni Mycoplasma genitalium podle jejich funkce
a inaktivace transpozonovou mutagenezi

180 170
E 1601
2 140
=
o 120
=
(<)
2N 1004
80
o
= 60
(<)
=1 )
et 40_
9
= 20
=5
0..1

1 2 3 4 5 6 7 8 9 10 11 12 13

Funk¢ni kategorie genu

1. Bunéény obal 8. Transport
2. Regulace 9. Replikace, rekombinace, reparace
3. NEZNAMA FUNKCE 10. Metabolizmus lipida
4. Metabolizmus 11. Translace
5. Biosyntéza kofaktori 12. Bunécné procesy
6. Metabolizmus Pu a Py 13. Energie
7. Transkripce
BB Pocet genu v jednotlivych funkénich kategoriich u M. genitalium
B Pocet genu, které nebyly preruseny pri transpozonové mutagenezi




Zavéry vyvozene z analyzy minimalnich genori

» Kazdy genom je slozen ze dvou tyjpgeni
- Esencialni geny zajiBujici zakladni biologicke procesy
- Geny pro dosazeni selektivni vyhody v danem prasdi

> Prostredi uréuje, ktery gen je pro dany druh zakladni a ktery
postradatelny

» Zhruba tietina (~100) esencialnich génnema
zadnou ze znamych funkci



ZAVERY VYVOZENE Z ANALYZY
MINIMALNICH GENOM U

Kazdy genom obsahuje dva typy gein

— Esencialni geny zajigujici zakladni biologické
procesy
— Geny pro dosazeni selektivni vyhody v daném

prostredi (metabolismus — nové substraty, nove
faktory virulence)

Minimalni sada geni je spola&na pro vSechny druhy
(sowtasny odhad ~ 206 kodujicich gai)

Prostiredi urcuje, ktery gen je pro dany druh esencialni a
ktery je postradatelny



Srovnani informa¢niho obsahu sekvencovanych genain

»Poet informaénich geni je v kazdém genomu zhrubastejny, |
kdyz se jejich velikosti zn&né lisi.

»Poket geni ostatnich funkénich kategorii je mnohem variabilngjsi
a ma tendenci se zvysovat.

»Se z¢¥tSovanim velikosti genomu Ppibyva paralognich geni a
zvétsuje se téz biochemicka komplexita organismul.

» Jedna ¢tvrtina ORF u kazdého druhu je jedineénd a nem:

vyznamnou sekvetini homologii k zadné dostupné proteinoveé
sekvenci.
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