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RM systém — obranny mechanismus hostitele

1950s — poprvé pozorovan proces restrikce a modifikace — rlist bakteriofagli na
rdznych kmenech

1962 — molekularni podstatu restrikce a modifikace popsal Arber a Dussoix, popsali
hostitelem rizené modifikace faga A

Hlavni znaky RM systému:

- endonukleolytické stépeni cizorodé DNA — DNA hostitele je chranéna metylaci
adenosinl nebo cytosinl v definovanych mistech (rozpozndvaci mista) sekvence.

- RM systém obsahuje slozky: restrikéni endonukleazu (RE), DNA-metyltransferazu

(Mtase)

Dvé skupiny R-M systému:

- (a) R-M systémy, Stépici nemodifikovanou DNA (vyjimkou enzymy podtypu IIM
rozpoznavajici a Stépici metylovanou DNA napf. Dpnl, Bisl, Glal).

- (b) enzymy Stépici modifikovanou DNA napft. enzymy, EcoKMcrA, EcoKMcrBC a EcoKMrr,
vSechny z Escherichia coli K (Roberts a kol., 2007).

- Typy RM systému (podle struktury): I, I, 1ll, IVa 'V



RM systém — obranny mechanismus hostitele

Nazvoslovi restrikénich enzymU, mertyltransferaz a jejich genu:

- 1973: H. O. Smith a D. Nathans navrhli systém pravidel, podle
kterych byly pojmenovany jak existujici, tak i noveé objevené
enzymy ucastnici se procesu restrikce a modifikace DNA

- nazev enzymu zacina tremi pismeny - prvni velké pismeno -
pocatecni pismeno rodu a nasledujici dvé mala pismena -
pocatecnimi pismeny druhu

Napr. enzym Hindll — enzym ziskanych z bakterie Haemophilus influenzae sérotypu
d, fimska Cislice se pouziva na odliseni vétsiho poctu enzymdu izolovanych ze stejného
organismul.

Rozdéleni restrikcnich enzym( na tfi hlavni typy (typ I, typ Il, typ Il a typ IV):

Typ | - podtypy IA, IB, IC, ID a podtyp IE

Typ Il - podtypy IIA, 1IB, IIC, IIE, IIF, IIG, IIH, IIM, 1IP, 1IS, IIT.

Typ IV - enzymy stépici pouze metylovanou DNA a vykazujici malou specifitu, pokud
jde o rozpoznavani specifickych sekvenci DNA.




RM systém — obranny mechanismus hostitele

Methylated
recognition site

/

Recognition site

RM sytém rozpoznava cizorodou DNA - stav metylace, nemetylovand DNA je rozeznana restrikcni
endonukleazou (REase), metylaci rozpoznavanych mist na hostitelském chromozomu
zprostredkovavaji metyltransferazy (MRase) RM systému.



Restrikce a modifikace fagové DNA

Loss of (P1) Progeny phage
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Experimentalni dikaz pritomnosti a plisobeni RM systém

nemodifikovany fag

Kmen E. coli
obsahujici RM
systém EcoK

Kmen E. coli
obsahujici RM
systém EcoB

Plaka vytvorena
fagem, ktery se
na kmeni B
modifikoval

Plaka vytvorena
fagem, ktery se na
kmeni K modifikoval




RESTRIKCNE-MODIFIKACNI (RM) SYSTEMY

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

A. modifika¢ni metylaza (metyltransferaza)
B. restrikcni endonukleaza

Restrikci a modifikaci podléha jen dsDNA:

*  Priinfekci fagem

e Pri prenosech DNA transdukci a konjugaci, omezené transformaci
(pfi uméle navozené transformaci)

Monitorovani pfijmu exogenni DNA — ,,imunitni systém prokaryot”
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SYSTEMY RESTRIKCE A METYLACE

Hsd systémy (host specificity of DNA)

o tridy (typy) I, 11, 1, IV
restrikcni a metylacni aktivita

Systémy restrikce modifikované DNA

Host specifity
determinant

e Mar, Mrr (methylated-adenine), Dpnl

e Mocr (methylated-cytosine)

Systémy metylujici specifické sekvence DNA

e Dam (adenine-methylation)
e Dcm (cytosine-methylation)




Charakteristika RM systému typu I, Il a lll

Vlastnost

Struktura
Kofaktory potiebné
pro restrikci DNA

Stimulacni kofaktory
pro restrikci DNA

Kofaktory potrebné
pro modifikaci DNA

Stimulacni kofaktory
pro modifikaci DNA

Rozpoznavaci
sekvence

Misto Stépeni DNA

Translokace DNA

*S-adenosylmetionin

R-M systémy typu |
jeden multifunkéni enzym
sloZeny ze tti rGznych
podjednotek

ATP, SAM®, Mg?*

Zadné

SAM"

ATP, Mg?*

asymetrickd, slozena ze
dvou sekvenci oddélenych
mezernikovou oblasti

nahodné, vzdalenost od
rozpoznavaci sekvence
radové stovky az tisice bp

Ano

R-M systémy typu Il

restrikéni endonukledza a
metyltransferdza jsou dva
oddélené enzymy

Mg2+

Zadné

SAM”

Zadné

délka 4-6 bp, vétsinou
palindromaticka

konstantni, je Stépena
rozpoznavaci sekvence nebo
misto pobliz této sekvence

Ne

R-M systémy typu Il

jeden multifunkéni enzym
sloZzeny ze dvou rGznych
podjednotek

ATP

SAM*, Mg%*

SAM”

ATP, Mg?*

asymetricka, sloZzena ze dvou
opacné orientovanych sekvenci
oddélenych mezernikovou oblasti

konstantni, vzddlenost od jedné
ze dvou rozpozndvacich sekvenci
24-26 bp

Ano



Charakteristika RM systému typu I-IV

Type |l

Example R-M Ecokl

system

Genes hsdR, hsdM, hsdS

Subunits Three different subunits
{R, M and S) combine to
form RzMz54 and M25,

Enzyme REase, MTase and

activities ATPase

Co-factors  ATP, SAM, Mg®*

required for

DNA

cleavage

Co-factors SAM

required for

methylation

Recognition Asymmetnc and bipariite,

sequence e.g. EcoKl,
SAAC(Ng)GTGC

Cleavage Variable locations

site 1000 bp from recognition
site

DNA Yes

translocation

Type Il

EcoRl

ecorlR, ecorfM

Two different
subunits (R and M)
combine to form Rz
or M,

REase or MTase

Mg2*

SAM

Mostly symmetnc,
e.g. EcoRl,
5'GAATTC

Fixed location at or
near the recognition

site

No

Type 1l

EcoP1l

mod, res

Two different subunits
{mod and res)
combine to form

modzres;

REase, MTase and
ATPase

ATP, Mg?* (SAM)

SAM

Asymmetnc, e.g.
EcoP1l, 5AGACC

Fixed location 25—
27 bp from

recognition site

Yes

Type IV

EcoMerBC

mecrB, merC

Two different subunits
are present, McrB and
McrC

REase and GTPase

GTP, Mg*

No methylation

Bipartite and
methylated, e.g.
EcoMerBC,
5'RmC(N2—4000)RmC

Between methylated

bases at multiple sites

Yes



Charakteristika RM systému typu I, Il a |l

Typel

Hetero-oligomeric enzymes
Require ATP hydrolysis for
restriction
e  Cut DNA at sites remote
from the recognition sequence
e DEAD-box proteins

e.g. EcoKlI
Genes hsdR hsdM  hsdS
e
Subunits HsdR HsdM HsdS
L 1
MTase
Activities
L J
Both ENase and MTase

Type 11
e ENase and MTase separate
enzymes
e  Cut DNA within recognition
sequence
e.g2. EcoRI
ecorlR ecorlM
[ >-4 >
Res Mod
L 1 1
ENase MTase

http://rebase.neb.com/rebase/rebase.enz.html

Rebase: 75 tis

13 tis

Type I

e  Hetero-oligomeric ENase

e  ATP required for restriction

e  Cut DNA close to recognition
sequence

e  DEAD-box proteins

e.g. StyLTI
mod res
' —>
Mod Res
| R |
MTase
L ]
Both ENase and MTase

18 tis



Strukturni a funkéni organizace RM systému typu I-111

Type | Type ll Lo (a) Usporadani gend;
Ga
1 inin hsdM, M, mod — geny
hsad .'1.5.;]'5 hsdR M (RLRERIN s IR mod res
RIRTRTRITA RS = AT e | e BRI TRI AT e | e pro DNA_
ol i i metyltransferazu, hsdR,
ME{H]EGTGE GRATTC AGAICC R RE
C DHA methylation , Fés geny prO ’
mm hsdS — gen pro DNA
< @ @@ rozpoznavaci protein u
d DMNA hydrolysis
Ay R AR
IIIEI mm W ﬁ (b) priklady rozpoznavaci

(c) slozeni DNA-
metylacniho komplexu,
\ (M]m M- metyltransferaza, S-

m ? sekvence
DA DINA
mpq!ransﬁxarﬁan l hydrolysis jgﬁ;rmn
[ m L]

DNA-binding protein

{ DNA
hydrolysis
ST oD (d) slozeni DVNA
xR - AN hdrolyzac¢niho komplexu



Proces metylace a restrikce DNA u RM typu |, 11, 1l

(a) Type | RM systém (b) Type Il RM (c) Type lll RM
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Table 6.2 Recognition sequences of some restriction enzymes.

Recognition

Enzyme  Name Organism sequence Observations
Class | EecoK E. coli K12 AACNGTGC Cleavage =103 bases away
ClassIl  EcoRI E.coli RY13 G/AATIC Palindromic sequence
M-EecoRl  E. coli RY13 GAA*TTC Cognate methylase
Rsrl Rhodopsendomonas sphaeroides G/AATTC Isoschizomer of EcoRI
Aval Anabaena variabilis C/PyCGPuG Palindromic degenerate sequence
Dpnl Diplococcus pneunioniae GmcA/TC Necessitates me-DNA
BamHl  Bacillus amyloliquefuciens G/GATCC Compatible enz ’mcs.
Mbol Moraxella bovis GATC pat 2
ClassIII ~ SP1 Phage P1 AGACC Cleavage 24 bases from 3’ end
ClassIV  Eco571 E. coli RFL57 " CTGGAG , Cleavage 14 bases from 3' end

By convention, onfy 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

Mobilni element Priklad RM systému

paeR71 P. aeruginosa
ecoRI E. coli

Plazmid ssoll Shigella sonnei
bsp6l Bacillus sp.
hindlll H. influenzae

Yy . saud2l S. aureus
Bakteriofag/profag

eco01091 E. coli
bsuMI B. subtilis

Integracni kumulativni

. .. Sth368I Streptocvoccus thermophilus
element/genomicky

hsdMS S. aureus

ostrov
Transpozon Rle39BI
xbal Xanthomonas campestris
M.Vch0211 Vibrio cholera
Integron

hphl Vibrio metschnikovii
CAAG68 Lactococcus lactis

lokalizace genti na chromozomu, plazmidech, nebo profagach



Pritomnost gent RM systému na mobilnich elementech

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

Recognition Cellular location

Group Members sequence of the R—M system
Type 1A EcoK ' AAC(N)eGTGC Chromosomal

EcoB TGA(N)eTGCT Chromosomal

EcoD TTA(N),GTCPy Chromosomal

StySB GAG(N)sPuTAPyG Chromosomal

StySP ACC(N)eGTPUC Chromosomal

StySQ ACC(N)¢PuTAPYG Chromosomal

EcoDXX1 ATCA(N),ATTC Plasmid
Type 1B EcoA GAG(N),GTCA Chromosomal

EcoE Chromosomal
Type IC EcoR124 GAANgPUTCG IncFIV plasmid R124

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

EcoP15 CAGCAG Plasmid 15B

Hinflll CGAAAT Chromosomal




Multifunctional type | enzymes have different
subunits for restriction, modification, and
recognition. : :

hsdR hsdM - hsdS

P ANV

|

‘mRNA -~ _ —

mRNA from second start

Proteins

Restriction and _
modification enzyme

Modifi_c.ution comiplex
(EcoB only) :

PODJEDNOTKOVE SLOZENI
ENZYMOVEHO KOMPLEXU
TYPU |

S = rozpoznani cilové sekvence

M = vazebné misto pro SAM a
aktivni misto pro metylaci

R = aktivni misto pro hydrolyzu
ATP, pro translokaci DNA a pro
Stépeni

Komplex schopny pouze metylace



INTERAKCE ENZYMU RM SYSTEMU TYPU |
S CILOVOU SEKVENCI NA DNA

Alostericky efektor umoznujici
rozpoznani cilové sekvence

SAM se uvolinuje
pred Stépenim




Doeé atype -I enzyme move along DNA or does

it remain at its target site, s&muttaneously pullmg

the DNA through tha protaln'?

b B

e A R

B
1

-'\%&\.“\9\."\1’\5\_z?>

g A T A A L S L S Tl e D T Y
R e A A T

e S L TR b T T TP T T S gt L

& W\&\\&\,\&\\s\\&\w\mﬂ% .

Interakce enzymového
komplexu s rozpoznavacim
mistem

1. Vyhledani rozpoznavaci
sekvence

2. Podle stavu sekvence (M,

| NM, H-M) dochazi k

a) uvolnéni enzymu
b) restrikci

1 c) metylaci




MODELY TRANSLOKACE DNA ZPROSTREDKOVANE
ENZYMY RM SYSTEMU TYPU |

Smycky pozorované v EM

ATP ADP + Pi

b)

ADP + Pi

3. i~ S— "‘ ) M

c)
B — ADP + Pi




A 1 TRD1 ___CR1 TRD2 ___CR2 398

S .
12 161 203 214 352 394
1. Catalvtic Domain Linker C-Helix 507
M1 | | i 1 -
4 448 465 495
C-Helix

SAM

S- podjednotka —
specificka vazba na
rozpoznavaci misto v
DNA, dvé rozpoznavaci

domeény (TRD1, TRD2 —
target recognition domains)

— modifikace DNA

C-Helix (M2)~ Linker (M1)



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

S- podjednotka R, , — dve molekuly endonukleaz

Obousmérna
translokace
DNA vede k
vytvoreni
smycek

“Closed” REase






Vytvareni RM systému typu | s novymi sekvenénimi specifitami

Struktura rozpoznavaci podjednotky - S

a) ' S polypeptide structure Enzyme  Recognition sequence
i 0 StySP! AACINAGIRC.  Prirozeny RM systém

SWATII  _GAGINJRIAYG  PFrirozeny RM systém

YA iy SiySQ AAC (Ni) RTAYG > hybri dni hsdS

e g 777777778 StySY GAG (Ng) GTRC
' stysQ’ AAC (N,) RTAYG mutagen’lzovana
centralni oblast

Amino Central Carboxy Carboxy
TRD Conserved TRD  Conserved
Region Region

V) wrrEZA R EcoRizel GRANNGRTCG  Zmény poltu
Q77777777 X 777777 777777773  EcoRi24ll  GAA (N;) RTCG aminokyselin
v centralni oblasti

EcoDXXI  TCA(N,) RTTC o, "
ovliviuji rozpoznani

DR2 TCA (Ne) RTCG cilové sekvence
RD2 GAA {Ng} RTTC
DR3 TCA (N;) RTCG
RD3 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

Genotype Phenotype Protein-DNA ‘ Activity
hsd$ hsdR hsdM rom interaction R M

> Restrikéné-deficientni mutanty




RM SYSTEMY, U NICHZ JE STEPENA CIZORODA
MODIFIKOVANA DNA
(KMEN NETVORI METYLAZU)

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 Dpnl - stepi GmACT

(Caulobacter, Neisseria, Acholeplasma, Streptomyces)



Detekce restrik¢niho systému Mar

Kdduje mistné

Gen hsdM specifickou
/ metylazu
Transformace
Metylace DNA do kmene
Hsd- Mar+
l y
Stépeni DNA Smrt bunck
Mar nukledzou Indukce SOS-odpovédi
Reparace DNA




Restrikéni systémy Dpnl/Dpnll Diplococcus pneumoniae

Dpnl - RE §tépi metylovanou DNA v sekvencich GmATC
(v butikach s Dpnl chybi aktivni metvliza) | )
Standardni

DpnlI - RE §tépi nemetylovanou DNA v sekvencich GATC <———

(v buiikich s DpnlI je metyldza aktivni) RM SySte m
Dpnl Dpnll
- Endo dpnD . MethB_, MethA> Endo >—
S 3 3 % / o
-~ i n \ " - -~

b -
-

koncové sekvence s 90% homologii

prenos transformaci

J

rekombinace do jediného lokusu na chromozomu

¥

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



SYSTEMY METYLACE DNA (E. COLI K12)

- V bunikach neni pritomna RE rozpoznavajici metylovanou sekvenci — nejedna se
tudiz o standardni RM systém

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

e  GATC - regulacni funkce: pocatek replikace, promotory, reparace,
transpozice

e sekvence GATC je rozpoznavana 15% RE typu ll, je pritomna u
50% vsech 4N-RM-systému, neni vsak cilovou sekvenci pro
restriktazy v zadném z druhti enterobaktérii.

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

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



VYZNAM RESTRIKCE

e Ochrana integrity viastni DNA

e obrana pred bakteriofagy (typ Il)
docasné plisobeni — epigenetické zmény, na Urovni populace nutna
obmeéna

e Systém napomahajici rekombinaci cizorodé DNA (typ |)

e Stépeni DNA (ndhodné) mimo rozpoznavaci sekvenci umozni
rekombinaci mnoha gent - analyza prenosu genu transdukci a
konjugaci podporuje vliv RM systémui pti vzniku mozaikovych genom
(E. coli)

e ?,Selfish DNA”

 molekularni paraziti bakterii. RM systémy typu Il se udrzuji
prostiednictvim plazmidu, které je kéduji (usmrceni bezplazmidovych
bunék)



RM systémy jako mechanismus postsegregacniho 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 prenosu HGT

Oblast " immigration control region ,, u E. coli — 14 kbp ("immigration island,,
- znacné rozdily u rdznych kment

- — —

AL R Asgs hsatd HE0R i
= 2 3
b . £
v Pl v eyt
A5 5585 498 GO 2%
E- penes Eecognition sequence

EdSy Bedbd g BeiRy  AACNNHMNNGTGC
iy Bedb  B%iRp ~ TGANNNNNNNNTGTC

AiSy Bdb g ARy AACNNNNNNGTGC

Gen hsdS muze byt nahrazen genem hsdS z jiného RM systému stejné tfidy, nebo geny
mohou vzajemné rekombinovat




VYUZITi RM SYSTEMU V EUKARYOTICKYCH BUNKACH
Transgenni linie mysSich bunék exprimujici geny RM systémui

1. prenos a exprese genu M.PaeR7 (Pseudomonas aeruginosa) -
metylaza CTCGAG

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

3. infekce bunék HSV1 adenoviry - ocekavana rezistence bunék -
vytvoreni organizmu rezistentniho k virim

(nebo jen urcitych tkani)

DalsSi moznost:
studium vlivu metylace na genovou expresi



Dalsi obranné mechanismy bakterii

(A) vrozena imunitni odpovéd

Innate Immune system

}

e
Attachment

-

f

G i—

l DNA replication

4 Transcription and
Translation
i,
g
5 —.| l

\

e 1 injectiom

Assembly

| p
N AN A

Adaptive Immune
svstem

|

T
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(B) adaptivni imunitni odpovéd

(A)

1. Zabranéni adsorbce fagli —
modifikace RBP (receptor binding
protein)

2. Blokovani vstupu fagové DNA do
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PlUsobeni RM systému

Abortivni infekce

Blokovani sestavovani fagovych

virionu
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" Dalsi obranné mechanismy bakterii
A

2. Superinfection exclusion (SIE) systems - Systémy zabranujici superinfekci
bakterii — plsobi na vstupujici fagovou DNA.

Tyto systémy se skladaji z membranové asociovanych proteint kédovanych profagy
a chrani jejich hostitele pred infekci jinymi blizko pribuznymi fagy.

Napr. Streptococcus thermophilus obsahuje fagy TP-J34, které produkuji lipoprotein
asociovany s membranou hostitele LtpTP-J34, ktery interaguje s tape measure
proteinem jinych faga.

Celed Siphoviridae — tape measure protein usnadfiuje prichod fagové DNA
tvorbou kanalu v membrané hostitele, LtpTP-J34 nejenze blokuje injekéni proces
fagové DNA, ale také snizuje pocet neinfekénich fagovych ¢astic uvnitr hostitele.
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" Dalsi obranné mechanismy bakterii
A

4. Abortivni infekce — fagova infekce vede k predcasné rizené smrti bakterie, ¢imz
chrani sousedni bakterialni populaci.

Abi systémy jsou Casto kddovany MGE, jako jsou plazmidy a profagy.

Tyto systémy pUsobi v jakémkoli stadiu Zivotniho cyklu bakteriofaga - zabranuji jeho
Sifeni.

Napf. fag lambda - systém RexAB chrani lysogenizované bunky pred infekci dalSimi
coliphagy prostrednictvim ztraty membranového potencialu, coz vede ke snizeni
hladiny ATP a nedochazi k adsorbci dalSich fagli na povrch hostitele. 20 Abi (AbiA -
AbiZ) - identifikovano u bakterie Lactococcus lactis.

5. Blokovani sestavovani fagovych virionu

Phage packaging interference (Ppi) proteins - kddovany SaPl - hraji roli pfi blokovani
malé podjednotky fagové terminazy, potfebné pro rozpoznavani fagové DNA, stejné
jako pro zahajeni sbalovani - umoznuje malé podjednotce SaPl terminazy interagovat s

fagem-kddovanou velkou podjednotku pro usnadnéni stépeni SaPl DNA s sbaleni do
virionu.

Dalsi interferencni mechanismus zahrnuje preruseni transkripce pozdnich gen( faga —
sbaleni DNA do virionu, sestaveni virionu, lyze.

V. cholerae obsahuji ostrov podobny PICI, ktery plsobi inhibi¢né na virulentni fagy.



BREX — nové objeveny obranny mechanismus bakterii proti
fagové DNA (2015)

(A) Mirny fag (Cervené) nebo lyticky fag
(fialové) infikuje bakteridlni buriku.

Q\Tsmm‘e priege | Temperovany fag se zaClenuje do hostitelského
| chromozomu a lyticky fag se replikuje, tvori
Phage DNA \ potomstvo a lyzuje bunku.
Phage DNA
. . H a
. pha%ehpg..;e,am /g (B) Bakterle’s ,,bac.terloPhage e’xclusmn
phage DNA e (BREX) systémem je rezistentni k mnoha

mirnym nebo lytickym fagim.
o RGzné typy systémU BREX jsou kddovany
Q\Tempeme e /gw - konzervovanymi operony (BREX typu 1 z
A _ Bacillus cereus, dva operony: brxABC-pglX a
pak pglZ-brxL).

Tt /-4_ e Konzervovana ¢ast BREX systému - tfi enzymy:
BREX.dependent ATP-vazajici se na P-smycku proteinu (PglY /
e s B T G, BrxC, C), alkalickou fosfatazou (Pglz, Z) a
_— : ZEZW;T m: ”L' TAGGAG metyltransferazu (PglX, X), ktera specificky
BREX-dependent ‘ma‘lhylaﬂon of host DNA * ; / metyluje TAGGAG

BREX B. cereus inhibuje integraci mirnych fagu
do hostitelského chromozomu, stejné jako
replikaci (a proliferaci) lytickych fagu.



Antirestrikéni mechanismy
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TABLE 3. Antirestriction Strategies

Antirestriction gene,
polypeptide, or base

Antirestriction target

Strateqy Bacteriophage modification (R—M type) Reference
Inhibition of endonuclease T3, T7 ocr EcoK, EcoB (type 1) Kriiger et al., 1978
EcoP1 (type IlI) Kriiger et al., 1982
$NR2rH, ¢1rH 20 kD BamNx (type 11) 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 EcoPl (type III) 1981
Bachi et al., 1979
Hattman et al., 1985
Overproduction of host-encoded A ' ral EcoK, EcoB (type 1) Zabeau et al., 1980

methylase
Modified bases in viral genome

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

‘Underrepresentation of
restriction sites in phage

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

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

P1

$1, $29

5-Hydroxymethyluracil
(for thymine)

Uracil (for thymine)

Hydroxymethylcytosine
(for cytosine)

darA, darb

No GGCC sites

Many type Il systems

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

EcoR, Ecob (type 1)

BsuRl (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

3. Tvorba protein(, které interferuji s jednou nebo vice aktivitami RM systému
4. DNA vstupujici do bunky ve formé ssDNA (konjugativni plazmidy nebo nékteré
fagy), neunika restrikci, ale stava se k nim citliva po syntéze druhého vlakna.



Priklady antirestrikénich mechanismu

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

Plazmidy: Ard (alleviation of restriction) - antirestrik¢ni protein,
zmirnéni restrikce

Fag lambda: Ral (restriction alleviation) - antirestrikcni protein -
zvyseni modifikacni aktivity enzymu typuAl na NM DNA

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

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



Priklady antirestrikénich mechanismu

Anti-restriction strategy
Changes in DNA sequence

Loss of R-M recognition sites

Strand-biased asymmetncal

recognition sequences

Incorporation of unusual bases

into phage genomes

Phage-encoded DNA-modifying

enzymes

EcoRIl sites in phage T7 and T3 genomes. IncP plasmids are remarkably
deficient in restnction sites for Type Il enzymes.
EcoP15l sites in the phage T7 genome.

Many B. subtiis phage replace thymine with 5-hydroxymethyluracil.

MTases encoded by many B. sublilis phage, Mu phage and T-even phage.



Priklady antirestrikénich mechanismu

Transient ccclusion of restriction sites

Co-injection of proteins

Subversion of R-M activities

Stimulation of R-M system
MTase

Depletion of intracellular co-

factors

Inhibition of R-M enzymes
Phage-encoded proteins

Plasmid-encoded proteins

DarA and DarB proteins of phage P1 coat phage DNA.

ArdC protein encoded by the IncW pSa protects the incoming T-strand dunng

conjugation.

Product of the A phage ral gene stimulates Type | R-M enzymes to act as

MTases.

SAM hydrolase from phage T3 depletes concentrations of intracellular SAM.

Ocr proteins of phage T3 and T7 inhibit Type | R-M enzymes.

ArdA and ArdB proteins inhibit Type | and in some cases Type |l R-M

ENZymes.



Pasivni a aktivni strategie fagl pro Unik pred plsobenim RM systému
A Restriction site — b .
'l.ﬂ:.‘- P |

S5tp peptide 'Ral

a) Eliminace restrikénich mist nebo jejich velka vzdalenost od sebe

b) Fag je modifikovan metylazami hostitelské burnky, pripadné takové metylazy
vytvari sam

c) Fag pri infekci koinjikuje do bunky proteiny, které se vazou na cilové rozpoznavaci
sekvence RE a tim je chrani (maskuji).

d) Fag vytvari protein, ktery imituje cilovou sekvenci, vaZze RE a tim ho inhibuje.

e) Fagovy protein navozuje aktivitu metylazy a tim urychluje obranu pred RE. Peptid
Stp faga T4 muze inhibovat restrikci zménou struktury komplexu restriktaza-
metylaza.



"Loss" of restriction sites.

Some phage have many fewer recognition sites for certain restriction endonucleases than you would predict by random
chance. For example, the phages T3 and T7 lack the 5-bp EcoRIl recognition site CC(A or T)GG. This is thought to arise by
selection for phage with mutations that prevent cleavage by restriction endonucleases 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
hydroxylmethylcytosine instead of cytosine in their DNA.

Self-methylation.

Some phage encode a methylase that can modify their DNA so that 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 methylase to modify the phage DNA. For example, the Lambda Ral
("restriction 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 methylation by host enzymes, thus avoiding
modification of the phage DNA and subsequent cleavage by modification-dependent host endonucleases

Inhibition of host restriction endonucleases.

Many conjugal plasmids produce antirestriction proteins (called Ard) that specifically inhibit Type | restriction 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 by binding to the other Hsd subunits. Phage T3 produces a
protein called Ocr which inhibits host methylases, resulting in resistance to modification-dependent restriction systems

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



Lokalizace genu ocr na fagovém genomu

(e
Phage T7

L Lou,,\'

*® W * &

EcaRl

e Restriction enzyme Bacterial chromosome
protection by methylation

Bakterialni viry vyvinuly rtizné strategie, aby se vyhnuly RM systémum.
Nékteré viry kéduji svou vlastni methyltransferazu, aby ochranily sviij genom od

hostitelskych restrikénich enzymi.

Bakteriofag T7 koduje Ocr protein, ktery blokuje aktivni misto nékolika restrikcnich
enzymU napodobenim fosfatového retézce DNA.

Jiné bakteridlni viry pouzZivaji neobvyklé baze na svém genomu, aby se vyhnuli
restrikci.

Bakteriofagy SPO1, SP82 a 2C nahrazuji tymin - 5-hydroxymetyluracilem, zatimco
fagy PBS1 a PBS2 thymin zméni na uracil.



Antirestrikéni mechanismy T-sudych fagu

Fagova DNA
5-HMC 5-HMC
urcité kmeny <«— Rgl systémy E. coli
E. coli (restriction of non-glucosylated DNA)
inaktivace rgl-enzymu
L 4
\ 4 restrikce Fag - arn (antirestriction
glykozylace S-HMC endonuclease)

(rezistence vuci RM II)

Reakce [ rikei
Glukozylace HMC zbytk(i DNA T-
sudych fagu je uc¢innou ochranou

1. T4 -—>HMC pred vétsinou RE — a navic slouzi

2. E. coli > rgl k identifikaci fagové DNA, takze
3.T4 -—->arn enzymy kdédované fagy mohou

4. T4 ---> glukozylace HMC  gelektivné degradovat hostitelsky
chromozom



Strategie faga T4 pro prekonani RM systému a reakce E. coli
Evoluce interakci mezi T-sudymi fagy a hostiteli

a b e Glu—HMC a)
= =
\]
rt'”’i@‘h“eiotg 'ﬁ OO0 “t\w O )
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l R/M system ! l e)

| Infection r Mo infection
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% (Z) Crs-amrts w Mechanism
lEmrS»'l GmrD l l fusion l unkhown
rm - Irfecti:uni ~ Moin on | | InfecticunJ

Mature Reviews | Micrabiology

Fag infikujici normalniho
hostitele

Fag infikuje E. coli s RM
systémem, RE stépi

Genom faga obsahuje HMC, RE
nestépi

Nékteré kmeny E. coli maji RM
systém Stépici DNA s HMC

Fag glykozyluje HMC (na glu-
HMC) a jeho DNA neni Stépena
MDS (modif.depend. syst.)
Nékteré kmeny E. coli maji RM
systém (Gmr) stépici glu-HMC,
ne vSak neglukozylovanou
Nékteré fagy (like-T4) maiji gen
kédujici IP1, ktery rusi plisobeni
Gmr

Nékteré kmeny E. coli maji
modifikovany Gmr (fuze GmrS-
GmrD), ktery rusi plisobeni IPI
Nékteré mutanty faga T4
prekonavaji GmrS-GmrD a
uspésné infikuji E. coli
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