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Experimentalni d Ukaz pFitomnosti a p usobeni RM systém

nemodifikovany fag

Kmen E. coli
obsahujici RM
system EcoK

Kmen E. coli
obsahujici RM
system EcoB

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 tridy (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
O 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

Piriklad RM systéemu

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
e ret:ogniﬁm. : - . :
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Restriction and :
modification enzyme
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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

g 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

-

i H ! ]

Ami Central Carb g} - = i
TRD. Corsarved a0 coao¥y . Geny hsdS mohou rekombinovat —p  Fedstavuii

Region Region dvé alely

") prrrZZZA TZZZZZZZZZZZZZZZ oz GRAMNORTCG  Zmény pottu

PII77 7777 X Y 7777777777773  EcoR124ll - 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-.
T S-— MR
e Ze = Restrik ¢né-deficientni

mutanty
r/m-

T r/m*
o m



RM SYSTEMY, U NICHZ JE STEPENA cizoroda
MODIFIKOVANA 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



Pasivni a aktivni strategie fag u pro unik p fed pusobenim RM systém u

A Restriction site

P i

iEn-l:p:' peptide 'Ral

Mature Reviews | Microbiology

a) Eliminace restrik €nich mist nebo jejich velka vzdalenost od sebe

b) Fag je modifikovan metyldzami hostitelské bu  fky, p Fipadn é takové metylazy vytva Fi sam

c) Fag p fi infekci koinjikuje do bu  nky proteiny, které se vazou na cilové rozpoznavaci sek  vence
RE a tim je chrani (maskuiji).

d) Fag vytva Fi protein, ktery imituje cilovou sekvenci, vAze REa  tim ho inhibuje.

e) Fagovy protein navozuje aktivitu metylazy atim ur  ychluje obranu p fed RE. Peptid Stp faga
T4 muze inhibovat restrikci zm  énou struktury komplexu restriktaza-metylaza.



"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



Strategie faga T4 pro p fekonani RM systém 0 a reakce E. coli

Evoluce interakci mezi T-sudymi fagy a hostitel

LX)

Grrs!

Gmrl>

Classical
R/M system

” GmrS-GmrD

l fusion

“~ Mechanism
l, unknown

Nature Reviews | Microbiology

g)

h)

Fag infikujici normalniho
hostitele

Fag infikuje E. colis RM
systémem, RE St épi
Genom faga obsahuje
HMC, RE nestépi
Nékteré kmeny E. coli
maji RM systém St épici
DNA s HMC

Fag glykozyluje HMC (na
glu-HMC) a jeho DNA
neni St épena MDS
(modif.depend. syst.)
Nékteré kmeny E. coli
maji RM systém (Gmr)
Stépici glu-HMC, ne vSak
neglukozylovanou
Nékteré fagy (like-T4)
maji gen koduijici IPI,
ktery rusi p asobeni Gmr
Nékteré kmeny E. coli
maji modifikovany Gmr
(fuze GmrS-GmrD), ktery
rusi p asobeni IPI
Nékteré mutanty faga T4
prekonavaji GmrS-GmrD
a usp ésné infikuji E. coli



a Phage T4 infecting a phage-sensitive host.

b Phage T4 infecting a phage-resistant  E. coli cell containing a R—M system.
The phage genome is cut at specific sites by the re  striction enzyme.

c.The genome of phage T4 contains hydroxymethylcyto sine (HMC) and can
also be methylated, thereby avoiding specific endon ucleases.

d Some bacteria have acquired modification-dependent systems that can
exclusively cleave HMC-containing DNA, thus prevent  ing infection by HMC-
containing phages.

e Phage T4 acquired a resistance to MDSs through the glucosylation of HMC
residues (glu—HMC).

f Afew E. coli strains have acquired a glucose-modified restrictio n (Gmr)
system that targets and cleaves glu-HMC-modified ph  age T4 genomes,
thereby blocking phage infection. This system is co mposed of two subunits
(GmrS and GmrD) that specifically cut glu-HMC DNA b  ut have no effect on
unglucosylated DNA.

g Some T4-like phages have a gene encoding internal p ~ rotein | (IPI), a protein
that hinders the Gmr system and allows these phages to successfully infect
E. coli strains containing this system.

h Some E. coli strains harbour a modified Gmr system in which a
translational fusion of GmrS and GmrD is produced, rendering IPI ineffective.

i Finally, phage T4 mutants can bypass the GmrS—-GmrD  fusion by a
unknown mechanism, leading to a successful infectio n.



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)




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

Oblast " immigration control region ,, u E. coli — 14 kbp
("immigration island, - zna €né rozdily u r iznych kmen u

- . —— e

R R o SRS SEeat S S

- v e o o
%GC

E-M genes Recognition sequence
BlSy Eedb g BxiRy  AACHNMNNNNGTGC

EeiSp Aedhd ¢ AiRp  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






CRISPR-Cas — systemy adaptivni odpov édi

- Objev kratkych uspo Fadanych repetici p FeruSovanych nerepetitivnimi
kratkymi sekvencemi (mezerniky) vr. 1987 u  E. coli (Ishino et al.)

- Geneticka strukturat échto lokus u véetné genu Cas popsana v r.
2002

-V r. 2005 popsana podobnost mezi sekvencemi mezern ikt v CRISPR-
ech a sekvencemi mobilnich genetickych element U (fagy a plazmidy)

- Predstava o funkci CRISPR- 0 prokazana experimentaln é v r. 2007,
kdy bu Aky Streptococcus thermophilus  ziskaly rezistenci v U€i
bakteriofag um po za €lenéni ¢asti fagového genomu do genomut échto
bakterii

- Dnes popsany u 90% genom U archei a 40% eubakteridlnich genom



Pravd épodobné p usobeni systém u CRISPR-Cas na vstupujici plazmidy

A. Plazmid vstupujici
mechanismem p Firozene
transformace, konjugace
nebo transdukce jako

casgenes CRISPR locus ssDNA. Po vytvo feni

— ' dsDNA je tato St épena,
pokud obsahuje
protospacer
komplementarni k crRNA.

B. Plazmid vstupujici ve
C Q form & dsDNA p Fi um élé
RNA P

transformaci je p Fimo

Ribonucleoprotein
complex

Stépen.

dsDNA C. Sysémy CRISPR-Cas typu
Il Stépi molekuly RNA. Po

transkripci gen U na
plazmidech jsou vytvo Fené
RNA Stépeny a po n ékolika
generacich se plazmid z
bunek ztraci.




Pusobeni CRISPR-Cas (3 hlavni typy, n ékolik podtyp )

= EF‘rotospacer

cas genes ICRESPR Iocus

DT -
‘Adaptat:on \ ?

New space-rF"_g

00/7

Cas proteins [H]

CRISPR—C&S
complexes

Biogenesis | ercTERA %AS
of i o g By
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Typ II: Lokusy CRISPR a proteiny Cas zasahuji a sekven

vstupujici DNA (fag, plazmid). Proces probiha ve t

¢né-specificky st epi
rech krocich:

- Adaptace (imunizace): ziskani (za ¢lenéni) spacer u (mezernik )
- Biogeneze CRISPR RNA (crRNA), p fepisovaneé z oblasti, kde se nachazi

sestava opakujicich se CRISPR U
- Interference: St épeni vstupujici DNA



Fungovani systému CRISPR-Cas

CRISPR = clustered regularly interspaced short palindro mic repeats

Povrch burnky

Vytvoreni nového mezerniku
O ajeho zaclenéni do elementu CRISPR

Element CRISPR blok mezernikl a repetic

—ADEDEC R D=0 CEORoROIOEONE—

pefyrcas Transkripce

CECRCEPEOCRORPED

Navdazani na
fagovou DNA

A D
-_ 1
a
Cosiy "o A -
w“~._ = b m
Komplex 54 \/ &
Cas-crRNA <" Nastépeni transkriptu @

a vytvofeni molekul crRNA



Mechanismus p usobeni systému CRISPR-Cas

PFfima opakovani lokusu CRISPR jsou odd élena kratkymi useky
nerepetitivni DNA nazyvanymi spacery, ktere jsou zisk  avany ze vstupujici
DNA (plazmid nebo fag) procesem zvanym adaptace. B éhem tohoto
kroku je tato sekvence take duplikovana. Lokus CRISPR je transkribovan
jako dlouha primarni pre-crRNA, ktera je upravena zat vorby sady
kratkych crRNA (proces nazyvana biogeneze crRNA). Kaz  da crRNA
obsahuje segment opakujici se sekvence a cely spacer ,a ve spojeni

s proteiny Cas vytva Fi komplexy CRISPR-Cas. Tyto komplexy p usobi
jako hlidka p Fi sledovani vstupu faga nebo plazmidu, ktery obsahuje DNA
komplementarni k crRNA, a sou ¢€asné zajist'uji imunitu protit émto
element im. V pFipadé rozpoznani faga nebo plazmidu nesouciho takovou
komplementarni cilovou sekvenci DNA tuto sekvenci sp ecificky st épi
(proces ozna €ovany jako interference).

Nukleotidova sekvence spaceru musi byt identicka se sek venci fagoveho
genomu nebo plazmidu (tyto sekvence se ozna  €uji jako protospacery),
aby doslo k zablokovani replikacet échto element u.

U systém G CRISPR-Cas typu |l a ll je pro za ¢lenéni spaceru a interferenci
vyzadovana sekvence s konzervativnim motivem sousedi  ci

S protospacerem ozna €ovana jako ,protospacer-adjacent motif — PAM).



Obrana bun ék proti cizorodé DNA prost rednictvim systemu CRISPR-Cas

A CRISPR-associated elements

@ Bacterial chromosome
CRISPR array
A

3 i
Newer spacers Older spacers

cas genes Sn S Sp2 Sns S, S,

Repeats

CRISPR (clustered regularly interspaced short palindromic repeats)
CRISPR array: one to hundreds of repeats

Repeat: 21-47 bp (CAGTTCCCCGCGCCAGCGGGGATAAACCG)

——ee— 4 & Y | o e

Spacer sample: ~30 bp (CTTTCGCACACGCGCGGCGATACGCTCACGCA),
Leader: Several hundred noncoding base pairs

cas genes (cascade): cas complex for CRISPR-associated antivirus defense;
acquisition of new spacers; immunity, e.g., processing pre-crRNAs

Typické uspo rfadani CRISPR. Série opakujicich se sekvenci p FeruSenych
zhruba stejn é velkymi mezerniky s | az s, s odliSnymi sekvencemi.
Vedouci sekvence (leader) obsahuje promotor (p), zn  éhoz je CRISPR
transkribovan. Geny cas p Fidruzené k CRISPR kéduji produkty, které
zprost redkuji p Fijeti sekvenci (faga) a cilen é rozpoznavaji sekvence
prekurzoru mezerniku (protospaceru). Mezerniky (spac  ery) nejbliz
vedouci sekvence jsou ty, které byly p  Fijaty jako posledni.



@ Phage or plasmid DNA

PAM: protospacer-adjacent motif (example) (CT/AT)

ps,: proto spacer (CTTTCGCAGACGCGCGGCGATACGCTCACGCA),

B Construction of CRISPR array: adaptive phase

Phage DNA PAM

PSn

SP‘I
Bacterial chromosome

cas genes

_
Strain A(3) meins l

a ) ‘
Strain A(2) Phage
PAM ps,
cas genes Spacer,,
Bacterial chromosome

\ Y
Strain A(2)
acquires spacer,,

4 N

2. Prekurzor mezerniku (protospacer) (ps )
z fdga nebo plazmidu vyzna &ujici se
stejnou sekvenci jakou ma n éktery
z mezernik u (spacer u) (s,,)

v CRISPR. V sousedstvi prekurzoru
mezerniku (protospaceru) se nachazi
sekvence PAM (protospacer-
adjacent motif), kterd identifikuje
protospacer jako sekvenci, kterd ma
byt CRISPRem p Fijata.

B. Adaptivni faze — vy ¢€lenéni
sekvence prekurzoru
mezerniku (protospaceru)

Jeden nebo vice Cas protein U
rozpozna sekvenci PAM na
vstupujici fagové DNA a
zacleni p Filehlou sekvenci
pSn jako novy mezernik s |, do
CRISPRové oblasti, na jeji
konec nejblize vedouci
sekvence. VSechny ostatni
CRISPRYy se posunou
doprava, p fiéemz ten
posledni vpravo je
odstran én.



C Roles of CRISPR functions in defense: immunity phase

Strain A(3)
2l ﬁ
r /—>~T‘ ‘.Qrd 5 -.béq-'
Cas proteins &RNAS—’
et 3? @1
Pre-crRNAs o~ Expression of
T f T “CRISPR system”
cas genes Spacery,
Bacterial chromosome
h S
i Subsequent infection by same phage
Phage
Strain A(3)
S
Phage DNA ,u"*%“”« 1
T
i SR v e
SHE— H“-‘.ﬁy‘w"mﬁ‘w«w”mﬁﬁ-"
e " Phage
Suige Bhls ‘:‘L’ “T' ”'&r' DNA degraded

o 4 B -
cas genes Spacer,

Bacterial chromosome

N~

Sireni CRISPR - transformace, transdukce

Imunitni faze: Zacileni vstupujici
protospacerové sekvence
prekurzoru mezerniku na
fagové DNA.

Sestava CRISPR U je pFepsana do
jedné dlouhé molekuly RNA,
ktera je St épena
v repetitivnich sekvencich za
vzniku molekul ,,guide”
CRISPR RNA, z nichz kazda
obsahuje sekvenci jednoho
mezerniku. Kdyz bu fku
infikuje stejny typ faga,
dojde k parovani crRNA
obsahujcici sekvencis |
s identickou sekvenci
prekurzoru mezerniku
(protospaceru) ps |, ve
vstupujici fagové DNA a
jeden nebo vice Cas
protein U v ni St épi
protospacery, €imz faga
inaktivuji.



Strategie fag u k pfekonani systém 0 CRISPR-Cas
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a)

b)

Mutace ve fagovych protospacerech nebo

v sekvencich PAM navozuji rezistenci

k interferenci, nebo t’ neni spln én pozadavek
na komplementaritu mezi crRNA a cilovou
DNA.

systém u lyzogen U Pseudomonas aeruginosa
Fagem kodovany anti-CRISPR protein blokuje
interferenci zabran énim vytvo Feni nebo
pusobenim komplex G CRISPR-Cas. ? Tento
protein m tze byt zabalen do kapsidy a pak
koinjikovan p Fi nasledné infekci, nebo m dze
byt vytva fen bezprost Fedné po injekci fagové
DNA do bu riky.

c) Systém CRISPR-Cas u fag G Vibrio cholerae. Po

vstupu fagové DNA do bu nky jsou
exprimovany virové crRNA a cili na dosud
necharakterizovany antifagovy systém V.
cholerae. Tento systém je lokalizovan

v lokusu podobajicimu se fagem
indukovatelnému chromozomovému ostrovu
(PICI), ozna€ovanému jako PICI-like element
(PLE). Spacery ve fagovéem CRISPR lokusu
jsou komplementarni k sekvenci PLE, a
pusobeni mechanismu CRISPR je schopno
specificky zacilit na tento geneticky element a
inaktivovat ho.



Class 2

Klasifikace Cas protein 0 podle jejich funkce

Expression Interference Adaptation Ancillary
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Uspo Fadani genomickych lokus 0 u jednotlivych subtyp G systém (it CRISPR-Cas
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Struktura multiproteinovych crRNA-efektorovych komple XU

Small
subuinit

Large
subunit

‘Cmirl and
Cmir (Cas?

Small group)

. Ca{g?
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~LCash

~Large
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Funk €ni aktivity komplex u:
-rozpoznani cilové sekvence na DNA

-helikaza: rozmotani dsDNA a duplex
RNA-DNA

-Endonukleéaza st épici cilovou DNA






