A€3AMHHHPOBAHKE OCHOBAHMMA, [1PH KOTOPOM LIMTO3HH NpeBpallaeTcs B ypa-
LW/, a1€HWH — B TMMOKCAHTHH, a TVAHWH — B KCaHTHH. Yawue Bcero ne3a-
MHUHHPYETCH LUTO3NH,

AeNYPHHHU3AUMA, M. 1M JeNHPHMHIHHH3AUMKA, PE3VILTATOM KOTOPOH SIBISETCSA
nossiacHue B JIHK ocrarkos ae3okcupubo3bl, THILIEHHBIX OCHOBAHMS;
obpazoBaHue noa aeiicTeueM viasrpaduonera (YOO) nHpUMHAHHOBBLIX 1HMe-
POB MEXY PAIOM PacrnoI0KEeHHBIMH B LIENH OCHOBAHHAMM;

Pa3pbiB HYKJI€OTHIHBIX LIEMeH.

oS BJIEHHE KOBAJEHTHBIX CIIHBOK MEXIY LENMAMH MW LETAMH U THCTOHAMM;
BOIHUKHOBEHHE OWHOOK PEnIHKAUNM:

obpa3zosanue npoaykros ajkuauposanus JAHK (6-metunryanuHa, 7-metui-
ryaHMHa, 3-MeTHaaJeHWHA) 1noji BO3JeiHCTBUEM HEKOTOPbIX XMMHYECKMUX
BELIECTB.



Penapauna AHK

Kak JHK coxpaHsieT cTaOMNbHOCTL?

NMpnYnHBLI OLLMOOK:
e XMMNYECKNE areHThl
e/13nyyeHmne
e OWwnbkm pennukauum

CucrtemMbl penapauum B Knetke (ucnpasneHue owno6ok B [1HK)

BoccTaHoBneHne noBpexXaeHHOU uenu no HenoBpeXxXaeHHoN
MaTpuue



penapauum

[ToBpexaeHna AHK npnBogaT K HapyLLeHU0 YOTCOH-
KpnKOBCKOUM CTPYKTYpPbI, NTOKanbLHOM AeHaTypauuu,
Br1oOKMpPOBaHMIO pennukauum

*

check-points



CurHanbl ana penapauuun OHK:

HenocpencrteeHHo noBpexaeHne [HK

CoObITus B yuTONIa3mMe, HanpMMep OKUCIUTENbHbIN CTPECC

Penapauusa noBpexageHHon JHK — yactb obOwen aganTMBHOMU
peakuunm KreTKku Ha noBpexaarLime Bo34eucTBus



CucrtemMbl penapauuu

* [lpamaga penapauua (dpotopeakTtuBayms)
«  OKCUM3NOHHas penapauund

Mismatch repair

Base excision repair (BER)

Nucleotide excision repair (NER)

e [locTpennukatneHas (pekoMmbnHaunoHHag)
penapaunsa

« SOS-penapauus



doTopeakTmBauUuna (npamas

penapauus)
Thymine
Thymine
DNA backbone
Photolyase
+
white Photodimer
light

UV light




PoTopeakTnBauus (1963r)

* [eHbl PHR/PRE

* KogupyroT goepMeHT poTonmasy, MOHOMEpPHbLIN donaBuH-
3aBUCUMbIN (PEPMEHT

» KodpakTopsl : FADH- 1 5,10-meTeHunTeTparnapodonar
(5,10-MTHF)

« CBA3bIBaETCA B TEMHOTE C aumepamun TT

« Ha cBeTy kodhakTop abcopbupyet doToH

* Vicnonb3ya aTy aHepruto potonmasa pacwennaet TT gumep
« doTonmasa oceoboxaaet AHK



dPoTopeakTuBauus

Native DNA CPD Absorption Reversal
DNA  with  photolyase of light and release
dimer b(()lqn to (>300 nm) of enzyme
imer



PoTopeaKkTnBaUus
Light

Energy
Electron
(e-)

‘: : : FADH |

Photolyase




doTonmasbl

* [lpnHagnexat 6onbLOMY CEMENCTBY (POoTONMa3s-
KPUNTOXPOMOB.

*[lpegcrtaBuUTENM 3TOMO CEMENCTBA LLUMPOKO
pacnpocTpaHeHbl BO BCEX LLlapCcTBax

* B cooTBETCTBUU C UX PYHKLMEN:
* CPD-poTONMasbl - penapupytot CPDs,
* (6-4)PP- qooTONMasbl — penapupytoT (6-4) PoTonpoayKThl
« Kpuntoxpomebl. He yyacTtsytoT B penapauun OHK. Y
PacCTEHUN KPUNTOXPOMbI PETYNUPYIOT POCT,

perynmpyemMblin CAHUM CBETOM, a Y KUBOTHbIX —
LiMpKagHble pUTMbI.



doTonmasbl MMEKOT ABa TUna
XpomodhopoB

* FADH (donaBnHageHuUHAMHyKneotua) u MTHF
(MeTeHunTeTparnapodonar) .

« KaTanutmnyecknm kodpaktop FADH —
HenocpenCcTBeHHO B3aMMOAENCTBYET C
cybctpatom —(TT gumepom) B
dooTopenapupyroLien peakymu.

« CBeToynoButernb MTHF— AeACTBYET Kak aHTEeHHa,
yrnaBnMBaeT SHEPIuo N nepeaaet ee
KaTanuTuyeckomy Ko-dakTopy.



DNA Photolyase from E. coli

MTHF

/ photon antenna

FADH
electron donor

DNA T<>T dimer
electron acceplor




Cucrtemsbl penapauun

« ®doTopeakTnBauUUAa (NpsmMasa penapauns)

« [locTpennukaTnBHaga (pekoMmbmnHaLnoHHas)
penapauus

« SOS-penapauus
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[TyTn KOppeKumMmn oLIMObOYHO
crapeHHbIX OCHOBaHUW

1. Koppekuymsa c noMmoLlbo 3’-5" 9K30HYKNneasHoU
aKTUBHOCTW nonmmepas

2. MwucmaTd penapauunsa: BbiaBAsiET
HEeKoMMNneMeHTapHYI0 Napy TOMbKO Ha O0YEpPHEN
uenu JHK 1 nponssoguT 3ameHy HenpaBUbHOIO
OCHOBAaHWA TOJIbKO Ha AOYEPHEN LIENN.



OcHoOBHbIe b6enku meTun-Hanpasnsgemon VIMR E.
coli
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A closer look at mismatch repair
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[omonoru reHoB MutS, MutL y

AYKapunoT
E.coli | S.cerevisiae | S.pombe | C.elegans | D.melano | A.thaliana | Human
gaster

MutS MSH2 MSH2 MSH2 SPEL1 MSH2 MSH2
MSH3 SWIi4 MSH3 MSH3
MSH6 MSH6 MSH6 MSH6 MSH6 MSH6

MSH7

MutL MLH1 MLH1 MLH1 | MLH1 MLH1 MLH1
PMS1 PMS1 PMS1 | PMS2 PMS1 PMS?2
MLH2
MLH3 MLH3 MLH3

PMS1
MutH - - - - - -

EXO1 BHOCUT pa3pbiB BMECTO

MutH




A B
Prokaryotes Eukaryotes

- ‘ Genetic divergency of MutS and Mutl.
Mismatch after DNA replication . l '
‘ Not found .

Multiple functions of MSH2

GATCo—
°

—L—GATC
—eee (e lA(l

@o

-—(.-—GAI C—
—_—eee e l/\.G—

Figure 3. A, Schematic representation of mismatch repair in prokarvotes. The MutS homodimer protein binds to the DNA
mismatch and makes a loop in DNA using the cnergy of hydrolysis of two ATP molecules. The Mutl, homodimer protein then
associates with the bottom of this loop and activates the endonuclease MutH. The MutH protein only nicks the unmethylated
strand. which contains the incorrect base. Afterwards, the cleaved strand is submitted to exonuclease activity, DNA resynthesis and
ligation. B, Schematic representation of the cukarvotic mismatch repair system. The MutS proteins diverged into six orthologous
genes, while Mutl. diverged into five other genes; these are denominated MSH and MLH, respectively, The Muthl protein is not
found in cukaryotes. The MSH and MLH proteins interact as a functional heterocomplex and repair several types of substrates,
such as mismatches. single-strand loops generated during microsatellite replication, DNA double-strand breaks. and holiday
Jjunctions from meiotic crossing-over.
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a Base excision repair b Mismatch repair
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Human BER pathways

DNA Base Damage
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Table II - Basc excision repair related proteins and their homologues in different organisms.

Enzyme (prototype) Yeast Human A. thaliana Sugarcane cluster (e-value®)
AP endonuclease (£. coli Exonuclease 111) Apn2 Apel {Refl, Hapl), Arp. two other SCEZAM2032F04.g (c-96)
(Eth1) Ape2 homologues
AP endonuclease (E. coli Endonuclease I'V) Apnl - -
Uracil DNA glycosylase (E. cali Ung) Ungl Udgl Ungl SCEQFL5048B07.g (¢-42)
3-Mcthyladenine glycosylascs (E. coli Tagl Mag Aag Aag, Mag. several  SCILRT2049G09.g (Mag family.
and AIKA, human Aag) (AlKA Tagl homologues  e-14), SCMCRT2104F02 (Tagl family,
family) e3P
S-oxoguanme/ formamidopyrimidine Oggl Oggl Oggl, MutM1, SCVPRZ2036B0S g (Oggl family, ¢-66)
glycosylases (E. coli MutM, yeast Oggl) MutM2 SCCCLR2COIB12 (MwtM family, e-111)
8-oxoguanine : adenine mispair glycosylase - Myh MutY -
(E. coli MutY)
Thymine glycol glycosylases (£. coli Ntgl, Nig2 Nigl Nthl, other SCACSBI036F 12 (e-85)
Endonuclcasc 111) homologue
G:T mismatch glycosylase (human Tdg) - Tdg -

ABLASTn c-values for the best hit obtained probing with 4. thaliana proteins.
PThere are several Tag homologues in A. thaliana, as well as several clusters in sugarcane. Therefore, the e-value shown was obtained probing with E. coli
Tagl.
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Y BCEX XUBbIX opraHn3max NER COCTOUT 13 3Tanos:

* Y3HaBaHue noBpexaeHumn

« CBsI3bIBAHNE MYNbLTUCYDOBLEOANHNYHOIO KOMMIIEKCa C
noBpeXxaeHHbIM CanTom

 [1BOMHOE Hagpe3aHne NoBpeXaeHHOW LUenn Ha
HECKONbKO HYKNeoTna0B OT NOBPEXAeHHOro canTta B
oboux HanpapneHusax 5'un 3'

« OcBODOXOEHME ONUIOHYKINeoTaa, coaepxallero
noBpexaeHne Mexay AByMsi Hagpesamu

 3anonHeHmne obpasosaswencd 6pewn AHK
nonMmvepasou

* JlurnposaHune



I NUCLEOTIDE EXCISION REPAIR

Prokaryotic type Eukaryotic type
Grohal genome repair (GGR) Transcrip tion coup ked repair (TCR) Grobal genome repair (GGR) Transcrip tion coup led repair (TCR)
DNA lesion DA lesion DNA lesion DMA lesion
. / 5 4 RNA\) 5" 3 s \ o) 3"
\ g 5 3 ) ! ! [yraerase
N lymerase : S by )
h ¥ -F @, : % 3 > ;
Darnage recognition RNA polymerase Daraage recognition
UVRA Cul-DDE (XPE) XPC Culd-CS A
UVRE ,-/_\ coraplex cornplex complex
' @ . RBX1 XPC RBX1 | [ CSB |
5 MFD 3 Culd HR23B Culd
3 A 5 DDEI CETN2 "DDEL |
DDB2 CSh
LR l Ubiguitin mediated
UVEB proteolysis ,-‘—x
5 UVRA ¢ 5 UVRA 5 45 — @i
30 \ UVRB w5 MFD _ yyRrg ; ; XPC Centrir - g | RmEmsly
N 3" 3 N 8 3 HR23B 2t 3 ) 5
DNA unwinding DNA& unwinding
Holo-TFIIH coraplex
CDK7 | XPB | TFIH1 [xpc | [ xpa
MNATI| XPD | TFIIH2 RPA
CCNH | TTDA | TFIIH3
TFIIH4
XPG
" 4
5 R 3 5 P S 3
P [
7 50 e _ TRIIH 50
.u;jeme!ex RPA
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Holo-TFITH comp lex e
UYRC ERCC1
\\ UYRC g Ubiguitin ligase XPG /,
S¢ UVRB /A 3 5t 3
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Table 1 Mammalian genes involved in nucleotide excision repair

Human gene/protein
XPCIXPC

RAD238

(HHR238)/
HRADZ3B

RADZ23A
(HHR23A)
HRAD23A

CENT2/

centrin2 (or caltacin 1)
XPAMXPA

RPAT/REAT
RPA2/RFA2
RPAS3/RFA3

XPBIXPB

XPDIXPD

GTF2H1!
pe2
GTF2H2!
P44
GTF2H3/!
P34

Function in NER

Involved in damage recognition. Not required
for TCNER. Represented in human XP.

Binds to XPC. Involved in damage
recognition. No hurman mutants known.

Jan substitute for HRADZ3B.
No human mutants known,

Stabilizes XPC in the presence of
HRAD23. No hurnan mutants known,

Involved in damage recognition. Represented in
human XP.

Subunit of trimeric RFA complex. Invoived in
damage recognition. No human mutants known.

Subunit of RFA complex. Involved in damage
recognition. No human mutants known.,

Subunit of RFA complex. Involved in damage
recognition. No human mutants known.

Subunit of core TFIIH complax, 3'—=5" DNA
helicase. Promotes bubble formation. Represented
in human XP/CS syndrome.

Subunit of core TRIH. 5°—3' DNA helicase.
Promotes bubble formation. Represented in
human XF, XP/CS syndrome and TTD.

Core TFIIH subunit, Promotes bubble
formation. No human mutants known.

Core TFIIH subunit. Promotes bubble
formation. No human mutants known.

Core TFIIH subunit. Promotes bubble
formation. No human mutants known,

Mouse gene

Rad238

Rad23A

Cent?

Gti2nl
Gtf2h2

Gtf2h3

Mouse mutant phenotype

Defective in NER of the non-
transcribed strand of
transcriptionally active genes
after UV radiation. Skin cancer
after UV irradiation.
Heterozygous mutants also
prone Lo skin cancer, Liver
and lung tumours after
axposure 1o chemicals (AAF).

No NER-defective phenctype
observed. Mice viable but small.

Not NER defective. Mice viable
and develop normally.
Rad23A4/Rad23B double
mutation is lethal,

Not available.

NER defective, Skin cancer
after LIV radiation or exposure to
chemicals (benz[alpyrene and
DMBA).

Not available.
Not available.

Not available.

Embrycnic lethal.

Embeyonic lethal. An aliele
that mimics a
mutation in human TTD is viable,

These mice are NER defective and

have TTD. They also manifest skin
cancer after UV irradiation,

Not available,

Not available.

NtaErfol C. Friedberg 2001
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RPA2/RFA2
RPA3/RFA3

XPBIXPB

XPDIXPD

GTF2H1/
P62
GTF2H2/
pa4
GTF2H3/
P34
GTF2H4/
p52
XPGIXPG

ERCC1/ ERCCH

XPFXPE

DOB1/
DDbB1

DDB2¢
bbB2

CSA/CSA

CSB/CSB

XABZ2/XAB2

e e e s Bl S L Tt RS S
damage recognition. No human mutants known.
Subunit of RFA complex. Involved in damage
recognition. No hurman mutants known,

Subunit of RFA complex. Involved in damage
recognition. No human mutants known.

Subunit of core TFIIH complax, 3'—5" DNA
helicase. Promotes bubble formation. Represented
in human XP/CS syndrome.

Subunit of core TFIIH. 5'—3' DNA helicase.
Promotes bubble forrmation, Represented in
human XP, XP/CS syndrome and TTD.,

Core TFIIH subunit, Promotes bubble
formation. No human mutants known.

Core THIH subunit, Promotes bubble
formation. No human mutants known.

Core TFIIH subunit. Promotes bubble
formation. No human mutants known,

Core TFIIH subunit. Promotes bubble
formation. No hurman mutants known,

3' DNA-structure-specific endonucisase.
Required for bimodal incision. Represented in
human XP and XP/CS syndrome.

5" DNA-structure-specific endonuciease with XPF.
Eequired for bimodal incision, No human mutants
NowN.

5' DNA-structure-specific endonuciease with ERCCA,
Required for bimodal incision. Represented in human XP.

Forms a complex with DDB2. Complex defective
in individuals with XP-E,

Forms a complex with DDB1. Complex defective
in individuals with XP-E.

Required for TCNER. Represented in human CS,

Required for TCNER. Reprasented in human CS.

Interacts with XPA, CSA and CSB. Involved in
TCNER. No human mutants known.

Gtf2hl
Gtizh2
Gtf2h3

Gtfzh4

Xog

Ercct

Xpf
Dadb1
Ddlb2

Csa

Csb

Xab2

O RS B W v

Not available.
Not available.

Embryonic lethal.

Embeyonic lethal. An aliele

that mimics a

mutation in human TTD is viable,
These mice are NER defective and
have TTD. They also manifest skin
cancer after UV irradiation,

Not available,
Not available.
Not available.
Not available.

NER defective. Mice
viable but runted,
indicating a vital function.

NER defective. Mice
runted or inviable,
indicating a vital function.

Not available,
Not available.
Not available.

TCNER defective, No
obvious CS phenotype.
Skin cancer after UV irradiation,

TCNER defective. No obvious CS
phenotype. Skin cancer after UV
iradiation.

Not available.

AAF, M-acetoxy-acatylaminofiucrene; CS, Cockayrna syndrome; DMBA, 7,12-dimethylbanzanthracine, ERCC1, excision repar cross-complameanting 1; HRADZ3,
human homolkegue of FAD23; NER, nucleotida excision repair; RPA, replication proten A; TONER, transcrigtion-coupled NER; TFIH, transcription facter IH; 170,
trichothicdystrophy; LV, ultraviolet; X, xeroderma pigmentasum,



Mechanism of Incision by the NER Pathway
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Genetics of NER 1n Humans

Xeroderma Pigmentosum (classical)
* Occurrence: 1-4 per million population
* Sensitivity: ultraviolet radiation (sunlight)
* Disorder: multiple skin disorders; malignancies of the skin;
neurological and ocular abnormalities
* Biochemical: defect in early step of NER

* Genetic: autosomal recessive, seven genes (A-Q)

Xeroderma Pigmentosum (variant)
e Occurrence: same as classical
e Sensitivity: same as classical
* Disorder: same as classical
e Biochemical: defect in translesion bypass
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pennukaummn (RFC) n benka-
noMoLLHMKa (PCNA).



Xeroderma Pigmentosum
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Genetics of NER 1n Humans

Cockayne’s Syndrome
e Occurrence: 1 per million population
e Sensitivity: ultraviolet radiation (sunlight)
* Disorder: arrested development, mental retardation,
dwarfism, deafness, optic atrophy, intracranial
calcifications; (no increased risk of cancer)
e Biochemical: defect in NER
 Genetic: autosomal recessive, five genes (A, B and XPB, D & G)
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Cockayne’s Syndrome
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Genetics of NER 1n Humans

Trichothiodystrophy
* Occurrence: 1-2 per million population
* Sensitivity: ultraviolet radiation (sunlight) in subset of patients
* Disorder: sulfur deficient brittle hair, mental and growth
retardation, peculiar face with receding chin, ichthyosis;

(no increased cancer risk)
* Biochemical: defect in NER

* Genetic: autosomal recessive, three genes (TTDA, XPB, XPD)
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Trichothiodystrophy
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Cancer Complementation

Disease Sensitivity susceptibility groups Symptoms
Alaxia v irradiation Lymphomas 5 Ataxia, didation of blood vessels
telangiectasia (telangiectases) in skin and eyes,
chromosome aberrations, immune
dysfunction
Bloom syndrome Mild alkylaung Carcinomas, 1 Photosensitivity, facial welangiectases,
agents leukemias, chromosome alterations
lymphomuas
Cockayne UV light 2 Dwarfism, retinal atrophy, photosen-
syndrome sitivity, progeria. deafness, trisomy 10)
Fanconi anemia Cross-linking agents Leukemias 3 Hypoplastic pancylopenia, congenital
anomalies
Xeroderma UV light, chemical Skin carcinomas 3 Skin and eye photosensitivity, keratoses
pigmentosum mutagens and melanomas
HNPCC Colon, ovary 4 Early development of tumors

Note: Other human hereditary disorders that may be related 1o DNA-repair defects include dyskeratosis congensts
(Zinsser-Cole-Engman syndrome L progena ( Hutchanson-Galford syndeome ), and trichothrodystrophy.

HNPCC, hereditary nonpolyposis colorectal cancer,

Source: After A, Komberg and T, Baker, DNA Replication. 2d ). Copynght € 1992 by W, H. Freeman and Company




Cucrtemsbl penapauun

« ®doTopeakTnBauUUAa (NpsmMasa penapauns)
«  OKCUM3NOHHas penapauusd

Mismatch repair

Base excision repair (BER)

Nucleotide excision repair (NER)



(a) Postreplication recombination repair
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T'en recA
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Penapauus aByLeno4Ye4yHbIX pa3pbiBOB

DNA double-strand breaks

lonizing radiation
Oxidative damage
Spontaneous events

erwfml

Double-strand break rejoining Homologous recombination




