S

Errores de replicacion
y dafnos en el DNA

Mecanismos de reparacion

Mutacién = cambio

ULas mutaciones en el DNA causan muy frecuentemente la
pérdida de funcion* de un gen ya que

« afectan las secuencias codificantes del gen o sus regiones
regulatorias

«impiden que se use como molde en la replicacion y/o
transcripcion.

*La probabilidad de que se gane una funcién es muy baja. Si se
cambia al azar una de las piezas de una maquina lo méas probable
es que se descomponga y no que mejore su funcionamiento!




U ¢ Por qué es necesario mantener baja la frecuencia de
las mutaciones?

= En microorganismos la mutacion puede ser esencial para
la vida (mutantes letales condicionales o no condicionales)
0 no esencial, por ejemplo cambio en la morfologia o color.

= En organismo multicelulares, niveles altos de mutaciones

» .en las células germinales destruirian la especie
(desordenes genéticos),

» en las células sométicas destruirian al individuo
(cancer , muerte celular, anormalidades)

U Por otra parte, si el material genético fuera perpetuado con
perfecta fidelidad no existirian las variaciones que
impulsan la evolucion.

U La biodiversidad depende de un delicado balance entre
la frecuencia de las mutaciones y su reparacion.

Tipos de mutaciones

Mutacién = cambio

Afectan cromosomas enteros 0 trozos importantes de cromosomas:
mutaciones cromosémicas (traslocaciones, visibles en cromosomas
metafasicos)

Afectan genes individuales, en la regién codificante y/o reguladora:
mutaciones génicas

mutaciones: inducida (por mutagenos) o espontanea

mutacién puntual: una sola base implicada
Mas de una base implicada (ejemplos):

. cambio en el nimero de copias de secuencias repetitivas (AGC)n,

. inserciones por transposicién, deleciones de blogues de secuencias




Frecuencia de mutaciones

Table 14-1 Mutation Frequencies Obtained with Various Mutagens in Neurospora

Nurnber of
Exposure time ad-3 mutants per
Mutagenic treatment (minutes) Survival (%) 108 survivors
No treatment (spontaneous rate) - 100 ~04
Amino purine (1-5 mg/ml) During growth 100 3
Ethylmethanesulfonate (1%) 90 56 25
Nitrous acid (0.05 M) 160 23 128
X rays (2000 r/min) 18 16 259
Methyl methanesulfonate (20 mM) 300 26 350
UV rays (600 erg/mm?/min) 6 18 375
Nitrosoguanidine (25 mM) 240 65 1500
ICR-170 acridine mustard (5 mg/ml) 480 28 2287

Note: The assay measures the frequency of ad-3 mutants. It so happens that such mutants are red, so they can be
detected against a background of white ad-3* colonies.

mutaciones puntuales

1

—_

T C
—

_
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transiciones

transversiones




Consecuencias de las mutaciones puntuales

Thr GIn Arg Gly

Codpn1 Codlonz Codlons Codlon4
f JE] 1T 17 |
ACACAGCGT GG T

Thr GIn Arg Gly

ACACAGCGC. G G T

Synonymous substitution

Thr Gin Ser Gly

ACACAGAGTGG.T

Missense substitution

Thr Ala Ala Tp  r-

AC A G CA G C G L G G L -

Insertion
Regulatory site

ACACAGCGCIT GG

.

ACAGAGCG T GGT

Regulatory protein
cannot bind

Figure 14-3 Consequences of point mutations within genes. In
the top four panels, codons numbered 1-4 are located within
the coding region of a gene. .

025%° (es
Wild-type gene ) es de e‘ 5‘\0(\
,‘\)C\ “a"\s\l
5\)‘5\\7 (\es y
S\o\©
ol
Base
substitutions
Sitios que podrian ser afectados por
mutaciones (cambios en la secuencia
nucleotidica): recordar estructura de
Frameshift . .
mutation genes, secuencias no transcriptas,
g procesamiento de pre-mRNA, etc.
/'C/~
0/7@8
n,
Uers, ol
) ! I /
g "Gog “Neg

sequence

mutaciones puntuales

Type of mutation

Result and examples

At DNA level
Transition Purine replaced by a different purine, or pyrimidine replaced by a different pyrimidine
A T—G C—G C—A T C G—T A T -A—C-G
Transversion Purine replaced by a pyrimidine, or pyrimidine replaced by a purine:
A-T—C-GC A T—T-A G C—T-A G-C—C- G
T-A—G:C T-A—A.T C.G—A T C.G—G:C
Indel Addition or deletion of one or mere base pairs of DNA (inserted or deleted bases are

At protein level

Synonymous mutation

underlined):

AAGACTCCT —= AAGAGCTCCT
AAGACTCCT — AAACTCCT

Codons specify the same amino acidl

AGC— CGG
Arg Arg

Missense mutation
Conservative missense mutation

Nonconservative missense mutation

Codon specifies a different amino acid
Codon specifies chemically similar amino acid

AMA—= AGA
ys Arg
(basic] (basic)

Does not alter protein function in many cases
Codon specifies chemically dissimilar amino acid:

UuU—ucu

Hydrophobic  Folar
phenylalanine  serine

Nonsense mutation

Codon signals chain termination:

CAG—UAG

Gln Amber
termination
codon

Frameshift mutation

One base-pair addition (underlined)
AAG ACT CCT—AAG AGC TCC T..
One base-pair deletion (underlined)
AAG ACT CCT— AAA CTC CT.




Mutagenos quimicos:
agentes cancerigenos o carcinogénicos

DIRECTACTING CARCINOGENS

INDIRECT-ACTING CARCINOGENS

0—c¢=o0 P H,C=CH—CI
H,C—CH, L& ) |\ j Vinyl chloride
f-Propiclactone (\ £ H
\ J/ c;‘ o
0 Benzo(al \H\
0 enzolalpyrene - ) 7
HoC—S—0—CH,—CH, (3.4-benzpyrene) \\ v D L
a 3
0 a 2-Acetylaminofluorene
Ethylmethane sulfonate (EMS) . S
e —CH
0 QOO .
I e et T 0
H,C—0—S—0—CH, £y ()
|| N N
0 . T
Dimethyl sulfate (DMS) Dibenz(a,hlanthracene H,C—CH=CH,
-~ Safrole
CI—CHZ—CQz [ ~ ” ‘\ [sassafras)
N_CHa \ /I O
a
Cl—CH,—CH, 2 Naphthylamine / 7
Nitrogen mustard = T— £
HyC o
HiC—N—C—NH, “N-N=0 \<\ ’_\L
N O HaC 0—CH,
o Dimethylnitrosamine Aflatoxin B,
Methyl nitrosourea IMNU] Mspargillus flavus)

Ensayo de Ames:

Salmonella typhymurium his-
+ mutdgeno (disco de papel)

(xextracto de higado)

Crecimiento en medio sin His

Efecto toxico
del mutageno
por exceso de
dosis

Reversion a his+

evaluacion de capacidad mutagénica de sustancias




Ensayo de Ames:

Reversion a his+ de una cepa de S. typhimurium his- [se usan diferentes
mutantes puntuales, de sustitucion, in/del]

(con una mutacién puntual en uno de los genes de biosintesis de histidina)

possible
mutagen a high number of
revertants (his- to his+)
suggests the mutagen
rat liver causes mutations
extract plate incubate
/—r — e ——:’_'_:_: -
media with
minimal histidine
plate incubate
Salmonella strain I _

{requires histidine)

control plate
(natural revertants)

evaluacion de capacidad mutagénica de sustancias

Las causas de mutaciones en el DNA:
A.Los mutagenos segun su origen.

1. Modificacion quimica del material genético (dafio):
a) Agentes externos
Radiacién: UV, ionizante
Alimentos: aflatoxinas (mani con hongos), agentes alquilantes (ej. carne
quemada).
Medicamentos anticancerosos: agentes que producen cross-linking,
agentes alquilantes.
Contaminantes ambientales: agentes alquilantes, oxidantes, etc.

b) Agentes internos (presentes en las células)
Agua
Productos metabdlicos por ej. radicales libres, O,, H,O,

2. Errores en lareplicacién debido a la tautomerizacion de las bases. El
equilibrio ceto-endlico limita el perfecto apareamiento durante la replicacion.

3. Inserciones generadas por transposones (elementos mdviles de DNA)




B. Los mutagenos segln sus
mecanismos de accidn

0 Cada mutdgeno muestra especificidad o preferencia por

el tipo de mutacion que produce y

el sitio donde produce la mutacion (“hot spots”)

U Los mecanismos de accion de los mutagenos son:
reemplazo de una base por sustancias similares,
inducen apareamientos erréneos (“mismatch”)

alteracion de una base que luego se apareara en forma

especifica pero incorrecta con otra base

dafio de una base que no podra aparearse luego con
ninguna otra base (ej: carcindégenos, radiacion ionizante, luz UV,

aflatoxina B1)

Apareamiento entre las formas
normales ceto de las bases
(modelo de Watson & Crick)

H
\
G 4| H- o N
N7 3p
e /
H
j:).( \N(ﬂi? \> Y \>
“h
Cytosine \N Cylosme
'L Guanlne Rare imino form
of adenine (A”)
HzC
H
/]\/O,
5 1
(6 4 ‘H. _H N
NG N g “H\ A
N
/
N
Thymlne L Rare imino form L N
of cytosine (C*) !
Adenme Adenine
Corregido por VR

Apareamiento de Bases

Apareamiento erroneo de las formas
tautoméricas enol de las bases

O.

/Kf o
O

/ Y

Thymlne \N

[\>

H Rare enol form
of guanine (G*)

HszC

= / \
AN Y )i
Rare enol form

of thymine (T Guanlne




Analogos de bases.

Algunos mutagenos tienen Reem P lazo de
estructuras quimicas muy

similares a las bases bases
naturales y se pueden
incorporar en su lugar .
H "
Br (O 0 N
No se aparean como las Br //o....H_N/ N > gﬁ\{ W\W
bases normales e inducen /% N_H_“_NWN\ : &i‘NWHiN}:N "
apareamientos erroneos /Na_2< NN 7 oH—N_
durante la replicacion. © H
Common keto Adenine Rare Guanine
5-bromouracilo (SBU) es form of 5-BU ionized form
of 5-BU
un anélogo de la timina, el (@ (b)

equi"brio esta desp|azad0 Figure 14-7 Alternative pairings for 5-hromouracil (5-BU). An
. L analog of thymine, 5-BU can be mistakenly incorporated into
hacia la forma endlica o DNA as a base. The ionized form base pairs with guanine.

ionizada que se aparea con

guanina.
Alteraciones de Bases
H:,c—(:r\|2
/N o /N o o CHa
fNr‘zf—EgNH N( @ H—NmG-C4A-T
N=(N H%> = %N
. - N—H--O' N
Agentes alquilantes: W ,
. Guanine 0-6-Ethylguanine Thymine
etilmetanosulfonato (EMS) e "
y nitrosoguanidinas. N
HsC O EMS. pc o o Nj
ﬁm /| I TRETIT O \T-A*C-G
N =
o O-H-N
Agentes que se “h
. Thymine O-4-Ethylthymine Guaning
intercalan en el DNA:
causan inserciones o H. - CHCH,C
delecpnes de un par de~__ N
nucleotidos o
H,C CHy ' _—}N'rtrboa%zr;ous

Intercalated
malecule

HyM MH, N N OCH
4 N 2
cl

Proflavin Acridine orange ICR-191




0°%-Methylguanine

Las alteraciones de bases
producen mutaciones

H

N o]l ||H—1l7

e

Guanine N

R/

ﬁ
r

N 0—CH;0,

N—Hi uN

Nzﬂ«l—Hmo%N\R

J’meth_vle\tion and replication

ar—

CHs

Cytogine

ImH—N \> Thymine

N=§\[ C}*N
‘—Hlll \R
H

(a)

FIGURE 25-26 Example of how DNA damage results in mutations.
(a) The methylation product O®-methylguanine pairs with thymine
rather than cytosine. (b) If not repaired, this leads to a G=C to A=T
mutation after replication.

methylation

CH; -G C

replication.

CHy-G—T G-{C

replication

Carrectly
paired DNA
(no mutatior

CHy-G—|T AT

(h}
. ., .
Radiacion ultravioleta
5 5
o P - o, H
o—F , H.C o :N/ .
: N Se bloquea
o N . - . 7
| la replicacion
o Pcix ‘O' _(H . l,_u oy
o v -0 Z
HyC p—0C -/ o “H . .
g o o © Figure 14-12 uv light-
j o- Fﬁ generated photoproducts.
ﬂ‘i{_p-“ ° ony . Photoproducts that unite
) ° . adjacent pyrimidines in
e UP o l DNA are strongly correlated
; ~ e with mutagenesis.
o Pf?’ vobin o “on o [Left panel adapted from
o— clobu nn; ~FHa2
Ty yEORMIE E. C. Friedberg, DNA
S o §:> [_).F-E," ° 5 Repair. Copyright 1985
) « Q o~ o by W. H. Freeman and
0 o- HC Company. Right panel
Hs, [_)“*-‘ T(6-4)T from J. S. Taylor et al.]
p—0 o

(a) Cyclobutane pyrimidine dimer 5 [s}

{b) 6-4 Photoproduct




Radiaciones ionizantes (X, y)

Puede ionizar directamente las desoxiribosas o generar especies
reactivas de oxigeno, OH-, O,"y H,0, a partir de agua que a su vez
atacan al azucar.

Efectos: dafio oxidativo, pérdida de bases, ruptura doble cadena
(“double strand break”)

8-0x0-dG se aparea
CH,4

HNZ O OH HNE S erroneamente con T
;g Z J\ >: (y con otras bases con menor
o ﬂj HOH NH frecuencia)
| Luego de la replicacion:
dR dFI
Thymidine glycol 8-Oxo-7-hydrodeoxyguanosine G-C — A-T

(8-oxo0 dG)

Figure 14-20 DNA damage products formed after attack hy
oxygen radicals.

Guanine Aflatoxin 810 o Afl ato Xi n a B 1

HO i Se une al N7 de la
° guanina rompiendo el
HNJIT\'> 0~ ™0 OCH, enlace entre la base y
N Sy N el azlcar.
DNA
backbone AFBL1 es un poderoso

Figure 14-13 The binding of metabolically activated aflatoxin Carcmogenp aislado
B, to DNA. de manies infectados

con un hongo.

Adlatoxin
DNA DNA remains intact

C LG IGE G _oorwien GO, 9GGIE  CGeneraunsitio
of oqéquQq ol qq&qoéaq apurinico (AP)

Figure 14-14 The loss of a purine residue from
a single strand of DNA.
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Drogas Anticancerosas
las células tumorales se replican mas
rapidamente que las células normales

Cyclophosphamide Cytoxan®
Meiphalan Alkeran®
Busulfan Myleran® glkyigting agerts; form interstrand andior intrestrand
crosslinks
Chiorambucil Leukeran®
Mitormycin Mutamycin®
Cisplatin Platinol® forms cross links
Bleomycin Blenoxane® cuts ONA strands between GT or GC
D actinomyein C osmagen® inserts into the double helix praventing its unwinding

Mutaciones espontaneas

11



o) 1 N:!z_ o | _NH; |
H N/ N R CHy N 7 N
N N —N N
G ¥ éj* TI- )Aj \
H,N\/J\JTIN/C‘I O)\N | O/l\N | K\N J N/CTH
—

O—CH,

——p Dafio oxidativo
—p Ataque hidrolitico

—— Metilacion (descontrolada) por S-adenosilmetionina

0—CH, — 0—CH, —

Depurinaciones y desaminaciones

GUANINE
8] Hai
r, ,,A\N/"'
DEFUHINATION | H—(f ‘[L | .u | depurinated
0 N ¢ sugar
| 0
U= P = —( H, H I U=F—0—0CH;
1 ; N et H b .0
e} " _</ [ T &)
- Sy
T T
H |||
GLANINE
Y TOSINE URACIL
He, oM i
DEAMINATION U e T
' I;]]/LW 1§ ' '*1'1\ k!
t|.1 H ".\J/Lz" y _‘ Llj H- N"L"l ]
: NI, P
=P —0—Cll, n=1|'-»(}—(.l Iy
I o o o}
DNA ONA
strand stran
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NATURAL DNA BASES UNNATURAL DNA BASES

L Hzo
<, - -0

Desaminaciones

N
ﬂ )\ — NO DEAMINATION

LA}

Mutaciones espontaneas

a) Depurinacion. Una tipica célula de mamifero pierde 10 000 purinas por dia.
Las endonucleasas AP actlian eficientemente reparando el error

b) Desaminacion (cambio de -NH, por -OH; luego tautomerizacion a =O)

H\N/H G cC— U

H . ‘
N w~  Elapareamiento erroneo U-G puede
Deamination
| . — | | repararse correctamente porque U no

hll o f|~f ©  se encuentra normalmente en el DNA

Cytosine Uracil
H H MetilC —=> T
\N/ o
H
HaC. H;C . . , .
3 l: i Deamination fl\f\'/ La citosina esta frecuentemente metilada en
_Deamination, : )
= hiko . ,RO procariotes y eucariotes.
| | Aparece un apareamiento T-G que no
5-Methylcytosine Thymine

puede repararse correctamente.

¢) Oxidacion: producida por especies reactivas de oxigeno formadas a partir del agua
como subproductos del metabolismo anaerébico, OH,, O, H,0,




Modificaciones de bases

alkylati\c:n
oxidation / 0
N

7

H

N~ deamination

H

2"

N N N

N

~ alkylation

¢) Oxidacion: producida por especies reactivas de oxigeno formadas a partir del agua
como subproductos del metabolismo anaerébico, OH,, O, H,0,

Errores en la replicacion del DNA

Sustituciones de bases causadas por la tautomerizacion.

DNA polymerase (E. coli)
- inserts one incorrect nucleotide for every 10° nucleotides
- due to tautomeric “flickering” of the bases
- proofreading exonuclease remove incorrectly base-paired
nucleotides
- degrade DNA in a 3'~ 5" direction
- polymerase can add the correct nucleotide
- error rate reduced to 1 mistake in every 107 base pairs
added
- note rate is further reduced to 10" post-replication
mismatch repair

14



Errores en la replicacion del DNA

Sustituciones de bases causadas por la tautomerizacion.

Inserciones y deleciones (indel) producidas por el “deslizamiento” del replisoma,
generalmente en secuencias repetitivas. Pueden producir cambios en el marco de lectura.

Addition Deletion
Direction of DNA synthesis Direction of DNA synthesis

5'—CGTTTT 5' —CTGAGAGA
3' —GCAAAAACGTAC— 3'—GACTCTCTCTCTGCA—

Mawly synthasized strand slips Template strand slips

Extra basa loops out Extra bases loop out

Ji

5'—CG TITT 5'—CT GAGAGA
3' —GC AAAAACGTAC— a' 7G.|=:TCTCTOTGTGCA7

Loop stabilized by Loop stabilized by

repetitive sequences repetitive sequences

T
5'—CG TITITGCATG 5'—CT GAGAGAGACGT
3'—GC AAAAACGTAC— 3'—GA CTCTCTCTGCA—
cT
Mext round of Maxt round of
replication replication
5 —CGTTTTTTGCATG— ' —CGTTTTTGCATG— 5' —CTGAGAGAGACGT— 5 —CTGAGAGAGAGACGT—
3 —GCAAAAAACGTAC— 3 —GCAAAAACGTAC — 3' —GACTCTCTCTGCA— 3 —GACTCTCTCTCTGCA—
A+ T base pair added G+ Cand A«T base pairs deleted

Figure 14-21 A model for indel mutations resulting in frameshifts. dr = deoxyribose.

Mutaciones espontaneas en humanos:
Enfermedades asociadas a repeticiones de trinucledétidos

(CGG),
(a) ATG TAA
1 234567 8 9 10 11 121314 15 18 17
38 kb
)]
FMA-1 gene Phenatype | Transmission Methylation | Transcription
Normal
(CGG)e s ATG Normal Stable No Yes
PaVa VW o
Premutation Largel Unstable,
(CGGlen_z00 ATG nor?na!\/ prone to No Yes
expansion
FaavavaVa o
Full mutation
(EGG),M ATG Affected Unstable Yes No
NN

Figure 14-24 The FMR-1 gene involved in fragile X syndrome. (a) Exon structure and upstream
CGG repeat. (b) Transcription and methylation in normal, premutation, and full mutation
alleles. The red circles are methyl groups. [W. T. O'Donnell and S. T. Warren, Ann. Rev. Neuroscience
25, 2002, 315-338, Figure 1]

La enfermedad de Huntington también se debe a expansiones de repeticiones de trinucleétidos

15



¢, Como se manejan los dafios en el DNA?

Se previenen, serevierten, sereparan y seignoran

Prevencion

Productos metabdlicos (por ej. radicales libres, O, H,0,) son eliminados por la
superoxido dismutasa antes de que ocurra dafio en el DNA

superoxide dismutase

SO0 e

2-:;:::;:. 2mt _.._"_H‘.'_ + 103

.
superoxide anions oxygen

hydrogen
poroxide La superdxido dismutasa cumple una funcién importante.
- ot 203 + DS Un defecto de esta enzima produce la enfermedad
degenerativa llamada Enfermedad Lou-Gehring o
., Esclerosis Lateral Amilotrépica (ALS)
Reversion

Luz UV: la fotoliasa revierte el dafio
Agentes alquilantes: la alquil-transferasa remueve el grupo adicionado.
Cortes en s6lo una cadena (single strand DNA nicks) la ligasa los repara

SOD

Superéxidodismutasa y disminucion de la concentracion
intracelular de las especies reactivas de oxigeno

& Phasphoghuccnate

IR, lmln!) ﬂ
NAD* NADPH

G5H Reductase

< Quinone m &

Semiquinone @ %@ .
—— & &, @

o
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Los sistemas de reparacion reconocen

distorsiones en el dsDNA

Direct reversal of damage: 1 gene >

godagd g@dde

Base excision repair: 15 genes

- [ W * - - .
FREEER LEEERE
e Eliminacion de bases, nucleétidos y
peB8BBs > poBiRss posterior reemplazo por sintesis

Mismatch excision repair: 11 genes
Taad g3

peBighd FIITITN

Recombinalion repair: 14 genes

EEEEE ea 88 EEE

Nenhomalogous end-joining: 5 genes

Reversidn enzimética directa del dafio

Reemplazo por recombinacion

#98 99¢ _ Fgddddd Union de extremos de cortes en
ceb BEE T peBRERE gople cadena (DSB)

DNA polymerase catalytic subunits: 16 genes

P'E wtmu?Ewww rai ru’E‘Emo 'E .
. Resintesis de DNA

Los sistemas de reparacion en E. coli

Enzima/Proteina Tipo de Dafio Enzima/Proteina Tipo de Dafio

Mismatch repair
Dam methylase

MUtH, MutL, MutS. proteins Mismatches Nucleotide-excision repair DNA lesions that cause
gzé helicase Il ABC excinuclease large structural changes
DNA polymerase Il Sl A=)
Exonuclease | DNA polymerase |
Exonuclease Vil DNA ligase
Rec) nuclease g
Exonuclease X Direct repair Pyrimidine dimers
DNA ligase DNA photolyases 0%-Methylguanine
Base-excision repair 05-Methylguanine-DNA
DNA glycosylases methyltransferase : i

Abnormal bases (uracil, 4 . L Methylguanllne,

AlkB protein 3-methylcytosine

hypoxanthine, xanthine);
alkylated bases; in some
other organisms,

AP endonucleases pyrimidine dimers

DNA polymerase |

DNA ligase
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Reversion directa del dano

Reparacion directa

Reversion directa del dafio ¢ N‘,,c\ Cyom

. Hm*
Fotoliasa LA
,

|
)

| HN)j:(l\NB !

;

CfJ\N N’L‘O ¢
\j\®\l\ CH -
Cyelobutane pyrimidine dirder
| NH

al- p— Hs N
i ; Q CHy : N’\NrD g)\n}lfj}“
Do

MECHANISM FIGURE 25-25 Repair of pyrimidine dimers with pho- i ; N rerte i 2

sorbed by the MTHFpolyGlu, which functions as a pis cnna.
tolyase. Energy derived from absorbed light is used to reverse the pho- © The excitation energy passes to FADH™ in the active site of the
toreaction that caused the lesion. The two chromophores in E. coli

enzyme. @ The excited flavin (*FADH™) donates an electron to the
phatolyase (M, 54,000), N%N'®-methenylietrahydrofolylpolygluta-

pyrimidine dimer (shawn here in a simplified representation) to gen-
mate (MTHFpolyGlu) and FADHT, perform complementary functions. erate an unstable dimer radical. @) Electronic rearrangement restores
On binding of photolyase to a pyrimidine dimer, repair proceeds as

) A the monomeric pyrimidines, and (8) the electron is transferred back
follows. @) A blue-light photon (300 to 500 nm wavelength) is ab- 1a the flavin radical to regenerate FADH=.

C.
N)j:N“’ ‘L‘:N {Gluy
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F O t O I i aS a Photoreactivation of Thymine Dimers

chromophores DNA photolyase l

(fotorreactivacion) g\,
@ 7(||: _(|I:_ chromphores B

| |
—Cs \AT
light energy hv (370nm) ' "
harvested —C—C
by first | 0
chromophore

energy used to
form FADH free |~ FAPH2
radical

FADH-

Fotoliasa
(fotorreactivacion)

uv
pyrimidine DNA photolyase light
dlmer\
] [} ) e > > )
“hully iyl e i
i ] l I visible ] N 1'l
gL L UViight U * dark y light y -
..... - T ’ J : - 7 ’ d v

]

i T "t 1 Rt 1 gt 7t 171
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Reversion directa del dafio _
metil transferasa

Cys—SH
active
Cys—S CH;
OCH, 1nact1ve 0
L) T
PN
_‘q_ﬁ methyltrans 1’t‘] ase -
H,N~ SN H,N~ SN B|T
R
0%-Methylguanine nucleotide Guanine nucleotide

Este mecanismo posee un alto costo para la célula ya que cada
evento de transferencia del grupo metilo inactiva a la “enzima”

methyltransferase
SH
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Reparacion de dafnos y errores

«Dafio quimico
(incluidos los fotoproductos de UV, desaminaciones y algunos productos de oxidacion)

Reparacion por escision de base
(“Base Excision Repair”, BER)

sFotoproductos UV y dafios quimicos no reconocidos por el sistema BER
(incluidos los productos de oxidacion, alquilacion, etc.)

Reparacion por escision de nucleétido
(“Nucleotide Excision Repair”, NER)

«Sustituciones de bases durante la replicacion
Reparacion del apareamiento erroneo

(“mismatch repair”)
Dafio Oxidativo y double strand breaks (DSB).

Reparacion por recombinacion homoéloga
(“Homologous Recombination”, HR) 'y

Non-Homologous End Joining (NHEJ)

Reparacion por Escision de Base (BER)

H N H
ormal I normal
5| base HA‘NJ%U T base 5 normal base
|
I ) ? O ?
! o
—p—— : —p—— | e p—0—
o ||> o :l:u,o " L\",H o o—cHy o T o—cH,
2 I | uracil o o AP endo cleaves here
0 H N o A e - (makes 3'-OH for Pol 1)
W= T—O—CH, o gfg:f:;'m AP| O=P—0—CH,  OH AP 02';’_9 —CH, exonuclease
site site removes
here
° = . . g to here
? ? s 7
0=P—0—CH 0=P—0—CH 0=P—0—CH,
| 20, glycosylase | to. ?
=]

—_— |
AP endofexo | o |
o o




Estructuray mecanismo de las glicosilasas

eLas glicosilasas son especificas
para cada tipo de lesion.

*Se identificaron 8 glicosilasas en
nucleos de células humanas.

eLas glicosilasas difundirian a lo
largo del surco menor hasta
detectar la lesion.

FIGURE 9-14 Structure of a DNA-
ghycosylase complex. The enryme & shown
i gray and the DNA in purple. The damaged
hase, in this case oxol whach s shown in red, s
fipped out of the helo and into the catalytic
center of the enzyme. (Bruner SO, Norman
0P, and Verdine CL 2000 Nafure

403; B59-866. Image prepared with BobScript,
MolScapt, and Raster 30.)

Las actividades de DNA pol | intervienen en
la reparacion del error

5PP‘P BIIGISISIGIGICIGIGIES

SJLBPPP PEEIEE,

DNA (1)

rlyeosylase
ghyeos: "+ IDamaged base

A 4

ollelelelolelelololelelcllala
lelelolelelelelololelelolelo

AP endonuclease ®

v

®
B
@W DISIGICISNG

1| @ @@ @ @@ e @) @)@
1

@
DNA NTPs
pul\'n;erab@ Deoxyribose phosphate + dNMPs

New DNA (Nick

r (P
(EE e ErE GGGGG
’T,\E/PPPP‘PP

pNa | o
ligase | "=/

(@ Er| ] B Er| (e (B (BT (eT (] (BF| (B
LP)PPPP‘P BI(E

FIGURE 25-23 DNA repair by the base-excision repair pathway.
@ A DNA glycosylase recognizes a damaged base and cleaves
between the base and deoxyribose in the backbone. (Z) An AP en-
donuclease cleaves the phosphodiester backbone near the AP site.
@ DNA polymerase | initiates repair synthesis from the free 3" hy-
droxyl at the nick, removing (with its 5'—=3" exonuclease activity) a
portion of the damaged strand and replacing it with undamaged DNA.
@) The nick remaining after DNA polymerase | has dissociated is
sealed by DNA ligase.

22



Las actividades enzimaticas del

Dy
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AP-endonucle ase,
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-
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Reparacion por Escision de Base (BER)

BER repara las mutaciones espontaneas que resultarian de la

» FIGURE 23-25 Formation
of a spontaneous point
mutation by deamination of
5-methyl cytosine (C) to form
thymine (T). If the resulting T-G
base pair is not restored to the
normal C-G base pair by base
excision-repair mechanisms

(W), it will lead to a permanent
change in sequence following
DNA replication (i.e., a mutation)
(Hl). After one round of replication,
one daughter DNA molecule will
have the mutant T-A base pair
and the other will have the
wild-type C-G base pair.

desaminacion

1 i
C. i i C.
Tf \ﬁ_CHg Deamination H’ﬁ# \ﬁ_CHa
[——
c CH C c
o SN o* \"|‘I/
2-deoxyribose 2-deoxyribose
5-methyl cytosine Thymine
5 3 5 3 5' 3
Me : :
c G Deamination TG TA cG
_—
Replication
Base-excision
repair 2]
1]
3 5 3 5 3 5
Wild-type Mutant Wild-type
DNA DNA DNA
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Reparacion por Escision de Nucleotido
(NER)

distortion
N FiGUkE 9-16 Nudeatids exdsian

5" 3' repair pathway. (3) v and Ut sean
TOO Ty o Qe vuvauuinuuig ONA i 2 Gsenon () e eors e
oy, anet Uvif medis D rcally emound
the: desterton {c) U fomrs & complex will
LWE and crests vk 10 the 5 side of the e
S0n and 10 the 3° sede of the kesion, (d) DNA
UvrAB + ok ) o g s g
e ficem thee duplies, aned DA Pol | and ligese
repasr and seel the gop (Soarce: (pars a—d)
#ddaptod from Zou ¥ and Van Housn B 1959
Strar ogperirg by the Ui, comples alows dy-
i recoprdon of UM damage. EMBO Jour-
ol 11: 489, fig 7. Copyrght € 1999 Oclord
Unwverity Press. Used with pesmission )

Reparacion por Escision de Nucleotido
(NER)

riGure 9-16 Nudeotids exdsion
repair pathway.  (3) Lhr and Uvill scan
DR 1o ideratty 3 dmorion. (B) L leaves the
oy, anet Uvif medis D rcally emound
the: desterton {c) U fomrs & complex will
L and crestes micks 10 the 5 sade of the k-
Son and 1o the 37 sxde of the ksion, (d) DNA
hebeace Ll reloaces the single stianded frag
e ficem thee duplies, aned DA Pol | and ligese
repasr and seel the gop (Soarce: (pars a—d)
#ddaptod from Zou ¥ and Van Housn B 1959
Strare! cgrerarg by thee Ui comples alows dy-
ranmic recogritan of LA damage BMBO Jour-
riol 18: 5898, fig 7 Copynghl © 1999 Orloid
Unwverity Press. Used with pesmission )

helicase UvrD
DNA polymerase,
DNA ligase




Reparacion por Escision de Nucleotido
(NER)

e

l_ transcription La maquinaria de transcripcion
. bubble
A recluta a los componentes del

P — .
S sistema NER
UvrA+B
= +UvrC
nucleotide excision @ +UvrD
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nl Initial damage

recognition

3] XP-F and XP-G

< donucleases
\ \/ [T =
,/'\"T 7T

ut XF’/G cut
ST Ty
]

A A
Liaallllll,

*En levaduras el reparosoma contiene 20 polipéptidos
distintos.

+Algunos polipéptidos son parte del aparato de transcripcion
basal.

*El sistema repara la hebra molde.

*Enfermedades asociadas a defectos en la maquinaria del
sistema NER producen

suna severa sensibilidad a la luz UV, produciendo un un
cuadro denominado Xeroderma Pigmentosum, que puede
conducir al cancer de piel.

+ Sj estan mutados XPA-XPG la sensibilidad es mediana

+ Si XPV estd afectado, ademas de defectos en la reparacion
hay problemas en la transcripcion produciéndose el Sindrome
de Cockayne (CSA, CSB) y Trichothiodystrophy.

A FIGURE 23-30 Nucleotide excision repair in human cells.
A DNA lesion that causes distortion of the double helix, such as
& thymina dimer, is initially recognized by a complex of the XP.C
(xeroderma gigmentosum < protein) and 23B proteins (step H.
This complex then recnuits ranscription factor TFIIH, whose
helicase subunits, powered by ATF hydrolysis, partially unwind
the double helix, XP-G and RPA proteins then bind to the
complex and furthar urwind and stabilize the halix until a bubbla
of =25 bases is formed (step Bl). Then XP-G (now acting as an
endonuclease) and XP-F a second endonuclease, cut the
damaged strand at points 24-32 bases apart on @ach sida of

the lesion istep B). This releases the DNA fragment with the
damaged bases, which is degraded to manonucleatides. Finally
the gap is filed by DMA polymerase exactly as in DNA replication
(Chapter 4). and the remaining nick is sealed by DNA ligase
(step EY). [Adaptsd from ). Hosimakers, 2001, Nonre 411:256, and

O, Schirer, 2002, Angewandie Chemie in press.]

Reparacion de los errores en la replicacion

Mismatch repair system

1. Reconocimiento del apareamiento incorrecto

2. Escision del segmento de DNA

gue contiene el nucledtido incorrecto

3. Resintesis del fragmento

Tabla:
1 nucledtido incorrecto
por cada x incorporados

TABLE 5-1 The Three Steps That Give RiseTo High-fidelity DNA Synthesis

REPLICATION STEP

ERRORS PER NUCLEQTIDE POLYMERIZED X

5'—3" polymerization 1x10°
3'—=5" exonucleolytic proofreading 1% 102
Strand-directed mismatch repair 1x 102
Total 1x 109

The third step, strand-directed mismatch repair, is described later in this chapter.
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Reparacion de loscerrores en la replicacion

Gracias al mecanismo de
reparacion del DNA recién
sintetizado aparece
solamente un error cada
10° nucledtidos

En E. coli los errores que
escapan al mecanismo de
la exonucleasa 3™-5’ se
corrigen porgque porque
puede diferenciarse la
hebra del DNA recién
sintetizado.

En el DNA hemimetilado
se diferencia la hebra
parental de Ia hija.

5
3 \ Me
G GATC 3
Cc CTAG g
5' /— Me
3
e Old DNA
& M [me
7T M and
Enzyme complex T GATC_ . Stranc
recognizes mismatch CTag 1
in hemimethylated GATC 5
DNA % = CTAG—
5 Bt Me
3 —
Excislon of mismatched
base on unmethylated strand
and resynihesis
Me
5' G GATC oy
3 C CTAG 5
Hepair synthesis Me
and full methylation
of DNA Me
5' G GATC [
3 [ CTAG &
Me

DNA adenine methylase encoded by the Dam gene.

second round
replication
c ﬁﬁﬁ T () I—
first round
: : ¢ : i — replication (mis- .ﬁ}
incorporation)
EC T CQ 'W? e =
e | !

Copyright © 2008 Pamsscn Education, nc., puiithing &t Pearson Denjamin Cunmings
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Los pasos del mecanismo de reparacion de
“mismatch”

FIGURE 9-5 Dam methylation at
replication fork. () Replication generates
herimethyated DNA in £ col. (by MutH makes
incision in unmettylated danghier siand

JJJ lg, |J

nick

F Y Mecanismo general de
2 | ./

|"‘-.!'bf'--' reparacion del

5 __mzi D apareamiento erréneo

e e (“mismatch repair”)
:;' - _‘JMJ >
MutH m-hl-j'—-uluﬂ
S | et
. 1DN1\ pulym‘er:. =
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Los pasos del mecanismo de reparacion de
“mismatch”

3'a J 3@ D
5'd )] 5'a 5 ]
MutH/ nick nick \ MutH
Exo VIl or RecdJ MutL, MutS, Exol
(5'—3"exo0) helicase Il, ATP (3'—-5'ex0)
A

@ R L@
13-0H a )] 5@ 13'-0H ]

DNA polymerase lll
holoenzyme, SSB

@ @

30 ) 3'@
5 D R S 5
3'-0H 3-0OH

Copyright © 2008 Pearson ERUCHion, e, pubiisting 3 Prarscn Benjamin Cummings

-
error in newly | BINDING OF MISMATCH
made strand | pROOFREADING PROTEINS

M
/ ! DNA SCANNING DETECTS

MutS  MutL [ NICK IN NEW DNA STRAND

a
A

n

STRAND REMOVAL

IREPA\R DNA SYNTHESIS

(A (B)

Figure 5-23 A model for strand-directed mismatch repair in
eucaryotes. (A) The two proteins shown are present in both bacteria and
eucaryotic cells: MutS binds specifically to a mismatched base pair, while
Mutl scans the nearby DNA for a nick. Once a nick is found, MutL triggers
the degradarion of the nicked strand all the way back through the mismatch.
Because nicks are largely confined to newly replicated strands in eucaryotes,
replication errors are selectively removed. In bacteria, the mechanism is the
same, except that an additional protein in the complex (MutH) nicks
unmethylated (and therefore newly replicated) GATC sequences, thereby
beginning the process illustrated here. (B) The structure of the MutS protein
bound to a DNA mismarch. This protein is a dimer, which grips the DNA
double helix as shown, kinking the DNA at the mismatched base pair. It
seems that the MutS protein scans the DNA for mismatches by testing for
sites that can be readily kinked, which are those without a normal
complementary base pair. (B, from G. Obmolova et al., Nature 407:703-710,
2000. @ Macmillan Magazines Ltd.)
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Reparacion del apareamiento erréneo en humanos

TC GGGG GTGTGT
EAG?E m(}CCCE ECACACA

— Exonuclease removes
Replication error the mismatched segment.
Extrahelical
G yloop ik ierll occell lcacacall
TCG: GG GT  GT
DNA polymerase synthesizes
EAGTIECACACAEC CCCE ECACACA = the eiciged region?
Mispair Slip;age DNA ligase joins the newly

synthesized DNA to the

hMutSo recognizes and original strand.

binds to site of error.

TCA: GGGG GTGTGT
EAGTE ECCCCE ECACACA

hMutSe,
Figure 14-31 Model for mismatch repair in humans. Errors
arising at replication, such as mispaired regions and loops
ATP from replication slippage, can be removed and repolymerized
hMutLeis recruited. by the proteins shown. [Adapted from Encyclopedia of Life

ADP Sciences, 2001, P. Karran, "Human Mismatch Repair: Defects and
Predisposition to Cancer,” Figure 1.]

eLas células eucariotas tienen proteinas homélogas a MutS y MutL. La
predisposicion al cancer de colon se debe a mutaciones en estos genes.

eLas células eucariotas no poseen Dam metilasa, pero los “nicks” de la hebra
retrasada serian equivalentes a los creados por MutH en E.coli sobre la hebra
recién sintetizada.

Dafos en el DNA
gue impiden el avance del replisoma normal

DNA polymerase lll

. N .
3= =0 D5
=]

/
p-clamp
Pol IV . PolV & 0

(Din B) °" (UmuD3C)

Sintesis de DNA trans-lesion
P 5 (TLS)

DNA Pol Il
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Larespuesta SOS

TABLE 25-6 Genes Induced as Part of the $0S Response in E. coli

Gene name

Genes of known function
polB (dinA)

uvrA }
uvrB

umuC }

umuD

sulA

recA

dinB

Genes involved in DNA metabolism,
but role in DNA repair unknown
ssb

uwrD

himA

recN
Genes of unknown function
dinD
dinF

Protein encoded and/or role in DNA repair

Encodes paolymerization subunit of DNA polymerase Il, required for
replication restart in recombinational DNA repair

Encode ABC excinuclease subunits UvrA and UvrB

Encode DNA polymerase V

Encodes protein that inhibits cell division, possibly to allow time for DNA repair
Encodes RecA protein, required for error-prone repair and recombinational repair
Encodes DNA polymerase IV

Encodes single-stranded DNA-binding protein (SSB)

Encodes DNA helicase Il (DNA-unwinding protein)

Encodes subunit of integration host factor (IHF), involved in site-specific
recombination, replication, transposition, regulation of gene expression

Required for recombinational repair

E. colt ehromosome

polB dinB

Larespuesta SOS
en E. coli

uvrA

repressor ‘@) Damage to
DNA produces
smgle—si‘;rand gap.

dinF

«—— Replication---»

sulA

wmuC.D

FIGURE 28-22 SOS response in E. coli. See Table
25-6 for the functions of many of these proteins.

recA

The LexA protein is the repressor in this system,

which has an operator site (red) near each gene.

Because the recA gene is not entirely repressed by
worB the LexA repressor, the normal cell contains about

1,000 RecA monomers 1 When DNA is exten-

(@) RecA binds 0"
dinF

S
(@) LexA repressor is inactivated

proteolysis OO

SO0
(8] single-stranded DNA. | O %O e
b

oo

sively damaged (e.g., by UV light), DNA replication
sulA is halted and the number of single-strand gaps in
the DNA increases. (2) RecA protein binds to this

@ damaged, single-stranded DNA, activating the

o protein’s coprotease activity. 5' While bound to
DNA, the RecA protein facilitates cleavage and
umuC.D inactivation of the LexA repressor. When the
repressor is inactivated, the SOS genes, including
recA, are induced; RecA levels increase 50- to
recA 100-fold.
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el regulon Lex A

The lexA Regulon

' inactivated
‘ lex A repressor

UV-damaged DNA
\ recA-DNAT proteolysis
complex
/’ lexA repressor
recA protein

@)
\ lexA

recA dinF

(function unknwn)

umuC,D
(error-prone repair)

uvrA
(excision repair)
dinA

sulA (funtion unknown)

(cell division)

dinB
uvrB (function unknown)

(excision repair)

all operators regulated by lexA repressor

Sintesis de DNA através de la lesidn
(TLS: TransLesion Synthesis)

DNA polymerase lll

e = 55
=

/
fp-clamp
Pol IV . PolV & 0

(Din B) °" (UmuD3C)

i ﬂp = FIGURE 918 Translesion DNA sythesis
5.:@ @ Lipan encountenng & leson in the template
dunny repicadon, DNA pofymesase M wih its

DNA Pol il <l clamp diseciates iom the DNA and

\ replaced by the vaniescn DNA polyresase
\. which etends DNA synthess across the thymine
\ ' dimer on the templete (upper) stand. The
3

transieson poymesese & then replaced by the
S ,g;_,_h_ pEs— .5
5'@ GA

DA polymerase il (Source: R Woodgae )
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Los dafios del DNA
. gue se ignoran:

polymerase stops__—"
at thymine dimer

| replicacion con
damaged DNA leads to formation of

recA/ssDNA complex tendenC|a al el'rOr

recA/ssDNA complex has proteolytic activity

(error-prone replication)

cleavage and inaLivation of lexA
(lexA is a repressor of transcription
for several genes - a regulon)

One of SOS regulon products
causes polymerase to continue
past thymine dimer, inserting bases
without proofreading

>
errors may be made as
polymerase synthesizes past dimer

Resultado: el DNA se replica
a costa de acumular mutaciones

Enfermedades hereditarias y canceres asociados
con defectos en los sistemas de reparacion.

DNA-Repair Cancer
Disease System Affected Sensitivity Susceptibility Symptoms

PREVENTION OF POINT MUTATIONS, INSERTIONS, AND DELETIONS

Hereditary DNA mismatch UV irradiation, Colon, ovary Early development of
nonpolyposis repair chemical mutagens tumors
colorectal cancer

Xeroderma Nucleotide excision UV irradiation, Skin carcinomas, Skin and eye
pigmentosum repair peint mutations melanomas photosensitivity, keratoses

RePAIR OF DOUBLE-STRAND BREAKS

Bloom's syndrome Repair of double-strand Mild alkylating Carcinomas, Photosensitivity, facial
breaks by homologous agents leukemias, telangiectases,
recombination lymphomas chromosome alterations

Fanconi anemia Repair of double-strand DINA cross- Acute myeloid Developmental abnormalities
breaks by homologous linking agents, leukemia, including infertility and
recombination reactive oxidant squamaous-cell deformities of the

chemicals carcinomas skeleton; anemia

Hereditary breast Repair of double-strand Breast and Breast and ovarian

cancer, BRCA-1 breaks by homologous ovarian cancer cancer

and BRCA-2 recombination

deficiency

sources: Modified from A. Kornberg and T. Baker, 1992, DNA Replication, 2d ed.. W. H. Freeman and Company,
p. 788: J. Hoeijmakers, 2001, Nature 411:366: and L. Thompson and D. Schild, 2002, Mustation Res. 509:49.
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