% Recombinacion Genética

Recombinacion homéloga (general o reciproca): intercambio
genético entre dos moléculas de DNA o entre segmentos de la misma
molécula de DNA que comparten una extensa region de secuencia
igual o muy similar (homologia). Las secuencias nucleotidicas en si
mismas no son importantes; sélo se requiere que sean iguales o muy
similares en ambos segmentos de DNA.

£ Recombinacion Genética

Recombinacion homologa (general o reciproca): intercambio
genético entre dos moléculas de DNA o entre segmentos de la misma
molécula de DNA que compartan una extensa region de secuencia
igual o muy similar (homologia). Las secuencias nucleotidicas en si
mismas no son importantes; sélo se requiere que sean iguales 0 muy
similares en ambos segmentos de DNA.

Recombinacion sitio especifica: el intercambio genético tiene lugar
solo entre regiones del DNA relativamente cortas y con secuencias
particulares y definidas (especificas).

DNA desde un lugar del genoma a otro (dejando o no una copia en el

Transposicion: movimiento de segmentos relativamente cortos de q
lugar original).




lesiones en el DNA que impiden
el avance de la maquinaria de replicacion
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FIGURE 25-28 DNA damage and its effect on
DNA replication. If the replication fork encounters
an unrepaired lesion or strand break, replication
generally halts and the fork may collapse. A lesion
is left behind in an unreplicated, single-stranded
segment of the DNA; a strand break becomes a
double-strand break. In each case, the damage to
one strand cannot be repaired by mechanisms
described earlier in this chapter, because the
complementary strand required to direct accurate
repair is damaged or absent. There are two
possible avenues for repair: recombinational DNA
repair (described in Fig. 25-37) or, when lesions
are unusually numerous, errorprone repair. The
latter mechanism involves a novel DNA poly-
merase (DNA polymerase V, encoded by the
umuC and umuD genes) that can replicate, albeit
inaccurately, over many types of lesions. The
repair mechanism is referred to as error-prone
because mutations often result.
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Recombinacién homaéloga
(HR = Homologous Recombination)

Mecanismo de reparacion del DNA:

los mecanismos estudiados hasta ahora en el curso se caracterizan por:
extraer el DNA de la cadena dafiada y
usar la cadena complementaria como molde
para resintetizar el tramo eliminado.

Cuando ambas cadenas estan dafiadas (double strand break = DSB), o
cuando se mantiene una lesién de cadena simple porque no funcionaron
otros mecanismos, la horquilla de replicacion se atasca.

Si el DSB no se repara se pueden producir reordenamientos y
aberraciones cromosoémicas que llevan a la muerte celular.

El DSB es generalmente causado por especies reactivas de oxigeno generadas por el
metabolismo celular o por radiaciones ionizantes.

ElI DSB se repara por HR o por la unién no-homologa de los extremos,
non-homologous end joining (NHEJ). Los DSB son recombinogénicos.

Recombinacion homologa y no homologa
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Double-strand break N H EJ
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onark  NHEJ es un mecanismo de reparacién
V

imperfecto, ya que se pierden algunas
—=KUB0/KUT0 .
heterodimer SECUENCIAS.

mmm Esto es menos dafiino que dejar los

extremos libres para que inicien
2] \ome, proteins reordenamientos cromosomales.

Esta situacion es analoga al resultado del

Wmn-rrn—rr mecanismo SOS (replicacion de DNA con muy
Ll e escasa fidelidad cuado el molde se encuentra

dafiado)
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El ciclo celular es una serie ordenada
de acontecimientos que conduce a
la replicacion de las células
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(a)

Modelo de recombinacion homéloga

iniciada por “double strand break” (DSB)
Si para reparar DSB se usa este mecanismo en lugar de NEJ se minimiza la introduccion de cambios
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Modelo de recombinacion homéloga
iniciada por “double strand break” (DSB)

Si para reparar DSB se usa este mecanismo en lugar de NHEJ se minimiza la introduccion de cambios
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Gene Gene
5' A 3's' B 3

3’ 5'3" 5"

@ A double-strand break in one of two
homologs is converted to a double-
strand gap by the action of exonucleases.
Strands with 3'ends are degraded
less than those with 5'ends,
producing 3'single-strand extensions.

@ An exposed 3'end pairs with its
complement in the intact homolog.
The other strand of the duplex
is displaced.

—

Recombinacion iniciada por DSB (Fig. Lehninger)

@The' ling 3'end is extended by
DNA polymerase plus branch migration,
eventually generating a DNA molecule
with two crossovers called Holliday

L % intermediates.

: —
N | C— |

@ Further DNA replication replaces the
DNA missing from the site of the
original double-strand break.

= =
i gl Nt

@ Cleavage of the Holliday intermediates
by specialized nucleases generates
either of the two recombination products.
In product set 2, the DNA on either side of
the region undergoing repair is recombined.

Y ;

Product set 1 Product set 2

a chromatid ES

@

a chromatid

a

L =0

@
@

(3 Double-strand broak
at ¥ and resection o =

strands removing d"

(@ Strand invasion and @
formation of 1oop

in uneut duplex >< \o'

(3) ONA repair synthesis
ot one Srand

Recombinacion iniciada por DSB (Fig. Lodish)

Figure 12-31. Double-strand break model of meiotic
recombination developed from studies in the yeasst. A
pair of homologous chromatids (double-stranded DNA
molecules) are shown, one in blue and the other red. The
darker and lighter shades indicate complementary DNA
strands. Alleles are indicated by capital and lowercase
letters (D, d). Complementary DNA strands are also
indicated by the presence or absence of prime signs (for
instance D and D, and c and ¢ ). In this example, the initial
double-strand break and resection of 5 ends occurs on the
a chromatid, removing the d marker 1. This is followed by
strand invasion 2 and DNA synthesis with the a chromatid D
strand as the template 3. Repair synthesis of the other a
strand (using its complementary section on the a strand)
and ligation result in formation of a Holliday structure with
two crossovers 4a and 4b. (Repaired regions are marked by
black dashed lines.) Resolution of this crossed-strand
intermediate can occur in two ways. Cleavage at sites 2 and
4 (step 5b), or at sites 1 and 3 (not shown here), yields

o i . nonrecombinant chromosomes, since all markers
atotheratrana o> ) i surrounding the crossover site (i.e., to the left of ¢ and to the
Ugation and formation o2 9)(e - : 2 right of E) are derived from the same initial chromosome.

= T = One duplex contains a complementary D/D region, but the

H 3 other contains a heteroduplex mismatched d/D region
&) g‘g:wi}/ \gig‘::yfe at (yel!ow). In contrast, cleavage (step_ 5a) at sites 2 and 3, or

at sites 1 and 4 (not shown here), yields recombinant

2 o £ £ d L4 double-stranded DNA molecules, since all markers to the

D E o D" left and right of the crossover site have undergone

£ o < £ £ £ iprocal recombination. Note that one duplex contains a

c o . c D £ complementary D/D region, but the other contains a

Recombinant duplexes Nonrecombinant duplexes

() Mismateh rapair: axcision
O dand synihesis of D

heteroduplex, mismatched d/D region (yellow). Cells can
repair such mismatched heteroduplex regions by excising a

o 3 e D e single-strand segment containing the mismatch and using
o = = — = = the other strand as a template for synthesis of a matching
c o e < o £ strand 6 (see ). In this example, d is removed
& 5 . c o A and D is synthesized (jagged red segment), thus

"converting" d to D. The opposite D d conversion occurs
with equal frequency.
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Conversién génica

El fendmeno de DSB se estudid en levaduras porque los cuatro productos
meioticos se pueden estudiar en la progenie haploide de esporos.

El paso 6 de la figura anterior muestra que tanto el duplex recombinante
como el no recombinante poseen regiones de heteroduplex D-D".

El sistema de reparacion “mismatch” corregira D la mitad del tiempo y D" la
otra mitad. De esta forma, tres de los cuatro esporos haploides de las
levaduras llevaran el fenotipo D y uno el D’o viceversa.

Los marcadores alélicos alejados del punto de “cross over” segregan de
acuerdo al cociente 2:2 dado por la segregacion independiente de Mendel.

Los marcadores alélicos cerca del punto del “cross over” segregan en una
relacion 3:1 0 1:3.

El fenémeno se denomina conversion génica porque un alelo se “convierte*
en ofro.

Conversién génica

A
5
3

R A parental DNA
recombination e . | molecules
§'e =
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'L 3 l new synthesis
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Conversién génica

heteroduplex joint covers

Lo chromosome carrying
site |;gzr;]ea)l<h:|vehsecrﬁﬁr:? and DNA repl_ication green allele of gene X
— without mismatch
repair
IIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIH\\‘\\\\\\HIIIIHHHHIIIIIIHHH ;’ +
MISMATCH REPAIR

EXCISES PORTION chromosome carrying
OF GREEN STRAND red allele of gene X

DNA SYNTHESIS
FILLS GAF, CREATING

AN EXTRA COPY OF both chromosomes carry
THE RED ALLELE OF the red allele of gene X
GENE X

DNA replication

GENE CONVERSION

El fenomeno de DSB se estudié en levaduras porque los cuatro productos meiéticos se pueden estudiar en la progenie haploide de esporos.

El paso 6 de la figura anterior muestra que tanto el duplex recombinante como el no recombinante poseen regiones de heteroduplex D-D".

El sistema de reparacion “mismatch” corregira D la mitad del tiempo y D" la otra mitad. De esta forma, tres de los cuatro esporos haploides de las levaduras llevaran el fenotipo D y uno el D'o
viceversa.

Los marcadores alélicos alejados del punto de “cross over” segregan de acuerdo al cociente 2:2 dado por la segregacion independiente de Mendel.

Los marcadores alélicos cerca del punto del “cross over” segregan en una relacion 3:1 0 1:3.

El fenémeno se denomina conversion génica porque un alelo se “convierte* en otro.

Las proteinas que catalizan la RH

TABLE 10-1 Prokaryotic and Eukaryotic Factors That Catalyze Recombination Steps

Eukaryotic Protein

Recombination Step E. coli Protein Catalyst Catalyst
Pairing homologous DNAs RecA protein Rad51

and strand invasion Dem1 (in meiosis)
Introduction of DSB None Spo11 (in meiosis)

HO (for mating-type
switching)

Processing DNA breaks to RecBCD helicase/nuclease  MRX protein (also
generate single strands called Rad50/58/60
for invasion nuclease)

Assembly of strand- RecBCD and RecFOR Rad52 and Rad59
exchange proteins

Holliday junction RuvAB complex Unknown
recognition and branch
migration

Resolution of Holliday RuvC Perhaps Rad51c-
junctions XRCC3 complex

and others

A0y £ 2008 Paarson Erbacanon, 1 . putainng 88 Faanion Banjem
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<hi ec| enzyme

ATP Helicase and nuclease activities of
ADP + P; RecBCD degrade the DNA.

OH3'
9 |
chilvi= 2e3
5' 207N
\:=“'p=f"
On reaching a chi sequence,

ReCB CD g en era nuclease activity on the strand with

the 3"'end is_ suppressed. The other
DNA de cadena Gencrating a 3 terminal ngle.
. stranded end.
simple (ssDNA) B,
\"J
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DNA de cadena 1 : 3
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simple (ssDNA) S-ecTecTes
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gt
“ - Yo
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-ADP + I‘I -— RecD notor
*— 5'
Beginning of the RecBCD pathway. < I ) R S >
1: RecBCD binds to a DNA double strand break. AP c RecB motor
2: RecBCD initiates unwinding of the DNA duplex
through ATP-dependent helicase activity. ADP +P,
3: RecBCD continues its unwinding and moves ——
down the DNA duplex, cleaving the 3' strand much 4 R
more frequently than the 5' strand. AP
4: RecBCD encounters a Chi sequence and stops
ADP + P,

digesting the 3' strand; cleavage of 5'is

significantly increased. 5
5: RecBCD loads RecA onto the 3' strand. 5 A o von e mres v ms snmemn 3

6: RecBCD unbinds from the DNA duplex, leaving =T
a RecA nucleoprotein filament on the 3' tail.
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primary secondary
binding binding

intercambio de cadenas

site RecA filament . site
\C& \( cross section of single DNA

catalizado por RecA

strand bound to RecA protein

DNA in secondary site is
2 tested for complementarity

{

l

‘; base pairing between
Q{ strands is switched

FIGURE 10-10 Model of two steps in
the search for homology and DNA strand
exchange within the RecA filament. Here
the RecA flament s represented from a top
down view as in Figure 10-8¢. The incoming
DINA duplex is shown in blue. (Source: Adapled
from Howard-Flanders et al. 1984, Nature
309: 215~ 220. Copynght © 15984 Nature
Publishing Group. Used with permssion )

El filamento formado por RecA busca
regiones de homologia e inicia la

= invasion e intercambio de cadenas
Circular single- Circular duplex DNA
stranded DNA with single-strand gap

Homologous linear

+ duplex DNA +
lRecA protein lRecA protein
Branched
intermediates

RecA protein binds to single-stranded or gapped
DNA. The complementary strand of the linear DNA
pairs with a circular single strand. The other

linear strand is displaced (left) or pairs with its
complement in the circular duplex to yield a
Holliday structure (right).

RecA ATP Reca ATP

protein . i DP + B, protein f \DP + P,

Continued branch migration yields a circular duplex
with a nick and a displaced linear strand (left) or a
partially single-stranded linear duplex (right).

sustratos de RecA
ensayos in vitro

FIGURE 25-35 DNA strand-exchange reactions promoted by RecA
protein in vitro. Strand excha nge invelves the separation of ane strand
of a duplex DNA from its complement and transfer of the strand to
an ahermative complementary strand to form a new duplex (het-
aroduplex) DNA. The transfer farms a branched intermediate. Foma-
tion of the final product depends on branch migration, which is fa-
cilitated by RecA The reaction can involve three stands (left) or a
reciprocal exchange batween two homclogous duplexes—four strands
in all inght). When four strands are involved, the branched intemme-
diate that results is a Holliday intermediate. RecA protein promotes
the branch-migration phases of these reactions, using energy denved
from ATP hydrolysis.
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analogos de RecA

FIGURE 10-11 RecA-like proteins in
three hes of Iife.  Nudeoprote:
filaments are shown for (a) human RadS1,
(b) E coli Rech, and (c) A fulgidus Radh
proteins. The Rad51 and Rech proteins are also
shown in Figure 10-8, Notice the similar helical
structure of the filaments revealed by the sinpes
in these EM images. (Source: West S.C et al
Nature Revews in Moleculor and Cell Brology
4: 112 Images provided by A Stasiak, Univer-
sity of Lausanne, Switzerland. )

Escherichia coli {bacteria) ReCA

RecA | S

Arabidopsis thaliana (plant

RecAl Protein domains in homologous
recombination-related proteins
Human are conserved across the three
RADS1 main groups of life: archaea,
DMCT * bacteria and eukaryotes
RADS1B f—§
RAD51C
RADS1D T .
Legend.
XRCC2 s |
B Recf/RADS1
XRCC3 B Helix-hurn-haiie
B Walker A
Pyrocaccus abyssi (Archaea) : Ehlbri:al
RADA T
B  Undefined
RADB I N ¥ Meiosis-specific
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FIGURE 10-12 High of RuvA and model of the RuvAB complex
bound to Holliday junction DNA. (a) The aystal structure of thee Busi tetramier shovs the fourfold syim
mestry of the protein. (Anyoshe M. Nshano 1, basaki H, Shinagawa H. and Morkawa K. 2000, Proc Mot Acod.
Sa. USAL 97 82578262 Imege prepared wath BobScript, MolScrpt, and Raster 30 () A schematic model
of the crysial structure is shownvath two RuvE hexamers. Notice how 8 tetiarmer of RuvA binds with fouriold
symimainy 1o the junction. Twa hexemers of Rivd bind on opposite sdes of Ruv, and funeton as a motor to
puirg DA through the junction. The RuvE hesarmers are shown in cross-sections, so that the ONA threading
through these complexes can be seen. (Source: From Yamada K. et al. Crystal structure of the Ruv RuvB com-
plex Mol Cefl 10 677, g 4)
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El complejo RuvAB
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El complejo RuvAB
reconoce el
intermediario de
Holliday y promueve
la migracion de la
ramificacién

—— RuvC =resolvasa
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FIGURE 10-13 High resolution structure of the RuvT resolvase and schematic model of the

RuvC dimer bound to Holllday junction DNA.  (3) The crstal strucae of the kuC protin. (Aiyosh
M, Virssybyew .G btk H, Nabammuna H, Shiraga H, o Morkaws K 1954, Cell 78; 1065= 1072.)
Image prepared with BobSongt. Molsenpt and Raster 30. (B) Medel o Banding of a Fuv dner 10 a ol
dey uncnon. Notee how, in this model, a dener of KU can bind the Holiday ncion and wimduce sy
rretrical clesvaiges it the two dental DNA stands. (Source: Raferty 10 st al 1596 Crystel stnchue of
DA recomibsnation protein Fuvi. Ssience 274: bg 1h, . 416, hg. Se, p. 218, Copynght © 1956 Amencan
Aescciabon for the Advarerme: § of Scenoe Repamsied wils pesrssaon )

La resolvasa RuvC
corta las cadenas de
DNA'y resuelve el
intermediario de
Holliday.
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~a recombinacion homdéloga
es un mecanismo de
reparacién en procariotas.

En eucariotas también

funciona la

reparacion de DSB.
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