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(a) In addition to the conserved ATPase core domain, RecA and RAD51 have distinct additional 
domains positioned on opposite sides of the ATPase core relative to ssDNA.  

(b) Schematic diagram of how RecA (yellow and red) and RAD51 (yellow and blue) subunits may 
be added to the growing filament. 

(c) RecA-ssDNA filament as observed in the crystal structure and RAD51 filament modelled onto 
the RecA filament. The unique domains are boxed. 

Structure and mechanism of action of the BRCA2 breast cancer tumor suppressor 
 • Taha Shahid, Joanna Soroka, Eric H Kong, Laurent Malivert, Michael J McIlwraith, Tillmann Pape, Stephen C West & Xiaodong Zhang 
Nature Structural & Molecular Biology 21, 962–968 (2014)

http://www.nature.com/nsmb/journal/v21/n11/full/nsmb.2899.html


The ssDNA created is covered by RPA 
(the eukaryotic version of SSB). 

Next, the DNA is resected using a battery 
of proteins…

Simultaneously the Rad51 filament is 
formed, displacing RPA from the resected 
DNA.

The RecA homolog Rad51 forms a 
nucleoprotein filament on the 
single-stranded regions, assisted 
by Rad52 and Rad55/57.

Rad54 and Rdh54/Rad54B are 
involved in homology search and 
strand invasion.

• The yeast RAD mutations were  
identified by radiation-sensitive 
phenotypes and are in genes that 
code for repair systems.



Novel insights into RAD51 activity and regulation during homologous 
recombination and DNA replication 
Stephen K. Godin, Meghan R. Sullivan, and Kara A. Bernstein* (2016)

https://www.ncbi.nlm.nih.gov/pubmed/?term=Godin%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=27224545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sullivan%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=27224545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bernstein%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=27224545


Mutations in MRE11, RAD50, or XRS2 
render cells sensitive to ionizing 
radiation and diploids have a poor 
meiotic outcome. Null mutations of 
MRE11, RAD50, or NBS1 in mice are 
lethal.

• The RAD52 group of genes (which 
includes Rad50) is required for 
recombination repair, and is also 
integral to the formation of 
synaptonemal complexes in yeast 

• The MRX complex (yeast) or MRN 
complex (mammals) is required for the 
resection of the dsDNA to form a single-
stranded region at each DNA end.

The MRN complex, which is required for 
5’ end resection, also serves as a DNA 
bridge to prevent broken ends from 

separating. 



Novel insights into RAD51 activity and regulation during homologous 
recombination and DNA replication 
Stephen K. Godin, Meghan R. Sullivan, and Kara A. Bernstein* (2016)

https://www.ncbi.nlm.nih.gov/pubmed/?term=Godin%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=27224545
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sullivan%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=27224545
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In both the original Holliday and Meselson-Radding models for genetic 
recombination, the initiation events for recombination are single-strand 
nicks that result in the generation of heteroduplex DNA. 

However, given the finding in yeast was that transformation is stimulated 
1,000-fold when a double-strand break is introduced into a circular donor 
plasmid

.... gave rise to an additional model, the double-strand-break  DSB model, 
originally formulated by Jack Szostak, Terry Orr-Weaver, Rodney 
Rothstein and Franklin Stahl.



Double-strand break-
repair model of 

homologous 
recombination.

Parent * (NCO?)

Parent * (NCO?)

Recombinant

Recombinant



Homologous recombination is a reaction between two duplexes of DNA. Its critical feature is that the 
enzymes responsible can use any pair of homologous sequences as substrates (although some types of 
sequences may be favored over others). The frequency of recombination is not constant throughout the 
genome, but is influenced by both global and local effects.



http://mcb.asm.org/cgi/reprint/27/5/1868

http://mcb.asm.org/cgi/reprint/27/5/1868


Spo11 (a topoisomerase-like protein) and additional exonucleases are 
used to generate double-strand breaks during meiosis.

Mre11

Mre11



Reproduced from D. von Wettstein.  1971.  Proc. Natl. Acad. Sci. USA.  68: 851-855.  Photo 
courtesy of D. von Wettstein, Washington State University



Figure 20-13. A mature synaptonemal complex. Only a short section of the long ladderlike complex is shown. A 
similar synaptonemal complex is present in organisms as diverse as yeasts and humans 

Molecular Biology of the Cell; 4th Ed.  



Synapsis begins when each chromosome (sister chromatid pair) condenses around a structure called the axial 
element, which is apparently proteinaceous. Then the axial elements of corresponding chromosomes become 
aligned, and the synaptonemal complex forms as a tripartite structure, in which the axial elements, now called 
lateral elements, are separated from each other by a central element. Figure 15.9 shows an example.









Figure 1 Homologous chromosome pairing and meiotic DSB repair. 

(A)Schematic drawing of the synaptonemal complex and associated 
chromatin in pachytene. the SC consists of lateral elements (light green) 
that form along the bases of the protruding chromatin loops (red and 
blue). The homologues are connected via the transversal and central 
elements of the SC (dark green). Sister chromatids are connected via 
cohesion rings (grey). Cohesin is enriched at the bases of the chromatin 
loops. SPo11 and associated proteins mediate the formation of DSBs 
that are repaired in association with the (axial components of the) SC. 

(B)Schematic drawing of the initiation of meiotic DSB repair. Upon 
formation of a meiotic DSB, the site of the break is recognized by the 
MRn complex. this complex plays an essential role in the removal of 
SPo11, resection of the break, and the recruitment of the kinase AtM. 
this kinase phosphorylates histone H2AX in the chromatin surrounding 
the DSB. the long ssDnA tails that have been formed during resection 
are most likely bound by RPA, which is subsequently replaced by 
RAD51. this protein mediates the homology search. in theory, RAD51 
laments may invade homologous DnA on the sister chromatid, or on 
one of the two chromatids of the homologous chromosome. in meiosis, 
interactions with the sister chromatid are somehow repressed, and 
interaction with one of the chromatids of the homologous chromosome 
is stimulated. 

(C)Possible outcomes of HR repair of meiotic DSBs. Upon strand 
invasion, di erent subpathways of homologous recombination repair 
using the homologous chromosome as a repair template (1 + 2) (see 
main text) can lead to the formation of crossovers or noncrossovers 
(gene conver- sions). if repair occurs using the sister chromatid as a 
template (3), the original DnA sequence is restored. 

(D) Localization of RPA (green), SYCP3 (red) and DnA (blue DAPi 
staining) in spread leptotene, zygotene and pachytene mouse 
spermatocyte nuclei. nuclei were spread and immunostained with the 
indicated antibodies as described in ref. 81. the anti RPA antibody is 
described in ref. 3 
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Double-strand breaks appear when axial elements form and disappear during the 
extension of synaptonemal complexes. Joint molecules appear and persist until DNA 
recombinants are detected at the end of pachytene.



a | During pre-meiotic S phase the DNA of each maternally and paternally derived chromosome is replicated to form two sister 
DNAs that are held together by cohesins (which remain throughout prophase).  
b | During the leptotene stage hundreds of double-stranded breaks (DSBs; red circles) are introduced into these DNA 
molecules, and each pair of sister DNA strands begins to assemble a single proteinaceous axis (green).  
c | By the zygotene stage the bulk of the DNA is located in the chromatin loops emanating from the chromosome axes, but the 
DNA breaks have become axially located. The axes of each pair of homologous maternal and paternal chromosomes begin 
synapsis via transverse filaments to form a synaptonemal complex; this synapsis is driven by single-stranded DNA tails (not 
shown), which are generated at the breaks and invade the DNA duplex of the homologue.  
d | The beginning of the pachytene stage is marked by the completion of synapsis. The DNA breaks are repaired, with some of 
the breaks maturing into crossovers — a minimum of one per chromosome pair.  
e | During the diplotene stage the disassembly of the synaptonemal complex means that the homologous chromosomes are 
now only held together by the crossovers.  
f | During the transition through diakinesis to the first meiotic metaphase, the axial elements are disassembled and the 
cohesins that bind the sister chromatids together are removed, except at the centromeres.  
g | The mode of centromere attachment at metaphase of the first meiotic division (MI) ensures that homologues separate with 
one homologue of each pair passing to each daughter cell.  
h | At the second meiotic division (MII) the remaining cohesion between sister chromatids is lost and the mode of centromere 
attachment to the spindle ensures that each daughter cell receives one copy of each pair of chromatids.

Nature Reviews Genetics 10, 207-216 (March 2009)



Indirect immunofluorescence using anti-RecA and FITC-conjugated secondary antibodies of meiotic nuclei with suggested recombination 
nodules. The nuclei represent early to late pachytene estimated by the presence of the SCs and the comparative size of the nuclei.  
- a-c. Early to middle pachytene nuclei.  
- d, e. Middle to late pachytene nuclei.  
- a, d. PI omitted.  
- b, c and -e. Counterstaining with PI.  
- Insets: Details of the nodules (arrows) on the SCs indicate  
- a, e. Ellipsoidal nodules.  
- b, c and -d. Spherical nodules  
- c. A terminal spherical nodule.  
- b.Two spherical tandem nodules. Note, that many of the nuclei contain several nodules. Some chromosome cores with nodules (framed) are 
seen at higher magnification in the insets. - Bar 10 μm - In insets: -Bar 1 μm.

Immunological detection of RecA-related proteins in  
bull meiotic nuclei.   http://www.csc.fi/jpr/emt/engelhar/ASCB.html

http://www.csc.fi/jpr/emt/engelhar/ASCB.html


* DNA Repair in Eukaryotes Occurs in the 
Context of Chromatin

• Different patterns of histone modifications may distinguish 
stages of repair or different pathways of repair. 

• Chromatin “Remodelers” and “chaperones” are required to 
reset chromatin structure before and after completion of repair.



* DNA Repair in Eukaryotes Occurs in the 
Context of Chromatin

• Both histone modification and 
chromatin remodeling are essential for 
repair of DNA damage in chromatin. 

• H2A phosphorylation (γ-H2AX) is a 
conserved double-strand break-
dependent modification that actively 
recruits chromatin modifying activities 
and facilitates assembly of repair 
factors.

DNA damage in chromatin requires 
chromatin remodeling and histone 

modification
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Gregor Mendel's hypotheses: 

1. Hereditary determinants are of a particulate nature. Each genetic trait is governed by 
unit factors , which "hang around" in pairs within individual organisms. 

2. When two different unit factors governing the same phenotypical trait occur in the 
same organism, one of the factors is dominant over the other one, which is called the 
recessive trait. 

3. During the formation of gametes the "paired" unit factors separate or segregate 
randomly so that each gamete receives either one or the other of the two traits, but 
only one . 

4. The union of one gamete from each parent to form a resultant zygote is random with 
respect to that particular characteristic.

Mendel's First Law: Two members of a gene pair segregate from each other into the 
gametes, whereby one half of the gametes carries one of the traits, the other half 
carries the other. 

Mendel's Second Law: During gamete formation the segregation of one gene pair is 
independent of all other gene pairs
Mendel's Second Law: During gamete formation the segregation of one gene pair is 
independent of all other gene pairs -ONLY true if genes are on separate 
chromosomes OR Crossing over between paired homologous chromosomes in 
during meiosis.

http://www.accessexcellence.com/AB/BC/Gregor_Mendel.html
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3:1 9:3:3:1
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1:2:1

3:1 + 1:2:1 +
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15:1

Bell Curve
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Bell Curve



�39https://www.sciencedaily.com/releases/2014/10/141005134909.htm
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Mendel also provided the Foundation for the work of Thomas Morgan (1909) 

Morgan worked with a mutation, which caused a white eye instead of the red eye 
normally found in his stocks of Drosophila. 

He crossed a white-eyed male fly with a normal, red-eyed female. 

All the F1's were red-eyed, as might be expected if the red-eye allele were 
dominant.
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In a cross between a female with 
mutant white eyes and a 
wild-type brown body  
(w y+/ w y+)  

and a male with wild- 
type red eyes and a mutant yellow 
body  
(w+ y / Y),  

the F1 offspring are evenly divided 
between brown-bodied females 
with normal red eyes  
(w y+ / w+ y)  
and brown- bodied males with 
mutant white eyes  
(w y+ / Y) 

Males look like their Mothers, 
Females receive w y+ from their 
mother and  
w+ y from their father
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The F1 females should have made 
four kinds of gametes,  

w y+,   w+ y,   w+ y+    and   w y,
in equal amounts of 

1:1:1:1…. which should have resulted 
in equal distribution in the F2

but  DID NOT...!???  
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Morgan explained the anomalies by proposing that the two loci were present and "linked" on the same 
chromosome and also, that any variation from the parental "linkage" must have occurred through the 
exchange of genetic material by "crossover events"  

Morgan suggested that the frequency of such cross-over events (occurring between two genes) was a 
function of the genetic distance between the two loci.

He thus defined the unit of genetic  
distance as having a: 

one crossover event/100 products of meiosis = one map unit or 1 centiMorgan (cM).
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Creighton, H. B. & McClintock, B. (1931) Proc. Natl. Acad. Sci. USA 17, 492–497] 
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Curt Sterns found the same phenomenon for eye colour mutants in Drosophila
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Alfred Henry Sturtevant, a 19-year-old Columbia University undergraduate who was working with 
Morgan, realized that if the frequency of crossing over was related to distance, one could use this 
information to map out the genes on a chromosome. After all, the farther apart two genes were on a 
chromosome, the more likely it was that these genes would separate during recombination. 

Therefore, as Sturtevant explained it, the "proportion of crossovers could be used as an index of the 
distance between any two factors" (Sturtevant, 1913). Collecting a stack of laboratory data, 
Sturtevant went home and spent most of the night drawing the first chromosomal linkage map for 
the genes located on the X chromosome of fruit flies (Weiner, 1999).
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Morgan's student, Sturtevant, also observed at it was more accurate to add the 
intervening distances among multiple small recombinant intervals, rather than rely 

on a single cross between two fairly distant markers in order to determine accurately 
the map distance.

http://www.dnaftb.org/dnaftb/concept_11/con11bio.html


�55

Morgan's student, Sturtevant, also observed that it was more accurate to add the intervening 
distances among multiple small recombinant intervals, rather than rely on a single cross 

between two fairly distant markers in order to determine accurately the map distance.

http://www.dnaftb.org/dnaftb/concept_11/con11bio.html
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Sturtevant also realized that if you had three genes that demonstrated 
“linkage”..... you could look at relative distances among the three to quickly 

organize the genes into their genetic order.

http://www.dnaftb.org/dnaftb/concept_11/con11bio.html
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As a result Sturtevant was able to appreciate how genes could be mapped on a chromosome, simply by 
applying the rules of linkage that Morgan had presented, and assign positions or genetic loci on 

chromosomes as a function of their recombination frequencies -as long as the genes demonstrated 
linkage.  
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Even so, genetic maps do not always equate to physical maps.
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Assorted types of gene linkage
Complete linkage refers to genes that are located so close together on 
any given chromosome that they are always inherited as a single 
“linked”unit. and
can only be different
iated through the use
 of mutants. 

C gene permitted colour to show through in the eyes,
O gene, in the recessive form gave rise to eosin coloured eyes 
as opposed to vermillion

Incomplomplete linkage refers to genes that show recombinational 
associations between 0% and 50%

Statistical linkage refers to genes that only show statistical differences  
from independently assorted genes +/- 50%
Syntenic genes refers to genes that are physically located on the 
same chromosome, whether or not they show linkage.
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What about genetic analyses in the absence of recombination.  
Can we analyze chromosomes with a "fixed" linkage that will not change as a 
result of meiotic recombination (an important tool if you want to do a number of 
serial genetic crosses).
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result of meiotic recombination (an important tool if you want to do a number of 
serial genetic crosses).
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Meiotic Nondysjunction
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Calvin Bridges noticed that a strain of flies 
MM+ (heterozygote for "bristle" configuration), 
sometimes expressed itself as a "local 
variance" of the dominant M allele (slender 
bristle) in which a region of the fly’s body 
exhibited wild-type (M+) bristle characteristics.
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Calvin Bridges noticed that a strain of flies MM+ (heterozygote for "bristle" 
configuration), sometimes expressed itself as a "local variance" of the dominant M 
allele (slender bristle) in which a region of the fly’s body exhibited wild-type (M+) 
bristle characteristics.



�68



�69

In 1936 Curt Sterns (another student of Morgan's working on D. melanogaster) undertook a 
cross of two other sex-linked traits y (yellow hair) and sg (singed hair). 
y+ sn / y+ sn (singe-haired female) with y sn+ / (yellow singe-haired male) 

Not too surprisingly the female progeny were mostly Wild-Type with grey bodies and normal 
bristles y+ sn / y sn+ 

Occasionally, however, Stern noticed that there were some "localized" twin spots of 
apparently "coupled" yellow and singed hair (y sn) phenotypes, which occurred as twin 
spots too often as to be mere coincidental juxtapositioning. He reasoned  that these spots 
arose due to Mitotic recombinants between sn and the centromere
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Consider a pair of homologous chromosomes prior to the MI division which contain a single 
crossover in the interval between markers B and D on chromatids 2 and 3, as shown in the 
Figure above.  

The outcome of the single crossover is two chromatids carrying a recombination of the 
phenotypic markers associated with the B and D genes.  

Now, consider that a second crossover occurs in this same interval. 

Meiosis
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Yeast and fungi. 

S. cerevisiae: and the potential POWER of yeast genetics -provides relatively immediate 
proof of all types of chiasmata and their consequences. Use of yeast and other similar 
fungi hav many distinct advantages ...S. cerevisiae can grow mitotically in a stable fashion 
as either a haploid (with one copy of each chromosome) or a diploid (with two copies of 
each chromosome).  In essence, therefore, the consequences of meiosis can be 
"harvested" through analysis of both states, and the direct products of meoiotic events can 
be analyzed.  
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a     b          x          a+      b+ 

Parental Ditype (PD).......Non-Parental Ditype(NPD) ..........Tetra-Type (TT)

For two unlinked genes on the same chromosome (where PD = NPD), a TT tetrad can 
arise as the result of a crossover between one of the markers and its centromere. 
Thus, for two unlinked genes, the frequency of TT tetrads will depend on the linkage 
of each gene to its centromere.
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PD > NPD
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PD = NPD
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A single crossover between linked markers produces a TT tetrad. 

Recombination between linked genes can actually produce PD, NPD, and TT tetrads. 

First, if there is a single crossover between the two markers, a TT tetrad is the 
product. 

-Recall that for two unlinked genes, when PD = NPD, TT tetrads can also arise by a 
crossover between a gene and its centromere. 

However, in the case of linkage, when PD > NPD, NPD can ONLY arise by a double 
crossover between the two genes, as shown in the multiple crossover figure. 



Double-strand break-
repair model of 

homologous 
recombination.



Alternatively- Double Holliday junction dissolution by the action of a DNA 
helicase and topoisomerase.



The Synthesis-Dependent 
Strand-Annealing Model

• The synthesis-dependent strand-
annealing model (SDSA) is relevant for 
mitotic recombination, as it also 
produces gene conversions from 
double-strand breaks without having 
associated crossovers.



(a) Two DNA molecules. (b) Gene conversion - the red DNA donates part of its genetic information (e-e' 
region) to the blue DNA.  (c) DNA crossover - the two DNAs exchange part of their genetic information (f-f' 
and F-F').



Schematic representation of DSB repair by homologous recombination and its products.

Agmon N et al. Nucl. Acids Res. 2011;nar.gkr277

Figure 1. 
Schematic representation of DSB repair by homologous recombination 
and its products. Following the formation of a DSB there is single-strand 
resection to form a 3′ overhang, which invades a homologous sequence. 
Single end invasion can be resolved through: (A) SDSA—strand 
disengagement, ligation to form a NCO product, or (B) The D-loop can 
be nicked and ligation may lead to a CO product. When there is also a 
second end capture by the D-loop, polymerization can lead to the 
formation of a double HJ, which can either be (C) resolved by HJ 
resolvases to be ligated to form NCO and CO products, or (D) undergo 
dissolution by the activity of a helicase and a topoisomerase to form a 
NCO product.
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Research Highlight 

Nature Reviews Genetics 11, 592 (September 2010) | doi:10.1038/nrg2848  

Corrected online: 19 August 2010 

Mutation rate: DNA repair and indels boost errors 
Mar 

Mutation rates vary with genomic locus and cellular context, but there are many unanswered questions regarding when, 

where and how elevated mutation rates occur. Two papers now implicate DNA repair in increased local mutation rates, and 

the results may influence future studies of genetic variation and tumorigenesis. 

Mitotic gene conversion is a mechanism for repairing DNA double-strand breaks (DSBs) in which a homologous sequence (donor) is used 

as a template for repair. Hicks and colleagues took advantage of the gene conversion that is a normal part of mating-type (MAT) 

switching in Saccharomyces cerevisiae to screen for errors generated by this repair process. They inserted a gene (URA3) into the 

normal donor sequence that enabled them to chemically select cells in which mutations had arisen during gene conversion. 

Strikingly, they found that the mutation rate associated with gene conversion was 1,400 times higher than the rate of 

spontaneous mutation in the same genomic region. 

http://www.nature.com/nrg/journal/v11/n9/full/nrg2848.html

Hicks et al. showed that the majority of mutations were single-base-pair substitutions, but a high proportion were one-base-

pair deletions and complex mutations that are probably caused by template-switching during gene conversion. Surprisingly, 

the normally high-fidelity DNA polymerase-δ seems to cause these template switches.  

This finding suggests that gene conversion is less processive than the DNA synthesis that takes place during S phase. 
Furthermore, the authors suggest that some mutations required for carcinogenesis could result from gene conversion being 

used to repair the increased numbers of DSBs triggered by activated oncogenes.

http://www.nature.com/nrg/journal/v11/n9/full/nrg2848.html


A prediction of the Synthesis Dependent Strand Annealing (SDSA) model is that 
the annealing between the two tails can lead to expansions and contraction of the tandem 
array. 

Greater than 40% of the gene conversions were accompanied by contractions or 
expansions. Furthermore they were only located in the recipient copy.....i.e they are non-
reciprocal.



Meiotic vs. Mitotic recombination?





a unidirectional genetic exchange...... involves an HO 
(homing) endonuclease.









 Yeast Can Switch Silent and Active Loci for 
Mating Type

• Switching occurs if 
MATa is replaced by 
HMRα or MATα is 
replaced by HMRa.

Mating type loci organization





• The yeast mating type locus MAT, a 
mating type cassette, has either the 
MATa or MATα genotype. 

• Yeast with the dominant allele HO 
switch their mating type at a frequency 
~10–6. 

• The allele at MAT is called the active 
cassette. 

• There are also two silent cassettes, 
HMLα and HMRa.

Cassette model for mating type



Matthew P Scott, Paul Matsudaira, Harvey Lodish, James Darnell, Lawrence Zipursky, Chris A Kaiser, Arnold 
Berk, Monty Krieger (2004). Molecular Cell Biology, Fifth Edition. WH Freeman and Col, NY
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Break Induced Recombination (BIR) initiating translocations
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Break Induced Recombination (BIR) initiating translocations, 
sometimes through regional homology with DNA potentially from other 

chromosomes



Break Induced Replication (BIR) promotes Non-Homologous “end-joining” 
involves Ku proteins… which force interactions  



https://www.youtube.com/watch?v=31stiofJjYw

https://www.youtube.com/watch?v=31stiofJjYw

