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(a) In addition to the conserved ATPase core domain, RecA and RADS51 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 Mcllwraith, 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
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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
nhucleoprotein 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.
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Novel insights into RAD51 activity and regulation during homologous
recombination and DNA replication

Stephen K. Godin, Meghan R. Sullivan, and Kara A. Bernstein* (2016) Non-crossover
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The RADS2 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.
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Novel insights into RAD51 activity and regulation during homologous
recombination and DNA replication
Stephen K. Godin, Meghan R. Sullivan, and Kara A. Bernstein* (2016)
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.... 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.
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Progress through meiosis

Molecular interactions

Leptotene
Condensed
chromosomes
become visible, often
attached to nuclear
envelope

Zygotene
Chromosomes begin
pairing in limited
region or regions

Pachytene
Synaptonemal
complex extends
along entire length of
paired chromosomes

Diplotene
Chromosomes
separate, but are
held together by
chiasmata

Diakinesis
Chromosomes
condense, detach
from envelope;
chiasmata remain.
All four chromatids
become visible
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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.



MOLECULAR AND CELLULAR BioLoGY, Mar. 2007, p. 1868-1880 Vol. 27, No. 5
0270-7306/07/$08.00+0 doi:10.1128/MCB.02063-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Genome-Wide Redistribution of Meiotic Double-Strand Breaks in
Saccharomyces cerevisiae't
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Meiotic recombination is initiated by the formation of programmed DNA double-strand breaks (DSBs)
catalyzed by the Spoll protein. DSBs are not randomly distributed along chromosomes. To better understand
factors that control the distribution of DSBs in budding yeast, we have examined the genome-wide binding and
cleavage properties of the Gal4 DNA binding domain (Gal4BD)-Spoll fusion protein. We found that Gal4BD-
Spoll cleaves only a subset of its binding sites, indicating that the association of Spoll with chromatin is not
sufficient for DSB formation. In centromere-associated regions, the centromere itself prevents DSB cleavage by
tethered Gal4BD-Spoll since its displacement restores targeted DSB formation. In addition, we observed that
new DSBs introduced by Gal4BD-Spol1 inhibit surrounding DSB formation over long distances (up to 60 kb),
keeping constant the number of DSBs per chromosomal region. Together, these results demonstrate that the
targeting of Spoll to new chromosomal locations leads to both local stimulation and genome-wide redistri-
bution of recombination initiation and that some chromosomal regions are inherently cold regardless of the
presence of Spoll.

http:[Imcb.asm.orglcgilreprint/27/5/1868
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Spo11 (a topoisomerase-like protein) and additional exonucleases are
used to generate double-strand breaks during meiosis.
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Reproduced from D. von Wettstein. 1971. Proc. Natl. Acad. Sci. USA. 68: 851-855. Photo
courtesy of D. von Wettstein, Washington State University
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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.
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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.
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The roles of cohesins in mitosis, meiosis, and human health and disease

Amanda S. Brooker and Karen M. Berkowitz
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Summary Go to:

Mitosis and meiosis are essential processes that occur during development. Throughout these processes,
cohesion is required to keep the sister chromatids together until their separation at anaphase. Cohesion is
created by multi-protein subunit complexes called cohesins. Although the subunits differ slightly in mitosis
and meiosis, the canonical cohesin complex is composed of four subunits that are quite diverse. The
cohesin complexes are also important for DNA repair, gene expression, development, and genome
integrity. Here we provide an overview of the roles of cohesins during these different events, as well as
their roles in human health and disease, including the cohesinopathies. Although the exact roles and
mechanisms of these proteins are still being elucidated, this review will serve as a guide for the current
knowledge of cohesins.

Keywords: cohesin, mitosis, meiosis, sister chromatid cohesion, cell cycle, chromosome segregation,
aneuploidy, human health, cohesinopathies, maternal age effect
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Figure 2
Cohesion in yeast mitosis. Cohesin complexes require the Scc2/Scc4 protein complex in order to be loaded on
chromosomes. Several proteins act together to establish cohesion during DNA replication. These proteins include
Ecol acetyltransferase, the CTF18-RLC plex, and the pol: yciated protein Ctf4. Tension at
centromeres is generated by the bipolar attachment of kinetochores to the mitotic spindle. Following biorientation

of sister chromatids, separase is activated to cleave the Scc] subunit resulting in removal of cohesin complexes,

loss of cohesion, and separation of sister chromatids.
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Figure 4
Cohesion in yeast meiosis I. Rec8 replaces Sccl of the cohesin complex in S phase. During prophase I
homologous chromosomes pair and meiotic recombination leads to DNA crossovers between non-sister

chromatids. In order for h 1 1 to ki hores of sister chromatid pairs must each

be mono-oriented to opposite poles during metaphase I. Separase cleavage of Rec8 during anaphase I, much like
that during mitosis, resolves the cohesion distal to crossovers to allow segregation of homologues. In order to

allow for the proper biori ion and ion of sister ids during meiosis II, cohesion proximal to

centromeres is preserved.
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Figure 3
Models of cohesin rings. (A) One ring model predicts that both sister chromatids are entrapped within a single

cohesin ring. (B) Another type of ring model, the “handcuff” model, proposes that each of two cohesin rings
entraps one sister chromatid, either by binding a single Scc3 subunit or topological interconnection between rings.



Figure 1 Homologous chromosome pairing and meiotic DSB repair.
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staining) in spread leptotene, zygotene and pachytene mouse with the
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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Figure 1 Homologous chromosome pairing and meiotic DSB repair.
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i sister chromatid, or on one of the two chromatids of the homologous is,
o0 chromosome. in meiosis, interactions with the sister chromatid are
somehow repressed, and interaction with one of the chromatids of the 2
homologous chromosome is stimulated.

(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. SPol1 and associated proteins mediate the formation of DSBs
that are repaired in association with the (axial components of the) SC.
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D RPA/SYCP3/DAPI (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

leptotene zygotene pachytene indicated antibodies as described in ref. 81. the anti RPA antibody is

described in ref. 3




Figure 1 Homologous chromosome pairing and meiotic DSB repair.
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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

leptotene zygotene pachytene 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.
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Nature Reviews | Genetics

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|land the comparative size of the nuclei.

- a-c. Early to middie pachytene nuclel.

— d, e. Middle to late pachytene nuclei. Immunological detection of RecA-related proteins in
~ & d. Pl omitted. bull meiotic nuclei. http: fi/i lhar/ASCB.html
- b, ¢ and -e. Counterstaining with PI. ull meilotic nuclel. ttp://www.csc.ti/|pr/emt/engelnar .ntm
- Insets: Details of the nodules (arrows) on the SCs indicate
- a, e. Ellipsoidal nodules.

- b, ¢ 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 ym - In insets: -Bar 1 pm.
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* 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.

@ 2011 Jones and Bartlett Publishers, LLC (www.jbpub.com)



* DNA Repair in Eukaryotes Occurs in the
Context of Chromatin

Damage occurs in chromatin

JJJJJU)

Remodel Remodeling allows access
to lesion

J)JL )

Repair Lesion is repaired

JJLJLDJ

Chromatin assembly restores
original structure

DNNDIY

DNA damage in chromatin requires
chromatin remodeling and histone
modification

Restore

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

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

@ 2011 Jones and Bartlert Publishers, LLC (www.jbpub.com
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Chromosoma (2010) 119:41- 58

Fig. 4 Immunolocalization of

histone mark H4K20me3

throughout meiotic prophase I of

control and TSA-treated ani-
mals. SYCP3 immunodetection
was used to indicate the SCs
(red). Nuclei were stained with
DAPL a-d Leptotene cell from
control animals. a’-d” Leptotene
cell from TSA-treated animals.
e-h Zygotene cell from control
animals. e’-h’ Zygotene cell
from TSA-treated animals. i

1 Early pachytene cell from
control animals. i"1" Early
pachytene cell from TSA-treated
animals. m-p Midpachytene cell
from control animals. m”-p’
Midpachytene cell from TSA-
treated animals. The bar corre-
sponds to 10 um in all the
optical sections
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a SC from control rat b SC from TSA-treated rat
LEARS LE

LEARS

Fig. 14 Model of SC structure in control and TSA-treated rats. a SC | H3K27me3) and| H4K20me3.| b Upon inhibition of histone deacety-
of a control rat. The chromatin of homologous chromosomes is lases, the presence of H3K27me3 in SINE and LTR sequences
anchored to the lateral elements (LE) through lateral elements- decreases dramatically, which could favor detachment of such

associated repeat sequences (LEARS), for which chromatin_structure sequences from the LEs. This is accompanied by alteration of the
is dictated by histone posttranslational modifications like| H3K9me3, | SC's central region (CR)
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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 -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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Number of genes linked to height revealed by study

Date: October 5, 2014
Source:  Boston Children's Hospital

Summary:  The largest genome-wide association study to date, involving more than 300 institu-
tions and more than 250,000 subjects, roughly doubles the number of known gene re-
gions influencing height to more than 400. The study provides a better glimpse at the
biology of height and offers a model for investigating traits and diseases caused by
many common gene changes acting together.

Share: f W G+ P in &
RELATED TOPICS FULL STORY

Health & Medicine

> Genes

> Human Biology :

> Personalized Medicine - :
> Gene Therapy - ‘: « d

> Medical Topics
> Parkinson's Research
> Hormone Disorders

> Diseases and Conditions

"We can now explain about 20 percent of the heritability of
height, up from about 12 percent where we were before," says
co-first author Tonu Esko, PhD, of Boston Children's Hospital,
the Broad Institute and the University of Tartu (Estonia).

https://www.sciencedaily.com/releases/2014/10/141005134909.htm



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
The white gene is on the X chromosome
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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
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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
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In a cross between a female with
mutant white eyes and a
wild-type brown body

(wy ™/ wy")

and a male with wild-
type red eyes and a mutant yellow
body

w*ylY),

the F1 offspring are evenly divided
between brown-bodied females
with normal red eyes
(wy*/why)

and brown- bodied males with
mutant white eyes

(wy™ /1Y)

Males look like their Mothers,

Females receive w y* from their
mother and

w* y from their father

2 1
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) \g// ~ \g
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Qwyt/wry X Twy*tlY
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' — Parental types =
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Four products of meiosis

Nonrecombinant &
chromosome

Recombinant C jA:-b.

chromosome

Recombinant ‘ 'a.jBD
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@ EE=ED
a b a b
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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 recombination frequency =

number of recombinamt progeny .
AN PrOBENY @ 100%
total number of progeny

one crossover event/100 products of meiosis = one map unit or 1 centiMorgan (cM).



| Meiosis I : reductional division
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Fig. 15.2 2nd edition, Creighton’s and McClintock’s Corn Experiment

a) Heterozygote b) Crossover c¢) Recombinant
occurs chromosomes
Knob
C s c
wx Wx wx Wx wx
Normal
chromosome Chromosome 9

Part of
chromosome 8

Creighton, H. B. & McClintock, B. (1931) Proc. Natl. Acad. Sci. USA 17, 492—497]
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Additional material from

part of the Y chromosome Discontinuity
car Bar l
Parental (Q) (@~ S —
chromosomes cart Bar*

No crossing-over / \ Crossing-over

car Bar

car Bar

car* Bar* cart

car Bar car Bar*
Chromosomes Parental Recombinant

transmitted to

progeny (J'") cart Bar* cart Bar
/ Parental l Recombinant

Figure 5.6 Evidence that recombination results from reciprocal exchanges between homologous chromosomes. Genetic
recombination between the car and Bar genes on the Drosophila X chromosome is accompanied by the exchange of physical markers
observable in the microscope. Note that this depiction of crossing-over is a simplification, as genetic recombination actually occurs after
each chromosome has replicated into sister chromatids. Note also that the piece of the X chromosome to the right of the discontinuity is

actually attached to an autosome.

Curt Sterns found the same phenomenon for eye colour mutants in Drosophila
52



o

Sturtevant's symbols: ;i ; i‘l Dtﬁ
X chromosome locations: 0.0 1.0 30.7 33.7 57.6
Modern symbols: y w v m r
/ \ /  \ /
Yellow White Vermilion Miniature Rudimentary
body eyes eyes wings wings

Figure 3: Sturtevant's Drosophila gene map.

In Sturtevant's gene map, six traits are arranged along a linear chromosome according to the relative distance of
each from trait B. Traits include yellow body (B), white eyes (C, O), Vermillion eyes (P), miniature wings (R), and
rudimentary wings (M).

© 2013 Nature Education Adapted from Pierce, Benjamin. Genetics: A Conceptual Approach, 2nd ed. All rights
reserved. ()

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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Analysis of 2 factor-cross data

Frequency (%) of Frequency (%) translated
recombinants in a two to distance (mapunits)
factor cross between two markers
y w - r y y .............. Y ........... y
Y | — 1 32 37 W [ W |----TE W
w — 30 a5 32
30
v - 26 37
r - - .. 45 - -t v
B .. e eee. !
26 r
Large intervals Iincrease probability of - B |
double crossover, underestimating the
calculated map distance as compared
to the actual distance. SR :
ergito

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

. a | b | ¢ |
. A | 8 | ¢ |

This is equivalent to the required heterozygotic parental generation for all three traits.

Remember that this is the simplest case where all the wild-type alleles are dominant and, atleast in
this case, on the same chromosome. Correspondingly, ALL the mutant alleles are iniitially on the
other.

In the next generation these triple heterozygotes can be test- crossed with triply recessive testers
(727)cicinnne In so doing, any "crossing-over" events that have occurred in the formation of the gametes
will show through against the triply recessive pairing.

F2: listed as gametic genotypes...Crossover Types

abec =230 =467 =42.1% =NCO
l ABC | =237 | | [ |
| aBC | =82 |[=161] =145% | =ScCO
| abe | =79 [ | | |
abC || =200 |=395| =356% | =8SCO |
ABc | =195 | | |
|
| aBec | =44 | =86] =78% || =DCO
| avbc [ =42 [ | |

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. -
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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. 57



Physical and genetic maps are not identical

PHYSICAL MAP GENETIC MAP

Distribution of , s Distribution of genes
genes based on | |- based on recombination
sequence data Jt B frequencies
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| - g when there is low
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DT between genes

----------------------------------------------------------------
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-—T F between genes

................................................................

ergito
N

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

Sturtevant's symbols B(L) PR M

Can Only be dlfferent X chromosome locations: 0 (‘) 1 0 30; 23.7 57,!)

lated through the use Modern symbols: - om .
/ \ / ,

Of mutants. Yellow White Vermilion  Miniature Rudimentary

body eyes eyes wings wings

C gene permitted colour to show through in the eyes,
O gene, in the recessive form gave rise to 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.



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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TRENDS in Biotechnology

bination allows precise engineering of balancer chromosomes . Balancer chromosomes

o wikd-type that prevents recombination in this interval (because recombination in this
region creates dicentric and acentric chromosomes that are generaly fatal to gametes). The letters A-H indicate loci
onthe chromosomes to show the position of the inversion. Balancer chromosomes can be constructed by integrating
site-specific recombinase recognition sites (dark lines indicate loxP sites) in precise locations using homologous
recombination. The balancer chromosome cannot be homozygous owing to a lethal mutation ('c’) within the inversion. If
B/B* comprise a pair of alleles that confers heterosis (hybrid vigor), balancers allow them to be maintained in the

heterozygous state if the B*/B* homozygote can be selected against

Figure options w»
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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).

Father

~d

1

|

Mother

Al

iy

Hih

A B C D E F G H Wild-type

IR chromosome

s
A 3 0 2 a F G H Ba'ancef
@@ chromosome
loxP 9xol
TRENDS in Biotechnology

Figure 4. Homologous recombination allows precise engineering of balancer chromosomes . Balancer chromosomes

contain an inversion relative to wild-type that prevents recombination in this interval (because recombination in this
region creates dicentric and acentric chromosomes that are generally fatal to gametes). The letters A-H indicate loci
on the chromosomes to show the position of the inversion. Balancer chromosomes can be constructed by integrating
site-specific recombinase recognition sites (dark lines indicate loxP sites) in precise locations using homologous
recombination. The balancer chromosome cannot be homozygous owing to a lethal mutation ('c”) within the inversion. If
B/B* comprise a pair of alieles that confers heterosis (hybrid vigor), balancers allow them to be maintained in the
heterozygous state if the B*/B* homozygote can be selected against

Figure options w ‘
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Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Meiotic disjunctions

Normal Nondisjunctions (ND)
M%iosis I: ' ND at
reductiona meiosis I
division '
Meiosis II: N'D at
equational meiosis II
| division ‘ ‘
[ itvtevennnnntnsens eovseurescevevorees  oonnnEER R e e ==, e
Normal Normal : : Normal
Missing Missing
a chromosome : a chromosome
: (aploid) ' '
ergito Extra copy Extra copy
of chromosome of chromosome

Meiotic Nondysjunction
64



Nondisjunction in mitosis

Normal - Mitotic nondisjunction

DNA replication

ergito . TRISOMIC | MONOSOMIC |
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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.



Figure 5.25 Mitotic recombination during the growth of
diploid yeast colonies can create sectors. Arrows point to large,
red ade2 / ade2 sectors formed from ADE2 / ade2 heterozygotes.
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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

Phenotype
y sn
Y sn* AT b ' | Yellow
‘ y snt Twin \
A . y* sn spot
y on N Singed
y* sn
y sn* ) \
¥ sn* PAY R X Yellow | S'ngle
} ' " cmsmpma s spol
' ‘ y sn
J\ ) y* sn
'
y an ) Normal
y: sn (a) Single yellow spot (b) Twin spot
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Transient pairing

during mitesis — Mitotic metaphase — Daughter cells

(a) Crossing-over between sn and the centromere
Yellow

sn' ¥ 1
— or Singed -
Wild type
sn y 1

=t ===  Norma

— Twin

1 snoy ‘ sty N tissue
sn ¥y sn' ¥
Wild type -
(b) Crossing-over between snand y
Yellow
1 ' ( sn' y sn y) .. Yellow
. 1 snt ¥ | snoyN ———— D e ___ Normal
som ¥ sn' ¥y sn ¥ tissue
— or Wild type
Wild type
sn ¥y T ' sn' sny
sn' y sy . —0—'—“,- b e
o b —— _ Normal
1 sn' y 1 sny N P @t tissue
sty sn y
Wild type -

Figure 5.24 Mitotic crossing-over. (a)Ina ysn’ /y’sn Drosophila female, a mitotic crossover between the centromere and sn can
produce two daughter cells, one homozygous for y and the other homozygous for sn, that can develop into adjacent aberrant patches
(twin spots). This outcome depends on a particular distribution of chromatids at anaphase (top). If the chromatids are arranged in the
equally likely opposite crientation, only phenotypically normal cells will result (bottomn). (b) Crossovers between sn and y can generate
single yellow patches. In contrast, a single mitotic crossover in these females cannot produce a single singed spot if the sn gene is closer
to the centromere than the y gene. See if you can demonstrate this fact.
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Meiosis :
Crossovers may involve different sister chromatids

0 Crossovers 1 Crossover 2 Crossovers
: ‘ (case 1) (case 2 and 3) (case 4)

w
n o

[

; 2
s@Be bis @b : 8 b Ab : B
clfic ¢ - cllcc (=
DERBO d do - D

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.

m

(2]
2]

Q
O
Q

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. -



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.
Mating and Meiosis

Pheromones

n n
X
N
MATa MAT«
\ formation
4 haploid = n: Cell
spores fusion

20 Nuclear
NITROGEN fusion
_.Y_“— :‘v".v

Dissection

Mitosis RICH

letrad
2n 2n




1 2 3
ab ab? ab
ab ab* ab*

a’ b? a'b a'b
a’ b* a'b a’ b?

Parental Ditype (PD).......

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.



Haploid Cell Diploid Cell Meiosis I Meiosis II

S
"
=7

Ditype

Figure 3: The production of yeast tetrads which exhibit the parental ditypes. If there had been two
recombination events between X and Z involving two strands, you would see the same end result - parental

ditype.

PD > NPD
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Crossovers may involve different sister chromatids

0 Crossovers : 1 Crossover : 2 Crossovers
(case 1) (case 2 and 3) (case 4)

C O o

12 3 4

l

2
s@ifle bik4b  s@Bc bHMb : B
cCBEC cMc : cBMc clidc : ¢
D DdMMd : D dD d:D

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.
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l DSB resection

! — ' —— 3’ .
Y — o — The Synthesis-Dependent
3’ = 5’ N
5/ — Strand-Annealing Model
Strand invasion,
l repair synthesis
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5 3 — 3 « The synthesis-dependent strand-
3 — —— annealing model (SDSA) is relevant for
3 —————— 5’ mitotic recombination, as it also
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produces gene conversions from
double-strand breaks without having
associated crossovers.
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DSB repair without crossing over
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{b) Gene conversion

-
5! D F 3!
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d ] f 5 3
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(a) Two DNA molecules. (b) Gene conversion - the red DNA donates part of its genetic information (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.

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.
v'. resection 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

lr single-end invasion 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

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.

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 Nnormally high-fidelity DNA polymerase-0 seems to cause these template switches.
This finding suggests that g€ne 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



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



Mating and Meiosis
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a unidirectional genetic exchange...... involves an HO
(homing) endonuclease.
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Only mother cells can switch mating type
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Yeast Can Switch Silent and Active Loci for

Mating Type

Inactive cassettes do not synthesize RNA

————— Yo s HMLo

s Y@ — HMRa

Active cassettes synthesize mating-type-specific products

MATo.

== Yo

—
— _
o2 mMRNA o1 mRNA

Y a e MATa

—
a’l mRNA

500 1000 1500 2000 bp

Switching occurs if
MATa is replaced by
HMRa or MATa is
replaced by HMRa.

Mating type loci organization
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Silent cassetie Active cassette Silent cassette

l Frequent 1

1 Change of mating type

occurs when o cassette
replaces a cassette

t Frequent l

l Change of mating type

occurs when a cassette
replaces o cassette

. HMLo,  MATa.  HMRa.
t Rare J

1 No change of mating

type occurs when
cassette of same type
replaces active cassette

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

Yeast with the dominant allele HO
switch their mating type at a frequency
~10-8.

The allele at MAT is called the active
cassette.

There are also two silent cassettes,
HMLa and HMRAa.

Cassette model for mating type

@ 2011 Jones and Bartlert Publishers, LLC (www.jbpub.com)



Chromosome ||

HML MAT HMR

1188 P. Houston, P. J. Simon and J. R. Broach
MATa HMR FIGURE 1.—Mating-type switching exhibits
e — ey cell type-dependent donor preference. A dia-
4 T gram of chromosome IIl indicating the relative
___,_/ positions of the donor loci, HMLand HMR, the
lT MAT locus, and the recombination enhancer,

m RE, is shown. HML and HMR are transcription-

F— — et allysilent, indicated by the hatched lines, while

MATa HMR MAT is transcriptionally active, giving rise to

the mating type of the cell. Open rectangles

at the three mating loci indicate blocks of homology while the thick line indicates the allelespecific region (a allele is black, a allele

is gray). In a cells (top), Manl (M) and Fkhl (F), a forkhead transcription factor, occupy RE and promote enhanced recombina-

tion potential (shaded area) extending over HML, rendering it the preferred donor during mating-type switching and resulting

in conversion from MATa to MATwa. In « cells (bottom), a2 binds to RE, precluding occupation by Fkhl, to suppress enhanced

recombination potential, rendering HMR the preferred donor through REindependent mechanisms and resulting in conversion
from MATa to MATa.

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

@ 2011 Jones and Bartlert Publishers, LLC (www.jbpub.com)



Biology

E uw 4-

i

Molecul a\

Genome Function OXFORD

UNIVERSITY PRESS

e "y

Second Edition

J’} Molecular Biology: Principles of

Animation 12:
Non-homologous end
joining

Animation produced by ConnorHendrich
© Oxford University Press 2014

https://www. tube.com/watch?v=31stiofJiYw


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

