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The biochemistry of early meiotic recombination intermediates
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ABSTRACT ARTICLE HISTORY
Meiosis is the basis for sexual reproduction and is marked by the sequential reduction of  Received 22 October 2018
chromosome number during successive cell cycles, resulting in four haploid gametes. Accepted 2 November 2018
A central component of the meiotic program is the formation and repair of programmed double KEYWORDS

strand breaks. Recombination—driven repair of these meiotic breaks differs from recombination  pomologous recombination;
during mitosis in that meiotic breaks are preferentially repaired using the homologous chromo- dmc1; meiosis

somes in a process known as homolog bias. Homolog bias allows for physical interactions

between homologous chromosomes that are required for proper chromosome segregation,

and the formation of crossover products ensuring genetic diversity in progeny. An important

aspect of meiosis in the differential regulation of the two eukaryotic RecA homologs, Rad51 and

Dmcl. In this review we will discuss the relationship between biological programs designed to

regulate recombinase function.

Introduction A key regulatory step during meiosis is the
formation of programmed DSBs, which are
repaired by homologous recombination (HR).
HR is a universally conserved DNA repair path-
way that has been confiscated in eukaryotes as
a means to insure proper segregation of homo-
logous chromosomes during meiosis I [1,3].
Meiotic HR is initiated by the universally con-
served Spoll endonuclease [4], which uses
a tyrosine amino acid residue to cleave dsDNA
[4,5]. The DNA is then resected by Mrell-
Rad50-Xrs2 (MRX), Exol, and Sae2, which
removes Spoll and also generates long 3K single
strand DNA (ssDNA) overhangs [6,7]. The het-
erotrimeric ssDNA-binding protein RPA binds
to these overhangs to protect the ssDNA and
prevent formation of secondary structure [8-10].
The recombinases Rad51 and Dmcl are then
loaded onto the ssDNA [11,12] through a poorly
understood mechanism involving the mediator
proteins Rad52 [13] and Mei5-Sae3 [14,15] to
establish the presynaptic complex. A number of
accessory proteins also bind to the presynaptic
complex and stimulate its activities, including
but not limited to Rad54, Rdh54, Hop2-Mndl,
and Hedl [1,16,17]. The presynaptic complex
then searches for a homologous target and

Meiosis is a complex biological program that is
required for sexual reproduction and is characterized
by two successive chromosome divisions (Meiosis
I and Meiosis II), each step resulting in reduced chro-
mosome copy number (Figure 1(a)). In meiosis
I homologous chromosomes are paired and separated,
meiosis I is followed by meiosis II in which sister
chromatids are separated. The net result of both meio-
tic divisions is the formation of haploid gametes that
will become an organisms next generation. Meiosis
I can be further separated into leptotene, zygotene
during which homologous chromosomes come into
alignment, pachytene, during which DNA crossovers
form between homologous chromosomes, diplotene
in which homologous chromosomes begin to sepa-
rate, and diakinesis, in which crossovers are resolved
and homologous chromosomes separated (Figure 1
(b)) [1]. These stages of the meiotic program are
dependent on the formation and repair of pro-
grammed DNA double strand breaks (DSBs).
S. cerevisiae has long served as a paradigm for studying
meiosis, in part due to its ability to cycle through
haploid and diploid states, the ability to recover all
four gametes, and the fact that many of the steps
involved in meiosis are broadly conserved [2].
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Figure 1. Chromosomal changes that take place during meiosis. Diagram illustrating the major steps in meiosis. Meiosis proceeds
through a single cycle of DNA replication followed by two cycles of cell division, resulting in a reduction in chromosome copy
number to yield haploid spores or gametes. We refer the reader to several recent reviews for more in-depth descriptions of the

mechanisms underlying meiosis [1,3,33].

catalyzes strand invasion wherein the 3X ssDNA
overhang is paired with a complementary strand
from the homologous chromosome to yield a D-
loop intermediate, which is thought to be
unstable in vivo (Figure 2) [18,19]. D-loops can
be extended by a DNA polymerase, yielding
a more stable single end invasion intermediate
(SEI) (Figure 2) [20-22]. SEIs can then be dis-
rupted, allowing for repair through the synthesis
dependent strand annealing pathway (SDSA) to
yield non-crossover recombination products.
Alternatively, second end capture allows for con-
version of the SEIs into double Holliday junctions
(dHJs), which can allow for the formation of
crossover recombination products (Figure 2)

[23]. Chiasmata form at a defined number of
crossover sites, creating a physical linkage
between homologous chromosomes [24-27]. In
yeast, the total number of DSBs that form are
roughly 10-fold greater than the number of
crossovers, indicating most DSBs are still repaired
by non-crossover pathways [24,28]. This low
number of crossovers is regulated by crossover
interference, a poorly understood phenomenon
that limits the number of connecting points
between chromosomes [1,24-27].

Although they share many central features,
there are a number of things that distinguish
meiotic and mitotic recombination, including dif-
ferences in the Rad51/RecA family recombinases
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Figure 2. Simplified overview of homologous recombination. (a)
Diagram depicting the formation of a DSB followed by end proces-
sing of the break to yield long 3'ssDNA overhangs. The ssDNA can be
paired with a homologous dsDNA (shown in red) to yield
a metastable D-loop intermediate. The 3Xend of the invading strand
of the D-loop can then be used to prime DNA synthesis, which yields
a more stable single end invasion product (SEI). (b) The SEl can then
channeled through the synthesis—dependent strand annealing
pathway. In this case, the SEl product is displaced from the homo-
logous template and can repair with the second processed DNA end.
Additional DNA synthesis followed by strand ligation yields non-
crossover repair products. () Alternatively, the second end of the
processed DNA can anneal to the homologous template, which can
result in the formation of an interlinked double Holliday junction
(dHJ) after DNA synthesis and strand ligation. The dHJ can be
dissolved to yield noncrossover products, or it can undergo resolu-
tion through endonucleolytic cleavage, which can yield either non-
crossover products (not depicted) or crossover products.

that catalyze the underlying DNA transactions, the
participating regulatory protein co-factors, the

chromosome structures, changes in the relative
ratios of crossover to non-crossover products,
and differences in the identity of the templates
that are used to guide DSB repair [1,3,29,30]. In
this review we briefly highlight the biochemical
mechanisms that underlie differences between
mitotic and meiotic HR, with emphasis on studies
involving proteins from S. cerevisiae.

Biochemical characteristics of Rad51 and
Dmc1

The vast majority of eukaryotes require two recom-
binases: Rad51, which is expressed during both
mitosis and meiosis, and Dmcl1 is only expressed
during meiosis [11,31] . Dmcl and Rad51 emerged
from a gene duplication event during the early evo-
lutionary history of eukaryotes [32], and the recom-
binases retain ~46% amino acid identity and closely
related structural and biochemical properties
[18,33,34]. Such strong similarities beg the question
why most eukaryotes require a specialized recombi-
nase for meiosis.

There are some biochemical differences between
Rad51 and Dmcl that may be related to their roles
in mitotic and meiotic recombination, respectively.
For instance, one clearly important difference between
Rad51 and Dmcl is that they interact with distinct
subsets of recombination factors [1,3,30]. For exam-
ple, the meiosis-specific protein Hed1 binds specifi-
cally to Rad51 and down-regulates its strand exchange
activity (see below). Similarly, Dmc1 interacts specifi-
cally with the mediator complex Mei5-Sae3, which
stimulates Dmcl filament assembly [35], and the
accessory factor Hop2-Mndl, which promotes
dsDNA capture by the presynaptic complex [36-39].
In addition, there is biochemical evidence suggesting
that the recombination accessory proteins Rad54 and
Rdh54 interact preferentially with Rad51 and Dmcl,
respectively [40,41]. Biochemical studies have also
shown that Dmcl requires divalent calcium ions for
strand exchange activity and filament stability in vitro
whereas Rad51 does not [36,42,43]It remains to be
seen whether calcium reflects a physiological require-
ment of Dmcl or whether Ca ** may somehow mimic
the stimulatory effects of an as yet unknown protein
cofactor.

Interestingly, biophysical studies have shown
that Rad51-ssDNA filaments can bind to dsDNA



fragments containing short tracts of sequence
microhomology, but the introduction of a single
nucleotide mismatch causes a reduction in binding
lifetime commensurate with the loss of one base
triplet pairing interaction. In contrast, Dmcl-
ssDNA can tolerate base triplets bearing single,
double, or triple mismatches and even abasic
sites with no change in the binding lifetimes of
the heteroduplex DNA intermediates [44,45].
These findings suggest that Dmcl can stabilize
heteroduplex DNA joints containing mismatched
base triplets, whereas Rad51 cannot. We have pre-
viously hypothesized that the ability of Dmcl to
stabilize imperfectly paired recombination inter-
mediates might make Dmcl better equipped to
stabilize mismatches present in heteroduplex
recombination intermediates formed between
homologous chromosomes of different parental
origins [46-48]. However, the molecular basis for
these biophysical differences, and their biological
implications remained unexplored.

In addition to interacting with distinct protein co-
factors, Rad51 and Dmcl also interact differently
with one another. Indeed, early microscopy studies
suggested that Rad51 and Dmcl formed foci that
were close to one other, but did not precisely overlap,
suggesting the possibility that they may be making
separate filaments on alternate ends of the DSBs
(Figure 3(a)) [49]. However, recent advances in
super-resolution microscopy revealed that Rad51
and Dmcl are co-localized to both 3K ssDNA over-
hangs present on each DSB end, resulting in mixed
recombinase filaments organized in a side-by-side
configuration (Figure 3(a)) [12]. Surprisingly, this
mixed recombinase side-by-side organization can
be reconstituted in vitro without the for any recom-
bination mediators, indicating that all of the infor-
mation necessary for segregation of the homotypic
filaments was encoded within the recombinases
themselves [43]. One implication of this type of
highly segregated filament organization is that the
Rad51 - and Dmcl-specific binding factors that
associate with the meiotic presynaptic are themselves
going to be spatially segregated, reflecting the under-
lying separation of Rad51 and Dmcl into homotypic
filaments (Figure 3(b)). How the spatial organization
of all these proteins impacts meiotic recombination
remains to be determined. Interestingly, Dmc1 also
appears to stabilize the adjacent Rad51 filaments to
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dissociation upon depletion of ATP, suggesting that
cross—talk between these two recombinases may
affect their biochemical properties [43]. One possible
implication of this finding is that protein factors
bound to one of the two recombinases may influence
the properties of the other recombinase through
filament-mediated allosteric communication.

Although there are some biochemical differences
between Rad51 and Dmcl, as yet none of these differ-
ences definitely explains the evolutionary pressure that
allowed for the initial emergence of Dmcl as
a necessary factor for the meiotic program. Some
speculative possibilities are that Dmcl evolved to
interact specifically with another protein, which pro-
vided some specific benefit for early iterations of the
meiotic program. Alternatively, Dmc1 may have lower
recombination fidelity compared to Rad51, which
may have been beneficial for promoting recombina-
tion between imperfectly matched sequences, thus
generating genetic diversity, whereas a higher fidelity
Rad51 may have been better for maintaining genome
stability during mitosis. Finally, the ability of Rad51
and Dmcl to self-segregate may have been an early
evolutionary step necessary to allow for further spe-
cialization of the separate Rad51 and Dmcl lineages
within the Rad51/RecA family.

Down regulation of Rad51 strand exchange
activity during meiosis

Dmcl catalyzes strand exchange during meiosis,
whereas the strand exchange activity of Rad51 is
down regulated during meiosis [50,51]. To under-
stand the mechanism of Rad51 down regulation we
must first consider the relationship between Rad51
and Rad54. Rad54 is an ATP-dependent Sf2 dsDNA
translocase that is an essential Rad51 co-factor dur-
ing mitosis [reviewed in refs. [16,52]]. Indeed, dele-
tion of the RAD54 gene is just as deleterious to cell
survival as is deletion of RAD5] [53-56]. Exactly
how Rad54 works in vivo remains uncertain, but
a number of biochemical activities attributed to
Rad54 may promote Rad51-dependent recombina-
tion. For instance, Rad54 may enhance the rate of the
homology search [57], Rad54 can alter the topology
of duplex DNA to promote pairing interactions dur-
ing the homology search and/or strand invasion
[58], Rad54 also remodels nucleosomes to ensure
that Rad51 can gain access to dsDNA sequences
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Figure 3. Spatial organization of protein components within the meiotic presynaptic complex. (a) Diagram illustrating the “alternate end” and
“mixed filament” models describing the organization of the Rad51 and Dmc1 recombinases at the processed DSBs formed through the
endonucdlease active of Spo11 during meiosis. Each model invokes the formation of homotypic Rad51 and Dmc1 filaments (as depicted) and
current research favors the “mixed filament” model [11,43]. (b) Cartoon model depicting the hypothetical spatial organization of recombina-
tion accessory factors based upon their binding interactions with the Rad51 or Dmc1 and the mixed filament model for meiotic presynaptic
complex. The locations of some of the factors remains unknown, and a more detailed understanding of the protein binding mechanisms and
protein distributions remains an active area of investigation. See main text for additional details.

otherwise embedded in chromatin [59], and Rad54
removes Rad51 from the heteroduplex product of
strand invasion to ensure that the 3XOH of the
invading strand in available as a primer for DNA
synthesis [54,60-62].

Cells utilize of the interdependence of Rad54 and
Rad51 as a means of selectively down regulating

Rad51 during meiosis (Figure 3(b)). In S. cerevisiae
the down regulation of Rad51 occurs through two
pathways involving (i) the meiosis-specific Rad51-
binding protein Hedl [63,64] and (ii) the meiosis—
specific protein kinase Mekl [63-67]. Hedl was dis-
covered as a high—copy suppressor of a cold sensitive
allele of Redl, a component of the synaptonemal



complex (SC; Figure 1(b)) [51]. Ectopic expression of
Hedl in mitotically growing cells inhibits Rad51-
dependent repair of DNA damage [68]. Biochemical
studies revealed that Hed1 prevents the association of
Rad54 with Rad51 through competitive inhibition
[50,68,69]. Single-molecule biophysical studies con-
firmed that Hed1 prevents the association of Rad54
with Rad51 filaments, while having no impact upon
the ability of Rad54 to interact with Dmcl filaments
[69]. These studies also demonstrated that the binding
of either Hed1 or Rad54 was essentially irreversible on
biologically relevant time scales, indicating that which-
ever protein bound to Rad51 first would likely define
the functionality of the presynaptic complex [69]. One
possible implication of this result is that if Rad54 were
to engage a meiotic presynaptic complex before Hed1
could bind, then that particular DSB might be prefer-
entially repaired using the sister chromatid as
a template, conversely, if Hedl were to bind before
Rad54, then these DSBs might be selectively repaired
using the homologous chromosome as a template
[69]. Interestingly, there is no Hed1 homolog in higher
eukaryotes, so it remains to be seen whether Rad51
strand exchange activity is down-regulated during
meiosis in higher organisms.

Mekl is a kinase that is essential for progres-
sion through meiosis [65,67,70] and is consid-
ered to be a master regulator of the meiotic
program [70] . Mekl phosphorylates a number
of proteins, including Rad54 and Hedl. Mek1-
dependent phosphorylation of Rad54 amino
acid residue threonine 132, which is located in
the N-terminal Rad51 - and ssDNA-binding
domain of Rad54, reduces the ability of Rad54
to interact with Rad51-ssDNA filaments, thus
reducing the strand exchange activity of Rad51
[64]. Mekl phosphorylates Hed1 on amino acid
residue threonine 40, which stabilizes the Hed1
protein in meiotic cells, thus enhancing the
ability of Hedl to down-regulate Rad51 activity
[65]. In addition to acting as a co-factor for
Rad51, Rad54 also interacts with Dmcl, but it
is not yet known whether this interaction is
similarly affected by Mekl-dependent phos-
phorylation. Mekl also phosphorylates the
Rad54 homolog Rdh54, which also binds to
Rad51 and is partially redundant with Rad54.
However, there are no phenotypes associated
with Rdh54 mutations in the phosphorylated
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residues, suggesting that Mekl phosphorylation
of Rdh54 is less likely to play a role in regulat-
ing meiosis [64]

Up regulation of Dmc1 during meiosis

There are number of mechanisms in place to help
ensure the Dmcl is the active recombinase that
promotes strand invasion in meiosis. First, expres-
sion of the DMCI gene is under control of a meiosis—
specific promoter, allowing for rapid expression of
high levels of Dmcl upon entry into meiosis [71].
Interestingly, introns are present in <5% of the genes
in S. cerevisiae, so it is notable that several meiosis-
specific genes, including Hop2, Mndl, Sae3, Rec114,
and Dmcl, all have introns. Thus, it is also possible
that the expression of these meiosis-specific genes
may also be regulated at the level of mRNA splicing
[72]. In addition to being regulated at the level of
mRNA production, the activity of Dmcl is directly
affected through the actions of several meiosis-spe-
cific protein co-factors [14,36,73]. For example, the
protein complex Mei5-Sae3 is necessary for Dmcl
filament assembly [74]. Although the molecular
mechanisms remain poorly understood, Mae5-Sae3
appears to function in a manner similar to the
Rad51-specific mediator protein Rad52, which is
necessary to promote the assembly of Rad51 fila-
ments in RPA-coated ssDNA in vivo [14,73]. In
addition, S. cerevisiae Dmc1 strand exchange activity
is greatly stimulated by the meiosis-specific protein
complex Hop2-Mndl [36,37,75,76]. However,
S. cerevisiae Hop2-Mnd1 does not interact with or
stimulate the strand exchange activity of Rad51 [33].
Structural studies reveal that Hop2-Mnd1 forms
a long rod-like structure made up of three leucine
zippers [77] . The leucine zippers are capped on one
end with two dsDNA-binding winged-helix
domains, and the other end is capped with an oa-
helical bundle, which interacts with the Dmcl fila-
ment [77]. This bi-functional organization suggests
a model in which one end of the Hop2-Mnd1 com-
plex may interact with the Dmcl-ssDNA filament,
while the other end binds to potential dsDNA tar-
gets, the effect of which might be to stimulate
dsDNA capture by Dmcl (Figure 3(b)).
Interestingly, the meiosis-specific simulation of
Dmcl by Hop2-Mndl is not conserved among
higher organisms, for instance, in mice and humans
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HOP2-MND1 interacts with and stimulates both
RAD51 and DMCI. Future work will be necessary
to more fully understand the impact of Hop2-Mnd1
on yeast Dmcl, and to determine why yeast Hop2-
Mnd1 does not interact with Rad51.

Crossover regulation by helicases

Crossovers are essential for the successful comple-
tion of meiosis [1,27,78,79], however, crossovers can
also lead to potentially lethal gross chromosomal
rearrangements [80,81]. Therefore, the pathways
that lead to crossover recombination products are
down regulated during mitotic growth, and recom-
bination intermediates are instead channeled
through the synthesis-dependent strand annealing
pathway (SDSA), which leads to non-crossover
recombination products (Figure 2) [16,82,83]. In
S. cerevisiae the helicases Srs2, Sgs1 and Mph1 have
all been implicated as important negative regulators
of crossovers during mitotic growth [81,84-86]. Srs2
is a Sf1 family helicase that shares homology with the
bacterial UvrD protein [87,88]. Srs2 dismantles
Rad51-ssDNA filaments during the early stages of
HR [89-93]. Mphl the yeast homolog of human Sf2
helicase FANCM (Fancomi Anemia complementa-
tion group M) [94,95] that disrupts D-loops [96].
Sgsl is a RecQ helicase that is homologous to the
human helicase BLM, which is mutated in a number
of human diseases and cancer [97]. The primary
functions of Sgs1 appear to be in promoting DSB
end resection during the earliest stages of HR [7,98—
100], and in catalyzing dissolution of double
Holliday Junctions during the later stages of HR
[81,101,102], and Sgsl and related RecQ helicases
have also been implicated in D-loop disruption
[103]. Thus, Srs2, Mphl and Sgs1 minimize cross-
over formation by disrupting HR intermediates that
would otherwise led to crossovers, and their ability to
disrupt these HR intermediates has been described as
“antirecombinase” activity [81].

Given that Srs2, Mphl and Sgsl all restrict
crossover formation during mitosis [84,104-106];
it is likely that their activities may be either down
regulated or otherwise altered to allow for the
formation of crossover recombination products
in meiosis. Indeed, it has been shown that the
ZMM proteins (including, Zipl, Zip2, Zip3,
Zip4-Spo22, Mer3, Msh4 and Msh5, all of which

components of the synaptonemal complex) sup-
press the antirecombinase function of Sgs1 during
later stages on recombination [107]. In addition,
Rad51 foci are disrupted by overexpression of Srs2
during meiosis, whereas Dmcl foci remain unaf-
fected [92]. Moreover, recent in vitro studies have
shown that Dmcl1 filaments block the antirecom-
binase activity of Srs2 by inhibiting its ATP hydro-
lysis and ssDNA translocation activities [108].
These studies highlight a new biochemical distinc-
tion between Rad51 and Dmcl, namely, Rad51 is
highly susceptible to the antirecombinase activity
of Srs2 whereas Dmcl is not [108]. This finding
suggests the possibility that that Dmcl acts as
a pro-crossover recombinase by specifically inhi-
biting the activity of Srs2. Taken together, these
studies are beginning to address how the helicases
that participate in HR are differentially regulated
to ensure physiologically appropriate recombina-
tion outcomes during mitosis and meiosis.

Perspectives

There are many differences between meiotic and
mitotic recombination, including differences in the
recombinases involved, and well as the participating
protein co-factors: such as the Rad51-interacting
proteins Rad52, Rad54, Hedl1, Srs2; and the Dmcl-
interacting proteins Mie5-Sae3, Hop2-Mndl and
Rdh54 [33,109]. In addition to differences in protein
co-factors, there is also emerging evidence for dif-
ferences in Rad51 and Dmc1 biochemical properties,
such as the Dmc1 requirement for Ca [2,36,43] and
its ability to stabilize mismatched heteroduplex
intermediates [45], however, the biological implica-
tions of these differences are still unknown. Less
obvious are the reasons why these two distinct
recombinases might exist in the first place, as
Rad51 and Dmcl appear to be catalyzing fundamen-
tally the same DNA strand exchange reaction
[18,110]. Similarly, it is not at all clear what early
evolutionary pressures may have led to emergence of
the separate Rad51 and Dmcl recombinase lineages
within the Rad51/RecA family of recombinases [32].
Interestingly, there are eukaryotes that have lost
Dmcl and its associated co—factors, including ecdy-
sozoans such as Drosophilia sp. and Caenorhabditis
sp., as well as fungal species such as Ustilago maydis,
Sodaria macrospora and Neurospora crassa [33].



Thus, comparison of the meiotic programs and bio-
chemical properties of Rad51 from these organisms
with those of organisms that follow to more typical
two-recombinase paradigm may provide insights
into these evolutionary questions. One interesting
experiment would be to simply replace the mitotic
HR machinery (Rad51 plus its associated factors)
with the meiotic HR machinery (Dmcl and its asso-
ciated factors), and vice versa, and ask how mitotic
and meiotic recombination are affected. Although
this sounds simple, any outcome would have to be
interpreted with the understanding that the intra-
nuclear chromosome organization is completely dif-
ferent during mitotic versus meiotic recombination,
and these differences are likely to have a profound
impact on reaction outcomes.
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