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Abstract

Meiotic homologous recombination serves three principal roles. First, recombination reassorts the
linkages between newly-arising alleles to provide genetic diversity upon which natural selection
can act. Second, recombination is used to repair certain types of DNA damage to provide a
mechanism of genomic homeostasis. Third, with few exceptions homologous recombination is
required for the appropriate segregation of homologous chromosomes during meiosis.
Recombination rates are elevated near DNA sites called “recombination hotspots.” These sites
influence the distribution of recombination along chromosomes and the timing of recombination
during the life cycle. Recent advances have revealed biochemical steps of hotspot activation and
have suggested that hotspots may regulate when and where recombination occurs. Two models for
hotspot activation, one in which hotspots act early in the recombination pathway and one in which
hotspots act late in the recombination pathway, are presented. The latter model can account for
changes at hypervariable minisatellite DNA in metazoan genomes by invoking resolution of
Holliday junctions at minisatellite DNA repeats.

[. Introduction

Meiosis and homologous recombination have vital roles in the evolution of eukaryotes.
Meiosis and subsequent joining of haploid gametes generates new genotypes by shuffling
linkage groups (chromosomes) and recombination generates new genotypes by shuffling
alleles of genes within individual chromosomes. Both processes supply genetic diversity
upon which natural selection may act. Thus, meiotic reassortment and recombination
provide eukaryotes a mechanism for sampling different combinations of newly-arising
genetic variants. Recombination also has an apparent role in chromosome dynamics during
meiosis: In the absence of recombination, homologous chromosomes fail to segregate
appropriately, suggesting that recombination is required for proper chromosomal
disjunction. Meiotic recombination rates are induced up to 1000-fold relative to mitotic
rates, presumably to maximize the amount of genetic variability in the meiotic products or to
insure homolog disjunction or both. Recombination rates are higher than average in the
vicinity of DNA sites called “recombination hotspots.”

Recombination hotspots may contribute a significant fraction of all recombination that
occurs in the genome (Wabhls et al., 1990a; Smith, 1991; Wahls and Smith, 1994; Wu and
Lichten, 1994; Lichten and Goldman, 1995; Kon et al., submitted). While the possibility that
these sites regulate recombination is speculative, it is clear that hotspots must enhance rate-
limiting steps in the pathway of recombination. They thus provide a larger window through
which to view the molecular mechanisms of recombination.

Although eukaryotic recombination has been studied genetically for most of this century, the
study of the biochemistry of eukaryotic recombination is in its infancy. The problem is one
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of scale. The products of recombination, whole chromosomes, are huge and can differ by as
little as broken and reformed phosphodiester bonds. Thus, much of what we know about the
machinery of recombination is inferred from genetic studies. The identification of
recombination hotspots was first made in genetically-tractable organisms, such as
bacteriophages and fungi, but it is now apparent that hotspots are ubiquitous and active in all
organisms. Given that recombination occurs at a higher rate near hotspots, it is not
surprising that recent advances in understanding the mechanisms of eukaryotic
recombination have come from the study of hotspots.

This review outlines the identification of eukaryotic recombination hotspots and presents
select examples of hotspots in greater detail. It is written for a general audience. For those
who want an introductory recombination text, | recommend highly the new textbook by
David Leach (1996). For those looking for a more in-depth treatment of specific subject
matter, primary references and recent review articles are cited. The aim is to provide a
historical framework within which current understanding of hotspot activity is considered.
Although recombination hotspots have been studied principally in fungi, there are a few
studies of hotspots in multicellular eukaryotes that have progressed beyond the descriptive
stage. These are presented. And finally, two models for hotspot activation, one in which
hotspots act early in the recombination pathway and one in which hotspots act late in the
recombination pathway, are presented.

Il. General Features of Chromosome Dynamics During Meiosis

During meiosis, chromosomes undergo one round of DNA replication, homologous
chromosomes somehow find each other to pair and undergo recombination, and two rounds
of chromosome segregation result in haploid meiotic products. The cytogenetic behavior of
chromosomes during meiosis is fairly well characterized. Studies by Barbara McClintock
using maize (McClintock, 1929) and Neuorspora (McClintock, 1945) firmly established
general features of pairing and segregation of chromosomes during meiosis. McClintock
also provided the original evidence that reciprocal recombination between genes on
chromosomes during meiosis is accompanied by a physical exchange of chromosome parts
(Creighton and McClintock, 1931). With a few notable exceptions, homologous
recombination also correlates with the appropriate segregation of meiotic chromosomes (see
Hassold, Chapter ). While it is generally accepted that there is a relationship between
the initial homologous alignment of chromosomes, formation of tightly-associated pairs held
together by the synaptonemal complex (SC) (see Moens, Chapter ), homologous
recombination, and appropriate segregation of chromosomes, the nature of that relationship
is not clear. It is within the macromolecular structure of the SC that homologous
recombination occurs.

Genetic analyses of homologous recombination, conducted principally in various fungi,
have led to theoretical models for how recombination occurs (Holliday, 1964; Meselson and
Radding, 1975; Szostak et al., 1983). The models share common steps: (a) some sort of
homology search and pairing of chromosomes; (b) a double-strand DNA (dsDNA) or single-
strand DNA (ssDNA) break that initiates recombination; (c) processing of those DNA
breaks in some fashion; (d) invasion of one homolog with a DNA strand from the other
homolog; (e) repair synthesis and DNA ligation to create one or more a Holliday junctions,
points where two homologous chromosomes are covalently linked by crossed DNA strands;
(f) branch migration of the Holliday junction; (g) cleavage of the crossed strands in the
Holliday junction to separate the homologous chromosomes; (h) ligation of the resulting
nicks to produce recombinant chromosomes; and (i) mismatch repair of heteroduplex DNA .
Physical and biochemical analyses have confirmed some of these theoretical steps in the
pathway. For example, processed dsDNA breaks (steps “b” and “c”) have been detected
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(Sun et al., 1989; Cao et al., 1990), a nuclease that produces those breaks has been identified
(Bergerat et al., 1997; Keeney et al., 1997), enzymes likely involved in strand exchange
(step *“d”) have been characterized (Bishop et al., 1992; Shinohara et al., 1992; Benson et
al., 1994; Bishop, 1994) and an exonuclease with a role in mismatch correction (step “i”")
has been purified (Szankasi and Smith, 1992; Szankasi and Smith, 1995). Many of these
advances have been made by studying recombination hotspots.

lll. Genetic Identification of Recombination Hotspots

A. Disparity between genetic and physical maps

The first indication that rates of recombination are not a uniform function of physical
distance along the DNA came from mapping experiments. Mosig (1966) first pointed out
such discrepancies from studies of the bacteriophage T4. While in most areas of the T4
genome the measured distances in DNA were proportional to genetic map distances
determined from recombinant frequencies, the region including genes 34 and 35 were
especially prone to recombination: Mosig states, “The discrepancies suggest that genetic
recombination frequency in this region is increased by local factors other than distances
between markers.”

As contiguous physical maps of chromosomes become available, invariably there are
expansions and contractions of the genetic maps relative to the physical maps (Fig. 1). These
differences, which can be quite pronounced (Andersson et al., 1988; Zimmerer and
Passmore, 1991; Bryda et al., 1992; Shiroishi et al., 1993), reflect variable frequencies of
recombination in different regions of chromosomes. In addition to regional variability, the
strain (Soper et al., 1988; Zimmerer and Passmore, 1991; Shiroishi et al., 1993) and sex
(Shiroishi et al., 1990; Shiroishi et al., 1991) in which meiosis is occurring can markedly
influence regional recombination frequencies. Both cis-acting and trans-acting factors are
implicated. It has become clear that regional differences in reciprocal recombination
between any two genetic markers are common. These recombination hotspots are inferred to
contain some feature that promotes nearby recombination.

B. Marker effects and polarity of recombination

The second indication that rates of recombination are not a uniform function of physical
distance along the DNA came from the analysis of how individual genetic markers behave
during recombination. After premeiotic DNA replication there are four chromatids (eight
sSDNA strands) between which recombination may occur (Fig. 2A). Two rounds of
chromosome segregation separate the chromatids into the four meiotic products. In some
organisms, such as Saccharomyces cerevisiae, the four products of individual meioses are
spores held together in an ascus, collectively called a tetrad. In other organisms, such as
Neurospora crassa or Ascobolus immersus, a single round of mitosis occurs after meiosis
and eight spores are formed in the ascus, called an octad. It is possible to dissect individual
asci, isolate all the spores, and grow individual spore colonies. This permits phenotypic
analysis of all four (or eight) products of a single meiosis.

By studying the products of a single meiosis, it is possible to determine whether
recombination is conservative or nonconservative (Fig. 2A). Reciprocal exchange events are
conservative; genetic information is neither lost nor gained and the alleles are inherited in a
Mendelian 2:2 ratio. In contrast, during gene conversion the genetic identity of one allele is
lost and is replaced by that of the opposite allele, leading to nonMendelian inheritance with
1:3 or 3:1 ratios (also called 2:6 or 6:2 ratios for 8-spored fungi). A second type of
nonMendelian inheritance occurs when 2 spores of a tetrad yield colonies have phenotype A,
1 spore colony has phenotype a and one spore colony has the sectored phenotype A/a. These
sectored colonies provide evidence for heteroduplex DNA that contains one DNA strand
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from each of two parental chromatids. During the first mitotic division those two strands
separate and each other and each of the two daughter cells receives a different allele. This is
called “post meiotic segregation” (PMS). Tetrads exhibiting PMS are classified as 5:3 or 3:5
tetrads (using nomenclature of 8-spored fungi). Some tetrads, aberrant 4:4 tetrads, have two
spore colonies with PMS, indicating the presence of symmetrical heteroduplex DNA in two
of the four chromatids. In general, the frequency of gene conversion is much higher than that
of PMS for most markers, suggesting that the heteroduplex DNA is efficiently repaired. This
repair leads to either gene conversion or to restoration of the original allele. Thus, a
combination of heteroduplex formation and mismatch correction can lead to gene
conversion events. The relative proportions of PMS, gene conversion, and symmetrical or
asymmetrical heteroduplex DNA in different organisms is accounted for by several related
models of recombination (Holliday, 1964; Meselson and Radding, 1975; Szostak et al.,
1983). For a comparison of recombination models, see the review by Petes et al. (1991).
Since all models propose that reciprocal exchange and gene conversion are alternative
resolutions of a common intermediate in the pathway of recombination, it is possible to infer
overall recombination rates at individual markers within any given locus by determining
their frequencies of gene conversion.

The frequency of meiotic gene conversion varies depending upon the locus and alleles being
studied. In S. cerevisiae, about 1% to 50% of tetrads will have gene conversion event at any
given locus (Fogel et al., 1981; Petes et al., 1991). When multiple different alleles within a
gene are studied there is usually a gradient of conversion frequencies across the gene (Fig.
2B). This is known as polarity. Polarity was discovered simultaneously in two fungi,
Ascobolus immersus (Lissouba and Rizet, 1960) and Neurospora crassa (Murray, 1960).
Murray also showed that polarity was conferred by elements close to the gene; chromosomal
inversions also inverted the polarity gradient (Murray, 1968). Polarity has been
demonstrated for several genes in S. cerevisiae including ARG4 (Fogel et al., 1981; Nicolas
etal., 1989), CYS3 (Chaudhuri and Messing, 1992), DED81 (Schultes and Szostak, 1990),
HIS1 (Fogel et al., 1967; Savage and Hastings, 1981), HIS2 (Malone et al., 1992), and HIS4
(Detloff et al., 1992). Polarity gradients generally have a high frequency at one end of the
gene, a low frequency at the other end, and a relatively linear range in between, but there are
some exceptions: Genes lacking polarity (Kitani and Olive, 1967) or having polarity
gradients with the low frequency in the middle of the gene (Pees, 1966) have been
described. The enhancement across yeast polarity gradients ranges from about a 3-fold (at
HIS2) to about 10-fold (at ARG4). In cases of a uniform polarity gradient, the high-
frequency conversion end of the gene usually corresponds to the 5’ end, but in the HIS2 gene
the polarity gradient slopes up towards the 3’ end.

The shape of polarity gradients suggests that there are discrete sites at which recombination
initiates. In this view, recombination events initiate preferentially near the high-frequency
peak and propagate outwards. The slope and extent of the gradient reflects the processivity
of recombination events initiating at each hotspot. dSSDNA breaks have been found at these
hotspots (Nicolas et al., 1989; Sun et al., 1989; Cao et al., 1990), suggesting that the
hotspots within polarity gradients are sites where recombination initiates. These initiating
lesions are discussed in more detail below (Section 1V). On the other hand, one must
consider the alternative explanation for the polarity, namely that a repressor of
recombination acts on the low-frequency end of the gradient and polarity results from a
distance-dependent propagation of repression. For example, several trans-acting gene
products repress recombination in the mat2-mat3 interval of the fission yeast,
Schizosaccharomyces pombe (Klar and Bonaduce, 1991; Thon and Klar, 1993; Thon et al.,
1994), thereby making a recombination coldspot. However, this may reflect the special need
to reduce recombination at the mat loci to achieve the appropriate regulation of mating-type
switching. In some cases, polarity may be largely due to the extent of heteroduplex DNA

Curr Top Dev Biol. Author manuscript; available in PMC 2011 August 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wahls

Page 5

that is formed to the right, left, or both sides of an initiating event. In other cases, the extent
of the mismatch correction tract likely has a significant role in the shape of the polarity
gradient. For a more comprehensive discussion of polarity a recent review is available
(Nicolas and Petes, 1994).

C. Recombination hotspots of the mouse MHC

The best examples of recombination hotspots in multicellular eukaryotes are those found in
the mouse major histocompatibility complex (MHC). The MHC is a large genomic region
that encodes multiple cell surface proteins of the immune system involved in self, non-self
recognition. Due to its importance in immune function, the MHC has been extensively
studied. The MHC is highly polymorphic and different haplotypes (the particular
combination of genes within the MHC) can be determined serologically, thus providing a
large number of allelic markers for loci throughout the region. Those markers can be used to
study recombination. Intriguingly, crosses between some mouse strains lead to an increase
in recombination within the MHC relative to crosses between other strains (Shiroishi et al.,
1982; Kobori et al., 1984). A strain-specific recombination enhancer (recombination
hotspot) is inferred.

The generation of contiguous DNA clones spanning large intervals of the MHC (e.g.,
(Steinmetz et al., 1986)) made possible a comparison of the physical and genetic maps. By
using RFLP analysis and DNA sequencing, it is possible to narrow down the intervals within
which the reciprocal exchange events occurred. The data reveal that most recombination
within the MHC is clustered within recombination hotspots. One hotspot is located in the Ef
second intron (Kobori et al., 1984; Kobori et al., 1986; Lafuse and David, 1986; Steinmetz
et al., 1986), one is within the Pb-Ob intergenic interval (Lafuse et al., 1990), another is
found in the Int3:Tnx interval (Yoshino et al., 1994a) and so on. In each case, as fine
physical mapping was done, it was discovered that most of the exchange events occurred
within small physical intervals of a few thousand base pairs or less. These points of
exchange may be even more tightly clustered, however resolution is limited by the
proximity of the nearest heterologies flanking the points of exchange. Some of these MHC
hotspots can be really hot: Genetic crosses between Asian wild mice with the wm7
haplotype and laboratory strains generate about a 2% recombinant frequency within a
physical interval of about 1000 base pairs at the Pb-Ob hotspot (Shiroishi et al., 1993). This
reflects a meiotic recombination rate that is >1000-fold higher than the genomic average. As
with the mouse MHC, hotspots have been identified in the human (van Endert et al., 1992;
McAdam et al., 1994; Martin et al., 1995), cow (Andersson et al., 1988), and chicken
(Hepkema et al., 1993) MHC regions, suggesting that hotspots in the MHC are
evolutionarily conserved.

DNA sequence comparisons failed to reveal any major features common to all the MHC
hotspots. However, the Ef and the Lmp-2 hotspots do have three motifs in common. They
each contain an isolated, ancestral retroviral LTR element, a middle repetitive element of the
MT family, and tandem repeats of a tetrameric sequence resembling hypervariable
minisatellite DNA. Two of these three elements (LTR and hypervariable minisatellite) are
recombinogenic in plasmid-based or in vitro recombination assays (Edelmann et al., 1989;
Wahls et al., 1990a). Activity of the Lmp2 hotspot requires significant homology between
the recombining chromosomes, with the number of copies of the minisatellite-like sequences
being most important (Yoshino et al., 1995). Furthermore, the HLA-DQ hotspot in humans
has similar DNA sequence elements: Hypervariable minisatellite DNA and the repeating
dinucleotide d(TG),, which are hotspots in human cells (Wahls et al., 1990a; Wahls et al.,
1990b), are located close to (or at) the point of exchange. These repeated DNA elements
may be partially responsible for hotspot activity. DNAsel hypersensitive sites have been
found in the vicinity of these elements, suggesting that open chromatin may play a role in
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hotspot activation (Shenkar et al., 1991; Mizuno et al., 1996). Roles for hypervariable
minisatellite DNA and open chromatin are discussed below (Sections VIl and V,
respectively).

The control of hotspot function seems to be complex. The presence of two MHC hotspots
located about 100 kilobase pairs apart does not have an additive effect upon recombinant
frequencies (Yoshino et al., 1994b). (A similar phenomenon occurs for two pairs of hotspots
located near to each other in fission yeast (Zahn-Zabal et al., 1995) and in budding yeast
(Fan et al., 1997)). Presumably there is either competition for limiting recombination factors
or direct regulation involved. Perhaps the most exciting findings have been for the Pb-Ob
hotspot. Shiroishi and colleagues (1990) have shown that elements outside of the primary
sequence in the hotspot region are required for activity. Two distinct components are
inferred: An element centromere proximal to the hotspot is required for the hotspot to
function at all, and an element that is distal to the hotspot represses hotspot activity in male
meiosis (Shiroishi et al., 1991; Shiroishi et al., 1995). (Trans-acting repression of hotspot
activity also occurs at the cog hotspot of N. crassa (Catcheside and Angel, 1974; Catcheside,
1977)). These findings reveal that hotspot activity is not simply a function of some local,
cis-acting feature. At minimum, two other factors or DNA sequences located away from the
Pb-Ob hotspot must be required for function. It may be possible to identify the factors that
control hotspot activity from a distance.

D. Mammalian recombination hotspots reveled in plasmid recombination assays

Genetic studies of hotspot activity in mammalian meioses are time-consuming, expensive
and restricted to well-characterized regions such as the MHC. In somatic cells, however,
recombination between mutant DNA viruses (such as SV40) can be studied (Dubbs et al.,
1974). The development of shuttle vectors derived from these DNA viruses and carrying a
dominant, selectable marker gene (e.g., neomycin phosphotransferase) permits analysis of
recombination in many cell types (Southern and Berg, 1982; Subramani and Southern,
1983). The general approach is to measure recombination between two similar plasmids,
each of which has a different mutation in the marker gene. Recombination between the two
defective genes restores a functional, wild-type gene that can be expressed in either bacterial
or mammalian cells. Thus, it is possible to select directly for recombinants within
mammalian cells that have been cotransfected with the two plasmids. Alternatively, one can
select for recombinant plasmids within bacteria after incubating the plasmid recombination
substrates in cell-free extracts of mammalian cells. The utility of this approach and a
discussion of somatic recombination can be found in a review by Subramani and Seaton
(1988). The general view is that plasmid-based recombination uses the same enzymes and
pathways as chromosomal recombination. Thus, DNA sequences that are hotspots in the
plasmid recombination system might also be active within chromosomes.

1. Z-DNA—Certain DNA sequences, such as the repeating dinucleotides d(CG), and
d(TG)p, can undergo a structural transition from the familiar right-handed B-DNA form to a
left-handed Z-DNA form. Extensive stretches of these repeats are not detectable in the
genomes of eubacteria, archaebacteria or mitochondria (Gross and Garrard, 1986). On the
other hand, there are > 10° copies of these dinucleotide repeats scattered throughout the
mammalian genome. The discovery that Z-DNA can form in supercoiled DNA molecules
under physiological conditions (Klysik et al., 1981; Singleton et al., 1982) and evidence that
Z-DNA might exist in vivo within chromosomes (Lancillotti et al., 1987) suggested a
biological role for Z-DNA.

Hotspot activity of the Z-DNA motif d(TG), was initially seen as an increase in
intramolecular recombination between two tracts of d(TG), in SV40 viruses replicating in
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monkey cells (Stringer, 1985). Recombination between tandem copies of the Z-DNA motif
is about 8-fold higher than recombination between other tandem repeats. At about the same
time it was shown that a single tract of the Z-DNA motif can enhance intramolecular
recombination between adjacent tandem DNA sequences in replicating SV40 virus (Bullock
et al., 1986). Subsequently, the effect of the Z-DNA motif upon intermolecular
recombination between non-replicating plasmids introduced into human cells in culture was
tested (Wahls et al., 1990b). A (dTG)3p sequence enhances recombination about 20-fold and
exerts its effect at a distance. The hotspot promotes both reciprocal exchange and gene
conversion to an equal extent, and during gene conversion the substrate containing (dTG)3g
is preferentially converted to wild-type. Two models for hotspot activity can account for
these observations (Wabhls et al., 1990b). Furthermore, binding of SV40 T antigen adjacent
to the (dTG)3q Sequence abolishes hotspot activity, suggesting that T antigen either prevents
the (dTG)3g sequence from acquiring a recombinogenic configuration (such as left-handed
Z-DNA), or it stearically blocks the interaction of recombination proteins with the hotspot
(Wahls and Moore, 1990). A protein that may have a role in recombination, HPP-1, was
partially purified by Z-DNA affinity chromatography from the extracts of mammalian cells
(Fishel et al., 1988; Moore and Fishel, 1990; Moore et al., 1991). Whether HPP-1 is a factor
that binds to the d(TG),, sequence to activate the hotspot remains to be seen.

Other results also implicate the Z-DNA motif as being recombinogenic. Purified Ustilago
maydis recl protein, like RecA of E. coli, is a recombination enzyme that promotes synapsis
and strand exchange between homologous DNA molecules (Kmiec and Holloman, 1983). Z-
DNA forms during the initial synapsis of homologous DNA promoted by recl (Kmiec and
Holloman, 1984) and the recl protein can increase the pairing of two DNA molecules that
contain Z-DNA (Kmiec and Holloman, 1986). Addition of anti-Z-DNA antibodies or
competitor Z-DNA, or altering the superhelical density of the plasmids inhibits the pairing
reaction. This suggests that Z-DNA may be required for rec1-mediated pairing of duplex
DNA molecules during recombination. Similarly, the RecA protein of E. coli binds more
stabley to Z-DNA than B-DNA (Blaho and Wells, 1987), again suggesting that
recombination enzymes may have a preference for these recombinogenic sequences. Since
the biochemistry of eukaryotic meiotic recombination now being revealed in yeast (reviewed
by Petes et al., 1991), it is worthwhile to consider one more example of d(TG),, hotspot
activity. A short fragment of DNA from the human B-globin gene cluster, containing
d(TG)40, enhances meiotic recombination during meiosis in yeast (Treco and Arnheim,
1986). Thus, further study of how this hotspot is activated during yeast meiosis might be
productive.

2. Hypervariable minisatellite DNA—These highly polymorphic DNA sequences were
first identified in a random clone from human chromosome 14 (Wyman and White, 1980).
Related sequences were discovered subsequently at a variety of loci (Higgs et al., 1981; Bell
etal., 1982; Capon et al., 1983; Jeffreys et al., 1985a). The common feature of
hypervariable minisatellites is a short consensus core sequence, which may or may not have
variable-length flanking sequences, that is repeated in tandem head-to-tail arrays at >15,000
loci in the human genome (Melmer, 1994). Allelic variation is due to differences in the
number of repeats at each locus and typical loci have overall lengths from 0.1 to 50 kilobase
pairs. Locus-specific and multilocus probes can be used to study multiple polymorphic loci
by Southern blotting, giving rise to individual-specific DNA “fingerprints” (Jeffreys et al.,
1985b) that can be used to establish genetic relationships.

The importance of DNA fingerprinting has fueled study of how the polymorphism arises and
is maintained. The hypervariable repeat length at individual loci was initially thought to
result from unequal reciprocal exchange between alleles, suggesting a high rate of meiotic
recombination (Jeffreys et al., 1985a). But, analysis of markers flanking newly-arising
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minisatellite alleles revealed a lack of expected reciprocal exchange (Wolff et al., 1989;
Kasperczyk et al., 1990; Kelly et al., 1991; Buard and Vergnaud, 1994). This led many to
conclude that minisatellite DNA variability cannot be related to recombination. In fact, it
only shows that reciprocal exchange within or near to minisatellite repeats seldom occurs
when new length alleles are generated. The core sequences within individual repeats at any
given locus and allele can vary slightly, which permitted further analysis of how new length
variants arise. Surprisingly, alleles often exhibit polarized variability (Armour et al., 1993a;
Armour et al., 1993b; Buard and Vergnaud, 1994; Ellsworth et al., 1995). New variants
have one parental type across most of the locus and at a discrete point, usually within a few
tens of repeats from one end of the array, they become mosaic for both parental types. This
implies that minisatellite change begins or ends at a discrete position within each array and
extends in a directional fashion towards one end. Furthermore, the mosaic pattern suggests
either complex mutational events or, as proposed below (Section VII. B.), several short
patches mismatch correction within a length of heteroduplex DNA extending to a discrete
point of exchange.

Considerable circumstantial evidence suggests that minisatellites are recombinogenic. New
alleles can arise at a remarkably high rate, more than 10% for some loci, during meiosis
(Buard and Vergnaud, 1994) and very rarely during mitotic growth (Kelly et al., 1989). The
pairing of homologous chromosomes and the high induction of recombination during
meiosis are thus good candidates for a meiotic mechanism of minisatellite change. The
frequency of change at minisatellite loci can be markedly different in female and male
meioses (Buard and Vergnaud, 1994; Henke and Henke, 1995), again analogous to sex-
specific patterns of meiotic recombination. In addition, hypervariable minisatellite DNA has
homology to the Chi recombination hotspot of Escherichia coli (reviewed by
Kowalczykowski et al., 1994), however, that homology may simply be coincidental. As
discussed previously (Section I11. C.), minisatellite DNA maotifs are found within
recombination hotspots of the MHC. In addition, these sequences are sometimes found in
the vicinity of translocation breakpoints (Krowczynska et al., 1990; Jaeger et al., 1994),
suggesting that they have a role in formation of DNA breaks that occasionally lead to
aberrant recombination. Similarly, independent insertion events in the hamster aprt locus are
accompanied by loss of a sequence resembling the minisatellite core (Meuth et al., 1987). A
recent study identified minisatellite DNA among DNA that was preferentially undergoing
repair in meiosis (Ramachandra and Rao, 1994), suggesting that these sites may enhance
repair as well as recombination. On a larger scale, cytogenetic analyses have found
hypervariable minisatellite DNA at chiasmata (Chandley and Mitchell, 1988), sites within
chromosomes where recombination is thought to occur.

Direct evidence for hotspot activity was obtained with a plasmid-based assay. Six copies of
a hypervariable minisatellite DNA core sequence enhanced intermolecular recombination up
to 20-fold between plasmids introduced into human cells (Wahls et al., 1990a). The hotspot
increases recombination within a distant test interval and exhibits three characteristics
different from those of most other hotspots. First, there is parity during gene conversion; the
hotspot-containing substrate functions equally well as the donor or as the recipient of genetic
information. If the minisatellite DNA promoted dsDNA break formation, then disparity of
conversion would be expected (Szostak et al., 1983). Second, the effects of the hotspot and a
distal dsDNA break are additive. If most recombination initiates at dSDNA breaks, then this
provides further evidence that the minisatellite hotspot does not function in the initiation of
recombination. Third, the hotspot enhances reciprocal exchange events much more than
gene conversion events. This provides compelling evidence that the minisatellite acts late in
the pathway of recombination. Reciprocal exchange and gene conversion are alternative
resolutions of an intermediate in the pathway of recombination, the Holliday junction
(Holliday, 1964; Meselson and Radding, 1975; Szostak et al., 1983). | propose that
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hypervariable minisatellite DNA functions as a hotspot for recombination by acting as a
resolution point for Holliday junctions (Section VI1I. B.)

A number of hypervariable minisatellite DNA binding proteins have been detected (Wabhls,
1989; Collick et al., 1991; Shinder et al., 1994) and purified (Wahls et al., 1991) from
nuclear extracts of mammalian cells. However, little is known about the biochemistry of
these factors nor have any sequence data been reported. Intriguingly, several of these
proteins seem indistinguishable from transcription factors of the rel/NF-kappa B family
(Trepicchio and Krontiris, 1992) and the minisatellite DNA repeat can influence
transcription of reporter genes (Green and Krontiris, 1993). Binding of these proteins to
minisatellite DNA also seems to be required for hotspot activation (W.P. Wahls and P.D.
Moore, unpublished). However, until further mechanistic data are available, the link
between these proteins and hotspot activity or transcription must remain anecdotal.

3. Mouse retroviral LTR element—As mentioned above, an LTR element is located
near two hotspots in the MHC. In an in vitro assay, recombination between LTR elements is
about 13-fold higher than between two control DNA sequences (Edelmann et al., 1989).
This hotspot activity seems to be meiosis-specific; enhancement occurs within extracts of
mouse testes cells but not within extracts of ascites cells. Deletion analyses revealed that
some feature within a 37 bp region is essential for hotspot activity and two different nuclear
proteins bind in a sequence-specific fashion. Intriguingly, one of the proteins was absent
from extracts of testes cells, raising the possibility that it represses hotspot activity. Recent
purification of two proteins that interact with the hotspot (Goller et al., 1994) may facilitate
further investigations.

IV. Double-Strand DNA Breaks and Open Chromatin

A. Double-strand DNA breaks activate recombination hotspots

Broken DNA can be deadly or recombinogenic. Based upon observations with irradiated S.
cerevisiae cells, Resnick (1976) concluded that a single unrepaired dsDNA break may be
lethal. This led to a model in which recombination is used to repair dsSDNA breaks (Resnick,
1976; Resnick et al., 1992). Subsequent studies of yeast transformation showed that an
artificially-introduced dsDNA break can markedly increase the frequency of transformation
by both non-reciprocal (gene conversion) and reciprocal recombination mechanisms (Orr-
Weaver et al., 1981; Orr-Weaver et al., 1983), giving rise to the dsDNA break repair model
of recombination (Szostak et al., 1983). Meiatically-induced, dsSDNA breaks were first
detected within the ARG4 hotspot (Nicolas et al., 1989; Sun et al., 1989) and dsDNA breaks
are present at other hotspots surveyed to date, as well as throughout the genome at sites not
yet characterized genetically (Cao et al., 1990; Game, 1992; Zenvirth et al., 1992; Nag and
Petes, 1993; Wu and Lichten, 1994; Fan et al., 1995; Wu and Lichten, 1995). At any given
locus he amount of cleaved DNA is roughly proportional to recombination rates.
Furthermore, the frequency of dsDNA breaks varies coordinately with hotspot activity for
cis- and trans-acting mutations affecting recombination (Leem and Ogawa, 1992; Fan et al.,
1995; Rockmill et al., 1995; Wu and Lichten, 1995; Xu and Kleckner, 1995; Fan and Petes,
1996), except in some instances such as when there is apparent competition between
adjacent hotspots (Fan et al., 1997). These data suggest that most meiotic recombination in
yeast initiates at dSDNA breaks.

In wild-type cells meiotic dSDNA breaks are transient and they are heterogeneous, resulting
from resection of about 600 nucleotides of the 5’ terminated stand on each side of the break
point (Sun et al., 1989; Cao et al., 1990; Sun et al., 1991). At least nine genes involved in
the formation or processing of dsSDNA breaks have been identified. The most widely-studied
is a non-null mutation of RAD50 (rad50s) (Alani et al., 1990) that causes mutants to lack
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both the resection and subsequent repair of dSDNA breaks. This mutant has been
particularly useful for gauging the overall frequency of dsSDNA breaks at various hotspots.
Other genes whose products are required for the formation or processing of dSDNA breaks
include SPO11 (Cao et al., 1990), MEI4 (Menees et al., 1992; Scott Keeney, pers. comm.),
MER2 (Rockmill et al., 1995), MRE11 (Ajimura et al., 1993; Johzuka and Ogawa, 1995),
REC102, REC104 and REC114 (Bullard et al., 1996) and XRS2 (lvanov et al., 1992).
Intriguingly, in rad50s mutants the unprocessed dsDNA breaks accumulate with a protein
covalently-bound to the 5’ ends of the DNA (de Massy et al., 1995; Keeney and Kleckner,
1995; Liu et al., 1995). A brute force purification (Keeney et al., 1997) and a genetic
approach (Bergerat et al., 1997) revealed that Spo11 is the bound protein. The Spol1 protein
has blocks of homology with type 11 topoisomerases (Bergerat et al., 1997; Keeney et al.,
1997) and mutation of a conserved tyrosine residue abolishes dSDNA break formation
(Bergerat et al., 1997). These data suggest that the biochemical function of Spo11 is the
same as that of topoisomerase 11, at least for the strand scission step. Genes homologous to
SPO11 have been identified in archeabacteria, fission yeast, and nematodes, suggesting
conservation of activity across Kingdoms. The fission yeast homolog, rec12, is a
meiotically-induced gene required for meiotic recombination (DeVeaux et al., 1992; Lin and
Smith, 1994). While dsDNA breaks have not been reported for hotspots of any organism
other than budding yeast, conservation of SPO11 suggests that dSDNA break-promoted
recombination may be evolutionarily conserved.

B. DNA accessibility within chromatin

One factor that dictates where Spol1 protein introduces dsDNA breaks may be the
accessibility of DNA. Increased accessibility of DNA within chromatin (as gauged by
increased sensitivity to enzymes such as micrococcal nuclease or DNAsel) was first
observed in the vicinity of the Ef recombination hotspot of the mouse MHC (Shenkar et al.,
1991). This increased sensitivity, called “open chromatin,” is found in the vicinity of all
natural and created dsDNA break sites that have been examined (Ohta et al., 1994; Wu and
Lichten, 1994; Liu et al., 1995; Wu and Lichten, 1995; Fan and Petes, 1996), as well as at
recombination hotspots where dsDNA breaks have not yet been reported (Shenkar et al.,
1991; Mizuno et al., 1996; Mizuno et al., 1997). The association of recombination hotspot
activity with open chromatin and dsDNA breaks in promoter regions is very strong (Lichten
and Goldman, 1995). However, there are exceptions. Some hotspots are not in promoter
regions (Malone et al., 1992) and hotspot activation can be uncoupled from levels of
transcription (Grimm et al., 1991; Schultes and Szostak, 1991; White et al., 1992). The
position of open chromatin does not always correlate precisely with the patterns of dsSDNA
break formation (Liu et al., 1995; Wu and Lichten, 1995; Fan and Petes, 1996).
Furthermore, some regions of increased DNA accessibility within chromatin do not undergo
high frequency dsDNA break formation (Wu and Lichten, 1995; Fan and Petes, 1996). It
seems clear that accessibility of DNA within chromatin is not sufficient for hotspot
activation. Intriguingly, the magnitude of hotspot activity can depend more upon binding of
certain transcription factors than upon the relative abundance of open chromatin.
Replacement of Basl, Bas2, Gend and Rapl transcription factor binding sites in the HIS4
promoter region with two Rapl binding sites results in very strong dsDNA break formation
and hotspot activity (Fan et al., 1995), but no additional increase in DNA accessibility to
nucleases. Three possible explanations were considered:. First, open chromatin may be
necessary and sufficient to confer hotspot activity, but the reagents used to assay DNA
accessibility within chromatin do not accurately reveal the chromatin structure. Second,
open chromatin structure might be necessary, but not sufficient, and some other factor (such
as a protein bound nearby) is required. Third, hotspots might not require open chromatin for
action, but only a factor that is usually associated with open chromatin. Activation of the
ade6-M26 hotspot by binding of Mts1/Mts2 transcription factor supports the latter two
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possibilities (Kon et al., submitted), particularly since hotspot-dependent, meiotically-
induced open chromatin requires presence of the Mts1/Mts2 heterodimer (K. Ohta and W.P.
Wahls, unpublished observations).

V. Roles of Protein-DNA Binding in Hotspot Activation

Presumably, as for cis-acting transcriptional regulatory elements, there are proteins that
interact with hotspots to mediate their biological activity. The paradigm is found in
Escherichia coli: the RecBCD enzyme interacts with Chi sites to enhance recombination
(reviewed by Kowalczykowski et al., 1994). The cog hotspot near the his3 locus in
Neurospora crassa is repressed by unlinked, dominant loci (Catcheside and Angel, 1974;
Catcheside, 1977;), suggesting that trans-acting factors can negatively regulate eukaryotic
hotspots. Hotspots in the MHC require distal elements that positively and negatively
regulate activity (Shiroishi et al., 1990; Shiroishi et al., 1991; Shiroishi et al., 1993), perhaps
due to trans-acting factors that recognize yet-unidentified cis-acting sites. In addition,
proteins that interact with the hypervariable minisatellite DNA hotspot have been purified
(Wahls et al., 1991) and circumstantial evidences suggests that protein binding is required
for activity (W.P. Wahls and P.D. Moore, unpublished). An uncomplicated model would
propose that discrete DNA-binding proteins are responsible for hotspot activation.

Attempts to identify discrete DNA elements that activate hotspots in S. cerevisiae have been
largely unsuccessful, suggesting that hotspot activity is not conferred by a single protein
binding to a discrete DNA site (Rocco et al., 1992; de Massy and Nicolas, 1993; Goyon and
Lichten, 1993). Similarly, comparison of DNA sequences in the vicinity of dSDNA breaks
failed to reveal any clear consensus sequences at the site of the breaks (de Massy et al.,
1995). The prevailing view is that the dSDNA breaks at recombination hotspots are dictated
by some feature of the overall chromatin structure (reviewed by Lichten and Goldman,
1995). It is not clear why some regions of open chromatin contain hotspots and others do
not, but the answer is likely to be found within the individual protein components of
chromatin. For example, proteins binding near yeast hotspots can influence hotspot activity.
Full activity of the HIS4 hotspot in S. cerevisiae requires binding of Basl, Bas2 and Rapl
transcription factors to the promoter region, but none of the individual factors seems
responsible for complete hotspot activation (White et al., 1991; White et al., 1993). Deletion
of all the binding sites for all these transcription factors abolishes hotspot activity and
replacement with two Rapl binding sites restores high hotspot activity, suggesting that Rapl
protein binding might be sufficient to activate the hotspot (Fan et al., 1995). The production
of dsDNA breaks might be due to direct interaction of a meiosis-specific nuclease with one
or a few transcription factors that are bound within regions of open chromatin (Fan and
Petes, 1996; Kon et al., submitted). Alternatively, the topoisomerase I1-like nuclease that
makes the dSDNA break may have a loose consensus site that must be present within open
chromatin for cleavage. Thus, other regions of open chromatin that lack the requisite subset
of transcription factors or consensus sequence for the nuclease would not be
recombinogenic. The lack of clear consensus sequences at dSDNA break locations (de
Massy et al., 1995) favors the first possibility.

One particularly well-studied eukaryotic recombination hotspot is the M26 hotspot of the
fission yeast, Schizosaccharomyces pombe. M26 was first identified as an ade6 mutant that
exhibited a high frequency of meiotic recombination within the ade6 gene (Gutz, 1971). The
M26 mutation is a single base pair substitution (Ponticelli et al., 1988; Szankasi et al., 1988)
that increases meiotic recombination within ade6 about 15-fold relative to the nearby control
allele, M375 (Gutz, 1971; Schuchert and Kohli, 1988). The hotspot functions during meiosis
but not during mitosis (Gutz, 1971; Ponticelli et al., 1988; Schuchert and Kohli, 1988) and
exerts its effect in the vicinity of ade6 , as well as in nearby intervals (Grimm et al., 1990),
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but not at other more-distant or unlinked loci (Ponticelli et al., 1988). M26 stimulates both
gene conversion (Gutz, 1971) and reciprocal exchange events (Grimm et al., 1994) to an
approximately equal extent, but during gene conversion there is strong disparity with the
M26 allele being converted to wild-type about 10-fold higher than vice versa (i.e., M26 acts
as a recipient of information during gene conversion events) (Gutz, 1971). Gene conversion
events at M26 often coconvert alleles to the left, right, or both directions and the average
conversion tract length is about 700 base pairs, consistent with the notion that M26 is an
initiator of recombination (Gutz, 1971; Grimm et al., 1994). Preferential transfer of the
transcribed strand occurs (Schar and Kohli, 1994), suggesting that the mechanism of hotspot
activation does not involve extensive resection of both DNA strands from a dSDNA break.
These data are consistent with M26 being the site of a SSDNA or dSDNA break that initiates
recombination. Other data suggest that recombination may not initiate precisely at M26.
M26-enhanced recombination events do not always include conversion of the M26 site
(Grimm et al., 1990) and an M26-independent recombination initiation site near the 5’ end
of the ade6 gene has been inferred (Grimm et al., 1994), suggesting that M26 may enhance
recombination that initiates near M26 but not necessarily within the site itself.

Kohli and colleagues used in vitro mutagenesis to alter individual base pairs in the vicinity
of the M26 site, they introduced the mutations into the ade6 gene and they then tested the
resulting mutants for hotspot activity in vivo (Schuchert et al., 1991). This revealed that a
specific 7 base pair DNA sequence, 5-ATGACGT-3', is absolutely required for activity of
the M26 hotspot, suggesting that the M26 mutation might create a binding site for a protein
involved in hotspot activation. (Such single base pair changes may be the best way to
identify cis-acting sites involved in recombination at other hotspots because more extensive
alterations, such as deletions, could perturb a local chromatin conformation that is necessary
but not sufficient for hotspot activity. It may therefore be worthwhile to use a similar point-
mutation approach to search for cis-acting sites near other hotspots.) A heterodimeric protein
that binds to the M26 site has been identified and purified and the binding activity in vitro
correlates with hotspot activity in vivo (Wahls and Smith, 1994). Binding of the heterodimer
is essential for hotspot activation but not for basal recombination levels (Kon et al.,
submitted). Intriguingly, the Mts1/Mts2 heterodimer is also a putative transcription factor
that has roles in sexual development and stress response (Takeda et al., 1995; Shiozaki and
Russell, 1996; Watanabe and Yamamoto, 1996; Wilkinson et al., 1996). However, hotspot
activity is not directly related to transcription because there is no detectable difference in the
level of ade6 MRNA during meiosis in strains exhibiting normal versus hotspot
recombination (Grimm et al., 1991). (Similarly, for hotspots in S. cerevisiae some promoter
mutations that alter gene expression do not alter hotspot activity (Schultes and Szostak,
1991; White et al., 1992)). Mts1/Mts2 protein therefore has multiple biological roles: one in
hotspot activation, one in regulating genes involved in sexual development, and one in
regulating genes during stress conditions. It is proposed that the Mts1/Mts2 heterodimer has
evolved separate roles in transcriptional regulation and hotspot activation (Kon et al.,
submitted). In each case, the protein is constitutively present (Wahls and Smith, 1994) but
apparently inactive during normal mitotic growth, permitting rapid induction of activity in
times of crisis (such as nitrogen starvation which leads to induction of meiotic
differentiation). Activation of the protein involves signal transduction via MAP kinase and
cAMP-dependent kinase pathways, and perhaps others (Takeda et al., 1995; Shiozaki and
Russell, 1996; Watanabe and Yamamoto, 1996; Wilkinson et al., 1996) (N. Kon and W.P.
Wahls, unpublished).

While DNA breaks at the M26 hotspot have not been reported, M26 site-dependent,
meiotically-induced open chromatin is present at the M26 site and in the promoter region
(Mizuno et al., 1997). A promoter deletion in cis to the M26 hotspot, ending 112 base pairs
upstream of the M26 site, abolishes hotspot activity, while a promoter deletion in trans to
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M26 has no effect (Zahn-Zabal et al., 1995). Thus, in addition to Mts1/Mts2 binding to the
M26 site, some other feature removed by the promoter deletion is required for hotspot
activation. Remodeling of meiotic chromatin at M26 requires Mts1/Mts2 protein (K. Ohta
and W.P. Wahls, unpublished observations), suggesting that Mts1/Mts2 protein binding,
possibly interacting with a factor bound in the promoter region, is responsible for the open
chromatin structure and hotspot activation. It remains to be seen whether Mts1/Mts2 recruits
recombination enzymes via protein-protein interactions, or whether recombination enzymes
assemble at chromatin conformationally altered by Mts1/Mts2 binding to M26 DNA. In
either case, binding of Mts1/Mts2 to M26 sites increases recombination above basal levels,
suggesting that the hotspot with its binding protein helps regulate where and when
recombination occurs within the genome.

The M26 heptamer is about five-fold underrepresented in the S. pombe genome. If each
naturally-occurring M26 site is, on average, as active in promoting recombination as the
M26 site in the ade6 gene (Gutz, 1971; Schuchert and Kohli, 1988), then about 50% of all
meiotic recombination events could be due to Mts1/Mts2 heterodimer binding those sites
(Wahls and Smith, 1994). This proposal, while speculative, is testable. So far no study has
reported whether or not any other, naturally-occurring M26 sites exhibit hotspot activity.
However, intergenic recombination is reduced in mts mutants (N. Kon and W.P. Wahls,
unpublished) and the M26 heptamer has hotspot activity when created at any of five
locations in ade6 and ura4 (M.E. Fox, J.B. Virgin, J. Metzger, G.R. Smith, pers. comm.).
These findings support the view that natural M26 sites are active in meiosis and contribute to
elevated meiotic recombination levels throughout the genome.

VI. Control of Recombination in Cis and in Trans, Near and Far

The control of recombination likely involves a complex network of structural and enzymatic
machinery. Hotspots act locally to enhance recombination events within a few tens of
thousands of base pairs of their location. As discussed above, hotspots can be regulated
positively and negatively by both cis- and trans-acting factors. On a wider scale, the timing
and distribution of recombination is also regulated. Two examples of this control are
provided here.

On the chromosome-wide scale, the distribution of recombination events is non-random. It
has long been recognized that chiasmata (the cytological structures thought to represent
points of reciprocal exchange between chromosomes) are not randomly distributed
(reviewed by Maguire, 1995). Individual chromosomes have some means of insuring that at
least 1, but not many, chiasmata occur on each chromosome arm. That regulation is likely
conferred (at least in part) by structural proteins of the synaptonemal complex (Sym and
Roeder, 1994; Kleckner, 1996). Presence of chiasmata usually correlates with appropriate
segregation of chromosomes (see Hawley, Chapter ). This correlation is supported by
genetic observations in yeast where smaller chromosomes have higher rates of
recombination than larger chromosomes, when adjusted for the physical size of the
chromosomes (Kaback et al., 1992). Thus, recombination rates and distributions are
controlled relative to individual chromosomes.

In the fission yeast S. pombe 18 complementation groups of mutants affecting meiotic
recombination have been identified (Schmidt et al., 1987; Ponticelli and Smith, 1989;
DeVeaux et al., 1992; Tavassoli et al., 1995). Three of the mutants, rec8, rec10 and recl1,
profoundly reduce recombination over all tested intervals on chromosome 11, but they leave
recombination essentially normal on the other 2 chromosomes (DeVeaux and Smith, 1994).
Since these genes are recessive and are encoded on 3 different chromosomes, they must
encode trans-activators of recombination that recognize specific cis-acting determinants of
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chromosome 111. The gene products are likely involved in either the initial pairing of
chromosome 111, which is required for meiotic recombination, or they are involved in
chromosome Il1-specific recombination, perhaps by recognizing DNA sequences such as
recombination hotspots that are preferentially located on chromosome I11.

Additional examples of genome-wide regulation of recombination may be found in a recent
review article (Lichten and Goldman, 1995)

VII. Hotspots as Initiators or Resolvers of Recombination: Two Models

A. Recombination hotspots enhancing an early step in recombination: convergence of
genetics and biochemistry

The dsDNA break model of recombination (Resnick, 1976; Szostak et al., 1983) can explain
most recombination in budding yeast and this pathway is likely conserved in other
eukaryotes (Bergerat et al., 1997; Keeney et al., 1997). The modified model in Fig. 3
incorporates resection of the 5’ terminated strands at dsDNA breaks (Sun et al., 1989; Cao et
al., 1990; Sun et al., 1991), a role for DNA accessibility within chromatin (Shenkar et al.,
1991; Ohta et al., 1994; Wu and Lichten, 1994; Wu and Lichten, 1995), a requirement for
specific transcription factors but not for transcription (Fan and Petes, 1996; Kon et al.,
submitted), and the recently-discovered biochemical activity of Spol1 protein as the
nuclease that forms dsDNA breaks (Bergerat et al., 1997; Keeney et al., 1997).

In step “1” chromosomes have associated DNA binding proteins involved in gene
expression and a characteristic mitotic chromatin configuration. For example, the Mts1/Mts2
hotspot-activating protein of fission yeast is uniformly expressed and has equivalent DNA
binding activity in mitotic and meiotic cells (Wahls and Smith, 1994), presumably acting as
a transcription factor (Takeda et al., 1995; Watanabe and Yamamoto, 1996), but the M26
hotspot functions only during meiosis (Gutz, 1971; Schuchert and Kohli, 1988; Ponticelli
and Smith, 1989). Similarly, multifunctional, constitutively-expressed RAP1 protein of
budding yeast activates a meiotic hotspot (White et al., 1991; White et al., 1993). These
observations suggest that the hotspot-activating proteins are always interacting with their
DNA sites, but during meiosis some change in these proteins (or their environment) triggers
recombinogenic activity.

During meiosis, as in step “2,” post-translational modification of the DNA binding proteins
occurs. It is proposed that the machinery of eukaryotic recombination has evolved to use
some transcription factors for induction of meiotic recombination at hotspots (Kon et al.,
submitted). Two transcription factors are known to fully activate meiotic recombination
hotspots (White et al., 1993; Wahls and Smith, 1994; Kon et al., submitted), however,
recombination-enhancing and transcription-regulating activities are separable (Grimm et al.,
1991; Schultes and Szostak, 1991; White et al., 1992). The protein changes involve signal
transduction via MAP kinase and cCAMP-dependent kinase pathways, and perhaps others
(Shiozaki and Russell, 1996; Wilkinson et al., 1996). Alteration of the DNA binding
proteins either directly or indirectly results in a conformational change in the surrounding
chromatin, making the DNA more accessible to nuclease digestion (Shenkar et al., 1991;
Ohta et al., 1994; Wu and Lichten, 1994; Wu and Lichten, 1995; Mizuno et al., 1997).
Current evidence is consistent with open chromatin being either the cause or the effect of
hotspot activation.

In step “3” the meiosis-specific, topoisomerase |1 homolog Spol1l arrives at the hotspot and
introduces a dsDNA break (Bergerat et al., 1997; Keeney et al., 1997). It remains to be seen
whether Spol1 is recruited directly via protein-protein interactions with the transcription
factors bound at the hotspot, or whether Spol1 assembles at chromatin that is
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conformationally altered by the hotspot binding proteins. In either case, in step “4” two
subunits of Spol11 cleave the DNA by transesterase reactions in which active site tyrosines
make closely-spaced ssDNA nicks and concomitantly form phosphodiester bonds with the 5’
termini of the broken DNA (Bergerat et al., 1997; Keeney et al., 1997). Because the energy
of strand scission is retained in the phospho-tyrosine linkage, the dsDNA break could be
religated during protein release. (Genetic evidence suggests this may occur: A high
frequency of dsDNA breaks created by insertion of a RAP1 binding site within HIS4 does
not have genetic hotspot activity when cis-linked to a natural hotspot located nearby,
presumably because of competition between the two sites (Fan et al., 1997)). Alternatively,
the covalent intermediate is further processed in the recombination pathway.

Release of the covalently-bound protein likely occurs by one of two mechanisms:
Hydrolysis of the phosphodiester bond (step “5”) releases intact Spol1 monomer and leaves
behind a dsDNA break that is subsequently processed by exonucleolytic resection of the 5’
terminated strand (Sun et al., 1989; Cao et al., 1990; Sun et al., 1991). Alternatively, Spoll
is released by endonucleolytic cleavage of one DNA strand, in cis to the bound protein, that
produces a variable length ssDNA fragment that remains covalently-attached to the released
Spoll monomer (step “5 prime™). Genetic and biochemical studies suggest that these
reactions are catalyzed by some combination of the Rad50, Mrell and Xrs2 proteins. A
more detailed discussion of this possibility is available (Keeney et al., 1997).

The remaining steps of this model are as proposed (Szostak et al., 1983) and are only briefly
outlined here. For the sake of clarity, only two of the four chromatids are shown. One of the
free, 3'-terminated, sSDNA ends at the dSDNA break invades the homologous chromosome
to form heteroduplex DNA (step “6”). DNA synthesis extrudes a displacement loop that can
serve as a template for DNA synthesis primed by the remaining 3’ sSDNA tail (step “7”).
Ligation of DNA nicks (step “8”) and cleavage of the resulting Holliday junctions results in
recombinant chromosomes without (*“9”) or with (*9 prime”) reciprocal exchange of the
flanking markers.

B. Recombination hotspots enhancing a late step in recombination: hypervariable
minisatellite DNA as a site of resolution of Holliday junctions

Recombination hotspots enhance some rate-limiting step in the biochemical pathway of
recombination. The prevailing view, as exemplified for recombination via dsSDNA break
repair in S. cerevisiae, is that the rate-limiting step is early, presumably acting as the
initiating step. However, as with other biochemical pathways, the rate-limiting step need not
be early. | propose that some eukaryotic recombination hotspots act late, as resolvers of
recombination intermediates. This model can be summarized by the following hypothesis:
Hypervariable minisatellite DNA is a site of resolution of Holliday junctions. I initially
proposed this model at the 11th International Chromosome Conference (Edinburgh, 1992) to
account for the observation of polarized changes at minisatellite DNA, presented at the
meeting (Armour et al., 1993b), and the observation that minisatellites enhance
recombination and have an additive influence when dsDNA breaks are introduced into the
substrates (Wahls et al., 1990a). A number of findings since then further support the model
shown in Fig. 4.

New minisatellite alleles can arise at some loci in as many as 10% of meioses (Buard and
Vergnaud, 1994) and alleles often exhibit polarized variability (Armour et al., 19933;
Armour et al., 1993b; Buard and Vergnaud, 1994; Ellsworth et al., 1995). The polarized
variability is shown schematically in Fig. 4A. Since reciprocal exchange of markers flanking
minisatellite loci is seldom observed (Wolff et al., 1989; Kasperczyk et al., 1990; Kelly et
al., 1991; Buard and Vergnaud, 1994), most models for minisatellite change have
discounted recombination in favor of other, more complex mechanisms. The model
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proposed in Fig. 4B can account for all of the change via meiotic recombination and
associated heteroduplex DNA repair.

In step “1” recombination initiates at some point distal to the minisatellite array but
proximal to the nearest flanking marker, the “Y” locus. For the sake of clarity, only two of
the four chromatids are shown. Minisatellite enhanced recombination can have at least one
endpoint in a distant interval (Wahls et al., 1990a) and allelic changes at minisatellite arrays
can be strongly influenced by cis-acting sites outside of the array (Monckton et al., 1994;
Andreassen et al., 1996). The initiating lesion may be promoted by minisatellite DNA
binding proteins (Wahls et al., 1991) or it may involve other cis- and trans-acting factors
such as those inferred for hotspots in the mouse MHC (Shiroishi et al., 1991; Shiroishi et al.,
1995). Open chromatin has been found near the minisatellite DNA in the Ep hotspot in the
mouse MHC (Shenkar et al., 1991), suggesting that the initiating event may is analogous to
those at hotspots in yeast. Symmetrical sSDNA nicks are shown as per the Holliday model of
recombination (Holliday, 1964), however, other types of initiating events (Meselson and
Radding, 1975; Szostak et al., 1983) will work equally well as long as they lead to formation
of at least one Holliday junction between the recombining chromosomes.

In step “2” the recombining chromosomes have exchanged single strands to form a Holliday
junction and branch migration has moved the junction half way to the minisatellite array. On
naked DNA a random walk can result in the junction moving in either direction. In E. coli
the RuvAB heteromultimer catalyzes unidirectional migration of the junction (reviewed by
Muller and West, 1994) and presumably eukaryotic counterparts carry out the same process.
The extent of branch migration is dictated by the processivity of the enzyme. Branch
migration might be reversed by dissociation and reassociation of the machinery in the
opposite orientation, which would lead to “aborted” recombination events. Thus, in the
absence of resolution , the Holliday junction is removed by reverse migration or it is pushed
farther along the recombining chromosomes until it encounters a signal for resolution, the
minisatellite DNA.

In step “3” branch migration has generated heteroduplex DNA that extends from the
flanking region into the minisatellite array. Some component within each minisatellite DNA
repeat acts as a signal for resolution of the Holliday junction. The signal is quite strong but
not absolute, because polarized variability can occur within a few tens of repeats from the
end of the minisatellite array (Armour et al., 1993a). | calculate that there is a probability of
between 5% and 10% that a Holliday junction that is migrating past a minisatellite repeat
unit will be resolved at that site. Thus, about 50% of resolutions will occur within the first
ten repeats, about 75% within the first twenty repeats, and so on, reflecting the distribution
of polarized changes that has been described. This proposal is considerably strengthened by
recent findings of how the E. coli Holliday junction resolving enzyme, RuvC, functions.
RuvC preferentially resolves Holliday junctions at a consensus sequence in an orientation-
dependent fashion leading to preferential cleavage in one of two possible directions (Shah et
al., 1994). That also supports the next step of the model, which is that resolution of the
Holliday junction in the “patch” configuration (strand nicks at horizontal arrows) occurs
with higher frequency than resolution in the “splice” configuration (strand nicks at vertical
arrows).

In step “4,” the major pathway by which the junction is resolved, cleavage of two strands in
the horizontal orientation allows separation of the recombining chromatids. There is no
reciprocal exchange of the flanking markers distal to the minisatellite locus. A “patch” of
heteroduplex DNA extends from the point of recombination initiation to the point of
resolution within the minisatellite array. When enhancing recombination between plasmids,
minisatellite DNA preferentially increases recombination events accompanied by reciprocal
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exchange (Wahls et al., 1990a). In the model, preferential increase of non-reciprocal
resolution is proposed. The factors that dictate resolution in this orientation are unknown,
but they may be contained within the minisatellite repeat itself or they may be conferred by
the higher-order structure of the recombining chromosomes. In yeast, proteins that are
central components of the synaptonemal complex, such as Zip1, clearly influence the
outcome of recombination, but not necessarily its frequency (Sym et al., 1993). Yeast with
the zipl mutation have nearly-normal recombination frequencies, but they no longer exhibit
crossover interference (Sym and Roeder, 1994). A recent model proposes that the physical
constraints of the synaptonemal complex, specifically the tension created by initial steps of
recombination within the semi-rigid structure, leads to reciprocal exchanges which alleviate
the built up tension (Kleckner, 1996). Similar forces could be operating during
recombination at the minisatellite loci. Resolution of the Holliday junction, signaled by the
minisatellite DNA and catalyzed by interacting proteins, might be influenced by constraints
of the surrounding chromatin.

In step “5” the resulting heteroduplex DNA is corrected by mismatch correction. The best
described mismatch repair systems in mammalian cells have very short (a few nucleotides)
excision tracts, but there is evidence for long patch repair (reviewed by Friedberg et al.,
1995). Heteroduplex DNA that contains mismatches within the minisatellite loci is repaired
by the short patch mismatch repair machinery. Each minisatellite repeat is corrected
individually to excise mismatched nucleotides on the upper strand (upward-pointing arrows)
or on the lower strand (downward-pointing arrows). This would generate the polarized
variability. The observation that hypervariable minisatellite DNA undergoes a high rate of
repair in mammalian meiosis (Ramachandra and Rao, 1994) supports the model.
Furthermore, there is genetic evidence for heteroduplex DNA at minisatellites during
meiosis: The rate of meiotic change of minisatellites is high (Buard and Vergnaud, 1994) but
the rate of change in mitosis is very low. Intriguingly, “somatic mutation during early
development” has been reported (Kelly et al., 1989; Gibbs et al., 1993). The Hm-2 locus
experiences a high rate of allelic change per meiosis and, surprisingly, about 20% of mice
with new variants of the Hm-2 locus are mosaic. Based upon the pattern of mosaicism, it
was concluded that somatic mutant alleles arise within the first two cell divisions after
fertilization (Kelly et al., 1989; Gibbs et al., 1993). | suggest that the mosaicism is actually
due to postmeiotic segregation (PMS) of uncorrected heteroduplex DNA that is formed
during meiotic recombination. Homotypic variants arise from recombination events with
complete mismatch correction of heteroduplex DNA. The remaining new variants undergo
partial repair of heteroduplex DNA and produce PMS that, upon fertilization, generates
mosaic conceptuses, further supporting a role for short patch mismatch correction.

In step “4 prime” the minor pathway by which the junction is resolved, cleavage of two
strands in the vertical orientation allows separation of the recombining chromatids. This
results in a recombination event in which there is reciprocal exchange of the markers
flanking the minisatellite locus.

In step “5 prime” the processing of the heteroduplex DNA is exactly as for step “4.” Tracts
of short patch mismatch repair can independently correct each minisatellite repeat, with a
random probability that either the top or the bottom strand will be excised and replaced at
each repeat. As with the non-reciprocal recombinants, the reciprocal recombinants will have
polarized variability.

The model in Figure 4 is drawn with an equal number of repeats in each allele for the sake
of clarity. Individual alleles often have different numbers of repeats, so what is the
consequence of recombination between two alleles of different lengths? If the flanking
sequences to the right of the minisatellite array are identical for both alleles (as in
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recombination between sister chromatids), then the Holliday junction would encounter
minisatellite DNA simultaneously on both strands. Recombination would proceed as in
Figure 4 and the recombinant products would exhibit polarized variability for any internal
allelic differences in the parental molecules, but no length change. These recombination
events would be invisible to typical experimental approaches that score minisatellite change
based upon the appearance of new length alleles.

If the allele lengths are different or the neighboring sequences are different (e.g., one allele
extends farther into the adjacent DNA than the other), then strand exchange would likely
bypass the heterology and branch migration would continue into the minisatellite array
before encountering the signal to resolve the Holliday junction. The resulting heteroduplex
DNA would be the same as shown in Figure 4 except the right end would have additional
minisatellite DNA repeats in one strand opposite a strand of non-minisatellite DNA (a loop
opposite a shorter opposing strand could also form). Mismatch repair could replace either
strand. Thus, individual DNA strands within the heteroduplex DNA at the minisatellite array
may become longer, shorter, or stay the same length, depending upon the initial minisatellite
lengths and the direction of the mismatch correction. This mechanism can therefore generate
new length alleles as well as account for polarized variability. However, it depends upon
pre-existing length polymorphism within the population. How is the length polymorphism
generated?

Most models for minisatellite length change invoke a combination of duplications and
deletions involving both inter- and intra-chromosomal interactions (Buard and Vergnaud,
1994) and additional independent mutations leading to polarized variability (Ellsworth et al.,
1995). Length changes are sometimes attributed to DNA polymerase slippage on the
template strand during DNA replication followed by failure of mismatch repair, as is the
case for expansion and contraction of dinucleotide repeats (Strand et al., 1993; Farber et al.,
1994; Heale and Petes, 1995; Kolodner, 1995). This seems unlikely for minisatellites
because they are relatively stable mitotically and they undergo a high rate of length change
during meiosis. There is no evidence for reduced fidelity of replicative DNA polymerases
during meiosis, nor any reason to believe that mismatch repair would be compromised. |
propose that some length changes are due to DNA polymerase slippage on the template
strand, but these events do not use the replicative DNA polymerases. Rather, the strand
slippage probably occurs when repair-specific DNA polymerases help correct heteroduplex
DNA present after resolution of recombination within minisatellite loci. The high rate of
DNA repair at minisatellite DNA in mammalian meiosis, which seems to use DNA
polymerase B (Ramachandra and Rao, 1994), supports this model.

In conclusion, most of the complex changes that occur at hypervariable minisatellite DNA
may be due to minisatellites acting as sites where Holliday junctions are resolved. The
polarity of change, the variability of change, the changes previously attributed to somatic
mutation during early development, and allele expansion and contraction can all be
accounted for by a model invoking meiotic homologous recombination followed by
heteroduplex DNA repair. This suggests that rate-limiting steps can occur late in pathway of
recombination as well as early. While primarily a meiotic event, the process of minisatellite
recombination might also occur between sister chromatids or homologous chromosomes
during mitotic growth. This would provide a mechanism for recombinational repair of DNA
damage that preferentially uses gene conversion. If so, it would also provide a mechanism
for some aberrant recombination events. For example, several independent translocation
breakpoints at c-myc and bcl2 occurred precisely at minisatellite consensus sequences
(Krowczynska et al., 1990), strongly suggesting that the aberrant recombination was
resolved (or initiated) at the minisatellite DNA.
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VIIl. Summary

Recombination is increased up to 1000-fold during meiosis in order to promote accurate
segregation of homologous chromosomes and to enhance genetic diversity. Part of this
induction is due to recombination hotspots and their interacting factors. For at least one
eukaryotic hotspot a discrete DNA sequence and interacting protein is required for activity
(Schuchert et al., 1991; Kon et al., submitted) and for another hotspot a specific protein
(presumably binding a discrete DNA site) is required (White et al., 1993; Fan et al., 1995).
For other hotspots no single, discrete activating factors have been identified, but this could
be due to redundancy of sites clustered near hotspots or limitations of the experimental
approaches used. It remains to be seen whether hotspot activation is regulated specifically
and independently, or whether it is a consequence of other biological processes such as
transcription.

Yeast are genetically parsimonious eukaryotes that have evolved to the point of having
about a 50% gene density. Meiotic recombination initiates at dSSDNA breaks that appear in
regions of increased accessibility of DNA within chromatin. While hotspots are usually
found in the vicinity of transcriptional promoters, the emerging view is that recombination is
not directly linked to transcription. Rather, it seems likely that some component of the
transcription machinery, most likely one or a subset of transcription factors, has evolved
dual roles in transcription and recombination (Fan and Petes, 1996; Kon et al., submitted). It
remains to be seen whether hotspot binding proteins directly recruit recombination enzymes
via protein-protein interactions, or whether recombination enzymes assemble at
conformational changes in chromatin conferred by hotspot binding proteins. The recent
discovery of a topoisomerase Il-like nuclease that makes the dSDNA break (Bergerat et al.,
1997; Keeney et al., 1997), and conservation of this protein between distant species,
suggests that the initiation of recombination via dsDNA breaks is evolutionarily conserved.
Identification of the factors that direct this nuclease to recombination hotspots and
elucidation of the biochemical steps following strand scission are reasonable near-term
objectives. In the longer term, study of yeast hotspots will reveal other biochemical activities
in the pathway of recombination and yield information about whether recombination
throughout the genome is regulated predominantly by hotspots.

Mammals, in contrast to experimental organisms such as yeast, have a very low gene
density, an abundance of non-coding DNA, and a life cycle that makes genetic
experimentation time-consuming and expensive. Despite the challenges of conducting such
experiments, compelling evidence suggests cis- and trans-acting regulation of
recombination at discrete sites in the mammalian genome, recombination hotspots.
Furthermore, it seems that the fundamental mechanism of meiotic recombination in all
metazoans is similar to that in yeast. Recombination probably initiates at dSDNA breaks and
the basic molecular mechanisms are likely conserved. It is proposed that one type of non-
coding, repetitive DNA found in metazoans, hypervariable minisatellite DNA, acts late in
the pathway of meiotic recombination as a signal to resolve Holliday junctions. It is
tempting to speculate that other types of noncoding DNA in metazoan genomes have
additional roles in regulating the pairing, recombination and segregation of meiotic
chromosomes.
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Figure 1. Schematic diagram of differences between physical and meiotic genetic maps
Expansion and contraction of genetic intervals relative to physical intervals identifies
regions of the genome with rates of recombination higher (interval 1) and lower (interval 3)
than average, respectively. In this idealized example recombination is higher in interval 1
during male meiosis relative to female meiosis, revealing sex-specific differences of
recombination rates. Cis-acting elements within or nearby the intervals are inferred to
influence their rates of recombination.
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Figure 2. Polarity of recombination

(A) Reciprocal exchange is conservative and switches the linkage between markers flanking
the point of recombination. Gene conversion and postmeiotic segregation (PMS) are
nonconservative (aberrant) recombination events that result from the transfer of the genetic
information from one allele to the other. Other types of aberrant segregation (not shown)
may also occur Aberrant segregation events in unselected tetrads can be used to gauge
recombination rates at individual genetic markers. (B) An example of polarity resulting from
different frequencies of aberrant segregation for multiple markers at the DED81 and ARG4
loci in S. cerevisiae. Regions of increased accessibility of DNA within meiotic chromatin
(striped balloons) and meiosis-specific dSDNA breaks (DSB arrows) map to the high-
frequency end of polarity gradients, suggesting that recombination initiates at those sites.
Data are from (Fogel et al., 1981; White et al., 1985; Nicolas et al., 1989; Sun et al., 1989;
Cao et al., 1990; Schultes and Szostak, 1990; Lichten, 1995).
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Figure 3. A dsDNA break repair model of recombination

1. Mitotic chromosomes with associated DNA binding proteins (balloons). 2. During
meiosis, the binding proteins are altered by post-translational modification or by interaction
with meiotic factors to generate chromatin in which the DNA becomes more accessible. 3.
Spoll protein (filled circle) assembles at the site, either via protein-protein interactions or
by recognizing an altered chromatin conformation at the hotspot. 4. A topoisomerase I1-like,
dsDNA cleavage reaction by Spol1 protein produces covalent protein-DNA intermediates
with phosphodiester linkages between active site tyrosines and the 5 terminal phosphate
groups of the broken strands. 5. Release of protein is achieved by hydrolysis of the
phosphotyrosine linkage or by nucleolytic cleavage of the covalently-bound strand (step 5').
Exonucleolytic resection (dotted line) generates free, 3’ sSSDNA tails which can invade the
homologous dsDNA to produce heteroduplex DNA. 6. The invading strand is extended by
DNA synthesis (arrow) to produce a displacement loop. 7. Annealing of the remaining free
3’ strand to the displacement loop and further DNA synthesis fills the existing gaps. 8.
Ligation of DNA strands results in chromosomes attached by two Holliday junctions.
Branch migration of the junctions may occur (not shown). The junctions are resolved by
cleavage of two DNA strands. Depending upon which strands are cleaved, the resulting
chromosomes either lack reciprocal exchange of flanking markers (step 9) or have reciprocal
exchange (step 9'). Additional details and references are provided in the text.
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Figure 4. A model for recombination hotspot activity and formation of polarized variability at
hypervariable minisatellite DNA

(A) Schematic representation of polarized variability. Individual minisatellite repeats
(boxes) can be sometimes be distinguished by minor sequence differences within each
repeat (black or white). Arising alleles are uniform across most of the locus and then
become mosaic towards one end of the locus. (B) Model for recombination hotspot activity
and generation of polarized variability. 1. Initiating event leads to strand exchange and
generation of a Holliday junction. 2. Branch migration of the Holliday junction. 3. An
element within each minisatellite DNA repeat provides the signal to resolve the Holliday
junction. Resolution can occur by the major pathway (nick strands at horizontal arrows) or
by the minor pathway (nick strands at vertical arrows). 4. Resolution by the major pathway
yields recombinants with heteroduplex DNA and no reciprocal exchange of flanking
markers. 5. Short patch mismatch repair (up and down arrows) acts independently on each
repeat to generate polarized variability. Loci with incomplete mismatch repair will exhibit
postmeiotic segregation (not shown). 4'. Resolution by the minor pathway yields
recombinants with heteroduplex DNA and reciprocal exchange of flanking markers. 5.
Short patch mismatch repair of the minor product also generates polarized variability.
Additional details and references are provided in the text.
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