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We describe a novel system for the analysis of sequence-specific meiotic recombination in Saccharomyces
cerevisiae. A comparison of three adjacent restriction fragments from the human 0-globin locus revealed that
one of them, previously hypothesized to contain a relative hot spot for genetic recombination, engages in
reciprocal exchange during yeast meiosis significantly more frequently than either of the other two fragments.
Removal of the longest of four potential Z-DNA-forming regions from this fragment does not affect the high
frequency of genetic recombination.

Molecular and genetic studies have suggested that recom-
bination events in eucaryotic chromosomes do not occur
with equal frequencies in all regions of the genome. Exam-
ples include the suppression of recombination between H-2
haplotypes and t-complex alleles in mice (15, 16), within
heterochromatin in Drosophila (6, 44), and within the
tandemly arranged rRNA genes in the yeast Saccharomyces
cerevisiae (35). In addition, extensive genetic studies of S.
cerevisiae indicate that the frequency of gene conversion
varies considerably from one heterozygous site to another
(12).
Recombination within gene clusters has also been shown

to be nonrandom with respect to positions within the clus-
ters. Using restriction site differences between mouse H-2
haplotypes, Hood and co-workers have demonstrated that
genetic exchanges leading to recombinant congenic mice in
the I region of the mouse H-2 locus are restricted to a
2-kilobase (kb) region between the I-A and I-E subregion
(24). Likewise, Kazazian, Orkin, and co-workers have un-
dertaken an extensive molecular genetic analysis of the
,B-globin gene cluster in humans (31, 32). Based on popula-
tion studies of the linkage relationships of 12 restriction
enzyme polymorphisms spread over a 65-kb region encom-
passing the human ,-globin locus, they concluded that an
11-kb region immediately 5' of the ,-globin gene contains a
hot spot for genetic recombination.
The 65-kb ,B-globin locus includes a 32-kb 5' region and a

20-kb 3' region, and each region exhibits nonrandomness
with respect to the combinations of restriction site
polymorphisms found within it. The 5' and 3' regions are
represented by a very limited number of frameworks which
are defined by the particular pattern of restriction site
polymorphisms. Between the 5' and 3' frameworks is an
11-kb segment ofDNA which includes the 8-globin gene and
within which enough recombination occurs to allow all
combinations of 5' and 3' frameworks to exist within the
,-globin-carryng chromosomes in a population (2-4, 22, 31,
32). Figure 1 is a detail of the 11-kb sequence between the 5'
and 3' frameworks. A polymorphic Hinfl site is in likage
equilibrium with restriction sites in both the 5' and 3'
frameworks and with a single-site polymorphism lying 700
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base pairs (bp) 3' to it (29), and Kazazian et al. (22) have
suggested that the Hinfl site lies in a region of relative
sequence randomization.
Also shown in Fig. 1 is the presence of the highly

repetitive evolutionarily conserved sequence d(TG * AC),
first described by Miesfeld et al. (26), where n = 17 at this
genomic position. The presence of a stretch of d(TG AC),
of a similar length at the breakpoint of a gene conversion
event between the duplicated Gy and A-Y fetal globin genes
first led Slightom et al. (48) to suggest that the sequence may
have initiated the intergenic exchange.

In this report we take advantage of the yeast transforma-
tion technique (18, 20) and recombination analysis by tetrad
dissection (12, 46) to introduce several 0-globin locus frag-
ments into identical positions within the S. cerevisiae
genome and to study their potential to engage in homologous
meiotic recombination. We have chosen S. cerevisiae for our
molecular recombination studies because we can recover all
of the DNA molecules involved in a meiotic recombination
event. Our results indicate that a restriction fragment within
the 11-kb region of sequence randomization is two to four
times as active in reciprocal meiotic exchange in S. cerevis-
iae as compared to the ability of the two adjacent ,B-globin
locus fragments to engage in homologous exchanges. The
recombinogenic nature of this fragment is not due only to the
sequence d(TG * AC)17, since deletion of this sequence from
the fragment does not significantly decrease the high fre-
quency of exchange.

MATERIALS AND METHODS

Protocol for insertion of homologous ,l-globin DNA at the S.
cerevisiae HIS3 locus. Plasmids pHLAV and pHUAV are
described below. EcoRI linkers (Collaborative Research)
were attached to the 1.8-kb BamHI HIS3 fragment from
pSZ62 (33), kindly provided by J. Szostak. The yeast LEU2
and URA3 genes used in the constructions of pHLAV and
pHUAV were subcloned from pCV03 (8) and pMM2D (21)
and were kindly provided by M. McLeod and J. Broach. Each
of the three BamHI fragments from the human P-globin locus
was inserted into the unique BamHI site of both pHLAV and
pHUAV to generate pairs of plasmids for introduction into S.
cerevisiae. The ,-globin derivatives of pHLAV and pHUAV
are designated pHLMG-1 and pHUMG-1, pHLI800 and
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FIG. 1. Intergenic region between the 8- and 3-globin genes. The horizontal arrows below the b- and 3-globin genes indicate the direction
of mRNA transcription. (TG)17 is a 34-bp stretch of the alternating copolymeric sequence d(TG * AC) (26). T or C is a sequence
polymorphism detected by direct DNA sequencing (29). The bracketed regions denote the positions of the ,-globin fragments used in this
study (see text). The numbered line represents kilobase subdivisions of the region. The HincII, Hinfl, HgiAI, and Avall sites are 4 of the 12
polymorphisms described in reference 31. B, BamHI; RI, EcoRI.

pHUI800, and pHL5',B and pHU5'p. The orientation of the
BamHI ,-globin fragment in each pair was judged to be the
same by restriction enzyme mapping studies (data not
shown).

Covalently closed circular plasmids were transformed into
strains of S. cerevisiae by a modification of the lithium
acetate transformation technique (10, 20). Stable transform-
ants were selected by plating transformation mixtures onto
minimal medium plates containing amino acids and adenine
but lacking either leucine or uracil (46). Transformation
frequencies ranged from 0.1 to 0.5 stable transformant per
,ug of DNA.
pHUAV and its derivatives carrying P-globin fragments

were transformed into S. cerevisiae 16d with the genotype
MATa leu2-3,112 ura3-52 his3-Al TRPJ CANJ ade2. TRPI
and CAN] are unlinked to HIS3, and the ADE2 locus is 38
centimorgans (cM) centromere-proximal to HIS3 (27).
pHLAV and its derivatives were transformed into strain lb
with the genotype MATa leu2-3,112 ura3-52 his3-AJ trpl-289
can1-101 ADE2. Strains 16d and lb were generated using
standard genetic techniques by first crossing DBY747
(MATa leu2-3,112 ura3-52 his3-Al trpl-289 gal2, kindly
provided by T. Petes) to DBY869 (MATa ade2 canl-101,
kindly provided by D. Shortle). Spores of the genotype
MATa leu2 ura3 his3 trpl can] ade2 were isolated by tetrad
analysis and crossed to DBY946 (MATa ura3-52 suc2-,
S288C background provided by D. Shortle). The back-cross
of these markers to DBY946 was repeated six times to
generate strains lb and 16d, which have good sporulation
efficiency (ca. 50%) and excellent spore viability (greater
than 99%). Aside from the two marker genes (LEU2 or
URA3) inserted at HIS3, four additional markers (CAN],
TRPI, ADE2, and MAT) were heterozygous in our experi-
mental crosses.
Transformants were selected as Leu+ or Ura+ prototrophs

after transformation by pHLAV (and derivatives) or pHUAV
(and derivatives), respectively. Yeast genomic DNA was
prepared from stable transformants (48) and screened by
restriction enzyme (BamHI and EcoRI) and Southern blot
hybridization (49) analysis for single-copy plasmid insertions
at the HIS3 locus. Plasmid insertions at the HIS3 locus on
chromosome XV were subsequently confirmed as such by
tight genetic linkage to the HIS3 locus (data not shown). For
all transformants, however, restriction enzyme and South-
ern blot analysis using pHLAV as a hybridization probe
could unambiguously identify insertions at HIS3.
The his3- allele used, his3-Al, has a 200-bp deletion in the

HIS3 coding region (45). All integrations at HIS3 result in
the duplication ofHIS3 sequences which end up flanking the
inserted plasmid. However, due to the nature of the integra-
tion event, which often involves gene conversion (33), some
transformants are flanked by two-wild type genes (+ +),
some are flanked by two his3-Al genes (AA), and some have
HIS3+ and his3-AJ sequences on opposite sides of the
insertion (A+ or +A). The distribution of the two HIS3
sequences in each transformant can be determined by re-
striction enzyme and Southern blot analysis. The absolute
distribution of the HIS3 alleles in each of the two homolo-
gous chromosomes undergoing meiotic recombination was
not identical. Thus, recombination in the region between the
duplicated HIS3 sequence could usually be analyzed inde-
pendently of events occurring in the LEU2-URA3 interval.

Southern transfer techniques. Yeast DNA was prepared as
described by Sherman et al. (46). Restriction enzymes were
purchased from Bethesda Research Laboratories, and diges-
tions were carried out under the recommended conditions.
Digested DNA (1 to 2 ,ug) was electrophoresed on 1.3%
vertical agarose gels, transferred to nitrocellulose (Mil-
lipore), and hybridized to 32P-labeled pHLAV (41) essen-
tially as described (50).

MOL. CELL. BIOL.



RECOMBINATION OF HUMAN DNA IN THE YEAST GENOME

RESULTS

Development of a novel system to study sequence-specific
meiotic recombination. To study the ability of various 3-

globin locus sequences to participate in meiotic recombina-
tion in S. cerevisiae, we needed to introduce identical human
3-globin locus DNA fragments into homologous positions

within the genomes of S. cerevisiae strains of opposite
mating type. We also needed to associate the human DNA
fragments in each of the mating strains with flanking marker
genes to allow the identification of recombinant spores. The
construction of these defined genetic loci is illustrated in Fig.
2.
Two integrating vectors were constructed, pHLAV and

pHUAV, both of which are derivatives of pBR322 (7). Each
vector has a 1.7-kb DNA fragment containing the wild-type
yeast HIS3 gene (54) inserted in the same orientation into the
EcoRI site of pBR322 (56). pHLAV has a 2.2-kb SalI-Xhol
fragment containing the wild-type yeast LEU2 gene (1, 19,
39) inserted into the pBR322 Sail site. This plasmid can

transform leu2- his3- yeast strains to leucine and histidine
prototrophy when integrated into the yeast genome. In
addition to the yeast HIS3 gene, plasmid pHUAV has a

1.2-kb HindlIl fragment containing the wild-type yeast
URA3 gene (5) inserted into the pBR322 HindlIl site. This
plasmid can transform ura3- his3- yeast strains to uracil and
histidine prototrophy when integrated into the yeast
genome. Neither vector carries a sequence that allows the
plasmid to replicate autonomously in S. cerevisiae. There-
fore, the transformation to prototrophy demands that the
plasmid integrate by homologous recombination into the
yeast genome (18). In both vectors the BamHI site of
pBR322 is unoccupied. Any BamHI fragment can be cloned
into this site in pHLAV and pHUAV. By the protocol
outlined in Fig. 2 we have the ability to place exogenous

BamHI fragments at the yeast HIS3 locus on chromosome
XV by homologous recombination between plasmid and
chromosomal HIS3 sequences. Figure 2 also shows that,
upon integration, pHLAV positions LEU2 to the left of the
BamHI cloning site, whereas pHUAV positions URA3 on

the right. Exchanges between sequences inserted into the
BamHI site will be recombinant for LEU2 and URA3 as well
as the flanking HIS3 sequences, while exchanges that are

limited to HIS3 and pBR322 sequences will only yield spores

recombinant for the HIS3 sequences.

The transformation of yeast strains of opposite mating
types with pHLAV or pHUAV permits us to generate

diploids heterozygous for URA3 and LEU2 at the HIS3
locus. If such a diploid is stimulated to enter meiosis,
homologous exchange in the interval between these two
markers will generate a chromosome with LEU2 and URA3
now physically linked on the same chromosome at the HIS3
locus, as well as a chromosome with neither LEU2 nor

URA3 at HIS3. Both chromosomes will still have pBR322
sequences, as well as any sequence inserted in the BamHI
site. Gene conversion events involving LEU2 or URA3
sequences will also create novel recombinant chromosomes.
Tetrad analysis and restriction enzyme and Southern blot-
ting (49) of DNA from recombinant spores allows us to

identify recombinant tetrads and the DNA sequences that
were involved in the genetic exchanges.
Three DNA fragments from the human ,-globin locus

were examined for their ability to promote exchanges in the
vicinity of the LEU2 and URA3 genes inserted at the HIS3
locus. Figure 1 shows the three ,-globin locus sequences

that were used in this study. The 5'-most fragment, MG-1

(26), is 1.9 kb in length and contains several members of the
alternating copolymer d(TG AC),, family that is repeated
approximately 50,000 times in the human genome (14, 26). A
BamHI linker has been added to the EcoRI site on the left of
MG-1, and the EcoRI site is retained. 1800 is approximately
800 bp in length and is normally flanked on both sides by
BamHI sites. 5',B is a 1.9-kb BamHI fragment which contains
about 500 bp from the 5' end of the P-globin gene as well as
1.4 kb of DNA 5' to the P-globin coding region. Combined,
the three fragments span 4.6 kb. The entire nucleotide
sequence has been published (36). All three fragments were
subcloned from A phage carrying human 3-globin DNA
isolated by Fritsch et al. (13). Each DNA fragment was
inserted in the same orientation into the unique BamHI site
in both pHUAV and pHLAV.

Differential recombination of human ,-globin locus frag-
ments in S. cerevisiae. Figure 3 illustrates the physical
organization of the HIS3 locus when homologous exchange
between the 5'p-fragments from the human ,-globin locus
was studied. Genetic exchanges in the interval between the
LEU2 and URA3 sequences were monitored by scoring 354
tetrads for their LEU2, URA3, and HIS3 segregation pat-
terns. Nonrecombinant tetrads should always segregate 2
Leu+ Ura- His+:2 Leu- Ura+ His' spores. Of 354 tetrads,
13 contained one or more spores with nonparental arrange-
ments of the LEU2, URA3, or HlS3 genes (Table 1). By
genetic and Southern blot analysis, five of these nonparental
segregations were shown to be due to a reciprocal exchange
in the 2.5-kb interval between LEU2 and URA3 (1.9-kb 5',
fragment + 0.6 kb of pBR322 DNA between the Sall and
HindIII sites). An autoradiogram of a Southern blot of the
parental DNA samples cut with BamHI, along with DNA
samples from the four spores from representative recombi-
nant (tetratype ascus) and nonrecombinant (parental ditype
ascus) tetrads, is shown in Fig. 4. The recombinant nature of
the tetrad can be visualized in the BamHI-digested spore
DNA samples by the association of the 3.4-kb fragment
containing the URA3 gene with the 8-kb fragment that
carries the LEU2 gene (spore d, Fig. 4, lane f). This same
tetrad has a spore (spore b, lane d) with the 5.6-kb and 2.0-kb
fragments that represent plasmid insert sequences lacking
LEU2 and URA3 sequences completely. An examination of
the physical maps of the recombining parental inserts (Fig. 3)
reveals that the 8-kb and the 5.6-kb BamHI fragments are
effectively allelic, while the same is true of the 3.4-kb and
2.0-kb fragments. EcoRI digests (Fig. 4) of the spore DNA
samples reveal fragments that are not seen in the parental
DNA samples (lanes k and 1) and are diagnostic for the
recombinant configuration (5.0-kb EcoRI fragment in spore d
[lane p] and 6.4-kb EcoRI fragment in spore b ([lane n]). The
rearrangement of the LEU2 and URA3 genes results in the
tetratype segregation of restriction fragments homologous to
pBR322 sequences. All 55 of the reciprocal exchanges
reported in Table 1 (all crosses combined) have tetratype
segregation patterns similar to that of the recombinant tetrad
shown in Fig. 4. In Fig. 5 we illustrate the physical maps of
the HIS3 regions from the four spores of the recombinant
tetrad as deduced from the genetic and restriction enzyme
analyses. The genetic distance between LEU2 and URA3,
based on the number of reciprocal recombinants, is calcu-
lated to be 0.7 cM (Table 1).
Of the 13 nonparental tetrads, 3 were 3:1 segregations for

LEU2 or URA3 sequences and represent gene conversion
events. One of these three events resolved by reciprocal
exchange in pBR322 or HIS3 sequences in addition to
converting the pBR322 region of one of the 5'P-URA3
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FIG. 3. Physical organization of homologous HIS3 loci in a diploid homozygous for the 5'l fragment. The haploid strains used in this

experiment were generated and identified by the protocol outlined in the text. The diploid is heterozygous for the HIS3 alleles on both sides
of the inserted DNA. The numbers above and below the bracketed lines represent restriction fragment sizes in kilobase pairs.

chromatids to LEU2'. Physical maps of the HIS3 region in
the four spores from this recombinant tetrad, based on
restriction enzyme and Southern blot analysis (data not
shown), are illustrated in Fig. 6. Notice the 2:2 segregation
for the wild-type (+) and deletion (A) HIS3 markers on both
the left and right sides, while the LEU2 gene segregates
3+:l-. This confirms, with molecular evidence, the notion
that gene conversion and reciprocal exchange can be inti-
mately linked processes (12). By restriction enzyme and
Southern blot analysis we could show that 4 of the 26 gene
conversion events reported in Table 1 (all crosses combined)
were associated with reciprocal recombination of the
flanking HIS3 markers (data not shown). In 10 of the
remaining 22 events, one endpoint of the converted segment
of DNA lies outside the integrated plasmid sequences, and
the conversion could not be unambiguously identified as
having been associated with crossing over. In these cases a
flanking HIS3 sequence was converted along with the LEU2
or URA3 marker gene that exhibited nonparental segrega-
tion. These events, where two markers were converted
together (coconversion; 12), dictate conversion tracts 3 to 5
kb in length. Since the LEU2 and URA3 marker genes are

opposite nonhomologous DNA, all of the conversion events
must involve the conversion of a large deletion or insertion
(2.2 kb for LEU2 and 1.2 kb for URA3). Molecular models
for how such events can occur have been described (38, 51,
57). In six of the conversion tetrads reported in Table 1 (all
crosses combined), the LEU2 and URA3 markers were
converted together. In three of these tetrads one of the
flanking HIS3 markers was also converted. Such events
require conversion tracts of 5 to 9 kb and span three large
heterologous DNA segments (the LEU2 and URA3 markers
and the 200-bp HIS3 deletion).
As shown in Table 1, 10/363 tetrads with nonparental

segregations for either LEU2, URA3, or HIS3 were identi-
fied when homologous exchange between 1800 fragments
was examined. By genetic and restriction enzyme and
Southern blot analysis, five of these nonparental segrega-
tions were shown to be due to a reciprocal exchange in the
1.4 kb of DNA between LEU2 and URA3 (data not shown).

The genetic distance between LEU2 and URA3 in the cross
is 0.7 cM. One of the remaining five nonparental segrega-
tions resulted from a gene conversion event in which LEU2
segregated 3+:1- while URA3 segregated 2+:2-. The other
four events were due to rearrangements of the flanking HIS3
sequences and did not involve LEU2 or URA3 (Table 1).
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FIG. 4. Restriction enzyme and Southern blot analysis of the

four spores from recombinant (lanes c through f) and nonrecombi-
nant (lanes g through j) tetrads. BamHI digests of DNA isolated
from the parental strains (lanes a and b) and from the four spores of
the tetrads (lanes c throughj) were run on a 1.2% vertical agarose gel
and transferred to nitrocellulose. Hybridization was carried out with
nick-translated pHLAV as a probe. The 7.3-kb fragment present in
all lanes digested with BamHl derives from the mutant LEU2 locus
on chromosome 111. Spores a and c (lanes c and e, respectively) in
the recombinant tetrad are parental in genotype and restriction map
at the HIS3 locus. Spores b and d (lanes d and f, respectively) are
the reciprocal products of a cross-over event in the vicinity of the
5',B fragment and have nonparental restriction maps (see text). In the
nonrecombinant tetrad (lanes g through j), only the two parental
patterns are seen. Lanes k through p, EcoRI digests. Lanes k and 1,

LEU2 and URA3 haploid parents, respectively. EcoRI digests of the
DNA from the same recombinant tetrad (lanes m through p) reveal
fragments at 6.4 kb (spore b, lane n) and 5.0 kb (spore d, lane p) that
are unique to the recombinant configurations.
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We next examined homologous exchange between chro-
mosomes carrying the MG-1 fragment. Of 443 asci dissected
and examined for segregation of the LEU2, URA3, and HIS3
markers, 33 tetrads with nonparental segregation patterns
were identified (Table 1). By genetic and Southern blot
analysis, 23 of these were shown to be due to a reciprocal
exchange within the 2.5 kb of DNA between LEU2 and
URA3. All 23 of the nonparental segregations listed in Table
1 that were identified as reciprocal exchanges by their
marker segregation patterns showed identical tetratype pat-
terns of restriction fragment association by Southern blot
analysis. Nine of the 33 nonparental segregations involved
gene conversion of either LEU2 or URA3 sequences.
The genetic distance between LEU2 and URA3, when

MG-1 is inserted between them, is 2.6 cM (Table 1). This is
the largest distance observed when the three P-globin frag-
ments are compared. As compared to the 5'p fragment,
which is virtually identical in length to MG-1 (both are 1.9
kb), reciprocal exchanges in the vicinity of the MG-1 inser-
tion occur 3.7 times more frequently. Chi-square analysis
indicates that the frequency of reciprocal exchange in the
MG-1 experiment is significantly greater than the frequen-
cies observed for either the 5'3 (P < 0.005) or 1800 (P <
0.005) fragments. To determine whether the high frequency
of exchange associated with the MG-1 insertion was depen-
dent on a particular orientation, we inserted this fragment
into both pHLAV and pHUAV and subsequently into ho-
mologous yeast chromosomes at the HIS3 locus in the
opposite orientation (MG-1 opp, Table 1). In 133 tetrads
examined, six reciprocal exchanges in the LEU2-URA3
interval were identified. Although fewer tetrads were exam-
ined, the calculated map distance is very close to the
distance obtained from the frequency of exchanges when
MG-1 is in the original orientation (MG-1, Table 1). This
frequency of exchange is also significantly greater than when
the 5',B fragment (P < 0.005) or 1800 fragment (P < 0.005)
was studied. Based on restriction enzyme mapping of the
transforming plasmids (data not shown), it can be shown that
the 5',B and 1800 fragments were inserted into pHLAV and
pHUAV in the same orientation relative to each other as
they are found in the human ,B-globin locus (36). Of the two
orientations of the MG-1 fragment studied, MG-1 opp (Table
1) is the cross in which the MG-1 fragment lies in the same
orientation relative to 5', and 1800 as it does in the human
genome (36).
Long tracts of the alternating purine-pyrimidine sequence

d(TG * AC), have been postulated to be initiation sites for
genetic exchange (see below). We sought to determine
whether the sequence d(TG * AC)17 that is found within
MG-1 contributes to the high frequency of exchange associ-
ated with this fragment. A deletion derivative of the MG-1
fragment was created in vitro by removing a 240-bp HindIII-
AccI restriction fragment that contains the d(TG - AC)17
sequence. This derivative does not hybridize to a nick-
translated probe of pure d(TG * AC), (data not shown).
However, it does contain the other two short runs of
d(TG * AC),n where n = 5 and 7. These are located at
positions -430 and -930, respectively, relative to the
d(TG * AC)17 stretch (36). An additional sequence of 11 bp of
alternating purine-pyrimidine residues is found at position
-530 (36). The loss of the longest d(TG * AC),, sequence has
no effect on the recombination efficiency of MG-1. Fifteen
reciprocal exchanges (tetratype asci) were observed in 295
segregations examined when the MG-1 deletion derivative
was inserted at the HIS3 locus (Table 1). This can be
translated into a genetic distance for the LEU2-URA3 inter-
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val of 2.5 cM, roughly the same as when the intact, 1.9-kb
MG-1 fragment was studied (P > 0.9) and significantly higher
than when either the 5'3 or 1800 fragments were examined
(both P values <0.005).
Also listed in Table 1 are data from 420 tetrads dissected

and analyzed for LEU2, URA3, and HIS3 marker segrega-
tion when no exogenous DNA was inserted into the BamHI
site between LEU2 and URA3. Fifteen aberrant segregations
of the marker genes were identified. Six of these events
involved LEU2 or URA3 sequences. Only one of these was
due to a reciprocal exchange in the 0.62 kb of pBR322
between the LEU2 and URA3 marker sequences (data not
shown). In this cross, the most common events involving
LEU2 and URA3 were nonreciprocal gene conversion
events which exhibited 3 + :1 - or 1 + :3 - segregations for these
markers.

Considering all events involving LEU2 or URA3 se-
quences (combining data in Table 1 for reciprocal exchanges
in the LEU2-URA3 interval with all gene conversions for
LEU2 or URA3), the frequencies of such events in crosses
involving MG-1 are significantly greater than the frequencies

observed for the 1800, 5'p, and "no-insert" crosses (all
probability [P] values <0.005). Tetratype asci resulting from
reciprocal recombination in the LEU2-URA3 interval were
observed in all of our crosses, and since this frequency
allows one to calculate the genetic distance between LEU2
and URA3 (28), it is a very useful parameter to use in
comparing the ,B-globin fragments for their ability to partic-
ipate in meiotic recombination.

DISCUSSION
We have analyzed three contiguous DNA fragments from

the human P-globin locus for their ability to engage in
homologous meiotic recombination at identical positions in a
yeast chromosome. Our data indicate that the 1.9-kb MG-1
fragment expands the genetic map between very closely
linked marker genes by a factor of 3.7 as compared to the
1.9-kb 5'3 fragment (2.6 cM versus 0.7 cM). As compared to
the smaller, 0.8-kb 1800 fragment, MG-1 expands the genetic
map by a factor of 3.7 (2.6 cM versus 0.7 cM). In this paper
and other studies presented elsewhere (D. Treco and N.
Arnheim, manuscript in preparation), we demonstrate that
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the physical distance between LEU2 and URA3 is a poor
indicator of the genetic distance between them. The MG-1
and 5'I fragments are identical in size; however, they differ
significantly in their ability to engage in reciprocal exchanges
(P < 0.005). Likewise, 5'P and 1800 differ in size but show no
significant difference in their ability to recombine (P > 0.9).
By comparing the genetic distance between HIS3 (left) and
HIS3 (right) with the genetic distance between LEU2 and
URA3 (Table 1), we can calculate that the 5.3 kb of HIS3 and
pBR322 DNA outside the LEU2-URA3 interval contributes
1 cM or less to the total map distance between HIS3 (left)
and HIS3 (right). In other experiments (Treco and Arnheim,
in preparation) we show that the addition of sequences
consisting entirely of the repeating dinucleotide
d(TG * AC),, which are on the order of 0.1 kb in length, to
the 0.62 kb of pBR322 DNA between the LEU2 and URA3
genes results in approximately a sevenfold increase in map
distance. It is therefore difficult to directly compare I800
with MG-1 and 5',. However, we can compare each frag-
ment in terms of the map distance it contributes per kilobase
of DNA between the two marker genes. By calculating such
a specific recombination efficiency parameter for each seg-
ment of DNA (Table 1), we see that MG-1 sequences
contribute 1.0 cM/kb to the LEU2-URA3 interval, whereas
1800 sequences contribute only 0.46 cM/kb. The specific
recombination efficiency of the 5',B fragment is not much
greater than that of the pBR322 sequences present in the
no-insert experiment (0.28 cM/kb compared to 0.19 cM/kb).
As compared with an average value relating map distance to
physical distance in S. cerevisiae (0.4 cM/kb; 42, 52), MG-1
is much better than average, I800 is approximately average,
and 5'p is below average in the ability to engage in reciprocal
exchanges.

It is important to note that the LEU2 and URA3 sequences
positioned as marker genes can be thought of as large
insertions ofDNA that are opposite nonhomologous pBR322
sequences. In other organisms, regions of nonhomology are
known to influence the frequencies and patterns of
heteroduplex formation and gene conversion in adjacent
homologous intervals (12, 17, 25). Nonhomology could also
influence the exchange pattern and the overall frequency of
recombination in the LEU2-URA3 intergenic region where
we have positioned the ,-globin fragments. The frequency of
exchange is not particularly low, however, since none of the
values reported here for centimorgans per kilobase are less
than one half of the published average of 0.4 cM/kb. The
potential effects that heterology may have on the mode of
resolution of gene conversion events that initiate in the
LEU2-URA3 interval have not been clearly established.
However, since each cross is subject to the same effects, a
direct comparison of recombination frequencies between
crosses should be meaningful. We therefore feel that the
differences in specific recombination efficiencies between
DNA sequences in the same chromosomal environment
during meiosis reflect inherent differences in the ability of
different DNA sequences to engage in homologous recom-
bination. We would like to point out that the large heterolo-
gies do not have a major effect on recombination in the
adjacent chromosomal regions. In all of the crosses, the
ADE2 locus is heterozygous, which permits us to calculate
the genetic distance between ADE2 and HIS3. In every case,
regardless of whether plasmid inserts were present at the
HIS3 locus, the genetic distance was approximately 39 cM,
the same as in the absence of the heterologies (data not
shown).

Borts et al. (7a) have made a rather striking observation

using a similar experimental strategy. When URA3 was
positioned within pBR322 sequences flanked by a
nontandem, direct duplication of the MAT locus on chromo-
some III, reciprocal meiotic exchange within the inserted
DNA leading to recombined flanking MAT alleles occurred
in up to 20% of all tetrads examined. When neither of the
chromosome III homologs carried a URA3 sequence, recip-
rocal exchange was only observed in 5.6% of all tetrads, but
a partial stimulatory effect was observed when the URA3
sequence was heterozygous. In experiments in which we
studied recombination near the URA3 gene when it was
positioned between a nontandem, direct duplication of the
HIS3 locus on chromosome XV, reciprocal exchange be-
tween the duplicated sequences was observed in only about
2.5% of all tetrads examined (Table 1, no-insert experiment).
The most obvious difference between the two intervals being
monitored, aside from their distinct chromosomal locations,
is the fact that in addition to the URA3 heterozygosity, all of
our crosses also have LEU2 as a tightly linked heterozygous
marker. The 2.2-kb LEU2 heterology near the URA3 gene
may obscure the ability of the URA3 gene to stimulate
recombination. Alternatively, recombination in the vicinity
of the HIS3 locus may normally be very rare, and URA3 is
inefficient in promoting exchange when located there. The
MG-1 fragment, however, is capable of raising the frequency
of exchange when inserted at the HIS3 locus.
We initially chose the 5',B fragment for our studies because

previous work demonstrated that the polymorphic Hinfl site
within this fragment is not in disequilibrium with either the 5'
or 3' framework, or to a polymorphic marker lying 700 bp 3',
suggesting that it lies in a region of relative sequence
randomization (22). This fragment was the least recom-
binogenic of the three f-globin fragments tested. Thus,
although this fragment may be near a hot spot for recombi-
nation (22), the hot spot could lie at some distance 5' or 3' of
this region and still generate sequence randomization in the
vicinity of the Hinfl site.
The ability of the MG-1 fragment to participate in frequent

genetic exchanges due to the presence of runs of alternat-
ing purines and pyrimidines capable of forming Z DNA (30,
34, 40, 47) was suggested by other studies implicating
d(TG * AC), in promoting recombination events in mamma-
lian cells (11, 23, 37, 48, 53). However, our data show that a
deletion derivative of MG-1 lacking the d(TG * AC)17 se-
quence is still able to recombine efficiently in S. cerevisiae,
suggesting that additional sequence(s) within the MG-1 frag-
ment must play a dominant role in its genetic behavior in this
organism. Such sequences may include the three additional
short stretches of alternating purines and pyrimidines (11,
12, and 15 bp) that also exist in this fragment. In fact, in
experiments to be reported elsewhere (Treco and Arnheim,
in preparation), a region of DNA that consists only of a
150-bp-long stretch of d(TG - AC)n was found to be fre-
quently involved in reciprocal recombination during yeast
meiosis, independent of unique ,-globin sequences; in addi-
tion, it generates unusual classes of recombinant tetrads
when heterozygous.

Although our data on the MG-1 fragment in S. cerevisiae
are consistent with the presence of a hyperrecombinogenic
region in this fragment in the human genome, we have no
specific evidence that yeast cells and human cells recognize
the same recombination signals. It is important to note,
however, that analysis of the population genetics data on the
restriction fragment polymorphisms in the ,B-globin cluster
suggests that even as little as a threefold-higher frequency of
recombination in a hot spot relative to surrounding segments
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could account for the linkage equilibrium between the 5' and
3' frameworks (9). In this regard it will be interesting to
analyze other suggested recombination hot spots in our
system. In any case, our approach has great promise in
dissecting the recombinogenic nature of sequences such as
MG-1 which recombine very efficiently in yeast meiosis. Our
hope is that this novel system for the study of genetic
recombination can be used to elucidate the molecular basis
for the differences we observed in the ability of different
DNA sequences to engage in homologous recombination.
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