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Recombination of Dispersed
Repeated DNA Sequences in Yeast

Stewart Scherer and Ronald W. Davis

Dispersed, repeated gene families
have been found to be a general feature
of eukaryotic genomes. Some, such as
the actin genes of Drosophila (I) or the
yeast histone genes (2), are multiple cop-
ies of structural genes, while others are
organized like the transposable elements
of bacteria (3). This latter class, includ-
ing the copia genes of Drosophila (4) and

tenance of sequence homogeneity among
the members of the tandemly repeated
families are not suited to the problem of
the dispersed family. It has been sug-
gested that reciprocal recombination
between the members of a dispersed re-
peated sequence family may play a role
in the inversions, translocations, and de-
letions of eukaryotic chromosomes.

Summary. Yeast transformation can be used to insert new sequence arrangements
into a variety of chromosomal locations by homologous recombination. These newly
inserted sequences can recombine with similar sequences located on other chromo-
somes. In these events, information is duplicated without being lost at the site from
which it is derived. Similar mechanisms might be utilized by cells to provide new
functions during development or differentiation.

the Ty1 family in yeast (), seems to be
capable of relatively rapid movement
throughout the genome of its host. The
integrated copies of the RNA tumor
viruses share many structural similari-
ties with these mobile dispersed families
©).

Recombination among the members of
tandemly repeated sequence families has
been proposed as a major mechanism for
their evolution (7). However, the mecha-
nisms that have been proposed for main-
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Analysis of multigene families at the
molecular level is complicated by the du-
plication of genetic information and by
the hybridization between the DNA se-
quences coding for the various members
of the family. A mutation in a single
member of a large family may have no
scorable phenotype. It is also difficult to
assess the relative levels of transcription
of each member of the family, as the
transcripts are often indistinguishable
except at the level of nucleotide se-
quence.

Transformation of yeast with DNA
containing new sequence arrangements
provides a mechanism for addressing
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many questions involving dispersed, re-
peated gene families. One can construct
molecules that have selectable markers
within or adjacent to a cloned, dispersed
repeated element. This permits identifi-
cation of a particular member of such a
family. Also, one can introduce addition-
al copies of sequences of known function
to construct new dispersed gene fami-
lies.

We have found that Ty 1 sequences can
recombine homologously during trans-
formation experiments. Since Tyl ele-
ments are dispersed throughout the yeast
genome, the inclusion of Ty1 sequences
in the transforming DNA allows one to in-
troduce a particular sequence into a vari-
ety of chromosomal locations. Unusual
genetic behavior by these novel se-
quence arrangements may provide ap-
proaches for such problems as position
effects and the influence of transposable
elements on the expression of neighbor-
ing genes.

Here we show that sequences in-
troduced at several chromosomal loca-
tions can recombine with homologous
sequences on a different chromosome.
The events we observed are asymmetric
(gene conversion); information is dupli-
cated without being lost from its original
location. The recombinational events oc-
cur when one copy of the sequences con-
tains a deletion or a rearrangement. This
suggests that the generalized recombina-
tion systems of the host can be utilized to
transfer sequence information from one
chromosome to another. These results
also show that the recombination of
dispersed repeated sequences is not
limited to those organized as transpos-
able elements. In many organisms there
are examples of similar unlinked copies
of structural genes coding for a wide
variety of enzymes. Recombination of
dispersed, related coding sequences
might be an additional mechanism for
providing new functions for a cell dur-
ing development or in evolutionary
time.
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Yeast Transformation Experiments

Since the original demonstration of
transformation of yeast cells with DNA
by Hinnen et al. (8), several mechanisms
for the maintenance of the newly in-
serted sequences have been described.
The basic method for introducing DNA
molecules into yeast cells, however, has
remained largely unchanged, and a simi-
lar procedure has proven successful for
Neurospora (9). Briefly, the yeast cell
wall is removed enzymatically and the
resulting spheroplasts are incubated with
DNA in the presence of calcium chlo-
ride. Polyethylene glycol is added to
stimulate the uptake of DNA, and the
spheroplasts are plated under conditions
that stabilize them until fully viable cells
can be regenerated.

The fraction of cells that becomes
transformed is small. If the DNA mole-
cules being used can be replicated by the
cell, between 1072 and 10 of the re-
generated spheroplasts become trans-
formed. Autonomous replication of cir-
cular DNA is made possible by addition
of a segment of the endogenous yeast
plasmid (/0) or a chromosomal origin of
replication to the transforming DNA
(11). If the transforming DNA cannot
replicate autonomously but has homolo-
gy to the yeast chromosomal sequences,
it can be integrated by homologous re-
combination. This occurs in about 107 of
the viable cells in a typical experiment.

Because the fraction of regenerated
spheroplasts that become transformed is
small (especially when the transforming
DNA cannot replicate), a strong selec-
tion must be applied to identify the trans-
formed cells. The vector usually carries
a wild-type biosynthetic gene (ura3 in
these experiments) and the host carries a
nonreverting mutation for that function
(in this case a deletion, ura3-52). The
vector used here, YIp5 (Fig. 1), contains
a small fragment of DNA with the ura3
gene inserted into a nonessential region
of the commonly used Escherichia coli
vector pBR322. Yeast strains containing
the ura3-52 deletion are missing most of
the yeast sequences contained in YIpS.
The remaining homology between the
vector and the yeast genome is suffi-
ciently low that no transformants have
been detected when YIp5S is used to
transform yeast strains containing the
ura3-52 deletion. Without any inserted
sequences, YIpS will not replicate au-
tonomously in yeast cells. We use this
plasmid to determine whether the in-
serted sequences are sufficiently homol-
ogous with the chromosomes to allow in-
tegration of the transforming DNA and
for selecting transformants containing
new sequence arrangements.
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Transformation with an
Intact Ty1 Element (D15)

The Ty1 element of yeast described by
Carmeron et al. (5) contains a 5300-base
pair (bp) internal region flanked by direct
repeats of about 350 bp. These end re-
peats are called 8 sequences and are
found at many additional sites in the
yeast genome not associated with Ty1 se-
quences. The function of the Tyl se-
quences in yeast is unknown.

Several intact Ty1 elements have been
isolated from yeast as Hind III fragments
cloned in phage A (5). Each of these
cloned Tyl fragments has a small frag-
ment of unique yeast DNA at each end of
the Tyl sequences.

A prototype Tyl element, D15, was in-
serted into YIpS5 at the Hind III site of

the vector. The hybrid molecules trans- °

form a ura3-52 yeast strain, YNN36, to
Ura* at a low frequency (~ 107° viable
cells). The transformants are relatively
stable, a phenotype strongly correlated
with integration of the transforming
DNA into a chromosome (8). Thus the
Tyl sequences in D15 do not replicate
autonomously and, therefore, apparently
do not contain a yeast chromosomal ori-
gin of replication (/1, 12). In related
work involving other YIpS-Ty1 recombi-
nant molecules, we examined the genetic
behavior of the transforming DNA (/3).
In crosses with an appropriately marked
strain, the ura3 gene in the vector se-
quences showed the segregation pattern
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expected from integration of the trans-
forming DNA into the chromosomes.

Twelve independent transformants
were analyzed by the method of South-
ern (/4) to determine the site of in-
tegration of the transforming DNA into
the chromosomes. The DNA of the
transformants was cleaved with Hind III
endonuclease and the fragments were re-
solved by agarose gel electrophoresis.
(Most Ty1 elements do not have sites for
Hind III endonuclease.) After transfer to
nitrocellulose, this DNA was hybridized
with **P-labeled DNA of cloned internal
Tyl sequences. In this set of transfor-
mants, the transforming DNA was in-
tegrated into the yeast genome at eight
distinguishable sites. In six, the DNA
was clearly integrated into a restriction
fragment containing Tyl sequences be-
cause the integration event changed the
size of one restriction fragment hybrid-
izing with a Tyl probe. Some transfor-
mants simply contained an additional
fragment homologous with a Ty 1 hybrid-
ization probe, while others showed no
obvious change in the Tyl hybridization
pattern; however, they did contain the
vector DNA sequences.

In the cases in which the transforma-
tion event altered a restriction fragment
containing Tyl sequences, we demon-
strated that the integration event was
mediated by Tyl sequences. The ge-
nomic DNA of the transformants was
cleaved with an enzyme that cuts within
both the Tyl sequences and the vector

Fig. 1. Structure of the molecules used in the
experiments. D15 is a prototype Ty1 element;
it is a Hind III fragment of 8.45 kb. The dark-
ened arrows represent the & sequences at the
ends of Tyl and the spotted areas are the in-
ternal sequences. D15 was cloned into YIpS
(16), shown at right at the Hind III site; the &
sequences point clockwise. D15A2 was con-

structed by deletion of the two internal Bgl II fragments, Sc2937 and Sc2938. The two internal
fragments were cloned into the Bam HI site of YIp5. The Tylhis3 hybrid element was con-
structed by insertion of a Bam HI fragment containing a promoterless his3 gene, A2639 (22), at
the remaining Bgl II site of YIp5-D15A2. The his3 gene- is transcribed counterclockwise in
YIpS5-Sc2923, as is the major Tyl transcript (I5). The restriction endonuclease cleavage sites
indicated for YIpS are R, Eco RI; H, Hind III; B, Bam HI; S, Sal 1.

Fig. 2. Recombina-
tion of tandem 7yl
elements in a chromo-
some. (A) The struc-
ture generated when
the YIp5-D15 hybrid
molecule recombines
with a Tyl element in
a chromosome. The
duplicated Tyl se-
quences are separated
by the vector se-
quences  containing

the ura3 gene. The bacterial sequences are shown as a double line. Recombination between the
tandem Tyl elements restores the untransformed configuration. (B) The structure of certain
tandem Ty1 elements found in the yeast genome. One might expect these structures to recom-
bine at a rate similar to that for the nontandem elements shown in (A).
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sequences (Eco RI or Pst I). Fragments
identical in size with those of the trans-
forming DNA were observed. If the re-
combinational event that integrated the
transforming DNA involved nonhomol-
ogous DNA, this would not have been
the case. In addition, Ty1 is polymorphic
with regard to the number of Eco RI sites
in the element. Some of the transfor-
mants showed the hybridization pattern
expected on integration of the trans-
forming DNA by 7yl homology into
known Ty1 variants (/3).

None of the transformants integrated
the transforming DNA via the unique
flanking sequences in DI15. Strain
YNN36 does not have a Tyl element at
the homologous chromosomal location
of D15. However, it probably has one &
sequence at this site (/5). Integration at
the D15 locus by homologous recombi-
nation of the sequences flanking the Tyl
in D15 would produce a fragment identi-
cal in size with the cloned D15 segment.
The fact that no such fragment was
found indicates that the transforming
DNA did not integrate into these se-
quences.

Analysis of this type is complicated by
the large number of preexisting Tyl se-
quences, the unknown restriction endo-
nuclease cleavage patterns of the DNA
flanking the various Tyl elements in
yeast, sequence polymorphism within
Tyl (5), and the possibility of coinciden-
tally sized fragments. The transformants
with DNA not readily assigned to Tyl
sites may have DNA integrated by Tyl
homology and may not have been detect-
ed for any of these reasons. Alternative-
ly, the transforming DNA might have
been integrated at one of the many & se-
quences not adjacent to a Tyl. Non-
homologous recombination cannot be

Ty1/his3A2639

his3A1

Ty1/his3A2639

hisa*

Fig. 3. Recombination between unlinked his3
sequences. The his3 sequences in the Tylhis3
hybrid recombine with the his3 sequences at
the normal chromosomal location, his3-Al.
Selection for His* allows identification of the
cells where the event occurred. All revertants
tested were indistinguishable. A mitotic gene
conversion event occurred that resulted in an
intact his3 gene on chromosome XV with no
change in the Tylhis3 sequences. The func-
tional his3 promoters are indicated with cir-
cles; the his3 coding sequences, with bars.
The wavy line indicates the sequences adja-
cent to his3 on chromosome XV. Other sym-
bols are described in the legend to Fig. 1.
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excluded by the data presented here, but
it is probably not the major mechanism
for integration of the transforming DNA.
Integration by Ty 1 sequence homology
should be a reversible process. Accord-
ingly, one of the transformants obtained
with YIp5-D15 that had clearly been in-
tegrated by 7y 1 homology was tested for
the ability to revert spontaneously to
Ura~. After ten generations of non-
selective growth, three of 1000 colonies
tested were Ura™. Hybridization analysis
revealed that all three had exactly re-
versed the original transformation event.
This event is outlined in Fig. 2A. Evi-
dence has been obtained for similar di-
rect repeats of 7y1 elements in the yeast
genome by identification of clones con-
taining circularly permuted Tyl se-
quences (5). One would expect such
structures to delete an intact element
(Fig. 2B). If these Tyl elements lack an
origin of replication (as did the clone
tested here) and these circular products
fail to integrate back into the genome,
they would be diluted out of the popu-
lation. Either there is a selective advan-
tage for yeast strains with tandem Tyl
sequences, or some mechanism must ex-
ist to generate them at a high frequency.

Transformation with Internal
Segments of Tyl

The experiments described above
show that the Ty1 sequences can recom-
bine homologously during transforma-
tion. The & sequences at the ends of Ty1
or the internal Tyl sequences could be
mediating these events. Evidence for the
recombination of 8 sequences during mi-
totic growth has been obtained by exami-
nation of spontaneous deletions of a
transfer RNA gene (/6). We tested two
internal restriction fragments of Tyl,
Sc2937 and Sc2938 (Fig. 1), for the abili-
ty to provide homology to integrate
YIpS. Both gave ‘‘stable’’ transformants
at a frequency slightly lower than the in-
tact D15 fragment. Therefore, the inter-
nal Ty1 sequences can recombine during
mitotic growth of yeast cells.

Transformation with a
Ty1lhis3 Hybrid Element

To avoid the complexity of the analy-
sis of the transformants generated with
YIp5-D15, a hybrid element, Sc2923,
was constructed (Fig. 1). It contains the
ends of Tyl and a his3 gene with a dele-
tion of its promoter (/3). The his3 se-
quences replace a large internal segment
of Tyl. After this hybrid element is in-

troduced into yeast, the location and
transcription of this particular Tyl ele-
ment can be distinguished from other
Tyl elements in experiments in which
his3 sequences are used as the hybridiza-
tion probe. The transformants now con-
tain two distinguishable his3 genes, one
at the normal chromosomal location and
the other at any of the sites where the
Ty1 sequences in the hybrid element can
recombine during transformation.

The hybrid element was used to gener-
ate transformants of YNN36 or YNN37,
another yeast strain with the «ra3-52 mu-
tation. The his3 gene in YNN36 contains
a deletion of ~ 150 bp in the structural
gene (defined as his3-Al). Strain YNN37

near hisl e s a— g

«Tyl/his3

s «his3*

his3=Al - —

s - Ty1/his3

Fig. 4. Hybridization to his3 sequences in
strains where the unlinked his3 sequences
have recombined. All DNA samples were
cleaved with Pst I endonuclease, elec-
trophoresed in a 0.7 percent agarose gel,
transferred to nitrocellulose, and probed with
sequences from the Bam HI fragment contain-
ing his3 (23). Since there is a Pst 1 site in the
his3 Bam HI fragment, two fragments are la-
beled in lane 1, untransformed YNN36. The
smaller fragment contains the his3 sequences
of his3-A1, and the large fragment contains se-
quences beyond the 3’ end of the his3 gene.
Lane 2 is DNA of a transformant of YNN36
with YIp5-Sc2923. Two new bands appear.
The smaller fragment contains the his3 coding
sequences in the hybrid element (identical in
size with the transforming DNA) and the oth-
er derives from sequences beyond the 3’ end
of his3 in the hybrid element. The remaining
lanes contain DNA from His* revertants se-
lected from the strain shown in lane 2. The
sequences derived from the his3 locus on
chromosome XV have increased in size; the
Al allele has been gene-converted to wild
type. The fragments derived from the hybrid
element are unchanged; therefore, the event
was asymmetric. These digests do not deter-
mine whether a reciprocal translocation oc-
curred. Appropriate digests are shown in Fig.
6.
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has a rearrangement at the his3 locus
consisting of a substitution of 2.55 kbp of
DNA from the GAL 1, 7, 10 region on
chromosome II for the same 150 bp de-
leted in YNN36 (defined as his3-R1) (17).
As was the case with the normal Ty1 ele-
ment, the hybrid element integrates into
a variety of sites in the yeast genome.
Transformants of YNN36 or YNN37
with YIp5-Sc2923 are His™, except in the
rare event that integration has occurred
at the his3 locus and an intact his3 gene
is reconstructed.

The Ty1lhis3 Hybrid Converts
Deletions and Rearrangements at his3

All transformants of YNN36 or
YNN37, with one copy of YIp5-Sc2923
integrated at a variety of chromosomal
locations, revert spontaneously to His*
at a frequency of about 1077 cells in an
exponential population. This even has
been characterized by a variety of tech-
niques. First, the level of his3 expression
has been assessed approximately by the
observation that yeast strains with a
wild-type his3 gene are resistant to the
histidine analog aminotriazole (/8). Cells
that express his3 at a low level are sensi-
tive to the drug. Second, the functional
his3 gene was mapped by genetic tech-
niques. The his3 and ura3 genes of yeast
are normally on different chromosomes.
If the his3 gene in the hybrid element had
become functional, His* and Ura* would
be tightly linked in a cross with an appro-
priately marked strain. This result was
not found; the functional his3 gene was
not linked to the ura3 gene in the vector.
Finally, since the two his3 genes are
marked by deletions and rearrange-
ments, the sizes of the transcription
products and the restriction fragments
containing the coding sequences are eas-
ily distinguished.

All the lines of evidence lead to a
single conclusion. The two unlinked his3
genes recombined and reconstructed a
functional gene at the normal his3 locus
by mitotic gene conversion (Fig. 3). The
data presented in Fig. 4 show that the
recombinational event was not symmet-
ric. The fragment containing the his3 se-
quences on chromosome XV increased
in size by the expected 150 bp, while the
fragments from the Tylhis3 hybrid ele-
ment remains unchanged. Similar results
are obtained with the his3-R1 allele in
YNN37 (Fig. 5).

Fink and Styles (/9) examined gene
conversion of deletions at his4. In their
experiments, recombination was largely
asymmetric, and outside markers were
exchanged in about half of the events.
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10 Fig. 5. Gene conversion of a
mutation that is a substitution
of nonhomologous DNA. The
DNA used here was digested
with Eco RI and treated as de-
scribed in the legend to Fig. 4
(23). Lane 1 shows the size of
the wild-type his3 gene. Lane
2 shows the larger his3-R1 al-
lele fragment. Lane 3 is DNA
from a transformant of YNN37
with YIp5-Sc2923. Lanes 4
through 6 contain DNA from
revertants of the strain shown
in lane 3. The fragment with
sequences from the normal his3
locus has been gene-converted
to wild type, while the band
arising from the hybrid element
is unchanged. Lane 7 shows
DNA from another transfor-
mant of YNN37 generated with
YIp5-Sc2923. The fragments
arising from the integration of
the transforming DNA are of a
different size than those in lane

= Ty1/his3

3, indicating integration at a different site in the yeast genome. The remaining lanes show DNA
from three revertants derived from the second transformant.

Hybridization experiments (Fig. 6) have
not identified any translocation-contain-
ing strains arising from the events de-
scribed here; however, the relative di-
rections to the centromeres from the his3
gene on chromosome XV and from the
his3 gene in the hybrid element are un-
known. The exchange of outside se-
quences might produce dicentric and
acentric chromosomes and be a lethal
event.

Interchromosomal Recombinational
Events Not Involving Ty1 Sequences

In all the experiments described
above, one of the his3 genes was located
within a Ty1 element. This configuration

Do 3 iedi s B8 L9 =0

Tyl/his3  we we il = GBS0 & o W
hi53+ il L
his3-Al

is not required for the interchromosomal
recombinational events to occur. Two
other types of configurations were test-
ed. First, the same his3 fragment that
was used to construct the hybrid element
was inserted outside instead of within
the D15A2 sequences (Fig. 1). The his3
sequences in this molecule are located
~ 2000 bp from the end of the Tyl se-
quences. This hybrid molecule can insert
into a variety of sites in the yeast genome
on transformation. Three transformants
of YNN36, containing this new plasmid
integrated into different chromosomal
sites, gave rise to His* recombinants at
the same frequency as with the Tylhis3
hybrid. Second, the same promoterless
his3 fragment was cloned into a YIp5 re-
combinant containing sequences from

Fig. 6. The interchromosomal recombination-
al events were not associated with reciprocal
translocations. The DNA in this figure was
cleaved with Bam HI endonuclease, elec-
trophoresed, transferred to nitrocellulose,
and probed with pBR322-Sc2676 (the his3
Bam HI fragment). Lane 1 contains DNA
from YNN36 and shows the size of the Bam
HI fragment containing the his3-Al allele.
Lane 2 is a transformant of YNN36 with
YIp5-Sc2923. The remaining lanes contain
DNA from revertants of the strain shown in
lane 2. The revertants have had an increase in
size of the Bam HI fragment on chromosome
XV to that of wild type (1.75 kbp). The large
fragment containing sequences from the hy-
brid element is greater than 10 kbp. If a recip-
rocal translocation had occurred, a fragment
of about 8 kbp would be expected near the
center of the gel. (The structure of the in-
tegrated DNA was determined with other hy-
bridization experiments. The predicted 8-kbp

fragment would derive from the 5’ end of the Ais3 locus on chromosome XV and the 3’ end of
the hybrid element extending to the Bam HI site in YIp5.)
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Fig. 7. Possible re- A
combinational events
involving  dispersed
repeated gene families.
(A) The means by
which a copy of a
dispersed  repeated
sequence (shaded area)
containing a mutation
(striped area) could re-
combine asymmetrical-
ly with another mem-
ber of the family and

convert it to the altered form. (B) The means by which an intact Tyl element could re-
combine with an isolated & sequence and result in additional Ty1 in the cell. The event would be
analogous to the gene conversion of a deletion mutation of kis3 (Fig. 3).

chromosome II near the gal gene cluster.
This new plasmid was introduced into
yeast and integrated near the gal genes.
These transformants give results similar
to those obtained with the Tylhis3 hy-
brid element in reversion experiments
3).

Discussion

Recombination of dispersed, repeated

DNA sequences provides a mechanism.

for gross chromosomal rearrangements.

Such recombinational events may play a

major role in the generation of deletions,
inversions, and translocations in eu-
karyotic chromosomes. Cameron et al.
() gave evidence for tandem Tyl ele-
ments in the yeast genome. If such tan-
dem repeats delete at a frequency similar
to that measured for nontandem repeats
here, there must be a mechanism to gen-
erate new tandem 7yl elements at an
equally high frequency, or some un-
known selective pressure to maintain
them.

Mobile dispersed sequences can move
genetic information to new sites in the
genome by transposition. The mobile
elements of eukaryotes are characterized
by short direct repeats at their ends. One
possibility for movement of the element
involves recombination through these re-
peats and excision of the element from
the chromosome. Such movement might
be facilitated by replication of the ex-
cised elements. We have found that the
intact Ty1 element does not appear ca-
pable of promoting autonomous replica-
tion during DNA transformation of
yeast.

When the recombinational events in-
volving dispersed repeated sequences
are not reciprocal, a mechanism is pro-
vided to maintain sequence homology
between the various members of the
gene family. Deleterious mutations could
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be corrected and beneficial mutations
could be spread rapidly among the family
by recombinational mechanisms (for ex-
ample, gene conversion) (Fig. 7A).

Several chromosomes contain Ty1’s
(15). 1t is unlikely that the second his3
gene would be on the same chromosome
as the normal Ais3 locus when it is in-
troduced into yeast through Ty 1 homolo-
gy. In experiments in which the second
his3 gene is inserted on chromosome II,
however, the chromosomal locations of
both his3 genes are known. In these ex-
periments, the gene conversion event
must involve sequences on two different
chromosomes.

One possible mechanism for the inter-
action of the his3 sequences on one
chromosome with the 4is3 sequences at
their normal location involves the ex-
cision of the transforming DNA from the
first location. Although these excision
events are easily detected, we do not be-
lieve they are involved in the events we
have observed. In thirty independent
events, the original inserted Ty 1his3 hy-
brid was retained when the intact his3
gene was reconstructed. Also, the recon-
struction of his3 was not associated with
an insertion of the vector sequences at
his3.

As shown in this article, nonreciprocal
recombination or mitotic gene con-
version can involve several Kkilobase
pairs of nonhomologous sequences (de-
letions, additions, or substitutions) and
can occur between different chromo-
somes. Such events might provide a
mechanism for the movement of a Tyl
element to a new location containing on-
ly a & sequence. Figure 7B illustrates this
movement, in which a single 8 sequence
is converted to a Ty1 element.

Recombination of homologous se-
quences flanked by or containing large
nonhomologies provides a mechanism
for certain sequence alterations general-
ly associated with ‘‘illegitimate’’ trans-

position events. Spontaneous mating
type interconversion in yeast would be
one example of such an event (3, 20).
The recently described structures of the
a and a mating type sequences show two
regions of homology at the ends sepa-
rated by nonhomologous sequences (20).
The low-frequency, spontaneous switch
of the information at the mating type
locus is analogous to the recombination-
al events described here involving the
his3Ty1 hybrid and the his3-R1 allele.
The three copies of the mating type in-
formation recombine reciprocally and
produce large deletions or ring chromo-
somes (2/). Also, complex recombina-
tional events are required for the con-
struction of the mature immunoglobin
genes in lymphocytes. Some of these
events may involve the recombination of
short homologous sequences. Asymmet-
ric events would not require that infor-
mation be lost during development. In-
formation could be duplicated to the var-
ious sites in the genome where it is re-
quired.

References and Notes

1. E. A. Fryberb, K. L. Kindle, N. Davidson, A.
Sodja, Cell 19, 365 (1980).

2. L. Hereford, K. Fahrner, L. Woldford, M.
Roshbash, D. B. Kaback, ibid. 18, 1261 (1979).

3. A. I. Bukhari and S. L. Adhya, Eds., DNA In-
sertion Elements, Episomes and Plasmids (Cold
Spring Harbor Laboratory, Cold Spring Harbor,
N.Y., 1977).

4. D.J. Finnegan, G. M. Rubin, M. W. Young, D.
S. Hogness, Cold Spring Harbor Symp. Quant.
Biol. 42, 1053 (1977).

5. J.R. Cameron, E. Y. Loh, R. W. Davis, Cell 16,
739 (1979).

6. S. Goff, personal communication.

7. T. D. Petes, Cell 19, 765 (1980); J. W. Szostak
and R. Wu, Nature (London) 284, 426 (1980).

8. A. Hinnen, J. B. Hicks, G. R. Fink, Proc. Natl.
Acad. Sci. U.S.A. 75, 1929 (1978).

9. M. E. Case, M. Schweizer, S. R. Kushner, N.
H. Giles, ibid. 76, 5259 (1979).

0. J. Beggs, Nature (London) 275, 104 (1978).

1. K. Struhl, D. T. Stinchcomb, S. Scherer, R. W.
Davis, Proc. Natl. Acad. Sci. U.S.A. 76, 1035
(1979).

12. D. T. Stinchcomb, K. Struhl, R. W. Davis, Na-

ture (London) 282, 39 (1979).

13. S. Scherer and R. W. Davis, in preparation.

14. E. Southern, J. Mol. Biol. 98, 503 (1975).

15. E. Loh, unpublished results.

16. R. Rothstein, Cell 17, 185 (1979).

17. S. Scherer and R. W. Davis, Proc. Natl. Acad.
Sci. U.S.A. 76, 4951 (1979).

18. M. Wolfner, D. Yep, F. Messenguy, G. R. Fink,
J. Mol. Biol. 96, 273 (1975).

19. G. R. Fink and C. A. Styles, Genetics 77, 231
(1974).

20. K. A. Naysmith and K. 7 .tchell, Cell 19, 753
(1980); J. R. Hicks, J. 7 . Strathern, A. J. S.
Klar, Nature (London) 28, 478 (1979).

21. D. C. Hawthorne, Gene. s 48, 1727 (1963).

22. K. Struhl and R. W. Dz vis, J. Mol. Biol. 136,
309 (1980).

23. The fragments used for hybridization probes
(the gift of J. Jaehning) were nick-translaled af-
ter purification on a preparative sucrose gradi-
ent. As a result, they hybridized weakly to frag-
ments containing the vector sequences from
which they were separated.

24, We thank J. Carlson and J. Widom for careful
reading of the manuscript. Supported in part by
NIH grant GM21891 and NSF grant 77-17859.
S.S. was a predoctoral fellow of the National
Science Foundation.

17 June 1980

SCIENCE, VOL. 209



	Article Contents
	p. 1380
	p. 1381
	p. 1382
	p. 1383
	p. 1384

	Issue Table of Contents
	Science, Vol. 209, No. 4463, Recombinant DNA (Sep. 19, 1980), pp. 1285-1456
	Front Matter [pp. 1285-1318]
	Recombinant DNA Revisited [p. 1317]
	A Revolution in Biology [pp. 1319-1321]
	DNA Sequence Data Analysis
	Steps toward Computer Analysis of Nucleotide Sequences [pp. 1322-1328]

	Structure of the Genes That do not Rearrange
	Structure and in vitro Transcription of Human Globin Genes [pp. 1329-1336]
	Mouse Globin System: A Functional and Evolutionary Analysis [pp. 1336-1342]
	At Least three Human Type α Interferons: Structure of α 2 [pp. 1343-1347]

	Structure of the Genes That Rearrange in Development
	Mapping of Heavy Chain Genes for Mouse Immunoglobulins M and D [pp. 1348-1353]
	Mouse Immunoglobulin D: Messenger RNA and Genomic DNA Sequences [pp. 1353-1360]
	DNA Sequences Mediating Class Switching in α-Immunoglobulins [pp. 1360-1365]
	Immunoglobulin Gene Rearrangement in Immature B Cells [pp. 1366-1369]

	Genes Whose Mission is to Jump
	Phase Variation: Evolution of a Controlling Element [pp. 1370-1374]
	The Origins of Gene Instability in Yeast [pp. 1375-1380]
	Recombination of Dispersed Repeated DNA Sequences in Yeast [pp. 1380-1384]
	Tumor DNA Structure in Plant Cells Transformed by A. tumefaciens [pp. 1385-1391]

	Engineered Mutagenesis
	Isolation of Mutants of an Animal Virus in Bacteria [pp. 1392-1396]
	Directed Deletion of a Yeast Transfer RNA Intervening Sequence [pp. 1396-1400]
	Chemical DNA Synthesis and Recombinant DNA Studies [pp. 1401-1405]

	Expression of Cloned Genes in New Environment
	Promoter Sequences of Eukaryotic Protein-Coding Genes [pp. 1406-1414]
	Altering Genotype and Phenotype by DNA-Mediated Gene Transfer [pp. 1414-1422]
	Expression of a Bacterial Gene in Mammalian Cells [pp. 1422-1427]
	A Technique for Expressing Eukaryotic Genes in Bacteria [pp. 1428-1430]
	Effect of Interferon-α1 from E. coli on Some Cell Functions [pp. 1431-1435]

	Glossary [pp. 1435-1436+1438]
	Back Matter [pp. 1437-1456]





