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Gene instability has intrigued scien-
tists since the early days of genetics. Un-
stable mutations were described in the
galactose region in Escherichia coli (1,
2), the white locus in Drosophila 3-5),
and at many different loci in maize 6, 7).
In each case a mutation in a normally
stable gene resulted subsequently in fre-
quent additional alterations in that gene.
The molecular basis for the sudden oc-
currence of high mutability of a nor-
mally stable gene remained obscure

elements can also promote deletion, in-
version, and transposition of adjacent
chromosomal DNA sequences (/2-14).
Many of the earlier reports of unstable
genes in bacteria can now be explained
by the presence of a transposable ele-
ment adjacent to the mutant gene (I5-
17).

Sequence analysis of DNA has re-
vealed important structural features of
the bacterial transposons. Terminal re-
peated sequences are common to all

Summary. Two unstable mutations at the his4 locus of yeast are due to the in-
sertion of the transposable elements Ty912 and Ty917 into the his4 regulatory region.
The two transposons are related, one being derived from the other by a substitution of
4000 base pairs of DNA. Element Ty912 includes identical terminal repeats, whereas
the terminal repeats of Ty917 are not identical. Transposition of Ty912 or Ty917 gen-
erates 5-base-pair duplications of the target DNA at either end of the element. Ex-
pression and reversion of a his4 gene containing Ty912 or Ty917 is controlled by
three unlinked regulatory genes. The properties of these regulatory genes are similar
to those described for the controlling elements in maize.

until the advent of recombinant DNA
techniques.

A combination of genetic and recombi-
nant DNA techniques has identified
transposable elements as the agents of
gene instability in bacteria &, 9). A
transposable element is a segment of
DNA capable of transposition intact
from one position in the genome to an-
other (10, 11). These transposition
events involve recombination between
nonhomologous DNA sequences and are
independent of the generalized recombi-
nation functions of bacteria. In trans-
position, the original copy of the trans-
poson is preserved; thus, transposition is
conservative. In addition to promoting
their own transposition, transposable
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transposable elements and are required
for transposition to occur (/2). These
repeats can be in direct or inverted orien-
tation with respect to each other. More-
over, at least two transposons, Tn3 (I8)
and Tn$S (19), encode transposase, a pro-
tein also required for transposition. A re-
markable feature of all bacterial trans-
posons is that, upon integration, they
generate a short oligonucleotide dupli-
cation of the target DNA at either end of
the element (/7).

The molecular analysis of gene insta-
bility in eukaryotes requires the same
technologies that were successful in the
study of bacterial transposons. The
cloned wild-type gene, together with
strains containing unstable mutant forms
of the gene, are the reagents necessary
for elucidating the instability. The so-
phisticated genetic system of Saccharo-
myces cerevisiae makes this yeast an
ideal eukaryote for studies of gene insta-
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bility. Furthermore, yeast transforma-
tion technology facilitates the cloning of
both wild-type and mutant genes (20).
We have studied the kis4 region of yeast
because we have the cloned wild-type
HIS4" gene and because we have iso-
lated many thousands of his4 mutations
@1, 22).

The wild-type his4 region of yeast
DNA is extremely stable in standard lab-
oratory strains. Analysis of independent
interbreeding stocks of S. cerevisiae
indicates that his4 is linked to leu2
and MAT (mating type) in the order
his4-leu2-centromere-MAT. Moreover,
Southern hybridization analysis (23) of
the physical structure of the region
around his4 shows that there are no
gross rearrangements of DNA in these
strains. The probe in this analysis was a
20-kilobase-pair (kbp) Bam HI restric-
tion fragment containing the his4 region
from S288C. This segment contains the
his4 coding sequence as well as DNA
corresponding to about 4 map units on
either side of his4. The restriction pat-
terns of DNA from S. norbensis, S.
carlsbergensis, E1278b, and ‘‘yeast
foam’ (F. Lacroute) when Bam HI,
Hind III, Pst I, and Eco RI were used
were identical. These studies gave no
evidence for an insertion element or
gross rearrangement within the his4
Bam HI fragment of any of these
strains.

Most of the his4 mutations made with
conventional mutagens are relatively
stable. More than a thousand muta-
gen-induced mutations of #is4 have been
subjected to reversion and genetic tests.
All appear to be simple base pair
changes at the his4 region on chromo-
some III. None leads to instability of
his4. The behavior of these mutations
contrasts dramatically with the behavior
of two spontaneously derived Ais4 muta-
tions, his4-912 and his4-917.

Unstable Alleles his4-912 and his4-917

Mutants his4-912 and his4-917 revert
to His™ at extremely high frequencies
(105 and 107%, respectively). Recent
studies show that the His* revertants de-
rived from the his4-912 mutant carry a
number of chromosomal aberrations in-
cluding deletions, translocations, trans-
positions, and inversions (24, 25). Ge-
netic analysis of these aberrations shows
that the break points in the deletions,
translocations, and inversions are in or
close to the his4 region. The appearance
of these unusual events only in the his4-
912 mutant suggests that the his4-912
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Fig. 1. Hybridization of his4 DNA to wild type, his4-912
and his4-917. DNA from the wild type (A), the his4-917
mutant (B), and the his4-912 mutant (C) was digested with
Eco RI and analyzed by Southern hybridization, with the
Sal I fragment of his4 DNA used as a probe (23).

ments sharing homology with the DNA from the
his4 region were visualized by autoradiography. As
shown in Fig. 1, the his4 regions in both the his4-912
and his4-917 mutants have restriction patterns dif-
ferent from that of the wild type. Similar results
were obtained with many other restriction enzymes.
The sizes of the restriction fragments found in the
DNA of his4-912 and his4-917 indicate that each
mutation results from the insertion of an element of
approximately 6000 base pairs (bp). The restriction
pattern of the insertion element in his4-912 is dif-
ferent from that in his4-917.

mutation is responsible for the genetic
instability of the his4 region. Thus the
his4-912 mutation is similar to bacterial
mutations that result from the insertion
of transposable elements.

Genetic analysis of his4-912 and his4-
917 suggests that these mutations result
from the insertion of foreign DNA into
the his4 gene. This possibility was exam-
ined at the molecular level by Southern
hybridization analysis. Total DNA from
each of the mutants and their wild-type
progenitor were digested with a number
of restriction endonucleases and frac-
tionated by electrophoresis through an
agarose gel. After transfer of the sepa-
rated restriction fragments to a nitro-
cellulose filter by the Southern blot pro-
cedure, the fragments were hybridized to
aradioactive probe. The restriction frag-
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Cloning the his4-912 and his4-917
Insertion Elements

To determine the structure and origin
of the his4-912 and his4-917 insertion ele-
ments, it was necessary to isolate these
elements from total yeast DNA. There-
fore the his4-912 and his4-917 mutant
genes were cloned by ‘‘integration and
excision.”’ In this technique, a plasmid
vector is integrated into the mutant his4
gene by means of yeast transformation.
The plasmid vector and the mutant gene
are then excised as a single restriction
fragment. The cloning of the his4-917
mutant gene is described in detail below
and diagrammed in Fig. 2.

The YIp301 plasmid is pBR322 car-
rying the yeast ura3 inserted into the
Aval site and a Sal I restriction frag-

Fig. 2. Cloning the his4-917
mutation. (I) Plasmid YIp301
containing a Sal I fragment of
the wild-type his4 gene. (II)
The his4 region of DNA from a
yeast strain carrying the his4-
917 mutation. (III) The his4 re-
gion of DNA from a his4-917
yeast strain after integration of
the plasmid shown in (I). (IV)
The plasmid resulting from
transformation of E. coli with
an Eco RI digest of the DNA

SR shown in (III). The solid lines

U indicate the his4 coding region
and its flanking DNA. The
his4-917 insertion element and
the plasmid sequences are rep-
resented by the labeled seg-
ments. The dashed lines in-
dicate the position of the
crossover that gives rise to the
integration of the plasmid into
the yeast genome. The arrows
indicate the sites of cleavage
by Eco RI (R) and Sal I (S).
HIS4 indicates the position of
the his4 gene; the accom-
panying arrow, the direction
of transcription.

HIS4T—>

ment of the wild-type his4 gene in the
Sal I site (Fig. 2). This Sal I restriction
fragment carries one-fifth of the his4 cod-
ing sequence and includes the site of the
his4-917 mutation. The YIp301 was in-
troduced into a yeast strain that carries a
deletion of the ura3 gene and the his4-
917 mutation. Ura* His* transformants
were selected. Since the yeast strain
used as recipient carries a deletion that
eliminates all of the ura3 DNA carried by
the plasmid, integration of the plasmid
into the yeast genome must occur by re-
combination between the his4 DNA of
YIp301 and the his4 DNA on chromo-
some III. As shown in Fig. 2, Ura* His*
transformants result from crossovers to
the right of the his4-917 mutation, such
that the resulting transformants carry a
wild-type copy of the his4 gene. If this
transformation is carried out with a plas-
mid that carries the Sal I fragment of
his4 DNA but that lacks the ura3 gene,
His* transformants resulting from in-
tegration of the plasmid into the his4
gene still occur. However the his4-917
mutation is unstable, making it difficult
to distinguish these rare transformants
from His* colonies resulting from rever-
sion of the his4-917 mutation. Simultane-
ous selection for both His* and Ura*
phenotypes permits the recovery of
transformants only.

Ura* His* transformants carry a wild-
type copy of the his4 gene, an integrated
copy of the plasmid vector, and a dupli-
cation of the his4 Sal I restriction frag-
ment. One copy of the latter carries the
his4-917 mutation. As shown in Fig. 2,
only one Eco RI fragment of the DNA of
this strain can transform E. coli to ampi-
cillin resistance; this fragment also car-
ries the his4-917 insertion element. DNA
from a Urat His* yeast transformant was
digested with Eco RlI, ligated to form cir-
cular molecules, and used to transform
E. coli. The E. coli transformants ob-
tained yielded plasmid DNA with a size
and restriction digestion pattern consist-
ent with the results of the Southern anal-
ysis of the his4-917 strain. Furthermore,
fragments from the his4-917 plasmid
migrated with his4 DNA from the his4-
917 strain when analyzed by Southern
hybridization. Therefore the plasmid ob-
tained contains the unrearranged his4-
917 insertion element.

The his4-912 insertion element was
cloned by a similar procedure, except
that the plasmid used for transformation
of the his4-912 strain was a pBR322 de-
rivative that carries the Sal I fragment of
his4 DNA but lacks the ura3 gene. His*
transformants were distinguished from
His* revertants by colony hybridization,
with radioactively labeled pBR322 DNA
used as a probe. The plasmid and the



his4-912 insertion element were excised
as a Bam HI restriction fragment (25).
Insertion elements his4-912 and his4-917
are 6200 and 6000 bp in length, respec-
tively. The restriction maps of these ele-
ments are shown in Fig. 3.

Cloning by integration and excision
permits the cloning of mutant genes for
which biological complementation as-
says cannot be used. Furthermore, it
eliminates the need for a clone bank from
DNA of the mutant of interest. This ap-
proach can be adapted to cloning muta-
tions in any gene for which a homolo-
gous DNA fragment is available.

Insertion Elements his4-912 and
his4-917 Are Repeated DNA Sequences

As described previously (25), the his4-
912 insertion element shares extensive
homology with Ty1, a family of repeated
yeast DNA sequences (26). Tyl is ap-
proximately 6000 bp in length and in-
cludes a 300-bp terminal repeat known as
8. When the Ty 1-containing plasmid S13
is used to probe the his4-912 plasmid by
Southern hybridization, all his4-912 re-
striction fragments that carry part of the
insertion element hybridize extensively
with the Tyl probe. Furthermore, the
his4-912 plasmid and the S13 plasmid hy-
bridize to the same restriction fragments
of total yeast DNA.

When the his4-917 plasmid is used to
probe total yeast DNA, the pattern ob-
tained is very similar to that obtained
when the his4-912 and S13 plasmids are
used as probes. However, Southern
analysis of restriction fragments of the
his4-917 plasmid (with the S13 plasmid
used as probe) indicates that the his4-917
insertion element is not completely ho-
mologous to Tyl. A 3500-bp Ava I frag-
ment that includes the middle and the
right end of the his4-917 insertion ele-
ment (band A in Fig. 4, a and b) shares
much less homology with the Tyl probe
than a 2100-bp Ava I fragment derived
from the left end of the element (band B
in Fig. 4, a and b). In addition, a Cla I
fragment (band C in Fig. 4, c and d) de-
rived from the middle of the element
shares no homology with Ty1. These re-
sults indicate that the leftmost third of
the his4-917 insertion element shares ex-
tensive homology with Ty1 but that the
rightmost two-thirds share very little.
The simplest interpretation of this result
is that a substitution of approximately
4000 bp of Ty 1 DNA generated the his4-
917 insertion element. This element will
be referred to as Ty917.

A Clal restriction fragment derived
from the middle of the his4-917 insertion
element was subcloned into pBR322 and
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Fig. 3. Restriction maps of the his4-912 and
his4-917 insertion elements. The closed bars
represent the & repeats. The open bars repre-
sent the internal regions of the elements. The
arrows indicate cleavage sites for Pst I (P),
Sal I (§), Eco RI (R), Hind III (), Aval 4),
Bgl II (B), Hpa I (Hpa), Bam HI (Bam),
and Cla I (C). The positions of the Ava I,
Bgl II, Hpa I, and Cla I cleavage sites in
the his4-912 insertion element were not de-
termined.

used to probe the S13 plasmid as well as
total yeast DNA. As expected, the plas-
mid containing the Cla I fragment did not
hybridize to fragments of yeast DNA
present in the S13 plasmid (bands D, E,
and F in Fig. 4, e and f).

The Clal fragment hybridizes in-
tensely to approximately four different
restriction fragments of total yeast DNA,
and hybridizes very weakly to many
more fragments (Fig. 4g). Therefore the
Cla I fragment represents another class
of repetitive DNA in yeast. It is un-
known whether the DNA contained
within the Cla I fragment is always part
of a Ty917-like element or whether it can
exist independently.

Ty912 and Ty917 Transposed into his4
Creating 5-bp Duplications

We examined the his4-912 and his4-
917 mutations by DNA sequence analy-
sis to determine the mechanism of in-
sertion of transposable yeast elements

Fig. 4. Southern analysis of
the his4-917 plasmid. (a) Eth-
idium bromide-stained gel of
the his4-917 plasmid after di-
gestion with Ava I. Fragment
A has both end points in the
his4-917 insertion element and
includes the middle and most
of the right end of the element
(see Fig. 3). Fragment B has
both end points in the in-
sertion element and contains
most of the leftmost third of
the element (see Fig. 3). (b)

and to identify the sites at which the in-
sertions occurred. The sequences of the
insertions demonstrate that Ty912 and
Ty917 transpose by a mechanism similar
to transposition in bacteria. In the his4-
917 mutation there is insertion of a 6000-
bp Ty917 element and duplication of his4
DNA flanking the insertion. The se-
quence 5'-CAATA-3' (C, cytosine; A,
adenine; T, thymine), which corresponds
to nucleotides —71 to —67 of the his4 5’
noncoding region, appears at both ends
of the inserted Ty917 element. The his4-
912 insertion of Ty912 also created a
5-bp flanking duplication of nucleotides
—167 to —157 (5'-TAAGA-3') (G, gua-
nine) in the process of transposition (26).
Bacterial transposons also create flank-
ing duplications during insertion (/7),
suggesting that the mechanism of trans-
position is similar between the prokary-
otes and yeast. In order to demonstrate
this congruence of mechanism, it is nec-
essary to show that the yeast transposons,
like the bacterial transposons, create a
new 5-bp duplication at each subsequent
insertion.

The sequences of the his4-912 27) and
his4-917 mutations show that Ty912 and
Ty917 insert by a process of transposi-
tion. Since an approximately 330-bp
sequence (8) occurs as a direct repeat at
the ends of each of these elements, the
ends of the repeat define the ends of the
element. Our sequence analysis of the
points at which the element interrupted
the his4 region shows that his4 DNA is
joined directly to a & element at each
junction. Therefore only DNA from the
transposable element inserted into the
his4 region.

The sequences of these two insertions
suggest that insertion in yeast shows
some sequence specificity. Both elements
inserted into the noncoding region at the 5’

f g

fa S
-'
g |

E>
F~

Autoradiogram of the plasmid shown in (a) after hybridization to a radioactively labeled Ty1-
containing plasmid (S13). (c) Ethidium bromide-stained gel of the 4is4-917 plasmid after diges-
tion with Cla I. Fragment C is derived from the middle of the his4-917 insertion element (see
Fig. 3). (d) Autoradiogram of the Cla I digest shown in (c) after hybridization to the radio-
actively labeled S13 plasmid. (e) Ethidium bromide-stained gel of fragments of the Ty 1-contain-
ing plasmid S13 after digestion with Eco RI and Sal I. Fragments D, E, and F contain only yeast
Ty1 DNA. (f) Autoradiogram of the S13 digest shown in (e) after hybridization to a radioactively
labeled plasmid containing the Cla I fragment derived from the middle of the his4-917 insertion
element. (g) Autoradiogram of a Sal I digest of total yeast DNA after hybridization to a radio-
actively labeled plasmid containing the Cla I fragment from the his4-917 insertion element.



Fig. 5. Sequence di-
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bases in another & se-
quence.
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end of the his4 gene. This region has a high
AT content (72 percent) compared with the
average base composition for yeast DNA
(approximately 60 percent AT). Two Tyl
insertions sequenced by Gafner and Phil-
ippsen (28) also occurred in sequences of
high AT content (71 and 76 percent). The
E. coli transposon Tn9 also shows this
sort of regional specificity (29). Perhaps
related to this specificity is the similarity
in 5-bp duplications created at the four
sites, 5'-TAAGA-3', 5-CAATA-3', 5'-
GAAAC-3' (28), and 5'-ATTTT-3’ (28).
No single nucleotide is invariant among
these sequences, but the four are rich in
AT and the composite sequence is very
high in AT (80 percent). The specificity
for regions of high AT content may re-
flect the need to unwind the DNA helix
of the target site during insertion, favor-
ing insertion at these sites because of the
lower stability of AT-rich regions.

A feature of the sequence that we
noted for the his4-912 mutation is the
creation of a hyphenated, 24-bp, in-
verted repeat centered on one Ty912-his4
junction (26). There is a similar inverted
repeat at the same junction of the Ty1-D15
insertion of Gafner and Philippsen (28).
However, neither their other insertion
(Ty1-B10) nor his4-917 creates an in-
verted repeat of any significance. The
absence of an inverted repeat in two of
the four insertions does not mean that
this structure is irrelevant to the trans-
positional process; the creation of an in-
verted repeat at one junction of the
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transposon could result from insertion at
preferred sites. ‘‘Hotspots’’ for the E.
coli transposon Tn3 involve an inverted
repeat between the end of the element
and DNA at the target site (30). Many
more insertions must be sequenced to

TY

B10/D15

917-L 917-R

Fig. 6. A genealogical tree of the & repeats of
four yeast transposons. Sequence similarity
between the §'s of Ty917, Ty912, Ty1-B10,
and Ty1-D15 indicates that they all derive
from a single sequence (Ty). The divergence
among these sequences is consistent with the
genealogical tree shown. The number of mu-
tations that have accumulated in a & since a
branch point is proportional to the distance
along the branches and is indicated next to the
branch. Since no common ancestor of the two
groups (Ty917/Ty912 and Ty1-B10/Ty1-D15)
exists, the mutations that have occurred since
their divergence cannot be attributed to either
branch and therefore are divided equally be-
tween them. Although only five nucleotide
differences exist between the Ty917 8’s, three
mutations must have occurred in each §. Nu-
cleotide 7 has undergone an A — G transition
in Ty917-LL and an A — T transversion in
Ty917-R.

determine whether this sort of site selec-
tion occurs with yeast transposons.

The evidence from the his4-912 and
his4-917 mutations clearly shows that
Ty912 and Ty917 are transposable ele-
ments. This is the only case in eu-
karyotes in which transposition has been
rigorously demonstrated. However,
there are elements in Drosophila which
are presumed to be transposable and
which are flanked by oligonucleotide du-
plications of 5 bp [412, copia, and 297 of
Drosophila (31)]. Moloney murine leuke-
mia virus, a retrovirus, has a structure
similar to that of bacterial transposons
and creates a 4-bp flanking duplication
upon integration into the mouse genome
(32). Transposons are dispersed among
both prokaryotes and eukaryotes, sug-
gesting that the process of transposition
is a universally important genetic phe-
nomenon.

Sequence Divergence Among

Yeast Transposons

Tylis a family of related elements orig-
inally described by Cameron et al. (26).
The restriction maps of members of this
family show a variety of differences (25,
26). The differences in restriction cleav-
age sites among the elements were pre-
sumed to reflect even greater sequence
divergence at the nucleotide level. The
existence of the Ty917 element, com-
posed of a region homologous to Ty 1 and
a large nonhomologous region, empha-
sizes the potential for sequence diver-
gence.

The Ty elements previously sequenced
consisted of an approximatley 6-kbp in-
ternal segment flanked by a direct repeat
of identical & elements. However, the §’s
from Ty917 are not identical. The se-
quences of the left § and the right & differ
by substitutions of 4 bp and the deletion
of 1 bp. Figure 5 compares the left § and
the right & of Ty917 and those of the his4-
912 Ty1 (Ty912), Ty1-B10, and Ty1-D15.
(Since Ty1-B10 and Ty1-D15 are identi-
cal, only one comparison is shown.)
Ty912 and Ty917 show very little se-
quence divergence. Only 15 differences
(4 percent) occur between the & regions.
Within a region of 1085 bp which has
been sequenced in both elements (in-
cluding the two & elements and approxi-
mately 420 bp from the internal region of
the elements), there are only 36 base dif-
ferences (3 percent). The extent of ho-
mology between these two transposons
is striking, since Ty917 includes an ap-
proximately 4000-bp substitution of
DNA with little or no homology to se-
quences in Ty912. The amount of se-
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quence divergence between these two
elements and Ty1-B10 is much greater.
The & regions of Ty1-B10 differ by 64 bp
from those of Ty917 (19 percent) and 54
bp from those of Ty912 (16 percent).

The DNA sequences of the & repeats
from the four Ty elements suggest a phy-
logenetic relation among the transposons
(Fig. 6). According to this view, the Ty1-
B10, 7Ty1-D15, Ty912, and Ty917 ele-
ments are all derived from a single ances-
tral transposon. The Ty917 §’s are more
closely related to each other than to the
Ty912 &’s. The Ty1-B10 and Ty1-D15 &’s
are identical to each other but are only
distantly related to the other elements.
Nucleotides in the & elements which are
identical in Ty912 and Ty 917 but different
in Ty1-B10 and Ty 1-D1S5 are presumed to
be the result of mutations that occurred
in the progenitor & sequence after the di-
vergence of the two groups. Differences
between the Ty912 § and those of both
Ty917 and Ty1-B10/Ty1-D15 are due to
mutations that occurred in the Ty912 se-
quence since it diverged from 7Ty917.
Nine of the differences between the
Ty917 &’s and those of Ty912 occurred
before the divergence of the Ty917 &’s
from each other. A Ty917 element con-
taining nonidentical §’s could have re-
sulted from mutations in the §’s of an in-
tact Ty element or from a recombination
event between elements containing high-
ly related &’s.

The fact that two highly related ele-
ments transposed independently into
his4 suggests that yeast transposons are
restricted either by sequence-directed
site specificity or by compartmentaliza-
tion within the genome (that is, restric-
tion of these elements to a single
chromosome). Another possible ex-
planation is that the elements of the
Ty912/Ty917 type are capable of trans-
position but those of the Ty1-B10/Ty1-
D15 type have lost this ability. In this
case, the de novo transposed elements
would belong to a restricted subpopula-
tion. Further experimentation is neces-
sary to resolve this issue.

Suppressor-Mutator Elements in Yeast

In general, the behavior of insertion
mutations in maize, Drosophilia, and
yeast parallels that of insertion muta-
tions in prokaryotes. Integration of an
element into a gene or the adjacent regu-
latory region leads to a mutant pheno-
type. Precise or imprecise excision of the
element, or deletion, inversion, or trans-
location of chromosomal DNA adjacent
to the element can lead to a complete or
partial restoration of wild-type function
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Fig. 7. Properties of @ s
suppressor - mutators. »

The effects of the
Spm2 and Spm3 regu-
latory elements on in-
sertion mutations at b
the his4 locus are rep-
resented diagram-
matically. (a) The ef-
fect of Spm_elements
on the his4-912 re-
vertant, which carries
a single copy of 8.
This revertant is ca-
pable of growth at
23°C in the absence of
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histidine only when the strain carries an active Spm element. (b) The effect of Spm elements on
the his4-917 mutant. The his4-917 mutant is capable of growth in the absence of histidine only
when the strain carries an Spm element. (c) The effect of Spm elements on the Ais4-912 mutant.
Excision of the his4-912 insertion element, leaving behind a single copy of §, occurs 100 to 1000
times more frequently in the presence of the Spm regulatory element.

or to a new mutant phenotype. Unlike
prokaryotic insertion elements, the
maize controlling elements most often
exist as two-component systems. Of sev-
eral two-component systems reported,
the Spm system has been investigated
most extensively (33-37).

One component of the Spm system,
the receptor, inserts into or near a gene,
causing a mutant phenotype. When the
genetically unlinked Spm regulatory ele-
ment is present, the suppressor activity
of the Spm element can lead to a pheno-
typic suppression or enhancement of ex-
pression of the gene at the receptor
locus. In the absence of the Spm regula-
tory element, the gene at the receptor
locus is stable. However, when the Spm
regulatory element is present, the muta-
tor activity of this element promotes a
high frequency of reversion and muta-
tion of the gene at the receptor locus.

The insertion of Ty912 and Ty917 into
the regulatory region of the his4 gene de-
stroys the normal regulation of the gene.
Expression of the his4 gene is now con-
trolled by unlinked regulatory elements
that act via the inserted sequence adja-
cent to the gene. These unlinked regula-
tory elements are similar to the maize
Spm elements in their ability to promote
both suppression and reversion of the
gene at the receptor locus.

One class of yeast Spm elements sup-
presses the His™ phenotype of the his4-
917 mutation. Strains that carry the his4-
917 mutation and either the spm2~ or
spm3~ mutation are phenotypically His*.
Spm2 and Spm3 do not suppress the
his4-912 mutation, but they do lead to a
100- to 1000-fold increase in the frequen-
cy with which this mutation reverts to
His*. These His* revertants result from
recombination between homologous §
sequences to excise the internal region of
the insertion element and leave behind a
single copy of & (27). Strains that carry a

single copy of & at the his4-912 site are
His* at 37°C; however, they are His™ at
23°C in Spm™ strains but His* at 23°C in
spm2~ or spm3~ strains. Thus the spm?2-
and spm3~ mutations both promote re-
version of the his4-912 mutation and sup-
press the cold sensitivity of the resulting
revertants. The properties of the Spm2
and Spm3 elements are summarized in
Fig. 7.

Another Spm element, spm1-, sup-
presses the His™ phenotype of both the
his4-912 and his4-917 mutations. In addi-
tion, the spm 1~ mutation suppresses the
cold sensitivity of the His* revertants
carrying a single copy of &. Since & is
present in all three his4 mutants sup-
pressed by spm1-, it is likely that Spm1
acts at the common & regions.

The existence of two-component sys-
tems of controlling elements in yeast of-
fers the opportunity to analyze these sys-
tems at the molecular level. The yeast
transformation technology permits the
cloning of yeast genes based on their ex-
pression and complementation in yeast.
Thus the Spm elements can be cloned on
the basis of their ability to suppress the
His~ phenotype of the his4 insertion mu-
tations. Using the cloned elements, it
will be possible to determine the relation
of the Spm regulatory elements to their
receptors and to the yeast genome.
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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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