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ABSTRACT

The region of Saccharomyces cerevisiae chromosome III centromere-distal
to the PGK gene is the site of frequent chromosome polymorphisms. We have
sequenced this region from fragments of chromosome III isolated from three
different yeast strains, GRF88, CN31C and CF4-16B. The sequence analysis
demonstrates that these polymorphisms are associated with the presence of Ty
and delta elements and defines a region of the chromosome which is a hot-spot
for transposition events (the RAHS). The three strains can be arranged into a
logical evolutionary series in  which successive transposition and
recombination events insert Ty elements and fuse them with consequent
deletions of chromosome and of transposon sequences. The influence of such
events on yeast genome evolution is discussed.

INTRODUCTION

Most laboratory strains of the yeast Saccharomyces cerevisiae contain

ca. 30 copies (1) of the yeast retrotransposon, Ty (for review, see ref. 2).
the general structure of these elements consists of a 5.2 kb unique 'epsilon'
region flanked by two directly repeated 'delta' sequences of ca. 330 bp each
which have identical, or nearly identical, nucleotide sequences. The sequence
homology between delta sequences in the same element permits cross-over events
to occur between them which results in the excision of the epsilon region
together with one copy of delta, a 'solo delta' sequence being left behind in
the chromosome. Such delta-delta recombination events appear to be relatively
common since laboratory strains of yeast usually contain some 100 solo delta
sequences (3). The distribution of Ty and solo delta elements within the
yeast genome appears to be random (1). However, the preferential insertion
of Ty elements into promoter sequences (4) and adjacent to tRNA genes (5,6)
has been recorded.

Most Ty elements whose chromosomal context has been studied in detail
are associated with some particular class of mutation for which the

investigators selected. 1In order to examine the dynamics of the interaction
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of Ty with the yeast genome and to understand the factors involved in
maintaining an equilibrium number of these transposons within it, an analysis
of unselected events is required. Such an analysis is provided by the
determination of the DNA sequence of yeast chromosome III which is being
performed in our laboratories.

In the course of these sequencing studies, we have discovered two
regions of chromosome III which appear to act as transposition 'hot-spots’
(Fig., 1la). One of these, the left-arm hot-spot (LAHS) lies immediately
centromere distal to the LEU2 gene. DNA sequencing (7) showed the LAHS to be

flanked by the 5' ends of two tRNA genes, tRNA®Y3 and trNAG!Y.

It contains
the complete class II Ty element, Ty 1-17 (ref. 8), a number of delta
fragments and a structure in which two solo deltas are inserted into one
another, We interpreted this structure to be the result of two successive
rounds of transposition and delta-delta recombination and suggested that the
delta sequence itself may be a preferred target for transposition events. Our
own data (8) and that of others (3,9) have shown that Ty and other repeated
elements, such as tau (6) have a propensity to insert into the same region of
delta DNA between base pairs 212 and 227. If delta is a preferred target for
transposition, then the steady-state number of complete Ty elements would be
critically dependent on events occuring within delta sequences. An
equilibrium would be established between the deletion of Ty elements by
delta-delta recombinations and promotion of new transposition events by the
solo delta sequences left behind. Such a scheme has been described as the 'Ty
cycle' (10) and in this paper we present a further examination of this cycle
based on our sequence analysis of the right arm transposition hot-spot (RAHS).
The RAHS lies centromere-distal to PGK and we have sequenced this region from
three different isolates of chromosome III. The data demonstrate that
successive transposition and recombination events involving Ty and delta

sequences are responsible for the polymorphisms found in this region of the

chromoscme.
METHODS
(1) Strains: the region of chromosome III analysed in this

communication was recovered from three yeast strains. GRF 88 was derived from
5288c and carries the his4-38 mutation (M. Rose, pers. comm.). The genealogy
of 5288c is described in ref. 11. CF4-16B was obtained from S.C. Falco. The
strain is disomic for chromosome III and carries complementing hisAC alleles.

It w:is also derived from S288-related strains. CN31C is a segregant of a
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Table 1
Strain Genotype
GRF88 MAT«, his4-38, (gal2?)

MATa his4-290
CF4-16B ura3-52, ade2-1 (gal2?)
MAT« his4-280

248 MATa, cryl-3, his4, leu2-1, lys2, ade6

YNN27 MAT&, trpl-2839, ura3-52, gal?2

CN31C MATa, cryl-3, his4, leu2-1, ade6, ura3-52
(gal2?)

cross between strain 248 (ref. 12) and YNN27 (ref. 13). It carries the four
chromosome III markers from strain 248 and the ura3-52 allele from YNN27. The
genealogy of strain 248 can be traced back through at least five crosses and
its background includes strains from the Cold Spring Harbor Yeast Course, T.
Manney and C. McLaughlin (J. Strathern, pers. comm.). The cryl-3 (and perhaps
much of the right arm of the strain 248 chromosome III) originated in a
strain obtained from C. McLaughlin. The full genotypes of these strains are
given in Table 1.
(2) Plasmids: CB15A-2D was recovered from a library constructed in
yeast shuttle vector YCp50 from GRF88 DNA partially digested with Sau3A by M.
Rose and P. Novick (pers. comm.), using a probe from the centromere-distal end
of plasmid 62B5-2D (Fig. lb). Extensive Southern blot analysis (data not
shown) demonstrated that this plasmid is homologous to the ring III chromosome
from strain XG1-24b which has been cloned and mapped (12,14). Plasmids 31C-GF
and 16B-GF were constructed by gap repair, in yeast , of a linearized plasmid
containing sequences that flank the region of interest in the chromosome (15).
The plasmid used for gap filling, B52D-H9G-GF, was constructed in the shuttle
vector YCp50 and contains the centromere proximal 1.8kb BamHI-XhoI fragment of
plasmid H9G adjacent to the centromere distal 2.8 kb EcoRI-BamHI fragment of
plasmid 62B5-2D in their chromosomal orientation (see Fig. 1lb). The plasmid
was linearized at the unique BamHI site which separates the chromosome III
fragments by digestion with BamHI and used to transform strain CN31C or strain
CF4-16B. Ura+ transformants containing the gap-repaired plasmid of interest
were distinguished from those containing only the recircularized starting

plasmid by isolating covalently closed circular DNA using the procedure of
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Devenish and Newlon (ref. 16) and looking for 1large plasmids carrying
sequences within the region of interest by Southern blotting and hybridizing

with 32? labelled single copy from plasmid CB15A-2D. All of the Ura+

transformants screened contained extrachromosomal plasmid and approximately
half of the trarsformants carried the gap-filled plasmid. The chromosome III
seqguences in the plasmids were shown to be the same as those in the intact
chromosome by comparing restriction maps of the plasmid with those deduced for
the chromosome by Socuthern analysis.

Southeri: Blotting

Plasmid DNAs were purified, digested with various combinations of
restriction enzymes and fractionated on 0.7% TBE-agarose gels (17). The
fractionated DNAs were transferred to Hybond N by the procedure of Southern
(18). The filters were probed with a Tyl-15 specific probe which comprised a
9.6 kb HindIII restriction fragment from the plasmid pMA91-301 (19) and
labelled with 32P—Jx-dCTP (3000 Ci/mol) by nick translation (20). Filter
hybridisation conditions used were as recommended by Amersham for Hybond N.
After autoradiography, the Ty probe was removed from the filters and they were

re-hybridised with a 0.6 kb BglIII-EcoRI fragment from 31C-GF.

Sequencing of the d1 delta element and its flanking DNA in CB15A-2D and H9GSTy

The 1.4 kb XhoI-Pvull restriction fragments containing the d1 element of
Tyl-161 in CB15A-2D and the single Ty in 16B-GF, were isolated, end repaired
with DNA polymerase I (Klenow fragment), and blunt end ligated into the Smal
restriction site of M13mpl8. The fragments were sequenced in both orientations

using the 'Bandaid' technique of Dale et al. (21).

Sequencing of the d_ element and its flanking DNA from CB15A-2D.
2
The 2.6 kb Sall restriction fragment spanning the two tandem Ty elements
was isolated, and cleaved with BglII and Pvull. The 500 bp BglII-Pvull DNA

fragment containing the d, sequence was sub-cloned into Smal, BamHI cleaved

2
M13mpl8 and mpl9 and sequenced in both orientations. The 2.6 kb Sall fragment
was also cleaved with XhoI and the SalI-XhoI fragments were subcloned into

Sall cut M13mpl8 and sequenced.

Sequencing of the d_. element and its flanking sequences in CBl15A-2D and

16B-GF .

The 2.7 kb EcoRI restriction fragment containing d_, delta sequences was

3
isolated, and cleaved with either BglII, Clal or XhoI. The resulting
fragments were subcloned into M13mpl8 and mpl9 cleaved with the appropriate
combinations of EcoRI, BamHI, AccIl and Sall and sequenced.

DNA sequence analysis of the unique 31C-GF region.

This region along with some flanking chromosome III DNA was isolated on
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Figure 1 Transposition hot spots on chromosome III.

a) A map of the 200 kb circular derivative of chromosome III from strain
GRFB8 which has been cloned and mapped (ref. 14) LAHS and RAHS indicate the
positions of the left arm and right arm Ty element insertion hot spots.

b) An expanded map of the region from strain CN31C containing the RAHS.
Designations of the cloned BamHI fragments are given above the map. Fragments
K3B and H9G are the same in the three strains examined in this report. The
polymorphic RAHS reported in this paper extends from the EcoRI site shown in
fragment 62B5-2D through the Xhol site shown in fragment HBGF. The petl8
mutation is a deletion of the region shown (ref. 38).

a 4kb Xhol fragment, and an overlapping 2 kb EcoRI fragment (see Fig. 2c).

The XhoIl fragment was subcloned into the Sall site of M13mpl9 and the EcoRI
fragment was subloned into the EcoRI site of M13 mpi8. The two DNA fragments
were sequenced in both orientations using the unidirectional deletion strategy
of Henikoff et al. (22) except that Mung Bean Nuclease was used in place of S1
nuclease. The M13 mpl8 subclones with BamHI and PstI, prior to ExoIII

digestion.
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Northern blotting and hybridisation

Total RNA was prepared from yeast cultures grown on 1 x 107 cells/ml in
YEPD medium as described by Elder et al. (23). Total yeast RNA (1O’Fg) was
subjected to electrophoresis on a 1.2% formaldehyde agarose gel and
transferred onto Hybond N (Amersham). The filter was hybridised with the 1.4
kb XhoI-BamHI restriction fragment from 31C-GF (fig. 2c) labelled by nick
translation. The electrophoresis, blotting and hybridisation procedures were

as described by the Amersham 'Hybond N' booklet.

MATERIALS

Restriction endonucleases and DNA modifying enzymes were purchased from
BCL, Bethesda Research Labs and Pharmacia. Reaction conditions were as
recommended by the manufacturer. Hybond N and radionucleotides were from

Amersham International. Other chemicals were purchased from BDH.

RESULTS

Isolation and characterisation of the RAHS from three different chromosomes

I11
The region centromere distal to the PGK locus on the right arm of
chromosome III (Fig. 1) shows considerable restriction enzyme site
polymorphism (12). Most of this can be attributed to the presence or absence
of one or more Ty elements. It appears that this region of the chromosome is
a 'hot spot' for transposition events and, therefore, it was designated the
RAHS (for Right Arm Hot Spot). We have cloned the RAHS region from the

chromosomes III of three different strains of Saccharomyces cerevisiae: GRF88,

which is homologous in this region to the donor of the ring chromosome in the
heterozygous diploid XG1-24B (ref 12), CF4-16B (a relative of S$288C) and CN31C
(which carries chromosome III from strain 248, ref. 12). Our analysis
demonstrated that these forms of chromosome III contained, respectively, two,
one and no Ty elements in the RAHS region. The evidence for this comes from
restriction mapping and Southern hybridisation experiments and is described
briefly below.

Plasmid CB15A-2D contains the RAHS region of the GRF88 chromosome III,
cloned as an 18 kb Sau3A fragment which was derived from a partial digest of
genomic DNA and inserted into the BamHI site of YCpS50. The RAHS from the
other two strains were also isolated in YCpS50 using gap repair (see Methods).
Plasmid 31C-GF contains a 21 kb RAHS insert from the chromosome III of strain
CM31C, while 16B-GF contains a 26 kb RAHS fragment from strain CF4-16B. Each
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plasmid was analysed using a range of restriction enzymes, both singly and in
combination, and the fragments containing Ty sequences determined by Southern
hybridisation (18), using a nick- translated (20) HindIII fragment that
contains the class I Ty element, Ty 1-15 (ref. 19).

Plasmid CB15A-2D was found to contain two class I Ty elements, The
centromere-proximal (left-hand) member of the pair, we designated Ty 1-161
since it occupies the same position as the element of that name originally
described by Kingsman et al. (24). Like the original Ty 1-161, the Xhol
fragment carrying this element is longer than Xhol fragments carrying other
class I transposons and by restriction analysis the element appears to have
1.2 kb insertion at its 5' (left) end. The centromere-distal Ty in the pair
we named Ty 1-3R (see fig. 2). No sequences homologous to the Ty 1-15 probe
were found in plasmid 31C-GF although prolonged exposure of the Southern blots

did reveal some faint bands which subsequent sequence analysis (see below)
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Figure 2 Detailed restriction maps of the RAHS from 3 yeast strains, showing
Ty element related polymorphisms.

a) The RAHS of strain GRF88 from the plasmid CB15A-2D containing two tandemly
linked Tyl elements.

b) The RAHS of strain CF4-16B from the plasmid 16B-GF, which contains a
single hybrid Tyl element.

c) The RAHS of strain CN31C from the plasmif 31C-GF. This strain's RAHS
contains 3 complete solo delta elements, a tRNA ys gene and an ORF of unknown
function.

B = BglII, Ba = BamHI, C = ClaI, E = EcoRI, H = HindIII, P = Pvull, S = SalI,
X = XhoI. .
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Xhol
CTCEACAAAT
10
TACTACTTCT
110
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210

TTCACTTAAA
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CAAACTCCAT
410

AAAAAGGTGCC
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OCCTTTTITIT
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710
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a10
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910
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1110
start
CACAGTTQTC
1210

CGCGACATTAA AACGGTGCAA ATACTGTGCA

GAAATTATAA CTTACCAAGT
20 a0 40 0

TACCCOAACT AACTTTACAT AATAAAAAAC

CATGAAGCGC ATATTCAGCC
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GATTCTAAAA AACAACATTA AAAAGAACTG CAAACCTCAA CCAACAATAC
220 230 240 280 260
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ACTGCAAAGT TTCTTGCTAT
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360

ﬁTAAAACGYA ATAAATATTA TGAATAATAG TACAATATAA GAACAAAGAA
20 440 450 a8

Q
GCTCAAAGAA| TTAAATAGAT
930

360

GGLOAGTCCA CAGGGACTAC
630 0

AATATCCTAG TCGAAAAATA TCATCTATGC
240

TTCATTCTCC TTCTTCAGTC TTTITTCCATA
&40

TCTTTACATT TAGAGCATTC CTTTATCTCA CCATTTGGGA GCATYIGYTTG
30 740 750 760

TAATACTGGC AGACCGACTA CTTCCYTGTC CACAACTATG G\’AGCCTTCA
SGO

820

AATAACACGA TTCTTTGACG CTOTAATTTC GTTCAAAGAG CTCOTTTTQT
9 980
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CYTCAATAAA
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end ORF
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TCTCTTYTCT CYTTYAGGAC
770 0

AGATTGYTTO CTTCTTCCCT
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TCTTAACAAT
970

TGAGCAACTT
1070

CCATAAACTC
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ATATCTGACT
1170

TTTTAACTAC
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AGCAACCTCT
1270

TAACAAAGCO
1280

ATTRTTGCGA
Ky

CACTTCICIA
190

TCGAGCTACAA
@90

AGGAAGCEAT
N

GAACTCCCAA
490
TATCCTTITA
V0
GCYCCACIAC
(Y
CACTAQTACT
700

AGTCOTACCT
(413

BglIl

ATTTCTTCTA AGATCTCIVA
980

iy

TrCcCeCeNC
1090

TCTACTTAAC
110

ATAACAATICA
190

TITITTTCCT
100

TATACCRATO
CTTCTACAAG
300

TAATCAAAAA
400

TATTACAAAA
300
TCTGCCCCTT
600
CCCATTCAAT
700
CTTTTTCCTO
800
CTCTCCOAAT
900
CTTOTTCGGL
1000

CTTATATGCC
1100

AAGGAACTTC
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AACAGCAATA
1300

TAACTCTATT TAATTGACAA CATCATTGAT AAAAGTTTGA ACAA”CCYCT
1310 1320 1330

mHI
CTYAYYTAGQ_EAI;QOyYCY AGTTTACTOT GAYACAACTO AAAAACATTA
1410 1420 1430 14 1450

AYTCGAYACT TCTACATAAT ACAATCACTG AACCCTTACC GCTCOCACAG
3 1330 1340 1550

AAAAGTCGAA CAAGTTCATT
1360 1370

TCAAAGTTYT
1380

GTOTATCCAG CTTCATCATA
1390 1400
CAAAGCTATC GCQCCTGCAT
1460 1470

TCTCATATTA
1480

GTGCCGTATG TTTGTCTCAC

1490, 1
EcoRI
GAAACAATAQ AATTCTTGCC

CAATACGCGC CGCGAAAGCA CGOTCTAGCA
1360 150 1600

1570 1580
TCTTCGGAAYA AGTGGCTATC

AATATTTACA TOTTGATAIC CTAGTAAGCA

CATCACAGAD GCGAAGGCTT TAATAAAAAA AAATAGCGCT TATCCGATTC
1610

TATAAATGCT
51710

1810

1620 1630 1640 1650

TATATTGAAT ATTTGGAATA AGCACTAACT ATCACTTATT
1720 1730 17 1750

1820 1840 1850 1860

1670 16680
1780

1870

1690

1790

1700

CAAAACCACT CGAACAAAAA AATATCAAAT €TCCAAAGCC ACATCACTGA

70
olo del®8 310-cM
CAAGTI]ETYQ SATTGAAGCT CTAAAATGTC ATCTTTTAGY AGTA TCGTC TTACTAGTAT ATTATCACAT OQOGTGTAAA AAGATOACGT AAACATTGCAQ
1830 880 o

1800

1900

AAACACTCAT CAACTQTTAT CGAAGCTGAA ATGCAAATAT YGATAATGTA AIAQQATAAT GAAACGTATA AAATGAAAAA OAATAA[I\AA ATATTAYYAY
50 960

1910 1920 1930 1940 1570 1980
EcoRI
YAGAAAYAC COATTCCATT TIGAGAATTIC CTATATCCTT GAGAAGAACT TCTAQTATAT TCTQGTATACA TAATATTACT CCCTTTAICA CACATOQAAT
2 2020 2030 3 - 2040 2050 2060 2070 2080 2090 2100
GECAAAAATT ATCAAAATAT CACCCAATAT TCARTTTTAT TGTTGTCAAG ACATCAAGCC CTAGATATAT ATCATAGTAG GATAAAATAG 1AGAATAAAA
2110 2120 2130 2140 2150 2160 2170 2160 2170 2200
cratrcarar ATCTACGTGA AAGCATCAGA CATTGTAATG TTGAGCGCCG TGGCCATGCA AGCCCGCAGE GCTCATAACC CTOATGTCCT ATCGAAACCO
221 2220 2230 2240 2250 2260 26 0 2300
AGCGCCCCTA TTAAATTITT TGAACTOGTCC ATTAATAATA ATGGAACTCA CGTCOTCAAT TACCOCTAGC TTTTTTGCCC ACATTTTIAA 1CATCTTTTA
29310 2320 2330 2340 23so 2360 370 2380 U0 2400
ACTATTTGAS TATTTGTTGT TCACTAGACT TTTACTAATT AAGOTTCTGA GAAAATAAGA TATGCATTTA GAAAAGTCGC TTCTACACCG CAAATTTCTT
2420 242 24430 2430 2440 2470 248! . cA%0
5 solo c;elt:a 310-%172
TATTACAGAA ACATTTATAC AAGAGGATAC ATAOT*ATTG CAAAGAAAAT CAATTATCTT TTTGTTGGOT AQTATCAATA TTACTTGIAC ATTATCATAT
2310 52 2330 2%40 2550 2560 2570 2580 7570 2600
ACAATATAAA AAGTOYCAYA GAGTTGTOAA ATATTTATTA_TATATTAATA AnAGCTGAA AATGA, o

2610 30 2640 2650 28680 2470 2680 @60 2700
ACAAAATGCA GCGAGAAGAAA TAATAATAAC ATAAAGATGG AAATACCGOT 1 ATCTTTTAA QOATATTATA ACCTOOAGCA AAACTTCEIO GETYCTCTE
2720 2730 27 50 2760, 2770 27680 470 2800
ATATTCAACA CTTITTH TT_ATCAAAAATA Al TATCCCCA TYTTCOTC TATCTCCATA ACCACAAGOT CTTCTAGATA CCATATAATG
10 2820 28230 "BlO 50 2870 2680 Lo 2%00

ACAATAACCA AGCCACCATT TAGGTGCATT TTTTCTOTCG TTTTGAAATT AAAACATTTT TAGAGGAAAA TTGTCATCAC AGAATTYCAC ATTCCCAGTT
2910 2930 2940

20

2930 2960 2970 2980 HYV ] 3000
ACTTTAATAA TATTCATAOT TAOAGATOAA OAGO'I’ACTAY TAATATGAAG CTTAAOTATO AATCTYTCTCA TGCTTCTATA AGCGAQGOCAT ATAAAACATC
010 3020 30 40 305 3040 3070 3080 300 3100

GCCAACTOTT TCATCTTATT
3110

TATTATCAAT ATYATGTGTC TTTGGAGCTT ACTATACAGT TAATOTCATA ATTAATATAA CTCTTO!A\A ACTACCATAT
J120 3130 314

3140 3170 3180 S0
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Bglll
CAAQTRTTCA ATTAATAQAI CTTAAATCCG TTTCAYTACT ACCTGAACTS CATQTATGAA ATTTCCTTCC ACATTAQGGCA CATTCACATC TAATACGACA
10 3230 3240 323%0 3260 3270 3280 9290 3300
TOTACATCT‘ TATGTGATAT TAGCATTTAC ACACCAATCC TATATCACTA TTAATGGCCA CTTIGTTCCAA AAAGTATATA TTATGAAGCO TAYT‘TTATT
310 a320 3330 3340 3330 3340 3370 33680 3390
TTATACTCAC ATAGCTGOTO CGATACOTTC CCACATTTTC AGCGCAATGC hkTOAOThTO ACGGAAAGOT TCACTCATAA TTTCAATAAC TCAASTTOTT
a4 3420 3430 3440 3430 3440 3470 3480 3490 3500
TOGAATTTAAA ATACATTCCC CGTTAGATAA GCTATAAACA TTOTTACTTO CGCTYOOCGC ACATGTAATO TAGTTTCTTT CTTTTTCCAA CAAAAAACAA
. asio0 3320 353 3330 33860 3870 - 3580 a590 3600
3 tRNRLys 3
POCCCYOYﬁG CCQGCTCCAA CCCCTAACCT TATCATTAAG AGTCATACGC QCTACCGATT GCCCCAACAA CGC TETTTAA TYA‘OAMAA TTACOTT?&A
3510 3620 3430 3640 2650 3660 3670 . 3u80
TAAQTCGACTT AAAMTAYAA ATACTCTTAC TAAAATGTGA ACTAAAACCT CAATATTATT TTCYGAYCAC TTQJ! QAAIA SCTICOTAATT QTTCGCATTCC
3710 20 3730 3740 3730 3760 %8 3790 3600
delta remnant olo délta 31¢- GF}
ATTCTYGGTA AAGGCTATAA TTTTA"GTAT ATAGAA!I!GY TCQAATRAAA hT\.CACYAYC OTCYATCAAC TATAOTTATA TTATCAATAT ATTATCATAY
36810 320 3646 38 3850 3560
yl-3R 1nsert10n 51te
AA A A ALA AA A A AA A AA ARA AA Q AAGGA AlAA ALA A AAACATALA
3910 3920 3930 3940 3930 3960 3970 3980 3790 4000
Xhol
AAACGCAATG AGGAATA, AATATTA TCTACAA AQATT ATA C Qs A A
4010 4020 4030 4040 4030 4060 4070 4080 40%0 4100
ACATAATATT ACTGCCTTTA TCAATAATOG AATCCCAACA ACTATCTCAA AATTCACGTG ATTCTC*OT CAGTACATCA CAAAACAACT ACCTAACAAC
4110 4120 4130 4140 41%0 4160 4170 4180 4190 4200
CQTCTTTGAA TCYTCATCTC AAAACAAAAA TTAATCTCTC CTACTTATTA TCGATATTGT ATTTTCTCAA AATTCCAAAT CATTTTCITC TTAGATGGTA
4210 4220 4230 4230 4230 42460 4270 4280 4290 4300
TTCACGGTCA TCGQGAATCTC AGTTCAATAT CACCAATTTG CTTATAACCT TTATGCAAGCA TAACATGTTT COTCTTOTTC CCAAQGTATAA CTTAAGAAAA
310 4320 4330, g7 4340 4330 4360 4370 4380 4370 4400
AAAAATTACA ATCCAACAAA GGCTAATACAG AATTC
4410 4420 4430

Figure 3. Nucleotide sequence of the RAHS from strain CN31C. The region cf
plasmid 31C-GF sequenced is fhat shown in Fig. 2c. The solo delta sequences
are underscored and the tRNA sequence is overscored.

showed to be due to the presence of solo delta sequences. Prolonged exposure

of Southern blots from CB15A-2D and 16B-GF did not reveal any equivalent
bands. BglII-EcoRI double digests of 31C-GF produced a 0.6 kb fragment which

was not seen in similar digests of the other two plasmids. Further analysis,
using this fragment as a probe, demonstrated that 31C-GF contains a 3 kb
region of chromosomal DNA which is absent in both CB15A-2D and 16B-GF.
Detailed maps for the RAHS region of all three inserts are presented in Fig
2.

The RAHS from strain CN31C contains three solo delta elements and a tRNA gene

The sequence presented in Fig. 3 represents 4431 bp from the RAHS region
of the chromosome II1 of strain CN31C obtained by sequencing part of the 21 kb
insert in plasmid 31C-GF. While this region lacks a complete Ty element, use
of the DIAGON dot matrix comparison program of Staden (25) revealed the
presence of three delta sequences. These are underscored in Fig. 3 and are
also marked on the restriction map shown in Fig.2. None of these three solo
delta elements is flanked by a Ebp chromosomal 'target site' duplicatién (3).
The first delta element, 31C-GF1 (bp 1806-2133) is flanked by the sequences

5'GAAGT 3' and 5'ATTTT 3' the second, 31C-GF2 (bp 2536-2859) by 5'ATAGT 3' and
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Figure 4. Autoradiograph of a Northern blot of total yeast RNA prepared from
strain CN31C, probed with the 1.4 kb XhoI-BamHI fragment from plasmid 31C-GF
(Fig. 2c and 4).

5'ATATC 3'; and the third, 31C-GF3 (bp 3838-4167) by S5'AGAAT 3' and 5'TGTGA
3', This last solo delta is flanked on its centromere-proximal (left) side by
the last 64 bp of another delta element arranged in the opposite orientation.
This supports the idea that there has been considerable delta-delta
interaction in this region via either transposition or recombination. Such
delta-delta rearrangements probably explain the absence of chromosomal target
site duplications at the ends of these elements. This absence might be the
result of sequence degeneration, but this seems unlikely in the case of
31C~GF1 and 31C-GF2 both of whose sequences are highly conserved.

The LAHS region is flanked by the 5'ends of two tRNA genes (7) and others
(5,6) have pointed out an association between Ty elements and such genes. A
search for tRNA genes in the 31C-GF sequence revealed a tRNALyS at bp 3601 to
3674 (overscored in Fig. 3). This gene 1is embedded in a very A + T rich
domain which is abutted by the 64 bp delta remnant 5' to the tRNA gene (see
Fig. 3). This arrangement is consistent with the previously described
association between yeast transposons and transfer RNA genes.

The RAHS from 248 contains a transcribed gene of unknown function

A search of the 31C-GF sequence for potential protein-encoding genes
revealed a single open reading-frame (ORF) of 222 amino acids between bp 551
and 1228 and oriented towards the centromere (see Fig. 3). The sequence

context of this ORF encourages the belief that it is expressed. Putative TATA
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boxes occur at positions 1300 and 1330. Several CT tracts, which are
associated with a number of yeast promoters (26), are found downstream of
these TATA boxes. The 3' flanking region of the ORF contains two sequences
which have been suggested to be yeast transcriptional terminators: first, TAGT
at position 377 followed by a T-rich stretch and a TTT at position 309 (ref.
27); second, the sequence TTTTATA is found at position 410 (ref. 28). A
Northern blot of total yeast RNA using a XhoI-BamHI fragment (bp 1 to 1410)
from 31C-GF probe confirmed the transcription of this putative gene, revealing
a transcript of ca. 1.0 kb in length (Fig. 4). The codon bias of the ORF is
typical of a poorly expressed yeast gene (29). A search of the Doolittle (30)
and PIR (31) protein sequence data banks failed to identify any known proteins
with significant homology to the 31C-GF ORF.

Sequence analysis of the RAHS from GRF88 which contains two Ty elements

The restriction enzyme and Southern blot analysis described earlier
demonstrated that GRF88 contains a deletion of chromosomal sequences in the
RAHS region of chromosome III. In order to determine the nature of the
deletion event it was necessary to determine the sequences flanking the tandem
Ty insert in CB15A-2D and to compare them with the 31C-GF sequence.

The 1.4 kb XhoI-PvuIl fragment containing the left (centromere- proximal)
delta elements of Tyl-161 was isolated, end-repaired using Klenow polymerase
and the resulting blunt ended fragment cloned into the Smal site of M13mpl8.
The 'Bandaid' technique (21) was then used to sequence this DNA in both
orientations. The sequence obtained is presented in Fig. Sa. It demonstrates
that Ty 1-161 is not a variant class I element but is of normal length. The
left delta of Ty 1-161 (d1 in Fig. 2) has lost its characteristic Xhol site
and the Xhol site that was previously inferred to lie within the left delta is
in fact contained within unique chromosome III DNA some 940 bp upstream of the
5' end of the left delta of Tyl-161. This delta is in the middle of the 31C-GF
reading-frame at position 939 as recorded in Fig. 3.

The junction between the tandem Ty elements was investigated by isolating
it on a 2.6 kb Sall fragment (see Fig. 2), and then sub-cloning it as a 0.5 kb
BglII - Pvull fragment into M13mpl8 and mpl9 cleaved with Smal and BamHI.
This sequence was confirmed using two further sub-clones of the Sall fragment
which were obtained by XhoI digest. Fig. Sb gives 790 bp of sequence from the
junction region and shows that Tyl-161 and Tyl-3R are joined by a single
delta sequence (d2 in Fig. 2a) of 322 bp with no intervening chromosome III
DNA.

The centromere-distal junction between the tandem pair of Ty elements and
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chromosomal DNA was isolated on a 2.7 kb EcoRI fragment whose sequence is
shown in Fig. 5c. It can be seen that the epsilon sequence of Ty 1-3R
terminates in a complete delta sequence of 327 bp (d3 in Fig. 2a). This delta
sequence is itself flanked by the last 180 bp of another delta sequence (R4 in
Fig. 2a), suggesting that Tyl-3R may originally have been incorporated into
chromosome III by transposition into, or recombination with, a pre-existing
delta sequence. The 180 bp delta fragment is joined to unique chromosome III
DNA at its right end and the sequence is identical to that beginning at
position 3986 of 31C-GF. Thus strain GRF88 contains a deletion that extends
from nucleotide 939 through 3986 of the 31C-GF sequence shown in Fig. 3 (see
Ciscussion).
The RAHS from the CF4-16B chromosome III which contains a single Ty element
The 0.5 kb Sphl - Pvull fragment from 16B-GF that contains the left

junction of Tyl-16B was cloned into SphI, Smal digested M13 mpl8 and mpl9 and
sequenced. It was found that this fragment had exactly the same nucleotide
sequence as the equivalent fragment from CBl15A-2D and contained 3C bp of
chromosome III DNA from the Sphl site to the 5' end of the left delta sequence
of Tyl-161, the Tyl-161 left delta itself and the first 140 bp of the Tyl-161
epsilon up to the Pvull site. The 0.8 kb BglII - EcoRI fragment that contains
the right junction of Tyl-16B was cloned into BamHI, EcoRI digested M13mpl8
and mpl9 and sequenced. Again, the nucleotide sequence of this fragment was
found to be identical to that of the equivalent fragment from CB15A-2D. From
the BglII site it contains 20 bp of the 3' epsilon region of Tyl-3R, the
Tyl-3R right delta sequence (d3 in Fig. 2a and b), the delta fragment and then
unique chromosome III DNA exactly as shown in the CB15A-2D sequence given in
Fig. 5c.

The restriction mapping and sequence data indicated that the left delta
and epsilon region of Tyl-16B, up until at least the Pvull site, are derived
from Tyl-161 (the left Ty element of CB15A-2D). The right end of Tyl-16B,
from at least the HindIII site, appears to be derived from Tyl-3R (the right
Ty element of the tandem pair in CB15A-2D).

Figure 5, Nucleotide sequence from the RAHS of GRF88 contained in plasmid

CB15A-2D.

a) The left delta (d,) of the Tyl-161 element and its flanking sequence.
Left most ZEQI'EXE&I fragment in Fig. 2a.

b) The middle delta (d,) and the flanking Ty epsilon sequences (Fig. 2a).

c) The right delta element of Ty 1-3R (d3) and its flanking sequences, up to
the right most EcoRI site in Fig. 2a.
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Figure 6. A mechanism to explain the generation of the three Ty element
associated polymorphisms characterised.

a) The earliest structure is assumed to be that of the RAHS contained in
plasmid 16B-GF from strain CN31C. Two independent transposition events
inserted Ty 1-161 and Ty 1-3R into the CN31C RAHS. The two Ty elements are
separated by ca. 3 kb of DNA unique to plasmid 16B~GF.

o) A recombination event between the two proximal delta elements brings Ty
1-161 and Ty 1-3R tcgether. This forms the tandem Ty element structure
characterised in plasmid CB15A-2D, containing DNA from the RAHS of strain
GRF88. The ca. 3 kb of intervening DNA is lost from the RAHS of GRF88.

c) Recombination between the epsilon regions of Ty 1-161 and Ty 1-3R
generates the hybrid Tyl element (Ty 1-15B) found in the RAHS of strain
CF4-16B. This event could occur from either stage a) when the Tyl elements
are separated or at b) where they are in tandem array.

DISCUSSION
The exact relationship between the three strains of S. cerevisiae whose

chromosome III sequences we have analysed in the RAHS region is unknown;
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Figure 7. Alignment of the delta element sequences from the three Ty element
deltas from the RAHS of GRF88 (Fig. 2a).

1 l (31C-GF1);2 = d (31C-GF2) and 3 = 3 (31C-GF3) Nucleotides differing
between one or more g% the delta elements are shown. The consensus delta
sequence is marked below. The probable position of the recombination event
between the proximal delta sequences of Ty 1-161 and Ty 1-3R is underscored.

however, the sequence data obtained suggests the following evolutionary
relationship.

Strain CN31C contains no complete Ty elements in the RAHS region of
chromosome III. Nevertheless the presence of three solo delta sequences in
the CN31C RAHS, none of which is bounded by a target site duplication and one
of which is inserted into a delta fragment, suggests that even in this strain
the RAHS has been the site of a number of successive transposition events
followed by delta-delta recombinations. The CN31C RAHS contains two
functional genes, the 31C-GF ORF and tRNAlys. We propose the gene name CTR1
for the ORF, standing for chromosome three reading-frame.

The RAHS from strain GRF88 can be considered as being derived from strain
248 via two independent transposition events. One transposition inserted
Tyl-161 into chromosome III at the position numbered 939 in the 31C-GF
sequence (Fig. 3), meaning that the element was actually inserted into the
coding sequence of CTRl. This may be considered an unusual event given the
reported preference for Ty elements to insert into promoter sequences (4).
However, we would reiterate that we have examined unselected events whereas
previous workers have investigated Ty insertions associated with particular
mutations and so may have produced a biased picture. The second transposition
inte the CN31C RAHS inserted Tyl-3R into a pre-existing solo delta sequence at
position 3986 in the H9G sequence (Fig. 3). Our sequence analysis of the LAHS
region of chromosome III (ref. 7) had suggested that delta sequences may

themselves be preferred targets for transposition events and Tyl-3R provides

8977



Nucleic Acids Research

further support for that hypothesis. Our data (this paper and ref. 7) and
that of others (3,3) delimits the delta transposition target as lying between
base pairs 150 and 230. This region contains the delta element promoter and
provides a further example of Ty elements inserting into yeast promoter
sequences.

After the two transposition events, the RAHS would have contained two
class I Ty elements (Tyl-161 and Tyl-3R) separated by ca. 3 kb of unique
chromosome III DNA containing part of CTR1, two solo delta sequences and the
tRNA1yS gene. A recombination event bewteen the right delta sequence of
Tyl-161 and the left delta sequence of Tyl-3R could then have occurred fusing
the two Ty elements via a single, central, delta sequence and producing the
tandem Ty pair found in the RAHS of strain GRF88. Fig. 6 aiagrams this
sequence of events. A comparison of the sequences of the three deltas
contained within that tandem Ty pair (Fig. 7) suggests that the recombination
event between the proximal deltas of Tyl-161 and Tyl-3R occurred between base
pairs 238 and 244, close to or at the transcription start site. In addition
to fusing the two Ty elements, this recombination event also resulted in the
deletion of ca. 3 kb of chromosome III DNA. The consequences of this deletion
will be considered after the derivation of the RAHS from strain CF4-16B has
been explained.

CF4-16B contains a single Ty element, Tyl-16B in its RAHS region. This Ty
appears to be the product of a recombination event between the epsilon regions
of the tandem Ty pair contained within the chromosome III of GRF88. Strain
CF4-16B represents, therefore, the end-point of our proposed evolutionary
series. The restriction mapping and sequence analysis of Ty 1-16B presented
in the RESULTS section strongly suggests that a recombination event occurred
between Tyl-161 and Tyl-3R in the region between the first Pvull site in the
epsilon sequence of Tyl-161 and the following HindIII site. We believe this
is the first example of an epsilon-epsilon recombination event to be reported.

Such recombinations are difficult to detect especially if, as in this case,
they occur between two members of the same class of Ty elements. However, a
number of factors suggest that epsilon-epsilon recombinations may indeed be
rare events. For instance, no element with a restriction pattern which
indicates that it is a hybrid between a class I and class II Ty has been
reported. Epsilon- epsilon recombinatiohs most frequently result in deletion
of chromosomal DNA or produce a translocation. Such events are likely to be
selected against and yeast may even have some positive means of repressing

them. The epsilon-epsilon recombinations we reported here occurred between
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two Ty elements fused in tandem and so produced no deleterious genetic
effects. Delta-delta recombinations may occur at a higher frequency than those
between epsilon sequences since they usually involve the two delta sequences
of a single Ty element and, therefore, are genetically innocuous. However, as
we have demonstrated in this paper, recombination between delta sequences on
different Ty elements may occur and result in a deletion of chromosomal
sequences. Rothstein (33) has presented evidence that the frequency of even
delta-delta recombinations is repressed by the action of a chromosomal gene,
EDR.

The assignment of epsilon-epsilon recombination as the event which
converted the adjacent Ty pair (Fig. 6a) or the tandem Ty pair in the RAHS of
GRF88 (Fig. 6b) to the single Ty element of CF4-16B (Fig. 6¢) relies on
evidence involving sequence differences between the two class I Ty elements,
Tyl-161 and Tyl-3R. It is instructive to compare the sequence of these two
elements from chromosome III with those of the two class I Ty's which have
been sequenced previously, Ty 912 (ref. 34) and Tyl09 (ref. 3%). The
centromere-proximal member of the tandem Ty pair, Tyl-161, differs from Ty 912
at only 7 nucleotides within the sequenced region (341 bp) shown in Figs. 5a
and b, whereas it differs from TylO9 at 81 nucleotides. In contrast, the
nucleotide sequence of Tyl-3R is more similar to that of Tyl09 than that of
Ty912. 1In the 538 bp region shown in Figs. 5b and ¢, it differs from Ty 109
at 14 nucleotides but from Ty 912 at 93 sites. Tyl-161 and Ty912 are easily
distinguished from Tyl-3R and Tyl09 since the former pair contain a HindIII
and a Sall site which the latter two lack. These differences permit the
division of class I yeast transposons into two sub-classes, Tyla (comprising
Ty 1-161 and Ty 912) and Tylb (comprising Tyl-3R and Ty 109).

The delta-delta recombination event which fused Tyl-161 and Tyl-3R
resulted in the deletion of 3 kb of unique chromosome III DNA which contained
a transcribed open reading-frame (the 31C-GF ORF) and a tRNAlys gene. Since
this deletion did not lead to the death of the cell, neither of these genes is
essential. This is consistent with the report of Goebl and Petes (36) that
60% of insertions into the yeast genome they studied had no phenotypic effect.

In other regions of chromosome III we have found a number of open reading
frames whose deletion or interruption is without lethal effect (ref. 37 and
manuscript in preparation). Toh-e el al (38) have reported that the petl8
mutation is associated with another deletion (see Fig. 1lb) just centromere
discal toc Tyl-3R. The petl8 mutation is pleiotropic in its effect and confers

the following phenotypes on yeast cells which harbour it: (i) respiratory
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deficiency, (ii) inability to maintain killer dsRNA, and (iii) temperature
sensitive growth. Sequence comparisons between petl8 and PET18 strains showed
that the deletion removed three open reading frames. All of these data
indicate a remarkable level of redundancy in a genome which is less than four
times the size of that of E. coli. Nevertheless, most or all of these
non-essential genes may confer some selective advantage on yeast and
investigators must use more sensitive tests (e.g. 39) in order to determine
the magnitude of that advantage.

Fig. 6 shows that the delta-delta recombination must have excised the 3 kb
fragment of chromosome III DNA on a circular molecule which contains either a
solo delta sequence or an intact Ty element. Such a molecule represents a new
class of translocatable element since it may be re-inserted into the yeast
genome, at any one of at least 160 homologous sites, by a subsequent
delta-delta recombination event. If the excised fragment contained an ARS
element the probability of its translocation would be increased since it could
replicate as an episome before reinsertion into a chromosome. That would not
arise in this particular case since there is no functional ARS in the RAHS
region (14,40).

The possibility of such translocations offers a new view of the
association of tRNA genes with Ty sequences. Translocation of the portion of
chromosome III which has been deleted in strain GRF88 would move the tRNATYS
gene to a new chromosomal location. A subsequent mating with a partner without
the deletion would result in the duplication of the tRNAlys gene. It is
possible, therefore, that tRNA genes are often located near Ty elements since
this association has served to amplify and spread those genes through the
yeast genome and that such amplifications have been selectively advantageous.
This is but one example of the likely importance of Ty elements in yeast
genome evolution (41). This anelysis of a transposition hot-spot from the
right arm of chromosome III has demonstrated that Ty insertions and

recombinations are a major cause of chromosome polymorphism in yeast.
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