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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. In 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. la). 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 3 and tRNAG . 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

chromosome.

METHODS

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

communication was recovered from three yeast strains. GRF 88 was derived from

S288c and carries the his4-38 mutation (M. Rose, pers. comm.). The genealogy

of S288c is described in ref. 11. CF4-16B was obtained from S.C. Falco. The

strain is disomic for chromosome III and carries complementing his4C alleles.

It w.Es5 also derived from S288-related strains. CN31C is a segregant of a
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Table 1

Strain Genotype

GRF88 MATo(, his4-38, (gal2?)

MATa his4-290

CF4-16B ura3-52, ade2-1 (gal2?)
MATY his4-280

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

YNN27 MATX, trpl-289, ura3-52, gal2

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 YCp5O 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 YCp5O 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. lb). 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 large plasmids carrying

sequences within the region of interest by Southern blotting and hybridizing

with P 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

sequences 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 Southern analysis.

Southern 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 P-O-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 d delta element and its flanking DNA in CB15A-2D and H9GSTy

1~~~~~~~~~~~~~~~~~~The 1.4 kb XhoI-PvuII 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 SmaI

restriction site of Ml3mpl8. The fragments were sequenced in both orientations

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

Sequencing of the d2 element and its flanking DNA from CBl5A-2D.

The 2.6 kb SalI restriction fragment spanning the two tandem Ty elements

was isolated, and cleaved with BglII and PvuII. The 500 bp BglII-PvuII DNA

fragment containing the d2 sequence was sub-cloned into SmaI, BamHI cleaved

M13mpl8 and mpl9 and sequenced in both orientations. The 2.6 kb SalI fragment

was also cleaved with XhoI and the SalI-XhoI fragments were subcloned into

SalI cut Ml3mpl8 and sequenced.

Sequencing of the d3 element and its flanking sequences in CBl5A-2D and

16B-GF.

The 2.7 kb EcoRI restriction fragment containing d3 delta sequences was

isolated, and cleaved with either BglII, ClaI or XhoI. The resulting

fragments were subcloned into Ml3mpl8 and mpl9 cleaved with the appropriate

combinations of EcoRI, BamHI, AccI and SalI 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
GRF88 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 XhoI site shown in fragment HBGF. The petl8
mutation is a deletion of the region shown (ref. 38).

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

The XhoI fragment was subcloned into the SalI site of Ml3mpl9 and the EcoRI

fragment was subloned into the EcoRI site of M13 mpl8. 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 S

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 10 cells/ml in

YEPD medium as described by Elder et al. (23). Total yeast RNA (10 ,pg) was

subjected to electrophoresis on a 1.2% formaldehyde agarose gel and

transferred onto Hybond N (Amersham). The filter was hybrldised with the 1.4

.k 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

III

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 S288C) 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 YCp5O. The RAHS from the

other two strains were also isolated in YCp5O 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 XhoI

fragment carrying this element is longer than XhoI 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)

a
x P S CZ EP H S B XP a S CE EP RC X X E

I6, Tyl-161 Tyl-3R _--

b,
X a S CZEP acx x

HRybrid Tyl

X 8 Da E E 3 X

M Q I kb

ORP taUm
(lye)

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 plasmid 31C-GF. This strain's RAHS

contains 3 complete solo delta elements, a tRNA Y gene and an ORF of unknown

function.
B = BglII, Ba = BamHI, C = ClaI, E = EcoRI, H = HindIII, P = PvuII, S = SalI,

X = XhoI.
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XhoI

CICCAAAAT CCGACATTAA AACOGTGCAA ATACTGTCGA CAAATTATAA Cr TACCAA0T CAAAAAGCCA ATGAGAATCT ATTOTTOCCA TTTTTTTGCT
10 20 30 40 50 60 70 60 i9l 100

TACTACTTCT TACCCGAACT AACTTTACAT AATAAAAAAO CATCAAGCCC ATATTCAGCG ACTCAAAAAT CCCAAACTQQ CACTTClUIA TATACCOATO
110 120 130 140 150 160 170 1630 191' 200

A0CATATTTT GATTCTAAAA AACAACATTA AAAAOAACTG CAAACCTCAA CCAACAATAC TTAATTTCAA AACCQAGAAA TOAOGTACAA (.TTGTACAAG
210 220 230 240 250 260 270 260 PI90 300

TTCACTTAAA CTTATTCACC ATACAATCTC AACAAAACTA ACTCCAAAGT TTCTTGCTAT AOTCACATAG TAATACTACC AQOAAGCC:AT IAATCAAAAA
310 320 330 340 350 360 370 360 :39(3 400

CAAACTCCAT ATAAAACGTA ATAAATATTA TCAATAATAG TACAATATAA CAACAAAGAA CAAOAAAATA CATTATAACT OAAGTC(TCAA IATTAGAAAA
410 420 430 440 450 460 470 480 49/0 500

7-* end ORF
AAAA,AOOTOO AATATCCTAG TCCAAAAATA TCATCTATGCc GOTGAAAOAA TTAAATAOAT ACTATGOATT GTTTCCAATC TATCCT'T1TA TCTOCCOCTT

510 520 530 540 550 560 570 5630 !~91l 600

OCCTTTTTTr TTCATTCTCC TTCTTCAQTC TTTTTCCATA OCCOAQTCCA CACCGACTAC AAAGTTCCCT OTTTTOOTCO GOTCCACIAC OCCCATTOAAT
610 620 630 640 850 660 670 660 69i(3 700

TOTCCAAGTO TCTTTACATT TAACACATTC CTTTATCTCA CCATTTCOOA QCATTOTTTO TCTCTTTTCT CTTTTAGGAC CACTAGTACT CTTTTTGCTO
710 720 730 740 750 760 770 760 /9(3O 900

TATTTCTTCO TAATACTGCC AGACCCACTA CTTCCTTOTG CACAACTATO GTAiGCCTTCA AGATTGTTTO CTTCTTCGCT AGTCOTACC'r CTCTCOOAAT
610 020 630 640 650. 660 670 660 (II1' 9004,Tyl-161, insertion site BglIi

TCCATOCACT AATAACACOA TTCTTTACAO OTOTAATTTC OTTCAAAOAO CTGOTTTTOT TCTTAACAAT ATTTCTTQTA AGATCTCI11A CTTOTTCGGC
910 920 930 940 950 960 970 960 9913 1000

ATTCTCAATT TTTTTTTCAA CATCAACAOC CCTTATTTGA CAAAAGGATA CTTCAATAAA TGCACAACTT CCATAAACTC TTCCGCC11C CTTATATCCC
1010 1020 1030 1040 1050 1060 1070 10630 1090U 1100

TTCTTTr'TAT COTTTCACTT CCAGTCATCA ATTTCTCTAT TT'AATAATAA CGTTTTCTCC ATATCTGACT TTTTAACTAC TCTAGT'TAAG AACCAACTTC
1110 1120 1130 1140 1150 1160 1170 1160 1190 1200

start ORF
CAOAOTTGTC ATAATTATTA TATCGCA11C TACCAATAGT AAATGTCTOO TTATTTACCT AGCAACCTCT TAACAAAGCG ATAACAA1UA AACACCAATA

1210 1220 1230 1240 1250 1260 1270 1260 1290 1300

TAAOTCTATT TAATTGACAA CATCATTGAT AAAAGTTTGA ACAAOCGTCT AAAACTCGAA GAAOTTCATT TCAAAGTTTT GTOTATCIAO CTTCATCATA
1310 1320 1330 1340 1350 1360 1370 1360 12I/0 1400

i3amnHl
CTTATTTAG0QGATC 0CTCT AOTTTACTOT OATACAACTO AAAAACATTA CAAAGCTATC GCOCCTGCAT TCTCATATTA OTGQCGTA1G TTTOTGTCAC

1410 1420 1430 1440 1450 1460 1470 1460 1490 1500
EcoRI

ATTCGATACT TCTACATAAT ACAATCACTO AACCCTTACC CCTOOCACAO CAATACCCOC COCCAAAGCA OCOTCTACOA 0AAACAATA(LAATT TTGCC
1510 1520 1530 1540 1550 1560 1570 1560 1E"/0 1600

GATQAGAOAO OOGAAOGCTT TAATAAAAAA AAATAGCOCT TATCCOATTC TOTTCGAATA AOTCOCTATC AATATTTACA TOTTOArAIG OTACTAACGA
1610 1620 1630 1640 1650 1660 -1670 1660 16,10 1700

TATAAATCCT TATATTOAAT ATTT3OGAATA AGCACTAACT ATCACTTATT CAAAAOCACT CGAACAAAAA AATATCAAAT CTC0AAA1CCC ACATCACTOA
5 1710 1720 1730 1740 1750 3760 1_r770 16 0 10

solo deita 31C-70GThI li io

CAAG4TITGT QATTOAAQCT CTAAAATGTC ATCTTTTAGT ACTATTCCTG ITACTACTAT ATTATCACAT OCOOTGTAAA AAQATOACUr AAACATTOA9
1910 1920 1630 1640 1650 1660 1670 1660 10/0o 1900

AAACACTCAT CAACTOTTAT COAAOCTCAA ATCCAAATAT TQATAATCTA ATAGCATAAT OAAACOTATA AAATQAAAAA GAATAArfAAA ATATTATTAT
1910 1920 1930 1940 1950 1960 1970 1960 1990i 2000

EcoRI
OTACAAATAC COATTCCATT TTCACAAT1C CTATATCCTT OAGAACAACT TCTAOTATAT TCTGTATACA TAATATTACT CCCTTTAICA OACA-TOGAAT

2010 2020 2030 2040 2050 2060 2070 2060 f090 21003
CCCAAAAATr ATCAAAATAT CACCCAATAT TC+TTTTAT TGTTGTGAAG ACATCAAGCC CTACATATAT ATCATAOTAG GATAAAA1A0 1AGAATAAAA

2110 2120 2130 2140 2150 2160 2170 2160 219/0 2200

CTATTCATAT ATCTACOTCA AACCATCACA CATTGTAATG TTGACGCCCG TGCCGATOGA ACCOCOCACO GCTCATAACC CTOATGTCCT ATCGAAACCO
2210 2220 2230 2240 2250 2260 2270 22608 20 2300

ACCGGCOCTA TTAAATTTTT TOAACTOTCC ATTAATAkATA ATGGAACTCA CGTCOTCAAT TACCOGTACC TTTTTTCCCC ACATTTTlAA ICATCTTTTA
2310 2320 2330 2340 2350 2360 2370 2390 2290i 2400

ACTATTTCAG TATTTGTTCT TCACTAOAOT TTTACTAATT AAGGTTCTCA CAAAATAAGA TATOCATTTA CAAAAOTCOG TTCTACACCO CAAATTTCTT
2410 2420 2430 21440 2450 2460 24702 246 2!490 2500I solo ~~~~~~doelta31C;-OGF2

TATTACAOAA ACATTTATAC AAGACCATAC ATA0TkATTC CAAACAAAAT CAATTATCTT TTTGTTOGGT AOTATGAATA TTACTTGIAC ATTATCATAT
2510 2520 2530 2540 2550 2560 2570 2560 209110 2600

ACAATATAAA AAGTGTCATA GACTTGTOAA ATATTTATTA TATATTAATA AAAOCTOAAC CGCAATOATT CAAAACOTTT TACCATOAlTr AATOATAAA0
2610 2620 2630 2.640 2650 2660 2670 2660 2690 2700

TACAAAATOAQOAGAAGAAA TAATAATAAC ATAAACATGO AAATACCCOT IATCTTTTAAQOATATTATA ACCTQOACCA AAACTTCC1Q OCTTCTCTQT
2710 2720 2730 2740 2750 2760, 2770 2760 2'90o 2900

ATATTCAACA CTTTTCCOTT ATCAAAAATA OAATCCCAAC AOTATCCCCA TITTCOTC4 TATCTCCATA ACCACAAGOT CTTCTAGATA CCATATAATO
2910 2620 2630 2640 2650 2660 2670 2660 2090i 2900

ACAATAACCA AGCCACCATT TACOTCOATT TTTTCTOTGC TTTTOAAATT AAAACATTTT TAGAGOAAAA TTGTGATCAC AGAATTTCAC ATTCCCAGTT
2910 2920 2930 2940 2950 2960 2970 2960 !91/0 3000

ACTTTAATAA TATTCATAGT TAOAGATGAA CACOTACTAT TAATATCAAG CTTAAGTATO AATCTTCTCA TGCTTCTATA AGCGAGOCCAT AIAAAACATC
3010 3020 3030 3040 3050 3060 3070 3060 :3(390 3100

CCCAACTOTT TCATCTTATT TATTATCAAT ATTATGTOTC TTTGGAOCTT ACTATACACT TAATCTGATA ATTAATATAA CTCTTGTAIA ACTACCATAT
3110 3120 3130 3140 3150 3160O 3170 3160 :II,1) 3200
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BglII
C^AATOTTCA ATTAATACAT C TAAATCCG TTTCATTACT ACCTOAACTO CATOTATCAA ATTTCCTTCC ACATTAQOCA CATTCACATG TAATACCACA

3210 3220 3230 3240 3250 3260 3270 3290 329( 3300

TGTACATCTA TATGTOATAT TAQCATTTAC ACACCAATCC TATATCACTA TTAATOGCCA CT7QTTCCAA AAAQTATATA TTATQAACCO TATTATTATT
3310 3320 3330 3340 3350 3360 3370 3380 339( 3400

TTATACTCAO ATAOCTQOTO COATACGTTC OCAOAITTTG ACCCCAATCC ;AATGAOTATO ACCGOAAAOGT TCACTCATAA TTTCAATAAC TCAAQTTOTT
3410 3420 3430 3440 3450 3460 3470 3460 349(} 3500

TOAATTTAAA ATACATTCCC COTTACATAA OCTATAAACA TTOTTACTTG CGCTTGOCCC ACATOTAATO TAOTTTCTTT CTTTTTCCAA CAAAAAAOAA
3 3510 3520 3530 _0yS 3550 3560 3570 3590 3590 3600

jAOCCCTOTAQ COG0CTCOAA CCCCTAACCT TATOATTAAG ACTCATACCC OCTACCQATT CCOCCAACAA GGCT,lTTTAA TTATGAAAAA TTACOTTTAA
3610 3620 3630 3640 3650 3660 3670 3680 369(1 3700

TAAOTCACTT AAAAATATAA ATACTCTTAC TAAAATCTOA ACTAAAACCT CAATATTATT TTCTGATCAC TTOT JAATA OCTCGTAATT GTTGCATTCC
3710 3720 3730 3740 3750 3760 317706C780 379(0 3600

delta remnant 5' solo delta G1C-SF3
ATTOTTOOTA AAGOCTATAA TTTTACGTAT ATAOAAT6rT TCOAATAAAA AICCACTATC QTCTATCAAC TATAGTTATA TTATCAA1Ar ATTATCATAT

3810 3820 3630 3840 36350 386,0 3070 3B6O 3890 3900
Tyl-3R insertion site4

ACOTOTrAAo ATOATOACAT AAOTTATOAO AACCTCTCAT CCAAOTTAOA CGAAOCTOAA OTCCAAOGAT TOATAATOTA ATAGOOrAAT OAAACATATA
3910 3920 3930 3940 3950 3960 3970 3960 3790 4000

XhoI
AAACGOAATO AOOAATAATC OTAATATTAO TATCTACAAA TATAGATTCC AITTTTAGOA TTCCTATATC CTCOAGQAOA ACTTCTACTA TATTCTGTAI

4010 4020 4030 4040 4050 4060 4070 4060 4090 4100

3.
ACATAATATT ACTOCCITTA TCAATAATOO AATCCCAACA ACTATCTOAA AATTCACCTO ATTCTC4CT CAOTACATCA GAAAACAACC ACCTAACAAC

4110 4120 4130 4140 4150 4160 4170 4180 41J(1 4200

CGTCTTTCAA TCTTOATCTO AAAACAAAAA TTAATCTCTC CTACTTATTA IGGATATTOT ATTTTCTCAA AATTCCAAAT CATTTTC1TO TTAOATQCTA
4210 4220 4230 4240 4250 4260 4270 4280 42910 4300

TTCACCGTCA TCOQAATCTC ACTTCAATAT CACCAATTTG CTTATAAOCT 1TATOCAACA TAACATOTTT COTCTTOTTC CCAAOTA1AA CTTAAOAAAA
4310 4320 41331 oRI 4340 4350 4360 4370 4380 43W( 4400

AAAAATrACA ATCCAAOAAA OGTAATACAG AATT
4410 4420 4430

Figure 3. Nucleotide sequence of the RAHS from strain CN31C. The region of
plasmid 31C-GF sequenced is that shown in Fig. 2c. The solo delta sequences
are underscored and the tRNA'Y 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 fraginent 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 III 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 5bp chromosomal 'target site' duplication (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 5'AGAAT 3' and 3'TGTGA

3'. This last solo delta is flanked on its centromere-proximal (left) side by

the last 54 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 tRNAYL at bp 3601 to

3674 (overscored in Fig. 3). This gene is 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 CBl5A-2D and to compare them with the 31C-GF sequence.

The 1.4 kb XhoI-PvuII 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 SmaI site of M13mpl8.

The 'Bandaid' technique (21) was then used to sequence this DNA in both

orientations. The sequence obtained is presented in Fig. 5a. 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 XhoI site

and the XhoI 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 SalI fragment (see Fig. 2), and then sub-cloning it as a 0.5 kb

BglII - PvuII fragment into M13mpl8 and mpl9 cleaved with SmaI and BamHI.

This sequence was confirmed using two further sub-clones of the SalI fragment

which were obtained by XhoI digest. Fig. 5b 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

8973



Nucleic Acids Research

a
XhoI
ZTCOAGAAAT CGCACATTAA AAGGGTGCAA ATACTGTGCA GAAATTATAA OTTACCAAGT CAAAAAGCCA ATCACAATCT ATTOTTOCCA TTTTTTTCOT

10 20 30 40 s0 60 70 eo 90 100

TACTACTTCT TACCCCAACT AACTTrACAT AATAAAAAAG CATGAAGCGC AIATTCACOO ACTCAAAAAT CCCAAACTCO CACTTCTCTA TATACCOATO
110 120 130 140 150 160 170 180 190 200

AGCATACTTT CATTGTAAAA AACAACATrA AAAAQAACTG CAAACCTOAA CCAA8AATAC TTAATTTCAA AACCGAGAAA TOAGOTACAA CTTOTA8AA8
210 220 230 240 250 260 270 260 290 300

TTCACTTAAA CTTATTGAGC ATACAATCTC AACAAAACTA ACTCCAAAGT TTSTTGCTAT ACTCATATAO TAATACTAGC AOGAAGCCAT TAATCAAAAA
310 320 330 340 350 360 370 380 390 400

GAAACTCCAT ATAAAACCTA ATAAATATTA TGAATAATAG TACAATATAA CAACAAAGAC GAAGAAAATA CATTATAACT CAAGTOCCAA TATTAGAAAA
410 420 430 440 450 460 470 480 490 500

r- end truncated ORF
AAAAAGOTGG AATATCCTAG TCGAAAAATA TCATCTATGC GGTGAAAGAA TTAAATAGAT A TATGGATT OTTTCGATCT ATCCTTTTAT CTGCTGCTTO

510 520 530 540 550 560 570 580 590 600

CCTTTTTTTT TCATTCTCCT TCTTCAGTCT TTTTCCATAC CCGAGTCCAC AGCCACTACA AACTTCCCTO TTTTGGTCCG OTCCACTACC CCATTGAATT
610 620 630 640 650 660 670 680 690 700

GTCCAAGTOT CTTTACATTT AGAGCATTCC TTTATCTCAC CATTrGCGAG GATTGTTTGT CTCTTTTCTC TTTTACGACO ACTAGTACTC TTTTTGCTCT
710 720 730 740 750 760 770 780 790 800

ATTTCTTCGT AATACTGGCA CACCOACTAC TTCCTTGTGC ACAACTATGG TAGCCTTCAA GATTGTTTGC TTCTTCCCTA CTCOTAC8TC TCTCOOAATT
810 820 830 840 850 860 870 8so 090 900

Sn-rhT 55 start ORF f Tyl-161 left delta
¢CATCCACTA GTTACACCAT TCTTTCACGC TCTAATT+GT0 TTGGAATAAA AATCAACTAT CAT TACTAA CTAOTATTTA COTTACTACT ATATTATCAT

910 920 930 940 950 960 970 980 990 1000

ATACGGTGTT AGAACATGAC GCAAATGATO AGAAATAGTC ATCTAAATTA CTGCAAGCTO AAACGCAAGO ATTCATAATO TAATAQGATC AATQAATATT
1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

AACATATAAA ACGATGATAA TAATATTTAT AGAATTCTGT ACAATTGCAO ATTCCCTTTT ATGOATTCCT AAATCCTTCA COA8AACITC TACTATATTC
1110 1120 1130 1140 1150 1160 1170 1180 1190 1200

3, epsilon r 'lon
TGTATACCTA ATATTATACC CTTTATCAAC AATGCAATCC CAACAATTAT CTCAACATTC ACCCATTTCT C4TGOTAGCO CCTOTCC1TC QGTTACTqCT

1210 1220 1230 1240 1250 1260 1270 12eo 1290 1300

AACOAACTCC ACACAAATCA AGATCCGTTA 8ACOTTTCAQ CTTCCAAAAC AGAACAATGT COAAAGCCTT CCACTAACCC TAACTCTCAA CAGACAACAA
1310 1330 1340 1350 1360 1370 1380 1390 1400

CACCTCCTTC ATCAG
1410

b 20 30 40 50 ~~~~Tyl-161 ep,~AAATTTAGAA ACAGATTTTT TGOCACAAAG CCAATGACAC TTA8A8ATGA VGTATCAGG AATAAA ACCCATCAGACCAAGAAOAACA
10 20 30 40 50 60 7 gl I 80 90 5, 100

TTGCTOATGT CATGACAAAA CCTCTTCCGA TAAAAACATT TAAACTATTA ACAAACAAAT CGATTCATTA CATC ATTAC ATTATOGOIG GTAGTTGTTGA
110 120 130 140 150 160 170 180 190 200

middle delta
ATAAAAATCA ACTATCATCT ACTAACTAQT ATTTACGTTA CTAQTATATT ATCATATACQ OTQTTAGAA8 ATOACGCAAA T8ATGAOAAATA8TCATCTA

210 220 230 240 250 260 270 280 290 300

AATTACTOGA ACCTCAAACG CAACCATTGA TAATCTAATA CQATCAATCA ATATTAACAT ATAAAACGAT CATAATAATA TTTATACAATSQTQTACAAI
310 320 330 340 350 360 370 3B0 :90 400

XhoI
TGCAGATTCC CTTTTATGGA TTCCTAAATC CTCCAOGAOA ACTTCTACTA TATCTACATA CCTAATATTA TACCCTTAAT CACAATOCAA TCCCAACAAT

410 420 430 440 450 4A6 470 480 490 5003 Tyl-3R epsilon region
TACATCAAAA TCCACATTCT CTACITGGTA GCGCCTOTCC TICGCTTACT TCTAAGCAAG TCCACACAAA TCAACATCCG TTAGACC1TT CAGCTTCCAA

510 520 530 540 5S0 560 570 580 ',90 600
PvuII

AATTCAAGAA TATCATAACC CTTCCACTAA GGCTAACTCT CAACAQACAA CAACACCTGC TTCATCAGCTLTTCCA8AGA ACCCCCAICA TQCCTCTCCT
610 620 630 640 650 660 670 680 690 700

CAACCTGCTT CAGTACCACC TCCACACAAT CGCCCGTACC CACACCACTG CATCATGACC CAAAACCAAG CCAATCCATC TOCTTCOOCA TTT
710 720 730 740 750 760 770 780 790

C Tyl-3R epsilon regionACA^AAAACC AATTACTAAA GOATTATTAA CC8ACACTAA ATCTACAATC AGTATAATTA TATCCAATAA TQ^AGAQAAA TTTAGGAACA QATTTTTTOO10 20 30 40 50 60 70 80 90 100

TACTAAACCA ATGAGATTGA CAGATGAACT ATCAGCAAAT CATCTCCACC TATGCTATAT CCAAACCAAA AAGAATATTO CAGACOTAAT QACCAAACCT110 120 130 140 150 160 170 , 180 J90 200BglII
CTTCCCATAA AAACATTCAA ACTATTAACA AACAAATCGA TTCATT62CA1 TATTACATT ATGGTGQTA TGTTGGAATA AAAATCCACT ATC8TCTATC.220 230 240 250 260 270 20 290 300Ty 3R right delta ClaI
AACTAATAGT TATATTATCA ATATATTATC ATATACGTGT TAACATCATG ACATAAOTTA TGAGAACCTO TCATCGATOT TAOAOOAACC TGAAAC8CAA310 320 330 340 350 360 370 380 390 400
CCATTCATAA TCTAATACCA TCAATCAATA TAAACATATA AAACOGAATO AGCAATAATC CTAATATTAG TATQTAOAAA TATAQATTCC ATTTTGAQGA410 XhoI420 430 440 450 460 470 480 490 500

TTCCTATATC CTCGAGGAGA ACTTCTAGTA TATTCTGTAT ACCTAATATT ATAGCCTTTA TCAACAATGQ AATCCCAACA ATTATCTAAT IACCCACCTA,510 520 530 540 550 560 570 580 5'90 6003 delta 31C-GF3 remnant XhoITATCTC AA TCAAACATAT AAAACCGAAT GAOGAATAAT CCTAATATTA OTATGTAOAA ATATAQATTC CATTTTQAQ8 ATTCCTA1AT CCTCGA88AO610 620 630 640 650 660 670 680 690 700

AACTTCTACT ATATTCTCTA TACATAATAT TACTOCCTTT ATCAATAATO CAATCCCAAC AACTATCTGA AAATTCACCT8ATTCTC48 TQAQTACATC710 720 730 740 750 760 77Q 780 790 900

ACAAAACAAC CACCTAACAA CCGTQTTTCA AT8TTCATCT GAAAACAAAA AT7AATCTCT CQTACTTATT ATOCATATTO TATTTTCICA AAATTCCAAA810 820 830 840 850 860 870 880 , 89to 900

TGATTTTCTT GTTACATGCT ATTCACCCTC ATCGCAATCT CAOTTCAATA TCACCAATTT GCTTATAAGO TTTATQCAQO ATAACATQTT TOOTCTTOTT
910 920 930 940 950 960 970 980 990 1000

EcoRI
CCCAAGTATA ACTTAA8AAA AAAAAAATTA CAATCCAAGA AAGOTAATAC AOAATTC

1010 1020 1030 1040 1050
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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 (Rd 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

Discussion).

The RAHS from the CF4-16B chromosome III which contains a single Ty element

The 0.5 kb SphI - PvuII fragment from 16B-GF that contains the left

junction of Tyl-16B was cloned into SphI, SmaI digested M13 mpl8 and mpl9 and

sequenced. It was found that this fragment had exactly the same nucleotide

sequence as the equivralent fragment from CB15Av-2D and contained 3C bp of

chromosome III DNA from the SphI 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 PvuII 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 PvuII 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 XhoI-Pvu3II fragment in Fig. 2a.
b) The middle delta (d2) 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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b) l

,+

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.

b) A recombination event between the two proximal delta elements brings Ty

1-161 and Ty 1-3R together. 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 1-1.-B) 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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10 20 30 40 50 60 70 60 90 100
1. A. A.. ..CT.C cc.. T. ..CG...CT. 0 .. -.. A. C.A.. TA
2.A. ACT. ..T...CG...CT.......................A.T...A..AG ATA
3. C. . ...TC. . . ...TA... TC.A.-. T... AT.. . T. OCT

consenSus TGTTGGAATAAAAATC-ACTATC-TCTA-AACTA-TA-TTA-TTA-A-TATATTATCATATACGGTOTTAAGA-GATGAC--AA-T-ATGAGAA--

110 120 130 140 150 160 170 160 190 200
TAAT..T.T.-....T---T.AT.T..CA.T. AA T. T......... - A A

T.AA ..T.T.--. -T. AT.T...A.
.....TATG....A......... ............ 0. C.A...TT.
CTCATC-A--TTAG--OAAGCTGAAACGCAAGQATTGATAATGTAATAGG ATCAATGAATAT-AACATATAAAACGGAATGAG-AATAAT-T-ATA-A

210 220 230 240 250 260 270 290 290 300
T... C.... AT.A. T.C. T.
T.C. T. C.... AT. A. C - AC. A- ..

.A. A.AT.A.... GA. T. CTC. CT. T.
-T-TGTAGAA-T--ACATTCC-TTTT-GGATTCCTA-ATCCT-CGAGAG AACTTCTAGTATATTCT--&TACCTAATATTATAGCCTT-ATCAACAATG

310 320 330 cross-over
............... TC. C. AC.TT..... CCATTTCT..
............... CA. C. AA. TC ...ATTCTCTA..
............... TC. A. TT. CC....CTATATCT..
GAATCCCAACAATTA--T-A--A--CAC---CA

Figure 7. Alignment of the delta element sequences from the three Ty element

deltas from the RAHS of GRF88 (Fig. 2a).
1 = d (31C-GF1);2 = d (31C-GF2) and 3 = d3 (31C-GF3) Nucleotides differing
between one or more o 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

-lunctional genes, the 31C-GF ORF and tRNA Y . We propose the gene name CTRl

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 CTR1. This may be consi6ered an unusual event given the

reported preference for Ty elements to insert into promot-er 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

into 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
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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

tRNA Ys 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 PvuII 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 recombinations 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 or;

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. 6c) 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 TylO9 (ref. 3E). 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 TylO9 than that of

Ty912. In the 538 bp region shown in Figs. 5b and c, 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 TylO9 since the former pair contain a HindIII

and a SalI 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 tRNA Ys 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. lb) just centromere

disial to 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 redooted 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 tRNA ys

gene to a new chromosomal location. A subsequent mating with a partner without

the deletion would result in the duplication of the tRNA ys 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 analysis 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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