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ABSTRACT We have determined the DNA sequence of
the transposable element Ty912 of yeast. The 5918-base-pair
element encodes two genes, tya912 and tyb912, which specify
proteins similar to sequence-specific DNA-binding proteins of
Escherichia coli and retreviral reverse transcriptases, respec-
tively. The tyb912 gene is atypical of eukaryotic genes since (i)
it begins 1336 nucleotides into the Ty912 mRNA (i.e., down-
stream of the tya912 gene) and (ii) the first in-frame AUG is
921 nucleotides into the coding frame. Protein blot analysis of
Ty-lacZ fusions shows that the tyb912 gene is translated start-
ing at the 5’ end of the tya912 gene and that the primary trans-
lational product is a tya912::tyb912 fusion protein. We have
shown that synthesis of this fusion protein probably does not
occur by RNA splicing. The data are consistent with a mecha-
nism of translational frameshifting occurring within the region
of overlap between the 3’ end of #ya912 and the 5’ end of
tyb912.

Ty elements are a family of approximately 30 transposable
elements, which are dispersed throughout the yeast genome
(1-4). Details of the structure of Ty elements suggest that
they are more closely related to the retroviruses of higher
cells than to bacterial transposons. They consist of a central
region (termed epsilon) approximately 5300 base pairs (bp) in
length surrounded by 330-bp delta elements. Elder et al (5)
showed that the major Ty-encoded mRNA has a terminal
repeat similar to the R region of retroviral provirus tran-
scripts. At the 5’ delta—epsilon boundary of several Ty ele-
ments there is a region complementary to the 3’ end of the
initiator methionine tRNA of yeast (4), a structure analogous
to the negative strand primer binding site of retroviruses.
Varmus (6) has pointed out that Ty elements also include an
oligopurine tract adjacent to the 3’ delta that is similar to the
binding site for the retrovirus primer of positive strand syn-
thesis. These factors, all of which are required for the retro-
viral life cycle, imply that Ty elements are related to metazo-
an retroviruses. In this report we present further evidence to
support this idea, both from the complete DNA sequence of
a Tyl element and from studies of the unusual organization
and expression of its gene products.

MATERIALS AND METHODS

DNA Manipulations. To construct the tyb912::lacZ fusion
plasmid, pPF350, a 2.64-kilobase-pair (kb) Sal 1/Bg! 11 frag-
ment containing the 5’ end of Ty912 was ligated into Xho
I/BamHI-digested pLGSDS, a high copy number lacZ fusion
vector based on the 2-um element (7). This procedure gives
an in-frame fusion of lacZ to the Bgl 11 site of tyb912 at nu-
cleotide (nt) 1702. Plasmid pJC8 was made by opening
pPF350 at the unique Sph I site at nt 1218 and removing the
cohesive ends with T4 DNA polymerase, followed by ligat-
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ing the blunt ends. Plasmids used for sequencing by the
Maxam and Gilbert method (8) were Sal I and Pst I sub-
clones of YIp312, previously described (3).

S1 Nuclease Analysis. To map Ty transcripts with S1 nucle-
ase, total RNA was prepared as described (5) from a pPF350
yeast transformant and enriched for poly(A)* RNA by using
oligo(dT)-cellulose chromatography. The DNA-RNA hy-
brids protected from S1 nuclease digestion were separated
on neutral and alkaline agarose gels (9) and visualized by
Southern hybridization. Under these conditions a splice that
removes as little as 11 nt should be detected (9). The lacZ-
specific Southern probe was a 0.75-kb BamHI/Cla 1 restric-
tion fragment from pLGSDS. The Ty912-specific probe used
was a 2.7-kb Bgl II fragment isolated from a YIp312 sub-
clone. This fragment contains the complete 5' region of the
element up to the Bg! II site at nt 1702.

Isolation of tyb912::lacZ Fusion Proteins. Fusion proteins
were isolated from a yeast transformant of pPF350 by affini-
ty chromatography using p-aminobenzyl-1-thio-B-galactos-
amine-agarose (10). Proteins retained by the column were
analyzed by electrophoresis in 9% NaDodSO, polyacrylam-
ide gels and blotting (11), using monoclonal mouse IgG anti-
B-galactosidase (a gift from J. Partaledis). Bands were visu-
alized by using goat anti-mouse IgG antibody conjugated
with horseradish peroxidase and Bio-Rad HRP color devel-
opment reagent.

B-Galactosidase Assays. Protein extracts were assayed for
B-galactosidase activity as described by Miller (12). B-Galac-
tosidase activities of growing yeast cultures were determined
by the rapid chloroform/NaDodSO, permeabilization proce-
dure (7).

RESULTS

The Ty912 Element Includes Two Open Reading Frames.
We have sequenced the Ty912 element, which inserted into
the promoter of the his4 gene, causing the his4-912 mutation
(3, 13). The element is 5918 bp in length and consists of a
5250-bp region flanked by a 334-bp perfect direct repeat
called delta912. The sequence in Fig. 1 is the coding strand
of Ty9I2. Inspection of the Ty912 sequence reveals two
open reading frames covering 89% of the element (5269 bp).
The 5'-proximal frame, tya912, which begins at an ATG co-
don at nt 294 and continues to a TGA codon at nt 1614, could
encode a protein of 440 amino acids with a predicted molecu-
lar weight of 48,900. The AUG nearest the 5’ end of the Ty
mRNA is the first AUG in tya912, so we would expect the
gene to be translated efficiently in vivo. Furthermore, the
context around this AUG, A-C-A-A-U-G-G, favors initiation
(16). A second frame, ryb912 overlaps the last 38 bp of
tya912 and extends from an ACA codon at nt 1576 to a TAG
codon at nt 5560. The first ATG codon in tyb912 is 921 bp
into the gene at nt 2497. It is likely, given its length, that the

Abbreviations: bp, base pair(s); kb, kilobase pair(s); nt, nucleo-
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1 T6TTBBAATAGAAATCAACTATCATCTACTAACTAGTATTTACATTACTAGTATATTATCATATACGETBT TABANBATBACECARATEATGABAAATAGTCATCTARAT TAGTEBAAGL TGARACECANGEAT TBATAATETAATABEA
Ret6luSer
151 TCAATEAATATAAACATATAARATEATEATAATAATATT TATAGAATTBTETAGAATTBCABATTCCCTTTTATEBATTCCTARATCCT T6AGEABAACTTCTABTATATTCTETATACCTAATATTATABCC TTTATCAACAATBBAAT
art of tya%!

GlaGInLeuSerGlaNisSerProlleSerNislySerAlaCysAlaSerValThrSerLyséluvalisThr AsaGladspProleudspValSer AlaSerLysThrElugluCysélulysValSerThrLysAladsaSerla
301 CCCAACAATTATCTCAACATTCACCCATTTCTCATE6TAGCBCCTETBCTTCBET TACTTCTARGBARG TCCACACARATCAABATCCE TTABACET TTCAGCTTCCAAMACAGAAGAATETEABAABETCTCCACTAABBCTAACTLTL

SIThrThrThe ProAlaSerSer AlaValProGluAsaProishisAlaSerProGInProAlaserValProProLeublnAsaGlyProTyrProGlaginCyshethetThrilaAsnéinAladsaProSer6lyTrpSerPhe
451 ARCAGACAACAACACCTBCTTCATCABCTETTCCABABARCCCCCATCATBCCTCTCCTCAACCTBCTTCABTACCACC TCTACABAATBBBCCETACCCACAGCAG TECATEATBACCCARAACCANBCCAATCCATCTBBTTBETCAT

Pvull
TyrGlyHisProSerNetlleProTyrThrProTyrélaetSer ProNetTyrPheProProGlyPro6inSerGInPheProginTyrProSerSerValGlyTheProleuSerThr ProSerProbluSer6lyAsaThr PheThr
801 TTTACGBACACCCATCTATBATTCCETATACACCTTATCAAATETCECC TATBTACT TTCCACCTBBBCCACAATCACABT TTCCBCABTATCCATCATCABT TB6AACECCTCTBABCACTCCATCACCTBABTCABBTAATACATTTA

AspSerSerSerAlaAspSer AsphetThr SerThrLysLysTyrValArgProProProetLeuThrSerProAsnAspPheProAsaTrpVallysThrTyrlieLysPheleublaAsaSer AsalewBly6lyllelleProThr
751 CTBATTCATCCTCABCBBACTCTBATATGACATCCACTARAAAATATETCABACCACCACCAATBTTAACCTCACCTAATBACTTTCCAAATTEE6T TARAACATACATCAAATTTTTACAAAACTCBAATCTCEETBE TATTATTCCEA
Hpal
ValAsaGlylysProValArgGinlleThr AspAspGluLeuThr PheLeuTyr AsaThr PhefinllePheAlaProSerGinPheLeubroThrTrpVallysAsplieleuSerValAspTyrThrAsplloNetLys]leLeuSer
901 CAGMMCGMCCGMCBTCAMYCM:TMIGATGMCTCACCTICTISTMMCACITT'ICAMTMTIOC\'CCCTCICMTTCCTMCTACCINGTM&TCCTMCT.STTGA‘TMM ATCATBAMAATTCTTT

LysSerIleGlulyshet6inSer AspThr6lnGludlaAsaAsplieValThr LeuAlaAsulowbinTyr AsaGlySerThrProAlaAspAlaPhed uThr LysValThrAsallel LeAspArgLleuAsahsaAsaGly] leNis
1051 CCARAAGTATT TBCAATCTEATACCCAABAGGECARACBACAT TG TBACCC TBBCAMAT TTECAATATAATEBCAGTACACCTECASATBCAT TTGARACARAAGTCACARACAT TATI TGAACAATAATGBCATTC

Plil
DNAlhl?ﬂnlyshmalysﬂnlulhlcﬂ?qﬂy[“hrﬂyﬁu1yrIysﬂuuhﬂyﬂhrhglis‘l,ﬂislu aetThr¥alAlaGlulewPheleuAspllenisAlalleTyrGlublublnbinélySer
1204 ATMCMTMCMGGYCM}OCCM"MYTMGMSTUATCTSGCGMTMWHI'NM:GCTM:M:M‘.GtCMCGM:ATﬂmIMMTCGCTSMCISTTCTIAGMMCCMRMUMTWWI

Sph
ArgAsaSer LysProAsaTyrArgArgAsaLeuSerAspGlulysAsaAspSer ArgSerTyrThrAsaTheThrLysProlysVallleAlakrgAsaProGlalysThr AsaAsaSerLysSer LysThr AlaArgAlaNisAsaVal
1351 CBABAAACAGCAAACCTAATTACAGEABAMTCTEAGTEATGAGAAGAATGAT TCTCECAGCTATACBAATACAACCAAACCCAARGTTATAGCTCEBAATCCTCAARAAACARATAAT TCEARATCBAAMACABCCAGBBCTCACAATE

SerThrSer AsaAsaSerProSerThr AspAsaAspSer 11eSer LysSerThrThrGluProlle6 InteuAsnAsalyshisAspleulisLouArgProGlyThe Tyress
ThrlleSerThrThe PheThr Lewbly6in6luLeuThr8luSerThrValAsaNisThr AsalisSer AspAs
1501 TMDCACATCIMIMCTCTCWWMTTCCMCMTMATCAM:IM:TMOSAHC;MTsamTMSCM:BM:CTICM:CTTMCCAWACETMTGMTCIM:OGTMATC&CACTMTCMYC‘N?M
tart of tyb912 nd of tya912
GluleuProblyNisLeuleuleuAspSerGlyAlaSerArqThr LeulleArgSerAlakishisIleNisSerAlaSerSerAsaProAsplieAsaValValAspAlabinlyshrgAsalleProlleAsaAlalleblyAsplew
1451 sucrccctaemcmcnctcmtcaemcmw:mcccrnmsﬂtl:mrmcmmmumrwcnmccmcurmcstMmsmcrmmmummnmmmmmm

G1aPheNisPheGinAspAsaThr LysThrSer1leLysValleulisThrProAsalleAlaTyr AspleuleuSer LeuAsaGlulenAlaAlaValAsplleThr AlaCysPheThr LysAsaValleubluArgSerAspSlyThr

1801 CMTTTI:M:TTCCABWACECAMACATCMIMMBIMTBWMCTCCtMCATAGCCIMMCTTACTCAGTTTeMTsMYTOOgTeEAGTaMTMcmmTOCT"EMMCGICTTM‘YCT AT
st Sph]

ValleuAlaProlleVal€laTyrGlyAspPheTyrTrpValSerLysArqTyrLeuleuProSerAsalieSerValProThr11eAsnAsaValNisThrSerGluSerThr ArglysTyrProTyrProPhelleNisArglieval

1954 BTACTTBCACCTATCETACAATATBBABACTTTTACTBE6TATCTAAARBETACTTGCT TCCATCAAATATCTCCETACCCACCATCAATAATETCCATACAABTEAAABTACACBCARATATCCTTATCCTTTCATTCATCBAATCETT

AlakisAlaAsaAlaGInThr 11eArqTyrSer LeulysAsaAsaThr 11eThrTyrPheAsnGluSer AspValAspTrpSerSerAlalleAspTyr6iaCysProAspCysLeulle6lylysSerThrLyshisArghisllelys

2101 GCGCATECCAATECACABACAATTCBATACTCACTTARAAATAACACCATCACBTATTTTAACGAATCABA gfcmﬂmtTAGTOCIATTMCTMCMTSICCTGATTGTNMVMACCMMMTMM
all

HySMAuLuLystrHMnSuIylﬂuho'loﬁlu?yrLullisIMA:'“cPMlyhohm’slntuPuAnSnMahoSorTercHcSnMcnrAsmumnrl.ysﬁhlrguhnyr?n

2251 G6TTCACGACTAMMATACCAAAATTCATACGAACCCTTTCAATACCTACATACTBACATATTTBETCCABT TCACAACCTACCAAATABTECACCATCCTATTTCATCTCATTTACTGATGAGACAACAMAAT TCCETTBEBTTTATCCA

M3
mumwuwmumnommmmmnrmLmumomLymmmmumummmmnmmm GlySerGluTyrThr AsnArgThr LeuNislysPheleublulys
2401 TTACACBACCGTCOC6ABBACTCTATCCTCBATETTTTTACTACBATACTABCTTTTATTARGAACCAGTTTCABBCCABTETCTTBET TATACAAATBBACCS SGITCTGAGTMACTMCQO‘M:TCICCATMATICCTTSM

M4
muyxunrmcwmmnmmmmrArguamuyvmmumumm mlulcmgmt sArgThrGlaleublalysSer6lyLeuProAsaTyr LeuTrpPheSer Alalle6luPhe
2551 ARTGGTATAACTCCATBCTATACAACCACABCBBATTCCCEAGCACATGBABTCBCTBAACBECTAAACCBTACCTTATTABATBACTBCCETACTCAACTBCAATBTABTBETTTACCBAACTATTTATBETTCTCTGCAATCBAATTT

SerThrlleValArgAsaSer LewAlaSerProlysSerlyslysSerAlaArgGlaNisAlaGlyLeuAlaGlyLeuAsplieSerThr LeuleuProPhebly6inProVallleValAsaAsphisAsaProAsaSerLys]lelis
2701 TCTACTATTETGABAAATTCACTAGCTTCACCTARAAGCAARAAATCTECARGACAACATBCTGECTTBBCAGBACT TBATATCABTACTTTBTTACCTTTCBBTCAACCTETTATCETCAATBATCACAACCCTAACTCCAARTACAT

Bell
ProArg6lylleProGlyTyrAlaleuNisProSer ArgAsaSerTyrélyTyrllelleTyrLeuProSer LeulysLysThrValAspThrThr AsaTyrVallleLeuGinGlylys6luSer ArgLeuAspGinPheAsaTyr Asp
2851 CCTCETE6CATCCCABBCTACBCCTTACATCCGTCTCBAAACTCTTATEBATATATCATCTATCTTCCATCCTTAAABARGACAGTAGATACAACTAACTATETTATTCTTCABEBCAABGAATCCABAT TABATCAAT TCAATTACBAC

AIalumPhMuﬂMspI.nAnAnLcuTbrAlaSnlyrﬁisSuPM“MlaSquulMhﬂuSuAsnls;l.u‘nHoGluSuAsph’sAs PheGlaSerAsplleGluLeuNisProGlubinProAry
3001 BCACTCACTTTCEATBAABACTTAAACCETTTAACTGCTTCATATCATTCETTCATTBCETCARATEABATCCAABAATCCAATEATCT TARCATABAATCTEACCATBACTTCCAATCCBACAT TBAACTACATCCTBABCAACCEABA

AsaValleuSerLysAlaValSerProThrAspSerThrProProSerThriisThréluAspSerLysArgValSerLysThrAsnlleArgAlaProArg6luValAspProAsalleSerGluSerAsalleleuProSerlysiys
351 ARTBTCCTTTCAARABCTETEABTCCAACCEATTCCACACCTCCBTCAACTCATACTEAAGAT TCBAAMCETRTTTCTAAAACCAATATTCBCECACCCAGAGAABTTEACCCCAACATATCTBAATCTAATATTCTTCCATCAAABANG

3301 TCTABCACCCCCCARATTTCCAATATCGAGAGTACCBETTCEBETEETATECATAAATTARATETTCCTTTACTTECTCCCATETCCCAATCTAACACACATBABTCETCBCACBCCABTAAMTCTARRBATTT!

LI ’
SerTyrSerGluAsnGluThrAsaisThr AsaValProlleSerSerThrb1yGlyThr AsaAsalysThrValProGinlleSerAsp6lnGluThrélulysArgllelleNisArgSerProSer1leAspAlaSerProProbin
3451 TCGTACAGTBARARTBABACTAATCATACAARCETACCARTATCCAGTACGGETBETACCAACAACAAAACTETTCCECABATAABTEACCAABABACTEABARAAGBATTATACACCE mccnmgcga BCTTCTCCACCEBAR

Kpnl [
AsaAsaSerSerNisAsalleValProllelysThrProThrThrValSeréluGlaAsaThrGluGluSerIlelleAlaAspLeuProleuProAsplenProProGluSerProThrGluPheProAspProPhelyséluleulro
3601 MTMTICMCG(‘.M‘.MTA"B'IICCIATCMMMMTMIOITTCIMACMTMCWMTCIMCMCBCW\TCTCCCM:TCCCTSMCTACI:TL‘CMTCTtCTMCgA:HCCCTWtNT"MMICtCG
c
ProlleAsaSer ArgGlaThr AsaSerSer LeuGly6ly11eGlyAspSer AsnAlaTyrThrThr11eAsaSerLysLysArgSer LeuGluAspAsaGluThrélullelysValSer ArgAspThrTrpAsaThrLysAsaketAr
3751 CCOATAAATTCTCETCARACTAATTCCAGTTTGBETEETATTEETBACTCTAATECCTATACTACTATCAACAGTAAGARAAGATCATTAGAABATAATGAAACTEAAATTARGE TATCACBABACACATEBAATACTARBAATATECE

:rexSn SerThrPro6lnlleSerAsnlleGluSerThrGlySerGlyGlyNethislysLouAsaValProleuleuAlaProNetSerGinSerAsaThrNisGluSerSerNisAlaSer LysScrLysAsmch‘li sgnlsp
Bg

Serleu6luProProArgSeriyslysArqlleNisleulleAladlaVallysAlaVallysSerIleLysProlleArqThrThr LeuArqTyr AspGluAlalleTheTyrAsnlysAspllelysGlulysélulysTyrlle6lu

3901 ABTTTAGAACCTCCGAGATCEAABARACGAATTCACCTEATTECABC TETARARGCAGTARAATCAATCAAACCAATACBEACAACCTTACBATACGATEABECAATCACCTATAATAAAGATAT TAAAGARAAABARAAATATATCBAB
EcoRl Pvull

AlaTyrNislys6luValAsaGlaLeuleulysNetLysThrTrpAspThr Asp8luTyrTyrAspArgLysGlulleAspProlysArqVallleAsaSerNetPhellePheAsnlyslysAr Aspﬂ;ﬂllislysh'mnc

4051 OCMM:CM:MMMGTCMIMTGTTMMIBMMCHBMACTBM:GMMTMTMMMFAGM:CCTAMMAGTMIMTCMTBTTTMCTTCMCMM‘M:B BACBETACTCATAAACBTABATTT

ValAlaArgél Asﬂlmm’shobﬂhrTyrAspSc;:&lcmnSnAnThrVam‘slis!yrualuncﬂhrSuluSuI.uAhl.uhpAnAnYyﬂ rlIo"rﬂnLuAsE“oSnSorAhT rles
6p

4201 GTTGCAA ATATTCABCATCCTBACACTTACGACTCABBCATGCAATCCAATACCBTACATCACTATBCATTAATBACATCCCTBTCACTTBCATTABACAATAACTACTATATTACACAATT: TATCTTCGECATATTTE

I hi o—
Y‘rdlch el sﬂ“lulu!mhh'hohoholisLuOlynMnk‘Lysl.ulloh LeulysLysSerLeuTyrBlulewlysilnSerGlyAlaAsaTrpTyrGluThe IlelysSerTyrLoulleblnbln

4351 TATI T TTATACATAAGACCTCCACCACAT TTABBAATBAATBATAABTTBATACBTTT TCACTTTATBAATTBAMCAAGTOBAGCEAACTOBTACBAANCTATCAAATCATACCTGATACAACAA
C‘sﬂ Net@lubluValArgblyTrpSerCysValPhelysAsaSerGlaValThrlle gluhomb u'lothuuhoSntyshtlodnSnAnly:hﬂhlloﬂclyslum:omﬂyMs Thr

4501 TGTOBTATGEAABAABT TCETBBATOBTCATECATAT TTAAAATAGTCAABTBACAATTTBTTTATTCOTABATBATATEBTAT TBTTTABCAAMAATCTAAAT TCAAACAAAABAAT TATABAGAABCTT TKMYMACC

Nind1 11

Fi1G. 1. (Figure continues on the next page.)
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lys1h“olnI.uﬂyﬂu!ordsmmulMMyImmmﬂyLumlIolmyrﬂmsxg‘l.yﬂwlotLysI.uﬂylctGMnSuLMMul.ysumol.ystumhlholumho
4651 AABATTATAAATCTAGBCEARAGTEATBABBAAATTCAATATBACATACTTBECT TABAMTCAAATATCAAABABETAAATACATBAAAT TABS TATBBAAMACTCATTAACTBABAARATACCCAMATTAARCETACCTTTBAATCCA

LysblyArglysLouSerAlaPro6lyGinProGlyLeuTyrIleAspEinAspGlulenlulleAspEluAspbluTyr LysGlulysValNisGluNet6lalysLoullelyLonhlaSerTyrValGlyTyr LysPhedrgPhe
4801 AAABE| TTAGCBCTCCABETCAACCABETCTTTATATABACCAGBATEAACTAGAMTAGATBAAGATEARTACAAAGAGAAGETACATEAARTBCANAAGTTGATTEETCTABCTTCATATETTGBATATMATTTABATTT

AsplesLeuTyrTyr1leAsaThr LeuAlaGlaNis]leLowPheProSerArgblaValleuAspNetThrTyrGluleulleGInPhenetTrpAspThr ArgAsplys@inLoul leTrphisLysAsalysProThrlysProdsy
4951 GACTTACTATACTACATCAACACACTTBCTCAACATATACTATTCCCCTCTAGBCAABTTTTABACATEACATATBAGT TAATACAATTCATETEEBACAC TABABATARACAAT TAATATGECACAAAMACAMCC TACCAABCCABAT

AsalysLeuValAlalleSerAspAlaSerTyrGlyAsaGinProTyrTyrLysSerGinlleGlyAsallaPhelouleudsnblyLysVallle6ly6lyLysSerThrLysAlaSer LeuThrCysThrSerThrThréludlable

5101 AATAAACTABTCECARTAABCEATGCTTCATATBETAACCAACCATATTACAAGTCACARATTEE WQTTTTCCTMTSMCSMAGYMTTMM&ST?WTIC%I?ACMMHCMTMM
a I

IleNisAlaValSer6luAlalleProlenleuAsaAsalenSerNisLouValGlnGluleuAsalyslysProllellelysGlyLeuleuThr AspSerArgSerThr 1leSer1lellelysSerThrAsn6lublulysPhedeg

5251 ATACACGCAGTCABTGAABCTATACCECTATTBAATARCCTCABTCACCTTETBCAABAACTTAACARGAAACCAATTATTAANGBCTTACTTACTEATAGTABATCAACGATCASTATAATTAABTCTACAAATEAABAGAAATTTAGA

AsnArgPhePheblyThrLysAlaNetArglouArgAspEluValSerGlyAsaAsalenTyrValTyrTyr1leGluThrLyslysAsalleAlaAspValNetThrLysProLeuProllelysArgPhelysLealeuThr Asalys
5401 ANCAGATTTTTTEECACAAAGECAATEAGACTTAGAGATEANGTATCAGETAATAATTTATACETATACTACATCBAGACCAAGARGAACATTGCTEATETBATGACAAACCTCTTCCOATAAMAABATTTAMCTATTAACTAACAAA

TrplleNistas
3551 TBBATTCATTABATCTATTACATTATEBGTEETATET TE6AATAGAAATCAACTATCATCTACTAACTAGTATTTACATTACTABTATATTATCATATACEETBT TABARGATBACECAMTBATEABARATABTCATCTARATTAGTEE

End of tyb912

131
3701 ARGCTGAAACGCAAGEATTBATAATBTAATABGATCAATBAATATAAACATATAARATBATEATAATAATATTTATABAATTE TETABAATTBCABATTCCCTTTTATGBATTCCTANATCCTTEAGBABAACTTCTAGTATATTCTBTA

3831 TACCTAATATTATABCCTTTATCAACAATBBAATCCCAACAATTATCTCAACATTCACCCATTTCTCA

Fi6. 1. Sequence of Ty912. The coding strand of the element is shown. The delta terminal repeats are underlined. The tya912 and tyb912
genes are translated above their DNA sequences. Restriction sites appear below the DNA sequence. The sequence of over 93% of each strand
has been directly determined. The regions of peptide homology referred to in the text are indicated above the amino acid sequence and marked
to identify them: DNA for DNA-binding protein homology (14); M3, M4, R2, 1, 11, and III for reverse transcriptase homology (15).

region upstream of the AUG is translated, suggesting that
the AUG is not the site of initiation of tyb912. From inspec-
tion of the DN A sequence we could not assign a site for initi-
ation. The tyb912 open reading frame could encode a protein
of as much as 151,200 daltons. There are no other reading
frames longer than 250 bp in either strand of the element.

The tya912 Protein Includes Homeology to DNA Binding Pro-
teins. The tya912 protein includes two regions of unusual pri-
mary sequence. A region of 125 amino acids, beginning at
amino acid 58, is 21.6% proline. The carboxyl-terminal re-
gion of 90 amino acids, composed of 20.2% basic residues, is
reminiscent of a DNA-binding protein. Upstream of this ba-
sic region, from residue 313 to residue 327 (Fig. 1), is a se-
quence similar to the consensus for DNA-binding proteins
from bacteria (14). The homology is found within a region
predicted by the Chou and Fasman method (17) to include
two potential a-helical regions separated by a B-turn, with
the homology occurring at the correct position with respect
to these putative secondary structural features. Of the 10
amino acids that have been shown or predicted to interact
with DNA (14, 18, 19) 9 occur within the putative two a-
helices of the rya912 protein (Fig. 1). The primary and sec-
ondary structural features suggest that the protein may be a
DNA-binding protein.

The tyb912 Protein Shows Homology to Retroviral Reverse
Transcriptase. Given the similarity between Ty elements and
retroviruses, we hypothesized that the ryb912 protein might
be homologous to retroviral reverse transcriptase. Toh et al.
(20) and Patarca and Haseltine (15) have found scattered pri-
mary sequence similarities among both retroviral reverse
transcriptases and DNA polymerases of double-stranded
DNA viruses. We find that the region from amino acid 835 to
amino acid 1046 of ryb912 includes sequences similar to four
homology regions referred to as R2, I, II, and III (15) and
two additional regions (M3 and M4; ref. 15) from amino acid
306 to amino acid 359 that we find are similar to reverse tran-
scriptases but not DNA polymerases (see Fig. 1). This sug-
gests that the product of the tyb912 gene may be a reverse
transcriptase.

An Unusual Mode of Expression for the tyb912 Gene. The
tyb912 gene is unusual in two respects: first, the 5’ end of the
tyb912 open reading frame overlaps the 3’ end of the tya912
open reading frame for a distance of 38 bp; second, the first
in-frame ATG codon occurs 921 bp from the beginning of the
open reading frame. It is doubtful that this is the initiator
codon for the ryb912 gene since it is known that eukaryotes

normally initiate translation within 40-80 nt of the 5’ end of
the transcript (16).

To examine the expression of the tyb912 gene we con-
structed a gene fusion with the lacZ gene of Escherichia coli.
In this construction, pPF350, the lacZ gene is fused to the
tyb912 coding frame at a Bg! II site (nt 1702), upstream of the
initial ATG codon but downstream from the 3’ end of the
tya912 gene (Fig. 1). When pPF350 is used to transform
yeast, significant levels of B-galactosidase (1004 units) are
detected, showing that the tyb912 coding frame is expressed
and that translation of the gene product must initiate up-
stream of the first in-frame ATG codon. We have sequenced
the fusion junction of pPF350 to confirm that lacZ expres-
sion is not a cloning artifact.

The simplest explanation for the expression of the ryb912
coding frame would be that the gene is spliced to an up-
stream initiator, most likely that used by the tya912 gene. To
investigate this possibility S1 nuclease mapping was per-
formed, using the tyb912::lacZ gene fusion of pPF350 (Fig.
2). DNA-RNA hybrids protected from S1 nuclease degrada-
tion were analyzed in neutral and alkaline agarose gels fol-
lowed by Southern blotting. A lacZ-specific Southern probe
reveals a single band in both gels of the size expected for an
unspliced transcript. When a Southern probe specific for the
5" end of Ty912 was used, this band, plus another, was ob-
served in both gels. The second band is due to protection of
the S1 nuclease probe by wild-type Ty mRNA. No other pro-
tected species were observed. S1 nuclease analysis was also
performed by using a 5'-end-labeled restriction fragment ex-
tending from the Sph I site in the rya912 gene to the Pvu II
site in lacZ (data not shown). The sequence ladder of this
portion of DNA was used as size markers for the protected
hybrids. No evidence of spliced RNA was observed.

It appears from these experiments that splicing of the
tya912 and tyb912 genes does not occur. Nevertheless, we
have shown that ryb912 expression is dependent upon trans-
lation of the tya912 gene by constructing a frameshift within
this open reading frame. This alteration in the tya912 reading
frame of pPF350 introduces an in-frame TAA stop codon 4
bp downstream of the Sph I site at nt 1218 (plasmid pJC8).
Virtually no B-galactosidase activity (<1 unit) is observed
when this plasmid is present in yeast. Thus ryb9I12 gene
expression is eliminated by early termination of the tya912
gene and cannot be due to translation initiating upstream of
the Bgl 1I site within the tyb912 open reading frame itself
(e.g., at a codon other than ATG).
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One interpretation of this result is that the primary tyb912
gene product is a fusion protein that is produced by transla-
tion continuing from the tya912 coding frame into the tyb912
gene. To test this idea we have studied the Tyb—pB-galacto-
sidase fusion proteins produced in strains carrying pPF350.
After purification by affinity chromatography and blotting
analysis, two major bands, whose molecular weights are es-
timated to be 175,000 (+6000) and 123,000 (+2000), and sev-
eral minor bands of intermediate sizes were observed (Fig.
3). No additional polypeptides were found to cross-react in
. extracts not affinity purified. A protein produced by initiat-
ing at the first ATG of the tya912 coding frame and continu-
ing into the tyb912::lacZ gene would have a predicted molec-
ular weight of 172,000. Our observed value (175,000) is in
good agreement with this, taking into account the limits of
resolution for proteins this large on NaDodSO,/polyacryla-
mide gels. We therefore propose that the tyb912 gene prod-
uct is expressed by translation initiating at the beginning of
the tya912 coding frame and continuing into the tyb912 gene
by frameshifting in the region of overlap between the two
genes.

The second major band has a molecular weight of 123,000,
3000 larger than expected for B-galactosidase from this vec-
tor. A protein of this size would occur if the largest fusion
protein was processed by proteolytic cleavage near the car-
boxyl end of the tya-encoded portion. The minor bands of
intermediate sizes presumably represent multiple specific
cleavages within the amino terminus of the fusion protein,
since no polypeptides smaller than B-galactosidase are ob-
served.

DISCUSSION

The nucleotide sequence presented here reveals the unusual
genetic organization of the yeast transposon Ty912. We have
identified two overlapping reading frames, tya912 and
tyb912, a structure similar to that found in the retrovirus

Proc. Natl. Acad. Sci. USA 82 (1985)

B. Alkaline
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Fi1G. 2. S1 nuclease analysis of the tyb-
912::lacZ fusion transcripts. The fragments pro-
tected from S1 nuclease degradation by a Sac I
restriction fragment from pPF350 were separated
in duplicate neutral (A) and alkaline (B) gels and
then analyzed by Southern blotting. Each pair of
filters was then hybridized to either a lacZ-spe-
cific probe (I and III) or a probe specific for the 5’
end of Ty912 (II and IV). Lanes 2, 4, 6, and 8
show fragments protected from S1 nuclease (750
units/ml). For comparison the Sac I restriction
fragment was run on each gel (lanes 1, 3, 5, and
7). The sizes given (in kb) were estimated by us-
ing HindIII-digested DNA of bacteriophage A as
markers. A restriction map of the relevant por-
tion of the fusion plasmid pPF350 is also shown.
The sizes of S1-nuclease-protected fragments ex-
pected from unspliced hybrid gene transcripts (X)
and unspliced wild-type Ty mRNA (Y) are indi-
cated.

Rous sarcoma virus (RSV) (21). The analogy with metazoan
retroviruses is further strengthened by our demonstration of
a tya::tyb912 fusion protein, which is reminiscent of the re-
troviral gag—pol proteins. The predicted tya912 protein ex-
hibits several structural features characteristic of DN A-bind-

175,000-==

123,000 =
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Fi1G. 3. Blot analysis of tyb912::lacZ fusion proteins. Hybrid pro-
teins, purified by affinity chromatography, were electrophoresed in
NaDodSO,/9% polyacrylamide gels and blotted to nitrocellulose.
The proteins on the filters were allowed to react with mouse IgG
anti-B-galactosidase and the bands were visualized by using goat
anti-mouse IgG conjugated with horseradish peroxidase and Bio-
Rad color development reagent. Lane 1, proteins isolated from a
yeast transformant of pPF350; lane 2, high molecular weight mark-
ers, including B-galactosidase (BGZ; molecular weight, 116,000).
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ing proteins. Examination of the tyb912 sequence reveals
scattered homology to several reverse transcriptases and
DNA polymerases. The degree of similarity found is compa-
rable to that displayed by any of these enzymes when com-
pared to the rest of the group, suggesting that this observa-
tion is significant. Thus sequence analysis of the Ty912-en-
coded proteins suggest a possible role in the transposition of
the element itself.

We have also demonstrated an unusual mode of expres-
sion for the ryb912 gene. We have shown that the product of
this gene is a tya912::tyb912 fusion protein, yet we observed
no evidence of spliced RNA. It is possible that the protein
results from the excision of an intron too short to be detected
by S1 endonuclease. However, we consider this unlikely due
to the high sensitivity of the technique (9) and because of the
absence of sites known to be required for splicing of yeast
nuclear mRNA (i.e., donor, acceptor, and T-A-C-T-A-A-C
sites). Furthermore, the efficiency of mRNA splicing in
yeast appears to be greatly reduced with a diminishing size
of intron (22). Our alternative explanation is that the zya-
912::tyb912 fusion protein is produced by translational
frameshifting within the region of overlap between the two
genes.

Several other examples of translational frameshifting are
known. The lysis genes of the RNA phages f2 and MS2 (23,
24) are expressed by frameshifting within the corresponding
upstream coat gene. Spontaneous readthrough of leaky
frameshift mutations occurs within the oxil gene of yeast mi-
tochondria (25). The addition of a carboxyl-terminal exten-
sion onto the phage T7 major coat protein also occurs by a
frameshift during translation (26). The level of frameshifting
observed in each case is due to translational misincorpora-
tion (27).

Ancther system in which translational frameshifting al-
lows the expression of alternative proteins is the gag—pol
genes of RSV (21). The primary translation product of pol is
gag-pol fusion protein. The expression of the fusion is usu-
ally attributed to a splicing event, although there is no direct
proof of this (21). The RSV genome includes a 58-bp overlap
between the gag and pol genes similar to that found in
Ty912. Thus it is also possible that expression of the pol gene
occurs by frameshifting within the overlap, as was proposed
by Schwartz et al. (28). A model of translational misincor-
poration may also account for the expression of the pol gene
of Moloney murine leukemia virus. Here the gag and pol
genes are in the same frame but separated by a single UAG
nonsense codon. Translation of the latter gene may occur by
readthrough of this codon. It is possible that mechanisms
involving translational infidelity have a general role in the
expression of proteins required in low amounts.

We have also sequenced a Ty2 element, Ty917, and found
that it too contains overlapping reading frames (unpublished
data). When this sequence is compared to that of Ty912 the
homology found in the overlap is no greater than that of the
adjacent 800-bp region. We therefore believe that the pri-
mary structure of the overlap region is not important in pro-
moting frameshifting. Rather, our model involves transla-
tional misincorporation at the UGA terminator codon of the
tya912 gene. Weiss (29) has described a general mechanism
to explain how certain normal tRNA molecules are able to
promote ribosomal frameshifting. This is based upon studies
that identify these so-called “shifty” tRNAs, and their corre-
sponding “shifty” codons (30, 31). The conserved U33 nu-
cleotide immediately 5’ to the normal anticodon in these
tRNAs is proposed to base pair with the “shifty” codon. By
applying the “reciprocating ratchet” model, in which trans-
location is caused by an allosteric transition of the anticodon
loop (32), Weiss has predicted that this offset anticodon—co-
don pairing would cause a —1 or +1 frameshift. The direc-
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tion of the frameshift produced is determined by which of
two possible allosteric conformations is energetically more
favorable, and this in turn is dependent on the particular
tRNA and codon involved.

It is possible that ryb912 gene expression occurs by such a
mechanism. Binding of a leucyl-, methionyl-, or valyl-tRNA,

each of which contains an offset 3'-AC€I-5’ anticodon, to the
5'-UGA-3' terminator codon of the tya912 gene could occur.
This interaction would presumably be in competition with
the binding of termination factor to the ribosome such that
translation of ryb912 is dependent on the relative binding
rates of tRNA and factor. Further experiments are necessary
to define the actual mechanism of ryb912 gene expression.
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