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Two related families of transposons were isolated from Schizosaccharomyces pombe, an organism which has
been the object of extensive genetic studies which had previously produced no evidence for the existence of such
elements. These two classes of repeated DNAs, dubbed Tf1 (transposon of fission yeast 1) and Tf2 have many
properties of retrotransposons. Tf1 and Tf2 both possess long terminal repeats and predicted protein sequences
that resemble the protease, reverse transcriptase, and integrase domains of retroviruses. The chromosomal
locations and total numbers of Tfl and Tf2 differ greatly in various isolates of S. pombe. The Tf elements are
expressed in the form of 4.5-kb mRNAs. The complete sequence of Tfl was determined and suggests that a
novel mechanism for regulating its gene expression may be used.

Transposable elements are thought to be present in all cell
types, yet no such element has previously been reported
from Schizosaccharomyces pombe. Transposable elements
isolated from Saccharomyces cerevisiae have been charac-
terized to develop an understanding of the molecular mech-
anisms of transposition in eucaryotic cells (3, 4, 10). We
examined the genome of the related yeast S. pombe for
transposable elements, since some of its biological proper-
ties, including chromosome condensation and centromere
structure, have been shown to be more similar to those of
higher eucaryotic cells than to those of S. cerevisiae (15, 40).
We initially searched unsuccessfully for transposons in the
well-known strains S. pombe 972 and 975 studies by Leupold
et al. (14) by using a genetic approach similar to those used
successfully with brewer’s yeast, S. cerevisiae, to identify
transposition events (9, 29, 37). We then initiated a study of
repetitive DNAs isolated from S. pombe strains in other
laboratories. As a result, we isolated two families of retro-
transposons, transposon of fission yeast 1 (Tf1) and Tf2. The
sequence of Tfl was determined and found to contain an
open reading frame of 1,340 amino acids that has regions of
sequence identity to the protease (PR), reverse transcriptase
(RT), and integrase (IN) domains of retroviruses. In addi-
tion, RNA blot analysis demonstrated that both Tfl and Tf2
produce 4.5-kb transcripts that are of sufficient size to be
full-length copies.

Isolation and characterization of Tf element clones. The S.
pombe strains used in this study and the element copies
cloned from them are described in Table 1. The Tf element
clones were identified as follows. We found that probes
made from the pEE102 plasmid insert that hybridized to
multiple S. pombe DNA sequences mapped within a 1.0-kbp
Dral fragment. (This fragment was later shown to contain a
single Tfl long terminal repeat [LTR]). This probe hybrid-
ized intensely to a 1.6-kbp SnaBI fragment in genomic
DNAs from a variety of S. pombe strains (data not shown).
Such a fragment was cloned directly by eluting appropriate-
size DNA from an agarose gel on which SnaBl-digested
strain 972 DNA had been run and ligating it into Smal-
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digested M13mp8, giving rise to clone M13-SnaBI-6. Re-
striction mapping and limited sequencing enabled us to
identify an internal region of the retrotransposon which
extended from the internal XmnlI site at position 4099 to an
Sspl site at position 4733. This probe was used to isolate
Tf1-107 from a genomic library of S. pombe NCYC 132.
Sections of Tf1-107 were ligated into M13mpl8 and
M13mp19 and sequenced by the Exolll nuclease S1 deletion
(17) and dideoxy (35) methods. The sequences of the other
LTRs were obtained by sequencing of plasmids which had
lost the internal Tf sequences by in vivo LTR-LTR recom-
bination events. These plasmids were obtained by trans-
forming Escherichia coli with plasmids which had been
linearized within the internal Tfl sequence and screening for
plasmids lacking the internal segment of Tfl by restriction
analysis. The plasmid DNA was isolated from 1.5-ml cul-
tures of saturated DHSa cells (19); after isopropanol precip-
itation, the DNA was suspended in 40 pl of TE (10 mM Tris
hydrochloride, pH 7.7, 1 mM EDTA). One-quarter (10 pl) of
each DNA preparation was denatured by adding 6 pl of H,O
and 4 pl of a 1 M NaOH-1 mM EDTA solution. The
denatured DNA was precipitated by addition of 4 pl of 10 M
ammonium acetate and 100 pl of ethanol, followed by
incubation for 20 min at —20°C. The pellets were suspended
in 7 ul of H,O and used directly in the sequencing reactions
of the Sequenase kit (United States Biochemical Corp.).

Plasmid constructions. Plasmid pHL.117-17 contains a copy
of Tfl1-107 transcribed by its own promoter and was con-
structed by ligating the origin-containing BglII-Xhol frag-
ment of pCYH20 (18) to a BamHI-Xhol fragment that
contains the intact Tfl-107 element. Plasmid pHL190-2
contains a fusion of the S. pombe fructose bisphosphatase
(fbp) promoter to Tfl-107. The S. pombe origin and fbp
promoter were both supplied on a BamHI-Xhol fragment
from pCYH20 that was ligated to an Xhol-BamHI fragment
of Tf1-107 that extends from a site within the 5’ LTR through
the element to a BamHI site in the 3’-flanking DNA. The fbp
promoter was fused to Tfl at an Xhol site that had been
previously introduced within the 5’ LTR at the transcription
start site (details to be published elsewhere).

Genomic DNA blotting. Genomic DNA was isolated from
S. pombe for DN A blot analysis by using a glass bead-phenol
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TABLE 1. Strains

Strain Genotype Origin Transposon(s) Source
972 h~ Switzerland® Solo LTR, Tf2-21, Tf2-22 J. Kohli
975 h* Switzerland® J. Kohli
NCYC 132 Wild type Unknown? Tf1-107 H. Gutz
CSIR Y-457 Wild type Swaziland“ H. Gutz
0207 Wild type Germany* Tf2-111 H. Gutz
0208 Wild type Holland Tf1-112 H. Gutz
YHL232 ura4-DI18 h~ Switzerland? J. Kohli¢
YHL351 YHL232(pHL117-17) Switzerland® This report
YHLA410 YHL232(pHL190-2) Switzerland® This report
YHL211 ade6-704 ura2-10 his7-366 ade2-17 Switzerland® This report?

lys7-1 h

123-20 ade6-704 ura2-10 his7-366 h~ Switzerland? J. Kohli
13-81 ade6-704 ura2-10 lys7-1 ade2-17 h™* Switzerland® J. Kohli

“ The references for these strains are listed in reference 43.

® These strains are all derivatives of Leupold strains 972 and 975.
< Reference 13.

4 YHL211 was derived from the cross 123-20 (k™) x 13-81 (h*).

protocol. A 10-ml volume of a saturated S. pombe culture
was pelleted and suspended in 0.2 ml of extraction buffer (0.5
M NacCl, 0.2 M Tris chloride [pH 7.6], 0.01 M EDTA, 1.0%
sodium dodecyl sulfate). After the cells were transferred to
an Eppendorf tube, 0.4 g of glass beads was added (before
use, the 0.45- to 0.5-mm-diameter beads were washed by
soaking in concentrated HNO; overnight, washed exten-
sively with distilled H,O, and baked dry). A 0.2-ml volume
of PCIA (25 ml of phenol, 24 ml of chloroform, 1 ml of
isoamyl alcohol, all equilibrated with an equal volume of the
extraction buffer minus sodium dodecyl sulfate) was added,
and the tube was vortexed at top speed for 2.5 min. A 0.3-ml
volume of extraction buffer and 0.3 ml of PCIA were added,
and the tube was vortexed for 1.0 min. The sample was spun
for 5.0 minutes in an Eppendorf centrifuge, and the aqueous
phase was reextracted with an equal volume of PCIA. The
extractions were continued until the interphases were clean.
Two volumes of ethanol was added to precipitate the DNA.
The pellets were washed in 70% ethanol and suspended in 50
wl of TE plus 1 pl of a 2-mg/ml solution of boiled RNase A.
Five-microliter volumes of the preparations were restriction
digested in 20-pl reaction mixtures and loaded onto agarose
gels for DNA blotting as previously described (24).

RNA isolation and blotting. RNA was isolated from §.
pombe by the same procedure, except that the samples were
chilled at all times and after ethanol precipitation, the RNA
was suspended in 100 pl of loading dye (50% formamide,
25% H,0, 5.5% formaldehyde, 10% MOPS (morpholinepro-
panesulfonic acid) solution containing 0.2 M MOPS [pH 7.0],
0.05 M sodium acetate, 0.01 M EDTA). When indicated,
RNA was poly(A)™ selected as described by Maniatis et al.
(24) and 20 pg of RNA was loaded into each lane of a 1.0%
agarose gel that contained 10% MOPS solution and 6%
formaldehyde. The RNA samples were transferred onto
Hybond-N membrane as suggested by Amersham, the man-
ufacturer.

Nucleotide sequence accession number. Sequence data (ob-
tained in their entirety from both strands) for Tf1-107 are
available under GenBank accession no. M38526.

RESULTS AND DISCUSSION

Isolation and structure of retrotransposon Tfl. Our study of
repeated S. pombe DNAs isolated in other laboratories
included a genomic clone, pEE102, kindly provided by T.
Matsumoto and M. Yanagida (Kyoto University, Kyoto,

Japan), that contains a sequence that is highly repeated in
the S. pombe genome. By extracting other copies of this
repeat from our S. pombe genomic DNA libraries and
sequencing them, we found that the fragment from pEE102
contained a single copy of an LTR of intact retrotransposon
Tfl. To isolate intact copies of the element, we constructed
and screened four genomic DNA libraries and identified 15
full-length copies of the retrotransposons from four distinct
strains of S. pombe (Table 1) by hybridization. Both strands
of one such copy, Tfl-107, were sequenced and found to
have many similarities to retroviruses that are often ob-
served in retrotransposons. The DNA and protein sequences
of Tf1-107 are shown in Fig. 1.

Tf1-107 has identical 358-base LTRs flanking the internal
sequence in direct orientation. Each LTR begins with TG
and ends with CA, as do LTRs from all retroviruses and
most retrotransposons (2, 41). Another aspect of Tfl-107
that is similar to retroviruses and retrotransposons is the
long (11 of 12 nucleotides) polypurine stretch located just 5’
of the 3’ LTR (Fig. 1) that may be necessary to prime
plus-strand reverse transcription of the element.

The internal section of Tf1-107 contains one continuous
open reading frame which potentially encodes a protein of
1,340 amino acids (Fig. 1). The amino acid sequence of the
hypothetical protein contains regions similar to the PR, RT,
RNase H, and IN domains of pol genes from both retrovi-
ruses and retrotransposons (8). An additional element of the
Tfl family, Tf1-112, was sequenced from a region 420 bases
upstream of the start of the PR domain to the beginning of
the RT domain. This entire region was found to be identical
to the sequence of Tfl-107, indicating that this copy also
lacks a frameshift between the putative gag and pol regions.

Although the C terminus of the predicted protein is similar
to that of pol proteins, the N-terminal 237-amino-acid se-
quence is not similar to any published gag sequences. gag
sequences, however, are among the less well-conserved
coding sequences of retroviruses and retrotransposons (8).
Nevertheless, the size and position of the 237 amino acids
upstream of the identifiable pol domains suggest that the
N-terminal domain possesses CA (capsid protein)-like func-
tions. No homology to the putative nucleic acid-binding
domain found in many gag proteins (7) was observed in Tfl.
This is also true of retrotransposon Tyl, which is neverthe-
less known to direct synthesis of viruslike particles (12, 27).

A second S. pombe retrotransposon, Tf2. Comparison of
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150
300
450
€00
601 GATGAZATTICAGATATCCTTANGCATT ATCA AA ATTA T 750
AspAsplleSerAsplleleulysfiisPheValAsnGlaThrThrArghisvVal LysG1 luGluPheIleVallysL ¢ 1yGluli nSex
751 AA TCTICTCTTACT AL 900
LysArgleuTyrAlalleGluArgleuGluserArgAspGlriAsnTyrAlaAsnlysllePheCysGl pAspGluleul gArgMet ValAsnleuValGlySerAspGluGluGluArgleuThrlys
901 ACCTTT TCAT 1050
ThrPheleulysleulysAsnAsplysAsplysValleuPhellelysLysVall Y AspAsnleuSerGlulysArgValArgleuTyrleuleuTrpMet LeuProProTyrleul lelysGlnArgGlyAspSerTyrTrp
. . . . . . . <Avrll . . . . . . .
1051 GACATGGATAAAAATATA TTTTAACTT ACGATA T AAACAA AAAAC] TTT 1200
AspMetAspLysAsnIleAsplysIlePheAsnPheValP roAsplysGlyGluThrIleIleGluArgTyr y LeuLysThrly 1y P PheleulysGl
. . . . . . . . . . . . . . Sacl.
.201 1350
LysAspArgLysProlysLysThrAsnvV. IleGluTy 1 N ysTyrlyslysArgArgTyrGluMet ValleuGlnAlalysleuProGluPhelysCy Ile? Y 1 ThrGly
. . . . . . . . . . . . . . LookV .
1351 TGGT ATCGGAAA CTAAMTGGOGATATCA 1500
AlaGlnValAsnVallleThrGluGluThrValArgAlaliislysleuProThrArg? roTrpleuGlnservallleTyrGlyGlyValty ys1l oLy LeulleIleAsnL 1leSer
1501 1650
Ilel luPheleuValVallysLy sProAlaAlall 'heThrThrleuTyrAspAsnAsnlleGlulleSerSerSerLysiiisThrleuSerGlnMetAsnlysValSerAsnIleVallysGluProGlu
. . . Potl . . . . . . . . . . . Wedl .
1651 1800
LeuProAsplleTyrLysGluPhelysAsplleThrAlaAspThrAsnThrGlulysleuProlys?ProllelysGlyLeuGluPheGluValGluLeuThrGlnGluAsnTy gleuProll A roleuP ly
. . . . . . . . . . Banl. . . . .
1801 ATCA AAAGTCGA 1950
Ly nAlaMet. lulleAsnGlnGlyleul lyIlelleArgGluSerLysAlalleAsnAlaCysProValMetPheValProlyslysGl Arg lvaulpfyrlyl!xol‘uhnl.yl
1951 AAAA’ A AA TGCTTTTCGC 2100
TyrVallysProAsnlleTyrProleuProleul lamucmuuuuuu.y. 1leGlnGlySerThrl urmnl.y-mmuul.yuorunyru-m IleArgValArglLysGlyAspGlullislysleuAlaPheArg
2101 ATATCT, TT TT ACT AAGA TTTAATTCATTCAAAA 2250
CysProArgGlyValPheGluTyrleuValMetProTyrGlylleSerThrAlaProAlalisPheGlnTyrPhelleAsnThrIleLeuGlyGluAlalysGluSeriisValValCysTyriMet AspAsplleleullefisSerlys
2251 A A AAGCAAAATCTG 2400
SerGluSerGlufiisVallysAisVall 1LeuGlnlysLeulysAsnAlaAsnleullelleAsnGlnAlalysCysGluPheRisGlnSerGlnVallysPhelleGlyTyriisIleSerGluLlysGlyPheThrProCys
<Tthllll . . . . . . . . . . . . . .
2401 CAAGAA TATCT TCAT TTT 2550
Glnclnunll.oupl.ycv.mln‘rrpl.y.chcrrol.y-uw;l.yﬁluhwqclnrhoh\ﬂl.ys.rVamm‘yxuwﬂ.ylth.Xlornl.y 1nlL sProleuAsnlysleuleulyslLysAsp
2551 AAC ATAGAA T TTAGTTICTCC TTTGAT AA TC (MM;.MW TGC 6 2700
ValArgTrplysTrpThrProThrGlnThrGlnAlalleGluAsnllelysGlnCysLleuvValSerProProvalleuArgliisPheAspPheSerLlyslys] 1omuucxu-mxnpuasnupvuu-vucxyAuv.u.ou
2701 TCTCAAAA A AGCACAATTAAAT ACAA - c 2050
SerGlnLysRisAspA TyrTyrProValGlyTyrTyrSerAlaLysMet lul.y-Al..Gl nl.omﬂyrhx\!nlhtml.ynclubtmun lelleLysSerLeulysBisTrpArgHisTyrleuGluSerThr
2651 T TAAT’ GC AACA. -xAx‘ICur TATTT TTCAACTTTGAAAT AT 3000
Xl&lu!tﬂ?h.l-yll leLeuThrAspRisArgAsnleulleGlyArglleThrAsnGluSerGluProG luMnLy.ArqlAnMWﬂrpclnhuPMlauﬂlnMpPh-MnlhocluX leAsnTyrArgProGlySerAlaAsn
3001 ACAGA T AAGA T AGAC. TIGT AA. TCG. TTTAAAAACCA 3150
Bisl Xmmpnnuukthg 1leValAspGluThrGluProl lorroLy.MpschluMpMnSor 1leAsnPheValAsnGinlleSer! lﬂMMpAnprh.LynMmlnval\l‘l‘lhrch‘ryﬂhrhmp‘mﬂ.yc
3151 AGAGA TCCAACTTA AGACCA .ummc‘rn AGGT 3300
LeuLeuAsnLeuleuAsnAsnGluAspLysArgvalGluGluAsnlleGlnLeulysAspGl yuux.-ul leAsnSerLysAspGlnileleuleuProA 1nLeuThrArgThrilelleLyslysTyriisGluGluGly
. . . . SnaBI . . . . . . . . . .
3301 TGAACT AACAA ATAAACAA 3450
Lytmlldulmlyllﬁlnbummmml leLeuArgArgP heThrTrplysGlyleuArglysGlnlleGlnGluTyrValGlnA ysGlnlleAsnl Hisk Y yPro
3451 T TGCACTIC AA 3600
LeullisProll 1 oF luSerl l--'blldkulm!tﬁlnkﬂnﬂlﬂyrhmmhlvd‘h‘ A g? ysMetAlalleLeul Y yes
3601 TATTGCTTATT ATCCAAAAGA TTTTACT T TCCT ATTT 3750
uahzuunumnmuumum’cmwnnau-rynn-clynnnuy-clux leIleAlaAspAsnAspiisIlePheTh 1 PLysAspPheAlalisLysTy 1Met LysPhe
. . . . . . . .BstXIl . . . . . .
3751 ACCA. 3%00
SerLeuProTyrArgP roGlnThrAspGlyGlnThrGluArgThrAsnGlaThrValGluLysleuLeuArgCy 1Cy 'AisProAsnThrIrpValAspiislleSerleuValGlnGlnSerTyrAsnAsnAlallefiis
3%01 T 4050
SerAlaThrGlnMetThrProPheGlulleValiisArgTyrSer? lal uGlul roSerP pLYsThrAspGluAsnSerGlnGluThrIleGlnValPheGlnThrVallysGlulisLleuAsnThr
4051 AACA T AA AACTG. TTCAACC TAGTTATGGTTAAA TTICT" AATCCAATAAATTAGCACCTAGTTT TCTAC 4200
AsnAsnllelysMetLyslysTyrPheAspMetLysIleG1lnGl u‘!‘hrGluﬁlnrmh-PrcG1yhpmvalmvun.y'hrﬂhﬂ.yﬂhrcly!‘-' RisLy LeuAlaProSerPheAlaGlyProPheTyr
4201 7. T TTTTCATGTT TCAAT] 4350
ValleuGlnl Yy 'Y ILeuAspleuProAspSer! l.Ly.llslbt!h.PtalorﬂtPMllquS‘rlllhlﬂlul.yﬂ rGluLeuA 'YrTArThrIleA plle
. . . . . . . . . .Ecod7I1II . . .
4351 GGAACA AA TCTACTT. ATTTCGAATCTAAATCCA TAGC! C 4500
GlyThrileleuliisIleLeuGluliisLysAsnArgGluGlnValleuTyrl 1LysTyrIlesS roSerThril 1 PThrThrleuAlaThrAlaleuGlnAlaAsplysAlalleValAsn
4501 T TCT ATGICAGCAATACTACACTACGCTATGATACACTACGTTIGCETATCACTATATCTCATATCTTGGAAT 4650
AspTyrileLysAsnAsnAsnleuAsnilet«*
4651 4800
4801

FIG. 1. Sequence of Tf1-107. The DNA sequences of both LTRs are underlined, and the polypurine stretch is in italics. The positions of
various restriction sites are shown.
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a

RT
45
GCAAAAGTAC ACTACGELTAT GT[TACAGTAC TGCGTATC
GCAATAQTAC ACTACGECTAT GATACACTAC TGCGTATC
GCAATACQTAC ACTACGCTAT GATACACTAC TGCGTATC
GCAATAQTAC ACTACGCTAT AATACACTAC TGAGTATC
GCAATA(TAC ACTACGLCTAT AATACACTAC TGAGTATC
GCAATACTAC ACTACGELTAT AATACACTAC TGAGTATC
46 95
TF1-SOLO CTATATGTC GTGITAT-GGA ATACTAGTCA AGATCCGCTT ATTGATCATC
TF1-107 ACTATATGTC ATATGTTGGA ATACTAGCTA AGATCCGTTT ATTGATAATT
TF1-112 CTATATGTC ATATGTTGGA ATACTAGCTA AGATCCGTTT ATTGATAATT
TF2--21 ACTATATGTC ACATGTTCTA ATTATATATC GTACCATGTA TGATACGATA
TF2-22 ACTATATCTC ACATGTTCTA ATTATATATC GTACCATGTA TGATACGATA
TF2-111 ACTATATGTC ACATGTTCTA ATTATATATC GTACCATGTA TGATACGATA
96 145
TF1-SOLO ACGGGTAACT ATCCGTCTAT ATTCATAQAT ACCCGTTGCAT AACAATTACT
TF1-107 ACCGGTAACT ATCCGT|ICTAT ATGCATAQAT ACCCGTTGAT AACAACTATT
TF1-112 ACGGGTAACT ATCCGTICTAT ATGCATAGAT ACCCGTTGAT AACAACTATT
TF2-21 TGGAGATTGA TCTTAATGAT AATCTATTAA GATCAATATT ATCTG---~~-
TF2-22 TGGAGATTGA TCTTAATGAT AATCTATTAA GATCAATATT ATCTG-----
TF2-111 TGGAGATTGA TCTTAATGAT AATCTATTAA GATCAATATT ATCTG----~
146 195
TF1-SOLO TAGAAATATIT ATAAATAGAGC TTCCAACTGA ACCTCGTTC- TCAGTTCAGT
TF1-107 TAGAAATATIT ATAAATAGIG CTACAACTGA ACCTCGTTCC TCAGTTCAGT
TF1-112  TAGAAATATIT ATAAATAGTG CTACAACTGA ACCTCGTTCC TCAGTTCAGT
TF2-21 ~--~AATAGT ATAAATAGAG CTACTGCTGA ACCTCGTTCC TCAGTTCAGT
TF2-22 - ---AATAGT ATAAATAGAG CTACTGCTGA ACCTCGTTCC TCAGTTCAGT
TF2-111 ---~AATAQGT__ATAAATAGAG CTACTGCTGA ACCTCGTTCC TCAGTTCAGT
196 245
TF1-SOLO TATGAGCTAT ATTAGTGGTA GGTAACATTA TAACCTAGTT AATACAATAC
TF1-107 TATGAGCTAT ATAAATGATA GGTAACATTA TAACCCTGTT AATACAATAC
TF1-112 TATGAGCTAT ATAAATGATA GGTAACATTA TAACCCTGTT AATACAATAC
TF2-21 TATGAGCTAT ATTAGTGATA GGTAATATTA TAACCCAGTT AATACAATAC
TF2-22 TATGAGCTAT ATTAGTGATA GGTAACATTA TAACCCAGTT AATACAATAC
TF2-111 TATGAGCTAT ATTAGTGATA GGTAACATTA TAACCCAGTT AATACAATAC
246 295
TF1-SOLO CTATACTCAG TTGCTACTTA TATCACATGT GTATTGCAAT ATAATAGATC
TF1-107 CTATACTCAG TTGTTACTCA TACAACCTGT GTATTGTAAT ATAATAGATC
TF1-112 CTATACTCAG TTGTTACCCA TACAACCTGT GTATTGTAAT ATAATAGATC
TF2-21 CTATACTCAG TTGCTACTTA TACAACCTGT GTATTGTAAT ATAATAGATC
TF2-22 CTATACTCAG TTGCTACTTA TACAACCTGT GTATCGTAAT ATAATAGATC
TF2-111 CTATACTCAG TTGCTACTTA TACAACCTGT GTATTGTAAT ATAATAGATC
296 345
TF1-SOLO ACAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA GATACCAAAC
TF1-107 GCAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA AATACCAAAC
TF1-112 GCAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA AATACCAAAC
TF2-21 ACAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA GATACCAAAC
TF2-22 ACAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA GATACCAAAC
TF2-111 ACAAGGAAAA CTCACCGCAG TTCTACGTAT CCTTAAATCA GATACCAAAC
346
TF1-SOLO TGCGTAGCTA
TF1-107 TGCCTAGCTA
TF1-112 TGCGTACCTA
TF2-21 TGCCTAGTTA
TF2-22 TGCGTAGTTA
TF2-111 TGCGTAGTTA

FIG. 2. Features of Tf elements. (a) Structural aspects of the Tf1-107 sequence. The shaded portion of the element represents the open
reading frame, with functional domains positioned on the basis of amino acid similarity to the PR, RT, RNase H (RH), and IN domains of
retroviruses (8). The triangles depict the 358-bp LTRs. Restriction sites referred to in the text are shown. The 12 nucleotides of Tfl adjacent
to the 3’ LTR are designated PP (polypurine). The shaded bars indicate the sections within Tf2 elements that are less than 75% identical to
Tfl as determined by DNA sequence analysis and Southern blotting. (b) DNA sequence alignment of six Tf element LTRs. The shaded
residues are those that differ from the Tf1-107 sequence. The 5-base target site duplications are shaded and enclosed by solid-line boxes, the
TATA boxes are enclosed in a wavy-line box, and both the 9-base and imperfect 11-base repeats are enclosed by solid-line boxes.

sequences from several sections of the other full-length
clones revealed that these retrotransposons fall into two
discrete transposon families, Tfl and Tf2. The LTR of
Tf1-112 was sequenced and found to be 99% identical to
Tf1-107 (Fig. 2b). The solo LTR found on plasmid pEE102
was also found to belong to the Tfl family because its
sequence was 91.3% identical to that of Tf1-107 (Fig. 2b). In
contrast to the Tfl elements, the closely related Tf2-111,
Tf2-21, and Tf2-22 elements were found to have a different
DNA sequence that was only 28% identical to the Tf1-107
DNA sequence within a 78-base region of the LTR and 61%
identical over a region of 150 bases within the CA region but

otherwise clearly related to the Tfl sequence. Additional
sequence data on Tf2-111 and the results of genomic DNA
blot experiments described below indicate that the areas that
differ drastically between the two transposon families in-
clude the central portions of the LTRs and a region extend-
ing from just downstream of the 5’ LTR to the middle of the
putative capsid protein domain (Fig. 2a). Each family of Tf
elements was found to occur within various independent S.
pombe isolates. Interestingly, the solo LTR derived from
975, a strain that has no intact copies of Tfl (see below), was
a Tfl LTR.

LTR features and target site duplications. The alignment of
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Tf element LTRs in Fig. 2b indicates the presence of
candidate TATA boxes, all of which were found to be
identical to the TATA box of the adh gene, a highly
expressed S. pombe gene (32). Also shown in Fig. 2b are the
positions of the two 9-base repeats present at the beginning
of each of the LTRs and imperfect 11-base repeats that are
also upstream of the TATA boxes. The 11-base sequence,
which is imperfect because the upstream copy in Tfl has an
extra thymidine residue inserted, is present only once in the
Tf2 LTR. The position of these repeats with respect to the
TATA boxes suggests that they play a role in Tf element
transcription.

Most retroviruses and retrotransposons produce a 4- to
6-bp target site duplication upon integration of a new DNA
copy into the host genome (2). Therefore, target site dupli-
cation indicates that transposition-mediated insertion of a
retrotransposon has occurred. Sequence analysis of the
DNA flanking two Tfl elements, three Tf2 elements, and the
solo Tfl LTR indicated duplication of the five bases flanking
the LTR sequences in all six cases (Fig. 2b). The duplicated
sequences were all different from each other but were very A
+ T rich (87%). The observation that all of the Tfl and Tf2
target sites sequenced contained S-bp duplications strongly
suggests that these elements are retrotransposons and inte-
grate into the genome via typical transposition events.
Because the closely related S. cerevisiae element Ty3 (and
its solo LTR, the o element) are always found 15 to 17 bp
upstream of tRNA coding regions (16, 34), we examined the
DNA flanking the Tf element insertion sites for tRNA-like
sequences by using the program tRNA GENE SEARCH in
the ANALYSEQ package (39). No such sequences were
identified, suggesting that Tfl and Tf2 do not have the
unusual association with tRNA genes typical of Ty3.

Genomic distribution of Tf1 and Tf2 elements. We prepared
a Tfl-specific hybridization probe from an EcoRI fragment
(bases 564 to 1312) of Tf1-107 to probe genomic DNA blots
of several diverse S. pombe strains. The results (Fig. 3a)
indicate that in three wild S. pombe strains, the positions and
copy numbers of Tfl vary greatly. Strains NCYC 132 and
CSIRY457 have at least 20 hybridizing bands and, judging
from the uneven intensities of many of the bands in these
lanes, probably contain 30 to 40 copies of Tfl. In contrast,
Leupold strain 975 and its multiply auxotrophic derivative
YHL211 show no hybridization signal. Figure 3b shows a
DNA blot of an identical gel that was hybridized with a
SnaBI-Clal fragment from Tf2-111 that is Tf2 specific. The
results of this blot demonstrate that although 975 and
YHL 211 have different genotypes and YHL211 was derived
from 975 through multiple rounds of mutagenesis and back-
crossing, both strains lack Tfl whereas they contain numer-
ous copies of Tf2. Moreover, these Tf2 copies appear to be
identical in number and chromosomal location, suggesting
that Tf2 is relatively stable and confirming that the genetic
homogeneity of the Leupold strains extends to their trans-
posable elements as well.

Tf element transcription. To determine whether any Tfl
copies are transcriptionally active, we hybridized the EcoRI
probe of Tfl-107 that hybridizes specifically to Tfl to an
RNA blot; this revealed an intense 4.5-kb band in NCYC 132
and, as predicted, no signal in 975 (Fig. 3c). The length of
this transcript is sufficient to extend from one LTR to the
other, as in many LTR-containing retrotransposons (41).
Figure 3d is the identical RNA blot probed with the Tf2-
specific Clal-SnaBI probe. Strain NCYC 132 produced a
strong signal, whereas 975 produced a similar but slightly
less intense signal. The blurriness of the 4.5-kb band in these
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FIG. 3. S. pombe DNA and RNA blots hybridized with internal
Tfl- and Tf2-specific probes. (a) A genomic blot was made with
Pstl-cut DNA from strains 975, YHL211, NCYC 132, CSIR Y-457,
and 0207 (43). All such Ps:l fragments represent single copies of Tfl
because Pstl cuts Tfl in half and the EcoRI fragment used as a
Tfl-specific probe (nucleotides 564 to 1312) were derived exclu-
sively from the S’ half of the element (Fig. 1). (b) Identical to panel
a, except that the filter was hybridized with a SnaBI-Clal (bases 320
to 1340), Tf2-specific probe. (c) Total RNAs from S. pombe 975 and
NCYC 132 were blotted and probed with the Tfl-specific EcoRI
probe. Molecular size markers indicate that the size of the major
species is approximately 4.5 kb. Total RNA staining with methylene
blue showed that the levels of RNA loaded in all of the lanes were
equivalent. (d) Same as panel c, except that the probe was the
Tf2-specific SnaBI-Clal probe. (¢) RNA was derived from strains
containing an fbp promoter plasmid (18) (pFBP) and this plasmid
bearing a fusion between the fbp promoter and Tf1-107 (pFBP-Tf1).

RNA blots is probably due to the heterogeneity in structure
among Tf elements, which are members of 15- to 50-copy
multigene families. Tf1-107 was cloned behind the S. pombe
Jfbp promoter by using the pCHY21 vector (18) and intro-
duced into ura4D-18 strain YHL232, a derivative of strain
975, by transformation. Indeed, the Tfl transcripts produced
in this strain are much more homogeneous than those seen in
the S. pombe strains bearing multiple Tfl copies (Fig. 3e).
The two bands migrating at 3.3 and 1.7 kb apparently
represent compression bands caused by the massive
amounts of rRNA present in these total RNA preparations;
they were not observed in poly(A)-selected RNA prepara-
tions (Fig. 4).

Some retrotransposons, like Tal of Arabidopsis thaliana,
produce no detectable transcripts and appear to be dead
because of mutations that inactivate essential regions of the
sequence (D. F. Voytas, A. Konieczny, M. P. Cummings,
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a b

FIG. 4. Poly(A)-selected RNAs (a) T, Total RNA; P, poly(A)-
selected RNA from wild strain NCYC 132. (b) Poly(A)-selected
RNA from strain YHL351, a strain containing a high-copy-number
plasmid bearing Tf1-107 and no chromosomal copies of Tfl. Molec-
ular size standards are indicated in kilobases.

and F. M. Ausubel, Genetics, in press). The fact that
full-length Tf1 transcripts were observed demonstrates that
at least some functionality was conserved and suggests that
at least a subset of Tfl copies are competent for transposi-
tion.

Tf elements belong to the gypsy family of retrotransposons.
Comparison of the Tfl RT, RNase H, PR, and IN domains
with those of pol genes revealed extensive similarity at the
amino acid level to elements in the gypsy retrotransposon
family and, to a lesser extent, the Moloney family of
retroviruses. The gypsy family contains members from many
insect species (11, 20, 25, 33), as well as budding yeasts (16)
and other fungi (26) and at least one plant species (38). The
RT sequence in this family of elements is also closely related
to the RTs of caulimoviruses, a family of plant DNA viruses
that replicate via reverse transcription of an RNA interme-
diate (8). The element with the highest known level of amino
acid identity to the RT domain of Tf1-107 is Ty3, a retro-
transposon of S. cerevisiae which is 48% identical within the
67-amino-acid sequence shown (Fig. 4). By comparison, the
amino acid sequence of RT from Moloney murine leukemia
virus is only 25% identical to this conserved region of
Tf1-107 RT.

Mode of gene expression. An intriguing aspect of Tfl
concerns its putative mode of gene expression. All retrovi-
ruses and retrotransposons studied to date have a special
mechanism ensuring that they produce more gag-encoded
than pol-encoded proteins. Most of these elements encode
gag and pol as separate open reading frames; down modu-
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a) Protease

[ele}
Tf1-107 EFKCSIPCLIDTGAQVNVITEET
Ty3-2 [ONTKVKTLFDSGSPTSFIRRDI
Ty1-H3 DDELPGHLLLDSGASRTLIRSAH
MoMLV VGGOPVTFLVDTGAOHSYVLTONP

b) Reverse transcriptase

[e] [¢]
Tf1-107 GSTIFTKLDLKSAYHLI ...17... VFEYLVMPYGISTAPAHFQYFINTILG
Ty3-2 NAQIFTTLDLHSGYHQI ...17... KYEYTYMPFGLVNAPSTFARYMADTFR
Ty1-H3  NNYYITOLDISSAYLYA .. .24... KSLYGLKOSGANWYETIKSYLIQOCGM
MoMLV SHOWYTVLDLKDAFFCL ...23... OLTWTRLPOGFKNSPTLFDEALHRDLA
00 o
Tf1-107 . ..06... VVCYMDDILIH 19 NANLIINQAKCE
Ty3-2 .04. .. VNVYLDDILIF 19 NENLIVKKKKCK
Ty1-H3 ...16... ICLFVDDMVLF 05 SNKRITEKLKMQ
MoMLV . 10... LLOYVDDLLLA 19 NLGYRASAKKAQ
c) Integrase
<] o o o
Tf1-107 [IKKYHEEGKLIHPGIEL ...19 .. EYVONCHTCOINKS ...81...
Ty3-2 VMRLYHTLFGG.HFGVTV .. .19 QYIRTCVOCQLIKS .. .82
Ty1-H3  PYPFIHRMLA. . HANAOT .. .22 AIDYQCPDCLIGKS ... 87
MoMLV LDEFLHOLT . . HLSFSK ...22.. NITETCKACAQVNA .. .78
[¢] [o]
Tf1-107 1 1ADNDHIFTSOTWKDFAHKYNFVMKFSLPYRPOTDGOTERTNQTVEKLL
Ty3-2 ITSDRDVRMTADKYQELTKRLGIKSTMSSANHPQTDGOSERTIQFLNRLL
Ty1-H3 IOMDRGSEYTNRTLHKFLEKNGITPCYTTTADSRAHGVAERLNRTLLDDC

MoMLV LGTDNGPAFVSKVTGTVADLLGIDWKLHCAYRPOSSGOVERMNRTIKETL

FIG. 5. Amino acid sequence comparisons of highly conserved
sections of the PR, RT, RNase H, and IN domains of Tf1-107, Ty3-2
(16), Moloney murine leukemia virus (MoMLYV) (36), and Ty1-912
(6). Shaded residues indicate sequences identical in Tf1-107 and at
least one of the other elements shown. Alignments are based on
those reported by several other researchers; a circle above a residue
indicates identity among all or nearly all retrotransposons-retrovi-
ruses (8, 21, 30, 41a). For RT, the alignments are based on those of
Poch et al. (30) and Xiong and Eickbush (in press).

lation of pol expression relative to gag expression is usually
effected by translational frameshifting (or a similar mecha-
nism) that allows 10 to 20% efficient ribosomal readthrough
from gag into pol (1). Tf1-107, on the other hand, contains
but a single open reading frame. In addition, the DNA
sequence of Tf1-112 from the middle of the CA section to the
start of the RT domain contains an open reading frame,
suggesting that most, if not all, Tfl elements have a single
open reading frame. copia proteins are also expressed in a
single open reading frame, but in copia, there is a subge-
nomic 2.2-kb mRNA that is a spliced derivative of the
full-length copia mRNA, which is much less abundant than
the 2.2-kb mRNA in cells in which transposition is thought to
be active (5, 28, 42). The 2.2-kb mRNA apparently encodes
the Gag and PR proteins, whereas the full-length transcript
encodes Gag-Pol proteins and presumably serves as genomic
RNA. We observed no such abundant subgenomic Tfl
mRNA in S. pombe cells. Bands 2 and 3 from the top of Fig.
3c and d are presumed to be due to compression of Tf RNA
degradation products caused by the superabundant rRNA in
total RNA preparations. These bands do not represent
specific subgenomic transcripts, as indicated by the follow-
ing evidence. These minor bands do not appear on RNA
blots of poly(A)-selected RNA probed with a Tfl-specific
probe. This is true of RNAs isolated from both NCYC 132
and strain HL351, which is (Leupold) ura4-DI8 strain
YHL232 transformed with plasmid pHL.117-17, a high-copy-
number plasmid bearing Tf1-107 (Fig. 4). We noted two
minor transcripts (visible in the original autoradiogram but
not obvious in the final figure), one slightly larger than the
major transcript and one of approximately 3 kb in strain
NCYC 132, whereas only one major species was seen in
strain HL351. Since the latter strain contains no Tfl ele-
ments, except for the one on the high-copy-number plasmid,
and the transcript is evident, this experiment also shows that
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Tf1-107 is transcriptionally active. We suspect that the minor
species seen in the wild strain derive from defective or
rearranged transposon copies. Subgenomic mRNAs from
the gag region are also lacking in strain HL410 (Fig. 3e), a
strain that has no chromosomal copies of Tfl but bears a
copy of Tf1-107 driven by the S. pombe fbp promoter (18).
We conclude that Tfl either dispenses with the apparent
need to down modulate pol expression or uses a novel
mechanism for down modulation.

The discovery of transposable elements in S. pombe will
allow detailed investigation of transposition and related
processes, such as recombination between dispersed repeats
and activation of adjacent genes by retrotransposons, to be
done with a genetically pliable eucaryotic microbe that has
many biological similarities to the cells of higher-order
organisms (31). In light of the mammalian-like qualities of
transcription, RNA processing, DNA replication, chromo-
some condensation, and cell cycle control in S. pombe (15,
22, 23, 40), these transposons will provide an especially
interesting system in which host functions for retrotranspo-
sition can be studied genetically, as has recently been done
with S. cerevisiae (H. Xu and J. D. Boeke, Proc. Natl. Acad.
Sci. USA, in press).
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