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ABSTRACT

The swi4* gene of Schizosaccharomyces pombe is
involved in termination of copy-synthesis during
mating-type switching. The gene was cloned by
functional complementation of a swi4 mutant
transformed with a genomic library. Determination of
the nucleotide sequence revealed an open reading
frame of 2979 nucleotides which is interrupted by a 68
bp long intron. The putative Swi4 protein shows
homology to Duc-1 (human), Rep-3 (mouse), HexA
(Streptococcus pneumoniae) and MutS (Salmonella
typhimurium). The prokaryotic proteins are known as
essential components involved in mismatch repair. A
strain with a disrupted swi4* gene was constructed
and analysed with respect to the switching process. As
in swi4 mutants duplications occur in the mating-type
region of the swi4 (null) strain, reducing the efficiency
of switching.

INTRODUCTION

Genetic recombination is an essential cellular process providing
genetic variation as well as being involved in certain DNA repair
mechanisms. Special forms of recombination even contribute to
cellular differentiation. An important example of a directed
recombination event occurs during mating-type switching in the
budding yeast Saccharomyces cerevisiae and in the fission yeast
Schizosaccharomyces pombe. In homothallic (A%) strains of S.
pombe, the frequent MT switching is accomplished by copy
transposition of MT information from one of the silent storage
cassette genes, mat2-P (Plus information) or mat3-M (Minus
information), to the expression site, matl (1, 2). The cassettes
are separated by the L and K regions, each about 16 kb long.
Common to all cassettes are flanking regions of homology, H2
(135 bp, proximal) and H1 (59 bp, distal). mat2 and mat3 have
a third homology box, H3 (57 bp), proximal to H2, which is
absent in mat! (3). MT switching is initiated by a double-strand
break (DSB) positioned at the border of matl to the H1 box.
Generation of the DSB is mediated by the nearby located smt
(switching of mating type) signal (2, 4, 5). The DSB is persistent
throughout the cell cycle and present in about 20% of the cells
(2). By means of duplications and deletions in the A% MT
region, various heterothallic MT configurations arise (6). In all

these configurations, including A%, the expression site is always
located at the most proximal end of the respective MT region.
For detailed reviews of the MT system of S. pombe, see Egel
(7) and Klar (8).

The switching of mating type is regulated by at least eleven
switching (swi) genes (9—11). All known swi mutations reduce
but do not abolish MT switching in homothallic strains. The swi
genes were allocated to three steps of the switching process (9).
swil*, swi3* and swi7* are required for the formation of
double-strand breaks (class Ia). swi2*, swi5* and swi6* are
involved in the utilization of the DSB for DNA transposition (class
Ib), whereas swid™*, swi8*, swi9*, swil0* and rad22+* resolve
the recombination structure by termination of the copy-synthesis
(class IT). The termination site is proposed to be at the 5’ flanking
H2 box (4, 12). An important difference between classes I and
II is that mutants of the latter frequently give rise to heterothallic
segregants, due to duplications in the MT region. This has
recently been shown in detail for one of the class II genes, swid
(12). The rearrangements are obviously caused during MT
switching by the failure to terminate the copy-synthesis in the
H2 box of the silent donor cassette. In this study we report the
cloning, sequencing and gene disruption of the swi4* gene. The
deduced amino acid sequence was compared with the EMBL and
PIR databases. Homologies were found with two bacterial (HexA,
MutS) and two mammalian (Duc-1, Rep-3) proteins. The
prokaryotic proteins are known as mismatch repair enzymes
(reviewed in 13, 14).

MATERIALS AND METHODS
Strains

The S. pombe strains used were originally derived from Leupold’s
stock culture; their genotypes are given in the text. E. coli strains:
BJ5183 F~ recBC sbcB endol gal met str thi biot hsd (15);
JM101 supE thi A(lac-proAB) F' [traD36 proAB* lacl
lacZAM15] (16).

Media and techniques for S. pombe

Media and standard genetical procedures were the same as
described elsewhere (17). Chromosomal DNA was isolated
according to Wright et al. (18), plasmid DNA was isolated from
yeast according to Beach et al. (19). Transformation of S. pombe
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was carried out by the lithium acetate method (20) or the lithium
chloride method (21). The mitotic stability of plasmids in
transformants was measured according to Heyer et al. (22).

Recombinant DNA techniques

Restriction enzyme digests, Southern and Northern hybridization,
isolation of DNA fragments from low melting agarose gels and
other recombinant techniques were carried out as described by
Sambrook et al. (23).

Gene library construction

To construct an S. pombe gene library, genomic DNA was
isolated from the strain L972 h~5 and partially digested with
Sau3Al. Fragments of approximately 4 to 10 kb in size were
eluted from a low melting point agarose gel and cloned into the
single BamHI site in the tetracycline-resistance gene of the
yeast/E. coli shuttle vector pFL20 (15). This plasmid contains
the Saccharomyces cerevisiae URA3 gene which allows for
selection in S. pombe ura4~ strains. Furthermore, pFL20
contains the stb element, a DNA sequence that highly improves
plasmid stability in S. pombe ars-containing vectors (22). A
library of recombinant plasmids was generated by transforming
E. coli (BJ5183) with the ligation mixture. From the resulting
60,000 clones, plasmid DNA was prepared to form the genomic
library GBS3. The percentage of plasmids in this library, GBS3,
carrying S. pombe DNA was subsequently determined to be
30.5%, with an average insert size of 7.6 kb.
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Figure 1. a. Restriction map of the pLH1 insert, which was isolated from the
genomic library GBS3. Numbers above the map indicate length in kb. Position
0 is the site of the putative ATG codon of the swi4* gene. b. Subclone pLH2,
the smallest subclone able to complement the chromosomal swi4 mutation.
Restriction enzyme sites in a and b: A, Accl; B, BamHI; Bg, Bg/ll; C, Clal;
E, EcoRI; H, HindIll; N, Nsil; P, Pstl; S, Spel; X, Xbal. The restriction map
is complete for those enzymes shown in panel a and b, respectively. ¢. Sequenced
segments of the pLH2 insert. Each arrow represents a region of which the
nucleotide sequence was determined in a single sequencing experiment. d. Open
reading frames, presented in the same orientation as the PstI fragment shown
in panel b. No open reading frame was found in the reversed orientation. Potential
ATG start sites are shown as upward bars, termination codons as downward bars.
e. Predicted open reading frame of the swi4* gene (black arrow). The putative
intron is indicated by an open box. See text for further details.

Sequencing

DNA fragments suitable for sequencing were cloned either in
M13mp18/mp19 or pUC19. Recombinant clones were incubated
at various times with Exonuclease III to obtain nested deletion
sets appropriate for sequencing. After ligation with T4 ligase,
suitable samples were used for transfection/transformation of the
E. coli strain JM101 and DNA was prepared from white
plaques/colonies by standard procedures. Sequencing was carried
out by the dideoxy method (24).

RESULTS
Cloning of the swi4* gene

Homothallic swi4 mutants give rise to heterothallic h*
segregants due to duplications in the MT region. The heterothallic
colonies can be easily distinguished from A% swi mutants by
treatment with iodine vapours. They give a characteristic yellow
colour (iodine negative) on sporulation medium (MEA), whereas
the A% swi mutants have a mottled phenotype. Homothallic
wild—type strains turn homogeneously black (iodine positive)
(25). These phenotypes reflect the different proportions of starch
containing ascospores in the respective colonies.

The swi4* gene of S. pombe was cloned by functional
complementation using the described iodine test. A genomic
library, GBS3, was constructed as described in MATERIALS
AND METHODS and an 4% swi4 ura4-DI18 (LH83) mutant
was transformed with this library. First ura* transformants
were selected by plating on minimal medium. In a second step,
these were replicated on MEA. After growth the colonies were
treated with iodine vapours to search for those which turned
homogeneously black. One single colony with this phenotype was
found among 30,000 wra® transformants. This clone had
obviously regained the ability to switch mating type efficiently.
The plasmid, designated pLH1, was recovered from the
transformant and subsequently amplified in E. coli.

The strain LH83 was retransformed with pLHI1. All
homothallic transformants grown on MEA were homogeneously
iodine positive after treatment with iodine vapours. This result
proves that we isolated a plasmid which can complement the swi4
mutation; thus the possibility is excluded that in the original
homogeneously black colony a reversion had occurred. Two of
the transformants exhibited an especially intense iodine reaction.
One explanation is that these transformants have the cloned gene

Figure 2. Northern blot of total RNA of wild-type strain L968 hybridized with
a mixture of the 1.65 BglII and 1.75 kb EcoRI fragments containing the swi4™*
gene. Before hybridization, fragments were labeled with [-32P] dCTP using the
multiprime kit (Amersham).



stably integrated into the genome. To test the stability of the
ura* prototrophy the two transformants were cultivated for
about 20 generations in non-selective complex medium (YEL)
and thereafter plated on YEA. 100 colonies of each were tested
on selective minimal medium. All remained ura*, indicating a
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chromosomal integration of the plasmid. Since in yeast integration
of plasmid DNA in most cases occurs by homologous
recombination, these transformants seem to have pLH]1 integrated
in the chromosomal swi4 gene. We tested this assumption by
mapping the plasmid borne S. cerevisiae URA3 gene by means

swi4 ASKP-TKQ-KSVFTPLEQQYLE LKKNYQET I LAI EVGY KFRFFGKDAKIASEVLGI S—-=—- CYFEHNFLNASVPSYRIDYHLERLINFGL (93-176)
Duc-1 ASKSANKRSKSIYTPLELQYIEMKQQHKDAVLCVECGYKYRFFGEDAETAARELNIY~---~ CHLDHNFMTASIPTHRLEVHVRRLVAKGY (217-302)
Rep-3 C-KPFNKRSKSVYTPLELQYLDMKQQHKDAVLCVECGYKYRFFGEDAETAARELNIY~~ - ~~CHLDHNFMTASIPTHRLFVHVRRLVAKGY (176-260)
HexA M--AIEK----- LSPQMQQYVDIKKQYPDAFLLFRMGDFYELFYEDAVNAAQI LEISLT SRNKNADNPTPMAGVP YHSAQQYIDVLIEQGY (1-84)
Muts mssrom-rsuu'rpmooymmonpm LLFYRMGDFYELFYDDAKRASQLLD ISLTKRGASAGEPI PMAGIPHHAVENYIAKLVNQGE (1-90)
ﬁﬁ w * * * LR * * W * *
swi4 KVAVVRQTETAALKSTSSSRNT LFDRRVARVLTKGTTLDD-~-SFFRFEQTQHG-~~-TLQASQF I LCVADNVDKSKAKS -GRVQVGLIAT (177-259)
Duc-1 KVGVVKQTETAALKATGDNRSS LFSRKLTALYTKSTLI GEDVNPLI KLDDAVNVDE IMTDTST SYLLCI SENKENVRDKKKGNI FIGIVGV (303-393)
Rep-3 KVGVVKQTETAALKATGDNKSSVFSRKLTALYTKSTLIGEDVNPLIRLDDSVNIDEVMTDTSTNY LLCIYEEKENIKDKKKGNLSVGVVGY (261-351)
HexA KVAIAEQMEDPK-~~=—-QAVGVVKREVVQVITPGTVVDSSK======mmw=mmmmmm~ PDSONNFLVSIDREGNQ=========-] FGLAYM (85-143)
Muts SVAICEQIGDPA-~--=~ TSKGPVERKVVRIVTPGTISDEAL-=======mmm=mmm LQERQDNLLAAIWQDGKG===m======" YGYATL (91-150)
* * * * * *
swid QLSSGTTVYDHFQDDFLRSELQTRLSHFQPCELI YSNKLSSESVALLNHYVSTEKTCGRVVRVQHAVQQ-~DVKLALENLQ-DF FSSKCI~ (260-346)
Duc-1 QPATGEVVFDSFQDSASRSELETRMS SLQPVELLLPSALSEQTEALIHRATSVSVQDDRI-RVERMDNI YFEY SHAFQAVT~EF YAKDTVD (394-482)
Rep-3 QPATGEVVFDCFQDSASRLELETRI SSLQPVELLLPSDLSEPTEMLIQRATNVSVRDDRI~RVERMNNTYFEYSHAFQTVT-EFYAREIVD (352-440)
HexA DLVTGD--F~-YVTGLLDFTLVCGE IRNLKAREVVLGYDLSE-—==-~ E-----——- EEQILSROMNLVLSYEKES—==——==~ FEDLHLLD (144-209)
Muts DISSGR--F~-RLSEPADRETMAAELQRTNPAELLYAEDFAE-~MALE===—===- GRRGLRRRP--LWEFEIDTARQQLNLQFGTRDLVG (151-226)
* *
swid MSGSKIIE--LHMEKVKSLHSLSIIC-LDMAISYIMEF SLEDLFVASNFYQPFDS~-ISSMVLSKQALEGLELFVNQTDHTPVGSLFWVLDR (347-433)
Duc-1 IKGSQIISGIVNLEK=-=~=--~ PVICSLAAIIKY LKEFNLEKMLSKPENFKQLSSKMEFMTINGTTLRNLE I LONQTDMKTKGS LLWVLDH (483-566)
Rep-3 SQGSQSLSGVINLEK- -PVICALAAVIRY LKEFNLEKMLSKPESFKQLSSGMEFMRINGTTLRNLEMVONQTDMKTKGS LLWVLDH (441-524)
HexA LRLATVEQT----===========m ASSKLLQYVHRTQMRE LNHLKPVIR--YE I KDF LOMDYATKASLDLVENARSGKKQGS LFWLLDE (210-281)
Muts FGVENASRGL=== == =mmmm e CMGCLDQYVKDTQRTSLPHI RSTTM--ERQQDSTIMDAATRRNLE ITONLAGGV~ENTLAAVLDC (227-299)
* * Q *
swiq TYTRFGQRMLORWLQKPLVDKENI I ERLDAVEELAFNSNSQVQAIRKMLYRLEDLEKGLSRIY YQR-~~-GFYKAASAF - ~SKNSY = ~=— (434-513)
Duc-1 TKTSFGRRKLKKWVTQP LLKLRE INARLDAVSEVLHSESSVFGQI ENHLRKLPDI GRGLCSIYHKKCSTQEFFLIVKTLYHLKSEFQAIIP (567-657)
Rep-3 TKTSFGRRKLKNWVTQP LLKLRE INARLDAVSDV LHSE SSVFEQI ENLLRKLPDVERGLCSIYHKKCSTQEFFLIVKSLCQLKSELQALMP (525-615)
HexA TKTAMGMRLLRSWIHRPLIDKERIVQRQEVV-QVFLDHFFERSDLTDSLKGVYDI ERLASRVSFGKTNPKDLLOLATTLSSV~PRIRAIL- (282-369)
Muts TVTPMGSRMLKRNLHMPVRNTDT LRERQQT 1-GALQDTV--- SELQPVLRQVGDLERI LARLALRTARPRD LARMRHAFQQL-PELHAQL~ (300-384)
* x L . * * *
Swid ---SCFKSALLRRLIQQLPSISST IDHFLGMFDQKEAENNNKVDMFKDIDNFDLSEEPNDVDY ELAQETRELKMS I IMVRTEMDFHLQELR (514-601)
Duc-1 AVNSHIQSDLLRTVILEIPELLSPVEHYLKILNEQAAKVGDKTELFKDLSDFPLIKKRKD=-~EIQGVIDE IRM=mmmmmmmmmm HLQEIR (658-734)
Rep-3 AVNSHVQSDLLRALIVE--~-LLSPVEHY LKVLNGPAAKVGDKTELFKDLSDFPLI KKRKN-=~EIQEVIHS QM- ~===m====~ RLQEFR (616-689)
HexA ---EGMEQPTLAYLIAQLDAIPELESLISAAIAPEAPHVITDGGI I RTGFDETLDKYRCVLR-EGTSWIAEIE~——~-, AKERENSGISTLK (370-451)
Muts ~—~ETVDSAPVQRCVKKWAI SPSCAT SWNAPLLTR-RRYWSRRRVIAPGYHEELDEWRALAD-GATDY LDRLE -~~~ IRERERTGLDTLK (385-465)
- . .. . * - - . ..
swiq DYLEYPNLEFSIWGNVKFCIEVSKGCKK-IPPDWIKLS STRSLFRFHTPK~IQSLLIELSSHEEN-LTISSEKIYRSFLSRISEHYNELRN (602-689)
Duc-1 KILKNPSAQYVTVSGQEFMIEIKNSAVSCI PTDWVKVGSTKAVSRFHSP~F IVENYRHLNQLREQ-LVLDC SAEWLDFLEKF SEHYHSLCK (735-823)
Rep-3 KILKLPSLQYVTVSGQEFMIEIKNSAVSCI PADWVKVGSTKAVSRFHPP~F IVES YRRLNQLREQ-LVLDCNAEWLGFLENFGEHYHTLCK (690-778)
HexA -—--~--IDYNKKDG--YYFHVTNSQLGNVPAHF FRKATLKNSERF GTEELART EGDMLEA-REKSANLEYE~IFMRIREEVGKY IQRLOA (452-531)
Muts ======-VGYNAVHG-~YYIQI SRGQSHLAPINYVRRQTLKNAERY I IPELKEYEDKVLTS - KGKALALEKQ—LYDELFDLLLPHLADLQQ (466-545)
NBS
swid VTTVLGTLDCLISFARI SSQSGYTRPEF-SDKELLIHE SRHPMI E~ LLSDKS-FVPNHI HLSSDGVRCLLI TGPNMGGKS SFVKQLALSAT (690-777)
Duc-1 AVHHLATVDCIFSLAKVAKQGDYCRPTVQEERKIVIKNGRHPVIDVLLGEQDQYVPNNTDLSEDSERVMI I TGPNMGGKS SY IKQVALITI (824-914)
Rep-3 AVDHLATVDCIFSLAKVAKQGNYCRPTLQEEKKI I IKNGRHPMIDVLLGEQDQFVPNSTSLS-DSERVMI I TGPNMGGKSSY IKQVALVTI (779-868)
HexA LAQGIATVDVLQSLAVVAETQHLIRPEFGDDSQIDIRKGRHAVVEKVMGAQT-Y I PNTIQMAEDT-S IQLVTGPNMSGKSTYMROLAMTAV (532-620)
Muts SANALAELDVLVNLAERAWTLNYTCPTF TDKPGI RITEGRHPVVEQUL~~NEPF TANPLNLSPQR-RMLI I TGPNMGGKS TYMRQTALIAL (546-633)
> * L] Q * * ﬁ L2 24 * *h * * >
=
swid MAQSGCFVPAKSALLPIFDSILIRMGSSDNLSVNMSTFMVEMLETKEVLSKATEKSMVI IDELGRGTSTIDGEAI SYAVLHYLNQYIKSYL (778-868)
Duc-1 MAQIGSYVPAEEATIGIVDGIFTRMGAADNIYKGRSTFMEELTDTAE ] I RKATSQSLVI LDELGRGT STHDGIATAYATLEYFIRDVKSLT (915-1005)
Rep-3 MAQIGSYVPAEEATIGIVDGIFTRMGAADNIYKGRSTFMEQLTDTAEI IRRASPQSLVI LDELGRGT STHDGIAIAYATLEYFIRDVKSLT (869-959)
HexA MAQLGSYVPAESAHLPIFDAIFTRIGAADDLVSGQSTFMVEMMEANNAI SHATKNSLI LFDELGRGTATYDGMALAQSI I EYTHEHIGAKT (621-711)
Muts LAYIGSYVPAQNVEIGPIDRIFTRVGAADD LASGRSTFMVEMTETANI LHNATENSLVLMDEI GRGT STYDGLSLAWACAENLANKIKALT (634-724)
c' * .". . * '- '0'0'.0' hehlld .. ee o . .c c.--- '.-.***.. *x .o - . . - -
DBS
swid LFVTHFPSLGILERRFEGQLRCFHMGYL----KSKEDFETS--VSQS I SFLYKLVPGVASKSYGLNVARMAGI PFSTLSRATEI SENYE (869-951)
Duc-1 LEVTHYPPVCELEKNY SHOVGNYHMGF LVSEDESKLDPGTAEQVPDFVTFLYQI TRGIAARSY GLNVAKLADVPGE I LKKAAHKSKELE (1006-1094)
Rep-3 LEVTHYPPVCELEKCYPEQVGNYHMGF LVNEDESKQDSGDMEQMPDSVTFLYQI TRGIAARSY GLNVAKLADVPREVLOKAAHKSKELE (960-1048)
HexA LFATHYHELTSLESSLOHLV~-NVHVATL=======mm=== EQD-GQVTFLHKIEPGPADKSYGIHVAKIAGLPADLLARADKI LTQLE (712-785)
Muts LFATHYFELTQLPEKMEG-VANVHLDAL -~ ==========-= EHG~DTTAFMHSVQDGAASKSYGLAVAALAGVPKEVIKRARQKLRELE (725-798)
*w ﬁ'. . * . ﬂ. " .-t. . * * t.t * %k 'ﬁ" .o .i .
(3

Figure 3. Alignment of the predicted amino acid sequence of the S. pombe swi4* gene with the amino acid sequences of Duc-1 (human), Rep-3 (originally reported
as Rep-1) (mouse), MutS (S. typhimurium) and HexA (S. pneumoniae) (27—30). The sequences were obtained from the PIR data bank. The alignment was produced
by the CLUSTAL program (31) followed by manual adjustment. Gaps are introduced to obtain an optimal alignment. The MutS sequence contains some corrections
as published by Linton er al. (28), the Rep-3 sequence includes some corrections furnished by G.F. Crouse (32). Only regions which are clearly homologous are
shown. Swi4: 93—-951 (859 out of 993), Duc-1: 217—1094 (878 out of 1137), Rep-3: 176—1048 (873 out of 1091), HexA: 1—785 (out of 844), MutS: 1—-798
(out of 854). Identical amino acids in the same position in all proteins are marked by asterisks, conservative substitutions by dots. Using the amino acid similarity
matrix of Dayhoff (33), conservative substitutions are defined if all pairs of residues have a similarity score greater than or equal to 9. Arrows mark the highly
conserved region near the COOH termini. The percent values of identity for this region are listed in Table 1b. Putative binding motifs (see Fig. 4) are designated

with NBS (nucleotide-binding site) and with DBS (DNA binding-site).
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of tetrad analyses. The swi4 gene is located on chromosome I,
closely linked to his6 (1.5 cM). Therefore we crossed one
transformant (h% ura4-D18 swi4 int::URA3) with an h% his6
swid-1 ura4-DI8 strain. All 15 dissected tetrads showed the
markers in parental combination: 2 his6* swid* ura*: 2 his6~
swi4~ ura—. Thus the integrated URA3 gene is closely linked
to his6 and therefore it is most likely that pLH1 contains the
wild—type swi4* gene and not a suppressor.

Restriction analyses of the 8.2 kb insert of pLH1 were made
and subclones were constructed to delimit the region harbouring
the swi4* gene. pLH2 with a 4.75 kb PstI insert was found as
the smallest subclone with an intact swi4* gene (Fig. 1a, b).
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| p—L
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Figure 4. a. Homologies in Swi4, Duc-1, Rep-3, MutS and HexA to the consensus
sequence of a type A nucleotide-binding site. The nucleotide-binding site was
first described by Walker e al. (35), enlarged data from Haber er al. (29).
Continous boxes sign strong conservation of amino acids (=98%) as compiled
by Gill et al. (34), interrupted boxes mark conserved amino acids (260%), X’s
in the consensus indicate variable residues. b. Homology of Swi4, Duc-1, Rep-3,
MutS and HexA to the consensus sequence of a DNA binding-site (36). Boxed
residues are conserved (=75%) as compiled by Pabo and Sauer (36). c. Sequence
homology of Swi4, Duc-1 and Rep-3 to the nuclear location signal (NLS) and
to the casein kinase II (CK —1I) site of the SV40 T antigen (38, 39, 45). Numbers
between the potential CK —II and NLS indicate the numbers of intervening amino
acids. Numbers in brackets give the position of either the first residue of the
potential CK —1II site (left) or the last residue of the NLS (right). For Rep-3, two
potential CK—II sites and two NLSs are present.

Nucleotide sequence of the swi4* gene

The pLH2 insert was subcloned in M13 and pUC vectors for
sequencing (see MATERIALS AND METHODS). The
nucleotide sequence was determined by the dideoxy method (24)
according to the strategy presented in Fig. 1c. The sequence was
determined from both strands with the exception of about 650
bp outside the putative swi4* ORF (see below) between the
right EcoRI and Pstl sites. The putative open reading frame of
the swi4* gene is shown in Fig. 1d starting at position 0. A
second ORF might be present downstream of the swi4* gene
(Fig. 1d; around position 4 kb). The reading frame of swi4™ is
obviously disrupted by an intron including the nucleotide positions
1498 to 1565. This intron seems to be 68 bp long and has the
5’ splice site GTAAG, the branch site CTGAA and the 3’ splice
site AAG. These sequences are in good agreement with the S.
pombe consensus sequences GTANG (5’ splice site), CTPuAN
(branch site), NAG (3’ splice site) (26).

To distinguish between the possibilities of either one large gene
of approximately 3 kb or two smaller genes (cf. Fig. 1d), a
Northern hybridization was performed. Total RNA of the h%
wild-type strain was probed with a mixture of the 1.65 kb Bglll
and the 1.75 kb EcoRI fragments. These two fragments comprise
both sides of the putative intron, but not the additional reading
frame, located downstream of swi4* (see Fig. 1d). As shown
in Fig. 2, one single band of approximately 3.2 kb was observed,
indicating one large transcript and thus the presence of the
predicted intron. Therefore, the swi4* gene terminates at nt
3048 by a TGA stop codon and comprises a coding region of
2979 bp.

Predicted amino acid sequence of swi4*

Translation of the swi4* coding region gives rise to a
polypeptide consisting of 993 residues with a calculated M, of
113 kD and a pl value of 7.9. The predicted Swi4 protein was
compared with proteins in the Protein Identification Resource
(PIR) and the EMBL Data Bank. We found significant
homologies to the human Duc-1 (27), the mouse Rep-3, originally

Hindlll  Pstl Pstl BamHlI
I | urad* N I I
D 3
X swid* — X
T 1
Hindlll  Pstl BamHI
el Hindlll gy, P am
165kb 305 kb
ura4*
Hindl1l Patl Patl BamHI

49 kb

Figure 5. Gene disruption of the swi4* gene with ura4* and insertion of the
resulting 7.2 kb Hindlll/BamHI fragment in the chromosome via homologous
recombination. The gene disruption was proved by genetical crosses (see text)
and Southern hybridization using the 4.75 kb PstI fragment as probe. In Pstl/Bglll
digests the wild-type strain and the swi4-/ mutant yielded 1.65 kb and 3.05 kb
bands whereas the swi4 (null) mutants gave only one single 4.9 kb band (data
not shown).



designated as Rep-1 (28) and also to MutS of Salmonella
typhimurium (29) and HexA of Streptococcus pneumoniae (30).
The two bacterial proteins, HexA and MutS, have previously
been identified as essential components of their respective DNA
mismatch-repair systems (reviewed in 13, 14). In Fig. 3, the
alignment of the five amino acid sequences is presented. The
NH, terminal region of the three eukaryotic proteins, Duc-1 (aa
1-216), Rep-3 (aa 1—175) and Swi4 (aa 1-92) and
approximately 50 amino acids at the COOH ends of all five
proteins are not shown, because no clear homologies exist in these
tracts among all. The aligned sequences share significant
homology over their entire lengths, with a few less conserved
stretches. The numbers scheduled in Table la correspond to
percent values of identical residues within these regions. A region
near the COOH termini is the best conserved part of the proteins
(Table 1b). Inside this region, a type A nucleotide-binding site
and a DNA-binding motif has been found in the two bacterial
proteins MutS and HexA (29, 34 —36). For the nucleotide-binding
site of the MutS protein ATPase activity was recently proved
(37). These motifs are also present in Duc-1, Rep-3 and the
deduced sequence of Swi4 (Fig. 4a, b). In position 1 of the helix-
turn-helix motif of the putative DNA binding-site, a glycine
residue is present in all five proteins. Since glycine is a strong
helix breaker, the left helix of Fig. 4b should begin at position
2 and is therefore one amino acid shorter than the motif which
is known for the DNA-binding site of other proteins (36).
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The five amino acid sequences contain domains of significant
homologies distributed over their entire lengths, only diverging
at the NH, and COOH ends. However, the eukaryotic proteins
Duc-1, Swi4 and Rep-3 have a short domain of mainly basic
residues in their otherwise quite different NH, termini. These
domains show similarity to a motif of the SV40 T antigen
(Fig. 4c), which is known as a nuclear location signal (NLS) (38,
39). Based on the homologous alignment the NH, termini of the
two bacterial proteins begin about 150 residues past this domain
and lack the corresponding basic domain. Potential NLS with
similiar sequences have been found for instance in various steroid
receptors of higher eucaryotes (reviewed in 40), the polyoma
virus T antigen (41), and the dorsal protein of Drosophila
melanogaster (42, 43). Moreover, it was recently reported that
a fusion protein containing the NLS of the SV40 T antigen is
translocated into the nucleus of tobacco cells (44), indicating a
widespread and well conserved transport mechanism in
eukaryotes. In many proteins harbouring nuclear location signals,
putative casein kinase II (CK-II) sites are located nearby the
NLSs. It was recently shown for the CK-1I of the SV40 T antigen
that phosphorylation at the S!'!/S!'2 amino acids regulate the
protein transport into the nucleus, while the specifity of the
transport is determined by the NLS (45). As in the SV40 T
antigen, sequences conforming to the consensus CK-II recognition
site S/T X X D/E (46) are also present near the potential NLSs
of Swi4, Duc-1 and Rep-3 (Fig. 4c).
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—— — - —
H H H H H H
P —
10.4 6.3 4.2
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H H H H H H H H
I i { | i
6.7 8.2 6.3 4.2
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1 23 4 5 6 L L K
e il
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Fi 6. a. Southern blot analyses of HindIll digested DNA, hybridized with the 10.4 kb matl —P fragment. Lane 1: K% wild type; lane 2: h% swid4™; lane 3:
h’% swid (null); lane 4: h*" wild type, lanes 5 and 6: h* segregants of the h% swi4 (null) strain. Numbers on the right side indicate the sizes of HindIIl fragments

(in kb). Due to the low homology of the 4.2 kb mat3 (=mat3:3) fragment with the hybridization probe, a definite band is detectable only after overexposure. Symbols
on the left side indicate the respective cassette types, specified according to the nomenclature of Beach and Klar (6): The first number of a given cassette indicates
the origin of the proximal flanking sequence, the second number the origin of the distal flanking sequence, both relating to the standard #°° MT region (shown in
B, first panel). Therefore, matl, mas2 and mat3 can be designated also as matl:1, mar2:2 and mat3:3, respectively. The cassette mat3:1, for example, has the proximal
flanking sequence K as matl:1, but the distal flanking sequence L as mar2:2. b. Interpretation of the autoradiographs, supported by previous data about the swi4-1
mutant (12). Several MT configurations, obviously present in 1% swid and h¥ swi4 (null) cultures, are shown. HindIII fragments thereof hybridizing with the 10.4
kb matl — P fragment are given below each configuration. The sizes of HindIIl fragments allow to identify the flanking sequences of cassettes and thereby the relative
position of each cassette inside the MT configurations. Cassettes are shown as white (with P information) or black boxes (with M information). Cassettes with smt
signals can either contain P or M. First panel: K% MT region; second panel: h*N MT region; third panel: #% MT region, which contains an additional mar2:1
cassette as compared to the standard 1% configuration. Fourth panel: A*"' configuration, which differs from the standard h*N by an additional mar2:1 cassette.
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Gene disruption of swi4*

In all known 4% swi mutants, MT switching is reduced but not
completely abolished. This is evidenced by the fact that MT
switching of 4% swi mutants leads to colonies which are mottled
after treatment with iodine vapour. The reduced switching could
either be carried out by the mutated gene product (leaky) or by
other proteins (non leaky). To differentiate between these
possibilities we disrupted the wild-type gene and analyzed the
resulting strains.

In order to disrupt swi4*, the plasmid pLH1 was digested
with BglII to delete the 1.65 kb Bg/lI fragment. This fragment
contains about 1100 nt of the coding region and putative promoter
sequences. At this site the 1.8 kb HindIIl fragment containing
the ura4* marker was inserted via blunt ends. A haploid A%’
ura4-D18 strain was transformed with the 7.2 kb HindIll/BamHI
fragment containing the swi4 gene disrupted with wra4*
(Fig. 5). Since in wura4-DI8 mutants the wura4® gene is
completely deleted (47), gene replacement by the linear
HindIll/BamHI fragment should occur exclusively at the swi4™*
locus (Fig. 5). Seven ura™ transformants were isolated. All
transformants (h% swi4::ura4* ura4-D18) were crossed with an
h* his6 swid-1 ura4 strain to test genetical linkage between the
insert borne ura4* marker and his6. Of the crosses 58 tetrads
were dissected. All asci are of the parental ditype: 2 his6*
ura4* : 2 his6~ ura4~. This result demonstrates a strong linkage
of the markers and thus a correct gene replacement. The gene
disruption was additionally confirmed by Southern analyses (data
not shown).

The strains with a disrupted swi4* gene generate
duplications in their MT region

For swi4 and the other class II swi mutants it was postulated that
the copy-synthesis is frequently not terminated at the H2 box of
the silent donor cassette (either mat2 or mat3) but continues to
the H2 box of the next proximal located cassette (9, 12). After
termination two cassettes and their intervening sequence (either
K or L) are present instead of matl.

To test the influence of the disruption on MT switching the
strains with the disrupted swi4 gene were plated on MEA. After
growth the colonies were treated with iodine vapours. Mottled
and iodine negative colonies were found. Almost all of the latter
were h*. The h% swi4 (null) strains thus have the same

Table 1. Comparisons of the homologous amino acid sequences of Swi4, Duc-1,
Rep-3, HexA and MutS.

a. Percentage values of identical residues of the aligned regions as shown in Fig. 3.
Gaps, introduced for optimal alignment, are counted as one position.

Rep-3 Swi4 HexA MutS
Duc-1 86.6 39.0 28.0 28.4
Rep-3 - 375 28.5 29.1
Swi4 - 25.0 26.2
HexA - 37.1

b. Percentage values of identical residues between the regions near the COOH
termini (marked in Fig. 3 by arrows).

Rep-3 Swi4 HexA MutS
Duc-1 89.9 47.9 45.1 46.9
Rep-3 - 46.8 43.1 46.5
Swi4 - 41.5 40.7
HexA - 48.6

phenotype as h% swi4~ mutants with respect to the iodine
reaction (9, 12). The occurrence of duplications in the MT region
was tested by Southern hybridization. Genomic DNA samples
of the A% swi4~ mutant, of one 4% swi4 (null) strain and in
addition of six A" segregants thereof were digested with HindIII
and probed with the 10.4 kb HindIIl fragment containing the
matl-P cassette (Fig. 6a). As controls, /% and h*" wild-type
strains are shown in lanes 1 and 4 of Fig. 6a. The h% wild-type
strain (lane 1) yielded the typical bands of 10.4 kb (matl), 6.3
kb (mat2), 4.2 kb (mat3) and in addition of 5.0 kb and 5.4 kb
length. The latter two are subfragments of the 10.4 kb matl
fragment (termed smz-D and smt-P, respectively) generated by
double-strand breaks at the smr signal (2). The 4% configuration
is shown in Fig. 6b, panel 1. In contrast, the h% swi4 (null)
strain (lane 3) and the A% swi4 mutant (lane 2) have additional
bands of 8.2 kb (mat3:1), 10.0 kb (mar2:1) and 6.7 kb (mat1:2).
The designation of the latter cassettes is explained in Fig. 6. The
mat3:1 and matl:2 bands belong to h* segregants which are
present in the cultures. The h* segregants themselves have
either an h*N MT region (one example is given in lane 5) or
additional mar2:1 bands (lane 6). The MT configuration of h*N
is shown in Fig. 6b, panel 2, the one with an additional mat2:1
cassette (V') in panel 4. Since the expression locus matl:2
does not contain an smt signal, MT switching is abolished in the
heterothallic segregants. smr signals are present at mat3:1 and
mat2:1, but they are rarely used for initiation of the copy-
transposition (12). Thus in contrast to homothallic configurations
(with matl) further duplications are generated only rarely in A™.

In summary, in the h% strains with a disrupted swi4 gene,
duplications occur in the same manner as in the h% swid-1
mutant (12). Both strains consist of mixed cultures in which cells
with different MT configurations are present. Four examples are
given in Fig. 6b. The data show that the duplications are due
to the loss of the Swi4 function instead of being caused by an
altered Swi4 protein with a malfunction. Since the haploid strains
with a disrupted swi4™ gene are viable, swi4* is not an essential
gene.

DISCUSSION

In the A% swi mutants MT switching still occurs, albeit with a
lower frequency as evidenced by the mottled colonies. The
reduction in residual switching could either be caused by a
partially active swi gene product (leakiness) or by the products
of other genes. Schmidt (48) has shown that strains with a
disrupted swil gene (class Ia) are mottled and exhibit a reduced
level of DSBs like swil mutants, i.e. they still show some MT
switching. The swil mutations therefore seem not to be leaky.
Their mottled phenotype could best be explained by the low level
of DSBs, which are necessary for the initiation step of MT
switching. However, for the class II mutants the situation is more
complicated. The termination errors could also be caused by a
malfunction of the mutated gene products.

In this study, we have shown that strains with a disrupted
swid* gene have the same mottled phenotype as swi4 mutants
and likewise exhibit duplications in the MT region (Fig. 6). A
malfunction of an aberrant swi4 gene product responsible for the
duplications can therefore be excluded and a partial function of
the swi4 gene product is neither essential for cell viability nor
responsible for the incorrect termination step.

The swi4* gene product shows a high degree of homology to
Duc-1 (human), Rep-3 (mouse), MutS (Salmonella typhimurium),



and HexA (Streptococcus pneumoniae) (Fig. 3). The two
bacterial proteins are known to be mismatch repair enzymes. The
Mut system of Salmonella typhimurium is very similar to the Mut
system of E. coli; i.e. cloned Salmonella mut genes can
complement respective mutations in E. coli (49, 50). In both the
Mut and the Hex repair systems, a DNA segment of the target
strand greater than 1 kb is removed (51, 52). It was demonstrated
for the MutS protein of Salmonella typhimurium that it binds to
single-stranded DNA and to heteroduplex DNA with high affinity
(50, 53).

The aligned part of the Swi4 amino acid sequence comprises
approximately 86 % of the total protein and is over its entire length
clearly homologous with all other shown sequences. The two
mammalian proteins Duc-1 and Rep-3 share in this region a
homology of 86.5% (amino acid identity, see Table 1a), which
is the highest value found for all comparisons. The homology
of these two mammalian sequences with Swi4, the third
eukaryotic sequence, is about 38% (Duc-1 39%, Rep-3 37.4%).
This value is clearly higher than the one found between all three
eukaryotic sequences and the eubacterial HexA (25—28%) and
MutS sequences (26—29%). The S. pombe sequence shows a
slightly lower percent value (difference about 3%) than the two
mammalian ones in the comparisons with the two eubacterial
sequences. This difference might be due to a faster evolutionary
rate of the protein from the unicellular eukaryote as compared
to the proteins of the higher eukaryotes. The two eubacterial
proteins, MutS and HexA, are much more similiar to each other
(identity value of 37.1%) than to any of the eukaryotic proteins
25-29%).

In all five compared proteins a region of approximately 250
residues near the COOH terminus is highly conserved (Table 1b).
This part of the protein has therefore been chosen for a separate
comparison in order to get a clearer idea of the relationship
between the different sequences.

Except for the very high 89.5% homology for the two
mammalian proteins (Duc-1 and Rep-3), all pairwise comparisons
are surprisingly within a range of 41 —49% identical amino acid
positions. Even the degree of homology between the two bacterial
and the three eukaryotic proteins (41 —47%) is almost the same
as the one within each group (except for the higher value between
Duc-1 and Rep-3). This suggests that this part of the protein
contains sequences, which are functionally indispensible, and are
therefore extremly conserved. One hint for the function of this
region is the presence of nucleotide- and DNA binding motifs
in each of the sequences (Fig. 4). A third highly conserved
sequence motif ‘DELGRGTSTXDG’ (positions 838 —849 in
Swi4) has been found. This motif might represent an additional
to date not characterized functional domain.

Although direct evidence concerning the function of the Swi4
protein has not yet been directly determined, it is known that
swi4* plays a role in termination of copy-synthesis during MT
switching (9, 12). Since Swi4 is required for efficient MT
switching and probably for mismatch correction, this means that
the protein must normally be translocated from the cytoplasm
into the nucleus. However, since the Swi4 protein is 113 kD,
exceeding the critical size of 60 kD, it is too large for a simple
diffusion into the nucleus (54). Therefore, the Swi4 protein should
be actively transported into the nucleus. This could be mediated
by a short stretch of basic amino acids that corresponds to known
or predicted nuclear location signals (38 —43) (Fig. 4¢). Such
a motif is also present in the two eukaryotic homologues of Swi4,
Duc-1 and Rep-3, but, as expected, absent in the prokaryotic
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proteins MutS and HexA. In addition, Swi4, Duc-1 and Rep-3
contain a sequence near their potential NLS, which is coincident
with the consensus of a CK—1I recognition site (46) (Fig. 4c).

Based on the homology data presented here, the idea suggests
itself that Swi4 recognizes and binds to heteroduplex DNA as
it was reported for MutS (37, 53). This is easily conceivable for
the correction of mismatched DNA, although there is no direct
evidence for the action of Swi4 in mismatch repair until now.
However, by assuming the same role for Swi4 in MT switching,
it is reasonable to predict a heteroduplex DNA in this mechanism
too. In recent models it was postulated that the copy-synthesis
terminates in the proximal flanking H2 box (4, 12). Swi4 may
bind at this site by recognizing an intramolecular secondary
structure which contains some unpaired bases (i.e. mismatches).
Analyses of the nucleotide sequence of H2 revealed indeed the
possibility for such a structure (data not shown). Subsequently,
binding of Swi4 could stimulate strand incision, carried out by
another Swi gene product, and thereby termination of the copy-
synthesis.

As MT switching in yeast is a site specific recombination
process which might require a mismatch repair enzyme, it is very
likely that Swi4 is such an enzyme. Both the characterization of
swi4 mutants and disrupted strains, as well as the homology of
Swi4 with other DNA mismatch repair enzymes support this idea.
Subject of further analyses is to clarify if Swi4 is indeed involved
in general mismatch repair or exclusively in the MT switching
process.
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Note added in proof

The sequence of an additional homologue of Swi4 was determined
recently: YMBP of Saccharomyces cerevisiae (Valle et al. 1991,
Yeast 7: 981 —988)



