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DNA recombination required for mating type (matl) switching in Schizosaccharomyces pombe is initiated by
matl imprinting. The imprinting event is regulated by matl cis-acting elements and by several frans-acting
factors, including swil (for switch), swi3, swi7, and sapl. swil and swi3 were previously shown to function in
dictating unidirectional matl DNA replication by controlling replication fork movement around the matl
region and, second, by pausing fork progression around the imprint site. With biochemical studies, we
investigated whether the frans-acting factors function indirectly or directly by binding to the matl cis-acting
sequences. First, we report the identification and DNA sequence of the swi3 gene. swi3 is not essential for
viability, and, like the other factors, it exerts a stimulatory effect on imprinting. Second, we showed that only
Swilp and Swi3p interact to form a multiprotein complex and that complex formation did not require their
binding to a DNA region defined by the sm#-0 mutation. Third, we found that the Swilp-Swi3p complex
physically binds to a region around the imprint site where pausing of replication occurs. Fourth, the protein
complex also interacted with the mat1-proximal polar terminator of replication (R7S1). These results suggest
that the stimulatory effect of swil and swi3 on switching and imprinting occurs through interaction of the

Swilp-Swi3p complex with the matl regions.

The fission yeast Schizosaccharomyces pombe is a haploid
eukaryotic microorganism whose cells exhibit two different
mating types, called P (plus) and M (minus) (18, 33). The
mating type is determined by the genetic information in the
matl locus, which contains either the matIM or the matlP
allele, each of which encodes two transcripts essential for con-
trolling cell type (24). A copy of the mating type genetic in-
formation is also present at the mat2P and mat3M*“donor” loci
that are located centromere-distal to mat! and are transcrip-
tionally silent. The mating type switches when a copy of either
the mat2P or mat3M DNA transposes and substitutes for matl
by DNA recombination, where the transposed genetic infor-
mation is expressed (6, 12, 26).

Switching occurs spontaneously at a high frequency in “ho-
mothallic” strains (4, i.e., homothallic, 90% sporulation) dur-
ing mitotic growth, and it follows an interesting nonrandom
pattern within a cell lineage (17, 28, 34). Division of an un-
switchable parental cell produces two daughter cells, one of
which is programmed to be switching competent and the other
of which is not. After cell division of a switching-competent
cell, a switched and a switching-competent daughter cell are
generated. On the other hand, a switching-noncompetent cell
undergoes a cell division to produce a switching-competent
and a noncompetent cell. Therefore, this switching pattern in
the cell lineage results in only one cell switching among four
granddaughter cells after two consecutive asymmetrical cell
divisions of an unswitchable cell. These rules of so-called one-
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in-four and consecutive switching are observed with cells of
either the P or M type, where most (80 to 90%) asymmetric cell
divisions and chains of consecutive switching occur generation
after generation in the progeny.

Cells engineered to contain an inverted duplication of mat!
change the pattern, so that two cousin cells among four grand-
daughter cells switch (28). Thus, according to the strand seg-
regation model (27, 28), this differential mating type switching
by asymmetric cell division is initiated by a novel imprint that
marks one specific strand of DNA at the mat! locus, resulting
in a switching-competent cell. The chemical or physical nature
of the imprint is not yet known, although it is considered to be
either a modification of a DNA base(s) or a nick. The imprint
is generated at a specific sequence(s) in only the specific strand
of double-stranded DNA, which is known to be sensitive to
heat as well as to alkali and RNase T2 treatment (2, 13, 36, 42).
The imprinting site is thought to be converted to a transient
double-strand break during DNA replication, so the resulting
double-strand break is likely to initiate recombination for mat-
ing type switching (6, 7, 16). Double-strand break sites at the
matIM and matIP loci were mapped by genomic sequencing
(36).

The mating type switching mechanism is exquisitely coupled
with the process of DNA replication. mat! is replicated unidi-
rectionally, and strand-specific imprinting in the mat! locus is
dependent on the direction of DNA replication because the
imprint is installed only when the specific strand is replicated
by the lagging-strand replication complex (12, 13, 14). The
regulation of direction of DNA replication at mat! is mediated
through a replication termination site (R7S7), which is located
centromere-proximal to matl and consists of two cis-acting
sequences (10, 11, 14). According to this unidirectional repli-
cation model, a replication fork moving from the centromere-
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proximal origin stalls at RTS1, and therefore only the fork
moving in the opposite direction from a matI-distal replication
origin(s) replicates mat!. During this unidirectional replication
at matl, an imprint is installed when a lagging-strand fragment
is synthesized in the upper strand (13). As a result, only one of
two chromatids acquires an imprint from a round of DNA
replication in the unswitchable cell, and DNA replication in
the switching-competent cell results in matl switching of the
chromatid inheriting the imprinted strand.

Several trans- and cis-acting elements are required for the
imprinting process in Schizosaccharomyces pombe. In earlier
research, genetic screening for mutations affecting both mating
type switching and the level of double-strand break implicated
swil, swi3, and swi7 in the switching process (16, 22). Double-
strand break has also been shown to efficiently initiate meiotic
matl gene conversion (30). With this meiotic assay, it was
discovered that swil-, swi3-, and swi7-encoded factors perform
the imprinting function (29). Mutations of these three genes
show a similar effect and result in a reduced rate of mating type
switching. swil has been cloned and shows significant similarity
to the clock gene family in amino acid sequence (9, 14). Inter-
estingly, it has an additional function that is not connected to
the mating type switching process (37). Both swil and swi3
promote imprinting in two independent ways; one way is to
block replication at the RTS! site, and the other is to mediate
pausing of a replication fork around the imprint site (14). The
swi7 gene encodes the DNA polymerase a catalytic subunit
(39). DNA polymerase o contains the primase activity that
initiates synthesis of Okazaki fragments by priming RNA dur-
ing general DNA replication. Apparently, in S. pombe, DNA
polymerase a acquired an additional role for efficient mating
type switching. The precise role of swi7 in imprinting remains
unknown, but it does not seem to be related to the pausing of
a replication fork around the imprint site (14). The swi3 gene
has not been characterized thus far.

Deletion analysis of sequences around the imprint site has
implicated cis-acting sequences in the imprinting process. The
matl cis-acting mutation smt-0 abolishes mating type switching
completely and has been shown to contain a 263-bp deletion
starting from the middle of the H1 homology to a flanking
region located distal to mat!l (40). Analysis of the deleted
region revealed at least two different cis-acting elements, SAS?
and SAS2, both of which are required to produce an efficient
level of double-strand break, and therefore, of mating type
switching. These elements additively contribute to the level of
mating type switching. The SAS7 element interacts with Sapl
protein, another frans-acting factor required for mating type
switching (4). It is not yet known how Saplp bound to SAS!
promotes imprinting. sap! is essential for cell viability and is
perhaps involved in chromosome organization for their proper
segregation in mitosis (15).

Our aim in this study was to characterize the imprinting
process by the biochemical approach. Here, we report cloning
of the swi3 gene with its DNA sequence and molecular char-
acterization. We biochemically investigated the physical inter-
action between the frans-acting factors involved in mating type
switching after tagging them with epitopes in order to analyze
whether these proteins act in the same or different steps of the
imprinting pathway. We show that Swilp interacts with Swi3p
to form a complex; however, this complex does not contain
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TABLE 1. S. pombe strains used in this study

Strain Genotype resf(; lrlglec:é)

SP492 h*° ade6-M216 swi7 leul-32 39

SP976 h?° ade6-M210 ura4-DI18 leul-32 13, 14

SP982 h*° his2 ade6-M216 14

SP903 Msmt-0 leul-32 ade6-M216 This study

E146 h*° his2 ade6-M210 swi3-146 22

E157 h?° his2 ade6-M210 swi3-157 22

SG381 h*° ade6-M210 swi3-1 22

SP1125  Msmt-0 mat2p:ura4” ura4-DI8 ade6-M210 This study

SP73 h?? swi3-146 leul-32 This study

BSP4 h*’ ade6-M210 ura4-D18 leul-32 swil-myc-  This study
kanMX6

BSPY h®’ ade6-M210 ura4-D18 leul-32 swil- This study
GST-kanMX6

BSP16 h® his2 ade6-M216 swi3-myc-kanMX6 This study

BSP33 h*° his2 ade6-M216 swil-GST-kanMX6 This study
swi3-myc-kanMX6

BSP34 h? his2 ade6-M216 sap1-myc-kanMX6 This study

BSP50 Msmt-0 mat2p:ura4™ ade6-M210 swil- This study
GST-kanMX6 swi3-myc-kanMX6

BSP60 h*’ ade6-M216 ura4-D18 swil-GST- This study
kanMX6 sap1-myc-kanMX6

BSP61 h® his2 ade6-M216 Aswi3::kanMX6 This study

Swi7p or Saplp. Also, Swi7p does not interact with Saplp. We
also examined the binding of Swilp and Swi3p to the matl
chromosomal region by chromatin immunoprecipitation ex-
periments. We found that Swilp and Swi3p are recruited to the
imprinting site and to the RTS/ site located centromere-prox-
imal to matl as well.

MATERIALS AND METHODS

Yeast strains, media, and genetic techniques. The S. pombe strains used in this
study are listed in Table 1. Standard genetic techniques for strain construction
and medium preparation were used as described previously (35). Yeast trans-
formation was performed as described previously (20).

Iodine staining. Individual colonies were grown on sporulation medium
(PMA) at 25°C. After 3 to 4 days of incubation, the PMA plate was exposed to
iodine vapors. Intensity of staining reflects efficiency of mating type switching, as
switching and mating produce asci that synthesize an iodine-staining starch
compound during meiosis (35).

Cloning and seq ing of the swi3 gene. Strain SP73 carrying the swi3-146
mutation was used to clone swi3 by complementation, which is exactly analogous
to the procedure used to clone the swi7 gene (39). The S. pombe cDNA library,
kindly provided by P. Nurse, was used to clone a swi3 cDNA copy. The DNA
sequence of the swi3 gene was determined by the dideoxy method with the Taq
DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City,
Calif.).

Construction of the swi3 deletion mutant. An Aswi3::kanMx6 allele was con-
structed by PCR-based gene disruption as described previously (5). The pFA6a-
kanMXG6 plasmid digested with NotI was subjected to PCR with an Advantage
HF Tag DNA polymerase (Clontech) with OGBLA4S5 (89-mer) and OGBLA46
(90-mer) primers. OGBLAS5, a forward primer, includes a stretch of sequences
corresponding to the 5’ end of swi3 and to BamHI and Pacl sites in the multi-
cloning sites of plasmid pFA6a (5). OGBL46, a reverse primer, includes se-
quences corresponding to the 3’ end of swi3 and to the EcoRI and Pmel sites of
plasmid pFA6a. The resulting DNA product from the PCR contains a 1.6-kb
kanMX6 marker that is flanked by sequences just to the 5" and 3" ends of the swi3
open reading frame (ORF). The PCR product was introduced into strain SP982,
and G418-resistant transformants were selected. Strain BSP61 carrying
Aswi3::kanMx6 was chosen from the G418-resistant transformants, and its dele-
tion was established by PCR and genomic Southern blot analysis.

Construction of epitope-tagged swil, swi3, and sapl. The swil, swi3, and sapl
genes were tagged with 13 copies of the human c-myc epitope or the gene for
glutathione S-transferase (GST) at the 3’ end of each endogenous locus with the
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TABLE 2. Oligonucleotides used in this study

Primer Sequence (5" to 3")
MPS forward CCAATTATGCTGTTCGTGTCATTC
MPS reverse GGAGAAAGAGGATGGTTGATGGAGTG
RTS1 forward CGGAGATGTAACGAAGCTA
RTSI reverse CTTGCAATAGAATAATCCTAC

GCTGATCCCTCCAAGTTTGTAGAC
GACAATATCTTCCGACTCAGTAGC
GTTCCAGAAGCATTAACCCAGTG
GACAATCTTCTGCACCCATGTAG

lys11 forward
lys11 reverse
trp5 forward
trp5 reverse
OGBL9Y
OGBLI10
OGBLI11
OGBLI12
OGBL22
OGBL23
OGBLA45
OGBLA46

AAGCGAATCGACGATTTAGAAATGGAAGGAAAATTACAAGAAATTGAACAACTCAGCGAGAATTCTTCATCGGATCGGATCCCCGGGTTAATTAA
CATTTTACTAACAAAAATTTCAATGAACAAGCTACCCATTATTAAACTTATGATTTGAATCGAAGATATTTTATTTGAATTCGAGCTCGTTTAAAC
ACGAGCGGAGATCCATATGTTCAAGATACAGCTGATGATGCTTTTGTCGCCCAAGACAACGATACCCAATTAGAACGGATCCCCGGGTTAATTAA
AATGATCATGATTACTAATATTGATAAACAAAGCTGCAACAACATCTCAATCATTCATTAATGGTGAGAATTCGAGCTCGTTTAAAC
GCCAACATGGGCGCTAATATGAATGCCATTCGTGGCGGTCTCCATTCTAGCATCTCTCCTAATCTTGGTGACCATCGGATCCCCGGGTTAATTAA
GAGAACGAAATTCTCGAAGAAAAGAGGTTGTGTGTTACACAGGTAGGAGGAGGATGGGCGGAAAAGTTGGGAGAATTCGAGCTCGTTTAAAC
CACCATAAGAAATGTCTACAGCTGCTTCTGATTCAGGTGTTGAAAAACTCGTCGAGGAAAACAAAAGGGCGGATCCCCGGGTTAATTAA
AAGCTGCAACAACATCTCAATCATTCATTAATGGTGACTATTCTAATTGGGTATCGTTGTCTTGGGCGACGAATTCGAGCTCGTTTAAAC

procedure described previously (5). To tag the swil gene with 13Myc or GST,
plasmids pFA6a-13Myc-kanMX6 and pFA6a-GST-kanMX6 digested with NotI
were used as templates and subjected to PCR with Vent DNA polymerase (New
England Biolabs) with the OGBL9 (95-mer) and OGBL1O (96-mer) primers.
The OGBLY sequence includes swil sequences corresponding to C-terminal
codons of the gene ending just upstream of the stop codon and the BamHI and
Pacl sites of the multicloning site of plasmid pFA6a. The OGBL10 sequence
includes swil sequences corresponding to the 3 untranslated region of the gene
ending just downstream of the stop codon and the EcoRI and Pmel sites of
plasmid pFA6a. DNA products from the PCR were introduced into SP976, and
G418-resistant transformants were selected as described previously. Strains
BSP4, carrying swil-myc-kanMx6, and BSP9, carrying swil-GST-kanMx6, were
chosen from the G418-resistant transformants after confirming their tags by
PCR, genomic Southern blot, and Western blot analyses.

To tag the swi3 or sapl gene with 13 copies of the c-myc epitope, plasmid
pFA6a-13Myc-kanMX6 was subjected to PCR with the OGBL11 (95-mer) and
OGBLI12 (87-mer) primers or the OGBL22 (95-mer) and OGBL23 (92-mer)
primers, respectively. The OGBL11 and OGBL22 primers contain swi3 and sap!
sequences, respectively, corresponding to C-terminal codons of each gene ending
just upstream of the stop codons and another sequence of the vector portion, as
in OGBL9. OGBL12 and OGBL23 contain swi3 and sapl sequences, respec-
tively, corresponding to the 3’ untranslated region of each gene ending just
downstream of the stop codons and another sequence of the vector portion, as in
OGBL10. DNA products from each PCR were introduced into SP982, and
strains BSP16, carrying swi3-myc-kanMx6, and BSP34, carrying sapl-myc-
kanMx6, were constructed. Double-tagged strains BSP33 (4°’ swil-GST-kanMx6
swi3-myc-kanMx6), BSP50 (Msmt-0 swil-GST-kanMx6 swi3-myc-kanMx6), and
BSP60 (h? swil-GST-kanMx6 sapl-myc-kanMx6) were constructed by genetic
crosses between strains BSP9 and BSP16, BSP33 and SP1125, and BSP9 and
BSP34, respectively. After construction of the tagged strains, the efficiency of
mating type switching in each single- and double-tagged strain was tested by an
iodine staining procedure and confirmed to be compatible with that of the
untagged parental strains.

Protein analysis. Total protein extracts were prepared from cells grown in
YEA at 25°C to mid-log phase with a lysis buffer containing 5 mM EDTA, 250
mM NaCl, 0.1% (vol/vol) Nonidet P-40, 50 mM Tris-HCI (pH 7.4), 0.1 mM
phenylmethylsulfonyl fluoride, and 1 wg/ml each of the protease inhibitors pep-
statin, leupeptin, aprotinin, antipain, and chymostatin. Western analysis was
performed as described previously (32). Immunodetection was performed by the
enhanced chemiluminescence (ECL) technique described by the supplier (Am-
ersham). Protein molecular weight standards were obtained from Amersham. An
anti-c-myc mouse monoclonal antibody and an anti-GST rabbit polyclonal anti-
body were purchased from Roche Applied Science and Upstate, respectively. A
chicken antibody against S. pombe DNA polymerase o (Swi7p) was kindly pro-
vided by T. S.-F. Wang (Stanford University).

Coimmunoprecipitation. Coimmunoprecipitation was performed as described
previously (25). Total cell extracts were preabsorbed with 50 pl of protein A- or
protein G-agarose (Roche Applied Science) on a roller drum for several hours
at 4°C. After centrifugation, precleared supernatant was incubated with antibody
for several hours, and then 50 pl of protein A- or G-agarose was added and

further incubated overnight at 4°C. After centrifugation, the supernatant was
gently pulled off, and the immunoprecipitated beads were washed twice with 1 ml
of Tris buffer [S0 mM Tris-HCI (pH 7.4), 5 mM EDTA, 0.2% (vol/vol) Nonidet
P-40, 0.1% (vol/vol) sodium deoxycholate, 0.1 mM phenylmethylsulfonyl fluo-
ride, protease inhibitors] containing 0.2 M NaCl. Bound complexes were further
washed three times with 1 ml of Tris buffer containing 0.45 M NaCl. After
extensive washes, a coimmunoprecipitated antibody beads pellet was resus-
pended in Laemmli buffer (31) and boiled for 2 min. The recovered supernatant
was separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE), transferred to an Immobilon P membrane, and then subjected to
Western blot analysis.

Chromatin immunoprecipitation. Chromatin immunoprecipitation was per-
formed as described previously (19), with some modifications. Cells were grown
to mid-exponential phase in YEA at 25°C and further incubated by gentle
shaking for 30 min in culture medium containing a final concentration of 3%
(vol/vol) formaldehyde at room temperature. The culture was transferred to an
ice water bath and further fixed for 15 min. Then the culture was mixed with
glycine and incubated for 5 min at 25°C. After fixed cells were washed three times
with extraction buffer, total cell extracts were prepared by vortexing with glass
beads, sonicating for 30 s to fragment chromatin (3 pulses of 10 s with a 30-s
pause between each pulse), and then immunoprecipitated according to the pro-
cedure described above. The beads pellet obtained from immunoprecipitation
was incubated with TES buffer [SO mM Tris-HCI (pH 8.0), 10 mM EDTA, 1%
SDS] at 65°C overnight, and the supernatant was recovered by centrifugation.
DNA was recovered by extracting the supernatant with phenol-chloroform and
precipitating with ethanol.

DNA was subjected to PCR analysis (30 cycles at 94°C, 30 s; 52°C, 45 s; and
72°C, 1 min, followed by extension at 72°C, 7 min). PCR products were radio-
labeled by incorporating [a-3?p]dCTP (Amersham Pharmacia) and separated on
6% native polyacrylamide gels. The band signals were quantitated by phosphor-
imaging analysis with a Typhoon 8600 phosphorimager (Molecular Dynamics,
Sunnyvale, Calif.) and ImageQuant 1.2 software. The primer sets used for MPS,
RTS1, lys11, and trp5 are listed in Table 2. We included analysis of untagged swil
and swi3 as controls in a chromatin immunoprecipitation assay.

Nucleotide seq e acc ber. The GenBank accession number for
the nucleotide sequence of the swi3 gene is AY623652.

RESULTS

Cloning and characterization of the swi3 gene. The swi3
gene was cloned by screening S. pombe genomic and cDNA
libraries for plasmids that complemented the recessive swi3-
146 mutation in strain SP73. The pRC14 plasmid carrying
genomic DNA complementing the swi3 mutation was rescued
from a transformant by transferring it into Escherichia coli and
selecting for ampicillin resistance. This genomic clone was
used as a probe to screen a cDNA library, resulting in the
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A

1 aagcaaatatatatttiaasaasacaccalaagaaATGTCTACAGCTGCTTCTGATTCAG 60
S T A A 5 D S G

61 GTGTTGAAAAACTCGTCGAGGAAAACAAAAGGGAAGAGGTGAAAAAGAATGAAGAAGAAA 120
10 ¥ E K L v E E N K R E E V K K N E E E K

121 AAGAATTTGATTTAGGGTTAGAAGAAAATCCAGATTCTGTAAAAAAACCTCGCAAACGGT 180
3 E F D L G L EENWPUDS V K KPRUEKIB BRL

181  TGECAAAATTTGATGAAGAAAG GTAAGAATTITGGTCCETTTTCGGAAAATAATTATIGAC 240
50 A K F D E

241 CACTOGTTITCOCTA T TAGATTGATTTCTGAAAATGGAATTCCAAAATTAAGGARAATG 300
57 L I S E N G I P K LR K M

301 ATGCGCAAAGTTAAGTTAAAAGGAAAGGGTCATGAGGCAAAAGACTTAAAACAACTATTG 360
70Mm R K VvV K L K G K G HE A KODILEK 2L L

361 GGAATGTATCATATATGGACTCATGAGTTATATCCAAGAGCCACGTTTGATGACTCAATA 420
906G M ¥ H I W T H E L Y P R A T F D D S I

421 TCGTATCTTAAAACTCTAGGAAAACACAGATCCGTCAAGGTTCGACGTCGTGGTTGGATT 480
108 ¥ L K T L G K HR S VY KV RRARRABGMWNI

481 AATGAAATTGCTGTTGAAAATGGTTCGGACTCTAATGCTTCATTATTTACTGGTCCATCT 540
130N E I A V E NG S D S NA S L FTGUP S

541 TCCAATTCATTAGTGAATTTGACGAGCGGAGATCCATATGTTCAAGATACAGCTGATGAT 600
150 S N S L ¥V M L T S G D P Y V @QDTAUDTD

601 GCTTTTGTCGCCCAAGACAACGATACCCAATTAGAATAGtcaccattaalgaatgattga 660
170 A F V A @ D N D T 2@ L E * 181

661 galtgligttgeagettiigittatcaa 686

swid-146 swid-1 swid-157

ATG > Frame CAA >

ATA Shift +A TAA

(+3) (#133) (+258)

swi3 ORF

+ 141 +327 +546 Sporulation
I 44 aa +
I 56 aa +
I S aa H

I 181 aa +++

FIG. 1. DNA sequence of the swi3 gene and mapping of mutations
in three mutant alleles. (A) Nucleotide sequence of the swi3 gene. The
exons and 5'- and 3’'-flanking sequences were determined from a
cDNA clone, and the intron sequence was determined from a genomic
DNA clone. The exons and the intron are indicated in capital letters,
and the flanking regions are indicated in lowercase letters. The de-
duced amino acid (aa) sequence is shown below the nucleotide se-
quence. The intron sequence is underlined and indicated in italics. The
asterisk indicates the stop codon. (B) The nucleotide changes of three
different mutations are indicated, with their positions shown in paren-
theses. The TIPIN-homologous region is indicated by darker shading.
Predicted translated products from the mutant and wild-type ORFs
are diagrammed as black bars. The effect of the alleles on sporulation
is indicated by the level of sporulation in comparison with that of the
wild-type control. The genomic DNA in the pRC14 plasmid, which
encodes the N-terminal 98 codons of the swi3 ORF, fully complements
the sporulation defect of all three mutant alleles.

isolation of a plasmid containing a 0.6-kb yeast cDNA insert
that also complemented the swi3-146 mutation. DNA se-
quences of the inserts from genomic and cDNA clones were
determined (Fig. 1A). A single open reading frame (ORF) of
546 bp was found in the cDNA clone, which encodes a pre-
dicted protein of 181 amino acids with a calculated molecular
mass of 20.6 kDa.

Comparison of the DNA sequences between the two clones
showed that the swi3 gene contained one intron of 58 bp. As a
result of a search by BLAST in the databases of the NCBI, the

MoL. CELL. BIOL.

swi3 ORF showed high similarity in amino acid sequence with
mammalian and mouse timeless-interacting protein (Tipin)
(2e-09 and 8e-08, respectively). The swi3-146, swi3-157, and
swi3-1 mutations, causing defects in mating type switching (22),
were identified by direct sequencing of PCR-amplified mutant
alleles from strains E146, E157, and SG381, respectively. The
swi3-146, swi3-157, and swi3-1 mutations changed the third [G
to A (M1I)] and the 259th nucleotides [C to T(ochre)] and
inserted A after the 132nd nucleotide (frame shift) of the
wild-type swi3 OREF, respectively (Fig. 1B). swi3-157 is pre-
dicted to produce an N-terminally truncated protein with 86
amino acids. We observed that the swi3-157 mutant was par-
tially functional in sporulation and that the defect was some-
what less than that caused by the swi3-1 mutation. Interest-
ingly, we found that the N-terminal 98 amino acids of the swi3
OREF provided a wild-type level of switching and sporulation
(Fig. 1B).

To examine the phenotype of complete-loss-of-function mu-
tation, the swi3 gene was disrupted in strain SP982 by a PCR-
based gene targeting procedure with a plasmid containing a
selectable marker, kanMX6 (Fig. 2A and B). The swi3 deletion
mutant was viable, with no significant reduction of growth in
YEA medium. An effect of Aswi3::kanMX6 on sporulation was
analyzed by iodine vapor staining of sporulated colonies as well
as by microscopic observations. The Aswi3::kanMX6 allele did
not abolish sporulation completely but greatly reduced it, re-
sulting in a mottled staining pattern. Unlike the smit-0 mutant,
in which matl switching was totally abolished, the extent of
staining of the Aswi3::kanMX6 was similar to that of the swi3-
146 mutant (Fig. 2B).

Swilp interacts with Swi3p in vivo. The swil and swi3 genes
are required for mating type switching in S. pombe (16). To
investigate whether the two gene products physically interact
into one complex in vivo, an immunoprecipitation experiment
was performed. Strain BSP33 carrying the swil-GST and swi3-
myc tags was constructed by crossing BSP9 (swil-GST) with
BSP16 (swi3-myc). As detected by Western blot analysis, the
total protein extract prepared from BSP33 contained the
tagged Swilp-GST and Swi3p-myc (Fig. 3A and B, lane 4). In
the first experiment, Swi3p-myc from the total protein extract
was immunoprecipitated with anti-c-myc antibody, and then
the immunoprecipitate was analyzed for Swilp-GST. The re-
sult showed that a band corresponding to Swilp-GST was
present in the Swi3p-myc precipitate (Fig. 3A, lane 8). As a
negative control, strain BSP9 carrying swil-GST and untagged
wild-type swi3 was likewise subjected to the immunoprecipita-
tion experiment at the same time, and, as expected, Swilp-GST
was not detected in the precipitate (Fig. 3A, lane 7).

The interaction between the two proteins was confirmed by
a second experiment to test whether Swi3p-myc would also
coprecipitate with Swilp-GST in the same protein complex
when a reversed immunoprecipitation was performed by pull-
ing down Swilp-GST in the total protein extract. The data
showed that Swi3p-myc was present in the immunoprecipitate
of Swilp-GST (Fig. 3B, lane 8), demonstrating that Swi3p-myc
coprecipitated with Swilp-GST. In a negative control with
strain BSP16 carrying untagged swil and swi3-myc, Swi3p-myc
was not detected in the precipitate with anti-GST antibody
(Fig. 3B, lane 7). Both sets of results indicate that the inter-
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FIG. 2. Aswi3 mutation reduces mating type switching. (A) The swi3 gene was disrupted by inserting a 1.6-kb kanMX6 cassette between
nucleotides +58 and +514 of the ORF; +1 and +546 denote the first and last nucleotides of the swi3 ORF, respectively. (B) Comparison of the
iodine-staining phenotype of homothallic wild-type swi3 (SP982), the point mutant swi3-146 (E146), the Aswi3::kanMX6 deletion mutant (BSP61),
and a nonswitching Msmt-0 mutant (SP903). Efficiency of mating type switching was monitored by iodine staining of colonies sporulated on PMA

medium.

action between Swilp and Swi3p is specific and that the two
proteins are present in the same complex in vivo.

Swilp-Swi3p complex, Swi7p, and Saplp exist as separate
entities in vivo. swil, swi3, and swi7 act in a similar manner, as
they show a stimulatory effect for efficient switching by regu-
lating matl imprinting. Furthermore, swil and swi3 perform
imprinting during DNA replication (14). Given that swi7 en-
codes a catalytic subunit of DNA polymerase o that is required
for general DNA replication, like the functions of swil and
swi3, it probably regulates imprinting during DNA replication.
Thus, it was determined whether the swi7 gene acts on the
same step of the mating type switching pathway where the swil
and swi3 genes function. Saplp, which binds to SAS7 located
near the imprint site, is another frans-acting factor required for
the imprinting pathway. As with the leaky effect observed with
other swi mutations, SASI deletion does not abolish mating
type switching completely (4). Thus, Saplp also seems to have
a stimulatory effect on mating type switching. Therefore, we
investigated biochemically whether Saplp and Swi7p interact
with each other and whether there is any interaction between
these proteins and the Swilp-Swi3p complex in vivo.

Cell lysate from BSP33 (swil-GST swi3-myc) was incubated
with anti-c-myc antibody to precipitate Swi3p-myc. Then it was
determined whether Swi7p is coimmunoprecipitated with
Swi3p-myc. The data showed that Swi7p did not coprecipitate

with Swi3p-myc (Fig. 4A, lane 6), which was similarly shown in
a negative control immunoprecipitation with untagged Swi3p
(Fig. 4A, lane 5). Additionally, we performed immunoprecipi-
tation of Swilp-GST and found that Swi7p did not coprecipi-
tate with it (data not shown). Next, we analyzed the interaction
between Swilp-GST and Saplp-myc with a strain carrying
swil-GST and sapI-myc. The data showed that Sap1p-myc was
not present in the immunoprecipitated complexes with Swilp-
GST (Fig. 4B, lane 5). Likewise, we also observed no interac-
tion between Swi7p and Sapl-myc (Fig. 4C, lane 8). Taken
together, these results demonstrate that the Swilp-Swi3p com-
plex does not interact with Swi7p and also not with Saplp in
vivo and that Swi7p does not interact with Sap1p.

Analysis of Swilp-Swi3p complex formation in the smi-0
mutant. Mating type switching is totally abolished in the sm#-0
mutant, as it lacks imprinting at the matI locus; thus, the
deleted sequences in the mutant (Fig. 5) are indispensable for
imprinting. It is well known that in cellular functions such as
transcription, the formation of functional multiprotein com-
plexes depends on the cis-acting elements to which they are
binding. We therefore asked whether Swilp-Swi3p complex
formation depends on the mat1 cis-acting sequences required
for imprinting. To determine this, we analyzed both tagged
proteins in immunoprecipitation experiments with an Msmt-0
strain containing both the swil-GST and swi3-myc tags. The
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FIG. 3. Swilp interacts with Swi3p. (A) Detection of Swilp-GST in the immunoprecipitate (IP) of Swi3p-myc. About 25 ug of total protein
extracts loaded in each lane from strains SP976 (swil swi3, lane 1), SP982 (swil swi3, lane 2), BSP9 (swil-GST swi3, lane 3), and BSP33 (swil-GST
swi3-myc, lane 4) were fractionated by SDS-8% PAGE. The protein G-agarose bead pellet from each immunoprecipitation was added with SDS
sample buffer and boiled. After spinning down the beads, the same volume of supernatant of SP976 (lane 5), SP982 (lane 6), BSP9 (lane 7), and
BSP33 (lane 8) was loaded and fractionated on the same gel. The proteins were transferred to an Immobilon P membrane and incubated with
anti-GST antibody. We note that the second band below Swilp-GST in lane 8 was not consistently seen in other experiments and could be a
degradation product of the fusion protein. Sizes are shown to the left (in kilodaltons). (B) Detection of Swi3p-myc in the immunoprecipitate of
Swilp-GST. About 25 pg of total protein extracts from strains SP976 (lane 1), SP982 (lane 2), BSP16 (swil swi3-myc, lane 3), and BSP33 (lane
4) were fractionated by SDS-8% PAGE; immunoprecipitated complexes from each strain were recovered from the protein A-agarose bead pellet,
loaded in lanes 5, 6, 7, and 8, respectively, and analyzed as in panel A but with anti-c-myc antibody. Swi3p-myc was detected by Western analysis
as two different bands in the total extract lanes, but it was consistently observed that only the upper band was coimmunoprecipitated with
Swilp-GST. Another band below Swi3p-myc in the Swilp-IP lanes reflects an unrelated cross-reaction of the antibody with immunoglobulin heavy

chains from the polyclonal anti-GST antibody. Sizes are shown to the left (in kilodaltons).

results showed that both Swilp-GST and Swi3p-Myc were
present in both immunocomplexes, one with anti-GST and the
other with anti-c-myc antibody (Fig. 5A and B). Thus, the
Swilp-Swi3p complex exists in vivo in the sm#-0 background.
This indicates that the interaction between Swilp and Swi3p
does not depend on the cis-acting sequences defined by the
smt-0 mutation.

Swilp and Swi3p are bound to the mat1 locus. swil and swi3
facilitate imprinting by promoting unidirectional DNA repli-
cation of matl. Both genes function to mediate termination of
DNA replication at the RTSI site located upstream of the
imprint site; additionally, they function to pause replication
fork movement near the imprint site (14). To examine whether
Swilp and Swi3p directly localize and bind to these regions to
perform their roles, we performed chromatin immunoprecipi-
tation experiments with strains containing swil-myc or swi3-
myc. These strains are derivatives of untagged strains SP976
and SP982, which were used as negative controls for the DNA
binding experiments. Either c-myc epitope-tagged Swilp or
Swi3p was precipitated with or without anti-c-myc antibody in
separate experiments, and enrichment of a region around the
imprinting site (MPS) and of the RTS1 region in the immuno-
precipitates was analyzed. To standardize the chromatin im-
munoprecipitation assay, parts of the coding regions of the
lys11 and trp5 genes, which are unrelated to swil and swi3, were
also analyzed in precipitates.

The results showed that these regions of lys/1 and trp5 were
not enriched in the precipitates, as expected (Fig. 6B and C,
lanes 5 and 6). In contrast, both the MPS and RTSI regions
were enriched in Swilp-myc (Fig. 6B, lanes 5 and 6) and
Swidp-myc (Fig. 6C, lanes 5 and 6) precipitates. We found

about fivefold enrichment of these regions after normalizing to
the signals from the lys/1 and trp5 region controls. Compared
to this result, chromatin immunoprecipitation of untagged
Swilp or Swi3p did not result in enrichment of these regions
(Fig. 6B and C, lanes 2 and 3), indicating that the enrichment
of the MPS and RTSI regions was specific and due to the
presence of tagged Swilp or Swi3p. Taken together, the results
of these experiments suggest that both Swilp and Swi3p bind
directly to the matl locus as well as to the RTSI site.

DISCUSSION

S. pombe switches mating type in a single cell by a unique
cellular system mechanistically different in fundamental ways
from those evolved in other switching organisms. Several pre-
vious studies showed that mating type switching depends on a
unique strand-specific imprint installed during mat! DNA rep-
lication in one cell cycle. Replication of the imprinted chro-
mosome in the next cell division results in a switch, following a
one-in-four switching pattern in cell pedigrees. Molecular stud-
ies to define an imprinting process revealed that it is regulated
by direction of DNA replication (13, 14). It is not known,
however, how imprinting occurs during DNA replication or
what its physical identity is. The mating type switching muta-
tions swil, swi3, and swi7 cause defects in the imprinting-
dependent switching pathway, providing us with genetic and
biochemical tools to define the process of imprinting in mo-
lecular terms.

The swil and swi7 genes were cloned previously (38, 39).
Interestingly, swi7 encodes a catalytic subunit of DNA poly-
merase «, which was a discovery initially suggesting a possible
involvement of DNA replication in the switching pathway. In
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FIG. 4. Separate forms of Swilp-Swi3p, Swi7p, and Saplp in vivo. (A) Analysis of Swi7p in the Swi3p-myc immunoprecipitate (IP). About 25
ug of total protein extracts from BSP9 (swil-GST swi3, lanes 1 and 3) and BSP33 (swil-GST swi3-myc, lanes 2 and 4) were loaded in each lane.
Immunoprecipitates with anti-c-myc antibody from BSP9 (lane 5) and BSP33 (lane 6) were loaded on the same gel. After blotting the gel onto an
Immobilon P membrane, the proteins in lanes 1 and 2 were incubated with preimmune IgY as a negative control, and the proteins in lanes 3 to
6 were incubated with anti-polymerase o (Swi7p) antibody (upper panel). The lower panel is a control for the Swi3p-myc immunoprecipitation.
After stripping off previous primary and secondary antibodies, the same blot was reprobed with anti-c-myc antibody to show the presence of
immunoprecipitated Swi3p-myc in specific lanes (lower panel). (B) Analysis of Saplp-myc in the Swilp-GST immunoprecipitate. Total protein
extracts from SP982 (swil sapl), BSP34 (swil sapl-myc), and BSP60 (swil-GST sapl-myc) were loaded in lanes 1, 2, and 3, respectively, and
immunoprecipitates of Swilp-GST from BSP34 and BSP60 were loaded in lanes 4 and 5, respectively. The Western blot was probed with anti-c-myc
antibody (upper panel) and then reprobed with anti-GST antibody later (lower panel) as described for panel A. (C) Analysis of Swi7p in the
Saplp-myc immunoprecipitate. Total protein extracts from SP982 and BSP34 were loaded in lanes 1 and 3 and lanes 2 and 4, respectively, and
immunoprecipitates of Saplp-myc from SP982 and BSP34 were loaded in lanes 7 and 8, respectively. Lanes 5 and 6 contained mock precipitates
with SP982 and BSP34 lysates, respectively. In Western analysis, lanes 1 and 2 were incubated with preimmune IgY, and lanes 3 to 8 were incubated
with anti-polymerase o (Swi7p) antibody (upper panel). The blot was reprobed with anti-c-myc antibody as a control for Saplp-myc immuno-
precipitation (lower panel). We note that Swi7p was detected as multiple bands by Western analysis, which was also observed in other studies (1,
41).

this study, we isolated and characterized the swi3 gene, encod-
ing a novel protein, and we applied a biochemical approach to
find out if interactions occur between trans-acting factors. This
is a direct way to identify whether these factors act in the same
or different steps of the imprinting pathway. By coimmunopre-
cipitation experiments, we found that Swilp and Swi3p interact
and exist in a complex in vivo. Our results biochemically prove
our previous proposition that the functions of Swilp and Swi3p
are closely related, since these proteins affect unidirectional
matl DNA replication, which is necessary for imprinting (14).

The swil gene encodes a protein that is a homologue of the
timeless protein and Saccharomyces cerevisiae Toflp (14). The
timeless gene, dtim, was originally identified in Drosophila
melanogaster as a clock gene which controls circadian rhythms.
Its identification was followed by discovery of the mouse
(mTim), human (hTim), and Caenorhabditis elegans (Tim-1)
homologues. Unlike dtim, its homologues do not have a clock
function. Interestingly, searching for Swi3p in the NCBI data-
bases identified novel human and mouse genes encoding a
timeless-interacting protein (TIPIN) that shows significant ho-
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FIG. 5. Interaction of Swilp with Swi3p in the smt-0 mutant. A schematic representation of the 263-bp deletion of the sm¢-0 mutation is shown
at the top. The deletion includes both SAS7 and SAS2 sequences, shown as black boxes. Immunoprecipitation (IP) was performed as described
for Fig. 3 and 4. (A) Total protein extracts from SP982 (swil swi3) and BSP50 (swil-GST swi3-myc) were loaded in lanes 1 and 2, respectively. With
the total protein extract of BSP50, a mock precipitate of Swilp-GST with protein A-agarose beads (lane 3) and the immunoprecipitate of the
protein with anti-GST antibody (lane 4) were analyzed for Swi3p-myc by Western analysis. (B) Total protein extracts from SP982 and BSP50 were
loaded in lanes 1 and 2, respectively. A mock precipitate of Swi3p-myc with protein G-agarose beads and the immunoprecipitate of Swi3p-myc with
anti-c-myc antibody were loaded in lanes 3 and 4, respectively. The gel was subjected to Western analysis to detect Swilp-GST.

mology to Swi3p. TIPIN was recently shown to make a complex
with the timeless protein in vivo (21), suggesting that the
Swilp-Swi3p complex may be a TIM/TIPIN homologue. The
function of mTIM along with mTIPIN in the mouse is unre-
lated to the clock mechanism, but they are necessary for cel-
lular growth and differentiation and chromosome cohesion (8,
21). It is not yet known how the timeless complex performs its
function, but both subunits play complementary roles; for ex-
ample, mTIM promotes the nuclear localization of mTIPIN,
and mTIPIN disrupts the ability of mTIM to form homomul-
timeric complexes (21). Therefore, it will be interesting to
investigate whether Swilp and Swi3p also display functional
interactions similar to those of TIM and TIPIN.

Previously, the function of swil in matl switching was inves-
tigated by employing a partially deleted swil mutation that left
the timeless conserved domain intact. This mutation, like other
swil point mutations producing the intact timeless domain,
exhibited a leaky phenotype for mat! switching as it retained
residual switching activity. To further define the function of
this gene, we analyzed a swil-disrupted mutant deleted for the
timeless domain, spanning 266 codons at the N terminus of the
OREF. The swil-A266 null mutant was viable and exhibited a
leaky phenotype for mating type switching similar to that of
other swil mutants (unpublished data). Likewise, we found
that a swi3 deletion mutant also grew normally, indicating that
the swi3 gene is also not required for cell viability. This is
unlike the other two mating type switching genes, swi7 and
sapl, both of which are essential for cell viability (3, 39). It was
also observed that mating type switching was not totally abol-
ished in the swi3 null mutant, a phenotype similarly observed

with other swi3 point mutants. Together, these results suggest
that the Swilp-Swi3p complex in S. pombe, a mouse TIM/
TIPIN homologue, is not essential for viability but facilitates
mating type switching. As Aswil and Aswi3 mutants switch
mating type at a reduced rate, we deduce that Swilp and Swi3p
are not direct components of the imprinting activity.

Immunoprecipitation assays demonstrated that the Swilp-
Swi3p complex does not associate with either Swi7p or Saplp.
In a previous study with two-dimensional gel analysis, the ef-
fects of the swil and the swi3 mutations on the movement of
DNA replication forks at mat! were found to be different from
those of the swi7 and smt-0 mutations (14). The results from
our biochemical experiment support the idea that the Swilp-
Swi3p complex performs its function in a step of the imprinting
pathway where Swi7p or Saplp does not participate. swi7 and
sapl have some common characteristics: for example, they are
essential genes, and, unlike swi/ and swi3, their roles in im-
printing do not seem to be related to the pausing of replication
forks at matl. Therefore, we investigated to determine whether
these two factors exist in a complex to act on a step different
from the one involving the Swilp-Swi3p complex. We observed
by a coimmunoprecipitation experiment that Swi7p and Saplp
did not associate in a complex. This indicates that Swi7p and
Saplp probably act in different steps of the imprinting path-
way.

We addressed whether formation of the Swilp-Swi3p com-
plex requires binding of these proteins to the cis-acting se-
quences essential for imprinting. For this purpose, we repeated
a coimmunoprecipitation experiment in the smz-0 background,
where SAS1, a binding site for Saplp, and SAS2 are deleted,
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FIG. 6. Localization of Swilp and Swi3p to the matI locus. (A) A schematic diagram of matI and its MPS and RTS1 regions amplified by PCR
is shown. Primer sets for PCR (see Materials and Methods) are represented by filled-in arrows and were used to amplify 234-bp and 473-bp
fragments of MPS and RTS1, respectively. (B) Chromatin immunoprecipitation analysis. Related SP976 (untagged swil) and BSP4 (swil-myc)
strains were used to determine the localization of Swilp-myc to the MPS and RTS! regions. (C) Chromatin immunoprecipitation analysis of related
strains SP982 (untagged swi3) and BSP16 (swi3-myc) was used to determine the localization of Swi3p-myc to the MPS and RTS! regions. DNA
recovered from each chromatin precipitate was analyzed by hot PCR with the indicated primer sets (see panel A) and deoxynucleoside
triphosphates, including [«-*’p]dCTP. Inp (input) denotes DNA extracted from the total cell extract that was subjected to immunoprecipitation

experiments. It was loaded after manyfold dilution; —, mock precipitation without antibody;

+, precipitation with anti-c-myc antibody. The lys/1

and #rp5 primer sets (see Materials and Methods) were used to amplify fragments of 345 bp for lysZ1 and 370 bp for #rp5 for nonspecific DNA

binding controls in both panels B and C.

resulting in complete abolition of mating type switching. Inter-
estingly, we still observed an interaction between the two pro-
teins in the smz-0 mutant. This result indicates that their inter-
action does not depend on the presence of the cis-acting
sequences. One possibility is that Swilp and Swi3p have roles
similar to those of TIM and TIPIN in assembling into an active
complexed form before they interact with matI. Alternatively,
each protein may bind to a region outside SAS/ and SAS2,
where they initially associate before the complex functions in
matl switching.

In a previous study, it was shown that swil and swi3 control
the polarity of mat1 replication in two ways, one by replication
fork pausing at the matl locus and another by preventing the
fork moving in the opposite direction from passing through a
termination site. Interestingly, the dual functions can be sep-
arated in Swilp, as the replication termination effect at RT'S7
is disrupted while the pausing effect at the nearby imprint site
is still intact in the swil-r#f3 mutant (14). In this paper, we
demonstrate by chromatin immunoprecipitation experiments
that both Swilp and Swi3p bind to sequences near the imprint
site as well as at RTSI. Recently, the interaction of Swilp
around these regions was also observed, similar to our results
in an independent investigation (23). Here, we investigated the
interaction of both Swilp and Swi3p with these regions be-
cause these proteins were identified as a multiprotein complex.
We found that both of these proteins were binding near the
imprint site as well as at the RTSI region. Therefore, we
suggest that the Swilp-Swi3p complex facilitates imprinting by

performing at least two functions, both of which require inter-
action of the complex with these regions. Two more genes, rtf]
and rtf2, were reported to affect replication termination
through RTSI (10). Therefore, at least four different frans-
acting factors act at RTS! for replication termination, which
may be achieved through interactions between these factors
and by their binding to this region.

Further definition of the roles of the Swilp-Swi3p complex
as well as other frans-acting factors is needed to better under-
stand how imprinting is catalyzed and to define the connection
between the functions of this complex and those of other trans-
acting factors, such as swi7 and sapl. The imprint was charac-
terized in previous studies as either an alkali-labile and RNase-
sensitive modification(s) or a single-strand break (2, 13, 23,
42). Therefore, the chemical nature of the imprint in vivo
needs to be further defined to understand how the key process
of imprinting occurs. Most importantly, a factor for making an
imprint still remains to be identified. The biochemical interac-
tions between frans-acting factors and their binding to the
imprinting region and the RTS] region shown here would form
a basis for future studies to further define the mechanism of
imprinting that is well defined genetically but poorly under-
stood biochemically.
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