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Recent studies have indicated that the DNA replication machinery is coupled to silencing of mating-type loci
in the budding yeast Saccharomyces cerevisiae, and a similar silencing mechanism may operate in the distantly
related yeast Schizosaccharomyces pombe. Regarding gene regulation, an important function of DNA replication
may be in coupling of faithful chromatin assembly to reestablishment of the parental states of gene expression
in daughter cells. We have been interested in isolating mutants that are defective in this hypothesized coupling.
An S. pombe mutant fortuitously isolated from a screen for temperature-sensitive growth and silencing phe-
notype exhibited a novel defect in silencing that was dependent on the switching competence of the mating-type
loci, a property that differentiates this mutant from other silencing mutants of S. pombe as well as of S. cere-
visiae. This unique mutant phenotype defined a locus which we named sngl (for silencing not governed).
Chromatin analysis revealed a switching-dependent unfolding of the donor loci mat2P and mat3M in the sngl™~
mutant, as indicated by increased accessibility to the in vivo-expressed Escherichia coli dam methylase. Unex-
pectedly, cloning and sequencing identified the gene as the previously isolated DNA repair gene rhp6. RADG,
an rhp6 homolog in S. cerevisiae, is required for postreplication DNA repair and ubiquitination of histones H2A
and H2B. This study implicates the Rad6/rhp6 protein in gene regulation and, more importantly, suggests that
a transient window of opportunity exists to ensure the remodeling of chromatin structure during chromosome
replication and recombination. We propose that the effects of the sngl ~/rhp6~ mutation on silencing are in-
direct consequences of changes in chromatin structure.

During differentiation, switches in state of gene expression,
i.e., from on to off and vice versa, are known to occur during
cell division at discrete stages of development. These are ex-
emplified by X-chromosome inactivation in mammals (39, 51),
position effect variegation in Drosophila melanogaster (68), epi-
genetic imprinting of specific loci in mammals (35), and silenc-
ing at mating-type loci in yeasts (33, 48). Moreover, specific
genes in cells of a particular differentiated state maintain the
same state of expression and chromatin structure through nu-
merous cell divisions. Such phenomena suggest the existence
of molecular mechanisms that establish and maintain a partic-
ular state of gene expression during development and differ-
entiation, through multiple rounds of DNA replication. Thus,
DNA replication is obviously essential for cell proliferation as
well as for altering and propagating particular states of gene
expression during development and differentiation. Fission
yeast is fast becoming an ideal model system for understanding
the mechanisms underlying these processes. Earlier studies
have shown that the establishment of silencing at the HMRa
locus in Saccharomyces cerevisiae requires the passage of cells
through S phase (41) and that a functional autonomous repli-
cation sequence (ARS) component of the cis-acting silencer
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element linked to the HMRa locus is essential (52). Moreover,
mutations in the genes encoding the subunits of the origin
recognition complex (ORC) at the ARS elements that flank
the silent cassettes have been shown to be defective in mating-
type silencing in S. cerevisiae (5, 20, 36, 40). These results
suggest that the DNA replication machinery is somehow cou-
pled to silencing of mating-type loci in S. cerevisiae. Further-
more, the finding of ORCI and ORC2 homologs in fission
yeast and Xenopus laevis (7, 24, 45) suggests that similar mech-
anisms may operate in Schizosaccharomyces pombe and higher
eukaryotes. In addition, participation of chromatin structure in
silencing is suggested by studies showing that mutations in the
histone genes lead to loss of silencing (62) and the increased
accessibility of the mating-type and telomeric loci in silencing-
defective mutants to the endogenously expressed Escherichia
coli dam methylase in budding yeast (23, 58).

In the mating-type switching system of S. pombe, the matl
locus can switch between two alternately expressed alleles,
while the closely linked donor loci (mmat2 and mat3) contain the
same genes present at matl but are silenced due to a repressive
position effect control (4; see reference 33 for a review). Sev-
eral mutations that affect mat2 and mat3 silencing, namely,
clr1-4, swi6, and rik1, have recently been identified in S. pombe
(12, 15, 63, 64) (Fig. 1). These mutations not only lead to
derepression of the silent loci, mat2P and mat3M, but also
allow the expression of a marker gene, such as ura4, when
placed in vicinity of the donor loci (15, 63, 64). Moreover, these
genes function to prohibit mitotic and meiotic recombination
in the region between the mat2 and mat3 loci (12, 38, 63, 64)
and therefore, appear to affect the mat2-mat3 region in a
global fashion. In addition, these mutations affect the position
effect control of expression of marker genes placed at the
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FIG. 1. Cassette organization of the mating-type loci matl, mat2P, and mat3M in S. pombe. All three cassettes contain the homology regions defined by H2 (135
bp) and H1 (59 bp), which are located at the two flanks of the Plus-specific (jagged line) and Minus-specific (straight line) regions. H3, the third region of homology,
is present only at mat2 and mat3 loci. The arrows indicate the directional switching of Plus to Minus and Minus to Plus by transfer of information from mat2 and mat3
to matl by gene conversion-mediated transposition. The site of the in vivo DSB at the H1/allele junction in mat1 is indicated. The gene products of swi6, rik1, and clri-4
are shown to be involved in silencing of the mat2 and mat3 loci. The locations of the four cis-acting silencer elements (I to IV) flanking the silent cassette mat2P are
also indicated (14). The locations of oligonucleotide (oligo) 1, used for primer extension to detect the Pc and Mi transcripts from the matI locus (matlPc mRNA and
matIMi RNA) for the experiment in Fig. 4, and those used to detect the RT-PCR products for mat2Pc (oligonucleotides 2Pc and Pc) and mat3Mi (oligonucleotides
3M and Mi) mRNAs for the experiment in Fig. 3 are indicated. The central 4.3-kb segment of the K region and some flanking regions which show strong homology

to the centromeric sequences of cen2 and cen3 (26) are also indicated.

telomeric and centromeric regions (1). Interestingly, a 4.3-kb
central segment of the 10.9-kb K region located between mat2
and mat3 has a strong homology with the cen2 and cen3 se-
quences (26). This region has been shown to play a role in
establishing the cold spot of recombination and especially in
epigenetic regulation of mating-type switching and direction-
ality of switching (25, 26). Additionally, sequences flanking the
mat2P locus also have ARS activity (46).

Therefore, working on the premise that there may be an un-
derlying link between DNA replication, chromatin structure,
and mating-type silencing, we screened for temperature-sensi-
tive mutations in S. pombe that are also defective for silencing
of the mating-type loci. A novel mutant which is temperature
sensitive for growth and exhibits a defect in silencing of the
donor cassettes only in efficiently switching strains was fortu-
itously isolated in such a screen (see below). In vivo analysis of
the chromatin structure by using the E. coli dam methylase re-
vealed a more accessible chromatin structure of the mating-
type donor loci in this mutant; most interestingly, the increased
accessibility of the donor loci is dependent on their switching
competence. Because of this phenotype, the mutation is named
sngl, for silencing not governed. The sng/™ mutation is en-
coded by the gene riip6, a RAD6 homolog in S. pombe, which
is known to be involved in postreplication DNA repair, UV-
induced mutagenesis, sporulation, and ubiquitination of his-
tones (29, 49, 50). Thus, this study demonstrates a role of the
RADOG/rhp6 gene in maintenance of silencing of mating-type
loci and provides data suggesting that this function is mediated
at the level of chromatin assembly.

MATERIALS AND METHODS

Plates and media. To test for temperature sensitivity, strains (Table 1) were
streaked for single-colony isolation on YEA plates, incubated for 4 days at 30 or
36°C, and then photographed. To monitor the haploid meiosis phenotype, cells

were grown at 30°C for 4 days on sporulation medium and photographed with a
phase-contrast microscope.

RNA isolation, RT-PCR and Southern blotting. RNA was prepared from cells
grown at 30°C by the hot phenol method (57). Reverse transcription (RT)-PCRs
were done in the logarithmic phase of amplification (8). First-strand cDNA
synthesis was done with reverse transcriptase, using total RNA from cells grown
in N* or N~ medium (31). The oligonucleotides used for cDNA synthesis were
2P (5'CAACGGATTACTAAAAACAGTTTAAATG3'), located outside the
H3 box (Fig. 1) in the mat-2P locus, for the antisense Pc transcript; 3M (5'CC
AATCAACTTAACATGAAGCAACTCCTGATACS3'), located outside the H3
box in the mat3M locus (Fig. 1), for the antisense Mi transcript; and polaas
(5'CCATTGGTTGACTGTCAGACATTTTC3') for the antisense pola tran-
script (59). The cDNA products were diluted 1:10 and 1 pl was used for PCR
with the sense and antisense oligonucleotides. The sense-strand oligonucleotides
used were Pc (5'GATTAAGAGCACCTATTTTCTTGCC3') for Pc; Mi (5'CA
TACTAATAATGTCAGCAGAAGACS3') for Mi, and polas (5'GAAAGAAG

TABLE 1. S. pombe strains used in this study

Strain Genotype Source
SPJ100  h*° ura4™::dam/ura4 This study
SPJ102  1*° swi6~ ura4::dam/ura4 his2 ade6-216 This study
SPJ187  h*° leul-32 ura4 ™ ::dam/ura4 rhp6~[sngl ~ ade6-216 This study
SPJ189  Msmito leul-32 ura4~::damfura4 rhp6~ [sngl~ This study

ade6-216
SPV12  Msmto ura4™ ::damfura4 swi6~ ade6-210 This study
PG6 h? his2 leul-32 ura4D18 ade6-210 swi6~ This study
SP837  h* leul-32 ura4D18 ade6-216 This study
SPJ110  7*° leul-32 ade6-216 swi7-1 rhp6~/sngl ~ ura4D18  This study
SPJ113  Msmito leul-32 ura4D18 ade6-216 rhp6~/sngl ~ This study
SPJ116  PA17:leu2 ura4D18 ade6-216 rhp6~/sngl~ This study
SPJ117  matIM mat2,3A::leu2 leul-32 rhp6~/sngl ™~ This study
ade6-216
SPJ123  h*° ade6-216 ura4D18 rhp6~[sngl~ swi5 This study
SPJ119  h*° leul-32 lys1 ade6-210 swi2~ rhp6 ™ [sngl ~ This study
PRZ119 h+ leul-32 ura4A18 lysl-131 ade6-210 L. Prakash

rhp6A::urad4™
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FIG. 2. Different phenotypes of the sngl ~ mutant. (A) Temperature sensitivity. Strains used were wild-type strain SP837 (7%’ leul-32 ura4D18 ade6-M216) and
mutant strain SPJ107 (%’ leul-32 ura4D18 ade6-M216 sngl ~). Temperatures at which strains were grown are indicated. 2%’ denotes homothallic strains that undergo
sngl-1 efficient mating-type switching. (B) Haploid meiosis. The sngl ~ mutant cells exhibiting haploid meiosis are indicated by arrows. Wild-type cells produce asci
containing four mature spores in zygotic diploid cells which result from switching and mating of cells of opposite mating type. In contrast, the sng! ~ mutant cells produce

aberrant spores in a haploid cell.

ATATATTCGACTTTAAAG?3') for polo. The cDNA products were resolved by
agarose gel (1.2%) electrophoresis, transferred to nytran membranes, and hy-
bridized with PCR products synthesized from the mat2P-, mat3M-, and pola-
containing plasmids with the above sets of primers and labeled by the random
primer method (18). The conditions for hybridization, washing, and autoradiog-
raphy were as described elsewhere (55).

Gene cloning. To clone the rip6 gene, we transformed SPJ107, a sng/ ~ mutant
strain (h”’ leul = ura4D18 ade6-216 sngl-1), with the S. pombe partial HindIII
genomic library cloned in the pWHS vector (70). The vector contains the S. cer-
evisiae LEU2" gene, which upon transformation can complement the leul ™~
defect of S. pombe. Two out of approximately 9,000 Leu™ transformants com-
plemented the temperature-sensitive growth defect. The indicated fragments
were subcloned into plasmid pWHS or pIRT1 (54) for complementation assays.

Primer extension analysis. For primer extension analysis, equivalent amounts
of RNA (10 pg) isolated from different strains were used. The primer used was
5'GGGTAGGAAAGAGAGAGTAGTTGAAGG?3', which is located upstream
of the H2 box of matl (oligonucleotide 1 [Fig. 1]) and allows analysis of the
matl-specific transcripts, Pc (529 nucleotides) from matIP and Mi (315 nucleo-
tides) from matIM. Primer extension was carried out by the protocol of Triezen-
berg (65). The products were resolved on denaturing polyacrylamide gels and
subjected to autoradiography.

Strain construction. The S. pombe strain containing a chromosomally inte-
grated E. coli dam methylase gene was constructed by homologous integration of
plasmid pJS1, containing the dam and ura4 genes of S. pombe, into the ura4~
locus. The dam gene was expressed from its own promoter. The general methods
for DNA isolation, restriction digestion, Southern blotting, and hybridization
have been described elsewhere (58). Genetic methods for constructing strains
with required genotypes were as described by Moreno et al. (44).

RESULTS

Isolation of the sngl™ mutant. The sng/™ mutant was for-
tuitously obtained during an attempt to generate temperature-
sensitive mutants of the DNA polymerase (pola) gene by
DNA-mediated transformation of yeast cells with the in vitro-
mutagenized pola clone. However, we found that the sngl — mu-
tation is genetically unlinked to the swi7/pola gene (data not
shown) and presumably arose due to transformation-induced
mutagenesis. We analyzed this mutant because it exhibited
very interesting novel phenotypes. The sngl — mutant cells are
temperature sensitive, as they fail to grow at 36°C (Fig. 2A).
Microscopic analysis of the mutant showed elongated cells
when grown at the restrictive temperature, and even at the
semipermissive temperature (30°C) they appeared larger and
more rounded than wild-type cells (data not shown). A more
telling phenotype was that the 4°’ sngl ~ mutant cells, when
placed in sporulation medium at the semipermissive tempera-
ture of 30°C, exhibited haploid meiosis, a phenotype suggestive
of expression of P as well as M mating-type information in
individual haploid cells that normally express one or the other
type of information from mat! (Fig. 2B). However, the donor-
deleted (mat2,3A) sngl~ strains did not exhibit the haploid
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TABLE 2. The haploid meiosis phenotype of the sngl ™
mutant is dependent on both efficient switching
and the presence of the donor loci

Haploid meiosis

Strain genotype Switchability phenotype
h* High -
matIM mat2,3A sngl™ Unswitchable -
matlP mat2,3A sngl~ Unswitchable -
h® sngl~ High +
matlMsmto sngl~ Unswitchable -
matlPA17 sngl~ Unswitchable -
h® swi7~ sngl~ Reduced -
h?0 swi2~ sngl~ Reduced -
h® swi5~ sngl~ Reduced -

meiosis phenotype (Table 2). More interestingly, the haploid
meiosis defect was observed only in the efficiently switching
background, 4%, not in a variety of other genetic backgrounds
in which switching is absent (Msmto and PAI7; these strains
carry a deletion of the cis-acting sequences near matl that are
required for generation of double-strand breaks [DSB]) or
drastically reduced (swi7 ", swi2~, and swi5~ [Table 2]). This
property differentiates the sng/ ™ mutant from the known si-
lencing mutants of S. pombe (15, 38, 63, 64) and S. cerevisiae
(28). In addition, the sng/ ~ mutant did not show an elevation
of expression of the normally silent mat2- or mat3-linked ura4
marker gene even in the switching (h”°) strain (references
15, 38, 63, and 64 and data not shown). This genetic analysis
showed that the haploid meiosis phenotype was dependent
on both the presence of the donor loci and their utilization in
switching. Thus, the phenotype must not be the result of a de-
fect in the patl or mei2 gene, also known to confer this pheno-
type but without the requirement of mating-type information
(10). We therefore inferred that switching allowed derepres-
sion of the donor loci that are actively engaged in switching in
the sngl~ mutant and that derepression did not extend up to
the ura4 gene, which was placed distal to mat2 or mat3.

Derepression of the silent donor loci in the sngl™ mutant
and its dependence on their switching competence. The above
results suggested that in the sng/ ™ mutant, the active process
of switching may turn on the donor cassettes that are being
copied in bringing about the switch. The sngl™ gene product
may be required to establish the original state of silent gene
expression existing before switching, and this restoration may
not be achieved in the 4°° sngl ~ mutant. To directly assess the
inferred silencing defect in the sngl ™ mutant, we assayed for
the synthesis of mat2- and mat3-specific transcripts in both the
switching and nonswitching strains by the highly sensitive RT-
PCR. PCR was carried out in the logarithmic phase of ampli-
fication (8), which allows quantitative comparison of the levels
of transcripts. Supporting our interpretation above for the switch-
ing dependence of haploid meiosis phenotype of this mutant,
high-level expression of silent loci transcripts was observed in
a sngl~ mutant in switching (4%’ sngl ~) background (mat2Pc
transcript [Fig. 3A, lane 4]; mat3Mi transcript [Fig. 3B, lane
4]), but the expression level was very much reduced or absent
in a nonswitching (Msmto sngl ) background (Fig. 3A and B,
lane 8). Another nonswitching strain (PA77 sngl ) and a poor-
ly switching strain (2%’ swi5~ sngl ) did not express the donor
loci at a significant level and consequently did not exhibit the
haploid meiosis phenotype (data not shown).

We also observed that a low level of leaky expression of the
mat2Pc transcript was present in switching, sngl ™ cells (Fig.
3A, lane 2) but not in a nonswitching strain (Fig. 3A, lane 6).

MoL. CELL. BIOL.

One interpretation of this result is that the donor loci may have
gained partial accessibility to the transcription machinery dur-
ing recombination, thus yielding leaky expression of the donor
cassette used during the switch (see Discussion).

This novel phenotype of expression of silent genes only in
switching sngl ~ strains suggested the following explanation. Dur-
ing switching, a copy of the donor locus is transmitted to matI
through recombination (33). We propose that during the rep-
lication required for recombination, the chromatin structure of
donor loci is transiently perturbed. In wild-type cells, it must be
reset to the same transcriptionally repressed structure as exist-
ed before DNA replication associated with switching. In con-
trast, we propose that in the sngl/ ™ mutant, the inactive chro-
matin structure is not reestablished, which leads to persistence
of the perturbed open structure in switching cells and thus the
partial expression of silent loci in the mutant. Next we tested
whether this effect is limited to donor loci.

Regulation of the mat1-Mi transcript is altered in the sngl™
mutant. To check for any change in expression of the matl-
encoded transcripts, we carried out primer extension anal-
ysis. In wild-type cells, the matIMi transcript is completely
repressed in N medium and nitrogen starvation leads to an
induction of two transcripts differing at their 5" ends by 20 nu-
cleotides, as reported earlier (31) (Fig. 4, lanes 1 and 2). In the
sngl~ mutant, a low level of the two matIMi transcripts was
detected even in N* medium; while no further induction of
these transcripts was observed upon nitrogen starvation in the
nonswitching, Msmto background (lanes 5 and 6), in both 4%’
(lanes 3 and 4) and h*° swi5~ backgrounds (lanes 7 and 8), the
sngl~ mutant exhibited further induction of nearly three- to
fivefold. This result indicates that while the sngl™ mutation
causes the constitutive expression of the matIMi transcripts, it
has no effect on pheromone inducibility of these transcripts,
which is documented to occur in response to the Plus phero-
mone secreted by the cells of Plus (P) mating type in the
homothallic, switching population (see below). (The level of
matlPc transcript, which is known to be constitutively ex-
pressed [31], remained roughly constant in both N™ and N~
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FIG. 3. RT-PCR analysis of transcripts encoded by the donor loci. (A)
mat2Pc; (B) mat3Mi; (C) pola. RNA was isolated from cells grown at the
semipermissive temperature of 30°C in N* (+; lanes 1, 3, 5, and 7) or N~ (—;
lanes 2, 4, 6, and 8) medium, a regimen that induces mat transcripts (31). RNA
samples (10 pg) were treated with RNase-free DNase I and subjected to RT-
PCR in the logarithmic phase of amplification (8) using oligonucleotides 2 Pc
and Pc for monitoring mat2Pc transcription, oligonucleotides 3M and Mi (Fig. 1)
for monitoring mat3Mi transcription, and oligonucleotides polaas and polas for
monitoring pola transcription. The products were resolved by agarose gel elec-
trophoresis and subjected to Southern blotting and hybridization with homolo-
gous probes generated by PCR from the plasmid clones as described in Materials
and Methods.
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FIG. 4. The sngl ~ mutation leads to constitutive expression of matIMi tran-
scripts. Primer extension analysis for transcripts Pc (529 nucleotides [nts]) from
matlP and Mi (315 nucleotides) from matIM, which specifically arise from the
matl locus. Pc and Mi are indicated by arrows. RNA was isolated from cells of
the indicated strains grown in N* (lanes 1, 3, 5, and 7) and N~ (lanes 2, 4, 6 and
8) media at 30°C and subjected to primer extension analysis as described previ-
ously (65), using oligonucleotide 1, which is able to reverse transcribe from both
matlPc and matIMi RNAs, as these are known to extend beyond the H2 box

(Fig. 1) (31).

media [lanes 1 to 4, 7, and 8] and served as a loading control.)
Thus, the sngl ~ mutation alters the regulation of expression of
all the three cassettes of the mating-type locus.

The switching dependence of the sngl™ phenotype requires
chromosomal integrity and is independent of pheromone ef-
fect. It is possible that in the nonswitching Msmto sngl ™~ strain,
the donor mating-type locus is not available for switching be-
cause of chromosomal folding and thus is also not available for
derepression. To test this, we transformed an Msmto sngl™
strain with the plasmid containing the mat2P locus and the
S. pombe arsl and ura4* genes (plasmid pKE10 [14]) and
tested whether the transformed cells would exhibit loss of
silencing as indicated by haploid meiosis. However, we failed
to notice any haploid meiosis in the transformed strain (data
not shown). This finding rules out the possibility that the lack
of silencing defect in the nonswitching sngl ™ mutant strain is
due to nonavailability of the donor locus in the nonswitching
background. On the other hand, the integrity of the mating-
type region which brings about switching may be necessary for
the derepression of the donor loci in the switching, sngl ™
mutant strain.

It is possible that the derepression of the silent loci in the
sngl~ mutation is due to the effect of pheromone elaborated
by the cells of opposite mating type that are present in the ©*°
strains but not in the nonswitching (e.g., Msmto) strains. To
test this, we mixed cells of the PA17 sngl~ strain with either an
Msmto strain or an Msmto sngl ~ strain on sporulation medium
described earlier (13, 21). It has been shown (13, 21) that
under such conditions, the cells of Plus (P) mating type re-
spond to the pheromone produced by the cells of Minus (M)
mating type by forming conjugation tubes leading to zygote
formation, which leads subsequently to sporulation. We found
that zygotes were indeed formed between PAI7 sngl ™ strain
and either the Msmto or Msmto sngl~ strain. While mating of
PAI7 sngl— with Msmto sngl~ cells produced zygotes which
did not sporulate, mating of PA17 sngl ™~ with the Msmto strain
produced zygotic asci with four spores, though these were
larger than normal wild-type asci. More important, however,
no haploid meiosis was observed in either mating (data not
shown). These results rule out the possibility that the derepres-
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sion of the donor loci in the #°° sngl~ strain was due to
pheromone effect and also suggest that sng/ ~ mutation does not
affect pheromone responsiveness which is needed for zygote
formation. It is also unlikely that sng/~ mutation somehow
triggers an alternate pheromone response pathway that, in
turn, controls silencing.

We also tested whether the sng/™ mutant is defective in
healing the DSB at the matI locus (4), leading to persistence of
the DSB for a longer time. However, this possibility was ruled
out by Southern blot analysis indicating that the sng/ ™ mutant
exhibits quantitatively the same level of DSB at the mat! locus
as the wild-type cells (data not shown).

The sngl™ mutant is encoded by rhp6, the RAD6 homolog in
S. pombe. We isolated a single sngl™ clone from the partial
HindIII genomic library of S. pombe by complementation of
the temperature sensitivity and sporulation defect of the sngl ™
mutant (44, 70). The complementing plasmid containing a
3.2-kb HindlIIl insert, along with the S. cerevisiae LEU2 gene
which complements the S. pombe leul ™ defect (44), was inte-
grated into the genome of the h*’ leul ~ sngl~ strain by ho-
mologous recombination. The resulting strain showed comple-
mentation of both the haploid meiosis and temperature-
sensitive growth defects of the sngl ™ mutation. When such an
integrant was crossed with an 4%’ leul ~ strain, each of the 14
asci analyzed gave a 2 Spo™ Leu™:2 Spo* Leu™ segregation
pattern, with no segregant exhibiting the haploid meiosis or
temperature-sensitive phenotypes. Thus, the plasmid was inte-
grated at a site tightly linked to the sngl locus, indicating that
we had cloned the sngl ™ locus. Subsequent subcloning showed
that the region spanned by the EcoRV and BamHI sites was
necessary and the region between the EcoRV and Xbal sites
was sufficient for complementation (Fig. 5A). Sequencing of
this region revealed that it encodes the gene rip6, which is the
S. pombe homolog of the RAD6 gene of S. cerevisiae (49). The
rhp6 gene was previously isolated by Reynolds et al. (50).

To map the mutation in the rhp6 ™~ /sngl ~ mutant, we decided
to amplify and sequence the rip6 mRNA from the rhp6 ™ /sngl
mutant by RT-PCR under conditions beyond the logarithmic
phase of amplification. Gel analysis showed the expected band
of 0.8 kb, which presumably originates from processed, intron-
less RNA in both the mutant and wild-type cells (Fig. 5B, lanes
1 and 2, respectively). Interestingly, however, the mutant also
yielded an additional band of about 1.0 kb (lane 1). Since the
rhp6 gene is known to contain four introns (50) (Fig. 5C), we
thought that the larger 1.0-kb band may represent an incom-
pletely spliced form of RNA. Sequencing of the two bands
after cloning indicated that the 1.0-kb clone also contains the
200-bp second intron of 7ip6 gene and revealed a transversion
mutation (G to T) of the 5" splice junction of the second intron
at the fifth base position (GTAAG to GTAAT [Fig. 5C]). We
believe that this mutation may affect the efficiency of splicing
and thus reduce the cellular levels of rhp6 protein. The relative
levels of the fully processed mRNA and the RNA still contain-
ing the second intron were quantitated by RT-PCR in the
logarithmic phase of amplification (8). We find that the normal
and unprocessed forms of raip6 mRNA are present in the ratio
of ~1:10, indicating that the level of mature 7ip6 mRNA is
reduced to about 10% of the level found in wild-type cells
(data not shown). It is surprising that a single-point mutation
in the fifth base of the 5’ splice junction sequence has such a
drastic effect on splicing. However, a similar inhibitory effect of
a mutation in the fifth base of the 5’ splice site in the 12S RNA
of the E1A gene on splicing has been shown earlier and found
to be suppressed by a compensatory base change in the Ul
snRNA (72).

Since disruption of the rhp6 gene is known to cause a defect
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FIG. 5. The sngl~ mutant is encoded by the rip6™ gene. (A) Complemen-
tation of the sng/~ genotype was tested by subcloning different fragments, as
indicated, into pIRT1, transforming them into the h?° sngl~ mutant strain, and
checking for iodine staining and restoration of the temperature-sensitive pheno-
type. Restriction sites: H, HindIIl; Hp, Hpal, RV, EcoRV; Cl, Clal; Bam,
BamHI; Xb, Xbal. (B) RT-PCR products of RNA for wild-type and mutant
strains resolved by agarose gel electrophoresis. Lane M, molecular size markers;
lane 1, rhp6~/sngl ~ mutant; lane 2, wild type. (C) Localization of the sngl-1
mutation in the second intron of the rip6 gene. The gene map showing the intron
and exon positions is based on data in reference 50.

in sporulation and UV-induced DNA repair (50), we checked
for similar phenotypes in the rap6 ™~ /sngl ~ mutant. We find that
this mutant does indeed have a lower level of sporulation and
greater UV sensitivity than those of wild-type cells, which are
restored to normal levels upon homologous integration of the
rhp6™* gene (data not shown). At different UV doses tested, the
sngl ™~ /rhp6~ mutant exhibits a 10-fold-higher level of survival
than rip6A strain (data not shown). These data are under-
standable, given that the rip6~ /sngl ~ mutant exhibits a 10-fold
reduction in the level of mature rap6 mRNA.

The rhp6~—/sngl — mutation alters the chromatin structure of
the donor loci in a switching-dependent manner—a possible
role of rhp6 in chromatin assembly. Since the sngl gene en-
codes the rhp6 protein, and the S. cerevisiae homolog RAD6
has been shown to be involved in conjugating ubiquitin to
proteins including histones H2A and H2B (29), rhp6 may play
a role in chromatin assembly of the donor mating-type loci.
To check this possibility, the chromatin structure of the silent
mating-type loci mat2P and mat3M was analyzed by using the
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in vivo-expressed E. coli dam methylase probe. We had shown
earlier that the E. coli dam methylase activity, when expressed
in S. cerevisiae (which also lacks DNA methylation), methylates
the adenine residues in the Sau3Al sites (5'GATC3') prefer-
entially in the active genes compared to the inactive genes (58).
Since S. pombe also lacks any DNA methylation (2), we pre-
sume that the E. coli dam methylase can serve as a probe for
chromatin accessibility in this yeast as well. Therefore, we
generated S. pombe strains in which the E. coli dam methylase
is integrated at the wra4~ locus (not shown). The resulting
strains have normal growth rates and cellular phenotypes in-
cluding sporulation, indicating that dam methylation has no
deleterious effect on essential cellular functions. Moreover, a
significant fraction of genomic DNA was found to be methyl-
ated in these strains (not shown).

Methylation of mating-type loci was monitored in wild-type
and mutant strains by using restriction enzymes that either are
inhibited by methylation or are specific for methylated se-
quences followed by Southern blotting and indirect end label-
ing. Methylation of the adenine at the N-6 position of the
GATC sequence renders it resistant to digestion with Bell and
Dpnll, while Dpnl cleaves GATC only when dimethylated
(where the adenine residues on both the DNA strands are
methylated). The results show very little methylation of sites in
wild-type cells (Fig. 6B, lane 1; Table 3), while in the swi6™
mutant, a total of about 34% of the mat2P DNA is dimethyl-
ated at sites a and b, as indicated by cleavage with Dpnl (Fig.
6B, lane 2; Table 3). The swi6 ™~ strain serves as a positive con-
trol for derepression of silent loci (14). The increased accessi-
bility to dam methylase in the swi6™ mutant provides the first
direct evidence that the donor cassettes are silenced due to
a repressive chromatin structure and that the swi6 protein is
involved in establishing or stabilizing such a structure. Simi-
larly, nearly 25% of the mat2P DNA is also dimethylated at the
two sites in 2% rhp6~/sngl ~ strain, as indicated by increased
Dpnl digestion (Fig. 6B, lane 3; Table 3). Interestingly, in con-
trast to #° rhp6~/sngl ~ strain, the nonswitching Msmto rhp6~/
sngl ™~ strain exhibits a much reduced level (3.1%) of total
methylation of the sites (Fig. 6B, lane 4; Table 3). Quantitation
of the data with DpnlI yields a similar result (not shown). On
the other hand, the Bcll site (site b) is methylated to only a
slightly higher level, as indicated by the level of the uncut band
¢, in the switching, #°° rhp6 ™~ /sngl ~ strain (13.5% [Fig. 6B, lane
7; Table 3]) compared to the nonswitching Msmto rhp6 ™ [sngl
strain (8.3% [Fig. 6B, lane 8; Table 3]). This site was also sig-
nificantly methylated in the swi6 ™~ strain (25.5% [Fig. 6B, lane
6; Table 3]). Thus, the difference of methylation between h”’
rhp6 ~/sngl ~ and Msmto rhp6~ /sngl~ strains as indicated by
Bell digestion is much less pronounced than the Dpnl diges-
tion. The basis of this difference may lie in the fact that Dpnl
measures only dimethylation, while Bc/I is sensitive to both
hemi- and dimethylation; the component of hemimethylation
is high but similar in both strains, and this may give an appar-
ent reduction in difference in the level of methylation (hemi-
and dimethylation) between expressed and repressed states, as
monitored by Bcll. Therefore, our data indicate that expres-
sion of the silent loci is better correlated with dimethylation
and that the /%’ rhp6~/sngl ~ mutant (where silent cassettes are
expressed) shows an ~8-fold-greater total dimethylation of
sites than the Msmto rhp6~ /sngl ~ mutant, where the silent
cassettes are not expressed (Fig. 3A and B; Table 3). Likewise,
it was shown earlier that in S. cerevisiae strains expressing the
dam methylase, while the level of hemimethylation of sites
within the promoter and coding region of the linked genes
GALI-10 was nearly the same in both the repressed and ex-
pressed states, the level of dimethylation of both the sites was
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FIG. 6. Increased methylase accessibility of the mat2P locus in the rip6~/
sngl~ mutant is dependent on its utilization for switching. (A) The restriction
map of the 6.3-kb HindIII mat2 fragment shows the distance of various Sau3Al
sites distal to the Bg/II site. (B) Southern blot analysis. Two DNA samples (1 to
2 wg) isolated from strains carrying the chromosomally integrated E. coli dam
methylase gene were digested with Bg/IT plus HindIII, followed by DpnI (lanes 1
to 4) or Bell (lanes 5 to 8). The first lane represents the DNA from the 4% strain
digested with Bg/II plus HindIII alone. The samples were subjected to electro-
phoresis; after electrophoresis, the gel was blotted, and the samples were hy-
bridized with the radiolabeled Bg/II-EcoRI fragment (thick bar in panel A) and
subjected to autoradiography. Fragments labeled a, b, and c are defined in panel
A. A low level of hybridization was observed consistently due to cross-hybrid-
ization elsewhere in the genome, possibly in the centromeric regions as indicated
by the arrowheads. One of these cross-hybridizing bands also comigrates with the
band at 2.5 kb. The level of methylation of band b was quantitated by subtracting
the percent peak area corresponding to the band in the control lane from that
determined for lanes 1 to 4 (Table 3). A faint band observed at roughly the
position of band a in the Bcl/l digests (lanes 5 to 8) may also arise due to
cross-hybridization with centromeric regions, since there is no Bcll site at the
position of band a (26).

approximately 10-fold greater in the expressed state than in the
repressed state, indicating that the level of dimethylation was
directly correlated with the state of expression of the gene (58).

More dramatic results were obtained from the analysis of
the mat3M locus. The two centromere-proximal sites (Fig. 7A)
in the mat3M locus are unmethylated, as they were completely
digested by the methylation-sensitive enzyme DpnlI (data not
shown) but not cleaved at all by Dpnl in the mutant strains, as
indicated by absence of any bands smaller than 1.2 kb (Fig. 7B,
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lanes 2 and 3). However, as indicated by the increased intensity
of the bands, Dpnl sites a and b, located within the mat3M
allele-specific region, and centromere-distal site ¢ are all sig-
nificantly dimethylated in the h”° swi6~ (27.9% [Fig. 7B, lane
2; Table 4]) and h*’ rhp6 ™~ /sngl ~ (26.4% [Fig. 7B, lane 3; Table
4]) mutants, while no methylation is observed in the wild-type
strain (Fig. 7B, lane 1; Table 4). More interestingly, like the
results obtained for mat2P, these sites are significantly more
dimethylated (nearly 26-fold) in the 4%’ rhp6~ /sngl~ strain
(26.4% [Fig. 7B, lane 3; Table 4]) than in the Msmto rhp6~/
sngl ™~ strain, where no significant dimethylation is observed
(~1% [Fig. 7B, lane 4; Table 4]). Examination of the levels of
hemi- and dimethylation for sites a plus b, calculated from the
Bell digests, shows no difference of methylation between the
h®° rhp6~/sngl~ (51.8%) and Msmto rhp6~ [sngl~ (55.2%)
strains (Fig. 7B, lanes 7 and 8, respectively; Table 4), though
the overall level of methylation in these strains as well as the
swi6 ™ strain (50.2%) is higher than that in the wild-type strain
(26.7% [Fig. 7B, lane 5; Table 4]). These data again indicate
that derepression of the silent loci in /% swi6~ and h?° rhp6~/
sngl~ strains is directly correlated with dimethylation of the
Sau3Al sites in the loci; these sites are not significantly dimeth-
ylated in the Msmto rhp6~ /sngl~ strain, which also does not
exhibit a silencing defect.

To check whether the methylation accessibility in the swi6™
mutant was switching dependent, we carried out the same
experiments within an Msmto swi6~ strain. Results indicate
that both for mat2P (Fig. 8A, lanes 1 and 2) and mat3M (Fig.
8B, lanes 3 and 4), the extents of Dpnl digestion at different
sites were roughly similar for 2%’ swi6~ (Fig. 8, lanes 1 and 3)
and Msmto swi6~ (Fig. 8, lanes 2 and 4) strains (Tables 3 and
4). These results indicate that in contrast to the rhp6™ /sngl ™~
mutation, the swi6~ mutation affects the chromatin structure
at the donor loci independently of their switching status.

The above results lead us to conclude that the rhp6 ™~ /sngl~
mutant has an unfolded chromatin structure at the mat2P and
the mat3M donor loci and, more importantly, that this unfold-
ing is dependent on switching competence of these loci. We
infer that rhp6 may affect chromatin assembly in the mat re-
gion subsequent to mating-type switching. In the absence of
rhp6 protein, the initial inactive chromatin structure, which
was presumably perturbed during switching, is not fully rees-
tablished following switching, rendering it more accessible to
dimethylation by the E. coli dam methylase.

TABLE 3. Increased methylation accessibility of the mat2P locus
in the rhAp6~/sngl ~ mutant depends on the switching
competence of the strain

% Methylation®

Genotype Dimethylation (Dpnl) Hemi- +
dimethylation
Site a Site b? Sitesa + b (Bcll), site b
h* 0.0 0.0 0.0 0.9
h® swi6~ 23.8 10.0 33.8 25.5
Msmto swib~ 31.2° 8.9¢ 40.1¢ ND
h® rhp6~ [sngl ~ 17.4 7.5 24.9 13.5
Msmto rhp6~/sngl ™ 1.5 1.6 3.1 8.3

“ Quantitation by densitometry of the autoradiograph shown in Fig. 6B.

® The area of the band comigrating at the position of site b in the control lane
in Fig. 6B was quantitated and subtracted from the areas determined for band b
in lanes 1 to 4. ND, not determined.

¢ Data from Fig. 8 were quantitated.
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FIG. 7. Increased methylase accessibility of the mat3M locus in the rhp6~/
sngl~ mutant also depends on the switching competence. (A) The restriction
map of the 4.2-kb HindIII mat3M DNA fragment shows the distances of different
Bell and Dpnl sites from the HindIII site. (B) Southern blot analysis. DNA
samples (1 to 2 pg) isolated from strains carrying the chromosomally integrated
E. coli dam methylase gene were digested sequentially with HindIII plus Dpnl
(lanes 1 to 4) and HindIII plus Bcll (lanes 5 to 8). The first lane represents the
DNA from the 4% strain digested with HindIII alone. The samples were sub-
jected to electrophoresis; after electrophoresis, the gel was processed for blotting
and hybridization with the Nsil HindIIl fragment, indicated by the thick bar in
panel A. The three bands corresponding to cleavage at the Bc/l sites are labeled
a, b, and c; the uncut 4.2-kb HindIII band is labeled d. A common band (arrow-
head in panel for Dpnl digestions) arises from cross-hybridization with sequences
elsewhere in the genome, possibly in the centromeric regions, and was not
considered for quantitation. The arrow indicates the presence of an additional
polymorphic Sau3Al site present in our strains but not found in published
sequence. This band was also quantitated by densitometry and combined along
with band b in Table 4. The centromere-proximal sites are also indicated on the
left side of the map in panel A.
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DISCUSSION

A novel role of rhp6/RADG6 in gene regulation by modulating
the chromatin structure of mating-type loci in fission yeast.
The present study makes several novel findings. First, we dem-
onstrate for the first time that rhp6 regulates the expression of
the silent mating-type loci in S. pombe. Second, this effect is
brought about by alteration in the chromatin structure of the
silent mating-type loci. Third and most important, we show
that the silencing defect and chromatin unfolding in the rip6~/
sngl~ mutant are switching dependent. Fourth, we show that
swi6 regulates silencing by controlling the chromatin structure
of donor loci. The above results suggest a role of rhp6 at the
level of chromatin assembly. We offer the explanation that the
chromatin structure of the donor loci is perturbed during
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TABLE 4. Increased methylation accessibility of the mat3M locus
in the rhp6~/sngl ™ mutant is also switching dependent

% Methylation”

Hemi- + Dimethylation (Dpnl lane)
Genotype dimethylation
(Bcll lane), @ . Sites
sitesa + b + ¢ Site a_ Site b” Site ¢ a+b+ch
h® 26.7 0.0 0.0 0.0 0.0
h*° swi6~ 50.2 49 59 171 279
Msmto swi6™ ND 5.9¢  5.0° 19.6° 30.5¢
h® rhp6~ [sngl ~ 51.8 41 55 168 26.4
Msmto rhp6~ [sngl ™~ 55.2 ~02 ~04 ~04 ~1.0

“ Quantitation by densitometry of the autoradiograph shown in Fig. 8B.

® For quantitation, the contribution of the slower-migrating band at 2.7 kb in
Fig. 7B (lanes 2 and 3), indicated by the arrowhead, was also included. This site
is not indicated in the map in Fig. 7 based on published sequence and may
represent a polymorphic site. ND, not determined.

¢ Data from Fig. 8 were quantitated.

switching; it must be fully reestablished in rap6™ cells but not
in the rhp6 ™ /sngl ~ cells, thus leading to the derepression of the
donor loci subsequent to their replication required for matl
switching. Thus, rhp6 plays a role in propagating the chromatin
structure and the expression status of mating-type loci from the
mother to the daughter cells. The effect is unique to the mat-
ing-type loci since the expression of other genes such as htal,
htbl, nmtl, and phol was not affected in the mutant (data not
shown). In addition, we show that dam methylase can also
serve as an in vivo probe for chromatin structure in fission
yeast (see below).

In recent years, several proteins involved in DNA repair
have also been shown to regulate gene expression. For exam-
ple, the human Rad3 and Rad25 proteins, which are involved
in DNA excision repair, in fact either associate with (Rad25) or
are the subunits (Rad3) of the general transcription factor
TFIIH (17, 56, 67). Though rAp6 and its homologs in other
species have been known for several years, its actual biochem-
ical function has not been clear. Earlier reports have demon-
strated elevation and randomization of Ty transposition in the
vicinity of certain genes in rad6 ™ mutants in S. cerevisiae (37,
47), suggesting that Rad6 may affect the chromatin structure of
the genes so as to make them better targets for Ty transposi-
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FIG. 8. The methylation accessibility of donor loci in the swi6~ mutant is
independent of switching. DNA samples from 4%’ swi6~ (lanes 1 and 3) and
Msmto swi6~ (lanes 2 and 4) mutants were digested with Bg/II, HindIII, and Dpnl
(A, lanes 1 and 2) or HindIII plus Dpnl (B, lanes 3 and 4) and subjected to
electrophoresis and Southern hybridization for mar2P (A) and mat3M (B) as
described in the legends to Fig. 6 and 7, respectively.
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tion or recombination. Disruption of the HR6B homolog in
mice has been shown to cause male infertility, presumably be-
cause of defective chromatin transition during spermatogene-
sis (53). Bryk et al. (6) have shown that deletion of RAD6 in
S. cerevisiae leads to derepression of Tyl RNA levels originat-
ing specifically from the copy of Tyl integrated within the
RDNTI locus. In an interesting study, a deubiquitinating enzyme
was shown to interact with Sir4 protein, which regulates silenc-
ing of mating-type and telomeric loci in S. cerevisiae (42). Our
recent results also show that at the nonpermissive temperature
(36°C), the rhp6~ /sngl ~ mutant as well as the rip6A strain ex-
hibit the cut (cells untimely torn) phenotype. The defect seems
to be at the level of chromosome compaction and segregation,
which is corroborated by fluorescence-activated cell sorting
analysis (data not shown). However, experiments using hy-
droxyurea sensitivity indicate that the mutant is not defective
in the replication check point control (data not shown). Thus,
rhp6 may also be involved in global chromatin organization,
integrity, and segregation during mitosis. Indeed, very recently
it has been shown that rad6A causes a weak effect on the ex-
pression of Aiml::URA3 in heterothallic strain of S. cerevisiae,
while a stronger effect was observed on expression of telomere-
linked markers (27). It may be interesting to see if the rad6
mutant exhibits a stronger silencing defect at mating-type loci
in switching strains of S. cerevisiae.

Biochemical functions of rhp6/Rad6. The main biochemical
function of the Rad6 protein is to conjugate ubiquitin to his-
tones H2A and H2B (29). Ubiquitin is an evolutionarily con-
served small polypeptide of 76 amino acids, and its conjugation
to other proteins triggers their degradation by the N-end rule
pathway (19, 43, 66). It was initially hypothesized that RADG6-
mediated ubiquitination of chromosomal proteins, especially
of histones H2A and H2B, is essential for chromatin remod-
eling and that this effect might explain the various phenotypes
of rad6 mutants (29). However, subsequent work failed to es-
tablish the function of ubiquitination of H2A and H2B, since
the defects of RADG6 deletion were not mimicked by the mu-
tation of the conserved ubiquitination site in histones (61). It
remains possible, however, that rad6 ubiquitinates some oth-
er nonhistone components of chromatin which participate in
chromatin assembly. Because of the observed switching depen-
dence for the derepression and chromatin unfolding of the
silent donor loci in the rAp6~/sngl ™~ mutant, we propose that
certain proteins that participate in chromatin assembly may be
transiently associated with chromatin during replication and
assist in chromatin assembly. After chromatin assembly, these
proteins may become ubiquitinated and channeled to the pro-
teolytic degradation pathway, and possibly their removal leads
to faithful reassembly of the repressed chromatin structure at
the donor loci. Alternatively, ubiquitination may directly cause
the dissociation of such a protein from the newly assembled
chromatin structure. In rip6~ /sngl~ mutants, because of re-
duction in the level of ubiquitination, the increased stability
and persistently high levels of the protein may interfere with
the maturation of proper chromatin structure. (The latter pos-
sibility is considered equally likely at this point since the UBR1
gene, which encodes the E3 enzyme involved in N-end rule
degradation in S. cerevisiae, is not involved in silencing [27].)
Such a hypothetical model is diagrammed in Fig. 9. This line of
thinking obtains support from a recent report that UBP3, a
deubiquitinating enzyme that interacts with one of the silenc-
ing proteins SIR4 in S. cerevisiae, is an inhibitor of silencing;
UBP3 disruption causes a marked increase in silencing (42).
All of these studies suggest that a fine balance of ubiquitination
and deubiquitination of key regulatory proteins may constitute
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a key regulatory mechanism for control of chromatin structure
of mating-type loci in S. cerevisiae and S. pombe.

The silencing defects of rhp6~/sngl ~ mutation are unique in
comparison to other silencing mutants of S. pombe. We find
several aspects of the silencing phenotype of the rhp6™ /sngl ™
mutant to be unique and intriguing. Unlike other silencing
mutations, namely, swi6, clrl-clr4, and rikl (14, 38, 63, 64), the
rhp6~ /sngl ~ mutation does not abolish the cold spot of recom-
bination between the mat2 and mat3 loci and does not elevate
the expression of the ura4 gene placed next to the mat2 and
mat3 loci (data not shown). Even more interesting, the silenc-
ing defect in the rAp6 /sngl  mutant is dependent on the
switching competence, whereas the defect in swi6, clrl-clr4,
and rikl mutants occurs in both switching and nonswitching
strains (63, 64) or in strains where the expressed mat! locus has
been deleted (14), indicating their lack of dependence on
switching. The structure of donor loci does become more ac-
cessible to dam methylase in both swi6 ™~ and rhp6 ™ /sngl ~ mu-
tants. However, there is one distinct difference: the unfold-
ing and increased accessibility of chromatin of the mat2P and
mat3M loci to dam methylation, especially dimethylation, in
the rhip6~/sngl mutant is greater in the switching background
than in the nonswitching background, while in the swi6~ mu-
tant the increased chromatin accessibility is independent of
switching. Therefore, the effects of swi6, clrl-clr4, and rikl
mutations may be exerted at the higher level of chromatin
organization at the donor loci and the intervening K region,
perhaps by a complex of these proteins, as suggested earlier
(25, 63). It is pertinent to note here that the K region exhibits
various degrees of homology to the centromeric sequences
along its length: the central 4.3-kb region shows >90% homol-
ogy, while the flanking regions show progressively decreasing
levels of homology (26). It is a moot question whether this
region plays a role analogous to that of centromere sequences
in being organized into either a nonnucleosomal structure or a
complex formed of products of swi6 and clrl-4 genes with
nucleosomal histones (1, 26). However, rhp6 may play a dif-
ferent role: it may be required for coupling the process of
switching, which involves DNA replication of the donor cas-
settes, with their chromatin assembly. A closer inspection of
the methylation data reveals that GATC sequences at the two
ends of the K region (sites marked 2.5 and 3.0 kb on the right
side of mat2P locus in Fig. 6A and the three sites located on the
left side of mat3M in Fig. 7A) are not dimethylated at all in the
rhp6~/sngl ~ mutant. (These regions have been shown to have
a weak homology to the centromeric sequences of cen2 and
cen3 [26], which may account for the fainter bands in Fig. 6 and
7.) Thus, rhp6 does not affect the chromatin organization of
the K region, which is consistent with lack of any effect on the
recombinational and transcriptional cold spot in the rhp6~/
sngl~ mutant.

The apparent loss of repression of mat2Pc transcript in
Msmto rhp6~ strain but the lack of haploid meiosis phenotype
in this strain may be explained as follows. The level of mat2Pc
transcript expression in the Msmto rhp6 ™~ /sngl — mutant is sim-
ilar to that in the wild-type 4°” strain, which also lacks haploid
meiosis (Fig. 3A, compare lanes 6 and 2). It is possible that the
comparable but low levels of mat2Pc transcript in Msmto
rhp6~/sngl~ and h®° rhp6™ strains are not sufficient, as a cer-
tain threshold level of this transcript may be required for in-
duction of meiosis. This level is elevated further >10-fold in
the 7’ rhp6~/sngl ~ strain (Fig. 3A, lane 4), which may exceed
the threshold level needed to trigger meiosis. (Actually, it may
not be matlPc as such that directly drives meiosis but rather
mat2Pi, which probably is transcribed less but cannot be as-
sayed in a mat2-specific manner.) Interestingly, the leaky ex-
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FIG. 9. A hypothetical model for the role of rhp6 protein in chromatin assembly. The putative chromatin assembly protein (X), which is transiently expressed during
cell cycle and associates with the newly assembled nucleosomes at the replication fork, may help in regulating the proper assembly of an inactive structure, for which
its timely removal through ubiquitination by rhp6 and subsequent degradation is very critical. Alternatively, the ubiquitinated (Ub) protein X may remain associated
with freshly assembling nucleosomes and play a structural role. In the absence of direct evidence for such a function in this system, ? indicates this possibility as an
alternative to that of proteolysis by the proteasome. Nucleosomes of the freshly replicated daughter chromatids in the middle are shaded differently from the parental
and the finally assembled inactive daughter chromatids and represent their perturbed state (metastable or potentially active). A close coordination of silencing with
switching is indicated by depicting the transposition of the replicated mating-type donor locus to the matI locus.

pression of mat2Pc in the wild-type 4% strain is also switching
dependent (Fig. 3A, lanes 2 and 8). It is worth mentioning here
that this leaky expression of mat2Pc transcript has not been
reported earlier because either heterothallic (64) or matIA
(14) strains had been used. A possible link of switching and si-
lencing has recently been suggested by the finding of the gene
DIS1, whose deletion drastically reduces the level of mating-
type switching and whose overexpression interferes with silenc-
ing of mating-type loci in S. cerevisiae (71). Since rhp6 ™ /sngl ~
mutation affects switching-dependent silencing, we tested
whether it may also affect the directionality of switching. Our
quantitative PCR data show that the relative levels of matIP
and matIM sequences are similar in A%’ and h*° rhp6~/sngl ~
strains, indicating that the #hp6~/sngl ~ mutation does not af-
fect the directionality of switching (data not shown).
Development of dam methylation as an in vivo probe for
monitoring chromatin structure in fission yeast. We have
shown earlier that the E. coli dam methylase, when expressed
constitutively in strains of budding yeast (which lacks methyl-
ation of its own), preferentially dimethylates active rather than
inactive genes. This approach has subsequently found wide-
spread use for analyzing the structures of different chromatin
regions in budding yeast (23, 32), since it offers the advantages
of simpler experimental manipulation and lack of experimental
artifacts associated with the in vitro approaches like micro-
coccal nuclease and DNase I analysis and, most important,
it uniquely provides an in vivo assay for the accessibility of
yeast genes. Our results showing increased dimethylation of
sites in the mat2P and mat3M loci in the swi6~ and rhp6~/

sngl~ mutants in comparison with the wild-type strains confirm
that dam methylation can also serve as a probe for accessibility
of expressed versus repressed regions of chromatin in fission
yeast as well. Our successful application of this technique to
two distantly related yeasts suggests that this approach may be
applicable to other species as well.

A possible explanation for the roughly constant level of
hemimethylation in both expressed and repressed states (this
study and reference 58) may be the occurrence of a hypothet-
ical narrow time window of S phase when freshly replicated
hemimethylated DNA strands are generated from a dimethyl-
ated or unmethylated template. In repressed state, rapid reas-
sembly of inaccessible structure prevents further methylation,
but in the expressed state the more accessible structure allows
methylation of the hemimethylated sites to yield the increased
level of dimethylation.

Conclusions and significance. Maintenance of the differen-
tiated state of a eukaryotic cell requires that the chromatin
structure and expression status of cell-type-specific genes be
reestablished after DNA replication, when the nucleosome
structure at the replication fork is known to be perturbed. Con-
ceivably, the duplication of DNA must be coordinated in vivo
by simultaneous assembly of nucleosomes at the replication
fork (reviewed in reference 69). The transient perturbation of
nucleosomes during replication is likely to alter the transcrip-
tional activity of the gene. Thus, it is paramount that the orig-
inal chromatin structure be reestablished in the differentiated
cell following every replication cycle. The problem of reestab-
lishment of the higher-order structure is particularly challeng-
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ing in case of inactive genes that have a folded structure, which
is inaccessible to transcription machinery and probes like DNase
I and dam methylase (58). Therefore, it is likely that eukaryotic
cells have a molecular mechanism that couples DNA replica-
tion to reestablishment of the chromatin structure. Notably, a
recent study has shown a coupling of chromatin assembly at the
templates undergoing DNA repair by the chromatin assembly
factor CAF-I (22), which had previously been shown to play a
role in assembly of nucleosomes on replicating DNA (60).
More interestingly, an intimate role of the chromatin assembly
genes CACI and CAC2 (30) and RLF2 (16) in telomere silenc-
ing has also been demonstrated in budding yeast.

Thus, our results provide support for the suggestion that a
transient window of opportunity is available during chromo-
some replication to remodel chromatin structure, a general
mechanism postulated for modulating gene expression in de-
velopment (69). It is likely that rhp6 acts globally either di-
rectly or indirectly in reestablishment of chromatin structure of
the matl, mat2, and mat3 loci after DNA replication and
switching. The rhp6-mediated ubiquitination of a key chroma-
tin assembly protein may be a critical event in this process as
proposed in our hypothetical model (see above and Fig. 9).
Interesting work by Bailly et al. (3) has demonstrated that both
RADG (of S. cerevisiae) and rhp6 (of S. pombe) interact phys-
ically with the UBRI1 protein (required for N-end rule prote-
olysis [66]) and with RAD18 (which binds to single-stranded
DNA). Such interactions may target RAD6 to proteolytic sub-
strates to effect protein degradation during DNA replication,
recombination, and repair, which may also affect chromatin
assembly. Additionally, it is possible that other proteins
involved in DNA repair, such as RAD1S, also participate in
switching-mediated chromatin alteration. Therefore, the obser-
vations in this paper point to an underlying link between mat-
ing-type switching by recombination and DNA replication and
repair on the one hand and gene regulation by modulation of
chromatin assembly through ubiquitination on the other. Fur-
ther genetic and biochemical work is needed to identify the
components that couple DNA replication to faithful chromatin
assembly at the mating-type loci.
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