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ABSTRACT
The cryptic mating type loci in Saccharomyces cerevisiae act as reservoirs of mating type information used

in mating type switching in homothallic yeast strains. The transcriptional silencing of these loci depends
on the formation of a repressive chromatin structure that is reminiscent of heterochromatin. Silent
information regulator (Sir) proteins 2–4 are absolutely required for silencing. To learn more about
silencing, we investigated mating type and Sir proteins in the yeast Kluyveromyces lactis, which contains
cryptic copies of the mating type genes. A functional homolog of SIR4 from K. lactis complements the
silencing defect of sir4 null mutations in S. cerevisiae. K. lactis sir2 and sir4 mutant strains showed partial
derepression of the silent a1 gene, establishing that the silencing role of these proteins is conserved.
K. lactis sir2 mutants are more sensitive than the wild type to ethidium bromide, and K. lactis sir4 mutants
are more resistant phenotypes that are not observed for the corresponding mutants of S. cerevisiae. Finally,
the deletion of sir4 in the two yeasts leads to opposite effects on telomere length. Thus, Sir proteins from
K. lactis have roles in both silencing and telomere length maintenance, reflecting conserved functional
themes. The various phenotypes of sir mutants in K. lactis and S. cerevisiae, however, revealed unanticipated
variation between their precise roles.

HAPLOID strains of Saccharomyces cerevisiae contain and HMR loci are presumably the yeast counterpart to
heterochromatin.three loci that encode mating type information.

Silencing of the cryptic mating type loci requires aThe MAT locus is expressed and thus determines the
combination of regulatory sites called silencers, as wellmating type, whereas two additional loci, HML (usually
as dedicated proteins. The most thoroughly studied si-encoding the a information) and HMR (usually encod-
lencer, HMRE, contains a binding site for ORC, a pro-ing a information) are not expressed despite the pres-
tein complex that is involved in replication initiation, asence of functional promoters and structural genes.
well as binding sites for two widely used transcriptionalTranscriptional repression of the cryptic mating type
activators, Rap1p and Abf1p. Mutations in the genesloci, known as silencing, occurs by the formation of a
encoding Orc2p (Foss et al. 1993; Micklem et al. 1993),repressive chromatin structure (Laurenson and Rine

Orc5p (Loo et al. 1995a), Rap1p (Sussel and Shore1992). Evidence for an unusual chromatin structure
1991), and Abf1p (Loo et al. 1995b) lead toderepressionassociated with these loci includes the involvement of
of transcription of HML and HMR. The silent informa-histones H3 and H4 in silencing (Kayne et al. 1988;
tion regulator (Sir) proteins 2–4 are required for bothThompson et al. 1994), as well as the observation that
telomere position effect and cryptic mating type locithe HMR locus is resistant to DNA modifying enzymes
silencing in S. cerevisiae (Aparicio et al. 1991; Ivy etboth in vivo (Singh and Klar 1992) and in isolated
al. 1986). Null alleles of the SIR2, SIR3, or SIR4 genesnuclei (Loo and Rine 1994). Marker genes close to
lead to a complete derepression of the silent matingtelomeres are also silenced by telomere position effect
type genes (Rine and Herskowitz 1987), whereas sir1(Gottschling et al. 1990), and a similar phenomenon
strains show only a partial derepression of HML andwas recently observed for marker genes located in the
HMR (Pillus and Rine 1989). Moreover, the require-rDNA locus (Smith and Boeke 1997; Bryk et al. 1997).
ment for a silencer element can be bypassed by fusingPosition effects on gene expression are widespread phe-
Sir1p, Sir3p, or Sir4p to a Gal4p DNA binding domainnomena. Silencing in yeast is reminiscent of heterochro-
and exchanging the silencer for GAL4 binding sitesmatic gene inactivation, which underlies the phenom-
(Chien et al. 1993; Marcand et al. 1996), confirmingena of X-chromosome inactivation in mammals and
the central role of Sir proteins in silencing. The preciseposition effect variegation in Drosophila (Grigliatti

functions of the Sir proteins are still unknown, but re-1991; Rastan 1994). Thus, telomeres and the HML
cent evidence suggests that they are structural parts of
silent chromatin because silent chromatin can be spe-
cifically immunoprecipitated using antibodies against
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exist in other eukaryotes and what function such poten-
tial homologs might have. SIR2 appears to encode a
protein of fundamental function because genes highly
homologous to SIR2 are found from bacteria to humans
(Brachman et al. 1995). The function of these homo-
logs in organisms other than S. cerevisiae remains un-
known, except for a K. lactis SIR2 gene homolog. This
gene partially complements a S. cerevisiae sir2 null allele
and is required for growth of K. lactis in the presence
of the DNA intercalating drug ethidium bromide (EtBr;
Chen and Clark-Walker 1994). Sequence or func-
tional homologs of the other Sir proteins have not yet
been identified.

In this study, we report the identification of a K. lactis
functional homolog of ScSIR4. The deletion of K. lactis
SIR4 had effects on the resistance to EtBr and also af-
fected telomere length. Finally, neither KlSir4p nor
KlSir2p are absolutely required for mating in K. lactis,
but their absence leads to a partial derepression of the
silent a1-gene in MATa strains.

MATERIALS AND METHODS

Cloning of KlSIR4: S. cerevisiae strain JRY4577 (MATa can1-
100 his3-11 leu2-3,-112 lys2D trp1-1 ura3-1 sir4::HIS3) was trans-

Figure 1.—(A) Identification of K. lactis SIR4. Plasmidsformed with a genomic K. lactis library in plasmid pAB24 (2 mm
containing the indicated constructs were introduced into aURA3). Approximately 42,000 transformants were screened by
MATa sir4::HIS3 strain (JRY4577) and tested for complemen-mating to a MATa ura3-52 strain (FY2), after which diploid
tation of the mating defect. 111, efficient complementa-colonies were recovered. Library plasmids were isolated, and
tion; -, no complementation. The left-hand ORF shares 20%the complementing activity was confirmed by transformation
identity with ScSir4p; the right-hand ORF shares 21% identity.into JRY4577, followed by mating assays. As a result, three
(B) Predicted coiled-coil domains in ScSir4p and KlSir4p.plasmids were found with overlapping but nonidentical inserts
ScSir4p, 1358 amino acids; KlSir4p, 1314 amino acids. Thethat could complement the mating deficiency of JRY4577.
KlSIR4 nucleotide sequence appears in the GenBank databasePlasmids: From one of the complementing library plas-
under the accession number AF035007.mids, a 7.8-kb SalI-HindIII fragment containing the entire

KlSIR4 ORF was cloned into the corresponding sites of
pSEYC68 (CEN ARS URA3) and pRS426 (2 mm URA3; Emr et
al. 1986; Christianson et al. 1992), forming plasmids p199 of replicating in K. lactis containing the KlSIR4 and ScSIR4
and p201, respectively. Plasmid p86 contained a 9-kb SalI genes were generated by cloning a 6-kb PstI-EcoRI fragment
fragment from one of the library plasmids cloned into the from pRS315-ScSIR4 (S. Okamura, unpublished data) into the
corresponding site of pUC118. Because the insert cloned into corresponding sites of pCXJ18 (Chen 1996) and by cloning a
p199 and p201 contained two ORFs (Figure 1), three deletion 6-kb MscI-HindIII fragment from p86 into the SmaI-HindIII
derivatives of p201 were generated to elucidate which ORF sites of pCXJ18, thus generating plasmids p248 and p250,
was responsible for the complementing activity. The entire respectively.
upstream ORF in p201 was deleted by a HindIII-MscI digestion, Sequencing and sequence analysis: The insert of p201 was
the staggered ends were filled in with T4 DNA polymerase, sequenced on both strands using a Prism sequencing kit (Ap-
followed by blunt end ligation, resulting in plasmid p162. Two plied Biosystems, Inc., Foster City, CA) and DNA sequencer
deletion derivatives of the KlSIR4 gene (leaving the upstream (model 373; Molecular Dynamics). Prediction of coiled-coil
gene intact; Figure 1) were generated by SacII digestion of domains was performed as described (Lupas et al. 1991), and
p201 followed by ligation, thus generating plasmid p163. Plas- homology searches were performed using the BLAST algo-
mid p122 was generated by cloning a 5.5-kb XbaI-HindIII rithm (Altschul et al. 1990).
fragment from p86 into the SpeI-HindIII sites of pRS426 Strain constructions: The strains used in this study are listed
(Christianson et al. 1992). These procedures removed the in Table 1. K. lactis strain CK213-4C (Chen and Clark-

sequences encoding amino acids 688–1314 (p163) and amino Walker 1994) was transformed with a MscI-linearized pRS306-
acids 909–1314 (p122) of the predicted KlSir4 protein. An sir4::LEU2 (p232) on 5-FOA/plates lacking leucine. This pro-
integrative plasmid, in which the sequences encoding amino cedure resulted in the replacement of SIR4 for sir4::LEU2
acids 87–939 of the KlSIR4 gene were exchanged for a func- (Scherer and Davis 1979), generating strain SAY90. The
tional LEU2 gene, was generated in two steps. First, a 2-kb disruption was confirmed by DNA blot hybridization. Strains
SalI-XbaI fragment from pJR990 containing a functional LEU2 SAY90 and CK57-7A (Chen and Clark-Walker 1994) were
gene was exchanged for an internal 2-kb SpeI-XhoI fragment in mated, sporulated, and the resulting tetrads were analyzed.
p86, generating plasmid p183. Second, a 5.7-kb BglII fragment As a result, sir2 sir4 double (SAY97), sir2 single (SAY99,
from p183 was cloned into the BamHI site of pRS306 (Sikorski SAY102), and sir4 single mutant (SAY101) strains were ob-

tained for subsequent analysis.and Hieter 1989), generating plasmid p232. Plasmids capable
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TABLE 1

Yeast strains used in this study

Strain Genotype Source

A. S. cerevisiae
JRY4577 MATa can1-100 his3-11 leu2-32112 lys2D trp1-1 ura3-1 This laboratory

sir4::HIS3
JRY4578 As JRY4577 but MATa This laboratory
RBY15 mataDp HMLa HMRa leu2-32112 his3-11,215 trp1-1 This laboratory

ura3-1 ste14::TRP1
FY2 MATa ura3-52 F. Winston, Harvard Medical School
JRY 2726 MATa his4 This laboratory
JRY2728 MATa his4 This laboratory

B. K. Lactis
CK213-4C MATa lysA1 trp1 leu2 metA1 uraA1 X. J. Chen and G. D. Clarke-Walker 1994
WM52V4 MATa ade1 adeX his7 uraA1 X. J. Chen and G. D. Clarke-Walker 1994
CK57-7A MATa ade1 uraA1 sir2::URA3 X. J. Chen and G. D. Clarke-Walker 1994
SAY 90 MATa lysA1 trp1 leu2 metA1 uraA1 sir4::LEU2 This study
SAY 97 MATa uraA1 leu2 or LEU2 ade1 metA1 sir2::URA3 This study

sir4::LEU2
SAY 99 MATa uraA1 metA1 sir2::URA3 This study
SAT101 MATa uraA1 lysA1 trp1 leu2 or LEU2 sir4::LEU2 This study
SAY102 MATa uraA1 leu2 lysA1 metA1 trp1 sir2::URA3 This study

Media: Rich media, sporulation media, and conditions for allele of sir4. Saccharomyces sir4 strains, unable to si-
quantitative matings were as described (Chen and Clark- lence HML and HMR, are sterile because of the simulta-
Walker 1994; Rose et al. 1990).

neous expression of a and a genes (Laurenson andRNA and DNA blot hybridizations: Standard techniques
Rine 1992). Among mating competent transformantswere used (Sambrook et al. 1989). DNAand RNA preparations

were as described (Rose et al. 1990). The a1 probe (Yuan et that were isolated, there were three plasmids with over-
al. 1993) was obtained by PCR from genomic K. lactis DNA lapping but nonidentical inserts. Complementation was
using oligonucleotides 59-ATGAAATCGAATGCTCCAACC-39 specific to the sir4 mutation because the introduction
and 59-CTCAGACTGAGTTCATCAAGG-39. The telomere of these plasmids into sir2 or sir3 null strains did notprobe was an oligonucleotide (59-GATTAGGTATGTGG -39)

restore mating. The sequence of the insert from one ofspecific for the telomeric repeats. Hybridization and washes
the complementing plasmids revealed two long ORFswere performed at 408 for blots probed by the oligonucleotide

and at 658 for the a1 probe. Quantification of signals were that share a limited homology to ScSIR4 (Figure 1). The
performed using a Phosphorimager (Molecular Dynamics, complementing gene was identified by deletion of the
Sunnyvale, CA) and Imagequant software. left-hand gene from the complementing insert (as

drawn), showing that the intact right-hand gene still
complemented the phenotype. A deletion removing theRESULTS
sequences encoding the carboxyl-terminal half of this

Cloning of KlSIR4: Comparisons of similar processes gene (corresponding to amino acids 688–1314) com-
in distantly related organisms offer a powerful approach pletely abolished the complementing activity, confirm-
to identifying themes and variations in evolution from ing that this gene was necessary and sufficient to comple-
the macroscale (Darwin 1859) to the microscale ment the sir4 mutation (Figure 1). A smaller deletion
(Susskind and Botstein 1978). Thus, we chose to ex- removing sequences corresponding to amino acids 909–
plore the similarities and differences between Sir pro- 1314 of the KlSIR4 gene still complemented the pheno-
teins in two budding yeasts, S. cerevisiae and K. lactis. type, however, defining a region between amino acids
Based on 18S rRNA sequences, these two yeasts are more 688 and 909 as important, but excluding amino acids
closely related to each other than either is related to 910–1314 as essential for the complementing activity.
budding yeasts such as Candida albicans or Yarrowia lipo- This KLSIR4 gene encoded a putative peptide of 1314
lytica (Barns et al. 1991). Previous work by others (Chen amino acids that was subjected to a homology search
and Clark-Walker 1994) established the existence of a in the GenBank database. No significant homologies
K. lactis SIR2 homolog (KLSIR2) that could complement were found, and KlSir4p and ScSir4p shared only 21%
the sir2 mutations of Saccharomyces. To learn if SIR4 sequence identity. Because of this limited homology, a
was evolutionarily and functionally conserved in K. lactis, meaningful alignment between the two molecules could
we transformed a genomic K. lactis library in a 2 mm not be assembled. Despite their limited homology,

KlSir4p had a predicted carboxyl-terminal coiled-coilplasmid vector into an S. cerevisiae strain carrying a null
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domain similar to that suggested for ScSir4p (Diffley carrying the KlSIR4 gene in an unusual way. Quantitative
mating determinations (a measure of silencing) re-and Stillman 1989; Figure 1). The extreme carboxyl

terminus of ScSir4p is essential for silencing (Kennedy vealed that KlSIR4 on a low copy plasmid complemented
the mating deficiency very well—in fact, more efficientlyet al. 1995), suggesting that this coiled-coil domain plays

an important role in Sir4p function. Interestingly, the than the same gene in high gene dosage (Figure 2).
This 10-fold difference in complementation efficiencypredicted coiled-coil domain of KlSir4p is more ex-

tended than that of ScSir4p, and the truncation that between the high- and low-copy plasmids was observed
only in the MATa strain. In MATa strains, both plasmidsremoved most but not all of the carboxyl-terminal

coiled-coil domain still complemented the sir4 null mu- only partially restored silencing, suggesting that KlSir4p
silenced HMLa more efficiently than HMRa. Moreover,tation in S. cerevisiae (Figure 1). The truncation that

removed the entire coiled-coil domain, however, did KlSir4p was unlikely to be expressed at levels signifi-
cantly different from ScSir4p because LacZ gene fusionsnot complement the phenotype, which is consistent with

a coiled-coil domain being essential for Sir4p function. to ScSIR4 and KlSIR4 produced similar levels of b-galac-
tosidase, 5 units and 7 units, respectively, when assayedThus, these homologs showed low sequence similarity,

but they had structural similarity and functional conser- in S. cerevisiae.
The inefficient silencing in MATa strains by the high-vation.

Phenotypic characterization of KlSIR4 in S. cerevisiae : copy KlSIR4 plasmid was reminiscent of the ability of
ScSir4p to derepress HML and HMR when overex-The ability of the KlSIR4 gene to complement the Scsir4

mutation depended on the copy number of the plasmid pressed (Marshall et al. 1987). We tested to see if

Figure 2.—(A) KlSIR4 complements the mating deficiency of S. cerevisiae sir4-null strains. Patch matings involving a MATa
sir4::HIS3 strain (JRY4577; upper panel) and a MATa sir4::HIS3 strain (JRY4578; lower panel) containing the indicated plasmids.
Mating type tester strains were as indicated on the right. CEN denotes low-copy number, and 2 mm denotes high-copy number.
Relative mating efficiencies, as determined by quantitative matings, are shown below the patches. The absolute mating efficiencies
of JRY4577/CEN ScSIR4 and JRY4578/CEN ScSIR4 were 0.1 and 0.7, respectively. (B) KlSIR4 disturbed silencing at the HM-loci
when overexpressed. Patch matings involving a mata1 HMLa HMRa ste14::TRP1 strain (RBY15), containing the indicated plasmids
are shown. Abbreviations are as described above. Absolute mating efficiencies are indicated below the patches.



1025Kluyveromyces lactis SIR Genes

overproduction of KlSir4p could disrupt silencing at
HML and HMR by using a strain in which loss of silenc-
ing leads to the ability to mate as an a strain. KlSIR4
in high-copy number disrupted silencing in this strain
efficiently, and no interference was seen when the gene
was present on a low-copy plasmid (Figure 2). Because
this strain had wild-type copies of all the Saccharomyces
SIR genes, it was likely that high levels of KlSir4p inter-
fered with the function of a Saccharomyces protein re-
quired for silencing.

K. lactis strains had stable mating types and silent
mating type genes: To characterize the mating-specific
functions of KlSir2p and KlSir4p, we had to determine
if mating in general in K. lactis and S. cerevisiae is similar.
The ability of KlSIR4 to silence HML and HMR in Sac-
charomyces implied that K. lactis might also have cryptic
copies of mating type genes. To determine if K. lactis
contained both silent and expressed mating type genes,
we used DNA blot hybridizations. The K. lactis a1 gene
(Yuan et al. 1993) was used as a probe in genomic DNA
hybridization experiments. If the S. cerevisiae model were
to be recapitulated in K. lactis, we would expect to see
one invariantly sized restriction fragment hybridizing in
strains of either mating type, as well as a second a1-
specific band present only in MATa strains. Indeed, this
was the observed result (Figure 3). Because wild-type
MATa strains did not express the a1-transcript (see be-
low), we deduced that the invariant band seen on the
DNA blot must represent a cryptic locus, and that the
unique locus found only in MATa strains was expressed.
Therefore, K. lactis did have a cryptic copy of a1, and
its expression most likely resulted from a genomic re-
arrangement. Moreover, the presence of a single hy-
bridizing band in the genome of multiple MATa strains
indicated that the rate of mating type interconversion
in these strains must be low.

Mutations in KlSIR2 and KlSIR4 did not abolish mating
in K. lactis: Others have shown that K. lactis sir2 strains
have a moderate mating defect (Chen and Clark-

Walker 1994), but the phenotype is not as dramatic as
that seen in S. cerevisiae sir2 strains. In our hands, the

Figure 3.—(A) The absence of Sir proteins did not abolishmating defect of sir2-null strains was barely detectable
mating in K. lactis. Patch matings of the indicated strains arein quantitative mating determinations in which dilu-
shown. The MATa mating type tester strain was WM52. Rela-tions of the strains tested were spread on a high density
tive mating efficiencies, as determined by quantitative matings,

lawn of the opposite mating type. We found, however, are shown below the patches. The absolute mating efficiency
that the sir2 strains required a high density of the mating of the K. lactis MATa strain (CK213) was 0.7. (B) The absence

of Sir proteins did not lead to increased mating type intercon-partner to mate efficiently. Patch matings, in which ap-
versions. DNA blot hybridization of K. lactis chromosomalproximately equal numbers of the two mating partners
DNA, digested with XbaI, from the indicated strains. The posi-

were mixed, resulted in less mating of the sir2 strains tions of the active and silent a loci are indicated on the left.
(Figure 3). (C) Sir proteins were required for repressing the silent a1

gene transcription. RNA blot hybridization of total K. lactisTo study the role of the SIR4 gene in K. lactis, we
RNA from the indicated strains. The position of the actindeleted the gene in a MATa strain. The resulting mutant
mRNA, serving as a control for the amount of mRNA in eachwas viable and showed no growth defect compared to lane, as well as the a1 mRNA, are indicated on the left. The

the wild-type parent. Moreover, mating in both mating relative amounts of a1 mRNA in the various strains are indi-
types appeared unaffected by the deletion (Figure 3, cated below the lanes.
data not shown).
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Sir proteins of K. lactis have a role in silencing: Al- Mutations in sir genes affected the sensitivity of
K. lactis to EtBr: sir2 mutant strains in K. lactis, butthough mutations causing defects in silencing in S. cere-

visiae lead to decreased mating efficiency, only a small not S. cerevisiae, are hypersensitive to DNA intercalating
agents such as the drug EtBr (Chen and Clark-Walkersubset of mutations affecting mating efficiency do so

through defects in silencing. To investigate if mutations 1994). We investigated the relative EtBr sensitivities of
a sir2 strain, a sir4 strain, and a sir2 sir4 double-mutantin sir2 and sir4 lead to derepression of the silent mating

type loci, we performed an RNA blot hybridization on strain. As expected, the sir2 mutant was at least four
orders of magnitude more sensitive to EtBr than wereRNA from various MATa strains probing for the a1-

transcript (Figure 3). The control MATa strain, as ex- the wild-type strains (Figure 4). Surprisingly, the sir4
mutant was at least 10-fold more resistant to EtBr thanpected, did not express the a1 transcript. The sir2 and

sir4 mutant strains, however, showed derepression of the parental strain. The sir2 sir4 double-mutant strain
was EtBr sensitive, showing that the sir2 mutation wasthe silent a1-locus, but not to the same extent as the

control MATa strain. In Saccharomyces, the a1 gene is epistatic to sir4 by this phenotype. Thus, both Sir pro-
teins were involved in the response of K. lactis to EtBr,partially repressed by the a1/a2 repressor in sir strains,

so we would not necessarily expect the a1 levels in sir2 but in opposite directions.
The role of Sir proteins in telomere metabolism inand sir4 mutants to be equal to that of the MATa strains.

The difference between the impact of a sir2 mutation K. lactis: The deletion of SIR4 in S. cerevisiae leads to
shorter telomeres (Kennedy et al. 1995; Palladino etand a sir4 mutation on a1 levels in K. lactis, however, was

unexpected. The silent a2 transcript was also partially al. 1993), so we investigated the size of the telomeres
in K. lactis sir2, sir4, and sir2 sir4 double-mutant strains.derepressed in sir strains (data not shown). Therefore,

null alleles of sir2 and sir4 caused a partial derepression The deletion of SIR4 in K. lactis led to telomeres that
were z200 bp longer (Figure 4). This phenotype couldof silent mating type genes in K. lactis that did not

abolish mating ability, revealing a surprising difference be partially complemented by a plasmid carrying KlSIR4,
but not by a plasmid carrying ScSIR4. Increased genebetween K. lactis and S. cerevisiae.

Figure 4.—(A) Sir proteins regulated the sensitivity of K. lactis to EtBr. Serial dilutions (10-fold) of overnight cultures of the
strains indicated were spotted onto either YEPD or YEPD plates containing 2 or 6 mg/ml EtBr. (B) Elongated telomeres in
K. lactis sir4 -null strains. DNA blot hybridization of K. lactis genomic DNA digested with EcoRI, from the indicated strains. pScSIR4,
a plasmid carrying ScSIR4; pKlSIR4, a plasmid carrying KlSIR4. Size markers in kilobasepairs are on the left.
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dosage of either Sc - or KlSIR4 did not affect telomere strain. A plasmid encoding the K. lactis a1 and a2 genes,
when introduced into MATa strains, almost abolishedlength in wild-type cells. Thus, the deletion of SIR4 in

K. lactis and S. cerevisiae had opposite effects on telomere mating under conditions with a limited number of mat-
ing partners. Surprisingly, these strains still mated effi-length. The K. lactis sir2 mutant had telomeres of appar-

ent wild-type length, but sir2 sir4 double-mutant strains ciently when a large surplus of mating partners were
present (data not shown). Thus, K. lactis was able tohad long telomeres (Figure 4). Thus, by this phenotype,

the sir4 mutation was epistatic to the sir2 mutation, mate despite the simultaneous expression of both a and
a information, at least under these conditions. Thiswhereas by the EtBr resistance phenotype, sir2 was epi-

static to sir4. behavior is fundamentally different from comparable
S. cerevisiae mutants. The a1/a2 repressor of K. lactis is
perhaps unable to completely repress the transcription

DISCUSSION
of haploid-specific genes.

With respect to telomere length, sir4 mutationsIn this report, we have studied mating-type and the
genes encoding Sir2p and Sir4p in K. lactis. We found lengthened telomeres in K. lactis and shortened telo-

meres in S. cerevisiae. In S. cerevisiae, the DNA-bindingthat the K. lactis laboratory strains had stable mating
types and contained cryptic mating type genes. More- protein Rap1p binds to telomeric sequences (Longtine

et al. 1989; Lustig et al. 1990) and interacts with Sir4pover, based on the DNA blot hybridization data, mating
type interconversion in K. lactis presumably involves ge- via its carboxyl terminus (Moretti et al. 1994). Recently,

Shore and co-workers suggested a model for telomerenomic rearrangements.
K. lactis Sir proteins were involved in transcriptional length regulation in S. cerevisiae that involved a protein-

counting mechanism (Marcand et al. 1997). In thissilencing of silent mating type genes, as their Saccharo-
myces counterparts. The modest effect that sir2 and sir4 model, the precise number of Rap1p molecules bound

to the telomere negatively regulates telomere length.mutations had on the mating efficiency, however, was
surprising. We cannot exclude that K. lactis might en- Furthermore, interaction between Sir4p and Rap1p lim-

its the amount of Rap1p available for the countingcode redundant functions for Sir2p and Sir4p, which
could explain why strains mutant for the corresponding mechanism. Thus, in the absence of Sir4p, more Rap1p

molecules bound to the telomeres are counted, ex-genes still mate with reasonable efficiency. However,
DNA blot hybridizations using probes against these plaining the shorter telomeres observed in sir4 null

strains. This model cannot explain the data from thisgenes at high stringency indicate that closely related
sequences do not exist in the K. lactis genome (Chen related yeast, however, because K. lactis sir4-null strains

have long telomeres.and Clark-Walker 1994; data not shown). Moreover,
the phenotypes of sir2 and sir4 mutants with respect to In K. lactis, Rap1p alsobinds telomeres, and mutations

that change the sequence of the repeats, and thus de-EtBr sensitivity, telomere length, and silencing indicate
that K. lactis lacks any genes whose function is com- crease Rap1p binding, lead to telomere lengthening

(Krauskopf and Blackburn 1996). Moreover, K. lactispletely redundant with those of KlSIR2 and KlSIR4.
Given the low sequence similarity between KlSIR4 and strains that contain a carboxyl terminal deletion of

Rap1p have long telomeres (Krauskopf and Black-ScSIR4, it was possible that a gene sharing more se-
quence identity to ScSIR4 was present in the K. lactis burn 1996), similar to the phenotype obtained here in

Klsir4 strains. Perhaps a counting mechanism in K. lactisgenome. The gene that we identified in this study, how-
ever, encodes a protein that is structurally similar to maintains the number of Sir4p/Rap1p heteromeres that

are bound to telomeres to regulate telomere length.ScSir4p, and this gene complements the mating defi-
ciency of S. cerevisiae sir4 strains to almost wild-type levels Further investigations are required, however, to eluci-

date if KlSir4p has a direct interaction to KlRap1p andwhen present on a single copy vector. Moreover, in
complementation experiments of S. cerevisiae sir4 strains telomeres.

In contrast to S. cerevisiae Sir proteins, KlSir2p andwith Saccharomyces plasmid libraries, only plasmid-
borne SIR4 has been found to complement the muta- KlSir4p controlled the sensitivity of cells to EtBr. Surpris-

ingly, sir2 and sir4 mutations had opposite effects ontion. These arguments suggest that the gene we identi-
fied indeed encodes the K. lactis equivalent to ScSIR4, EtBr sensitivity, indicating that Sir2p and Sir4p have

opposing functions by this phenotype. One explanationbut we cannot exclude that this gene is in fact a low-
copy number suppressor. for the observed phenotypes would be that Sir2p was

required for resistance to EtBr, and that Sir4p limitedBecause both KlSir2p and KlSir4p are required for
complete silencing of the silent a locus, we expected the effective level of Sir2p. Thus, sir2 mutants would be

sensitive to EtBr, and in the absence of Sir4p, thereMATa sir2 and sir4 mutants to have a dramatic mating
defect if haploid specific genes are repressed by an a1/ would be more Sir2p available for conferring resistance,

thereby making sir4 mutants resistant to EtBr. We havea2 repressor, as observed for S. cerevisiae. We tested this
assumption by determining whether a plasmid-borne observed that wild-type cells grown in the presence of

EtBr exclude the drug from the cells, whereas sir2 cellscopy of a K. lactis a locus would block mating of a MATa



1028 S. U. Åström and J. Rine

Darwin, C., 1859 On the Origin of Species by Means of Natural Selection,accumulate EtBr, suggesting that this accumulation
or the Preservation of Favoured Races in the Struggle for Life. John

causes the EtBr sensitivity (our unpublished observa- Murray, London.
tion). Diffley, J. F., and B. Stillman, 1989 Transcriptional silencing and

lamins. Nature 342: 24.In Saccharomyces, Sir2p, Sir3p, and Sir4p have been
Emr, S. D., A. Vassarotti, J. Garnet, B. L. Geller, M. Takeda etfound together in a multicomponent complex (Moazed al., 1986 The amino terminus of the yeast F1-ATPase b-subunit

and Johnson 1996). In contrast, the data from K. lactis precursor functions as a mitochondrial import signal. J. Cell Biol.
102: 523–533.implies that Sir2p has a function that was different from

Foss, M., F. J. McNally, P. Laurenson and J. Rine, 1993 A roleSir4p. Recently, ScSir2p was shown to be required for of the origin recognition complex (ORC) in transcriptional si-
efficient rDNA silencing, whereas Sir4p appears to inter- lencing and DNA replication in Saccharomyces cerevisiae. Science

262: 1838–1844.fere with rDNA silencing (Smith and Boeke 1997).
Gottschling, D. E., O. M. Aparicio, B. L. Billington and V. A.Thus, in both Saccharomyces and K. lactis, the Sir pro-

Zakian, 1990 Position effect at S. cerevisiae telomeres: reversible
teins appear to have functions that are independent of repression of Pol II transcription. Cell 63: 751–762.

Grigliatti, T., 1991 Position effect variegation: an assay for nonhis-each other. These data imply either that some Sir2p or
tone chromosomal proteins and chromatin assembly and modi-Sir4p function independently of the Sir2p-Sir3p-Sir4p fying factors. Methods Cell. Biol. 35: 587–627.

complex, or that the complex has multiple different
Ivy, J. M., A. J. Klar and J. B. Hicks, 1986 Cloning and characteriza-

tion of four SIR genes of Saccharomyces cerevisiae. Mol. Cell. Biol.roles.
6: 688–702.Each species shares fundamental processes with other

Kayne, P. S., U.-J. Kim, M. Han, J. R. Mullen, F. Yoshizaki et al.,
species and differs from other species by certain special- 1988 Extremely conserved histone H4 N terminus is dispensible

for growth but essential for repressing the silent mating loci inizations. At least one silencing protein (Sir2p) is con-
yeast. Cell 55: 27–39.served among many phyla and kingdoms, indicating

Kennedy, B. K., N. R. Austriaco, Jr., J. Zhang and L. Guarente,

that its function is important. Studies like the one re- 1995 Mutation in the silencing gene SIR4 can delay aging in
S. cerevisiae. Cell 80: 485–496.ported here have helped us discriminate between funda-

Krauskopf, A., and E. H. Blackburn, 1996 Control of telomeremental themes and species-specific variations, and they
growth by interactions of RAP1 with the most distal telomeric

should prove equally valuable across a broad range of repeats. Nature 383: 354–357.
phenomena. Laurenson, P., and J. Rine, 1992 Silencers, silencing, and heritable

transcriptional states. Microbiol. Rev. 56: 543–560.
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