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The broadly conserved Sir2 NAD*-dependent deacetylase is required for chromatin silencing. Here we
report the discovery of physical and functional links between Sir2 and SIx5 (Hex3), a RING domain protein and
subunit of the SIx5/8 complex column, which is a ubiquitin E3 ligase that targets sumoylated proteins. SIx5
interacted with Sir2 by two-hybrid and glutathione S-transferase-binding assays and was found to promote
silencing of genes at telomeric or ribosomal DNA (rDNA) loci. However, deletion of SLX5 had no detectable
effect on the distribution of silent chromatin components and only slightly altered the deacetylation of histone
H4 lysine 16 at the telomere. In vivo assays indicated that Sir2-dependent silencing was functionally intact in
the absence of SIx5. Although no previous reports suggest that Sir2 contributes to the fitness of yeast
populations, we found that Sir2 was required for maximal growth in six5A mutant cells. A similar requirement
was observed for mutants of the SUMO isopeptidase Ulp2/Smt4. The contribution of Sir2 to optimal growth
was not due to known Sir2 roles in mating-type determination or rDNA maintenance but was connected to a
role of sumoylation in transcriptional silencing. These results indicate that Sir2 and SIx5 jointly contribute to
transcriptional silencing and robust cellular growth.

In the budding yeast Saccharomyces cerevisiae, transcrip-
tional silencing is defined as constitutive, chromatin-mediated
repression of transcription that occurs at HM loci, ribosomal
DNA (rDNA), and telomeres. The Sir2 protein, essential for S.
cerevisiae transcriptional silencing, is of particular interest as
the founding member of the sirtuin family of NAD-dependent
protein deacetylases that is conserved throughout eukaryotes.
Increased expression of SIR2 or its closest homologs increases
the life span in yeast and animals, respectively (reviewed in
references 31 and 44). Although these studies suggest the con-
servation of an aging pathway, molecular mechanisms under-
lying the conserved function of sirtuins in aging remain un-
clear. In yeast, the only reported targets of Sir2 activity are
histones. By contrast, the mammalian sirtuin SIRT1 deacety-
lates many different targets, including p53 (reviewed in refer-
ence 55). In yeast, Sir2 binds the telomeres and HM loci in
complex with Sir3 and Sir4. Deacetylation of histone H4 lysine
16 (H4K16) promotes binding of Sir3 to chromatin and spread-
ing of transcriptional silencing (reviewed in reference 54).
However, Sir3 and Sir4 have no known metazoan homologs.
Thus, it seems likely that some Sir2 molecular interactions
remain undiscovered. Indeed, molecular mechanisms that con-
tribute to sir2A phenotypes, such as suppression of replication
onset (47) and unequal inheritance of oxidative damage be-
tween mother and daughter cells (1), are undefined. To iden-
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tify novel Sir2-interacting proteins that might participate in
these and other uncharacterized molecular pathways, we per-
formed a screen for Sir2 physical interactions.

We identified SIx5 as a novel Sir2 interactor by two-hybrid
analysis with Sir2 fused to the Gal4 DNA-binding domain
(GBD). SIx5 is a RING domain protein that was first identified
as essential for viability in the absence of Sgs1 (45). Sgsl is the
sole S. cerevisiae representative of the RecQ helicase family
that includes human WRN and BLM. SIx5 forms a complex
with another RING domain protein, SIx8 (45, 76). Mutants
lacking SIx5 or SIx8 show an increase in global sumoylation (6,
28, 70). SUMO is a ubiquitin-like protein moiety that is co-
valently attached to lysine residues. The SIx5/8 complex may
function as a SUMO E3 ligase (28). Recently, it was discovered
that SIx5 contains SUMO interaction motifs and that SIx8 is a
ubiquitin E3 ligase (49, 67, 73). The SIx5/8 complex is thus a
member of a newly defined conserved family of factors, known
as STUbLs (SUMO-targeted ubiquitin ligases), present in hu-
mans as a single protein, RNF4 (49, 62). A function shared by
some members of this protein family may be ubiquitination
of polysumoylated proteins. The polysumoylated and ubiqui-
tinated proteins are then degraded by the proteasome (67),
providing a previously unsuspected mechanism for down-reg-
ulation.

Although Sir3 and Sir4, but not Sir2, are known to be sumoy-
lated (11, 72), the Sir2-SIx5 two-hybrid interaction required
neither protein and the GAD-SIXS interactor lacked the N-
terminal SUMO interaction motifs. Furthermore, we recapit-
ulated the physical interaction in vitro by affinity precipitation
under conditions in which protein sumoylation is not pre-
served. Thus, the physical interaction was not likely to be
bridged by sumoylation. The proteins have a functional overlap
defined by several independent assays. Yeast lacking the SLX5
gene grew poorly, and additionally deleting SIR2, SIR3, or
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SIR4 exacerbated this defect, indicating that SIx5 and the Sir2/
3/4 complex may have parallel roles in a vital process. Deletion
of the SLX5 gene caused a previously unsuspected loss of
telomeric and rDNA silencing, as does sir2A. Furthermore,
ulp2A mutant cells, which share the six5A phenotype of in-
creased global sumoylation, also shared the silencing defect
and loss of viability in combination with the sir2A or sir4A
mutation. Therefore, the role of SIS in silencing appears to be
linked to its role in regulating sumoylation, such that excess
accumulation of sumoylated proteins is toxic in the absence of
silenced chromatin.

MATERIALS AND METHODS

Yeast methods. For the yeast strains used in this study, see Table S1 in the
supplemental material. Strains were grown at 30°C and standard manipulations
were performed as previously described (2). Yeast media were prepared as
previously described (56). Yeast cells were grown on yeast-peptone-dextrose
(YPD) unless otherwise noted. 5-Fluoroorotic acid (SFOA; U.S. Biological,
Marblehead, MA) was added to supplemented minimal medium at 0.1% to test
for URA3 reporter expression. Telomeric and rDNA silencing assays were per-
formed as described previously (22, 59). In serial-dilution assays, fivefold dilu-
tions were plated starting at an optical density greater than 1 and grown at a
temperature of 30°C. The growth rate of yeast strains was measured by spectro-
photometer in logarithmic phase (44 readings between 0.03 and 0.3). The A
readings were fitted to the exponential curve 4 = A,e*!, and then the calculated
Ay values were used to normalize and combine data from two to four indepen-
dent cultures. Experiments with slix5A haploid strains were performed immedi-
ately after counterselection against an SLX5 URA3 plasmid.

Microscopy. GFP microscopic imaging was performed on an Axiovert 200 M
system (Carl Zeiss MicroImaging) with a monochrome digital camera and soft-
ware provided by the manufacturer. Immunofluorescence microscopy was per-
formed on an Applied Precision optical sectioning microscope to collect images
spaced at 0.2-um increments. The images were deconvolved with the Delta
Vision deconvolution software as previously described (48). For immunofluores-
cence microscopy, fluorescein-conjugated anti-rabbit and Texas Red-conjugated
anti-mouse secondary antibodies (Jackson ImmunoResearch) were preadsorbed
against spheroplasted mutant and wild-type yeast cells.

Plasmid construction. For the plasmids used in this study, see Table S2 in the
supplemental material. Inserting a Bcll-Nrul SIR2 fragment, with Klenow-filled
ends, from plasmid pLP285 into the Smal site of pLP956 yielded plasmid Gbd-
coreSir2 (pLP1073). Plasmid pLP1074 contains the Clal fragment of SIR2 from
pLP285 inserted into pLP958. Insertion of SacI-Ncol fragments of pLP1102,
pLP1110, and pLP1112 (17) into pLP1074 created plasmids pLP1369, pLP1370,
and pLP1371, respectively. SLX5 was cloned by molecular amplification with
oligonucleotides 404 and 415 (see Table S3 in the supplemental material), in-
serted into pBluescript digested with Clal and Smal, and then subcloned into
pRS315 cut with Sall and Xbal to make pLP1739.

Two-hybrid screen. Details of the Gad-C1 library construction and PJ694-A
two-hybrid reporter strain are described elsewhere (29). To test the bait con-
structs for in vivo Sir2 activity, MATa sir2A strain LPY11 was transformed with
GBD, SIR2 (pLP983), GBD-coreSIR2, and two different GBD-A73NSIR2 con-
structs and tested for mating ability. Plasmids recovered from yeast cells capable
of growth on medium lacking histidine and adenine were digested with HindIII
as a diagnostic to distinguish bait from prey plasmids. To test for autoactivation,
the prey plasmids were transformed into strain PJ694-A, lacking a bait construct,
and these yeast cells were plated on medium lacking leucine, histidine, and
adenine. For directed two-hybrid interactions, yeast transformants were selected
on medium lacking leucine, tryptophan, histidine, and adenine and grown at
30°C for 6 days.

To identify the inserts of the candidate interactors, sequencing of both ends
was performed with two plasmid-specific primers. For the 5" end of the inserts,
an oligonucleotide was used that hybridizes to the activation domain of Gal4 456
(5'-CGATGAGAAGATACCCC-3"). Sequencing of the 3" end of the insert was
performed with oligonucleotide 457 (5'-ATAGATCTCTGCAGGTCG-3") and
an Applied Biosystems automated facility at the UCSD Cancer Center and
Center for Molecular Genetics (La Jolla, CA). Sequences obtained were aligned
with the S. cerevisiae complete genomic sequence by using the Saccharomyces
Genome Database BLAST program (http://genome-www2.stanford.edu/cgi-bin
/SGD/nph-blast2sgd). The GAD-SIX5 interactor lacked only the first 182 residues
of the SIx5 protein and contained the entire SIx5 RING domain.
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GST-binding assays. Glutathione S-transferase (GST; pLP1302), GST-Sir2
(pLP1275), and GST-sir2-R139K (pLP1335) fusion proteins were expressed in
Escherichia coli BL2IDE3 during a 4-h induction with 0.5 mM isopropyl-B-p-
thiogalactopyranoside at room temperature. Cells were resuspended in lysis
buffer (20 mM Tris [pH 8]; 1 mM EDTA; 1 mM EGTA; 1X protease inhibitors
tosylsulfonyl phenylalanyl chloromethyl ketone [TPCK], phenylmethylsulfonyl
fluoride [PMSF], benzamidine, leupeptin, and pepstatin; 200 mg/ml lysozyme;
1% NP-40; 350 mM NaCl; 10 mM dithiothreitol) and lysed on ice for 30 min,
followed by sonication. Proteins were purified from the E. coli extracts on
glutathione-agarose beads as directed by the manufacturer (GE Healthcare,
Piscataway, NJ). Whole-cell extracts were prepared from yeast strains LPYS5,
LPY9187, LPY12490, LPY12628, and LPY12630 in Sir2 IP lysis buffer (50 mM
HEPES [pH 7.5]; 0.5 M NaCl; 0.5% NP-40; 10% glycerol; 1 mM EDTA; 1X
PMSF, TPCK, leupeptin, pepstatin, and benzamidine). Whole-cell extracts (ap-
proximately 45 A, cell equivalents) were mixed with ~10 pg GST, GST-Sir2,
and GST-sir2-R139K bound to glutathione-agarose beads and incubated at 4°C
for 1 h. The beads were washed once with Sir2 lysis buffer and twice with wash
buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA) and then boiled
in 50 pl 1X sodium dodecyl sulfate (SDS) sample loading buffer. For hemag-
glutinin (HA) immunoblot analysis, 40 pl of sample was loaded onto 9% SDS-
polyacrylamide gels (10 by 12 cm). Immunoblots were probed with a 1:5,000
dilution of mouse anti-HA monoclonal antiserum (Covance Research Products,
Berkeley, CA). A horseradish peroxidase-coupled anti-mouse secondary anti-
body (Promega, Madison, WI) was used at 1:10,000 and detected with enhanced
chemiluminescence reagents (Perkin-Elmer, Waltham, MA). For GST immuno-
blot analysis, 5 ul of sample was loaded onto a 10% SDS-polyacrylamide gel (8
by 10 cm). Immunoblots were probed with a 1:5,000 dilution of rabbit anti-GST
antibody (Sigma-Aldrich, St. Louis, MO). A horseradish peroxidase-coupled
anti-rabbit secondary antibody (Promega, Madison, WI) was used at 1:10,000
and detected with enhanced chemiluminescence reagents (Perkin-Elmer, Wal-
tham, MA).

Generation of deletion mutants. The Saccharomyces genome deletion project
strain collection (71) obtained from Research Genetics was used to build most
of the null strains constructed in this study. Additional information on this
strain collection can be found at http://www-sequence.stanford.edu/group/yeast
_deletion_project/deletions3.html. Strain 23709 was used for the construction of
the six5 deletion strains. Oligonucleotides 404 and 415 were used to amplify
DNA containing the SLX5 flanking sequence and a Geneticin resistance cassette
(kanMX). Strains LPYS5, LPY408, LPY2446, and LPY4931 were transformed by
an optimized lithium acetate method (50) with the following modifications.
Twenty microliters of PCR product was mixed with 150 wl of cells and 20 pl of
herring sperm DNA (10 mg/ml). Immediately following a heat shock at 42°C for
8 min, cells were resuspended in 100 pl 1 M sorbitol and 900 wl YPD and grown
at 30°C for a 2- to 3-h recovery period. Geneticin (G418)-resistant transformants
were selected by plating the recovered cultures onto YPD plates containing 100
pg/ml G418 (Mediatech Inc., Herndon, VA). Transformants were replica plated
onto plates containing 200 wg/ml G418, and these colonies were subsequently
streaked for singles onto plates containing 200 pg/ml G418. Correct deletion of
the target gene at each specific genomic locus was verified by analytical PCR.
The same procedure was used to make the six8 deletion strains used. The ulp2A
mutant with a silencing reporter and sir2A ulp2A double-mutant strains were
derived partly from MHY1380, provided by M. Hochstrasser (38).

The ura3A0 strains used for reverse transcription-PCR analysis (see Fig. 4)
were derived from DR1726 (51) crossed to isogenic sir2A or six5A strains with the
telomeric adh4::URA3-UAS reporter. Deletion of the nontelomeric URA3 gene
was confirmed in candidate segregants by PCR with primers oLP#382,
oLP#383, oLP#387, and oLP#389 (see Table S3 in the supplemental material).

ChIP. Chromatin immunoprecipitations (ChIP) were performed as previously
described (18). Cultures were grown to an A4, of 0.25 to 1.0, and protein-DNA
complexes were cross-linked for 45 min with 0.86% formaldehyde. After quench-
ing with 125 mM glycine and 0.2% ammonium hydroxide, cells were lysed with
glass beads in 50 mM HEPES (pH 7.5)-0.5 M sodium chloride-0.5% Nonidet
P-40-10% glycerol-1 mM EDTA-1 mM PMSF-2 mM benzamidine-1 mM leu-
peptin-1 mM pepstatin-1 mM TPCK and then DNA was broken by sonication
into fragments approximately 500 bp long. Immunoprecipitation mixtures were
incubated overnight at 4°C with polyclonal antiserum (2916/8) raised to a C-
terminal peptide of Sir2 (60) or purified antibody to acetylated H4K16 peptide
(Upstate, Charlottesville, VA). Efficiency of immunoprecipitations was assayed
by Western blot assay. DNA in input and immunoprecipitated (IP) samples was
quantified by real-time PCR on a DNA Engine Opticon 2 (MJ Research, Wal-
tham MA). For the sequences of the primers designed for these experiments, see
Table S3 in the supplemental material; primers for TEL6R-200, 25S, and 58S have
been used previously (13). For each strain, the values reported are IP at each
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locus divided by the input average of all loci, normalized to the average IP/input
at the nonspecific loci. Each datum point is the average of two or more exper-
iments.

mRNA quantification. For expression analysis, RNA was prepared by RNeasy
Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions,
with the following modifications. Cells were grown in 25 ml rich medium to an
Agoo of 1 before harvest, suspended in 600 pl guanidine buffer with 1% B-mer-
captoethanol, and then flash-frozen at —20°C; cells were lysed in 300-pl aliquots
by 3 min of vortexing with glass beads. Reverse transcriptase reactions were
performed with a TagMan kit (Applied Biosystems, Foster City, CA) with
oligo(dT) to prime the reactions. The cDNA preparations were then diluted
100-fold prior to real-time PCRs, performed as described for ChIP (see above),
with the primers for ACT1, URA3, and YFRO57W (see Table S3 in the supple-
mental material).

RESULTS

Interactions between Sir2 and SIx5 proteins. In search of
proteins that contribute to specific cellular functions of Sir2,
two different GBD (GBD1-147)-Sir2 fusion proteins were de-
signed for two-hybrid assay analysis. GBD-Sir2core contains
residues 244 to 457 of Sir2 and constitutes the sirtuin family
conserved catalytic domain. GBD-Sir2 contains residues 74 to
562 of Sir2. Both fusion proteins were expressed and had the
expected molecular weights, as determined by protein immu-
noblotting (not shown). The A73N GBD-Sir2 fusion rescued
the mating defect of a sir2A haploid, although GBD-Sir2core
did not (not shown), indicating that A73N GBD-Sir2 has bio-
logical activity that GBD-Sir2core lacks. A two-hybrid screen
performed with A73N GBD-Sir2 produced a single interactor,
the SIx5 protein.

In a directed test, the GAD-SIX5 fusion recovered from the
screen did not interact with GBD-Sir2core (Fig. 1), nor did it
interact with other members of the sirtuin family (data not
shown). These data suggested that the sirtuin catalytic core is
not sufficient for the interaction with SIx5. To determine
whether Sir2 enzymatic activity is necessary for association
with SIx5, four point mutations previously shown to impair Sir2
histone deacetylase function (17, 65) were tested for two-hy-
brid interactions in the A73N GBD-Sir2 construct. All GBD-
Sir2 fusions were fully expressed, as determined by Western
blot assay, except Sir2-H364Y, the expression of which was
slightly reduced (not shown). The only point mutation found to
disrupt the association, sir2-R139K, was outside the core do-
main (Fig. 1). Perhaps when mutated to lysine, the residue may
be subject to some posttranslational modification that inter-
feres with SIx5 association or with the transcriptional readout
of the interaction. Thus, although Sir2 catalytic activity was
dispensable for association with SIx5, the amino acid sequence
N terminal to the core domain of Sir2 appeared to be critical
for the two-hybrid interaction.

Because Sir2 participates in multicomponent protein com-
plexes in silent chromatin, it was possible that known Sir2
interactors mediated the SIx5 interaction. To address this idea,
the two-hybrid assay was repeated with two strains in which
nonessential Sir2 complex members had been deleted. Ab-
sence of SIR3 or SIR4 did not disrupt the Sir2-SIx5 two-hybrid
interaction (data not shown). Thus, the two-hybrid interaction
was independent of the partner Sir3 or Sir4 protein. Because
the NETI gene is essential, it was not included in this analysis.
Both the Sir2/3/4 and Sir2-Netl complexes have been charac-
terized biochemically, and SIx5 was not reported to be a stable
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FIG. 1. GAD-SIx5 interaction with GBD-Sir2. Sir2 is diagrammed
above. The core contains residues 244 to 457 of Sir2. GBD-Sir2 con-
tains residues 74 to 562. All sir2 point mutants were tested in this
construct. GBD fusions were expressed from a TRPI-marked plasmid.
GAD-SIx5 fusion was expressed from a LEU2-marked plasmid. The
growth plate lacks leucine and tryptophan. The interaction plate ad-
ditionally lacks adenine and histidine to assay simultaneously for acti-
vation of the reporter genes GALI-HIS3 and GAL2-ADE2, which
share minimal promoter sequence similarity yet are highly induced by
the same activator, Gal4, thus eliminating promoter-specific false pos-
itives (29). Growth on this plate indicates a physical association be-
tween the GBD-Sir2 fusion and GAD-SIX5. Point mutants demon-
strate that the interaction is not solely dependent on catalytic activity
but is dependent on at least one residue outside the Sir2 catalytic
domain.

member of either complex (20, 26, 52). Therefore, SIXS appears
to be a new molecular partner for Sir2.

To determine whether the two-hybrid Sir2-SIx5 interaction
could be validated independently, affinity binding experiments
were performed with the GST moiety that binds glutathione-
conjugated medium. Lysate of yeast cells expressing SIx5 with
or without an HA epitope tag was mixed with GST or a GST-
Sir2 fusion protein purified from bacteria. Western blotting for
the HA epitope revealed that the GST-Sir2 fusion, but not
GST alone, bound the HA-SIX5 fusion (Fig. 2A). Binding of
SIxS to the Sir2-R139K mutant protein that did not support the
two-hybrid interaction was slightly diminished (not shown).
Sir2 R139K is defective for interaction with Netl (17), suggest-
ing that SIx5 and Netl may interact with the same region of
Sir2.

We noted that only a small amount of Sir2 and SIx5 inter-
acted, consistent with the presence of most Sir2 in the RENT
and TEL complexes that do not appear to contain SIx5. When
extracts were prepared from sir2A or six8A strains, SIx5 binding
was increased, although in the sir2A mutant this may have been
due to a modestly increased SIx5 abundance. Sir3 and Sir4
were not required for the interaction (Fig. 2B), consistent with
the lack of a requirement for Sir3 or Sir4 in the two-hybrid
assay. We note that these results do not necessarily indicate
direct binding of Sir2 to SIx5, as other proteins present in yeast
lysate may bridge the interaction.

SIxS has been reported to have a relatively uniform nuclear
localization when evaluated by indirect immunofluorescence
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FIG. 2. Evaluating Sir2 and SIx5 interaction in vitro. (A) GST and
GST-Sir2 were purified from bacteria with GST-Sepharose. Purified
proteins were incubated with whole-cell extracts from yeast with or
without SIx8 or chromosomally tagged HA-SIxS. Bound protein was
subjected to SDS-polyacrylamide gel electrophoresis. Immunoblot
analysis of HA-SIxS was performed with anti-HA monoclonal anti-
body. Note the enhanced interaction in the six8A mutant, perhaps
reflecting decreased competition for binding. (B) The same experi-
ment was performed in the absence of Sir3 and Sir4, SIx8, or Sir2. As
before, deletion of SLX8 enhances the interaction, even in the absence
of Sir3 and Sir4. Although the interaction appeared to be enhanced in
the absence of Sir2, more SIx5 was apparent in the input as well.
Immunoblot analysis of GST was performed with anti-GST polyclonal
antibody.

(76). By comparison, we observed that when epitope-tagged
SLX5 expression was turned on in a null mutant background,
at early times of expression, the protein appeared not to be
evenly distributed but rather to occupy distinct foci. By 3 h, the
foci became ring-like structures that did not coincide with
the Sir2-associated nucleolus or the telomeres (Fig. 3). Thus, the
Sir2-SIxS interaction is not stoichiometric or fully overlapping, yet
it is likely to be functionally significant, as detailed below.

90 minutes

uninduced
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SLX5 has a distinct role in transcriptional silencing. The
interaction with Sir2 suggested that SIx5 might influence tran-
scriptional silencing, although this function had not previously
been ascribed to it, nor did any previous screens for silencing
genes uncover SLX5. Silencing in slik5A mutants was assayed
with well-characterized reporter genes at each of the major
silenced loci. To assess telomeric silencing, ADE2 and URA3
reporter genes were used (reviewed in reference 68). Cells with
a URA3 reporter gene located at telomere VR grow on SFOA
only if they have functional silencing. Otherwise, expression of
the URA3 gene product converts SFOA into a toxic metabolite.
As a control, growth of six5A mutants lacking the URA3 re-
porter on plates containing SFOA demonstrated that six5A
mutants are not inherently sensitive to the drug (Fig. 4A).
However, in the presence of the telomeric URA3 reporter,
deletion of SLX5 caused extreme SFOA sensitivity comparable
to that seen in sir2A mutants. In an independent assay, loss of
silencing in sIk5A strains was also seen when monitoring an
ADE? reporter gene integrated at telomere VR. Absence of
the ADE?2 product results in accumulation of red pigmentation.
Normal telomeric position effect causes variegation of wild-
type cells, resulting in white and sectored colonies. Defective
telomeric silencing, as in sir3A mutants, gives rise to uniformly
white colonies. On rich medium, six5A mutant colonies were
fully defective for telomeric ADE?2 silencing, as indicated by
their white color (Fig. 4B).

In addition to telomeric silencing, chromatin-mediated tran-
scriptional silencing also occurs at the rDNA and the HM
mating-type loci. To assay rDNA silencing, a URA3 reporter
was again used. The mURA3 gene with a weakened promoter
has been integrated into nontranscribed spacer 1 (NTS1) of a
single tDNA repeat (59). Wild-type yeast did not express
mURA3 and did not grow on medium lacking uracil, but both
sir2A and slx5A mutants grew robustly (Fig. 4C). This indicated
that, as at telomeres, slx5A mutants were defective in transcrip-
tional silencing at the rDNA. However, unlike sir/A or sir2A
mutants, six5A mutants had no expression of a TRPI gene
integrated at HMR (Fig. 4D) or any lack of mating compe-
tence (not shown). Together, these results indicate that SIx5

180 minutes

DNA (DAPI)

Sir2

SIx5-V5

FIG. 3. Epitope-tagged Six5 protein resided in the nucleus in structures distinct from the telomeres or nucleolus. Strain LPY8908 contains
plasmid pLP1737 with the SLX5-V’5 construct on a GALI promoter (45). Cells were grown in 2% raffinose to late log phase. To induce, galactose
was added to 2% and cultures were incubated at 30°C for the indicated times. Indirect immunofluorescence was performed as previously described
(14), with antiserum to Sir2 (fluorescein isothiocyanate-conjugated secondary antibody, in green) and antiserum to the V5 epitope (Texas
Red-conjugated secondary antibody, in red). DNA is stained with DAPI (blue).
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FIG. 4. SIx5 contributes to transcriptional silencing. (A) Deletion of
SLX5 disrupted telomeric silencing. URA3 gene expression is toxic on
SFOA. Wild-type (wt) yeast silenced the telomere VR-proximal URA3
reporter and grew on SFOA (silencing), whereas silencing mutants such
as the sir2A mutant did not. The sik5A mutant grew on SFOA when it
lacked the URA3 gene (top) but not in the presence of the telomeric
URA3 reporter. (B) Red indicates silencing at the telomeric VR-proximal
ADE? reporter gene. Wild-type cells formed both red and white colonies;
both the sir3A and six5A mutants formed uniformly white colonies. Note
the colony size heterogeneity of six5A cells, a characteristic of the mutants
that has been described previously (45). (C) Deletion of SLXS5 disrupted
rDNA silencing. Growth on medium lacking uracil (silencing) indicates
the expression of an mURA3J reporter located in nontranscribed spacer 1
(NTS1) of one unit of the rDNA array. Two independent isolates each of
the sir2A mutant, the wild type, and the six5A mutant are shown. (D) De-
letion of SLX5 did not disrupt mating-type silencing even in the presence
of the hmrAE mutation, which weakens silencing at the HMR locus.
Growth on medium lacking tryptophan (silencing) indicates loss of silenc-
ing of a TRPI reporter integrated at HMR, as in the sir/A and sir2A
mutants but not the six5A mutant. (E) Quantification of mRNA by re-
verse transcription and real-time molecular amplification. Experiments
were performed with strains with a telomeric URA3 reporter gene and a
chromosomal deletion of the ura3-1 locus. Bars represent the URA3 or
YFRO57W cDNA signal minus control reaction mixtures not containing
reverse transcriptase, divided by ACT1 cDNA. No enrichment of URA3
signal was detected in the wild type. For the primer sequences, see Table
S3 in the supplemental material. Error bars are standard deviations from
two independent experiments.

was required for transcriptional repression at some, but not
all, loci subject to Sir2-dependent silencing.

The silencing defects above represent endpoint assays with
reporter genes. To test the degree to which deletion of SLX5
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altered the expression of an endogenously silenced gene, the
transcription of one such gene was studied by real-time tran-
scriptional analysis. The gene encoding the unnamed open
reading frame YFRO57W, located approximately 1 kb from
telomere VIR, was previously reported to be regulated by STR2
(75). By using the same technique of reverse transcription and
quantitative molecular amplification, we also observed that
deletion of SIR2 increased the transcription of YFRO57W (Fig.
4E). Likewise, the sIk5A mutant showed an increase in
YFRO57W transcription, although the magnitude of this effect
was less than that seen in sir2A mutant cells. YFRO57W tran-
scription in the sir2A slix5A double mutant equaled 96.9% =+
21.6% of that in the sir2A single mutant (not shown). Thus, it
appears that the contributions of Sir2 and SIx5 to telomeric
silencing are not synergistic.

Relative to the transcription of the ACTT control, telomeric
silencing was diminished in the six5A mutant. However, the
degree of the effect observed indicated that the Sir2-mediated
silencing pathway remained partly functional, not as expected
from the URA3 and ADE?2 silencing assays. To determine
whether six5A mutants had the same degree of effect on silenc-
ing at the telomeric URA3 reporter, transcriptional analysis
was performed with strains bearing a complete deletion of the
endogenous chromosomal URA3 locus. Consistent with the
effect on YFRO57W, slx5A strains had intermediate expression
of the telomeric URA3 gene (Fig. 4E).

A similar result was obtained for rDNA silencing. Sir2-me-
diated silencing in the rDNA suppresses unequal rDNA re-
combination (33). An assay for unequal rDNA recombination
is the frequency of loss of an ADE?2 gene inserted into a single
copy of the rDNA repeats (21). By this assay, a sir2A mutant
had a 20-fold increase in the rate of loss of an individual rDNA
repeat (Table 1), consistent with previous reports (5, 21, 59).
However, the six5A mutant had a less-than-twofold increase in
the rate of marker loss. The double-mutant marker loss rate
was comparable to that of the sir2A mutant. Thus, the modest
defect of six5A mutants is consistent with a previous report that
they do not accumulate rDNA circles faster than the wild type
(30) and indicates that Sir2 function in the rDNA is largely
intact in the absence of SIx5.

Molecular hallmarks of silencing are intact in six5A mu-
tants. One conjecture from the physical interaction data to
explain the SLX5 dependence of silencing is that SIx5 has a
global effect on Sir2 abundance or activity and different si-
lenced loci and assays differ in sensitivity to Sir2. Protein im-
munoblotting with antisera to Sir2 revealed no change in the
Sir2 protein level in the absence of SIx5 (Fig. 4A), so any global
effect of SIx5 on Sir2 did not alter protein abundance. Another
model is that SIx5 promotes Sir2 recruitment or activity at

TABLE 1. rDNA gene ADE2 marker loss

. % Probability equal
Strain Genotype Sectored” to wild type
LPY4931 Wild type 0.30 1
LPY4981 sir2A 6.33 <0.0001
LPY8790 sIxSA 0.56 0.0074
LPY10564 sir2A slxSA 5.09 <0.0001

“ Determined by monitoring loss of an ADE2 marker as described previously
(16, 34).
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FIG. 5. Molecular hallmarks of telomeric silencing are largely in-
tact in six5A mutants. (A) Sir2 was expressed at the wild-type (wt) level
in six5A cells. The top part of the panel is an anti-Sir2 protein immu-
noblot assay showing Sir2 in lysates produced from four, two, or one
relative amount of cells; the bottom part of the panel is Ponceau stain
as a loading control. (B) Silencing protein occupancy at telomere VIR
was evaluated by ChIP with antiserum to Sir2. Sir2-immunoprecipi-
tated (IP) DNA was quantified by real-time molecular amplification.
Error bars equal 1 standard deviation of three to five independent
experiments at each locus. (C) ChIP with antiserum to Sir3. Error bars,
where shown, equal 1 standard deviation from two independent ex-
periments. (D) Histone modification state was evaluated by ChIP with
antiserum to acetylated histone H4 lysine 16. Error bars equal 1 stan-
dard deviation from two independent experiments. The primers for 0.2
kb from telomere VIR were not included because the AcH4K16 im-
munoprecipitation was less efficient at that locus in all of the strains
tested, suggesting altered nucleosome occupancy at that position.
(E) Sir3GFP fusion protein, expressed from an in-frame integration of
the GFP coding sequence into the chromosomal SIR3 locus (27), was
visualized in live cells. Three-dimensional deconvolution was used to
resolve telomeric Sir3GFP foci. Each image is a collage of four rep-
resentative z sections superimposed on their corresponding differential
interference contrast images. In addition to the apparently normal
cells shown here, the six5A population included many dead cells and
misshapen cells that did not have clear Sir3GFP foci.

some genomic loci but not others. To test this idea, Sir2 abun-
dance at silenced loci was assayed by ChIP.

Previous observations have shown modest changes in Sir2-
silenced chromatin composition at telomere VIR associated
with clear differences in silencing (32, 61). Therefore, primers
were designed to study Sir2 ChIP at telomere VIR. The six5A
mutant displayed neither an increase in the distance from the
telomere over which Sir2 associated nor a significant decrease
in Sir2 abundance near the telomere (Fig. 5B). The same
results were seen for Sir3 (Fig. 5C) and Sir4 (not shown). In
addition, Sir2 itself remained associated with the rDNA in the
absence of SIx5 (Fig. 5B). Therefore, SIx5 did not significantly
alter Sir2 occupancy at either of the SIx5-silenced loci.

Because Sir2 recruitment appeared intact, another possibil-
ity was that Sir2 catalytic activity was regulated by SIx5 in the
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absence of any change in Sir2 abundance. However, deacety-
lation of telomeric H4K16, a mark of Sir2-dependent silencing
that is thought to be inherently repressive to transcription, was
not significantly affected in six5A mutants (Fig. 5D). Thus,
known molecular markers of silent chromatin were intact in
the absence of SIx5, even as silencing was functionally dis-
rupted.

Cytological markers of silencing are telomeric foci, where
telomeres cluster at the nuclear periphery (19). To determine
if these were intact in six5A mutants, immunofluorescence was
performed for Sir2 (not shown), and both Sir3GFP (Fig. SE)
and Sir4GFP (not shown) fusion proteins were imaged in live
cells. A large fraction of sik5A mutant populations consists of
dead and inviable, morphologically abnormal cells (discussed
below), and in these cells, no foci were observed. However, in
sleSA cells of normal morphology, telomeric foci were ob-
served. Thus, loss of SIx5 function does not perturb large-scale
telomeric structure in viable cells. This result was in keeping
with reports that deletion of SLX5 does not have a severe effect
on telomeric integrity (3; see Fig. S1 in the supplemental ma-
terial). Together, these findings indicate that traditionally de-
fined telomeric silenced chromatin was largely intact in the
absence of SIx5, although silencing was not.

Enhancing Sir2-dependent telomeric silencing in six5A mu-
tants. Sir2 deacetylase activity is limiting for silencing (60).
Although six5A mutants had moderate silencing defects, six5A
mutants had no defect in Sir2 function in silencing, as assayed
by ChIP. This discrepancy suggested that in an sik5A mutant,
some factor other than Sir2 might become limiting for silenc-
ing. To test this prediction, three genetic interventions that
promote Sir2-dependent silencing were performed in sixSA
mutants.

First, the dominant mutation SUMI-I has been shown to
enhance telomeric silencing in SIR2 but not sir2A yeast (8).
Suml is a promoter-specific repressor that functions with the
sirtuin Hst1l. When mutated to SUM1-1, the Sum1/Hstl com-
plex behaves like the Sir2/3/4 complex, binding deacetylated
H4 tails and spreading on chromatin (42, 64). As shown in Fig.
6A, SUM1-1 caused strengthened silencing in six5A mutants, as
well as wild-type yeast, but not in the absence of SIR2.

Second, deletion of RPD3 also has a positive effect on si-
lencing (12, 53, 69). Although RPD3 encodes a histone
deacetylase, its deletion causes enhanced silencing, which re-
quires the Sir2/3/4 complex (63). The rpd3A six5A double mu-
tant displayed strong silencing of the telomeric URA3 reporter
(Fig. 6B), indicating that the Sir2 and Sir2 complex functions
remained intact.

Finally, we found that Sir2 artificially recruited to a telo-
meric reporter gene could bypass the requirement for SIxS in
silencing. In this case, the GBD-Sir2 fusion was used in con-
junction with a previously described telomeric URA3 gene with
a 3'-proximal Gal4 DNA-binding site (UASg) (9). As before, in
the absence of SLX5, the URA3 gene was expressed and cells
were inviable on SFOA (Fig. 6C). However, tethering full-
length Sir2 to the UASg element restored silencing of the
URA3 gene. Together, these three experiments indicated that,
despite the reduced responsiveness of six5A mutants to Sir2-
mediated silencing, strength of telomeric silencing remained a
function of Sir2 availability.
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FIG. 6. Restoring silencing in six5A mutant strains. (A) Although

deletion of SLX5 caused expression of the telomeric URA3 reporter

and toxicity on SFOA-containing medium, this phenotype was fully

suppressed by SUMI-1. wt, wild type. (B) Deletion of RPD3 improves

telomeric silencing, as previously reported (63), and bypasses the re-

quirement for SLX5. Single mutants and two independently derived

rpd3A six5A double mutants are shown. (C) Tethering Sir2 near the

telomere restores silencing to sik5A mutants. The GBD-Sir2 fusion

binds the UASg sequence placed downstream of the URA3 reporter as

diagrammed above. Presence of the GBD-Sir2 fusion construct re-

stored silencing (growth on SFOA) in the six5A mutant, even by Sir2
mutant proteins with reduced catalytic activity (17).

silencing

SIR2 and SLX5 contribute to maximal growth. Although
slk5A mutants have an obvious growth defect (6, 45), no pre-
vious observations suggest a role for Sir2 in promoting optimal
growth of populations of cells. To test for functional interac-
tions with SIR2, sir2A six5A double mutants were constructed.
Because the double-mutant strains had a more severe growth
defect than six5A single mutants on plates, quantitative analy-
ses were performed to determine single-cell viability and
growth rates in culture.

Micromanipulation of normal-looking G,- or S-phase (un-
budded) cells taken from cultures undergoing logarithmic
growth was used to determine the fraction of freshly divided
cells that are competent for growth. Of the wild-type cells
selected, all formed colonies (Fig. 7). However, only 97 of 152
slx5A mutant G,/S founder cells formed visible colonies. Those
that failed to grow into visible colonies typically formed micro-
scopic colonies or clumps of abnormal cells, often incompletely
divided or lysed. Of 192 double-mutant founder cells exam-
ined, only 67 formed visible colonies. Furthermore, the double
mutants displayed markedly slower growth in culture: a 3.98-h
doubling time for the homozygous sir2A sik5A diploid, com-
pared to 2.63 h for the six5A homozygote (Table 2; see Fig.
S2A in the supplemental material). Because sir2A six5A pop-
ulations do undergo logarithmic growth, the rate at which
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% viability

GQQ 6\0/?

FIG. 7. G,/S-phase cells mutated for SLX5 have a reduced ability
to form colonies. Individual cells were taken from a liquid culture
growing logarithmically and positioned on rich medium by microma-
nipulation. Resulting colony growth from these founder cells was mon-
itored microscopically after incubation at 30°C. Error bars are based
on two or three replicates from independent cultures.

freshly divided cells become inviable cannot be 50% or more a
generation; therefore, the unbudded fraction of a double-mu-
tant population must include many that arrested as G,/S cells
in a previous generation.

Molecular basis for SIR2-SLX5 genetic interaction. To bet-
ter define the functional overlap between Sir2 and SIx5, we
evaluated six5A mutants in the context of sir2A phenotypes.
Sir2 is essential for transcriptional silencing, thereby enabling
mating and promoting longevity, and it contributes to nonho-
mologous end-joining double-strand break repair (36), seques-
tration of oxidative damage in mother rather than daughter
cells (1), and timing of replication initiation (47). In the case of
HM silencing, there are several ways to mimic the defect of

TABLE 2. Growth rates in rich medium at 30°C

Strain Genotype Time (h)* R*®
LPY11031¢ Wild-type haploid 1.58 0.9925
LPY% sirl A haploid 1.56 0.9987
LPY11034¢ sir2A haploid 1.58 0.9884
LPY10 sir3A haploid 1.72 0.9951
LPY9 sir4A haploid 1.45 0.9981
LPY11033¢ ske5A haploid 2.10 0.9847
LPY11738¢ sirl A slx5A haploid 2.14 0.9998
LPY11032° sir2A slx5A haploid 3.12 0.9823
LPY11343¢ sir3A slx5A haploid 3.10 0.9234
LPY10547¢ sir4A slx5A haploid 3.34 0.9527
LPY1552 Wild-type diploid 1.81 0.9869
LPY10370 sir2A diploid 1.75 0.9972
LPY10545 slk5A diploid 2.63 0.9868
LPY10546 sir2A sleSA diploid 3.98 0.9827
LPY4931 ADE?2 haploid 1.39 0.9968
LPY8790 ADE?2 six5A haploid 1.93 0.9986
LPY12073 ADE2 SUMI-1 haploid 2.96 0.9949
LPY12076 ADE?2 slx5A SUM1-1 haploid 2.69 0.9863
LPY12074 ADE?2 sir2A six5A SUMI-1 2.82 0.9929

haploid

LPY11980 Wild-type cir’ haploid 1.43 0.9948
LPY11981 sir2A sleSA cir’ haploid 1.99 0.9994
LPY11982 sleSA cir’ haploid 1.70 0.9953
LPY12569 slx8A haploid 2.18 0.9992
LPY12571 sir2A sIx8A haploid 251 0.9984
LPY12633 sizI A siz2A haploid 1.92 0.9973
LPY12634 sir2AA sizI A siz2A haploid 218 0.98

“ Calculated generation time is shown. See Fig. S2 in the supplemental mate-
rial for a graphical representation.

b Square of correlation coefficient of growth curve fitted to data.

¢ After selection on SFOA.
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sir2A mutants and ask whether six5A mutant growth is thereby
impaired.

Diploid yeast expresses both MATa and MATo mating-type
information, yet the sir2A six5A double mutant was as sick in
homozygous diploids as in haploids (Table 2). Heterologous
expression of both mating-type cassettes did not impede the
growth of six5A haploids relative to that of SLX5 haploids (not
shown), nor did deletion of HML o information enhance the
growth of MATa sir2A six5A haploids (not shown). Further-
more, deletion of STRI, which is required for HM silencing but
not telomeric or rDNA silencing, had no detrimental effect on
the growth of six5A mutants (Table 2; see Fig. S2B in the
supplemental material). Therefore, the contribution of Sir2 to
growth in the absence of SLX5 is not HM silencing.

The role of Sir2 in the rDNA has been well characterized
and is known to be independent of the Sir3 and Sir4 proteins.
In fact, Sir4 opposes Sir2 function in the rDNA by recruiting it
to other loci, such as the telomeres (60). If Sir2 activity in the
rDNA were important for growth in the absence of SLXS,
deletion of SIR3 or SIR4 should not have a negative effect on
slc5SA mutant growth. Instead, both double mutants were syn-
thetic sick, just as the sir2A six5A double mutant was (Table 2;
see Fig. S2C in the supplemental material). The Sir2 contri-
bution to growth in the absence of SLX5 thus is not likely to be
solely rDNA silencing but is likely in a pathway shared with
Sir3 and Sir4, such as telomeric silencing.

Since SUM1-1 restores telomeric silencing in the absence of
SLX5, it was possible that the same mutation would restore
maximal growth to sir2A slk5A double mutants, although
SUMI-1 sir2A double mutants lack telomeric silencing.
SUM1I-1 mutants themselves have a growth defect that is more
severe than that of six5A mutants (Table 2; see Fig. S2D in the
supplemental material) and share the slx5A phenotypes of de-
fective chromosomal maintenance and an increased rate of cell
death (8). In fact, SUMI-I mutants grew at the same rate as
sir2A slx5A double mutants (Table 2; see Fig. S2D in the
supplemental material). Moreover, deleting SLX5 had no ef-
fect on the SUMI-1 mutant growth rate, even in combination
with deletion of SIR2 (not shown). Therefore, the growth de-
fect of sir2A slx5A double mutants may be due to a process
similar to that which is defective in SUMI-1 mutants.

Linking regulators of sumoylation to silencing and Sir2-
dependent growth. We also evaluated sir2A mutants in the
context of published six5A phenotypes. Deletion of SLX5
causes sensitivity to hydroxyurea and is synthetic lethal with
deletion of SGSI (45). However, the sir2A sgsIA double mu-
tant was not synthetic lethal (not shown) and sir2A mutants
grew as wild type in the presence of 100 mM hydroxyurea (not
shown). As previously reported (45), six5A mutants grow het-
erogeneously on plates (Fig. 4B, compare the six5A mutant to
the wild type). This heterogeneous growth is common to mu-
tants with changes in several genes affecting sumoylation and is
due to a defect in 2um plasmid maintenance (6). To test
whether the slix5A mutant phenotypes that we discovered were
due to aberrant 2um plasmid maintenance, we cured six5A and
sir2A six5A strains of endogenous 2pm plasmids by the method
of Tsalik and Gartenberg (66). Neither six5A mutant telomeric
silencing (Fig. 8A) nor the synthetic growth defect of sir2A
slx5A mutants (Table 2) was rescued by elimination of endog-
enous 2pm plasmids.
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FIG. 8. Silencing defect of six5A mutants is linked to the SUMO
pathway. (A) The 2pm plasmid is not required for the silencing defect
of the six5A mutant. A 5SFOA silencing assay was performed as de-
scribed in the legend to Fig. 4. As shown in the left part of the panel,
curing slx5A mutants of the 2pm plasmid (cir) rescued clonal lethality;
however, the right part of the panel indicates that silencing was not
restored. (B) The six8A mutant has a moderate silencing defect. The
sleSA six8A double mutant also has a silencing defect, indicating that
loss of silencing is not due to unregulated activity of one complex
member in the absence of the other. (C) Silencing of a telomeric URA3
reporter is lost in ulp2A mutants. (D) Mutants of SIR2 require ULP2
for viability. Haploid products of a heterozygous diploid (SIR2/sir2A::
TRPI ULP2/ulp2A::HIS3 + URA3 SIR2 plasmid) with the indicated
genotypes and the URA3 SIR2 plasmid pLP37 were grown in medium
lacking uracil (+ pSIR2) to maintain the plasmid or in SFOA (no
plasmid) to select against the plasmid. Little to no viability was ob-
served for multiple independent double mutants.

A large fraction of SIX5 occurs in a complex with SIx8 (76).
Because SIx8 competed with the Sir2-SIx5 affinity precipitation
interaction, it seemed possible that six5A phenotypes relating
to Sir2 function might be independent of SIx8. We therefore
constructed sIxSA mutant strains either with silencing reporters
or as sir2A double mutants. As assayed by URA3 reporter
genes at both telomeres and rDNA, the sk8A mutants had
silencing defects similar to the six5A silencing defects (Fig. 8B).
Thus, both subunits of the SIx5/8 complex were required for
full silencing at telomeres and rDNA. By contrast, no synthetic
sickness was observed for sir2A six8A double mutants on plates
(not shown). In liquid culture, six8A mutants grew slightly
slower when SIR2 was also deleted (Table 2). Although SIR2
was required for robust growth in the absence of either subunit
of the SIx5/8 complex, SIR2 had a greater effect on the growth
of six5A mutants than on that of six8A mutants. Therefore,
some contribution of SLX5 to sir2A growth may be indepen-
dent of SLXS.

Recent studies report that the SIx5/8 complex promotes
ubiquitination of sumoylated proteins, leading to their degra-
dation in the proteasome (67, 73). Mutants lacking SLX5 or
SLXS have increased global levels of sumoylated proteins (6,
28, 70). Because both six5A and six8A mutants had silencing
defects, we hypothesized that the silencing defect and perhaps
the genetic interaction with sir2A mutants could be due to an
excess of a target sumoylated protein. Sizl and Siz2 are the two
best-characterized SUMO E3 ligases in yeast. We therefore
deleted SIR2 in a sizIA siz2A double-mutant strain to deter-
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mine whether the sir2A mutation was deleterious in combina-
tion with any interference with the SUMO conjugation path-
way. The sir2A sizIA siz2A triple mutant grew similarly to the
sizIA siz2A double mutant, which has a slight growth defect
(Table 2).

ULP2/SMT4 encodes a SUMO isopeptidase, and ulp2A mu-
tants have elevated levels of sumoylated proteins, similar to
slkSA mutants (38, 70). Therefore, we tested whether ulp2A
mutants shared the phenotypes of defective telomeric silencing
or genetic interaction with the sir2A mutation. As assayed by a
URA3 reporter, telomeric silencing was defective in an ulp2A
mutant (Fig. 8C). Thus, both six5A and ulp2A silencing defects
may be due to excessive sumoylation of some target protein.

Similar to six5A mutants, u/p2A mutants had a growth defect
in liquid culture, with doubling times ranging from 2.89 to
3.98 h. An even more severe growth defect was observed in the
sir2A ulp2A double mutant (Fig. 8D). In standard plasmid
shuffle experiments, the double mutant appeared inviable, with
only rare colonies arising that we interpreted as suppressors.
When attempting to perform growth rate measurements for
ulp2A or ulp?A sir2A mutant yeast as in Table 2, we found
significant variability between cultures, perhaps reflecting the
suppressors. The rare sir2A ulp?A double-mutant survivors
from selection on solid medium had doubling times ranging
from 4.13 to 5.46 h in liquid culture. In liquid medium, the
sir2A six5A ulp2A triple mutant had doubling times of 5.78 to
7.22 h. These findings supported the hypothesis that sir2A
mutants depend on the SIx5/8 ubiquitination pathway for max-
imal growth.

The other SIR genes were deleted in combination with ulp2A to
see whether ULP2 had the same pattern of interactions as SLX5.
Growth of sir/ A ulp2A and sir4A ulp2A double mutants was not
obviously defective on solid medium (not shown). No sir/ A ulp2A
double mutant grew more slowly than the slowest ulp2A single
mutants. However, the doubling times of the sir4A ulp2A double
mutants ranged from 3.50 to 5.78 h. Thus, the sir4A ulp2A growth
defect was potentially as severe as the sir2A ulp2A growth defect.
These data were consistent with the model in which Ulp2 and SIx5
act in a pathway that promotes telomeric silencing and, in the
absence of this pathway, all components of the Sir2/3/4 complex
are required for optimal growth.

DISCUSSION

Sir2 and other members of the sirtuin protein family are the
subject of intense study because of their enzymatic activity and
reports that their roles in regulation of metabolism and aging
may be broadly conserved. Long-standing interest in the STR2
gene itself originally came from its identification as a key
player in transcriptional silencing (reviewed in reference 41).

For several decades, studies with yeast have provided im-
portant insight for uncovering broader mechanisms of tran-
scriptional silencing, including a basic model whereby Sir2
deacetylates H4K16, which is followed by recruitment of other
silencing factors. Yet recent results, along with those presented
in this study, now challenge the model in which Sir2-mediated
H4K16 deacetylation alone is sufficient for transcriptional si-
lencing. For example, the O-acetyl ADP ribose product of the
NAD-dependent deacetylation reaction appears to facilitate
Sir3 oligomerization (39). Furthermore, bypass of Sir2’s cata-
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lytic activity in silencing through constitutively deacetylated
nucleosomes fails to provide complete silencing in the pres-
ence of a catalytically inactive Sir2 mutant protein, suggesting
an additional role for Sir2 (75). There is growing evidence that
other posttranslational histone modifications, such as ubiqui-
tination, methylation, sumoylation (reviewed in reference 4),
and Sir2-regulated H3K56 deacetylation (74), are positively or
negatively associated with silenced loci. These modifications
may affect H4K16 deacetylation, affect the transduction of
histone deacetylation into inhibition of transcription, or both.
Certainly, it is true that the molecular picture of Sir2-silenced
chromatin is incomplete.

At an organismal level, yeast cells receive multiple benefits
from silent chromatin. These include mating capacity as hap-
loids and suppression of unequal recombination that, if uncon-
trolled, can lead to toxic rDNA circle accumulation. Transcrip-
tional silencing occurs at telomeres in both yeast and animals,
suggesting that it serves a conserved function. SIR2 is essential
for telomeric silencing yet has little reported effect on telomere
integrity. Sir2 is involved, however, in DNA repair by nonho-
mologous end joining, as are other telomere-associated pro-
teins (reviewed in reference 37). This suggests that there may
be additional conserved functions of telomeric silencing for
which the molecular basis is not established. Insight into both
the molecular mechanism of silencing and its conservation is
provided by the identification of SLX5 as a gene necessary for
full transcriptional silencing and growth potential in the ab-
sence of SIR2.

A new role for SLX5 in transcriptional silencing. In vivo
assays revealed defective telomeric and rDNA silencing in
slx5A mutants. Curiously, the most well-defined molecular hall-
marks of silencing dependent on SIR2 were intact. Genetic
experiments and ChIP showed that Sir2 was present and active
at silenced loci and that silencing was responsive to conditions
that enhance Sir2 recruitment. The question of how SIx5 af-
fects silencing is not yet resolved. SIx5 may subtly promote Sir2
activity or affect silencing at previously undefined steps down-
stream of Sir2-mediated histone deacetylation. Given the nat-
ural variation in wild-type silencing observed in sectoring as-
says (reviewed in reference 68) and the decreased viability of
six5A mutants, another possibility is that there is selection
against strong silencing in six5A populations.

Linking sumoylation and silencing through Sir2. Multiple
lines of evidence suggest that SIx5 affects silencing through its
contributions to sumoylation, ubiquitination, and protein deg-
radation as part of the STUbL complex with SIx8. In fission
yeast, sumoylation of heterochromatic proteins is required for
full transcriptional silencing (57). Sumoylation of histones is
enriched at the telomeres in budding yeast (46). We have now
shown that SIx5, SIx8, and the SUMO isopeptidase Ulp2 all
contribute to telomeric silencing. Although sumoylation has
been correlated with transcriptional repression (24, 43), bio-
chemical evidence indicates that SIx5, SIx8, and Ulp2 all neg-
atively regulate sumoylation (6, 67, 70, 73). SIx5 and SIx8 pro-
mote ubiquitination (67, 73), and deubiquitination of histone
H2B by Ubp10 promotes telomeric silencing (13). We did not
find an effect of SIx5 on global ubiquitinated H2B levels (not
shown). Formation of SUMO chains has been shown to be a
key requirement for SIx5/8-dependent ubiquitination (67). Al-
though polysumoylation of histones has been reported (46),
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further studies are required to understand its mechanistic sig-
nificance.

Another group of potential targets for SIx5/8 and Ulp2 ac-
tivity are the Sir proteins. Both Sir3 and Sir4 are sumoylated
(11, 72). Whether Sir2 is sumoylated is not clear. Although it
was retrieved from the same proteomic screens that identified
Sir3 and Sir4, Sir2 was a low-scoring candidate and did not
appear to be sumoylated in a targeted biochemical assay (11).
However, the human sirtuin SIRT1 is sumoylated and this
modification affects its activity in vitro (77). Because the SIx5/8
complex is now known to promote ubiquitination and subse-
quent degradation of sumoylated proteins, assessing the pro-
teomic and targeted biochemical sumoylation assays in the
absence of SIx5 or under inhibition of the proteasome should
provide a more complete atlas of proteins modified by sumoy-
lation.

SIx5 defines an unusual nuclear structure when induced. It
has been reported that constitutively expressed SIx5 has a rel-
atively uniform nuclear localization when evaluated by indirect
immunofluorescence (76). By comparison, we observed that
when SLX5 expression was turned on in a null mutant back-
ground, at early times of expression, the protein appeared not
to be evenly distributed but rather to occupy distinct foci. By
3 h, the foci became ring like (Fig. 3) and did not coincide with
the Sir2-associated nucleolus or the telomeres. Instead, the
SIx5 pattern of staining appears to define a new nuclear struc-
ture or compartment.

To date, only a few distinct patterns of subnuclear localiza-
tion have been described in yeast, such as Rad52 and Rad53
foci, which appear in S phase (15, 40). Mammals, on the other
hand, have numerous subnuclear bodies, such as promyelocytic
leukemia (PML) and Cajal bodies. A number of subnuclear
body components, including the PML protein itself, have
RING domains, as does SIx5, the integrity of which is required
for function (70). One RING domain protein associated with
PML bodies is RNF4 (23), which has recently been identified
as a human member of the STUbL family, to which SIx5 and
SIx8 also belong (49, 62). Intriguingly, Schizosaccharomyces
pombe STUDBL protein Rfpl, thought to be an SIx5 homolog,
also forms distinct nuclear foci when overexpressed ectopically
(49). It has also been observed that a yeast SUMO ligase
complex localizes to a subset of nuclear pore complexes (78).
This complex contains several RING domain proteins and
influences transcriptional silencing and is thus another exam-
ple, like SIx5, of a telomeric silencing factor the localization of
which is not restricted to telomeres.

A new role for silencing factors in promoting growth. It had
previously been reported that high levels of Sir2 could be lethal
(25), although no essential requirement for S/R2 in mitotic
cells had been observed. We show here that both Sir2 and SIx5
contribute to maximal growth, yet the contribution of Sir2 is
ordinarily masked in the presence of SIx5. The growth defects
observed in the double mutants are manifested as both slowed
growth rates of populations (Table 2) and failure of individual
cells to divide (Fig. 7). As noted above, and because the defects
are observed in both haploid and homozygous diploid double
mutants, it is unlikely that this interaction is due to a synthetic
defect in rDNA or that it is related to the role of Sir2 in HM
silencing or nonhomologous end joining. Instead, it is likely
that a distinct aspect of Sir2 function has an unsuspected role
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in promoting growth. Candidate Sir2 functions include sup-
pression of initiation of replication (47), promotion of unequal
inheritance of oxidative damage (1), and other aspects of telo-
mere function.

By what mechanism does loss of SIx5 make Sir2 more im-
portant for growth? Because sir2A ulp2A double mutants were
even more synthetic sick than sir2A slx5A double mutants, it
seems likely that the sir2A six5A defects are related to a defect
in protein sumoylation. For example, it is possible that Ulp2
opposes SIx5/8-dependent ubiquitination by desumoylating po-
tential SIx5/8 targets or that it promotes SIx5/8-dependent pro-
tein degradation by desumoylating SIx5/8 targets subsequent to
SIx5/8 activity and prior to degradation in the proteasome (7,
67). Thus, the growth defects observed in sir2A six5A and sir2A
ulp2A double mutants could be linked to excessive sumoylation
of one or more target proteins or to aberrant target protein
accumulation due to insufficient degradation.

In previous screens, a number of genes have been identified
that interfere with silencing when overexpressed (10, 35, 58).
An attractive possibility is that the proteins found in these
screens may interfere not only with silencing but also with
viability when control of sumoylation is disrupted. Future com-
bined proteomic and genomic studies should resolve the means
by which STUbL and sumoylation factors such as Ulp2 and the
silencing factors Sir2, Sir3, and Sir4 jointly contribute to via-
bility.

Finally, it is of note that the significant functional interac-
tions observed among SIR2, other silent chromatin compo-
nents, and SLX5 and ULP2/SMT4 have not been reported
from previous genome-wide screens for synthetic lethal or crit-
ical interactions. This is for the technically simple yet biologi-
cally critical reason that the sir2-4A mutants do not mate and
are therefore invisible in the majority of current genomic
screens that require successful diploid formation as part of the
query process. The link defined here between silent chromatin
and optimal cellular growth therefore raises the possibility that
there are other critical as-yet-undiscovered cellular compo-
nents and processes that are dependent on intact silent chro-
matin.
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ADDENDUM

In further support of the conclusions presented in this paper,
it should be noted that an additional, independent report of
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the SUMO-directed ubiquitin ligase activity of the SIx5-SIx8
complex was published by Ii and colleagues (27a).
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