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Rtt106p is a histone chaperone involved
in heterochromatin-mediated silencing
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Epigenetic inheritance of heterochromatin structure is an impor-
tant cellular process whose mechanism remains elusive. In this
article, we describe the identification of nine enhancers of the
silencing defect of a Saccharomyces cerevisiae-PCNA mutant by
screening a library of ~4,700 viable yeast deletion mutants. Of the
nine mutants identified, six (hir1, hir3, sas2, sas4, sas5, and sir1)
were previously known to reduce silencing synergistically with a
mutation in Cac1p, the large subunit of chromatin assembly fac-
tor 1 (CAF-1). The predicted gene products that are affected in
three other mutants (nam7, msh2, and rtt106) have not been
implicated previously in silencing. Characterization of the rtt106A
allele revealed that it synergistically reduced heterochromatin
silencing when combined with a mutation in Cac1p but not with a
mutation in Asf1p (a histone H3 and H4 chaperone). Moreover,
Rtt106p interacted with histones H3 and H4 both in vitro and
in vivo, and it displayed a nucleosome assembly activity in vitro.
Furthermore, Rtt106p interacts with CAF-1 physically through
Cac1p. These biochemical and genetic data indicate that Rtt106p is
a previously uncharacterized histone chaperone connecting S
phase to epigenetic inheritance.

epigenetic silencing | nucleosome assembly | chromosome assembly
factor 1

I n eukaryotic cells, DNA is packaged into chromatin. Historically,
chromatin has been classified into two cytologically distinguish-
able forms: euchromatin, which is competent for transcription of
most genes, and heterochromatin, which generally silences tran-
scription. Once a gene assumes a silenced state, silencing can be
inherited for many mitotic and meiotic divisions (1-3). However,
how heterochromatin silencing is inherited during chromosome
replication in the S phase of the cell cycle is not well understood.

In the yeast Saccharomyces cerevisiae, silent mating-type loci
(HMR and HML), telomeres, and the ribosomal DNA locus form
heterochromatin-like structures that result in silencing of genes
within or near these regions (4-6). It is hypothesized that
inheritance of heterochromatin states is carried out by the
replication-coupled chromatin assembly process (7, 8). In this
process, parental histones must be transferred to two nascent
chromatids, a process that is still enigmatic (9, 10). Moreover,
newly synthesized histones must be deposited onto the replicated
DNA to form nucleosomes. Deposition of newly synthesized
histones onto replicated DNA is facilitated by histone chaper-
ones such as chromatin assembly factor 1 (CAF-1) and anti-
silencing factor 1 (Asflp) (11).

In support of the idea that the DNA replication-coupled chro-
matin assembly process is involved in epigenetic inheritance, yeast
and human CAF-1 are required for heterochromatin formation and
silencing in yeast and mammalian cells. Human CAF-1 consists of
three subunits, p150, p60, and p48, and it deposits histones H3 and
H4 onto DNA after DNA replication or repair to promote nucleo-
some formation (12-15). In addition to its role in nucleosome
formation, human CAF-1 binds to heterochromatin protein 1 (16),
a structural component of mammalian heterochromatin. Interfer-
ence of CAF-1 functions by a dominant negative form of p150 or
by small interfering RNA results in slowed progression through S
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phase and reactivated transcription of a silenced transgene (17-20).
These results demonstrate that CAF-1 is a key factor connecting
DNA replication to heterochromatin silencing.

The three subunits of yeast CAF-1 are Caclp, Cac2p, and Cac3p
(21). Yeast cells either lacking each subunit of CAF-1 alone or
lacking all of them grow at near wild-type rates. However, these
mutant cells are partially defective for silencing at telomeres, the
HM loci, and the rDNA locus (21-25). These results suggest that
additional factors exist in cells to promote nucleosome formation
and silencing. Supporting this idea, other histones H3 and H4
chaperones such as Asflp, Hirlp, and Hiflp have been found to be
required for silencing in yeast cells (26-30). Moreover, the caclA
asfIA or caclA hirl A double-mutant cells grow very slowly and
exhibit synergistic reduction in silencing. On the other hand, the
asfl1A hirl A double mutant reduced silencing to a degree similar to
either the asfI A or hirl A single mutant (26, 27, 31). Thus, there exist
at least two histone assembly pathways that are partially redundant
in yeast cells.

In addition to mutations in histone chaperones, distinct muta-
tions in PCNA (encoded by the POL30 gene), a factor important
for the DNA replication-coupled chromatin assembly, affect either
CAF-1-dependent or Asfl-dependent silencing (32-34). Genetic
and biochemical studies demonstrate that the pol30-8 mutant allele
prevents CAF-1 from contributing to silencing (32). Genetic evi-
dence suggests that the pol30-79 mutant acts primarily to disable
Asflp-dependent silencing. In an effort to understand how PCNA
is involved in silencing, we have made a PCNA mutant, which we
call pol30-879, containing the amino acids changes from both
pol30-8 and pol30-79. This mutant reduces telomeric silencing more
than either pol30-8 or pol30-79 alone. However, silencing at the HM
loci is largely intact in the pol30-879 mutant. We have therefore
introduced the pol30-879 mutation into a collection of ~4,700
viable yeast deletion mutants and identified nine enhancers of the
silencing defect of pol30-879. We describe the characterization of
one of the previously uncharacterized silencing proteins, Rtt106p.
The rtt106A mutation synergistically reduces silencing with cacIA
but has little effect on silencing when combined with a deletion of
ASF1, suggesting that Rtt106p might function with Asflp in the
same genetic pathway. Like Asflp, Rtt106p also binds to histones
H3 and H4 and CAF-1 and has a nucleosome assembly activity in
vitro. These results strongly indicate that Rtt106p is another histone
chaperone connecting DNA replication to epigenetic silencing.

Experimental Procedures

Yeast Strains and Plasmids. All of the yeast strains in our experi-
ments except those used for screening are isogenic to W303-1A
(leu2-3,112 ura3-1 his3-11, trp1-1, ade2-1 canl-100) (35). Standard
yeast media and manipulations were used. See Supporting Experi-
mental Procedures, which is published as supporting information on
the PNAS web site, for detailed procedures for screening a library
of 4,700 viable yeast deletion mutants and purification of Rtt106p.

Abbreviations: CAF-1, chromatin assembly factor 1; SGA, synthetic genetic array; TAP,
tandem affinity purification.
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Silencing Assays. The telomeric silencing assay and the mating assay
used to determine silencing at the HML locus were performed as
described in refs. 32 and 36, respectively. Experimental procedures
to assay silencing at the HMR locus by using the GFP gene were
described in Supporting Experimental Procedures.

Binding Assays to Detect Binding Between Rtt106p and Histones or
CAF-1. To test whether Rtt106p binds to histones or Caclp in vitro,
equal amounts of purified GST-Rtt106p or GST-REGa (a human
proteasome activator) (37, 38) were incubated with glutathione
Sepharose beads for 2 h at 4°C. After the beads were washed three
times with 1 ml of binding buffer A300 (25 mM Tris, pH 8.0/10%
glycerol/1 mM EDTA/0.01% Nonidet P-40/300 mM NaCl), they
were incubated with increasing amounts of core histone octamers
purified from HeLa cells or [33S]methionine-labeled Caclp by using
TNT rapid in vitro transcription translation kits (Promega) in 500-ul
reactions for 6 h at 4°C. After beads were washed extensively with
A300, the bound proteins were eluted by SDS loading buffers,
resolved by SDS/PAGE, and visualized by Coomassie blue staining
or autoradiography.

To determine the binding between Rtt106p and histones in vivo,
Rtt106p was tagged at its C terminus with the tandem affinity
purification (TAP) tag. We followed a standard procedure to purify
Rtt106p by using the TAP tag (39), and copurified proteins were
detected by Western blotting with antibodies against histones H3 or
H4. Similar procedures were also performed to study in vivo binding
between Rtt106p and CAF-1.

Plasmid DNA Supercoiling Assay. Negatively supercoiled plasmid
DNA (pSV011) was incubated with Topoisomerase I from wheat
germ at 30°C for 1 h to relax the DNA. Increasing amounts of
Rtt106p purified from Escherichia coli, and purified histone octam-
ers were added to the relaxed DNA to allow nucleosome assembly
over a 1.5-h incubation at 30°C. The reactions were then stopped by
incubating with stop buffer (1% SDS/0.2 mg/ml protease K/20 mM
EDTA, pH 8.0) at 30°C for 30 min. After removal of proteins by
digestion with proteinase K, DNA was purified by phenol extraction
and ethanol precipitation, resolved on a 1% agarose gel, and
visualized by ethidium bromide staining.

Results

The pol30-879 Mutation Significantly Reduces Telomeric and HM
Silencing. PCNA connects DNA replication to epigenetic inheri-
tance of the chromatin state (15, 32). Two classes of PCNA mutants,
represented by pol30-8 and pol30-79, respectively, were found to
reduce silencing by different mechanisms. Although the pol30-8
mutant prevents CAF-1 from contributing to silencing, pol30-79
disables Asflp’s ability to contribute to silencing (32, 40). We asked
how a combination of pol30-8 and pol30-79 mutations would affect
heterochromatin-mediated silencing. We made a PCNA mutant,
designated pol30-879, containing the following mutations: R61A
and D63A (pol30-8) and I126A and L128A (pol30-79). Wild-type
POL30, pol30-879, pol30-8, or pol30-79 was integrated at the TRP1
locus as the only functional copy of PCNA in cells, and the effect
of each mutant on telomeric silencing was examined by using a
standard telomeric silencing assay (41, 42). For this assay, the URA3
gene was integrated at the end of the right arm of chromosome VII.
Expression of the URA3 gene at the telomere is variegated: some
cells in a population will express the gene, whereas others will not,
and each state is semistable and heritable. Because of this mixed
population, plating of wild-type cells will yield colony growth on
medium lacking uracil or medium containing fluoroorotic acid
(FOA, a drug that kills cells expressing URA3). Defects in silencing
of the telomeric URA3 reporter gene can be detected as a reduction
in growth on FOA. As shown in Fig. 14, both pol30-8 and pol30-79
reduced telomeric silencing in agreement with ref. 32. Moreover,
the pol30-879 mutant reduced telomeric silencing significantly more
than either pol30-8 or pol30-79 did. The pol30-879 mutant also
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Fig. 1. The pol/30-879 mutant reduced heterochromatin silencing. (A) the

pol30-879 mutant reduced telomeric silencing. Ten-fold serial dilutions of
yeast cells were spotted onto yeast extract/peptone/dextrose medium (com-
plete) to assay cell growth and medium lacking uracil (-URA) or containing
fluoroorotic acid (FOA) to assay silencing. (B) The po/30-879 mutant reduced
HML silencing in the absence of Sir1p. Wild-type or various PCNA mutant
strains with MATa as the mating type were mated with a MATas strain, and the
mating efficiency of each strain was determined and plotted on a log scale.

reduced silencing of the ADE2 gene at the HMR locus more than
either pol30-8 or pol30-79 (data not shown). These results suggest
that a combination of the pol30-§ and pol30-79 mutations strongly
decreased telomeric silencing and HMR silencing.

To determine whether the pol30-879 mutant also reduced silenc-
ing at the HML locus, we used a quantitative mating assay. A
complete loss of silencing at the HML« locus in a MATa strain
renders the strain sterile because of coexpressed « and a genes. As
shown in Fig. 1B, the pol30-8, pol30-79, or pol30-879 mutant cells
mated as efficiently as wild-type cells, suggesting that none of these
mutants impaired HML silencing to a detectable degree by this
relatively insensitive assay. Because it has been shown that a PCNA
mutant allele (pol30-52) synergistically reduced silencing at the
HML locus in the absence of Sirlp (34), we also tested whether the
pol30-879 allele affected HML silencing in the absence of Sirlp. As
shown in Fig. 1B, pol30-8 or pol30-79 strongly reduced silencing at
the HML locus when combined with sir/A. Interestingly, the
pol30-879 mutant reduced HML silencing to a degree similar to
pol30-8 or pol30-79 in the absence of Sirlp even though pol30-879
reduced telomeric silencing more than pol30-8 or pol30-79 alone.

The pol30-879 Mutation Prevents CAF-1 from Contributing to Silenc-
ing. We also performed epistasis analysis of pol30-879, caclA, and
asflA mutants by using a quantitative HMR silencing assay. In this
assay (Fig. 24), the GFP gene under the control of the URA3 gene
promoter (Pyr43-GFP) was integrated at the HMR locus and was
silenced in wild-type cells (Fig. 2B and ref. 43). Moreover, silencing
of the GFP gene depended on SIR3 because deleting the SIR3 gene
resulted in GFP expression in all cells examined (Fig. 2B). Because
cells expressing GFP could be differentiated and quantified by
FACS from those that did not, FACS might be suitable for
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Fig.2. Epistasis analysis of the po/30-879, cac1A, and asf1A mutants onsilencing
at the HMR locus. (A) A schematic representation of the HMR locus with the
integrated GFP gene expressed under the control of the URA3 gene promoter
(Pura3-GFP). Two silencers, E and |, and the a2 gene at the silent HMR locus are
indicated. This altered HMR locus is marked by the URA3 gene integrated outside
the silent HMR locus. (B) The expression of GFP depended on the SIR3 gene.
(Upper) Bright field images of wild-type or sir3 mutant cells, (Lower) Fluorescence
images of wild-type or sir3 mutant cells. (C) FACS analysis of GFP expression in
wild-type or various mutants with relevant genotype shown at the right.

quantitatively determining silencing at the HMR locus. To test this
idea, we first determined the percentage of cells expressing GFP in
the sir3A mutant or wild type (Fig. 5, which is published as
supporting information on the PNAS web site). As shown in Fig. 2C
and Table 1, =99.2% of the cells expressed GFP in the sir3 mutant,
but only ~0.3% of cells showed fluorescence in wild-type cells.
These results demonstrate that this assay can be used to quantify
silencing at the HMR locus. Therefore, we determined the effect of
pol30-879, cacl A, and asf1A alone or in combination on silencing of
GFP at the HMR locus (Fig. 2C and Table 1; see also Table 4, which
is published as supporting information on the PNAS web site).
Surprisingly, the pol30-879 allele by itself had very little effect on
HMR silencing. However, 80% of pol30-879 asflA double-mutant
cells expressed GFP, i.e., the double-mutant cells reduced silencing
at the HMR locus much more than did either single mutant. The
percentage of GFP-expressing cells in the pol30-879 cacIA double
mutant, by contrast, was very close to the single mutant alone
(<2%), suggesting that these PCNA and CAF-1 mutations affect
silencing through the same mechanism. Together, these results
suggest that pol30-879 prevents CAF-1 from contributing to HMR
silencing, but it has little effect on Asflp-dependent silencing.
Supporting this idea, the pol30-879 caclA asflA triple mutant
reduced HMR silencing to a similar degree as the cacIA asflA
double mutant (Table 1). It is not clear whether the pol30-879
mutant impacts telomeric silencing in a similar way as it does on
HMR silencing because the pol30-879 mutant is very defective in
telomeric silencing (Fig. 1), and, consequently, it is impossible to
perform epistasis analysis on pol30-879, caclA, and asfIA by using
the available quantitative telomeric silencing assay described in
Table 2. Nonetheless, these results indicate that the pol30-879
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Table 1. Expression of GFP in wild-type or various mutants was
determined by FACS

Genotype % GFP cells
WT 0.3
cact 0.2
asf1 0.9
pol30-879 0.8
cacl pol30-879 1.3
asf1 pol30-879 79.0
cacl asf1 pol30-879 80.1
cacl asf1 711
sir3 99.2

The percentage of GFP-positive cells from each strain was determined as
described in Experimental Procedures. Because of autofluorescence of yeast
strains, the percentage of GFP positive cells at low range (<1%) in different
mutants is not reliable for comparison (Table 4).

mutant displays a phenotype different from that of the cacIA asfIA
mutant, at least at the HMR locus.

Identification of Enhancers of the Silencing Defect of the pol30-879
Mutant. Because the pol30-879 mutant did not affect silencing of the
GFP gene at the HMR locus to a significant degree (Fig. 2C and
Table 1), we decided to isolate mutants that enhanced the silencing
defect of this mutant to identify additional factors functioning with
PCNA in silencing. In yeast, loss of heterochromatin silencing has
no apparent effect on cell growth. We therefore used the collection
of ~4,700 viable yeast deletion mutants and tested whether any of
these mutants enhanced the silencing defect of the pol30-879 allele.
We followed a standard approach to obtain double mutant cells
containing the po/30-879 mutant and each of the deletion mutants
(Supporting Experimental Procedures; see also Fig. 6, which is
published as supporting information on the PNAS web site) (44)
and analyzed the effect of each double mutant on silencing of the
GFP gene at the HMR locus. Nine mutants enhanced the silencing
defect of the pol30-879 mutant (Table 5, which is published as
supporting information on the PNAS web site).

Of these nine mutants, six (sas2, sas4, sas5, hirl, hir3, and sirl)
were previously known to affect silencing (45). Moreover, these
mutants were known to synergistically reduce silencing in combi-
nation with the cac/A mutant (23, 27, 46). Therefore, like sir/ A, the
sas and hir mutants were all predicted to be enhancers of the
silencing defect of the pol30-879 mutant. The identification of these
six genes in our screen confirmed the utility of our screening
strategy.

The gene products of three mutants (nam?7, msh2, and rtt106)
were not previously shown to be involved in silencing. Nam7p is a
putative RNA helicase involved in mRNA decay. A region of
Nam7p is homologous to S. pombe Hrrl, a component of the
RNA-directed RNA polymerase complex involved in RNA inter-
ference (RNAI) and heterochromatin silencing (47, 48). However,
so far, no sequence homologs of proteins involved in RNAI in
higher eukaryotes have been found in S. cerevisiae. Msh2p is best

Table 2. rtt106A reduced telomeric silencing when combined
with the cacTA mutant

Genotype Telomeric silencing (FOA%)
WwT 0.43 (0.21-0.59)

caclA 0.015 (0.004-0.026)
rtt106A 0.28 (0.19-0.4)

caclA rtt106A <1.0 X 1076

Fractions of FOA-resistant cells of wild-type and mutant strains were de-
termined. The average values of three independent experiments are shown,
and the range of values is shown in parentheses.

Huang et al.
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Table 3. rtt106A reduced silencing at the HMR locus when
combined with the cac7A but not other histone
chaperone mutations

Genotype % GFP cells
WT 0.2
cact 0.3
asf1 0.2
rtt106 1.5
hirt 0.14
cacl asf1 60.0
cacl rtt106 59.4
cact hirt 87
hirt rtt106 0.6
asf1 rtt106 1.7
asf1 hirl 0.2

Expression of GFP at the HMR locus in wild-type or various mutant cells with
the indicated genotypes at the left was determined as described in Fig. 2. The
results presented were from one experiment, and similar results were also
obtained from three other independent experiments. We always observed
that the cac7A asf1A mutant reduced silencing to asimilar degree as the cac7A
rtt106A mutant did. By contrast, the cac7A hirlA mutant reduced silencing
more than either cac7A rtt106 or cac1A asf1A alone for all four independent
experiments performed.

known for its role in DNA repair (49). Future studies are needed
to determine how these two genes might affect silencing in yeast.

The rtt106 Deletion Synergistically Reduced Silencing with the cac1A.
The rtt106 mutant was originally identified in a genetic screen as a
mutant that enhanced the retrotransposition of Tyl elements (50),
but the function of Rtt106 was unknown. Mutations in two histone
chaperones, CAF-1 and Hirlp, have been shown to affect Tyl
transposition (51). Moreover, the r#t106 mutant also synergistically
reduced silencing at the HML locus in combination with the
pol30-879 mutant (Table 5). Therefore, we decided to focus on
Rtt106p. We deleted the RTT106 gene from our standard genetic
background (W303) and tested whether the #2106 A mutant affected
cell growth and telomeric silencing. The r#/06A mutant had no
apparent defect in cell growth (data not shown and Fig. 7, which is
published as supporting information on the PNAS web site).
Moreover, rtt106A alone did not affect telomeric silencing to a
significant degree compared with wild-type cells (Table 2). We then
tested whether the r#t106A affected cell growth and silencing with
the caclA mutant. The cacIA rtt106A double mutant grew slower
than either single mutant alone when grown from spores (Fig. 7).
More importantly, the cac/A rtt106A double mutant reduced
telomeric silencing more than either single mutant alone (Table 2)
as revealed by the quantitative telomeric silencing assay. Finally, we
tested whether r#t/06A enhanced the HMR silencing defect in the
caclA mutant by using the Amr::GFP silencing assay. As shown in
Table 3, the cacIA rit106A double mutant significantly reduced
HMR silencing compared with the wild type or either single mutant
alone. In contrast, combing r#t106A with asfIA or hirl A did not
impair silencing beyond the defects seen in each of the single
mutants. These genetic data are exactly what would be predicted
because pol30-879 synergistically enhanced both the asf1A (Fig. 2C
and Table 1) and the r#106A (Table 4) silencing defects but not the
caclA defect (Table 1). These data indicate that Rtt106p functions
primarily in the Asflp-dependent silencing pathway, which is ge-
netically distinguishable from Caclp-dependent silencing.

Rtt106p Interacts with CAF-1 Through Caclp. The above genetic
analysis suggests that Rtt106p may interact with CAF-1 or Asflp
physically. To test this idea, we first used a GST-pulldown assay to
determine whether GST-Rtt106p bound to in vitro-translated Asflp
or two subunits of CAF-1, Caclp and Cac2p. As shown in Fig. 34,
only Caclp, but neither Cac2p nor Asflp, bound to Rtt106p in vitro.
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Fig.3. Rtt106p interacts with CAF-1in vitro and in vivo. (A) Rtt106p interacts
with Cac1p, but not Cac2p, in vitro. GST-Rtt106p was used to pull down in vitro
translated, [3°S]methionine-labeled Cac1p, Cac2p, and Asf1p, the bound pro-
teins were resolved by SDS/PAGE, and detected by autoradiography. (B)
GST-Rtt106p bound to the CAF-1 complex. GST-Rtt106p was used to pull down
the purified CAF-1 complex (Left, silvering staining of the purified CAF-1
complex), and the bound proteins were resolved by SDS/PAGE, detected
either by Coomassie staining (Right Upper) or by antibodies against Cac2p
(Right Lower). (C) Rtt106p interacts with CAF-1 through Cac1p in vivo. Cac2-
TAP was purified from wild-type or the cac7A mutant cells, and copurified
proteins were detected by antibodies against PCNA, Rtt106p, and Cac2p.

To determine whether Rtt106p interacted with the CAF-1 complex
in vitro, we incubated the CAF-1 complex purified from yeast cells
with GST-Rtt106p or GST-REGe and detected proteins that
bound to GST-Rtt106p or GST-REGa by using antibodies against
Cac2p. As shown in Fig. 3B, GST-Rtt106p, but not GST-REGaq,
pulled down Cac2p in the presence of Caclp. The data from Fig.
3 A and B suggest that Rtt106p interacts with CAF-1 complex
through Caclp. To test this idea in vivo, we expressed Flag-tagged
Rtt106p under the control of its own promoter from a centromere
containing plasmid pRS416 in wild-type or caclA mutant cells. We
then immunoprecipitated Cac2-TAP from these two strains and
determined whether Rtt106p was coprecipitated with Cac2p. As
shown in Fig. 3, PCNA, which is known to interact with CAF-1
through Caclp (32), and Rtt106p were coprecipitated with Cac2p
from wild-type, but not from cac/A mutant, cells. Thus, Rtt106p
interacts with CAF-1 through the large subunit of CAF-1 in vitro
and in vivo.

Rtt106p Is a Histone H3 and H4 Binding Protein. The domain structure
of Rtt106p is shown in Fig. 44. A region of the Rtt106p protein is
homologous to the single-strand DNA recognition domain in
human SSRP1 and yeast Pob3. SSRP1 and Pob3 are subunits of
human and yeast FACT, respectively. FACT remodels chromatin to
facilitate RNA polymerase II transcription and DNA replication

PNAS | September 20,2005 | vol. 102 | no.38 | 13413

BIOCHEMISTRY



Lo L

P

1\

o LN A D

Al 195 301 350 400 455
[ I I | Rtt106
SSrecog Acidic
1 252 468 552
IZF: Pob3
recog
1 171 383 468 669
T T sSRP1
SSrecog HMG
B 5 88 & g C
S E o E & a:
Histones 2 0 0 25 5 10 25 5 10 MM(KDa) FE
97 S &3
— —— —— — 66 g wg
—_— — et ot 45 | _f—":
- RIt106 Cac2

n

=
x
=]

H3
H2AM2B & . e S
" Y
D ruioep w T @~ & W T RN 8
(pmol) 0o o T R&Fro o XT88EGCE
core histone  + + + + + +
B P e
[ R N
- e
et e e
l!

Fig. 4. The Rtt106p is a histone H3 and H4 chaperone. (A) The structural
features of Rtt106p are compared with those of Pob3 and SSRP1, a subunit of
yeast and mammalian FACT, respectively. (B) Rtt106p binds to histones H3 and
H4 in vitro. Similar amounts of GST-Rtt106p or GST-REGa were used to pull
down different amounts of histone octamers (micrograms), and the bound
proteins were eluted by using SDS sample buffer, resolved on a SDS/PAGE gel,
and visualized by Coomassie staining. The apparent migration differences
between histones H3 and H4 that bind to Rtt106 and those in the input sample
were likely due to differences in salt concentration of the samples. (C) Rtt106p
binds to H3 and H4 in vivo. The experiment was performed as described in
Fig. 3C. Rtt106p has nucleosome assembly activity in vitro. Topoisomerase |
relaxed plasmid DNA (0.1 pmol) was incubated with Rtt106p alone or with
Rtt106p and histones (8 pmol). After digesting away proteins, DNA was
resolved on an agarose gel and visualized by ethidium bromide staining.

(52-54). Although the FACT complex binds to histones H2A and
H2B, SSRP1 interacts with histones H3 and H4 in vitro (52).
Therefore, we tested whether Rtt106p could bind to any of the four
core histones in vitro. GST-Rtt106p was used to pull down histone
octamers purified from HeLa cells. As shown in Fig. 4B, Rtt106p
bound to histones H3 and H4 but not to histone H2A and H2B
in vitro. Under the same conditions, the negative control protein
GST-REGa did not bind any of the histones. These results indicate
that Rtt106p binds specifically to histones H3 and H4. To test
whether Rtt106p binds to histones H3 and H4 in vivo, we tagged
Rtt106p with the TAP tag and purified Rtt106p from yeast cells.
Copurified proteins were detected by Western blotting by using
antibodies against histones H3 or H4. As shown in Fig. 4C, a
fraction of histones H3 and H4 copurified with Rtt106p. The TAP
tag was not responsible for this binding because under the same
conditions, histones did not copurify with Cac2-TAP in caclA cells
(This mutant was used because the association of histones with
CAF-1 depends on Caclp, the large subunit of CAF-1 (H.Z. and
Z.Z., unpublished data). Thus, Rtt106p binds histones H3 and H4
in vitro and in vivo.

Rtt106p Promotes Nucleosome Formation in a Reconstitution Assay.
Rtt106p contains a 50-residue stretch rich in acidic amino acids (Fig.
4A4); this feature is characteristic of many histone chaperones.
Therefore, we tested whether Rtt106p promoted nucleosome for-
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mation by using a plasmid supercoiling assay. Wrapping DNA
around histone cores introduces roughly one negative supercoil per
core particle, which can be detected subsequently by electrophoresis
of the purified DNA through an agarose gel. In our assays,
negatively supercoiled plasmid DNA (pSVO011) was first relaxed by
topoisomerase I. Histone octamers and increasing amounts of
Rtt106p were then incubated with the relaxed DNA to allow
nucleosome assembly. After the reaction, DNA was purified,
resolved on a 1% agarose gel, and visualized by ethidium bromide
staining. As shown in Fig. 4D, supercoiled DNA reappeared with
increasing amounts of Rtt106p and histones, and the formation of
supercoiled DNA depended on the presence of both histones and
Rtt106p. These results indicate that Rtt106p can promote nucleo-
some formation in a histone chaperone assay in vitro.

Discussion

We have identified nine enhancers of silencing defects of the
pol30-879 mutant by screening ~4,700 viable yeast deletion mu-
tants. This PCNA mutation prevents CAF-1 from contributing to
silencing but has little effect on Asflp-dependent silencing. As
predicted from this genetic epistasis, all of the isolated mutants
characterized so far synergistically reduce silencing with the cac/A
mutant. Experiments with the previously uncharacterized protein
Rtt106p, one of the factors identified in our screen, reveal that it is
a histone H3- and H4-binding protein and possesses nucleosome-
assembly activity in vitro.

Boone and colleagues (44) initially devised the synthetic genetic
array (SGA) method to study whether combining a deletion in each
of the ~4,700 nonessential yeast genes with a mutation of interest
created a double mutant with altered cell growth. Using this
method, we have identified 77 deletion alleles that potentially
interact genetically with the pol30-879 mutation (Z.Z., unpublished
data). In this report, we have taken the method a step further by
screening viable double mutants, which were often discarded in
SGA screens, for enhancers of the silencing defects of the PCNA
mutant by devising the GFP fluorescence-based silencing assay.
Our approach relied on the fact that a complete loss of yeast
silencing is not detrimental to cell growth. Therefore, mutants
enhancing the silencing defect of the po/30-879 mutant are unlikely
to overlap completely with those that are synthetically lethal with
the PCNA mutant. Indeed, we were able to identify six genes
previously known to be involved in silencing by this approach. We
anticipate that our approach can be adopted to identify enhancers
of the silencing defects of other mutants such as asfIA, cdc45-1, and
rfc-1. The mechanisms by which these mutants affect silencing
remain largely unknown (34). Our results highlight the fact that
functional readouts other than growth can be useful in an SGA-
screen format and have several potential advantages over simple
growth assays. First, synthetic genetic interactions that are not
essential for cell growth or that have only weak effects on cell
growth might be uncovered by a function-based assay. Second,
compared with mutants isolated from SGA screens that measure
loss of cell viability of double mutants (synthetic lethality), mutants
isolated by a specific functional assay may be more likely to function
in the specific cellular process of interest.

The utility of this approach is underscored by the identification
of Rtt106p as a protein involved in silencing. We have provided
several lines of evidence supporting the hypothesis that Rtt106p is
a histone H3 and H4 chaperone. First, Rtt106p interacts with
histones H3 and H4 in vitro and in vivo. Second, Rtt106p possesses
nucleosome-assembly activity in vitro. Third, although the lack of
Rtt106p has little effect on cell growth or silencing, the r#t106A
caclA double mutant cells show a synergistic slow growth pheno-
type and a synergistic loss of silencing. Because CAF-1 is a histone
H3 and H4 chaperone functioning in S phase, these results suggest
that Rtt106p may also function as a histone chaperone in S phase.
Supporting this idea, the expression of RTT106, like that of CAF-1
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or Asflp, two histone chaperones known to function in S phase,
peaks in S phase (30, 55).

Rtt106p shares several properties with Asflp. First, both Asflp
and Rtt106p are histone H3 and H4 binding proteins. Second,
Rtt106p functions in the same genetic pathway as Asflp in silencing.
The role of Asflp in telomeric silencing depends on its interaction
with Hirlp (56). Because Rtt106p does not bind Asflp, at least
in vitro (Fig. 3), and because Rtt106p functions in the same genetic
pathway as Hirlp in silencing, it is possible that Rtt106p, like Asf1p,
interacts with Hirlp to mediate silencing. Third, both Asflp and
Rtt106p interact with CAF-1. Interestingly, Asflp interacts with
CAF-1 through the second subunit of CAF-1 (Cac2p) (33), whereas
Rtt106p interacts with CAF-1 through the large subunit of CAF-1
(Caclp). Asflp from yeast to human cells, although unable to
promote nucleosome formation preferentially onto replicated
DNA by itself, enhances the ability of CAF-1 to promote nucleo-
some formation onto replicated DNA (31, 40, 57). In the future, it
would be interesting to determine how Rtt106p functions in the
DNA replication coupled nucleosome assembly assay in the pres-
ence or absence of CAF-1 and/or Asflp.

Despite their shared properties, Asflp and Rtt106p appear to
have distinct functions in cells. Cells lacking Asflp exhibit a slow
growth phenotype (30), yet deleting the RTT106 gene has no
apparent effect on cell growth (Fig. 7). The underlying mechanisms
by which Rtt106p and Asflp function distinctly in cells are under
investigation. Asflp is known to interact with a variety of proteins.
For instance, Asflp interacts with the checkpoint kinase Rad53p,
and this interaction regulates the association of Asf1p with histones
H3 and H4 in yeast cells (58, 59). Moreover, Asflp interacts with
RFC, a clamp loader (60), and is required to maintain replication
fork stability (61). Furthermore, Asflp interacts with the SAS
histone acetyltransferase (62). Thus, it would be interesting to
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determine whether Rtt106p and Asflp interact with different
proteins to perform their distinct functions.

In human cells, there are two Asfl sequence homologs, Asfla
and Asflb. Both Asfla and Asflb stimulate CAF-1 to deposit
histones H3 and H4 for nucleosome formation in vitro (57).
Moreover, both Asfla and Asflb are in the CAF-1 as well as
HIRA-containing complexes (10). HIRA, the yeast homolog of
Hirlp, functions in the replication-independent nucleosome
assembly processes (10, 63). Despite their shared properties,
Asfla and Asflb appear to have distinct functions in cells. For
instance, Asfla, but not Asflb, is required for formation of
senescence-associated heterochromatin foci (64). No yeast se-
quence homolog of Asflp has been reported. It is possible that
Rtt106p is the functional homolog of one of the mammalian Asfl
proteins. Supporting this idea, we cannot find sequence ho-
mologs of Rtt106p from higher eukaryotes even though the
sequence homolog of Rtt106p can be identified in S. pombe (data
not shown). Alternatively, Rtt106p may be a unique histone
chaperone in yeast cells. Future studies on the mechanisms of
Rtt106p in silencing and nucleosome assembly should help to
determine how Rtt106p functions with CAF-1 and Asflp in
silencing and nucleosome assembly.
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