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Chromatin assembly factor I (CAF-I) is a conserved histone H3/H4 deposition complex. Saccharomyces
cerevisiae mutants lacking CAF-I subunit genes (CACI to CAC3) display reduced heterochromatic gene silenc-
ing. In a screen for silencing-impaired cacl alleles, we isolated a mutation that reduced binding to the Cac3p
subunit and another that impaired binding to the DNA replication protein PCNA. Surprisingly, mutations in
Caclp that abolished PCNA binding resulted in very minor telomeric silencing defects but caused silencing to
be largely dependent on Hir proteins and Asflp, which together comprise an alternative silencing pathway.
Consistent with these phenotypes, mutant CAF-I complexes defective for PCNA binding displayed reduced
nucleosome assembly activity in vitro but were stimulated by Asflp-histone complexes. Furthermore, these
mutant CAF-I complexes displayed a reduced preference for depositing histones onto newly replicated DNA.
We also observed a weak interaction between Asflp and Cac2p in vitro, and we hypothesize that this interaction
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underlies the functional synergy between these histone deposition proteins.

Chromatin assembly factor I (CAF-I) is a heterotrimeric
protein complex that delivers histones H3 and H4 to DNA (43,
54) during DNA replication or DNA repair (6, 7, 16). Both the
biochemical activity and primary structure of CAF-I have been
evolutionarily conserved from budding yeast to humans (18-
20, 33, 51). The human CAF-I subunit genes for p150, p60, and
p48 are homologous to the yeast CACI, CAC2, and CAC3
genes, respectively. The specificity of CAF-I for replicated
DNA molecules is imparted by specific recognition of the
DNA polymerase processivity factor PCNA by the large sub-
unit of CAF-I in both yeast and human cells (37, 61).

In yeast, CAC gene deletions result in reduced position-
dependent gene silencing at all three silenced loci: telomeres,
the silent mating loci, and ribosomal DNA (4, 5, 19, 26, 41).
Because mutations in histone termini (21, 24; reviewed in ref-
erence 10) and histone-modifying enzymes (reviewed in refer-
ences 8 and 38) affect the magnitude of position-dependent
gene silencing, this chromatin-mediated phenomenon is anal-
ogous to heterochromatic silencing in multicellular organisms.
In mammalian cells, CAF-I interacts directly with heterochro-
matin protein 1 (HP1) and localizes to heterochromatin in late
S phase (29, 47). Furthermore, overexpression of a fragment of
the p150 CAF-I subunit interferes with chromatin-mediated
transcriptional silencing in mouse cells (48). Together, these
data suggest a conserved role for CAF-I in heterochromatin
formation.

The yeast ASFI gene is a member of a second histone dep-
osition pathway important for chromatin assembly that largely
overlaps the role of CAF-I in silencing. ASFI was identified in
two independent genetic screens for high-dosage disrupters of
position-dependent gene silencing (23, 40). The Drosophila
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homologue of Asflp was purified in a complex with acetylated
forms of histones H3 and H4 as a factor that stimulates the
nucleosome assembly activity of CAF-I in vitro (51). Yeast
Asflp also stimulates the activity of CAF-I in vitro (36), dem-
onstrating that this activity is conserved. asfI A mutants display
minor defects in heterochromatic gene silencing (23, 40, 51).
However, cacA asfl A double mutants display synergistic reduc-
tions in heterochromatic gene silencing, consistent with the in
vitro synergy data (51).

HIR genes, first identified as transcriptional repressors (31,
58), are part of the ASFI-mediated silencing pathway (36).
Like cacA asflA cells, cacA hirA double mutant cells display
synergistic reduction of position-dependent gene silencing at
both telomeres and the silent mating loci, exhibit slow growth
after germination, and display increased sensitivity to methyl
methanesulfonate (17, 32). These phenotypes occur regardless
of which of the three cacA or four hirA gene deletions are
combined (17, 32), suggesting that CAF-I and the Hir proteins
function as independent complexes. Hirlp and Hir2p proteins
interact with Asflp in vitro and in cell extracts (36); in vivo
interactions between Hirlp and Asflp have been observed in
two-hybrid experiments (46). Also, some mutant PCNA pro-
teins block the contribution of ASFI and HIR genes to telo-
meric silencing (36). Thus, silencing by both the CAF-I and
Asflp/Hir pathways is a PCNA-dependent process.

To better understand the contribution of CAF-I to hetero-
chromatin formation, we conducted a genetic screen for silenc-
ing-impaired alleles of the CACI gene. Analysis of one allele
resulted in discovery of an amino acid required for interaction
between the Caclp and Cac3p proteins. Another allele, termed
cacl-13, encoded a single amino acid change in a consensus
PCNA-binding motif and impaired binding to PCNA by
Caclp. Mutations in this motif caused mild telomeric silencing
defects in otherwise wild-type cells, but caused dramatic silenc-
ing defects in the absence of ASF1 or the HIRI genes. We also
discovered a weak interaction between Asflp and the Cac2p
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subunit of CAF-I in vitro. We propose that Asflp/Hir proteins
functionally assist CAF-I via this direct interaction and that
this assistance is critical for nucleosome formation in vivo
when the Caclp-PCNA interaction is impaired.

MATERIALS AND METHODS

Plasmids. For T7 promoter-driven Cac2p expression, a Notl fragment with a
triple hemagglutinin tag (50) was cloned into a NotI site generated at the 3’ end
of CAC2. A 1.4-kb Ndel fragment of this plasmid was inserted into pET15b
(Novagen) to create pPK83. For T7 promoter-driven Caclp expression, the 5’
end of the CACI gene was amplified by PCR to add a 2X polyomavirus epitope
(PY) tag (35) to the N terminus using the oligonucleotides 5'-CCGGATCC
GAAAATGGAATATATGCCAATGGGAATGGAATACATGCCTATGGA
AATGGAGCAACATCTCTC-3' and 5'-TAAAAGCTTGTCTTCAGC-3'. A
2.3-kb BamHI fragment containing the PY2-CACI gene was cloned into BamHI-
digested pRSET-B (Invitrogen) to generate pPK122. For T7 promoter-driven
Cac3p expression, the BamHI-Sall fragment from pPK115 (36) was cloned into
BamHI-Xhol-digested pRSET-B to create pPK123.

For expressing glutathione S-transferase (GST) fusion proteins, fragments of
the CACI gene were cloned into pGEX-KG (11); details of constructs used are
available upon request. All GST fusion-expressing plasmids were sequenced to
ensure that no errors were introduced during subcloning or PCR.

Yeast strains and medium. All strains used in this study are isogenic with the
W303 genetic background (49), with the genotype leu2-3,112 ura3-1 his3-11,15
trpl-1 ade2-1 canl-100. The URA3-VIIL telomere and caclA, hirlA, and asfIA
gene deletions in W303 were described previously (17, 19, 36). The ADE2-VR
telomere was integrated into the W303 background using plasmid pHR10-6 (39).
Standard procedures were used for genetic crosses and tetrad analysis, and
standard yeast medium was used for scoring genetic marker segregation (15). SD
is synthetic dextrose medium; 5-fluoro-orotic acid (FOA) was added to SD
medium at a concentration of 1 mg/ml; medium with low adenine contained 5
mg/liter.

Yeast strains used in this study include PKY620 (MATa caclA::hisG ADE2-
VR), PKY557 (MATa cacAl:LEU2 ADE2-VR URA3-VIIL), PKY618 (MATa
caclA::hisG hirl Az:HIS3 ADE2-VR URA3-VIIL), PKY619 (MAT« caclA::hisG
ADE2-VR URA3-VIIL), PKY950 (MATo caclA:LEU2 asflA:HIS3,URA3-
VIIL), and PKY2095 [MATw caclA::hisG hirl A::HIS3 ade3A (hhtl-hhfl)-1216/
pPK107 (URA3 ADE3 CACI ARS/CEN)]. The (hhtI-hhfI)-1216 allele was ob-
tained in a genetic screen and causes viability of 4irl A strains to be dependent on
the CACI gene.

The CACI-FLAG allele described previously (36) was shown to fully comple-
ment the telomeric silencing and UV sensitivity phenotypes of a cacIA strain
(data not shown). Furthermore, we observed that the CACI-FLAG allele re-
stores wild-type levels of telomeric silencing to a caclA hirlA strain, which is a
more sensitive assay for CACI function (17).

Telomeric silencing assays using the URA3-VIIL reporter (9) were performed
as previously described (36).

Mutagenesis of CAC1 and recovery of silencing-defective alleles. In vitro
PCR-based mutagenesis of CACI was performed as described (27); details of
oligonucleotides used and PCR conditions are available upon request. Yeast
strain PKY2095 was transformed simultaneously with mutagenized PCR prod-
ucts and Xhol- and BamHI-digested pPK150 (CACI TRP1 ARS/CEN) (36);
colonies were grown on medium lacking tryptophan to select for recombination
of the mutant alleles into the plasmid backbone. A total of 236 colonies were
either replica-plated or patched to —Trp +FOA plates to cure PKY2095 of the
wild-type CACI URA3 plasmid pPK107. Because (hhtI-hhfI)-1216 cells require
CACI for viability, transformants capable of growth on —Trp +FOA contained
nonnull cacl alleles. Trp*, FOA-resistant transformants were then mated to
PKY620, which contains an ADE2-VR-marked telomere and wild-type HIRI and
HHTI-HHF1 genes but lacks the CACI gene. The resulting diploids therefore
contained a colony color marker to assay telomeric silencing, had both chromo-
somal copies of CAC! deleted, contained a mutated cac! allele on the plasmid,
had one functional copy of the HIRI gene, and had three out of four wild-type
histone H3/H4 loci.

Diploid cells were streaked onto —Trp +low adenine plates to select for the
plasmid and test for telomeric silencing defects. Candidate cacl alleles were
isolated from strains that appeared mostly white or sectored, indicating a silenc-
ing defect. The mutations responsible for silencing defects were mapped by
subcloning and sequenced on both strands. All mutant proteins accumulated to
levels similar to the wild-type protein (data not shown). Also, addition of the
C-terminal FLAG tag did not alter the silencing phenotypes of any of the alleles
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(data not shown). Additional alleles generated by site-directed mutagenesis all
maintained viability of strain PK'Y2095 in the absence of a wild-type CACI gene
(data not shown).

Protein purification. Overproduction and purification of yeast PCNA in Esch-
erichia coli were performed as described (1). CAF-I, Cafl-13, CafI-20, and the
Cacl/3 complex were purified from infected Sf9 cells, GST-Asflp and Asflp
were purified from E. coli, and the Asflp + H3/H4 complex was formed and
purified as described (36). Other GST fusion proteins were prepared essentially
as described (18) (details are available on request), except that the glutathione-
agarose resin was washed with buffer containing 300 mM NacCl prior to elution.

Biochemical experiments. For GST fusion coprecipitation experiments with
Caclp, Cac2p, and Cac3p, 2.5 pg of GST or GST-Caclp or 10 pl of GST-Asflp
were bound to 10 pl of glutathione agarose (Sigma) and incubated with 5 pl of
35S-labeled in vitro-translated Caclp, Cac2p, or Cac3p (T7 single tube protein
transcription/translation; Novagen) in 200 pl of buffer A with 25 mM NaCl and
50 pg of ethidium bromide per ml. Reactions were rotated at 4°C for 1 h,
followed by three 1-ml washes in buffer A-500 mM NaCl (GST-Caclp experi-
ments and GST-Asflp + Cac2p) or buffer A-25 mM NaCl (GST-Asflp +
Cac3p) or buffer A-250 mM NaCl (GST-Asflp + Caclp). Bound proteins were
eluted with sodium dodecyl sulfate (SDS) sample buffer and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
autoradiography. For GST fusion coprecipitation experiments with PCNA, 4 ug
of GST-Caclp was incubated with 35 ng of PCNA in 100 pl of buffer A-100 mM
NaCl-50 pg/ml ethidium bromide. Reactions were rotated at 4°C for 1 h fol-
lowed by three washes of 1 ml of buffer A-500 mM NaCl. Bound proteins were
eluted with SDS sample buffer and separated by SDS-PAGE followed by West-
ern analysis.

To coimmunoprecipitate CAF-I and Asflp, 100 ng of affinity-purified CAF-I
or Cacl/3 was incubated with 60 ng of Asflp = H3/H4 for 10 min at 30°C in a
30-pl reaction in buffer A-50 mM NacCl followed by addition of 10 pl of 50%
anti-PY antibody (35), cross-linked to protein A-Sepharose (13) and 10 wl of
50% G50-Sepharose. This mixture was rotated at 4°C for 1 h, followed by three
washes of 1 ml of buffer A-100 mM NaCl. Proteins were eluted with SDS sample
buffer, separated by SDS-PAGE, and analyzed by immunoblotting.

Glycerol gradient sedimentation was performed by incubating 200 ng of
CAF-I, 350 ng of Asflp + H3/H4, and/or 1,000 ng of Asflp in 30 wl of buffer
A-50 mM NaCl at 30°C for 10 min, followed by addition of 70 .l of buffer A-50
mM NaCl. Each protein mixture was overlaid onto a 5-ml 10 to 40% glycerol
gradient and centrifuged at 200,000 X g at 4°C for 24 h. The gradients were
separated into 380-ul fractions, and 5 wl was separated by SDS-PAGE followed
by immunoblot analysis. Protein standards were chymotrypsinogen A (25 kDa),
chicken egg albumin (45 kDa), bovine serum albumin (68 kDa), aldolase (158
kDa), and catalase (240 kDa).

Nucleosome assembly assays and micrococcal nuclease (MNase) digestions
were performed as described (19, 36), except that the human cells used to make
the replication extracts were HelLLa and not 293 cells.

RESULTS

Isolation of silencing-defective cacl alleles. To isolate silenc-
ing-defective cacl alleles, we made use of our discovery that
CACI is essential for viability in yeast strains that lack the
HIRI gene and contain a mutation in the HHT1-HHFIlocus,
one of the two histone H3- and H4-encoding loci (M. D.
Adams and P. D. Kaufman, unpublished results) (Fig. 1A). To
ensure that our screen would yield nonnull cac! alleles, we first
selected cacl alleles that maintained the viability of a haploid
caclA hirl A hht1-hhfI strain (Fig. 1A). Viable cells were then
mated to cacIA ADE2-VR cells (Fig. 1B). In the resulting
diploid cells, the only source of CACI was the mutagenized
gene. The diploids also contained one wild-type copy of the
HIRI and HHTI-HHF1 genes, so any silencing defects de-
tected by the telomeric ADE2-VR reporter resulted solely from
the mutant cacl allele. In the secondary screen, mutant cacl
alleles that reduced silencing of the telomeric ADE?2 gene were
then isolated based on colony color (Fig. 1B; see Materials and
Methods). This screen resulted in isolation of six silencing-
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defective CACI alleles (termed cacl-11 through cacl-16), and
we present data here concerning a subset of these.

Mutation of the Cac3p-binding site of Caclp. The three
alleles cacl-13, cacl-14, and cacl-15 each contained mutations
within the region of Caclp that we identify here as the Cac3p
binding site (Fig. 1C). To map the Cac3p binding site on
Caclp, we tested various GST-Caclp protein fusions for the
ability to coprecipitate in vitro-translated Cac3p. We observed
that GST fused to Caclp amino acids 87 to 429 would effi-
ciently precipitate Cac3p and that Caclp amino acids 215 to
429 were sufficient for this interaction (Fig. 2A, lanes 2 and 7).
In contrast, GST fused to Caclp residues 87 to 306 or 427 to
606 or unfused GST did not bind Cac3p (Fig. 2A, lanes 6, 8,
and 9). We concluded that Caclp residues 215 to 429 contain
the Cac3 binding site (Fig. 1C).

We then tested the effects of the mutations identified in the
genetic screen on Cac3p binding by generating GST fusion
proteins of amino acids 87 to 429 from each cacl mutant.
GST-Cacl-13p and GST-Cacl-14p bound to Cac3p with wild-
type affinity (Fig. 2C). In contrast, GST-Cacl-15p did not co-
precipitate Cac3p (Fig. 2A, lane 3). Cacl-15p contains two
amino acid changes, F257L and L276P, and both reside within
the Cac3p binding region. To determine which of these sub-
stitutions impaired Cac3p binding, we separated them, creating
the cacl-21allele, encoding the single L276P substitution, and
the cacl-22 allele, encoding the F257L change. GST-Cacl-21p
only weakly associated with Cac3p; in contrast, GST-Cac1-22p
bound Cac3p with wild-type efficiency (Fig. 2A, lanes 4 and 5).
We therefore concluded that the L276P substitution alone
greatly impaired Cac3p binding. Thus, isolation of cacl-15
allowed us to identify a single amino acid important for inter-
action between Caclp and Cac3p.

Mutation of the PCNA-binding site of Caclp. The cacl-13
allele encodes a single amino acid change at amino acid 233,
converting a phenylalanine to leucine (Fig. 1C). This mutation
falls within a seven-amino-acid region, residues 227 to 234
(QSRIGNFF), which matches a characterized PCNA-binding
motif [Qxx(I/L/V)xx(F/Y)(F/Y)] (Fig. 2B) (55). The structure
of a peptide containing this motif bound to human PCNA
shows that the aromatic residues in this motif are buried in a
hydrophobic pocket on the interdomain loop of PCNA (12).
Furthermore, mutation of either of these aromatic residues to
alanine in the cell cycle regulator p21 disrupts PCNA binding
(30). We note that the aromatic residues of this motif are
conserved in Caclp homologs (Fig. 2B), although the initial
glutamine is not found in the genes from multicellular species
(see Discussion).

Both human p150 and yeast Caclp bind PCNA (25, 61), but
the site of interaction on CAF-I had not been determined
previously. To determine whether the conserved aromatic res-
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idues in Caclp contribute to PCNA binding, we tested the
interaction between mutant GST-Caclp proteins and purified
recombinant yeast PCNA. Consistent with previous experi-
ments (61), GST-Caclp amino acids 87 to 429 coprecipitated
purified recombinant yeast PCNA (Fig. 2C, lane 2). Notably,
Cacl-13p was much less efficient at coprecipitating PCNA than
was wild-type Caclp. In contrast GST-Cacl-14p, which has
mutations just outside of the PCNA-binding motif (amino ac-
ids 191, 217, and 265; see Fig. 1C), bound PCNA with wild-type
affinity. GST-Caclp and GST-Cacl-13p bound to Cac3p with
equal efficiency, suggesting that Cacl-13p was specifically de-
fective in PCNA binding (Fig. 2C, autoradiogram). To more
dramatically alter the PCNA-binding motif, we also directly
changed both aromatic residues to create the cacl-20 allele
(F233A, F234G; Fig. 1C and 2B). We observed that Cacl-20p
also displayed reduced binding to PCNA but retained normal
affinity for Cac3p (Fig. 2C, lane 4). Therefore, Cacl-13p and
Cacl-20p were specifically defective in PCNA binding, dem-
onstrating that alterations of the canonical PCNA-binding mo-
tif disrupt the Caclp-PCNA interaction.

Telomeric silencing phenotypes. To ensure that the telo-
meric silencing defects observed in the genetic screen were not
specific to the ADE2 gene at telomere VR, we also tested the
cacl alleles for telomeric silencing using the URA3 gene placed
adjacent to telomere VIIL (Fig. 3A). The drug FOA is toxic to
cells expressing the URA3 gene (2); therefore, growth in the
presence of FOA indicated that the URA3 gene was silenced.
The URA3-VIIL assay also facilitated more quantitative dif-
ferentiation of the silencing defects caused by the cac! alleles,
which could not be distinguished using ADE2-VR (compare
Fig. 1B and 3A). For example, using URA3-VIIL, we observed
that very mild reductions in telomeric silencing resulted from
all alleles tested except cacl-15, which caused a strong defect
(Fig. 3A). Notably, although the amino acid changes in both
the cacl-15 (F257L, L276P) and cacl-21 (L276P) alleles
blocked Cac3p binding (Fig. 2A), only cacl-15 caused a strong
loss of silencing. Each mutant Caclp protein accumulated to
wild-type levels (data not shown); thus, differential protein
stability was not responsible for the different silencing pheno-
types. Therefore, we concluded that the strong silencing defect
caused by cacl-15 required both the F257L and L276P amino
acid changes.

cacl alleles sensitive to loss of ASF1 and HIRI genes. To
further differentiate among the silencing-defective cacl alleles,
we sensitized the telomeric silencing assay by deletion of the
ASF1 or HIR gene, both of which contribute to a silencing
pathway that functionally overlaps CAF-I (17, 36, 51). As ob-
served previously, deletion of either the HIRI or ASF1 gene in
the presence of a wild-type CACI gene had little effect on
silencing. In contrast, combination of either asflIA or hirlA

FIG. 1. Isolation of silencing-impaired cacl alleles. (A) Isolation of nonnull cacl alleles (see text and Materials and Methods for details). Strain
PKY2095 [caclA hirlA (hht1-hhfl)-1216/pPK107 (URA3-CACI)] was transformed with plasmids bearing the TRPI gene and the indicated cacl
alleles or a vector control. Transformants were patched onto SC —Trp +FOA medium to select against plasmid pPK107 and incubated for 4 days
at 30°C. Growth indicates the ability of the indicated cac! allele to maintain viability of the hirl A (hht1-hhfl)-1216 cells. (B) Identification of cacl
alleles with telomeric silencing defects. Cells containing the ADE2 gene at telomere VR and the indicated cac! alleles were plated on —Trp + low
adenine plates and grown for 6 days at 30°C followed by 1 day at 4°C. (C) Map of the Cac3p (violet) and PCNA (orange) binding sites on Caclp
and locations of cacl allele mutations. The highly charged K/E/R-rich and E/D-rich regions of the protein are indicated in purple and blue,
respectively. Protein binding data from Fig. 2 are summarized on the right. ND, not determined.
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FIG. 2. Protein binding defects of Caclp mutants. (A) Cacl-15p does not bind Cac3p in vitro. GST fusion proteins (amino acids 87 to 429 of
Caclp, Cacl-15p, Cacl-21p, or Cacl-22p, amino acids 87 to 306, 215 to 429, or 427 to 606 of Caclp, or an unfused GST control) were incubated
with in vitro-translated Cac3p and washed extensively in the presence of 500 mM NaCl. Bound proteins were eluted with SDS sample buffer,
separated by SDS-12.5% PAGE, and visualized by autoradiography. The input (lane 1) contains 1/10 of the amount of translation product input
into the binding assays. The upper panel labeled autoradiogram shows in vitro-translated Cac3p, and the lower panel labeled Coomassie shows the
input GST fusion proteins for the same experiment. The GST-Caclp proteins were susceptible to proteolysis, resulting in the pattern of bands
shown in the lower panel. (B) Evolutionary conservation of the consensus PCNA-binding motif in CACI homologues from human (GenBank
accession number XM009408), mouse (NMO013733), Xenopus laevis (AF222339), Drosophila melanogaster (AF367177), Arabidopsis thalania
(AB027229), Schizosaccharomyces pombe (AL034463), and S. cerevisiae (NP015343). The consensus PCNA-binding motif is shown at the top of
the shaded rectangle. Mutations in the cac-13 and cacI-20 alleles are indicated. Residues comprising the PCNA-binding motif are in bold. (C)
Cacl-13p and Cacl-20p are defective in PCNA binding. GST fusion proteins (amino acids 87 to 429 of Caclp, Cacl-13p, Cacl-14p, or Cacl-20p
[lanes 2 to 5] or amino acids 427 to 606 of Caclp [lane 6]) were incubated with purified recombinant yeast PCNA or in vitro-translated Cac3p.
Samples were washed extensively in the presence of 500 mM NaCl, and bound proteins were eluted with SDS sample buffer and separated by
SDS-15% PAGE. Cac3p was visualized by autoradiography, and PCNA was visualized by immunoblotting. The lower panel labeled Ponceau shows
the input GST fusion protein for the PCNA coprecipitation experiment. For Cac3p, the input lane contains 1/30 of the amount of translation
product input into the binding assays; for PCNA, the input lane contains 1/10 of the amount input (lane 1).

gene deletions with the cacl alleles reduced the efficiency of
telomeric silencing up to 100,000-fold, depending on the par-
ticular cac! allele (Fig. 3B and 3C).

The hirlA and asflIA deletions had an especially dramatic
effect on silencing in combination with the cacl alleles that
impair PCNA binding. In otherwise wild-type cells, the cacl-13

and cacl-20 alleles resulted in nearly wild-type telomeric si-
lencing (Fig. 3A). However, deletion of HIRI or ASFI reduced
silencing in cacl-13 cells approximately 1,000-fold, and silenc-
ing in cacl-20 cells was reduced approximately 100,000-fold
(Fig. 3B and C). In contrast, the cacl-14 allele, which did not
impair PCNA or Cac3p binding (Fig. 2C), displayed much
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FIG. 3. Telomeric silencing defects of cac! alleles. Tenfold serial
dilutions of cells containing the URA3-VIIL telomere and the indicated
cacl alleles were plated onto SC —Trp or SC —Trp +FOA plates and
grown for 5 days at 30°C. Strains used were (A) PKY619 (caclA), (B)
PKY618 (caclIA hirlA), and (C) PKY950 (cacIA asfIA).

milder silencing defects when combined with the hirlA or
asfIA deletion. Similar results were obtained by combining
these cacl alleles with hir2A deletions (data not shown), con-
sistent with genetic and biochemical evidence indicating that
Hir proteins function as a complex (36, 44). We note that the
stronger silencing defect in the cacl-20 cells is consistent with
the more drastic alteration of the PCNA-binding site in this
allele compared to cacl-13 (Fig. 2B). These data indicated that
mutation of the PCNA-binding motif of CACI caused telo-
meric silencing to be almost completely dependent on the
ASF1 and the HIR genes.
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The cacl-15 mutation caused a significant loss of silencing,
similar to that observed in the absence of CACI, and deletion
of either HIRI or ASF1 similarly exacerbated these phenotypes
(Fig. 3). The nearly null phenotypes caused by cacl-15 were
stronger than those of the separated point mutations cacl-21
and cacl-22. For example, deletion of either HIRI or ASF1 did
not strongly affect silencing in cacl-22 cells. However, the
cacl-21 allele that blocked Cac3p binding (Fig. 2A) had an
intermediate phenotype. In this case, telomeric silencing in
cacl-21 hirlA cells was nearly wild type, but silencing in
cacl-21 asfIA cells was reduced almost 10,000-fold compared
to CACI asfIA cells (Fig. 3C). These data indicated that dis-
ruption of the Caclp-Cac3p interaction led to a greater re-
quirement for Asflp than for Hirlp for telomeric silencing.
Thus, the ASFI and HIR genes have at least one separable
function in telomeric silencing (see Discussion).

Stimulation of CAF-I complexes defective in PCNA binding
by Asflp/H3/H4. CAF-I promotes DNA replication-dependent
chromatin assembly in vitro (42), and the Asflp/H3/H4 com-
plex stimulates the chromatin assembly activity of CAF-I (36,
51). Our genetic data suggested that mutant CAF-I complexes
defective in PCNA binding were particularly reliant on the Hir
proteins and Asflp. We therefore tested whether these mutant
CAF-I complexes were capable of replication-coupled chroma-
tin assembly and synergy with Asf1/H3/H4 complexes.

Wild-type yeast CAF-I, Cafl-13 (Cacl-13p, Cac2p, and
Cac3p) and CafI-20 (Cacl-20p, Cac2p, and Cac3p) were over-
produced in insect cells and purified to homogeneity by ion
exchange and epitope affinity chromatography using a C-ter-
minal epitope on Caclp (Fig. 4A). Purified CAF-I complexes
were tested for chromatin assembly activity in an assay that
detects nucleosome-mediated supercoiling of newly replicated
DNA templates (45). In this assay, wild-type or mutant CAF-I
was added to an in vitro DNA replication reaction containing
a plasmid with a simian virus 40 (SV40) origin of replication,
the SV40 replication initiation protein T-antigen, [a->*P]dATP
to label newly replicated DNA, and HeLa S100 extract which
contains proteins required for DNA replication.

In the absence of CAF-I, the newly replicated DNA mole-
cules visualized by autoradiography had a topoisomer distri-
bution similar to that of the total DNA visualized by ethidium
bromide staining (Fig. 4B, lane 2). However, in the presence of
sufficient CAF-1, most of the replicated DNA was recovered as
form I supercoiled DNA, although most of the total DNA in
the reactions was not supercoiled (Fig. 4B, lane 5). Therefore,
wild-type yeast CAF-I preferentially assembled nucleosomes
onto newly replicated DNA molecules.

CAF-I functions stoichiometrically during nucleosome as-
sembly (18, 22, 36, 42), so that addition of substoichiometric
amounts of CAF-I results in incomplete supercoiling of DNA
templates. Consistent with previous data (36), addition of 20
ng (120 fmol) of recombinant wild-type yeast CAF-I was re-
quired to promote efficient supercoiling of replicated tem-
plates in reactions containing 52 fmol of total plasmid mole-
cules (Fig. 4B, lane 5). In contrast, addition of 20 ng of either
Cafl-13 or CafI-20 did not result in supercoiling (Fig. 4B, lanes
6 and 9). Addition of larger amounts (75 ng [0.44 pmol]) of
Cafl-13 or CafI-20 did result in increased DNA superhelicity
(Fig. 6B, lanes 8 and 11), but this effect was not specific to
replicated DNA molecules, as the total DNA visualized by
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FIG. 4. Chromatin assembly activity of Cafl-20 complexes. (A) Purified recombinant CAF-I complexes. Purified CAF-I, CafI-13, and Cafl-20
(2 pg) were separated by SDS-10% PAGE and stained with Coomassie blue. (B) Chromatin assembly activity. SV40 DNA replication reactions
(50 l) containing 100 ng of DNA (52 fmol of plasmid molecule) were performed with CAF-I complexes alone (lanes 1 to 11) or with the addition
of 3.5 pmol of Asflp/H3/H4 (lanes 12 to 21), H3/H4 alone (lanes 22 to 28), or Asflp alone (lanes 29 to 35). Indicated amounts of purified CAF-I,
Cafl-13, or Cafl-20 were added (10 ng of CAF-I complex = 59 fmol). The upper panel shows total DNA visualized by ethidium bromide (EtBr)
staining; the lower panel shows replicated DNA visualized by autoradiography (autoradiogram). Migration of supercoiled form I DNA molecules
is indicated by the symbol I at the right; migration of nicked form II molecules is indicated by the symbol II. Reactions lacking both the replication
initiator T antigen and CAF-I or lacking only CAF-I are shown in lanes 1 and 2, respectively.

ethidium bromide displayed increased migration in these
cases. These data indicate that mutation of the PCNA-binding
site of Caclp reduced the specific activity of CAF-I, and par-
ticularly interfered with the preference for newly replicated
DNA molecules.

To confirm that the DNA supercoiling that we observed
resulted from nucleosome formation, the reaction products
were digested with MNase. MNase preferentially cleaves chro-
matin in the linker region between nucleosomes, resulting in a
characteristic ladder of DNA products (34). In the absence of
CAF-1I, some mononucleosome- and subnucleosome-sized

DNA fragments were protected from digestion, indicative of a
background level of histone interaction with replicated DNA
(Fig. 5A, lanes 1 to 4). As observed previously (36), addition of
20 ng of wild-type yeast CAF-I resulted in formation of a
spaced ladder of MNase-protected DNA species, indicative of
formation of polynucleosomal arrays (Fig. 5A, lanes 5 to 8).
Furthermore, addition of 75 ng of either Cafl-13 or Cafl-20
also resulted in nucleosome formation (Fig. 5A, lanes 9 to 16).
These data demonstrated that the supercoiling of DNA by high
levels of the mutant CAF-I complexes did indeed reflect nu-
cleosome assembly.
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Cafl-20 (A) without or (B) with 3.5 pmol of Asf1p/H3/H4 were digested with 0.2 U of MNase (Sigma) for 0, 10, 20, and 30 min at 22°C. Recovered
DNA was separated on a 2% agarose gel and visualized by autoradiography.

We then explored the biochemical synergy between CAF-I
and Asflp. As reported previously (36), Asflp/H3/H4 stimu-
lated wild-type CAF-I activity. In the absence of Asf1p/H3/H4,
20 ng (0.12 pmol) of CAF-I was required for supercoiling of
replicated DNA. However, only 10 ng (59 fmol) of CAF-I was
required in the presence of 3.5 pmol of Asflp/H3/H4 (Fig. 4B,
lanes 5 and 14). Although Asflp/H3/H4 was added in much
higher concentrations than CAF-I, this amount of Asflp/
H3/H4 did not result in nucleosome formation in the absence
of CAF-I (Fig. 4B, lane 12). Additionally, 3.5 pmol of Asflp in
the absence of bound histones was unable to stimulate the
activity of CAF-I, Cafl-13, or Cafl-20 to the same degree
observed with equivalent amounts of the Asflp/H3/H4 com-
plex (Fig. 4B, lanes 29 to 35). Furthermore, 3.5 pmol of his-
tones H3 and H4 in the absence of Asflp potently inhibited
DNA replication and converted the DNA to a rapid-migrating
form (Fig. 4B, lanes 22 to 28), confirming previous experiments

demonstrating the ability of Asflp to prevent nonspecific elec-
trostatic interactions between DNA and histones (28, 36).
Because telomeric silencing in cacl-13 and cacl-20 cells is
largely dependent on the ASFI gene (Fig. 3C), we then tested
whether Asflp/H3/H4 complexes could stimulate nucleosome
assembly by Cafl-13 or Cafl-20. Indeed, Asflp/H3/H4 did
stimulate DNA supercoiling by CafI-13 and CafI-20 (Fig. 4B,
lanes 16 to 21), and MNase digestion analysis confirmed that
this reflected nucleosome assembly (Fig. 5B). However, as
observed in the absence of Asflp/H3/H4, the mutant CAF-I
complexes were required at two- to fourfold greater levels than
was wild-type CAF-I to observe efficient nucleosome assembly
(Fig. 4B, lanes 16 to 21). Addition of Asflp/H3/H4 to the
mutant CAF-I complexes resulted in a similar distribution of
total DNA and newly replicated DNA, supporting the hypoth-
esis that the mutant complexes displayed a reduced preference
for newly replicated DNA molecules. Similar results were ob-



622 KRAWITZ ET AL.

12 3 456 78910111213

MoL. CELL. BIOL.

1/10 Input
- 1/10 Input

[=3

51—
Bg‘.g’
[

< 3

-4—Caclp

—Asfip

7 8

1.2 3 4 &5 6

FIG. 6. Direct physical interaction between Asflp and CAF-I. (A) Glycerol gradient sedimentation of CAF-I and Asflp. Purified recombinant
CAF-1, Asflp, or Asflp complexed with histones H3 and H4 were sedimented on linear 10 to 40% glycerol gradients. Thirteen fractions were
collected and separated by SDS-12.5% PAGE followed by immunoblotting with an anti-FLAG-M2 epitope antibody (Sigma). Caclp and Asflp
were both tagged with the FLAG epitope. Sedimentation of molecular size standards is indicated at the bottom (in kilodaltons). (B) Asflp binds
Cac2p in vitro. GST-Asflp was incubated with in vitro-translated Caclp (lanes 1 to 3), Cac2p (lanes 4 to 6), or Cac3p (lanes 7 to 9). Samples were
washed extensively (see text); bound proteins were eluted with SDS sample buffer, resolved by SDS-12.5% PAGE, and visualized by autoradiog-
raphy. Input lanes represent 1/10 of the protein added to the reactions. (C) The Asf1p/H3/H4 complex coimmunoprecipitates with CAF-1. Purified
recombinant CAF-I (Cac1/2/3p), Cacl/3p, Asflp, or Asflp/H3/H4 was mixed and immunoprecipitated with the anti-PY antibody (which recognizes
PY-Cac3p). Samples were analyzed by SDS-12.5% PAGE followed by immunoblotting using anti-FLAG-M2 epitope antibody, which recognized

Caclp and Asflp.

served when wild-type CAF-I was added in twofold excess of
the amount required for nucleosome assembly (Fig. 4B, lane
15). Together, these data suggest that when present in high
levels, CAF-I was able to deposit histones in a manner inde-
pendent of interaction with PCNA and that Cafl-13 and
Cafl-20 could only function in this way. However, this replica-
tion-unlinked mode of activity was still stimulated by Asflp/
H3/H4.

Interaction between Asflp and Cac2p. Because of the bio-
chemical and genetic synergies between CAF-I and Asflp, we
tested for direct interaction between these proteins. We did
this in three types of experiments: cosedimentation, GST fu-
sion protein coprecipitation, and coimmunoprecipitation.
First, purified recombinant yeast CAF-I, Asflp, and Asflp
complexed with H3/H4 were analyzed by glycerol gradient
sedimentation. Yeast CAF-I sedimented with a peak in frac-
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tions 7 to 8 (150 kDa), while Asflp sedimented with a peak in
fractions 3 to 5 (30 kDa) (Fig. 6A). Preincubation of CAF-I
with Asflp did not significantly alter the sedimentation of
either protein. In contrast, Asf1p complexed with H3/H4 sedi-
mented with a peak in fractions 5 to 6 (=67 kDa). The Asflp/
H3/H4 complex sedimented more broadly when it was prein-
cubated with CAF-I, with one peak similar to Asflp/H3/H4
alone and a second more rapidly migrating peak in fractions 9
to 10 (=160 kDa) (Fig. 6A, CAF-I1 + Asflp/H3/H4). These
data implied that a fraction of the added Asflp/H3/H4 com-
plexes associated directly with CAF-I in solution.

To determine which subunit of CAF-I interacted with Asflp,
we performed coprecipitation experiments using GST-Asflp
and in vitro-translated Caclp, Cac2p, and Cac3p (Fig. 6B).
Neither Caclp nor Cac3p was coprecipitated by GST-Asflp
(Fig. 6B, lanes 1 to 3 and 7 to 9). In contrast, Cac2p was
efficiently coprecipitated by GST-Asflp (Fig. 6B, lanes 4 to 6);
this interaction was stable to washing in the presence of 500
mM NaCl. Although Asflp required the presence of histones
H3 and H4 for association with CAF-I in solution (Fig. 6A),
histones were not added in these coprecipitation experiments.
There are several possibilities that could explain this. The
interaction between Asflp and Cac2p could be modulated by
other CAF-I subunits or by the presence of the GST moiety.
Alternatively, other proteins in the reticulocyte extract used for
the translation, including histones, could be involved. We note
that GST-Asf1p also binds to Hirlp (36), the yeast protein that
displays the highest homology to Cac2p (17).

We also analyzed the Asflp-Cac2p interaction in coimmu-
noprecipitation experiments with purified recombinant pro-
teins. CAF-I was incubated with Asflp or Asflp complexed
with H3/H4, followed by immunoprecipitation of CAF-I with
an anti-Py antibody that recognizes Py-tagged Cac3p. A frac-
tion of the input Asflp/H3/H4 complexes was coimmunopre-
cipitated with CAF-I, and this association was much less effi-
cient in the absence of histones (Fig. 6C, lanes 5 and 6),
consistent with the sedimentation experiments (Fig. 6A). Ad-
ditionally, a purified recombinant Cacl/3p complex lacking
Cac2p did not efficiently coimmunoprecipitate Asflp regard-
less of added histones H3/H4 (Fig. 6C, lanes 7 and 8). To-
gether, these data are consistent with Cac2p’s serving as a
binding site for the Asflp/H3/H4 complex.

DISCUSSION

Cac3p binding site on Caclp. Our results indicate that mul-
tiple protein-protein interactions contribute to the function of
the CAF-I protein complex. For example, our screen for si-
lencing-defective cac! alleles recovered an allele (cacI-15) that
strongly reduced silencing and prevented binding to the Cac3p
subunit of the CAF-I complex. Cacl-15p contained two amino
acid changes, F257L and L276P. The L276P amino acid change
alone, encoded by the cacl-21 allele, resulted in loss of Cac3p
binding. However, telomeric silencing was largely unaffected
by this mutation. Furthermore cacl-21 cells became greatly
dependent on the ASFI but not the HIRI gene for telomeric
silencing. Previous genetic analysis of the silencing roles of
ASF1 and HIRI genes at telomeres or the silent HML mating
locus revealed no separation of function (36). We propose that
this novel genetic separation of ASFI and HIR gene function
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reflects a function for Asflp that is not shared by Hir proteins.
For example, Cac3p is a member of a family of histone H3/
H4-binding proteins (53). Asflp, another histone H3/H4-bind-
ing protein (3, 28, 36, 51), may directly or indirectly assist in
recruiting histones to the CAF-I complex in the absence of an
efficient Caclp-Cac3p interaction.

PCNA-binding motifs. The cacl-13 allele encodes a single
point mutation (F233L) in one of the aromatic residues of the
consensus PCNA-binding motif (55), and Cacl-13p displayed
reduced affinity for PCNA in vitro. Additionally, mutation of
the PCNA-binding motif of Caclp crippled its DNA replica-
tion-linked nucleosome assembly activity in vitro and caused
telomeric silencing to be dependent on the ASFI1/HIR pathway
in vivo. However, the silencing phenotypes of the PCNA-bind-
ing-defective cacl alleles were nearly wild type in an otherwise
wild-type strain. These data underscore the degree of func-
tional overlap between CAF-1 and the Asflp/Hir silencing
pathways in vivo. One model consistent with our data is that
Asflp/Hir proteins provide an alternative route for recruit-
ment of Cacl-13p and Cacl-20p to DNA. We propose that the
interaction between Asflp and Cac2p underlies this functional
synergy.

The aromatic residues in the PCNA-binding motif of Caclp
have been conserved in evolution. Although human p150 pro-
tein binds PCNA (25, 37), it lacks the glutamine residue that
begins the defined consensus motif that is present in the bud-
ding and fission yeast genes (Fig. 4A) (56). Mutational analysis
of several PCNA-binding proteins has demonstrated that res-
idues outside of the PCNA-binding motif are important for
stable PCNA binding (30, 62), and variations of this consensus
sequence exist (57). For example, the large subunit of DNA
polymerase delta from several species contains a diverged
PCNA-binding motif lacking the initial glutamine (60), dem-
onstrating that complete conservation of the PCNA-binding
motif is not absolutely required for PCNA binding. Addition-
ally, the transcriptional coactivator p300 binds PCNA but lacks
this consensus altogether, and novel PCNA-binding peptides
have been identified in phage display experiments (14, 59).
These latter results underscore the fact that not all PCNA-
binding proteins will necessarily interact with the interdomain
loop bound by the canonical PCNA-binding motif.

Almouzni and coworkers have demonstrated that human
p150 binds to Xenopus PCNA in vitro, and this interaction was
mapped using GST fusion proteins. Their data suggested that
the first 244 amino acids of p150 were important for PCNA
binding and that the first 31 amino acids are required for the
interaction (25). However, amino acids 1 to 296 of human p150
are dispensable for replication-coupled chromatin assembly in
vitro (18), and this region of the protein is the least well
conserved with homologs from more distant organisms. In the
absence of point mutation analyses, it is difficult to reconcile
these data. One possibility is that PCNA binding by human
p150 is complex, containing regions that bind to PCNA in
addition to the degenerate PCNA-binding motif shown in Fig.
4A. Consistent with this possibility, the large subunit of DNA
polymerase delta appears to contain both canonical and non-
canonical PCNA-binding regions (59).

Role of Asflp during DNA synthesis. We demonstrated that
the Asflp/H3/H4 complex interacted with CAF-I by binding
the Cac2p subunit. This interaction is conserved in evolution;
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the Drosophila homologs of these proteins (dASF1 protein and
the pl05 subunit of dCAF-I) have recently been shown to
interact directly (52). However, the interaction of the Drosoph-
ila proteins is independent of histones, whereas we have ob-
served that the presence of histones H3 and H4 is important
for observing the interaction with recombinant protein com-
plexes in solution (Fig. 6A).

We also observed that yeast Asflp was not quantitatively
associated with CAF-I in the sedimentation and coimmuno-
precipitation experiments and that an excess of Asflp/H3/H4
was required to stimulate CAF-I activity (Fig. 4 and 6). There-
fore, the interaction between these yeast protein complexes is
inefficient and/or transient. Additionally, other proteins or pro-
tein modifications may regulate the CAF-I-Asflp interaction.
For example, Asflp in yeast forms a stable complex in the
absence of histones with Rad53p, a kinase central to the DNA
damage and intra-S-phase checkpoints (3). When cells are
arrested in S-phase with hydroxyurea or after DNA damage,
Asflp is released from Rad53p and associates with histones.
This provides a mechanism by which the chromatin assembly
activity of Asflp is limited to periods of DNA synthesis. These
data also suggest that sequestration of Asf1p by Rad53p would
prohibit Asflp from interacting with CAF-I in the absence of
DNA synthesis.

The mechanism underlying the functional synergy between
Asflp and CAF-I remains unknown, and several possibilities
exist. In vitro, CAF-I functions stoichiometrically to deposit
histones onto DNA (18, 22, 36, 42). Stimulation of reduced
amounts of CAF-I by Asflp could result from more efficient
reloading of histones onto CAF-I. Alternatively, Asflp may
assist in more efficient recruitment of CAF-I to replicating
DNA. These models are not the only possibilities, nor are they
mutually exclusive. Future biochemical experiments will be
required to determine how the CAF-I reaction cycle and sub-
unit interactions lead to chromatin assembly in vivo.
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