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Chromatin Assembly Factor | (CAF-I) plays a key role in the replication-coupled assembly of nucleosomes. It is
expected that its function is linked to the regulation of the cell cycle, but little detail is available. Current models
suggest that CAF-I is recruited to replication forks and to chromatin via an interaction between its Cac1p subunit and
the replication sliding clamp, PCNA, and that this interaction is stimulated by the kinase CDC7. Here we show that
another kinase, CDC28, phosphorylates Cac1p on serines 94 and 515 in early S phase and regulates its association with
chromatin, but not its association with PCNA. Mutations in the Cac1p-phosphorylation sites of CDC28 but not of CDC7
substantially reduce the in vivo phosphorylation of Cac1p. However, mutations in the putative CDC7 target sites on
Caclp reduce its stability. The association of CAF-lI with chromatin is impaired in a cdc28-1 mutant and to a lesser
extent in a cdc7-1 mutant. In addition, mutations in the Cacl1p-phosphorylation sites by both CDC28 and CDC7 reduce
gene silencing at the telomeres. We propose that this phosphorylation represents a regulatory step in the recruitment
of CAF-I to chromatin in early S phase that is distinct from the association of CAF-I with PCNA. Hence, we implicate
CDC28 in the regulation of chromatin reassembly during DNA replication. These findings provide novel mechanistic

insights on the links between cell-cycle regulation, DNA replication and chromatin reassembly.

Introduction

Chromatin Assembly Factor I (CAF-I) is a histone chaperone
that plays a central role in the reassembly of nucleosomes after
the passage of replication forks."? It receives “old” H3/H4 histo-
nes from the disassembled nucleosomes plus newly supplied his-
tones from another histone chaperone, ASF1. It is believed that
the CAF-I/ASF1-mediated feedback from the “old” nucleosomes
warrants the preservation of histone marks and the epigenetic
transmission of the chromatin state.”

It is believed that CAF-I is recruited to replication forks via
contacts with PCNA (Proliferating Cell Nuclear Antigen,
POL30), the DNA replication sliding clamp.s'6 Mutations in
POL30 or CACI (which encodes the largest subunit of CAF-I)
that cripple their interaction 77 vitro also impair the assembly of
chromatin 7 vitro®’ and show gene silencing defects 77 vivo.”1°
However, the mechanisms that regulate the association of CAF-I
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with PCNA and with chromatin are poorly understood. Many
PCNA-interacting proteins share a PIP (PCNA Interaction Pep-
tide) consensus. Two PIPs are present in the largest CAF-I sub-
unit in humans, but only one in S.cerevisiae.” The S.cerevisiae
PIP in Caclp is required for the interaction with PCNA.” An
additional PIP is found in the Cac2p subunit of CAF-I in both
species, but this PIP alone does not confer binding to PCNA.?
CAF-1 is phosphorylated iz vivo,'" however the identity of the
kinases and the consequences of its phosphorylation are not cer-
tain. Inhibitors of Protein Phosphatase 1 or of CDK2 kinase
reduce the CAF-I driven assembly of nucleosomes in human cell
extracts, but these effects cannot be directly attributed to the
phosphorylation of CAF-1.'* Another in vitro experiment has
shown that the phosphorylation of the largest subunit of the
human CAF-I (p150) by the Cdc7-Dbf4 kinase, but not by
CDK2, promoted its binding to PCNA.° It remains unclear if
Cdc7-Dbf4 regulates the association of CAF-I with chromatin
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and PCNA in vivo. Therefore, the precise regulation of CAF-I by
protein kinases remains poorly understood.

Two kinases, Cdc7p-Dbf4p (Dbf4-Dependent Kinase, DDK)
and Cdc28p (a homolog of Cdk2, hereafter referred to as CDK),

www.tandfonline.com

play distinct critical roles during S phase in S.cerevisiae.'> Both
kinases are essential and regulate key events at the onset of DNA
replication that coincide with the presumed loading of CAF-I on
replication forks."* In the present study we have embarked on a
detailed investigation of the phosphorylation of Caclp by these
two kinases. Our results strongly suggest that CDK is the key Caclp

kinase and regulates the association of CAF-I with chromatin.

Results

CDK is the main Caclp-kinase iz vivo

To address the roles of DDK and CDK in the regulation of
CAF-1, we analyzed the phosphorylation of Caclp in wild type,
cdc7—1 and ¢de28—1 mutant strains, which harbor a MYC-tagged
genomic copy of CACI. Extracts were prepared by boiling the
cells in 8 M Urea/4% SDS. The phosphorylation state of Caclp
was assessed by a PhosTag'™ gel retardation assay.'>'® Briefly,
in the presence of Mn”" or Zn*" the PhosTag™ ligand associ-
ates with phosphopeptides and retards their mobility in SDS-
PAGE.'® In Fig. 1A (lanes 1-3) we show that the mobility of
Caclp shifts in the presence of PhosTag'™ and that this shift is
abolished by treatment with phosphatase. The PhosTag™ retar-
dation assays showed no substantial differences between wild fpe
(W303), cdc7—1 and cdc28—1 cells at the permissive temperature
of 23°C (Fig. 1A, lanes 4-7). When cells were shifted to 37°C,
the low-mobility Caclp band disappeared in ¢de28—1 cells, but
remained unchanged in the cde/—-1 and wild type cells (Fig. 1A,
lanes 8—11). While these results shed some doubt on whether
Cdc7p phosphorylates Caclp iz vivo, they clearly suggested that
Cdc28p could be such a kinase.

It is known that the exposure of both the ¢dc/7~1 and cdc28—
1 strains to 37°C leads to the accumulation of cells in G1/S
phase.'”'® Hence, the lack of Caclp phosphorylation in cdc28—

Figure 1. Phosphorylation of Caclp in cdc7-1 and cdc28-1 mutants.
(A) Cac1p-MYC18 was immunoprecipitated from wild type (W303) cell
extracts. The samples were treated without (lanes 1, 2) or with lambda
phosphatase (lane 3) and run on separate 6.5% SDS-50 M PhosTag™-
polyacrylamide gels containing or not 100 wM MnCl, as indicated. In the
left-hand panel the cells shown above the lanes were grown at 23°C
(lanes 4-7) and then shifted to 37°C for one hour (lanes 8-11) before
extracts were prepared by boiling in Laemmli buffer. All samples were
analyzed Western blotting with anti-MYC antibody. “- P-" indicates the
mobility of the phosphorylated Caclp-MYC. One of 3 independent
experiments is shown. (B) Cells were arrested with a-factor for 3 hours at
23°C, moved to fresh YPD medium for 20 min and then split and grown
for 30 min at 23°C and 37°C, respectively. Samples were taken out at the
indicated times and analyzed by FACS. Cells arrested in M-phase with
Nocodazole (M) show 2c content. Numbers 1-12 indicate the samples
corresponding to the lanes in C. Left-pointing arrows highlight the 23°C
and 37°C 30 min samples for comparison. (C) Samples were taken out
from the cultures at the indicated time points after a-factor arrest, sepa-
rated in SDS-7.5% polyacrylamide gels containing 60 M PhosTag™ and
120 pM ZnCl, and analyzed by Western blotting. Densitometry graphs
of lanes 3, 4, 7, 8, 11, 12 were acquired with /ImageJ and are shown
underneath the lanes. P and arrows indicate the phosphorylated Cac1p-
MYC. One of 2 independent experiments with reproducible outcomes is

shown.
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1 could reflect the G1/S arrest and not necessarily the loss of the
CDK activity. Conversely, the lack of effect in cde/—1I cells
could be due to slow progression through S phase,'” which
could be past the point of Caclp phosphorylation by DDK. To
address these issues, we synchronized W303, cdc/7—1 and cdc28—
1 cells in G1 with a-factor for 3 hours, released them toward S
phase and then shifted half of the cultures to 37°C for 30 min.
This treatment is expected to inactivate DDK and CDK in §
phase. Aliquots of the cultures were collected and analyzed by
FACS (Fig. 1B) and by the PhosTag™ retardation assays
(Fig. 1C). The samples from the G1-synchronized cells and the
samples collected 20 min after the release displayed mostly
unphosphorylated Caclp (Fig. 1C). The samples that were
incubated at 23°C for an additional 30 min displayed signifi-
cant levels of Caclp phosphorylation in all 3 strains (Fig. 1C,
lanes 3, 7, 11). These results clearly show that Caclp is not
phosphorylated in G1 and that under permissive conditions the
cde7—1 and cdc28—1 alleles do not preclude its phosphorylation
in S phase. Importantly, at 37°C there was an approximate 2-
fold decrease in the phosphorylation of Caclp in cdc28—1 as
compared to wild type and cde7-1 cells (Fig. 1D, lanes 4, 8,
12). It is unlikely that this decline in cdc28—1 at 37°C is caused
by cell cycle effects because the cell cycle distribution of the
cde28—1 cultures at 23°C and 37°C is very similar (Fig. 1C,
lanes 11-12). We concluded that the loss of Caclp phosphory-
lation in ¢dc28—1 cells is caused by the inactivation of Cdc28p
rather than an arrest in G1 phase.

Identification of CAF-I phosphopeptides

It has been demonstrated that the human homolog of Caclp
(p150) is a substrate of DDK.® The persistence of Caclp phos-
phorylation in ¢cde7—1 cells (Fig. 1B and D) raised the possibility
that, unlike its human counterpart, the budding yeast Caclp is
not phosphorylated by DDK. Moreover, it is not known if the
yeast Caclp is phosphorylated by CDK. To resolve these ques-
tions we affinity-purified CAF-T as previously described.” Using
mass-spectrometry, we identified 6 phosphopeptides in this com-
plex. Five of them were located in the Caclp subunit (Fig. 2;
Fig. S1). Some of these are also found as entries IN proteome
databases (http://phosphopep.org). Unexpectedly, no phosphor-
ylation site was found in Cac2p, the homolog of CAF-1 p60 that
is extensively phosphorylated in humans (Fig. 2).'**° Interest-
ingly, 4 of the Caclp phosphorylation sites identified 77 vivo con-
form to either CDK (SP) or DDK target sites (SD).

In vitro phosphorylation of Caclp by CDK and DDK

To test if Caclp is directly phosphorylated by these kinases,
we performed in vitro assays with recombinant DDK, CDK
(Cdc28p-Clb5p) and GST-Caclp. We chose Clb5p, as
opposed to other cyclins, because the form of CDK containing
Clb5p phosphorylates several proteins during S phase.?' Paral-
lel reactions with GST-Rtt106p, which we have recently iden-
tified as a DDK target, were also conducted. The assays show
that both kinases phosphorylate GST-Caclp (Fig. 3A, lanes 2,
4) and that DDK and CDK do not cooperate on this substrate
in vitro (Fig. 3A, lane 3) as previously shown for other
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substrates.”>”? Importantly, the 2 kinases exhibit distinct
phosphorylation patterns on GST-Caclp. Our preparations
contain full length GST-Caclp and several shorter peptides,
which were presumably generated by C-terminal truncations
and were pulled out by the GST tag attached to the N-termi-
nus (Fig. 3A, lanes 5-8). CDK efficiently phosphorylates
many of these shorter peptides presumably because they retain
the Cdc28p target sites. Consistent with this interpretation,
one in vivo phosphorylated SP site on Caclp is $94. In con-
trast, DDK clearly prefers the full-length protein. None of the
shorter bands are products of auto-phosphorylation as they are
not present in the kinase reactions lacking the substrate
(Fig. 3A, lanes 9-11). GST-Rtt106p is phosphorylated by
DDK, but to a far lesser extent by CDK (Fig. 3A, lanes 16,
18), further strengthening the notion that the observed activity
of CDK is not caused by non-specific contaminating kinases.
Hence, it is apparent that CDK phosphorylates Caclp in its
N-terminal segment, but other target sites closer to the C-ter-
minus cannot be ruled out. On the other hand, it seems that
DDK phosphorylates Caclp at a position(s) away from its N-
terminus. We revisited this issue by assays with a N-terminally
truncated Caclpyos_sos-Hiss substrate. As shown in Fig. 3B,
this fragment retains the DDK phosphorylation site(s). After
repeating the kinase reactions with cold ATP, the products
were analyzed by mass spectrometry. Consistent with the in
vivo phosphorylation data (Fig. 2), a phosphopeptide corre-
sponding to the phosphorylation of Caclp-S503 was detected
(Fig. 3C). The experiments in Fig. 3A and B were conducted
with DDK that was prepared independently in 2 different lab-
oratories. The fact that they agree on the site of phosphoryla-
tion being in the central/C-terminal portion of the protein
adds to the credibility of our conclusion.

Mutations of the CDK-target sites of Caclp preclude
its in vivo phosphorylation and its association with chromatin

We tested the significance of the identified phosphorylation
sites. $94 and S515 match the S/TP consensus for CDK while
S238 and S503 conform to the DDK consensus site (S/T" adja-
cent to D/E).***? $501 is not adjacent to P or D/E and the
nature of its kinase is hard to predict. FLAG-tagged S— A point
mutants at these positions were prepared and expressed from low
copy pRS315 plasmids in cacIA cells. The introduction of the
mutants caused no cell cycle disturbances in these cells as deter-
mined by FACS (not shown).

First, we employed the PhosTag'™ assay to assess the con-
tribution of these serines to the phosphorylation of Caclp in
vivo. The mobility of the FLAG-tagged proteins was compared
to that of Caclp-MYC in a-factor synchronized cells (unphos-
phorylated Caclp) and to the slower moving forms in non-
synchronised cells (Fig. 4A). Similarly to Caclp-MYC in
cdc28—1 cells at 37°C (Fig. 1B), the slowly migrating forms of
Caclp were substantially depleted in cells expressing either
Caclp-S94A or Caclp-S515A (Fig. 4A). It is interesting that
a mutation at either of these sites was sufficient to preclude
the accumulation of slower bands. This observation suggests
that the inability to phosphorylate one of these residues
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Figure 2. Sequence coverage and phosphopeptides identified in the 3 polypeptide subunits of CAF-I. The amino
acids in bold were all part of the sequence coverage. The identified phosphorylated residues are underlined.
Although some peptides contain more than one phosphorylated residue, only singly phosphorylated peptides were
identified.

precludes the phosphorylation of the other. Alternatively, the
phosphorylation of both S94 and S515 may be necessary for
the retardation by PhosTag'™. This interpretation suggests
that the PhosTag™ assay may miss single phosphorylations
and that the fast migrating bands in Fig. 1 and Fig. 4A may
retain some degree of phosphorylation. This notion does not
alter our main conclusion: the S94A and S515A mutations
recapitulate the effect of Cdc28p inactivation. In contrast,

binding to PCNA
bead beating and
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immunoprecipitated  with

S238A, S501A or S503A
do not abolish the pres-
ence of the slowly migrat-
ing forms of Caclp.

We also tested the role
of these residues in the
association of Caclp with
We

modified routine protocol

chromatin. used a
for preparation of chro-
matin.”**> Briefly, spher-
oplasts from cells
expressing  Caclp-FLAG
mutants were gently lysed
and The
supernatant desig-
nated as “cytoplasm.” The

centrifuged.
was

pellet was washed, re-spun
through a cushion of 30%
sucrose and designated as
“chromatin.” The purity
of these 2 fractions was
confirmed  with
Utp8p (a nucleolar pro-
tein) and anti-Adhlp (a
protein). The
abundance of  Caclp-
FLAG in chromatin rela-
tive to PCNA was assessed
by = Western  blotting.
These assays demonstrated
that  Caclp-S94A  and
Caclp-S515A poorly bind
to chromatin while
Caclp-S501A and Caclp-
S503A had no effect
(Fig. 4B). In these chro-
matin fractionation
the S238A
mutant showed some level
of instability that led to
irreproducible

anti-

cytosolic

experiments

results.
Therefore we could not
assess the contribution of
this mutation to the bind-
ing of CAF-I to chroma-
tin. Nevertheless, we can
conclude that the muta-

tions that preclude the phosphorylation of Caclp by CDK
also strongly reduce its association with chromatin.

Phosphorylation of Caclp by CDK does not affect its

We also tested the effects of these Caclp mutations on its
association with PCNA. Total cell extracts were prepared by

anti-FLAG
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Figure 3. In vitro phosphorylation of Cac1p by Cdc7p/Dbf4p and Cdc28p/Clb5p kinases. (A) GST-Caclp or GST-Rtt106p were mixed with Hiss-Cdc7p/
Dbf4p, GST-Cdc28p/Clb5p or both (indicated above the lanes) in the presence of 3?P-yATP and the reaction products were resolved through 4-20% poly-
acrylamide gels. Full length GST-Cac1p and GST-Rtt106p are shown by arrows. The positions of Hiss-Cdc7p, Dbf4p, GST-Cdc28p and Clb5p are also indi-
cated. One of 2 independent experiments with reproducible outcomes is shown. (B) Cac1p226-606-Hiss or Hst3-Hiss were incubated with Cdc7p/Dbf4p

by the arrow. The 2 radiolabeled bands in lane 2 (a kinase reaction with no substrate) are generated by auto-phosphorylation of Cdc7p/Dbf4p.
(€) Cac1p226-606-Hiss was incubated with Cdc7p/Dbf4p and cold ATP. Reaction products were resolved by SDS-PAGE and stained with Coomassie. The
Cac1p226-606-Hisgs band was digested with trypsin and analyzed by LC-MS/MS. The experimental and theoretical masses of the non-fragmented pep-
tide are indicated. The y172+ + PO4— fragment at m/z = 957.4 demonstrates the presence of Cac1p phosphorylation at S503.

an SDS-12% polyacrylamide gel. The position of Cac1p226-606-Hise is shown

antibodies. None of the S—A mutations abolished the interac-
tion with PCNA (Fig. 5A). The S238A mutation slightly
decreased the amount of the immunoprecipitated PCNA, but
the key Caclp-PIPA control turned out to be unstable in vivo
and did not provide the necessary baseline for comparison
(Fig. 5A). For this reason we employed an alternative in vivo
assay for PCNA-interacting proteins.”® Briefly, PCNA-GAL4
and wild type or mutant LexA-Caclp proteins were expressed in
cacIA cells that harbor a LexA,,-driven B-galactosidase reporter.
The B-galactosidase activity in extracts represents the strength of
the PCNA-Caclp binding. As shown in Figure 5B, the S—A
mutations failed to significantly alter the PCNA-Caclp binding,
while the removal of PIP abolished this interaction. Again,
the S238A mutation displayed a modest but statistically sig-
nificant decline as compared to the other mutations. Impor-
tantly, we saw no correlation between the loss of Caclp
phosphorylation, its association with chromatin (Fig. 4) and
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its reduced association with PCNA (Fig. 5). Thus, it is con-
ceivable that CDK does not regulate the interaction of
PCNA and Caclp, but regulates some other pathway by
which Caclp is recruited to chromatin.

Association of Caclp with chromatin or PCNA
in conditional cdc7-1 and cdc28—1 mutants

At present, Caclp-§503 is the only confirmed target of
DDK in S.cerevisiae. At the same time, in human cell extracts
DDK promotes the association of pl50 (Caclp) with
PCNA.° The fact that the S503A did not impair the binding
of Caclp to chromatin or PCNA raises an intriguing ques-
tion. Our results could reflect the inability of the employed
assays to detect in vivo effects by DDK. Alternatively, the
prevention of phosphorylation at S503 may not preclude the
binding of Caclp to chromatin or PCNA. Also, other serines
(for example S$238) could be transiently targeted by DDK,

Volume 14 Issue 1
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Figure 4. Cac1p-S94A and Cac1p-S515A reduce the association of Caclp
with chromatin. (A) Cells with a MYC-tagged genomic copy of CACIT
(lanes 1-3) or cac1 A cells with plasmids expressing FLAG-tagged Caclp
with no mutation (CACT), lane 4, the indicated point mutations (lanes
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ments with reproducible outcomes is shown. (B) Spheroplasts from
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plasm fractions, respectively. One of 2 independent experiments with
reproducible outcomes is shown.

but are not revealed in these assays. Finally, it is possible that
the yeast DDK is not involved in the regulation of CAF-I.
We addressed these uncertainties by testing the binding of
Caclp to chromatin and PCNA in conditional ¢dc/7—1 and
cdc28—1 mutants. The strains were grown at 23°C and then
shifted for 15 or 30 min to 37°C. Cytoplasm and chromatin
fractions were prepared as in Fig. 4B and the abundance of
Caclp-MYC relative to PCNA was assessed by Western blot-
ting (Fig. 6A) followed by densitometry analysis (Supplemen-
tal Fig. 2). After 15 min at 37°C wild type, cdc7-1 and
cde28—1 displayed comparable amounts of chromatin-associ-
ated Caclp (Fig. 6A, lanes 4-6). However, after 30 min at
37°C a 2.6-fold decrease (relative to wild type) of chromatin-
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Figure 5. The Caclp S—A mutations do not reduce the binding of
Caclp to PCNA. (A) Total cell extracts from cac1A cells expressing FLAG-
tagged Caclp plasmids with no mutation (CACI, lane 1), empty vector
(lane 2) or the indicated point mutations (lanes 3-8) were immunopreci-
pitated with anti-FLAG antibodies (labeled as anti-FLAG IP). The samples
were analyzed by Western blotting with anti-FLAG and anti-PCNA anti-
bodies. One of 2 independent experiments with reproducible outcomes
is shown. (B) A LexAop-driven B-galactosidase reporter plasmid was co-
transformed in cac1A cells with plasmids expressing LexA-Caclp with
no mutation (CACT) or the indicated point mutations and a plasmid
expressing PCNA-Gal4,p. Average (-galactosidase activity in total cell
extracts from 2 independent experiments (3 biological replicates each)
was measured and plotted.

associated Caclp and a corresponding increase in the cyto-
plasm fraction were seen in cdc28—1 cells (Fig. 6A, lanes 7—
9). In contrast, in cdc7—1I cells there was actually a modest
1.6-fold increase in chromatin-associated Caclp (Fig. 6A,
lane 18). We have shown that short exposures to restrictive
temperature do not cause major cell cycle redistribution in
these mutants (Fig. 1C). Therefore, it seems unlikely that cell
cycle effects cause the specific loss or gain of chromatin-
bound Caclp in cde28—1 or cdc7—1 cells, respectively.

For the analysis of the Caclp-PCNA interaction, cells were
shifted to 23°C or 37°C, as in Fig. 6A, disrupted with glass beads
and spun to obtain total cell extracts. Co-immunoprecipitation
assays reproducibly showed 1.7 to 2.2-fold decrease (relative to
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Figure 6. Association of Cac1p with chromatin and PCNA in cdc7-1 and
cdc28-1 cells. (A) Cells were grown at 23°C and then shifted to 37°C for
15 min or 30 min. Cytoplasm and chromatin fractions were prepared as
in Figure 3B. One of 4 independent experiments with reproducible out-
comes is shown. (B) Cell cultures were grown as in A) and disrupted with
glass beads to obtain cell extracts that were immunoprecipitated with
anti-MYC antibodies. One of 3 independent experiments with reproduc-
ible outcomes is shown. All samples were analyzed by Western blotting
with anti-MYC and anti-PCNA antibodies as indicated. Equal loading was
confirmed by staining the membranes with India ink.

wild type) in PCNA bound to Caclp in the cde/—I strain at both
permissive and restrictive temperatures (Fig. 6B, lanes 3, 6, 9). In
the ¢cdc28—1 strain, the PCNA-Caclp interaction was not altered
at 23°C, but at 37°C the Caclp-bound PCNA decreased to
about 1.5-fold (Fig. 6B, lanes 2, 5, 8). These results indicate that
both CDC7 and CDC28 affect the interaction between Caclp
and PCNA 77 vivo. However, they do not address if this regula-
tion is direct or indirect. Again, the data in Figures 4-6 show lit-
tle correlation in the association of Caclp with chromatin and
PCNA, which supports the notion that the recruitment of CAF-I
to chromatin involves a process that is partially independent of

PCNA.
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Figure 7. Telomere Position Effect in cacl(S—A) mutants. URA3 was
inserted in the VIIL telomeres of cac1 A cells supplemented with the plas-
mids shown underneath the graphs. The cells were selected on SC/-ura-
leu. Single colonies were transferred to liquid SC/-leu medium and
grown for about 15-20 generations. The cultures were serially (1:10)
diluted and spotted on SC/-leu, SC/-leu-ura and SC/-leu+-FOA plates. The
colonies were counted and the average percent of URA™ (open columns)
and FOAR (black columns) cells were calculated for the number of colo-
nies shown in the table below and plotted. Error bars reflect the standard
deviations shown in the table.

Mutations of the serines targeted by CDK and DDK reduce
telomeric gene silencing

The deletion of CAC] is known to cause sensitivity to DNA
damaging agents,”*” loss of telomeric gene sdencmg, decrease
in the frequency of epigenetic conversions at telomeres™ and
impaired 77 vitro replication-coupled nucleosome assembly.>?’
However, point mutations in Caclp that affect its interaction
with PCNA do not phenocopy the loss of CACI.” We sought to
determine how the murations in Caclp phosphorylation sites
affect the outcome in these functional assays.

The analysis of Telomere Position Effect (TPE) and the fre-
quency of epigenetic conversions were conducted exactly as in.*®
These assays showed the all S— A mutants reduced the repression
of a telomeric URA3 reporter 2- to 9-fold relative to wild type
cells (Fig. 7) with S503A and S94A showing the weakest and
strongest effect, respectively. However, none of the mutations
reproduced the 100 fold reduction of gene silencing observed in
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the cells without CAC! (Fig. 7). None of the mutations altered
the frequency of epigenetic conversions (not shown). The plas-
mids expressing wild type or mutant Caclp were also introduced
in caclAhirlA cells (these display an increased sensitivity to
DNA damage as compared to single cacIA mutants®®) and sensi-
tivity to UV (100 J/m2) or methyl methane sulphonate (MMS,
0.01%) was assessed. These experiments indicated that the muta-
tions did not increase the sensitivity to DNA damage (not
shown). We have also tested the nucleosome assembly activity of
CAF-T in whole cell extracts. In agreement with earlier studies”’
the deletion of cacl alone or in combination with the deletion of
hirl or asfl had little effect on the capacity of such extracts to
assemble nucleosomes (not shown). While these results were in
agreement with the notion of a redundancy of nucleosome
assembly 77 vitro,”>*>% they precluded the analysis of the Caclp
S— A mutants.

In summary, mutations in the sites of phosphorylation by
CDC7 and CDC28 displayed moderate TPE phenotypes. Hence,
each of these phosphorylation events is necessary, but not suffi-
cient to support the function of CAF-I in gene silencing. The
lack of effect in the DNA damage assays and the 7z vitro chroma-
tin assembly assays could indicate that these 2 kinases are not
involved in this aspect of the activity of CAF-I or that the assays
are not sensitive enough to detect moderate loss of function.

Discussion

In this study we have demonstrated that CDK phosphorylates
Caclp on S94 and S515. These phosphorylation events take
place during the G1/S transition and/or early S phase and regu-
late the association of Caclp, and presumably CAF-I, with chro-
matin. Although this timing coincides with the activation of
early origins of DNA replication, the phosphorylation of S94
and S515 does not seem to directly regulate the interaction of
CAF-I with PCNA and presumably with the replication forks.
We postulate that there is a CDK-dependent step in the recruit-
ment of CAF-I to chromatin that is distinct from the PCNA-
controlled step. In support of this idea, we and others have
reported an incomplete overlap in the iz vivo effects of mutations
that impair the interaction between PCNA and Caclp, and the
deletion of CACTI itself.>”*®

While this study highlights the role of CDC28 as a direct
regulator of CAF-I, it sheds some uncertainty on the role of
CDC7. In human cell extracts DDK acts as a regulator of the
PCNA-CAF-I association.® We did not obtain strong support
for this model by our iz vive studies in S.cerevisiae. We have
confirmed that DDK phosphorylates Caclp in vitro and have
identified S503 as a target of this kinase, but we failed to
show a functional consequence of this phosphorylation.
Hence, the question of whether and how DDK regulates
CAF-I in S.cerevisiae remains unanswered. Genome-wide pro-
teome studies have pointed to 13 phosphorylation sites on
this peptide.'’ Some of these sites conform to the preferred
DDK targets of S/T residues adjacent to D.>’* In particu-
lar, the serine at position 238 could be such a target. Because
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of technical issues we could not fully assess the contribution
of the S238A mutation to the control of CAF-I. It is possible
that DDK transiently phosphorylates S238 and in conjunc-
tion with S503 could influence its activity or stability. Even
more, in addition to the largest subunit of CAF-I, DDK
phosphorylates many other substrates. These are involved in
the regulation of the cell cycle, of replication fork stalling, of
DNA damage and of meiosis.'>**?"~! Some of these pro-
cesses could directly or indirectly affect the activity, the asso-
ciation partners and/or the turnover of CAF-I. In summary,
our data does not contradict the model that DDK regulates
the PCNA-Caclp interaction.® However, we believe that this
model only partially depicts the complex relationship between
CAF-I and DDK.

What are the consequences of the phosphorylation of Caclp
by CDK and DDK? The answer to this question is hampered
by the moderate phenotypes caused by the destruction of his-
tone chaperones.”?*3>% For example, our experiments could
not reveal if CDK affects the nucleosome assembly activity of
CAF-I because the destruction of CAF-I alone or in conjunction
with other histone chaperones seems to have little effect. There-
fore, the issue of whether CAF-I is regulated by activation or
simply by recruitment remains to be addressed. Similarly, the
redundancy of chaperone function is also likely to contribute to
the lack of effects of the S—A mutations on sensitivicy to DNA
damage. At present we do not rule out a link between CAF-I
phosphorylation and its function in DNA repair. In particular,
CDC7 is known to be involved in DNA repair.*® It is possible
that a temporal phosphorylation of Caclp by CDC7 could con-
tribute to the response to DNA damage, but this effect is ted
to other CDC7 regulated events. The only detectable conse-
quence of the mutations in the kinase target sites was a reduc-
tion in telomeric gene silencing (Fig. 7). Although the effects
do not phenocopy the deletion of CACI, the experiments
clearly point to the involvement of both CDC7 and CDC28,
with the CDC28 phosphorylation sites having a more promi-
nent role. It is apparent that the phosphorylations by CDK and
DDK are necessary, but not sufficient to confer strong TPE
phenotypes. Hence, the 2 kinases are true regulators of the
activity of CAF-L

It is well established that the ablation of CACI causes de-
repression of sub-telomeric genes. However, an earlier study has
pointed out that mutations in CACI that affect its binding to
PCNA (cacI-13 and cac1-20) only mildly disturb the telomere
position effects.” Now we add that mutations that affect the
binding of CAF-I to chromatin also have minor consequences.
Together, these observations show a level of complexity in the
control of telomere position effects by CAF-I that we do not
understand. It is tempting to speculate that the undisturbed telo-
mere position effects are a result of a redundancy in the recruit-
ment of CAF-I by a PCNA-dependent mechanism driven by
DDK and a PCNA-independent mechanism driven by CDK.
The investigation of this possibility is beyond the scope of this
study.

In this study we point to a direct role of CDC28 in the phos-
phorylation of the Caclp subunit of CAF-I and its loading to
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Table 1. Strains used in this study

Strain Genotype Source of strains
W303 MATa cac1:MYC g:KanMX ade2-1 his3-11,15 leu2-3, 112 trp1-1 ura3-1 can1-100 Open Biosystems
cdc7-1 MATa cdc7-1 cac1:MYC,g:KanMX ade2-1 his3-11,15 leu2-3, 112 trp1-1 ura3-1 can1-100 TS at 37°C YB556%,
cdc28-1 MATa cdc28-1 cac1:MYC,g:KanMX ade2-1 his3-11,15 leu2-3, 112 trp1-1 ura3-1 can1-100 TS at 37°C DBY257'®
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Open Biosystems
caclA MATa cac1:KanMX his3A1 leu2A0 lys2A0 ura3A0 Open Biosystems

chromatin. We implicate CDC28 in the regulation of chromatin
assembly during DNA replication. This novel role for CDK
broadens the scope of its effects as a master-regulator of the cell
cycle. We also point to a possible redundancy of a DDK/PCNA-
regulated and a CDK-regulated steps for the association of CAF-
I with chromatin.

Materials and Methods

Strains and growth conditions

The strains used in this study are listed in Table 1. The experi-
ments with W303 and the isogenic cdec/—1 or cde28—1 strains
were routinely conducted in YPD at 23°C. For temperature shift
assays, cell cultures were grown to ODgoo = 1.0, split in halves,
centrifuged and resuspended in pre-warmed YPD medium for
the lengths of time indicated in the Figure legends. The cultures
then received 0.1% NaNj to prevent cell growth. The cacIA cells
(BY4742) carrying plasmids for the expression of Caclp-FLAG
point mutants were routinely grown at 30°C in synthetic com-
plete media lacking Leucine (SC-Leu).

Plasmids

The plasmids for the expression of GST-Caclp and GST-
Ret106p were generated by amplifying the open reading frames of
CACTI and Rit106 from W303 genomic DNA and cloning them
in pGEX2T. The plasmid for the expression of Caclp,a_s07-Hise
was created by inserting a PCR fragment between the Neol and
Notl sites of pET28b. The plasmids for ectopic expression of
Caclp were created by amplifying a 2.1 kb fragment containing
the CAC! promoter and the open reading frame fused to 3 FLAG
epitopes and cloning it in pRS315(ARS CENG6 LEU2) plasmid.
The plasmid expressing LexA-Caclp was made by cloning of the
CACI OREF in frame to LexA in pEG202 (HIS3, 2 wm, LexApp).
The GAL4,p-PCNA expressing plasmid pBL240 (LEU2, 2 wm,
Gal4,p::POL30) and the reporter pSH18-34 (URA3, 2 pwm,
8xLexAqp-lacZ) have been described in.** The cac1(S—A) and
PIP mutant plasmids were generated using the protocol of.*> All
plasmids were sequenced to verify that there were no PCR-
induced mutations.

Expression of recombinant proteins

The GST-Caclp and GST-Rtt106p substrates were expressed
in BL21(DE) cells. The cells were lysed in 50 mM Tris-HCl pH
7.5, 5mM EDTA, 100 mM NaCl and protease inhibitors
(Sigma) and the extracts were loaded on Glutathione-Sepharose
columns. Elution was with 10 mM Glutathione. The proteins
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were moved to Kinase Buffer using PD-10 columns (GE Health-
care) and aliquots were frozen and stored at —80°C. The
Caclpazs_sos-Hisg and Hst3-Hisg substrates were expressed from
pET28 vectors in ArcticExpress (DE3)RIL cells and extracts were
directly used in kinase assays. For LC-MS/MS analyses
Caclpaas_so7-Hisg was bound to Ni-NTA Agarose, washed and
recovered for in-solution trypsin digestion. The kinase complexes
(GST-Cdc28p/Clb5p and Hise-Cdc7p/Dbfdp) were expressed
in Sf9 cells co-infected with baculoviruses expressing each poly-
peptide subunit and were purified on Glutathione-Sepharose or

Ni-NTA Agarose columns, respectively, as in.4¢

PhosTag™ gel retardation assays

The experiments in Figure 1A were conducted as follows:
50 ml of W303 cacl::MYCI8::KanMX cells were grown to
ODgoo = 1, then washed and disrupted with glass beads in
20 mM Hepes pH 7.6, 50 mM KAc, 5 mM Mg(COO™),,
0.1 M sorbitol, 0.1% Triton-X100, 2 mM DTT and protease
inhibitors (Sigma). The extract was immunoprecipitated with
15 pl Dynabeads-protein G coated with and-MYC (mouse)
antibody at 4°C for 1.5 hours. Beads were washed with phospha-
tase buffer (NEB) and one third was incubated for 30 min at
30°C with 2 U/pl Lambda Protein Phosphatase (NEB). The rest
of the sample was incubated with buffer alone. Beads were boiled
in 4% SDS/8 M Urea and run on 7.5% SDS-polyacrylamide
gels containing 60 pM PhosTagTM and 100 pM MnCl,.'® The
proteins were then transferred to PVDF membranes and analyzed
by Western blotting with anti-MYC (rabbit) antibodies. In
Figures 1B, D and 3A the cell pellets were boiled in 4% SDS/
8M Urea, disrupted with glass beads and loaded on PhosTag"™
100 uM MnCl, containing gels.

Kinase assays and LC-MS/MS analyses

0.5 pg of GST-Caclp or GST-Rtt106p substrates were incu-
bated for 45 min at 30°C with 50 ng of Cdc7p-Dbf4p or
150 ng of Cdc28p-Clb5p in 40 mM Hepes-KOH pH7.6,
0.5 mM EDTA, 0.5 mM EGTA, 1 mM B-glycerophosphate,
1 mM NaF, 2 mM DTT, 8 mM Mg(COO™),, 0.1 mM ATP,
1 wCi of [y->*P] ATP. The reactions were resolved on 5-20%
gradient SDS-polyacrylamide gels and exposed to a Phos-

phorimager®

screen. Equal loading was confirmed by Coomassie
staining of the gels.

The kinase assays in Figure 2C were performed in 50 mM
Tris-HCI pH 7.5, 10 mM MgCl,, 1 mM DTT, 50 uM ATP,
10 wCi of [y-**P] ATP for 30 min at 37°C with extracts from

bacterial cells expressing Cac1(226-607)-Hisg or Hst3-Hiss. The
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kinase assays for the LC-MS/MS analysis of the in vitro phos-
phorylation of Cacl(226-607)-Hiss by Cdk7p-Dbf4p (Fig. 2C)
were performed with 50 pM cold ATP for 30 min at 37°C and
the substrate was purified on Ni-NTA beads before being proc-
essed for in-solution trypsin digestion. Analysis of the 7z vivo
phosphorylation of Caclp, Cac2p and Cac3p was conducted by
purification of CAF-I via TAP-tagged Cac2p followed by SDS-
polyacrylamide gel separation and in-gel trypsin digestion.
Details on the LS-MS/MS procedure are available upon request.

Chromatin fractionation

50 ml cultures at ODggp = 1.0 were harvested in the presence
of 0.1% NaNj treated with 0.25 pg zymolyase until 95% spher-
oplasting was visible and washed in ice-cold 50 mM Tris-HCI
pH 7.5, 80 mM KCI, 2 mM EDTA, 0.8 M sorbitol. Cells were
lysed in 150 pl of Extraction Buffer (EB: 50 mM Tris-HCl pH
7.5, 80 mM KCI, 2 mM EDTA, 0.2% Triton-X100, 5 mM
NaF, 0.1 mM NazVOy, 5 mM B-glycerophosphate plus prote-
ase inhibitors (Sigma)). Lysates were spun 10 min at 12000 rpm
and supernatants were collected as cytoplasmic fractions. Pellets
were resuspended in 150 pl EB and cushions of 50 wl EB con-
taining 30% sucrose were under-layered. The samples were spun
again at 12000 rpm for 10 min and the supernatants were dis-
carded. The pellets and aliquots of the cytoplasmic fractions were
boiled in Laemmli loading buffer and analyzed in SDS-polyacryl-
amide gels.

Co-immunoprecipitation

Cells harvested in the presence of 0.1% NaN3 were disrupted
with glass beads in ice-cold IP Buffer (IPB: 50 mM Tris-HCI
pH 7.5, 80 mM NaCl, 2 mM EDTA, 5 mM NaF, 5 mM b-
glycerophosphate, 0.1 mM NazVO, with protease inhibitors
(Sigma)). The lysates were spun 10 min at 12000 rpm and the
supernatants were immunoprecipitated overnight with 15 pul of
anti-MYC beads (Sigma). The beads were washed 3 times in IPB
plus 0.2% Triton-X100, 0.03% Deoxycholic acid, once with
IPB plus 420 mM NaCl, and once with IPB. Samples were
boiled in Laemmli loading buffer and analyzed in SDS-polyacryl-
amide gels. Caclp-FLAG proteins were immunoprecipitated
with 15 pl Protein-G beads (Sigma) and 6 pg of and-FLAG
(mouse) antibody.

Quantifying of Western Blot signals

Signals from blots with equal chemiluminescent exposures
were acquired by Image] software and converted to 8 bit (gray-
scale), background was subtracted and signals were analyzed as
mean gray value of the blot relative to the India Ink stain. In the
chromatin fractionation experiments the cytoplasm signals were

amplified by 6.875 to reflect the lower proportion of extract
loaded.

Two-hybrid interaction assay

caclA cells were co-transformed with pSH18-34, pEG202
bait plasmids expressing wild type or mutant LexA-Caclp pro-
teins, and the prey pBL240 expressing Gal4,p-PCNA. The cells
were grown in SC/-Leu/-Ura/-His at 30°C to ODgoo = 0.8-1.0,
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then pelleted and resuspended in SC/-Leu/-Ura/-His with 2%
Galactose and 1% Raffinose and then incubated at 30°C for
4 hours. Cells were harvested, resuspended in Buffer P (50 mM
sodium phosphate pH 7.7, 300 mM sodium acetate, 10% glyc-
erol, 1 mM 2-mercaptoethanol, 500 nM DTT plus protease
inhibitors (Sigma), split into 4 equal parts and lysed with glass
beads. Total protein levels were measured and used to normalize
the protein concentrations for the P-galactosidase assay. The
extracts were then incubated with 4 mg/ml ortho-Nitrophenyl-
B-galactoside at 30°C until the production of a yellow color was
observed. Absorbance readings were taken at ODy,0 and ODss.
The units of B-galactosidase were calculated using the following
formula:

U= 1000 x [(OD420) — (175 X ODSSO)]
B (t) x (v) x (ODgno)

Telomere position effect experiments were conducted as
. .2
described in.”®

In vitro nucleosome assembly assay

100 ml yeast cell cultures at ODgoy = 1 were harvested and
broken with glass beads in 300 pl of ice-cold YEB (100 mM
Hepes-KOH, pH 7.9, 245 mM KCI, 5 mM EGTA, 1 mM
EDTA, 2.5 mM DTT plus protease inhibitor cocktail (Sigma)).
The extracts were spun for 10 min at 18000 g. The supernatant
was exchanged to YDBI buffer (20 mM Hepes-KOH, pH 7.9,
50 mM KCI, 5 mM EGTA, 0.05 mM EDTA, 2.5 mM DTT,
10% glycerol plus protease inhibitors) in Biospin P-6 columns
(Biorad). Nucleosome assembly reactions were conducted at
30°C with various amounts of cell extracts in 100 wl YDBI plus
7.5 mM MgCl, 3 mM ATP and 0.1 pmoles of relaxed pBlue-
script plasmid. The plasmid was then extracted and analyzed on
1.5% agarose/ TAE gels.

pBluescript was produced in E.coli and preparations that con-
tained at least 80% of supercoiled plasmid were treated for 3—
4 hours with Topoisomerase I (NEB). The level of relaxation
was confirmed by running the sample in 1.5% agarose/TAE gels
and washing with 2X RedSafe™ nucleic acid staining solution
(FroggaBio).
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