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Cks1, Cdk1 (Cdc28), and the proteasome are required for efficient transcriptional induction of GAL1 and
other genes in Saccharomyces cerevisiae. We show here that one function of these proteins is to reduce
nucleosome density on chromatin in a gene induction-specific manner. The transcriptional requirement for
Cks1 can be bypassed if nucleosome density is reduced by an alternative pathway, indicating that this is the
primary function of Cks1 in the context of gene induction. We further show that Cks1, Cdk1, and the 19S
subunit of the proteasome are recruited to chromatin by binding directly to the histone H4 amino-terminal tail.
However, this activity of the proteasome does not require the protease activity associated with the 20S subunit.
These data suggest a model where binding of a complex consisting of Cks1, Cdk1, and the 19S proteasome to
histone H4 leads to removal of nucleosomes via a nonproteolytic activity of the proteasome.

Proteasomes are large multiprotein assemblies that are
thought to function primarily in the turnover of cellular pro-
teins (29, 39). In most cases, proteins destined for proteasomal
degradation are tagged with covalent multiubiquitin chains
(11). These chains are then recognized by regulatory caps at
either end of the barrel-shaped catalytic core of the protea-
some. Once bound to the proteasomal cap, substrates are
stripped of their multiubiquitin chains and then threaded into
the internal chamber of the proteasome barrel where three
distinct protease activities cleave polypeptide chains into small
peptides. The regulatory cap of the proteasome contains a ring
of ATPases that abut the catalytic core and function to unwind
and translocate folded proteins and to open an aperture into
the catalytic core (37). Recently, proteasomal function has
been linked to transcription in a number of different contexts.
In Saccharomyces cerevisiae, genetic studies have yielded two
classes of mutations in the ATPase subunits of the proteasome
regulatory cap. The first class was identified as suppressors of
a defective transcription factor, Gal4, and defined two genes,
SUG1 and SUG2, which are now known to be identical to
proteasomal ATPase genes RPT6 and RPT1, respectively (5, 9,
32, 33). Subsequently, it has been shown that proteasomal
function is required for effective transactivation by Gal4 (5, 9).
The second class was identified in a screen for suppressors of
cdc68-1 (spt16), a temperature-sensitive (TS) mutation in a
component of the FACT transcriptional elongation complex
(named FACT for facilitates transcription elongation) (40).
Interestingly, mutations capable of suppressing cdc68 muta-
tions mapped to the same loci as gal4 suppressor mutations

SUG1 and SUG2 did, but the individual classes were distinct in
that each mutation was capable of suppressing either gal4 or
cdc68 mutations, but not both (5, 6). This suggests that the
proteasome may have multiple roles in transcription, one as-
sociated with transactivation and another involved in elonga-
tion. Recently, it was reported that the proteasome regulatory
particle is required to efficiently recruit the SAGA (Spt-Ada-
Gcn5-acetyltransferase) coactivator to transcriptional activa-
tors (19). This activity most likely accounts for at least one role
of the proteasome in transactivation. However, the role of the
proteasome in transcriptional elongation remains to be deter-
mined. Another unresolved issue is whether protease activity
of the proteasome is required for either of these functions, as
papers coming to divergent conclusions have been published
(21, 26). At least for some transcription factors, proteasome-
mediated proteolysis has been proposed as an essential part of
the transcription initiation cycle (12).

Genetic interactions have also been observed between pro-
teasome mutations and yeast cdk1 (cdc28) mutations, as well as
between proteasome mutations and mutations in the gene en-
coding the small Cdk-binding protein, Cks1 (15). In addition,
Cdk1 and Cks1 copurify with and interact physically with pro-
teasomes (15). We have reported that, like the proteasome,
Cdk1 and Cks1 are necessary for efficient induction of the
GAL1 gene in response to activating signals (41). Further-
more, both Cdk1 and Cks1 are required for recruitment of the
proteasome to the GAL1 open reading frame (ORF), suggest-
ing that Cdk1/Cks1 and the proteasome function in a common
pathway required for efficient induction of galactose-respon-
sive and, most likely, other inducible genes (25, 41). We report
here that at least one function of Cdk1/Cks1 and the 19S
subunit of the proteasome is to evict nucleosomes from chro-
matin in the context of gene induction. We propose that the
failure of Cdk1/Cks1 to recruit 19S proteasomes to chromatin
at the GAL1 ORF results in excessive nucleosomal density and
therefore impairment of transcription. We further report that
the function of the proteasome in this context does not require
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protease function, and consistent with this, only the 19S regu-
latory subunit is actively recruited upon gene induction.

MATERIALS AND METHODS

Yeast strains. All S. cerevisiae strains and genotypes are shown in Table 1 and
were constructed by standard yeast genetic methods.

Yeast growth. For GAL1 induction experiments, yeast cells were grown in
yeast extract-peptone (YEP) medium with 2% raffinose, and galactose (Gal) was
added to a final concentration of 2% for 60 min. For phosphate depletion
experiments, yeast cells were grown overnight in YEP medium with Gal at room
temperature. Yeast cells grown to an optical density at 600 nm (OD600) of 50
were collected by centrifugation, washed with water, and suspended in 100 ml of
synthetic medium containing 2% galactose and 100 �M inorganic phosphate.
The cells were grown at room temperature for 1.5 h and then shifted to the
inactivating temperature (38°C for sug1-20 mutant cells, 30°C for cdc28-1N
mutant cells, and 30°C for cks1� mutant cells) for an additional 1.5 h. The culture
was split into four. The cells were collected, washed, and suspended in one of
four conditions at the inactivating temperature with dextrose or galactose with or
without 7.34 mM Pi. The cells were cultured under these conditions for an
additional 3 h. The cells were then collected and frozen at �80°C.

Chromatin immunoprecipitation (ChIP). Cells were cross-linked by the addi-
tion of formaldehyde to a final concentration of 1% for 30 min at room tem-
perature (RT). Glycine was then added to a final concentration of 125 mM for
5 min at RT. The cells were washed twice with ice-cold Tris-buffered saline
(TBS), and the pellets were snap-frozen in liquid nitrogen. Thawed cells were
resuspended in 500 �l of lysis buffer (50 mM HEPES [pH 7.5], 140 mM NaCl,
1% Triton X-100, 0.1% deoxycholate [DOC], 1 mM EDTA, and protease inhib-
itors) and lysed with glass beads in a Fastprep for four 30-s intervals at 4.5 output.
Lysed cells were centrifuged for 15 min at 14,000 rpm at 4°C. Pellets were
resuspended in 500-�l portions of lysis buffer and sonicated for 10 times for 30 s
each time with a Cup-Horn Sonicator 3000, with 2-min intervals between pulses.
After centrifugation, lysates were incubated overnight at 4°C with histone H3 or
histone H4 antibodies (Abcam) or FLAG antibodies (Sigma) followed by 2 h of
incubation with protein A- or G-coupled Dynabeads (Invitrogen). The beads
were washed twice with lysis buffer, twice with lysis buffer containing 0.5 M NaCl,
twice with wash buffer (10 mM Tris [pH 8.0], 250 mM LiCl, 0.75% NP-40, 0.75%
DOC, 1 mM EDTA, and protease inhibitors), and once with TE buffer (10 mM
Tris [pH 7.5], 1 mM EDTA). Bound proteins were eluted with 100 �l elution
buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 1% SDS) for 30 min at 65°C.
DNA-protein cross-links were reversed by overnight incubation at 65°C, and
DNA was purified using QIAquick PCR purification kit (Qiagen) per the man-
ufacturer’s instructions. Real-time PCRs were performed using 1/25 of the im-
munoprecipitated fraction or 1/500 of the input fraction as the template. Primer
locations for GAL1 have been described previously (41), and all primer se-
quences are given in Table 2. The control primers amplify a nontranscribed
region on chromosome VI. The amount of immunoprecipitated DNA, as related
to the amount of input DNA, was calculated for the different genomic regions
and then normalized to the control region. All reactions were carried out at least

three times, and all experiments were carried out at least twice. Statistical data
are provided in Table 3.

RNA purification and RT-PCR. Cells were resuspended in TRIzol (Invitro-
gen), and RNA was purified per the manufacturer’s instructions. Fifty nano-
grams of RNA was used as template for real-time reverse transcription-PCRs
(RT-PCRs) using the iScript one-step RT-PCR kit with SYBR green (Bio-Rad).
Primer sequences are shown in Table 2. All reactions were carried out at least
three times, and all experiments were carried out at least twice.

Superhelicity assay. Cells were transformed with pCMB3-55 (a 9-kb plasmid
containing the 2�m origin, TRP1, GAL1 ORF and flanking sequences, and
bacterial replication and selection sequences) and cultured in dextrose-based
liquid medium without tryptophan overnight. Cells grown in liquid medium to an
OD600 of 400 were collected by centrifugation, washed with water, and cultured
in 400 ml of raffinose-based medium without tryptophan for 3 h. Cultures were
split between two flasks containing 25 ml of 20% galactose or 20% raffinose and
grown for an additional 2 h at 30°C prior to harvesting. Cell pellets were lysed
with zymolyase, and plasmids were isolated using 10 columns (per 200-ml cul-
ture) of Zymoprep Yeast Plasmid Miniprep II (Zymo Research). Eluted plas-
mids were concentrated and exchanged into TE buffer using an Amicon Ultra
0.5-ml 10,000 concentrator (Millipore). Plasmid DNA was separated on a 15-cm
0.7% agarose–1.0 �g/ml chloroquine–TBE gel at 1.25 V/cm for 72 h (16). DNA
was transferred to Immobilon N� membrane using 0.25 M HCl for denaturing
and 0.4 M NaOH for transfer. Radioactive probe was generated by nick trans-
lation of pBlueScript II SK� (Applied Biosystems) in the presence of 40 �Ci
[�-32P]dCTP (Perkin Elmer) and purified on a 2-ml Sephadex G-50 column
equilibrated with TNE buffer (10 mM Tris [pH 7.4], 1 mM EDTA, 200 mM
NaCl). The probe was boiled and snap cooled on ice just prior to use. The blot
was prehybridized and probed with APH/H buffer (5� SSC [1� SSC is 150 mM
NaCl plus 15 mM trisodium citrate [pH 7.0], 5� Denhardt’s solution, 1% SDS,
100 �g/ml denatured salmon sperm DNA) containing 10% polyethylene glycol
8000 (PEG 8000), washed twice with 50 ml of 2� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) and 0.1% SDS, and then washed twice with 0.2�

SSC plus 0.1% SDS. Radioactive bands were detected using a Pharos FX Plus
molecular imager.

Protein purification. Escherichia coli BL21 cells expressing FLAG-tagged
Cdc28 (FLAG-Cdc28) from pRSFDuet1 were induced with 1 mM isopropyl-�-
D-thiogalactopyranoside (IPTG) for 3 h at 30°C. The cells were harvested, re-
suspended in lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM
EDTA, 10% glycerol, 0.2% Triton X-100, and protease inhibitors) and sonicated
4 times for 30 s each time. Cleared lysates were incubated with agarose-conju-
gated FLAG antibody (Sigma) overnight. Bound proteins were washed and
eluted with FLAG peptide in binding buffer (20 mM Tris-HCl [pH 7.5], 10%
glycerol, 200 mM NaCl). E. coli BL21 cells expressing histidine-tagged Cks1
(His-Cks1) from pRSFDuet1 were induced with 1 mM IPTG for 3 h at 30°C. The
cells were harvested, resuspended in NETN buffer (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, and protease inhibitors)
and sonicated 4 times for 30 s. Cleared lysates were incubated with nickel-
nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) overnight. Bound proteins

TABLE 1. S. cerevisiae strains used in this study

Strain Genotypea Reference

BF264-15DU a ura2 ade1 his2 leu2 trp1 31
�cks1 mutant BF264-15DU cks1�::KANR 41
cdc28-1N mutant BF264-15DU cdc28-1N 41
W303a a ade2 ura3 his3 trp1 leu2
sug1-20 mutant W303a sug1-20 5
UKY403 (HHF� GAL::HHF) a ade2 his3 leu2 lys2 trp1 ura3 arg4 hhf1::HIS3 hhf2::LEU2

�pTRP1 GAL1::HHF2	
16

HHF� GAL::HHF �cks1 mutant UKY403 cks1�::KANR This study
JHY86 (HHT� HHF� �pTRP1 HHT2 HHF2	) a his3 leu2 trp1 ura3 hht1 hhf1� hht2 hhf2� [pTRP1 HHT2 HHF2] 2
HHT� HHF� �pTRP1 HHT2(�4-30) HHF2	 mutant Same as JHY86 but with �pTRP1 HHT2(�4-30) HHF2	 This study
GFY428 (HHT� HHF� �pTRP1 HHT2 HHF2�4-28	) Same as JHY86 but with �pTRP1 HHT2 HHF2(�4-28)	 This study
Cks1-Flag strain BF264-15DU CKS1-Flag 41
Rpt1-Flag strain BF264-15DU RPT1-Flag 41
Pre1-HA strain BF264-15DU PRE1-HA 25
Cln2-Flag strain BF264-15DU CLN2-Flag 13

a Genotypes in brackets indicate a replicating plasmid with designated markers.
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were washed in binding buffer containing 100 mM NaCl and eluted by incubation
with biotinylated thrombin (Novagen) overnight at 4°C.

Binding assay. Streptavidin-agarose beads (Novagen) were incubated with
biotinylated histone H3 or histone H4 amino-terminal peptides (Upstate) in TBS
for 1 h at room temperature. The beads were washed with binding buffer and
incubated with FLAG-Cdc28 for 45 min at RT. The beads were washed with
binding buffer and eluted with sample buffer. Samples were run on a 10%
Bis-Tris gel (Invitrogen) and transferred to polyvinylidene difluoride (PVDF).
The membrane was probed with anti-FLAG antibody (Sigma) or streptavidin
conjugated to horseradish peroxidase (streptavidin-HRP) (Pierce). Magnetic
streptavidin beads (Invitrogen) were incubated with biotinylated histone H3 or
histone H4 amino-terminal peptides (Upstate) in TBS for 1 h at RT. The beads
were washed with 100 mM binding buffer, and incubated with Cks1 for 1 h at RT.
The beads were washed with 100 mM binding buffer and eluted with sample
buffer. Samples were run on a 10% Bis-Tris gel (Invitrogen) and transferred to
PVDF. The membrane was probed with anti-Cks1 antibody or streptavidin-HRP
(Pierce).

Proteasome inhibition. Proteasome inhibition was performed by the method
of Liu et al. (22). For GAL1 induction experiments, yeast cells were grown in

synthetic medium (0.17% yeast nitrogenous base without ammonium sulfate,
0.1% proline, appropriate amino acids) with 2% raffinose as the carbon source.
When the cells reached an OD600 of 1, 0.003% SDS was added, and the cells
were grown for an additional 3 h at 30°C. The cells were then incubated with 75
�M MG132 or the equivalent volume of dimethyl sulfoxide (DMSO) for 30 min
prior to the addition of 2% galactose. Samples were taken for RNA purification,
and cultures were prepared for chromatin immunoprecipitation as described
bellow.

Yeast cells expressing Cln2 tagged with FLAG (FLAG-Cln2) under the control of
the GAL1 promoter were grown as described above except the initial cultures were
grown in 2% galactose as a carbon source. After incubation with MG132 or DMSO,
2% dextrose was added to shut down expression of FLAG-Cln2.

Samples were collected at the indicated time points, and yeast cells were
resuspended in sample buffer and incubated at 95°C for 5 min. After centrifu-
gation, soluble proteins were run on a 10% Bis-Tris gel (Invitrogen) and trans-
ferred to PVDF. The membrane was probed with anti-FLAG antibody and
reprobed with anti-PSTAIRE peptide antibody, which detects Cdk1 in yeast, as
a loading control.

TABLE 2. PCR oligonucleotide primer sequences

Primer Templatea Functionb Sequence

SC05 GAL1 ChIP qPCR 1f CTCCGACGGAAGACTCTCCTC
SC06 GAL1 ChIP qPCR 1r AGGCACATCTGCGTTTCAGG
SC07 GAL1 ChIP qPCR 2f AGTGCCCGATAATTAAGAAAT
SC08 GAL1 ChIP qPCR 2r TTGACTCTACCAGGCGATCTAGC
SC09 GAL1 ChIP qPCR 3f AACTTGCACCGGAAAGGTTTG
SC010 GAL1 ChIP qPCR 3r TGCCAGTTGGTACATCACCCT
SC011 GAL1 ChIP qPCR 4f GCCCAAATGGCAACATAGAAA
SC012 GAL1 ChIP qPCR 4r AGAACTCATTGGCAAGGGCTT
SC013 CHRVI ChIP qPCRf CTCGTTAGGATCACGTTCGAATCC
SC014 CHRVI ChIP qPCRr GCGTAACAAAGCCATAATGCCTCC
SC017 ACT1 RT-qPCRf ACGTTCCAGCCTTCTACGTTTCCA
SC018 ACT1 RT-qPCRr TCGAAGTCCAAGGCGACGTAACAT
SC019 GAL1 RT-qPCRf ACACCCTGGAACGGCGATATTGAA
SC020 GAL1 RT-qPCRr TGAGACTCGTTCATCAAGCGACCA
SC043 PHO5 RT-qPCRf AAGGTGCTCGTGTCTACACCGAAA
SC044 PHO5 RT-qPCRr AAGCTGCTGACGTTACAGACCTTT
SC049 PHO5 ChIP qPCR UASf GAATAGGCAATCTCTAAATGAATCGA
SC050 PHO5 ChIP qPCR UASr GAAAACAGGGACCAGAATCATAAATT
SC055 PHO5 ChIP qPCR 2f AGCAAAGTGAGATTCAAGACC
SC056 PHO5 ChIP qPCR 2r GCGGTGGTCAAAAAGTTTAGG
SC057 PHO5 ChIP qPCR 1f AGATTGGTACCCAAAAAGATATCT
SC058 PHO5 ChIP qPCR 1r TTGATAGTCTTAGCCAGACTGACA

a CHRVI, chromosome VI.
b ChIP, chromatin immunoprecipitation; qPCR, quantitative PCR, 1f, reaction 1 forward; 1r, reaction 1 reverse; qPCRf, forward quantitative PCR; QPCRr, reverse

quantitative PCR; RT-qPCRf, reverse transcription-forward quantitative PCR; UASf and UAS, forward and reverse upstream activation sequences, respectively.

TABLE 3. P values (Student’s t test) determined for histone chromatin immunoprecipitationsa

Comparisonb

P valuec

H3 ChIP H4 ChIP

Gal1 Gal2 Gal3 Gal4 Gal1 Gal2 Gal3 Gal4

WT 30
/cks1 mutant 30
 0.0965 0.0562 0.0154 0.0864 0.6238 0.0813 0.0412 0.1126
WT 60
/cks1 mutant 60
 0.0061 0.5194 0.2904 0.032 0.0052 0.4777 0.0919 0.0132
WT 60
/cdc28-1N mutant 60
 0.0072 0.0224 0.0085 0.0163 0.0121 0.0047 0.0106 0.0038
WT 60
/sug1-20 mutant 60
 0.0031 0.0322 0.0013 0.0037 0.0154 0.124 0.0369 0.0576
WT 60
/�H3 tail mutant 60
 0.1471 0.1378 0.1735 0.4142
WT 60
/�H4 tail mutant 60
 0.0796 0.2113 0.0407 0.0847
�H3 tail mutant 60
/�H4 tail mutant 60
 0.0231 0.0925 0.0213 0.0512

a P values (Student’s t test) determined for histone H3 and H4 chromatin immunoprecipitations shown in Fig. 1 and 5.
b The values for two strains were compared, and the P values are given. The two strains were usually the wild type (WT) and a mutant strain (e.g., cks1 mutant,

cdc28-1N mutant, and sug1-20 mutant) but strains in which the histone 3 or histone 4 tail had been deleted (��3 tail or �H4 tail mutant, respectively) were also
compared. In the first row of the table, WT 30
/cks1 mutant 30
 indicates that the wild type (WT) and the cks1 mutant were compared 30 min (30
) after the addition
of galactose. Strains were also compared 60 min after the addition of galactose.

c Gal1 to Gal4 refer to regions spanning the GAL1 promoter and open reading frame analyzed by chromatin immunoprecipitation.
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RESULTS

Cks1, Cdk1, and the proteasome regulate nucleosome den-
sity. In the course of investigating the role of Cks1 in tran-
scription of the GAL1 gene, histone chromatin immunopre-
cipitations (ChIPs) were carried out and compared for the
wild-type strain and a cks1 mutant strain using four primer sets
that span GAL1. In the wild-type strain, the densities of two
histones analyzed (histone H3 and histone H4) were signifi-
cantly reduced upon induction of the GAL1 gene by the addi-
tion of galactose, indicative of nucleosome eviction as has been
observed previously (Fig. 1A) (4, 34). In the cks1 mutant strain,
this histone density was modestly elevated under the unin-
duced condition (although not statistically significant) and re-

mained somewhat elevated upon induction (Fig. 1A). The
comparison between the wild type and cks1 mutant was par-
ticularly apparent and reached significance in the promoter
and 3
 ORF regions 60 min after induction, although a trend
was observed over the entire gene in multiple experiments.
Therefore, the cks1 mutant appears to exhibit an abnormally
high density of histones associated with the GAL1 gene spe-
cifically under inducing conditions. Since Cks1 and Cdk1 load-
ing onto chromatin are mutually dependent (41), we deter-
mined whether regulation of histone density also depended on
Cdk1. A Cdk1 mutant shown to be defective in Cks1 binding,
cdc28-1N, was compared to the wild type. The GAL1 promoter
and ORF exhibited an abnormally high density of histone

FIG. 1. cks1, cdk1, and proteasome mutations confer an abnormally high histone density at the GAL1 promoter and open reading frame
(ORF). Chromatin immunoprecipitation (ChIP) was performed using histone H3 and histone H4 antibodies, respectively. In each case, GAL1 was
induced for the indicated time (30 min [30
] or 60 min [60
]) by the addition of galactose (Gal) to cultures growing on raffinose (Raf). Chromatin
immunoprecipitations were analyzed using four primer sets where GAL#1 is within the GAL1 promoter region and GAL#2, GAL#3, and GAL#4
span the GAL1 ORF. Immunoprecipitated signals were normalized using a primer set corresponding an untranscribed region of chromosome VI
(IP/VI). (A) The wild type (Wt) and cks1 deletion mutant (�cks1) were compared in an experiment carried out at 30°C. (B) The wild type and
a cdk1 mutant specifically defective in Cks1 binding (cdc28-1N) were compared in an experiment carried out at 25°C. (C) sug1-20 is a
temperature-sensitive mutation of the RPT6 gene encoding a proteasomal ATPase subunit. The experiment was carried out after shifting cultures
from 25°C to 30°C for 5 h. Values are means � standard deviations (SDs) (error bars). Asterisks indicate statistically significant differences
(Student’s t test) when comparing the values for the wild type and mutant 60 min after the addition of galactose. P values are given in Table 3.
PCR primer sequences are provided in Table 2.
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H3 and histone H4 in the cdc28-1N mutant both under induced
and noninduced conditions (Fig. 1B). The histone density phe-
notype was consistently more severe for the cdc28-1N mutant,
with significant differences relative to the wild type observed
over the entire GAL1 ORF. Therefore, Cks1 and Cdk1 are
both required for proper maintenance of histone density across
the GAL1 promoter and ORF under noninducing and, more
dramatically, for nucleosome eviction under inducing condi-
tions.

Since the transcriptional function of Cks1/Cdk1 is linked to
the proteasome (41), we carried out similar histone ChIPs for
a temperature-sensitive proteasomal ATPase mutant (sug1-20
mutant). Even at a permissive temperature for growth, the
histone density at the GAL1 gene was slightly elevated com-
pared to that of the wild type under noninducing conditions,
but again, a statistically significant defect was observed under
inducing conditions (Fig. 1C). These data are consistent with
Cks1, Cdk1, and proteasome recruitment and function being
required for maintenance of normal histone density at the
GAL1 ORF, particularly under inducing conditions.

In contrast, no change in histone density was observed in the
ORF of a non-galactose-responsive gene, ACT1, which en-
codes actin, and there was no apparent effect of mutating
either CDK1, CKS1, or SUG1 (data not shown). To confirm
that increased detection of histones by ChIP, as reported in
Fig. 1, is a result of increased nucleosome density, the number
of nucleosomes was determined directly based on the super-
helical density of a circular plasmid containing the GAL1 gene
(16). Whereas the GAL1-containing plasmid in wild-type cells
exhibited a small but reproducible shift (approximately 1 su-
percoil) to lower superhelical density upon gene induction, no
such shift was observed in the cks1, cdk1 (cdc28-1N), and
sug1-20 mutant cells (Fig. 2). Since the plasmid used is 9 kb and
the GAL1 gene is approximately 1.5 kb, only a small shift is
anticipated in response to nucleosome eviction at the GAL1
ORF. Furthermore, the cks1 and cdc28-1N mutant cells exhib-
ited elevated average superhelical densities than the wild-type
cells did under all conditions, suggesting non-GAL1-associated
changes mediated by Cks1 and Cdk1. Since lower superhelical
density is associated with a reduction in nucleosome density,
these data are consistent with the results based on histone
ChIP, indicating that cks1, sug1, and cdk1 mutations do indeed
confer a defect in transcription-associated nucleosome eviction
and, possibly, basal nucleosome density.

Although these results establish a link between the function
of Cks1, Cdk1, and proteasomal ATPases and modulation of
histone density upon transcriptional induction, they do not
establish direct causality, as mutations that block transcription
also indirectly prevent a reduction in histone density at the
affected loci (4, 17, 27, 34, 35, 42).

Ectopic reduction in nucleosome density bypasses the re-
quirement of Cks1 and proteasomes in transcriptional induc-
tion. As stated above, an inability to reduce the nucleosome
density associated with transcriptional induction could be the
result of a direct effect on regulation of nucleosome density per
se or could be the result of an indirect effect mediated through
some other defect in the transcriptional machinery. If excessive
nucleosome density and an inability to evict nucleosomes are
responsible for the defect in GAL1 transcription observed in
cks1, cdk1, and proteasome mutants, then depletion of nucleo-

somes by other means should obviate the requirement for the
products of these genes in the context of GAL1 transcription.
To deplete nucleosomes, we utilized a strain deleted for both
endogenous histone H4 genes (HHF1 and HHF2) and kept
alive by means of a plasmid containing a copy of the HHF2
coding region under the control of the GAL1 promoter (16).
Therefore, when grown on galactose-containing medium, this
strain synthesizes histone H4 and can produce nucleosomes
but when shifted to dextrose-containing medium, synthesis of
histone H4 is terminated and nucleosome assembly ceases,
leading to a decrease in nucleosome density (Fig. 3B). Because
depletion of nucleosomes in this system is dependent on re-
pression of the GAL1 promoter, we could not use conditional
expression of histone H4 to investigate effects on GAL1 tran-
scription. However, we have observed that induction of the
PHO5 gene in response to phosphate depletion is dependent
on Cks1 (Fig. 3A). PHO5 encodes a secreted acid phosphatase
used for scavenging phosphate from the extracellular environ-
ment when intracellular phosphate is depleted (1). We there-
fore compared PHO5 induction in the wild-type strain versus a
cks1 mutant strain under conditions of nucleosome depletion
by culturing cells in medium containing dextrose. In medium
containing galactose, which supports histone H4 expression,
depletion of phosphate led to induction of PHO5 only in wild-
type cells and not in cks1 mutant cells (Fig. 3C). Induction of
PHO5 was accompanied by nucleosome depletion at both the
PHO5 promoter region and ORF (Fig. 3D). However, induc-
tion of PHO5 by shifting the cells to phosphateless medium
after ectopic nucleosome depletion (induction after shifting
the cells to dextrose-containing medium) no longer depends on
Cks1 (Fig. 3C). Importantly, induction under these conditions
still depends on depletion of phosphate, indicating that it is not

FIG. 2. Mutation of cks1, cdk1, or sug1 prevents induction-depen-
dent reduction of nucleosome density at the GAL1 gene. (A) Autora-
diograph showing distributions of supercoiled GAL1-containing plas-
mids extracted from the wild-type (WT) cells and sug1-20 and
cdc28-1N mutant cells before and after induction. (B) Autoradiograph
showing distributions of supercoiled GAL1-containing plasmids ex-
tracted from wild-type and cks1� mutant cells before and after induc-
tion. DNA was separated by agarose gel electrophoresis in the pres-
ence of chloroquine. Under the conditions used, plasmids with greater
numbers of supercoils migrate more slowly, with each band corre-
sponding to a species containing a specific number of supercoils. The
shift of the distribution downward (most noticeable at the top of the
distribution) for plasmids derived from wild-type cells is consistent
with reduced supercoiling due to nucleosome eviction. The 9-kb plas-
mid used contains the GAL1 ORF and flanking regions, the TRP1
ARS1 marker, the 2�m origin, and bacterial replication and selection
sequences.
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simply artifactual derepression due to histone depletion. His-
tone chromatin immunoprecipitation of the PHO5 promoter
region and ORF confirmed that termination of histone H4
biosynthesis led to depletion of nucleosomes even in the ab-
sence of Cks1 (Fig. 3D). Although the ectopic nucleosome
depletion was designed to be modest so as not to undermine
regulatory functions, it was reproducible and approached sta-
tistical significance, i.e., P  0.08 by Student’s t test, comparing
the promoter region of PHO5 in the cks1 mutant strain on
medium containing dextrose versus galactose. Therefore, de-
pletion of nucleosomes at the PHO5 promoter and ORF allows
induction regardless of the status of CKS1. Similar bypass
results were obtained comparing cdc28-1N and sug1-20 mu-
tants to wild-type cells (Fig. 4). Thus, one direct role of Cks1,
Cdk1, and the proteasome in the context of transcription is to
enable a nucleosome density environment that is permissive
for induction.

Deletion of the histone H4 tail increases nucleosome density
at the GAL1 gene. Both histones H3 and H4 possess amino-

terminal tails that are dynamically modified and are thought to
be involved in recruiting chromatin-modifying enzymes and
complexes (14). Yeast cells with either tail deleted are viable,
but deletion of both tails is lethal (20), suggesting that redun-
dant or parallel pathways mediated by each tail individually are
required for viability. Interestingly, deletion of the histone H4
tail confers a defect in GAL1 transcription, whereas deletion of
the histone H3 tail does not (3). Instead, deletion of the H3 tail
promotes derepression of GAL1 transcription (24), consistent
with each tail responding to different regulatory pathways that
can maintain viability. Furthermore, it has previously been
shown that deletion of the histone H4 tail increases nucleo-
some occupancy at the GAL1 promoter (7). We sought to
determine whether a similar effect occurred over the entire
GAL1 open reading frame, as with cks1, cdk1, and proteasome
mutants. Histone H3 chromatin immunoprecipitations were
carried out for wild-type, histone H3 tail deletion, and histone
H4 tail deletion strains under uninduced (raffinose-containing
medium) and induced conditions (galactose present) and an-

FIG. 3. Depleting nucleosomes by alternative means can bypass the transcriptional requirement for Cks1. (A) Induction of PHO5 in response
to phosphate (P) depletion. Wild-type and cks1� cells were shifted from complete synthetic medium supplemented with 2% dextrose to the same
medium without phosphate (No P) for 7 h. PHO5 mRNA levels were determined by real-time PCR and normalized to ACT1 (actin) mRNA levels.
(B) Schematic of the histone depletion scheme. Dex, dextrose. (C) PHO5 induction under conditions of histone depletion. Wild-type and cks1�
strains were grown with galactose (histone H4 synthesis on) or dextrose (histone synthesis off) in either high-phosphate or no-phosphate medium
for 7 h. PHO5 mRNA levels relative to ACT1 mRNA levels were determined by real-time PCR. (D) Histone H3 chromatin immunoprecipitations
corresponding to the experiment described above for panel C. Primer sets correspond to the PHO5 promoter region (upstream activation sequence
[UAS]) and the PHO5 ORF (ORF #1 and ORF #2). Signals were normalized using a primer set corresponding to an untranscribed region of
chromosome VI. Values are means � SDs (error bars). PCR primer sequences are provided in Table 2.
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alyzed with primers spanning the GAL1 promoter and open
reading frame (Fig. 5). As with cks1, cdc28, and proteasome
mutations, the histone H4 tail deletion strain had a statistically
significant elevated density of histone under induced condi-
tions, indicative of increased nucleosome density across the
GAL1 open reading frame, whereas the histone H3 tail dele-
tion strain did not. Thus, the histone H4 tail deletion confers a
similar chromatin phenotype to cks1, cdk1, and proteasome
mutants at the GAL1 locus and may directly impair the ability
to evict nucleosomes upon transcriptional induction.

The histone H4 tail is required for transcription-associated
recruitment of Cks1 and the proteasome to the GAL1 gene. On
the basis of the phenotypic similarities between the cks1/cdk1/
proteasome mutants and histone H4 tail deletion mutants, we
speculated that the histone H4 tail might be important for
recruitment of Cks1, Cdk1, and proteasomes to chromatin.
Therefore, we carried out chromatin immunoprecipitation ex-
periments to determine the histone H3 and H4 tail require-
ments for Cks1 and proteasome recruitment, respectively (Fig.
6). The histone tail mutant genotypes are shown schematically
in Fig. 6A. Whereas histone H3 tail deletion mutants were as
competent as wild-type cells to recruit Cks1 and the protea-
some under GAL1 induction conditions, histone H4 tail dele-
tion mutants were completely defective in recruiting Cks1 and
the proteasome (Fig. 6B). Therefore, Cks1 and the proteasome
(and most likely Cdk1) are recruited to chromatin in a manner
dependent on the amino-terminal tail of histone H4.

Cdk1 and Cks1 bind specifically to the histone H4 tail. In
order to determine whether recruitment of Cks1 and the pro-
teasome are mediated through direct interaction with the his-
tone H4 tail, synthetic peptides corresponding to the histone
H3 and H4 tails, respectively, were linked to streptavidin beads
via a C-terminal biotin moiety. After incubation with purified
Cks1, Cdk1, or Cks1-Cdk1 heterodimers, the fraction retained
on the beads after washing was determined by SDS-PAGE
followed by Western blotting. As can be seen in Fig. 7A, Cdk1
was retained on beads containing the H4 tail peptide, but much
less efficiently on beads containing the H3 tail peptide. This
result was reproducible using yeast Cdk1 purified either from
yeast or E. coli. Purified Cks1 also bound preferentially to the

FIG. 4. Depleting nucleosomes by alternative means can bypass the transcriptional requirement for Cdk1 and 19S proteasome function. PHO5
induction under conditions of histone depletion is shown. (A) Wild-type and cdc28-1N strains were grown with galactose (histone H4 synthesis on)
or dextrose (histone synthesis off) in either high-phosphate or no-phosphate medium for 7 h. (B) Wild-type and sug1-20 strains were grown with
galactose (histone H4 synthesis on) or dextrose (histone synthesis off) in either high-phosphate or no-phosphate medium for 7 h. PHO5 mRNA
levels were determined by real-time PCR and normalized to ACT1 (actin) mRNA levels. Values are means plus SDs (error bars). PCR primer
sequences are provided in Table 2.

FIG. 5. Deletion of the histone H4 amino-terminal tail confers the
same chromatin phenotype as deletion of Cks1 does. Histone H3
chromatin immunoprecipitations across the GAL1 promoter and ORF
upon induction comparing the wild-type (Wt) strain and strains in
which the histone 3 or histone 4 tail was deleted (��3 tail or �H4 tail,
respectively). Primer sets and normalization are as described in the
legend to Fig. 1. Values are means � SDs (error bars). Asterisks
indicate statistically significant differences (Student’s t test) when com-
paring ��3 tail and �H4 tail strains 60 min after the addition of
galactose. P values are provided in Table 3. PCR primer sequences are
provided in Table 2.
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histone H4 tail (Fig. 7B). Surprisingly, though, Cks1-Cdk1 het-
erodimers did not interact directly and specifically with the
histone H4 amino-terminal tail under the conditions em-
ployed. These data suggest that Cdk1 and Cks1 might assemble
onto the histone H4 tail independently prior to interacting with
each other to form a high-affinity complex. Alternatively, ad-
ditional factors or histone tail modifications are necessary to
efficiently load Cdk1-Cks1 dimers. This might also explain the
relatively low efficiency of binding of Cks1 and Cdk1. It has
previously been shown that Cdk1 and Cks1 interact physically
with the proteasome (15). Thus, it is possible that proteasomes
are required to reconstitute efficient binding of the complete
complex.

The protease activity of the proteasome is not required for
transcription-associated nucleosome reduction. Although it
has been shown that transcriptional elongation of the GAL1
gene does not depend on proteolytic function of the protea-
some (5), this has not yet been established for nucleosome
eviction per se. The role of the proteasome in transcription-
associated nucleosome eviction could be a function of direct
proteolysis of histones by protease activities of the 20S subunit
of the proteasome. Alternatively, mechanical energy generated

by the ATPases of the 19S regulatory subunit might be respon-
sible for removing nucleosomes. Indeed, there are conflicting
data in the literature concerning whether the protease activity
of the proteasome is required for GAL1 transcription at all (21,
26). We therefore determined whether inhibition of the pro-
tease activity of the proteasome would have an effect on the
transcription-associated depletion of nucleosomes at the
GAL1 locus. The cells were treated with MG132 in DMSO or
an equivalent volume of DMSO, and the induction of GAL1
was determined after a shift from raffinose-containing medium
to galactose-containing medium (Fig. 8a). Under these condi-
tions, treatment with MG132 had little, if any, effect on induc-
tion of GAL1, as in both instances, a 500- to 600-fold induction
was observed after 3 h. To ensure that the procedures used
were effective at inhibiting the proteasome, a congenic strain
containing a CLN2 gene under the control of the GAL1 pro-
moter (13) was shifted from galactose-containing medium to
dextrose-containing medium to terminate Cln2 synthesis in the
presence of MG132 (Fig. 8b). Without MG132, Cln2, an un-
stable protein due to proteasomal turnover (38), decreased to
basal levels in significantly less than 20 min. In the presence of
MG132, however, turnover of Cln2 was barely detectable, con-
sistent with efficient inhibition of proteasomal protease activ-
ity. To determine whether inhibition with proteasomal pro-
teases affects transcription-associated nucleosome depletion,
histone H3 ChIP was carried out across the GAL1 promoter
and ORF in the presence and absence of MG132 (Fig. 8c).
Inhibition of proteasomal protease activity using MG132 had
no effect on reduction of nucleosome density either at the
GAL1 promoter or ORF regions. This then raises the question
of whether the 20S subunit of the proteasome is even recruited
to the GAL1 promoter and ORF during induction. We have
previously shown that Rpt1, a component of the 19S subunit, is
recruited in a transcription-dependent manner across the
GAL1 promoter and ORF (41). Chromatin immunoprecipita-
tions targeting the 20S subunit Pre1 were therefore carried out
before and after induction of GAL1 (Fig. 8d). Although im-
munoprecipitation of hemagglutinin-tagged Pre1 (HA-Pre1)
was efficient based on Western blotting, GAL1 locus DNA

FIG. 6. Recruitment of Cks1 and the proteasome depend on the histone H4 amino-terminal tail. (A) Schematic of the histone genotypes used.
(B and C) Chromatin immunoprecipitation of endogenously tagged Cks1 (B) and Rpt1 (C) upon GAL1 induction. Primer sets correspond to
GAL#1, GAL#2, and GAL#3 in Fig. 1. Signal is presented as a percentage of the signal obtained from input chromatin. Values are means �
SDs (error bars). PCR primer sequences are provided in Table 2.

FIG. 7. Cdk1 and Cks1 bind directly to the histone H4 amino-
terminal tail. (A) FLAG-tagged yeast Cdk1 (Cdc28) expressed and
purified from E. coli was incubated with peptides corresponding to the
biotinylated histone H3 and histone H4 amino-terminal tails bound to
streptavidin beads or with unbound streptavidin beads. Eluates sub-
jected to SDS-PAGE and blotting were assayed for FLAG-Cdk1 using
anti-FLAG antibody and for biotinylated peptide using streptavidin-
HRP. Lane �, no input and no histone H3 or H4 added (negative
control). (B) Cks1 purified from E. coli was incubated and analyzed as
described above for panel A using anti-Cks1 antibodies.
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precipitation was barely detectable above background (data
not shown). However, there was a small reproducible induc-
tion-dependent increase in Pre1 binding to the 3
 end of the
gene, as has been reported previously (8). Therefore, it is
unlikely that functions of the proteasome associated with nu-
cleosome eviction during transcription depend on the protease
activities of the proteasome.

DISCUSSION

The function of Cdk1/Cks1 and the proteasome is to reduce
nucleosome density. In eukaryotic organisms, genomic DNA is
packaged by winding it around histone octamers to produce
chromatin. Each histone-DNA unit is referred to as a nucleo-
some (28). The existence of DNA as chromatin poses a num-
ber of topological problems for enzymes that must modify,
transcribe, replicate, or repair DNA. In general, it is thought
that nucleosomes restrict access to DNA and therefore must
be moved or temporarily disassembled in order for the many
facets of DNA metabolism to be carried out (30). It is there-
fore not surprising that a number of complexes capable of
context-specific remodeling of chromatin have been identified.

We have shown here that the 19S subunit of the proteasome
in conjunction with Cks1 and Cdk1 functions in a chromatin

remodeling capacity. Specifically, proteasomes are required to
maintain an appropriate density of nucleosomes on transcrip-
tionally induced chromatin. It has been shown in several stud-
ies that nucleosomes are evicted and their density reduced
upon gene induction in yeast, presumably to facilitate move-
ment of transcription complexes (18). Taken together, these
findings suggest that the role of Cdk1-Cks1 is to recruit 19S
proteasomes to chromatin in order to lower nucleosome den-
sity, thereby facilitating transcriptional initiation and elonga-
tion. Surprisingly, this function has been shown not to require
the kinase activity of Cdk1 (41). Since many mutations that
impair transcription initiation result in failure to reduce nu-
cleosome density (4, 17, 27, 34, 35, 42), the fact that cks1, cdk1,
and proteasome mutants are defective in this capacity does not
mean per se that the encoded proteins have a direct role in
chromatin remodeling. However, the observation that reduc-
ing nucleosome density in a Cks1-independent manner allows
efficient signal-dependent transcriptional induction of the
PHO5 gene in strains with CKS1 deleted or carrying CDK1
(cdc28-1N) or RPT6 (sug1-20) mutations strongly supports this
conclusion. One unresolved question is the manner in which
proteasomal reduction of nucleosome density occurs. Nucleo-
some particles might simply be disassembled via the protein

FIG. 8. Transcriptional induction and nucleosome depletion at the GAL1 locus do not require the protease activities of the 20S proteasome.
(a) Real-time PCR analysis of GAL1 induction over a 180-min time course in the presence and absence of the proteasome inhibitor MG132. (b)
Analysis of turnover of the unstable protein Cln2 using the same conditions and genetic background used in panel a. FLAG-tagged Cln2
(FLAG-Cln2) under the control of the GAL1 promoter was analyzed by Western blotting after promoter shutoff by the addition of dextrose at time
zero. FLAG-Cln2 was detected using anti-FLAG antibody (�-FLAG), and Cdk1, used as a loading control, was detected using anti-PSTAIRE
peptide antibody. Note that smaller amounts of the MG132-treated samples were loaded so as not to produce an excessive signal. (c) Histone H3
chromatin immunoprecipitations across the GAL1 promoter and ORF in the presence and absence of MG132. The cells were grown in raffinose
(Raf) and then induced by the addition of galactose(Gal) for 60 min. (d) Pre1-HA chromatin immunoprecipitations across the GAL1 promoter
and ORF before and after induction. Anti-HA antibody was used to precipitate HA-tagged Pre1, a subunit of the 20S proteasome particle. Values
are means � SDs (error bars).
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unfolding activities of the 19S subunit ATPases of the protea-
some regulatory cap, similar to the unfolding of ubiquitylated
proteins prior to degradation. Alternatively, the mechanical
energy potentially generated by ATP hydrolysis might be uti-
lized in a novel fashion in this context. The assumption that
protease activity of the proteasome is not involved in transcrip-
tion-associated regulation of nucleosome density is based both
on the lack of an effect of the proteasome inhibitor MG132
(26) (Fig. 8) and a failure to actively recruit 20S subunits to the
GAL1 promoter and most of the ORF in response to induc-
tion, although 20S subunits are found associated with the
GAL1 gene (36). Previous in vitro work and experiments with
MG132 suggest that protease activity of the proteasome is not
required for efficient transcriptional elongation (6, 26). It is
therefore likely that the 19S proteasomal function required for
transcriptional elongation and that identified in that work is
the eviction of nucleosomes. At this time, it remains to be
determined whether the entire 19S subunit is recruited or
whether this transcriptional function is carried out by a sub-
complex known as APIS (named APIS for AAA ATPase pro-
teins independent of 20S) (9).

Cdk1-Cks1 and proteasome affect nucleosome density both
before and after induction. A surprising result of our study is
that even though the phenotype of cdk1, cks1, and proteasomal
ATPase mutations is exhibited as a defect in induction of
specific genes and these proteins are recruited to ORFs in an
induction-specific manner, the same mutations confer a defect
in nucleosome density at the same loci, even prior to induction.
In cks1, cdk1, and proteasome ATPase mutants, nucleosome
density is somewhat higher than normal at the GAL1 ORF
under noninducing conditions. However, this difference may
still be due to transcriptional differences, as these mutants
exhibit a reduced level of basal transcription under noninduc-
ing conditions (41). The histone H4 tail deletion mutant did
not exhibit this phenotype, possibly because survival without
the histone H4 tail requires compensatory adjustments in chro-
matin metabolism. Under inducing conditions, nucleosome
density is partially reduced, at least for the cks1 and proteaso-
mal mutants. However, the cdc28-1N mutant of CDK1 consis-
tently showed little or no reduction in histone density upon the
addition of galactose and higher nucleosome density under
noninduced conditions. Consistent with this, we found that
Cdk1 bound to unmodified histone H4 tails with greater effi-
ciency than Cks1 in vitro. Cks1 may serve as a facilitating
cofactor. Alternatively, one or more parallel pathways regulat-
ing nucleosome density in the context of gene induction may
require Cdk1, only one of which may also require Cks1. For the
sug1-20 mutation of RPT6 encoding one of the proteasomal
ATPases, there was also a partial decrease in nucleosome
density upon GAL1 induction. However, since this is a tem-
perature-sensitive mutation, the partial reduction in nucleo-
some density might be a result of incomplete inactivation of
the gene product at 30°C, which is a semipermissive tempera-
ture. Interestingly, the chloroquine gel experiments showed a
significant plasmid-wide increase in nucleosome density for the
cks1 and cdc28-1N mutations (not shown by the sug1-20 mu-
tation). Since GAL1 makes up only a small part of the plasmid,
these results suggest a more global function in regulation of
nucleosome density for Cks1 and Cdc28, possibly not shared by
Rpt6, although further analysis will be required to verify this.

In any case, the results reported here suggest that gene-specific
recruitment of Cdk1-Cks1-proteasome complexes upon tran-
scriptional induction is required for achieving a nucleosome
density sufficiently low for efficient transcription.

Cdk1-Cks1-proteasome function and the histone H3 and H4
amino-terminal tails. Phenotypic and physical interaction
studies suggest that the Cdk1-Cks1-proteasome complex is re-
cruited to chromatin via the amino-terminal tail of histone H4.
Since the Cdk1-Cks1-proteasome complex and histone H4 tails
presumably function in the same pathway, their individual mu-
tant phenotypes should not be additive and therefore not syn-
thetically lethal. This was found to be true for the sug1-20
proteasomal ATPase mutation, which was synthetically lethal
with a histone H3 tail deletion mutant, but not with a histone
H4 tail deletion mutant (data not shown). However, surpris-
ingly, we found that mutation of cks1 is synthetically lethal in
the context of both the histone H3 and H4 tail deletion mu-
tants (data not shown). This is consistent with the earlier ob-
servation that a cdk1 (cdc28) mutation is also synthetically
lethal with both histone H3 and H4 tail deletions (23). These
results suggest that whereas the Cdk1-Cks1-proteasome path-
way acts directly through the histone H4 tail, Cdk1 and Cks1
may also function, albeit indirectly, in the histone H3 tail
pathway. Alternatively, these synthetic lethalities may result
from mechanisms unrelated to chromatin regulatory functions
of Cdk1-Cks1. Indeed, previous genetic analysis has suggested
that Cdk1 kinase activity may be compromised in the context of
the histone H3 and H4 tail deletions, in that mutations that
decrease Cdk1 kinase activity are also synthetically lethal in
combination with the histone H3 and H4 tail deletions (23).
One explanation, consistent with these data, is that histone tail
deletions trigger a checkpoint that delays the G2/M transition
via inhibition of Cdk1 kinase activity. Since histone tail dele-
tions have been shown to impair assembly of nucleosomes (20),
this putative checkpoint may be sensitive to the efficiency of
nucleosome assembly during S phase. Compromising either
Cdk1 activity or Cks1 function may render cells incapable of
recovering from checkpoint-mediated arrest. This would sug-
gest that Cks1 is required for maintaining Cdk1-kinase activity
or reversing Cdk1 inhibition in the context of this putative
chromatin assembly checkpoint. Consistent with this interpre-
tation, CKS1 was originally isolated as a high-copy suppressor
of a TS cdk1 (cdc28-4) mutation (10), suggesting that Cks1 can
enhance Cdk1 kinase activity. Future studies should determine
whether a Cdk1-Cks1-based nucleosome checkpoint exists and
how it functions.
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