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We investigated the function of the histone H3/H4 chaperones anti-silencing function 1 (Asflp) and chro-
matin assembly factor 1 (CAF-1) in global transcriptional regulation in budding yeast. Deletion of ASFI or
CAF-1 components led to global transcriptional misregulation, both activation and repression, of genes
scattered throughout the 16 yeast chromosomes. To investigate direct effects on gene regulation, we developed
an approach to destabilize Asflp that results in its rapid degradation within minutes of transcriptional
repression. Upon degradation of Asflp, rapid global changes in gene expression occur without the requirement
for passage through S phase or de novo protein synthesis. In particular, we demonstrate that the previously
reported influence of Asflp on histone gene expression is not a direct effect of loss of Asfl1p. These data indicate
that the histone chaperones CAF-1 and Asflp regulate the gene expression of a broad array of genes in yeast
and, in the case of Asflp, this is likely to be due to a direct role in chromatin modulation during transcriptional

regulation.

The packaging of the eukaryotic genome into the nucleo-
protein structure known as chromatin has a profound influence
on the activities of the genome (6, 15). The fundamental re-
peating unit of chromatin is the nucleosome, comprising ca.
147 bp of DNA wrapped around an octamer of core histones
(20). The core histone octamer includes two molecules each of
histones H3, H4, H2A, and H2B and is deposited onto the
DNA in a stepwise process (23, 40). Histones H3 and H4 are
deposited onto the DNA first, followed by histones H2A and
H2B to complete the nucleosome.

The formation of chromatin is mediated by a class of pro-
teins termed chromatin assembly factors (19, 40). Biochemical
studies identified chromatin assembly factor 1 (CAF-1) as be-
ing required for the assembly of newly replicated DNA into
chromatin in vitro (34). CAF-1 functions as a histone chaper-
one to deposit histones H3 and H4 onto newly replicated DNA
(35). CAF-1 is a three subunit complex whose function and
structure have been highly conserved through eukaryotic evo-
lution (11-14, 42-44). CAF-1 may also assemble chromatin
after DNA replication in vivo. For example, CAF-1 colocalizes
with DNA replication foci (16), perhaps mediated via its in-
teraction with the replication factor PCNA (32). In addition,
inactivation of CAF-1 leads to defects in chromatin structure
in human cells (28). However, CAF-1 is unlikely to be the only
factor that assembles chromatin in the cell, since budding yeast
lacking CAF-1 have no growth defects (13).

Anti-silencing function 1 (ASF1) is another highly conserved
histone H3-H4 chaperone. ASF1 was found biochemically as a
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protein that facilitates CAF-1-mediated assembly of newly rep-
licated DNA into chromatin in vitro (41). ASF1 may also
function to assemble chromatin during DNA replication to-
gether with CAF-1 in vivo because ASF1 and CAF-1 coimmu-
noprecipitate (24, 31, 43), and CAF-1 and ASF1 copurify from
human cells in a complex containing the form of histone H3
that is only assembled into chromatin during DNA replication
(38). ASF1 also has functions that are independent of CAF-1.
In the absence of CAF-1, ASF1 has no preference for assem-
bling newly replicated DNA into chromatin, being fully able to
assemble nonreplicating DNA (41). Unlike CAF-1 mutants,
yeast lacking Asflp have growth defects (41). Human ASF1
also exists in a CAF-1-independent complex, together with a
histone variant, H3.3, that is specifically assembled into tran-
scriptionally active genes (2, 38). Furthermore, genetic analy-
ses have placed yeast Asflp in a pathway independent from
CAF-1 during transcriptional silencing (41). It is likely, there-
fore, that Asflp functions to assemble chromatin at times other
than after DNA replication. In yeast, Asflp has an additional
CAF-1-independent role in the cell during the disassembly of
chromatin during transcriptional activation of the PHOS and
PHOS genes (1).

It is widely accepted that changes in chromatin structure
alter gene expression (10, 37). As such, defects in chromatin
assembly or chromatin disassembly should influence gene ex-
pression. For example, yeast that lack Asflp and CAF-1 have
defects in transcriptional silencing (13, 17, 22, 25, 33, 41).
Similarly, Drosophila heterozygous for ASF1 have defects in
position effect variegation (26, 36). Transcriptional silencing
and position effect variegation are specialized forms of tran-
scriptional regulation that are mediated via heterochromatin
formation. There is also evidence that ASF1 influences the
expression of euchromatic genes. For example, yeast with
ASF1I deleted misregulate the expression of histone genes (36),



VoL. 25, 2005

HISTONE CHAPERONE-MEDIATED TRANSCRIPTIONAL REGULATION 653

TABLE 1. Yeast strains examined in this study

Strain Genotype
LPY4180. ..MATa barl::LEU2 canl-100 his3-11 leu2-3,112 Alys2 trp1-1 ura3-1
JKTO01 ... MATa asfl::HIS5 barl::LEU2 canl-100 his3-11 leu2-3,112 Alys2 TELVIIL::URA3 trp1-1 ura3-1

.MATa barl::LEU2 canl-100 his3-11 leu2-3,112 Alys2 TELVIIL::URA3 trpl-1 ura3-1

MATa barl::LEU2 cac2:kanMX6 canl-100 his3-11 leu2-3,112 Alys2 TELVIIL::URA3 trpI-1 ura3

..MATa kanMX6-PGALI1-3HA-ASF1 barl::LEU2 canl-100 his3-11 leu2-3,112 Alys2 TELVIIL::URA3 trp1-1 ura3-1
.MATa barl::LEU2 canl-100 gall::HISG his3-11 leu2-3,112 Alys2 trp1-1 ura3-1

.MATa kanMX6-PGALI-ASF1-3HA-PEST-HIS3 barl::LEU2 canl-100 gall::hisG his3-11 leu2-3,112 Alys2 trpl-1 ura3-1
MATa ASF1-3HA-kanMX6 barl::LEU2 canl-100 gall::hisG his3-11 leu2-3,112 Alys2 trp1-1 ura3-1

.MATa asfl::kanMX6 barl::LEU2 canl-100 gall::hisG his3-11 leu2-3,112 Alys2 trpI-1 ura3-1

have an “Spt phenotype” that is indicative of a role in gene
expression (4), and fail to induce the PHOS and PHOS genes
(1). However, whether the influence of CAF-1 or Asflp on
transcriptional regulation is direct or indirect is unknown.
Also, it is not clear how global or localized the roles of Asflp
and CAF-1 are on chromatin structure and, therefore, tran-
scription.

Using transcriptional misregulation as a marker for altered
chromatin structure, we have undertaken a genome-wide tran-
scriptional analysis of yeast lacking Asflp or CAF-1. This ap-
proach has demonstrated that Asflp and CAF-1 have global
and partially overlapping influences on chromatin structure
and transcription. Furthermore, we have discovered that Asflp
most likely regulates gene expression in a direct manner that
does not require passage through S phase or de novo protein
synthesis.

MATERIALS AND METHODS

Yeast strains. Yeast strains are presented in Table 1. All strains are W303-1
and were prepared for the present study, with the exception of LPY4180, which
was kindly provided by Lorraine Pillus. Strains were made by using PCR-based
gene modification (18). SRH001 was derived from JKTO002 by using pFA6a-
kanMX6-PGAL1-3HA (18). SRH007 was derived from LPY4180 by using
pNKY51 (3). SRHO15 was derived from SRH007 by using pFA6a-3HA-kanMX6
(18). SRHO14 was derived from SRHO15 by using pSVA13 (21) and pFA6a-
kanMX6-PGALL (18). SRH016 was derived from SRH007 by using pFA6a-
kanMXG6 (18). All primer sequences used are available upon request.

Serial dilution analysis. Log-phase cultures were adjusted to 4 X 107 cells per
ml, 10-fold serially diluted, and spotted onto the indicated plates with a pronged
device.

Western analysis. Total cell extracts were made as described previously (9).
The Asfl protein was detected by Western detection of the fused 3HA epitope
with mouse antihemagglutinin (anti-HA; Covance MMS-101R, 1:1,000) and anti-
mouse immunoglobulin G-peroxidase (Sigma A3682, 1:80,000). The addition of
3HA epitopes to the C terminus of Asflp has no deleterious phenotypic conse-
quences (data not shown). Tubulin was used as a loading control and was
detected by using rat antitubulin (Serotec MCA785, 1:300) and anti-rat immu-
noglobulin G-peroxidase (Sigma A5795, 1:80,000).

Flow cytometry. A total of 5 X 107 log-phase yeast cells were fixed in ethanol
and stained with propidium iodide as described previously (41).

RNA preparation. Total yeast RNA was harvested according to the hot acid
phenol extraction protocol described previously (30), followed by clean up by
using Qiagen’s RNeasy minikit.

Reverse transcription-PCR (RT-PCR) analysis. First-strand cDNA synthesis
was performed with gene-specific 3’ primers and Stratagene RTase according to
Stratagene’s protocol. The subsequent PCR used 2 ul of the cDNA reaction and
included a deoxynucleoside triphosphate mix containing [«-*>P]dATP. The lin-
ear amplification range was empirically determined for each control primer set.
Control primer sets were designed to amplify cDNAs whose RNA transcript
numbers both do not change during the cell cycle, nor did they show any changes
in the microarray experiments. CDC42 was used as the control for high-copy-
number transcripts, and SWD2 was used as the control for low-copy-number
transcripts. After amplification, PCR products were run on a 3% agarose gel and

then dried. The dried gel was exposed to a phosphor screen, and the image was
quantitated by using iQMac. Each experimental signal was normalized by the
control signal in its reaction. All primer sequences are available upon request.

Microarray experiments. RNA was isolated by using the hot acid phenol
extraction method described previously (30). Biotinylated cRNA probes for use
in Affymetrix GeneChips were prepared according to the supplier’s protocol
(Affymetrix, Santa Clara, Calif.). The cRNA was hybridized to oligonucleotide
arrays (GeneChip YG-S98; Affymetrix) and scanned as described previously
(45).

Data analysis. Microarray data was analyzed by using Affymetrix and Gene-
Spring software. The data set was first filtered for noisy genes. A gene was
considered noisy if it was given a change call in any of the three pairwise
comparisons of the three wild-type (WT) ¢ = 0 replicates. Of the remaining
genes, those that were given change calls in the same direction with similar
magnitudes in all three replicate time points were considered real changes in the
present study. To determine whether the fold change between replicate measures
was similar, the 95% confidence interval was calculated, and if the values
throughout the entire interval still indicated a change, the measurements were
considered consistent and similar. Using a strict fold cutoff was avoided because
of that method’s tendency to disproportionately include false positives among
genes with low transcript numbers and exclude true positives among genes with
high transcript numbers (5, 27). Protein functional class information was ob-
tained from the MIPS database. Other chromatin-related array data were down-
loaded from yMGYV database. The gene cluster tree was generated with Michael
Eisen’s Cluster and TreeView software. P values for the significance of the
overlap between two sets of gene changes were calculated by using a single-
sample chi-square test with Yates’ correction. The chi-square test was used
because it is a nonparametric test useful for classification situations (i.e., present
or not present in the overlap set), whereas parametric tests (like the ¢ test and the
F-test) do not make sense in this situation, since they are used in value situations.

RESULTS

Global changes in gene expression upon loss of Asflp or
CAF-1. In order to identify genes whose transcription is altered
upon loss of Asflp or CAF-1, we performed global microarray
analyses in yeast. In yeast, CAF-1 is encoded by three genes:
CACI1, CAC2, and CAC3/MSII. Deletion of any one of these
genes yields the same phenotype as deleting all three genes
(13). Therefore, we deleted CAC2 (Acac2) to inactivate
CAF-1. Yeast lacking Asflp have a clear growth defect (41),
making the comparison of transcriptional changes in asynchro-
nous WT and asfl mutant strains likely to yield false positives.
Therefore, we isolated RNA from G,/M phase synchronized
cultures of isogenic WT, ASFI-deleted (Aasfl), and CAC2-
deleted (Acac?) yeast strains (as confirmed by flow cytometry
analysis; see Fig. S1 in the supplemental material), followed by
analysis on Affymetrix open reading frame arrays. Transcrip-
tion of 524 genes was significantly and reproducibly changed
upon deletion of ASFI in three independent experiments,
whereas transcription of 252 genes was significantly and repro-
ducibly changed upon deletion of CAC2 (see Table S1 in the
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supplemental material). An arbitrary cutoff of the fold change
was not used for our analyses because of its tendency to over-
estimate gene changes among genes with low transcript num-
bers and underestimate gene changes among genes with high
transcript numbers (5, 27). Instead, we used gene-specific cut-
offs that were deemed significant by Wilcoxon’s signed rank
test (this is the test used by the Affymetrix software) in com-
bination with noise filtering and only considering genes whose
changes were reproducible over three independent experi-
ments. It is likely that we have significantly underestimated the
number of genes that are regulated by Asflp and CAF-1 since
our experiments were performed in rich growth conditions and
only included one phase of the cell cycle. Of the 252 genes
affected by loss of CAF-1, 186 of these are upregulated, where-
as 66 are downregulated by loss of CAF-1. Similarly, of the 524
genes affected by loss of Asflp, 376 are upregulated and 148
are downregulated by the loss of Asflp.

To determine whether CAF-1 and Asflp functions are re-
stricted to specific regions of the genome, we examined the
locations of the misregulated genes. The genes affected by
deletion of ASFI or CAC2 were dispersed over the 16 yeast
chromosomes, with no clustering apparent (see Fig. S2 in the
supplemental material). Also, we did not observe any telo-
mere-proximal bias in the genes affected by loss of Asflp or
CAF-1, as was seen previously upon depletion of histone H4
(46). This result demonstrates that Asflp and CAF-1 influence
the chromatin structure throughout the entire yeast genome.

Next, we investigated whether genes that are misregulated
by loss of Asflp or CAF-1 are regulated by common pathways
of transcriptional control. We failed to discover any enrich-
ment in particular sequence-specific binding sites in the pro-
moters of genes affected by loss of Asflp or CAF-1, indicating
that they are unlikely to be regulated by a common master
regulator transcription factor. There was also no significant
difference in the length of the transcripts of the genes that were
affected by loss of Asflp and CAF-1 compared to the average
length for all transcripts from the genome, suggesting that they
are not misregulated as a consequence of altered transcrip-
tional elongation. Upon examination of the average transcript
levels and frequency of transcription for the genes that were
upregulated by loss of Asflp and CAF-1, we did observe that
these genes had transcript levels and transcription frequencies
in WT cells that were significantly below the average transcript
levels for the whole genome. This is consistent with loss of
Asflp and CAF-1 resulting in activation of genes that are
repressed in WT cells.

Genes affected by loss of Asflp or CAF-1 fall into specific
functional classes and overlap significantly with genes mis-
regulated by other perturbations to chromatin structure. Next,
we examined whether particular functional classes of genes
were affected by loss of Asflp or CAF-1. Genes involved in
metabolism, energy production, and response to environmen-
tal stresses were over-represented upon deletion of ASFI and
CAC2 and genes involved in cell cycle control, protein fate,
transcription, and membrane transport were underrepresented
upon deletion of ASFI and CAC2 (see Table S2 in the supple-
mental material). These results show that the overall metabo-
lism of the cell is affected by loss of Asflp or CAF-1.

To investigate whether Asflp and CAF-1 were influencing
the same regions of the genome, we examined the overlap
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FIG. 1. Comparison of the transcriptional changes caused by loss
of Asflp, CAF-1, and histone H4. (A) Venn diagram showing overlap
of the genes whose transcription was affected significantly in all three
independent microarray analyses upon deletion of CAC2, ASF1, or H4
depletion (using the data from 4 h after histone H4 depletion) (46).
(B) The genes that are affected by deletion of ASFI and CAC2 show
changes of similar magnitudes in the same direction. The 115 gene
expression changes common to Aasf! and Acac2 microarrays are plot-
ted according to the log (base 2) of their fold change for AasfI (x axis)
and Acac2 (y axis). The diamonds () represent genes whose Aasf! and
Acac2 change values are within each other’s 95% confidence interval.
The nine squares ([J) represent genes whose AasfI and Acac2 change
values are outside of each other’s 95% confidence interval.

between the microarray results. Of the 524 genes affected by
deletion of ASFI and the 252 genes affected by deletion of
CAC2, 115 genes are affected by deletion of both CAC2 and
ASF1 (Fig. 1A). This overlap is highly significant (P value =
4.79 X 10~%%), since only 21 genes would be expected to show
up in this overlap if Asflp and Cac2p affected independent
gene sets. Strikingly, the direction and magnitude of the
change in transcription of these 115 genes was always the same
(Fig. 1B), indicating that these 115 genes are regulated by
chromatin structure via a pathway that includes both Asflp
and CAF-1.

To determine whether the genes affected by loss of Asflp
and CAF-1 may represent a subset of genes that are hypersen-
sitive to altered chromatin structure, we compared our mi-
croarray results to those generated by other chromatin modu-
lations. This approach is likely to underestimate the overlap
between our results and other microarray analyses due to the
differences in growth media and experimental conditions (for
example, we only examined changes in one cell cycle phase). If
Asflp and CAF-1 are chaperones for histones H3 and H4 in
vivo, then we expected that the effect of their loss on transcrip-
tion may be similar to depletion of histone H4 (46). We found
significant overlap between the genes affected by deletion of
ASFI or CAC2 and depletion of H4 (P values = 5.63 X 10~
and 8.18 X 10~ *, respectively [Fig. 1A]). Significant overlap
also existed between the genes affected by deletion of CAC2
and ASFI and deletion of components of the SWI/SNF remod-
eling complex, deletion of histone deacetylases, treatment with
the histone deacetylase inhibitor trichostatin A, and deletion of
TAFs, both those specific to TFIID and those that are found in
both TFIID and histone acetyltransferase complexes (see Ta-
ble S3 in the supplemental material). In contrast, no significant
overlap was observed between the genes affected by deletion of
ASFI or CAC2 and deletion of OPI1, HACI, or IRE1, whose
gene products are involved in the processes of phospholipid
biosynthesis and the unfolded protein response (data not
shown). These results demonstrate that a subset of the genome
is highly sensitive to regulation by chromatin structure.
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FIG. 2. Generation of a degradable, repressible form of Asflp.
(A) Asflp is a relatively stable protein. Strain SRH001 was grown in
YEPR plus 1% galactose, followed by addition of glucose at ¢ = 0 to
repress transcription from the pGALI1 promoter. Total protein extracts
were made at the indicated times after addition of glucose, and ana-
lyzed by Western blotting with the C-terminal 3HA epitope on Asflp
and tubulin as a loading control. (B) Fusion of a PEST domain desta-
bilizes Asflp, enabling rapid loss of Asflp. Strain SRH014 was grown
in the presence of galactose, allowing expression of ASFI. Att = 0,
glucose was added to the medium to suppress the expression of ASFI,
and protein degradation was monitored by taking samples at the indi-
cated times after glucose addition. The asterisk indicates a major
degradation product of the Asfl-Pest protein. (C) The Asfl-Pest pro-
tein is functional. Identical amounts of strains SRH015 (WT), SRH014
(Asfl-Pest), and SRHO16 (asfIA) were 10-fold serially diluted onto
plates containing either galactose or glucose carbon sources, as well as
the indicated amounts of methyl methanesulfonate (MMS).

L7
asf1A LA R K

Generation of a rapidly degradable form of Asflp. Having
identified many genes that are misregulated by loss of Asflp
and CAF-1, we wanted to determine whether these effects
were direct or indirect. This was important because any per-
turbation to chromatin structure will have pleiotropic conse-
quences on gene expression. The approach that we took was to
generate repressible, destabilized versions of Asflp and Cac2p.
Replacement of the endogenous ASFI and CAC2 promoters
with the galactose-inducible and glucose-repressible pGALI
promoter enabled rapid transcriptional shutoff. However, both
the Asflp and Cac2p were highly stable after transcriptional
repression (Fig. 2A and data not shown). Because their half-
lives were too long to permit us to look at the immediate
transcriptional effects upon loss of Asflp and CAF-1, we de-
cided to destabilize the Asflp and Cac2p proteins. We fused
the PEST degradation sequence from Cln2p onto the C ter-
minus of Asflp and Cac2p to generate Asfl-Pest and Cac2-
Pest. The CIln2p PEST domain leads to rapid protein turnover
in a cell-cycle-independent manner (21). The Asfl-Pest pro-
tein was highly unstable even before transcriptional repression
(Fig. 2B). The Asfl-Pest protein was not detectable 15 min
after addition of glucose, indicating that its half-life is probably
a matter of minutes (Fig. 2B). In contrast, the Cac2-Pest pro-
tein degraded in a biphasic manner upon transcriptional re-
pression with a significant proportion remaining for more than
30 min (data not shown). We predict that this stable popula-
tion of Cac2-Pest represents DNA-bound protein that is more
resistant to degradation. For our purposes, the degradation
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of Cac2-Pest was too slow to determine immediate tran-
scriptional effects upon loss of Cac2p and was not pursued
further.

Next, it was important to demonstrate that the Asfl-Pest
protein was fully functional. We tested whether the Asfl-Pest
protein resulted in any of the known phenotypes of yeast with
ASF1 deleted. In the presence of galactose, the Asfl-Pest
strain was indistinguishable from WT for sensitivity to DNA-
damaging agents (Fig. 2C), transcriptional silencing, growth
rate, cell size, and cell cycle distribution (data not shown). In
summary, the Asfl-Pest strain enables an extremely rapid
switch from cells resembling WT to an asfl mutant by switch-
ing the carbon source.

Transcriptional changes occur upon degradation of Asflp
prior to passage through the S phase. In order to identify the
immediate effects of loss of Asflp on gene expression, we
performed microarray analyses after transcriptional repression
of Asfl-Pest. Yeast expressing the HA-tagged Asflp protein
from its own promoter (WT) and yeast expressing the Asfl-
Pest protein from the pGALI promoter (Asfl-Pest) were syn-
chronized in G, phase by using alpha factor arrest. Glucose
was added to repress Asfl-Pest upon release from G, phase.
The degradation of Asfl-Pest was confirmed by Western anal-
ysis (Fig. 3A), and the similar progression of both strains
through the cell cycle was confirmed by flow cytometry analysis
(Fig. 3B). RNA was isolated over the first cell cycle after
removal of Asflp and analyzed on Affymetrix open reading
frame arrays. Figure 3C shows the red-green hierarchical clus-
ter tree generated from the average of the gene changes ob-
served in three independent experiments (Fig. 3C). Only genes
that changed in the same direction in all three arrays are
considered here, and “noisy” genes were filtered out. We are
unlikely to have many false positives with these stringent con-
ditions and are very likely to have underestimated the num-
ber of significant changes. We discovered 95 transcriptional
changes in the first cell cycle after the loss of Asflp, which
represent the most direct transcriptional consequences of los-
ing Asflp (see Table S4 in the supplemental material). Many
of these changes were confirmed by semiquantitative RT-PCR
analysis (Fig. 3D and E and data not shown). Transcription of
59 genes increased upon loss of Asflp, whereas transcription of
33 genes decreased. Three of the genes showed changes in
both directions at different time points. Strikingly, many of the
genes showed transcriptional changes in the first time point
after loss of Asflp, even before the majority of the cells had
started going through S phase (Fig. 3B and C). This result
suggests that changes in gene expression occur upon degrada-
tion of Asflp independent of a role for Asflp in chromatin
assembly after DNA replication.

Changes in histone gene expression is not a direct effect of
loss of Asflp. It has been reported previously that deletion of
ASF1 leads to transcriptional misregulation of the histone
genes (36). It was important to rule out the possibility that
Asflp may be affecting histone gene expression directly; oth-
erwise, all of the transcriptional changes that occur upon deg-
radation of Asflp could be indirect effects of altered histone
levels. We found that transcription of the yeast core histone
genes showed no significant difference in transcription levels in
the first cell cycle after degradation of Asfl-Pest by either
microarray or semiquantitative RT-PCR analyses (Fig. 4A and
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FIG. 3. Immediate transcriptional changes occur upon degradation
of Asflp. Strains SRHO015 (WT) and SRHO14 (Asf1-Pest) were grown
in galactose medium and arrested with alpha factor. At time zero, the
cells were released into glucose media and samples for microarray
analysis were taken at the indicated times. (A) Western blot showing
Asflp levels in both the Asfl-Pest and WT strains throughout the time
course. (B) DNA content of yeast at each time point. (C) Hierarchical
clustering of genes showing changed expression profiles in Asfl-Pest
compared to WT in all three independent microarray time courses. (D
and E) RT-PCR confirmation of transcriptional changes following
degradation of Asfl. The histograms show the average of four inde-
pendent experiments and the error bars represent the 95% confidence
interval for the measurement. (D) RT-PCR of SRL3 shows increased
transcription in Asfl-Pest over WT in time points 60, 75, and 150,
which is what was observed in the microarrays. (E) RT-PCR of HYR!
shows increased transcription in Asfl-Pest over WT in all time points
after + = 0, the same as what was observed in the microarrays.

B). However, we were able to confirm the previously reported
effects of deletion of ASFI on histone gene expression (Fig.
4C). These results demonstrate that the changes in histone
expression that are observed in yeast deleted for ASFI are
indirect consequences of loss of Asflp. As such, this finding
suggests that Asflp has a more direct effect on transcription of
at least 95 genes than acting through control of histone tran-
scription.

Transcriptional changes occur upon degradation of Asflp
when passage through S phase is prevented. To determine
whether Asflp can influence gene expression independent of
passage through S phase, we inhibited DNA replication. To
achieve this, our first approach was to release G,-arrested cells
that had been grown in galactose into 200 mM hydroxyurea
(HU) at the time of glucose addition. This amount of HU
blocks all DNA synthesis (8). Flow cytometry analysis demon-
strated that cells released from the G, arrest into HU re-
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mained with a G; DNA content (Fig. SA). We confirmed that
the transcriptional changes that occur upon Asfl-Pest degra-
dation occur even when the cells are prevented from entering
S phase by HU (Fig. 5B to E). We chose to examine two of the
genes, SRL3 and HYRI, whose transcription was significantly
deregulated at the first time point after degradation of Asfl
(Fig. 3D and E). For both SRL3 and HYRI, release from alpha
factor arrest resulted in transcriptional repression in the WT
strain, and this repression was significantly reduced upon deg-
radation of Asfl-Pest in the presence or absence of HU (Fig.
5). The identical results were obtained when we repeated the
experiment with the temperature-sensitive cdc6-1 allele to
prevent DNA replication instead of using HU (data not
shown).

As a second approach to demonstrate that Asflp-mediated
changes in gene expression are independent of passage
through S phase, we maintained cells in G, phase after degra-
dation of Asfl-Pest. Flow cytometry analysis of samples taken
between 0 and 120 min after glucose addition demonstrated
that the transcriptional changes that occur upon degradation
of Asfl-Pest were not a consequence of loss of G, arrest (Fig.
6A). Again, we examined two of the genes, HYRI and NCE103,
whose transcription was significantly deregulated at the first
time point after degradation of Asfl (Fig. 3E; see also Table S4
in the supplemental material). It is apparent that HYRI and
NCE103 transcript levels decrease with increasing time after
addition of glucose in the WT strain but decreased to a much
lesser degree upon degradation of Asfl-Pest (Fig. 6B to E).
Taken together, these experiments using genetic, pharmaco-
logical, and temporal means of preventing S-phase entry dem-
onstrate that transcriptional changes mediated by Asflp are
independent of its role during DNA replication-coupled chro-
matin assembly.

Transcriptional changes occur upon degradation of Asflp
independent of de novo protein synthesis. To address whether
Asflp-mediated transcriptional control was an indirect conse-
quence of degradation of Asflp, we examined whether de
novo protein synthesis was required for the Asflp-mediated
changes. The approach was to arrest WT and Asf1-Pest strains
growing in galactose in G, phase, followed by addition of
cycloheximide to prevent de novo protein synthesis at the same
time as addition of glucose to repress expression of Asfl-Pest.
We then performed microarray analyses before and 60 min
after cycloheximide addition to identify transcriptional changes.
We identified genes that had changed significantly upon deg-
radation of Asfl-Pest in the presence of cycloheximide (see
Table S5 in the supplemental material), and these changes
included 56 of those identified by degradation of Asfl-Pest in
the absence of cycloheximide. Presumably, not all 95 genes that
were transcriptionally misregulated in the first cell cycle after
degradation of Asfl-Pest were detected in the cycloheximide
experiment because we were only examining changes during
the G, phase of the cell cycle, whereas many of the 95 changes
were not apparent until later times during the cell cycle. These
results demonstrate that transcriptional changes that occur
upon degradation of Asfl-Pest do not require de novo protein
synthesis and are therefore likely due to direct affects of Asflp
on gene expression.
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FIG. 4. Absence of direct changes to histone gene expression upon loss of Asflp. (A) Histograms of changes in transcription of the histone
encoding genes HTA1, HTA2, HTBI, HTB2, HHTI, HHT2, and HHF?2 as determined by microarray analyses after degradation of Asflp. Times
on the x axis represent time after transcriptional repression of ASFI in strain SRH014 (Asf1-Pest), as shown in the experiment in Fig. 3. The
average and 95% confidence intervals are shown for three independent experiments. (B) RT-PCR analysis showing lack of immediate changes in
histone H3 gene expression after degradation of Asflp. RNA harvested from the time courses described in Fig. 3 was subjected to quantitative
RT-PCR analysis with primers to the indicated genes. The fold change was calculated by first normalizing the experimental signals to the CDC42
control and then dividing the Asfl-Pest signal by the WT signal. The error bars represent the 95% confidence interval for the changes observed
over four experiments. (C) RT-PCR analysis showing significant changes in histone H3 gene expression in strains deleted for ASFI. Cultures of
strain SRHO15 (WT) and SRHO16 (Aasf1) were arrested by addition of alpha factor, and samples were taken for RT-PCR analysis at the indicated
times after release from alpha factor. A representative RT-PCR analysis is shown on the left, and the quantitation of four independent experiments
is shown on the right, as described above.
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FIG. 6. Changes in gene expression occur upon Asflp degradation
when cells are maintained in the G, phase. Cultures of strains SRH015
(WT) and SRHO014 (Asfl-Pest) were arrested in G, as in Fig. 3, fol-
lowed by the addition of glucose (at t = 0). Samples were taken before
and after addition of glucose. (A) Flow cytometry analysis of DNA
content by propidium iodide staining. (B) RT-PCR analysis of HYRI
gene expression. CDC42 was included as an internal control. (C) RT-
PCR analysis of NCEI03 gene expression. CDC42 was included as an
internal control. (D) Quantitation of RT-PCR analysis of HYRI, per-
formed as described in Fig. 4B. (E) Quantitation of RT-PCR analysis
of NCE103, performed as described in Fig. 4B.

synthesis and therefore indirect transcriptional effects), we still
observed many decreases in gene expression compared to nor-
mal cells. Furthermore, about half of the genes that were
affected by CAF-1 loss were also affected by Asflp loss, always
by the same magnitude and in the same direction of change,
and roughly one-quarter of these changes were decreases upon
loss of Asflp or CAF-1. This overlap in the identity of the
genes affected and the identical manner in which they were
affected by independent loss of Asflp and CAF-1 is not con-
sistent with their being indirect effects. Similarly, depletion of
histone H4 resulted in both increases and decreases in gene
expression (46). It would appear that chromatin assembly may
serve to either repress or activate gene expression in a gene-
specific manner. Precedent for this exists at the MMTV and
Xenopus vitellogenin B1 promoters where positioned nucleo-
somes facilitate transcription (29, 39).

Our data indicate that Asflp and CAF-1 do function to-
gether in vivo at many regions of the genome. The 115 genes
whose expression was affected in the same manner by deletion
of either ASF1 or CAC?2 are likely to be genes that are assem-
bled into chromatin via a pathway requiring both Asflp and
CAF-1, presumably after DNA replication. This is consistent
with the copurification of Asflp and CAF-1 from cells (24, 31,
38, 43) and their functional codependence in vitro during as-
sembly of newly replicated DNA into chromatin. The remain-
ing genes that were affected by loss of CAF-1, but not by loss
of Asflp, may either be indirect transcriptional effects or may
represent genes that are assembled into chromatin by CAF-1
in an Asflp-independent manner.

Asflp is likely to be a direct regulator of transcription. By
generating an experimental system that enabled degradation of
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all Asflp in the cell within minutes, we have gained evidence to
strongly support a likely direct role for Asflp in transcriptional
regulation. By direct, we mean to propose that Asf1 is likely to
function in the vicinity of its transcriptional targets during
transcriptional regulation. Asfl is not formally a transcription
factor, since it does not possess sequence-specific DNA bind-
ing properties, but rather it is likely to influence chromatin
structure of the promoter and/or open reading frame of its
transcriptional targets, as was shown recently at the PHOS and
PHOS genes (1).

The influence of Asflp on the expression of many genes
does not require the passage of the cell through S phase and
therefore is not an indirect effect of Asflp assembling chro-
matin after DNA replication. Furthermore, the role of Asflp
in gene expression does not require de novo protein synthesis
because transcriptional changes still occurred upon degrada-
tion of Asflp in the presence of cycloheximide. Interestingly,
transcriptional misregulation of the apparent direct targets of
Asfl that are misregulated in the first cell cycle after Asfl
degradation is not responsible for the known growth pheno-
types of asfl mutants, since we have found that these pheno-
types do not appear until at least 24 h after degradation of
Asflp and are therefore due to indirect transcriptional conse-
quences of loss of Asflp (28a).

The possibility that Asflp is exerting its immediate effects on
gene expression indirectly through influencing histone gene
expression (36) or histone stability have also been ruled out in
the present study and by another study (7), respectively. For
example, we have found that histone RNA levels do not differ
from the WT in the first cell cycle after Asflp degradation. In
contrast, histone RNA levels are different from WT levels for
cells from which ASFI has been deleted (36), and this may
account for many of the indirect transcriptional effects of de-
leting ASFI that we observe. At the protein level, neither the
amount nor the stability of histone proteins is affected by de-
letion of ASF1 (1a) (7). It is formally possible that Asflp may
exert its effect on gene expression indirectly, for example, via
its ability to stabilize an unknown protein that is required for
transcription and, upon degradation of Asflp, this putative
protein may degrade and affect transcription. However, we
favor a more direct role for Asflp in gene expression via a role
in assembling and disassembling chromatin in a dynamic and
gene-specific manner during transcriptional regulation. In fa-
vor of this model, we have recently shown that Asflp is re-
quired for activation of the PHOS5 and PHOS yeast genes via its
ability to disassemble nucleosomes from the promoter regions
of these genes during transcriptional induction (1).

Physical and genetic interactions between Asflp and tran-
scription factors also place Asflp at the site of transcription.
For example, Asflp interacts with the yeast Bdfl and Bdf2
proteins that contain the bromodomains of TAF ;250 of higher
eukaryotes (4). Similarly, Drosophila ASF1 interacts with
Brahma, the Drosophila counterpart of SWI/SNF (26). Fur-
thermore, Drosophila ASF1 is localized to the transcriptionally
active intergenic bands of polytene chromosomes (43). The
definitive experiment to show a direct role of Asflp in gene
regulation would be to localize Asflp to its transcriptional
targets by chromatin immunoprecipitation. However, despite
trying seven different epitope tags, we have not been able to
chromatin immunoprecipitate Asflp, perhaps due to dynamic
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interactions between Asflp and DNA. Taken together, with all
of the circumstantial evidence above, we feel that demonstrat-
ing transcriptional changes within 30 min of degradation of
Asflp in the presence of replication and protein synthesis
inhibitors is fairly strong evidence for a direct role in transcrip-
tional regulation.

We predict that, in addition to its role in replication-depen-
dent chromatin assembly with CAF-1, Asflp has two CAF-1-
independent and replication-independent functions: one dur-
ing assembly and the other during disassembly. Simplistically,
we propose that the genes that were upregulated in the first
cell cycle after degradation of Asflp are normally assembled
into transcriptionally repressive chromatin structures by Asflp.
This could be via Asflp-mediated exchange of histones bearing
posttranslational modifications that foster transcription for un-
modified transcriptionally repressive histones or via the reas-
sembly of naked regions of DNA into chromatin. In support of
this later idea, we recently showed that nucleosomes are reas-
sembled onto a naked region of the PHOS5 promoter during
transcriptional repression (1). Although Asflp was not re-
quired for reassembly at the PHOS promoter, it is possible that
Asflp mediates reassembly at other genes during transcrip-
tional repression. Similarly, we propose that the genes that
were downregulated in the first cell cycle after degradation of
Asflp in yeast are normally subject to Asflp-mediated forma-
tion of active chromatin structures. This could either be via
Asfl-mediated exchange of unmodified histones for histones
bearing modifications that foster transcriptional activation or
via Asflp-mediated chromatin disassembly during gene activa-
tion, as is the case for the PHOS5 and PHOS genes (1). In higher
eukaryotes, the existence of ASF1 in a protein complex with
the histone variant H3.3 that is assembled into actively tran-
scribing regions of the genome strongly supports such a repli-
cation-independent assembly function of Asfl (38). Future
studies will define how the various functions of Asflp are
regulated and coordinated during transcriptional regulation.
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