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The retinoblastoma protein, pRb, controls transcription through recruitment of histone deacetylase to
particular E2F-responsive genes. We determined the acetylation level of individual nucleosomes present in the
cyclin E promoter of RB*'* and RB~'~ mouse embryo fibroblasts. We also determined the effects of pRb on
nucleosomal conformation by examining the thiol reactivity of histone H3 of individual nucleosomes. We found
that pRb represses the cyclin E promoter through histone deacetylation of a single nucleosome, to which it and
histone deacetylase 1 bind. In addition, the conformation of this nucleosome is modulated by pRb-directed
histone deacetylase activity. Thus, the repressive role of pRb in cyclin E transcription and therefore cell cycle
progression can be mapped to its control of the acetylation status and conformation of a single nucleosome.

The retinoblastoma gene is the prototypical tumor suppres-
sor gene (47). As such, its protein product (pRb) is inactivated
in a wide variety of human cancers. Indeed, the pathway con-
taining pRb and proteins that control its activity is deranged in
virtually every tumor type. This pathway, which includes cyclins
D and E as well as low-molecular-weight inhibitors of cyclin/
cyclin-dependent kinase (CDK) activity (e.g., p21 and p16), is
critical for progression through the G, phase of the cell cycle
(42, 47). Recently, it has been shown that the repressive (hy-
pophosphorylated) form of pRb associates with members of
the histone deacetylase (HDAC) protein family, which may
assist pRb in transcriptionally repressing target genes (8, 9, 29,
30).

pRbD associates with various transcriptional factors, notably,
members of the E2F family, and represses their activity (17,
31). While many genes are regulated by members of the E2F
family (31), most likely only a subset of these are regulated by
pRb (21, 23, 45). One gene that is critical for cell cycle pro-
gression and that is regulated by pRb and E2F is the cyclin E
gene (21, 23). Indeed, the cyclin E promoter has been shown to
be derepressed in RB~'~ mouse embryo fibroblasts (MEFs)
during G, and early G, (21, 23) and to be under the control of
E2F (5, 16, 35). As mentioned above, it has been found that
pRb controls transcriptional activity and chromatin structure
through recruitment of HDAC activity to particular E2F-re-
sponsive genes (9, 29, 30). Notably, it has been shown that the
cyclin E promoter is regulated by histone acetylation through
its E2F- and pRb-mediated recruitment of HDACI1 (9, 41).
The association of pRb with HDAC is disrupted by binding of
viral oncoproteins (e.g., simian virus 40 large T antigen) to
pRb, by hyperphosphorylation of pRb during cell cycle pro-
gression, and obviously by inactivation of the RB gene (9, 29,
30, 51). This disruption leads to derepression of target genes
and inappropriate expression, as observed for cyclin E (21, 23).
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We sought to investigate the method of pRb repression of
the endogenous mouse cyclin E promoter. It was previously
shown that embryo fibroblasts derived from mice with a tar-
geted deletion of the RB gene have derepressed cyclin E tran-
scription in G, and early G, and display a peak of transcription
4 h earlier in G, than cells from wild-type littermates (21, 23).
Correspondingly, RB~'~ cells have a G, that is shorter by
about 4 h (21). It should be noted that RB~/~ fibroblasts enter
and exit G, after serum starvation and readdition as readily as
RB™'* cells (12, 13, 18, 19, 21, 23). These MEFs are thus
ideally suited for investigations into the role of pRb and asso-
ciated HDAC activity in the regulation of the cyclin E pro-
moter. We therefore delineated the nucleosomal profile of the
cyclin E promoter in these cells and determined the effects of
pRD and transcriptional activity on the acetylation status and
conformation of individual nucleosomes in the promoter.

Our observations described here suggest that pRb represses
the cyclin E promoter through modulation of the level of
histone acetylation of a single nucleosome at the transcrip-
tional start site. In addition, pRb and HDAC1 are bound to
this nucleosome during periods of transcriptional repression of
the gene. Thus, the repressive signal transduction pathway that
contains pRb as its most pathologically significant player is now
mapped to deacetylation of a single nucleosome. These studies
provide basic insight into pRb function and provide a paradigm
for the actions of other transcriptional corepressors.

MATERIALS AND METHODS

Cell cultures. RB~/~ and RB™/* immortalized MEFs were maintained in
Dulbecco minimal essential medium supplemented with 10% calf serum. Cells
were arrested in G by incubation in either medium containing 0.1% serum or
serum-free medium containing minimal essential components for 3 days. Cells
were induced to late G; by replacing serum starvation medium with serum-
supplemented medium. Due to cell cycle differences between the RB™/~ and
RB™/* cells (21), late G, was found to occur at 16 h after serum addition in
RB*/* cells and at 12 h in RB~/~ cells. HDAC inhibition experiments were done
with cells arrested in G, with or without treatment with 100 nM trichostatin A
(TSA) for 12 to 16 h. Reverse transcription (RT)-PCR experiments were done
with 100 nM TSA for various times.

RT-PCR. The primers used for RT-PCR amplified the region from +377 to
+821 of the murine cyclin E mRNA. rTth RNA PCR (Gene Amp; Perkin-
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FIG. 1. Effects of the deacetylase inhibitor TSA on cyclin E mRNA levels in RB™/* and RB~/~ MEFs. TSA was added to Gy-arrested cells for
the indicated times before lysis and RNA purification. RT-PCR was performed in order to visualize the small amounts of cyclin E mRNA present
in arrested RB™'* cells. The primers used were from either cyclin E or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA sequences.

Elmer) was used to amplify 1 pg of total RNA isolated from RB™* and RB~/~
MEFs. An exhaustive range of PCR cycle numbers was tested in order to ensure
that the assay was in the linear range of amplification. The final cycle number
(25) was 1 or 2 cycles above that which gave no signal. Amplification from RB*/*
cells was in the linear range, since there was a change after TSA treatment. No
differences were observed in the signal from the RB~/~ cells RNA after TSA
treatment regardless of how many cycles were used.

PCR primer design. Primer pairs were designed to amplify areas of 80 to 100
bp on the cyclin E promoter. Each PCR product overlaps the neighboring
amplified regions by approximately 20 bp. The PCR products were numbered,
and the regions amplified were as follows: 13, +101 to +24; 12, +46 to —47; 11,
—28 to —108; 10, —119 to —213; 9, —194 to —283; 8, —265 to —365; 7, —347 to
—448; 6, —432 to —526; 5, =507 to —592; 4, —583 to —685; 3, —682 to —771; 2,
—753 to —835; and 1, —814 to —902.

PCR nucleosome mapping. Nuclei were isolated from RB~/~ and RB™/™* cells
in Gy and late G,. Chromatin was digested to mononucleosomal form with
micrococcal nuclease. The digestion was stopped by adding EDTA to a final
concentration of 50 mM. Nuclei were lysed in 1% sodium dodecyl sulfate (SDS)
lysis buffer. Lysates were treated with 0.1 mg of proteinase K/ml overnight at
37°C. The DNA was purified by phenol extraction followed by ammonium ace-
tate-isopropanol precipitation. DNA pellets were resuspended in Tris-EDTA
buffer and subsequently analyzed by agarose gel electrophoresis. The mononu-
cleosomal DNA fraction was gel extracted using Spin-X centrifuge tube filters
(Corning), and 100 ng was used as a template in each PCR. Undigested genomic
DNA was used as the positive control. No template was added to the PCR
negative control. In order to deal with the different amplification efficiencies of
the primer sets, each was extensively and independently characterized to deter-
mine appropriate cycle numbers. Primer sets from nucleosome-free regions were
designated as such because they never gave signals above the background re-
gardless of the cycle number.

ChIP and thiol pulldown assays. Chromatin immunoprecipitation (ChIP) and
thiol pulldown experiments were performed by using a modified version of
previously described methods (15, 36). Cellular protein was cross-linked to DNA
by adding formaldehyde directly to the cell culture media to a final concentration
of 0.75%. Nuclei were isolated, and chromatin was digested to mononucleosomal
form with micrococcal nuclease. The digestion was stopped by adding EDTA to
a final concentration of 50 mM. Nuclei were pelleted by brief centrifugation and
resuspended in 1% SDS lysis buffer. In order to ensure complete lysis, samples
were sonicated for 10 s. In some experiments (see Fig. 4), cells were harvested
and sonicated for 30 s in order to produce larger fragments of undigested
cross-linked DNA. A small portion of the lysate was removed from each sample,
and the extracted DNA was analyzed by agarose gel electrophoresis to ensure
complete digestion. The lysate was also analyzed by spectrophotometry to obtain
the DNA concentration.

Cellular lysate containing the same amount of DNA per sample was diluted
1:10 in 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM Tris-HCI and
added to antibodies to acetylated histone H3 or H4 (Upstate Biotechnology),
pRb (PharMingen; clone G3-245), or HDACI (Affinity Bioreagents; catalog no.
PA1-860) and protein A/G-agarose beads or activated thiol-Sepharose 4B beads
(Amersham Pharmacia). The acetylated histone antibodies are specific for tetra
acetylated histone H4 (28) and diacetylated histone H3 (4, 7). The immunopre-

cipitation negative control samples contained lysate and protein A or G beads in
the absence of antibody. It is possible that any material that has not been
completely cross-linked by the formaldehyde treatment and that is disrupted by
the 1% SDS lysis will randomly reform chromatin complexes during overnight
incubation. However, these complexes will contain all forms of acetylated his-
tones distributed randomly throughout all nucleosomes reformed. This being the
case, any signal obtained from these reassembled nucleosomes will not confound
interpretation of our results but will at most temper them. However, we are
confident that the vast majority of chromatin is cross-linked, since cycle numbers
similar to those used in the non-cross-linking mapping experiments were used in
these ChIP and thiol pulldown experiments.

Following overnight incubation, the beads were washed extensively, and the
cross-linked histone-DNA complexes were eluted. Proteinase K was added, and
the samples were heated at 65°C to reverse the cross-link. The DNA was purified
by phenol extraction followed by sodium acetate-ethanol precipitation. The pu-
rified DNA was used as a template in PCRs with the previously described
primers. Each PCR was repeated exhaustively using various cycle numbers to
ensure that the results were within the linear range of amplification. PCR pos-
itive and negative controls consisted of plasmid containing the cyclin E promoter
(39) and no template, respectively. Samples were run on polyacrylamide gels and
stained with ethidium bromide.

RESULTS AND DISCUSSION

Cyclin E transcription is regulated by HDAC activity and
pRb. As mentioned above, the cyclin E promoter is a candidate
for investigating the role of pRb in altering histone acetylation
in a specific chromosomal location. We first determined if
histone deacetylation could control endogenous cyclin E pro-
moter activity. Figure 1 shows an analysis of RNA isolated
from Gg-arrested RB™'" and RB~/~ MEFs after TSA treat-
ment. Cyclin E mRNA levels are increased in RB™/™ cells upon
the addition of TSA, suggesting that promoter repression in G,
is achieved through histone deacetylation. In contrast, TSA
treatment does not affect cyclin E mRNA levels in RB™/~ cells.
This result suggests that repression of the cyclin E promoter in
G, and early G, is directed by pRb-dependent histone deacety-
lation.

Mapping of nucleosomal regions of the cyclin E promoter.
We next determined the nucleosomal regions of ~1 kb of the
cyclin E promoter. This was accomplished by using a novel
PCR-based method. Briefly, nuclei isolated from RB*'* and
RB~/~ MEFs were digested with micrococcal nuclease. Shorter
digestion times led to nucleosomal laddering, while longer
treatment times resulted in the production of only mononu-
cleosome-size DNA fragments (Fig. 2a). A mononucleosome-
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size fragment was excised from the gel and used as a template
for PCR amplification of cyclin E promoter regions. DNA that
is not assembled into nucleosomes is digested to completion
with the nuclease and is not amplified (A. J. Morrison and
R. E. Herrera, unpublished observation). This method was
validated through investigation of the c-fos promoter, for
which the position of nucleosomes was previously determined
by using standard indirect end-labeling techniques (20). In the
c-fos promoter, primers from the region of the serum response

Nucleosomal Regions
] ]
] I

FIG. 2. Determination of nucleosome positioning on the mouse
cyclin E promoter in RB™* and RB~/~ MEFs. (a) Micrococcal nucle-
ase digestion of RB™'* and RB~/~ MEF nuclei to produce mononu-
cleosomal DNA. Samples were from formaldehyde-cross-linked chro-
matin that either was not digested with micrococcal nuclease
(undigested) or was subjected to micrococcal nuclease digestion to
produce partially digested chromatin (partial digest) or predominantly
mononucleosome-size chromatin (RB™/* and RB™/7). Marker sizes
are in base pairs. (b) Illustration of the cyclin E promoter. The ampli-
fied region of each PCR product is shown with its corresponding
number (see the text). The resulting nucleosomal regions are dia-
grammed as solid black bars. (c) Results of PCR analyses, with the
region of the cyclin E promoter and the number corresponding to the
amplified PCR product listed. RB*'* and RB~/~ MEFs were arrested
in G, (—serum) or induced to late G, (+serum). cntl, control.

element are not amplified (Morrison and Herrera, unpub-
lished), consistent with the observation that this region is nu-
cleosome free (20, 22). However, primers from the region
centered at —170, which has been determined to be assembled
into a nucleosome (20, 22), are amplified (Morrison and Her-
rera, unpublished). In addition, this technique was recently
used by others to map nucleosomal regions (6). We next pro-
ceeded to map the nucleosomal regions of the cyclin E pro-
moter using this technique. Thirteen PCR primer pairs from
the cyclin E promoter were chosen to amplify overlapping
regions of ~100 bp each to ensure representation in the mono-
nucleosomal band if the region was assembled into nucleo-
somes (Fig. 2b).

Figure 2b and c show the nucleosomal region analysis and a
summary of ~1 kb of the cyclin E promoter. Nucleosome-free
regions are centered at about positions +65, —170, —400, and
—860, while the remainder of the regions are nucleosomal. The
nucleosomal regions remain constant whether the gene is re-
pressed in G, or is active in late G, in both RB*/* and RB~/~
MEFs (Fig. 2c). This technique maps only nucleosomal re-
gions, not the positions of single nucleosomes. That is, while
single nucleosomes can be identified if they are separated from
neighboring nucleosomes by more than ~100 bp (such as the
nucleosome identified at the transcriptional start site of the
cyclin E promoter), adjacent nucleosomes cannot be resolved
(such as those between positions —400 and —860). However,
the amplified products from primer pairs 11, 12, and 13 are
small (80, 93, and 77 bp, respectively) and overlap by about 20
bp each. In total, they cover an area of 209 bp. Therefore, the
area is large enough to accommodate only one nucleosome
centered near the start site.
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It remains a formal possibility that sequences are not de-
tected in the mononucleosome fraction because they are hy-
persensitive or resistant to micrococcal nuclease for reasons
other than the presence or absence of nucleosomes. This pos-
sibility could be due to sequence bias in the cleavage prefer-
ences of micrococcal nuclease. Because of this possibility, se-
quences that we detect as nucleosome free might actually be
nucleosomal. We believe this possibility to be unlikely, since
the ChIP experiments with antibodies against acetylated his-
tones (see below) were done with micrococcal nuclease-di-
gested chromatin from which mononucleosomal DNA had not
been gel purified, as detailed in Materials and Methods. There-
fore, any micrococcal nuclease-resistant sequences would be
present in the immunoprecipitations. However, primers from
regions determined to be nucleosome free in these mapping
experiments did not produce a signal above background, sug-
gesting the absence of histones and therefore nucleosomes in
these regions.

After micrococcal nuclease digestion and DNA purification,
equal amounts of DNA were subjected to PCR analysis to
determine nucleosomal regions. Equal numbers of cycles were
performed on samples from both RB™* and RB™/~ cells.
There is generally no difference in band intensities from the
different samples. Therefore, there is no preferential release of
nucleosomes from the RB~/~ cells, despite the chromatin of
these cells being more sensitive to micrococcal nuclease in a
global manner and characterized by increased levels of histone
H1 phosphorylation (18). The analysis in Fig. 2 enabled us to
determine the effects of pRb and transcriptional activity on the
acetylation status and conformation of individual nucleosomes
positioned on the cyclin E promoter.

PRbD controls the acetylation status of a single nucleosome in
the cyclin E promoter. In order to determine the effects of pRb
and transcription on the acetylation status of the nucleosomes
mapped above, we used a modified version of the ChIP
method described previously (14, 15, 36, 38). We digested
formaldehyde-cross-linked chromatin with micrococcal nucle-
ase to obtain only mononucleosome-size DNA fragments for
use as substrates in the PCR amplification step of the ChIP
assay (Fig. 2a). This procedure enables us to use the assay to
achieve single-nucleosome resolution and to determine the
relative acetylation status of individual nucleosomes positioned
on the cyclin E promoter. This modification was recently suc-
cessfully used in various studies to determine the acetylation
status of nucleosomal regions (6, 33). In addition, such analy-
sis has also been reported for chicken glyceraldehyde-3-
phosphate dehydrogenase, carbonic anhydrase, B-globin, and
ovalbumin genes with non-cross-linked chromatin (32). Figure
3 displays ChIP experiments done with antibodies against
acetylated H3 and H4 and with cyclin E promoter regions in
G,-arrested, TSA-treated, and serum-stimulated RB*'* and
RB~'~ MEFs.

Figure 3a and b show anti-acetylated histone H3 and H4
ChIP experiments completed after TSA treatment of G-ar-
rested MEFs as well as their graphic representations. The
acetylation status of nucleosomes positioned at —800, —550,
—480, and —315 of the cyclin E promoter does not change
after TSA treatment, suggesting that they are not targets of
HDAC activity. However, histone H4 of nucleosomes posi-
tioned at —725 and —635 displays an increase in acetylation in
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both RB™/* and RB~/~ MEFs after TSA treatment. This result
suggests that these two nucleosomes are substrates of pRb-
independent HDAC activity. In contrast, the relative acetyla-
tion of histones H3 and H4 in the nucleosome positioned at +1
increases after TSA treatment only in RB™'™ cells. Therefore,
histones H3 and H4 in this nucleosome alone are targets of
pRb-directed HDAC activity. Binding sites for the main re-
pressor complex of the cyclin E promoter as well as E2F are
contained within the DNA of this nucleosome (5, 27).

We next examined the relative levels of histone H3 and H4
acetylation in nucleosomes of the cyclin E promoter during
maximal transcriptional activity in middle or late G, (Fig. 3¢
and d). This phase of the cell cycle occurs 12 and 16 h after the
addition of serum to G,-arrested RB~/~ and RB*'" cells, re-
spectively (21). Like those seen after TSA treatment, the acet-
ylation levels of nucleosomes positioned at —800, —550, —480,
and —315 of the cyclin E promoter do not change after acti-
vation of the gene, while histone H4 of nucleosomes positioned
at —725 and —635 displays an increase in acetylation levels in
both cell types. In addition, histone H3 acetylation levels in the
nucleosome positioned at —635 also increase after transcrip-
tional activation of the gene in RB*'* as well as RB~/~ MEFs.
This result suggests that histone H3 of this nucleosome is a
target of pRb-independent transcriptionally initiated histone
acetylase activity, since it displays no change in acetylation
after TSA treatment. As was observed after TSA treatment,
the relative histone H3 and H4 acetylation levels in the nu-
cleosome positioned at +1 increase after activation of the gene
only in RB™/™ cells. This result further supports the conclusion
that histones H3 and H4 in this nucleosome alone are targets
of pRb-directed HDAC activity.

The overall levels and cell cycle regulation of histone H3 and
H4 acetylation are identical in RB** and RB~/~ MEFs (R. E.
Herrera, unpublished observation). We point out that our con-
clusions are derived only from the difference in signal within a
given cell line. The only valid interpretations from our ChIP
experiments are qualitative and can be drawn only between
samples derived from the same cell type and obtained after
different treatments, that is, before and after TSA and serum
addition. While it is possible that the differences between
RB™'* and RB~/~ MEFs are informative, ChIP analyses alone
cannot tell us if this is the case.

In order to further confirm the notion that pRb controls the
acetylation status of this single nucleosome only, we examined
the acetylation levels for nucleosomes in the transcribed region
of the gene. It has been shown that nucleosomal positioning in
the transcribed regions of genes is disrupted after their activa-
tion (20, 50). Because of this finding, we were unable to map
individual nucleosomes in the transcribed region of the cyclin
E gene after its activation using the nuclease digestion step of
the ChIP protocol used for the promoter region. Therefore, we
examined the levels of acetylation of nucleosomes in the tran-
scribed region using sonicated chromatin, as is generally used
in the ChIP protocol. This procedure gives a more general view
of the acetylation levels for nucleosomes in a region of ~500 to
1,500 bp. Figure 4 shows a ChIP experiment done with primers
that amplify the region from +223 to +316 of the cyclin E gene
compared to primers that amplify the region of the single
nucleosome at +1. The acetylation status of histone H3 in the
transcribed region is not altered by transcriptional activity or
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FIG. 3. ChIP analysis of histone H3 and histone H4 acetylation on the mouse cyclin E promoter in micrococcal nuclease-digested RB*'* and
RB~/~ MEF lysates. (a) Cells were arrested in G, and treated with either TSA or vehicle alone. The position of the nucleosomal region of the cyclin
E promoter is shown, as is the designated primer set number for that region. Cntl, control; IP, immunoprecipitation. (b) Graphic representation
of the results shown in panel a. This graph was obtained by performing density scans of PCR results using NIH Image 1.62 software. Data are
presented as the fold difference, obtained by setting the value for the untreated (—TSA) samples within each cell line to 1. (¢) Cells were arrested
in G, (—serum) or induced to late G, (+serum). The position of the nucleosomal region of the cyclin E promoter is shown, as is the designated
primer set number for that region. (d) Graphic representation of the results shown in panel c.
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PRD status. Similar results were obtained regarding the acety-
lation status of histone H4 (data not shown). Unaltered levels
of histone acetylation in actively transcribed regions have been
observed in vivo for the beta interferon promoter and in vitro
as directed by p300 (26, 38). These data suggest that the acet-
ylation status of histones H3 and H4 in the nucleosome posi-

tioned at +1 is modulated directly by pRb-regulated HDAC
activity and not simply by the transcriptional activity of the
gene.

pRb and HDACI1 localize to the nucleosome positioned at
the transcriptional start site of the cyclin E promoter. It was
previously shown that the primary repressor complex of the
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FIG. 4. ChIP analysis of histone H3 and histone H4 acetylation on the mouse cyclin E promoter and gene in RB*™/* and RB~/~ MEFs. Cells
were arrested in G, (—serum) or induced to late G, (+serum) prior to harvest. (a) PCR results labeled +1 were obtained by using cell lysates
digested with micrococcal nuclease to produce DNA fragments approximately 150 bp long, and immunoprecipitated DNA was amplified by using
primer set 12 (+46 to —47) of the cyclin E promoter. PCR results labeled Transcribed region were obtained by using cell lysates sonicated to
produce DNA fragments of approximately 500 to 1,500 bp, and the immunoprecipitated DNA was amplified by using a primer set in the coding
region of the cyclin E gene (+223 to +316). Cntl, control; IP, immunoprecipitation. (b) Graphic representation of the results shown in panel a.

See the legend to Fig. 3 for details.

cyclin E promoter maps to the region containing the nucleo-
some shown above to be the target of pRb-directed HDAC
activity (27). In addition, E2F has also been shown to bind this
region (5). Together, these data suggest that pRb and HDAC
bind to the same nucleosome that they modify by modulating
levels of histone acetylation. It was therefore of interest to
determine if pRb and HDAC were indeed bound to the nu-
cleosome positioned at the transcriptional start site of the
cyclin E promoter.

Figure 5 shows the results of a ChIP experiment done to
determine if pRb and HDACI were bound to this region in
RB™'* but not RB~/~ MEFs. Lysates were prepared from cells
arrested in G, or during maximal transcriptional activity of the
gene. pRb and HDACT associate with the region at the start
site in G,-arrested RB*/" cells but not in cells lacking pRb, as
expected. After serum stimulation and during maximal activity
of the gene, the levels of both pRb and HDACI associated
with this region are dramatically reduced. These data suggest
that pRb and HDACI are associated with the nucleosome that
they regulate through histone deacetylation.

PRb controls the conformation of a single nucleosome in the
cyclin E promoter. It was previously shown that increased
histone acetylation leads to a change in chromatin structure
and facilitates transcription (25, 34). In order to correlate sin-
gle-nucleosome acetylation status with a change in nucleosome
structure, we further modified the ChIP assay. Cross-linked
mononucleosomal chromatin was incubated with Sepharose
beads linked to activated thiol groups as an alternative to the
immunoprecipitation step of the assay. Cysteine 110 of histone
H3 is accessible to external thiol reactivity only when nucleo-
somes are in a more open conformation, as observed previ-
ously for transcriptionally active regions and for isolated nu-

cleosomes exposed to high ionic strengths (2, 10, 11, 43, 49).
The results of the thiol reactivity assay enabled us to determine
which nucleosomes positioned in the cyclin E promoter are in
an open conformation and to correlate this information with
acetylation, pRb, and transcriptional status.

Figure 6 shows thiol pulldown experiments completed after
treatment of G -arrested MEFs with TSA and serum. In
RB™'* cells, the only nucleosome that displays a change in
thiol reactivity after TSA treatment or serum induction is the
one centered at +1. In contrast, nucleosomes positioned at the
cyclin E promoter of RB~'~ cells display no changes in thiol
reactivity after either treatment. These results suggest that only
the nucleosome at position +1 undergoes a structural transi-
tion after inhibition of deacetylase activity or transcriptional
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FIG. 5. ChIP analysis of pRb and HDACI binding to the mouse
cyclin E promoter in RB*™'* and RB~/~ MEFs. Cells were arrested in
G (—serum) or induced to late G, (+serum) prior to harvest. Lysates
were digested with micrococcal nuclease and immunoprecipitated us-
ing anti-pRb or anti-HDACI antibody. Primers amplified the region of
the cyclin E promoter from +46 to —47 (position +1 and primer set
12). Cntl, control; IP, immunoprecipitation.
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FIG. 6. Thiol pulldown analysis of the chromatin structure on the mouse cyclin E promoter in micrococcal nuclease-digested RB*'* and RB~/~
MEF lysates. (a) Cells were arrested in G, (—serum) and treated with either TSA or vehicle alone. The position of the nucleosomal region of the
cyclin E promoter is shown, as is the designated primer set number for that region. Cntl, control. (b) Graphic representation of the results shown
in panel a. See the legend to Fig. 3 for details. (c) Cells were arrested in G, (—serum) or induced to late G, (+serum). The position of the
nucleosomal region of the cyclin E promoter is shown, as is the designated primer set number for that region. (d) Graphic representation of the

results shown in panel c.

activation and that this transition is dependent on the presence
of pRb. These results correlate with the pRb control of histone
acetylation status observed in Fig. 3. However, a relative in-
crease in histone acetylation does not necessarily lead to in-
creased thiol reactivity, since the latter does not change in
nucleosomes centered at positions —550, —635, and —725 af-
ter TSA or serum treatment.

The experiments shown in Fig. 6 were performed with a

formaldehyde cross-linking step. Therefore, any cysteine-con-
taining protein associated with the nucleosome either directly
or indirectly may be pulled down, confounding our interpreta-
tion of a change in the conformation of the nucleosome. To
address this point, we performed the entire thiol pulldown
experiment without formaldehyde cross-linking. Extraction
and pulldown were performed under stringent conditions (1%
Triton X-100, 0.1% SDS, 1% deoxycholate, 0.5 M NaCl).
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These conditions have been shown to disrupt non-histone pro-
tein association with nucleosomes and to retain only those
nucleosomes in which a conformational change has occurred,
rendering the thiol groups of H3 accessible to SH reagents
(46). The increase in the thiol reactivity of the nucleosome at
the transcriptional start site after serum treatment is identical
to that seen after cross-linking as in the original design (data
not shown). Since the pulldown experiment was performed
with micrococcal nuclease-treated samples, we are convinced
that what we are pulling down is histone H3 that is part of a
nucleosome with an open conformation.

Conclusions. It was recently shown that, of the numerous
cell cycle and E2F-regulated genes identified, the cyclin E gene
is distinctive in that it is regulated by HDAC activity (41) and
pRb (21, 23, 45, 48) and not by other members of the RB family
of proteins (23, 45). The cyclin E promoter has been implicated
as the primary target of pRb during cell cycle progression (21,
23, 45). The observations described here suggest that pRb
represses the cyclin E promoter through modulation of the
level of histone acetylation of a single nucleosome to which it
and HDACI are bound during periods of transcriptional re-
pression. In addition, we have found that the conformation of
this nucleosome is also modulated by pRb-directed HDAC
activity. Therefore, the RB pathway, which controls cell cycle
progression, is now mapped to the modulation of histone acet-
ylation levels and the conformation of a single nucleosome.
These studies provide basic insight into pRb function as well as
transcriptional regulation in general.

The observation that pRb represses the cyclin E promoter
through modulation of the acetylation status of a single nu-
cleosome was not predicted. It has not yet been determined if
transcriptional repressors or activators control chromatin
structure only very locally or over entire transcribed regions
(37, 44). Our results show that, for pRb, the effect is propa-
gated only at the most local level, that of a single nucleosome.
This finding is in agreement with studies of the beta interferon
promoter that show an increase in histone acetylation only
near the transcriptional start site after promoter activation (38)
as well as with in vitro studies showing that acetylation is
directed by p300 associated with GAL4-VP16 (26). In addition,
studies with yeast cells have shown that the Esal histone acety-
lase is recruited to specific genes, where it directs H4 acetyla-
tion of nucleosomal regions in those genes (40). Finally, a very
recent study showed that Myc binds to the cyclin D promoter
and controls the acetylation status of a single nucleosome (6).
Together, these studies suggest that the acetylation of partic-
ular nucleosomes may be of critical importance in regulating
transcriptional activity. Future investigations are needed to
determine why these single nucleosomes are targeted for reg-
ulation via histone acetylation and what the consequences of
that regulation are.

As shown here, the acetylation of nucleosomes in the cyclin
E promoter is altered in pRb-dependent and -independent
ways in response to the transcriptional status of the gene.
However, this acetylation correlates with an open conforma-
tion only on the nucleosome that pRb regulates. As previously
shown, the presence of acetylated histones in transcribed re-
gions of DNA does not cause thiol reactivity within the core
histone (24). Additionally, HDAC inhibitor treatment has little
effect on the thiol reactivity of total nucleosomes isolated from
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nuclear extracts (3). These data, combined with the observa-
tions reported here, support the idea that transcriptional ac-
tivity, in particular, transcriptional initiation, may occur by
modification of a nucleosome at the start site. It was also
previously shown that transcription factor binding is enhanced
on templates that contain acetylated nucleosomes (1, 34). It is
possible that the very localized nucleosomal acetylation and
conformational change that occur on the cyclin E promoter
occur to facilitate transcriptional initiation, perhaps by allow-
ing RNA polymerase II entry and/or initiation on the chroma-
tin template.

It was recently shown that pRb also controls the methylation
status of the same nucleosome in the cyclin E promoter as that
shown here to be the target of pRb-directed deacetylase activ-
ity (33). This action is accomplished by SUV39H1 binding to
pRb and leads to the subsequent binding of HP1 to H3 of this
nucleosome. The interplay between pRb-associated HDAC
and H3 methylase activities is not understood at this point, but
investigations into their regulation of the cyclin E promoter
should yield a more complete understanding of how histone
modification controls transcriptional activity.
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