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Expression of the highly conserved replication-dependent histone gene family increases dramatically as a
cell enters the S phase of the eukaryotic cell cycle. Requirements for normal histone gene expression in vivo
include an element, designated o, located within the protein-encoding sequence of nucleosomal histone genes.
Mutation of 5 of 7 nucleotides of the mouse H3.2 o element to yield the sequence found in an H3.3 replication-
independent variant abolishes the DNA-protein interaction in vitro and reduces expression fourfold in vivo. A
yeast one-hybrid screen of a HeLa cell cDNA library identified the protein responsible for recognition of the
histone H3.2 « sequence as the transcription factor Yin Yang 1 (YY1). YY1 is a ubiquitous and highly conserved
transcription factor reported to be involved in both activation and repression of gene expression. Here we
report that the in vitro histone &« DNA-protein interaction depends on YY1 and that mutation of the nucleotides
required for the in vitro histone « DNA-YY1 interaction alters the cell cycle phase-specific up-regulation of the
mouse H3.2 gene in vivo. Because all mutations or deletions of the histone « sequence both abolish interactions
in vitro and cause an in vivo decrease in histone gene expression, the recognition of the histone o element by
YY1 is implicated in the correct temporal regulation of replication-dependent histone gene expression in vivo.

The histone genes are among the most highly conserved
genes in higher eukaryotes, both within each class of histone
protein and across species from plants to mammals. Mamma-
lian histone genes consist of 15 to 20 genes for each class of
nucleosomal histone protein. These genes are classified as ei-
ther replication dependent or replication independent on the
basis of their patterns of expression within the cell cycle (44).
Replication-independent variants are constitutively expressed
at a low level throughout the cell cycle and are also known as
replacement-variant histones (41, 43). Conversely, the tran-
scription of replication-dependent histone genes is coordi-
nately up-regulated at the onset of the S phase (11). Posttran-
scriptional regulation (mRNA processing and stability) plays
an important role in the regulation of histone gene expression
in the cell cycle, resulting in a 30-fold increase in histone
mRNA levels in the S phase (11, 12, 17, 39). Extensive exam-
ination of histone gene promoters has identified elements nec-
essary for the normal expression of replication-dependent hi-
stone genes through interactions of specific transcription
factors with promoter sequences (18, 26, 27, 30, 31), but the
promoter sequences that have been identified are class specific
(i.e., present in all H2b gene promoters) and not shared be-
tween the different histone classes (17, 18, 31).

Previously, we identified a region (110 bp; called the coding
region-activating sequence [CRAS]) necessary for the normal
expression of H2a.2 and H3.2 histone genes (20, 21). Common
elements contained within the CRAS are present in all four
nucleosomal histone genes. Ours was the first report of ele-
ments common to all four classes of nucleosomal histone genes
(4). Using S1 nuclease protection assays of total RNA isolated
from asynchronously growing populations of stable transfec-
tant CHO cells, we showed that deletion of the H3 or H2a
CRAS caused a 20-fold decrease in the steady-state levels of
expression of these genes (20, 21). We also showed that normal
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steady-state levels of H2a mRNA could be restored to a mouse
H2a gene with the CRAS deleted when the CRAS from an
H3.2 gene was inserted in frame at the site of the H2a CRAS
deletion (20). Subsequently, two subsequences, each consisting
of a core of 7 nucleotides (nt) and designated a and (), were
identified as the sites of CRAS interactions with nuclear pro-
teins in vitro (3, 4, 23). Mutation of the 7 nt of the H3.2 « or
() element independently caused a fourfold decrease in the
level of H3.2 mRNA in vivo and abolished the formation of
DNA-protein complexes in vitro. When both elements were
mutated, the observed decrease in the mRNA level was com-
parable to that observed upon deletion of the entire 110-bp
H3.2 CRAS.

Mutation of these elements to yield the corresponding se-
quences from a replication-independent H3.3 gene also abol-
ished the formation of DNA-protein complexes in vitro and
caused a decrease in expression in stably transfected CHO cells
in vivo identical to that caused by mutating all 7 nt of the H3.2
a or () element (23). As with the 7-nt mutations, the decrease
in the steady-state level of mRNA with the doubly mutated
gene in stable transfectants was similar to that observed upon
deletion of the entire 110-bp CRAS.

The coding sequence of the H3.3 replacement-variant his-
tone gene is 67% identical to that of the H3.2 gene at the
nucleotide level, and third-base changes account for most of
the differences (19, 25, 40); however, the sequence of the H3.3
“a element” is less similar than the rest of the protein-encod-
ing sequence. Five of seven nucleotides differ and in fact en-
code the amino acid changes (codons 89 and 90) diagnostic of
all known H3.3 histones (41, 44).

The interaction of nuclear factors with the two histone
CRAS celements is regulated by phosphorylation, but in an
opposite manner (22). That is, the o factor must be dephos-
phorylated to interact with the histone o element, and the ()
factor must be phosphorylated to interact with the histone ()
element. Phosphorylation on both serine/threonine and ty-
rosine residues is capable of inhibiting the « factor interaction
because dephosphorylation events of both types activate the
binding activity. Only tyrosine phosphorylation is involved in
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activation of the () DNA-binding activity, because a tyrosine-
specific phosphatase abolishes the ability of the () factor to
bind to its target sequence. The o DNA-binding activity is
more abundant in nuclear extracts prepared from cells in late
G,, and there is evidence that cyclin-dependent kinases can
play a role in the regulation of the CRAS o DNA-binding
activity (22).

Here we report that the DNA-binding component of the
histone « factor is Yin Yang 1 (YY1) (35, 37). The identifica-
tion was accomplished by means of a yeast one-hybrid system
(28). We find that YY1 interacts specifically with the H3.2 «
element in both yeast and mouse extracts. Furthermore, we
show that mutation of the histone « element alters the G,-S-
phase-specific up-regulation of the mouse H3.2 gene in stable
transfectant CHO cells. In these experiments, we used syn-
chronous populations of unperturbed CHO cells obtained with
an automated mitotic shakeoff device. Because all mutations or
deletions of the histone a sequence result in both the loss of
protein-DNA interactions in vitro and a decrease in histone
gene expression in vivo, these results are strong evidence that
YY1 plays an important role in the regulation of replication-
dependent histone gene expression in vivo.

MATERIALS AND METHODS

Construction of yeast strains. The yeast one-hybrid strategy used was that of
Li and Herskowitz (28). Six copies of the H3.2 « oligonucleotides were inserted
into the promoter regions of the pHISi-1 gene (GenBank accession no. U89928)
and the pLacZi gene (GenBank accession no. U89671) (7) (the double-stranded
sequence is shown below with BamHI and BgI/II overhangs designated by low-
ercase letters):

gatcCTCGGCCGTCATGGCGCTGCAGGAGGCa
GAGCCGGCAGTACCGCGACGTCCTCCGtctag

Negative control reporter genes were constructed by insertion of six copies of the
H3.3 « oligonucleotides into the promoter regions of the same reporter genes
(H3.3 oligonucleotide sequences are shown below with BamHI and BglII over-
hangs designated by lowercase letters):

gatccTGCAGCTATTGGTGCTTTGCAGGAGCa
gACGTCGATAACCACGAAACGTCCTCGtctag

Successful insertion and proper orientation were verified by diagnostic restriction
analysis. To generate the H3.2 yeast reporter strain, we transformed yeast strain
YM4271 (Clontech) sequentially by the lithium acetate procedure with the H3.2
o pLacZi gene and then the H3.2 o pHISi-1 gene. The expression of B-galacto-
sidase was determined by means of the colony lift assay and hydrolysis of 5-bro-
mo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) (Sigma). A concentration
of 30 mM 3-aminotriazole (3-AT) (Sigma) was used to reduce background from
basal HIS3 expression from the H3.2 reporter gene. The H3.3 reporter strain was
constructed in the same manner, and 3-AT was similarly used to reduce back-
ground from basal HIS3 expression. The H3.2 strain was used to screen a
directional HeLa cell cDNA library which was cloned into pGAD-GH (a gift
from Yue Xiong) and which confers survival on Leu™ media.

Rescue of plasmids and analysis. Plasmids were rescued from activated strains
with stationary-phase yeast cultures grown in selective media. Standard methods
were used for yeast cell culturing and manipulation unless otherwise indicated
(14). Spheroplasts were produced by incubation with 7.5 mg of Zymolyase per ml
in 0.1 M NaCl-5% glycerol. Spheroplasts were resuspended in 50 mM Tris (pH
7.4)-20 mM EDTA and lysed with 10% sodium dodecyl sulfate (SDS). Proteins
were removed with 5 M potassium acetate, and DNA was precipitated with
isopropanol. Plasmid DNAs were purified by passage through Wizard Plus col-
umns (Promega) and transformed into chemically competent Escherichia coli
DHI10B cells by means of a standard heat shock transformation procedure (29).
Library plasmids were harvested from E. coli by alkaline lysis (29) and ethanol
precipitation and grouped for further analysis on the basis of cDNA insert size
after restriction analysis with BamHI and Kpnl.

Extract preparation. (i) Mouse myeloma cell nuclear extracts. Mouse my-
eloma cells were grown in Spinner cultures to a density of 5 X 10° cells/ml in
Dulbecco’s modified Eagle’s medium (Gibco)-10% horse serum (Gibco)-5%
CO, as previously described (3). Nuclear extracts were prepared with HEPES
dialysis buffer (HDB), our modification (20) of the method of Shapiro et al. (34).
Aliquots were stored at —80°C for later use.

(ii) Yeast whole-cell extracts. Yeast cultures were grown in selective medium
to the late log phase, pelleted, washed, and resuspended in a buffer (25 mM
HEPES [pH 7.0], 100 mM KCI, 10% glycerol, 1 mM EDTA) containing a
cocktail of protease inhibitors (1 mM dithiothreitol, 0.5 mM phenylmethylsulfo-
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nyl fluoride, leupeptin [1 pg/ml], aprotinin [1 pg/ml], bestatin [1 pg/ml], trypsin
inhibitor [1 pg/ml], protease inhibitor [1 wg/ml]). The resuspended cells were
passed through a French press twice at 23,000 Ib/in” and then centrifuged at high
speed (100,000 X g). Supernatants were stored at —80°C.

Column purification. Partial purification of the « DNA-binding activity was
accomplished by application of nuclear extracts to double-stranded calf thymus
DNA-cellulose resin (Pharmacia). Proteins were sequentially eluted with HDB
containing 0.1, 0.2, 0.3, 0.4, or 1 M KCI (22). Fractions were analyzed for «
DNA-binding activity by electrophoretic mobility shift assays (EMSA) with the
H3.2 « oligonucleotides. Active fractions were pooled and dialyzed against 0.1 M
KCI. The dialyzed pool was applied to a DEAE-Sepharose resin as previously
described (22). Fractions were again tested by EMSA, and o DNA-binding
fractions were pooled and dialyzed. The pooled fractions were applied to hy-
droxyapatite columns (5-ml bed volume; Bio-Rad) and eluted with a phosphate
gradient (0 to 700 mM PO,>"). Fractions were tested for « DNA-binding activity
as described below. Equivalent amounts of « shift activity from each of these
columns were also tested for the presence of YY1 by Western analysis.

EMSA. DNA probes (oligonucleotide duplexes or restriction fragments) were
3’ end labeled by means of the filling-in reaction with the Klenow fragment of
DNA polymerase I. The resulting DNA probes (1 ng), poly(dI-dC) (0.2-mg/ml
final concentration; Pharmacia), and mouse myeloma cell nuclear extract (4 to 6
ug of protein/reaction) were incubated at 4°C in binding buffer (final concen-
trations: 10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA,
5% glycerol). The reaction mixture (10 wl) was incubated for 20 min and then
analyzed by electrophoresis on a 4% native polyacrylamide gel at 200 V (9, 20).
Radioactivity was quantified by autoradiography of the gel after drying. In the
experiment in which mutant H3.2 restriction fragments were used as probes, the
CRAS fragment was excised from the appropriate wild-type or mutant gene with
Sall and Stul.

Oligonucleotides. The sequences of the H3.2 and H3.3 oligonucleotides are
shown above. The YY1-binding site was synthesized on the basis of the published
adeno-associated virus promoter P5-60 sequence (36) (the sequence is shown
below, with the BarmHI and BglI overhangs indicated by lowercase letters):

gatccGTTTTGCGACATTTTGCGACACa
gCAAAACGCTGTAAAACGCTGTGtctag

Oct 1 22-mer oligonucleotides comprising the consensus DNA-binding site for
the Oct family of transcription factors were obtained from Santa Cruz Biotech-
nology, Inc., and used to show the specificity of YY1 antibodies for the histone
a factor in EMSA (see Fig. 4).

YY1 antibody inhibition and immunodepletion experiments. In EMSA exper-
iments (see Fig. 4B) with polyclonal anti-human YY1 antibody (affinity-purified
rabbit polyclonal antibody; Santa Cruz), 2 pl of YY1 antibody or rabbit poly-
clonal preimmune serum was added to the binding reaction mixture after incu-
bation for 20 min, and the reaction mixture was incubated for an additional 15
min at 4°C.

Immunoprecipitations were performed with anti-human YY1 antibody (affin-
ity-purified rabbit polyclonal antibody) added to precleared nuclear extracts and
incubated at 4°C with rotation for 2 h. Thirty microliters of protein A-agarose
beads was added to 200 pl of crude extracts, and incubation was continued for
1 h. The extracts were centrifuged at 3,000 X g for 2 min. The supernatant (210
wl) was removed, and the beads were washed three times with radioimmuno-
precipitation assay buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium de-
oxycholate, 0.1% SDS, 50 mM Tris [pH 8.0]) (17) and centrifuged under the
same conditions after each wash. Elutions were performed by the addition of 100
wl of elution buffer (ImmunoCruz System; Santa Cruz), incubation on ice for 2
min, centrifugation under the above conditions, and dialysis for 1 h at 4°C against
HDB containing 0.5 mM ZnCl,. The eluted fractions were tested for the pres-
ence of YY1 by Western analysis and EMSA. Human recombinant YY1 was
obtained from Santa Cruz. Mock immunodepletion of nuclear extracts was done
with affinity-purified rabbit polyclonal antibody to mouse Cdk2 (Santa Cruz).

Western analysis. We performed Western analysis of the column fractions by
first resolving the appropriate extracts by SDS-polyacrylamide gel electrophore-
sis (PAGE) (10% gel). After electrophoretic separation, proteins were trans-
ferred to a polyvinylidene difluoride membrane (Amersham) by electroblotting
for 3 h at 180 mA and 4°C. The blot was blocked with Blotto (4% nonfat dry milk,
40 mM Tris, 20 mM NaCl, 0.1% Tween 20, 0.5 mM sodium azide) for 1 h and
incubated with YY1 antibody (1:100) (Santa Cruz) for 2 h at room temperature
(16). The blot was washed with TBST (1X Tris-buffered saline with 0.5% Tween
20) five times for 10 min each time. After the washing, secondary antibody
(horseradish peroxidase conjugate) (1:2,500) (Amersham) was added for 1 h with
rotation at room temperature. The blot was again washed five times with TBST
and developed with the Amersham ECL kit by the recommended procedure.

Cell culture and stable transfections. Chinese hamster ovary cells (CHO cells)
were grown in McCoy’s 5SA medium supplemented with 10% calf serum as
previously described (3, 22, 23). Cells were plated 24 h prior to transfection (5 X
10° cells per 75-cm? flask), and pools of stable transfectants were selected with
the drug G418 beginning 18 h after cotransfection with the mouse wild-type H3.2
gene or the mutant H3.2aXba gene, pSVneo, Polybrene, and dimethyl sulfoxide
as previously described (23). The mutant H3.2aXba gene contains seven altered
nucleotides, so the histone « sequence is changed from CATGGCG to TTCTA
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GA; the remainder of the 1,600 nt of the H3.2 5~ and 3’-flanking sequences and
the protein-encoding sequence are unchanged from those of the wild-type mouse
gene (23). These stable transfectant cell lines were used as the source of mitotic
cells in separate shakeoff experiments as described below.

Mitotic selection of cells. Mitotic cells were collected by the mitotic selection
technique described by Terasima and Tolmach (38), Schneiderman et al. (33),
and Kaludov et al. (22). We used an automated shakeoff device (patent pending)
to obtain mitotic cells. At 24 h before collection, cells were plated (3 X 10°to 5 X
10° cells per 75-cm? flask) as described above. CHO cells traverse the cell cycle
in approximately 12 h under these conditions (17). Mitotic cells were harvested
with a completely automated shakeoff device that maintains a constant temper-
ature of 37°C and is programmed to shake the flask platform for 15 s every 10
min. Then, medium containing mitotic cells is automatically withdrawn from the
flasks, injected into collection vessels on ice, and replaced with fresh medium.
Mitotic cells can be kept on ice for up to 4 h without alteration of the timing of
their progression into the S phase (17, 33, 38). In the experiments described here,
cells were kept on ice for no longer than 2 h and then were plated at time zero.
After plating, mitotic cells were allowed to progress through the cycle under the
culture conditions described above for harvesting at the appropriate time. For
the 0-h RNA sample, cells were immediately harvested and total RNA was
extracted. Cells were plated on glass slides in parallel for each time point and
labeled with bromodeoxyuridine (BrdUrd) for 30 min before the end of the time
point. Labeled cells were detected with BrdUrd-specific antibody, alkaline phos-
phatase-conjugated secondary antibody, and FastRed dye (Boehringer Mann-
heim Biochemicals). We determined the number of labeled cells (cells in the S
phase) by counting 400 cells per slide for each time point and calculating the
percentage of cells incorporating BrdUrd (cells in the S phase). No zero-hour
slide is possible since cells must first attach, so the first time point represented in
the BrdUrd experiment is 1 h—cells were allowed to attach to the slide for 30
min and were labeled with BrdUrd for an additional 30 min.

RNA isolation and analysis. Cells were harvested at the appropriate time as
described above, and total RNA was prepared with a BioTecx Laboratories
Ultraspec RNA isolation system. The amount of RNA for the gene of interest
was quantified by an S1 nuclease protection assay (10). For the assay of H3.2
mRNA levels, the wild-type or mutant H3.2 gene was 3’ end labeled at the Sall
site in the mouse H3.2 614 protein-encoding sequence. The exact conditions for
the assay and the separation of protected probe fragments are described by Hurt
et al. (21). The homologous H3.2 probes map the 3’ half of the mouse H3.2
transcripts (fragments of 285 nt). Because the nucleotide sequences of the mouse
and hamster genes are identical in the coding sequence but diverge in the
3'-untranslated region, the wild-type mouse H3.2 probe also maps the stop codon
of the endogenous H3.2 transcripts. Because of the 7-nt mutation in the histone
o sequence, the mutant H3.2 probe maps the endogenous hamster H3.2 tran-
scripts up to the site of the mutation, producing fragments 100 nt in length. We
determined the amount of mRNA encoding the ubiquitous translation factor,
elongation factor 1-a (EF-1a), in these timed extracts to show that equivalent
amounts of RNA were used (24). A Molecular Dynamics Storm PhosphorImager
was used for direct measurement of radioactivity in the probe fragments in dried
6% polyacrylamide gels.

Sequence analysis. Sequences were obtained from cDNAs by automated DNA
sequencing. cDNA sequences were then compared to those in on-line databases.
The sequences shown here (see Table 1 and Fig. 2) can be retrieved with the
following GenBank accession numbers: human YY1, Z14077 (42) and M77698
(36); mouse YY1, M74590 (15); Xenopus YY1, X77698 (32); and human argin-
ine-rich nuclear protein, M74002 (6).

RESULTS

Identification of the nuclear factor that binds to the histone
«o element. The yeast one-hybrid strategy was used to identify
cDNAs encoding proteins that interact specifically with the
histone a element. In this set of experiments, a yeast strain that
contained lacZ and HIS3 reporter genes with six copies of the
replication-dependent H3.2 « DNA-binding site (see Materials
and Methods) cloned into their promoters was constructed.
The H3.2 reporter strain was used to screen a HeLa cell cDNA
expression library in which plasmids containing directionally
cloned cDNAs were fused to DNA encoding the Gal4 tran-
scriptional activation domain. Plasmids encoding fusion pro-
teins capable of interacting with the H3.2 o« DNA sequences in
reporter gene promoters should produce activated levels of
reporter expression in this yeast strain in vivo.

A negative control reporter strain was constructed to test the
specificity of plasmids identified by activation of the H3.2 o
reporter strain. In this case, six copies of the replication-inde-
pendent H3.3 « binding site were cloned into the promoter
regions of the same two reporter genes, lacZ and HIS3, and
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FIG. 1. Restriction analysis of rescued plasmids. Plasmids were rescued from
positive clones, and DNAs were digested with BamHI and Kpnl and compared
after separation of fragments by PAGE. The four unique cDNAs identified are
shown in lanes 1 to 4. M, markers.

these reporter genes were recombined into the yeast genome.
Of the 7 nt shown by EMSA, methylation interference, and
DNase footprinting (3, 4, 20, 23) to be required for interaction
with the histone « factor, 5 nt are different in the comparable
H3.3 o sequence. These 5 nt changes completely abolish the in
vitro a« DNA-protein interaction (see Fig. 5, lane 5), making
the H3.3 « sequence an ideal negative control with which to
rule out false-positives.

The H3.2 reporter strain was transformed with the HeLa cell
library, and 10° transformants were plated on media lacking
histidine and leucine. The selective media also contained 30
mM 3-AT, a competitive inhibitor of the HIS3 gene product;
only yeast cells with high levels of HIS3 expression can survive
in the presence of the inhibitor.

Twenty-nine large colonies formed on 3-AT plates, and all
of these colonies also showed activated expression of B-galac-
tosidase in the presence of the substrate. Plasmids were res-
cued from these 29 transformants and then transformed into
the H3.3 « negative control yeast strain as a test for nonspecific
interactions.

A YYl-encoding plasmid activates the H3.2 o reporter
genes. Restriction analysis of the plasmids rescued from the
H3.2 reporter strain showed that four different size classes of
cDNAs were capable of causing activated levels of reporter
gene expression in the positive clones. The restriction digest of
the four classes of rescued plasmids is shown in Fig. 1. The
cDNA inserts in the four types of plasmids were partially
sequenced, and the results are shown in Table 1. One class of
these plasmids, shown in lane 1 of Fig. 1, contained cDNA
sequences which were 100% identical to those of a human
protein, YY1. Two independent clones of the same YY1
cDNA were found among the 29 rescued plasmids. The plas-
mid shown in lane 4 of Fig. 1 contained an insert that was 99%
identical to the human arginine-rich nuclear protein, an
mRNA splicing factor (6). The sequences of the other two
unique cDNAs (Fig. 1, lanes 2 and 3) were not found in any of
the on-line databases.

A comparison of the amino acid sequences of human YY1
(36, 42), mouse YY1 (15), and frog YY1 (32) is shown in Fig.
2. The entire DNA sequence that we obtained from the HeLa
cell YY1-encoding cDNA was sequenced, including the se-
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TABLE 1. HeLa cell cDNAs activating H3.2 reporter genes”

Size of insert No. of times

cDNA (bp) Identity (%) isolated
1 1,100 YY1 (100) (human) 2
2 2,100 None 3
3 2,400 None 22
4 1,000 Arginine-rich nuclear 2

protein (99) (human)

“ Plasmids were rescued from yeast colonies showing induced levels of re-
porter gene expression in the positive yeast strain and individually tested in the
negative control yeast strain (H3.3 a element). None of the negative control
(H3.3) reporters transformed with H3.2-positive cDNA showed induced levels of
expression.

quence from codon 162 through the end of the protein. At the
amino acid level, the mouse and human YY1 proteins are 99%
identical; the carboxyl-terminal 200 amino acids of the frog,
mouse, and human YY1 proteins, which include the DNA-
binding domain (1), are 98% identical, an unusually high level
of identity between frog and human sequences.

The adeno-associated virus P5-60 YY1-binding site com-
petes with the H3.2 o element in EMSA. The sequence re-
quirements for « DNA-protein interactions in vitro have been
well characterized (3, 4). The histone H3.2 « sequence (CAT
GGCG) competes for binding of nuclear factors with the a
sequences from replication-dependent H2a, H2b, and H4
genes in EMSA (4), but the comparable a sequences from a
replication-independent H3.3 gene do not compete with the «
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sequences from any of the replication-dependent nucleosomal
histone genes. In the experiment shown in Fig. 3A, we directly
compared the ability of a well-characterized YY1-binding site
(the adeno-associated virus P5-60 site) (36) to compete with
the H3.2 « element for binding of the histone « factor.

Mouse myeloma cell nuclear extract was used as the source
of o DNA-binding activity, and end-labeled duplex H3.2
oligonucleotides were used as probes in the mobility shift ex-
periment shown in Fig. 3A; the control H3.2 « shift is shown in
lane 1. The o« DNA-binding activity was eliminated by compe-
tition from a 50- or 100-fold molar excess of unlabeled H3.2 «
oligonucleotides (Fig. 3A, lanes 2 and 3). Unlabeled P5-60
oligonucleotides also competed for the a« DNA-binding activity
when present in a 50- or 100-fold molar excess (Fig. 3A, lanes
4 and 5), but this DNA was somewhat less effective as a com-
petitor. The « DNA-binding site from the replication-indepen-
dent H3.3 gene, however, failed to compete for binding of the
a sequences (Fig. 3A, lanes 6 and 7), illustrating the specificity
of the a interaction with the H3.2 o DNA as well as the P5-60
DNA.

The P5-60 oligonucleotides were then used as probes in an
identical competition experiment shown in Fig. 3B; the com-
petitor oligonucleotides were present in a 50- or 100-fold mo-
lar excess in lanes 2 to 7. The H3.2 « DNA-binding site com-
peted well with the P5-60 oligonucleotides for binding of the «
factor (Fig. 3B, lanes 4 and 5), reproducing the results of the
previous experiment (Fig. 3A), but the H3.3 « oligonucleotides
failed to compete with the P5-60 oligonucleotides (Fig. 3B,

1
Mouse MASGDTLYIATDGSEMPAEIVELHEIEVETIPVETIETTVVGEEEEEDDDDEDGGGG
Human MASGDTLYIATDGSEMPAEIVELHEIEVETIPVETIETTVVGEEEEEDDDDEDGGGG
Frog MASGDTLYIASDGSEMPAEIVELHEIEVECIPVETIETTVVGDDEDDDDD
* * *k Kk Kkk
58
Mouse DHGGGGGGHGHAGHHHHHHHHHHHHPPMIALQPLVTDDPTQVH _HHQEVILVQTREE
Human DHGGGGG_HGHAGHHHHHHHHHHH_PPMIALQPLVTDDPTQVH_HHQEVILVQTREE
Frog QGHHQQ PMIALQPLDSDDL__ VHPHHOEVILVQTREE
* * * * k * *
114 \ A
Mouse VVGGDDSDGLRAEDGFEDQILIPVPAPAGGDDDYIEQTLVTVAAAGKSGGGASS__ G
Human VVGGDDSDGLRAEDGFEDQILIPVPAPAGGDDDY IEQTLVTVAAAGKSGGGGSSSSG
Frog VVGGDDSD_LRADDGYEDQILIPVPVPAG _EDEYIEQTLVTVA__ GKSSSGGRMKKG
* * * * * Kk * ok kK
171 +
Mouse GGRVKKGGGKKSGKKSYLGGGAGAAGGGGADPGNKKWEQKQVQIKTLEGESSVTMWS
Human GGRVKKGGGKKSGKKSYLSGGAGAAGGGGADPGNKKWEQKQVQIKTLEGEFSVTMRIRS
Frog GGG SGKKSSKKSYLSGT, EPSGRKWEQKQVQIKTLEGEFSVTMWA
* * * * * Kk *x *
228
Mouse SDEKKDIDHETVVEEQITIGENSPPDY SEYMTGKKLPPGGIPGIDLSDPKQLAEFARM
Human SDEKKDIDHETVVEEQITIGENSPPDY SEYMTGKKLPPGGIPGIDLSDPKQLAEFARM
Frog SDDKKDIDHETVVEEQITIGENSPPDY SEYMTGKKLPPGGIPGIDLSDPKQLAEFARM
N ol
285 a a a a b b
Mouse KPRKIKEDDAPRTIACPHKGCTKMFRDNSAMRKHLHTHGPRVHVCAECGKAFVESSK
Human KPRKIKEDDAPRTIACPHKGCTKMFRDNSAMRKHLHTHGPRVHVCAECGKAFVESSK
Frog KPRKIKEDDAPRTIACPHKGCTKMFRDNSAMRKHLHTHGPRVHVCAECGKAFVESSK
342 b b c c c c d d
Mouse LKRHQLVHTGEKPFQCTFEGCGKRFSLDFNLRTHVGIHTGDRPYVCPFDGCNKKFAQ
Human LKRHQLVHTGEKPFQCTFEGCGKRFSLDFNLRTHVR IHTGDRPYVCPFDGCNKKFAQ
Frog LKRHQLVHTGEKPFQCTFEGCGKRFSLDFNLRTHVR IHTGDRPYVCPFDGCNKKFAQ
399 da d
Mouse STNLKSHILTHAKAKNNQ
Human STNLKSHILTHAKAKNNQ
Frog STNLKSHILTHAKAKNNQ

FIG. 2. Protein sequence comparison of human, mouse, and frog YY1. Numbers at the beginnings of the lines indicate amino acid numbers. Asterisks indicate
amino acid changes between mouse and frog YY1; plus signs indicate amino acid changes between mouse and human YY1. An inverted triangle marks the beginning
of human cDNA clone 1 (Fig. 1). The sequence obtained for clone 1 extends from the triangle to the end of the protein. The C and H residues responsible for four
potential zinc fingers (a to d) are indicated. GenBank accession numbers for YY1 clones are given in Materials and Methods.
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lanes 6 and 7), reproducing the results shown in Fig. 3A, lanes
6 and 7.

Protein extracts were made from the yeast strain containing
the YY1-encoding plasmid, as well as from the other three
positive strains from the one-hybrid screen (Fig. 1, lanes 2 to
4). These yeast extracts were used in a competition experiment
identical to those shown in Fig. 3A and B. Figure 3C shows the
results of this experiment. In the reaction shown in Fig. 3C,
lane 1, extract from the H3.2 reporter strain (containing no
cDNA) was incubated with a radioactively labeled H3.2 «
probe. Multiple nonspecific bands resulted. These bands were
also observed in reactions containing extracts from the other
yeast strains, but incubation of a yeast whole-cell extract from
the strain containing the cDNA encoding YY1 with the probe
produced three specific bands (Fig. 3C, lane 2). The presence
of multiple bands may have been due to proteolysis because of
the use of a whole-cell extract. The specific nature of these
complexes was shown by competition with unlabeled H3.2 o,
P5-60, or H3.3 oligonucleotides present in the binding reac-
tions in a 50- or 100-fold molar excess (Fig. 3C, lanes 3 to 8).
The specific bands disappeared in reactions containing H3.2 «
or P5-60 oligonucleotides but were unaffected by the addition
of the H3.3 oligonucleotides. None of the specific bands ob-
served in lanes loaded with reactions containing YY1 was
observed in extracts prepared from the other positive strains
(Fig. 3C, lanes 9 to 17). The competition experiment shown in
Fig. 3C, lanes 2 to 8, was reproduced with an extract from
strain 3 (Table 1). The pattern of nonspecific bands observed
in Fig. 3C, lanes 9 to 15, was almost identical to that seen in
lanes 2 to 8 (YY1-containing strain), but no specific interac-
tions between proteins in the extract from strain 3 and the H3.2
a probe were detected. This was also true for extracts from
strains 2 and 4 (Fig. 3C, lanes 16 and 17). These results indi-
cated that the interaction of proteins encoded by these cDNAs
with the H3.2 reporter genes in vivo was nonspecific. The
reason for the failure of the negative control reporter yeast
strain to distinguish between the YY1-H3.2 a interaction and
that of the proteins encoded by cDNAs 24 is not clear.

A sequence comparison of nucleosomal histone o elements
and the P5-60 YY1-binding site is shown in Fig. 3D. The H3.3
a element is also shown. We previously showed that the H3.2
a oligonucleotides competed specifically with the « DNA com-
plexes formed with the H2a, H2b, and H4 elements but that
the H3.3 oligonucleotides did not (4). Here we showed that the
human YY1-containing yeast extracts contained a DNA-bind-
ing activity with sequence specificity identical to that of the
histone « factor found in mouse myeloma cell nuclear extracts
(Fig. 3A and B).

YY1 is necessary for in vitro histone « DNA-binding activity.
(i) YY1 copurifies with the a DNA-binding activity. Rabbit
polyclonal anti-YY1 (human) antibodies were used to test col-
umn fractions containing o DNA-binding activity for the pres-
ence of YY1. Crude nuclear extracts were prepared from
mouse myeloma cells grown in suspension culture. Nuclear
extract was loaded on a double-stranded DNA—cellulose col-
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umn and eluted with buffer containing KCl in steps of increas-
ing molarity. The fractions containing « DNA-binding activity
were pooled, dialyzed, passed over a DEAE-Sepharose col-
umn, and eluted with KCI. Fractions containing « DNA-bind-
ing activity were pooled, dialyzed, and further purified by pas-
sage over a hydroxyapatite column. A Western blot analysis of
proteins present in the pooled column fractions containing the
in vitro « DNA-binding activity is shown in Fig. 4A. A single
polypeptide was identified by reaction with YY1 antibody in
the presence of a crude nuclear extract (Fig. 4A, lane 1) as well
as in the active fractions from each column (lanes 2 to 4).
Equivalent amounts of DNA-binding activity were the source
of protein for the Western analysis. Figure 4A shows that YY1
and the « DNA-binding activity were enriched in parallel. The
amounts of protein detected in Fig. 4A, lanes 1 to 5, were
roughly equivalent. The reactive bands in Fig. 4A, lanes 1 to 4,
had apparent molecular weights comparable to that of human
recombinant YY1 (lane 5). These results indicated that YY1
was present in all column fractions containing the histone o
DNA-binding activity.

(ii) YY1 antibodies diminish the histone o DNA-binding
activity. Next, the effect of YY1 antibodies on the « DNA-
binding activity was examined by EMSA (Fig. 4B). Mouse
myeloma cell crude nuclear extract was used as the source of «
DNA-binding activity, and end-labeled H3.2 « oligonucleo-
tides were used as the probe. The control binding reaction,
containing the histone a complex, is shown in Fig. 4B, lane 1.
In the reaction shown in Fig. 4B, lane 2, rabbit preimmune
serum was added after 20 min of incubation of the probe with
the nuclear extract and incubated for an additional 15 min. In
the reaction shown in Fig. 4B, lane 3, rabbit polyclonal YY1
antibodies were also added after incubation of the extract with
the probe as in lane 2. The presence of YY1 antibodies greatly
reduced the formation of the histone a complex (Fig. 4B, lane
3). Similar results were obtained when YY1 antibodies were
incubated with the nuclear extract before the probe addition
(data not shown). The specificity of the YY1 antibodies for the
histone o complex was tested in an experiment with the Oct
1-DNA complex (Fig. 4B, lanes 4 to 7). In this experiment, the
Oct 1 consensus binding site was used as the probe in binding
reactions with the same nuclear extract as that used in Fig. 4B,
lanes 1 to 3. The Oct 1 protein complex formed with the probe
is shown in Fig. 4B, lane 4. The addition of a 100-fold molar
excess of unlabeled Oct 1 duplex oligonucleotides to the bind-
ing reaction totally abolished the formation of this complex
(Fig. 4B, lane 5), but the addition of preimmune serum or YY1
antibodies did not have this effect on the complex (lanes 6 and
7); therefore, the effect of YY1 antibodies was specific to the
histone a complex.

YY1 antibodies were then used in an immunodepletion ex-
periment (Fig. 4C). Mouse nuclear extract was incubated with
affinity-purified rabbit polyclonal anti-YY1 antibodies and
then with protein A-agarose beads. The immunoprecipitate
was pelleted by centrifugation. A Western blot analysis of the
YY1 immunoprecipitation is shown in Fig. 4C, lanes 1 to 4.

FIG. 3. Adeno-associated virus P5-60 YY1-binding site competes with the H3.2 « element for binding of the histone « factor. In all reactions, mouse myeloma cell
nuclear extract (A and B, 4 pg) or yeast whole-cell extract (C, 15 pg) was incubated with end-labeled H3.2 o duplex oligonucleotides (A and C) or P5-60 duplex
oligonucleotides (B) (1 ng) in the presence of the nonspecific competitor poly(dI-dC)-poly(dI-dC) (2 pg) at 4°C for 20 min. (A and B) Unlabeled competitor duplex
oligonucleotides were added in a 50- or 100-fold molar excess. Lane 1, control reaction; lanes 2 and 3, 4 and 5, and 6 and 7, 50- and 100-fold excesses of oligonucleotides.
(C) Yeast whole-cell extracts were prepared as described in Materials and Methods from the control H3.2 reporter strain and the yeast strains containing cDNAs (Table
1) which activated the H3.2 reporter genes. Competition reactions reproduced those shown in panels A and B. Lanes 9 to 15, results of binding reactions with the H3.2
a probe, to which whole-cell extract from yeast strain 3 was added; lanes 16 and 17, reactions with whole-cell extracts from yeast strains 2 and 4. Reactions were analyzed
by EMSA. (D) Comparison of histone a DNA-binding sites with the YY1 P5-60 DNA-binding site. +, interaction of the boxed sequences with the « factor; —, absence

of binding activity (3, 4, 36).
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FIG. 4. (A) YY1 copurifies biochemically with the in vitro « DNA-binding activity. Aliquots of dialyzed pooled fractions containing o DNA-binding activity from
the column indicated above each lane were examined for the presence of YY1 by Western analysis. Lane 1, crude nuclear extract; lane 2, double-stranded calf thymus
DNA-cellulose; lane 3, DEAE-Sepharose; lane 4, hydroxyapatite (HA); lane 5, YY1 control (human recombinant YY1). Proteins contained in the pooled fractions were
separated by SDS-PAGE and electroblotted to a polyvinylidene difluoride membrane for Western analysis with polyclonal anti-human YY1 antibodies. See Materials
and Methods for details of column chromatography. (B) YY1 antibodies diminish the histone « shift. Reactions in all lanes contained 4 pg of crude nuclear extract
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TABLE 2. Effects of deletions or mutations of CRAS elements in vivo and in vitro
Construct Gene Relativevexp.reision o sequence a com.ple).( obbserved
(%) in vivo' in vitrof
1 H3.2 (wild type) 100 CATGGCG +
2 H3.2A58-93 4 Deleted NA
3 H3.2CRASla 84 CATGGCG +
4 H3.2CRAS2 39 CATGGCG +
5 H3.2CRAS3 94 CATGGCG +
6 H3.2CRAS4 28 Deleted -
7 H3.2QXho (7 nt) 23 CATGGCG +
8 H3.20H3.3 (3 nt) 23 CATGGCG +
9 H3.2aXba (7 nt) 26 TTCTAGA -
10 H3.2aH3.3 (5 nt) 27 TTGTGCT -
11 H3.2aXba)Xho (14 nt) 5 TTCTAGA -
12 H3.20/QH3.3 (8 nt) <10 TTGTGCT -

“ Nuclease protection assays were done with total RNA isolated from at least three independent pools of stably transfected CHO cells. Gene 2, in-frame deletion
of H3.2 CRAS (110 nt) (20); genes 3 to 6, in-frame site-directed mutations in or deletions of H3.2 CRAS (gene 6 contains a 27-nt in-frame deletion) (3); genes 7 to
12, oligonucleotide-directed mutations (23). The entire sequence of mouse H3.2-614 can be found in GenBank (see Materials and Methods for accession number).

b Results obtained by EMSA with the end-labeled CRAS fragment from the gene indicated as a probe and mouse myeloma cell nuclear extract as the source of

binding activity. +, observed; —, not observed; NA, not applicable (the entire CRAS was deleted).

Most of the YY1 protein was present in the immunoprecipi-
tated fraction (Fig. 4C, lane 2). A very small amount of the
YY1 protein was left in the supernatant after immunodeple-
tion (Fig. 4C, lane 3). The eluate from the immunoprecipita-
tion clearly contained YY1 (Fig. 4C, lane 3). Western analysis
of a mock immunodepletion with mouse Cdk2 antibodies is
shown in Fig. 4C, lanes 5 and 6. The immunoprecipitate con-
tained a reactive peptide of the correct molecular weight (Fig.
4C, lane 5). YY1, however, was not immunoprecipitated with
the Cdk2 antibodies (Fig. 4C, lane 6), so YY1 immunoprecipi-
tation was specific (lanes 2 to 4).

The effect of immunodepletion of YY1 from nuclear ex-
tracts upon the formation of the a-DNA complex in EMSA is
shown in Fig. 4C, lanes 7 to 11. The a-DNA complex detected
after incubation of a normal nuclear extract with the H3.2 o
DNA-binding site is shown in Fig. 4C, lane 7. The immunode-
pleted nuclear extract (supernatant, Fig. 4C, lane 8) retained
only a small amount of oo DNA-binding activity upon incuba-
tion with the labeled H3.2 « DNA-binding site, demonstrating
the critical role of YY1 in a-DNA complex formation.

YY1 contained in the immunoprecipitated fraction was sub-
sequently eluted from the beads at a high pH after three
high-stringency washes (see Materials and Methods) and then
added to the binding reaction shown in Fig. 4C, lane 9. In spite
of the harsh treatment (detergent washes, high-pH elution),
the a-DNA complex was observed, indicating that o DNA-
binding activity immunoprecipitated with YY1 and that at least
some of this activity could be recovered from the immunopre-
cipitated fraction.

Mutation of the histone o element reduces H3.2 gene ex-
pression in vivo and abolishes a-DNA complex formation in
vitro. (i) In vivo effect of mutating the o element upon H3.2
gene expression. We previously examined the effects of histone
coding region deletions and mutations on DNA-protein inter-

actions in vitro and the expression of these genes in vivo in
stable transfectants (3, 20, 21, 23). Briefly, gene constructs
were introduced by cotransfection into CHO cells with a neo-
mycin resistance marker gene. RNA was isolated from several
independent pools of stable transfectant cells for each gene
construct examined. Gene expression was examined by a nu-
clease protection assay with the endogenous (hamster) H3.2
gene serving as an internal control. This hamster gene is iden-
tical to the mouse H3.2 gene in the coding sequence but not in
the 5'-flanking or 3'-untranslated sequences, allowing quanti-
fication of hamster H3.2 RNA and mouse H3.2 RNA with the
same probe (21, 23). The probe band resulting from protection
by the hamster RNA was approximately 50 nt shorter than that
resulting from protection by mouse wild-type H3.2 RNA.
Table 2 shows the results of an in vivo analysis of the steady-
state H3.2 mRNAs from 12 different wild-type and mutant
H3.2 genes. Table 2 also shows the effect of the particular
deletion or mutation upon o-DNA complex formation in
EMSA. Gene constructs 2, 4, 5, and 6 contained in-frame
deletions. The entire 110 nt of the CRAS was deleted in gene
2. Genes 4 to 6 contained sequential deletions of between 20
and 30 nt across the H3.2 CRAS. In gene 4, 27 nt, including
those of the a element, were deleted. Because the deletion in
gene 2 deleted both the histone a and histone ) elements, a
20-fold decrease in expression was observed (20), whereas the
gene in which only 27 nt (and only the a element) were deleted
showed a 4-fold decrease in expression (3). Only nucleotides
within the H3.2 « element were changed in genes 9 and 10, and
in both cases, a fourfold decrease in expression relative to that
of the wild type was observed (23). Nucleotides in both « and
() elements were mutated in genes 11 and 12, and the observed
decrease in expression approached that observed when the
entire CRAS (110 nt) was deleted (gene 2) (23). In genes 10
and 12, nucleotides in the a element (and in the () element in

and 2 pg of poly(dI-dC)-poly(dI-dC) and were incubated for 20 min at 4°C. The probe in lanes 1 to 3 was 1 ng of end-labeled H3.2 « oligonucleotides. Lane 1, control
o reaction; lane 2, 2 pl of preimmune serum added at the end of the 20-min incubation for an additional 15 min; lane 3, 2 pl of anti-YY1 antibody added after 20 min
and incubated for 15 min. The probe in lanes 4 to 7 was 1 ng of end-labeled Oct 1 consensus binding site. Lane 4, control Oct 1 reaction; lane 5, 100-fold molar excess
of unlabeled Oct 1 duplex; lane 6, 2 pl of preimmune serum added as in lane 2; lane 7, 2 pl of anti-YY1 antibody added as in lane 3. Reactions were analyzed by EMSA.
(C) Immunodepletion of YY1 abolishes « DNA-binding activity in crude nuclear extracts. Details of the immunoprecipitation of YY1 from nuclear extracts are given
in Materials and Methods. Lanes 1 to 6 show the results of Western analysis with undepleted crude nuclear extract (C, lane 1, 15 ug of protein), the entire
immunoprecipitate fraction (I, lanes 2, 5, and 6, 20 pl of bead mixture), the supernatent fraction (S, lane 3, 15 pg of protein), and the eluate fraction (E, lane 4, 30
wl). Lanes 7 to 9 show the results of EMSA with undepleted crude nuclear extract (C, lane 7, 6 ug of protein), the supernatant fraction (S, lane 8, 6 pg of protein),
and protein eluted from the immunoprecipitate (E, lane 9, 1/10 the eluate fraction). Reaction conditions for EMSA duplicated those shown in Fig. 3A, lane 1.
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FIG. 5. Mutation of the histone « element (YY1-binding site) causes the
disappearance of the a complex in vitro. Wild-type (wt) or mutant CRAS frag-
ments were excised from the appropriate H3.2 gene with Sa/l and Stul. The
end-labeled fragments were used in EMSA with crude nuclear extract. Reaction
conditions exactly duplicated those used in Fig. 3A, lane 1. The mutant fragment
used as a probe is indicated above the lane. The nucleotides changed in the H3.2
a sequence in the various mutant genes are shown in Table 2.

the case of gene 12) were changed to the sequence of the
comparable region of the replication-independent H3.3 gene.

(ii) Mutation of the « element causes the disappearance of
the a-DNA complex in vitro. We previously showed that dele-
tion of the H3.2 a sequence (Table 2, gene 6) abolished the
formation of the a-DNA complex in EMSA (3). Here we
showed that mutation of 7 nt of the « element (Fig. 5, lanes 2
and 4) completely abolished the wild-type a-DNA interaction
observed in EMSA when the mutant CRAS fragments (Table
2, genes 9 and 11) were used as probes (130 nt). In addition,
mutation of the « element found in the replication-dependent
H3.2 gene to yield the comparable sequence of the replication-
independent H3.3 gene (5 nt changes; Table 2, genes 10 and
12) duplicated the effect of the 7-nt o element mutation. That
is, the a-DNA complex was not observed (Fig. 5, lanes 5 and
7). As was observed in Fig. 5, lanes 3 and 6, however, formation
of the a-DNA complex was unaffected by mutations in the
CRAS () element (Table 2, genes 7 and 8).

In Fig. 3 and 4, we demonstrated that YY1 is necessary for
the formation of the a-DNA complex in vitro. We showed in
Table 2 and Fig. 5 that the wild-type a sequence (CATGGCG)
is required for a-DNA complex formation in vitro and for
normal high-level expression in vivo. For example, mutation of
5 nt of the o sequence to yield that of a replication-indepen-
dent gene (TGGTGCT) abolished a-DNA complex formation
in vitro (Fig. 5, lane 5) and caused a fourfold decrease in
expression in vivo (Table 2, gene 10).

(iii) Mutation of the histone o element alters up-regulation
of the H3.2 histone gene in synchronous populations of un-
perturbed cycling cells. As described in the previous sections,
we showed that mutation of 7 nt of the histone « element (the
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H3.2aXba mutation) abolished DNA-protein interactions in
vitro (Fig. 5) and reduced the steady-state level of histone
mRNA fourfold in asynchronous populations of cells in loga-
rithmic growth (23). Here, we examined the effect of this mu-
tation on G,-S-phase up-regulation of the replication-depen-
dent mouse H3.2 gene. Specifically, synchronous populations
of stable transfectant CHO cells containing the wild-type
mouse H3.2 gene or the H3.2aXba gene were obtained by use
of an automated mitotic shakeoff device as described above. In
these experiments, cycling cells progressed unperturbed through
the cell cycle.

Slides of cell populations used in these experiments are
shown progressing from mitosis into the S phase in Fig. 6A.
Entry into the S phase was identified by detection of BrdUrd
(with BrdUrd-specific antibody, alkaline phosphatase-conju-
gated secondary antibody, and FastRed dye as described
above). Postmitotic pairs of cells were observed at 1 h, at which
time very few, if any, S-phase cells were detected. The number
of cells in the S phase indicated that the G,-S boundary was
between 2 and 3.5 h, as the number of S-phase cells increased
sharply at 3.5 h and all cells were in the S phase by 7 h. The
timing of S-phase entry in these experiments agreed exactly
with the published results of Harris et al. (17), who examined
histone gene expression in synchronous CHO cell populations
obtained by mitotic shakeoff.

Cells were plated in parallel with those shown in Fig. 6A for
harvest at the same time points. After harvest, total RNA was
prepared, and the steady-state level of mRNA was determined
by an S1 nuclease protection assay. The results are shown in
Fig. 6B; lanes 1 to 5 show the results of a shakeoff experiment
with a cell line stably transfected with the mouse wild-type
H3.2 gene. This mouse H3.2 DNA probe mapped both the
mouse H3.2 transcript and the endogenous hamster H3.2 tran-
script. Figure 6B, lanes 1 to 5, showed that both the transfected
mouse H3.2 gene and the endogenous hamster H3.2 gene were
up-regulated sharply in parallel between the plating of mitotic
cells and the 5-h time point. These experiments were repeated
at least three times with independently transfected cell lines. A
shakeoff experiment with a cell line carrying the transfected
mutant mouse H3.2 gene is shown in Fig. 6B, lanes 6 to 10. In
this experiment, the mutant gene was used as a probe and
mapped from the labeled Sall site to the end of the mutant
transcript but mapped the endogenous hamster H3.2 transcript
to the point of the a mutation, producing probe fragments of
about 100 nt. The up-regulation of the endogenous hamster
H3.2 gene as the cells reached the G,-S boundary matched that
observed in Fig. 6B, lanes 1 to 5. The amount of the specific
mouse H3.2 transcript was much lower than that of the wild-
type H3.2 transcript, as we previously reported (3, 23). This
result appeared to be due to a failure in up-regulation as the
cells moved through G1 to the S-phase boundary (Fig. 6B,
lanes 7 to 9). The increase in specific transcripts observed
between 3.5 and 5 h (Fig. 6B, compare lanes 9 and 10) was due
to the change in the histone mRNA half-life (stabilization by
the stem-loop binding protein (10, 17, 39). The threefold in-
crease observed here duplicated the results of Harris et al.
(17), who directly examined the contribution of the 3’'-end
sequences to histone gene expression in the cell cycle. Figure
6B, lanes 11 to 15, show the quantitation of the mRNA levels
for the ubiquitous translation factor EF-la in the same RNA
samples as those shown in lanes 6 to 10; EF-1a served as a
loading control for the experiment.

Figure 6C shows graphically the difference in up-regulation
between the mutant gene during the cell cycle and the wild-
type H3.2 gene. The levels of wild-type H3.2 mRNA increased
eightfold between 0 and 2 h and again between 2 and 3.5 h. The
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FIG. 6. Mutation of the YY1-binding site in the H3.2 CRAS « element alters histone gene up-regulation in synchronous populations of cycling CHO cells. (A)
Synchronous cell populations obtained by mitotic shakeoff were plated on glass slides, fixed, and stained at the times indicated. Cells were labeled with BrdUrd, and
S-phase cells were detected with FastRed dye (see Materials and Methods). The percentages indicate the number of cells in the S phase at the indicated times. (B)
S1 nuclease protection assay of H3.2 RNA in synchronous populations of stable transfectant cells plated in parallel with those shown in panel A (lanes 1 to 5, CHO
cells stably transfected with the mouse H3.2-614 gene; lanes 6 to 15, CHO cells stably transfected with the H3.2aXba gene). The wild-type (wt) H3.2 gene (lanes 1 to
5) or the H3.2aXba gene (lanes 6 to 10) was 3’ end labeled with the Klenow fragment at the Sall site of the gene and used as a probe, mapping both mouse and
endogenous hamster H3.2 transcripts (see Materials and Methods). The EF-1a gene (24) was 3’ end labeled at the Ncol site for use in the assays shown in lanes 11
to 15. The RNA samples used in lanes 6 and 11, 7 and 12, 8 and 13, 9 and 14, and 10 and 15 were identical. M, markers; Asy, asynchronous. (C) Comparison of the
up-regulation of histone gene expression from 0 to 5 h for the wild-type and mutant mouse H3.2 genes. Quantitation was done by PhosphorImager analysis of at least
three independent experiments.
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difference between 3.5 and 5 h, when well over half of the cells
had entered the S phase, was two- to threefold (because of the
stabilization of histone mRNA). For the mutant H3.2 gene, a
dramatic change in the levels of mRNA between 0 and 3.5 h
was absent. The change in the levels of mRNA between 0 and
2 h and between 2 and 3.5 h was twofold. The threefold change
in the levels of mRNA between 3.5 and 5 h for mutant gene
expression duplicated that observed for wild-type gene expres-
sion. The stem-loop structure of the mutant gene was unal-
tered, and these results confirmed that the posttranscriptional
component of histone gene regulation was normal for both
mutant and wild-type H3.2 genes. A major component of cell
cycle regulation of histone gene mRNA levels is posttranscrip-
tional (12, 17, 39), the effects of which were seen here, impli-
cating a change in transcription initiation as the explanation
for the altered G,-S-phase expression of the mouse H3.2 gene.

DISCUSSION

The processes culminating in commitment to the S phase in
metazoan cells include the up-regulation of genes required for
duplication of the genome. The histone genes that encode
proteins required for packaging of the newly synthesized DNA
in the two daughter cells are also up-regulated in this sequence
of events. The metazoan histone gene family includes the nu-
cleosomal histone genes H2a, H2b, H3, and H4, as well as the
genes encoding linker histones (H1 genes). Histone genes are
among the most highly expressed and are among the most
highly conserved genes known; within histone classes, the pro-
tein sequence is remarkably conserved among all eukaryotes.
The cellular resources required for histone synthesis in the
duplicating cell parallel those required for making a copy of
the genome.

In the mouse, the up-regulation of the histone gene family at
the G,-S boundary requires the coordinated activation of the
transcription of many genes. Although various histone pro-
moter elements have been implicated in the G,-S-specific up-
regulation of vertebrate histone gene expression, none of these
is common to more than one or two histone classes. Because
genes of all histone classes are coordinately up-regulated, it
follows that a common pathway is responsible. Furthermore, a
common point of interaction with this pathway must exist for
histone genes of all classes.

We have identified a highly conserved transcription factor,
YY1, on the basis of its interaction with an element found in
the protein-encoding sequence of replication-dependent his-
tone genes of all classes. This transcription factor, implicated
as both an activator and a repressor of gene expression in
different cellular and viral genetic contexts, is found in all
animal cell types. YY1 has not been found in yeast, but cDNAs
encoding the factor have been cloned in frogs, mice, humans
and, very recently, fruit flies (5). The DNA-binding domain of
YY1 is at the carboxy-terminal end of the protein and is com-
prised of four potential zinc fingers. This region of the protein
is 100% identical in frog, mouse, and human sequences, and
the fruit fly YY1 DNA-binding domain is 97% identical to that
of human YY1 (5), a remarkable degree of identity.

We have proven that the in vitro histone o« DNA-binding
activity requires YY1 for « DNA-protein complex formation.
The addition of YY1 antibodies to the binding reaction greatly
diminished the level of the H3.2 a complex. Similarly, the
removal of YY1 by immunodepletion of a mouse myeloma cell
nuclear extract with YY1 antibodies also abolished the forma-
tion of the o complex.

We examined the ability of a well-characterized YY1-bind-
ing site, the adeno-associated virus P5-60 element, to compete
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with the histone a factor for binding of the replication-depen-
dent H3.2 « element. This nonhistone element and unlabeled
H3.2 « oligonucleotides both competed effectively, although
the H3.2 o DNA was a better competitor than P5-60 for either
the H3.2 « or the P5-60 probe. This result may indicate that a
viral cofactor that facilitates the YY1 P5-60-binding activity is
not present in normal cell extracts or that the histone « ele-
ment is simply a better binding site for YY1 than the viral
element.

In contrast, the replication-independent H3.3 oligonucleo-
tides did not compete with the labeled H3.2 o probe for bind-
ing of the a factor, as we previously showed (3, 4, 8), nor did
the H3.3 oligonucleotides compete with the labeled P5-60 oli-
gonucleotides. Interestingly, the P5-60 oligonucleotide se-
quence is 55% different from that of H3.2, whereas the H3.3
oligonucleotides used as competitors are 41% different from
those of H3.2 (11 of 27 nt positions differ). The G+C content
of the H3.2 oligonucleotides is 70%, whereas the G+C con-
tents of the P5-60 and H3.3 oligonucleotides are lower but very
similar (45 and 52%, respectively). The specificity of YY1
interactions with the H3.2 « and adeno-associated virus P5-60
sites confirms the results of the experiments with YY1 anti-
bodies; the highly specific interaction of the histone « DNA-
binding activity is due to the factor YY1.

We previously examined the effect of altering the histone o
sequence on expression in vivo and DNA-protein interactions
in vitro (3, 4, 8, 20, 21, 23). Because all deletions or mutations
of the o element abolished the formation of the a-DNA com-
plex in vitro and also caused a significant decrease in gene
expression in vivo in stable transfectants, it is very likely that
YY1 plays an in vivo role in the regulation of replication-
dependent histone gene expression. Specifically, mutation of
the replication-dependent H3.2 o element to yield the repli-
cation-independent H3.3 sequence caused a fourfold decrease
in expression in vivo and a loss of formation of the a-DNA
complex in vitro. Further in vivo evidence is that yeast reporter
genes incorporating the H3.3 o sequence were not activated by
the YY1-GAL4 fusion protein, whereas reporter genes con-
taining the H3.2 o sequence in their promoters showed acti-
vated levels of expression in strains containing YY1-GAL4
fusion cDNAs.

In the experiments shown in Fig. 6, we examined in vivo, in
unperturbed cycling cells, the role of the histone a element in
correct temporal regulation of the replication-dependent
mouse H3.2 gene. We showed that the dramatic increase in the
amounts of histone mRNA as cells move forward in the cell
cycle to the G,-S boundary that is normally observed for rep-
lication-dependent histone genes is altered by mutation of the
histone a element. A similar result was obtained by Harris et
al. (17) using a histone gene construct in which the 5'-flanking
sequences were replaced with the promoter of a constitutive
U1 snRNA promoter. These experiments can be directly com-
pared to our studies because mitotic shakeoff was used to
obtain synchronous cell populations for RNA analyses. They
found that the level of transcripts from the Ul-histone chi-
meric gene increased a total of 10-fold between the plating of
mitotic cells and entry into the S phase, very similar to the
14-fold increase that we observed for the mutant H3.2aXba
gene here. Because the posttranscriptional regulatory events
that play an important role in the regulation of histone mRNA
in the cell cycle are unaffected by the « mutation, we postulate
that the decrease observed in the up-regulation of the mutant
histone gene is due to an alteration in events required for
transcription initiation, as was clearly the case for the Ul-
histone chimeric gene described by Harris et al. (17). Because
a 100% correlation is observed between sequence require-
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ments for a-DNA complex formation in vitro and effects on
gene expression in vivo, a role for YY1 in histone gene expres-
sion in vivo is strongly implicated.

This highly conserved transcription factor, YY1, has been
the subject of extensive study in recent years. Its abundance
and ubiquity make it an excellent candidate for an important
global role in gene regulation in the metazoan cell. The 100%
correlation between our in vitro studies of the histone o DNA-
protein interaction (3, 4, 8, 22; this study) and in vivo studies of
the role of the o element in wild-type histone gene expression
(3, 23) is strong evidence that YY1 plays just such a role in the
coordinated up-regulation of histone genes at the G,-S bound-
ary of the cell cycle.

Because the yeast one-hybrid experimental system is de-
signed to circumvent the possibility that an additional factor(s)
is required in the histone a-YY1 interaction, our experiments
thus far do not rule out this possibility. Here, we have dem-
onstrated that YY1 is necessary for the a-DNA interaction,
but it is our hypothesis that other factors may also participate
in the histone a-YY1 interaction. In previous experiments, we
demonstrated the dependence of the histone @ DNA-binding
activity on the state of phosphorylation (22). Phosphorylation
on serine/threonine or tyrosine residues results in inhibition of
the @« DNA-binding activity (22). Kinases present in crude
nuclear extracts are capable of inhibitory phosphorylation at
37°C, and the o DNA-binding activity can be recovered by
treatment with phosphatases. We have also shown that cyclin
D1-dependent complexes are capable of either direct or indi-
rect inhibitory phosphorylation that results in the loss of the
histone o DNA-protein complex in vitro (22).

Although there is some evidence that YY1 is a phosphopro-
tein (35), only one report implicates phosphorylation in the
regulation of YY1 interactions with DNA (2). In this case,
phosphatase treatment of Jurkat T-cell nuclear extracts abol-
ished YY1 interactions with a viral DNA sequence. This result
is the converse of our previous results (22), in which phospha-
tase treatment restored the histone o« DNA-binding activity.

Roles suggested for YY1 in gene expression include activa-
tion, repression, and initiation. A role for YY1 in nuclear
matrix interactions has also been postulated (13). The results
just described, obtained by phosphatase treatment (YY1
DNA-binding activity in nuclear extracts), are examples of the
complexity of YY1 interactions in the metazoan cell. One
explanation for the variety of reported effects of YY1 on gene
expression could be a requirement for interactions with addi-
tional factors in a gene- or pathway-specific manner in different
genetic contexts. We are currently examining directly the effect
on histone gene expression of YY1 overexpression in vivo. The
identification of YY1 as the DNA-binding component of the
histone « factor will facilitate our ongoing studies of the role of
elements in the coding region of replication-dependent histone
genes in the coordinated up-regulation of histone gene expres-
sion in the proliferating cell.
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