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ABSTRACT

nuclear protein with affinity for the 5' flanking region of a cell cycle
dependent human H4 histone gene has been partially purified from nuclear
extracts of human HelLa S3 cells. The region involved in the binding of the
protein has been localized to an upstream DNA segment using an electrophoretic
mobility shift assay. This DNA segment is devoid of RNA polymerase II
consensus sequences and contains both homopurinic and A/T rich tracts.
Analogous experiments have identified a similar, and perhaps identical, factor
that has affinity for a cell cycle dependent human H3 histone gene promoter.
This protein appears to bind to a DNA segment containing A/T rich sequences
that bear homology with the binding region of the H4 histone promoter. Cell
synchronization experiments have shown that the overall affinity of the
protein(s) for the H3 and H4 histone 5' flanking regions in vitro is not
dramatically altered during the cell cycle. Although the rate of histone gene
transcription is modulated during early S phase, transcription occurs
throughout the cell cycle. Hence, the protein(s) we have detected here may
play a role in the basal expression of these genes.

INTRODUCTION

Human histone genes represent a heterogenous, clustered, multi-gene family
(1-4) with a complex chromosomal organization (5,6). Cell cycle dependent
human histone genes are coordinately expressed in tight conjunction with DNA
synthesis and their expression is regulated at both transcriptional and
post-transcriptional levels (reviewed in 7-9). The transcriptional component
involves a 3 to 5 fold, transient increase in the rate of histone mRNA
synthesis at the onset of S phase, which rapidly declines to a basal rate that
persists throughout the cell cycle (10). This process has been found to be
paralleled by a sequential remodeling of chromatin architecture in the 5'
regulatory region of a cell cycle dependent human H4 histone gene, designated
F0108 (11). This FO108 H4 histone gene exhibits reversible cell cycle
dependent alterations in both nucleosomal organization (12) and sensitivity
towards the nucleases S1 and DNase I (13).

DNA sequence requirements for histone gene transcription have been studied
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in some detail in our laboratory by using the F0108 H4 histone gene and a cell
cycle dependent H3 histone gene, designated ST519 (14) as model systems.
Transcription experiments with the F0108 H4 histone gene in vitro, employing
whole cell extracts from exponentially growing HeLa cells, have shown that
only a limited set of sequences (encompassing a TATA-box at position -60 from
the coding region) is required for accurate transcription initiation of this
gene (11). These results were later confirmed by Heintz and collaborators
with S phase specific nuclear extracts, using an independently isolated H4
histone gene designated HudA (15,16). These workers also showed that
sequences further upstream (between nucleotides -70 and -110 of this
particular gene) might be involved in modulating the efficiency of
transcription in vitro (16).

The H4 histone gene FO108 and the H3 gene ST519 have been tested in vivo
in transient expression systems (14,17). The F0108 H4 histone gene has also
been tested in vivo in stable, integrated (20) and episomal systems (18).
These experiments have revealed that 5' flanking regions of both human histone
genes can function as promoters in vivo and apparently contain enough DNA
sequence information for the specific recognition by putative trans-acting
factors of both primate (14) and murine (14,17,18) origin; a similar
conclusion has been drawn for the HudA histone H4 gene when chromosomally
integrated in murine cell lines (19). In addition, it has been shown for the
FO108 H4 gene, that a minimal promoter region spanning nucleotides up to
position =240 (with respect to the H4 coding sequence) is sufficient for
accurate transcription initiation in vivo (17,18). Results obtained by
assaying expression levels of 5' deletion mutants of the F0108 H4 gene in
stable murine cell lines furthermore have given an indication for positive
cis-regulatory control elements in the 5' flanking region of this gene
upstream of position -240 (20).

Sequence specific DNA binding proteins acting on cis-regulatory control
elements have been hypothesized to be key elements in eukaryotic gene
transcription (21), and considerable progress has been made in the isolation
of such proteins (22-26). Yet, DNA binding proteins with affinity for the 5'
regulatory regions of cell cycle dependent histone genes have not been
identified. Characterization of such proteins is crucial in understanding the
mechanisms underlying the transcriptional control of histone gene expression.
We have employed the electrophoretic mobility shift assay (gel retardation
assay) (27,28) in order to isolate DNA binding proteins with affinity for a
human H4 histone gene regulatory region in vitro. In this paper we report the
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partial purification of a factor that has apparent affinity for an upstream
DNA segment in the 5' flanking region of the FO108 H4 histone gene. In
addition, we have found a similar and perhaps identical factor that associates
with a DNA fragment within the 5' regulatory region of an H3 histone gene.

MATERIALS AND METHODS
DNA Probes
The cell cycle dependent core human H3 and H4 histone genes used in this

study were derived from two genomic histone gene clusters cloned into lambda
Charon 4A (1). The upstream flanking regions of both an H4 gene (F0108) (11)
and an H3 gene (ST519) (14) were subcloned in plasmid vectors and used to
generate three probes. Two of these probes (H4-A and H4-B) were derived from
the 5' flanking region of the H4 gene F0108, and the third probe (H3-A)
comprises the immediate upstream flanking sequences of the H3 gene ST519 (see
Figure 1). Probe H4-A was generated by a Smal/BanlI restriction endonuclease
digestion of the plasmid subclone pF0002 (20) giving rise to a 223 bp fragment
starting 13 nucleotides upstream of the H4 coding sequence. This probe covers
the functional H4 gene promoter as defined in vitro and in vivo (11,17) and a
region hypersensitive to S1 nuclease and DNase I (13) (see Figure 1). Probe
H3-A was prepared by double digestion of plasmid pST519AH (14) with
Hpal/HindIII which liberated a 190 bp fragment spanning the analogous region
for the H3 gene. Probe H4-B was derived by digesting subclone pF0005 (20) with
Eco RI and comprises nucleotides -244 to -445, which are located immediately
upstream of probe H4-A; its size is 242 bp due to sequences derived from the
pUC13 polylinker.

Probe fragments were dephosphorylated using calf intestine alkaline
phosphatase, end-labelled with y-?2P-ATP using T4 polynucleotide kinase and
purified by polyacrylamide gel electrophoresis according to standard
procedures (29).

Nuclear Extracts

Nuclear extracts were prepared from exponentially growing HeLa S3 cells
essentially according to the procedure of Challberg and Kelly (30).
Mechanically lysed cells (5 X 108) were separated into cytosol and crude
nuclei by low speed centrifugation (1500 g) for five minutes. The cytosol
supernatant was dialyzed against buffer A (25mM Hepes-NaOH, pH 7.5, 20mM NaCl,
1mM DDT, 1mM EDTA, 20% glycerol) and stored frozen at -70°C. The fresh
nuclear pellet was extracted with a sucrose buffer (50 mM Hepes-NaOH, pH 7.5,
10% sucrose, 400mM NaC1) followed by centrifugation at 12,000 g for ten
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minutes. The supernatant was dialyzed against buffer A and the resulting
solution, representing the crude nuclear extract, was stored at -70°C. Buffer
solutions in all the above and subsequent steps contained 0.5 mM phenyl methyl
sulfonyl fluoride (PMSF) and 10 mM sodium bisulfite. Protein estimation was
performed according to the method of Bradford (31) with bovine serum albumin
as the standard.

Fractionation of Nuclear Extracts

Crude nuclear extracts from 4 X 10° cells were centrifuged at 100,000 g
(31) for forty minutes in order to remove remaining cytoplasmic debris and the
salt concentration was adjusted to 0.2 M KC1. The resulting solution (25 ml)
was applied to a DEAE-Sephacel column (Pharmacia; dimensions 2.3 X 11 cm)
equilibrated with buffer A containing 0.2 M KC1, and the flow-through was
collected (D200 fraction; 30 mi). Proteins more tightly associated with the
DEAE column were eluted with 15 m1 of buffer A containing 1.0 M KC1 (D1000
fraction).

The D200 fraction was further separated into three components by passage
over a 15 ml phosphocellulose column (P11, Whatman) equilibrated with buffer A
containing 0.04 M KC1 and 0.01% Nonidet P40 and by sequential elutions at 0.04
M KC1 (20 m1), 0.35 M KC1 (20 m1) and 1.0 M KC1 (15 m1) in the same buffer.
Protein-containing fractions, designated P40, P350 and P1000, respectively,
for each salt step, were pooled and dialyzed against buffer A containing 0.01%
Nonidet P40,

Electrophoretic Mobility Shift Assay

The electrophoretic mobility shift assay (gel retardation assay) (27, 28)
was basically performed according to Carthew et al. (23). Binding reactions
typically contained 2 ng of probe, 1 ug of competitor DNA (sonicated E. coli
DNA or poly(dI-dC).poly(dI-dC)) and the appropriate amounts of protein (1-5
ug) in a binding buffer (12 mM Hepes-NaOH, pH 7.9, 12% glycerol, 60 mM KC1,
SmM MgC12, 4mM Tris-HC1, 0.6 mM EDTA, 0.6 mM DTT) in a total volume of 20 W1.
Samples were incubated for thirty minutes at 30°C and electrophoresed in a 4%
low ionic strength polyacrylamide gel (acrylamide:bisacrylamide 30:1). Gels
were dried and subjected to autoradiography.

Deletion analysis using the gel retardation assay was performed by
sequential and reciprocal shortening of a relatively large probe (200 bp or
more) by various restriction enzymes ("stairway assay"). In brief, 20 ng
aliquots of a single end-labelled probe were incubated with excess amounts of
the restriction enzyme(s) of choice and the reactions stopped by extraction
with phenol/chloroform. The DNA was then precipitated with ethanol in the
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presence of 10 ug of competitor DNA to ensure optimal recovery of both probe
and competitor DNA. The shortened fragments were mixed with the same amount
of protein and simultaneously electrophoresed on a polyacrylamide gel, showing
a stairway-like pattern upon autoradiography.
Cell Synchronization

Synchronization of HelLa S3 cells by double thymidine block was performed
according to well established procedures (10,12,13,18,32). DNA synthesis
rates after release from thymidine block were monitored by *H-thymidine pulse
labelling experiments. 3H-Thymidine incorporation into TCA insoluble material
increased 10-fold during the initial 4-5 hours after release and declined to
its lowest point after 8 hours (data not shown).
DNase I footprinting

DNase I protection analysis was carried out by incubating a 5-fold scaled
up binding reaction (100 ul; containing E. coli DNA) with 1 u of DNase I
(Sigma) for 60 seconds at 20°C. The reaction was stopped by adding 20 mM
EDTA, 0.1% SDS and 10 ug E. coli DNA to the sample on ice. Subsequently,

A EcoRl
—_
Hindi
4%B
FO108 ST519
— r—y
O S SO T S S | M7

He W3 H3H4 H4 W

‘| 1

] 1

| :

B ! 1

1 )

' cast caat \

| -aas ~244 -234 9c| | tam 5 !

H4-B H4-A ©%®  fo108 !

1

i

cast caat ]

-210 Kol Y > 3

H3-A C%®  srsig

Figure 1: (A) Restriction maps of the human histone gene clusters AHHG41 and
XHHGI7 (1) used for the generation of probes (see text for details). Arrows
indicate the direction of histone mRNA transcription. (B) Schematic drawing
of the 5' flanking DNA fragments from the FO108 H4 histone gene (H4-A and
H4-B) and the ST519 H3 histone gene (H3-A) used as probes. Dashed lines
indicate the location in the gene clusters from which the restriction
fragments were derived. Numbers indicate the positions of probe termini with
respect to the histone coding sequences (symbolized by open arrows). The
locations of DNA sequences homologous to the TATA-, CAAT- and GC-boxes (21)
and the histone mRNA cap site (11,17) are indicated by the corresponding
abbreviations. A DNase I/S1 hypersensitive region (see Figure 6) is present
in the H4-A probe between position -234 and the GC-box (13).
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samples were extracted with phenol/chloroform, ethanol precipitated, and
analyzed on a denaturing 6% polyacrylamide, 6 M urea gel.

RESULTS AND DISCUSSION
Proteins from Unfractionated HeLa Cell Nuclear Extracts Bind to Human H4
Histone Gene 5' Flanking Sequences

The gel retardation assay has been used in this study to detect factors,
derived from a HeLa nuclear extract, that bind to the 5' flanking region of a
human H4 histone gene (F0108). This assay, which detects the retarded
migration rates of DNA fragments bound to proteins, is based on increased
stability of these complexes in low ionic strength polyacrylamide gels (33)
and has become an effective tool for the isolation of eukaryotic DNA binding

proteins (for example 23-25). Three probes have been employed; one spans the
H4 promoter region (H4-A, containing nucleotides [nt] -13 to -234), the second
comprises the DNA sequences directly upstream from the first probe (H4-B, nt
-244 to -445), and the third (H3-A) encompasses the promoter region of a human
H3 histone gene (ST519). Probe H3-A (nt -21 to -210) is analogous in size and
position to probe H4-A (see Figure 1).
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Figure 2: De@ection of proteins with affinity for the H4 promoter region (nt
-13 to -234) in an unfractionated nuclear extract using the gel retardation
assay. Prominent DNA-protein complexes (retarded probe bands) are indicated
by capital letters (A,C,D,E and F). Ln 1: H4-A probe (2 ng) and E. coli DNA
(1 ug) only. Ln 2-10: addition of increasing amounts of nuclear extract
protein; respectively, 0.1, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 4.0 and 8.0 ug of
protgin. Not indicated is a subband originally designated B, which was not
consistently observed in all experiments using the H4-A probe.
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Nuclear extracts from exponentially growing HeLa S3 cells were prepared
essentially according to the protocol originally published by Challberg and
Kelly (30), which has been modified and extended by several others (34 and
references therein). This extraction protocol yielded the first sequence
specific DNA binding protein (NFI) isolated from human cells (35). In an
initial experiment, various amounts of nuclear extract were incubated with the
radiolabelled H4-A promoter fragment in the presence of excess amounts of
sonicated E. coli DNA to suppress non-specific DNA binding, and the
DNA/protein mixtures were subjected to polyacrylamide gel electrophoresis. At
least five probe bands with altered migration rates were observed (Figure 2)
and indicate the presence of bound factors causing this mobility shift.

Similar experiments in which both the H4-A promoter probe (nt -13 to -234)
and the H4-B upstream probe (nt -244 to -445) were assayed in parallel
reactions revealed that the probes each give rise to a different bandshifting
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Figure 3: Monitoring of column fractions for proteins binding to the H4-A
probe (nt -13 to -234) (panel A) and the H4-B probe (nt -244 to -445) (panel
B) using the gel retardation assay. Ln 1: probe DNA (2 ng) and E. coli DNA (1
ug) only. Ln 2-8: Proteins added to the binding reaction. Ln 2-3: 0.8 ng
and 2 ug nuclear extract protein, respectively. Ln 4: 2 ug D200 protein; 1In
5: 0.5 ug D1000 protein. Ln 6: 6 ug P40 protein ; In 7: 2 pug P350 protein; 1n
8: 1 pug P1000 protein. Ln 8A: 0.5 ug P1000 protein (shorter exposure of an
analogous experiment). Indicated by capital letters are an H4-A specific
subband (designated A) and an apparently non-specific subband (designated C).
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pattern with respect to relative migration rates and intensities of the
subbands (for instance, Figure 3A and 3B; lanes [In] 2 and 3). In order to
confirm that the factors mediating the probe retardation were proteins, the
nuclear extract was preincubated with proteinase K or 0.1% sodium dodecyl-
sulfate (SDS) or heated for ten minutes at 100°C; in none of these cases were
probe fragments retarded in the assay (data not shown). In addition, we found
that most of the proteins that bound to the H4-A probe were enriched in the
nuclear extract when compared with a cytosol preparation (data not shown).

The latter two findings, together with the observation that two probes of
approximately equal length displayed different gel retardation patterns,
suggested the presence of nuclear proteins with specific affinity for the
different DNA sequences within the probe. We therefore initiated fraction-
ation of these proteins using liquid chromatography. Initially we focused on a
protein that gave rise to a fast migrating DNA/protein complex (designated A
in Figures 2 and 3A), with affinity for the H4-A promoter probe but not the
H4-B upstream probe (compare In 2 and 3 of both Figures 3A and 3B).
Fractionation of Nuclear Extract

The first step in the fractionation procedure involved passage of the
nuclear extract over a DEAE-Sephacel column and initial elution of proteins
using buffer A with a salt concentration of 0.2 M KC1 (flow through; D200
fraction), followed by elution of the DEAE column with buffer A containing 1.0
M KC1 (D1000 fraction). Protein-containing fractions were pooled, dialyzed

and assayed in the same manner as the nuclear extract. The results of this
assay (shown in Figures 3A and 3B, 1n 4-5) indicated that the majority of
proteins binding to the H4-A promoter probe (nt -13 to -235) were present in
the D200 fraction. Both the D200 and D1000 fraction were also assayed using
the H4-B upstream probe (nt -244 to -445), The gel retardation patterns of
this probe were very similar when incubated with each of these two fractions
(Figure 3B, 1n 4 and 5). The differences in the chromatographic behavior of
proteins that bind to the H4-A and H4-B promoter probes is in agreement with
the idea that two probes containing different DNA sequences should interact
with different factors.

A predominant probe DNA/protein complex (designated C, Figure 3A, 1n 5)
was observed when the D1000 fraction was used in the gel retardation assay.
Preliminary mapping experiments using restriction site deletion analysis in
combination with the gel retardation assay (described in detail below),
indicated that this protein lacked affinity for any particular H4-A probe
segment (data not shown). That is, the protein was found to be associated
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with the H4-A probe regardless of its size when shortened by restriction
enzymes from either end; also, no loss in intensity of the shifted band was
observed. Another property of this factor was that it was relatively abundant
in a cytosol preparation (data not shown) and that the migration rate of the
complex was relatively independent of the size of the probe. These data
suggest that this factor which caused a large shift in the migration of the
probe band is a large cellular protein with non-specific DNA binding activity.
The second fractionation procedure included a three step salt elution from
a phosphocellulose column of the D200 fraction, which contained the majority
of proteins that associated with the H4-A promoter probe. Fractions eluting
at salt concentrations of 0.04 M, 0.35 M and 1.0 M KC1 (designated P40, P350
and P1000, respectively) were separately pooled and assayed with both the H4-A
and H4-B probes (1n 6-8, Figure 3A and 3B). We observed that the fastest
migrating DNA/protein complex (band A) could not be formed when the H4-A probe
was incubated with either the P40 (6 ug protein added) or the P350 fractions
(2 ug proteins added); however, an intense A band was detected when the P1000
fraction (1 ug protein) was used in the binding reaction (Figure 3A, 1n 8 and
8A). Lane 8 in Figure 3A shows the slower migrating bands of low intensity
more clearly; the A-band however, is overexposed and is no longer distin-
guishable from the free probe. A lighter exposure of an analogous experiment,
with only 0.5 ug of the P1000 fraction added, demonstrated more convincingly
the presence of the A-band (Figure 3A, 1n 8A). These results indicated that
the protein causing the slight retardation of the H4-A promoter probe, but not
the H4-B upstream probe, eluted from the phosphocellulose column with salt
concentrations between 0.35 M and 1.0 M KC1.
Competition binding studies

The results described thus far were obtained by using E. coli DNA as
competitor-substrate for non-specific DNA binding proteins; but several
titration experiments, in which a constant amount of protein was incubated
with increasing amounts of E. coli DNA, showed general competition of all the
H4-A specific subbands by this type of DNA (see, for example, Figure 4A; 1n
2-7). To suppress this non-specific competition we used the double-stranded,
alternating co-polymer poly dI/dC (23). In general, increasing amounts of
this competitor DNA showed less decrease in the intensity of specific subbands
(Figure 4B, 1n 5-7; e.g., bands D,E,F), as previously reported (24). However,
the retarded probe band designated A was largely quenched by the addition of
Tow amounts (100 ng) of poly dI/dC.

Although the basis for this differential competition phenomenon has not
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Figure 4: Titration experiment using E. coli DNA (part A) or poly dI/dC (part
BY as competitors in the gel retardation assay. Ln 0: H4-A probe DNA (2 ng)
only. Ln 1-7 (part A and B): H4-A probe DNA (2 ng) and 2 ug of nuclear extract
protein with increasing amounts of E. coli DNA (A) or poly dI/dC (B). Ln 1-7:
respectively, 0, 0.1, 0.2, 0.4, 1.0, 2.0 and 4.0 pg of competitor DNA.
Prominent DNA-protein complexes are indicated by capital letters (A,D,E, and
F). Part C: Competition experiment using pUC8 DNA (in 2,3) and pF0002 DNA (1n
4,5). Ln 0: H4-A probe DNA (2 ng) and E. coli DNA (1 ug) only; In 2-5: 1 ug
P1000 protein added. Ln 2 and 4: 100 ng pDNA; 1n 3 and 5: 2 ug pDNA added.
Salt concentration was raised to 100 mM KC1 in the binding reaction.

yet been tested, the specific competition of a DNA binding protein by
synthetic polymers such as poly dI/dC is not without precedent. Mouse a
protein (36), which recognizes A/T rich DNA sequences, is effectively impaired
in binding to its radiolabelled cognate sequences in the presence of
poly(dA-dT).poly(dA-dT) or poly(dI-dC).poly(dI-dC) but to a lesser extent in
the presence of sonicated E. coli DNA or poly(dG-dC).poly(dG-dC).

Competition experiments were also performed using supercoiled plasmid DNA
that carries an insertion encompassing the H4-A probe fragment (pF0002); in
these experiments, equivalent amounts of supercoiled vector DNA (pUC8) were
used as a control (Figure 4C). Incubation of a standard mixture, containing
1 ug E. coli DNA and 2 ng H4-A probe, with 100 ng or 2 ug of vector DNA alone
did not result in competition of the A-band (Figure 4C; 1n 2,3). However,
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Figure 5: Monitoring of column fractions for proteins binding to the H3-A
promoter probe (nt -21 to -210) using either E. coli DNA (part A) or poly
dI/dC (part B) as competitor DNA. Ln 1: H3-A probe DNA (2 ng) and competitor
DNA (1 pg) only. Ln 2-8: Nuclear extract protein added to the binding
reaction. Ln 2: 2 pg of nuclear extract protein; 1n 3: 4 ug of D200 protein;
Tn 4: 1 ug D1000 protein. Ln 5: 6 ug of P40 protein; In 6: 0.9 ug of P350
protein; 1n 7: 1 ug of P1000 protein and 1n 8: 2 ug of P1000 protein. The
slightly retarded probe subband, visible only when using E. coli DNA as
competitor is indicated by the letter A.

incubation with 2 ug of pF0002 DNA, corresponding to a 40:1 molar ratio of the
unlabeled H4-A probe fragment (inserted in pF0002) versus the radiolabeled
H4-A probe, resulted in a profound decrease in intensity of the A-band (Figure
4C, 1n 5). These results show that the A-band is competed by the insertion
spanning the H4-A probe fragment and suggest that the A-band protein binds
specifically to this fragment.
Detection of a similar protein binding to the H3 5' regulatory region

We then investigated the possibility that proteins similar to those which
bind to the human H4 histone gene promoter would interact with an analogous
region of a cell cycle dependent human H3 histone gene promoter. The probe
used was the H3-A fragment (Figure 1) that spans positions -21 to -210 and is
comparable in size to the H4-A probe (see Figure 5). The same protein
fractions and quantities as used for experiments with the H4-A probe were

assayed. In addition, the gel retardation assay was performed in the presence
of E. coli DNA (Figure 5A; 1n 1-8) or poly dI/dC (Figure 5B; 1n 1-8).
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Although the overall gel retardation pattern observed for the H3-A probe was
different from that obtained with the H4-A probe, a fast migrating subband
(A-band) was seen, which in position and relative intensity corresponded with
the shifted A-band of probe H4-A. These results are consistent with binding
of the A-band protein to the 5' flanking sequences of both the H4 and H3 human
histone genes.

The similarity of the proteins that bind to both the H4-A and H3-A
promoter probes to produce the A-bands is further suggested by the following
observations: (I) the binding of the protein to the H3-A and H4-A probes is
impaired in the presence of poly dI/dC (Figure 5A and 5B, compare In 2, 3, 7
and 8); and (II) the protein binding to the H3-A probe co-elutes over two
different chromatography columns with the H4-A probe DNA binding protein
(compare Figure 3A, 1n 4 and 8, with Figure 5A, 1n 3 and 7).

Gel Retardation Assay Using Nuclear Extracts from Synchronized Cells

The possibility that the protein(s) binding to our probes would have a DNA
binding activity modulated at different stages during the cell cycle was
explored by preparing nuclear extracts of synchronized Hela cells at various
times after release from a double thymidine block. Both H3-A and H4-A probes
were incubated with identical increasing amounts of nuclear extract protein
derived from cells at lhr, 5 hr, and 10 hr after release, representing
respectively the onset of S phase, the peak of S phase and the mitosis + Gl
period. These results revealed that the protein(s) responsible for the fast
migrating A-band is extractable and detectable at all three time points
examined, indicating that the overall DNA binding activity of the protein(s)
is not tremendously altered during the cell cycle (data not shown). This
could suggest that the protein(s) might not be directly involved in early S
phase specific enhancement of histone mRNA transcription, but does not rule
out involvement of the protein in rendering the genes transcribable at a basal
level throughout the cell cycle. This result is consistent with in vivo data
obtained in our laboratory (U. Pauli, S. Chrysogelos, G. Stein, J. Stein and
H. Nick, manuscript submitted) that suggest the presence of several factors
bound to the H4 histone promoter in intact cells throughout the cell cycle.
Deletion Analysis Using the “Stairway Assay"

The question as to whether the protein(s) detected had affinity for
particular segments of the H3-A or H4-A probe was addressed by analyzing the
binding of protein fractions to probes that were progressively shortened from

either direction. The shortened probes were simultaneously analyzed in a
single polyacrylamide gel in the presence of increasing amounts of protein,
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giving a characteristic stairway pattern for both the probes and their
subbands ("stairway-assay"; see Materials and Methods).

In this approach, the H4-A probe was *’P-labelled at the 5' terminal Smal
site and small aliquots of the probe were digested with various restriction
enzymes. Electrophoresis of these smaller sized probes in the presence of
either crude nuclear extract or purified protein fractions (D200 or P1000)
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Figure 6: Restriction site deletion analysis of the H4-A probe using the gel
retardation assay. The H4-A probe is labeled at the 5' terminal Smal site
(panel B) or 3' terminal Banll site (panel A) (see text for details). Lower
panel: schematic drawings of the probe (see also Fig. 1B) when shortened by
the indicated restriction enzymes. A black star indicates the position of the
%2p 1abel. Panel A (In 1-5) and panel B (In 1-4): shortened probes and E.
coli DNA only (1 ug total DNA). Panel A (In 6-10) and panel B (In 5-8):
addition of 4 ug of D200 protein. The positions of the shifted probe A-band
are indicated by arrows (Al, A2, A3). The faint bands in panel B (1n 2-4) are
a result of incomplete restriction endonuclease digestion of the H4-A probe.
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revealed changes in the migration rates of the protein-DNA complexes as a
function of the probe size without visible loss in intensity of each subband
(designated Al, A2 and A3; Figure 6). More importantly, the absence of
specific gel bands upon removal of particular DNA sequences indicated that
some protein-DNA complexes could no longer be formed (Figure 6A and 6B, 1n 8).
The complex could still be formed when sequences at the 3' end of the H4-A
probe were deleted up to the Taql site (nt -130), removing all RNA polymerase
11 consensus sequences (TATA-; CAAT- and GC-box) (21); however the A-band was
no longer detected when sequences up to the Ddel site (nt -183) were removed
from the 3' end (Figure 6B, 1n 8).

Changes in the migration rates of DNA-protein complexes in the stairway
assay can be explained because the migration rate of such a complex is
dependent on the combined electrophoretic properties of the DNA probe and the
bound protein., The protein may contribute only to a limited extent to the
migration rate, especially in the case of subbands with a small retardation
with respect to the free probe. In this case, shortening of the DNA probe
will result in faster migration of the DNA-protein complex, although the
influence of the protein might become more important at each deletion step.

It is obvious from our results that it is not difficult to positively identify
the corresponding A-band DNA-protein complex for each probe size tested,
because no other retarded probe bands of comparable intensities are visible in
this region of the gel. As noted previously, we have also observed a slower
migrating DNA-protein complex (designated C) that is relatively independent of
the probe size.

The reciprocal experiment, in which the H4-A probe was labelled at the 3'
terminal Banll site, showed that the first 52 bp upstream of the Ddel site (nt
-183) were not required for binding. In addition, the Taql-BanIl fragment
containing only sequences downstream of the Tagql site (nt -134) did not
mediate binding (Figure 6A, 1n 8).

The shortest probe used in these experiments was a Smal/Ddel fragment
(48bp) that does not mediate formation of the A-band (Figure 6B, 1n 8). This
result is most likely not a reflection of only the probe size. Firstly,
because in the reciprocal experiment it has been shown that this fragment is
dispensible for formation of the A-band. Secondly, because binding of other
proteins to this fragment was observed when employing crude nuclear extracts
in the stairway assay (unpublished observations). Moreover, probe fragments
consisting of only 35bp have been found to be effective in the detection of
DNA binding proteins in the gel retardation assay (37). Because of these
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Figure 7: Restriction site deletion analysis of the H3-A probe using the gel
retardation assay. The H3-A probe is labeled at the 5' terminal Hpal site
(panel B) or 3' terminal HindIII site (panel A) (see text for details). Lower
panel: Schematic drawings of the probe (see also Fig. 1B) when shortened by
the indicated restriction enzymes. A black star indicates the position of the
32p 1abel. Panel A (In 1-5) and B (In 1-6): shortened probes and E. coli DNA
(1 ug total DNA) in the presence of 0.5 ug of P1000 protein; panel A {In 6-10)
and panel B (1n 7-12): same, but 1 ug P1000 protein added. The positions of
the shifted probe A-band are indicated by arrows (Al, A2,A3).

considerations and the observation that the data from this reciprocal assay
are compatible, we have localized a putative protein binding domain within DNA
sequences between the Ddel and Taql sites, located at positions -183 and -134
with respect to the H4 histone coding sequence.

The analogous experiment was performed with the H3-A probe labelled at
either the 5' terminal Hpal site or the 3' terminal Hind III site. The data
show clearly that DNA sequences upstream of the Thal site at -119 (Figure 7A,
1n 3) and downstream of the Hinfl site at -76 (Figure 7B, 1n 3) are dispen-
sable; yet a fragment containing only sequences downstream of an Avall site at
position -94 is no longer capable of binding (Figure 7A, 1n 4). This
establishes the putative protein binding domain in the H3-A probe between
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Figure 8: (Upper panel) DNA sequences of the restriction fragments of probe
H3-A and H4-A involved in binding of the A-band protein. The H4-A probe is
shown in inverted orientation to facilitate DNA sequence comparison between
the two probe segments. Lower case letters represent single-stranded
protruding ends resulting from restriction enzyme digestion. An arrow
pointing downstream in the H3-A sequence indicates the position of an Avall
site; a fragment containing only sequences from this site to the downstream
HindIII site (-21) does not mediate binding. (Lower panel) Alignment of 5'
flanking DNA sequences from several mammalian core histone genes showing a
homologous A/T rich DNA sequence. Underlined in the diagram are sequences
homologous to the CAAT-box (reviewed in 21). References: human F0108 H4 gene
(11; U. Pauli, unpublished data); human ST519 H3 gene (14); human H3 gene 5B,
human H3 gene 26H and mouse H3-2 gene (38). The human ST519 H3 gene is
largely identical to the human H3 gene 5B.

nucleotides -119 and -76, with a demonstrated requirement for sequences
located between -119 and -94.

Comparison of the DNA sequences within the H4-A and H3-A probes (shown in
Figure 8) resulted in the following observations. The DNA region apparently
involved in the formation of the fastest migrating DNA/protein complex
(A-band) of the H4-A probe has a strong bias for purine residues in the
sense(+) strand (43 purines in 50 nucleotides; see Figure 8). The H3-A DNA
segment shown to be involved in the formation of a similar complex does not
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Figure 9: DNase 1 footprint analysis of the H4-A probe sense strand. The
HZ-A probe was labeled at the 5' terminal EcoRI site (nt -241), incubated with
5 ug E. coli DNA in the presence of 25 ug (1n 2) or 50 ug (In 3) of
P1000-fraction and exposed to DNase I. Ln 1 and 4: DNase I alone. Ln M:
pBR322/Hpall marker (sizes are indicated by numbers at the left of the
figure). Bold arrows indicate the positions of Taq I and Dde I sites in the
H4-A probe. Fine arrows point to bands with decreased intensities when P1000
protein is present. Open bar indicates a generally A/T rich region.

(21 purines in 43 nucleotides). Notably, a stretch of 16 consecutive purines
(at position -41 to -56) in the H3 minus-strand, partially homologous to the
H4-A binding segment, can be removed without affecting the binding. Assuming
that the protein involved in this DNA/protein complex is identical in both
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cases, it seems unlikely that the factor binds to such purine-rich sequences.
DNA sequence comparison of the binding segments in the H4-A and H3-A probes,
however, shows remarkable homology of an A/T rich direct repeat in both probes
(5' dATTT(N4)ATTT; N = any nucleotide); albeit this homology is found on oppo-
site strands (see Figure 8). It seems unlikely that the protein has affinity
for random A/T rich sequences, since an upstream element in the H4-A probe (nt
-216 to -202) comprised of only dA/dT-residues does not mediate binding.
DNase I footprinting

In order to confirm the results obtained with the stairway assay, we have

performed DNase I footprinting experiments. DNase I-treated binding mixtures
containing the H4-A probe and P1000 protein were analyzed on a denaturing
polyacrylamide gel. We observed partial protection of at least three sites in
the region between nt -143 and -148 (+ 1 nt) (Figure 9, In 2 and 3), which
exactly corresponds with one half of the A/T rich direct repeat. Slight
intensity differences could also be observed on either side of the three main
protected bands in a generally A/T rich region extending from nt -136 to -160.
Short DNase I shielding patterns (6-9 nt) are not unusual and have, for
instance, been found for mouse a-protein (36). The partial protection
pattern, moreover, suggests that the A-band protein is present in limited
amounts in the binding reaction.

The observed DNase I protection pattern is compatible with DNase I
protection studies of chromatin in vivo, which show cell cycle independent
protection of a much broader region spanning nt -117 to -150 (U. Pauli et al,
manuscript submitted). Hence, the A/T rich direct repeat might constitute
part of a recognition site for the A-band protein.

CONCLUSION

We have detected and partially purified a nuclear DNA binding protein with
affinity for a segment within the functional promoter of a cell cycle
dependent human H4 histone gene (F0108). This factor shows no affinity for a
DNA fragment upstream of the H4 histone gene promoter. The protein binding
segment of the H4 gene (nt -183 to -134) lacks known RNA polymerase II
consensus sequences and is located in a region that has previously been shown
to contain cell cycle stage specific DNAse I and S1 hypersensitive sites (13).
In addition, we have partially purified a protein that binds to an upstream
segment (nt -119 to -76) within the in vivo promoter of a cell cycle dependent
H3 gene (ST519).

Both proteins appear similar, because they: (1) cause a comparable probe
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retardation, with respect to relative migration rates and intensities of the
shifted A-bands, in gel retardation assays; (II) are impaired in binding to
putative cognate sequences in the presence of the alternating copolymer poly
dI/dC, but not in the presence of E. coli DNA; (III) co-elute over both a
DEAE-Sephacel and a phosphocellulose chromatography column; (IV) have
comparable overall DNA binding activities at several times during the cell
cycle; and (V) recognize DNA segments in both the H3 and H4 histone promoters
that contain homologous A/T rich DNA sequences.

Taken together these data suggest that the two DNA binding factors are
identical. Therefore, we have designated the protein Histone promoter-
associated Nuclear Factor-A (HiNF-A) and propose that HiNF-A is a sequence-
specific DNA binding protein with a dA/dT rich consensus sequence.

The overall DNA binding activity of HiNF-A is not dramatically altered
during the cell cycle. This finding is most consistent with a possible role
for HiNF-A in the basal expression of cell cycle dependent H3 and H4 histone
genes, rather than in the cell cycle stage specific modulation of human
histone gene expression. Further studies on the characterization of the
protein, its DNA recognition sequence and possible function are in progress.
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