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Expression of the avian very-low-density apolipoprotein II (apoVLDLII) gene is completely dependent on
estrogen and restricted to the liver. We have identified binding sites for nonhistone nuclear proteins located
between -1.96 and -2.61 kilobases. One of these sites, located at -2.6 kilobases (designated site 1), was found
to span an MspI site that becomes demethylated between days 7 and 9 of embryogenesis, the stage of
development at which competence to express the apoVLDLII gene begins to be acquired. Levels of the factor(s)
involved were high at day 7 of embryogenesis, decreased two- to threefold by days 9 to 11, and continued to
decline more slowly until hatching. Furthermore, the mobility of the complex formed underwent a well-defined
shift between days 11 to 13 of embryogenesis. Methylation interference studies showed that modification of the
outer guanosines of the MspI site resulted in marked inhibition of the formation of the protein-DNA complex.
Competition studies, fractionation of nuclear extracts, and tissue distribution indicated that the factor was not
the avian homolog of hepatocyte nuclear factor 1, nuclear factor 1, or CCAAT/enhancer-binding protein
(C/EBP). However, site 1 could compete for binding to an oligonucleotide, previously shown to be recognized
by C/EBP, in a nonreciprocal fashion. These studies demonstrate that the sequence recognized by the protein
includes a C/EBP consensus sequence but that elements in addition to the core enhancer motif are essential for
binding.

Expression of genes that are regulated by steroid hor-
mones, particularly the sex steroids, displays a tissue spec-
ificity that may be restricted to an individual cell type, even
though the appropriate receptor may be present in additional
tissues (reviewed in reference 3). In the case of the estrogen
and progesterone receptors, unlike other members of the
nuclear receptor superfamily, such as those for thyroid
hormone, there is no indication of the existence of tissue-
specific receptor types. This suggests that developmentally
programmed differences in chromatin structure or the avail-
ability of trans-acting factors in addition to the receptor itself
dictate the tissue specificity, and possibly efficiency, with
which a particular hormonally responsive gene is expressed
(36). In most cases, the extent to which tissue specificity of
expression depends on the concerted effects of the receptor
and other trans-acting factors or on the presence of cis-
acting sequences in addition to the hormone response ele-
ment has not been established. The estrogen-dependent
activation of genes encoding major egg proteins provides a
complex but experimentally accessible model with which to
investigate the contribution that each of these mechanisms
may make in determining tissue specificity.

In birds, transcription of the major yolk protein genes, for
example, those specifying the vitellogenins and very-low-
density apolipoprotein II (apoVLDLII), is strictly limited to
the liver and completely dependent on estrogen (41). In the
case of the apoVLDLII gene, the liver does not begin to
display the ability to express the gene in response to treat-
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ment with estrogen until sometime between days 7 and 9 of
embryogenesis, whereas the ability to activate expression of
the vitellogenin genes is not acquired until 2 to 3 days later
(11, 16, 18). Although dormant in roosters, chicks, and
embryos, these genes can be activated in birds of either sex
without a requirement for DNA replication (25). Despite this
fact, the liver displays a propagatable, estrogen-priming
effect that is reflected by a long-lasting alteration in the
kinetics with which the genes respond to restimulation with
the hormone (10, 15, 17, 26, 30).

Analyses of overall nuclease sensitivity and nuclear ma-
trix association support the suggestion that the egg white and
yolk protein genes are differentially segregated into either
inactive or poised chromatin in the liver or oviduct, depend-
ing on the tissue in which they are activatable. However,
analyses of the spectrum of nuclease-hypersensitive sites in
and around both the viteilogenin and apoVLDLII genes
indicates that the genes are marked in the tubular gland cells
of the oviduct by a subset of the sites that are present in the
liver (8, 20, 27). The accessibility of these sites suggests that
the lack of activation of the genes in the oviduct may not
simply be attributable to their sequestration in heterochro-
matin but may also be the consequence of either the absence
of tissue-specific factors that are required for expression or
the presence of negative regulators that prevent activation.
We have screened approximately 5 kilobases (kb) of the

5'-flanking region of the apoVLDLII gene for the presence of
specific binding sites for nonhistone nuclear proteins. These
studies have revealed protein interactions with a region
extending from 2.0 to 2.6 kb upstream of the major transcrip-
tional initiation site of the gene. Some of the factors that bind
to this region are present in both liver and oviduct. How-
ever, one of the binding sites detected is recognized by a
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factor, or factors, present in liver that displays a restricted
tissue distribution. The DNA sequence involved contains
inverted copies of core enhancer sequences (40). It also
includes an MspI site that we have shown previously to
become demethylated at the stage of development during
which the liver begins to display competence to express the
apoVLDLII gene (11). The studies presented also demon-
strate that (i) the protein(s) binding to this site is not the
avian homolog of previously characterized mammalian
DNA-binding proteins that recognize related sequences,
such as CCAAT/enhancer-binding protein (C/EBP) (24),
nuclear factor 1 (NF-1) (6, 7, 29), and hepatocyte nuclear
factor 1 (HNF-1) (14); (ii) although the protein involved is
not C/EBP, the site competes in a nonreciprocal fashion with
a sequence known to bind C/EBP; (iii) the expression of a
protein(s) binding to the site changes markedly during em-
bryogenesis; and (iv) the MspI site itself is intimately in-
volved in the interaction between protein and DNA.

MATERUILS AND METHODS

Isolation and labeling of DNA fragments. DNA from the
5'-flanking region of the ApoVLDLII gene was subcloned as
an EcoRI fragment of 5.4 kb into pBR322. The fragment
spanned from 800 nucleotides downstream of the major
transcriptional start site to 4.6 kb upstream. DNA fragments
described here were subcloned from this initial fragment.
Oligonucleotides were synthesized by K. V. Deugau, using
the phosphoramidite procedure and a Biosearch 3700 auto-
mated synthesizer, and were purified by thin-layer chroma-
tography (1). Fragments and oligonucleotides used for bind-
ing and exonuclease III mapping were labeled at their 5' ends
with polynucleotide kinase and [y-32P]ATP. All fragments
and oligonucleotides were made flush ended by fill-in syn-
thesis with the Klenow fragment of Escherichia coli DNA
polymerase before use.

Preparation of protein extracts. Crude nuclear extracts of
nonhistone proteins were prepared from liver and oviduct by
micrococcal nuclease digestion and extraction with 0.3 M
NaCl or by extraction of intact nuclei with 0.4 M KCl
essentially as described previously (6, 31). An additional
40% (wt/vol) ammonium sulfate precipitation was introduced
to minimize nuclease contamination that was most apparent
in liver preparations. In some cases, extracts were purified
further by chromatography on reactive orange 14 agarose
columns prepared as described previously (5). Proteins were
eluted with step or linear gradients ranging from 0.1 to 1.0 M
in NaCl.

Filter binding assays. Filter binding assays were carried
out essentially as described by Riggs et al. (32). Various
quantities of protein extracts (specified in the figure legends)
were preincubated for 30 min at 4°C in 100 ,ul of buffer
containing N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES; pH 8.3, 10 mM), NaCl (100 mM), MgCl2 (10
mM), dithiothreitol (2 mM), bovine serum albumin (50
,ug/ml), and Alul-digested E. coli or pBR322 DNA (2 ,ug/ml).
Labeled DNA fragments with flush ends (20 ng) were then
added to the mix, and incubation continued for an additional
30 min. The mixture was then filtered through BA85 nitro-
cellulose filters (Schleicher & Schuell, Inc.). DNA fragments
bound to protein that were selectively retained were eluted
by vigorous shaking of the filter for 1 h at 37°C in digestion
buffer containing Tris (pH 8.0, 50 mM), EDTA (10 mM),
NaCl (50 mM), sodium dodecyl sulfate (0.25%), and protein-
ase K (200 pug/ml). The eluate was extracted with phenol-
chloroform, and the DNA was precipitated with 2.5 volumes

of ethanol. Fragments were analyzed on polyacrylamide gels
(5%) run in Tris-borate buffer (pH 8.3) containing Tris (100
mM), borate (100 mM), and EDTA (2 mM).

Gel electrophoresis mobility shift assays. Incubation of
end-labeled DNA fragments with nuclear extracts was per-
formed as described for the filter binding assays, with
incorporation of the following modifications. Incubations
were carried out in 25 ,ud containing 0.5 ng of DNA fragment
(specific activity, 9,000 to 12,000 cpm/ng). Assays using
oligonucleotides were carried out in 25 ,ul containing 25 mM
HEPES (pH 8.0), 12.5 mM MgCl2, 100 mM KCI, 20%
glycerol, and 2 mM dithiothreitol with 2.5 fmol of oligonu-
cleotide (specific activity, 2 x 106 to 3 x 106 cpm/fmol) and
a 1,500-fold excess of poly(dI-dC). Band shifting assays (19)
were carried out by using polyacrylamide gels of various
percentages that had been cast in Tris-acetate buffer (pH 7.2)
containing Tris (20 mM), sodium acetate (10 mM), and
EDTA (2 mM). Before use, the gels were preelectrophoresed
for 1 h at 80 V. Electrophoresis was carried out at 80 V for
periods ranging from 2 to 4 h. Gels were then dried and
subjected to autoradiography.

Methylation interference experiments. Methylation inter-
ference was carried out as described by Sen and Baltimore
(37). End-labeled DNA was partially methylated by dimethyl
sulfate for 3 min at room temperature. Preparative binding
reactions were carried out as described above, scaled up
10-fold. Free and bound DNA fragments were separated on
a deionized 6% polyacrylamide gel, using the buffer condi-
tions stated above. After electrophoresis, the gel was
wrapped in plastic wrap and exposed to Kodak XAR-5 for 3
h at 4°C. The autoradiograph was used to locate bound and
free fragments, which were then excised and electroeluted
for 2 h to recover the DNA. Electroeluted DNA was
incubated with proteinase K overnight (1 mg/ml) and then
extensively extracted with phenol and chloroform, followed
by ethanol precipitation. After cleavage with piperidine and
lyophilization, the products were separated on a 15% poly-
acrylamide gel containing 8 M urea and subjected to autora-
diography.

RESULTS

Screening for protein-binding sites in the 5'-flanking region
of the apoVLDLH gene. Screening was carried out initially on
a 5.4-kb EcoRI fragment extending 4.6 kb upstream of the
major start site of the gene that also included the first exon
and 800 nucleotides of the 5'-proximal intron. Binding stud-
ies were performed with liver extracts from normal day 17
embryos as well as from embryos that had been treated with
estrogen for 48 h before sacrifice. The extracts were pre-
pared either by salt extraction of intact nuclei with 0.4 M
KCl or by micrococcal nuclease digestion to solubilize
approximately 20%o of the DNA, followed by extraction with
0.3 M NaCl. Various amounts of protein were incubated
with end-labeled fragments from a Hinfl digest of plasmid
5.4/pBR322, which contained the 5.4-kb fragment inserted at
the EcoRI site. This digest generated a total of 22 fragments,
12 of which were derived from the original cloned fragment.
Because of the complexity of the mixture, filter retention
assays were used as a preliminary method of screening. One
fragment in the mixture was preferentially bound by all
extracts. Restriction mapping and sequencing demonstrated
that the fragment spanned the region between base pairs (bp)
-2824 and -1959 relative to the major transcriptional initi-
ation site of the gene. This region includes the 5'-flanking
MspI site that is demethylated during embryogenesis.

VOL. 10, 1990



156 HOODLESS ET AL.

Filter binding assay

r erl fvarP
bcs-4K EC.CA'IeT1 raC0

M T 1 0234 5

..ay 'I 7 liver
' N

4 4

Gel retardation
assay

r- :au %- ";t
SAI . LTsAsa1 xt 5ac:
"If2345

SH!;_} Ctvnf.

O4

V
6.5 .gW Ii

2 ~!-W ad!

FIG. 1. Localization of protein binding to a region between 2.6 and 2.0 kb upstream of the transcriptional initiation site. The Hinfl
fragment spanning the region between -2824 and -1959 bp was digested with MspI, and the ends of the fragments were filled in, generating
two fragments of approximately 650 and 250 bp (lane T). The ability of nuclear proteins to bind these fragments was assayed by filter binding
or gel mobility shift assays. Nuclear proteins were either salt extracted from hen liver and oviduct nuclei or extracted after micrococcal
nuclease digestion (M.N.) of embryonic liver nuclei from normal day 17 embryos (u) or from embryos treated with estrogen 48 h before
sacrifice (s). Each assay contained 5 ng of labeled DNA fragments, 100 ng of AluI-digested pBR322, and the amount of nuclear protein
indicated (in micrograms) above each lane. Lane M, Hinfi-digested pBR322 markers.

To determine whether we could localize binding to one
side or the other of the MspI site, the fragment was digested
with the enzyme and the ends of the two subfragments were
filled in. They were then used for filter retention and gel
retardation assays carried out with extracts from both liver
and oviduct. Protein binding appeared to selectively take
place on the larger of the two fragments (Fig. 1). No
difference in binding ability could be detected between
extracts from liver or oviduct nor was any dependence on
the hormonal status of the bird apparent. However, under
the initial conditions used for the gel retardation assay, the
bound fragment was completely retained at the origin of
electrophoresis, raising the possibility that it contained mul-
tiple protein-binding sites.

Exonuclease III mapping was carried out on a series of
fragments spanning from a DdeI site at -2667 to the Hinfl
site at -1959. Using this approach, we were able to tenta-
tively identify boundaries of several binding sites. The
mapping of one of these sites, designated site 1, indicated
that it spanned the MspI site at -2592. On the downstream
side of the site, strong exonuclease III stops were detected
35 and 24 nucleotides from the MspI recognition sequence.
Mapping of the upstream boundary produced a more com-
plex pattern of stops that showed a marked dependency on
protein concentration, possibly with a consequence of pro-
tein stacking on the DNA. However, at low protein concen-
tration, two strong stops were detected: one 5 to 6 nucleo-
tides upstream of the MspI site and the other 17 nucleotides
downstream. Both of these boundaries occurred at a GG
doublet within two copies of the sequence TGGT. The
sequence of the site and the positions of the upstream and
downstream boundaries are shown in Fig. 2A. A particularly
notable feature of the site was the presence of inverted
copies, spaced 10 nucleotides apart, of the sequence TG
GTTTG. Each of these elements had only one mismatch with

the core enhancer sequence, TGTGG ITTG (40). In addition,
elements within the site displayed similarities to other se-
quences recognized by previously characterized trans-acting
factors (Fig. 2A).

Tissue specificity of binding to site 1. To examine the
specificity of binding to site 1 in greater detail, an oligonu-
cleotide corresponding to the sequence shown in Fig. 2A
was synthesized and used in gel retardation assays, initially
with nuclear extracts from both liver and oviduct (Fig. 2B).
Although no differences in binding could be demonstrated
when the complete 650-nucleotide fragment was used, there
was a marked difference in the ability of extracts from the
two tissues to bind to the oligonucleotide. The liver extracts
formed readily detectable amounts of a single complex. In
contrast, binding could be detected with the oviduct extracts
only after prolonged exposure of the autoradiograph. This
revealed very low levels of two distinct complexes, one of
which had a mobility similar but not identical to that of the
complex detected with liver extracts.
A clearer comparison of the complexes formed with

extracts from the two tissues was obtained when both were
fractionated by chromatography on reactive orange 14 col-
umns. Two complexes (numbered 1 and 2 in Fig. 3) could be
detected in fractions containing peak binding activity from
both extracts. However, the liver extracts formed complex 1
almost exclusively, whereas oviduct extracts formed very
small amounts of both complexes.
The oviduct was chosen for initial comparisons of binding

to site 1 because of the coordinate manner with which both
tissues respond to estrogen. These analyses were subse-
quently extended to blood, brain, and kidney. The levels of
binding were markedly lower in both blood and brain than in
liver, whereas kidney nuclear extracts displayed binding
activities that approached hepatic levels. However, in all
cases the mobility of the complex formed was indistinguish-
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FIG. 2. (A) Sequence similarities between site 1 and the se-
quences recognized by previously described nuclear factors. Se-
quences of both strands of site 1 are shown, with the regions of
similarity indicated as follows. Two inverted copies of a C/EBP core
recognition sequence are indicated by square brackets. Mismatches
are noted, with the consensus nucleotide located within the brack-
ets. Two half-sites for an NF-1-binding site with a 7-nucleotide
separation are underlined. Mismatches are again indicated, with the
consensus nucleotide marked under the site. The diagram also
shows an 8-nucleotide homology to an HNF-1-binding site (under-
lined) found upstream of the csl-antitrypsin gene. Upstream (lower
strand) and downstream (upper strand) boundaries determined by
exonuclease III mapping (not shown) are indicated by arrows. (B)
Binding of liver and oviduct nuclear extracts to synthetic site 1
DNA. End-labeled site 1 (10,000 cpm; 60 to 70 pg) was incubated
without nuclear protein (blank) or with 1.0 ,ug of an extract from
normal rooster liver (control), rooster liver treated with estrogen 48
h before sacrifice (stimulated), laying hen liver, rooster liver treated
with estrogen 2 weeks before sacrifice (withdrawn), or oviduct. A
1,500-fold weight excess of poly(dI-dC) was added as a nonspecific
competitor to each assay. Samples were then analyzed by gel
mobility shift as described in Materials and Methods.

able from that observed with oviduct extracts and slightly
slower than that obtained with adult liver (Fig. 4).
Comparison of site 1 binding specificity with specificities of

previously identified mammalian and avian DNA-binding pro-
teins. As pointed out above, the oligonucleotide correspond-
ing to site 1 contains two motifs that are very similar to viral
enhancer core sequences. A protein termed C/EBP has been
detected in mammalian liver and very recently in several
additional tissues (4). C/EBP has been shown to bind to the
core sequences of several viral and cellular enhancers that

r-u, ,-.
"'wT-fr DNA

FIG. 3. Comparison of site 1 binding activity in liver and oviduct
extracts fractionated by reactive orange 14 chromatography. (A)
Nuclear extract from estrogen-treated rooster liver was fractionated
on a reactive orange 14 column and assayed for binding to site 1, as

described in the legend to Fig. 2. Assays contained no protein (lanes
1 and 18), 1.2 ,ug of crude nuclear extract (lanes 2 and 17), or 5 ,u
(<0.4 ,ug of protein) of column fractions from flowthrough (lanes 3 to
5), 0.1 M KCI wash (lanes 6 to 8), 0.5 M KCl wash (lanes 9 to 15),
and 1.0 M KCl wash (lane 16). (B) Nuclear extract from oviduct was
fractionated and assayed as described above. Assays contained no

protein (lane 1), 1.0 ,ug of crude extract (lane 2) or 5 p.l of column
fractions (0.1 to 1.0 pug of protein) from flowthrough (lanes 3 to 5),
0.3 M KCl wash (lanes 6 to 9), 0.5 M KCl wash (lanes 10 to 13), or

1.0 M KCl wash (lane 14).

contain variations of this core enhancer sequence (12, 24).
Site 1 also contains motifs that are similar to sequences
shown to interact with members of the NF-1 family. For
example, the site contains repeats of the pentanucleotide
TGGTA similar to the TG'CA elements found in the NF-
1-binding site flanking the chicken lysozyme gene (6). In
addition, a liver-specific protein, HNF-1, has been shown to
bind to sites in the promoters of several mammalian genes
that display liver-specific expression (14, 22). More recently,
evidence has been presented that it may also interact with
the enhancers of at least some of these genes (35). One of the
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FIG. 4. Tissue distribution of site 1 binding activity. Nuclear
proteins extracted from kidney, liver, day 9 embryonic liver, brain,
blood, and oviduct were assayed for site 1 binding activity by gel
mobility shift as described in the legend to Fig. 2. The amount of
protein used in each assay was the amount obtained from 2 x 106
nuclei.

HNF-1-binding sites, in the 5'-flanking region of the o1-
antitrypsin gene, also shares sequence motifs with site 1 and
displays a similarity to the NF-1 consensus sequence

TGGN7ACC (38).
The possibility that site 1 was a binding site for the avian

homolog(s) of one or more of these previously characterized
proteins was examined by competition experiments between
the site 1 oligonucleotide and sequences known to be binding
sites for NF-1 (chicken lysozyme gene [6]), HNF-1 (beta
fibrinogen [13]), and C/EBP (murine sarcoma virus [MSV]
long terminal repeat [LTR] [24] and a sequence used by
Vinson et al. for the direct cloning of murine C/EBP [39]).
Examples of competition experiments are shown in Fig. 5.

Binding to the NF-1 site was analyzed in the presence of
up to a 500-fold excess of cold site 1 oligonucleotide (Fig.
SA). No competition was detected by this or reciprocal
experiments in which the site 1 oligonucleotide was labeled.
Similar experiments with the HNF-1-binding site also re-

vealed no relationship with the protein(s) binding to site 1
(data not shown). Results of subsequent methylation inter-
ference experiments described below were also inconsistent
with the binding being attributable to HNF-1. However, the
results obtained with the C/EBP-binding sites were more

complex.
Since the C/EBP-binding site identified in the MSV LTR

was so similar to two elements in site 1, we first compared
the levels of binding detected with this oligonucleotide in
both liver and oviduct in the absence of competition. In
contrast to the results obtained with site 1, the levels of
binding were severalfold higher in the oviduct than in the
liver, suggesting that binding to site 1 was not attributable to
C/EBP. Results of experiments in which site 1 was labeled
and binding was carried out with an excess of each of two

oligonucleotides known to bind to C/EBP, one from the
MSV LTR and another used in the direct cloning of murine
C/EBP (39), were also consistent with this conclusion. These
experiments revealed no evidence of competition even at
levels 10-fold higher than those which were adequate to
reduce binding to below the limits of detection when site 1
itself was used as a competitor (Fig. SB). However, a
reciprocal experiment in which the C/EBP site from the
MSV LTR was labeled and site 1 was used as a competitor
indicated that site 1 could compete effectively for proteins
binding to the MSV site (Fig. 5C). A 50-fold excess of site 1
competed for approximately 90% of the binding to this
sequence. This efficiency of competition was essentially the
same as that observed between labeled and unlabeled C/
EBP-binding sites.

Developmental profile of expression of site 1 binding activ-
ity. In view of the demethylation of the MspI site that takes
place between days 7 and 9 of embryogenesis and the
increased ability to express the apoVLDLII and vitellogenin
genes that occurs subsequently, we analyzed the levels of
site 1 binding activity in embryonic liver from days 7 to 20.
Figure 6A compares the levels of binding observed per
microgram of protein in each extract (lanes 2 to 7). The
levels of binding were highest at day 7. They decreased
approximately twofold by day 9 and declined more slowly
thereafter. All of the embryonic extracts displayed higher
levels of binding than were detected with adult liver extracts,
the difference in levels between day 7 and adult liver being 8-
to 10-fold. In addition to alterations in the level of binding,
the mobility of complex 1 displayed a slight but quite
discrete increase in mobility that took place between days 11
and 13 of embryogenesis and persisted at all later stages of
development. Comparison of the mobility of the complex
formed with nonhepatic extracts, using oviduct as an exam-
ple, indicated that it was identical with that of the complex
detected in the liver before day 13 (Fig. 6A).

Since site 1 displayed the potential to compete with the
C/EBP-binding site of the MSV LTR, we carried out a
second analysis to determine whether the proteins binding to
both sites were coordinately regulated during development.
The results indicated that protein(s) binding to the MSV
LTR sequence displayed a similar but not identical profile of
expression (Fig. 6B). As with binding to site 1, the levels of
binding to the MSV LTR site decreased severalfold during
embryogenesis. However, the profile was distinct from that
for binding to site 1 in two respects: (i) levels of binding
remain high from days 7 through 11, declining two- to
threefold between days 11 and 13, and (ii) the mobility of the
complex remained constant throughout embryogenesis. A
similar analysis using an NF-1-binding site (data not shown)
gave a constant level of binding throughout embryogenesis.

Identification of elements required for binding. The two
downstream boundaries detected by exonuclease III map-
ping were located at 5' and 3' ends of the downstream
C/EBP-like binding element. An upstream boundary was
also detected between the two elements. To determine
whether both upstream and downstream elements were
required for the binding activity observed, the oligonucleo-
tide was asymmetrically labeled and digested with BglIH and
the fragments were either filled in or trimmed with S1
nuclease. This generated two labeled upstream fragments,
one of which lacked the 3'-terminal G of the upstream
element after S1 treatment and the other of which included
this residue plus 3 nucleotides on the 3' side of it. Both
fragments were purified by electrophoresis and used for gel
retardation assays (Fig. 7). Essentially no diminution in
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FIG. 5. Competition binding of site 1 with an NF-1-binding site and site 1 with two C/EBP-binding sites. (A) Partially purified liver nuclear
extract was incubated with a labeled NF-1-binding site in the absence (lanes 2 and 13) or presence of increasing amounts (indicated) of
unlabeled NF-1-binding site (lanes 3, 5, 7, 9, and 11) or unlabeled site 1 (lanes 4, 6, 8, 10, and 12). (B) Crude liver extract from a 48-h
estrogen-treated rooster was incubated with labeled site 1 in the absence (No Comp) or presence of 20, 100, 200, 1,000, and 2,000 fmol of
unlabeled site 1, EBP (C/EBP site from the MSV LTR [23]), and C/EBP (39). (C) Crude estrogen-treated liver extract (Stim) and oviduct
extract (Ovid) were incubated with labeled C/EBP-binding site from the MSV LTR in the absence (No Comp) or presence of 25, 100, and 500
fmol of unlabeled site 1.

binding to the fragment that had been filled in was detected.
Furthermore, the complex formed with this fragment dis-
played the same differences in mobility when extracts from
liver and oviduct were compared. In contrast, binding to the
fragment that had been treated with S1 was severely re-
duced.

The upstream half of the binding site was also used to
examine the possibility that the inability of the C/EBP
oligonucleotide, which contained a single core sequence, to
compete with intact site 1 was attributable to cooperativity
between the two C/EBP-like elements present. The results of
competition experiments with the upstream half of the site

% .4
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FIG. 6. (A) Developmental profile of site 1 binding activity.
Embryonic liver nuclear extracts (1.0 ,ug) from days 7 (lane 2), 9
(lane 3), 11 (lane 4), 13 (lane 5), 17 (lane 6), and 20 (lane 7) were
assayed for site 1 binding activity as described in the legend to Fig.
2. Oviduct (lane 8) and rooster liver (lane 9) were also assayed for
comparison. (B) Developmental profile of binding to the MSV LTR
C/EBP site. The extracts used in the first six lanes correspond to the
extracts used in lanes 2 to 7 in panel A. Binding was also examined
with extracts (1.0 ,ug) from a day 20 embryo stimulated with
estrogen at day 18 (Day 20S), adult rooster liver (Cont), estrogen-
treated rooster liver (Stim), hen liver (Hen), rooster liver 2 weeks
after hormone withdrawal (Withdr), and oviduct (Ovid).

did not differ significantly from those obtained previously
with the whole site (data not shown). This finding supports
the conclusion that cooperativity between the C/EBP core
elements cannot explain the nonreciprocal competition data
and suggests that sequences, in addition to a single copy of
this element, are required to define tissue-specific binding to
site 1.

In view of the differences in mobility between complexes
formed with adult liver extracts and extracts from early
embryonic liver and nonhepatic tissues, we used methyla-
tion interference experiments to probe for alterations in
DNA-protein contacts that would be indicative of a change
in the conformation or composition of the protein moiety of
the complex. Interference experiments were carried out first

0 0

N 0

1 2 3 4 5 6 7 8 9 10

FIG. 7. Identification of elements essential for site 1 binding
activity. Site 1 was asymmetrically labeled at the 5' end of the upper
strand. The oligonucleotide was digested with BglII, and the over-
hanging nucleotides were either removed with Si nuclease or filled
in with Klenow fragment. Nuclear extracts (1.0 ,ug) from normal
embryonic day 20 liver (Day 20C), estrogen-treated embryonic day
20 liver (Day 20S), laying hen liver (Hen), oviduct (Ovid), and
rooster liver partially purified by reactive orange 14 chromatography
(no. 26) were assay for the ability to bind the Klenow-treated (lanes
1, 3, 5, 7, and 9) or the Si-treated (lanes 2, 4, 6, 8, and 10) BglII
fragment.

with an extract from normal rooster liver that had been
partially purified by chromatography on a reactive orange 14
column. Methylation of the outer G residues of the MspI
recognition sequence caused a marked interference with
protein binding (Fig. 8A). Methylation of the guanine resi-
dues in the TGGT motif of the upstream core enhancer
sequence also reduced binding, although to a lesser extent.
In contrast, methylation of an identical tetranucleotide be-
tween the two core enhancer sequences resulted in increased
binding. No interference with binding was detected after
methylation of G residues in the downstream enhancer core
sequence, consistent with the results obtained after separa-
tion of the two elements by digestion with BglII. When
similar experiments were carried out with crude liver ex-
tracts from hens, no differences in interference patterns were
detected between the crude and partially purified extracts.
Comparable experiments were carried out with extracts
from day 7 embryonic liver and kidney. These extracts gave
very similar results. An example using day 7 embryonic liver
is shown in Fig. 8B. The only differences detected between
these extracts and those from adult liver were a lack of
enhancement in binding when the GG doublet between the
core enhancer sequences was methylated and a decrease in
the extent of interference as a consequence of methylation of
the upper-strand outer G residue of the MspI site. No
contact points were detected in the downstream core se-
quence with any of the extracts tested.

DISCUSSION

The ability to activate the apoVLDLII gene in response to
estrogen provides the earliest detectable indication that the
liver has acquired the competence to express at least one of
several major yolk protein genes that would normally remain
dormant until the onset of vitellogenesis in the hen. The
competence to express the apoVLDLII gene and other
members of this group, such as the vitellogenin genes, as
well as the extent to which they respond, has been correlated
with increases in the hormone-dependent inducibility of the
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FIG. 8. Methylation interference of protein binding to site 1. (A) Analysis with partially purified rooster liver extract of the ability of

methylation to interfere with protein binding to site 1. Partially methylated site 1 labeled on either the upper or lower strand (lanes S) was

incubated with protein. Free (lanes F) and bound (lanes B) DNA was separated by gel mobility shift. Symbols: 0, methylated guanosines
showing marked interference with protein binding; A, reduced binding; 0, enhanced binding. (B) Methylation interference assay with laying
hen liver and embryonic day 7 liver nuclear extracts, performed as described above. (C) Sequence of site 1 indicating points showing
methylation interference and enhancement of protein binding as indicated above.

hepatic estrogen receptor (16, 17). Induction of the receptor
is first detectable at approximately days 9 to 10 of embryo-
genesis (16, 17, 21). The extent to which it can be induced
then increases markedly during later stages of development.
Thus, the developmental stage at which individual genes can

be activated, and their levels of expression, could simply be
a function of the competence of the liver to express estrogen
receptor and a reflection of its relative affinities for individual
estrogen response elements. However, previous analyses of
DNase I-hypersensitive sites (20, 27) and methylation pat-
terns (11) upstream of the 5' end of the apoVLDLII gene
have revealed developmental alterations in chromatin struc-
ture that take place after day 7 of embryogenesis and that
extend at least 3.0 kb upstream of the 5' end of the
apoVLDLII gene. These changes occur in the absence of
activation of the gene by estrogen. They raise the possibility
that developmentally programmed alterations in expression
of factors required for efficient transcription of the gene, in
addition to the receptor, could also be taking place during
this period.
The fragment to which binding was detected with crude

nuclear extracts from both liver and oviduct begins approx-
imately 100 to 150 nucleotides upstream of a liver-specific
DNase I-hypersensitive site at approximately -1.8 kb. This
site is very prominent in rooster liver but is not detectable in
day 7 embryos (20). The region extends upstream to the
MspI site at -2592. It is probable that this fragment was
detected in the initial screen with extracts from both liver
and oviduct because of the presence within it of multiple
protein-binding sites. In addition to specific protein binding
to the region around the MspI site, at least two other sites,
which will be described elsewhere, were detected by exonu-
clease III mapping. Factors binding to these sites are present
in both liver and oviduct and account for the lack of tissue
specificity observed when the intact 650-nucleotide fragment
was used.
We were particularly interested in protein binding to the

region around the MspI site because of the temporal corre-

lation between demethylation of this site and acquisition of
the ability to activate the apoVLDLII gene. The boundaries
detected by exonuclease III mapping of site 1, together with
particular features of its sequence, suggested that it could

0
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contain closely linked or overlapping recognition sequences
for several enhancer- or promoter-binding proteins that have
been shown to be present at relatively high levels in liver,
including NF-1, HNF-1, and C/EBP. Of these proteins, only
NF-1 has been characterized in birds (33). Members of the
NF-1 family have been shown to bind to steroid-independent
enhancers of the chicken lysozyme and ovalbumin genes (6)
as well as to the promoters and enhancers of several mam-
malian genes that are expressed in liver (23, 28). Although
NF-1 is not restricted to the liver, the liver has been reported
to be a relatively rich source of the protein (33). In contrast,
HNF-1 does appear to be liver specific, and binding sites for
this protein have been characterized in the promoters of a
number of mammalian genes that are expressed selectively
in hepatocytes (13, 22). More recently, a protein designated
AFP-1 that recognizes the HNF-1 core binding sequence has
also been shown to interact with sites in both the mouse AFP
enhancer and promoter (35). Whether AFP-1 and HNF-1 are
the same protein has not been determined.

Despite the presence of elements within site 1 that are
very similar to sequences recognized by both NF-1 and
HNF-1, competition assays with specific oligonucleotides
indicate that the factor we have detected has no significant
affinity for binding sites known to be recognized by these
proteins. As will be described elsewhere, chromatography
on reactive orange 14 also physically separates the protein
binding to site 1 from those which bind to NF-1 and HNF-1
sites.
The site we have described has two opposed copies of

elements that display a high degree of homology with core
sequences recognized by C/EBP and other enhancer-binding
proteins. C/EBP was first identified in rat liver nuclear
extracts by its ability to bind to several viral enhancer
sequences (24). More recently, a number of sites in the
promoters and enhancers of liver-specific genes have been
identified that compete for C/EBP binding and interact with
a protein that, like C/EBP, resists heat denaturation (12, 23).
It has been suggested that the protein detected by these
analyses is either C/EBP or a member of a C/EBP-like
family.

Several lines of evidence presented here indicate that the
binding activity we describe is not attributable to C/EBP: (i)
fractions from a reactive orange 14 column that contain the
peak of site 1 binding activity display little or no binding to
a C/EBP-binding site from MSV, (ii) in contrast to the factor
binding to site 1, the factor binding to the C/EBP oligonu-
cleotide is present in the oviduct at concentrations several-
fold higher than in the liver, and (iii) the developmental
regulation of the factor(s) binding to site 1 is distinct from
that of proteins binding to a known C/EBP-binding site. In
experiments not described here, we have also determined
that the thermostability of the factor(s) binding to site 1
differs from that reported for C/EBP.
Although the evidence presented indicates that the factor

we have identified is not the avian homolog of C/EBP, the
site to which it binds can clearly compete with a known
C/EBP-binding site, despite the fact that the reverse is not
the case. In a very recent study, a heat-resistant avian factor
was identified in crude liver nuclear extracts that binds to a
number of mammalian C/EBP sites as well as closely related
sites in the LTRs of avian retroviruses (34). The protein
involved has been identified as the presumptive avian ho-
molog of rodent C/EBP. The consensus core binding se-
quence that has been proposed for this protein is a perfect
match for the upstream element in site 1. Interestingly,
binding of this avian protein to the LTR of Rous sarcoma

virus was found to involve two inverted core sequences
spaced 11 nucleotides apart, an arrangement that is very
similar to that of site 1. However, as far as binding that we
detect by gel retardation assays is concerned, methylation
interference studies and gel retardation assays with the 5'
half of site 1 indicate that only the upstream core sequence is
involved. That the entire core sequence comprises an inte-
gral part of the site is supported by the fact that removal of
the 3'-terminal G residue abolishes binding.

Results of methylation interference assays indicate that
the site recognized by this factor also extends several
nucleotides upstream of the 5'-terminal T residue of the
enhancer core sequence to include the outer G residues of
the MspI-binding site. A similar dependence on upstream
nucleotides was observed during studies on cell-type-specif-
ic protein interactions with the GT-I motif of the simian virus
40 enhancer (42). This motif includes a canonical C/EBP-
binding site as well as a GG doublet at a position correspond-
ing to the upper-strand G residues in site 1 that form part of
the MspI recognition sequence. Mutation of the inner or
outer G residues at these locations in the GT-I motif has a
differential effect on the binding of proteins from HeLa and
F9 embryonal carcinoma cells. The presence of the MspI site
within the sequence, combined with the results of methyla-
tion interference studies, raises the possibility that its meth-
ylation status in vivo might directly influence protein bind-
ing. However, results obtained in preliminary experiments
using crude extracts from day 7 embryos and adults indicate
that enzymatic methylation of this site does not markedly
alter binding at either stage of development. Consequently,
we have no evidence based on in vitro studies to support the
suggestion that demethylation plays a causative role in
altering protein interactions at this site. This possibility is
being pursued with more highly purified protein preparations
and by in vivo footprinting.

Results of gel retardation assays using embryonic liver
extracts indicate that the level of complex formed with site 1
is high at day 7, that the levels of binding decrease several-
fold over the next 3 to 4 days, and that the mobility of the
complex increases between days 11 to 13. The ability to
activate the apoVLDLII gene is acquired at the beginning of
this period, and the efficiency with which the gene can be
expressed increases markedly between days 10 and 13 (16,
18). The mobility of the complex before day 13 is similar to
the mobility of the complexes detected in extracts from
nonhepatic tissues. Results of methylation interference as-
says indicate no qualitative differences in the binding be-
tween the lower- and higher-mobility complexes formed with
embryonic and adult liver extracts, respectively. The shift in
mobility of complexes formed with site 1 during liver devel-
opment is similar in some respects to recent data reported
during analyses of proteins interacting with liver-specific
promoters in differentiated and dedifferentiated rat hepa-
toma cell lines (2, 9). These studies revealed a switch
between factors binding to identical sites upon loss or
acquisition of the differentiated phenotype that was initially
detected as a slight shift in mobility in gel retardation assays.
Despite the fact that different proteins appear to be involved,
methylation interference assays revealed only slight or no
alterations in binding properties.
The decrease in the level of binding to site 1 between days

7 and 11 is inconsistent with the factors identified at this time
as playing a positive role in determining expression of the
gene. However, it is possible that they could play a role
either in establishment of the committed state or in suppres-
sion of expression of certain liver-specific functions. The
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decline in levels of these factors in the liver and the shift in
mobility of the complexes formed at later stages might then
reflect a switch in binding to positive trans-acting factors.
Our analyses using the C/EBP-binding site from the MSV
LTR suggested that C/EBP might display a developmental
profile in the liver similar to that observed with the factor
binding to site 1, thus making it unlikely that C/EBP was the
hypothetical positive factor. However, since completion of
these studies, the developmental regulation of rodent C/EBP
has been described with use of both cDNA and antibody
probes (4). This study indicates that C/EBP expression
increases late during embryogenisis and thus displays a
developmental profile that could be consistent with such a
role. These data also imply, unless the developmental profile
of expression differs unexpectedly between birds and ro-
dents, that the factor we have detected by gel retardation
assays with the MSV C/EBP-binding site is distinct not only
from the factor that binds to site 1 but also from C/EBP.
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