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Multiple Sequence-Specific Single-Strand-Binding Proteins
for the Promoter Region of the Rat Albumin Gene
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ABSTRACT
Previous work from our laboratory described a protein that binds to single-stranded DNA in the early promoter of simian virus 40 in a sequence specific fashion. We have now used the gel retardation assay to search
for similar sequence-specific single-strand-binding proteins for the promoter region of the rat albumin gene
in nuclear extracts of rat hepatoma cells. Several proteins of this kind were detected, three of which are described in the present paper. Two of them bind specifically to the noncoding strand and the third one binds
to the coding strand. The most abundant of these proteins binds to a pyrimidine stretch inside the coding region of the gene and appears to be homologous to the previously observed SV40-binding protein. Possible
functions for sequence-specific single-strand-binding proteins in transcription are discussed.

INTRODUCTION

Thetensively
lecular

regulatory

sequences of genes have been used in-

purify components of the momachinery responsible for activation and transcription in higher eukaryotes. These studies have led to the discovery of a number of factors that interact specifically
with regulatory sequences of viral or cellular genomes (for
review, see Mitchell and Tjian, 1989). Among the cellular
genes studied, the liver-specific genes, most notably the albumin gene, are a particularly good system in which to
study gene regulation, due to their inducibility and high
level of expression in liver relative to other tissues.
DNA sequence comparison between genes coding for
different liver-specific proteins has shown similarities that
are thought to correspond to important regulatory elements in liver, and sequence comparisons of a given gene
in different species has revealed homologous sequences
that probably have regulatory functions (see references in
Frain et al, 1989). In addition, in vivo and in vitro studies
have further defined these regulatory elements. For the rat
albumin gene, the DNA sequence extending to position
-170 upstream from the transcription initiation site is important for tissue-specific expression (Ott et al, 1984; Gorski et al, 1986; Heard et al, 1987; Maire et al, 1989). In
addition, several factors that interact specifically with this
sequence have been detected, some liver-specific,
to

others ubiquitous (Cereghini et al, 1987; Lichtsteiner et
al, 1987). One of them designated HNF1 or LF-B1, has
recently been cloned (Frain et al, 1989) and complements

detect and
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nuclear extract from spleen to give liver-specific transcripts in vitro (Lichtsteiner and Schibler, 1989).
Despite these advances in our knowledge of regulatory
sequences and of the protein factors that interact with
a

them,

we still have few data and ideas about the actual molecular mechanisms of gene activation and transcription in

higher eukaryotes.

In recent work from our laboratory using the control region of simian virus 40 (SV40) to purify sequence-specific
proteins, we observed a protein that binds specifically to
single-stranded DNA sequences. This protein, designated
H16, binds to two specific sites on the late-coding strand
of the SV40 early promoter, but shows no detectable binding to the early-coding strand, to double-stranded DNA,
or to RNA (Gaillard et al, 1988; Gaillard and Strauss,
1990). We wished to determine whether this protein represented an isolated case specific to SV40, or was an example
of a general family of sequence-specific single-strand-binding proteins. Therefore, we looked for such proteins in nuclear extracts of cultured hepatoma cells. We found that
three proteins bind specifically to single-stranded sequences in the promoter region of the rat albumin gene,
one of these proteins being apparently homologous to the
protein that binds to the SV40 early promoter.
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MATERIALS AND METHODS
The DNA sequence extending from the Alu I restriction
site at position -175 to the Hpa II site at +76 of the rat
albumin gene was taken from the plasmid SubJB (Sargent
et al, 1981), a kind gift of Dr. Jean-Louis Danan. Nuclei
were purified from the differentiated hepatoma cell line
Fao, or, for some experiments, from the dedifferentiated
cell line C2 (Deschatrette et al, 1980). DNA labeling,
strand separation, and nuclear protein extraction were performed as described previously (Gaillard et al, 1988).
Nonradioactive E. coli DNA, sonicated to an average
length of 1 kb, was heat-denatured and used as competitor
DNA. The synthetic DNA homopolymers used as competitor (see Fig. 3, below) were from Pharmacia. For gel retardation assays, DNA (5,000 cpm, about 0.1 ng) was incubated with proteins (1 /d) at room temperature for 30 min
in 25 id of 50 mM NaCl, 20 mM Tris-HCl pH 7.5, 1 mM
EDTA, 1 mM dithiothreitol (DTT) and 100 fig/m\ of bovine serum albumin. Electrophoresis was on a 4% polyacrylamide gel in 6.7 mMTris, 3.3 mM sodium acetate, 1
mM EDTA pH 7.8, as described elsewhere (Strauss and

Varshavsky, 1984).
For purification of proteins g8 and d20, nuclear proteins
were extracted in 0.4 M NaCl, 10 mM potassium phosphate pH 7.5, 25 mM Tris-HCl pH 7.5, and 2 mM DTT.
They were loaded directly, without dialysis, on a 6-ml hydroxyapatite column and eluted with a linear gradient of 0
to 0.4 M potassium phosphate pH 7.5 in the same buffer.
Two pools were made with the eluted proteins, the first

composed of fractions eluting between 0 and 0.2 M potassium phosphate and the second composed of fractions
eluting between 0.2 and 0.4 M potassium phosphate. Each
pool was dialyzed against 25 mM Tris-HCl pH 7.5, 1 mM
DTT and fractionated further by HPLC on a mono Q ion
exchange column (Pharmacia). Proteins were eluted with a
linear gradient of 0-0.4 M NaCl in the same buffer followed by a 1 M NaCl step elution at the end of the gradient. Protein g8 was present in the 0-0.2 M pool from hydroxyapatite and eluted at 0.15 M NaCl from the mono Q

column. Protein d20 was present in the 0.2 to 0.4 M pool
from hydroxyapatite and eluted at the 1 M NaCl step from
the mono Q column.
For purification of protein n7, a nuclear extract, prepared as described above, was diluted 10-fold with 25 mM
Tris-HCl pH 7.5, 1 mM DTT and loaded on a mono Q column. Proteins were eluted with a linear gradient of 0-0.4
M NaCl in the same buffer. Fractions eluting between 0.24
and 0.31 M NaCl contained DNA-binding activity and
were pooled. They were then diluted fivefold with 50 mM
HEPES-NaOH pH 7.5, 2 mM DTT, loaded on a mono S
column, and eluted with a linear gradient of NaCl from 0
to 0.5 M in the same buffer. Protein n7 eluted at 0.17 M
NaCl.

RESULTS
To search for sequence-specific single-strand-binding
proteins for the promoter region of the rat albumin gene,
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Assay of nuclear protein fractions for sequence-specific single-strand-binding activities. Nuclear extracts of rat
hepatoma cells were fractionated by chromatography on hydroxyapatite, and the proteins eluting between 0 and 0.2 M
potassium phosphate were pooled, dialyzed, and fractionated by HPLC on a mono Q column. Elution of proteins was
with a linear gradient of NaCl from 0 (fraction 1) to 0.4 M (fraction 19), followed by a step elution (fraction 20). The 20
fractions from the mono Q column were assayed by gel retardation with the labeled coding and noncoding strands of the
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Detection of three sequence-specific singlefor the promoter region of the rat
albumin gene. Protein fractions were assayed with the labeled coding and noncoding strands of the promoter region of the rat albumin gene, in the presence of inreasing
amounts of denatured E. coli competitor DNA. In the figure, the coding strand is the fast-migrating strand. Competitor DNA amounts were 1, 2, 4, 8, 15, 30, 60, 125, 250,
and 500 ng in lanes 1-10, respectively.
FIG. 2.

strand-binding proteins

we assayed nuclear extracts from rat hepatoma cells by a
gel retardation assay using either the coding strand or the
noncoding strand of the Alu l-Hpa II fragment that extends from position -175 to +76 of the gene. When such
an experiment was performed with total crude nuclear extracts, all sequence-specific proteins were masked by pro-
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FIG. 3. Competition by different DNA sequences. Proteins were allowed to interact with the labeled coding
strand (protein g8) or noncoding strand (proteins d20 and
n7) of the promoter region of the rat albumin gene in the
presence of the following nonradioactive competitor
DNAs. Lanes 1-4, Denatured E. coli DNA, 8, 15, 30, 60
ng, respectively; lanes 5-7, homologous strand (coding
strand for g8, noncoding strand for d20 and n7), 4, 8, and
15 ng, respectively; lanes 8, 4 ng of single-stranded E. coli
DNA plus 250 ng of double-stranded DNA of bacteriophage X; lanes 9-12, 4 ng of single-stranded E. coli DNA
plus 250 ng of the synthetic polymers poly(dC), poly(dG),
poly(dT), and poly(dA), respectively.

nonspecifically to the DNAs (data not
shown). Therefore, we fractionated the nuclear extracts by
several different Chromatographie procedures, assayed
each protein fraction by gel retardation, and concentrated
on the fractions with little nonspecific DNA-binding activity. Figure 1 shows the results obtained for a typical nuclear extract fractionation by chromatography on hydroxyapatite followed by HPLC on a mono Q column. The 20
fractions obtained by HPLC were assayed for binding to
teins that bound
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FIG. 4. Determination of the binding site of protein n7. DNA strands of different fragments of the -175 to +280 segment of the rat albumin gene were labeled and assayed with protein n7 by gel retardation. A map of the region and the
nucleotide sequence of the noncoding strand between the But EII and Hpa II sites are also shown. The fragments assayed
were: A, Alu l-Hpa II coding strand; B, Alu l-Hpa II noncoding strand; C, Hpa ll-Hinf I noncoding strand; D, Alu IBst EII noncoding strand; E, Bst Ell-Hinf I noncoding strand. E. coli competitor DNA amounts were 1, 4, and 16 ng in
lanes 1-3, respectively. Lanes C, Control, no protein added.

coding and noncoding strands of the Alu l-Hpa II
fragment. Several retarded bands are present at comparable intensities with both of the DNA strands, notably in
fractions 4, 5, and 6, and correspond to uncharacterized
nonspecific single-strand binding proteins. A protein that
elutes in fraction 7 and beyond, however, forms a specific
complex with the noncoding strand, and a less abundant
protein that elutes maximally in fraction 8 binds specifically to the coding strand.
Using various combinations of Chromatographie procedures including hydroxyapatite and HPLC mono Q and
mono S columns, we detected several proteins that formed
specific complexes with either the coding or the noncoding
strands of the Alu l-Hpa II fragment. To confirm the sequence-specificity of the complexes, all of these protein
fractions were subsequently assayed in the presence of increasing amounts of nonradioactive, single-stranded competitor DNA from E. coli. Figure 2 shows results obtained
for the three fractions containing such sequence-specific
single-strand binding activities that gave the best signal-tonoise ratios: protein g8 which bound to the coding strand,
and proteins d20 and n7 which bound to the noncoding
the

strand.
To study the sequence

specificity of the proteins further,
competition experiment with different
DNA sequences, as shown in Fig. 3. Upon addition of
nonradioactive homologous strand, the complexes quickly
disappear as expected for a dilution by an excess of substrate (lanes 5-7). Addition of denatured E. coli DNA
slowly decreases the amount of complex formed (lanes 14). This is as expected because E. coli DNA would contain
randomly distributed binding sites on a statistical basis.
Addition of a large amount of native DNA of bacteriophage X does not decrease the formation of the complex
(lane 8), showing the absence of affinity of the proteins fordouble-stranded DNA. Finally, addition of large amounts
of the synthetic homopolymers poly(dC), poly(dG), poly(dT), and poly(dA) has little effect on the formation of the
we

performed

a

complexes (lanes 9-12), except for protein g8 which shows
a moderate affinity for poly(dT) (lane 11) and protein n7
which binds weakly to poly(dC) (lane 9).
The most abundant of these three proteins was protein
n7. We localized its binding site by preparing smaller fragments of the Alu l-Hini I fragment which extends from
position -175 to +280 of the rat albumin gene. These
fragments are shown in Fig. 4, as are the results of the gel
retardation assays. Protein n7 binds to the noncoding
strand (B) but not to the coding strand (A) of the Alu IHpa II fragment. It does not bind to the noncoding strand
between the Hpa II and Hinf I sites (C) nor between the
Alu I and Bst EII sites (D), but it does bind to the Bst
Ell-Hinf I fragment (E), showing that the DNA segment
from positions +47 to +76 is necessary for binding. The
nucleotide sequence of this segment is also shown in Fig. 4.
It is a pyrimidine-rich sequence that is part of the coding
sequence of the albumin gene (see Discussion).
Protein n7 presents several similarities with protein H16,
a protein from cultured monkey cells that binds to the late
strand of the SV40 early promoter. Both proteins elute
from mono Q columns at the same NaCl molarity, bind to
C-rich sequences and have some affinity for poly(dC), give
similar shifts by gel retardation, and are fairly abundant.
This similarity is further shown by gel retardation with different sequences in Fig. 5, showing that the rat protein n7
binds

to

the late strand of the SV40 promoter, and the

monkey protein H16 binds to the noncoding strand of the
albumin gene. In addition, the shifts produced by both
proteins binding to different fragments are identical. All
these observations strongly suggest that proteins n7 and
H16 are homologous proteins.
DISCUSSION

By fractionating nuclear extracts of rat hepatoma cells,
have detected several proteins that bind, in a sequence-

we
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gion.

specific fashion, to single-stranded DNA in the promoter
region of the rat albumin gene. The possibility that such
sequence-specific single-strand-binding proteins might be
present in nuclear extracts was suggested by our previous
observation of a protein binding to the late strand of the
SV40 early promoter (Gaillard et al, 1988). However, the
multiplicity of such proteins was unexpected. It is important to note that none of these proteins could be detected
in crude extracts by the gel retardation assay, as they were
masked by the very abundant, nonspecific single-strandbinding proteins, even in the presence of competitor DNA.
Only after fractionation by two Chromatographie steps did
the three proteins described here become clearly evident.
As these proteins were first found in differentiated hepa-

cells, we also looked for their presence in dedifferentiated rat hepatoma cells that do not express the albumin
gene. We found that all three of the proteins were present
in both cell lines in similar amounts (data not shown). This
does not exclude, however, the possibility that they play a
role in albumin gene expression. The dedifferentiated line
can revert to the differentiated state and reexpress hepatic
functions (Deschatrette et al, 1980), suggesting that most
of the molecular machinery responsible for expressing
liver-specific genes remains present in the dedifferentiated
line.
One of the three proteins, n7, is very similar to the previously characterized monkey protein, H16, that binds to the
early promoter of SV40 and has recently been shown to
stimulate transcription by RNA polymerase II in vitro
(Gaillard and Strauss, 1990). Both proteins behave similarly on hydroxyapatite, mono Q and mono S columns,
they bind to the same DNA fragments, and they give identical shifts in gel retardation assays. Therefore, protein n7
probably represents the homolog of monkey protein H16.
toma
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the DNA-binding sites in SV40 and the rat albumin gene have different nucleotide sequences, they both
are pyrimidine-rich, and more particularly, C-rich. In this
respect, it is interesting to note that the binding site of protein n7 contains the sequence CTCCTCCTCCTC that
codes for four consecutive leucine residues at positions 6-9
in the amino acid sequence of rat albumin. In mammals,
the frequency of the codon CTC among all leucine codons
is only 22% (Lathe, 1985). Therefore, the probability that,
in a cluster of four leucines, all of them are coded by CTC
is only 0.002, suggesting that the presence of the four CTC
triplets is not due to chance but has been selected for, consistent with a possible regulatory role for that sequence.
Finding a protein binding site within the coding region
of the albumin gene was unexpected. It has not been experimentally determined whether this particular sequence element is important for rat albumin gene control, as most of
the work to define regulatory sequences has concentrated
on the region upstream of the transcription initiation site.
A number of other genes, however, contain DNA regulatory elements that extend 3' to the start of transcription
(e.g., Mansour et al, 1986; Hultmark et al, 1986; Stenlund et al, 1987; Theill et al, 1987; Bourachot et al,

Although

1989).

The existence of proteins that bind to single-stranded
DNA and exhibit sequence specificity has been suggested
or documented by several recent articles. These proteins
are thought to be involved in replication (Fry et al, 1988;
Traut and Fanning, 1988; Roller et al, 1989), recombina-

(Edelmann et al, 1989), or transcription (Gaillard et
al, 1988; Feavers et al, 1989; Lannigan and Notides,
1989; Rajavashisth et al, 1989; Wilkison et al, 1990). Indeed, during all these processes the DNA double helix is
transiently opened, and proteins that recognize specific
tion

single-stranded sequences can interact with DNA at that
time. Such proteins might even play a part in regulating
the opening of the double helix. The observation reported
here of at least three proteins that bind to single-stranded
DNA in the region of the promoter of the rat albumin gene
reinforces the suggestion that such proteins might play important roles in the mechanisms of transcription by RNA
polymerase II in higher eukaryotes. Thus far, characterization of gene regulatory factors has been concentrated almost exclusively on double-strand binding proteins. However, in contrast to the DNA double helix, which has a
fairly uniform structure, single-stranded DNA can adopt a
much larger variety of structures as a function of its nucleotide sequence, and therefore should be more suitable
for highly specific interactions with regulatory proteins
(Crick, 1971). It would not be surprising, therefore, if sequence-specific single-strand binding proteins played
important role in the regulation of genome function.

an
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