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ABSTRACT

In the Tliver of oviparous vertebrates vitellogenin gene expression is
controlled by estrogen. The nucleotide sequence of the 5' flanking region of
the Xenopus laevis vitellogenin genes Al, A2, Bl and B2 has been determined.
These sequences have been compared to each other and to the equivalent
region of the chicken vitellogenin II and apo-VLDLII genes which are also
expressed in the liver in response to estrogen. The homology between the 5'
flanking region of the Xenopus genes Bl and B2 is higher than between the
corresponding regions of the other closely related genes Al and A2. Four
short blocks of sequence homology which are present at equivalent positions
in the vitellogenin genes of both Xenopus laevis and chicken are characte-
rized. A short sequence with two-fold rotational symmetry (GGTCANNNTGACC)
was found at similar positions upstream of the five vitellogenin genes and
is also present in two copies close to the 5' end of the chicken apo-VLDLII
gene. The possible functional significance of this sequence, common to liver
estrogen-responsive genes, is discussed.

INTRODUCTION

Hormonal regulation of the vitellogenin genes, which encode yolk proteins
in the liver of oviparous vertebrates, is controlled to an important extent
at the level of transcription (1, 2). Results obtained with other steroid-
regulated genes such as those coding for ovalbumin, metallothionein, MMTV
and lysozyme (3 - 8) demonstrate that DNA sequences close to the initiation
site of transcription are involved in gene regulation. It is thought that
these sequences function by interacting directly or dindirectly with the
hormone receptor complex. In vitro binding experiments involving these DNAs,
as well as chicken vitellogenin DNA, have indeed revealed sites of preferen-
tial binding of steroid receptors (4, 8, 9 - 15). Consensus nucleotide
sequences for the sites which interact with glucocorticoid and progesterone
receptors have been deduced by comparing the binding elements (4, 8, 9,
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10). DNA fragments containing these binding sites have been shown
to control gene expression in DNA transfer experiments (3-8). Unfortunately,
no satisfactory expression system controlled by estrogens is yet available.
However, comparison of the 5' end region of estrogen controlled genes might
reveal the presence of sequence elements involved in the expression of these
genes. In this paper, we therefore analyze the 5' end region of the four
Xenopus laevis vitellogenin genes (1, 16, 17) and compare it to the
equivalent region of the chicken vitellcgenin II gene (18-20) and of the
chicken very low density apolipoprotein II (apo-VLDLII) gene which is also
controlled by estrogen in the liver (21).

MATERIALS AND METHODS
DNA sequence analysis

The DNA sequencing strategy used is described by Germond et al. in the
accompanying paper. The nucleotide sequences were analyzed with computer
programs prepared and kindly provided by Carolyn Tolstoshev (Laboratoire de
Génétique Moléculaire des Eucaryotes, Strasbourg).

Preparation of Xenopus nuclear RNA and nuclease S1 mapping

Nuclear RNA was prepared as described from the liver of animals which
were treated with 1 mg 17 B-estradiol for 3 days (17). Nuclease S1 mapping
was also described previously (22).

RESULTS
Nucleotide sequences of the 5' flanking region of the Xenopus 1laevis

vitellogenin genes

Figure 1 indicates the portions of the four Xenopus laevis vitellogenin
genes and of the chicken vitellogenin gene which have been compared, i.e.
the region upstream of the transcription initiation site. Figure 2 gives the
nucleotide sequence of the Al, Bl and B2 DNAs determined using the dideoxy-
and associated methods (23-26). Sequence data for the Xenopus gene A2 are
taken partly from Walker et al. (22) and was extended further upstream.
These four sequences span the region from positions -1020 for the genes Al
and A2, -938 and -770 for the genes Bl and B2, respectively, to the

translation initiation codon. The chicken sequences used in this study are
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5' end region of five vitellogenin genes.
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taken from recently published work (22, 27, 28), and are therefore not
listed in Figure 2. The nucleotide sequences downstream of the transcription
initiation site of these five vitellogenin genes have been compared in the
accompanying paper by Germond et al.

Transcription initiation sites of the Xenopus genes Al, Bl and B2

The position of the putative 5' end of the vitellogenin genes Al, Bl and
B2 has been determined earlier by electron microscopy (R loop analysis) and
by in vitro transcription (16, 17, 29). We now characterize the trans-
cription initiation site of these genes by nuclease S1 mapping. The DNA
fragments used as probes were 5' end-labelled at restriction sites within
the first intron of the genes. These regions show enough sequence divergence
between the two A as well as between the two B genes to render unspecific
hybrids (A2 RNA x Al probe, B2 RNA x Bl probe or Bl RNA x B2 probe)
sensitive to S1 nuclease. The probes were hybridized either to liver nuclear
RNA from an estradiol treated animal or to Tliver nuclear RNA from an
unstimulated male not producing vitellogenin. The samples were then treated
with nuclease S1 and the protected DNA fragments analyzed by gel
electrophoresis (Fig.3). Protected fragments were only found with nuclear
RNA from hepatocytes stimulated by estrogen. Their length indicate that the
transcription initiation site of the Xenopus genes Al, Bl and B2 occupies
the homologous position to the one defined earlier for the Xenopus gene A2
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(Fig. 2 and ref.22) and for the chicken gene (22, 27, 28).

Sequence homologies within the 5' flanking region of the Xenopus and chicken

vitellogenin genes

The 5' flanking regions of the Xenopus and chicken vitellogenin genes
were compared in order to identify conserved sequence elements that might
participate in the hormonal regulation of these genes. Figure 4 shows the
comparison of the closely related Xenopus gene pairs Al-A2 and B1-B2. The Al
x A2 gene comparison reveals two blocks with 73% sequence homology. The
first directly flanks the 5' of the genes from position -1 to about -130 and
the second from position -260 to about -340 . Analysis of the B1-B2 gene
pair reveals a strong continuous homology of 88% from position -1 to about
-535 where homology abruptly stops. Thus the 5' flanking regions in the B
genes are more homologous to each other than they are in the A genes.

The comparative analysis by Walker et al. (22) between the Xenopus gene
A2 and the chicken vitellogenin II gene revealed several blocks of sequence
homology within the 500 nucleotides preceding the capping site of these
genes. We have extended the comparison to the other Xenopus vitellogenin
genes. Four sequence blocks were found for which homology appears in all
analyzed vitellogenin genes (Blocks -1, -2, -3, -4; Fig. 5 ; Table 1).

Block-1 covers the 30 nucleotides upstream of the TATA box which is
preceded by a stretch of seven pyrimidines and three purines (Fig. 5,
Table 1). Between the TATA box and the transcription initiation site the
sequences of the five genes are less related.

In Block-2, the chicken gene is closer to the Xenopus A genes than to the
Xenopus B genes. Homology between chicken and Xenopus A sequences is even
better than between Xenopus A and B genes (Fig. 5; Table 1). Thus homology
between the chicken gene and the Xenopus B genes is rather low in this block
which is relatively A+T rich (63% in A2). In Block-3, another A+T rich
region (82% in A2), homology is also best between the Xenopus A genes and
the chicken gene (Fig. 5 and Table 1).

Figure 2 Nucleotide sequences of the 5' flanking region of the four
Xenopus vitellogenin genes. The display starts in 5' at position -1020 for
the genes Al and A2, -938 and -770 for the genes Bl and B2, respectively.
A11 1listings end at the ATG translation initiation codon found 13
nucleotides downstream of the transcription initiation site (+1).
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Figure 3 Nuclease S1 mapping of the transcription initiation site of the
Xenopus vitellogenin genes Al, Bl and B2. The probe Al was labelled at a
Xba I site located 136 bp downstream of the putative transcription
inititiation site, the Bl probe at a Rsa I site 88 bp downstream of the
initiation site and the B2 probe at a Bgl II site 224 bp downstream of this
site.The Xba I probe (gene Al) was hybridized to 6 pg of nuclear RNA from
the liver of a control male (lane a), to 2 pg or 4 pg of liver nuclear RNA
from an estrogen treated female (lanes b and c, respectively). The Rsa I
probe (gene Bl) was hybridized to 4 pg of liver nuclear RNA from an
estrogen treated female (lane d) or to 6 pg of liver nuclear RNA from a
control male (lane e). We cannot yet decide if the minor bands in lane d
represent additional weak starts or alternatively are the result of S1
digestion artefacts. The Bgl II probe (gene B2) was hybridized to 6 ug of
liver nuclear RNA from a control male (lane f), to 4 pg and 2 pg of liver
nuclear RNA from a female treated with estrogen (lanes g and h, respec-
tively). The strong band of 260 bp in lanes f, g, h represents renatured
probe. The positions of length markers are indicated and given in bases.
The schemes give the design of the experiment and the expected results.
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Figure 4 Comparison between the 5' flanking regions of the Xenopus genes Al
and A2 or of the genes Bl and B2. To prepare the diagram, a two dimensional
matrix program was used with the following criteria : minimal block length
of 40 nucleotides with more than 65% homology. A scheme of the detected
regions of homology with their 5' position is drawn above the diagram.

Comparative analysis of the Xenopus gene A2 and of the chicken gene
revealed a block of sequence homology with a palindromic structure around
position -324 and -343 in the A2 and the chicken gene, respectively (22).
A homologous block is found at the equivalent position of the other Xenopus
vitellogenin genes (Fig. 5). The core of this block, located at a remarkably
conserved position, is the region showing the highest level of homology in
all five genes (Table 1). Closer analysis of this region revealed the short
palindromic consensus sequence 5' -GGTCANNNTGACC- 3'. Direct or inverted
repetition of subsets of this consensus gives a palindromic structure to the
entire Block-4.

Distribution of the -GGTCANNNTGACC- element within the 5' flanking region of
genes regulated by estrogen in the liver

As mentioned above, the analysis of the palindromic Block-4 revealed a
well conserved core represented by a short symmetrical nucleotide sequence,
-GGTCANNNTGACC-. The presence of this element was tested for in all the
available Xenopus and chicken vitellogenin sequences (11.6 kb), chicken
apo-VLDLII sequences (-475 to 265; ref.21) chicken albumin DNA (-266 to 305;
ref.21) and the chicken egg white protein gene sequences, namely ovalbumin
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Figure 5 Blocks of sequence homology common to the 5' flanking region of
the Xenopus and chicken vitellogenin genes. The scheme indicates the size
and position of the homology Blocks -1, -2, -3 and -4. The palindromic
sequence in Block-4 is represented by arrows. The positions of the TATA box
and the transcription initiation site (i) are indicated. The nucleotide
sequence within the four blocks of homology is given with reference to the
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different genes and to the position of the 5' nucleotide of the sequences
shown. The consensus sequence of a highly conserved element of 13 nucleo-
tides is presented on top of Block-4. The core region indicated below
Block-4 contains the sequences whose percentages of homology are given in
Table 1 (Block-4, values in parentheses). Ch and Ch 1 refer to the
sequences of the same chicken vitellogenin II gene taken from ref. 26 and
21, respectively.

(-300 to 7564; ref.30, 31), ovalbumin-like X and Y (-1613 to 624 and 1 to
6641; ref.32, 33), lysozyme (-440 to 280; ref.34), ovomucoid (-437 to 133;
ref.35), and conalbumin (-266 to 200; ref.36). This analysis is limited by
the available sequence data and consequently does not strictly include
equivalent portions of the genes tested. With one exception (X gene
sequences; position -305) the element was only found in the 5' flanking DNA
of the vitellogenin genes and of the apo-VLDLII gene, also estrogen-respon-
sive in the liver. Figure 6A gives the positions at which the element
appears, up to three times in each vitellogenin DNAs and twice in apo-VLDLII
DNA. The nucleotide sequence of each of these elements, the consensus
derived from them with the nucleotide frequencies in percent at each
position is given in Figure 6B. The element, which itself is G+C rich, is
generally embedded in A+T rich regions.

Distribution of putative steroid receptor binding sites within the

vitellogenin sequences

Recently, consensus sequences derived from elements present in all gluco-
corticoid or progesterone receptor binding sites have been proposed (8-10).
Although estrogen is the only class of steroid hormones known to regulate
the expression of vitellogenin genes (37), we screened the DNA flanking them
for the presence of these consensus sequences. The hexanucleotide TGTTCT
that is present in all glucocorticoid binding sites was found in the 5'
flanking sequence of the gene A2 at position -607, of the gene Bl at
position -637 and of the chicken vitellogenin gene at positions -888 and
-1065 or at positions -604 and -910 in the inverted orientation. However,
sequences common to the progesterone receptor binding sites were not found.

It has been suggested that a short region of homology at an equivalent
position in chicken 1lysozyme, ovalbumin, conalbumin, ovomucoid and
apo-VLDLII DNA might be involved in the estrogen-regulated expression of
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Table 1
Percent homology between the best conserved regions (Blocks -1, -2, -3 and -4)
within the 5' flanking sequences of Xenopus and chicken vitellogenin genes.

Block -1 Block -2 Block -3 Block -4
*
Al x A2 83 70 61 68 (80)
x Bl 53 : 54 68 60 (73)
x B2 47 48 68 56 (70)
x Ch 67 67 46 45 (56)
A2 x Bl 63 56 64 50 (73)
x B2 60 54 64 50 (67)
x Ch 57 69 78 56 (67)
Bl x B2 97 87 100 93 (93)
x Ch 53 46 53 59 (63)
B2 x Ch 50 41 53 51 (72)

* Values in parentheses represent the percent homology between the different
genes in the core region of 30 nucleotides in Block-4 (see Fig. 6).

these genes (8). Owing to the lack of an estrogen-responsive experimental
system no functional analysis has yet been performed with this element (8).
Although some similarities can be found with the vitellogenin genes in the
corresponding region we nevertheless judge them to be too weak to join the
consensus.

Chicken oviduct estrogen receptor was shown to bind preferentially to a
region flanking the chicken vitellogenin gene and containing the estrogen-
dependent hypomethylated site (15). Based on these results, combined with
those obtained from DNAse I protection experiments, the sequence
-GCGTGACCGGAGCTGAAAGAACAC- has been proposed as a possible estrogen receptor
binding site (15). Interestingly, the eight 5' proximal nucleotides of this
sequence are part of the -625 copy of the symmetrical element
-GGTCANNNTGACC- described above (Fig. 6). For the rest of the proposed
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Figure 6 Distribution and characteristics of the GGTCANNNTGACC element. (A)
Map of the positions (arrow heads) the element occupies in the 5' flanking
region of six estrogen-responsive genes in the liver i.e. four Xenopus
vitellogenin genes (Al, A2, Bl, B2), the chicken vitellogenin II gene, and
the chicken apo-VLDLII gene. In the scheme representing the region flanking
the chicken vitellogenin gene the positions of nuclease hypersensitive sites
( mm , ref. 26) and of the estrogen-dependent hypomethylated site (*, ref.
20, 39, 40) are indicated. (B) Nucleotide sequence of each copy of the
element with its position in brackets. Also shown are the frequency of each
of the four nucleotides at each position of the element and the consensus
sequence derived from this data.

binding sequence no homology was found either in the Xenopus vitellogenin
genes or in the chicken apo-VLDLII gene.

DISCUSSION

A1l five vitellogenin genes analyzed, whose expression is regulated by
estrogen, have a homologous 5' end organization (see also accompanying
paper), and the initiation of transcription takes place at corresponding
positions. Comparative analysis of their 5' flanking region reveals and
highlights several structural features deserving special attention.

Different degrees of homology between the flanking sequences of the Xenopus

closely related vitellogenin gene pairs

Our analysis shows that among Xenopus vitellogenin genes, the region
upstream of the site of transcription initiation is better conserved in the
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B1-B2 gene pair than in the A1-A2 pair. Similar observations have been made
in the accompanying paper for intron sequences. This contrasts with the
quite similar sequence divergence found between Al1-A2 and B1-B2 homologous
exons. According to the current hypothesis, Al-A2 and B1-B2 gene pairs arose
simultaneously as the result of a whole genome duplication in Xenopus laevis
about 30 Million years ago (16,38). From our data it is clear that the 5'
flanking region and the introns of the A genes have diverged more rapidly
than their B gene equivalents. There is no obvious explanation for this
observation. Though it is known that the Al and Bl genes are closely linked,
information as to the organization of the whole gene family is still
limited. Its future elucidation should aid interpretation of our results and
possibly challenge our current hypothesis concerning the evolution of the
vitellogenin muitigene family in Xenopus laevis (16).

The B1-B2 flanking regions are very homologous (88%) up to position -535
where they diverge very abruptly. However, our electron microscopic analysis
indicates that some homology appears again further upstream where no
nucleotide sequence data is yet available (17). These results suggest that
some sequence rearrangements may have taken place in this region without
destroying the hormonal control elements of the B genes.

Homologies between Xenopus laevis vitellogenin genes and chicken vitello-

genin and apo-VLDLII genes

Recently, we described the presence of several blocks of homology between
the chicken vitellogenin gene and the Xenopus laevis gene A2 (22). We now
discuss the results of an analysis extended to all available sequences
upstream of the 5' end of the other Xenopus vitellogenin genes. Of the four
blocks found in the region flanking the initiation site, two are relatively
A+T rich (Blocks-2 and -3) and the degree of homology is quite variable
according to the pairs of genes compared. Since the results of functional
tests are not yet available, we shall not speculate as to the relevance of
these regions for gene regulation. In contrast, Blocks -1 and -4 have a
Tower A+T content and present interesting characteristics. Block-1 is
located immediately upstream of the TATA box. In the chicken lysozyme gene
the equivalent position has been described as a strong glucocorticoid
receptor binding site (8). By analogy, this region might be involved in
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similar functions in estrogen-regulated gene expression, assuming that the
mode of action of the different classes of steroids possess common features.

Block-4 contains a well conserved core showing a twofold rotational
symmetry from which the consensus sequence 5' -GGTCANNNTGACC- 3' was
derived. The molecular analysis of DNA control elements of gene regulation
in procaryotes has shown that symmetrical nucleotide sequences play a
central role in the recognition of important sites on the DNA by regulatory
factors e.g. activators or repressors (39). Recognition processes of regula-
tory sites of specific genes might be similar in eucaryotes. Indeed,
recently Borgmeyer et al. (40) described an eucaryotic nuclear protein
recognizing a symmetrical sequence element on double-stranded chicken DNA.
It 1is worth noting that though different, the consensus element
-TGGCANNNTGCCA- deduced by Borgmeyer et al. is similar to the one
-GGTCANNNTGACC- we found located, most of the time in a few copies, close to
the transcription initiation sites of the vitellogenin and apo-VLDLII genes.
Possible functional significance

In the 5' flanking region of the chicken vitellogenin gene, the three
copies of the -GGTCANNNTGACC- element are located between, rather than
within, nuclease hypersensitive sites (20, 26). Such sites have not been
found in the Xenopus gene A2 which has been analyzed (41) and so a compara-
tive observation is not possible. Another interesting feature is the
proximity on the chicken gene of the symmetrical element at position -625
and of the Mspl estrogen-dependent hypomethylated site (20, 42, 43). Indeed
the two 3'-proximal cytosines of the element are part of the Mspl site.
Furthermore, this same -625 element is at the 5'-edge of a putative estrogen
receptor binding site (15). This, together with the more general finding
that the element flanks genes which are estrogen-responsive in the liver,
suggest that it might be involved in liver-specific expression of estrogen-
controlled genes. If this symmetrical sequence is a protein binding site it
might represent the target of the estrogen receptor complex. However, the
egg white protein genes, which are estrogen-responsive in the oviduct do not
contain the element. This suggests a model in which the hepatocyte estrogen
receptor is different from the oviduct estrogen receptor, each one recog-
nizing a tissue specific binding site, the possible basis of the
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differential effect of estrogen on gene expression in the two cell types.
Alternatively, the element could represent the binding site for a factor
responsible for the "determination" of liver estrogen- responsive genes
(44). In this case there is no absolute need for different estrogen
receptors in hepatocytes and oviduct cells. The estrogen receptor complex
would promote binding of RNA polymerase in the A+T rich vicinity of the
"open determination site" by directing it to its entry site. Yet another
possibility is that the symmetrical sequence described interacts with an
intermediary protein transducing receptor binding into transcriptional
activation (45). A clearer understanding of the complex mechanism of gene
activation by estrogens will require a step-by-step reconstitution of the

process using several different and independent means.
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