Volume 12 Number 2 1984 Nucleic Acids Research

Identification and sequence analysis of the 5’ end of the major chicken vitellogenin gene

John B.E.Burch

Department of Genetics, Fred Hutchinson Cancer Research Center, 1124 Columbia Street, Seattle,
WA 98104, USA

Received 27 September 1983; Revised and Accepted 6 December 1983

ABSTRACT

We have precisely determined the positions of the first three exons for
the major chicken vitellogenin gene (VTG II) by a combination of Sl nuclease
protection, primer extension and DNA sequencing experiments. In addition, we
have determined the nucleotide sequences of the 5' flanking nuclease
hypersensitive sites that we have previously shown are induced during the
estrogen mediated activation of the VIG II gene in liver (1). One of these
sites is found to be nearly identical to the enhancer core sequence of SV40.
A computer assisted analysis of the DNA sequences upstream from the VIG II
gene has revealed four short (7 to 9 base pair) sequence elements that are
present in similar positions flanking the other major estrogen inducible gene
for liver, very low density apolipoprotein II (apoVLDL II). For VIG II,
these sequences are located between two of the induced nuclease
hypersensitive sites that are liver specific. Sequences homologous to one
element, located approximately 100 base pairs upstream from the mRNA cap
sites of the VIG II and apoVLDL II genes, are also observed for three
estrogen inducible genes that are expressed in the oviduct, although for each
of these genes the sequence falls further upstream, between -220 and -200.
We suggest that these conserved sequences may be important in mediating the
tissue specific responses of these genes to estrogen.

INTRODUCTION

A fundamental problem of biology is the coordinate regulation of sets of
genes during development. Of particular interest in this coatext are the
sets of hormonally regulated genes which, in addition to being capable of
responding to hormone, must be programmed to do so in a tissue specific way.
A well documented case in point is the set of genes which code for the
vitellogenin proteins in oviparous vertebrates (for review, see 2). In
chickens, these genes are transcriptionally regulated by estrogen in liver
cells and yet are totally unresponsive to the same primary stimulus in the
oviduct, despite the presence of functional estrogen receptors which mediate
the expression of the egg white genes in these cells. Conversely the egg
white genes are not expressed in liver, with the exception of conalbumin

which is expressed in both tissues (3).
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In principal it is not unreasonable to suppose that the tissue specific
transcriptional potential of such genes could be determined as a consequence
of the genes being either in relaxed domains or buried within highly
condensed regions of chromatin in a particular tissue. Based on an analysis
of the chromatin structure, this would appear to account for how the major
chicken vitellogenin gene (VIG II) is held silent in certain cell types such
as fibroblasts and erythrocytes. In oviduct, however, the situation is more
complex because in this tissue the chromatin structure of the VIG II domain
has many features that are observed in the hormone naive liver and are more
often associated with potentially active genes (1). This suggests that an
additional level of control is required to account for the tissue specific
regulation of this gene by hormone.

When the VIG II gene is transcriptionally activated in hormone naive
liver cells by estrogen, a series of associated chromatin structural changes
are observed in the 5' flanking region. The earliest event (which is roughly
coincident with the appearance of detectable mRNA) is the generation of
nuclease hypersensitive sites that are located approximately 0.00, 0.32, 0.76
and 0.94 kb upstream from the 5' end of the gene. Subsequent to this event,
a single Msp I site within the VIG II gene domain (at -0.61 kb) becomes
detectably undermethylated. Interestingly, in oviduct cells (but not other
tissues) this Msp I site is also found undermethylated and is proximal to the
5' hypersensitive site which in liver is only observed during periods of
hormone stimulation, suggesting that the VIG II gene domain may not only be
"marked" in oviduct cells but also may actually "sense" the presence of
hormone. However, in oviduct the two gene-proximal hypersensitive sites are
not induced and the gene remains transcriptionally silent.

We would like to understand how these observations are functionally
related to the tissue specific expression of this gene. In order to approach
this question, we have carried out a sequence analysis, in conjunction with
S1 nuclease mapping and primer extension experiments, to determine the
organization of the 5' region of the VIG II gene. In addition, a comparison
of this sequence with the 5' flanking sequence of the other major estrogen
responsive liver gene, very low density apolipoprotein II (apoVLDL II), has
revealed a set of homologies which we suggest may be relevant to the
coordinate regulation of these two genes. For VIG II, this set of homologies
are bounded by the pair of liver specific induced hypersensitive sites that
are apparently necessary but not sufficient for transcription. The

nucleotide sequences of these sites, as well as the other estrogen responsive
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hypersensitive sites, are also presented.

MATERIALS AND METHODS

Construction and sequencing of MI3 clones:

As a convenient source of DNA for subcloning into M13 vectors we
initially constructed pBR322 derivatives which contained either the 1.1 kb or
0.5 kb EcoRI fragments from AVIG10 or the 3.6 kb Bam HI fragment of X\ VTG40
(1). These fragments were digested with a variety of restriction enzymes
(see Fig. 1) and ligated into similarly digested M13mp 8/9 (4) or Ml3mp 10/11
vectors (J. Messing, University of Minnesota, unpublished; a gift from Dr.
Richard Gelinas). After transforming 71/18 or JM10l cells, recombinants were
picked from indicator plates (5) and single stranded recombinant phage was
prepared (4) and sequenced using the dideoxy method of Sanger (6). As a
primer for these sequencing reactions, we used a 17mer synthesized by Dr.
Peter Seeburg and kindly made available by Dr. Richard Gelinas.

Preparation of single stranded probes:

Single stranded probes for nuclease Sl and primer extension experiments
to map the RNA were obtained in basically two different ways. To prepare
uniformly labelled probes we annealed a synthetic primer to M13 recombinant
constructions which contained asymetric inserts (i.e., with different
restriction sites at the two ends) and extended them in the presence of
32P-dCTP and 32P—TTP using Klenow fragment essentially as described above for
sequencing, except that only deoxynucleotides were used. After 30 min. the
unincorporated nucleotides were removed by passage through a lcc syringe of
Sephadex G50 fine (7). For each, the eluate was then digested with an
appropriate restriction enzyme in order to introduce a cut at the downstream
insert/vector junction. The resultant single stranded labelled fragment was
isolated on a denaturing polyacrylamide gel (7).

Alternatively, double stranded fragments were either 5' end labelled by
sequential treatment with phosphatase and kinase, or were 3' end labelled by
filling in recessed 3' ends with Klenow fragment. In each case, the single
stranded probes were obtained by electrophoresis in strand separation gels
.

Mapping the RNA using Sl nuclease:

Liver polysomal RNA was prepared using the method of Palmiter (8) and 50
ng aliquots were hybridized to single stranded probes (1-5 X 104 CPM per
reaction) in 30 ul hybridization buffer (10 mM Tris, 1 mM EDTA, 0.3M NaCl, pH

7.5) for 2 hrs at 65°C. After digesting the residual single stranded regions
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for 15 min. at room temperature with 10.0 U/ml nuclease Sl1, the reaction was
quenched and the protected fragments were precipitated with ethanol,
resuspended in 99% formamide dye mix and electrophoresed on denaturing
acrylamide gels (7).

Mapping the 5' ends of RNA by primer extensioun:

After coprecipitating 50 ug of liver polysomal RNA and 1-5 X 104 CPM

single stranded primer with ethanol, the samples were resuspended in 20ul
hybridization buffer (see above) and incubated at 65°C for 1 hr.. At this
point 50 pl aliquots of reverse transcriptase cocktail were added, the
reaction was allowed to proceed for 1 hr. at 37°C and then the samples were
ethanol precipitated and resuspended in 99% formamide dye mix for analysis on
a sequencing gel.

Sequence homology search:

In order to search for sequence homologies between the 5' flanking
sequences of VTG II (this manuscript) and either apoVLDL II (9, 10),
conalbumin (11), ovalbumin (12), lysozyme (13) or albumin (10), we took
advantage of the two dimensional matrix analysis program of Pustell and
Kafatos (14) kindly made available to us by Jim Wallace and Dr. Richard
Gelinas. Typically we searched for 9 base sequences and had the computer
print out all matches which received a minimum value of 70 (see 14). For the
VIG II x apoVLDL II analysis we examined 750 and 475 base pairs,
respectively, of 5' flanking sequences whereas only approximately 270 base
pairs were examined for albumin and the egg white protein genes.

Precise mapping of 5' flanking VTG II nuclease hypersensitive sites:

The preparation of liver nuclei (from either egg laying hens or
estradiol stimulated roosters), digestion in situ by endogenous nucleases and
isolation of DNA were all as described previously (l1). The same is true of
the subsequent analysis by Southern blotting with two exceptions. First,
agarose gels were electrophoresed in duplicate in order to yield two
nitrocellulose filters; this allows one to examine the fragments looking from
each end of the parent fragment by indirect end labelling. Secondly, instead
of using N x Hind III and $X x Hae III standards we prepared a mixture of
partial (7) or complete restriction enzyme digests of the parent 3.6 kb Bam
fragment (in cloned form from pVTG412) covering the 5' end of the VIG II
gene. The particular restriction enzymes were chosen based on their
proximity to the nuclease hypersensitive sites. Thus, instead of estimating
the positions of the hypersensitive sites relative to the ends of the

parental restriction fragments, we mapped these sites by interpolation
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between closely spaced pairs of restriction sites.

In addition, we found it essential to include 10 pg of carrier DNA (Bam
HI digested erythrocyte genomic DNA) along with the trace amounts of cloned
DNA in order to avoid electrophoresis artifacts. Based on a comparison of A
x Hind III markers in the presence and absence of this amount of genomic DNA
(which is a typical sample for Southern blotting genomic chicken DNA) it is
clear that these artifacts can be rather severe (for example, as much as 0.2
kb in the case of the 4.45 kb marker). We estimate that our precision using

this method is probably at least as good as +/- 15 base pairs (see Results).

RESULTS
I. Sequencing the 5' portion of the chicken VIG II gene.

The approximate position of the 5' end of the VIG II gene relative to
restriction sites has independently been determined in two laboratories using
the method of EM heteroduplex analysis (15, 16, 17). This position roughly
coincides with the assignments that we made for the locations of the set of
hypersensitive sites which are induced in response to hormone (1). Since
both the putative 5' end of the gene and the induction specific
hypersensitive sites map within two contiguous Eco RI fragments of 1.1 kb
and 0.5 kb, we sequenced this entire region using M13 recombinants (4) in
conjunction with the dideoxy sequencing procedure (6). After a preliminary
restriction site analysis of this region by partial restriciton digestion of
end labeled fragments (data not shown), we chose to use the restriction
enzymes Eco RI, Pst I, Msp I, Sau3A and/or Hind III in order to generate sets
of overlapping fragments which were cloned directly into M13 vectors and
sequenced (Material and Methods). We were able to routinely resolve 200-300
nucleotides from each sequencing run and we obtained sequence data for both
DNA strands. These sequence data are presented in Figures 1 and 3.

II. Mapping the start site for transcription.

We began our analysis by carrying out Sl nuclease protection experiments
using subfragments from the 0.55 kb Eco RI fragment that we had sequenced
(Fig. 1) since we anticipated that this fragment would encode the 5' end of
the gene. Since the two fragments generated by digesting this Eco RI
fragment at the single Hind III site were each cloned into M13 vectors for
sequencing, we used these templates to obtain uniformly labeled single
stranded probes which would be complementary to any mRNA transcribed from
this region. These two probes (see cartoon for Fig. 2A) were independently

hybridized to total liver polysomal RNA isolated from either laying hens

1121



Nucleic Acids Research

VTG I GENE
L_—i_—‘_—‘—w AVTG30
= “_i_*_ﬂ_t_i_l_l_b AVTG40
'&l .*.‘_t_‘_i_‘_—_‘. AVIG10
TP S
J

Figure 1: Cloning and sequencing strategy. The lambda clones which span the
chicken VIG II gene were isolated from a genomic library as described
previously (1). The approximate position of the 3' end of gene relative to
these clones (which is indicated at the top of the figure) is based on EM
heteroduplex analysis carried out in other laboratories (15,16) whereas the
precise placements of the 5' end and the first three exons (depicted as solid
boxes in the lower figure) are derived from the present analysis. The 1.6 kb
of DNA corresponding to the two Eco RI fragments from the left end of the
AVTG 10 insert was digested with various restriction enzymes and subcloned
into MI3 vectors (4). Fifteen such constructions were sequenced using the
dideoxy method of Sanger (6) as indicated in the lower portion of the figure
where the arrows indicate the direction and extend of sequence derived from
each clone. The complete sequence obtained from this analysis is presented
in Fig. 3. The relevant restriction sites have been marked using the
symbols: ¥ , Eco RI; ¢ , artificial Eco RI linker; ®, Pst I; & , Bam HI;
¢ .MspI; Y, Sau 3A and 9, Hind III.

(lanes 3-4, 9-10), a 19 day embryo (lanes 5, 11) or a rooster (lames 6, 12)
and then digested with Sl nuclease. The protected fragments were
electrophoresed on a denaturing polyacrylamide gel and exposed to x-ray film.
This procedure revealed three protected DNA fragments when the experiment was
carried out using mRNA from the livers of laying hens, where VIG II is
expressed, but not when the mRNA derived from other sources (i.e., embryonic
or rooster livers), where the gene is not expressed. The sizes of these
fragments were determined to be approximately 58, 26, and 158 nucleotides,
respectively. Since mild conditions were employed for the S1 nuclease
digestion, we anticipated that these sizes might represent slight
overestimates for the sizes of the first three exons of the gene (see below).
As can be seen from Fig. 2A, two additional larger bands are also present but
since they are observed in the absence of exogeneous mRNA (lanes 2, 8), we

presume that they are artifacts and hence we shall not discuss them further.
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Figure 2: Mapping the start site of transcription and the first three exons
for the chicken VIG II gene. The cartoon in the upper left hand cormer
summarizes the positions of the first three exons (solid boxes) and
corresponding introns (open boxes) relative to restriction sites ( ¥ , Eco RI;
Y , Sau 3A; 9 , Hind III; and L , Hinf I). The underlying figures are
schematic representations of the data presented in panels A-D. Panel A: The
uniformly labelled single stranded Hind III x Eco RI probes shown in lanes 1
and 7 were hybridized to 50 ng each of liver polysomal RNA obtained from
laying hens (lanes 3-4, 9-10), 19 day embryos (lames 5, 11) or adult roosters
(lanes 6, 12) prior to Sl nuclease digestion and analysis on a sequencing
gel. Controls in which no RNA was added are shown in lanes 2 and 8. The
markers for this, and the other panels are: M, Msp I x pBR322 and H, Hinf I
x pBR322. Panel B: The single stranded Hinf I x Eco RI probe was labelled at
its 5' Hinf I site, hybridized to 50 pg polysomal RNA from an egg laying hen
(lanes 3-4) or no RNA (lanes 1-2) at either 55° (lanes 1, 3) or 65° (lanes 2,
4), digested with S1 nuclease and analyzed on an 8% sequencing gel. Panel C:
The 35 nucleotide Hind III x Sau 3A primer was hybridized to either no RNA
(lane 1) or 50 pg liver polysomal RNA from either a rooster (lame 2) or a
laying hen (lane 3) and extended using cold nucleotides and reverse
transcriptase. A non-overexposed version of lane 3 is presented in lane 4.
Lane "s8" contains a dideoxy G sequencing tract of a totally unrelated
template which is shown to provide a reference molecular weight ladder.

Panel D: Primer extension analysis using the uniformly labelled 190 base Eco
RI x Sau 3A single stranded fragment to prime 1, 3 and 10 pg (lanes 1-3
respectively) of hen liver polysomal RNA.
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In order to gain a reference point for placing these putative exons on
the sequence obtained for this region, we carried out a second Sl nuclease
protection experiment, this time using as a probe the single stranded Hinf I
x Eco RI fragment from pVTGl26 which was singly labelled at the 5' Hinf I
site (see Fig. 2B). When this probe was annealed to polysomal RNA obtained
from the liver of a laying hen and then digested with S1 nuclease, the major
protected fragment was found to comigrate with the bromophenol blue dye,
indicating that the labeled fragment was less than approximately 15
nucleotides in length. Indeed when the relevant sequence was examined, a
consensus splice acceptor site (18) was found 10 bases upstream from the Hinf
I site (see Fig. 3). We conclude that this sequence defines the 3' end of
the second intron (see below).

In addition to the major band, a minor 300 nucleotide band is also
protected after Sl nuclease digestion of the end-labeled Hinf I probe (Fig.
2B, lanes 3-4). Since the presence of this band is dependent on
hybridization with RNA prior to Sl nuclease digestion (compare lanes 1-2 with
lanes 3-4) it appears that the band is an authentic product of hybridization.
.Based on the size of this fragment, we conclude that the protection is due to
a small fraction of polysomal RNA which retains the first two introns (see
below). Interestingly, there is no evidence of any message which retains
only the second (and not the first) intron, perhaps suggesting an ordered
processing for these two introns.

In order to convincingly argue that the exons we mapped by Sl nuclease
protection are indeed at the 5' end of the message, we carried out primer
extension analysis. Since we knew that the Hinf I site lay within an exon
(see above) we began by preparing a uniformly labeled single stranded probe
which terminated at its 5' end with an Eco Rl site and at its 3' end with the
Hinf I site (see Fig. 2D). This primer was annealed to laying hen liver
polysomal RNA and then extended to the terminus of the mRNA using AMV reverse
transcriptase in the presence of cold nucleotides. As can be seen in Fig.
2D, the major band at 271 nucleotides is due to the primer having been
extended by 81 nucleotides. Whereas no products are observed that are larger
than this, several intermediate size bands are present which we presume are
attributable to pause sites for the enzyme. This interpretation is supported
by a second primer extension experiment which will be presented below (see
Fig. 2C).

Given that the 3' end of the primer was defined by the Hinf I site, 7

nucleotides of the extended product could be accounted for by the exon within
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-1100
AAAGCATCCT

-1090
CCAATGCAGA

-1000
GGAACCCGTT

-990
CATTCTCTTA

-900
TTTTCTGAAT

-890
GTGTTCTTGT

-800
TGGTTCTGTA

-790
GGAAATGCAA

-1080
AGACGGCGTG

-980
GTTCACTCTT

-880
GTTATCAATA

-780
AAGGTTCTAG

-1070
CTCTTGTTCT

-970
TGTTTATCTC

-870
TAAATCACAG

=770
GCTGACCTGC

-1080
TCTTGTCGAT

-960
CTATTTCTGA

GAATT

-1050
CAACTGCCAC

-950
GGGTACCTGA

-1140
CATGCCACAA

-1040
CCACTTGCTT

c2

TGAGCTGTTT

-1130
TCTATTGCAC

-1030
TGGAGGACCA

-930
CCACACTCCT

-1120
TGCTGGAAGT

-1020
ACTTTTTTGT

-920
GACATTTCTA

-860
TTAGTGATGA

ACTTCTATCC

-850
AGTTGGCTGC

=750
CTCTTGCCTT

-700
GCTCCCATTT

-690
ACTTTGGAAG

-600
ACATTGATCC

-590
CGTGATTTCA

-500
GCAAAGGTTT

-490
ATCTGGATTA

-400
TGATTGGGTT

-390
ATTATCAGCT

-300 -290

AcCCAGCEEEIRRIM TCT

-200

-190
AGAAAAAGGT

-90
CTGATAAAAA

-100
BTTACATAAA

20

-680
ATAAAATATT

-580
ATAAATACAT

-480
CGCTCTGGCC

-380
AGATAACAAC

-280
AGGAAAGCAA

-180
TTTTTATCAG

-80

-670
TACAGAATGC

-570
ATGTTCCATA

-470
TGCAGGAATG

-370
TTGGGTCAGG

-270
GTAGCACATC

-170
AGATGCCAAG

-660
TTATGAAACC

-560
TATTGTTTCT

-460
GCCAT.AAACC

-850
TTTGTTCATT

-550
CAGTAGCCTC

-450
AAAGCTGAGG

-840
AAGCCTGCAT

-740
ACTGCTGAGA

—-640
TAAAAATATT

-540
TTAAATCATG

B1

GAAGAGGGAG

-830
CAGTTCAGCT

-730
ATCTCTGCAG

-630
CCTGGTCAGC

-530
TGCGTTGGTG

-430
AGTATAGTCA

-360
TGCCAGGTCA

-260
AATTTTAAAT

-160
GTATTATTTG

Acm_ﬂ@cm'-

-350
ACATAACCTG

-340
GGCAAAACCA

-330
GTCTCATCTG

-820
ACTTGGCTGC

=720
GTTTTAATTG

-620
GTGACCGGAG

-520
CACATATGAA

-420
ATGTAGATTA

TGGCAGGACC

-1110
TGCACCTCCA

-1010
AGGGTTTACA

-910
GAACAGGCGA

-810
ATTTTGTATT

-710
TTCACATTTT

-610
CTGAAAGAAC

-510
TACATGAATA

-410
TACTGATTGC

-310
A'NSTACEAGC

-250
TTATTGTAAA

-150
ATTTTCTTTA

-240
TGCCGTAGTA

-140
TTCGCCGTGA

-230
GAAGTGTTTT

-130
A

=50 -40 -30
TGTTCC ToARERER MR TCTC

60

70

EERIRCCTTC GCTATGAGGG OGA‘I‘CATAC’I’ cc.cnncm c‘rcncccﬂc TAGgtaagct tacacatcec
————————————

110 120

130

gagttcactg aceaceatta ggtttagact zcnle‘MI-lIII-RGC

210 220

230

240

250

260

270

tctacctata aacttggtga ctttgttatg atgactattc attagaatat gcttacaget tctatgtasa

310 320

330

340

350

360

370

AATAGCAGAA GGAGTTACCT GTACAACTAT GAAGGTTCTA TGTTGAATGG GCTTCAAGAC AGAAGTTTGG

410 420

430

440

450

460

470

TAGAGATCAG TGGGCTACCA GAGAATGCTT ACCTCCTCAA Ggtactggec atgtctigtit ccasmacgeac

80
gtcttcattce

180
AGCCAGAAGT
280
tggctgttat

380
GCAAAGCTGG

480
caaccaacac

-220
ACTGTGATAC

-120
TG

-20
ACCATGCCTG

-210
ATTGAAACTT

-110

GCAGAGCCH
C——

90
ttcttcectg

190
TTGACATTGg
290

tccccacagA

390
TGTGCGCTTG

490
tgaattc

100
gaatttcctt

200
taagtacatt
300
CCCAGGATTC

400
AGCAGCAAGC

Figure 3: The nucleotide sequence for the 5' region of the chicken VIG II
gene. The dideoxy method of Sanger (6) was used to sequence the M13
constructions (4) presented in Fig. 1. The sequence that was obtained is
numbered here relative to the start site of transcription which is defined as
position 1. The introns are denoted by lower case letters. Several
sequences of interest have been highlighted for emphasis: TATA box homologies
at positions -26 and -59; weak homologies to CAAT boxes at position -68 and
-100; cap sequences at positions -35 (silent) and centered about position 1;
four sequence elements that are shared between the 5' flanking regions of VTG
II and apoVLDL II (CGTGACCCA, CTGGTCAAT, AGATTT and TTGCAAAA, respectively);
and, within the first intron, two overlapping sequences that are each
homologous to the consensus sequence of Mulvihill et al. (44). The nuclease
hypersensitive regions that flank the 5' end of the . gene are underlined (see
Figure 4).

which the Hinf I site lies. Thus, the balance is 74 nucleotides of which we
know at most 58 are accounted for by the Sl protected fragment derived from
the smaller Eco RI x Hind III fragment shown in Fig. 2A since this fragment

lies upstream. This suggested that the small exon observed in Fig. 2A (lanes
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9-10) lies between the Hinf I and Hind III sites, and furthermore that the
Hinf I site would thus lie within the large (approximately 158 base) exon.

Working within these guidelines we examined the sequence and found
consensus splice junctions at each of the expected positions (see Fig. 3).

In particular we found a donor splice site downstream from the Hinf I site
which defines a 152 base pair (third) exon. Secondly, we found a 21 base
pair (second) exon located between the Hind III and Hinf I sites which is
flanked at both ends by consensus splice sites. Finally, just upstream of
the Hind III site there is a splice donor site which in turn is preceeded by
a consensus transcriptional start site 53 base pairs upstream (19), again in
agreement with the S1 nuclease protection data. More importantly, the sum of
the first two putative exons is exactly the same (74 nucleotides) as
predicted from the primer extension analysis presented in Fig. 2D and yields
a continuous open reading frame. Moreover, the reading frame is consistent
with the fact that the protein is secreted (20) in that the initiation
methionine residue is followed by an arginine and then a string of 14
consecutive non-polar amino acids.

As a definitive test of our assignment for the transcriptional start
site, we made a 5' end labeled single stranded primer that we predicted would
hybridize to mRNA within the first exon sequence and would be extended 25
bases to the 5' end of the message by reverse transcriptase. As shown in
Fig. 2C, this is exactly what we observed. In particular, the 35 base primer
labeled at the 5' Hind III end was extended exactly 25 bases beyond the 3'
Sau3A end by reverse transcriptase in the presence of cold nucleotides. This
start site maps exactly to the adenine residue within the consensus cap
sequence (see Fig. 3). As can be seen from the overexposed autoradiogram in
lane 3 of Fig. 2C, aside from weak bands which extend by 1, 2 and 3 bases
beyond what we believe to be the true start site, there are no start sites
which would inidicate initiation at positions further upstream from this cap
site. As expected, the primer was not extended after annealing to rooster
liver polysomal RNA (lame 2 of Fig. 3).

Finally, we note that our exon/intron assignments are in excellent
agreement with previous EM heteroduplex analysis (15).

III. Mapping the positions for the 5' flanking nuclease hypersensitive sites.

In a previous publication (1) we showed that a set of nuclease
hypersensitive sites is established in the region upstream from the VIG II
gene when transcription is induced in the liver by estradiol treatment of

either embryos or roosters. These same sites are also observed in the livers
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of laying hens. Interestingly, once induced, two of the sites (denoted Bl
and B2) are stable in that they persist after hormone withdrawal whereas the
third site, which we are now able to resolve as a pair of sites (denoted Cl
and C2; see below), is only present during periods of hormone mediated
expression. As an initial step in trying to better understand the
significance of these sites we undertook to map the sites relative to the DNA
sequence that we had obtained for these regions.

Despite the inherent limitations of sizing DNA fragments by Southern
blot analysis, we have been able to obtain quite precise data, as evidenced
by the coincidence (to within 20 base pairs) for the map locations of the 5'
flanking hypersensitive sites deduced using upstream and downstream probes.
The analysis makes use of our knowledge of the exact locations (based on the
DNA sequence) of restriction sites within the region of interest which
provide a set of closely spaced standards. The strategy then was merely to
locate the hypersensitive sites by determining the sizes of subbands based on
interpolations between adjacent restriction sites.

The data that we obtained using this analysis are presented in Fig. 4.
As indicated in the bottom portion of the figure, each of the sites are
characterized by rather precise double stranded cuts. Several features of
the sequences in the immediate vicinities of the hypersensitive sites deserve
comment, First, it is clear that there is no correlation between the
nuclease hypersensitive sites and AT-rich regions which might have been
expected simply on the basis that such regions are thermodynamically less
stable than GC-rich regions. Considering 40 base pairs of sequence centered
about each of the sites defined in Fig. 4, we find that these regions are
only 45-53% AT as opposed to even larger regions elsewhere which are greater
than 80%Z AT rich but are not nuclease sensitive. A similar conclusion has
been drawn based on fine mapping the nuclease hypersensitive region flanking
the chicken adult B-globin geme (21).

Secondly, it has recently been demonstrated that many regions which are
hypersensitive to nucleases in situ are also reactive to both nucleases (22)
and single strand specific chemical probes (23) when present in the form of
naked supercoiled DNA. Since inverted repeats (24,25) direct repeats (26,27)
and Z DNA (28) sequences have all been shown to be capable of forming Sl
nuclease sensitive structures in supercoiled DNA, we examined the regions
defining the 5' flanking VIG II hypersensitive sites for such sequences.
Although several of these kinds of sequence elements are present (for example

multiple short direct repeats as well as a 7 base pair tract of alternating
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Hypersensitive site C2 at -0.938: ATTTCTGAGGGTACCTGATGAGCTGTTTCCACACTCCTGA

Hypersensitive site Cl at -0.761: AAAGGTTCTAGGCTGACCTGCACTTCTATCCCTCTTGCCT

Hypersensitive site Bl (minor) at -0.435: AAACCAAAGCTGAGGGAAGAGGGAGAGTATAGTCAATGTA

Hypersensitive site Bl (major) at -0.323: CTGGGCAAAACCAGTCTCATCTGTGGCAGGACCATGTACC

Hypersensitive site B2 at +0.007: CTGGCAGAGCCCTATTCACCTTCGCTATGAGGGGGAT CAT

Figure 4: Precise determination of the estradiol induced VIG II 5' flanking
nuclease hypersensitive sites. Hypersensitive sites within the 3.6 kb Bam HI
fragment were mapped using the upstream and downstream probes as depicted in
the top figure. 1In addition to the prominant subbands generated by in sltu
digestion at the hypersensitive sites (indicated by the horizontal arrows in
the top figure), a set of weak bands are also observed in each lane which we
have subsequently identified as being due to the use of a contaminated
aliquot of Bam HI. Since these bands fall outside the bracketed region of
interest, however, they represent only a cosmetic problem and in no way
interfere with the analysis. For each filter, the pairs of in situ digested
genomic samples (lanes 1-2, laying hen #1; lanes 3-4, laying hen #2; lanes
5-6, laying hen #3; lanes 7-8, estradiol treated tooster) are flanked by
restriction site standards (see text) which are jndicated by the following
symbols: ¢ , AvaIl; ® , Bam HI; Y , Eco RI; , Hind 1II; ¢ , Pst I and
¢ , Xbal. The precise positions of the 5' flanking nuclease hypersensitive
sites are shown with respect to the DNA sequence in the lower portion of the
figure. The horizontal arrows above and below each sequence indicate the
positions determined from the 3' and 5' probes, respectively.

purines and pyrimidines), their occurence is not particularly striking when
compared to the rest of the flanking DNA. Thus, whereas it may be that these
features contribute to the structural discontinuities at these positions,

they clearly do not account for why these particular sites are cut whereas
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other flanking sequences are relatively nuclease resistant.

Thirdly, given that enhancers (reviewed in 29) in SV40, proviral LTRs
and the immunoglobulin heavy chain gene have been found to contain nuclease
hypersensitive sites (30, 31, and 32, respectively), it is perhaps worth
noting that one of the induced hypersensitive sites (site C2) contains an 11
base pair region which is identical in the central 9 positions with the
proposed enhancer core sequence of SV40 (29). When the search was broadened
to include reasonable (i.e. 6 out of 8 base pair matches) homologies with the
enhancer core consensus (which has been proposed based on a comparative
analysis of many viral enhancer elements (33)), many additional elements were
found flanking the VIG II gene. Whereas most of these are solitary, in the
regions that correspond to the pair of Bl hypersensitive sites the homologies
are clustered next to one another, as in the region defined as the
immunoglobulin heavy chain gene enhancer (34).

IV. Comparison of the 5' flanking region of VIG II with other estrogen

regulated genes.
As mentioned in the introduction, estradiol stimulation of embryos or

roosters elicits the expression in liver cells of a set of genes that are
normally induced in the livers of laying hens in response to the same
stimulus. Since there is no evidence that the genes which comprise the liver
specific set are evolutionally related to one another we decided to compare
the flanking sequences of these genes as a means of identifying sequence
components (other than the familiar CAAT and TATA homologies) that might be
involved in mediating their coordinate expression.

VIG II is now the second member, along with apoVLDL II (9, 10), of the
estrogen responsive liver specific genes for which the 5' end has been
assigned and sequenced. Since approximately 500 base pairs of 5' proximal
flanking sequence is available for apoVLDL II, we compared this with a
similar region for VTG II using the two dimensional matrix program of Pustell
and Kafatos (14).

This analysis revealed four similarities between the upstream flanking
regions of these two genes which are summarized in Fig. 5. Immediately 5' to
the apoVLDL II CAAT box the sequences AGAATTT and TTGCAAAA are found
separated from another by two nucleotides. These same two sequences
(separated in this case by four nucleotides) are also present in a similar
position for VIG II. The other two elements identified by this analysis were
found to be homologous to the CAAT consensus sequence (12), although the

elements are located approximately 200 and 290 base pairs upstream from the
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Figure 5: Regions of sequence homology are present upstream from the mRNA
cap sites for VIG II and other estrogen responsive chicken genes. The 5'
flanking sequences of VIG II (Fig. 3) were compared with similar regions for
apoVLDL II (9,10) as well as conalbumin (11), ovalbumin (12), lysozyme (13)
and albumin (10) using a computer matrix analysis program (14). The results
of this analysis are represented schematically in this figure along with the
positions of the consensus promoter elements. The genes are aligned at the
right with respect to their mRNA cap sites. As noted in the text, VIG II
contains two sets of consensus promoter elements (i.e., cap and TATA
sequences, with weak homologies to the CAAT consensus, represented by the
symbols &, M and O, respectively) although the upstream cap sequence is
transcriptionally silent. In addition to these familiar sequences, VIG II
and apoVLDL II share additional regions of homology. The solid diamonds
indicate the subset of four such sequences (elements 1-4 are CGTGACCCA,
CTGGTCAAT, AGAATTT and TTGCAAAA, respectively) that are located in similar
positions for the two genes. The open horizontal arrows indicate that a core
of element 2 (TGGIC) is the inverted repeat of a sequence present in element
1. Note also that element 2 is highly homologous with the CAAT consensus
(12). As depicted in the lower portion of the figure, homologies to element
4 are also present in the region between 220 and 200 base pairs upstream from
the mRNA cap sites for each of the three egg white genes examined, although
in some cases (open diamonds) the homologies are not exact. Conalbumin also
contains a sequence (GGAATTT) nearly identical to element 3 which is located
14 base pairs upstream from its copy of element 4. None of these sequences
are found flanking the chicken albumin gene. The solid vertical arrows
represent the two estrogen induced liver specific hypersensitive sites (sites
Bl and B2) that flank this set of conserved sequence elements for VIG II.

The solid horizontal bars for ovalbumin and lysozyme represent the hormone
responsive regions which have recently been identified for these genes
(quoted in 43).

mRNA cap site of each of the genes instead of the usual 70-80 base pairs.
Element 2 is, in fact, a better CAAT homology than either of the two '"CAAT
sequences" found in the expected positions closer to the VIG II gene. In
addition, although the positions of the elements are very similar for the two
genes, their order is reversed; i.e. element #1 (CGTGACCCA) is the extreme 5'

element for VIG II whereas element #2 (CTGGTCAAT) is the extreme 5' element
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for apoVLDL II. Note that the CAAT homology for element 1 reads away from
the gene (i.e. the two elements constitute an imperfect indirect repeat).
When the analysis was extended to include comparisons between
approximately 300 base pairs of VIG II flanking DNA and similar regions from
each of three different chicken egg white protein genes (i.e. ovalbumin,
lysozyme and conalbumin), a perfect copy of element 4 (TTGCAAAA) was
identified at position -216 of conalbumin. Upon closer examination, related
sequences were also found at similar positions for both lysozyme and
ovalbumin; TTGCAACA at -202 and TTAGCAGAA at -205, respectively. Curiously,
whereas element 3 (AGAATTT) is located close to element 4 in both VIG II and
apoVLDL II, the only egg white gene which possesses a similar upstream
sequence is conalbumin, albeit the element (GGAATTT) in this case is not
perfect and is separated by 14 base pairs instead of only 2 or 4. Although
other different regions of homology were found between VTG II and other genes
examined, including the serum albumin gene (10), they were neither in similar

positions nor were shared between sets of coordinately regulated genes.

DISCUSSION

The sequence organization of the 5' portion of the major vitellogenin
gene (VTG II) has several interesting aspects that are worth noting. First,
in common with several other estrogen regulated genes such as lysozyme (13),
ovomucoid (35,36) and apoVLDL II (9, 10), VTG II is found to contain two
overlapping sets of sequences which are each homologous to consensus
promoter elements (see Fig. 3). Whereas in the other cases examined both
promoters are functional (albeit to varying extents), as evidenced by the
presence of RNA species with the appropriate 5' ends, this is not true of VIG
II despite the fact that the redundant promoter elements are highly
homologous to one another. Our failure to detect any evidence of
transcriptional initiation from the upstream promoter would appear to be very
neatly accounted for, however, by the guanine residue (instead of a thymine)
in position 3 of the respective TATA box as this exact transversion was shown
to have a drastic effect on the transcriptional efficiency of the chicken
conalbumin gene (37, 38).

The conservation of these tandom homologous promoter elements suggests
that they may be advantageous despite the fact that for VTG II they are not
in themselves competent with respect to transcription initiatiom.

Considering the proximity of these sequences to the functional set it seems

reasonable to suggest, for example, that they may serve instead to localize
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putative tramscriptional factors in the vicinity of the true promotor and in
this way contribute favorably to more efficient tramscription in vivo.

In analyzing the DNA sequence downstream from the mRNA cap site, it
seems reasonable to presume that the ATG sequence at position 14 serves as
the translation initiation codon since this is the first such triplet
encountered (39). This supposition is in all likelihood correct as evidenced
by the fact that this assignment yields a coantinuous open reading frame for
the region we have sequenced thus far (the first three exons, which code for
approximately 71 amino acids). Moreover, the predicted N-terminus for this
prétein is compatible with the fact that VIG II is a secreted protein (20).
In particular, the initiator methionine is followed by an arginine and then a
block of 14 contiguous non-polar amino acids.

Assuming that translation does begin at this position, it is evident
that the untranslated leader sequence for this message is quite short.
Whereas shorter leaders have been documented (40), the size in this case is
particularly interesting in light of the fact that the half life for the VIG
II message (but not liver messages in general) is known to vary greatly in
the presence and absence of hormone (41, 42). The size of the leader
sequence would suggest that this property is probably encoded elsewhere.
Clearly these predictions can be tested experimentally.

As mentioned in the Introduction, VIG II is one member of a small set of
genes which are synthesized exclusively in liver in response to estrogen
stimulation. Since the gene which codes for the other major estrogen
inducible species, apoVLDL II, has recently been sequenced (9, 10), we made a
comparison between the 5' flanking sequences of VIG II and apoVLDL II to
identify common sequences which might be regulatory elements involved in the
coordinate expression of these two genes.

A computer assisted search (14) revealed a number of sequences that are
found within 500 base pairs upstream from the mRNA cap sites for both VTG II
and apoVLDL II. Particularly intriguing are the subset of four such
sequences that are present in similar positions relative to the mRNA cap
sites for the two genes (Fig. 5). Two of these elements are located
approximately 200 and 290 base pairs upstream from the mRNA cap sites and by
nucleotide sequence are clearly related to the CAAT consensus (12), although
in the case of element 1 the sequence reads away from the gene. The other
pair of elements (separated by only 2-4 base pairs) is located just upstream
from the set of consensus promoter elements for each of the two genes (Fig.

5). This pair of sequences is also observed flanking the conalbumin gene,
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whose transcription is regulated by estrogen in both liver and oviduct (3).
Weaker homologies for the element closest to the gene (but not the adjacent
element) were also found for the two other egg white genes examined
(ovalbumin and lysozyme). For each of these three genes which are expressed
in oviduct, however, the sequence is present further upstream than for VIG II
and apoVLDL II, i.e. approximately 220 to 200 base pairs in front of the
respective mRNA cap sites. Interestingly, these positions coincide with the
5' boundaries for the hormone responsive regions recently determined for both
lysozyme and ovalbumin (quoted in 43).

We also searched the VIG II gene region for the 19 base pair consensus
originally presented by Mulvihill et al (44) as a poteantial progesterone
receptor DNA binding site. Although more recent experiments have led to a
refinement of this hypothesis (45), the large number of homologous copies
around the various egg white genes (44) as well as copies near the gene for
apoVLDL II (10) remains an intriguing observation. Whereas the function of
this sequence remains obscure, it is worth noting that VIG II (which is not
responsive to progesterone) contains two overlapping copies of this sequence
at the 3' end of the first intron (see Fig. 3).

We are currently in the process of determining whether the conserved
sequence elements that we have identified for VIG II and apoVLDL II are of
functional importance in vivo. In addition, we would like to better
understand how the tissue specific induction of the 5' flanking nuclease
hypersensitive sites which bracket these homologies is related to the
differential expression of VIG II. The mapping and sequence determinatioms
that we have presented in this manuscript have allowed us to focus more
closely on these sites although we still are unable to rationalize the
precise digestion pattern that we observe. However, the fact that the
nuclease hypersensitive site located 938 base pairs upstream from the mRNA
cap site is identical in 9 out of 11 positions with the core SV40 enhancer
sequence (29) suggests a function for at least one of the previously
identified estrogen induced hypersensitive sites which we are curreantly

testing experimentally.
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