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5‘ Domain and Nucleotide Sequence of an Adult Chicken Chromosomal 
,&Globin Genet 

Lawrence E. Day,* Abigail J. Hirst, Eugene C. Lai, Myles Mace, Jr., and Savio L. C. Woo* 

ABSTRACT: A 6. l-kilobase chromosomal chicken DNA frag- 
ment containing an adult @-globin gene has been cloned from 
total EcoRI-digested chicken DNA. The complete 0-globin 
gene is approximately 1600 nucleotides in length and is flanked 
by 0.9 and 3.6 kilobases of DNA in this cloned fragment at 
its 5’ and 3’ termini, respectively. The chicken &globin 
contains two intervening sequences at the same locations as 
the mammalian globin genes. The CAP site of the globin gene 
was determined by electron microscopic and S1 nuclease 
mapping, and the nucleotide sequence at the 5’ end of the gene 
was established. The gene contains 80 nucleotides at its 5’- 
untranslated region. At 29 nucleotides preceding the CAP 
site is the Hogness box sequence GATAAAA. The nucleotide 
sequences surrounding this AT-rich region are extremely GC 
rich (70%). The Occurrence of CG dinucleotides is unusually 
frequent in this region, resulting in the appearance, imme- 

Recombinant  DNA technology has permitted the dissection 
of the eucaryotic genome. Structural and sequencing analyses 
after gene isolation by molecular cloning have established that 
mammalian globin genes are comprised of three mRNA 
coding segments separated by two intervening sequences 
(Tilghman et al., 1978; Tiemeier et al., 1978; Leder et al., 
1978; Konkel et al., 1979; Nishioka & Leder, 1979; Lawn et 
al., 1978; Lacy et al., 1979; Hardison et ai., 1979; van den Berg 
et al., 1978; Bernards et al., 1979). More recently, such a 
structure has also been observed in an adult chicken @-globin 
gene (Dodgson et al., 1979; Ginder et al., 1979). In the past, 
we and others have cloned the chromosomal ovalbumin and 
ovomucoid genes from total chicken DNA and shown that both 
of these estrogen-inducible genes in the chick oviduct contain 
seven intervening sequences (Woo et al., 1978; Dugaiczyk et 
al., 1978, 1979; Mandel et al., 1978; Catterall et al., 1979; Lai 
et al., 1979). Nucleotide sequencing analysis at the 5’ ends 
of these two genes has revealed some similarities (Lai et al., 
1979). In order to compare the nucleotide sequences flanking 
the 5’ ends of the hormone-inducible genes with that of a 
steroid irresponsive chicken gene and those flanking the 5’ ends 
of mammalian and avian globin genes, we have cloned an adult 
chicken P-globin gene and determined its 5’-nucleotide se- 
quence. 
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diately preceding the Hogness box sequence, of six HpaII sites 
(recognition sequence CCGG) which could be targets for DNA 
methylation in the genome. A stretch of 16 dG residues which 
is not present in other globin genes is located 194 nucleotides 
preceding the CAP site. However, limited nucleotide con- 
servation at the region between the Hogness box and the CAP 
site was observed between the avian and mammalian 0-globin 
genes, but not between the chicken @-globin gene and the 
chicken ovalbumin, ovomucoid, and conalbumin genes. Al- 
though there are additional sequence homologies between the 
avian and mammalian @-globin genes further 5’ from the 
Hogness boxes, none is as striking as the pentanucleotide 
sequence CCAAT located exactly at 45 nucleotides preceding 
the Hogness box sequence in the avian and mammalian 8- 
globin genes but not the other chicken genes. 

Materials and Methods 
Materials. White Leghorn laying hens were purchased from 

Rich-Glo Farm, La Grange, TX, and the animals were made 
anemic by daily injection of phenylhydrazine. On the seventh 
day, the animals were sacrificed, and reticulocytes were ob- 
tained from plasma by low-speed centrifugation. Their livers 
were rinsed with cold 0.996 NaCl solution and frozen in liquid 
nitrogen immediately after dissection. Liquified phenol and 
reagent grade chemicals were purchased from Fisher Scientific 
Co. Formamide was obtained from Fluka. Restriction en- 
zymes, T4 DNA ligase, and sequence grade polyacrylamide 
were purchased from Bethesda Research Laboratories. S1 
nuclease was from Miles Laboratories. DNase and bacterial 
alkaline phosphatase were from Worthington. Escherichia 
coli DNA polymerase I and T4 polynucleotide kinase were 
from Boehringer Mannheim. Radioactive deoxyribonucleoside 
triphosphates were purchased from Amersham. 

Met hods. Reverse- Phase Column Chromatography. The 
method has been successfully used to enrich the mouse @-globin 
gene from total mouse DNA for its subsequent cloning 
(Tilghman et al., 1977). One hundred milligrams of Eco- 
RI-digested chicken liver DNA in 10 mM Trisl-acetate, pH 
7.4,1.5 M NaOAc, and 0.1 mM EDTA was chromatographed 
on a RPC-5 column (1 X 50 cm) by the procedure of Hardies 
& Wells (1976). The DNA was eluted from the column in 

* Abbreviations used: Tris, tris(hydroxymethy1)aminomethane; 
EDTA, ethylenediaminetetraacetic acid; NaDodS04, sodium dodecyl 
sulfate; kb, kilobase; bp, base pairs; cDNA, complementary deoxyribo- 
nucleic acid; rRNA, ribosomal ribonucleic acid. 
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10-mL fractions by using 1 L of a linear gradient containing 
1.5-1.8 M NaOAc in the same buffer. DNA from each 
fraction was precipitated with alcohol and redissolved in 0.5 
mL of 10 mM Tris-HC1, pH 7.6, and 1 mM EDTA. 

Assay of 0-Globin DNA-Containing Sequences by Southern 
Hybridization. Two micrograms of DNA from alternate 
fractions from the RPC-5 column was electrophoresed on a 
1% agarose gel in Tris-acetate and transferred onto nitro- 
cellulose filters by the method of Southern (1975), as described 
previously by Lai et al. (1978). The filters were hybridized 
with a nick-translated [32P]DNA probe of pHb1001, which 
is a recombinant plasmid constructed with pMB9 DNA and 
a double-stranded DNA synthesized from adult chicken p- 
globin mRNA. The plasmid was kindly provided by Winston 
Saker (UCLA). The filters were subjected to radioautography 
after extensive washing, as described by Lai et al. (1978). 

Labeling of DNA Probes by Nick Translation. The pro- 
cedure used was based on that of Maniatis et al. (1975) and 
Rigby et al. (1977). The reaction was performed in a final 
volume of 25 pL containing 1 pg of DNA in 50 mM Tris-HC1 
(pH 7.8), 5 mM MgCl,, 10 mM 2-mercaptoethanol, 5 pg of 
BSA, 30 pM dATP and dGTP, 5 pM [32P]dCTP, and 
[32P]TTP. The mixture was prepared on ice, and 0.1 ng of 
DNase was added. After being incubated for 1 min at room 
temperature, the mixture was immediately cooled in an ice 
water bath. Ten units of E. coli DNA polymerase I was then 
added, and the reaction mixture was incubated at 14 "C. The 
reaction was stopped after 90 min of incubation by the addition 
of 5 pL of 0.1 M Na,EDTA and 5 pL of 10% NaDodS04. 
Unincorporated dNTPs were separated from the labeled DNA 
by gel filtration. Radioactive fractions eluting in the void 
volume were pooled and precipitated by 2 volumes of ethanol. 
The precipitate was resuspended in 0.5 mL of 10 mM Tris-HC1 
(pH 7.6) and 1 mM Na2EDTA. It was made to contain 0.1 
N NaOH and incubated at room temperature for 2 h. The 
32P-labeled DNA was chilled, neutralized with HC1, and kept 
at -20 "C. The specific activity of the DNA probes was 
generally (1-2) x lo8 cpm/pg. 

Preparative Agarose Gel Electrophoresis. Preparative 
agarose gel electrophoresis was performed as described pre- 
viously (Lai et al., 1979). Briefly, 200 pg of restriction en- 
donuclease digested DNA was applied to a 0.6-cm thick 
agarose slab gel by using an electrophoresis apparatus by E-C 
Apparatus Corp. After electrophoresis, the agarose gel strip 
containing the desired DNA fragment was excised and crushed 
by passing it through a 21-gauge needle. The crushed gel was 
suspended in 2 volumes of extraction buffer (50 mM Tris-HC1, 
pH 7.6, 100 mM NaCl, and 1 mM Na2EDTA) and allowed 
to stand at room temperature for 2 days. Agarose was pelleted 
by centrifuging the gel suspension in an SW40 rotor for 3 h 
at 32 000 rpm. The supernatant was extracted on ice with an 
equal volume of redistilled phenol saturated with extraction 
buffer. After centrifugation, the aqueous layer was precipi- 
tated with ethanol. The precipitate was resuspended in a small 
volume of extraction buffer and further extracted with phenol 
on ice until no interphase was present. The DNA was re- 
covered after precipitation with ethanol, and the yield ranged 
between 50% and 80% of the starting material. 

Cloning of an Adult Chicken P-Globin Gene. Escherichia 
coli LE392jThyA and the bacteriophage XgtWES-AB were 
kindly provided by Dr. Philip Leder (National Institutes of 
Health). The bacteriophage was digested with EcoRI and the 
middle AB fragment was removed from XgtWES DNA by 
preparative agarose gel electrophoresis. The subsequent 
cloning experiments were performed in a P3 facility in ac- 

cordance with the NIH guidelines for recombinant DNA re- 
search. 

Two micrograms of the AgtWES DNA and 1 pg of the 
partially purified globin DNA were incubated with 1 unit of 
T4 DNA ligase in a total reaction volume of 20 pL at 12 OC 
for 15 h. Ten microliters of the ligation mixture was used for 
cloning by in vitro packaging according to the procedure of 
F. Blattner as reported previously by Dugaiczyk et al. (1979). 
Briefly, lysogens were induced and cell extracts were prepared 
by alternate freezing and thawing and by sonication. The two 
protein extracts were mixed with partially purified protein A 
and incubated at 37 OC for 60 min with the ligated DNA in 
a final volume of 50 pL. The packaging mixture was plated 
in a 5-pL aliquots in soft agar on ten agar plates. Approxi- 
mately, 12 000 phage plaques were generated in this experi- 
ment. 

The phage plaques were screened for the recombinant 
containing the 0-globin gone by hybridization with the 
pHbl00l probe, utilizing an amplification procedure previously 
described by Woo (1979). 

R-Loop Analysis by Electron Microscopy. Hybrids of the 
cloned P-globin gene with chicken globin mRNA were formed 
with 10 pg/mL DNA and 20 pg/mL RNA in 70% deionized 
formamide containing 100 mM Tris-HC1, pH 7.6, 10 mM 
Na,EDTA, and 200 mM NaCl. The mixture was heated at 
80 OC for 5 min and incubated at 55 OC for 3 h. The reaction 
mixture was then permitted to cool slowly to room temperature 
(-2 h). Following incubation, samples were prepared for 
electron microscopy by diluting 0.1-0.5 pg of nucleic acids with 
100 pL of a solution containing 70% formamide, 0.1 M 
Tris-HC1, pH 8.4,O.Ol M Na2EDTA, and 100 pg/mL cyto- 
chrome c. The mixture was spread onto a hypophase of dis- 
tilled water. Samples were picked up on collodion-coated 300 
mesh copper grids, stained with uranyl acetate, rotary shad- 
owed with platinum-palladium, and examined at 80 kV by 
using a Joel 100-C electron microscope. Molecules were 
measured by using a Neumonics electronic planimeter with 
$X174 R F  DNA as the internal standard. 

5' End Labeling of DNA. pCPG6.1 DNA was digested to 
completion with HindIII, and the 2.03-kb fragment was pu- 
rified by preparative agarose gel electrophoresis. The 5'- 
terminal phosphates on the DNA were removed by incubation 
at 68 OC with 1 unit of bacterial alkaline phosphatase in a 
reaction volume of 50 pL containing 0.01 M Tris-HC1, pH 
7.8,O.Ol M MgC12, and 0.001 M dithiothreitol. After 30 min, 
the mixture was extracted with an equivalent volume of phenol 
presaturated with 0.05 M Tris-HC1, pH 7.4, and 0.001 M 
EDTA and precipitated with ethanol. The 5'-OH groups were 
subsequently labeled with [T-~,P]ATP using T4 polynucleotide 
kinase. The pellet was redissolved in 20 pL of 50 pM gly- 
cine-NaOH, pH 9.5, 10 mM MgCl,, 5 mM dithiothreitol, 0.1 
mM spermidine, and 25% glycerol. The solution was added 
to 200 pCi of dried [y3,P]ATP, and 4 pL of T4 polynucleotide 
kinase (4000 units/mL) was added. The mixture was incu- 
bated at 37 OC for 30 min, and the reaction was terminated 
by phenol extraction. 

Both 5' termini of the DNA were labeled in this procedure. 
The DNA was subjected to digestion with EcoRI after removal 
of excess [32P]ATP by gel filtration to obtain a probe with only 
one labeled terminus. The end-labeled DNA fragments were 
subsequently separated by preparative agarose gel electro- 
phoresis. 

SI Nuclease Mapping. Hybridization between 50 ng of 
end-labeled probe (35 000 cpm) and 150 pg of poly(A)-con- 
taining chicken reticulocyte RNA was performed in a final 
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FIGURE 1: RPC-5 column chromatography of total EcoRI-digested 
chicken DNA. (Panel A) Elution profile of 100 mg of chicken DNA 
on an 1 X 50 cm column. (Panel B) Radioautogram of a Southern 
agarose gel blot containing 2 pg of DNA from various fractions of 
the Rpc-5  column. The hybridization probe was 'zP-labeled pHblOOl 
DNA, a recornbinant plasmid containing a cDNA insert of an adult 
chicken &globin gene. The two hybridization bands in fraction 23 
were 11 and 6.1-kb in length, as indicated on the left-hand side of 
the radioautogram. 

volume of 100 pL that contained 70% deionized formamide, 
0.3 M NaCI, 0.01 M Tris-HCI, pH 7.5, and 0.001 M EDTA. 
DNA was denatured at  100 "C for 3 min prior to incubation 
at  54 OC for 18 h. Nucleic acid in the reaction mixture was 
precipitated with ethanol for subsequent SI nuclease digestion 
in a final volume of 500 pL that contained 0.2 M sodium 
acetate, pH 4.5, 0.4 M NaCI, 0.002 M ZnCI,, 12.5 pg of 
denatured calf thymus DNA, and 3400 units of SI nuclease. 
The reaction mixture was incubated at 37 'C for 30 min and 
was terminated by ethanol precipitation. The pellet was re- 
suspended in 10 pL of 0.1 N NaOH. After incubation at 68 
OC was continued for 5 min, the alkali-treated sample was 
applied to a 4% polyacrylamide gel containing 7 M urea and 
electrophoresed at 200 V for 2-3 h. The gel was then subjected 
to radioautography. 

DNA Sequencing. Chemical degradation of end-labeled 
DNA was performed according to the method of Maxam & 
Gilbert (1977), and polyacrylamide gel electrophoresis using 
the thin gel was performed according to Sanger & Coulson 
(1978). 

Results 
Cloning of a Chicken Chromosomal Adult @-Globin Gene. 

pHblOOl is a recombinant plasmid constructed by inserting 
a cDNA copy of an adult chicken @-globin mRNA into the 
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FIGURE 2 Enrichment of the globin gene fragments by preparative 
agarose gel electrophoresis. (Left panel) Ethidium bromide stain of 
an agarose gel containing various fractions (lanes a-f) recovered from 
a preparative agarose gel. Lane M contains EcoRIdigested A DNA. 
(Right panel) Radioautogram of the same agarose gel after hybrid- 
ization with 3zP-labeled pHblOOl DNA. 

EcoRI site of plasmid pMB9 DNA. When this recombinant 
plasmid was used as a probe, two hybridization bands at  11 
and 6.1 kb were detected in EcoRI-digested total chicken 
DNA. These two hybridizable fragments were enriched from 
total DNA by RPC-5 column chromatography, and the elution 
profile of the column is shown in Figure 1A. Southern hy- 
bridization analysis demonstrated that both @-globin gene 
containing fragments eluted at the earliest fractions from the 
column (Figure IB), and an enrichment of about 20-fold was 
achieved. The fragments containing @-globin genes were 
further enriched by preparative agarose gel electrophoresis. 
DNA from fraction 23 of the RPC-5 column was electro- 
phoresed on a 1% agarose gel which was subsequently cut into 
5-mm slices. DNA recovered from each gel slice was analyzed 
for globin gene content. The ethidium staining pattern of 
DNA from individual gel slices on an analytical agarose gel 
is shown in Figure 2 (left panel). Southern hybridization 
analysis shows that the 6.1-kb globin gene fragment is par- 
ticularly enriched in fractions d and e from the preparative 
gel (Figure 2, right panel). DNA from these gel fractions were 
then allowed to ligate with the phage DNA arms of XgtWES 
vector and cloned in E. coli LE392 by in vitro packaging. Two 
signals were obtained from 12ooO recombinant phages. EcoRI 
digestion of these phage DNAs generated XgtWFS DNA and 
an additional 6.1-kb fragment which hybridized with 3'P-la- 
beled pHbl00l DNA (not shown). The 6.1-kb chicken DNA 
isolated from these recombinant phages was then recloned in 
the EcoRI site of the plasmid vector pBR322, and the re- 
combinant was designated pCBG6.1. 

Molecular Structure of the Chicken @-Globin Gene. The 
molecular structure of the cloned @-globin gene was analyzed 
by electron microscopy. EcoRI-digested pCBG6.1 DNA was 
allowed to hybridize with poly(A)-containing chicken reticu- 
locyte RNA under R-loop conditions. The electron micrograph 
of a hybrid molecule and the corresponding line drawing are 
shown in Figure 3. The molecule indicates the presence of 
at least two structural gene regions separated by an intervening 
sequence (IVS B). The small intervening sequence (IVS A) 
as reported by Ginder et al. (1979) did not form a stable duplex 
under the hybridization conditions employed and is present 
as a singlestranded DNA loop that has the appearance of a 
thick region in the larger R loop within these molecules. The 
poly(A) tail of the mRNA is clearly present and is located 
adjacent to the small R loop. The duplexed and looped regions 
of 20 individual molecules were determined by using a numonic 
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FIGURE 3: Electron micrograph and the corresponding line drawing 
of a hybrid molecule formed between adult chicken @-globin mRNA 
and the cloned 6.1-kb chicken fragment containing a chromosomal 
@-globin gene. Hybridization was carried out under R-loop conditions, 
and electron microscopy was performed as described under Materials 
and Methods. The poly(A) tail on the mRNA and the large inter- 
vening sequence Bare clearly visible. The small intervening sequence 
A was too small to form a stable DNA duplex. It is present as a 
single-stranded DNA loop within the large R-loop and has the a p  
pearance of a thickened area within the RNA/DNA duplex. This 
thickened area is present at exactly the same location in ten individual 
hybrid molecules. 

map measure, and the average was used to construct a @-globin 
gene map (Figure 4). The orientation of the globin gene in 
the cloned chicken DNA was from left to right as shown in 
the map because of the location of the poly(A) tail of the 
mRNA in the electron micrograph. The large loop containing 
the first two structural gene segments plus the first intervening 
sequence is approximately 600 base pairs (bp) in length and 
is separated from the 200-bp third structural gene segment 
by a 900-bp intervening sequence. The entire @-globin gene 
is flanked in the cloned 6.1-kb chicken DNA fragment by 
approximately 900 and 3600 bp of DNA at  its 5' and 3' 
termini, respectively. 

5' Domain of the Chicken @-Globin Gene. The positions 
of the small intervening sequence (IVS A) and the CAP site 
of the gene were determined by SI nuclease mapping. The 
2.03-kb Hind111 fragment from pCDG6.1 DNA was 5' end 
labeled with "P by using successively alkaline phosphatase 
and polynucleotide kinase in the presence of [.I-'~P]ATP. The 
labeled DNA fragment was cleaved with EcoRI, and the 
2.0-kb HindIIIIEcoRI fragment containing the 5' half of the 
globin gene was isolated by preparative gel electrophoresis. 
This DNA fragment, labeled only at the Hind111 site present 
in IVS B, was then denatured thermally and allowed to hy- 
bridize with total poly(A)-containing RNA isolated from 
chicken reticulocytes. The reaction mixture was subsequently 
treated with SI nuclease, and the residual-labeled fragments 
were detected by polyacrylamide gel electrophoresis followed 
by radioautography. There should be a minimum of four 
molecular species of globin RNA in the preparation (Figure 
5) :  (1) precursor RNA with both intervening sequences; (2) 
precursor RNA with IVS A removed, (3) precursor RNA with 
IVS B removed; and (4) mature mRNA with both intervening 
sequences removed. Although the latter two species would 
have hybridized with the end-labeled DNA probe, the labeled 
end would not be protected from S1 nuclease due to the ab- 
sence of IVS B in the RNA molecules (Figure 5). When the 
end-labeled DNA probe was hybridized to the precursor RNA 

FIGURE 4 Physical map of the cloned 6.1 -kb chicken DNA fragment. 
The DNA was cleaved by Hind111 into two fragments of 4. I and 2.0 
kb in length, and the former fragment was cleaved by BumHI into 
two fragments of 2.3 and 1.8 kb in length (not shown). The unique 
Hind111 site in this fragment must be internal to the @-globin gene 
since both the 2.0-kb EcoRI/HindIIl and the 2.3-kb HindIII/BumHI 
fragments hybridized to pHB 1001 DNA. The transcription orien- 
tation of the gene was determined by the fact that the poly(A) tail 
on the mRNA is flanked by the longer DNA arm in the cloned 6.1-kb 
DNA (Figure 3). The approximate positions of the three structural 
gene regions and the two intervening sequences on the fragment were 
determined from electron microsmpic analysis of ten individual hybrid 
molecules with &globin mRNA. The lengths of the flanking sequences 
and various gene segments on each hybrid molecule were determined 
by using a numonic map measure. Ten independent determinations 
were averaged and employed to construct the @-globin gene structure. 
The size of intervening sequence A, however, cannot be accurately 
determined on these molecules and is only an approximation on the 
schematic drawing. The five HpulI sites within the 2.0-kb Eco- ' 
RI/HindIII fragment were determined by partial HpuII digestion 
of the fragment labeled only at the Hind111 end followed by poly- 
acrylamide gel electrophoresis and radioautography (data not shown). 
The detection of six bands at 2000, 1860, 1665, I165,1050, and 900 
bp in length indicated the presence of five HpuII sites within the DNA 
fragment as shown. Indeed, the 2.0-kb EcoRI/HindIII fragment was 
cleaved by HpuII into six fragments of 900, 500, 195, 150, 140, and 
105 bp in length (Figure 5). Upon DNA sequence analysis, however, 
the HpulI site separating the 105- and 150-bp HpaII fragments was 
found to wnsist of six HpuII sites. Strategy used to sequence the 
5' flanking sequence of the globin gene is shown in the lower portion 
of the diagram. 
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FIGURE 5: Schematic representation of the strategy to determine the 
5' domain of the 8-globin gene by SI nuclease mapping. The labeled 
Hind111 end is indicated by the asterisk. 

without IVS A, the looped DNA region corresponding to IVS 
A would be cleaved by SI nuclease, and the size of the re- 
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FIGURE 6 Radioautogram of a polyacrylamide gel in SI nuclease 
mapping experiment describal in Figure 5 .  (Lane a) Huelll-digested 
@XI74 DNA after end labeling. Sizes of the individual DNA 
fragments in nucleotides are shown on the left-hand side of the ra- 
dioautogram. (Lane b) End-labeled 2.0-kb EcoRI/HindllI fragment 
after hybridization with chicken reticulocyte RNA and SI nuclease 
digestion. (Lane c) End-labeled fragment without SI nuclease di- 
gestion 

sulting DNA fragment should reveal the distance of IVS A 
from the Hind111 site. Indeed, a band of 830 nucleotides in 
length is evident in the radioautogram (Figure 6.  lane b). 

Since the precursor RNA containing both intervening se- 
quences in collinear with the DNA probe, the entire 5' globin 
gene portion will be protected from SI nuclease, and the size 
of the resulting labeled DNA band should reveal the distance 
between the 5'-capping site of the gene and the unique internal 
Hind111 site. An additional band at  about 1050 nucleotides 
is evident in the radioautogram (Figure 6). The location of 
the capping site of the mRNA as determined by SI nuclease 
mapping agrees well with restriction and electron micrographic 
mapping of the gene (Figure 4). 

There appeared to be five HpaIl sites in the 2.0-kb Hin- 
dIII/EcoRI fragment which yields a total of six Hpull frag- 
ments of 900,500, 195, 150. 140, and 105 base pairs in length 
(Figure 5 ) .  One of these Hpoll sites should correspond to the 
Hpall site present at amino acid codon 12/13 within the first 
structural gene segment (Richards et al., 1979). S1 nuclease 
mapping was performed by using the individually end-labeled 
Hpall fragments as the hybridization probe to establish the 
exact location of the capping site on the gene. Only the 900- 
and 150-bp DNA fragments were protected from SI nuclease 
digestion. The 900-bp fragment was internal within the gene, 
and the neighboring 150-bp fragment was reduced in size to 
120 nucleotides (Figure 7). This experiment would localize 
the CAP site of the gene being located at  1020 bp from the 
unique Hind111 site, and the result agrees well with the pre- 
vious SI nuclease mapping and electron microscopic data. 

5'-Nucleotide Sequence of the Gene. Since the above ex- 
periment has localized the position of the 5' end of the gene 
to be within the 150-bp DNA fragment, the nucleotide se- 
quence of this fragment was established by the method of 
Maxam & Gilbert (1977). The fragment was labeled at  the 
5'end and recut with Hue111 into two fragments of 120 and 
30 bp in length. The nucleotide sequences of the two fragments 
were then determined. In order to sequence a c r m  the Haelll 
site in the fragments, the S'-Iabeled DNA fragment was 
subjected to a strand separation gel, and both DNA strands 
were again sequenced. The entire fragment is 156 nucleotides 
in length, and its sequence is shown in Figure 8. The nu- 
cleotide sequence at the 3' end of the fragment contains codons 
corresponding to the first 12 amino acids of adult chicken 
@-globin. These codons follow immediately the initiation codon 
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FIGURE 7: Radioautogram of polyacrylamide gel in a second SI 
nuclease mapping experiment. Individual Hpull fragments from the 
2.0-kb EcoRI/Hindlll fragment were end labeled and hybridized with 
chicken reticulocyte RNA. (Lane a) Hoelll-digested pBR322 DNA 
after end labeling. (Lane b) 150-bp HpI l  fragment after end labeling. 
(Lane c) Labeled HpolI fragment after hybridization with chicken 
reticulocyte RNA and S I  nuclease digestion. 
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CCGAGCC~GTGGGGACACAGACGGCCGCTCACCAGCGTGCTATC 
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CCCACGGGAGCMGAGCCCAGACCTCCTCCGTACCGACAGCCACACGCIA 
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CCCTCCAACCGCCGCCATGGTGCACTGGACTGCTGAGGAGMGCAGCTCA 
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FIGURE 8: Complete nuclmtide q u e n a  of the H p l l  DNA fragment 
containing the 5' end of the &globin gene. The entire fragment is 
I56 nucleotides in length, The 3'-terminal36 nucleotides corresponded 
exactly to the first 12 amino acids in adult chicken &globin. Im- 
mediately preceding the codon sequencc is the initiation codon ATG. 
The CAP site of the gene was determined only by S1 nuclease 
mapping. 

ATG at nucleotides 117-1 19. Preceding the initiation codon 
is a noncoding region of the gene, which extends at  least to 
nucleotide 68 since the sequence of this region is identical with 
that of a cDNA clone reported by Richards et al. (1979). The 
exact 5' end of the gene, however, cannot be pinpointed yet 
on the chromosomal gene sequence since the entire sequence 
of the adult chicken @-globin mRNA has not been established. 
But our SI nuclease mapping data would suggest that the 5' 
end is positioned at around nucleotide 30 of the fragment. If 
the mRNA coding sequence does start with the dinucleotide 
AC at nucleotides 37-38, the 5' untranslated region would be 
80 nucleotides in length. This length is similar to the 76 
nucleotides present in the chicken conalbumin gene but 27-28 
nucleotides longer than those of mouse and rabbit adult 0- 
globin genes. Similar to other eucaryotic genes, there appars  
to be a small palindromic structure at the 5' end of the mRNA 
and two regions of complementarity with the 3'-terminal se- 
quence of 18s mRNA (Figure 9). 

For comparison of the 5'4anking nucleotide sequence be- 
tween the chicken @-globin gene with those of the mammalian 
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FIGURE 9: A possible structure of @-globin mRNA at the 5’ end. 
Immediately preceding the initiation d o n  AUG in the 5’ untranslated 
region exists some nucleotide complementarity with the 3’ end of the 
18s rRNA. A second region of such complementarity is present 17 
nucleotides further 5’ from the first region. These regions are then 
preceded by a small palindromic structure located close to the 5’ end 
of the molecule. 

@-globin genes and the estrogen responsive genes in the chick 
oviduct, the sequence of the neighboring 105-bp HpaII frag- 
ment was determined. This fragment contains a Sau3A site 
which was labeled, and the appropriate fragments were se- 
quenced in order to establish the orientation of the 105-bp 
HpaII fragment and to cross the HpaII site separating the 105- 
and the 150-bp HpaII fragments (Figure 4). Suprisingly, such 
an experiment revealed that there were actually a total of six 
HpaII sites scattered over a 70-bp region of DNA (Figure lo), 
which is rather unusual since the HpaII recognition sequence 
is CCGG and CG dinucleotides are uncommon in the euka- 
ryotic genome. 

The nucleotide sequence preceding the chicken &globin gene 
is extremely GC rich (70%), and there is a stretch of 16 dG’s 
located at 194 nucleotides preceding the CAP site of the gene 
which is not present in the other genes. At 29 nucleotides 
preceding the mRNA coding portion of the gene is the AT-rich 
heptanucleotide sequence GATAAAA (Figure 10). A similar 
sequence at the same locus is also present in all these other 

genes. Other than this AT-rich region, there is no other 
striking sequence homology between the chicken genes. 
However, in the region covering the first 12-1 3 nucleotides 
immediately preceding the gene, there are significant sequence 
similarities between the chicken and the mammalian &globin 
genes. More interestingly, there is a pentanucleotide sequence 
CCAAT located exactly at 45 nucleotides proceding the 
Hogness boxes of the &globin genes but not the other chicken 
genes at this position. 

Discussion 
By use of pHBlOOl DNA as a specific hybridization probe, 

a 6.1-kb chicken DNA fragment containing an adult &globin 
gene has been cloned in the AgtWES DNA vector after en- 
richment from EcoRI-digested total chicken DNA by a com- 
bination of RPC-5 column chromatography and preparative 
agarose gel electrophoresis. The entire @-globin gene is present 
within this cloned EcoRI fragment. The gene contains three 
structural segments separated by two intervening sequences. 
Although the exact locations of the two intervening sequences 
within the gene have not been established by nucleotide se- 
quencing, electron microscopic analysis and SI nuclease 
mapping experiments have indicated that their positions 
correspond to the intervening sequences present within the 
mammalian globin genes. 

The adult chicken &globin mRNA appears to contain a 5’ 
untranslated region that is 27-28 nucleotides longer than the 
mouse, rabbit, and human j3-globin mRNAs (Konkel et al., 
1979; Russel et al., 1976; Kafatos et al., 1977; Baralle, 1977; 
Proudfoot, 1977; Efstratiadis et al., 1977; van den Berg et al., 
1978; Marotta et al., 1977). As in other eucaryotic genes, the 
first ATP triplet in the structural chicken &globin sequence 
is used as the initiation codon for translation. In many other 
eucaryotic messenger RNAs, there exist segments within the 
5’ untranslated region that are complementary to the 3’-ter- 
minal sequence of eucaryotic 18s rRNA which might be in- 
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FIGURE 10: Comparison of the nucleotide sequences immediately flanking the adult chicken @-globin gene, the adult mammalian @-globin 
genes (Konkel et al., 1979; Hardison et al., 1979), and the hormone-responsiveness genes in the chicken oviduct (Lai et al., 1979; Cochet et 
al., 1979). All sequences are aligned at the CAP sites. The multiple recognition sequences for HpaII in this region of the chicken @ gene 
are underlined, and the poly(dG) region is indicated by the asterisks. The common Hogness box sequences in the genes are boxed, and conserved 
nucleotides in the globin genes are shown by straight lines between the gene sequences. The common pentanucleotide sequence CCAAT at 
45 nucleotides preceding the Hogness box sequence is indicated by + signs. 
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to be present in other eukaryotic genes (Benoist et al., 1980), 
these sequences not only differ from the pentanucleotide se- 
quence by at least two nucleotides, but their locations from 
the Hogness boxes are also variable. Whether the CCAAT 
sequence is involved in the expression of the adult P-globin 
gene only in differentiated cells, however, cannot be established 
at the present time. It will be interesting to see if the em- 
bryonic 0-globin genes also have the pentanucleotide sequence 
at that position. Its functional role in transcription of the gene, 
if any, may be established possibly by a combination of site- 
directed mutagenesis and gene expression studies either in a 
RNA polymerase I1 dependent system or in a DNA-mediated 
gene-transfer system. 

The DNA sequences surrounding the Hogness box are ex- 
tremely GC rich (70%) and are curiously enriched in CG 
dinucleotides, resulting in the presence of six HpaII sites over 
a range of 70 nucleotides. Recent studies have correlated a 
general pattern of DNA methylation and gene expression, 
suggesting that gene transcription is associated with un- 
dermethylation at specific sites within the genes (Waalmijk 
& Flavell, 1978; Bird et al., 1979; Mandel & Chambon, 1980). 
Furthermore, it has been reported that a HpaII site at close 
vicinity to the 5’ end of the adult chicken 0-globin gene is 
completely unmethylated in cells which are expressing or have 
expressed this gene but is methylated partially in other cells 
(McGhee & Ginder, 1979). The analysis employed in the 
methylation study was by comparing the HpaII and MspI 
cleavage patterns of genomic DNA from different chicken 
tissues. The extent of methylation at the six HpaII sites 
immediately flanking the 5’ end of the chicken @-globin gene 
is difficult to determine, since any one of the six sites not 
methylated would have resulted in the cleavage by HpaII at 
this region and would be scored as unmethylated. By the same 
analysis, complete unmethylation at this region of the gene 
in cells that had expressed or is expressing this gene would 
mean a range of complete to partial unmethylation in actuality. 
The multiple CG dinucleotides present at the strategic position 
of the chicken adult @-globin gene could be targets for me- 
thylation of the DNA in the genome, which might be involved 
in the depression and activation of @-globin gene expression 
during erythroid cell differentiation. 
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