
Proc. Natl Acad. Sci. USA
Vol. 78, No. 8, pp. 4782-4785, August 1981
Biochemistry

cDNA sequence of a new chicken embryonic p-globin
(recombinant DNA/pBR322 plasmid vector/DNA sequence determination/mRNA structure/hemoglobin switching)

IGOR B. RONINSON AND VERNON M. INGRAM
Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Communicated by Alexander Rich, April 23, 1981

ABSTRACT In order to use specific DNA probes for the study
of developmentally regulated gene expression, we have prepared
cDNA clones corresponding to chicken embryonic globins by in-
serting cDNA-mRNA hybrids into the Pst I site of the plasmid
pBR322 by using poly(dG) and poly(dC) linkers. The nucleotide
sequence of the insert of one clone, representing a nearly full-
length; copy of an embryonic ,8-like globin cDNA, has been de-
termined. The amino acid sequence of the globin encoded by this
insert is identical to the sequence of embryonic p-globin, except
for four amino acid residues near the carboxy terminus. Com-
parison of mRNA sequences of the embryonic and adult chicken
/3-globins indicates the presence of extensive deletions in the 3'
untranslated region of the embryonic gene.

A number of developmentally regulated gene clusters have
been described, including the immunoglobulin, histone, cho-
rion protein, vitellogenin, and globin genes (1-7). Of particular
interest to us are the clusters of chicken a- and ,8-globin genes
(8, 9), whose expression changes during development.

Early chicken embryos have a primitive red blood cell pop-
ulation which expresses two f3-globinilike proteins, p- and e-
globin, and several a-globin-like proteins, ir-, ir'-, aA, and aD.
globin. The adult chicken, on the other hand, has a definitive
red blood cell population which synthesizes A-globin itself and
the same aA- and aD-globin. Transiently, for several days
around hatching, another ,3-globin-like protein, I3H-globin, is
also made (10).

In order to study the regulation of the expression of these
chicken globin genes at the transcriptional and translational lev-
els, we have begun to develop DNA probes specific for the em-
bryonic chicken globins. Starting with mRNA from the imma-
ture primitive red blood cells of 5-day embryos, we have
prepared a family of cDNA clones in the plasmid pBR322 by
inserting cDNA-mRNA hybrids into the Pst I site ofthe plasmid
by using poly(dG) and poly(dC) linkers. One of the clones con-
tains an insert whose DNA sequence can be translated into a
protein that closely resembles, but is not quite identical with,
the recently described amino acid sequence ofp-globin (11). We
call this protein p'-globin.

MATERIALS AND METHODS
Reverse transcriptase from avian myeloblastosis virus was a gift
of J. W. Beard (Life Sciences, St. Petersburg, FL). Terminal
transferase, restriction endonucleases, and plasmid pBR322
were purchased from Bethesda Research Laboratories (Rock-
ville, MD). DNA polymerase I (large fragment) and T4 polynu-
cleotide kinase were from New England BioLabs. The nucleo-
side E32P]triphosphates were obtained from Amersham.

Synthesis of Poly(dC)-Tailed cDNA-mRNA Hybrids. Five-
day chicken embryo red blood cells were obtained as described

(12). Cells were lysed essentially according to the protocol of
Longacre and Rutter (13) except that 10 mM vanadyl adenosine
(14) was added to the lysis buffer as nuclease inhibitor.
Poly(A)+mRNA was purified as described by Efstratiadis et al.
(15). cDNA-mRNA hybrids were prepared by using reverse
transcriptase and an oligo(dT) primer (16) in presence of0.5 mM
vanadyl adenosine. Poly(dC) tails were added to the 3' ends of
DNA-RNA under the conditions of Roychoudhoury et al. (17).
The average number of dC residues deduced from the amount
ofincorporated radioactivity was estimated to be 10-20 per each
3' end.

Construction and Cloning of Recombinant Plasmids. Ho-
mopolymers of poly(dG) were added to the 3' ends of the plas-
mid pBR322 that had been linearized with Pst I according to
the procedure of Brutlag et al. (18). Approximately 0.2 Ag of
poly(dC)-tailed mRNA-cDNA was mixed with 2 tg ofpoly(dG)-
tailed Pst I-cleaved pBR322. After annealing (19), the product
was used to transform Escherichia coli C600 by the procedure
of Dagert and Ehrlich (20). Colonies that were resistant to tet-
racycline and sensitive to ampicillin were screened by in situ
filter hybridization (21) using 2P-labeled embryo globin cDNA
as a probe. Those colonies that hybridized to the cDNA probe
were grown and DNA was extracted as described (22). Cloning
was performed under PL,EKL conditions of containment.

Pst I-cleaved recombinant plasmid DNAs were blotted onto
nitrocellulose filters after electrophoresis in 1.5% agarose gel
(23) and hybridized to 32P-labeled, nick-translated DNA probes
made from AC,(GI [a chicken f3-globin genomic clone (8)]. The
32P-labeled 1400-base-pair (bp) EcoRI fragment of ACaG2 (9)
that contains a D-globin gene sequences and the 32P-labeled
adult chicken globin cDNA were also used as probes to hybrid-
ize to colonies in situ after transfer onto nitrocellulose- filters
(22).

Restriction Analysis. The conditions for restriction endo-
nuclease digestions were those recommended by the supplier.
After Pst I cleavage, fragments were separated by electropho-
resis on 1.5% agarose and the appropriate fragment was eluted
essentially according to-the procedure of Vogelstein and.Gil-
lespie (24), except that the step ofwashing the DNA-glass pow-
der with 70% Nal was omitted and the eluted DNA was ex-
tracted with phenol and precipitated with ethanol three times
prior to subsequent analysis. The eluted DNA was labeled at
the 3' ends and further digested with various enzymes. The la-
beled fragments were analyzed by electrophoresis on 3% agar-
ose and autoradiography of the dried gel.
DNA Sequence Analysis. DNA fragments were labeled with

32P at their 3' ends with the Klenow fragment of DNA poly-
merase I (25). In this reaction, 1-2 #g ofDNA was labeled with
300 ,uCi (1 Ci = 3.7 x 10'° becquerels) of the appropriate de-
oxynucleoside [a-32P]triphosphate (dC for Pst I-generated ends
and dG for Hha I-, Hae III-, and Sau3a-generated ends) in 60

Abbreviation: bp, base pair(s).

4782

The publication costs ofthis article were defrayed in part by page charge
payment. This article must therefore be hereby marked. "advertise-
ment" in accordance with 18 U. S. C. §1734 solely to indicate this fact.



Proc. Natd Acad. Sci. USA 78 (1981) 4783

mM Tris, pH 7.4/8 mM MgCl2/10 mM dithiothreitol contain-
ing each of the other unlabeled triphosphates at 1 mM. 5' ends
produced by digestion with Sau3a were labeled with T4 poly-
nucleotide kinase by an exchange reaction (26). Fragments la-
beled at one end were isolated by electrophoresis on 3% agarose
and their sequence was determined by using the chemical pro-
cedures of Maxam and Gilbert (27).

RESULTS
Transformation of E. coli with 1 Ag of cDNA-mRNA hybrids
inserted into the Pst I site of pBR322 by using poly(dG) and
poly(dC) linkers gave rise to more than 1000 tetra-cycline-re-
sistant ampicillin-sensitive clones. When recombinant plasmid
DNAs selected by hybridization with the embryonic cDNA
probe were subjected to restriction enzyme digestion and the
fragments, blotted onto nitrocellulose filters, were hybridized
with probes specific for -globin and aD-globin sequences and
adult chicken reticulocyte cDNA, three groups of clones were
revealed: those that hybridized with ,-globin and adult cDNA
probes, those that hybridized with a -globin and adult cDNA
probes, and those that did not hybridize with any of these
probes. The clones of the first group were assumed to contain
cDNA corresponding to embryonic ,-globin-like chains.
One of these clones, designated pCGp'I, contained a cDNA

insert of 582 base pairs (bp) that was excised from the plasmid
as a single fragment by Pst I (Fig. 1). This fragment was eluted
from an agarose gel after electrophoresis, and the restriction
sites of Hha I, Sau3a, and Hae III were mapped by double
digestion after 32P-labeling of the 3' ends. The physical map of
the cDNA insert is shown in Fig. 2a. The orientation of the in-
sert with respect to the neighboring pBR322 sequences was
determined by digesting pCGp'I with Hha I (Fig. 1). The pres-
ence of a 728-bp Hha I fragment that could be cleaved with Pst
I indicated that the larger Hha I fragment of the insert was lo-
cated next to the 315-bp Hha I/Pst I fragment of pBR322 (28);
the smaller fragment was adjacent to the 22-bp Hha I/Pst I frag-
ment of pBR322 (Fig. 2a).
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FIG. 1. Orientation of the cDNA sequence inserted in thePstI site
of pBR322. PlasmidDNA (1 ,pg) was cut withPst I (lane a),Hha I (lane
b), or Hha I/Pst I (lane c). The fragments were resolved by electro-
phoresis on 1.5% (lane a) or 3% (lanes b, c) agarose gels and stained
with ethidium bromide. The indicated bands in lane b correspond to
the fragments containing both pBR322 and cDNA sequences. These
fragments were cut byPst I (lane c). The smallerHha I fragment con-

taining a Pst I site could not be separated from the 190-bp fragment
of pBR322.
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FIG. 2. Restriction map (a) and sequencing strategy (b) of pCGp'I.
The locations ofAlu I, HindII, andAva I restriction sites were deduced
from the analysis of the nucleotide sequence. The orientation of the
cDNA insert (open) within the plasmid pBR322 (stippled) is shown.
Only those Hh/a I sites in pBR322 that were contiguous with the insert
are shown in a. Restriction endonuclease sites used for generating frag-
ments for sequence analysis are designated in b. (+) and (-) indicate
the polarity of the DNA strands [the (+) strand corresponds to mRNA].
The arrows show the direction and extent of DNA whose sequence was
determined in each strand.

Fig. 2b represents the strategy used for determining the se-
quence of the pCGp'I insert. The appropriate restriction sites
were labeled either at the 3' end or at the 5' end, and sequences
were determined by the method ofMaxam and Gilbert (27). The
nucleotide sequence of the cloned cDNA is shown in Fig. 3.
Comparison of the amino acid sequence derived from it with
the amino acid sequences of embryonic and adult ,8-globin-like
proteins (11, 29) shows that it is clearly different from -globin
and E-globin but closely resembles the p-globin chain (11). Our
projected amino acid sequence differs from the p-globin se-
quence at four positions in the 3' part of the message, the third
exon. Therefore, the globin chain corresponding to this cDNA
is provisionally called p'-globin.

It is also interesting to note that the DNA sequence of our
clone pCGp'I agrees with that portion of the genomic DNA
sequence of the p-globin gene presently available for compar-
ison (30), which corresponds to amino acids 40-69 in the second
exon.

DISCUSSION
One of the difficulties in previously reported cloning of
cDNAmRNA hybrids was the use ofpoly(dA) and poly(dT) tail-
ing for the construction of recombinant plasmids (19, 31). This
approach did not allow the use of the ends of the cDNA inserts
as starting points in DNA sequence determination because such
inserts cannot be removed cleanly, enzymatically or chemically.
Our results demonstrate that poly(dG) and poly(dC) tailing with
insertion into the Pst I site ofpBR322 provides a way to combine
the advantages of direct cloning of cDNA-mRNA hybrids with
the ability to excise the insert from the recombinant plasmid
precisely.

The amino acid sequence of p'-globin differs from the se-
quence of p-globin at four positions within the 3' third of the
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.5 I startValHisTrpSerAlaGlu
(G)19AAGCTCTGAGTGCTCCCACAGCCGCACGCCAACCCCGCTGCCACCATGGTGCACTGGTCCGCCGA3

31(C)19TTCGAGACTCACGAGGGTGTCGGCGTGCGGTTGGGGCGACGGTGGTACCACGTGACCAGGCGGCTC

10 20
GluLysGlnLeuIleThrSerValTrpSerLysValAsnValGluGluCysGlyAlaGluAlaLeuAla
GAGAAGCAGCTCATCACCAGCGTCTGGAGCAAAGTCAACGTGGAGGAATGCGGTGCCGAAGCCCTGGCC
CTCTTCGTCGAGTAGTGGTCGCAGACCTCGTTTCAGTTGCACCTCCTTACGCCACGGCTTCGGGACCGG

30 40 50
ArgLeuLeuIleValTyrProTrpThrGlnArgPhePheAspAsnPheGlyAsnLeuSerSerProThr
AGGCTGCTGATCGTCTACCCCTGGACCCAGAGGTTCTTTGATAACTTCGGGAACCTCTCCAGCCCCACT
TCCGACGACTAGCAGATGGGGACCTGGGTCTCCAAGAAACTATTGAAGCCCTTGGAGAGGTCGGGGTGA

60 70
AlaIleIleGlyAsnProLysValArgAlaHisGlyLysLysValLeuSerSerPheGlyGluAlaVal
GCCATCATTGGTAACCCCAAGGTCCGTGCTCACGGCAAAAAAGTGCTGAGCTCCTTTGGGGAAGCCGTG
CGGTAGTAACCATTGGGGTTCCAGGCACGAGTGCCGTTTTTTCACGACTCGAGGAAACCCCTTCGGCAC

80 90
LysAsnLeuAspAsnIleLysAsnThrTyrAlaLysLeuSerGluLeuHisCysGluLysLeuHisVal
AAGAACCTGGACAACATCAAGAACACCTACGCCAAGCTGTCGGAGCTGCACTGCGAGAAGCTGCACGTG
TTCTTGGACCTGTTGTAGTTCTTGTGGATGCGGTTCGACAGCCTCGACGTGACGCTCTTCGACGTGCAC

100 110 120
AspProGluAsnPheArgLeuLeuGlyAsnIleLeuIleIleValLeuAlaAlaHisPheThrLysAsp
GACCCCGAGAACTTCAGGCTCCTGGGGAACATCCTCATCATCGTGCTGGCCGCGCACTTCACCAAGGAC
CTGGGGCTCTTGAAGTCCGAGGACCCCTTGTAGGAGTAGTAGCACGACCGGCGCGTGAAGTGGTTCCTG

Glu Ala130 Lys140 Arg
PheThrProThrCysGlnAlaValTrpGlnLysLeuValSerValValAlaHisAlaLeuAlaTyrLys
TTCACCCCGACCTGCCAGGCTGTCTGGCAGAAGCTGGTCAGCGTGGTGGCCCATGCCCTGGCCTACAAG
AAGTGGGGCTGGACGGTCCGACAGACCGTCTTCGACCAGTCGCACCACCGGGTACGGGACCGGATGTTC

TyrHisStop 31
TACCACTGAGCTCCCAGAGCAGGACACAGTGTGAAAGTCAATAAAAAAGCACATTGCCTGAAAAAA(C)17
ATGGTGACTCGAGGGTCTCGTCCTGTGTCACACTTTCAGTTATTTTTTCGTGTAACGGACTTTTTT(G)17 5,

FIG. 3. Nucleotide sequence of cDNA coding for the p'-globin. Stretches of G and C at the ends of the cDNA insert were introduced during the
construction of the clones (see text). Numbers on the top indicate the amino acid residues beginning with the amino terminus. The different amino
acid residues of the p-globin at positions 125, 129, 139, and 143 are shown above the corresponding p'-globin residues.

mRNA molecule. These substitutions (p -a p') are: Glu -- Thr servative" amino acid substitutions. These substitutions cor-
(position 125), Ala -- Val (129), Lys -* His (139), and Arg -- respond to a single base change at position 129, at least two
Tyr (143). Careful review of the data on amino acid sequences nucleotides at 139 and 143, and three nucleotides at 125. There-
of p-globin revealed the presence of small amounts of the amino

a GCTCAGACCTCCTCCGTACCGACAGCCACACGCTACCCTCCAACCGCCGCC
acids characteristic ofp'-globin in three of these positions (11). **** ** * **** ** **** ***** * ** * * *** **
This indicated that p'-globin probably co-purifies with p-globin p' AAGCTCTGA-GTGCTCC-CAC ---- AGCCGCACGCCAACCCC--GCTGCCACC
as a minor component. At present we do not know whether p FIG. 4. Alignment of the 5' untranslated sequences of 3-globin
and p'-globin are encoded by different genes or represent allelic (24) and p'-globin mRNAs. Asterisks indicate the positions of homol-
variations in the same gene. The p -- p' changes are not "con- ogous bases.
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a GCACC-AGGACCAAAGATCACGGAGCACCTACAACCATTGCATGCACCTGCAGAAATGCTCCGGAGCTGACAGCTTGTGACAAATAAA--- GTTCATTCAGTGACACTC
** ** ** * ** *** *** ** **** * **a**** * **** ** **

p' GCTCCCAG-AGCA--------GGA-CAC------------------AGTGT-GAAAGTC-----------------------AATAAAAAAGCACATTGCCTG---CTG

FIG. 5. Alignment of 3' untranslated sequences of (3-globin and p'-globin mRNAs. Asterisks indicate the positions of homologous bases.

fore, these are profound changes for which a mechanism has to
be found.

All the amino acid changes occur in the region of the poly-
peptide that is encoded by the third exon; the first two exons
of p- and p'-globin genes do not reveal any divergence at the
level of the amino acid sequence. This finding can be compared
to the situation with the duplicated human a-globin genes (32).
The nucleotide sequences of the first two exons of these genes
are nearly identical but a significant degree of divergence is
observed within the third exon (in the 3' untranslated region).
Another case in which two closely related globin genes exhibit
nonrandom distribution of changes is represented by two allelic
human Avy-globin genes (33) from the two chromosomes of one
individual; they are identical in their 3' halves but the 5' half
ofone, but not ofthe other, had been converted to become more
like the neighboring Gy-globin gene. The A y-globin gene and
the Gy-globin gene are on the same chromosome, separated by
3000-4000 bp of DNA. Gene conversion or some other mech-
anism involving interaction between the parts ofchicken globin
gene cluster may also be responsible for the divergence in the
third exon of p- and p'-globin genes.

Richards et al. (34) pointed out that adult chicken ,3-globin
mRNA was characterized by a high frequency ofcodons ending
with cytosine (49%) and guanine (30%). This was also observed
in an adult a-globin mRNA (35). In the p'-globin structural
gene, the frequency of cytosine- and guanine-ending codons is
even higher (52% and 36%, respectively). This is not the case
in the globin genes from other species and may indicate specific
properties ofchicken reticulocyte protein-synthesizing machin-
ery that favor such a codon distribution.
The 5' untranslated regions of mammalian f3globin-like

genes contain the common sequence C-T-T-Y-T-G seven nu-
cleotides 3' to the capping site (32). A homologous sequence,
C-T-C-T-G, is found in pCGp'I three nucleotides 3' to
poly(dG), which may indicate that only a few 5' terminal nu-
cleotides of p-globin mRNA are missing in our clone.

Alignment of the 5' untranslated regions ofchicken ,3globin
and p'-globin mRNA is shown in Fig. 4. A relatively high degree
ofhomology between these sequences is consistent with similar
observations in mammalian ,B-globin genes (36). On the other
hand, alignment of the 3' untranslated regions of -globin and
p'-globin mRNAs (Fig. 5) reveals extensive deletions in this part
of the p'-globin gene. The longest continuous stretch of exact
homology is the hexanucleotide A-A-T-A-A-A 18 nucleotides 5'
to the site of poly(A) addition which occurs in all eukaryotic
mRNAs and is considered the signal for polyadenylylation. The
presence of deletions in the 3' untranslated region of p'-globin
mRNA provides another clear demonstration that a specific
distance between the termination codon and the A-A-T-A-A-A
sequence is not essential for eukaryotic mRNA function. Each
of the three most extensive deletions in the 3' untranslated re-
gion of the p'-globin gene is flanked by a pair of direct repeats
3-5 nucleotides long (underlined in Fig. 5), similar to findings
in the mammalian globin genes (36) which gave rise to the idea
that such repeats are involved in generating deletions.
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