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ABSTRACT  Three a-type globin genes have been identified
in the a-globin linkage group of chickens. No other a-type genes
have been directly shown to be within 10 kilobase pairs of any of
these three closely linked genes. These three genes have been con-
clusively identified by DNA sequence analysis. The gene at the
5’ end of the linkage group is an embryonic a-type globin gene,
7 or ', and the central gene corresponds to the minor adult a-
globin, a®. The 3’-terminal gene sequence corresponds to the se-
quence of cDNA clones previously described as “ﬁg , a presumed
anemic shock-induced a-globin gene [Salser, W. A., Cummings,
L, Liu, A., Strommer, J., Padayatty, J. & Clarke, P. (1979) in
Cellular and Molecular Regulation of Hemoglobin Switching, eds.
Stamatoyannopoulos, G. & Nienheis, A. (Grune and Stratton, New
York), pp. 621-643; Richards, R. 1. & Wells, J. R. E. (1980)J. Biol.
Chem. 255, 9306-9311]. Several groups of workers have isolated
a’-type cDNA clones but no one has identified a cDNA clone cor-
responding to the published amino acid sequence of the major
chicken a-globin, . We have identified the a’-type sequence
as the only abundant a-like globin sequence in cDNA clones made
from reticulocyte mRNA isolated from nonanemic chickens.
Therefore, we suggest that the a®-type sequence corresponds to
the true a*-globin species.

Adult chicken erythrocytes contain two quite different a-globin
polypeptides, a* and @ (1). The amino acid sequences of both
of these proteins have been determined (2, 3). Several groups
of workers have prepared cDNA clones from globin mRNA
isolated from the reticulocytes present in the blood of phenylhy-
drazine-treated adult chickens (4-7), but none of them have
been able to isolate a cDNA clone whose nucleotide sequence
corresponds to the o amino acid sequence. Instead, a different
a-type sequence has routinely been cloned that has been as-
sumed to arise from the phenylhydrazine-induced anemia
(4-6). This sequence has been assigned to an anemic shock-in-
duced a-globin gene, “a®” (5). The a® sequence of Richards and
Wells (5) appears to be similar to both the pHb1003 and the
pHb1008 sequences of Salser et al. (4). The differences observed
between these and other a®-cDNA cloned sequences may arise
from artifactual sequence variability generated in the cDNA
cloning itself (5, 7).

Analysis of chicken chromosomal a-type globin regions has
identified only three globin genes (8—10). One of these genes
is clearly embryonic, and the other two have been identified
as o® and P by their hybridization to cDNA made to adult
chicken reticulocyte mRNA and by the greater similarity of the
o globin to mammalian adult a-globins (8, 10). We now extend
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the isolated region of the chicken a-globin gene linkage group
a considerable distance in the 5' direction. We have not yet
demonstrated the presence of two embryonic a-globin genes
(7 and 7’; ref. 1); however, we believe from previous chro-
mosomal blotting data (8) and recent mapping data on these
recombinants (not shown) that another embryonic a-globin lo-
cus does exist.

In this paper, we show that the chromosomal gene that we
have designated o (10) corresponds to the a®-cDNA cloned
sequence. Finally, sequence analysis of cDNA clones preyared
from nonanemic reticulocyte mRNA also shows that a’-type
sequences are the most abundant a-globin mRNAs present in
normal (untreated) red cells. No cDNA clones corresponding
to the published a* amino acid sequence could be found among
several such clones analyzed. These results lead us to suggest
that the o°-type sequence corresponds to the true a*-globin
gene sequence, at least for the standard White Leghorn chicken
used in most laboratory studies.

MATERIALS AND METHODS

Preparation of Recombinant DNA Clones. Recombinant
¢DNA clones were prepared from total reticulocyte mRNA iso-
lated from nonanemic chickens as described (11). The isolation
and characterization of chromosomal chicken globin gene-con-
taining bacteriophage has been described (10, 12). Restriction
analyses were done by single and multiple digestions of phage
DNA with commercial restriction enzymes followed by analysis
on agarose gels and Southern (13) hybridization of the blots from
these gels to various labeled nucleic acids (10, 12). Subcloning
of DNA fragments isolated from these phage DNAs into pBR322
plasmid DNAs was performed as described (14-16).

DNA Sequence Determination. DNA sequence analysis was
performed by the Maxam and Gilbert partial chemical degra-
dation technique (17); in later cases, the modifications of Smith
and Calvo (18) were used. Singly end-labeled restriction en-
zyme fragments were isolated from ethidium bromide-stained
agarose gels as described (19).

RESULTS

Characterization of the Complete a-Globin Gene Linkage
Group. Several recombinant DNA bacteriophage that contain
a-type globin genes have been isolated from a complete library
of chicken chromosomal DNA (refs. 9 and 10; Fig. 1). As seen
in the map (Fig. 1A), these clones define an overlapping seg-
ment of chicken chromosomal DNA =35 kilobase pairs (kbp)

Abbreviation: kbp, kilobase paix(s).
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Fic. 1. (A) Chromosomal recombinants in the chicken a-globin complex. The overlapping recombinants ACaG2 and ACaG5 (10), ACaG6, and
ACaG7 are shown below the contiguous portion of the chicken chromosome (=35 kbp) containing the a-globin genes (8, 10). m, Positions of the adult
o* and a® genes (10) and of the  or = (embryonic a-globin) gene-coding regions (unpublished observations); —, transcriptional direction of the
three identified genes (5’ to 3'). (B) Higher resolution restriction enzyme maps of subclones prepared from ACaG2 for DNA sequence analysis—pa2B-
2.0 (containing the 2.0-kbp BamHI chromosomal DNA fragment including the entire o* gene) and pa2BR6 [containing the 0.56-kbp BamHI/EcoRI
(linker) insert fragment from the 5’ end of the o” gene]. m, Positions of exons within each structural gene; — approximate extent and direction
of transcription within these subclones as deduced from the cDNA clones described here and elsewhere (4—6). |, EcoRI linker. Cleavage sites:

|, EcoRI, 1, BamHI, v, HindIll; A, Kpn I; &, Sac; ®, PstI; +, Hinfl; o, Bgl; v, Msp L

long. Three regions that hybridize to adult or embryonic (or
both) globin cDNA have been identified in this region. These
three genes are transcribed in the same direction, left to right.

The 5'-terminal gene of this linkage group has been shown
to hybridize to embryonic cDNA only (10). DNA sequence anal-
ysis has now confirmed that this gene corresponds to an em-
bryonic a-type globin gene, 7 or 7' (ref. 1; unpublished ob-
servations). The central hybridizing region in this area
corresponds to the minor a-type globin present in both adult
and embryonic erythrocytes, a”. This is shown in Fig. 2 in
which. DNA sequence data from the chromosomal gene are
compared with the sequence of a cloned cDNA copy of a®
mRNA and with the amino acid sequence of the a® polypeptide

Q).

The 3'-terminal hybridizing region (Fig. 1A) was identified
as the a® gene because it hybridized strongly to cDNA made
to adult chicken globin mRNA and also to mammalian a-globin
probes (8, 10). The amino acid sequence reported for o (2) is
much more closely related to mammalian adult a-globins than
is that of a® (3). The 2.0-kbp BamHI fragment of ACaG2 and
the 1.7-kbp BamHI/EcoRI (linker) fragment of ACaG7, which
contain this gene, have been subcloned into pBR322. Detailed
restriction mapping of this region is shown in Fig. 1B. DNA
sequence data in a region to the right of the right-hand Hinfl
site in Fig. 1B are shown in Fig. 3. It can be seen that the chro-
mosomal sequence covers all of the central exon of this a-globin
gene. In this region, the chromosomal sequence and our cDNA
clone sequence (see below) show complete agreement with the
o’ sequence of Richards and Wells (5). This is also true for the
3'-untranslated region of the a-globin gene as determined by
DNA sequence analysis to the left of the EcoRlI site generated
by the insertion of a synthetic linker near the 3’ end of the gene
in ACaG?7 (Fig. 1A; unpublished observations) and by compar-

ison of the cDNA clone sequence (pCcaG5) 3'-untranslated
region (data not shown). The sequence around the central exon
identifies the junction of this exon with the two introns present
in this gene (10) at the expected positions for a-globin genes
(20). Also, the dinucleotides G-T and A-G at the 5’ and 3’ ends
of introns (21) appear in the expected consensus positions of the
chromosomal sequence. We have aligned these consensus se-
quences to join (in the mature mRNA) separated 5’ and 3' exons
within codon 31 and between codons 99 and 100, respectively,
for both the aP- and a*-chromosomal sequences (Figs. 2 and
3).
The data of Fig. 3 identify the 3'-terminal gene of the cluster
as that which corresponds to the a® sequence observed in cDNA
cloning experiments (4-6). We have examined the rest of the
cloned 35-kbp a-globin gene region for other globin genes by
hybridization to adult globin cDNA at both high and low criteria
(0.05 M Na*, 65°C and 0.3 M Na* 60°C, respectively). No re-
gions that hybridize to adult globin cDNA other than the genes
described above could be identified in any of the clones in Fig.
1A or in chromosomal DNA (8) when digested by a variety of
multiple restriction enzyme combinations (results not shown).

DNA Sequence of cDNA Clones Prepared from Normal
Chicken Reticulocyte mRNA. One of the major problems in the
analysis of globin cDNA (and therefore indirectly, mRNA) pop-
ulations in chickens has been that the globin message has been
isolated from animals treated with phenylhydrazine to increase
the relative population of circulating immature red cells,
wherein globin mRNA is still very abundant. This led to the
speculation (4-6) that the disparity between the amino acid se-
quence predicted from c¢cDNA cloning of anemic a-globin
mRNAs and the previously reported o* polypeptide sequence
(2) was due to the presence of an abundant anemic-shock a-glo-
bin polypeptide in treated birds.
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Fig. 2. DNA sequence determination of the a” gene in chromosomal and cDNA recombinants: Comparison of DNA sequence of pCcaG24 (aP,
¢DNA) with that of pa2BR6 (a” chromosomal) and the o® polypeptide sequence. The polypeptide sequence is primarily from Takei et al. (3) but
includes seven changes (underlined) as deduced from the cDNA and chromosomal DNA sequences. N, positions of abnormalities in sequencing gels
(or of divergent results obtained by comparison of two strands sequenced in opposite directions). Noncoding chromosomal DNA sequences are in-

dicated by lower-case letters.

We therefore prepared mRNA (and subsequently, cDNA
clones) from untreated adult hens for analysis of globin mRNA
species in normal chicken red cells. Of =35 recombinants iso-
lated, 5 were demonstrated to be non-B-globin genes by selec-
tive screening using an adult chromosomal B-globin prebe (15)
versus adult a-globin probes (10). Of the five non-B cDNA:
clones isolated, four hybridized specifically to the chromosomal
locus previously identified as the o* gene on mapping blots and
the fifth (pCcaG24) hybridized to the o gene (ref. 10; mapping
blots not shown). The recombinant containing the largest in-
serted double-stranded cDNA among the four a*-hybridizing
segments (pCcaG5) and also the single a®-cDNA clone were
sequenced directly (Figs. 2 and 3). pCcaG5 differed from its
three o siblings only in length (unpublished observations). As
shown in Figs. 2 and 3, the cDNA and chromosomal sequences
are identical in the regions of overlap, demonstrating that, in
normal healthy French White Leghorn chickens (from which
the nonanemic globin mRNA was prepared), the common abun-
dant adult a-globin mRNA is of the a° type and that the pres-
ence of the a® sequence is not due to phenylhydrazine-induced
anemia in these animals.

DISCUSSION

Our results, along with previous cDNA cloning studies (4-7)
suggest two possible explanations for the inability of previous -
investigators to isolate cDNA clones corresponding to the pub-

lished o*-globin amino acid sequence. First, there could be a
gene corresponding to the o* amino acid sequence (2) that is
yet to be discovered. We think this improbable for several rea-
sons. Although the a*-globin protein is the major a-type globin
in definitive chicken erythrocytes (1), no one has been able to
prepare a cDNA clone to a mRNA that corresponds to the pub-
lished protein sequence. We have shown that even in non-
anemic chicken reticulocytes the abundant a-type cDNA ob-
served is the same as that found in anemic birds, the a° type.
An argument for the presence of both o and a° genes in the
chicken genome would require that the chromosomal gene cor-
responding to the o*-amino acid sequence either be unlinked
to the rest of the chicken a-globin genes or be so different in
nucleotide sequence as to be unable to hybridize to aP- or a®-
type probes. The latter possibility seems unlikely because there
are long regions of close correspondence between a*- and a’-
amino acid sequences (2, 5), and the former possibility contra-
dicts all other globin gene linkage groups (14, 22-24). The
chicken globin gene linkage groups, in fact, seem to exhibit
extremely close linkage properties, with adjacent genes rarely
more than 3 kbp apart (10, 15).

The more probable explanation for the data presented here
and elsewhere (4-6) is that the published amino acid sequence
for a*-globin (2) is in fact the sequence of an unusual protein
variant of chicken o and that, in fact, the amino acid sequence
predicted by the a®-cDNA clone (5) is the more common a?-
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Fic. 3. DNA sequence determination of the o* gene in chromosomal and cDNA recombinants. DNA sequences generated from pCcaG5 (o*
cDNA) and pa2B-2.0 (o* chromosomal) are compared. In the region of overlap, the chromosomal and nonanemic a-globin sequences are identical,
and both are also identical to the sequence of the o globin of Richards and Wells (5). The o* polypeptide sequence is primarily that of Matsuda
et al. (2), with inferred changes underlined. N, internal discrepancies in DNA sequence. Chromosomal DNA sequences flanking the central exon

. are indicated by lower case letters.

globin sequence. A number of observations support this con-
tention. First, cDNA clones prepared to anemic reticulocyte
RNA isolated from hens from Texas (4), California (5, 25), and
Australia (6), as well as cDNA clones prepared from nonanemic
French hens, are all precisely (or very close to) the same in DNA
sequence as the chromosomal locus we identify as the o* gene.
This implies that the most universal sequence for a* is indeed
that reported here. Second, the report demonstrating the ex-
istence of a new hemoglobin species as a result of either chronic
or acute phenylhydrazine-induced anemia in hens (26) also
demonstrates that this electrophoretic variant is a minor com-
ponent present only in' the blood of treated animals, reaching
a maximum of 5% of total hemoglobin. It would seem to be
unlikely then that all characterized a-globin cDNA clones re-
ported to date (from anemic and nonanemic reticulocyte RNA)
find only this a-type globin sequence. In fact, by this latter
explanation, it should have been impossible for us to isolate the
gene product. Although our sequence prediction does not
explain the tryptic peptide map of Brown and Ingram (1), nei-
“ther does the original amino acid sequence reported for o (2).
As demonstrated previously, however, the greater number of
spots observed than predicted could be accounted for either by
partial proteolytic cleavage (2), oxidation products (1), or various
combinations of these.

Although sequence analysis errors (either in DNA or amino
acid analysis) may in part contribute to the differences between
the o* and the a” sequences, it seems unlikely that such a major
effect (22 of 141 amino acids) could be explained in this fashion.
In fact, the B-globin polypeptide sequence (25) precisely
matches both the cDNA (7) and chromosomally derived recom-
binant DNA (15) sequence predictions, and we have shown here
that the aP-gene sequence predictions vary by seven amino
acids from the polypeptide sequence for a® (3). Of course, fur-
ther protein sequence analyses will be required to confirm this
explanation. We would predict that analyzing the @ component
of HbA in American or European White Leghorn chickens
would demonstrate the presence of the a* gene sequence re-
ported here (and by others as o).

Although it is well recognized that B-globin structural genes
crosshybridize to heterologous B-globin loci (e.g., see ref. 15),
it is prima facie somewhat odd that a-globin genes crosshybrid-
ize only poorly. However, the sequence analysis reported here
shows that o and a® have diverged in coding sequence by
almost 35% but even more thermodynamically important is the
fact that the longest homologous DNA sequence held in com-
mon between'o*- and aP-coding segments is 26 nucleotides
(from codons 39-47). At our normal blot-washing stringency
(20 mM Na* equivalent, 65°C; ref. 15), we would not expect
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heterologous hybrids (matched precisely for no more than 26
nucleotides) to be stable.

In summary, we conclude the following. (i) The abundant a-
globin component in anemic and nonanemic definitive reticu-
locytes is the same. (We also present negative evidence from
chromosomal recombinant DNA studies that no closely linked
gene exists that corresponds to an anemic-shock a-globin.) (i)
The intron positions in a-globin genes (20) and the consensus
nucleotides surrounding exons (21) are evolutionarily con-
served. (iii) The sequence analyses of the a® cDNA and chro-
mosomal DNA copies of the minor adult chicken a-globin gene

are as shown in Fig. 2. (iv) The a-globin genes in chickens main- -

tain the 5'. .. embryenic-adult ... 3’ temporal and physical re-
lationship ebserved everywhere else but in the chicken B-glo-
bin gene cluster (15). This final observation may mean,

therefore, that the physical gene arrangement has no effect on

the temporal control of gene expression or that cis-acting ele-
ments have a different arrangement in the B-globin gene cluster

than in all other globin gene families studied to date.
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