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ABSTRACT We have cloned one of the two human a-globin
genes and report its complete nucleotide sequence. The gene
is 832 base pairs (bp) long from the 5'-cap site to the 3'-poly-
adenylylation site. The amino acid coding sequences are sepa-
rated into three segments (exons) by two short (117 and 140 bp)
intervening sequences. Highly conserved regions are identified
in the 5'-flanking region, intron-exon junctions, and 3' non-
coding regions that may have functional significance.

The genes coding for the human globin polypeptide chains are
organized into two tightly linked clusters. The a-gene cluster,
which contains the two coexpressed adult a-globin genes, two
embryonic a-globin-like genes (v-globin), and one or more
nonfunctional a-globin-like gene remnants (pseudogenes), is
located on chromosome 16 (1, 2). The f3-globin gene cluster,
which contains the adult 3-globin gene, the minimally ex-
pressed 3-globin gene, two coexpressed fetal y-globin genes,
the embryonic E-globin genes, and /3-globin related pseudo-
genes, is found on chromosome 11 (3-5). The genes within each
family are expressed according to a strictly observed ontologic
schedule, and the quantitative expression of genes from each
of these two families is strictly balanced and coordinated (6).
Such intrachromosomal and interchromosomal control of gene
expression implies an elaborate set of regulatory mechanisms.
Some insight into these control systems may be afforded by the
study of dysfunctional globin genes. A detailed structural
knowledge of the normal globin genes predicate such studies.
Comparison of the structure of normal genes may also yield
possible structure-function relationships if conserved sequences
in strategic areas can be identified. We describe the cloning of
a normal human a-globin gene and present its primary struc-
ture.

MATERIALS AND METHODS
DNA Isolation and Fractionation. Liver tissue was obtained

from a second-trimester Caucasian fetus aborted for psycho-
social indications. The fetus showed no obvious anatomic ab-
normalities, and there was no abnormal genetic lineage. Highly
polymerized DNA was prepared as described (7). The DNA was
digested with EcoRI (New England BioLabs) according to the
manufacturer's recommendations and fractionated according
to size by discontinuous horizontal agarose gel electrophoresis
(8). An aliquot of each fraction was assayed for globin sequences
by analytic agarose gel electrophoresis followed by filter hy-
bridization (9) to a globin cDNA probe labeled to 108 cpm/,lg
by nick translation (10).
Recombinant Phage Construction. The arms of the EK2

vector XgtWES-XB (11) were separated from the central B
fragment by RPC-5 chromatography (12). The arms were li-
gated to DNA from the 3- to 4.5-kilobase (kb) fraction of the

EcoRI digest and the resultant recominant DNA was packaged
in phage coat proteins as described by Blattner et al. (13). The
packaging and subsequent cloning were performed in accor-
dance with the National Institutes of Health guidelines for re-
combinant DNA research.

Plaque Screening. In situ hybridization of phage plaques
transferred to nitrocellulose filters was performed as described
by Benton and Davis (14); hybridization to the globin cDNA
probe was performed on duplicate filters. Positive plaques were
purified by low-density plating, and their DNA was subse-
quently purified from lysates of Eschertchia coli DP50supF
(15). DNA from each positive clone was digested with EcoRI,
run on a 1.0% agarose gel, and analyzed by Southern hybrid-
ization using nick-translated cDNA probes specific for a-, -,
or y-globin [JW101, -102, and -151 plasmids (16), respectively,
generously supplied by B. Forget].

Mapping. The DNA insert containing the a-globin gene was
digested with EcoRI, and the insert was subsequently separated
from the phage arms on a 0.7% agarose gel and recovered by
electroelution. The isolated DNA was digested with various
restriction endonucleases under conditions recommended by
the manufacturers (New England BioLabs, Beverly, MA, and
Bethesda Research Laboratories, Rockville, MD). Bands were
visualized under UV light after staining with ethidium bromide,
and the a-globin-containing fragments were identified by
Southern hybridization using specific a-globin probes. The
orientation of the gene was determined by using probes specific
for the 5' and 3' ends of the a-globin structural region (17).

Sequence Determination. The nucleotide sequence of the
a-globin gene and its flanking areas was approached as di-
agrammed in Fig. 1. Appropriately digested fragments were
labeled at the 5' end with polynucleotide kinase (BRL) and
[y-32P]ATP (Amersham, 3000 Ci/mmol; 1 Ci = 3.7 X 1010
becquerels) after dephosphorylation of the.DNA with bac-
terial alkaline phosphatase (Bethesda Research Laboratories)
or at the 3' end by E. coli DNA polymerase I [Klenow fragment
(Bethesda Research Laboratories)] and the appropriate [a-
32P]dNTP (3000 Ci/mmol). These labeled fragments were
isolated on 5% acrylamide gels (20) and then either strand
separated (21) or digested again with another endonuclease
followed by isolation of end-labeled pieces on acrylamide gels.
Partial chemical modification and cleavage of bases was done
as described by Maxam and Gilbert (21) with one major reaction
modification in the adenosine reaction (22). The thin gel system
of Sanger and Coulson (23) was used with a urea concentration
of 8 M and acrylamide concentration of 6.6-15%, depending
upon the desired area of optimal reading. All areas were
subjected to sequence determination at least three times and,
where indicated (areas of ambiguous reading or reading at
variance from the literature), on both strands as well.

Abbreviations: kb, kilobase(s); IVS, intervening sequence(s).
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FIG. 1. Sequencing strategy for the human a-globin gene. The restriction map represents a 1.35-kb segment ofDNA containing the 5' a-globin
gene. The transcribed region is defined by the 5' mRNA cap site (cap) and the 3' mRNA polyadenylylation site (Poly A) as previously determined
(18, 19). The coding areas are shown as hatched boxes. Only restriction sites actually used in preparing fragments for sequencing are shown.
Fragments were labeled with 32P at sites indicated by the short vertical lines, and the distance of sequence determination on each fragment
is indicated by the horizontal arrows.

RESULTS AND DISCUSSION
Cloning the a-Globin Gene. Both a-globin genes are nor-

mally located together on a 23-kb EcoRI fragment (17, 24).
However, during an attempt to clone j3- and y-globin gene
fragments from a purified 3- to 4.5-kb fraction of EcoRI di-
gested normal human DNA recombined into XgtWES-XB, we

detected a signal that was reproducibly positive with a total
reticulocyte cDNA probe but negative with specific fi- and
,y-globin probes. This plaque gave a strongly positive signal
when hybridized with a pure a-globin cDNA probe (JW101).
DNA from the positive clone was isolated from the XgtWES
arms and analyzed by a combination of endonuclease digestions
and Southern blotting. Orientation of the a-globin gene was

established by using probes specific for the 5' and 3' ends of the
gene on Southern blots of the restriction digests (17). Although
the DNA fragment containing the a-globin gene was cloned
from a 3- to 4.5-kb fraction, the DNA insert isolated was 7.4 kb.

It is likely that, during the cloning procedure, two previously
unassociated DNA fragments, one of which contained the
a-globin gene, ligated in vitro. This is consistent with the results
achieved by aligning the restriction sites flanking the gene in
the insert with those flanking the natural a-globin genes (Fig.
2). Such an alignment of restriction sites also identified the

cloned gene as the more 5' of the two adjacent a-globin
genes.

It is uncertain how a small (approximately 3 kb) DNA frag-
ment containing the 5' a-globin gene was generated, but a

Southern analysis of the original EcoRI-digested DNA prior to
cloning identified a faint band hybridizing to a-globin probe
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FIG. 2. Identification of the cloned a-globin gene as the 5'
a-globin gene. The restriction map of the two adjacent a-globin genes
as found on the 23-kb EcoRI restriction fragment of normal genomic
DNA (17, 24) is compared with the map of the 7.6-kb gene fragment
cloned in the present experiment. The identification of the cloned
a-globin gene as the more 5' can be made by lining up the unique re-
striction sites flanking the genes (dashed vertical lines). The 3' half
ofthe cloned fragment is apparently unrelated to the a-gene complex
(see text).
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FIG. 3. Autoradiographs of EcoRI-digested human DNA hy-
bridized with an a-globin cDNA probe (JW101). The numbers at the
left are fragment length in kb as determined by double-stranded DNA
size markers. Tracks: A and D, DNA from a normal blood donor; B
and E, DNA from a-thalassemic hydrops abortus; C and F, DNA used
for the cloning experiments (isolated from the liver of a normal
abortus). The described a-globin gene was cloned from the digest
analyzed in track C. This pattern is compared to that in track A which
contains DNA digested with a different (commercial) lot of EcoRI
and in tracks E and F containingDNA digested in parallel with a third
(noncommercial) lot of EcoRI. The major band at 23 kb contains both
a-globin genes (17, 24). The identity of the consistent band at 4.4 kb,
seen in all samples including hydrops, is undetermined. The incon-
sistent minor banding varied with enzyme lots and was not uniquely
associated with the particular DNA used. The a-globin gene cloned
here probably originates from the 3.0-kb band seen in track C.
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in the 3-kb size range (Fig. 3). Two subsequent Southern anal-
yses of the same DNA digested with two other preparations of
EcoRI yielded either no extra a-globin gene-containing bands
(not shown) or faint bands with a different distribution from
that seen in the original digest. We conclude that the a-glo-
bin-containing fragment that we cloned was generated by a

contaminating minor endonuclease activity and was isolated
fortuitously after ligation to an unassociated DNA fragment.
Because the most likely contaminating activity in EcoRI is
EcoRI*, the newly generated EcoRI site at the 5' end of the
insert probably can be attributed to this enzyme and not an

aberrant EcoRI site in the native DNA.
Nucleotide Sequence of the a-Globin Gene. Fig. 4 shows

the nucleotide sequence of the 5' human a-globin gene along
with 98 bp of 5' flanking sequences and 152 bp of 3' flanking
sequences. The gene is 832 bp long from the 5' cap site to the
3' polyadenylylation site [both as defined by previous mRNA
sequencing (18, 19)]. The amino acid coding sequences are

separated into three segments (exons) by two intervening se-

quences (introns).
The nucleotide sequence of the three exons encodes the

normal a-globin amino acid sequence (25). There are five base
differences in the structural (amino acid coding) region from
that previously derived from the sequence of a-globin mRNA
(26, 27). These are at codons 13, 17, 54, 60, and 123. Our se-

quence of AAG at codon 60 predicts the appropriate amino acid
(lysine). Assuming these differences are not due to the infidelity
of reverse transcriptase (28) or errors in the cDNA sequence

determination, the remaining four base differences may rep-
resent phenotypically silent polymorphisms because they cause
no change in translational reading. Three base differences from
the previously reported cDNA sequence occur in the 3' un-

translated region (nucleotides 18, 31, and 33 bp after the UAA
terminator).

5' Flanking Area. A 98-bp sequence was determined prox-

imal to the mRNA cap site. Within this area, we found two
segments homologous in sequence to other globin genes (Fig.
5). Located 24 bp 5' to the cap site is a 7-base stretch, G-C-A-
T-A-A-A, whose position and composition are similar to those
in other globin and nonglobin eukaryotic genes. By analogy to
the bacterial Pribnow box (T-A-T-Pu-A-T-G-T) (34, 35) this
area has been postulated to be a possible polymerase promotor
site. The center (T) of this conserved sequence (A-T-A box) is
located 29-30 bp from the cap site in the previously studied
globins. This distance, three turns of a double helix, has a pos-

tulated steric role in the interaction of polymerase with the
transcription initiation site (36). However, because the distance
from the center of the A-T-A box to the origin of transcription
is 3 bp less (27 bp) than 30 bp in human a-globin and 2 more
(32 bp) in chicken ovomucoid, this relationship may not be
stringent. There is a 12-bp stretch (C-A-A-T box) 33 bp proxi-
mal to this A-T-A box that is identical to a 12-bp stretch 51 bp
proximal to the mouse a-globin A-T-A box (Fig. 5). The internal
six bases of this sequence match with a stretch 37 bp proximal
to the human 13-globin, rabbit /3-globin, and mouse f3-globin
A-T-A box.

It should be noted that the genes have further homology
among themselves extending on either side of the 6-bp stretch.
Four of the central six bases are also present at the same position
in human 5-globin, with some divergence from the ae and in
the surrounding bases. Thus, this area of six bases 5' to the A-T-A
box is highly conserved among all the globin genes with further
a-specific or 3-specific homology surrounding it. The proka-
ryotic Pribnow box is preceded by a similar homology area

centered -35 bp from the AUG (37). Although the function of
this region is not fully known, it contains certain sequences es-

sential for efficient initiations in prokaryotes (38). Whether any

_gggCegcgggciog agcxaatga -g-gXXgg-ggcYW- t ggngogc_M_
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net phe leu ser phe pro thr thr lys thr tyr phe pro his phe asp leu ser his gly ser ala gln val lys gly

tgcttctc-caogcagg ANG TIC C=; TIC TIC COC ACC AM AM; AMV TP TIC COG CAC TC GK CTG AK CACK GC TCr GOC CAA CGT AS GC
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his gly lys lys val ala asp ala leu thr asn ala val ala his val asp asp net pro asn ala leu ser ala leu ser asp leu his
CAC GOC AOG AMGCIG GOC GNC COG CIG AV Aac GCC COG CA GM GC G IAM COC AACOG CIG 7M GC CiG AGC GC CIG CP

90 99
ala his lys leu arg val asp pro val asn phe lys
GOG CC AMS CIT COG GTG GAN COG GTC AK TIC AAG gtgag ogggago gtct9gg aggggcagatggo ttcct.tcagggCagagatcaogc

100 110
leu leu ser his cys leu leu val thr leu ala ala his

gggttgcgggaggtgtggc ggacxcactgaoctcttctctgcacag C'IC CTA A C C CTG CTG GCG ACC CTG GOC GOC CAC

120 130 140
leu pro ala glu phe thr pro ala val his ala ser leu asp lys phe leu ala ser val ser thr val leu thr ser lys tyr arg OC
CM CCC aOC GA TIC AV OCT G GIG CAOC aCT nC CG GCA TICCGCMaGCTMSG aW NA GIG CG AM I ACRA TN COGT TAA

tgtgtg

agctgaggtgggoctgctcagagaaggtgctgaaccato tgtccgagaggt otg acagtggc

FIG. 4. Nucleotide sequence of the human a-globin gene. The nucleotide sequence of the coding strand is displayed 5' to 3'. Bases found
in the mature mRNA are shown in upper case; nontranscribed flanking sequences and the two intervening sequences are shown in lower case.
Numbering refers to the encoded amino acids indicated above their respective codons.
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FIG. 5. Comparison of the 5' flanking region of the genes coding for human a-globin, mouse a-globin (29), human ,B-globin (30), rabbit ,B-globin
(31), mouse a-minor and fl-major globin (32), and human 6-globin (33). Homologous sequences are stippled, and additional base homologies
shared within the a-globin or fl-globin subsets are included within the open boxes.

functional constraints have limited sequence divergence of this
area in eukaryotes is yet to be determined.

Intervening Sequences (IVS). Several interesting observa-
tions can be made from the comparisons shown in Table 1. The
base composition of the intron-exon junction is remarkably
conserved among the globin genes. There is an identical pattern
of splicing site ambiguity; A-G-G can be located on either side
of the first IVS and A-G can be on either side of the second IVS.
Furthermore, it is possible to arrange the splice point in each
of these genes as indicated so that they conform to the general
rule that IVS begin with G-T and end with A-G. In this case the
second IVS is located between codons, and the first IVS inter-
rupts a codon which is subsequently spliced together.
The site of intron insertion within the coding sequence is

invariate vis-a-vis the secondary helical structure of the protein
(helix positions B12 and G6). This may relate in some way to
the hypothesis (39) that introns code for functionally distinct
regions in a polypeptide (e.g., hemoglobin) (40) and that such
a coding structure serves some positive evolutionary func-
tion.
A computer search of both IVS for possible secondary

structure failed to yield dyads >4 bp or significant stem loop
configurations. These negative findings are consistent with a

similarly negative search for secondary structure in three of the
ovalbumin IVS (41) and with the finding that large segments
of the IVS in simian virus 40 genes can be deleted without af-
fecting the accuracy of splicing (42). Recent evidence that the
larger IVS in fl-globin may be excised in steps has led to
broadened requirements for site-specific splicing signals (43).
Benoist et al. (41) proposed that such sites must contain the
tetranucleotide A-G-G-T in order to correspond to the finding
of G-T at the donor site and A-G at receptor sites of intron-exon
junctions. A search for such a sequence revealed one centrally
located in the larger (second) IVS (positions 83-86) of the

a-globin gene. Because this sequence occurs elsewhere in the
structural area (codons 16-17) as it does in ovalbumin, the se-

quence cannot alone signal a splice.
An internal 20-of-23-base match (87% homology) exists in

IVS 1 between bases 41-63 and 75-98. By segmenting the entire
first IVS into 34-bp stretches, a larger repeating unit can be
constructed with a 23/34 (68%) match for two central segments
(Fig. 6). Two separate sequences partially homologous to this
IVS repeat unit were found in mouse a-globin IVS 1 with 63%
homology (data not shown). Similar homologies were not found
in IVS 2 of mouse and human a-globin, or in IVS 1 and 2 of
human f3-globin. A random match of this length is quite un-

likely, and its absence from the second IVS of both human and
mouse az-genes, as well as the first IVS of the human /3-gene,
makes it specific to this IVS 1. Whether the match has func-
tional significance or is a residue of an earlier reduplication that
formed the IVS is open to question. If it does indicate a series
of reduplication events that formed this intron from an earlier
small unit, it would be evidence that introns grow rather than
shrink during evolution.

3'-Untranslated Area. The 3' flanking area contained the
highly conserved hexanucleotide sequence A-A-T-A-A-A found
in eukaryotic messages between the terminator codon and the
polyadenylylation site (44). Again, we failed to locate a sig-
nificant secondary structural configuration in this area that
might serve as a transcription termination or polyadenylylation
signal.
G+C Content of the a-Globin Gene. The high G+C content

(65%) of the structural a-globin sequence has been noted and
commented on by others (27, 45). In the present sequence data
we find an equally high content in the IVS and an even higher
percentage (83%) in the 5' flanking area, which is greater than
2 times the average value of the total human DNA of 39.5%
(46). Such a high G+C content has a significant effect on the

Table 1. Splicing junctions of globin genes of known sequence
IVS 1 IVS 2

Human a AGG TGA GCAGG ATG AAG GTGAGC 141 ACAG CTC
30 130 31 99 903 100

Human a AGO TTG TTAGG CTG AAG GTGAGT ACAG CTC
30 128 31 104 878 105

Human 5 AAGTTG TCAGG GTG AAG GTGAGT GCAG CTC
30 121 31 104 135 105

Mouse a AGG TGA CCAGG ATG AAG GTATGC GCAG CTC
31 116 32 99 650 100

Mouse 3 AGG TTG TTAGG CTG AGG GTGAGT ACAG CTC
30 126 31 104 573 105

Rabbit f AGG TTG TCAGG CTG AG1 GTG ACAG CTC
30 31 104 105

Biochemistry: Liebhaber et al.
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Gl\ 37I% ~~~~37
Exon 1-TGAGGCTCCCTCCCCTGCTCCACCCGGGCTCCTCGC

38 11 11 111111 1 11 71
CCGCCCGGACCCACAGGCCACCCTCAACCGTCCT
72 1 1 1 1 11 1111 Il I Il Il II
GGCCCCGGACCCAAACCCCACCCTCACTCTGCTT
107 1 1 l 11 117

W 106
CTCCCCGCAGG-Exon 2

FIG. 6. Tandem repeats in IVS 1. The primary sequence of the
globin gene IVS 1 is displayed to maximize base matching. The bases
are numbered beginning with the first nucleotide in IVS 1 as 1 and
the last base in this segment as 117. Vertical lines connect identical
bases in sequential segments. Nucleotides 22 and 94 have been deleted
as shown to maximize homology.

DNA duplex melting temperature, but whether this relates to
any selective advantage in the a-globin gene is entirely spec-
ulative. The stability of hairpin loops in the 5' flanking region
is probably related to this high G+C content.

CONCLUSIONS
The primary structure of the human 5' a-globin gene and its
flanking areas has been completely determined. Analysis of this
gene and comparison with other sequenced globin genes points
out several highly conserved characteristics. Two homology
regions (C-A-A-T and A-T-A boxes) occur in the 5' flanking
region. The similarity in position of these two regions with se-
quences of probable promotor activity in prokaryotes suggests
a possible function. By determination of sequence in this area
in naturally occurring mutants with a low level of expression
(i.e., nondeletion a-thalassemia syndromes) and by inducing
controlled mutations at strategic points in a normal gene and
studying consequent effects upon transcription, this function
could be tested. As with all of the globin genes whose sequences
have been determined, the human a-globin gene has two in-
trons that interrupt the coding sequence at a highly conserved
position. It must be assumed that this conserved structure of the
globin genes is maintained by as yet unrecognized evolutionary
constraints, possibly relating to effective splicing activity. A
search of the two introns revealed no secondary structure in the
coding strand that might direct splicing activity, although
conservation of a small number of nucleotides was again ob-
served at intron-exon junctions.

Evidence of a large tandem repeat within the first IVS was
found. Although this finding cannot be generalized to the other
globins, and hence functional and evolutionary inferences are
difficult, this large tandem repeat may indicate that the intron
is enlarging by duplication.
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