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ABSTRACT The organization of a globin genes in normal
human DNA was examined by restriction endonuclease
mapping. a globin-specific fragments in endonuclease digests
of total cell DNA were identified after electrophoresis by hy-
bridization with [32P]cDNA following the blotting procedure
of Southern [(1975) J. Mol. Biol. 98, 503-517]. The data provide
direct evidence for the duplication of a genes and further in-
dicate that these loci are closely linked within a single restric-
tion fragment. The HindIll sites (codons 90/91) of these dup-
licated genes lie approximately 3.7 kilobases apart in the
physical map proposed for this region. This organization of a
genes can be aItered in DNA of individuals with a-thalassem-
ia.

The molecular genetics of human hemoglobins has been the
subject of intensive study (1, 2). All normal hemoglobins are
formed as tetramers of two a and two non-a (Qy, 6, A) globin
chains. Genetic studies of variant hemoglobins have provided
information regarding the number and linkage relationships
of the structural genes for these globins. The dl and 6 loci are
present as single copies per haploid genetic complement and
are genetically linked to one another and to duplicated y loci
on a single chromosome recently proposed to be number 11 (3).
Most evidence favors duplication of a loci, which are unlinked
to the non-a genes, and assigned to chromosome-16 (4-7).
To define more precisely the number and arrangement of

a globin genes in cell DNA, I have performed a series of re-
striction endonuclease mapping experiments. In this work a-
specific fragments in restriction enzyme digests of total DNA
have been identified after electrophoresis by hybridization with
[32P]cDNA probes following the blotting procedure introduced
by Southern (8). The data indicate that the a genes are normally
duplicated and lie quite close together in a single region of the
DNA. This arrangement of a genes can be disturbed in
pathologic states of globin expression, known as a-thalas-
semias.

MATERIALS AND METHODS
Globin RNAs and Cell DNAs. Human globin mRNA was

isolated as previously described (9). a globin mRNA, about 90%
free of ( sequences, was prepared by electrophoresis in form-
amide (10). High molecular weight cell DNA was prepared
from cultured lymphocyte cell lines of normal donors (11).

Globin cDNA Probes. Globin cDNAs were synthesized at
a specific activity of 4 X 108 cpm/,4g by using [32P]dGTP as the
labeled nucleotide (9). a cDNAs contained approximately 50%
full-length transcripts and smaller, heterogeneous material
when examined in 3% agarose slab gels. Short cDNA, enriched
for 3'-specific mRNA sequences, was prepared by using sub-
optimal synthesis conditions, including 1.5 IiM dGTP and
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limiting avian myeloblastosis virus DNA polymerase. Material
less then 300 nucleotides in length was utilized as 3'-specific
probe. In the purification of short, unlabeled cDNA, tracer short
mouse globin cDNA was added as an internal size marker and
material less than 300 nucleotides was isolated.

Restriction Enzymes and Agarose Electrophoresis. En-
zymes were purchased from either New England BioLabs or
Boehringer Mannheim. Digestions with EcoRI were performed
in 100 mM Tris-HCl, pH 7.5/50 mM NaCl/10 mM MgCl2/1
mM dithiothreitol to retain specificity for cleavage of G-A-
A-T-T-C (12). Buffers recommended by the commercial sup-
pliers were used in other digestions. DNA samples were phenol
extracted and ethanol precipitated prior to electrophoresis in
agarose (13).

Identification of a Globin-Specific DNA Fragments. After
electrophoresis DNA fragments were transferred to Millipore
filter sheets by blotting (8, 14). Hybridization on filters was
carried out as described by Botchan et al. (15) with 2-3 ng of
[32P]cDNA probe per ml of hybridization solution for 24 hr at
680C. In most instances a cDNA was employed as the probe
to detect a-specific DNA fragments because minor contaminant
3 cDNA in a cDNA does not hybridize appreciably under these
conditions. In some experiments (see Fig. 1) mixed a and A
cDNA was used as the probe after purification of EcoRI-di-
gested cell DNA free of non-a globin sequences. After hy-
bridization, filters were washed under stringent conditions,
including at least two 1-hr rinses in 15 mM NaCl/1.5 mM so-
dium citrate at 650C. Autoradiography of dried filters was
performed with calcium tungstate intensifying screens.

RESULTS
The specificity of several restriction enzymes for cleavage
within known a gene sequences has been determined by
analysis of their activity on in vitro synthesized, double-
stranded DNA prepared from mRNA (9) and by sequencing
cloned cDNA (16). EcoRI, BamHI, Hpa I, and Sal I do not
cleave a sequences, whereas HindIII and Hind1I introduce
single cuts at codons 90/91 and 96/97, respectively.

a-Specific fragments in restriction endonuclease digests of
total cell DNA were identified by molecular hybridization after
electrophoresis in agarose and blotting onto filter sheets. A
summary of the observed fragments is given in Table 1. The
physical map of the DNA region containing a sequences de-
duced from these data is shown in Fig. 1. The data and con-

siderations leading to this model are presented below.
Initial Evidence for a Gene Duplication and Linkage. In

EcoRI-digested DNA, a sequences are normally confined to

a single fragment of approximately 14 megadaltons (ref. 13 and
Fig. 2). If more than one copy of the a sequence per haploid
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Table 1. a-Specific DNA fragments, megadaltons

+ BamIJI + HindIII
- + Sal I + BamHI + HindIII + HindIlI + Hpa I + Hpa I + HindII

EcoRI t14 z14 8-8.5 =10 (5') 4.5 3.0 2.1 2.1
2.3 2.3 2.5 1.85 1.85
(5' and 3') 1.3 1.3 0.9
1.3 (3') 0.5 0.5

HindIII t10 4.5 2.8
2.8 2.3 2.1
2.3 1.9 1.85

0.5

The sizes of a-specific DNA fragments were determined by reference to fragments of X phage DNA
digested with EcoRI or HindIII and simian virus 40 DNA treated with Hae III or HindIII. The orien-
tation of the EcoRI + HindIII fragments was determined by use of short, 3'-specific cDNA as probe
or competitor (see Fig. 6).

genome existed, we would expect to observe more than one
a-specific fragment after treatment with other enzymes that
do not cut a sequences, unless EcoRI and other restriction sites
were located in a repeated fashion about a loci or the DNA
sequences between two a genes did not contain sequences
recognized by the enzymes tested. Initial evidence for a gene
duplication was provided by digestion with Hpa I. When
EcoRI-digested DNA was treated with Hpa I, two fragments,
about 3.0 and 2.5 megadaltons, were present (Fig. 2). In con-
trast, BamHI digestion produced one fragment containing a
sequences of about 8-8.5 megadaltons (Fig. 2). In other ex-
periments (not shown), Sal I did not appear to cleave the large
EcoRI a-specific fragment, whereas Sst I, another enzyme that
does not cut a sequences (unpublished data), produced two
fragments (2.9 and 2.4 megadaltons).

Because HindIII cuts a sequences at a site centrally placed
in the nucleotide sequences represented in the non-poly(A)
portion of mature a mRNA (9), DNA digested with this enzyme
would be expected to contain two a-specific fragments if there
were only a single a gene per haploid complement, three
fragments if there were closely linked, duplicated loci, and four
fragments if duplicated loci were widely separated or separated
by a HindIII site outside an a sequence. In accord with the
predictions of a two-gene model in which close physical linkage
is present, HindII digestion yielded three a-specific fragments,
about 10, 2.8, and 2.3 megadaltons (Fig. 3).

Ordering of Restriction Sites in the Physical Map. To po-
sition restriction sites about the a loci it is useful to consider the
three HindIII fragments individually.

X c'

I T
C-0

. _~

,T--_-z__1 ' C_

_V_

0
a A

to

I
4W II

The 2.8-megadalton fragment was cleaved by BamHI (Fig.
3) and EcoRI (Fig. 4) but not Hpa I (Fig. 5). Because this
fragment is cleaved by EcoRI, it traverses one end of the 14-
megadalton EcoRI a-specific fragment and is drawn to the left
in the model illustrated in Fig. 1. The BamHI site in this Hin-
dIII fragment lies to the left of this end EcoRI site on the basis
of comparison of the HindIII + BamHI and HindIII + EcoRI
digests (see Table 1).
The lO-megadalton HindIII fragment is cleaved by BamHl[

(Fig. 3) but not EcoRI (Fig. 4) and, therefore, overlaps the
BamHI site present in the large EcoRI fragment. This large
HindIII fragment is depicted on the right of the physical map
in Fig. 1. It should be noted that this HindIII fragment is not
well seen in some experiments for two reasons. First, by virtue
of its large size, it is inefficiently transferred during the blotting
procedure (8). Second, it appears to carry 5' a coding sequences
(see below), which are underrepresented in cDNA preparations
synthesized with oligo(dT) as primer.
The third HindIII fragment, about 2.3 megadaltons, lies

between the other two because it is cleaved by neither EcoRI
nor BamHI (Figs. 3 and 4). However, it is cut by Hpa I, which
I propose cleaves between the duplicated a loci (Fig. 5). No
additional HindIll sites appear to be present between the EcoRI
site on the left and the BamHI site depicted to the right in the
physical map, because the entire stretch of DNA between these
positions (8-8.5 megadaltons) can be accounted for in EcoRI
+ HindIll + BamHI digests (see Table 1).
*The results of digestion with HindII + EcoRI (see Table 1),

in which three of the observed fragments comigrated with the

I
iE

1

I0

I , , , , ,_ j
14

Megadaltons
, ,, , ,,,,10 20£ aAa111a'-- I I Kilobases

FIG. 1. The DNA region containing the a globin genes. The physical map was constructed using the sizes of the fragments summarized in
Table 1. Restriction sites are positioned with respect to the EcoRI site within the 2.8-megadalton HindIII fragment. The positions of the codons
90-96 of the a loci are defined by HindIII and HindII sites, which are shown together due to their proximity on the indicated scale. The actual
size of each a gene is arbitrarily depicted by the boxes. The orientation of the map is shown by the arrow drawn from 5' to 3' of the a sequence
(as represented in mRNA).

Biochemistry: Orkin

to
-Q.
Z

r-a-1 I .a



Proc. Natl. Acad. Sci. USA 75 (1978)

-Ii,.:, I o

- I- -
I- L- t .'t

_) LLL!CU E

. 4 ,Lo L1

a 4 4

I'%- I

- .40~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIG. 2. a-Specific DNA fragments in EcoRI-digested DNA
treated with BamHI or Hpa I. EcoRI-digested normal DNA of 10-15
megadaltons was initially prepared by electrophoresis and was re-
treated with EcoRI, BamHI, or Hpa I prior to electrophoresis in 0.85%
agarose. Approximately 0.75-1 jig ofDNA was applied to each gel lane.
a-Specific fragments were identified by hybridization with mixed a
and d cDNA. Only a-specific fragments are evident because all f3-
specific EcoRI fragments are less than 5 megadaltons (13) and were
removed in the preparation of 10- to 15-megadalton EcoRI DNA. The
single bands visible in the EcoRI and BamHI lanes are 14 and 8-8.5
megadaltons, respectively. The two Hpa I bands are 3.0 and 2.5 me-
gadaltons. The smudge at about 8-9 megadaltons in the Hpa I lane
is nonspecific contamination (see Fig. 4).

"internal" EcoRI + HindIII + Hpa I fragments, provide
confirmation of the locations of HindIII sites within two a se-
quences and their positions relative to the Hpa I sites. This is

FIG. 4. Presence of an EcoRI site within the 2.8-megadalton
HindIII fragment. Approximately 15 jig of each DNA sample was
electrophoresed in 1.4% agarose. a cDNA was used as the probe. The
EcoRI + Hpa I lane from the same gel is included for reference. The
arrow indicates the largest HindIII fragment in the HindIII + EcoRI
digest.

the case because the HindII cleavage sequence G-T-pyrimi-
dine-purine-A-C is recognized by Hpa 1 (17) and is also located
within the a gene sequence in close proximity to the HindIII
site (codons 96/97 versus 90/91).

Further Support for Gene Duplication and the Orientation
of the a Loci. Although the results of Hpa I digestion suggest
the presence of duplicated a loci, they are not sufficient alone
to exclude a one-gene model in which a cellular a gene contains
at least two large intervening sequence regions (18), one of
which has an Hpa I site and the other a HindIII site. However,
experiments using short 3'-specific cDNA either as label or

EcoRI t
Hincl I--
BamHI

1 3.7

4.7 -
3.5 -
3.0-

2.1 -

FIG. 3. a-Specific fragments in digests with HindIll with and
without BamHI. Fifteen micrograms of DNA was applied to the
EcoRI and HindIII lanes, and 10 ,jg to the HindIII + BamHI lane.
Electrophoresis was in 1.4% agarose and fragments were detected with
a cDNA. Markers in megadaltons are given to the left. Arrows indicate
the 4.5- and 1.9-megadalton bands in the HindIl + BamHI di-
gest.

FIG. 5. a-Specific fragments in HindIll + Hpa I-digested DNA.
Fifteen micrograms of DNA was applied to each lane of a 1.4% gel and
hybridized with a cDNA. The positions of the two smallest HindIII
fragments are included for reference in addition to the molecular
weight markers on the left.
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FIG. 6. Use of short, 3'-enriched cDNA as probe or competitor.
Lanes 1, normal DNA digested with EcoRI + HindIll; lanes 2, normal
DNA digested with EcoRI + Hpa I. Electrophoresis was in 1.4%
agarose. (A) Hybridization with short, 3'-specific a cDNA. Note the
absence of the largest EcoRI + HindIII fragment in lane 1. (B) Hy-
bridization with a [32P]cDNA mixed with a 10-fold excess of nonra-
dioactive, short (3'-specific) a cDNA. Note the absence of the band
at about 1.3 megadaltons. The arrow points to the position of the
largest HindIll + EcoRI fragment, which is barely visible in the
photograph but discernible above background nonspecific radioac-
tivity in the region below in the original autoradiogram. Note espe-
cially overall the nearly equal labeling ofthe two EcoRI + Hpa I bands
in both A and B, and, in marked contrast, the unequal labeling of the
1.3-megadalton fragment.

competitor (Fig. 6) provide strong arguments against this pos-
sibility. When 3'-specific cDNA of less than 300 nucleotides in
length was used as probe, the two a-specific Hpa I + EcoRI
bands were approximately equally labeled under conditions
in which only the two smallest EcoRI + HindIII bands were

seen (Fig. 6A). When nonradioactive 3-specific cDNA was used
to block hybridization of 3'-specific sequences in the presence
of labeled a cDNA, the Hpa I bands were again equally labeled
even though the smallest EcoRI + HindIII fragment (1.3 me-
gadaltons, derived from the left HindIII fragment in the map)
was not visualized (Fig. 6B). The lack of differential hybrid-
ization of the Hpa I a-specific bands with these probes indicates
that they contain similar a gene contents and do not arise from
cleavage of a single a gene within an intervening sequence
recognized by Hpa I. If the latter were the case, the Hpa I
fragments would contain a sequences from different halves of
the gene sequence and would have been differentially labeled
by these probes.
On the basis of these results, 3' coding sequences have been

assigned to the smallest EcoRI + HindIII fragment (1.3 me-
gadaltons, derived from the 2.3-megadalton HindIII fragment),
both 3' and 5' coding sequences to the middle (2.3-megadalton)
fragment, and only 5' sequences to the largest HindIII fragment
(10 megadaltons). Because of the difficulties in preparing en-

tirely 5'-specific probes from cDNA and in achieving efficient
transfer of large molecular weight DNA, it has not been possible
to demonstrate more conclusively the 5' coding sequence within
this latter fragment. The duplicated a globin genes lie in the
same orientation in the DNA approximately 2.3 megadaltons
(3.7 kilobases) apart as measured from HindIII sites located at
codons 90/91 of the coding sequence.
Abnormal a Gene Organization in a-Thalassemia. Studies

in Asians have suggested that deletion of a genes is the pre-
dominant molecular defect in a-thalassemias, conditions in
which a globin synthesis is deficient (2, 6, 19-21). Hemoglobin
H (Hb H) disease, an intermediate form of a-thalassemia, is
currently thought to be associated almost always with deletion
of three of the four normal a genes per diploid cell (6). We have

FIG. 7. Abnormal a-specific fragments in Hb H DNA. On the left,
hybridization of normal EcoRI-digested DNA is compared with hy-
bridizations with homozygous a-thalassemia (hydrops fetalis) DNA
and Hb H DNA obtained from the lymphocyte line (kindly provided
byH. Lazarus) of a Mediterranean patient. Note the complete dele-
tion of a sequences in the hydrops fetalis sample, as previously de-
scribed (13). The molecular mass of the smaller EcoRI fragment in
the Hb H DNA is about 1.6 megadaltons. Faint bands at 3.5, 2.3, and
1.3 megadaltons, seen more prominently in the Hb H DNA lane than
in the normal or hydrops lanes, are #-specific fragments detected by
residual contamination of a cDNA with cDNA in this experiment.
The molecular masses of the two EcoRI + Hpa I bands present in this
Hb H sample, shown on the right, are 3.5 and 1.6 megadaltons.

recently examined several Hb H DNAs after digestion with
EcoRI and EcoRI + Hpa I. In nearly all cases, as expected, an

abnormal pattern of a-specific fragments has been observed
(unpublished data). However, we have already encountered
many instances in which more than one. a gene is present. An
example of one such result is shown in Fig. 7. In this particular
Hb H DNA, two a-specific EcoRI fragments were visible,
(about 14 and 1.6 megadaltons), and two EcoRI + Hpa I
fragments (3.5 and 1.6 megadaltons), neither of which was

present in normal DNA. Although in classical instances of Hb
H disease we would expect to observe only a single EcoRI or

EcoRI + Hpa I fragment, indicative of one gene copy per cell,
this Hb H disease patient has at least two a genes. Hybridization
kinetic analysis of this DNA with a cDNA provides indepen-
dent support for the presence of two a loci (unpublished
data).

DISCUSSION
The approach pioneered by Southern (8) to study specific se-

quences in complex DNAs has been applied here to the analysis
of the human a globin genes. Studies on the distribution of
hemoglobins containing mutant a chains within family mem-
bers (4), the clinical features of a-thalassemias (5), and hy-
bridization kinetic analysis in solution (6) have previously
suggested that the a genes are normally duplicated. The data
presented here provide direct physical evidence for a gene
duplication and further demonstrate that the duplicated loci
are closely linked within a small region of the DNA (Fig. 1). If
the entire unit dbpicted in this map were repeated in the ge-
nome, any multiple of two a genes per haploid genetic com-
plement might exist. In view of the genetic evidence, supported
by solution hybridization assays, this appears unlikely to be the
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case. The mapping data do argue strongly against the presence
of additional, silent copies of the a loci. Because the principal
features of this physical map of the a gene region have been
observed in five normal and four f3-thalassemic DNAs isolated
from a variety of tissues, it appears that this organization is
highly conserved.
The distance between the duplicated a genes has been de-

fined here by reference to HindIII sites within the coding se-
quences. The precise size of each cellular a gene is not yet
known. At a maximum about 3100 base pairs could reside be-
tween the end of one a gene and the beginning of the next [3700
base pairs - (2 X 1/2 a sequence)]. If sizeable intervening se-
quences (18) are present within each gene, the actual intergene
distance would be considerably shorter. A search for such se-
quences within a loci will require fine structure mapping using
additional restriction sites or direct examination of cloned
cellular genes.
With the data presented here it is formally possible to con-

struct an alternate model in which the two a genes are situated
on different 14-megadalton EcoRI fragments in the positions
of the loci depicted.in Fig. 1. This is considered extremely un-
likely, however, because this would require identical positioning
of BamHI, HindIII, Hpa I, and HindII sites relative to the
EcoRT sites in both fragments. The physical map proposed here
suggests that the duplicated a loci should be so very tightly
linked genetically that no recombination would occur in ap-
propriate mating pairs. Unfortunately, insufficient genetic data
are available to test this important prediction. In one suitable
family where evidence suggested that duplicated a loci were
not linked, the paternity of the offspring was in doubt (22).
Using modifications of the methods employed here, others have
examined the 6-(3 gene complex in human DNA and provided
evidence for the physical linkage of these loci as well (23,
24).

Restriction mapping of DNA from a-thalassemic individuals
will help define further the molecular defects in these disorders.
Gene deletion is thought to be the primary defect in a-thalas-
semias (2, 6). However, in one form, Hb H disease, which is-the
consequence of a globin synthesis equivalent to that produced
by a single normal a gene, deletion of three of the four normal
a loci may not always occur. Indeed, poorly functional a loci,
perhaps analogous to defective (3 loci in 3-thalassemias, may
be present at a higher frequency than previously suspected. The
example of DNA from an individual with-Hb H disease shown
here in which at least two a genes are present (Fig. 7) provides
direct evidence for the existence of a nondeletion a-thalassemic
defect, previously proposed in a single Asian family on the basis
of hybridization analysis in solution (21). Our results with ad-
ditional Hb H DNA samples extend this finding and demon-
strate more molecular heterogeneity in this form of a-thalas-
semia than previously suspected. Interaction of deletion and
nondeletion defects may contribute to the clinical heterogeneity
of a-thalassemias and the absence of the homozygous deletion
state (hydrops fetalis) in non-Asian populations.
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