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ABSTRACT Restriction endonuclease mapping of the
human globin genes revealed a genetic variation in a Hpa I
recognition site about 5000 nucleotides from the 3’ end of the
B-globin structural gene. Instead of a normal 7.6-kilobase (kb
fragment which contains the S-globin structural gene, 7.0-kb an
13.0-kb variants were detected. Both variants were found in
ple of African origin and were not detected in Asians or
aucasians. The 13.0-kb variant is frequently associated with
the sickle hemoglobin mutation and may be useful for the pre-
diction of the sickle cell gene in prenatal diagnosis. Polymor-
phism in a restriction enzyme site could be considered as a new
class of genetic marker and may offer a new approach to linkage
analysis and anthropological studies.

Polymorphism in structural genes in the human is a well-known
" phenomenon which has been utilized for many types of genetic
analyses. Usually, the normal and variant genes or gene prod-
ucts are identified by structural studies, functional assays, or
immunological methods. Recently, Southern (1) introduced a
new method for analysis of DNA consisting of restriction en-
donuclease digestion of the genomic DNA, electrophoretic
separation of the DNA fragments, and identification of the
structural genes in these fragments by hybridization analysis.
This method has been used to study the organization of many
eukaryotic genomes, including the human globin genes (2,

During study of the human globin genes by the Southern
method, we detected genetic variations of a restriction endo-
nuclease site close to the human S-globin structural gene. The
variations were found in people of African origin, and one
variant was commonly associated with the 8-globin structural
mutation, hemoglobin S. This type of polymorphism may be
useful for linkage analysis, prenatal diagnosis, or anthropo-
logical studies.

MATERIALS AND METHODS

Preparation of Cellular DNA. DNA was prepared from
leukocytes, placentas, and cultured fibroblasts according to
described methods (4, 5), except that 100 ug of proteinase K per
ml was used to digest the cells at 55°C, and the phenol-extracted
DNA was extensively dialyzed against 1 mM Tris-HCI, pH 7.5.
The subjects studied included 46 black individuals [15 with
normal hemoglobin (type AA), 16 with sickle cell trait (AS), and
15 with sickle cell anemia (SS)] and 27 nonblack individuals [12
Caucasians and 15 Asians, all with normal hemoglobin (AA)].
To help identify and order the fragments containing the globin
genes on the restriction endonuclease patterns, we prepared
DNAs from patients with hereditary persistence of fetal he-
moglobin (HPFH) (8- and 8-globin gene deletion) (6), homo-
zygous « thalassemia associated with hydrops fetalis (a-globin
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gene deletion) (4, 7), or homozygous hemoglobin Lepore (6-
B-globin fusion gene) (8).

Digestion of DNA with Restriction Endonucleases. Ten
micrograms of human DNA and 1 ug of A DNA, added as an
internal size marker, were digested for 4 hr at 37°C with 1.25
units of EcoRI or Hpa I per ug of DNA. The buffer for EcoRI
digestion was 100 mM Tris-HCI, pH 7.5/50 mM NaCl/6 mM
MgCl;/6 mM 2-mercaptoethanol; for Hpa I digestion it was
6 mM Tris-HC], pH 7.5/26 mM NaCl/6 mM MgCly/6 mM
2-mercaptoethanol. The samples were precipitated in alcohol,
dried, and resuspended in 30 ul of 5 mM Tris, pH 7.5/0.1 mM
EDTA.

Electrophoresis and Identification of Globin Genes.
Samples (10 ug) of digested DNAs were applied to 6-mm-thick
horizontal 0.8% agarose (SeaKem) gels in a buffer (pH 8.05)
containing 0.04 M Tris-acetate, 0.02 M Na acetate, 0.018 M
NaCl, and 0.02 M EDTA and were electrophoresed at 50 V for
14 hr. The gels were stained for 30 min in ethidium bromide
(10 pg/ml in HgO) and photographed under ultraviolet light.
The DNAs were transferred to nitrocellulose filters with 0.90
M NaCl/0.09 M Na citrate for 40 hr (1). The filters were dried
in a vacuum oven at 80°C for 2 hr and presoaked in 2-4 ml of
50% (vol/vol) formamide/0.45 M NaCl/0.045 M Na citrate
containing 200 ug of yeast tRNA and 200 ug of denatured
salmon sperm DNA per ml and 1% (vol/vol) Denhardt’s solu-
tion (9). The filters were wrapped in adhesive polyethylene
(Saran-Wrap) and incubated at 41°C for 16 hr. [32P]cDNA (1.5
X 106 cpm) in 1.5 ml of the same buffer was added and the
filters were rewrapped and hybridized at 41°C for 8 days. The
filters were washed once in 0.3 M NaCl/0.03 M Na citrate
containing 1% Denhardt’s solution at room temperature for 60
min and twice in 15 mM NaCl/1.5 mM Na citrate/0.1% sodium
dodecyl sulfate for 90 min at 50°C and then rinsed twice in 15
mM NaCl/1.5 mM Na citrate/0.1% sodium dodecyl sulfate and
four times in 15 mM NaCl/1.5 mM Na citrate at room tem-
perature. The dried filters were autoradiographed with
:..ig)htning Plus intensifying screens at —80°C for 1-3 days

10).
Globin cDNA Preparation. mRNA from the reticulocytes
of a patient with pyruvate kinase deficiency was purified twice
by oligo(dT)-cellulose chromatography, followed by sucrose
density gradient centrifugation (5, 11). The 10S peak was col-
lected and used for cDNA preparation as described (11), with
[a-32P]dCTP (350 Ci/mmol) as the radioactive precursor. To
orientate the globin gene on the restriction fragment, a probe
rich in 5’-end sequences was used for hybridization of the filter.
This probe was made by using an Hae III fragment of single-
stranded cDNA corresponding to the middle of the coding re-
gion of B-globin mRNA (11) as primer for reverse transcription
of 8-globin mRNA.

Abbreviations: HPFH, hereditary persistence of fetal hemoglobin; kb,
kilobases.
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RESULTS

When normal human globin DNA was digested with EcoRI
and probed with a mixture of a- and B-globin ¢cDNAs, five
major fragments were seen (Fig. 1). The largest fragment, about
21 kilobases (kb) in length, was absent in the DNA from
homozygous a-thalassemia (hydrops fetalis), in which all the
a-globin genes are deleted. This fragment contained both a-
globin structural loci (3). Four fragments, 5.5, 3.7, 2.1, and 1.6
kb in length, were present in normal and hydrops DNA and
absent in HPFH DNA, in which the 8- and é-globin structural
genes are deleted. These four fragments were derived from the
8- and §-globin structural genes, both of which contain an
EcoRlI site in the coding sequences (2, 12).

When normal DNA was digested with the enzyme Hpa I,
the two a-structural gene loci were located in two fragments,
14.5 and 4.2 kb in length, both of which were absent in the
hydrops DNA. Three fragments, 7.6, 1.8, and 1.3 kb in length
and present in the normal and hydrops DNA and absent in
HPFH DNA, contained the 8- and é-globin structural genes.
Double digestion and analysis of hemoglobin Lepore DNA
revealed that the 7.6-kb band contained the 8-globin gene and
the 1.8- and 1.3-kb bands, the é-globin gene (see below).

When we studied the DNAs from a number of black indi-
viduals, we found variations in the 7.6-kb fragments in the Hpa
I digestion patterns, but the EcoRI patterns remained similar
(Fig 2). Some DNA samples contained a 7.0-kb fragment and
others, a 13.0-kb fragment. The variants were inherited in a
Mendelian manner from parents to offspring and were also
found among siblings (unpublished data). The following vari-
ations from the normal 7.6/7.6 kb patterns were found: 7.6/7.0,
7.0/13.0, 7.6/13.0, and 13.0/13.0 kb patterns.

Initially we observed the 13.0/13.0 kb pattern in the DNA
from a patient with sickle cell anemia. To investigate the rela-
tionship of the Hpa I variant with the hemoglobin S genotype,
we analyzed DNAs from black individuals with or without
sickle hemoglobinopathies (Table 1). The normal 7.6 kb-frag-
ment and the 7.0-kb variant were the usual patterns seen in
individuals with the hemoglobin A genotype. Only 1 of 15 such
individuals had the 7.6/13.0 kb pattern. In contrast, the 13.0-kb
variant was most often associated with the hemoglobin S ge-
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F1G. 1. Autoradiograms of EcoRI and Hpa I restriction endo-
nuclease digestion patterns of human DNA. «- and 8-Globin cDNAs
were used as probes. The numbers indicate lengths in kilobases.
Lanes: 1, HPFH; 2, homozygous a-thalassemia; 3, normal.
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FIG. 2. Autoradiograms of EcoRI and Hpa I restriction endo-
nuclease digestion patterns of DNA of black individuals with different
hemoglobin types. Lanes: 1 and 2, AA; 3, AS; 4, SS. The four types of
Hpa 1 fragments containing 8-globin gene shown are the 7.6/7.6,
7.6/7.0, 7.6/13.0, and 13.0/13.0 kb patterns, respectively.

notype. Of 15 patients with sickle cell anemia, the 13.0/13.0
kb pattern was found in 11 and the 7.6/13.0 pattern, in 4. Thus,
the frequency of association of the 13.0-kb fragment with the
normal hemoglobin A gene is 0.03 in'blacks, and with the S gene
it is 0.87 in patients with sickle cell anemia. In 16 individuals
with sickle cell trait (AS), 9 had the 7.6/13.0 kb pattern, 1 had
the 7.0/13.0 kb pattern, and 6 had either the 7.6/7.6 kb or
7.6/7.0 kb pattern, a frequency of the 13.0-kb band of 0.31 in
the AS genotype. In contrast, in the Caucasian and Asian pop-
ulations, we observed only the 7.6/7.6 kb pattern in 27 indi-
viduals studied; neither the 7.0-kb nor the 13.0-kb pattern was
seen.

To identify the origin of the 7.6-kb fragment and its variants,
we compared the EcoRI, Hpa 1, and the double restriction
enzyme digestion patterns of the DNAs from a normal indi-
vidual with the 7.6/7.6 kb pattern, a patient with hemoglobin
S with the 13.0/13.0 kb pattern, and one with hemoglobin
Lepore (Fig. 3). Digestion of hemoglobin Lepore DNA with
EcoRlI yielded only the 3.7- and 2.1-kb non-a bands, instead
of the four in the normal. Of the two, the 2.1-kb band hybri-
dized with the 5’ probe and hence contained the 5’ ¢ gene.
Therefore, the 3.7-kb band must contain the 3’ 3 globin gene.
The 5’ 8-probe also hybridized with the 5.5-kb EcoRI band of
the normal DNA. Thus, we could order the 5.5-, 3.7-, 2.1-, and
1.6-kb EcoRI fragments as 5’ 8, 3’ 8, 5’ §, and 3’ 6 fragments,
respectively. This order is in agreement with that of Mears et
al. (2).

In the Hpa I digestion of normal DNA, the three fragments
of 8 and 6 origin were 7.6, 1.8, and 1.3 kb in length. Double
digestion with Hpa I and EcoRI yielded four non-a fragments
of 8.7, 2.0, 1.8, and 1.2 kb. The 5’ probe hybridized with the
7.6-, 1.8-, and 2.0-kb fragments. Because the EcoRI 3.7-kb
fragment, which contains the 3’ part of the 8-globin gene, re-
mained unchanged in size on the double digestion, the Hpa 1
sites must be outside of the EcoRlI sites of this fragment. The
only non-a Hpa I fragment larger than 3.7 kb was the 7.6-kb
fragment, which also hybridized with the 5’ probe. Hence, the
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Table 1. Relationship between Hpa I fragments and hemoglobin genotype

Frequency of

Hemoglobin Hpa 1 8-globin gene fragment 13.0 kb
genotype 7.6/7.6 7.6/7.0 7.0/13.0 7.6/13.0 13.0/13.0 Total fragment

Black:

AA 8 6 0 1 0 15 0.03

AS 5 1 1 9 0 16 0.31

SS 0 0 0 4 11 15 0.87
Caucasian:

AA 12 0 0 0 0 12 0
Asian:

AA 15 0 0 0 0 15 0

7.6-kb fragment must contain the whole 8-globin gene. The
1.8-kb fragment which hybridized with the 5’ probe must
contain the 5’ end of the § gene, and thus the 3’ 6 gene is located
in the 1.3-kb band. These assignments were compatible with
the restriction pattern obtained in hemoglobin Lepore, with
which Hpa I digestion yielded only one non-a fragment, 7.3
kb in length, and double digestion yielded a 5’ 6 fragment of
1.9 kb and a 3’ 8 fragment of 3.7 kb. Fig. 4 shows the map of
these sites and the sizes of these fragments.

Double digestion with EcoRI and Hpa I of DNA from a
patient with sickle cell anemia with the 13.0/13.0 kb pattern
and of normal DNA with the 7.6/7.6 kb pattern abolished the
differences seen in the Hpa I digestion alone (compare lanes
7 and 8 and lanes 4 and 5 in Fig. 3). Thus, the 13.0-kb fragment
is produced by a variation of an Hpa I site surrounding the
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F1G. 3. Autoradiogram of EcoRI (RI), double digests (RI and H),
and Hpa I (H) digests of human DNAs from hemoglobin Lepore
(lanes 1, 3, and 6), hemoglobin AA (lanes 2, 5, and 8), and hemoglobin
SS (lanes 4 and 7). The vertical columns of numbers indicate the sizes
of fragments in the three types of digests. The 5.1- and 4.2-kb bands
in the double digest were absent in hydrops DNA (data not shown)
and hence contain the two a-globin structural loci. Rehybridization
of the filter with a 5’ 8-probe showed that the.following bands con-
tained 5’ sequences: EcoRI digest, 5.5, 2.1; Hpa I digest, 13.0 (SS), 7.6,
7.3 (Lepore), 1.8; double digests, 2.0, 1.8, 1.9 (Lepore).

B-globin gene and outside of the EcoRI site. Of the two such
sites, a variation in the Hpa I site on the 5’ side of the 8-globin
gene is unlikely because shifting this site by 5.4 kb in a 5’ di-
rection to produce a 13.0-kb fragment would affect the diges-
tion pattern of the & gene, which is about 6 kb from the $-globin
gene (2). It would also produce a large 5’ 8-globin fragment
instead of the 2.0-kb fragment found in double digestion.
Hence, the Hpa I site affected in the change of the $-globin
gene fragment from 7.6 to 13.0 kb is on the 3’ side of the frag-
ment, about 5 kb from the 3’ end of the 8-globin structural gene.
Shifting this in a 8’ direction by 5.4 kb would not affect the
EcoRI or the double digestion pattern. Likewise, we found that
the double digestion pattern of the DNA with the 7.6/7.0 kb
pattern is identical to that of the normal 7.6/7.6 kb pattern (gels
not shown). In this case, the Hpa I site on the 3’ end is shifted
0.6 kb toward the 8-globin gene.

DISCUSSION

In these studies, we detected polymorphism in the restriction
endonuclease digestion pattern of a human DNA fragment that
contains the 8-globin structural gene. This variation is due to
an alteration in a Hpa I recognition site about 5 kb from the 3’
end of the B-globin structural gene and produces fragments
either 7.0 or 13.0 kb long instead of the normal 7.6-kb fragment
(Fig. 5). The mechanism producing the variations is not known.
It could arise from mutations that create or abolish Hpa I rec-
ognition sites, delete some sequences, or insert additional se-
quences. The variants are inherited; homozygous and hetero-
zygous patterns could be recognized. The human non-a-globin
genes are believed to be arranged in the order of Gy — Ay —
6 — B from the 5 to the 3’ end (13). The variable Hpa I site lo-
cated 3’ to this gene complex could be in an intergenic region
or a yet unidentified structural gene.

The association of this variation with the sickle cell gene is
of great interest. In black individuals with the hemoglobin A
genotype, the fragment containing the 8-globin gene is pre-
dominantly 7.6 or 7.0 kb long. The 13.0-kb fragment is found
in only 3% of the hemoglobin A genotype and in 87% of the
hemoglobin S genotype. The frequency of the 13.0-kb frag-
ment, 0.31, in the AS genotype is lower than that expected from
the findings with the SS genotype. If substantiated with a larger
population, this may indicate a selection process affecting the
patients with sickle cell disease.

Classical genetic linkage studies have been used to predict
certain abnormalities. For example, the secretion of ABH blood
group substances in amniotic fluid has been used for the pre-
diction of myotonic muscular dystrophy (14, 15). Restriction
endonuclease mapping may provide a new class of genetic
markers for linkage studies. In biochemical terms, a sequence
5000 nucleotides away from the 8-globin structural gene may
be considered very closely linked to that gene. For example, the
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FiG. 4. Map of the EcoRI and Hpa I sites in the region of the 6- and 3-globin structural genes in normal and hemoglobin Lepore DNA. The
symb'ols representing the globin genes are diagrammatic and do not include all the intervening sequences that may be present in the genes. Al-
teration in the Hpa I site on the 3’ side of the normal DNA map (marked by the bold H) is responsible for the variant 7.0- and 13.0-kb 3-globin

fragments.

8- and é-globin structural genes are known to be genetically
closely linked because analysis of 14 families with é- and g-
globin structural mutants revealed no recombinants in 76 off-
spring (16). Recent restriction enzyme mapping showed that
the 8- and B-globin structural genes are about 6000 nucleotides
apart (2).

The frequency of recombination between the variable Hpa
I site and the 3-globin structural gene needs to be established
by studies of large families. If the incidence of recombination
between them is low, the association may provide a new ap-
proach to the prenatal diagnosis of sickle cell anemia. With
parents who carry the 13.0-kb band with the sickle hemoglobin
gene, it may be possible to detect sickle cell anemia in the fetus
by restriction enzyme analysis of DNA from amniotic fluid
cells. Amniotic fluid cells have already been used successfully
for the prenatal diagnosis of a-thalassemia by cDNA-DNA
hybridization studies (17, 18). Such an approach would avoid
the current method which relies on fetal blood sampling, a more
involved procedure that carries a higher risk to the fetus than
does amniocentesis (19, 20).

Polymorphism of restriction endonuclease patterns may be
utilized for other hereditary diseases. If the DNA of a structural
gene affected in a hereditary disease is available for hybrid-
ization analysis, one can use a number of restriction enzymes
to find polymorphism of a restriction site adjacent to this gene.
Such polymorphism could be used to predict the occurrence
of a normal or abnormal gene. With the current interest in
cloning of the human genome, structural genes encoding for
other proteins will be found for such studies.

—i— 7.6 kb
By i
7.0 kb
13.0kb .,
t

FIG. 5. Diagram of the three types of Hpa I fragments. Arrows,
Hpa 1 sites; A and S, normal and sickle 8-globin genes, respective-
ly.

The preponderance of the Hpa I variants in people of African
origin suggests that restriction endonuclease mapping, in ad-
dition to the conventional method of analysis of structural
protein variants, may also be useful for anthropological studies.
The fact that enough DNA could be obtained from a few mil-
liliters of peripheral blood makes this method practical for
large-scale field studies. Within.Africa, the distribution of the
7.0- and 13.0-kb variants in different regions is of great inter-
est.

Note Added in Proof. Since this paper was submitted, two articles (21,
22) on the organization of the human ¢- and 8-globin genes have been
published.
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