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ABSTRACT

DNA from healthy Malaysian newborns was studied on gene maps after
digestion with different restriction endonucleases. Of 65 newborns, two
were found to be carriers of two different variants of triplicated
a-globin loci. In variant no. 1, found in a Malay, the three a-globin
genes are in an elongated DNA fragment on digestion with Eco RI and Bam
HI. The third a-globin gene was found in an additional 3.7-kb fragment
on digestion with Hpa I, Bgl II and Hind III. In variant no. 2, a new
type of triplicated a-globin loci, found in a Chinese, the three a-globin
genes reside in an elongated DNA fragment longer than that of variant no. 1
on digestion with Eco RI and Bam HI. The third a-globin gene was found in

an additional 4.2-kb fragment on digestion with Hpa I and Hind III. Di-

gestion of this variant DNA with Bgl II produced an abnormal 16.7-kb
fragment in addition to the normal 7.0-kb Bgl-II fragment. The locations
of the restriction sites in the two types of triplicated a-globin loci
are compatible with a mechanism of unequal crossing over following two

different modes of misalignment.

INTRODUCTION

Normal humans usually have four a-globin genes, two on each chromosome.

The severe clinical condition known as Hb Bart's hydrops fetalis, which is

the homozygous condition for a-thalassemia (1), is due to deletion of all

four a-globin genes (2, 3). Deletion of three a-globin genes leads to

Hb-H disease (4), which is the combination of the severe type of athal-

assemia (athal1) and the mild type of athalassemia (athal2)(5). The athall
trait condition is due to a deletion of both a-globin genes on one chromosome.

The athal2 trait is due to deletion of one a-globin gene on one chromosome.

A nondeletion type athalassemia has also been reported (6). The organization

of the a-like globin genes in the chromosome has been determined as being

5'-r2-i1-cal-a2-al-3' (7). The distance between the centers of the al-

and a2-globin genes is 3.7 kb and that between the centers of a 2- and

* al-globin gene is 4.2 kb. Recently, Embury et al (8) showed that the dele-

tion athal2 genotype has two different patterns of gene organization.
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The first pattern is the result of a 4.2-kb pair deletion involving the

5'a-globin gene (leftward-deletion athal2 genotype); the second is probably

the result of crossover deletion of a DNA fragment bridging the normal al-

and a2-globin genes (rightward-deletion athal2 genotype). Goossens et al (9)

and Higgs et al (10) described the existence of triplicated a-globin

loci in humans which is thought to be the result of an unequal crossover

mechanism producing triplicated a-globin loci on one side and the rightward

-deletion athal2 genotype on the other side. We report the finding of a

new type of triplicated a-globin loci during a survey of healthy newborn

babies. The results described in detail here show that this new type is

probably the counterpart for the leftward-deletion athal2 genotype.

MATERIALS AND METHODS

Study material. Cord blood samples from healthy Malaysian newborns

were collected from the Maternity Unit, General Hospital, Kuala Lumpur,

Malaysia. The white blood cells were isolated and dissolved in Tris-EDTA

buffer, quick-frozen and airfreighted to San Francisco. Hemolysate was

prepared from the red blood cells and hemoglobin analysis carried out

according to standard methods.

Preparation of DNA and restriction endonuclease digestion.

DNA was prepared from white blood cells by phenol chloroform-isoamyl alco-

hol extraction and ethanol precipitation as described earlier (2). DNA was

digested with restriction endonucleases under conditions recommended by

the manufacturers from whom they were purchased.

Hybridization and gene mapping. DNA fragments obtained by restriction

endonuclease digestion were electrophorsed in 0.8% agarose and transferred

to nitrocellulose filter paper according to Southern (11) with modifications.

They were hybridized with 32P-labeled cDNA probe synthesized by reverse

transcription of purified mRNA obtained from reticulocyte rich adult blood.

They were also hybridized with specific 32P-labeled a-globin gene probe

prepared by nick translation as described by Maniatis et al (12) from

a-globin genes cloned in plasmid JW 101 (13). Hybridization was carried

out for 2-3 days, followed by thorough washing ot the nitrocellulose

filter paper under stringent conditions and autoradiography for 2-5 days.

RESULTS

A group of 65 white blood cell DNA samples from blood of healthy

newborns without Hb Bart's or other abnormal hemoglobin in the red
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blood cells was studied. These DNA samples served as controls in our

study of cord blood of newborn Malaysians in which we correlated the

level of Hb Bart's with deletions ofa -globin genes. The results of

that survey will be published elsewhere.

The DNA samples were studied after digestion with different

restriction endonucleases on gene maps as described under Methods.

Eco RI and Bam HI. The restriction endonucleases Eco RI and Bam HI

cut normal human DNA outside the twoa -globin genes leaving both

a-globin genes intact on the same DNA fragment. On an Eco RI gene map

the normal a-globin genes are located at position 23 kb in length and

on a Bam HI gene map the normala -globin genes are at position 14.5 kb

in length. Two of the 65 DNA samples examined on Eco RI and Bam HI

gene maps showed two a-globin gene bands, one normal band and an

additional slower-than-normal-moving band, indicating that the DNA

fragments on which they are located are longer than normal. Both

variants were slower than normal but variant no. 2, found in a Chinese,

was even slower than variant no. 1, found in a Malay. On an Eco RI

gene map, variant no. 1 was barely separated from the normal 23-kb

fragment whereas variant no. 2 was clearly separated from the normal

band (Fig. 1).

Hpa I. The restriction endonuclease Hpa I cuts human DNA outside

and between the two a-globin genes, producing two DNA fragments, each

carrying an a-globin gene, one 14.5 kb and the other 4.2 kb long.

Variant no. 1, described above, on the Hpa I gene map clearly shows an

additional, abnormal ac-globin gene-carrying fragment, 3.7 kb in length

(Fig. 2). The specificity of this a -globin gene band was demonstrated by

hybridization with a specific ac-globin cDNA probe. This variant is

apparently the same as the one described earlier (9, 10), which is a

case of triplicated a-globin loci due to unequal crossing over. Variant

no. 2, described above, which on Eco RI and Bam HI gene maps was shown

to reside on an elongated DNA fragment did not show an abnormal additional

band on the Hpa I gene map. However, the usual 4.2-kb Hpa I band appeared

definitely stronger than normal, indicating that there are more than the

normal 4.2-ku fragments carrying a-globin genes (Fig. 2).

Bgl II. The restriction endonuclease Bgl II cuts human DNA

outside and between the two a-globin gene producing two DNA fragments,

each carrying an a-globin gene, one 12.5 kb and the other 7.0 kb long.

On a Bgl II gene map, the carrier of variant no. 1 showed in addition to
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Figure 1. Autoradiogram of Eco RI endonuclease digestion patterns of

human DNA. Total globin cDNA is used as probe. Lanes 1 and

4: normal. Lane 2: carrier of triplicated a-globin loci

variant no. 1. Lane 3: carrier of triplicated a-globin loci

variant no.2

the normal 12.5-kb and 7.0-kb fragments an abnormal a-globin gene band

3.7 kb in length. The carrier of variant no. 2 showed a slow-moving

16.7-kb fragment carrying a-globin genes in addition to the 12.5-kb and

7.0-kb fragments. The specificity of the abnormal bands was demonstrated

by hybridization with a specific a-globin cDNA probe (Fig. 3).

Hind III. The restriction endonuclease Hind III cuts human DNA

within the coding sequences of the a-globin genes, producing three DNA

fragments carrying a -globin genes, one 17 kb long, which contains the

5' portion of a2-globin gene, a 3.7-kb bridging fragment containing the

3' portion of a2- and the 5' portion of al-globin genes and a 4.5-kb

fragment which contains the 3' portion of the al-globin gene locus. On

an Hind III gene map, variant no. 1 showed the normal positions of the

a-globin gene bands but the 3.7-kb band is pronounced, indicating that

it contains more 3.7-kb fragments carrying a-globin genes than normal.
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Figure 2. Autoradiogram of HPA I endonuclease digestion patterns of
human DNA. Total globin cDNA is used as probe. Lanes l and
4: normal (4 shows polymorphism of theS -globin gene). Lane 2:
carrier of triplicated a-globin loci variant no. 2. Lane 3:
carrier of triplicated a-globin loci variant no. 1. Lane 5:
carrier of athal2. Lane 6: carrier of Hb CoSp.

This is apparently due to overlap of the 3.7-kb fragment carrying the

additional a-globin gene with the normal 3.7-kb Hind-III fragment.

Variant no. 2, however, shows an additional abnormal fragment 4.2 kb in

length instead of 3.7 kb in length and demonstrable on an Hind III gene

map slightly separated from the normal 4.5-kb fragment (Fig. 4).

DISCUSSION

Comparison of the locations of restriction sites within and flank

ing the al- and a2-globin genes and heteroduplex studies by Lauer et al

(7) reveal extensive sequence homology within and flanking the two

a-globin genes. The homologous sequences, interrupted by two blocks of

nonhomology, span a region of approximately 4 kb. This extensive

sequence homology between two genes, which are thought to be the

product of an ancient duplication event, suggests the existence of a

mechanism for sequence matching during evolution. Two homologous regions

for possible crossing over were described; one is a region of homology

that begins 100 bp 3' to the coding sequences of eacha -globin gene and

continues through the genes into the 5' flanking sequences for a total

of 1.8 kb. The other homologous region is a stretch of homologous

sequence that starts, according to Lauer et al (7) from the intergenic
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Figure 3. Autoradiogram of Bgl II endonuclease digestion patterns of

human DNA.
a. Total globin cDNA is used as probe. Lane 1,: normal.

Lane 2: carrier of triplicated a-globin lo6X variant no.
2. Lane 3: carrier of triplicated a-globin loci variant
no.1 (the faint slowest band in this sample is not an

a-globin gene band, it does not hybridize with specific
a-globin gene probe. See b.).

b. The above DNA map rehybridized with specific a-globin
gene probe. Only the a-globin gene bands are seen.

Hpa I restriction points 3' to the a 2- and *al-globin genes and extends

for 1 kb 3' ward. Two types of deletions in recombinant phage DNA were

found during propagation in E. coli that were compatible with their

being the consequence of the particular arrangement of homologous

sequences. The locations and sizes of the two types of deletions were

indistinguishable from those of the two types of deletions associated

with athal2 as has been reported (8, 14-16). These findings strongly

suggest that athal2 is produced by unequal crossing over between

homologous sequences within and or surrounding the a -globin genes.

Further support for this assumption was the finding of triplicated

a-globin loci (9, 10).

Recent sequence analysis of the a2-globin gene (17) and of the

1l-globin gene (18) and comparisons of the sequences of acl-,

a2-, and *al-globin genes determined more precisely the

homologous regions between the different a-globin genes (17-19). The

3712



Nucleic Acids Research

} 2 3 4 5 6

17.O-< -a

Figure 4. Autoradiogram of Rind III endonuclease digestion patterns of
human DNA. Specific ca-globin cDNA is used as probe. Lanes
1 and 4: normal. Lane 2: athal2 trait. Lane 3:

azthall trait. Lane 5: triplicated ar-globin loci variant no. 2.
Lane 6: triplicated acglobin loci variant no. 1 (note the
pronounced 3.7-kb fragment in this sample).

5' border of the homologous area flanking the 'Pal- and at2-globin

genes is found just 3' to the poly (A) addition site of the fal-

and a2-globin genes (Fig. 4). The 3' border of the second homologous

area, that is betweenDa2- and al-globin genes, has been reassigned to a

position 14 bases 3' to the UAA termination codon (19).

Detailed studies of the two variants of triplicated a-globin loci,

described in our present study, show that variant no. 1 is similar to

the one reported earlier (9, 10). This variant is the result of unequal

crossing over after misalignment of the 1a2-globingene on one

chromosome with the al-globin gene on the other chromosome, producing on

one side a DNA strand in which one c-globin gene is deleted and which

is 3.7 kb shorter than normal (the rightward-deletion athal2 genotype

described earlier)(8) and on the other side a DNA strand with three

ci-globin genes which is 3.7 kb longer than normal (the triplicated a-

globin loci described earlier (9, 10) Digestion of this abnormal

elongated DNA containing the threeo-globin loci with enzymes that cut

the DNA outside the globin genes, such as Eco RI and Bam HI, produces a

DNA fragment 3.7 kb longer than normal because the centers of the al-
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and a2-globin genes are located 3.7 kb apart (Fig. 5). Digestion of

the elongated DNA with enzymes that cut it outside and between the

a-globin genes, such as Hpa I and Bgl II, produces an additional 3.7-kb

fragment which contains the extra a-globin gene.

Our variant no. 2 is the result of unequal crossing over following

a misalignment of a homologous region 3' to the a2-globin gene on one

chromosome with the homologous region 3' to the axl-globin gene on the

other chromosome producing on one side a shortened DNA fragment with

4.2-kb deletion involving the 5'a-globin gene (the leftward-deletion

a thal2 genotype previously described)(8) and on the other side a

chromosome with triplicated a-globin loci 4.2 kb longer than normal

(our variant no. 2). Digestion of the abnormal DNA with the

triplicated a-globin loci with enzymes that cut the DNA outside the

a -globin genes such as Eco RI and Bam HI produces a DNA fragment 4.2 kb

longer than normal, which is the distance between the centers of the

a2-globin gene and the ial-globin gene (Fig. 5). Digestion of this
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Figure 5. a. Mode of misalignment of homologous regions flanking and
involving the al- and a2-globin genes in the two
chromosomes leading to the generation of the rightward-
deletion athal2 genotype on one side and the triplicated
a-globin loci variant no. 1 on the other side.

b. Mode of misalignment of homologous regions flanking the
3' side of the ac2-globin gene in one chromosome and the

pal-globin gene in the other chromosomes, leading to

the generation of the leftward-deletion athal2 genotype
on one side and the triplicated a-globin loci variant
no. 2 on the other side. The shaded areas indicate where
the crossover point may reside.
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elongated DNA containing the threea -globin genes by Hpa I, which cuts

it outside and between the a-globin genes, or by Hind III, which cuts

the coding sequences of thea -globin genes, produces an extra DNA fragment

4.2 kb long containing the third a-globin gene. In the Hpa I gene map,

this extra 4.2-kb fragment overlaps with the normal 4.2-kb Hpa I fragment

while on a Hind III gene map it shows as an extra a-globin gene band at

4.2 kb in length slightly separated from the normal Hind III 4.5-kb

fragment. When digested with Bgl II, no additional 4.2-kb fragment is

generated, instead a fragment 16.7 kb long is produced. This means that

the unequal crossing over took place somewhere in the homologous region

3' to the a2- and *d-globin genes (7, 17-19), retaining the Hpa I restric-

tion point in the elongated fragment but eliminating the Bgl II restriction

point, which is located 3' to and outside the homologous area (Fig. 5).

Digestion with Bgl II therefore generates the usual 7.0-kb fragment and

an elongated DNA fragment which is 16.7 kb long, being the sum of the

usual 12.5-kb fragment and the additional 4.2-kb fragment (gained from

the unequal crossing over). The existence of the new triplicated a-globin

loci reported here has been anticipated from the existence of the leftward-

deletion athal2 genotype and from the studies of cloned a-globin genes

that show the presence of extensive homologous regions flanking the

a-globin genes. Indeed, this new type of triplicated a-globin loci has

also just been found in recombinant phage DNA during propagation in E.

coli (Goossens, M., Lee, K.Y. and Kan, Y.W., in preparation).

Theoretically, the process of unequal crossing over should produce

equal numbers of chromosomes with the single a-globin gene (.thal2) and

the triplicated a-globin loci. However, the triplicated a-globin loci, pro-

bably the counterparts for the righward-deletion type athal2 and the leftward-

deletion type athal2 are in general much less prevalent than both athal2 geno-

types (except perhaps in Greek Cypriots)(9). Apparently, chromosomes with

triplicated a-globin loci did not offer an advantage over the normal dupli-

cated a-globin loci in the areas where they have been found to be rare. The

one a-globin gene deletion apparently did offer a selective advantage. This

selective advantage is probably given by malaria infection, which is prevalent

or has been prevalent, in the areas where athalassemias are also prevalent.
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