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A B S T RA C T The site of crossover between the
8- and /3-globin gene sequences resulting in Lepore
Boston globin gene formation has been localized at the
DNA level. Probes specific for detecting the inter-
vening sequences (IVS) of the 8- and /8-globin genes
were used to map the origin of cellular DNAfragments
of a patient homozygous for hemoglobin Lepore
Boston. Restriction endonuclease analysis and hy-
bridization of this DNAto IVS specific probes show
that most, if not all, of the large intervening sequences
(IVS 2) in Lepore DNAare derived from the ,B-globin
gene IVS 2. In addition, the crossover occurs in a re-
gion of DNAin which the 8- and 83-genes have almost
complete nucleotide homology, and might be expected
to pair most tightly during meiosis.

INTRODUCTION

Hemoglobin Lepore Boston is an abnormal hemo-
globin, produced in decreased amounts that contains a
Lepore globin chain with a 8-globin amino acid se-
quence at its N-terminus, and a /-globin amino acid
sequence at its C-terminus. In Lepore Boston globin,
amino acid 87 is 8, and amino acid 116 is ,/, indicating
that the crossover event leading to the formation of
this fusion protein has occurred between these two
positions (1). Gene mapping by restriction enzyme
analysis and hybridization to radiolabeled /3-comple-
mentary DNA(cDNA) probe indicates that the Lepore
Boston gene is indeed a fusion gene containing 8-
specific nucleotide sequences at its 5' end and ,8 at its
3' end (Fig. 1) (2, 3). Direct nucleotide sequencing of
cloned 8- and /8-globin genes (4, 5) shows that both
possess two identically positioned intervening se-
quences (IVS)l interrupting the coding sequences: a
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'Abbreviation used in this paper: IVS, intervening se-
quences of the 8- and f3-globin gene.
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small IVS (IVS 1) between codons 30 and 31, and a
larger IVS (IVS 2) between codons 104 and 105. Be-
cause IVS 2 lies within the region of the recombination
producing Lepore Boston, the composition of IVS 2
in the Lepore fusion gene could be entirely f8-IVS,
8-IVS, or a combination of the two. Divergence of the
8- and f-IVS 2 nucleotide sequences, availability of
specific probes for these regions, and knowledge of
the nucleotide sequence of the 8- and 3-genes have
permitted analysis of this question. This report localizes
the site of transition from 8- to /8-sequence to a region
of intense nucleotide homology 5' to the Asu 1 site in
the IVS 2 of the /-globin gene.

METHODS
Preparation of cloned probes and the source of DNA.

Specific probes containing & and j8-IVS 2 nucleotide se-
quences were obtained either as a gift from Tom Maniatis
(6) or by cloning the appropriate Bam HI/Eco RI fragments
from a ,3-thalassemia clone (7) into pBR 322; a 0.95-kilobase
(kb) fragment contains the 8-IVS 2 and a 0.92-kb fragment
contains the 83-IVS 2. A 4.4-kb Pst I cloned DNA fragment
includes the f3-globin structural gene plus flanking sequences.
Each of these probes was isolated from their pBR 322 vectors
by appropriate endonuclease digestion, and purified by
sucrose density gradient centrifugation (6).

DNAfrom the Lepore-Boston patient studied has been pre-
viously analyzed (8). A lymphocyte cell line established from
this patient was used in these experiments.

Restriction analysis. Restriction endonuclease digestion
with Eco RI (Boehringer Mannheim Biochemicals, Indianapolis
Ind.) and Asu I (Bio-Lab Inc., Decatur, Ga.) was performed
according to the manufacturer's specifications. Transfer of
DNAfragments from 0.8% agarose (Sea Kem) to nitrocellulose
filters, nick translation of probes (1-8 x 108 cpm/,g),
hybridization of filters, and radioautography were performed
as described previously (2, 9).

RESULTS

When normal DNA is digested with Eco RI and
hybridized to a nick translated 4.4-kb Pst I probe, four
bands 5.2, 3.6, 2.25, and 1.75 kb in size are seen. (Fig. 1)
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FIGURE 1 Restriction enzyme analysis of normal (N) and Lepore (L) DNAwith Eco RI (E) and
BamHI (B). A. Restriction map with fragment sizes indicated in kb. The black areas in the rec-

tangles are the coding regions, and the clear areas the IVS. B. Radioautographs of hybridization
patterns of normal and Lepore DNAdigested with Eco RI (six at left) and with Eco RI and BamHI
(four at right). The 32P-4.4-kb Pst I probe reveals the expected four fragments in normal DNA
and two in Lepore DNA. A 32P-3-IVS 2 probe yields only a 5.2-kb band in normal DNA, and a 2.25-kb
band in Lepore DNA. A 32P_8-IVS 2 probe produces only a 2.25-kb band with normal DNA, and
no detectable hybridization with Lepore DNA. Both normal and Lepore DNA, digested with
both Eco RI and BamHI, display 0.92-kb fragments when probed with 32P-_3-IVS 2. No hybridiza-
tion is seen with 32P-S-IVS 2 (second from right with Lepore DNA).

(2, 9). The 1.75-kb fragment is poorly seen, presumably
because of the limited homology of the 3' (3-flanking
region (represented in the probe) and the 3' end of the
8-gene (represented in the 1.75-kb fragment). The 5.2-
and 2.25-kb Eco RI restriction fragments have been
shown to contain 18- and 8-IVS 2, respectively (2, 3).
Hybridization with the 8. and ,8-IVS 2 probes to these
fragments was used to demonstrate their specificity.
When normal DNA is cleaved with Eco RI, and
hybridized with the 32P-_,-IVS.2 probe, only the 5.2-kb
fragment is seen; 32P-8-IVS 2 probe hybridizes only to
the 2.25-kb fragment (Fig. 1B).

To determine whether the Lepore Boston gene con-

tains 8-IVS 2, ,f-IVS 2, or both, a similar experiment was

performed with Lepore Boston DNA. WhenDNAfrom
a patient homozygous for Hb Lepore Boston is digested
with Eco RI, two fragments hybridize to the 4.4-kb Pst I
probe, 3.6 and 2.25 kb. The 2.25-kb fragment contains
the Lepore-IVS 2, and hybridizes to the ,3-IVS 2 probe,
but not with the 8-IVS 2 probe (Fig. 1B). Double
digestion of normal and Lepore DNAwith BamHI and
Eco RI produces identical 0.92-kb fragments hybridiz-
ing to the P-IVS 2 probe, but only the normal DNA
shows a 0.95 kb-fragment when hybridizing to the 8-
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FIGURE 2 Restriction enzyme analysis of normal (N) and Lepore (L) DNAwith Asu I. A. Restric-
tion map of Asu I sites within IVS 2 normal 8- and f3-globin genes, and in the Lepore gene. Other
Asu I sites occurring within and around the 8-, f8-, and Lepore genes are not shown. B. Radio-
autographs of normal and Lepore DNAcleaved with Asu I. Normal DNA(at left) hybridizes to
a 32P-4.4-Pst I probe and shows three bands 1.5, 1.1, and 0.8 kb in size while Lepore shows the
0.8 kb only (second from left). Only 0.8-kb fragments are seen when both normal and Lepore
DNAare hybridized to 32P-,8-IVS 2 probe (at right). No hybridization is seen when Lepore DNA
is hybridized to 8-IVS 2 probe (data not shown). The hybridization in the region above 1.5 kb is
nonspecific and not reproducible.

IVS 2 probe; there is again no hybridization of Lepore
DNAto the 8-IVS 2 probe (Fig. 1B).

To further determine the composition of the IVS 2
of Lepore, normal and Lepore DNAwere digested with
the enzyme Asu I, and hybridized with the 4.4-kb
Pst I, 8-IVS, and f3-IVS 2 specific probes. An Asu I
site is present 10 nucleotides from the 5' end of the
13-IVS 2, but not at a comparable site in the &-IVS 2.

A 0.8-kb fragment would be expected if the 5' end of
the Lepore IVS 2 is derived from f8-IVS 2, and a larger
fragment if the IVS 2 of Lepore is derived from 6-IVS 2
(Fig. 2). Fig. 2B shows that identical 0.8-kb fragments
hybridize with the ,3-IVS 2 probe in normal and
Lepore DNAdigested with Asu I, consistent with the
presence of identical sequences at the 5' end of IVS 2
in the f3- and Lepore genes. Two additional Asu I
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digested fragments are seen in normal DNAhybridized
to the 4.4-kb Pst I probe presumably representing
sequences between the 6- and 8-globin gene (Fig. 2).
The absence of these fragments in Asu I digested
Lepore DNA(Fig. 2B) presumably reflects the deletion
of the region between the 6- and f3-globin genes in the
Lepore Boston gene. No hybridization is seen when
Asu I digested Lepore DNA is hybridized to 8-IVS
2 probe.

DISCUSSION

The use of probes specific for the 6-IVS 2 and P-IVS 2
permits analysis of the origin of IVS 2 in the Lepore
Boston gene. Although the Bam HI/Eco RI fragments
containing the 8-IVS 2 and 8-IVS 2 have 19 coding
sequence nucleotides in common at the 5' end and 48
nucleotides at the 3' end, no crosshybridization is
observed at the stringency of hybridization and
washing used (Fig. iB). The observation that the
Lepore 2.25-kb fragment hybridizes only with the
p8-IVS 2 and not the 6-IVS 2 probe indicates that the
Lepore IVS 2 contains predominantly 8-IVS 2 se-
quences, and no 8-IVS 2 sequences at the level of
sensitivity afforded by the IVS 2 probes.

Finding a 0.8-kb Asu I fragment in Lepore DNA
that hybridizes uniquely with f3-IVS 2 probe indicates
that the 5' end, and, thus, virtually the entire IVS 2
of the Lepore Boston gene is derived from- 8-IVS 2.
The 8-IVS 2 and the p-IVS 2 differ in only two nucleo-
tides between the Asu I site at the 5' end of the p-IVS 2
and the 3' end of the second structural coding region
(Fig. 3). The near identity of nucleotide sequence in the
6- and 8-globin genes between the Asu I site at the
5' side of the j8-IVS 2 and the nucleotides coding for
6-globin ami-ino acid 87 (Fig. 3) precludes further
definition of the crossover site by restriction enzyme
analysis. The results indicate that the site of recoin-
bination between 6- and f3-globin genes to formi- Lepore
Boston occurs in a region of very high nucleotide
homology, and not within IVS 2 sequences which are

GODON

much more divergent in the &- and a-genes. Thus, the
recombination event appears to have occurred by
nucleotide homology with crossing over at meiosis
between misaligned &- and a-genes. Whether other
sites of homology, more distal to this region, provide
additional stability favoring recombination at this site
remains unknown.

The sites of crossover in the formi-ation of other
Lepore globin genes are also in regions of intense
homi-ology between the 6- and a-genes (10). In Lepore
Hollandia, the crossover fromi 6- to a-sequence is
b)etween codons 22 and 50, a region of over 90%hom-iol-
ogy, whereas in Lepore Baltimore the crossover is
between codons 50 and 86, a region of 97% homology.
Potential sites of crossover in the formation of the
anti-Lepore globin genes are also included in regions
with strong nucleotide homology between the 6-
and a-genes (10).

The reasons for the underproduction of Lepore
Boston globin are not clear. A processing defect
arising from a mixed IVS 2 containing 6- and 8-IVS 2
sequences seems unlikely from the present data. A
Lepore-globin mRNAprecursor with a 6-IVS 1 and a
p8-IVS 2 may be unstable or unable to be processed
efficiently. From our data, a f3-IVS 2 is probably insuf-
ficient for synthesis of Lepore globin at a level com-
parable to normal 8-globin. The normal 8-globin gene
containing a 8-IVS 1 is also associated with decreased
production of its product, 8-globin. Miyada globin,
an anti-Lepore (p68) fusion gene product, is also pro-
duced in low amounts despite the presence of 5' 8
flanking sequences presumably containing regulatory
sequences identical to those of the normal 8-globin
gene (11). It is of interest that this gene also contains
a 8-IVS 1 since the crossover occurs 5' to codon 22,
and IVS 1 is between codons 30 and 31. Thus, genes
such as normal 6, Lepore, and anti-Lepore, containing
6-IVS 1 sequences, all result in decreased synthesis
of their globin products, suggesting the potential im-
portance of the origin of IVS 1 in the optimal transcrip-
tion or processing of their gene products. The presence

87 88 89 90 91 92 93 94 95 96 97 98
I- -- -.~ 5' ---:iAGA;CTG AGT GAG CTG
I 1

St5 ---:GAG:GTG ACT GAG CGT

9 9 1 00 1 01 1 02 1 03

CAT GGT GAG AAC TTG

CAT GGT GAG AAC TTG

GAG TCT' GAG AAGCTGTCGACGCTC
GAG TGT' GAG AAGCTGTCGACGCTC

104 1IVS 2 -* Asu I
II I

AGGIGTGAGTG1IAfrT0AGC~
I I

AGG GTGAGCTddA:IA=A'TG -- -
L i LL L--..J

3

3'1 6

FIGURE 3 Nucleotide sequeinces in the 8- and 8-globin genes b)etween codoni 87 and the Asti I
site. The differenices in seqluenice are ind(icated b)y (lotted lines.
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of an intact 83-IVS 1 might be required to ensure opti-
mal transcription and processing of 8-like globin genes.
The recent finding of a single base change within the
,8-IVS 1 in a cloned gene associated with decreased
,8-globin mRNAand globin synthesis in a patient with
/3+-thalassemia also suggests the significance of an
intact 8-IVS 1 in the regulation of f3-globin gene
expression (12). While 8- and f3-IVS 2 sequences are
quite divergent, 8- and ,B-IVS 1 sequences are quite
homologous (>90%). It will be of great interest to assess
the effects on function of the few differences in the
nucleotide sequence of 8- and /8-IVS 1 using in vitro
or in vivo assay systems that measure globin mRNA
transcription and processing with either natural cloned
globin genes or recombinant DNAmolecules contain-
ing these sequences (13).
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