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ABSTRACT

DNA sequence analysis of the human B globin locus has identified
an array of simple tandem repeated sequences upstream from the B globin
structural gene. Comparison of several cloned human B globin alleles
demonstrated a high frequency of sequence heteromorphism at this site
apparently due to duplication or deletion of single units of the
repeat array. At least two such duplication/deletion events are
necessary to account for the observed variation. No other sequence
variation was observed, suggesting that duplication/deletion events
within the tandem repeat array may be at least 13 to 14 times more
frequent than nucleotide substitutions in the surrounding DNA.

INTRODUCTION

Tandem arrays of relatively simple repeated sequences are
widespread among eukaryotes, and in many species constitute a
substantial portion of the genome (rev. in 1). Sequence homogeneity
among members of a family of repeats is probably maintained by strand
slippage and mispairing during DNA replication (2,3) or by non-
homologous recombination (4,5), which may be particularly frequent
in such regions. A "hotspot" for spontaneous mutations in the
lac I gene of E. coli has been found to consist of an
array of short simple repeated sequences, with frequent dupli-
cation or deletion of single copies of the repeating unit at this
site (6).

DNA sequence analysis has identified a similar array of short
simple tandemly repeated sequences in the region approximately 1300
nucleotides 5'- to the human B globin gene. Comparison of the
sequences of a number of cloned B globin alleles demonstrates
considerable sequence heteromorphism in this region, consisting of

duplication or deletion of single copies of the basic repeat unit. At
least two such duplication/deletion events have probably occurred at
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this site, one involving a normal 8 globin allele and another
involving a B%-thalassemic allele with a nonsense mutation of

codon Gln39 of the structural gene. No other sequence variation
was observed in this region, suggesting that duplication/deletion
events may be considerably more frequent at the B globin polymorphic
site than are nucleotide substitutions in the surrounding DNA.

MATERIALS AND METHODS
Source of Human B Globin Clones.

HBGl and HBRG2 (7) derive from a normal abortus of non-
Mediterranean extraction, and represent the two B globin alleles
from that individual. C6 was derived from a Greek Cypriot patient
with typical B+-thalassemia due to a mutation in the small
intervening sequence of the B globin gene (8). AT2~1 is from an
Italian patient also with typical B+-thalassemia, although this
allele apparently does not contain the same mutation as that identi-
fied in C6 (A. Bank, personal communication). 8*5.2 and 812 were
isolated from individuals of Moroccan and mixed Scottish-Irish/Italian
ethnic origins, respectively, both apparently heterozygous for g°
and B+-thalassemia alleles. The alleles represented by B+5.2
and Bl12 are fP-thalassemic genes, with nonsense mutations at
codon Gln39 (R. Spritz, unpublished observation; A. Bank, personal
communication). Portions of these clones were propagated as plasmids
in the E. co0li K-12 strains HB10l or C600 under Pl containment
conditions.

Restricti End ] c1 Analysi i Nucleotid
5 .

DNA was cleaved and fragments were isolated by standard methods.
Fragments were labelled at their 3'- termini with a32[P]-dGTP and
E. coli DNA polymerase (Klenow fragment), and sequenced by a
modification of the method of Maxam and Gilbert (9).

RESULTS

The nucleotide sequence of several cloned DNA fragments covering
the region from approximately 1050 to 1500 nucleotides 5'- to the cap
site of the human B globin gene was determined, and is presented in
Fig. 1. The nucleotide sequences of the normal B globin clone, HRG1,
ana B*-thalassemic clone, C6, were determined completely in this
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HEGI CCAAACACTTTCAGCGTGTGTGAGAATAATCAGAGTGAGATTTTTTCACAAGTACCTGATGAGGGT TGAGACAGGTAGAAAAAGTGAGAGATCTCTATTT
B¥5.2 GAGGGTTGAGACAGGTAGAAAAAGTGAGAGATCTCTATTT
cé CCAAACACTTTCAGCGTGTGTGAGAATAATCAGAGTGAGATTTTTTCACAAGTACCTGATGAGGGTTGAGACAGGTAGAAAAAGT TCTCTATTT

4
1

HBG1 ATTTAGCAATAATAGAGAAAGCATTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTTCTGATAACTAGAAATAGAGGATCCAGTTTCT
8*5.2 ATTTAGCAATAATAGAGAAAGCATT TAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTTCTGATAACTAGAAATAGAGGATCCAGTTTCT

c6 ATTTAGCAATAATAGAGAAAGCATTTAAGAGAATAAAGCAATGGAAATAAGAAATTTGTAAATTTCCTTCTGATAACTAGAAATAGAGGATCCAGTTTCT
B12 GGATCCAGTTTCT
BT2-1 GGATCCAGTTTCT
HBG2 GGATCCAGTTTCT

+
101

| J. | | | | |
HBG1 TﬂGGﬂMCCTMATmAmCAmATTGmATmAm.ATTA r’m---————]GTGTMTCGTAGchGAGTGﬂAGAGCTGAA
B*5.2 TTTGGTTAACCTAAATTTTATTTCATTTTATTGTTTTATTTTATTTTATTTTATTTTATTTTATTTTGTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAA
C6 TTTGGTTAACCTAAATTTTATTTCATTTTATTGT TTTATTTTATTTTATTTTATTTTATTTT-~~——GTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAA
B12 TTTGGTTAACCTAAATTTTATTTCATTTTATTGTTTTAT I TTATT T TATTTTATTTTATTTT-~-—~GTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAA
BT2-1 TTTGGTTAACCTAAATTTTATT TCATTTTATTGTTT TATTTTATTTTATTTTATTTTATT TT-~—~~GTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAA
HBG2 TTTGGTTAACCTAAATTTTATTTCATTTTATTGT T TTATT TTATTTTATTTTATT TTATTTT——~~~GTGTAATCGTAGTTTCAGAGTGTTAGAGCTGAA

4
201

l.‘;GI AGGAAGAAGTAGGAGAAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACATGGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAG
B¥5.2 AGGAAGAAGTA

cé6 AGGAAGAAGTAGGAGAAACATGCAAAGTAAAAGTATAACACTTTCCTTACTAAACCGACATGGGTTTCCAGGTAGGGGCAGGATTCAGGATGACTGACAG
812 AGG

4
301

HBG1 GGCCCTTAGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCTTTGCTGTTTTAAT
c6 GGCCCTTAGGGAACACTGAGACCCTACGCTGACCTCATAAATGCTTGCTACCTTTGCTGTTTTAAT

4
801

Figure 1., Partial nucleotide sequences of six cloned human

B globin alleles. The sequence presented is centered approximately
1300 nucleotides 5'- to the cap site of the human B globin gene, and
represents the coding DNA strand with respect to the 8 globin
structural gene. Individual clones are described in the text.
Brackets identify ATTTT repeats.

region, and portions of the DNA sequences of the other B globin clones
were also determined. The DNA in the region from nucleotides 76 to
354 of the sequence determined is extremely rich in A-T base pairs
(76%) , with numerous runs of oligoadenylate or oligothymidylate
residues. However, the sequence of the region from nucleotides 238 to
262 (45) is even more unusual, consisting entirely of a series of
perfect tandem repetitions of the sequence ATTTT. Moreover, the
sequence upstream from the tandem repeat array also contains a number
of similar imperfect repeats.

Comparison of the six B globin alleles analyzed in this region
revealed remarkable heterogeneity in the number of perfect ATTTT
repeats at this site. C6, Bl2, B8T2-1, and HRG2 each contain five
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tandem repetitions of this sequence, while HRGl and B+5.2
contain four and six ATTTIT repeats, respectively (Fig. 2). With
the exception of these differences, the nucleotide sequences of
the six alleles are completely identical in the regions sequenced
although extensive nucleotide sequences were compared only for
HBGl, C6, and B'5.2.

RISCUSSION
This report describes a site with a high degree of sequence

polymorphism approximately 1300 nucleotides upstream from the human
B globin gene. The polymorphism occurs within an array of perfect
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Figure 2. DNA sequencing gels showing variation in the number of
repeat units in the tangem repeat array. The nucleotide sequences of
HBGL (A), C6 (B), and B 5.2 (C) were all determined from the 3'-
end-labelled BamHI restriction sites at position 189.
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tandem repeats of the simple oligonucleotide ATTTT. The modal number
of repeat units in this array appears to be five. However, one allele
each with six and four repeats have also been identified, apparently
the result of duplication and deletion of single repeat units,
respectively. It is unlikely that these two variant alleles represent
the reciprocal products of a single duplication/deletion event, since
the allele with six repeats, B+5.2, is a B%-thalassemic allele

and the allele with four repeats, HB8Gl, is a normal allele. Only by
interchromosomal misalignment of the tandem repeats in a heterozygous
carrier of the B°-thalassemic allele with simultaneous crossing-

over within the tandem repeat array could a single event produce the
observed sequence differences. Thus, the observed variants probably
are the products of at least two duplication/deletion events; one
involving a normal allele and another involving a 8%-thalassemic
allele.

There is no apparent relationship between the sequence structure
at the B globin tandem repeat array and the g-thalassemic phenotype.
Transcription of HBGl, C6, and B+5.2, containing four, five, and
six copies of the ATTTT repeat unit, respectively, appears normal in
vitro (8,10), and transcription of C6 appears normal in vivo
(11).  Although both of the g'-thalassemic alleles, C6 and gT2-1,
contain five copies of the repeat unit in the tandem array, a normal
B globin allele, HRG2, also contains five repeat units at this site.
However, another normal allele, HBGl, contains only four copies of the
repeat unit. The other two alleles analyzed, B+5.2 and Bl2, are
both B°-thalassemic alleles with nonsense mutations at codon
Gln39 of the B globin structural gene and contain five and six
repeat units, respectively (R. Spritz, unpublished observation; A.
Bank, personal communication). This indicates that this particular
8%-thalassemic mutation may be associated with either five or six
ATTTT repeats in the tandem array, and this suggests that this
mutation most likely predates the most recent duplication/deletion
event involving these alleles.

No divergent nucleotides were observed in the DNA which surrounds
the tandem repeat array, although only for HRGl and C6 (466
nucleotides) and 5.2 (246 nucleotides) was enough sequence
determined to permit extensive comparisons. These data are in good
agreement with an estimated polymorphism frequency of 0.005 per
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nucleotide in non-selected DNA (12). The observed sequence
homogeneity is unlikely to be the product of selection via some
protein product, since numerous translation termination codons occur
in all reading frames on both DNA strands. Furthermore, no major
transcripts initiate in this region in vitro (8), although
numerous promoter-like ATAAAA sequences occur on the anti-sense strand
within the tandem repeat array. Although selection by an as-yet
undefined mechanism remains formally possible, such a phenomenon seems
unlikely to account for the lack of variation observed.

The frequency of sequence variation within the tandem repeat
array thus appears to be considerably greater than that in the
surrounding sequences. Kimura and Ohta (13) have shown that for
selectively neutral alleles which change states by single steps in a
positive or negative direction (such as duplication or deletion of
single repeat units within a tandem repeat array)

Ho =1//1T+ 8Ne\) ,

where Ho represents the proportion of homozygotes, Ne

is the effective size of the population, and v is the mutation rate.
Because H, also equals the sum of the squares of the observed
allelic frequencies, for the B globin polymorphism

H, = @/6)% + (1/6)% + (1/6)% = 172
Therefore,
v=38 a7

However, Kimura and Crow (14) have shown that for ordinary
selectively neutral mutations

Ho > 1/(4Nev +1)
Although no such mutations were observed in the region sequenced,

if we assume that at the level of DNA sequence H030.9, for example,
then
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v<1/3 6D

Thus, the rate of duplication/deletion events within the tandem
repeat sequence array is at least 13 to 14 times the rate of
nucleotide substitutions in the surrounding DNA. A similar tandem
array of simple oligonucleotide repeats in the lac I gene of

E. coli has also been shown to be a hotspot for frameshift muta-
tions caused by duplication or deletion of single repeat units (6).

Simple repeating sequences are a ubiquitous feature of eukaryotic
DNA, and may comprise up to 65% of the genome in some species (rev.
in 1). Satellite DNAs consist primarily of tandem arrays of simple
repeated sequences of oligonucleotide length (1, 15-20), although
tandem arrays of longer repeats have been identified in many species
(1,21-33) . The reiterated histone (rev. in 34) and ribosomal RNA
genes (rev. in 35,36) are themselves organized in repeating tandem
arrays. Moreover, regions of DNA adjoining the ribosomal (35-44) and
55 (45-48) genes and the class-switch region of immunoglobulin heavy
chain genes (49-52) contain arrays of simple repeated sequences, and
regions of simple alternating dinucleotide sequence have been
identified adjacent to the histone genes (34,53-55) and within the
human vy globin genes (56). All of these arrays of repeating
sequences exhibit considerable heterogeneity of total length due to
variablility in the number of repeat units per array. Alternating
dinucleotide sequences have also been identified near the mouse
o globin (57) and immunoglobulin V-region (58) genes, although
sequence heterogeneity in these regions has yet to be established.
Variability in the number of repeat units thus appears to be a general
feature of tandem simple repeating sequence arrays in eukaryotic DNA,
and may account for a significant portion of the total variation in
the genome.

Two general mechanisms have been proposed to account for
duplication/deletion events among repeated sequences. Strand slippage
and mispairing between tandem repeat units on the leading and trailing
strands could occur during the DNA replication process (2,3). It is
this mechanism which perhaps best accounts for duplication or deletion
of integral numbers of short repeat units in a tandem array (6,59).
Alternatively, duplication or deletion of integral numbers of repeat
units might also result from nonhomologous recombination events
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between repeat units on sister chromatids or homologous chromosomes
(4,5), since misalignment of DNA segments might be particularly
frequent in regions composed of tandem repeat sequences. Kedes has
suggested that such regions of simple sequence composition may be the
initial nucleation sites in the recombination process (34). This
mechanism seems most likely to account for duplication and deletion of
relatively large pieces of DNA, such as those observed to produce
duplication or deletion of sequences jin vitro (60-62) and in
vivo (61, 63-65), and Chambers et al. (66) have suggested that
binding of at least seven homologous nucleotide pairs may be

required for misalignment of subrepeats and nonhomologous crossing-
over to occur. Both of these processes would tend to "homogenize"
repeated DNA sequences, due to dilution of rare sequence variants
by the predominant sequence in the gene pool.

Farabaugh and co-workers (6) have observed variation similar to
that described here in an array of simple oligonucleotide repeats in
the lac I gene of E. coli. Moreover, Arnheim and Kuehn (43)
have observed recA-independent deletion of repeat elements in a
cloned mouse ribosomal gene spacer. Therefore, it is possible that
the observed duplication and deletion events at the 8 globin tandem
repeat array occurred during cloning or subsequent propagation in
bacteria. However, multiple isolates of several of the human 8 globin
plasmids analyzed have yielded identical sequences at this site, and
in no instance was a mixed DNA sequence observed. As the tandem
repeat array therefore appears to be stable in the plasmid form, the
observed sequence variation seems unlikely to have arisen during
propagation in E. coli, and probably accurately reflects hetero-
morphism in the genome of the individuals sampled. Studies are
currently in progress to investigate the potential biological signifi-
cance of this sequence variation.
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