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ABSTRACT Previous heteroduplex studies have revealed ex-
tensive sequence homology between the two human adult a-glo-
bin-like genes (a2 and al) and their flanking regions. These ho-
mologous regions, which are interrupted by two blocks of non-
homology, each span approximately 4 kilobases [ILauer, J., Shen,
C.-K. J. & Maniatis, T. (1980) CeU 20, 119-130]. We have deter-
mined 3 kilobases of DNA sequences within and flanking the non-
homologous blocks of these two tandem duplication units. A total
of three Alu family repeats has been identified. Two of them are
approximately 300 base pairs long and define the 3' ends of the
first homology blocks. The third Alu family member is a 600-base-
pair-long sequence consisting of two monomeric Alu members ar-
ranged in a head-to-tail fashion. It is located in the 3' portion of
the first block of nonhomology in a2-gene-containing unit. We
present direct evidence that this dimeric Alu sequence was in-
serted at a staggered break. The second nonhomology block is the
result of insertion or deletion of a 224-base-pair sequence. From
these data and the calculation of sequence divergence, we propose
a history for the evolution of the human adult a-globin-like gene
region. We also suggest that DNA insertion elements may disrupt
gene correction processes in the two duplication units containing
a2- and al-globin genes.

The human a-globin-like and ,B-globin-like gene clusters are
excellent systems to study the mechanisms of eukaryotic gene
expression, molecular evolution, and the molecular basis of ge-
netic diseases (reviewed in refs. 1 and 2). Recent molecular
cloning studies have established the physical maps of the /-glo-
bin-like gene cluster and the a-globin-like gene cluster (for ref-
erences, see ref. 2). In both cases, the genes are arranged in
order of their expression during development, are transcribed
from the same strand, and are clustered in a contiguous stretch
of DNA: 50 kilobases (kb) for the ,B-globin-like cluster and 30
kb for the a-globin-like cluster. The nucleotide sequences of all
the globin genes and their immediate flanking regions have been
determined (for references, see refs. 2 and 3), and the evolu-
tionary relationship of the a-globin-like and ,3-globin-like genes
has been established (4, 5).

The two human adult a-globin-like genes (a2 and al) have
almost identical nucleotide sequences (for references, see refs.
2 and 3). Comparison of restriction sites within the regions
flanking the 5' side of the a2- and al-globin genes as well as
electron microscope heteroduplex studies demonstrate that the
sequence homology between the a2- and al-globin genes ex-
tends beyond the coding regions and into the flanking inter-
genic regions (6). This extensive homology suggests the exis-
tence of mechanism(s) for sequence matching of the two adult
a-globin genes and 5' flanking regions (6, 7). The otherwise

excellent sequence homology between the regions flanking the
human a2- and al-globin genes is interrupted by a 1-kb region
of nonhomology 5' to a2-globin gene, and by 0.5-kb and 0.2-
kb regions of nonhomology located 5' to the al-globin gene
(ref. 6; this study). Several Alu family members map within or
near these regions of nonhomology, and they can be tran-
scribed in vitro by RNA polymerase III (8). The Alu family is
the major family of interspersed repeats in human DNA (9).
The consequence of this tandem arrangement of homolo-

gous a-globin gene sequences is the occurrence of two types
of DNA deletions in Escherichia coli during propagation of re-
combinant phages (6) and deletions of one of the adult a-globin
genes in patients with a-thalassemia 2 (10, 11). Thus, a detailed
analysis of the sequence organization of these tandem dupli-
cation units should provide information of both evolutionary
and genetic importance. A complete determination of the DNA
sequences contained within and flanking the nonhomology blocks
should also reveal whether they contain sequences character-
istic of the prokaryotic and eukaryotic transposable DNA ele-
ments (for a review, see ref. 12).

MATERIALS AND METHODS
DNA Sequence Determination of 5' al-Globin Gene Re-

gion. The sequence 5' to the al-globin gene was determined
entirely by the partial chemical cleavage method of Maxam and
Gilbert (13). Plasmid DNA originated from the clone pRHa2
(6). DNA fragments analyzed were labeled at their 3' ends by
the fill-in or exchange reaction using appropriate deoxyribonu-
cleotide[32P]triphosphates (Amersham) and Klenow fragment
of DNA polymerase I (Biotec, Madison, WI).
DNA Sequence Determination of 5' a2-Globin Gene Re-

gion. The base sequence of the region 5' to the a2-globin gene
was determined primarily by shotgun cloning of Hae III, Alu
I, and Sau 3A restriction digests of the 1.4 kb and 4.5 kb Sma
I fragments (6) into appropriate restriction sites of M13 (mp7,
mp8, and mp9 strains) phage DNAs (14). The resulting recom-
binants were analyzed by the dideoxy method of Sanger et al.
(15) as adapted by Messing et al. (16) for use with M13. A total
of 30 overlapping clones has been analyzed in this way.

RESULTS
Sequence Determination. Three homologous regions and

three nonhomology blocks between the two adult a-globin gene-
containing duplication units have been identified by hetero-
duplex analysis (6). Proudfoot and Maniatis (17) have tentatively
assigned the boundaries of the two duplication units by se-
quence comparison, and they termed these three homology
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blocks detected by electron microscopy X, Y, and Z, respec-
tively. In this report, the three nonhomology blocks will be re-
ferred to as nonhomology I, II, and III, respectively (Fig. 1).

As shown schematically in Fig. 1, we have determined the
nucleotide sequences of the two bracketed regions, which con-
tain the 3' portions of the two X blocks, the nonhomology re-
gions I and II, the two Y blocks, the nonhomology block III, and
5' portions of the two Z blocks. These sequenced regions cover
from -2,424 to -721 of the a2-globin gene-containing dupli-
cation unit and from -1,978 to -721 of the al-globin gene-
containing unit, assuming the 5'-capped nucleotide of each glo-
bin mRNA to be position + 1. Approximately 170 base pairs (bp)
of our DNA sequences overlap with those obtained by Mich-
elson and Orkin (3) who have determined the sequence of the
entire Z blocks including the two a-globin genes. All the DNA
sequences are shown in Figs. 2 and 3. The interesting features
of these DNA sequences are described below.

Alu Family Repeat Contained Within the X Homology Blocks.
Although the sequences of the 3' portions of the two X blocks
are highly homologous, they contain a significant number of
base substitutions and small DNA insertions or deletions. The
percentage of sequence divergence in the region sequenced is
approximately 12.3. Both X blocks end in a copy of an Alu fam-
ily repeat. We designate these two sequences as Alu 1 and Alu
2 (Figs. 1 and 2). The Alu 1 is flanked by a short direct repeat
sequence (5'-A-A-A-T-A-A-A-C-T-A-A-A-A-T-C-3' in this case)
as are most other Alu family members (Fig. 2). This same short
sequence is located on the 5' side of Alu 2 but is surprisingly
absent on its 3' side. Presumably, Alu 1 (or Alu 2) existed at this
same site in the ancestral adult a-globin gene region prior to
the duplication event that produced the present day adult a2-
and al-globin gene-containing units. Following this duplica-
tion, we postulate that a recombination event (deletion or un-
equal crossing-over) eliminated the direct repeat that would
otherwise be flanking the 3' end of Alu 2. The 3' terminus of
this proposed recombination is undefined and could have con-
tinued to result in part or all of the region identified as non-
homology II.
A Fused Dimeric Alu Family Repeat Inserted Within the

a2-Globin Gene-Containing Duplication Unit. The sequences
immediately downstream from the two Alu family sequences
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FIG. 1. Strategy for sequence determination ofhuman adult a-glo-
bin-like gene regions. The linkage map of human u1al-a2-al is derived
from ref. 6. The black boxes are protein-coding sequences; the blank
boxes in between them are introns. The three homology blocks X, Y, and
Z and the nonhomology blocks 1, 1, and III are shown below the linkage
map. The numbers on the boundary of each block show their positions
relative to the 5' end of a2 or al mRNA. A minus sign indicates the
position is upstream, and a plus sign indicates it is downstream from
the capping site of the mRNA. The 5' ends of the X blocks and 3' ends
of the Z blocks contain the triply repeated sequence 5'-G-C-C-(T-G)4-C-
C-T-G-3' (17) and define the boundaries of the two duplication units.
Arrows below the X, Y, and Z blocks show the regions and directions
of the Maxam-Gilbert DNA sequence analysis.

(Alu 1 and Alu 2) are entirely unrelated. This nonhomology ap-
pears in previous heteroduplex analysis as a 1.03-kb loop 5' to
a2-globin gene and a 0.43-kb loop 5' to al-globin gene (Fig.
1). Sequence analysis reveals that the exact lengths of these
nonhomologous sequences, I and II, are 1,026 and 320 bp, re-
spectively.

In the 5' portion of the nonhomology I, there is a long stretch
of the simple sequence (C-A)15. Long runs of dinucleotide (C-
A) are widely distributed in the eukaryotic genomes and can
adopt a Z-DNA conformation under superhelical strain (for ref-
erences, see ref. 18).
The 3' end of the nonhomology I is occupied by a fused di-

mer of two Alu family members, the Alu 3 (Figs. 2 and 3), which
occurs in an inverted orientation with respect to Alu 1 and Alu
2 (Fig. 1). The entire dimeric structure is flanked by a short
imperfect direct repeat 5'-A-A-A- -C-A-T- -A-C-T-T-T-3' (Fig.
2). This sequence is present as the unoccupied insertion site in
the 5' flanking sequences of al-globin gene (Fig. 2). The in-
sertion site marks the beginning of the ensuing homology be-
tween the two Y blocks. However, immediately to the left of
the unoccupied insertion site flanking al-globin gene is the short
sequence 5'-A-T-C-C-C-C-C-C-A-A-A-3', which also occurs
immediately to the left of the short direct repeat on the 5' side
of Alu 3. The duplication of this short sequence to form the
flanking direct repeats of the fused dimer is direct evidence
that short dispersed repeats are inserted at staggered breaks in
DNA, as has been proposed by Van Arsdell et al. (19) and Ja-
gadeeswaran et al. (20). It has also been observed that short di-
rect repeats form from a preexisting sequence upon insertion
of repetitive sequences into the monkey a-satellite DNA (21)
and the rat a-tubulin pseudogene (22).
A Non-Alu Deletion Sequence Within the Second Homology

Y Blocks. As described above, homology corresponding to the
two Y blocks resumes with the short direct repeat that flanks
the dimeric Alu family member Alu 3. The homology between
these two sequences is imperfect and includes many single-base
substitutions. Of particular interest is a 20-bp sequence in the
al-globin unit that is not present in the a2-globin unit. This is
most likely the result of deletion of the sequence 5'-G-C-A-G-
G-A-G-C-T-G-G-C-C-A-G-C-C-T-C-A-3' from the a2-globin
gene-containing unit by "slipped mispairings" during DNA
replication (5), because the sequence T-C-A-C-C-C-C found in
a2-globin gene-containing unit is present on both sides of this
20-bp element (Fig. 2).
The Nonhomology Ill. Located on the 5' side of the al-glo-

bin gene-containing Z block is a 224-bp-long sequence that does
not flank the Z block containing the a2-globin gene. This se-
quence, nonhomology III, is not flanked by short direct repeats
and hence could result either from a simple deletion of 224 bp
from the ancestral a2-globin gene-containing unit or from an
insertion mechanism that does not involve the formation of short
direct repeats.
Z Homology Region. We define the 5' ends of the Z ho-

mology regions to be base -885 5' to the a2-globin gene and
base -883 5' to the al-globin gene. In both cases, the ho-
mology extends into and through the a-globin genes up to the
3' end of the a-globin duplication unit (4). Our sequence anal-
yses cover bases -885 to -721 5' to the a2-globin gene and
bases -883 to -721 5' to the al-globin gene (Fig. 2). There
are a total of five base differences between the approximately
900-bp-long 5' flanking regions of a2- and al-globin genes. Four
of these sequence divergences are located close to the non-
homology III (Fig. 2).

Sequence Divergence Between the Two Duplication Units.
Sequence divergence resulting from point mutations has ac-
cumulated throughout the two duplication units (Table 1).
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FIG. 2. Comparison of nucleotide sequences in the adult a-globin gene region as determined in this study. The regions shown cover bases -2,424
to -721 ofthe a2-globin gene-containingunit and bases -1,978 to -721 of the al-globin gene-containingunit. The * denotes positions of nonhomol-
ogous bases in the X, Y, or Z blocks. The boxed sequences are the short direct repeats flanking Alu 1, Alu 2, Alu 3, and the 20-bp extra sequence
in the al-globin gene-containing Y block. Note that the direct repeat on the 3' side of Alu 2 is deleted. The wavy line in the nonhomology block
I denotes the stretch ofpoly(C-A) sequence. The fused dimericAlu sequence,Alu 3, is located in the 3' portion ofthe nonhomology block I. Its complete
nucleotide sequence is shown in Fig. 3. At position -887 (a2), Michelson and Orkin (3) found a guanine instead of an adenine residue. For sequences
beyond position -721, see ref. 3.

However, much higher sequence divergence is found in re- and nonhomologous sequences at the level of DNA bases agrees
gions either near the ends of duplication units or near the non- extremely well with previous electron microscopic study (6).
homology blocks. This point is discussed in more detail below. The base-sequence results schematically summarized in Fig. 4

show clearly that the positions of Alu family members (Alu 1,
DISCUSSION Alu 2, and Alu 3) correlate with a breakdown of homology and

In summary, we have determined a total of 1,704 and 1,258 bp resumption of homology between the sequences flanking the
of DNA sequences flanking the 5' regions of the a2- and al- a2- and al-globin genes.
globin genes, respectively. The identification of homologous We propose a history of evolution of the human adult a-glo-
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CCAATGTGCTGGGATTACAGCGTGAGCCAACGCGCCCGGCCTTATATATTTATTTTTTTGAGACAGAGTCTCGCTGTGTCGTCAGGCTAGAGTGCTGTGG
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FIG. 3. Complete nucleotide sequences of the fused dimeric Alu family sequence Alu 3. The sequences of the dimeric Alu repeat, Alu 3 in Fig.
2, is shown here. Because this Alu sequence is arranged on the chromosome in a direction opposite that of the Alu 1 (or Alu 2), a poly(T) sequence
instead of the poly(A) tail i shown immediately downstream from the 5' short direct repeat.



,)eCorrection. In the article "Molecular evolution of the human
adult a-globin-like gene region: Insertion and deletion of Alu
family repeats and non-Alu DNA sequences" by John F.
Hess, Michael Fox, Carl Schmid, and Che-Kun James Shen,
which appeared in number 19, October 1983, of Proc. Nail.
Acad. Sci. USA (8 05974), the authors request that the
following changes be noted on Fig. 2. (i) The sequences from
-730 to -721 of both the a2- and al-strands should be C-C-
A-C-C-A-C-C-C-C instead of C-C-A-C-A-C-C-C-C. (ii) The
nucleotide at position -777 of the al-strand should be G in-
stead of C. (iii) The sequences from -890 to -881 of a2-
strand should be C-C-A-A-G-T-T-T-G-T instead of C-C-A-
A-G-C-T-T-T-G-T. (it) The nucleotide at position -1408 of
the al-strand should be G instead of C. (All of these changes
are due to typing errors.)



Proc Natl. Acad. Sci. USA 80 (1983) 5973

Table 1. Sequence divergence between tandem du
containing human adult a-globin-like genes

Block Corresponding regions
X 5' portion of X blocks

Central portion of X blocks
("500 bp)

3' portion of X blocks
Y Y blocks
Z* 5' portion of Z blocks

Central portion of Z blocks
(-1 to -720)

5' untranslated regions
First exon
First intron
Second exon
Second intron
Third exon
3' untranslated regions

s
divi
1/1'
ND

44/q
23/:
4/14
1/7'9

0/4(
0/9L
0/1L
0/2(
2/14
0/12
19/1

The sequence divergence between different pairs of
the two duplication units containing human a2- and i

is calculated and listed. The number of base differences&
column includes base substitutions andsmall (<6) DNA
deletions. For example, the 7-bp extra sequence in the,,
albglobin gene is not considered during the calculation
5' portions, all the data of the Z blocks are derived fron
determined.
* From data of ref. 3.

bin-like gene region. The model consists of five X
events.

(i) Insertion of ancestral a-globin gene: The fir
formation of the ancestral duplication unit conta
cestral a-globin gene. This may have been acconr
DNA transposition event of an ancestral a-globin
mammalian divergence, as has been proposed foi
globin gene (23).

(ii) Insertion of an Alu family repeat: Before o
position of the ancestral a-globin gene, an Alu f
sequence was transposed into a site approximately
globin gene. This DNA insertion event must have o4
to the duplication of the a-globin gene because A
peats having identical 5' flanking sequences (5'-A
A-C-T-A-A-A-A-T-C-3T) are found in similar posi
two tandem duplication units (Alu 1 and Alu 2; F

i Alu 3 ,'

by,' ~~~a25147/
lU 1

I L Is

I

I I
I I
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FIG. 4. Summary of the nulcleotide sequence analyse
duplex representation. The main features of our sequencestudies, which
include the two monomeric Alu repeats (Alu 1 and Alu 2),.the dimeric
Alu sequence.inserted in the nonhomology I, and the small deletion-
insertion in the Y blocks, are pictured in this heteroduplex molecule.
The small black triangle is the 7-bp extra sequence within the second
intron of al-globin gene.

iplication units (iii) Tandem duplication of 4-kb fragment containing ances-
tral a-globin gene and the Alu family repeat: The next stage of

3equence human a-globin gene evolution would be the tandem dupli-
ergence, bp cation of an approximately 4-kb-long DNA unit containing the
24 (0.8%) ancestral adult a-globin gene and the Alu family repeat. Thisprocess could have been accomplished by an unequal crossing-

over in a fashion similar to that proposed for the human G_.AY_
350 (12.3%) globin gene pair by Shen et al. (24). The age of.this tandem du-
164 (14.0%) plication event is difficult to estimate. As previously noted, Alu
65 (2.4%) family members in primates consist of a 300-nucleotide-long
20 (0.1%) inexact dimer structure, whereas rodent Alu family members

are 150-nucleotide-long monomeric structures (9). The inser-
0 tion of a 300-nucleotide-long Alu family member into the an-
3 cestral adult a-globin gene unit prior to its tandem duplication
17 suggests that the duplication occurred in an ancestral primate
04 after the divergence of primates and rodents.
Q2 (1.4%) (iv) Concerted evolution of the duplication units: The con-
26 servation of a high degree of homology between duplicated
113 (17.0%) functional a-globin geneswithin each primate species has been
counterparts of suggested by Lauer et al. (6) and Zimmer et al. (7) to be the
al-globin genes result of concerted evolution (7, 25). Concerted evolution could
used in the third be imposed by either- natural selection or a mechanism(s) of gene
k insertions and correction. However, there does not seem to be a strong se-
second intron of lection for precise homology between tandemly duplicated a-

n ref. 3. NDf not globin genes. For example, the adult chicken aD-aA-globin gene
pair (26) are highly diverged.
Two mechanisms have been proposed for gene correction:

gene conversion and homologous but unequal crossing-over (25,
major genetic .27, 28). Both processes seem to be operating on the human glo-bin gene families. Although the homologous but unequal cross-
st stage is the ing-over phenomenon is fairly common for the adult a-globin
ining the an- genes in human populations (7, 29, 30), Sfightom et al. (31) and
nplished by a Michelson and Orkin (3) have presented evidence for gene con-
gene before version of-the Gy-Ay-globin gene pair and in the adult human

r the goat a- a-globin gene region, respectively.(v) Interruption of gene correction: As shown in Table 1, many
ir after trans- point mutations have accumulated in the two duplication units.
family repeat It is conceivable that at early stages after the tandem dupli-
2 kb 5' to the cation event, DNA sequence differences arising from point
ccurred prior mutations were "erased" by the processes of gene correction.
du family re- However, assuming the process of either gene conversion or
-A-A-T-A-A- homologous-but unequal crossing-over involves pairing of ho-
itions on the mologous DNA and recombination (25), one could imagine that
'ig. 2). mutagenic events that result in nonhomologous regions might

inhibit or block gene correction. Introduction of a relatively
0.5 kb long nonhomologous DNA segment into one of the duplication

"--~§units (or gene correction units) would decrease the frequency
or rate of homologous DNA pairing as well as inhibit branch
migration, which is required for DNA recombination (6). The
dimeric Alu sequence inserted in the a2-globin gene-contain-
ing unit and the 224-bp sequence (nonhomology block III) in

S_ 3 the al-globin gene-containing unit may play such a role. Mi-
chelson and Orkin (3) have independently, proposed that the 7-

31 bp extra sequence within-the second intron of al-globin gene
- 3' blocked gene conversion during evolution and caused the high

divergence of the 3' untranslated regions. One then expects
*more sequence divergence to be found between two counter-
parts of the duplication units in-regions adjacent to nonhomolo-

GCC(TG)4CCTG gy blocks or the ends of the duplication units. This is indeed
the case for most areas of the adult a-globin gene regions (Table

s in a hetero- 1).
Interestingly, Proudfoot and Maniatis (17) have found that

the 5' ends of the two duplication units have almost identical
sequences, with only one nucleotide difference out of 124 bp
determined. One possible reason for this observed.difference
in sequence divergence of the two ends is that the 5'-end se-
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quences serve as hot spots for initiation of gene correction, which
proceeds downstream towards the nonhomology I and II. The
existence of polarity in gene conversion has been observed in
distinct genes in several organisms including fungus and yeast
(for references, see refs. 32 and 33).
Gene correction may be affected by nonhomologous se-

quences to different extents for different genes in different
species. Although gene conversion of certain genes of yeast (34-
37) and the V regions of immunoglobulin genes (38) could pro-
ceed within areas flanked by totally nonhomologous sequences,
it has been demonstrated that the frequency of recombination
or gene conversion is decreased by regions of nonhomology in
yeast (for references, see ref. 33) and in bacteriophage A (39).

It is well established that several families of interspersed re-
peats, including the Alu-family, are dispersed throughout the
genome by insertion into preexisting unoccupied DNA se-
quences (19, 20). If our interpretation of the sequences flank-
ing the human adult a-globin genes -is correct, then one con-
sequence of the insertion of repetitive sequences is inhibition
of the gene conversion process and induction of sequence di-
versity between duplicate genes and their flanking regions.
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