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SUMMARY
We have examined the molecular structure of the human a globin gene

complex from individuals with a common form of a thalassasmia in which one of
the duplicated pair of a genes (aa) has been deleted (-a3'). Restriction
mapping and DNA sequence analysis of the mutants indicate that different
-a37 chromosomes are the result of at least three independent events. In
each case the genetic crossover has occurred within a region of complete
homology between the al and a2 genes. Since the -a chromosomes may reflect
the processes of crossover fixation and gene conversion between the two genes,
their structures may provide some insight into the mechanism by which the
concerted evolution of the human a globin genes occurs.

INIRODUCTION

The human a globin gene complex on chromosome 16 includes two a genes

(al and a2), an embryonic a-like gene (5) and two pseudogenes (4'a and

*S) within a 30kb segment of DNA, arranged in the order

5'-r-*;-*a-a2-al-3' (1,2). This multigene family is thought to have

evolved by a series of gene duplications followed by sequence divergence

punctuated by insertions and deletions of DNA, surrounding the coding portions

of the genes (2-6). Heteroduplex and DNA sequence analysis has demonstrated

that the a globin genes are embedded within two homologous segments of DNA,

each approximately 4kb long (2,6). Insertions or deletions have further

divided each of these regions into three homologous subsegments (1, Y and Z)
(Figure 1), the Zal and Za2 segments containing the al and a2 globin genes

respectively (2,6). Interspecies comparisons indicate that the ancestral a

globin gene was duplicated at least 270 million years ago (7) and while the

sequences of the two human a genes have diverged from other species as

predicted, they still direct the synthesis of identical peptide chains (8).
Furthermore, comparison of the entire DNA sequences of the Zal and Za2

segments (Figure 1) shows that they are highly conserved (6). This type of

evolution-in-tandem is called concerted evolution and two mechanisms have been

proposed to explain this phenomenon, gene conversion and crossover fixation

(Figure 2). There is evidence to suggest that both processes may be involved
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Fiaure 1: Above: Details of the a globin duplication unit showing the highly
conserved X, Y and Z homology blocks. Restriction sites Bg (Bgl II), Ba (Bam
Hi) and H (Hpa I) are shown. Below: Putative arrangement of the misaligned
Zal and Za2 regions which allows exchange of genetic material between these
two highly homologous segments of DNA.
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Figure 2: Hypothetical models to explain the concerted evolution of the human
a globin genes (summarised from 2,4,6 and 7). Following duplication of the
ancestral a gene to produce al and a2 genes, the sequences diverge during
evolution as indicated. Misalignment occurs, which aIlows exchange of genetic
material between Zal and Za2 as outlined in Figure 1. In one case (right) a
non reciprocal exchange (gene conversion) occurs giving rise to one chromosome
in which part of the divergent a2 sequence has been corrected back to the al
sequence with no change in gene number. In the other model (left), two rounds
of reciprocal crossover have taken place (crossover points marked by dashed
lines). In this case chromosomes with single or triplicated a genes
resulting from reciprocal crossovers occur as intermediates in the cycle (7).
Again the outcome is one chromosome in which the a2 has been partially
corrected back to the al sequence. If these new (al/a2, al) chromosomes
become fixed in the population, the sequence divergence between al and a2 in
the reoion of the gene correction will no longer be apparent in that
population.
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in maintaining the identity of the human a globin genes and their flanking

DNA, although their relative importance, frequency, and precise underlying

mechanisms are not known.

If the DNA sequences of these regions have been kept identical by

crossover fixation, it would be predicted that intermediates in the cycle of

gene duplication and loss should exist within a population. The products of

reciprocal recombination between homologous Z segments, which are 3.7 kb

apart, have been observed in vivo and in vitro; these give rise to chromosomes

with single (-a3.7) or triplicated (aaaanti37) a genes and the -a3.7
haplotype is a common cause of a thalassaemia in many populations (reviewed

in reference 9). The finding of chromosomes with one (-a) and three (aaa)

genes within different racial groups therefore supports crossover fixation as

a mechanism for maintaining sequence identity between the two genes. However,

since for all organisms where genetic analysis has been possible, conversion

appears to be non-randomly associated with reciprocal recombination (10),

these observations are also consistent with gene conversion being the driving

force behind the concerted evolution of the a genes.

If the entire sequence of the Z boxes has been maintained by these

mechanisms, the same degree of homology between Zal and Za2 should exist

throughout the entire Z regions. In fact the homology between these two

regions is segmental, two adjacent tracts of DNA being >99% and 93% homologous

respectively (Figure 3). The latter region may itself be subdivided into 3

regions which are >99%, 78% and 100% homologous (Figure 3). To account for

the two regions that are >99% and 93% homologous it has been suggested that

the Z segments comprise two major gene conversion units separated by a 7 bp

insert in IVS 2 of the al gene (Li in Figure 3) which may behave as a barrier

to gene conversion by inhibiting branch migration following the formation of

an al/a2 heteroduplex (6). Since this insert divides the Z box into long

(1436 bp) and short (282 bp) regions it is possible that the larger target

area presented by the region 5' to the insert allows more opportunity for the

exchange of genetic material in this segment than in the adjoining region of

DNA and hence, through more frequent gene conversion events, is more highly

conserved than the adjacent less converted region. A prediction of this model

is that in the naturally occurring -a3-7 defects the points of crossover

should mainly lie on the 5' side of the 7 bp insert. In keeping with this

hypothesis, previous analysis of sixteen -a307 chromosomes from different

populations showed that in all cases, crossover had occurred before the 7 bp

insert, and in one such crossover the -a3.7 chromosome appeared to be a
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"patchwork" sequence resulting from a reciprocal crossover in an al/a2

heteroduplex; the remaining Z box contained single nucleotides which were both

al- and a2-specific, providing good indirect evidence for an associated gene

conversion event (6).

Even this modified model does not explain why the homology within the

region beyond the 7 bp insert is also segmental. Therefore, in view of this

complicated pattern of segmental homology we have examined further examples of

the -a3.7 defect in the belief that they might represent intermediates in the

processes involved in the concerted evolution of the a globin genes and may

thus provide information on the mechanism by which this occurs. We have

identified chromosomes resulting from at least three independent crossover

events, and, surprisingly, in two of them the points of resolution lie within

the homologous regions located downstream from the 7 bp insert. These

findings may indicate that the recombination event in these cases was

initiated and terminated beyond this region. Alternatively, the 7 bp insert

may not always act as a barrier to gene conversion. Finally, we have examined

the region of the previously reported 'patchwork" structure and show that this

sequence is polymorphic in several populations and cannot therefore be used to

specify the events producing the -a3.7 chromosome.

MATERIALS AND MUHODS

Heparinised peripheral blood was obtained from a thalassaosic and

non-thalassaemic individuals of Jamaican, Southeast Asian, Mediterranean and

Melanesian origins. Haematological studies and haemoglobin analyses were

performed using standard techniques (11). DNA was prepared from the buffy

coats of each sample by phenol-chloroform extraction (summarised in reference

12). Blot hybridisation studies using various restriction enzymes and a 32p
labelled a-specific probe (a 1.5 kb PstI fragment from the genomic a

subclone pRBal (2)) were carried out as previously described (12). -a3.7

deletion chromosomes were identified by the presence of a 10.5 kb Bam Hl and

16 kb Bgl II a-specific bands (2).

Cytoplasmic mINA was prepared from the peripheral blood reticulocytes of

some patients (13) and the type of a-specific mRNA present (al or a2) was

determined by single strand nuclease analysis essentially as described by

Orkin and Goff (14).
In one a thalassaesic individual, homozygous for the Rb variant

I Tongariki (a115 Mal>Asp) with the genotype -aJ/-aJ (15), a recombinant

containing a single a gene (-aJ) was isolated from a library of size

6968



Nucleic Acids Research

fractionated, EcoRI cut DNA cloned into the A phage substitution vector L47.1

(16,17). Subsequently, a Hind III - EcoRI fragment containing the 3' half of

the aJ gene and approximately 2 kb of the 3' non-coding and flanking regions

was subcloned into pBR322 (pDH10). Fragments from this recombinant were 3'

end labelled (17), degraded and the products were analysed on 6% denaturing

gels (18).

RESULTS

( The -a37 defects have different 3' non-coding resions

In a survey of individuals with a thalassaemia from several different

populations, we identified 293 chromosomes containing the -a3.7 defect. In

order to determine in a quick and simple way whether the structures of these

-a3.7 defects were heterogeneous, we initially performed Sl nuclease analysis

of the mRNA expressed by the genes. There is sufficient divergence in the 3'

non-coding tracts of the normal a globin genes to allow the type (al or a2)

and relative quantity of m1SA expressed to be determined in a thalassaemia

(14,19). Hitherto, analysis of mRNA in all examples of -a3.7 defects has

shown that it is of the al type and therefore that the crossovers which

generated them have occurred 5' to the divergent regions of DNA in the 3'

non-coding regions. Analysis of mmINA from nine individuals of Jamaican,

Mediterranean, North European and Melanesian origins demonstrated that in some

of the Melanesian -a3.7 haplotypes the 3' end of the mWA was a2 - rather

than al- like showing that the crossover responsible for this defect had

occurred within or beyond the region of divergence (figure 3). In particular,

the -a3.7 haplotype in which there is an Ala-Asp mutation at position 115

(Hb J Tongariki) invariably produced mRNA of the a2 type.

(ii) Localisation of the recombination sites

Since m1A analysis showed that the group of a+ thalassaemias which
result from homologous recombination events within the Z boxes (-a3.7)
clearly result from at least two types of crossover, we analysed these defects

in greater detail in order to further localise the exact sites of

recombination. Fortunately, several of the differences in nucleotide sequence
between the al and a2 genes can be identified by restriction enzyme

analysis. For example, it has previously been shown that the enzyme Apal
recognises several sites of sequence divergence between the al and a2

regions of DNA (Figure 4) (6). Similarly, we have found that the enzymes

Bal I and Rsa I also recognise several differences in the nucleotide sequences
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Figure 3: Diagramatic representation of the % homologies between the human
Zal and Za2 segments containing the al and a2 genes respectively (not to
scale). While the overall homologs is 98.5% this may be divided by a 7 bp
insert in IVS 2 of the al globin gene (6) into regions of >9N and 93%
homology. It has been suggested that these two segmentss represent long and
short conversion units. A prediction of this model is that crossovers and
conversions should occur more frequently within the long homology unit.
Hitherto this prediction has been substantiated and in one case of an _a34
defect the sequence indicated that it was an a2/al/a2/al patchwork gene
(denoted by 2,1,2,1 in the diagram) supporting the concept that it resulted
from a gene conversion/crossover event. In contrast, the data presented here
demonstrate that the apparent patchwork sequence in the 5' region of the Z box
results from the presence of a Rsa I restriction site polymorphism, and-that
crossovers do occur in the two homologous subsegments beyond the 7 bp insert.
Finally, the homology in the region beyond the 7 bp insert is also segmental
as shown.

between the two genes (Figure 4 and 5). The combined results of blot

hybridisation studies using these three enzymes on DNA from the -a3.7 defect

enables the point of crossover to be localised to one of several segments of

DNA within the Z box (Table 1 and Figures 4,5 and 6). We observed patterns of

a-specific fragments consistent with crossovers in three of these regions
(labelled I, II and III in figures 4,5, and 6). Of the total -a3.7 defects

examined, crossovers in segment I which were indistinguishable from those

previously reported (6) were observed in all populations studied. In

addition, we observed the products of hitherto undescribed recombination

events in segment II (Jamaican, Southeast Asian and Mediterranean) and segment
III (Melanesian and Polynesian). In chromosomes with the -a3.7 defect

arising from crossovers within segments I and II (Figure 4) the points of

recombination clearly lie within regions of complete homology between the al
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Firgur 4: Above: Misaligned Zal and Za2 segments showing the relative
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indicates the presence or absence of a polymorphic Rsa I restriction site it
the 5' end of the Z box. Each Z box includes the 5' flanking region r *, 5'
non-coding region 1, codin# reg is intervening sequences 0 and
divergent 3' non-coding regions m and j1 . t indicates the 7 bp insert
in IVS 2 of the al gene. Below: Restrictmionaps of the -a 3,7 defects
resulting from crossovers in I before the 7 bp insert in al. II between the
Apa I and Bal I sites in cal, III beyond the Apa I site in a2 and Rsa I site
in al.
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Fixure S: Above The aLl and a2 globin genes in the positions assued during
a misaligned crossover. Below: Detailed comparison of the cal and a2 genes
beyond the 7 bp insert (A) in al. Restriction sites A (Apa I) B (Bal I)
and R (Rsa I) are indicated. m indicates the sequence 5'-CCrGtTG)5CCrG-3'
which marks the end of the huan a globin duplication unit. Segments I, II

and III correspond to the -a3X7 crossover regions indicated in Figure 4.
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a-specific restriction fragments obtained in the

aa and -a37 chromosomes.

* this fragment may be 1.1 kb shorter in some
of a Rsa I restriction site polymorphism as

seen in subject 10 in figure 6.

individuals due to the presence
described in the text and as

and a2 genes. Furthermore, in those cases where restriction mapping
indicated that the crossover had occurred in segments I and II the a mI4A was
zl-like and for those in segment III the a mRMA was of the a2 type, as
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Fituro 6: a-specific frarents obtained using Apa I, Bal I and Rsa I in
subjects with the following goenotypes (l) -f-a3'7 I (2) 3'7 I/aa.-u3,7 III/-a3-7 III (4) aa37III (5) -/3 7 II (6) aa/
7 -a3*7 I/aa (8) -a3*7 I/-a37 II (9) -a3'7 III/-a3'7 III (10) amja

one chromosome and one + for the Rsa I polymorphism (11) -a3-7 1if-a3'7 III
(12) -a-a7I /-a3.7 I
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TABLE I.

SEGMENT I SEGNENT II SEGMENT III

aa --a- --a - -a

Apa I 2.7, 1.7, 0.89 2.5, 0.89 3.5 2.7, 0.7

Bal I 3.56, 1.95, 1.6 1.80, 1.6 1.80, 1.6 3.4

Rsa I 3.5*, 1.75, 0.9 2.6*, 0.9 3.6l~~~~~~~~~~~~26 . .
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expected. This latter pattern was observed in 80% of the Melanesian -a3.7

defects including all of those carrying the I Tongariki mutation.

(iii) Secuence analysis of -a3.7 I Tongariki
The precise location of the crossover points within the Z box are of

particular interest with respect to whether they occur within regions of

homology or non-homology. In the -a37 J Tongariki chromosome, restriction

mapping indicated that the point of crossover was beyond the Rsa I site in al

but before an Hpa I site which lies '0.4 kb 3' to the end of the a2 gene

(Figure 1) and could therefore lie in a region of homology or non-homology.

In order to localise the recombination site, cloned DNA from the -a3"7
J Tongariki homozygote was sequenced across this region. This showed that the

point of crossover lies within the 46 bp stretch of homology around the AATAAA

sequence (segment III in Figure 6). Before this region the sequence is

entirely a2-like, and beyond is entirely al-like.

(iv) A Polymorphic Rsa I site in the Z region

Although the majority of crossovers were located in segment I of the Z

boxes, since these regions differ in only five nucleotides it is not possible

to localise the crossover point precisely by restriction enzyme analysis.

However, previous DNA sequence analysis of a single example of a -a3*7 defect

in a Chinese individual (6) showed that this chromosome resulted from a

crossover in segment I of the Z box and that the 5' region contained an

al/a2 "patchwork" nucleotide sequence identified by the presence of single

nucleotide differences which are either al- or a2-specific. At -869 the

sequence of the -a3.7 defect was a2-like, at -733 al-like, and at -634

a2-like again (6). This patchwork could have arisen in a conversion event in

which there was no strand preference for correction. Inspection of the

nucleotide sequence at -733 in the normal al and a2 Z segments shows that

the a2 sequence (CAGTACC) includes a RsaI restriction site (GrAC) which is

not present in the a]l sequence in the corresponding region (CAGCACC)

(Figure 2). To determine whether the "patchwork" structure was present in all

-a3.7 defects we analysed Rsal a-specific fragments in the -a3.7
chromosomes, which showed that it was present in some cases but absent in

others. However, subsequent analysis of non-thalassaemic chromosomes (aa)

from the same populations showed that the RsaI site is in fact polymorphic

even within the normal (aa/aa) population. Therefore, it seems most

likely that the original interpretation, that this region represents a

"patchwork", was incorrect. Rather, this deletion resulted from a crossover

involving a chromosome in which this polymorphic Rsa I site was absent in

contrast to the normal sequence with which it was compared.
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DISCUSSION

The co-evolution of a pair of active genes may result from a balance

between gene conversion, crossover fixation and constraints on sequence

divergence imposed by function. In this repect, it is interesting that in

general, units of gene conversion are often limited to regions of DNA which

contain functionally important sequences. In the particular case of the

duplicated goat a globin genes for example, the conversion unit is only about

900 bp long and encompasses all known signals for accurate expression of the

genes; the 5' boundary is formed by the CCAAT box and the 3' boundary by the

region of the poly (A) addition site (20). Furthermore, in this case, the

sequence of the two a genes is highly conserved throughout the entire

conversion unit.

In contrast to these observations it is interesting to note the marked

segmental nature of the homology between the human Zal and Za2 regions which

contain the recognised sequences for gone expression (6). This could be

explained if the a genes undergo segmental gone conversion events limited by

the ends of the a gene duplication unit (which include small poly

purine-pyrisidine tracts of the type implicated in the initiation of
recombination in prokaryotes and eukaryotes (21,22)) and a 7 bp insert in IVS

2 of the al gene (6). A major prediction of this model is that crossover

events within the Z segment should overwhelmingly lie on the 5' side of the 7

bp insert. This report documents at least three independent crossover events

and surprisingly in two of these the recombination site is beyond the putative

barrier to genetic exchange (Segments II and III in Figures 4 and 5).

Interestingly, the frequency and population distribution of these a3.7

defects is quite different (A.V.S. Hill et al, in preparation). In most

populations, for example, we have identified crossovers only in regions I and

II whereas in Melanesia the crossover in region III is the most prevalent

-a3*7 defect. Superficially, these observations could be interpreted as a

reflection of the rate at which the various crossovers occur in the large

(Segment I, 1436 bp) medium (Segment II, 171 bp) and small (Segment III, 46

bp) regions of homology between the two a genes. Unfortunately, the putative

selective advantage of a thalassaesia, and the possibility of genetic drift,

does not allow these data to be used in assessing the relative frequency of

crossover in these three segments of the Z box.

The existence of only two conversion units would be consistent with the

observed differences in the 3' non coding regions of the al and a2 genes.

However it does not adequately explain the lack of sequence divergence between
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the two genes in their third exons and in the 46 bp regions surrounding their

poly (A) addition signals (figures 3 and 5) while the segment of DNA joining

these two regions has diverged considerably. It has been suggested that there

could be functional constraints against synonymous codon changes in the third

exon of the a genes in keeping with other observations which have shown that

codon usage in active genes may be non-random (23). Alternatively, there

could have been a "recent" gene conversion event limited to this block

(Segment II in figure 5); segmental conversions have been proposed to explain

the similar pattern of sequence homology between the human y globin genes

(24,25). Certainly, the observation of reciprocal crossover events in this

region confirms that the DNA strand exchange necessary for gene conversions to

occur do take place in this region, although it is not clear why such a

conversion would not have also homogenised the remainder of the 3' non coding

region since there is no obvious barrier to branch migration here. In

addition, recent sequence data show that both human and both chimpanzee a

genes are identical in their third exons (6,26), which would not be predicted
if the sequences had been corrected "recently" following interspecies

divergence, particularly since our preliminary restriction mapping indicates
that the 7 bp insert is also present in the chimpanzee al gene where

presumably it would also behave as a barrier to gene conversion. A third

explanation would be that this small insert in IVS 2 does not act as a barrier
to conversion and that branch migration initiated in the 5' Z segment may
extend through the entire gene to just beyond the stop codon. Against this,

but not exluding the possibility, lies the observation that to date all humans
that we have studied have an al- and a2- like gene with respect to IVS II;

gene conversions extending through this region would be expected to have

homogenised the two genes in this respect.

The same interpretations can be applied to the conserved 46 bp regions

surrounding the poly (A) site of the two a genes. Small segmental gene

conversion events have been docmented in the human y globin, immunoglobulin
and mouse major histocompatability genes (24,25,27,28), and our observation of
a reciprocal crossover in this region is consistent with this as a mechanism.
However, as before it is difficult to understand why such a gene conversion

event would not propagate into the non-homologous region of the 3' non-coding
region. It has been previously noted that the sequence around the poly (A)
site is not only conserved between the human al and a2 genes but also

between human, rabbit and mouse a globin genes (29). Currently available

sequence data allows us to extend these observations to chimpanzee (26), horse

6975



Nucleic Acids Research

(30) and goat (20). Whereas much of the 3' non-coding region has diverged as

expected between these species, a 30 bp region including the poly(A) addition

site has been conserved to a similar degree (77%-100%) to that seen in the 3rd

exon of the a gene of these species (84%-100%). Hence we suggest that

functional constraints must have played an important role in conserving this

region. If these sequences had been conserved solely by gene conversion we

would have expected to observe intra-species but not inter-species identity.

Although the sequences surrounding the poly (A) signal are conserved in the a

genes of different species this is not so when these sequences are compared

with similarly located regions of the non-a globin genes (19). However, it

has been previously noted that the 3' regions of the P globin genes (31) are

also conserved between primate species suggesting that if these regions are

functionally important they may play a specific functional role with respect

to the gene they flank.

In conclusion, we have shown that the common -a3-7 deletion has been

produced by at least 3 different crossover events. It is not possible to

determine whether or not these represent intermediates in segmental gene

conversion events which serve to maintain sequence homology between the two a

genes during evolution. Interspecies comparison suggests that some of the

observed homology in the 3' non-coding regions may have been maintained by

functional constraints and in some cases these deletions may merely reflect

the homology between the two genes which allow misalignment and reciprocal

crossover to occur.
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