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ABSTRACT 
We have cloned and characterized three distinct a-globin haplotypes obtained from inbred strains 

of the mouse, Mus domesticus. We report here the complete nucleotide sequence of the six a-globin 
genes that the haplotypes contain. Our analysis of these genes and those from one other previously 
described haplotype indicates that recurrent gene conversion events have played a major role in their 
history. The pattern of nucleotide substitutions suggests that conversions have occurred both within 
and between haplotypes. Limited segments of coding and noncoding DNA have been involved in 
these gene conversion events. In two of the haplotypes, the nonallelic genes of each maintain DNA 
sequence identity over discrete intervals and encode the same a-globin polypeptide. On the other 
hand, the coding regions of some genes have accumulated replacement changes that result in distinct 
a-globins. In one instance, these changes appear to reflect positive selection of advantageous mutations. 

HE locus encoding a-hemoglobin production in T members of the genus Mus features a large 
number of allelic alternatives. T o  date, 14 haplotypes 
have been identified in both wild populations and 
inbred strains of mice by means of immobilized gra- 
dient isoelectric focusing (WHITNEY et al. 1979, 1985). 
This sensitive technique revealed the conservative 
variations exhibited by the allelic complexes. These 
involve the number of distinct a-globin chains synthe- 
sized by a haplotype (one or two), the amino acid 
sequences of the globin chains produced (five differ- 
ent a-globin chains are known), and the relative pro- 
portions of a-chains synthesized. Tables 1 and 2 sum- 
marize this information for each of the eight haplo- 
types described in inbred strains. This biochemical 
and genetic evidence is intriguing in that, while a wide 
variety of haplotypes are present in mouse popula- 
tions, their distinguishing features ( 2 .  e . ,  neutral amino 
acid changes at four positions, and levels of a-chain 
expression) are quite subtle and may be due to the 
presence of a select few alterations at the DNA level. 

The existence of a variety of a-globin haplotypes 
offers an opportunity to examine the molecular events 
that led to this diversity in the mouse a-globin gene 
complex. While it has been shown that tandemly 
duplicated genes are responsible for the presence of 
two distinct a-chains in BALB/c mice (NISHIOKA and 
LEDER 1979; LEDER et al. 1981; A. LEDER, personal 
communication), the number of functional genes in 
other haplotypes is unclear. Since genomic blotting 
data indicate that the remaining haplotypes each pos- 
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sess two linked a-globin sequences (WHITNEY et al. 
198 l), the nature of the “single” haplotypes (Hba”, 
Hbue, Hbaf) can be accounted for by either of two 
mechanisms: gene silencing, where one gene is no 
longer expressed or makes a nonfunctional product, 
or gene conversion, whereby both genes are evolving 
concommitantly, each encoding the same a-globin 
chain. These alternatives can only be distinguished by 
examining these haplotypes at the DNA level via 
sequencing of genomic clones. Likewise, the basis for 
the variable amounts of globin chain expression in the 
two-chain haplotypes may be revealed by DNA se- 
quencing. 

From an evolutionary perspective, analysis of the 
contemporary variants of a gene cluster such as the 
mouse a-globins is an excellent way of uncovering the 
processes that affect the structure of a gene family. 
For example, recent studies by both H I L L  et al. (1 985) 
and POWERS and SMITHIES (1986) have examined a 
number of alternative haplotypes in human embry- 
onic a-globin and fetal @-globin genes, respectively. 
These analyses support the notion that both inter- and 
intrachromosomal gene conversion events are very 
frequent in globin gene families. In contrast to these 
human globin families, in which significant variation 
at the DNA level has resulted in little or no variation 
in expression or polypeptide structure, the mouse a- 
globin haplotypes show significant variability in both 
the level of gene expression and in the structure of 
the gene products. T o  ascertain whether or not selec- 
tive forces played a role in the fixation of those 
changes in DNA structure that helped shape this 
variation requires an extensive DNA sequence com- 
parison of these haplotypes. 
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TABLE 1 

Mouse a-globin haplotypes 

Representative a-Chains 
Haplotype strain synthesized 

Hba" C57BL/10 1 
Hbab BALB/c 2,3 (50:50) 
HbaG SWWJ 4, l  (70:30) 
Hbad SWJ 2,l (60:40) 
Hba' NB (extinct) 4 
H b d  C EIJ 5 

Hbah PIJ 4,5 (?I 
Hbag AIJ 1,5 (50:50) 

Haplotypes and a-chains listed are only those found in inbred 
strains of M .  domesticus. Data are taken from WHITNEY et  al. (1985). 

TABLE 2 

Amino acid polymorphisms 

Codon: 

a-Chain 25 62 68 78 

1 GlY Val Asn GlY 
2 GlY Val Ser GlY 
3 GlY Val Thr GlY 
4 Val Ile Ser GIY 
5 G h  Val Asn Ala 

a-Chains listed are only those found in inbred strains of M .  
domesticus. Data are taken from HILSE and POPP (1968) and POPP 
et al. ( 1  982). 

In order to answer some of the questions raised 
concerning the polymorphism in the mouse a-globin 
genes, we have begun a systematic analysis of these 
haplotypes from DNA libraries of inbred strains of 
Mus domesticus. We report here the cloning of three 
haplotypes-Hba" (from C57BL/10), Hba" (from 
SWR/J), and Hbaf (from CE/J)-and the complete 
DNA sequence of the six a-globin genes and flanking 
regions that these haplotypes contain. Our analysis of 
these sequence data, together with that from a fourth 
haplotype (Hbab, from BALB/c; A. LEDER, personal 
communication) indicates that gene conversion has 
operated often and over discrete segments of the a- 
globin genes and their flanking regions. The degree 
to which this process has taken place differs among 
the four haplotypes, with some alleles at either of the 
two loci (a1 and a2) being slightly more divergent. In 
one instance, this divergence may be due to the posi- 
tive selection of advantageous mutations in the coding 
region. Surprisingly, most of the polymorphic sites 
present among these genes are not random, but are 
clustered in three regions: the second coding block, 
the 5' flanking region, and the 3' flanking region. In 
contrast, the noncoding portions of the transcribed 
region are virtually substitution-free. 

MATERIALS AND METHODS 

Materials: All restriction enzymes were purchased from 
Boehringer Mannheim, as were Escherichia coli DNA polym- 

erase I holoenzyme, Klenow fragment, and DNA sequenc- 
ing primers. Dideoxy nucleoside triphosphates were ob- 
tained from P-L Biochemicals. 3'P-Labeled nucleoside tri- 
phosphates were obtained from New England Nuclear. Ni- 
trocellulose filters were purchased from Schleicher & 
Schuell. 

Construction and screening of genomic libraries: 
Weanling male mice of the strains C57BL/10, CE/J, and 
SWR/J were obtained from the Jackson Laboratory, Bar 
Harbor, Maine. Genomic DNA was extracted from the 
entire carcass, after removal of skin and intestines, by the 
method of BLIN and STAFFORD (1 976). Purified DNA was 
partially digested with MboI and size-selected on sucrose 
gradients by conventional techniques (MANIATIS, FRITSCH 
and SAMBROOK 1982). Fragments 16-20 kb in length were 
ligated into the BamHI site of the A-derived vector L47.1 
( K A R N ~ ~  al. 1980) and packaged in vitro (HOHN and MURRAY 
1977). 

A total of 5 X lo5 plaque-forming units (pfu) per library 
were screened by plating the phage on ten 150-mm Petri 
plates. T h e  plaques were transferred in duplicate to nitro- 
cellulose filters (BENTON and DAVIS 1977) and probed with 
a nick-translated a-globin cDNA probe (1 X 1 OB cpm/Pg) 
derived from the plasmid pCR 1 aM 10 (ROUGEON and MACH 
1977). Hybridizations were carried out at 42" in the pres- 
ence of 50% formamide, 6 X SSC, 10% dextran sulfate, 1 
X Denhardts as described by WAHL, STERN and STARK 
(1 979). After hybridization, the filters were washed twice at 
room temperature in 2 X SSC, 0.1% SDS and then five 
times at 55" in 0.1 X SSC, 0.1% SDS. 

Characterization and sequencing of a-globin clones: 
Putative a-globin clones obtained from each of the three 
libraries (C57BL/10, SWR/J, and CE/J) were mapped using 
the restriction enzymes EcoRI, BamHI, and Hind111 (Figure 
1). T h e  a-globin genes were localized by hybridization of 
certain restriction fragments to the cDNA probe, and by 
alignment with the mapped BALB/c chromosome. Each of 
the genes was subcloned into M13mp18 or M13mpl9 by 
taking advantage of conserved restriction sites within and 
flanking the a1 and a2 alleles. T h e  a1 alleles each lie within 
a conserved 3.1-kb Sac1 fragment (data not shown), and the 
a2 alleles are each present on a 3.4-kb Hind111 fragment. 
By using the two BamHI sites which are conserved in all 
mouse a-globin genes, each gene was subdivided into three 
regions and subcloned as three fragments. 

Sequencing of the a-globin genes was carried out by the 
dideoxy chain termination method as described by SANCER 
et al. (1 980). T h e  strategy employed in sequencing the a1 
and a2 genes is depicted in Figure 2. Using the subclones 
described above, we were able to sequence each of the six 
genes over a region extending from 255 bp upstream of the 
mRNA capping site through the termination codon. In 
order to sequence the 3 ' nontranslated and flanking regions, 
it was necessary to make internal deletions of the 3'-contain- 
ing subclones. We were then able to sequence over 800 bp 
from each of the 3' subclones. 

Because of the high level of sequence similarity among all 
of the genes, we obtained double-stranded sequence infor- 
mation for each region from only one gene-termed the 
reference sequence. Sequencing ladders of all the other 
genes were run on a gel next to the reactions of the corre- 
sponding strand from the reference sequence. Whenever a 
sequence differed, however, that particular region was se- 
quenced on both strands. 

Genetic nomenclature: T h e  nomenclature used to de- 
scribe the a-globin genes discussed in this paper follows the 
recommendations put forth at the Mouse Globin Nomencla- 
ture meeting (Jackson Laboratory, Bar Harbor, Maine, May 
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21-24, 1984; Mouse News Letter, February 1985, pp. 23- 
26). It is comprised of three components: the genetic locus 
designation (here Hba),  a gene descriptor (a1 or a2),  and a 
superscript denoting the particular haplotype to which the 
gene belongs (here, either a, b, c orf). For example, the a1 
allele in the Hba" haplotype is referred to as Hba-al". For 
the sake of brevity, we will omit the locus designation (e.g., 
Hba-ala will be referred to as al.). 

RESULTS AND DISCUSSION 

Gross structure of a-globin haplotypes: Restriction 
mapping of genomic clones containing the a-globin 
gene sequences shows that each of the three Hba 
haplotypes examined here has a gross structure similar 
to that present in BALB/c (Hbab) mice. As depicted 
in Figure 1,  all four haplotypes consist of two genes 
that are apparently separated by a distance of 13 kb, 
assuming congruence with the physical map of BALB/ 
c. There are relatively few polymorphisms with re- 
spect to the distribution of EcoRI, BamHI, and 
Hind111 sites along these chromosomes. Our mapping 
data of the CEa8 genomic clone reveals the presence 
of two small (150-200 bp) insertions, one on either 
side of the a 2 f  gene. These are designated by inverted 
triangles in Figure 1. No additional length differences 
are apparent from our mapping data. 

We determined the DNA sequence of the a1 and 
a 2  genes from each of the Hba", H b d  and Hbaf hap- 
lotypes for a length of about 1250 bp per gene. For 
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FIGURE 1 .  Restriction maps of 
cloned segments of the Hba haplo- 
types. The location of the a l  and a2 
genes are shown as filled boxes on 
the line drawing at top. The data for 
Hbab are taken from LEDER et al. 
(1981). The BamHI (B), EcoRI (R) 
and Hind111 (H) sites are indicated 
on the cloned segments from each of 
the three haplotypes described here. 
Clone designations are listed under- 
neath each segment. The two in- 
verted triangles above CEa8 denote 
insertions relative to the other hap- 
lotypes (see text). The direction of 
transcription is from left to right and 
the scale is shown at top right. 

FIGURE 2. Sequencing strategy 
for the a1 and a2 genes. The a l  (left) 
and a2 (right) genes are shown di- 
vided into coding (thick-sided boxes), 
intervening (regular boxes), nontran- 
slated (irregular areas), and flanking 
(horizontal lines) regions. Restriction 
sites used to generate M13 clones are 
as indicated: B (EamHI), Bs (BstEII), 
N (NcoI), and S (SstI). Arrows below 
each gene detail the extent of individ- 
ual sequencing runs over each seg- 
ment. The direction of transcription 
is from left to right and the scale is 
shown at bottom right. 

the a1 alleles, the sequenced region extends from a 
position about 250 bp upstream of the mRNA capping 
site to an Sstl site which lies 246 bp downstream of 
the poly(A) site. Similarly, the 5' boundary of the 
sequence information obtained for the a2 alleles lies 
near position -250. The 3' boundary, however, ex- 
tends about 346 bp downstream from the poly(A) site. 
The extent of the DNA sequence shown in Figure 3 
and considered in our analysis lies between positions 
-256 and +1007. The sequence of the coding regions 
from each of the six genes allows the assignment of a- 
globin proteins to genes (see Figure 3). The coding 
regions from both genes of the Hba" haplotype differ 
only at one silent position (codon 126); both genes 
code for the al-globin chain. Similarly, both genes in 
Hbaf mice are identical in the coding segment, each 
encoding alanine at position 78, characteristic of the 
a5-globin polypeptide. Thus, each of these haplotypes 
possess two genes that specify identical proteins. In 
addition, the two genes from each haplotype are po- 
tentially expressible since there are no mutations in 
the known transcriptional or translational control sig- 
nals which would interfere with proper globin chain 
synthesis. In the Hba" haplotype, the a1 gene codes 
for the a4-globin chain and the a2  gene encodes the 
al-chain. Finally, the complete DNA sequences of 
both genes of the Hbab haplotype are known (NI- 
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-7.501 -245 -2301 -2207 -2101 -2007 -1901 - 1801 -175 -169 
[ala] ggatactaacttcttcccaaactgccatcactggagacgtagtaaggggtaag-aagtgtgtccgggcaactgataaggattccctgcacccaggggaag 

[&bI_' t _ I "  
[Izlbl_' L-k&C.&fl [ &C. a y 1  

at ca t 
L[&fI L[ &C , ay I [- a lb,&c, Gf 14 

-155 -1407 - 1307 -125 -1101 -109 -99 - 8 5  -701 -601 
[a la ]  cacaacccagccccagaatctcaggggccctaacaagttttactgggtagagcaagcacaaaccagccaatgag-aactgctccaagggcgtgtccaccc 

t 
L[&bI 

1 
-501 -401 -301 -201 -101 +11 +lo1 +207 +301 IniValLeu 

[ a l a ]  tgcct-ggaggacacgcccttggagggcatataagtgctacttgctgcaggtccaagacACTTCTGATTCTGACAGACTCAGGMG~CCAT~TGCTC 
t -  

[ a y , & f P  L[&bI 

5 10 15 20 25 30 r IVS 1 
SerGlyCluAspLysSerAsnIleLysAlaAlaTrpGlyLysIleGlyGlyHisGlyAlaGluTyrGlyAlaGl~laLeuGluAr +145 

[ a l a ]  TCTGGGGMGACAAAAGCAACATCAAGGCTGCCTGGGGGMGATTGGTGGCCATGGTGCTGMTATG~GCTGMGCCCTGG~Ggtgagaacaggacc 
T 
Val 
L[&CI 

+1501 +I601 +1701 +1801 +1901 +2001 +215 +2207 +2301 +2401 
[ala] ttgatctgtaaggatcacaggatccaatatggacctggcactcgctcagtgggcagcttctaactatgcttttctgtgacctcaacttctcttctctcct 

IVS 1 1 32 35 40 45 50 55 60 
gMetPheAlaSerPheProThrThrLysThrTyrPheProHisPheAspValSerHisGlySerAlaGlnValLysGlyHisGlyLysLys 

[ala] tctcccagGATGTTTGCTAGCTTCCCCACCACCAAGACCTACTT~CTCACTTTGATGTAAGCCACGGCTCTGCCCAGGTCAAGGGTCACGGCMGMG 
T 

Phe 
L[&bI 

65 70 75 80 85 90 
ValAlaAspAlaLeuAl~AsnAlaGlyHisLeuAspAspLeuProGlyAlaLeuSerAlaLeuSerAspLe~isAlaHisLysLeuArgValAsp 

[ala] (;rCGCCGATGC~TGGCCAATGCTGCTGCAGGCCACCTCGATGACCTGCCCG~GCC~GTCTGCTCTGAGCGACCTGCATGCCCACAAGCTGCGTGTGGAT 
A G C T  

Ala Leu 
[ & f , & f I - - l  L[&b,4=1 

95 99 ,-- IVS 2 
ProValAsnPheLys +4601 +475 +4801 +4901 +5001 +5101 +5201 +5301 +549 
C C C G T C M C T T C M G g t a t g c g c t g g g a c c t g g c a g g c g g c a t c t g g g a c c c c t a g g a a g g g c t t g g g g g t c c t c g ~ g ~ c ~ ~ ~ g g ~ a ~ g ~ ~ ~ ~ ~ ~ g ~ g g ~ ~  

t 
L[&CI 

IVS 2 1 1 0 0  105 110 115 
+559 +5601 +5701 +584 LeuLeuSerHisCysLeuLeuValThrLeuAlaSerHisHisProAl~spPhe 

ccaggaaggggagcagaggcatcagggtgtccactttgtctccgcagCTCCTGAGCCACTGCCTGCTGGTGACCTTGGCTAGCCACCACCCTGCCGATTTC 

120 125 130 135 140 
ThrProAlaValHisAlaSerLeuAspLysPheLeuAlaSerValSerThrValLeuThrSerLysTyrArgTer +735 +7401 
ACCCCCGCGGTGCATGCCTCTCTGGACAAATTCCTTCCTTGCCTCTGTGAGCACCGTGCTGACCTCCAAGTACCGTTAAGCTGCCTTCTGCGGGGC~GCCTT 

A 
Va 1 

[albl-l 

T 

+759 +7601 +7701 +7801 +7901 +8001 +a101 +8201 +83$ +849 
CTGGCCATGCCCTTCTTCTCTCCCTTGCACCTGTACCTCTTGGTCTTTGAAT~GCCTGAGTAGGMGMGCCTGCatgcctggttctctgcgtctgca 

a 
L[&fI 

+ S S 5  +8601 +8701 +a801 +8901 +goo1 +9101 +9201 +939 +949 
aaggtgtcatgtttagtgtggggatgcctc~gctcatttagccatggggc-agtaaagacaaggttcagagcaaaaagcataattggatgcctacacac 

FIGURE 3.-Nucleotide sequence of the mouse a-globin gene and flanking regions. The DNA sequence of the al" gene is shown in its 
entirety, with only those nucleotides which differ in the other seven genes listed beneath the a l a  sequence. The numbering scheme is with 
respect to the mRNA capping site (+1) in flanking and intervening sequences; coding regions are numbered according to amino acid codons. 
Nucleotides which are part of the mRNA are listed in upper case; flanking and intervening regions are denoted by lower case letters. 
Polymorphic amino acids and nucleotides are indicated by boldface print. 
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FIGURE 4.-Polymorphic nucleotide positions in the mouse a-globin genes and flanking regions. The region being compared is the Same 
as that listed in Figure 3. The line drawing at top is a schematic representation of the a-globin gene: flanking regions (horizontal lines), 
nontranslated regions (irregular areas), coding blocks (thick-sided boxes) and intervening sequences (regular boxes). The position of each 
polymorphic nucleotide is indicated by a connecting line beneath the diagram, with the corresponding base at each position listed for every 
gene; nonconsensus nucleotides are boxed. The numbers under “upstream” denote nucleotide distances 5’ to the cap site (+I), those under 
“downstream” indicate nucleotide distances 3’ to the cap site, and codon positions are numbered under “codons.” The notation [RI or [SI 
refers to replacement and silent changes, respectively. “IVS” denotes the lone substitution in the second intervening sequence. Dashes denote 
gaps in the sequence alignment. 

SHIOKA and LEDER 1979; A. LEDER, personal com- 
munication); a l b  encodes the a2-globin, and a2’ en- 
codes the a3-chain. 

Polymorphisms in the a-globin sequences are non- 
randomly distributed: A composite depiction of the 
polymorphic positions is presented in Figure 4. The 
average similarity among the eight a-globin sequences 
is about 98% over the 1263 bp being compared. 
However, the nature and distribution of those substi- 
tutions that do exist is novel. The polymorphisms are 
mostly found in three regions: a 93-bp upstream seg- 
ment between -252 and -159, a 1 10-bp region in 
the second coding block, and a 100-bp downstream 
segment between +834 and +935. Within the up- 
stream and downstream segments there exists a 
smaller cluster of substitutions (from -204 to -199 
and from +866 to +872). There is nothing obvious 
about the DNA sequence environment in which these 
clusters are embedded to explain the locally high 
density of substitutions. Both sets of changes lie out- 
side the putative transcription unit (defined as extend- 
ing from the CAAT box to the poly(A) addition site), 
so any effect that these mutations may have on gene 
expression is unclear. Even more striking than this 
clustering of polymorphisms is the nearly absolute 
dearth of nucleotide changes in the noncoding por- 
tions of the transcribed region. The lone substitution 
in any of these segments is a G to T transversion in 
IVS 2 of the a l“  sequence. One would expect to see 

some nucleotide changes in these areas since most 
mutations here would presumably have no significant 
effect on a-globin expression. Moreover, other pairs 
of tandemly duplicated mammalian globin genes typ- 
ically show abrupt divergence either within or just 
beyond their 3 ’ nontranslated regions (ERHART, SI- 
MONS and WEAVER 1985; LIEBHABER and BEGLEY 
1983; MICHELSON and ORKIN 1980; PROUDFOOT, GIL 
and MANIATIS 1982; SCHON, WERNKE and LINGREL 
1982). Although the significance of this pattern of 
abrupt divergence is unclear, it could indicate that the 
3‘ boundaries of these globin gene duplication units 
tend to be situated very near to the 3’ end of the 
genes. The fact that the duplicated mouse a-globin 
genes do not conform in this respect to the general 
mammalian pattern suggests that the mouse a-globin 
duplication unit extends further downstream than 
does any previously studied mammalian globin gene 
duplication unit. 

In the transcribed region, the uneven distribution 
of polymorphisms is evident in two regards. First, the 
number of differences within the coding blocks (nine) 
exceeds the number within the introns (one). Second, 
the numbers of synonymous (five) and replacement 
(four) substitutions are similar. This phenomenon is 
most pronounced in the middle of coding block two, 
where six variant positions (three synonymous, three 
nonsynonymous) are clustered within a 1 1 O-bp region. 
We refer to this type of DNA polymorphism as a 
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“short-term” evolutionary pattern in that it is very 
different from the trend that is usually observed when 
more distantly related homologous genes are com- 
pared. For example, in a study involving distantly 
related genes (PERLER et al. 1980), silent changes were 
shown to exceed replacements by sevenfold. However, 
several analyses of closely related genes ( i . e . ,  within a 
species or a genus) reveal a pattern of “short-term” 
DNA sequence evolution which is similar to that ex- 
hibited by the mouse a-globin genes. Alleles of the P- 
globin locus of both mice (ERHART, SIMONS and 
WEAVER 1985) and rabbits (EFSTRATIATIS, KAFATOS 
and MANIATIS 1977; HARDISON et al. 1979; VAN 

OOYEN et al. 1977), and the constant regions of the 
immunoglobulin K-chain genes in several species of 
rats (FRANK et al. 1984) are all examples of ortholo- 
gous genes in which coding regions are diverging at a 
higher rate than noncoding regions, with replacement 
changes accumulating as fast as, or faster than, silent 
changes. 

Gene conversion has occurred within and between 
haplotypes: The relatedness of the a-globin genes is 
diagrammed in Figure 4 by boxing the rarer alterna- 
tive at each of the 31 varying sites. About half of the 
polymorphic positions (14 of 3 1) have variants that 
are shared by at least two sequences. It  is these shared 
variants that are potentially informative concerning 
the historical relationship between the a-globin hap- 
lotypes, as they mark regions of genes with recent 
common ancestry. Private variants, on the other hand, 
signal regions that have not interacted with other 
members of the group since the substitution occurred. 
Note that there are no variant nucleotides that are 
characteristic of either the a1 or a2 locus. This sug- 
gests that either (1) no mutations were fixed separately 
in either a1 or a2 immediately following their dupli- 
cation, yet before the contemporary haplotypes ap- 
peared, or (2) any such changes that did occur have 
been erased by subsequent gene conversion events. 
There are only two positions at which more than two 
alternatives are present: the second position of codon 
68 (either A, G or C), and the length of the repeating 
dinucleotide AC at position +935. With regard to the 
latter, it is puzzling that only the Hba’ genes have an 
aberrant number of repeats. The a l b  sequence has six 
and the a2’ gene has only three. This fluctuation in 
repeat number is probably due to slipped mispairing 
during DNA replication (MOORE 1983). 

The distribution of the shared substitutions suggests 
that gene correction has occurred both within and 
between haplotypes. The patterns of similarity, and 
hence apparent historical relatedness, exhibited by 
these eight genes are different for different segments. 
In other words, shared substitutions are clustered. A 
diagram of this pattern is illustrated in Figure 5, in 
which clustered shared variants are represented by 

hatching and shading. The genes in the Hbaf haplo- 
type have apparently experienced a gene conversion 
event recently. In this haplotype, a region of identity 
exists from position -158 to position +833. Within 
this region there are two positions at which both 
sequences share a nucleotide substitution found in no 
other mouse a-globin sequence: the insertion of a T 
residue at position -54, and a replacement change in 
codon 78, which results in an alanine at position 78, 
diagnostic of the a5-globin chain (POPP et al. 1982). 
Whitney et al. (1979) showed that hemoglobin tetra- 
mers with chain 5 have a more basic isoelectric point 
than tetramers containing chain 1. The neutral sub- 
stitution of alanine for glycine apparently alters the 
net charge of the hemoglobin molecule. That these 
polymorphisms are found only in the two Hbaf genes 
is strong evidence that these markers were transmitted 
by gene conversion. There also may have been a 
recent conversion involving the genes in the Hba“ 
haplotype. Although there is no positive evidence ( i . e . ,  
shared variants) to support this notion, both sequences 
are identical over a region extending from the 5‘ 
border of our sequence data to codon 126. However, 
this segment of identity conforms perfectly to the 
consensus; this makes it difficult to distinguish be- 
tween gene conversion and simple lack of divergence 
as a means of explaining a portion of consensus DNA 
sequence that is shared by two or more genes. So, the 
extensive regions of consensus sequence in a number 
of the mouse a-globin genes may be a result of a lack 
of divergence since these genes last shared a common 
ancestor, or they may be a product of a “network” of 
gene conversions involving consensus donor se- 
quences. 

In addition to the instance of a recent gene conver- 
sion event within Hbaf,  the relatedness of portions of 
certain sequences from different haplotypes suggests 
that gene conversion has taken place between non- 
sister chromatids. The resultant shared substitutions 
are schematically represented by similar patterns of 
shading in Figure 5. The most conspicuous instance 
is the 5’ flanking regions of a2‘ and a2f .  These genes 
share six polymorphisms between -252 and -159 
found in no other sequence. This observation can be 
best explained by assuming that a gene conversion 
involving this region took place between the prede- 
cessors of a2 and a2* in a heterozygote. Also, the 
segment from codon 126 to position +871 features 
three positions where variants are shared between at 
least two of the a2 sequences. The silent substitution 
in codon 126 is present in both a2” and a2’. These 
two alleles, along with a2f, also share a C residue at 
position +866. Finally, both a2“ and a 2 f  have a T 
residue in common at position +S7 1. Another exam- 
ple of a cluster of polymorphisms shared by two genes 
from different haplotypes is a 40 bp segment of coding 
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FIGURE 5.-Schematic representation of the relationship among the eight mouse a-globin sequences. At top is a line drawing depicting 

the structure of the a1 and a2 genes and flanking sequences. Beneath both genes are regions that are shaded in a manner that denotes the 
relatedness of the various sequences. The open area (for example, all of a l a )  designates consensus sequence. Nucleotide variants in each 
sequence are indicated by circles above the variable positions: The numbers above certain circles designate a cluster of nucleotide substitutions. 
Filled circles denote shared variants, and open circles signify private variants. The various shaded areas indicate segments of DNA that are 
alike due to gene conversions (see text). 

block two in which a l b  and a l c  share three substitu- 
tions, one replacement (codon 68) and two synony- 
mous (codons 65 and 80). 

It is obvious from the data presented here that both 
intrachromosomal (within a haplotype) and interchro- 
mosomal (between haplotypes) gene conversion has 
taken place during the evolutionary history of the Hba 
complex in mice. Previously, the best evidence for 
intrachromosomal conversion was provided by LIEB- 
HABER et al. (1984) in their analysis of a mutant a- 
globin haplotype in humans, while interchromosomal 
conversion events have been well illustrated in the 
human {-globin genes (HILL et al. 1985). Clearly, our 
results provide support for the notion that both types 
of conversion can help to shape the variability of a 
single gene family. 

Note that the a1 genes of the Hbab and Hba" hap- 
lotypes are significantly different from one another 
and from any other gene in the set. The a l b  gene is 
clearly the most divergent of the eight sequences 
considered here, harboring eight private substitu- 
tions. In the al" gene, the distribution of substitutions 
is curious in that the coding portion of this gene is the 
most divergent of any mouse a-globin gene, but else- 
where, a l"  is identical to the consensus. The fact that 

a l "  has six substitutions over the middle third of its 
sequence and absolutely no changes to either side of 
this region suggests that either (1) mutations have 
been fixed very rapidly in this middle region for some 
reason, or (2) the areas outside of the middle region 
have been corrected against a "consensus gene" (e.g., 
a l a )  thereby erasing any changes that would have 
accumulated there. 

The resultant "mosaic" nature of the al"  gene may 
be due to the action of selective forces. This gene is 
unique in that it encodes an a-globin with unusual 
amino acid residues at two highly invariant positions: 
25 and 62. In almost all vertebrate globin chains 
examined, the amino acids at these positions are gly- 
cine and valine, respectively (DICKERSON and GEIS 
1983). The glycine residue is located at an intrachain 
contact point, while the valine residue forms part of 
the hydrophobic pocket in which the heme moiety 
resides. The fact that both of these conserved posi- 
tions have been substituted in the mouse a4  protein 
(valine at position 25, isoleucine at position 62), and 
that precisely the same pair of substitutions occurs in 
another mammalian globin [the a-chain of the gray 
kangaroo (GILMAN 1974)], suggests that these two 
changes are compensatory and that only their combi- 
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nation can be tolerated as well as, if not better than, 
the usual amino acid residues. 

Evolutionary history of the mouse a-globin genes: 
To determine when the gene duplication which gave 
rise to the putative ancestral two-gene haplotype took 
place, one needs to analyze the nucleotide sequence 
divergence between the a1 and a2 loci. Because both 
loci apparently have been subjected to gene conver- 
sion over the entire length of DNA sequence reported 
here, the precise age of this gene duplication event 
cannot be determined based on this data. Although it 
has been hypothesized that there was one duplication 
event which led to the ancestor of the two adult gene 
arrangement present in both mammals and birds (ZIM- 
MER et al. 1980), a recent analysis by HARDISON and 
GELINAS (1 986) has shown that the relationships 
among the various mammalian adult a-globin genes 
are not obviously orthologous. Thus, there may have 
been independent a-globin gene duplications in the 
lineages leading to contemporary mammals. The pres- 
ence of a primate-specific Alu element in the human 
a-globin duplication unit (HESS et al. 1983) is strong 
evidence that the duplication which led to the human 
genes occurred subsequent to the divergence of ro- 
dents and primates. In addition to the absence of AEu- 
like elements upstream of the mouse a2 and a 2  genes 
(M. A. ERHART and S. WEAVER, unpublished results), 
there are two other features that distinguish the hu- 
man and mouse a-globin gene duplication units. First, 
the distance separating the mouse genes is over three 
times that which separates the human genes. Of all 
the mammalian species from which the a-globin locus 
has been characterized, mice have the only intergenic 
distance exceeding 5 kb (HARDISON and GELINAS 
1986). Second, while the 3 ’ boundary of the duplica- 
tion unit in humans lies very near to the 3’ nontran- 
slated region (HESS et al. 1983; LAUER, SHEN and 
MANIATIS 1980; MICHELSON and ORKIN 1983), the 3 ’ 
boundary in mice extends for at least another 800 bp 
beyond the 3‘ nontranslated region (M. A. ERHART 
and S. WEAVER, unpublished results). At the gross 
level, it appears that other mammalian adult a-globin 
clusters are more similar to the human arrangement 
than to that of the mouse. Whether the a-genes in 
other mammals descended from the same duplication 
event as did the human genes will require further 
analysis. However, the evidence is compelling that an 
independent duplication or additional chromosomal 
rearrangement has occurred in the rodent lineage. 
Interestingly, a comparison of mammalian ,&globin 
gene clusters revealed that mice have experienced a 
duplication of the adult ,&globin gene, whereas other 
mammals possess only one adult P gene (HARDIES, 
EDGELL. and HUTCHISON 1984). In contrast to the 
mouse @-globin gene duplication, which has been es- 
timated at 65-80 MYA (ERHART, SIMONS and 

WEAVER 1985; HARDIES, EDCELL and HUTCHISON 
1984), the mouse a-globin genes appear to have been 
diverging for a much shorter period, based on the 
DNA sequence divergence in the flanking regions of 
the nonallelic gene pairs. There are two explanations 
for this. One is that the a-globin gene duplication 
actually occurred much more recently in the rodent 
lineage than the ,&globin gene duplication. An alter- 
native explanation is that gene correction events are 
more frequent in Mus a-globin gene evolution, and/ 
or encompass more extensive stretches of flanking 
DNA. Additional sequencing of the a-globin flanking 
regions is now in progress in order to identify the 
boundaries of the Mus a-globin duplication unit, if 
they have been preserved. The time of the duplication 
event can then be estimated directly based on the level 
of DNA sequence divergence. 

We are in the process of cloning and sequencing 
the genes from the three remaining Hba haplotypes 
found in inbred mice (the strain that carried the eighth 
haplotype, Hba‘, apparently is extinct). The nature of 
these haplotypes will provide us with both a broader 
and more complete data base from which to make 
evolutionary inferences. In addition, we are extending 
our analysis to other species of the genus Mus, includ- 
ing some that have been separated from M.  domesticus 
for 15 million years. This will not only allow us to 
continue our examination of, for example, gene con- 
version and positive selective forces in Mus a-globin 
gene evolution, it will enable us to establish more 
rigorously the relatedness of the many a-globin hap- 
lotypes within the Mus genus. 
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