Hemoglobin Beta Chain Structural Variation in Mice:

Evolutionary and Functional Implications

Abstract. The Hbb? allele at the hemoglobin beta chain locus of Mus musculus
is composed of two linked genes, coding for structurally different beta chains,
Bdmin and Bdmaj. Mus caroli has only one beta chain, which combines struc-
tural features of both Bdmin and Bdmaj and thus may be a Lepore type of
beta chain. Sequence data suggest that selection may have been important in the

evolution of the mouse beta chains.

Three hemoglobin beta chain alleles
have been indentified at the Hbb locus
of Mus musculus (1, 2). Two of them,
Hbb? and Hbb?, give rise to multiple-
component phenotypes, as shown after
separation by starch gel electrophoresis,
while Hbbs produces a single homo-
geneous band (2). Fresh hemolyzates
from Hbb?/Hbb® and Hbb?/ Hbb? mice
both show three bands, a major band
and two minor bands, and aged solu-
tions show additional minor bands. To
explain the multiple band pattern of
Hbb?/Hbb? mice, Hutton et al. (3)
provided evidence that this homozygote
has two hemoglobins that differ in their
beta chains. They are found in unequal
amounts, the minor one as 20 percent
and the major one as 80 percent of the
total, and their beta chains are pro-
duced by closely linked loci. Riggs (4)
and Morton (5) showed that some of
the minor bands of Hbb?/Hbb? and
Hbb?/ Hbb? mice are polymers of hemo-
globin molecules, but none of the stud-
ies verified the report of Hutton et al.
3.

Partial amino acid sequences of the
beta chains from several strains of
mice are presented in this report (6).
These studies establish that there are
two beta chains, Sdmaj and Bdmin, in
Hbb?/ Hbb? homozygous mice, and that
these chains differ extensively from
each other and from the sole beta
chain of Hbbs/Hbb® mice. Mice of
genotype HbbP/Hbb? also have two
beta chains—pBpmaj, which is like
Bdmaj, and Bpmin, which is a variant
of Bdmin. While searching for addi-
tional variants, I discovered a new beta
chain in a Thai mouse species, Mus
caroli. This beta chain closely resem-
bles Bdmin in its NH,-terminal
region, but it resembles Bdmaj in its
COOH-terminal half. This new mouse
beta chain, Bcaroli, might therefore be
considered a Lepore type of beta chain
(7).

Minor hemoglobin was isolated from
the multicomponent hemolyzates by
means of diethylaminoethyl Sephadex
chromatography with an ionic strength
gradient of ammonium acetate at alka-
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line pH. Most of the tryptic peptides
of the beta chain were obtained by
established procedures (8, 9). To sup-
plement peptide data, I obtained NH,-
terminal sequences up to 50 residues
long using an Edman-Begg sequenator
(10) and procedures described else-
where (11).

These methods provided peptide
composition or sequence data on all of
Bdmin, 70 percent of Bpmin, 60 per-
cent of Bcaroli, 50 percent of Bdmaj,
and 30 percent of Spmaj. A compari-
son of these beta chains for positions
at which they differ is shown in Fig. 1
(Bpmaj is identical to Bdmaj to the
extent of this analysis). The Bcaroli
chain is most like Sdmin up to position
58 and is most like Bdmaj from position
73 on. The fact that Bcaroli combines
NH,-terminal features of Bdmin and
COOH-terminal features of Bdmaj and
is the sole beta chain of the species (12)
is consistent with the hypothesis that it
arose in the same way proposed for the
human Lepore hemoglobins (7). This
hypothesis asserts that the structural
gene coding for Bcaroli is a recombi-
nant gene, the product of an unequal
crossover between the gene of the Hbb?
complex that codes for Sdmin and, on
the other chromosome, the gene of
Hbb? that codes for Sdmaj.

Other simple evolutionary schemes

9 14 16 20 22 23

RBdmaj Ala Leu Gly Ser Glxz Val
Bdmin  Ser Leu Ala Pro Glx Val
fpmin Syr Leu Ala Pro Ala Ile
Bcaroli Ala Met Ala Pro Glx Val

Hypothetical Ancestral Sequences:

B8 Ala Leu Gly Pro Clu Val
Be Ala Leu Ala Pro Glu Val
Fig.

do not require that the structural gene
coding for [caroli be a recombinant
gene. For example, a hypothetical an-
cestral mouse population might have
two beta chain alleles, Hbb% and Hbb,
which produce beta chains with the
sequences in Fig. 1. A breakage and
rejoining event putting the two alleles
in tandem on the same chromosome
could produce the ancestor of the
duplicated Hbb? allele, while the un-
duplicated Hbb* allele might evolve to
the present unduplicated Hbb® allele,
and the Hbb¢ allele could evolve to the
present structural gene for Bcaroli.. This
scheme requires the least number of
events to account for the evolution
from an unduplicated ancestral beta
chain locus to the present complex
situation. However, the . existence of
several types of human Lepore hemo-
globins (7) suggests that unequal
crossing-over between similar, closely
linked beta chain loci is not an unusual
event. The constraints imposed by the
present data are not rigorous enough
to allow a definitive choice between a
Lepore hypothesis and some others.
Any theory explaining the evolution
of the mouse beta chains will have to
account for the existence and possible
fixation of caroli hemoglobin in that
species (12) and for the Hbb?, HbbS,
Hbb? polymorphism of musculus. Two
hypotheses can do this. A selection
hypothesis might state that the caroli
hemoglobin was superior to the other
hemoglobins in the population and so
became its only hemoglobin, and a
selection hypothesis could also suggest
that the polymorphism of musculus is
maintained because on the average the
heterozygotes are superior to the homo-
zygotes. A random drift or non-Dar-
winian hypothesis (7/3) might suggest

58 73 76 77 80 109 111 121
Ala Asp Asn Tis % Met Val Asp
Pro Glu Lys Asn Asn ¥** Val (Asx)
(Pro Glx Lys Asn Asn) 7 ? (Asx)
Pro Asp Asn His Asn Met Leu Glx
Ala Asp Asn His Asn Met Val Asp
Pro Asp Asn His Asn Met Val Asp

1. A comparison of gdmaj, gdmin, gpmin, and Bcaroli at the positions where

differences were found. No differences were found between gpmaj and gdmaj; g§ and
B8 are hypothetical sequences required by the non-Lepore hypothesis presented; dif-
ferences between them are underlined. Some of the data on gdmin have been re-
ported (I8). The sequence of gs has been reported by Popp (20), and sequence data on
beta chains produced by the Hbb? allele were reported by Bonaventura and Riggs (21)
and Rifkin (9). Amino acid symbols are given in (22).
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that only by chance have these phe-
nomena occurred and that no hemo-
globin need be functionally different
from any other.

Population studies indicate that selec-

tion may be involved in maintaining"

the musculus polymorphism. Every ade-
quately sampled population of wild
musculus in the United States and Den-
mark has both Hbb* and Hbb? alleles,
and in some of the populations Selander
et al. (14) found an excess of Hbbs/
Hbb? heterozygotes. No population or
functional data on caroli hemoglobin
have yet been obtained, so it is not
known whether selection has influenced
the structural evolution of its beta
chain. However, the Perutz model of
hemoglobin functioning (15) suggests
to me that functional differences may
exist between caroli hemoglobin and
the other mouse hemoglobins. Two

residues in caroli (at positions 14 and

111), with side chains directed internal-
ly, differ from all other mouse beta
chains. The methionine residue at posi-
tion 14 is found in no other beta chain
that has been sequenced (I6).

It is possible to posit a specific func-
tional role for this methionine residue.
In the three-dimensional model of myo-
globin, the methionine side chain at
position 14 would be located between
the A and E helices in contact with the
tryptophan at position 15. This trypto-
phan serves as a “spacer” (15) between
the A and E helices; therefore, it and
any residues contacting it could be im-
portant in regulating the spacing be-
tween the A and E helices.

Experiments of Arnone (/7) indi-
cate that the packing in the region be-
tween the A and E helices could be
functionally important. He showed that
the binding of 2,3-diphosphoglycerate
(DPG) to hemoglobin causes a change
in the tertiary structure of the beta
chain in this region. In deoxyhemo-
globin with bound DPG, the A helix is
shifted closer to the E helix than it is
in deoxyhemoglobin without DPG. As
Arnone points out, this change in ter-
tiary structure caused by DPG may di-
rectly decrease the oxygen affinity of
deoxyhemoglobin. One of the residues
of the E helix (E11) must shift away
from the heme before oxygenation of
the beta chain can occur (15), and
this shift may be resisted by tighter
packing between the A and E helices
caused by the binding of DPG. An
evolutionary change at a position such
as 14, which is in the path of the
movement of A toward E, may have
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been selected because of the effect of
that residue in mediating the interac-
tion between DPG and hemoglobin.
One might predict, therefore, that caroli
hemoglobin to which DPG is bound
may differ functionally from the other
mouse hemoglobins to which DPG is
bound (18). Caroli hemoglobin might
also differ from the other mouse hemo-
globins in its DPG binding constant,
since the shift of A toward E is ap-
parently necessary for proper DPG
binding (/7), and different packing
arrangements between the A and E
helices may make the shift easier or
harder.

Functional studies will be necessary
to determine whether the fixation of
caroli hemoglobin and the maintenance
of the Hbb®, Hbb? polymorphism in
natural populations are due to selection

or random drift. If the predicted func-

tional difference between caroli hemo-

globin and the various musculus hemo-

globins is found, then it is likely that

selection has influenced the structural

evolution of the mouse hemoglobins.
Joun G. GILMAN

Laboratory of Genetics,
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