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assigned to the an chain, since HbA (the major adult hemoglobin) shares the adultp chain with HbD (Vandecasserie et
al., 1975), and HbA remains unaffect,ed by this mutation.
Since thesetwo presumably independent aD chain mutations
affect both HbD and HbM, follows
it
that the sameaD globin
is presentin early embryonic HbM and adult HbD.However,
amino acid sequence analysis of the a-like chain from HbM
reported herediffers at six amino acid positions fromthe adult
aD sequence (Takei et al., 1975). Although this interesting
result raises the
possibility that theaD globin may be switched
during chickembryonic development, we favor alternative
explanations for this discrepancy. We will discuss thesequences of the HbM globins in relation to their function and
evolution.

Early embryos of chickens have four hemoglobins in their
circulating erythrocytes. We have previously determined the
amino acid sequences of the a-like andP-like globins of early
hemoglobins P, P , and E (Chapman et al., 1980; Chapman et
al., 1981 and 1982). Hemoglobin M, which accounts for about
18%of the hemolysate from5-day chick embryos, is the least
abundantearlyembryonic
hemoglobin. On the basis of
electrophoretic mobility, immunological reactivity, and peptide map analysis, Brown and lngram (1974) predicted that
the P-like globin chain of HbM would be an E chain similar to
the ,&like chain of the minor early embryonichemoglobin E.
We report here that theP-like chain of HbM is identical with
the E globin of HbE.
Genetic evidence supports the assignment of aD as the alike chain of HbM. Although hemoglobin variants are rarein
the domestic chicken, there have been four reports
of electrophoretic polymorphisms in the minor adult
hemoglobin D
(Washburn, 1968; Callegarini et al., 1969; Kimura and Yokoyama, 1973; Keane et al., 1974). It has been demonstrated that
two variants behaveas single co-dominant alleles that change
the electrophoretic mobility of both HbD and HbM (Washburn, 1968; Keane et al., 1974). The alteration in HbDcan be

Relationship of the Chicken E Globin to the Mammalian E
Globins-The complete amino acid sequence of the E chain
from HbM (Fig. 1) isidenticalwiththe
E chain of HbE
(Chapman et al., 1982). This establishes that in the chicken
there are two early embryonic P-like globins, E and p , which
are analogous to theE and y chains of mammals. TheE globin
in domestic chickens is not directly related to theE globins of
mammals. The evolutionary tree shown in Fig. 2 illustrates
the relationships amongseveral E globins and adultP globins.
The rabbit P3 (Hardison et al., 1979),2mouse EY (Jahn etal.,
1980; Gilman, 19761, and human E (Baralle et al., 1980) globin
genes have probably arisen from an ancestral P-like globin
gene. The chicken E globin gene has an independent origin,
having apparently been formed by a duplication within the
avian P-like gene family.
Comparison of the chick E globin with three other chicken
P-like globins indicates that the E globin gene was probably
formed by duplication of the p globin gene. At the79 positions
in P, p , E , and 8” for which there are comparable sequence
data, E chains differ from p chains at only four positions, but
differ from the P and pHchains at eight and nine positions,
respectively (Matsuda etal., 1973; Chapman etal., 1981;Moss
and Hamilton, 1974; Dolan et al., 1981).

EXPERIMENTAL PROCEDURES AND RESULTS’
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Erythrocytes of the early chick embryo contain f o u r
hemoglobins, two m a j o r and two minor. In this paper,
we present amino acid sequences f o r the P-like and alike chains of HbM,the least abundant of the f o u r e a r l y
chick hemoglobins.
The complete amino acid sequence of the fl-like chain
of HbM is identical with that of the E chain of HbE, the
other minor early embryonic hemoglobin in the domestic chicken. Analysis of the a-like chain of HbM (92 of
141 residues) reveals a globin sequence closely related
to the minor adult aD chain. Comparison of our sequence data with the nucleotide sequence of the aD
globin gene suggests that a single gene encodes both
the embryonic and adult aD globin polypeptides, W e
discuss the structure, possible function, and evolution
of the HbM globin chains.

AcidHbM
Amino
Globin
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Sequences

The a-like and P-like chains of hemoglobin can be divided
into three functional regions. In the COOH-terminal third of
the P-globin molecule,defined as residues 105-146, are many
intersubunit contact residues (alp1 contacts). Organophosphate-binding and Bohr-effect residues are also found in this
segment (Eaton, 1980). Having a complete set of embryonic
7-3
and adult globin sequences from a single species provides an
4I
opportunity to test the hypothesis that "amino acid replace4
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The E chains are very similar in structure top chains, having
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embryonic hemoglobins (Ladneret al., 1977; Eaton,
1980, Brown and Ingram, 1974; Chapman et al., 1980 and
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11).The E globin residues 105 to 146, on the other hand,should
be likethose of the adult/?globin, sincethese chains combine
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with adult-type a chains. If adaptive selection is driving
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changes in the COOH terminus of the e globin, it is not clear
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FIG. 1. The complete amino acid sequence of the E chain of how or why.
minor early embryonic HbM. --, automated Edman degradation; tT+, tryptic peptides; R, arginine cleavage fragment; DP,
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aspartic acid-proline cleavage fragment. A peptide overlapping residues 143 and 144 was not isolated and sequenced. The COOH-terminal tripeptide was placed by homology.
Robbit 8
Humon 8

Robbit 83
Humon
Chick e
Chick 8

FIG. 2. Evolutionary tree of E globin chains. Sequences were
obtained from Dayhoff (1976),Hardison et al. (1979): Gilman (1976),
Jahn et al. (1980),Konkel et al. (1979),Watt et al. (1980),and Baralle
et al. (1980).Computer analysis used the method of Farris (1970) and

Amino acid substitutions in the carboxyl-terminal regions of the
chicken e, p', p , and p globin chains
Amino acid sequences were obtained from Roninson and Ingram
(1981), Chapman et al. (1981), and Matsuda et al. (1973). Locations
of the residues in the three-dimensional structure of hemoglobin were
determined by h o n e and Perutz (1974) and Ladner et al. (1977).
Position

Helix

108
116
119
120
125
128
129
135
139
143

GI0
G18
GH2
GH3
H3
H6
H7
H13
H17
H21

Function
E

Asp
Ser
Ala
Arg
Ala
Phe
Ala
Asn
His
Arg

P

'

P

Asn
Ala
Thr
Lys
Thr
Ala

Asn
Ala
Thr
Lys
Glu
Ala
Val Ala
Ser Ser
His Lys
Tyr Arg

Interacts with
a

P

Asp
Ala
Ser
Lys
Glu
Ala
Ala
k g
His
Arg

alp1 contact
103
alp1 contact 117, 114,110
alp1 contact
111
alp1 contact

34,
35

IPP contact
IPP contact
DPG
contact

a matrix of differences.

Unusual Distribution of Amino Acid Substitutions-When
the E chain is aligned with the adult p chain, there are 18
amino acid replacements, randomly distributed. Compared to
the p chain and its allele p', there are 12 and 13 substitutions.
However, three-quarters of these are clustered in the COOHterminal third of the E chain (Table I). At least three explanations for this uneven arrangement are worth discussing. 1)
The COOH termini of the r and p globins have undergone
accelerated evolution to adapt themfor different roles in the
early embryo. 2) Avian p globins normally evolve at a much
slower rate thanmammalian P globins, but theCOOH termini
of the early embryonic forms have been released from adult
constraints and are evolving at the rate of mammalian /3
globins. 3) The NHZtermini of the E and p globins are similar
because the first two coding blocks
of their genes have recently
been corrected against each other.
Accelerated Evolution and the Roles of E and p Globins-

TABLE
I1
Substitutions in ap contacts in chickena-like globins
Sources of amino acid sequence data: the n chain (Chapman et al.,
1980),the ctE chain (Chapman et al.,1982),and thectA chain (Matsuda
et aL, 1971). Three dimensional positions were determined by Ladner
et al. (1977).
Position
Function

alp2 contact
B15
alp1 contact

Helix

38
34
B16 35
36
103
107
110
111
114
115
117
118

C3

aD

Gln
Thr
ThrSerThr

C1
GI0
G14
G17
G18
GH2
GH3
GH5
H1

Tyr
Gln
Cys
Ala

Val
Gly
Lys
Tyr
Thr

v

aE

aA

Gln
Ala

Pro

Tyr

Tyr
Gln
Val
Ala
Ile
Pro
Ala
Leu
Thr

Thr
Ile
Gly
Phe
Gln

His
cys
Ala
Ala
Pro
Ser
Phe
Thr

Thr

Val
Val
Leu
Pro
Ala
Leu
Ala
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The abbreviations used are:IPP, inositol pentaphosphate;CAM,
carboxyamidomethylated;PTH, phenylthiohydantoin;HPLC,high
pressure liquid chromatography.
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TABLEI11
Different evolutionary rates in adult a and /3 globin chains of birds
The number of aminoacidsubstitutionsbetween
the chicken
globins and the globins of the other species wascalculatedfrom
published sequence data: chicken(Gallus gallus) /3 globin (Matsuda
et al., 1973), duck (Anas platyrhynchos) /3 globin(Harnpe et al.,
1981), goose (Anser anser) and ostrich (Struthio camelus) /3 chains
(Oberthur et al., 1980), goose a chain (Debouverie, 1975), ostrich a
chain(Oberthur et al., 1980), andviper (Vipera aspis) a chain
(Dayhoff, 1976). Divergence times for these species were obtained
from Prager and Wilson (1980) and are expressed in Myrs.
I Duck Goose Ostrich
Viper
I Myr/substitution
Chicken /3 chain
j 3
ChickenaAchain
.. .
Divergence
time
60
! 60

6
17

7

28
22580

...

:

57 I

14

3.4

al., 1981). Another possible exampleof gene conversion within
the chicken /3 globin gene familyis suggested by the remarkable p and p’ alleles. The distribution and nature of amino
acid replacements suggest that these alleles could have been
formed by a recent gene conversion event involving the third
coding block of the PHgene. Frequent deletions of the third
exon of the pH gene in recombinant DNA clones may be
evidence for a recombination “hot spot” in this region (Dolan
et al., 1981; Villeponteau and Martinson, 1981).
The complex history of the chicken /3 globin genescautions
against interpreting the physiological role of amino acid replacements. We have suggested that the early p-like globins
in the chick embryo may be functionally equivalent to the
adult /3 globin. Exchange of sequences among these genes is
consistent with expectation and implies that the reason for
separate early genes is related to genetic and regulatory mechanisms.
The d i k e Globin of HbM-We have determined 92 amino
acid residues of the d i k e globin from HbM. In Fig. 3, this
sequence is shownin alignment with the adult aD globin
sequence (Takei et al., 1975) and the polypeptide encoded by
the aD globin gene (Dodgson et al., 1981). Thereare six
positions at which the early embryonic cyD chain appears to
differ from the adult form of aD(22,38,53,54, 107, and 111).
The observeddifferences can bereconciled as technical
errors and a possibleallelicpolymorphism. Four of these
differences involve assignment of the acid or amide form of
glutamic or aspartic acid (22 Gln to Glu, 38 Glu to Gln, 53 Asn
to Asp, and 54 Glu to Gln). Although many glutamine and
asparagine residues become partially deamidated during protein preparation and sequenator degradation, HPLC data for
these residues in our analyses are unequivocal. The apparent
change of Cys for Gln at position 107 might also be explained
as a technical artifact. Since cysteine residues are difficult to
detect and glutamine is the previous residue, glutamine might
have been assigned to position 107 in the absence of a cysteine
signal. Similarly, the Ala for Val substitution at position 111
could result if residual Ala from the previous cycle were8-10fold greater than the Val signal (cycle 17, Fig. 6, Miniprint).
The nucleotide sequence of Dodgson et al. (1981) confirms
our residue assignments at five of the six positionsand shows
no differences from the adult aD sequence through residues
64-93 and 121-141, which we did not analyze. However, the
DNA sequence differs from both polypeptides at residues 109
and 110, and identifies Val at position 111. The partial aD
sequence determined by Paul et al. (1974) shows glutamic
acid at position 22, as does our sequence, but their data do
not extend to the remaining residues in question. The amino
acid sequence difference at position 111 could represent allelic
polymorphism. The likelihood of a previously undetected
genetic polymorphism in the aD globin is enhanced by the
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Recently, nucleotide sequencing of an early embryonic
cDNA recombinant clone has revealed an allele of the p globin
that differs from the p globin byfour amino acid substitutions.
These are clustered in the carboxyl-terminal region (Table I;
Roninson and Ingram, 1981). We have found quantities of the
p’ polypeptide in our p globin preparations (Chapman et al.,
1981), but only this p’ allele has been identified in the chicken
population sampled by Roninson and Ingram (1981). Of the
four additional substitutions in the p’ COOH terminus, one is
a Tyr for Arg change at DPG-binding position 143, which
could change the affinity of HbP and H b P for ATP. Nevertheless, the p’ globin seems not tobe detrimental todeveloping
chick embryos, and we conclude that thep and p‘ globins are
interchangeable. These results are not consistent with the
fixation of amino acid replacements by strong adaptive selection.
Adult Avian /3 Globins Evolve Slowly, Do the Embryonic
Globins?-The avian adult /3 globins have evolved at a much
slower rate than theglobins of mammals or the a-like globins
of birds (Oberthur et al., 1980). Table I11 shows the number
of amino acid substitutions accumulated in the a* and /3
chains of chickens relative to other birds and a reptile. Rates
of amino acid substitution can be calculated from the estimated divergence times of these orders (Prager and Wilson,
1980). The data show a 4-fold difference in evolutionary rate
between the adult a and /3 globins of birds. The substitution
rate of the avian a globins is comparable to that of the
mammalian globins.
Oberthur et al. (1980) have suggested that the evolution of
the adult bird /3 chains has been slowed by the constraints
that binding of IPP3 places on the tertiary structure of hemoglobin. Adult birds use IPP to regulate their hemoglobin
oxygen affinity. IPP is a larger molecule than DPG, it binds
with very high affiity to bird hemoglobin, and there are two
additional pairs of basic residues in the hemoglobin central
cavity (Amone and Perutz, 1974; Rollema and Bauer, 1979).
Both of these IPP-binding residues are in the COOH-terminal
segment of chicken /3 globin. There is, however, nodetectable
IPP in early embryonic chick red cells. Instead, ATP is the
primary organophosphate regulator in developing chickens
and ducks (Bartlett and Borgese, 1976). Without the constraints of IPP binding, the COOH termini of the early embryonic E and p globins may be free to evolve at the same rate
as the globins of mammals. This might explain the large
number of differences accumulated in the COOH termini of
the E and p chains.
Using the amino acid replacements in the COOH-terminal
segments and the evolutionary rate for mammalian /3 globins,
we can compute the divergence time of the E and p globins to
be roughly 75 million years (a 20%divergence at 3.8 myrs/l%
difference). Since biochemical evidencesuggests that thevarious lineages of modern birds originated about 80 million years
ago, both E and p globins could be present in all bird species
(Prager and Wilson, 1980).
The Effect of GeneCorrection onInterpretations of
Globin Structure-One explanation for the uneven distribution of amino acid substitutions in the and p chains entails
a gene conversion event. Nonreciprocal DNA sequence conversion has been well documented as the mechanism for
maintaining similarity between the human y globin genes
(Slightom et al.,1980). Although the E and p genes are known
to lie at opposite ends of the chicken /3 globin gene cluster,
the /3-like pseudogene of the Brown lemur is a precedent for
hybrid gene formation involving distal sequences (Banie et

Sequences
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HbM Globin Amino Acid
Sequences
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(AsP)PRo-VAL-ASN-PHE-LYS-LEU-

EMBRYO OD

AU-GLU-LEU-SER-ASN-LEU-HIS-AU-TYR-ASN-LEU-ARG-VAL-ASP-PRO-VAL-ASN-~E-LYS-LEU-

This sequence was prepared from automated Edman degradation of the a globin together with the E globin. A small
cyanogen bromide cleavage fragment
was analyzed by sequenator to determine
residues 114-122 (data not shown). For
comparison, the amino acid sequence of
adult aD globin (Takei et al., 1975) and
the sequence encoded by the'a globin
gene (Dodgson et al., 1981) are shown.

GENE

5

101

EMBRYO OD

LEU-SER-GLN-CYS-ILE-GLN-CYS-VAL-LEU-AU-AU-HIS-~~T-GLY-LYS-ASP-TYR-THR-PRO-GLU-

ADULT nD
aD GENE
121
EMBRYO

JJ

125

130

135

140

VAL-HIS-

ADULT aD

aD GENE
Penguin
Egret
Cormorant
Owl
Parakeet
coot
Plqeon
Cuckoo
Sparrow
Falcon
ChlckeDuck
Rhea

Loss of Adult aD Globln Synthesis

FIG. 4. Evolutionary tree of some birds whose hemoglobin
type has been determined by gel electrophoresis. Hemoglobin
analyses were obtained from Saha and Ghosh (1965) and Paul et al.
(1978). The phylogenetic treeis adapted from Pragerand Wilson
(1980). Loss of adult aD globin gene expression is inferred from the
presence of a single adult hemoglobin having an aA-type globin
subunit (Vandecasserie et al., 1973).

existence of several electrophoretic aD globin variants in domestic chickens (Washburn, 1968; Callegarini et al., 1969;
Kimura and Yokoyama, 1973; Keane et al., 1974). Classical
genetic analyses indicate that adult and embryonic aDchains
are the products of a single gene (Washburn, 1968; Keane et
aZ., 1974).Only one aD globingene has been identified in
recombinant chicken chromosomal DNA (Engel and Dodgson, 1980). In sum, the available evidence indicates that a
single aD globin gene encodes the a-like chains of HbM and
HbD, and there may be allelicforms in domestic chickens.
What Is the Function of the aD Globin-There is conflicting evidence regarding the physiological necessity for aD globin during avian development. Keane et al. (1974) observed
mutation than exfewerhomozygotes carrying the aD~aviri
pected and concluded that reduced embryonic fitness might
be associated with this mutantform of aD.On the other hand,
many bird species do not have HbD in adult circulation (Saha

and Ghosh, 1965; Paul et al., 1978).Penguins, egrets, pigeons,
cuckoos, and parakeets have all lost the ability to produce
aDchains in adult life (Fig. 4). Since different orders of birds
are represented, loss of adult aD globin gene expression has
occurred at least twice(Fig. 4; Prager and Wilson,1980).
Moreover, mammals express no globin equivalent to aD,suggesting that the gene may have been lost after divergence of
birds and mammals about 350 d o n years ago. There seems
to be no compelling evidence for or against the supposition
that production of aD globin is essential.
Some of the structural and functional characteristics of aD
globin are consistent with adaptation to embryonic physiology. Functional studies have revealed that isolated embryonic
hemoglobins exhibit higher oxygen affinities than adult hemoglobins (Bauer et al., 1975; Cirotto and Geraci, 1975; Tuchinda et al., 1975; Isaacks et al., 1976; Borgese and Nagel, 1977;
Jelkmann and Bauer, 1977). The presence of aD subunits
raises the oxygen affinity of the minor adult HbD relative to
HbA (Vandecasserie et al., 1971; Isaacks et al., 1976). Although there are 65 amino acid differences between aD and
a* globins (Takei et al., 1975),position 38 is the only predicted
a& contact position at which aAand aDglobins differ(based
on the three-dimensional structure of Ladner et al., 1977)
(Table 11).In the early embryonic and rr' globins, a glutamine
substitution for the usual threonine residue at this position
may contribute substantially to their elevated oxygen affinity.
At position 63of the aD globin,whereLeu replaces Ala,
exchange of a large aliphatic residue for the small, polar Ala
residue may result in elevated oxygen affinity by perturbing
the tertiary structure of the a globin (Oberthur et al., 1980).
We have found unusual amino acid substitutions at positions
38 and 63 in all four early embryonic a-like globins of the
chicken (Table 11).
Amino acid sequence analysis of early embryonic globins
has provided information useful in understanding the structure, function, and evolution of developmentally regulated
hemoglobin chains (Chapman, 1981). Protein sequence data
have been used in the identification of the genes encoding
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FIG. 3. Partial amino acid sequence of the a-like chain of HbM.
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these polypeptides andcanpredict
some aspects of gene
arrangement and evolution (Hood et al., 1975; Dolan et al.,
1981; Dodgson et al., 1981). We believe that this work will
serve as a foundation for analysis of the a and p globin gene
families in buds.
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