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Erythrocytes  of the early chick embryo contain four  
hemoglobins, two major  and two minor. In this paper, 
we present amino acid sequences fo r  the P-like and a- 
like chains of  HbM, the least abundant of the four   ear ly  
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 domes- 
tic 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 se- 
quence 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. 

Early  embryos of chickens have  four hemoglobins  in their 
circulating  erythrocytes. We have previously determined  the 
amino acid sequences of the  a-like  and P-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  from 5-day  chick embryos,  is  the  least 
abundant  early  embryonic hemoglobin. On the basis of 
electrophoretic mobility,  immunological reactivity,  and  pep- 
tide  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  embryonic hemoglobin E. 
We report  here  that  the P-like chain of HbM  is  identical  with 
the E globin of HbE. 

Genetic evidence supports  the  assignment of aD as  the a- 
like chain of HbM.  Although hemoglobin variants  are  rare in 
the domestic  chicken, there  have  been  four  reports of electro- 
phoretic  polymorphisms  in  the  minor  adult hemoglobin  D 
(Washburn, 1968; Callegarini et al., 1969; Kimura  and Yokoy- 
ama, 1973; Keane et al., 1974). It has been demonstrated  that 
two variants  behave as single co-dominant alleles that  change 
the  electrophoretic mobility of both  HbD  and  HbM  (Wash- 
burn, 1968; Keane  et al., 1974). The  alteration  in  HbD can  be 
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assigned to  the an chain, since HbA  (the  major  adult  hemo- 
globin) shares  the  adult p chain  with  HbD (Vandecasserie et 
al., 1975), and HbA remains unaffect,ed by  this  mutation. 
Since  these two presumably  independent aD chain  mutations 
affect both  HbD  and  HbM,  it follows that  the  same aD globin 
is  present in early embryonic HbM  and  adult  HbD. However, 
amino acid sequence analysis of the  a-like  chain from HbM 
reported  here differs at six amino acid  positions  from the  adult 
aD sequence  (Takei  et al., 1975). Although this  interesting 
result  raises  the possibility that  the aD globin may be  switched 
during chick  embryonic development, we favor alternative 
explanations for this discrepancy. We will discuss the  se- 
quences of the  HbM globins in relation  to  their  function  and 
evolution. 

EXPERIMENTAL PROCEDURES AND RESULTS’ 

DISCUSSION 

Relationship of the Chicken E Globin to the  Mammalian E 

Globins-The complete  amino acid sequence of the E chain 
from HbM (Fig. 1) is  identical  with  the 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  the E and y chains of mammals.  The E globin 
in  domestic  chickens is not directly related  to  the E globins of 
mammals. The evolutionary tree  shown in Fig. 2 illustrates 
the  relationships  among several E globins and  adult P globins. 
The  rabbit P3 (Hardison  et al., 1979),2 mouse EY (Jahn  et al., 
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  the 79 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 pH chains at  eight and  nine positions, 
respectively (Matsuda  et al., 1973; Chapman  et al., 1981; Moss 
and  Hamilton, 1974; Dolan  et al., 1981). 

I Portions of this paper (including “Experimental Procedures,” 
“Results,” Figs.  1-9, and Table I) are presented in miniprint at  the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are available from the Journal 
of  Biological Chemistry, 9650 Rockville Pike,  Bethesda, MD 20814. 
Request Document No. 81M-1314, cite authors, and include a check 
or money order for $5.20 per set of photocopies. Full size photocopies 
are also included in the  microfh edition of the Journal that is 
available from Waverly Press. 

R. Hardison, personal communication. 

651 

 at C
A

LIF
O

R
N

IA
 IN

S
T

IT
U

T
E

 O
F

 T
E

C
H

N
O

LO
G

Y
 on M

arch 27, 2008 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


652 HbM Globin  Amino  Acid Sequences 

"""""4""""- 

7-3 . 
4I 

R * - R * - ~ * - S ~ - R ~ - ~ L V - ~ ~ ~ ~ - S E R - ~ R - ~ - T ~ - ~ - I L E ~ T - S L Y - & N - ~ O - L V S - V N -  
4 50 55 60 

"""""""""" 

R3"""""""""" . 7-516 

~ - ~ ~ - H I S - ~ L Y - L ~ - L V ~ - V ~ - L ~ ~ - S U - S ~ - ~ E - ~ L V - ~ - ~ ~ - V ~ - L V S - & N - ~ ~ U - ~ P - ~ N -  
61 65 m n Ml 

"A 

R3 - R4 "A"""""""" 

T-9 T-40- 
I L E - L ~ - ~ T ~ T ~ - ~ ~ - L V S - ~ U - S C R - ~ ~ ~ - H I ~ - C ~ ~ - ~ ~ - L ~ ~ - ~ ~ ~ - H ~ S - ~ A L - ~ P - ~ -  

90 95 IM) 

R4"""""""""" 
DP 

T-5%; m 

A 

-T-10+ 
101 IO5 110 1 0  I20 
~ L ~ - & ~ R * - ~ ~ - ~ ~ ~ U - ~ V - & ? - ~ L E - ~ ~ I L E - I L E - V N - ~ U - ~ ~ - ~ R - H I S - R # - ~ ~ - ~ ~ -  
""2 

~"""""""""" 

I21 I25 I s 0  I35  I40 
k P - l k E - T ~ - R o - k r - C V S - ~ - ~ - k r - ~ R ~ - ~ N - L V S ~ ~ ~ V A L - k N - v A L - v A L - k r - ~ I S - k r -  

Dp""""d 
~"""""""""" 

141  I45 
L n r k r - k - l V S - T n - H I ~  -COW 

R6""' 
R7 

FIG. 1. The complete  amino  acid sequence of the E chain of 
minor early embryonic HbM. --, automated  Edman degrada- 
tion; tT+, tryptic peptides; R, arginine cleavage fragment; DP, 
aspartic acid-proline cleavage fragment. A peptide overlapping resi- 
dues 143 and 144 was not isolated and sequenced. The COOH-termi- 
nal tripeptide was placed by homology. 
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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 
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 COOH- 
terminal third of the E chain (Table I). At  least three expla- 
nations for this uneven arrangement are worth discussing. 1) 
The COOH termini of the r and p globins have undergone 
accelerated evolution to  adapt  them for different roles in the 
early embryo. 2) Avian p globins normally evolve at a much 
slower rate  than mammalian P globins, but  the COOH termini 
of the early embryonic forms have been released from adult 
constraints and are evolving at  the  rate of mammalian /3 
globins. 3) The NHZ termini 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- 

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). Organophos- 
phate-binding and Bohr-effect residues are also  found in this 
segment (Eaton, 1980). Having a complete set of embryonic 
and adult globin sequences from a single species provides an 
opportunity to  test  the hypothesis that "amino  acid replace- 
ments signal the evolution of function at those positions" 
(Eaton, 1980). 

The E chains are very similar in structure  to p chains, having 
fmed  only 12 amino acid  changes. Eight of these differences 
occur after amino acid 105, involving a minimum of  10 nucleo- 
tide substitutions. Oddly, the COOH-terminal third of the r 
globin  is more divergent from the adult p globin than is the 
p globin in this region (Table I). Consideration of functional 
constraints leads us to expect the opposite. We expect selective 
pressures to have modified a& contact positions clustered in 
the COOH-terminal region of the p chain because it associates 
with the highly divergent T and T' chains to form the major 
early embryonic hemoglobins (Ladner  et al., 1977; Eaton, 
1980, Brown and Ingram, 1974; Chapman et  al., 1980 and 
1981). The r and r' globins  differ  from  one or the  other of the 
adult a-like globins at 11 of 18 alpl contact positions (Table 
11). The E globin residues 105 to 146, on the other  hand, should 
be  like those of the  adult /? globin,  since these chains combine 
with adult-type a chains. If adaptive selection is driving 
changes in the COOH terminus of the e globin, it is not clear 
how or why. 

TABLE I 
Amino  acid substitutions  in the carboxyl-terminal  regions of the 

chicken e, p', p ,  and p globin chains 

(1981), Chapman et al. (1981), and Matsuda et al. (1973). Locations 
Amino acid sequences were obtained from Roninson and Ingram 

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). 

Posi- Helix 
tion E P ' P P  

108 GI0 Asp Asn Asn Asp alp1 contact 103 
116 G18 Ser Ala Ala Ala alp1 contact 117, 114,110 
119 GH2 Ala Thr Thr Ser alp1 contact 111 
120 GH3 Arg Lys Lys Lys 
125 H3 Ala Thr Glu Glu 
128 H6 Phe Ala Ala Ala alp1 contact 34,  35 
129 H7 Ala Val Ala Ala 
135 H13 Asn Ser Ser k g  IPP contact 
139 H17 His His Lys His IPP contact 
143 H21 Arg Tyr Arg Arg DPG  contact 

Function Interacts with 
a 

TABLE I1 
Substitutions in ap contacts  in  chicken a-like  globins 

Sources of amino acid sequence data: the n chain (Chapman et al., 
1980), the ctE chain (Chapman et  al., 1982), and  the ctA chain (Matsuda 
et aL, 1971). Three dimensional positions were determined by Ladner 
et al. (1977). 

Function  Position Helix aD v aE aA 

alp2 contact 38 C3 Gln Gln Pro Thr 
alp1 contact 34  B15 Thr Ala Thr Ile 

35  B16 Thr  Ser  Thr Gly 
36 C1 Tyr Tyr Tyr Phe 

103 GI0 Gln His Gln Gln 
107 G14 Cys cys Val Val 
110 G17 Ala Ala Ala Val 
111 G18 Val Ala Ile Leu 
114 GH2 Gly Pro Pro Pro 
115 GH3 Lys Ser Ala Ala 
117 GH5 Tyr Phe Leu Leu 
118 H1 Thr Thr Thr Ala 
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HbM Globin Amino  Acid Sequences 653 

Recently, nucleotide sequencing of an early embryonic 
cDNA recombinant clone has revealed an allele of the p globin 
that differs from the p globin  by four 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. Never- 
theless, the p’ globin seems not  to be detrimental  to developing 
chick  embryos, and we conclude that  the p and p‘ globins are 
interchangeable. These results are not consistent with the 
fixation of amino acid replacements by strong adaptive selec- 
tion. 

Adult  Avian /3 Globins  Evolve  Slowly, Do the Embryonic 
Globins?-The avian adult /3 globins have evolved at a much 
slower rate  than  the globins 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 esti- 
mated 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 he- 
moglobin. 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,  no detectable 
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 con- 
straints of IPP binding, the COOH termini of the early em- 
bryonic 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  evidence suggests that  the var- 
ious 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 Gene  Correction on  Interpretations of 
Globin Structure-One explanation for the uneven distribu- 
tion of amino acid substitutions in the and p chains entails 
a gene  conversion event. Nonreciprocal DNA sequence con- 
version 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 

The abbreviations  used  are: IPP, inositol  pentaphosphate; CAM, 
carboxyamidomethylated; PTH, phenylthiohydantoin;  HPLC,  high 
pressure  liquid  chromatography. 

TABLE I11 
Different evolutionary rates in adult a and /3 globin chains of birds 

The number of amino  acid  substitutions  between the chicken 
globins and the globins of the other species was  calculated  from 
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), and  viper (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 6 7 . . .  : 14 
ChickenaA chain . . . 17 28 57 I 3.4 
Divergence  time ! 60  60 80  225 

al., 1981). Another possible  example of gene  conversion  within 
the chicken /3 globin  gene  family is suggested by the remark- 
able 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 PH gene. 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  genes cautions 
against interpreting the physiological  role of amino acid re- 
placements. 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 mech- 
anisms. 

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 shown  in alignment with the adult aD globin 
sequence (Takei et al., 1975) and the polypeptide encoded by 
the aD globin gene (Dodgson et al., 1981). There  are 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 observed  differences can be  reconciled as technical 
errors and a possible  allelic  polymorphism. 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 pro- 
tein 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  were 8-10- 
fold 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  positions and 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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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 tree  is adapted from Prager  and 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 do- 
mestic chickens (Washburn, 1968; Callegarini et al., 1969; 
Kimura and Yokoyama, 1973; Keane et al., 1974).  Classical 
genetic analyses indicate that adult and embryonic aD chains 
are  the products of a single  gene (Washburn, 1968; Keane et 
aZ., 1974).  Only one aD globin  gene has been identified in 
recombinant chicken chromosomal DNA (Engel and Dodg- 
son, 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  allelic forms in domestic chickens. 

What Is the Function of the aD Globin-There is conflict- 
ing  evidence regarding the physiological necessity for aD glo- 
bin during avian development. Keane et al. (1974)  observed 
fewer  homozygotes carrying the aD~aviri mutation than ex- 
pected and concluded that reduced embryonic fitness might 
be associated with this  mutant form of aD. On the other hand, 
many bird species do not have HbD in adult circulation (Saha 

FIG. 3. Partial amino acid se- 
quence of the a-like chain of HbM. 
This sequence was  prepared  from auto- 
mated Edman  degradation of the a glo- 
bin 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. 

and Ghosh, 1965; Paul et al., 1978). Penguins, egrets, pigeons, 
cuckoos, and parakeets have all lost the ability to produce 
aD chains 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, sug- 
gesting 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 physiol- 
ogy. Functional studies have revealed that isolated embryonic 
hemoglobins exhibit higher oxygen affinities than  adult he- 
moglobins (Bauer et al., 1975; Cirotto and Geraci, 1975; Tuch- 
inda 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). Al- 
though 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 aA and aD globins  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 63  of the aD globin,  where  Leu 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  struc- 
ture, 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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these polypeptides and  can  predict 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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