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The p globin is the  major &like chain  found in 5-day- 
old chick embryos. In association with two unique  early 
embryonic d i k e  globins, it forms  the two major he- 
moglobins  of  early  chick  development. This paper  pre- 
sents the  complete  amino  acid  sequence of the p globin. 
There  are no amino  acid  differences between the p 
chain  and  the  adult  chicken p chain at known Bohr 
effect or organophosphate-binding positions, and  there 
are  only 19 differences altogether. The p globin  ought 
to be functionally  equivalent to the  adult  chicken p 
globin. Since the  adult  and  embryonic chains are very 
similar  in sequence, they may  be  products of a rela- 
tively recent gene duplication in the chicken j3 globin 
gene family.  The possibility of  a gene correction event 
is discussed. 

Early embryonic hemoglobins are normally seen only dur- 
ing very early  stages of development in association with yolk 
sac-derived erythroid cells (Kitchen  and  Brett, 1974). Electro- 
phoretically distinct hemoglobins have been described in  early 
embryos of several species of birds (Borgese and  Bertles, 1965; 
Manwell et al., 1966; Beaupain et al., 1979) and mammals 
(Craig and Russel, 1964; Kleihauer and Stoffler, 1968; Pataryas 
and Stamatoyannopoulos, 1972; Kitchen and  Brett, 1974; Jelk- 
mann and Bauer, 1977). These hemoglobins disappear during 
ontogeny and  are replaced by fetal and  adult hemoglobins. 

Early  embryos of birds and mammals produce at  least two 
types of P-like globin chains  unique to  the embryo (Fantoni et 
al., 1967; Steinheider et al., 1972; Brown and Ingram, 1974; 
Gale et al., 1979). These combine with at least two types of 
d i k e  globins to form several hemoglobins. One of the a-like 
globins is found only in the early  embryo (Melderis et al., 
1974). In  the chicken, the four early chick embryonic hemo- 
globins are thought  to have the following chain compositions: 
HbP’(n2p2), HbP’ ( d p p 2 ) .  HbE (aA& and HbM ( a n d  
(Brown and Ingram, 1974). Since HbP  and HbP’  account for 
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64% of the hemoglobin in the hemolysates, the p globin is the 
major  early /?-like globin and E globin is the minor. 

The genes encoding a- and &like embryonic globins, to- 
gether  with late embryonic and  adult globin genes, are  ar- 
ranged in two multigene families in birds and mammals 
(Dodgson et al., 1979; Engel and Dodgson, 1980; Fritsch et aZ., 
1980; Ginder et aZ., 1979; Lacy et al., 1979; Lauer et al., 1980; 
Jahn et al., 1980). The early embryonic genes in these families 
have evolved in interesting ways with respect to  the  adult 
genes, with different patterns in the a-like and fl-like globin 
gene families (Melderis et aL, 1974; Steinheider et al., 1975; 
Chapman, 1981). 

In order to investigate the  structure, evolution, and perhaps 
the physiological function of early embryonic hemoglobins, 
we have  determined the amino acid sequences of several a- 
and /?-like globins from chick embryos. In this  paper, we 
report  the complete amino acid sequence of the major early 
embryonic &like globin in chickens, designated p .  This globin 
appears  to be functionally equivalent to the  adult /3 globin in 
chickens, from which it differs at  19 positions. The small 
number of amino acid differences suggests that  the p and /? 
globins are products of a relatively recent gene duplication. 
An unexpected distribution of substitutions  in the COOH- 
terminal region of the p globin suggests a possible correction 
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FRBCTION NUMBER 

FIG. 1. Separation of a- and /“e globin chains from HbP 
and HbP. Approximately 10 mg  of reduced, carboxyamidometh- 
ylated globin  was  dissolved in  starting buffer (freshly deionized 8 M 
urea brought to pH 4.3 with formic acid and containing 50 m~ NaCl). 
This was chromatographed on Whatman CM52 equilibrated with the 
same buffer. After an initial wash with 50 ml  of starting buffer, the 
a-like globins were eluted with a gradient of 50 to 150 mM NaCl in 8 
M urea, pH 4.3. The /?-like globin  was eluted with a second gradient 
of  150 to 300 mM NaCl. Protein was detected by absorbance at 280 
nm, and conductivity was monitored at  every 10th fraction. Five-ml 
fractions were taken at a flow rate of  38 ml/h through a column (1.0 
X 10 cm). CAM, carboxyamidomethyl. 
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Early  Embryonic  P-like  Globin 5525 

0 4  i 
of the p gene  against  an  adult  P-like  gene  since  their  diver- 
gence. 

FRACTION NUMBER 

FIG. 2. Separation of peptides resulting from cleavage at 
arginine residues. Approximately 2 mg  of reduced, carboxyamido- 
methylated p globin  was cleaved under mild acid conditions, succi- 
nylated,  and digested with trypsin. Peptides were separated on a 
column (1.6 X 72 cm) of Bio-Gel P-10 in 0.1 M ammonium bicarbonate, 
pH 7.8. Fractions of  2.0 ml were collected at a flow rate of 6 ml/h; 
peptides were monitored by absorbance at 230 nm and identified by 
sequenator analysis. The arginine fragments are numbered starting 
from the NH, terminus. 

EXPERIMENTAL  PROCEDURES 

Isolation of the  Major P-like Globin from Early Embryos-He- 
molysates prepared from 5-day-old White Leghorn embryos (Chap- 
man and  Tobin, 1979) were separated  into  their component hemoglo- 
bins by ion exchange chromatography on CM-Sephadex or CM-52 
(Brown and Ingram, 1974; Cirotto  and Geraci, 1975). Fractions con- 
taining HbP  and H b P  were converted to globin by acid/acetone 
precipitation (Rossi-Fanelli et al., 1958), then reduced and alkylated 
with iodoacetamide (McKean et al., 1973). The globin  was desalted 
by  gel filtration on Bio-Gel P-10 (Bio-Rad) and lyophilized. To 
separate P-like from d i k e  globin, the protein was  dissolved  in 8 M 
urea, pH 4.3, containing 50 mM NaCl, and applied to a column of CM- 
52 (Whatman).  The cy-like chains were f i s t  eluted with a gradient of 
50 to 150 mM NaCl in 8 M urea (Moss and Hamilton, 1974; Chapman 
et al., 1980); then  the P-like chains were eluted with a second gradient 
of 150 to 300 mM NaCl in 8 M urea (Fig. 1). 

Automated Edman  Degradation  and PTH Identification-The 
globin was sequenced with a modified Beckman Instruments 890B 
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FIG. 3. The complete  amino acid 
sequence of the p chain of early chick 
HbP. Composite data from Tables I and 
I1 and Figs. 4-6 are shown. -++, auto- 
mated Edman degradations identified by 
HPLC; T-n, tryptic  peptides numbered 
from the NHz terminus; C-n, chymotryp- 
tic peptides. The peptides are identified 
by amino acid composition. Peptides 
produced by incomplete cleavage with 
chymotrypsin are indicated with a slash. 
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5526 Early  Embryonic P-like Globin 

sequenator  (Hunkapiller  and  Hood, 1978), and with  a newly designed 
sequenator  (Hunkapiller  and  Hood, 1980). All reagents,  solvents, and 
procedures were as previously described (Chapman et al., 1980). 
PTH-derivatives were identified by a  reverse  phase  high  pressure 
liquid chromatography  system  (Johnson  et al., 1979). 

Preparation of Fragments  for Sequencing-Carboxyamidomethy- 
lated globin was specifically cleaved at   the aspartic acid-proline  bond 
using mild acid treatment (Piszkiewicz et al., 1970) in 6 M guanidine 
HCl (Chapman et  al., 1980). The COOH-terminal  portion of the 
polypeptide was isolated and desalted  by gel fitration  on Bio-Gel P- 

10 in 0.5% formic acid. Arginine cleavage fragments were prepared by 
trypsin digestion of succinylated globin (Chapman  et  al., 1980), and 
were separated by gel fitration  on Bio-Gel P-10 in 0.1 M ammonium 
bicarbonate (Fig. 2). All fragments were lyophilized and  stored  at 
-20 "C. 

Tryptic and  Chymotryptic Peptide Compositions-Purified globin 
was digested  with L-1-tosylamido-2-phenylethyl chloromethyl ketone- 
treated  trypsin  or with  chymotrypsin (Chapman et  al., 1980) and 
separated in two dimensions on  thin layer sheets (Brown and Ingram, 
1974). Peptides were  identified  by  ninhydrin  staining, eluted,  and 
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SEQUENATOR CYCLE 
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l o  , 
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ARG-ALA-HIS-C.LY-LYS-LYS-VAL-LEU- 

FIG. 4. Yield of PTH-derivatives 
from sequenator  analysis of t h e  NH2 
terminus of the p chain. Approxi- 
mately 100 nmol of p globin was de- 
graded using a  Quadrol single cleavage 
program  (Hunkapiller  and Hood, 1978). 
Derivatives from 70 cycles were  analyzed 
by HPLC; 10-pl injections  were  normal- 
ized to 100% of the  sample  and  the peak 
heights were  converted to nanomoles by 
use of a  1.0-nmol standard. The average 
repetitive yield throughout was 94%. Se- 
quenator lag was significantly increased 
after  the proline at  cycle 36 and became 
larger than  the signal after  the proline at  
cycle 58, but  the  moderate background 
allowed identification of the principal 
residues throughout.  PTH-threonine 
and  PTH-serine  are shown as double 
plots  in  order to indicate levels of a char- 
acteristic threonine product  in the 313 
nm absorbance channel  and a  serine 
product appearing  between  histidine and 
tyrosine in the chromatogram. To facili- 
tate plotting on a  linear  scale, yields of 
PTH-derivatives from later cycles have 
been  multiplied by the factors  indicated. 
0, residues of the p chain. The sequence 
is  listed at  the bottom of the figure.  CAM, 
carboxyamidomethyl. 
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Early Embryonic p-like Globin 5527 

hydrolyzed (Chapman et al., 1980). Quantitative analyses were done 
with a Durrum D-500 amino acid analyzer. 

RESULTS 

The complete  amino acid sequence of the p globin is  shown 
in Fig. 3. The  entire  sequence was established  with  three 

SEQUENlTOR CYCLE 
0 , 2, 

I \ ~ ~ . H I ~ . G L I - L ~ ~ - L ~ ~ - V ~ ~ - L ~ ~ - S ~ ~ - ~ ~ - ~ ~ ~ ~ - ~ ~ ~ - ~ - V ~ ~ - L ~ ~ - ~ ~ - L ~ ~ ~ L ~ , - A ~ ~ - ~ ~ ~ - L ~ ~ - ~ ~ ~ - ~ " ~ - ~ ~ * - ~ ~ ~ -  

L*r-Lr"-Sr~-6r"-Lt"-H,r-C*~-h"-L*s-Lr"-H,I-VIL-L., 
I5 

FIG. 5. Yield of FTH-derivatives  from  sequenator  analysis 
of an  internal  arginine  fragment R4. Twenty nmol of the R4 
fragment shown in Fig. 2 were degraded and 40 cycles were analyzed 
by HPLC. The repetitive  yield averaged 92%. The yield  was probably 
low because the small size of the peptide allowed it  to wash out during 
the run. The sequence of the fragment is shown. 

sequenator runs: an NHZ-terminal analysis of residues 1-68 
(Fig. 4); a determination of all 38 residues of an  internal 
arginine  cleavage fragment  ending at  the mild acid  cleavage 
site  between  residues 99 and 100 (Fig. 5); and a run of the 
final 47 amino  acids beginning at residue 100 (Fig. 6). More 
than 85% of the  sequence was  confirmed  by amino acid 
compositions, and  charge  and  NH2-terminal  analyses of tryp- 
tic  and  chymotryptic  peptides  (Tables I and 11; Fig. 3). 

NHz-terminal  Sequence Analysis-The NH,  terminus of 
the p chain was  unblocked, allowing an  unambiguous  deter- 
mination of 68 residues. The valine  residue at cycle 60 was 
represented by a  clear  signal  over  background  (Fig. 4), al- 
though  it  does  not  appear  as a peak  on  the plot  shown. The 
recovery of all PTH-derivatives  from  this  sample was reduced 
(probably  an  artifact of HPLC  loading).  Residue 65 (Lys) was 
obscured by  developing  lag in  the  sequence, combined  with 
repetition of Lys at  position 66. Lag is a term used  when 
referring  to  the  appearance of PTH-derivatives from  a pre- 
vious cycle in  a subsequent cycle, and is the  result of incom- 
plete coupling or cleavage of a residue, so that  some  is cleaved 
or coupled  in the  steps following. At position 65, Lys was 
identified  in an overlapping sequence  and by the composition 
of tryptic  peptide  T-7  (Table 11). Neither  the  tryptic  nor 
chymotryptic  peptides  for  the region between residues 32-42 
were  isolated from  contaminating  peptides,  and were therefore 
not useful  in  confirming the sequence.  However,  reliable data 
were obtained from both  sequenator  and  HPLC for these 
residues. 

Sequence of Residues 62-99-Arginine fragments were pre- 
pared  from  the  large  aspartic  acid-proline cleavage fragment 
of the p globin and  separated by gel fitration (Fig. 2). The 
largest  fragment  contained residues 62-99, giving a  7-residue 

4 ALA 
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'1 2 
x10 

~~ 1 10 20 30 40 50 

SEQUENATOR CYCLE 
FIG. 6. Yield of PTH-derivatives  from sequenator  analysis of the COOH-terminal fragment of H b P  cleaved  by mild acid 

treatment. A mixture of p chains and n' chains was analyzed. Only 25 pmol of the COOH-terminal histidine was recovered, but the 
identification of this residue was confirmed by peptide composition. 0, indicates a residue of p chain; A, indicates a residue of n' chain. The 
sequences of the n' and p fragments are shown in Fig. 7. CAM, carboxyamidomethyl. 

 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 D

ecem
ber 24, 2006 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


5528 Early  Embryonic  P-like  Globin 

overlap  to the NH,-terminal sequence and  ending  with the c o n f i i e d  by  tryptic  and  chymotryptic peptide compositions 
Asp  residue  at position 99 (Fig. 5). Absence of background  and (Tables I and 11), which  also  linked this sequence to the 
lag  in the sequenator analysis of this fragment  allowed  un- COOH-terminal sequence (peptide C-19; Fig. 3). 
ambiguous  determination of every residue. This analysis was Analysis of the COOH-terminal 47 Residues-Since the 

TABLE I 
Chymotryptic peptides 

Peptides were separated by thin layer electrophoresis on polyamide mined. Values shown are molar ratios  (greater than 0.2) of amino acid 
sheets at pH 6.4 followed  by chromatography (Brown and Ingram, residues in each peptide. Identified peptides are numbered from the 
1974). Approximately 10 nmol of enzymatically hydrolyzed globin NH, terminus; partial cleavage products are indicated with a slash. 
were loaded per sheet.  Peptides were identified by ninhydrin staining Numbers in parentheses  are the expected integer values based  on 
and were hydrolyzed in 6 N HC1, and  their compositions were deter- sequenator analysis. 

c-4   c -10  C-11  C-12" C-13/14 C-17 C-18 C-19 C-27/28"  C-29" 
20-31 43-45 46-48 49-61 69-78 89-91 92-96 97-103  131-141  142-143 

Aspartic acid or asparagine 
Threonine 
Serine 
Glutamic acid or glutamine 
Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
Tryptophan 

Residues 
Yield (nmol) 
NH, terminus 
Net charge 

0.4 1.7 (2) 

2.9 (3) 

1.0  (1) 
2.5 (3) 
0.9 (1) 
0.8 (1) 

1.6 (2) 

1.2 (1) 

0.9 (1) 

12 3 
0.3 0.3 

Val ASP 
-2 -1 

1.2 (1) 

0.9 ( I )  

0.9 (1) 

3 
0.2 
G ~ Y  
0 

1.3 (1) 1.0 (1) 
0.5  (1) 
1.2  (2)  1.5  (2)  0.6 (1) 0.4  0.9 (1) 

1.3 (1) 0.7 (I)  1.4 (1) 0.7  (1)  1.4 (1) 
1.6  (2)  0.8 (1) 
1.2 (1) 1.0 (1) 
1.1 (1) 1.1 (1) 0.3 2.4 (2) 1.0 (1) 

0.8 (1) 
1.2 (1) 1.1 (1) 0.7  (1) 2.7 ( 3 )  

~~ 

0.4 1.6 (2) 
~~ 

1.6 (2) 
1.1 (1) 0.8 (1) 0.7 (1) 0.4  1.6 (2) 

0.9 (1) 0.9 (1) 
0.3 0.6 (1) 1.1 (1) 

1.2 (1) 0.7 (1) 0.6  (1)  1.6 (2) 
1.2 (1) 1.0 (1) 

13 IO 3 5 7 11 2 
0.2 0.4 0.7 0.5 0.3 0.4 0.3 

Ser Ser Ser His His Gln Ala 
0 0 -1 +1 -1 -2 +1 

These peptides were obtained by chymotrypsin cleavage of arginine fragments. The lysines are succinylated. 

TABLE I1 
Tlyptic  peptide composition 

Peptides were separated by thin layer electrophoresis on polyamide mined. Values  shown are molar ratios (greater than 0.2) of amino acid 
sheets  at  pH 6.4 followed by chromatography (Brown and Ingram, residues in each peptide. Identified peptides are numbered from the 
1974). Approximately 10 nmol of enzymatically hydrolyzed globin NHz terminus; partial cleavage products are indicated with a slash. 
were loaded per sheet.  Peptides were identified by ninhydrin staining Numbers in pa 
and were hvdrolvzed in 6 N HC1, and  their compositions were deter- seauenator  anal 

- 1  

Aspartic acid or as- 
paragine 

Threonine 
Serine 
Glutamic acid or 

Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Histidine 
Lysine 
Arginine 
Tryptophan 
Residues 
Yield (nmol) 
NH2 terminus 
Charge 

glutamine 

T-1 
1-8 

0.9 (1) 
1.8 (2) 

0.3 
0.9 (1) 

0.5 (1) 

0.6  (1) 
0.5 (1) 

NDh (1) 
8 
0.2 
Val 
0 

T-2 
9- 17 

0.7 (1) 
1.1 (2) 
0.8 (1) 

1.2 ( I )  

0.8 (1) 
1.2 (1) 

0.8 (1) 

ND* (1) 
9 
0.2 
Gln 
+1 

7- 18-30 60-61 

0.3 
3.1 (3) 

1.0 (1) 
2.6 (3) 
1.0 (1) 
1.7 (2) 

0.9 (1) 

0.7 (1) 
1 

13 
0.4 

Val 
-2 

1.0 ( 1 )  

1.0 ( I )  

2 
0.3 
Val 
+1 

__ 

62-65 
T-7 

I__ 

1.3 (1) 
0.7 (1) 

0.9 (1) 
0.9  (1) 

4 
0.2 
Ala 
+2 

" 

T-9 
67-76 

0.4 

1.6 (2) 
1.1 (1) 

1.2 (1) 
1.1 (1) 

1.6 (2) 

1.1 (1) 

0.7 ( I )  

0.6  (1) 

10 
0.6 

Val 
0 

rentheses are  the expected integer values based on 

I_ 

T-10 
77-82 __ 

2.8 ( 3 )  

0.8 (1) 
1.0 (1) 

0.5 (1) 

6 
0.4 
Asn 
0 __ 

ysis. 
c_ 

T-1 1 
83-87 

0.9 (1) 

0.7 (1) 

0.3 

0.4 
0.9 (1) 

0.7 (1) 

0.7 (1) 

5 
0.4 
Asn 
+I 

_c 

88-95 
T-12 

0.5 

0.9 (1) 
2.4 (2) 

0.4 
0.8 (1) 

1.4 (2) 

0.8 (1) 
0.7 ( I )  

8 
0.1 
Leu 
0 

__ 
T-13" 
96-99 ___ 

1.1 (1) 

0.4 

0.7 (1) 

0.7 (1) 

0.7 (1) 

4 
0.5 

0 
Leu 
__ 

T-14 
105-120 __~ 
1.1 (1)  

0.8 (1) 

1.3  (1) 
2.3 (2) 

1.2 (1) 

2.2 (3) 
3.1 (4) 
0.3 
1.0 (1) 
0.8 (1) 
0.8 (1) 

16 
0.2 

Leu 
+2 

133-139 
T-16 

0.8 (1) 

1.0 (1) 

2.5 (3) 

1.1 (1) 

0.9 (1) 

7 
0.1 
leu 
+1 

145-146 
T-19 

0.9 (1) 

1.1 (1) 

2 
0.2 
T Y ~  
+1 

(' This peptide was obtained by trypsin digestion of the large aspartic acid-proline cleavage fragment. 
ND, not determined. 
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FIG. 7 .  Repetitive yield of p and T' globin residues. Yelds of 
principal PTH-derivatives of p and ?r' are plotted for each  cycle of the 
sequenator analysis  shown  in Fig. 6. Residues of the T' globin repre- 
sent about 25% of the PTH-derivative yield at  each  cycle. Repetitive 
yield, calculated by linear regression analysis, was 94%  for each globin. 

complete  sequence of the n' globin was known (Chapman et 
al., 1980), the COOH-terminal sequences of the p and n' 
globins were analyzed simultaneously. For this determination, 
HbP' was separated from the  other hemoglobins (Cirotto and 
Geraci, 1975), converted to globin, and cleaved at  the Asp-Pro 
bonds of the a- and P-like chains. The large (NH2-terminal) 
and small (COOH-terminal)  fragments were separated,  and 
the mixture of small  fragments was analyzed. Fig. 6 shows 
both the n' and p chain sequences. Residue  assignments were 
confirmed by peptide compositions except for residues 121- 
130. Sequenator  data for positions 121-130 appear  to be reli- 
able, and Fig. 7 shows that  PTH recoveries and repetitive 
yields are consistent with the assignments made. 

DISCUSSION 

Comparison of the p Chain with Adult Chicken P Chain- 
The early  embryonic p globin differs from adult /3 globin at  19 
of  146 positions. Eleven of these changes are conservative with 
respect to polarity and charge. There  are no substitutions  in 
positions identified as heme  contacts, in residues implicated 
in the Bohr effect, or in amino acids forming the organophos- 
phate-binding site  (Ladner  et al., 1977). Table 111 shows the 
four differences in  functional residues between the p and /? 
chains. Two  changes in a lpI  contact positions interact with 
residues  in the n and n' globins that  are altered with respect 
to  the a* chain of adult chicken HbA (Matsuda  et al., 1971; 
Ladner  et al., 1977; Chapman et al., 1980). The substitution of 
Asp in p for Ala  in P at a& contact position 43 is probably 
not significant, since many  mammals and marsupials  have 
Asp at  this position in their P globins (Dayhoff, 1976). 

Implications of the  Structural  Similarity between Major 
Adult  and Embryo /3 Chains-Comparison of the p globin 
sequence with the  adult /3 globin shows that residues expected 
to form the organophosphate-binding  site (positions 1, 2, 82, 
and 143) are identical (Matsuda et al., 1973; Ladner et al., 
1977). The  same is true of the predicted principal alkaline 
Bohr effect residue  (position 146) and all 13 predicted heme 
contact residues. Hemoglobins containing the p globin and 

those containing the  adult P globin should respond similarly 
to organophosphates and  pH changes. Indeed, HbP  and  HbP' 
demonstrate reduced oxygen affinity in the presence of inositol 
hexaphosphate, as do late embryonic and  adult hemoglobins 
(Cirotto  and Geraci, 1975; Isaacks et al., 1976). Because there 
are functionally significant hemoglobin residues yet  to be 
identified, functional  properties of a globin chain cannot be 
established with certainty from an analysis of structure  (Ea- 
ton, 1980). Nevertheless, in the chick embryo, as in the rabbit 
embryo, the unusually small  Bohr effect and high oxygen 
affinity of isolated early embryonic hemoglobins must be 
properties of the a-like rather  than  the /?-like globin chains 
(Jelkmann  and  Bauer,  1978 Chapman  et al., 1980). 

If the p chain is functionally equivalent  to the  adult /3 chain, 
why have  a p globin? One possibility is that  the p globin is a 
separate genetic entity, capable of being coordinately regu- 
lated with the genes -for the T and n' globins. Brown and 
Ingram (1974) have inferred from quantitative analyses of 
hemoglobins during development that  the p and ,B chains are 
coordinately expressed with embryonic a-like and  adult a-like 
chains, respectively. A common evolutionary solution to  the 
problem of differential temporal, tissue-specific, and  quanti- 
tative gene regulation is through gene duplication (Ohno, 
1970; Zuckerkandl, 1978). 

A second rationale for the existence of the p globin is that 
it  has a specific function  in forming stable hemoglobins with 
the unusual n and n' globins. These a-like  chains differ by 
nearly 45% from the  adult a globins of the chicken, and 
probably play a specialized role in the early embryo (Chapman 
et al., 1980). The p globin chain has been found only in 
association with the n and n' globins. Perhaps  the four substi- 
tutions in aP contact positions (Table 111) permit p chains to 
form stable hemoglobins with the divergent n and n' chain 
structure. 

Evolution-There are  at least four P-like globin chains 
produced in  the chicken during ontogeny (Brown and Ingram, 
1974; Moss and Hamilton, 1974). These  are p and E (early 
embryonic), PH (late embryonic),  and P (adult).  The genes 

TABLE 111 
Comparison of chicken p ,  p, and E globin amino acid sequences ut 

variant  positions 
Those positions where amino acid differences occur are shown. At 

positions where p and P globins are both different from E globin, the 
residues are in italics. 
Residue No. P P f Function 

4 Thr Ser Ser 
13 Gly Ser 
14 

Ser 
Leu  Val  Val 

16 GlY Ser  Ser 
21  Ala  Glu  Glu 
43 Ala ASP Ala 
44 
55 

Ser Asn Ser 
Leu Zle Met 

59 Met LY s 
69 

LY s 
T hr Ser 

73 
Ser 

ASP Glu 
85 

Glu 
Phe 

86 
TYr  TYr 

Ser 
81 

Ala Ala 
Gln 

94 
LYS  LY $3 

ASP Glu ASP 

108 
116 Ala 

ASP Asn 
Ala 

ASP 
Ser 

.IPI 

119 
alPl 

Ser Thr Ala alPl 
120 LYS Lys 
125 Glu G h  Ala 

Arg 

128 Ala  Ala Phe 
135 Arg 
139 

Ser Asn 
His LYS His 

alPl 
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encoding these globins are  arranged  in a cluster  as  are  the p- 
like globin genes of man,  rabbit,  and mouse (Dodgson et al., 
1979; Fritsch et al., 1980; Lacy et al., 1979; Jahn et al., 1980). 
The amino acid sequence of the p chain differs from the p 
chain at  19 positions,  suggesting that  its  gene diverged follow- 
ing  a  relatively recent  duplication in the P-like globin multi- 
gene  family (Hood et al., 1975).  Assuming  a constant  rate of 
evolution,  the divergence time for the chick p and ,8 genes is 
comparable  to  that of the  human /3 and 6 globin genes (10 
differences) or  the bovine ,& and y globin genes (23 differences). 

The early  embryonic /?-like globins of the chicken appear 
to  have been derived  from  more  recent gene duplication  than 
the  early P-like globins of man.  The 2-fold lower number of 
amino acid  differences accumulated  between  the  most  diver- 
gent  pair of the chicken P-like globins compared to the differ- 
ences  between  the  human P and y globins (40 differences) is 
evidence that  the  human ,i? globin gene  cluster  may  be twice 
as old as  that of the chicken. If fixation of gene  duplication 
occurs a t   an approximately  constant  rate,  one  might expect 
roughly  twice as  many  human  as chicken  P-like  genes.  Dodg- 
son et al. (1979) have evidence  for four chicken  P-like globin 
genes, whereas  Fritch et al. (1980) find 7 human genes. Further 
tests of this  hypothesis will be possible when  the  cluster sizes 
and  sequences  have been established  for P-like globin genes 
in other species. Cursory  examination of partial nucleotide 
sequences of mouse P-like globin genes  suggests that the seven 
genes of the mouse cluster differ by at least as many  amino 
acid replacement  changes as the  human globin genes (Jahn et 
al., 1980). 

While the  chicken  a-like globins specific to  the  early  embryo 
are highly  diverged from  the  adult a globins, the  early  embry- 
onic  P-like  globins maintain close homology  with the  adult /3 
globin. This  pattern of homologies  within the a- and P-like 
globin gene families has also  been  inferred for  the globins of 
mice and  rabbits  from  amino acid  compositions of early  em- 
bryonic and  adult globins (Melderis et al., 1974; Steinheider 
et al., 1975). Since  the  early  embryonic /3-like globins in  each 
species are  most similar to  the  adult /3-globin in  that species, 
then  the  embryonic  P-like genes must  have been  derived from 
the  adult gene after divergence of the species. Sequence 
homology is presumably  maintained by contraction  and ex- 
pansion  cycles  in the ,&globin multigene family and  perhaps 
by a  gene correction  mechanism  (Hood et al., 1975; Slightom 
et al., 1980). 

Comparison of the  amino acid sequences of the chicken p 
and /3 globins with  the  chicken E globin2  reveals  a pattern of 
amino acid substitutions suggesting correction of the p globin 
gene against  an  adult p gene, either /3 or pH (Table 111). 
Through  the  first 108 residues, p chains differ from /3 chains 
at  16 positions,  while E chains differ from  chains at  12 
positions.  However,  in the  last 38 residues,  only three  changes 
relative  to /3 occur in p ,  while six are  found  in E. If strong 
selection accounted for the  conservation of the p and p COOH- 
terminal sequences, then  the E globin should  be likewise 
conserved, since E combines  with  adult-type a globins as does 
,B. A gene  correction  mechanism  seems a more likely expla- 
nation for the similarity of p and p COOH-terminal sequences. 

It is difficult to  determine from amino acid sequence  data 
the  endpoints of a  genetic event. Assuming that  the recombi- 
nation  event  extended from the coding sequence  for  residue 
105 (at the  junction  between  the large intervening  sequence 
and  the P-globin coding sequence)  to  beyond  the COOH- 
terminal coding sequence,  it  is  necessary  to explain amino 
acid substitutions  in p globin for /3 globin residues 108, 119, 

’ B. S. Chapman, L. E. Hood, and A. J. Tobin, manuscript in 
preparation. 

135, and 139. There  are two possibilities. Either  the p and p 
globin genes have diverged  since the  correction  event,  or  the 
p globin gene was  corrected  against  the PH gene, whose se- 
quence is unknown. A nucleotide or  peptide  sequence for pH 
would be useful  in  distinguishing between  these  alternatives. 

Recently,  Eaton (1980) has suggested that globins may 
evolve new or  better  functions  through  replacement of whole 
sequences in single steps.  Perhaps  the family of chicken  P-like 
globin genes is a testing  ground for his hypothesis. 

Acknowledgments-We owe sincere thanks to Dr. James Schilling 
for teaching BSC amino acid sequencing techniques. Thanks also to 
Margaret Kowalczyk for precision illustrations and to Lori Erdley for 
patient assistance in the preparation of the manuscript. 

Note  Added in Proof-The complete sequence of a p globin  cDNA 
clone obtained by I. Roninson and V. M. Ingram (manuscript in 
preparation) suggests that another p globin (p’) is found in domestic 
chickens. Careful review of our amino acid sequence data (Fig. 6) 
reveals small amounts of the p’ globin product encoded by their 
nucleotide sequence. The p’ globin differs from the sequence shown 
in Fig. 3 at residues 125, 129, 139, and 143, and represents approxi- 
mately 15% of the total globin sequenced (Fig. 6). 
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