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Abstract

The amino acid sequence of the a-chain of the major haemoglobin of a newt, T. granulosa, has been
determined. The chain is 142 residues long and has an extra methionine at its N-terminus when
compared with human a-chain. Most of the tryptic peptides were sequenced by a combination of the
subtractive Edman method and by deduction from the compositions of overlapping fragments
produced by various enzymic treatments. The sequence of two ‘core’ regions was obtained by
automatic sequencing of large peptides produced by trypsin cleavage at arginine residues only after
blockage of lysine residues by citraconylation; by cleavage between aspartic acid and proline residues
with 709 formic acid, and by cyanogen bromide cleavage at methionine residues.

The sequence of T. granulosa a-chain is compared with those of representative species from the
other classes of vertebrates. The differences in a-chain between the classes of vertebrates are compared
with the differences in this protein between an equal number of orders of mammals. This comparison
allows us to conclude that the major functional and conformational features of a-chain have been
conserved since the divergence of the classes of jawed vertebrates.

Introduction

This paper gives the complete amino acid sequence of the a-chain of the major
haemoglobin component from a newt, Taricha granulosa. With the completion of
this sequence it is now possible to compare a-chain from all but one of the extant
classes of vertebrates. Complete a-chain amino acid sequences have been determined
for a number of eutherian mammals (Dayhoff 1972), as well as for two marsupials
(Mammalia) (Beard and Thompson 1971; Stenzel 1974), two monotremes (Mammalia)
(Whittaker er al. 1973; Whittaker and Thompson 1974), a bird (Aves) (Matsuda
et al. 1972), a viper (Reptilia) (Duguet et al. 1974), a newt (Amphibia) (this publica-
tion), two bony fishes (Actinopterygii) (Hilse and Braunitzer 1968; Powers and
Edmundson 1972), and a shark (Elasmobranchi) (Nash et al. 1976). Amino acid
sequences have not been determined for the haemoglobins of any of the lungfishes or
the Coelacanth (Crossopterygii) and the haemoglobins of lampreys (Agnatha) can not
be identified as either a- or f-chains (Braunitzer and Fujuki 1969; Li and Riggs
1970). Comparisons among the classes of vertebrates should give additional informa-
tion about the evolution of haemoglobin, or at least serve as a check on the generality
of conclusions about the evolution of a-chain in particular, which at present are
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based for the most part on comparisons of mammalian haemoglobins (Dayhoff 1972;
Goodman et al. 1975).

Furthermore, inspection of the sequence of a-chain of newt may permlt a partlal
explanation, at the structural level, of the low Bohr effect observed in this animal
(Coates and Metcalfe 1971) and in other newts and salamanders (Sullivan 1974).

Methods

Preparation of Haemolysate

In April or May of four consecutive years, newts (7. granulosa) were collected in the Nehalem
River area of the Oregon coast, U.S.A. '

Sodium heparin (025 ml, 1000 i.u./ml) was injected into the body cavity of each newt. After
30 min the heads were cut off and the blood drained into small beakers containing buffered
physiological saline to which EDTA and heparin had been added. The red cells were centrifuged
down and washed twice with physiological saline.

Physiological saline containing 1% saponin was added to the washed red cells. After 15 min the
mixture was centrifuged at 8000 rev/min. The clear haemolysate was dialysed against a buffer
appropriate for the ensuing chromatography. [If water alone is used for haemolysis, the nuclei are
lysed and a thick gel (probably a nucleic acid-haemoglobin complex) is formed from which it is
difficult to separate the haemoglobin.] A haemoglobin yield of approximately 20 mg per newt was
obtained. Friedman (1974) has found the haemoglobin concentration in the blood of 7. granulosa
from southern Vancouver Island to be approximately 8-5 g/100 ml.

Electrophoresis of the haemolysate, and of the various chromatographic zones of haemoglobin,
was carried out by the starch gel method of Huisman (1963) using a trissEDTA-borate buffer at
pH 8-3..

Globin Preparation and Chain Separation

Globin was prepared by precipitation with cold acid-acetone (Anson and Mirsky 1930). The
a-chain could be separated from the f-chains by chromatography on carboxymethyl (CM)-cellulose
using a linear gradient of two pyridine—formate buffers (Dintzis 1961).

Electrophoresis of the globin chains, before and after chromatography, was carried out in urea
and mercaptoethanol by the method of Schneider (1974). After chromatography the chains were
aminoethylated with ethylene imine in 8 M urea (Jones 1964). Determination of the N-terminal
residue of the a-chain was made by the Stark cyanate method (Stark 1972).

Formation and Purzﬁcatzon of Tryptic Peptides

In order to obtam the tryptlc peptldes, the entire amlnoethylated (AE) a-chain, or fragments of
the AE a-chain, were hydrolysed with trypsin (Worthmgton, TPCK) in a tetramethyl ammonium
hydroxide-buffered solution at pH 8-9 at room temperature using 1 part by weight of trypsin to 100
parts protein. for 3-h (Baglioni 1965).

Final purification of the tryptic peptides and of smaller peptxdes derived from them was carried
out as described by Jones (1970), using either a 0-9 by 15 cm or a 0-9 by 35 cm column of Aminex
A5 resin for the initial separation, followed by a 0-9 by 60 cm column of Aminex AG50W-X2
(200-400 mesh, Bio-Rad Laboratories) or a 0-9 by 16 cm column of Aminex AG50W-X4 for
rechromatography of each zone. A linear gradient of two pyridine-acetate buffers (0-2'm, pH 31,
and 2:0 M, pH 5-0) at a flow rate of 30 ml/h was used for these columns. - In some cases a 0-6 by
60 cm column of anion-exchange resin, Aminex AG1-X2, was used with the same apparatus except
that the elutmg buffers were 1% collidine-acetate and 0-1-0- 5 M acetic acid as described by Guest
et al. (1967)

Amino Acid’Analystl; ‘

For amino acid analysis, each peptide, or whole a-chain, was hydrolysed in an evacuated ampoule
in 6 M HCI containing 9 mg phenol/100 ml for 22-72 h at 110°C and run on a Beckman~Smeo
Model 120A analyser.
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Sequence Determination of Peptides

The substractive Edman method (Konigsberg 1972) was used in the manual determination of the
amino acid sequences of the tryptic peptides. For automatic Edman degradation in the region from
residues 42 to 90, the Beckman Sequencer Model 890 C was employed according to the method of
Hermodson et al. (1972). For the small peptide (residues 65-93, CB-2) a peptide program was
employed. This program is identical to the usual program except for two additional procedures.
First, after coupling and vacuum drying of the buffer solution, enough benzene was introduced into
the sequenator cup to just cover the peptide film. A delay of 60 s was programmed at this stage to
allow time for the benzene to precipitate the peptide after which the usual extraction with benzene
proceeded. Seconds after cleavage and vacuum drying of the acid, enough chlorobutane to just
cover the peptide film was introduced and was completely evaporated under vacuum to leave a dried
film on the wall of the cup. The usual extraction of the product with chlorobutane then followed.
These modifications in the program greatly reduce extractive losses of small peptides, allowing
degradation to within 3-5 residues of the carboxyl terminus of most peptides. For automatic Edman
degradation in the T-14 region, the Illitron Model 9001 Sequencer was used as described by Gibson
(1974).

Enzymic digestions of the tryptic peptides were carried out by several conventional methods
using thermolysin (Matsubara et al. 1965), carboxypeptidases A and B (Ambler 1972), and chymo-
trypsin and papain (Smyth 1967). Subtilisin BPN’ was used at pH 8-2 and 37°C for 2h. To
distinguish between aspartic acid and asparagine and glutamic acid and glutamine, aminopeptidase
(microsomal) was used by the method of Light (1972). For cleavage at aspartic acid residues, a
solution of the tryptlc peptlde in0-5M acetlc acid was hydrolysed overnight in an evacuated ampoule
at 110°C ‘

Formation and Purification of Chymotryptic Peptides )

The AE a-chain was digested with chymotrypsin overnight at room temperature (1 part enzyme
to 100 parts protein) at pH 8-5. The insoluble portion was removed by centrifigation and the
supernatant adjusted to pH 3 and rotary evaporated to about 2 ml. The peptides were separated by
chromatography on Aminex 50W-X2 and purified, in most cases, by rechromatography on the
anion-exchange resin Aminex 1-X2 as described above.

Formation and Purification of Large Peptides

In order to cleave the a-chain at the arginine residues only, the lysines were blocked by citra-
conylation, the a-chain digested with trypsin and the lysines then deblocked by the method of Singhai
and Atassi (1971).

For cleavage at methlonyl residues, the large arginyl peptide (residues 42-142) or the entire
AE oa-chain, was first reduced by treatment for 2 days at 37°C in a solution of 309, 2-mercapto-
ethanol-5 M guanidine hydrochloride-0-1 M NH,HCO; (Weihung and Korn 1972). The reduced
peptide was desalted by passage through Sephadex G25 in 0-2 M acetic acid. Then to each 100 mg of
lyophilized peptide was added 1 ml of 70 % formic acid and 100 mg of solid cyanogen bromide. After
24 h at room temperature the solution was diluted 10-fold with water and applied to a column of
Sephadex G50 for fractionation.

The method of Aksoy et al. (1972) was used to split the cx—cham between aspartic acid and proline
residues. 100 mg of lyophilized a«-chain was dissolved in 1 ml of 70%, formic acid containing 40 mg
of 2-mercaptoethanol. This solution was incubated at 50°C for 24 h. It was then diluted 10-fold
with water and applied to a Sephadex G50 column for fractionation.

The large peptides produced by the above methods were fractionated by passage through a
5 by 200 cm column of Sephadex G50 Fine in 7% formic acid (Gross 1967). The effluent from this
column was monitored continuously at 280 nm.

Results
Purification of a-Chain

Starch gel electrophoresis of the haemolysate at pH 8-6 showed three bands a
small band in the position of human Hb F, a small band in the position of human
Hb A, and'a large band somewhat faster than Hb A (Fig. 1). We could achieve no
clear-cut separation of these haemoglobins on chromatography with the usual resins
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and buffers. On DEAE-Sephadex with tris—HCI buffers (Huisman and Dozy 1965)
the haemoglobin was completely retarded. On Amberlite IRC-50 (Jones and Schroeder
1963) it was all eluted at the front except when Developer No. 3 was used starting at
5°C with stepwise increase in temperature. Two zones were obtained by this procedure
but they showed little difference by gel electrophoresis. CM-Sephadex and CM-
cellulose with varying gradients of phosphate buffers gave only slight separation.

1l

F A Fig. 1. Diagram of starch gel electro-

l l Human phoresis at pH 8- 6 of newt haemolysate
compared with human haemoglobins

l I B Newt A and F.

Dintzis’ (1961) method of chain separation of the globin gave three zones (Fig. 2).
Zone 1 contained relatively pure a-chain. Electrophoresis in urea-mercaptoethanol
showed a single band for this zone. It was concluded that all of the haemoglobins had
the same a-chain. Both zones II and III contained mixtures of f-chains. The amino
acid composition of the a-chain as indicated by analysis of the whole chain and by
adding the residues of the tryptic peptides is given in Table 1.

10
g 05
=
(=3
0
N
‘f 03 Fig. 2. Chain separation of
2 02 newt globin on CM-cellulose
E with pyridine-formate
buffers.
< 01
0 500 1000 1500

Volume of effluent (ml)

The N-terminal amino acid residue of the a-chain was shown by the Stark procedure
to be methionine. No amino acid residue could be recovered when the same procedure
was applied to the p-chain components, indicating that the f-chains have blocked
N-termini.

Composition of Tryptic Peptides

Tryptic hydrolysis of the AE a-chain and fractionation of the resulting peptides
produced 18 different tryptic peptides. Rechromatography resulted in purification of
all but one of the tryptic peptides (T-14). The amino acid compositions of the AE
a-chain tryptic peptides are given in Table 2. The composition of T-14 was obtained
during sequencing.
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Sequencing of Tryptic Peptides -

The sequencing of the tryptic peptides is detailed in Table 3. Most of the tryptic
peptides were sequenced manually by stepwise removal of amino acid residues from
the N-terminus by the Edman method or from the C-terminus by carboxypeptidase,
and by cleaving the peptides by enzymic or chemical methods, and deducing the
sequence from the amino acid compositions of overlapping peptides.

However, two of the tryptic peptides, T-10 and T-14, could not be obtained in
amounts sufficient for manual sequencing due to their insolubility in the various
aqueous chromatography buffers used. The sequences of these peptides were
determined through partial sequencing, by the automatic sequenator, of larger
fragments of the a-chain.

Formation and Purification of Large Peptides

In order to facilitate the sequencing of the residues contained within T-10 and
T-14, and to help in the ordering of the tryptic peptides, the AE a-chain was frag-
mented into large peptides by several chemical methods.

Fig. 3 shows the separation on Sephadex G50 of the three arginyl peptides resulting
from citraconylation and tryptic hydrolysis before deblocking of the lysine and AE
cysteine residues. Peak III corresponded to the T-6 tryptic peptide and this peptide was
subsequently named A-2. Peak II, peptide A-1, when further digested with trypsin
yielded the tryptic peptides T-1, T-2, T-3, T-4, and T-5. A third peptide, A-3, was in
peak 1. Tryptic peptides T-7 to T-18 were isolated from this fragment, with the
exception of T-14 which was again lost due to insolubility. The separation by column
chromatography of the tryptic peptides from A-1 and A-3 are shown in Figs 4 and 5
respectively. The amino acid compositions of A-1 and A-3 are given in Table 1.

The arginyl peptide A-3 was further broken down by cleavage at its three methionyl
residues with cyanogen bromide, giving peptides CB-1 to CB-4. Passage through the
Sephadex G50 column gave five zones, three of which contained mixtures of
incompletely cleaved peptides. A fourth zone contained peptides CB-2 and CB-4.
These were separated by recycling five times through the Sephadex column. Likewise,
a fifth zone contained CB-1 and CB-3. After recycling five times, CB-1 was recovered
but CB-3 had disappeared. Its composition was deduced by subtracting the tryptic
peptides of CB-1 from those of the zone containing both CB-1 and CB-3 before
recycling.

Treatment of the AE a-chain with 70 %, formic acid, which cleaves proteins between
aspartic acid and proline, resulted in two peptides, Asp-Pro-1 and Asp-Pro-2, which
were separated on Sephadex G50 (Fig. 6). Tryptic hydrolysis of the Asp-Pro-2 peptide
yielded tryptic peptides T-15, T-16, T-17, T-18, and part of T-13 (Pro, Ala, Asn,
Phe, Pro, Lys). T-14 was again lost due to insolubility.

Sequencing of T-10 and T-14

Automatic sequencing gave the first 26 residues of the arginyl peptide A-3. These
had the same sequence as T-7, followed by T-8, followed by Lys (which is the same
as T-9), followed by the sequence Val-Met-Gly-Ala-Leu. Automatic sequencing of
the cyanogen bromide peptide CB-2 gave the sequence Gly-Ala-Leu followed by the
rest of the T-10 sequence, followed by Lys (which is the same as T-11), followed by
T-12, followed by the first three residues of T-13. '
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Table 3. Sequence of tryptic peptides from 7. granulosa «-chain
Fragments of tryptic peptides pertinent to sequencing are indicated by lines under each tryptic
peptide. The lines are labelled with abbreviations of the method used in producing the fragment.
Ac, 0-5 M acetic acid; ApM, aminopeptidase (microsomal); CB, cyanogen bromide; Ch, chymo-
trypsin; Hse, homoserine; Pa, papain; S, subtilisin; T, tryptic peptide; Th, thermolysin; — residue
removed by carboxypeptidase; — residue removed by Edman degradation. The numbers of the
first and last resides in each peptide are shown

No. Sequence

1 2
T-1 Met-Lys

Met is N-terminus of z-chain.

3 8
T-2 Leu-Ser-Ala-Glu-Asp-Lys
—_— 7 —

Ac

ApM shows Glu and Asp.
9 12
T-3 His—Asn—-Val-Lys

—_— —

ApM shows Asn.

13 19
T-4 Thr=Thr=Trp—Asp—His~lle~Lys

Th-1 Th-2

Ac-1 Ac-2 Ac-3

Ch-1 Ch-2

ApM shows Asp and Trp.

20 32
T-5 Gly-His-Glu-Glu-Ala-Lcu-Gly -Ala=Glu-Ala-Leu-Phe-Arg
Th-1 Th-2 Th-4
—_— T 7 _— 7 T
S Ch
=
Pa

ApM shows 3 Glu.

33 41
T-6 Met=Phe=Thr-Ser-Leu-Pro-Ala~Thr-Arg

Ch-1 Ch-2

- —7 T 7 — 7
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Table 3 (continued)

No. Sequence
42 47
T-7 Thr=Tyr-Phe-Pro-Ala-Lys
Th-1 Th-2 Automatic sequenator on A-3
confirms T-7, T-8 and T-9 as
Ch-1 Ch-2 written.
_— _—
48 ol
T-8 Asp-Leu-Ser-Glu-Gly-Ser-Ser-Phe-Leu-His-Ser-His- Gly-Lys
—
Ch-1 Ch-2 Ch-4
Pa-1 Pa-2 Pa-3 Ch-3
_—z —7 h— -

ApM shows Glu and Asp.
62
T-9 Lys

63 82
T-10  Val-Met-Gly-Ala-Leu-Ser-Asn-Ala—Ala-Val-Ala-His-lle-Asp-Asp-lle-Asp-Ala-Leu-Cys

The automatic sequenator on A-3 and CB-2 shows sequence as written.

83
T-11 Lys
84 87
T-12  Leu-Ser-Asp-Lys
—

Ac-1 "Ac-2 Ac-3

ApM shows Asp.

88 101
T-13  His-Ala-GIn-Asp - Leu-Mect-Val-Asp —Pro-Ala-Asn-Phe-Pro-Lys
Th-1 Th-2
—_— _— T >
CB-24-trypsin Hse Ac-1 Ac-2
CB-2+ —_— — —

CB-2+Ac-1 Ac-2

ApM on Th-1 shows Gln and Asp; ApM on Ac-2 shows Asn (rcs. 98).
Automatic sequenator on Asp-Pro-2 (see Table 4):

—_— T T T T —>
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Table 3 (continued)

No. Sequence

102 115
T-14  Leu-Ala-His-Asn-lIle-Leu-Val-Val-Met-Gly-llc-His-Leu-Lys
. Ch-4+ trypsin

—_— = —>
Automatic sequenator on Asp-Pro-2:

—_— T T T —> T T T T T —7>

116 124
T-15  Ala-His-Leu-Thr-Tyr-Pro-Val-His-Cys

< <

Th-1 Th-2 Th-3
Ch-1 Ch-2
— — — —
125 128

T-16  Ser-Val-Asp-Lys

ApM shows Asp.

129 140
T-17  Phe-Leu-Asp —Val-Val-Gly-His-Val-Leu-Thr-Ser-Lys
Th-1 Th-2
Ac-1  Ac-2 Ac-3

Ch

ApM shows Asp.

141 142
T-18 Tyr-Arg

h—

Automatic sequencing of the peptide Asp-Pro-2 gave the sequence of the last six
residues of T-13, followed by the first 11 residues of T-14, which ended in the sequence
-Met-Gly-Ile. Tryptic hydrolysis of the cyanogen bromide peptide CB-4 yielded
tryptic peptides T-15, T-16, T-17, T-18 and a peptide which on manual sequencing
proved to have the sequence Gly-lle-His-Leu-Lys. These then are the last four
residues of T-14 (see Table 3).

Ordering of the Tryptic Peptides

The sequence of newt a-chain was then completed by ordering the sequenced
tryptic peptides. The proposed sequence is given in Table 4. The rationale behind the
ordering is as follows: the three large arginyl peptides, A-1, A-2 and A-3, are ordered
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first. A-1 contains the tryptic peptides T-1, T-2, T-3, T-4 and T-5; A-2is T-6; and
A-3 contains T-7 to T-18 (see Table 4). Cyanogen bromide cleavage of the whole
AE a-chain yielded the overlapping peptide between A-2 and A-3 labelled CB-5 in
Table 4. This peptide contained all but the N-terminal Met of T-6, T-7 to T-9 and
the first two residues of T-10. This showed that A-2 is joined to the N-terminus of
A-3. Both A-1 and A-2 have Met at the N-terminus, thus either could be the
N-terminal peptide of the chain. However, tryptic hydrolysis of the peptide Asp-
Pro-2 yielded tryptic peptides associated with A-3 only, thus A-1 can not be at the
C-terminus and must be at the N-terminus of the chain (see Table 4).

1 | I 1 I
0 1000 1500 2000 2500 3000 3500
Volume of effluent (ml)

Fig. 3. Separation on Sephadex G50 of fragments from cleavage of newt AE «-chain at
arginyl residues. Peak I = peptide A-3, peak II = peptide A-1, peak III = peptide A-2.

10— w

051~

0-3+

02—

1 B
0 100 200 300 400
Volume of effluent (ml)

Absorbance at 570 nm

Fig. 4. Separation of tryptic peptides from arginyl peptide A-1 (residues 1-32) on AS
resin using pyridine-acetate buffers, followed by ninhydrin reaction with peptides.
Numbers (1-5) refer to tryptic peptides (T1-T5) found in peaks.

Of the tryptic peptides within A-1, T-1 (Met-Lys) is the only one with methionine
and therefore is the N-terminal tryptic peptide of the newt a-chain. T-5 is the only
one with arginine and is therefore the C-terminal tryptic peptide of A-1. The over-
lapping chymotryptic peptides Ch-3,4 and Ch-4,5 order T-3 and T-4 (see Tables 1
and 4). Finally the discovery of a joined-together tryptic peptide T-2,3 completed the
ordering of the tryptic peptides in A-1 (Table 4).
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Tryptic peptide T-6, which is A-2, follows T-5. Two automatic sequenator
degradations of peptide A-3 showed the order of tryptic peptides between residues
42 and 80 to be T-7-T-8-T-9-T-10 (Tables 3 and 4). Tryptic digestion of the peptide
CB-2 yielded the tryptic peptides T-10 without Val-Met, the same peptide with Lys
attached to its C-terminus, T-12, and part of T-13 up to its Met residue, thus ordering

2:6
10

054

03
o2l 10,11 13

Absorbance at 570 nm

I I 1
0 100 200 300 400 500 600 700
Volume of effluent (ml)

Fig. 5. Separation of tryptic peptides from arginyl peptide A-3 (residues 42-142) as for Fig. 6.
Numbers (7-18) again refer to tryptic peptides (T7-T18) found in peaks.

05
g Fig. 6. Separation on
S Sephadex G50 of fragments
&%1 03~ from cleavage of newt AE
- a-chain by 709 formic acid
g 02 at Asp-Pro linkage.
_§ PI = uncleaved AE o-chain,
8 01l PII = peptide Asp-Pro-1,
= PIII = peptide Asp-Pro-2.

1 l-ﬂll Pll T 1 P"I 1 1 1 J

— /
0 900 1100 1300 1500 1700 1900 2100 2300 2500
Volume of effluent (ml)

the tryptic peptides up to T-13 (Table 4). Starting with the peptide Asp-Pro-2, the
automatic sequenator has also sequenced the residues contained in CB-3, showing it
to contain part of T-13 and part of T-14. CB-4 contained the rest of T-14 at its -
N-terminus. At its C-terminus is placed Tyr-Arg (T-18) since this is the only arginine
in A-3. Peptides T-16 and T-17 were placed by the overlapping chymotryptic peptides
Ch-16,17 and Ch-17,18 (Tables 1 and 4). This leaves T-15 which was placed between
T-14 and T-16.

Discussion

In Table 5 is an alignment of sequences of a-chain from representative species from
six classes of vertebrates. The length of the alignment is 150, rather than the 141
positions of human a-haemoglobin, because of the addition of seven N-terminal
amino acids in the shark and additions at positions 47 and 65 in the fish. Table 6 is
a matrix of amino acid differences between these sequences.

A notable feature of the matrix of differences is the relatively small number of
differences between the human sequence and the others. This is particularly striking
in the case of human v. chicken with only 35 differences, whilst viper v. chicken has
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Table 4. Proposed amino acid sequence of 7. granulosa a-chain with tryptic and overlapping peptides
indicated

T, tryptic peptide; Ch, chymotryptic peptide; Asp-Pro, peptide produced by splitting the chain

between aspartic acid and proline; A, arginyl peptide; CB, cyanogen bromide peptide. CB peptides

1-4 were produced by the splitting of A-3, and CB-5 was produced by the splitting of entire AE a-chain

1 10 20
Met-Lys-Leu-Ser-Ala-Glu-Asp-Lys-His-Asn-Val-Lys “Thr “Thr -Trp-Asp-His-Ile~ Lys GIy‘Hls—
—T-1-1L T-2 J 1 T-3 J 1 T-4

L Ch-3,4 1L Ch-4,5
1 A-1

30 40
Glu-Glu-Ala-Leu-Gly-Ala-Glu-Ala-Leu-Phe-Arg-Met-Phe-Thr-Ser-Leu- Plo—Ala-Thr—Arg—
T-5 11 T-6

-—Ch-4,5—1
A-1 I L A-2 _1
L CB-5

50 60
Thr-Tyr-Phe-Pro-Ala-Lys-Asp-Leu-Ser-Glu-Gly -Ser-Ser-Phe -Leu-His—Ser-His-Gly-Lys-Lys—
L T-7 ) 1 T-8 — T-9
L A-3
L CB-1

CB-5

70 80
Val ~-Met-Gly-Ala-Leu-Ser-Asn-Ala-Val-Ala-His-1le-Asp-Asp-Ile-Asp -Ala-Ala-Leu-Cys-Lys-
T-10 1 T-11
A-3——
—CB-1-1L CB-2
—-CB-5-

90 100
Leu-Ser-Asp-Lys-His-Ala-GIn-Asp-Leu-Met-Val-Asp-Pro-Ala-Asn-Phe-Pro-Lys-Leu-Ala—
L T-12 11 T-13 gy

A-3
CB-2 L CB-3
L Asp-Pro-2

110 . 120
His-Asn-lle-Leu-Val-Val-Met- Gly-lle-His-Leu-Lys-Ala-His-Leu-Thr -Tyr-Pro-Val-His- Cys-
T-14 1 T-15

A-3
CB-3 L CB-4
Asp-Pro-2

130 140
Ser -Val-Asp-Lys—Phe-Leu-Asp-Val-Val-Gly-His-Val-Leu=Thr-Ser-Lys—Tyr-Arg
L T-16 I L T-17 I LT-18-
A-3 1
CB-4 —
Asp-Pro-2 —
L Ch-16,17—1 L Ch-17,18 —!




2 2 2 2 2 2 2 2 2 2
— MAYSSTAHOANLTINATIVOHLIdSATL - THAVIVATIIOASTADANVIAANTLS yreys
S YAAOO TV IVINOAANAASVHATIdAADdTAAN IAALIONVTIMANSJIAAITAS UsyAuog
8 AN SLTAHOAAQTIANAASOHAJALTHVITH IDNAATINHVIIJdANVJdAAWTAD 1MON
2 MAXSTTATSAND TIAIAASVIAVAD AT INYHNVILSTIOOSTIMNANVIAAITIAD 1diA
3 MAAVITALDAVO TdAATSVHANIVIIVIdTHVATAATIOOD TIMNANAJAAYTIAH UMY
3 AXSLTIALSASYVTIdNATSVHAVALAdAYVJdTHYVVITILATTIOHSTINIINAJAALTIH uewng

£ omwhomvmmHomwhomvaﬁoaw;wmvmiﬁom 8L9SHETIO68LI9SVETTOG6S

= ST , 1 €1 . | @ I or
X194 H X194 D
2 2 2 2 2 2

OHALVIIHTHLY TAAQTHAOVIAVIVL - AAMNVOHVI ISdVVVLIAAXAAAAL yreys
VHTIESTSVIODTTIAAANLAVAD IVOWN IAMNIDH -IAdDSDIdSTAVMHY 4 sy Auog
VHIASTAODIVVA IAAd IHVAVN STVD -WAMXIDHSHTdSSDTSTA-AVdd 1MON
VHTASTIASTLYVAVAATIDTIAVNAIVA - IAMNIDOHVIINISD SST1A-dHJAI diA
VHIASTIISTIVO S IAAVHT IVNLIVITI-VANIDOHOM IOVSOHSTAd-dHdd WP
VHIAd STV STVNIJANAAAHVAVNLIVA-VAXIDHONADY SOHS 1A -dHdd uewngy

L9SPETTIO06/8L9SHecTI|068L9SPETTO68L9SYETTIO68LISYETTO

. 6 8 L 9 S

X1y g . X1
2 0 .

ASALVVAALANYVIVAVOAVIVNOVIANISTVVIIVIAVYY SAASLSLSL S« reys
ALNLOdAALTANYDIVAVD IHAVE IS IMVMY IXAAYVIAAAA ST Se— -~~~ — ~ ysy Auog
ALYLVAdTISLANYAIVEAVO IVITIHON IHAM LIXANHIAEAY STIW - -~ - - - moN
ALNLLAdHYVVAWNYLTLI SOAEGDdTIINIDASLIAINIAATSTA - -~~~ ~ SN
ALMNLLdIdD ITANYHTLAVOATIVHDV INLd IDIANNIAVYVNSTA -~ -~~~ - uoryD
ALNLLddSTANYITVAVOAIOVHVDANDMVYVIANLIAVISTA -~ -~~~ - uewny

68L9Sv€T|1068L9SPecT1068L|I9|SYeETTO68LOSYETTO68L9SPETI

v ¢ : z I
X194 O . X119y XY v

Qouanbog ureyn-»

[EUTULId)-A PIYOO[q © SAJedIpUl , “(woneuR[dxd I0J

1%9) oomv 90USSISAUOD UTRLISD, B SIROIPUI JUSWUSI[E S} JO WI0YI0q Y} J8 9 "POJEdIPUI Ik SUIeyd-o UBWINY Ul SUOISAI [edI[eY H pue O ‘4 ‘9 O ‘g “V Y} JO sanpisay

(tuosyovfsnyiod snjuoposajofy)

14

NABYS pue ‘(14vp> smuio3son))) Ysy Auoq (vsopmuvif vyoupL) MU ‘(sidsp paadiq) Jodia ‘UNPIP ‘uBw JO Sureyd-o Y} Jo s3ouNbos oy jo yuwudy S dqe,



«-Chain Sequence of Newt Haemoglobin 15

57 differences. Since the fossil record indicates that the common ancestor of birds
and reptiles is more recent than the common ancestor of the bird-reptile and
mammalian lines (Young 1962), we would expect fewer differences between chicken
and viper than between either of these species and man. The matrix suggests that the
a-chain sequence of man has converged towards the other sequences.

If we assume that all the sequences in Table 5 have a common ancestor, ‘certain’
convergences can be identified because the branching pattern of the phylogenetic tree
of the sequences is known from an independent source, the fossil record (Young
1962). Sites at which sequences have identical amino acids which could not have
occurred through inheritance from a common ancestor are labelled with a ¢ in
Table 5. This method underestimates the number of convergences because not all
convergences can be identified with certainty. Of the 18 such sites in Table 5 only
one does not involve the human sequence as identical with another species through a
possible convergence. This supports the suggestion that the human sequence is
convergent with the species from other classes.

It is pertinent to ask if the patterns of evolution of a-chain over the time span
represented by the sequences in Table 5 are similar to those in a-chain sequences from
an equal sized group of representative eutherian mammals where the time span of
evolution is much shorter. Accordingly, we have compared the number of sub-
stitutions at those sites identified with function in human haemoglobin with the number
of substitutions in the rest of the sequence for both groups. Further, we have
compared the number of sites at internal and external helical positions which are
occupied by hydrophobic residues only with the number of internal and external
helical sites which do not have hydrophobic residues in all representative species for
each group. The group of mammalian sequences used are man, dog, mouse, rabbit,
horse, and bovine a-chains (Dayhoff 1972), which represent six orders of eutherian
mammals.

Goodman et al. (1975) have listed the sites identified with function in both a- and
B-chains of human haemoglobin. There are 70 such sites in a-chain. Comparisons of
various (a) mammalian and (b) vertebrate a-chains are shown in the tabulation below.

Functional -Other PA
sites (70) sites (71)

(a) Man, dog, mouse, rabbit, horse and bovine a-chains
Sites occupied by:

a single amino acid  ° 54 40 <0-01
more than one amino acid 16 31
(b) Man, chicken, viper, newt,? bony fish® and shark® «-chains

Sites occupied by: .

a single amino acid 28 8

more than one amino acid 42 63 <0-001
Sites occupied by:

one or two amino acids 43 25

<0-01

more than two amino acids 27 46 -

A x? test with one degree of freedom.
B Additions can not be counted as either functional or ‘other’.

Fig. 1 in Perutz et al. (1965) indicates the orientation, with respect to the inside or
outside of the globin molecule, of residues in the helical regions of haemoglobin. Of
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the 108 helical sites in a-haemoglobin, 22 were disregarded because we could not be
certain from the figure whether they were internal or external. Of the remaining
86 helical sites, 45 were judged to be internal and 41 external. Perutz et al. (1965)

Table 6. Matrix of differences between haemoglobin x-chains

The animals are the same as those in Table 5. The additional seven N-terminal
residues in shark are counted as one amino acid difference

Man Chicken Viper Newt Shark
Man 0
Chicken 35 0
Viper 50 57 0
Newt 63 63 73 0
Shark 82 86 86 88 0
Bony fish* 68 70 75 79 90

A From Powers and Edmundsen (1972).

point out that the hydrophobic nature of many internal helical sites tends to be
conserved. Comparisons of various (a) mammalian and (b) vertebrate a-chains are
shown in the tabulation below.

Internal helical External helical P2
sites (45) sites (41)

(a) Man, dog, mouse, rabbit, horse and bovine a-chains
Sites occupied by:

hydrophobic residues only 22 9 <0-01
hydrophobic and hydrophilic residues 23 32
(b) Man, chicken, viper, newt, bony fish and shark a-chains
Sites occupied by:
hydrophobic residues only 19 3 <0-001
hydrophobic and hydrophilic residues 26 38

A x2 test with one degree of freedom.

These tests indicate that the characteristics of the sites identified as functional and
internal in human «-chain have been conserved to about the same extent over the
longer time span required for the divergence of the classes of jawed vertebrates as
they have for the shorter time span during which the orders of mammals diverged.
That the functional sites have been conserved to a relatively large extent during the
longer, as well as the shorter, time span supports the suggestion that most of the
major features of a-haemoglobin function originated near the origin of jawed
vertebrates (Coates 1975; Goodman et al. 1975). Twenty-nine residues of newt
a-chain are different from any of those found in analogous positions of other reported
animal «-chain sequences. They are: newt 2-Lys, 9-His, 17-His, 19-Lys, 25-Leu,
31-Phe, 37-Leu, 41-Arg, 46-Ala, 47-Lys, 51-Glu, 54-Ser, 55-Phe, 57-His, 58-Ser,
64-Met, 82-Cys, 91-Asp, 93-Met, 100-Pro, 101-Lys, 111-Gly, 112-1le, 115-Lys, 117-His,
120-Tyr, 121-Pro, 131-Asp, 132-Val. The cysteine residue occupies a different position
than has been reported previously for other animals. Newt 82-Cys is present in the
residues surrounding the haem group whereas human o-chain has serine (human
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F2-Ser). Of the residues listed above, only two correspond to human haem contacts:
newt 47-Lys (human CD4-Phe) and newt 87-Lys (human F7-Leu). Among the «f,
contacts, the only substitution not previously reported is newt 93-Met (human
FG4-Arg). The N-terminus of the newt a-chain (Met-Lys-Leu) is more analogous to
a B-chain with Val-His-Leu than it is to other a-chains.

As argued above the major conformational features of a-chain have been strongly
conserved since the divergence of the classes of vertebrates. It is thus surprising to
find a proline at G6a in newt (newt 100-Pro), where only lysine or glutamic acid are
found in other vertebrates. Its presence has been checked both by manual and
automatic sequencing. A proline at this site could be expected to cause a bend in the
G helix at this point. This may be reflected in the substitution of a hydrophilic lysine
at G7o (newt 101-Lys) where only hydrophobic residues have existed before.

With regard to the low Bohr effect in newt haemoglobin Perutz (personal com-
munication) states that: “‘the additional residue at the N-terminus would inhibit the
normal contribution of the a-NHj to the alkaline Bohr effect”. However, he further
points out that Lys 2« (newt) can form a salt bridge with Asp H13wa (newt 131-Asp)
which replaces Ala in human o-chain (human 130-Ala). The main source of the
alkaline Bohr effect is His 146 (Perutz and Ten Eyck 1972), but as we have not yet
completed the amino acid sequence of newt f-chain we are not able to say if this
residue and its interactions are present in newt haemoglobin.
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