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INTRODUCTION

I. Structure-Function Relationships in Hemoglobin

Studies of the amino acid sequence of hemoglobin and of its
thrée—dimensional structure have led to the proposal of detailed
theories of the mechanism of binding and release of oxygen (1-3) and
carbon dioxide (4) and of the modulation of oxygen binding by
hydrogen ion and organic phosphate compounds (2,5,6). A striking
feature of the proposed mechanisms is the assignment of individual
roles to particular amino acid side chains, especially as they
interact with the porphyrin ring} the heme iron, or amino acids on
the other polypeptide chains in the tetramer (the interchain contact
regions). The natures of certain amino acids are important in helix
formation, folding of the subunit into its tertiary structure, and
influence on solubility of the molecule. The requirement for
particular amino acids at certain positions in the molecule in order
for there to be structural stability and proper function is of
interest, and it is here that the study of amino acid sequences of
different hemoglobins is critical in the evaluation of the proposed
theories of hemoglobin function,.

The proposed relationships of the amino acid sequence of
hemoglobin to its tertiary structure and function is principally due
to the work of Perutz and his ceollaborators on crystals of human and

horse hemoglobin in both the liganded and unliganded states and the



molecular models constructed from the results of those studies
(1,2,7). Other amino acid sequences may be treated as perturbations

- of the human and horse hemoglobin structures. The differences in
three-dimensional structure and in the interactions listed above may
be predicted by changes in the molecular model necessitated by changes
in amino acid residues. The structural alterations may then be
correlated with functional differences and similarities. Hemoglobins
for comparison are available from two sources, mutant human hemo—.
globins and hemoglobins of various animals.

The mutant human hemoglobins, in nearly all instances
variants from normal in cne amino acid, provide an opportunity to
examine the results of varying two amino acids placed symmetrically
in the tetramer of 574 amino acids. The amino acid substitution has
been identified in more than 100 of these variants (8-11). Frequently
the substitution has no detectable effect on the stability or function
of the molecule; these substitutions are usually on the exterior of
the molecule and not invelved in critical intramolecular interactions,
or the innocuous effect can be attributed to the substituted amino
acid's structural similarity to the residue normally present. Other
substitutions have profound effects on stabilify or function; when the
substitution is of a similar amino acid, the structural requirement at
the altered site is seen to be very specific. An explanation for the
deleterious efféct can usuwally be found by consideration of the

molecular model (11,12).

[



In a few instances the abnormal hemoglobin has been studied
crystallographically; the results have generally confirmed predictions
from the model (13-16). Thus, study of the mutant hemoglobins can
provide refinements of theof& of hemoglobin function and, in turn, the
theory frequently provides an explanation for the pathologic function
of an aberrant molecule,

Complete or nearly complete amino acid sequences have been
proposed for more than 40 vertebrate hemoglobin polypeptide chains
(10,17-20). These sequences differ from those of horse or human by
an amount which increases with decreasing relatedness of the species
as estimated by conventional taxonomic considerations (10). Secondary
and tertiary structures of the various vertebrate hemoglobin chains may
be assumed to be very nearly identical to those in human and horse
hemoglobins: this assumption is suggested by similarities in sequence
and is justified by X-ray crystallographic studies of lamprey hemo-
globin (21,22).1 The variety of amino acids at corresponding sites
in the several sequences may be interpreted as an index of the flexi-
bility in the structural reguirements at those sites. At the extreme

of rigid requirements are the six sites which contain the same amino

1 Comparative structural studies have been extended to invertebrates
with the chemical and erystallographic investigation of hemoglobins
from lavval Chironomus thwnmi thwmi (27,28) (a dipteran insect) and
Glycera dibranchiata (22,28) (an annelid worm). These monomeric hemo-
globins share basic secondary and tertiary structures with vertebrate
hemoglobins and myoglobins.



acid in all known vertebrate hemoglobin and myoglobin sequences (23)
(Dickerson [23] lists seven, but an exception has been found for the
requirement of a glycine residue in the sixth position of the B helix;
kangaroo alpha chain has an“élanine in this position [24]). Other
sites are invariant for all alpha or all beta chains from tetrameric
hemoglobins. The sites at which some variability is observed could
alternatively be viewed as specific in structural requirements but
with different species having requirements to fit different functions.
While species similarities in sequence can be explained, the differ-
eﬁces in relation to differences in oxygen binding and modulation of
binding have not been satisfactorily explained. (An exception may be
diphosphoglycerate binding and the amino terﬁinal residue of the beta
chain [2,25,26]).
II. Evolution of Hemoglobin

The centfal idea in the concept of molecular evolution (30)
is that, within a taxonomic group of organisms, there are polypeptides
the structural genes of which have descended from a common ancestral
gene in the same way that organisms in that group have descended from
a common ancestor in the theory of evolution of species. It may be
that the members of a species apparently have only one detectable
expﬁessed copy of the descendants of that gene (e.g., cytochrome c¢) or
two or more copies which have arisen by two or more gene duplications

(e.g., the different hemoglobin chains and myoglobin in a species).



The genes are different in the several organisms as a result of the
incorporation of mutations during divergent evolution. Where there
~are multiple copies (i.e., more than one descendant of the ancestral
gene), these may be expressé& as multiple versions of a polypeptide
with indistinguishable functions (e.g., the two human hemoglobin
gamma chains from different loci [31]) or as polypeptides which have
diverged in function (e.g., myoglobin and the beta chain of hemoglobin
in humans). Thus, for vertebrate hemoglobins and myoglobins, an
evolutionary -tree of globin chains may be pictured as branched within
the branches of the evolutionary tree of vertebrate species. The set
of polypeptide chains descended from a common ancestor is called a
set of homologous polypeptides.

The rate of evolution of a particular polypeptide with
respect to two species, for which the amino acid sequence of the poly-
peptide is known, is estimated as follows: (32) the number of differ-
ences in the amino acid sequences is halved and divided by the elapsed
time from divergence of the evolutionary lines descending to the
present species, i.e., the time since the existence of the common
ancestral gene. The time of divergence is taken from conclusions of
paleontological investigations. By taking the average of all the rates
from pairs of homologous polypeptides in a set, a rate is derived for
the entire set. Rates of evolution for different sets of homologous
polypeptides ma§ be compared if the rate for each set is divided by the

length of the polypeptides in that set, so that the units for



comparison are of the type, amino acid substitution per amino acid of
length per year.

Zuckerkandl and Pauling (30) first noted that, for the
hemoglobin chain amino acid“éequences then available, a very uniform
rate of evolution is computed. Kimura (33) again noted this uniform
rate, computed from more extensive sequence data, and added the
observation that the number of sequence differences between any alpha
chain and any beta chain are nearly the same for all éomparisons,
whether the compared chains are taken from the same or different
species. He concludes that the alpha and beta chains have diverged
at the same rate along different paths of species evolution. Recently,
Air, Thompéon, Richardson and Sharman (39) have compiled the number
of sequence differences for hemoglobin alpha and for hemoglobin beta
chains, taking care to include only sequences which have been
definitely established, omitting the sequences inferred in part by
homology and those not differentiating aspartic and glutamic acids
from their amides in some positions. Again, these authors notedla
narrow distribution of evolﬁtionary rates for pairs of sequences
compared. The table here is that of Air et al. (34), revised to
include data from the recently completed kangaroo (2u4), dog (35),
echidna (19), and catostomid fish (36) alpha chain sequences.

Kimura (37) interpreted the observed uniformity for rates

of evolution of hemoglebin chains, calculated in the above manner, as



Catostomid fish
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Human L 18 17 25 23 27 38 35 71 68
(Rhesus) monkey 16 16 25 24 26 36 35 71 68
Horse ’ 18 25 27 29 42 40 70 66
Bovine 25 28 26 Ly 38 68 66
Rabbit , 28 37 49 uy 74 71
Dog 43 39 L5 70 69
Kangaroo ' 49 41 74 73
Echidna ' ~ w7 79 73
Chicken : 75 71
Carp 16

Table 1. Numbers of Amince Acid Differences Between Pairs of Vertebrate
Alpha Chains. The (130 Alanine) dog chain was used (35); the two
relative insertions and one relative deletion of the fish chains were

counted as one difference each,



evidence for point mutations becoming fixed in the genome of a species
‘at a uniform rate (with respect to time rather than to number of
generations) during the evolution of that species. He computed rates
of evolution for triosephoséﬁate dehydrogenase (38) and found the
average for that rate, the rate for hemoglobin chains, and a rate
computed for cytochrome ¢ (39). He then applied the average rate to
Muller's (40) estimate of the number of nucleotide pairs in the human
haploid chromosome complement and concluded that, in the evolutionary
history of mammals, on the average, one nucleotide pair has been
substituted in the population roughly every two vears. Consideration
of the principle of the so-called cost of natural selection (due to
Haldane [41]) brought Kimura to the conclusion that differences in
amino acid sequences between homologous polypeptides of different
species have come about chiefly through the fixation of selectively
neutral point mutations. He developed a mathematical model for
fixation of neutral mutations through a Markov process which predicts
that, for neutral mutations, the rate of gene substitution in a popu-
lation is equal to rate of production of new mutations per gamete.
King and Jukes (42) analyzed the amino acid substitutions
at sites of the cytochrome ¢ sequence which are different for at least
two species. They found that the distribution of the number of sub-
stitutions per site fits a Poisson distribution. They offer this

finding as support for Kimura's theory that the chief cause of



molecular evolution is the random fixation of selectively neutral
mutants.

The derivation of the mathematical model in Kimura's theory
has been both supported (43;Vand eriticized (44%) within the framework
of theorétical population genetics. The basis for much of other
criticism (45,46) has been chiefly that the presence of a particular
amino acid at a given site in a protein cannot be judged as non-
adaptive simply because no advantage can be envisioned in terms of
what is known of the mechanism of action of that protein.

Kimura (33) has pointed out a prediction from his theory
which may be tested: the rate of evolution of polypeptides produced
by those species which, by morphologic criteria have evolved
éspecially slowly, i.e., living fossils,! should be as great as the
rate for polypeptides from more rapidly evolving species such as most
of the mammals. He reasons that it is likely that changes in internal
physiology will parallel changes in external form, at least to some

degree, with respect to evolutionary rates. The species' evolutionary

1 Kimura lists as living fossils the lobe-finned fish, the horseshoe
crab, and Lingula, a lamp shell. Simpson (47) discussed the role of
these slowly-evolved species, which he calls "immortals," in the study
of evolution and mentions, in addition, the oyster, the opossum, and
Sphenodon, a lizard-like creature of New Zealand. The conclusive
eriterion for inclusion of a recent species in the class of living
fossils is the knowledge of a fossil from the distant past which closely
resembles the present species in form. Fossil evidence reported in 1968
(42) permits the addition of a recent lamprey species to this list; this
addition is important to the present discussion, since hemoglobin
sequences have been determined for two species of lamprey (49,50)
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rate is determined by selection intensity and is measured by the
‘number of genera along the evolutionary line leading to a given
species. Molecular evolution which proceeds mainly by fixation of
neutral mutations should be“é function of elapsed {ime only and be
independent of the number of ancestral genera of the species taken
for study. The foundation of Kimura's theory is the narrow distpi-
bution of computed rates of molecular evolution for a set of
homologous polypeptides., Of course each newly determined amino
acid sequence or a member of that homologous set permits another
cdmputation of the rate of molecular evolution and thus permits a
Atest of the theory, but the determination of the sequence of a
homologous polypeptide derived from a living'fossil presents a
particularly critical test. A species showing slow rates of both
species and molecular evolution would provide a strong argument for
an alternative explanation of molecular evolution -- that the
observed mutations were fixed by natural selection. The case for
the opossum as a choice of such a living fossil to be used for testing
Kimura's theory will follow a synopsis of the relevant paleontological
information.

A geolopical time scale and diagrams of vertebrate
evolutionary history are attached as appendices. The paleontologic
conclusions here are taken from publications of Simpson (47), Romer

(51), and Stebbins (52), unless noted otherwise. The vertebrates
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first appear in the fossil record of the Ordovician peried; it is also
‘during that period that the lamprey-like forms appear. The common
~ancestor of the terrestial animals and the carp must be placed in the
Devonian, since it was duriég this period that the bony fish appeared!
and that the amphibia (ancestors of the reptiles and thence the
mammals) arose from the bony fish. Stebbins (52) lists the dates
spanning the Devonian as 405 and 355 million years ago. Since such
dates must be taken as accurate only within millions of years, the
figure of 350 million years used by Kimura (33) for the time elapsed
from the divergence of the ancestor of the mammaJ, and the ancestor
‘of the carp (a recent bony fish) is reasonable. The mammals (except
for the egg-laying monotremes)? are believed to have arisen from one
reptilian group, the Pantotheria, near the division between the
Triassic and Jurassic periods. The divergence of the marsupials and
the placental mammals took place during the Cretaceous period, perhaps
as early as the beginning of that period (34,54,55). The relationship

between the marsupials in North and Socuth America on one hand and the

Australian marsupials on the other is not clear; this is due largely

1 Romer (53) presents an argument supporting an earlier appearance
of the bony fish, during the Silurian period, but the absence of such
fossils from that period leaves the question problematical.

2 Simpson (47) states, "The quaint living monotremes, platypus and
echidna, of Australia probably did not have this origin, although some
authorities think they did. Their origin is really quite unknown, but
my own (not partlcularly original) suspicion is that they are rather
highly modified surviving therapsid r@ptllea, mammals by definition
rather than by ancestry."
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to the lack of Australasian marsupial fossils which can be dated
earlier than the late Oligocene. Martin (56) has considered recent
descriptions of geotectonic zones in the Pacific Ocean and suggested
that marsupials arose on a land mass situated over the Darwin rise
and that land fragments subsequently drifted apart, carrying the
marsupial inhabitants to Australia and to North America; this hypoth-
esis would place the separation of the two groups of marsuplals near
the beginning of the Cretaceous.

Sequences taken for a living fossil test of Kimura's theory
must be homeologous with known sequences and must be from species whose
évolutionary relationships are such that they follow the topological

relationship in the evoluticnary tree of the vertebrates as in this

diagram:

\

ABC ancestor of A? B and C

ancestor of B and C

The requirement with respect to rates of evolution of the species is
that B has evolved much more slowly from BC than C has. Since the
data underlying Kimura's theory have been taken largel§ from the
globins, cytochromes c, and fibrinopeptides of vertebrates, it is

appropriate to select for study one of these polypeptides from a
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vertebrate species which meets the above topological requirements with
respect to the species for which sequences are known. The close
bresemblances of the opossum and the lizard-like Sphenodon to their
ancestral forms of 80 and 155 million years ago (47), respectively,
make these two species the outstanding candidates for study. The
class of vertebrates for which the greatest number of sequences is
availeble is Mammalia. Because the opossum shares many important
physiological characteristics, such as homiothermy, with the other
mammals, the choice of this species rather than Sphenodon minimizes
vafiables which may be unrelated. to evolutionary rates, when compari-
sons are made with the mammalian polypeptide sequences. Furthermore,
specimens of opossum are vastly more readily available for study. Of
the polypeptides listed above, the hemoglobin chains contain the
greatest number of variable sites and thus offer the greatest possi-
bility for evaluating the significance of numbers of differences
between sequences taken for comparison. The known hemoglobin poly-
peptide sequences which may be taken for point C in the above topology
are chicken (57), carp (58), echidna (19), and catostomid fish (36)
alpha chainé; frog (59) and echidné (18) beta chains; and the beta-
like chains of two species of lamprey (49,50). Since the lamprey
hemoglobin differs a great deal from the mammalian hemoglobins in its
quaternary structure and other properties (discussion in ref. 49), the

alpha chain was chosen for sequence determination and subsequent
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computations of molecular evolution rates in order to test Kimura's

theory.l

1 Echidna alpha and beta chains and catostomid fish alpha chain
sequences were not available at the initiation of the sequence studies
described in thig thesis,
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MATERIALS AND METHODS

Carboxymethylcellulose (CM52) was from Reeve Angel; Aminex
cation exchange resins A-5,-50W-X2 (200-325 mesh), and S0W-X4
(20-30 1) were from Bio-Rad. Trypsin, TPCK-trypsin!, and chymotrypsin
were from Worthington; thermolysin was from Calbiochem; subtilisin
BPN' and elastase were from Sigma; aminopept dase M was from Rohm and
Haas, Darmstadt, Germany. l»Ethyl-S-(°wdimethylaminopropyl)-carbodiimide
for the glycinamidation reaction was from Pierce, as were the ADMA,
PITC, and TFA; all were Sequanal grade. All other chemicals were
‘reagent grade. Pyridine was redistilled over ninhydrin.

Opossums captured in the wild in the vieinity of Portland,
Oregon, were anesthetized with sodium pentobarbital and blood taken
by cardiac puncture. Erythrocytes were washed and hemolysate prepared
according to Jones, Brimhall, and Huisman (60). The hemolysate was
chromatographed on carhoxymethyl—Sephadeé. Globin was prepared with
HCl-acetone as described by Schroeder et al. (61) from hemolysate
which had been dialysed against at least 50 volumes of water at 69
for 24 h and centrifuged at high speed. Cﬁain separation was by the
method of Clegg, Naughton and Weatherall (62), using carboxymethyl-

cellulose and 8 M urea.

! The abbreviations used are: TPCK, L-l-tosylamido-2-phenylethyl
chloromethyl ketone; ADMA, N-allyl-N-N-dimethylamine; PITC, phenyl-
iscthiocyanate; TFA, trifluorcacetic acid.
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Acid hydrolysis was done in 6N HCl containing 0.009% (w/v)
phenol in ampoules sealed after evacuation and heated at 110°, for 18-
24 hours unless stated otherwise. Amino acid analyses were made
essentially according to Spéﬁkman, Stein and Moore (63) with a Spinco
Model 120 amino acid analyzer equipped with 20mm light path flow
cells (64),

Glutaminyl and asparaginyl residues were distinguished from
glutamyl and aspartyl residues, respectively, by one of two methods:
(1) Complete hydrolysis with aminopeptidase M essentially according
to Light (65) with 16 hours of digestion at 37° followed by amino
acid analysis of the digestion product. Glutamine and asparagine
eluted with threonine and serine, respectiveiy, so that the results
were interpreted in view of the results of a companion HCl hydrolysate
analysis. (2) Glycinamide was quantitatively coupled to free -COOH
groups of a chain fragmeﬁt by the method of Mross (66) as described
by Brimhall et al. (67). Following subsequent enzymic cleavage of
the fragment any peptide, not'containing the COOH- terminus of the
fragment, vielded upon acid hydrolysis one mole of glycine (in
addition to any glycine present inAthe corresponding peptide which
had not been glvcinamidated) for each aspartyl or glutamyl residue
present in a mole of the original peptide. The failure to find such
glycine residues was taken to indicate that any aspartic or glutamic

acid appearing upon acid hydrelysis arose from asparaginyl and glutamyl
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residues, respectively, in the peptide. Both metheds were applied to
some peptides.

Determination of the NHp~terminus of the chain was done by
Stark's procedure (68), rec;Qering the free N-terminal amino acid from
the hydantoin after reaction of the protein with cyanate.

Digestion of peptides with dilute acetic acid in order to
produce cleavage at aspartyl residues (6%) was done under conditions
described with the results of such applications.

Selective cleavage of the chain at argininyl and (aminoethyl)
cysteinyl residues was effected by blocking of the lysine epsilon, and
terminal amino groups with citraconic anhydride (70,71), aminoéthyl-
ation of the cysteine groups (72), and tryptic digestion. To 500 mg
of chain suspended in 8 ml water were added seven 0.1 ml portions of
citraconic anhydride at 10 minute intervals; the pH was maintained at
ca. 8.5 by dropwise addition of &N NaOH. After the last addition,
when the pH became stable, 12 g of urea were added to the 12 ml.
Reduction with mercaptoethanol and aminoethylation was then done
according to Cole (73) followed by dialysis at room temperature against
two changes of 100 volumes of water adjusted to pH 8.5 with 2.5% tri-
methylamine over 12 hours. Four mg TPCK.trypsin were added and diges-
tion allowed for 1 hour at 25°. The pH was adjusted to pH 3.5 with
acetic acid and the resulting suspension stirred for 3 hours at 25°,

The suspension vas centrifuged at low speed and the precipitate
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dissolved in 88% formic acid and combined with supernatant to make the
resulting solution 7-15% in formic acid. This was then applied to a
Sephadex G-50 column, using no more than 20 ml for a chromatogram.

Cyanogen bromide ;as added to an equal weight of chain (74)
in 70% formic acid at 100 mg protein per ml, left in the dark at room
temperature for 24 hours, diluted five-fold with water and applied to
a Sephadex C~50 column. The resulting fragments were further purified
by recycling on the same column.

Digestions with proteolytic enzymes were done in these
buffers: +trypsin, chymotrypsin, and elastase in water titrated to
pH 8.4-8.6 with 2% trimethylamine; thermolysin in 28 mM Tris, 6 mM
CaCly 2Ho0 titrated to pH 8.0 with dilute HCl; subtilisin BPN' in
1% (NH,)5CO3 titrated to pH 8.2 with 1 M acetic acid. The volume of
the digestion mixtures were generally as small as convénience of pH
determination would allow (usually 1.5-5 ml). TFurther conditions of
digestion are given with the results.

Chromatography of the peptides on sulfonated pélystyrene
~cation exchange resins with volatile buffers and automatic detection
of emerging peptides with ninhydrin either directly or following
automatic alkaline hydrolysis was done aé described by Jones (75).
Samples known to contain large amounts of ammonia were dried by rotary
evaporation and redissolved in pyridine several times before being

applied to an ion exchange column.
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Subtractive Edman degradations (76) followed this scheme in
which coupling buffer is 0.4 M ADMA in 50% (v/v) pyridine titrated to
pH 9.4 with 10% (v/v) TFA: |

(1) Peptide (0.01-2 pmoles) was dissolved in 0.4 ml coupling
buffer in an acid-dichromate washed, conical 15 ml centrifuge tube.
Further ADMA is added if necessary to reach pH 8.5 as judged by
indicator paper (pHydrion papers, Micro Essential Laboratory, Brooklyn,
N.Y.); narrow pH range indicator paper was unsatisfactory so that pH
2-11 paper was used exclusively.

(2) The space above the solution was flushed well with
vnitrogen; 2 drops (30-60 mg) PITC were added and another brief nitrogen
flush was done; the tube was covered with Parafilm and incubated for
20 minﬁtes at 50°, The solution was vacuum dried at room temperature
for at least three hours; any liquid still present was ignored.

Usually the sample became a powder or a thin film on the tube wall.

(3) TFA (0,1-0.2 ml) was added: the tube was Fflushed with
nitrogen, covered with Parafilm and incubated for seven minutes at
50°. The TFA was removed in a gentle stream of nitrogen. One-half
minute after the tube no longer felt cold due to evaporation, the
sample was taken to step (1) even if liquid persisted.

Sampling of the peptide was done after step (1) by adding
a fraction of the solution to 1 ml of water and extracting with 2 ml

of ethyl ether (determined to be free of peroxides by the absence of
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color formation upon shaking with an equal volume of 4% potassium
iodide). Often a precipitate formed which was discarded after centri-
fugation. The aqueous phase was taken for HCl or aminopeptidase
digestion and amino acid an;lysis. If a free amino acid had been

anticipated, as in the case of a tripeptide exposed to two degradation

cycles, the sample was analyzed directly.
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RESULTS

I. Preparation and Analysis of the Alpha Chain

CM-Sephadex Chromatography of Hemolysate--Chromatography of
the hemolysate on CM-Sephadex (Figure 1) produced only one significant
fraction of hemoglobin. Since variations of the shape and slope of
the phosphate buffer gradient also failed to demonstrate multiple
hemoglobin components, globin was prepared ¢ ‘rectly from hemolysate.

Chain Separation--Chromatography of globin on CM-cellulose
in 8 M urea (Figure 2) yielded several components. The péttern varied
somewhat, even with equal aliquots of thé same globin preparation
~under conditions thought to be constant. The most striking variation
Qas that of the degree of resolution of the components labeled o and
q‘ which ranged from that of peak and barely perceptible shoulder to
that shown in Figure 2. The éize of the peak between components a
and B also varied. The material corresponding to the o component was
desalted on Sephadex G-25, lyophilized, and taken for sequence studies.

NHg~Terminus Determination--The NHp-terminal residue was
shown to be valine by Stark's (68) cyvanate method.

Amino Acid Analysis of the Chain--Amino acid analyses of
aliquots of aminoethylated chain hydrolyzed in 6 N HCl for 24, 48, and

72 hours are reported in Table 2.



22

Figure 1. ' Chromatography of 2 g hemoglobin on CM-Sephadex C-50
(5 x 66 cm) at 10° developed at 80 ml per hour with a 2500 ml
linear gradient from 0.05 M NaHpPOy-<Ho0, 0.025 M NapHPOy, 0.001

M KCN to 0.100 M NaoHPOu, 0.001 M KCN, followed by 500 ml of

the latter buffer.

Figure 2. Separation of the chains from 600 mg of globin on CH-
cellulose (5 x 10 cm) at room temperature developed at 200 ml

per hour with a 3000 ml linear gradient from 0.01 to 0.05 M

NagH POy. Both buffers contained 8 M urea and 0.05 M 2-mercapto-

ethanol and were adjusted to pH 6.50 with HzPOy.
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Table 2. Amino Acid Analyses of Aminoethylated Opossum Alpha Chain.*

24 hours 48 hours 72 hours Average** Expected*ﬁ*
Lys 10.6 10.9 10.7 10.7 §b
His 5+8 5415 5.5 5.5 | 6
AE Cys 1.0 0.9 1.0 1.0 1
Arg 2.1 1.9 2,0 2.0 2
Asp 14.86 14.6 14.3 4.5 - 15
Thr 11.0 0.4 g.4 1Y.0 11
Ser 122 11.6 9.4 12.2 13
Glu 6.8 6.7 6.5 6.7 6
Pro 4.9 5.0 S 5.0 5
Gly 9.0 9.0 9.0 3.0 ‘ g
Ala 15.2 15:5 5.4 15.4 16
Val 10.0 10.9 10.9 10.9 11
Met Liee2 E.2 1.27 12 4
Ile 2.2 2.4 2.5 2.5 . 3
Leu 14.0 13,9 lq‘l, 14,0 14
Tyr Sl Bl 4.9 5:0 5
Phe 8.0 8.2 7.8 8.0 8
Try present prasent prasent A

* Expressed as molar ratios, normalized to 9 glycine residues.

#*% 24 hour values for serine and threonine; 72 hour values for valine
and isoleucine.

........



II. Preparation of Fragments by Selective Cleavage

Nomenelature~-The whole chain cyanogen bromide cleavage
products, CB I, CB ITI, CB III, CB IVA, and CB IVB were so labelled
for their positions in fhe éﬁromatograms in Figure 3. Naming of
the fragments produced by selective tryptic cleavage following
citraconylation and aminoethylation was similarly motivated with
respect to Figure 4; these became CAT I, CAT II, and CAT III, The
products of cyanogen bromide cleavage of CAT I are called Ccbh I
and Ceb II (Figure 5); acetic acid cleavage of Ccb II yielded CeH I
aﬁd CcH II (Figure 6).

Cyanogen Bromide Cleavage--Separation of fragments produced
by cyancgen bromide treatment of chain is de@icted‘in Figure 3;
amino acid analyses of these fragments appeav in Table 3.

Selective Tryptic Cleavage--Figure 4 shows gel filtration
of the fragments pfoduced by tryptic cleavage at (aminoethyl)
cysteinyl and argininyl bonds. The corresponding amino acid analyses
are in Table 4.

Further Cleavage of CAT I--Figure 5 shows the separation on
Sephadex GSb of the products of cyanogen bromide cleavage of CAT I,
one of which yielded the further cleavage products by acetic acid
whiéh wepre separated by the procedure illustrated in Figure 6.

Corresponding amino acid analyses are in Table 4,
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Figure 3., Isolation of fragments resulting from cyanogen bromide
~ digest of chain by gel filtration on Sephadex G-50 fine (5 x 180
em) in 7% formic acid at ro;m temperature. The upper panel

shows chromatography of the cyanogen bromide digest of 280 mg
chain. The bars denote fractions taken for further purification
by recycling five times through the same column after being
lyophilized and redissclved in 7% formic acid. The column was
put in series with a peristaltic pump and a flow cell in a
spectrophotometer equipped with a recorder for monitoring
absorption of light at 280 nm. The lower panel shows such
recyeling of zone IV from 500 mg chain resulting in the isolation
of zones IVA and IVB as denoted by the bars. During collection
on the fifth cycle, approximately 1% of the stream was taken for
automatic alkaline hydrolysis, reaction with ninhydrin and
monitoring of the product at 570 nm (beaded line). The flow

rate was approximately 240 ml per hour.
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Table 3. Amino Acid Analyses of Cyanogen Bromide Fragments
of Opossum Alpha Chain. HC1l digests of the fractions shown
in Figure 3. Hsl and Hsr denote homoserine lactone and
homoserine, respectively. Glutamic acid and homoserine
were not resclved. Fach analysis is compared with the
composition of the fragment in each zone as determined by:
(1) subsequent isclation and sequence studies of tryptic
‘peptides from the material in each zone (2) similar studies
of CAT fragments (3) homology with other vertebrate alpha
chains. Recovery of tryptophan is not quantitative following
HC1l hydrolysis but frequently is sufficient for detection

(77 De
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Figure 4., Gel filtration on Sephadex G-50 fine of the fragments
produced by tryptic cleavage of 250 mg chain at (aminoethyl)
cysteinyl and argininyl bonds. Column conditions are given with

Figure 3. Bars indicate fractions taken.

Figure 5. Gel filtration on Sephadex G-50 fine of the products
of cyanogen bromids treatment of 130 mg CAT I. Column
conditions are given with Figure 3. Beaded line indicates 260 mm

absorption. Bars indicate fractions taken.

Figure 6A. Gel filtration of 30% acetic acid digest (48 hours,
50°9) of Ccb II. The column was 2.5 x 200 cm and developed with
1.2% acetic acid at room temperature; the flow rate was 80 ml per

hour. Bars indicate fractions taken. Sephadex G-25 fine was used.

Figure 6B. Gel filtration of the first fraction indicated in
Figure 6A. Three Sephadex G-25 fine (2.5 x 200 cm) colunns in
tandem were developed with 1.2% acetic acid at room temperature;
the flow rate was 20 ml per hour. The bar indicates the fraction

taken.
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Table 4. Amino acid analyses of HCl digests of fractions
indicated in Figures 4, 5, and 6. AE cys denotes amino-
ethylecysteine. Other abbreviations and tryptophan deter-

mination as in Table 3.
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I11I. Isolation of Tryptic Peptides

The products of tryptic digestion of the CAT and CB
fragments described in the previous section were separated on
Sephadex G-25 fine and Aminex A-5. The resulting peptides were
usually purified further by cation exchange chromatography;
experimental details accompany the descriptiens of each fragment.
In nearly all cases, the level of contaminating amino acid residues
was 0.2 residue or less; all residues determined to be present in
quantities of 0.05 residue or more are reported in the tables.
Some peptides were found in digests of more than one fragment since
the fragments were overlapping in the sequence of the chain. The
peptides were not always purified a second time to the extent of
0.2 re#idue background if purity was sufficient for identification.

Nomenelature--The tryptic peptides are named according
to homology with the tryptic peptides of human alpha chain (78).
Since the correspondence is not identity, additional symbolism is
necessitated in order to account for trypsin - sensitive bonds
present in the opossum chain and not in the human chain, and vice
versa. The proposed structure for the opossum chain does, however,
contain 141 residues in homology with the 141 residues of the human

chain, so that identical labels for tryptic peptides from each

34

chain imply exactly corresponding portions of sequence. The homology
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is quite clear for any peptide taken by its composition alone; the
“asscciation of peptides in the larger fragments and subsequent
sequence determination seem to have justified this scheme of
nomenclature in all cases. )

Fach name of a tryptic peptide begins with a capital "T"
(e.g., T3). If there be neither a lysyl nor an argininyl residue
corrgsponding to such a residue in the human chain, a hyphen is
used to denote the peptide which bridges the corresponding human
peptides (e.g., T7-8). Peptides containing an uncleaved lysyl or
argininyl bond are named by Jjoining its hypothetical tryptic pieces
with a comma (e.g., T1,2). Peptides produced by tryptic cleavage
at a lysyl, argininyl, or (amincethyl) cysteinyl residue not
corresponding to a human lysyl or argininyl residue are indicated
by the corresponding human tryptic peptide number and alphabetically
with lower case letters (e.g., T12a, T12b, T12¢). Names of peptides
arising from cleavage at sites in addition to specific trypsin sites
incorporate capital letters M (cleavage at methionine, usually due
to cyanogen bromide treatment), D (cleavage at aspartic acid with
acetic acid), or G (gratuitous cleavage during tryptic digestion);
examples are T3G1, T9-10M2, and T11DZ.

By this convention the fragments CcH I and CecH II (Figures
6A and 6B) are relabelled, respectively, as T9-10M2,11D1 and

T11D2,12a.
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Tryptic peptides from CAT I--CAT I (70 mg) was treated with
one mg TPCK-trypsin at 25° for one hour. The digest was adjusted to
pH 3 with acetic acid, centrifuged, and reduced in volume by rotary
evaporation. The peptides ;ere separated as described in the legend
to Figure 7. Rechromatography of the zones was done on Dowex 50WXH.
Amino acid analyses of the resulting peptides appear in Table 5.
Another 100 mg of similarly digested CAT I was subjected to gel
filtration on Sephadex G-25 fine (Figure 8). The amino acid analysis
of the leading zone is shown in Table 5.

Tryptic peptides from CAT IT--CAT I1 (50 mg) was digested
with 2 mg TPCK-trypsin at 37° for 16 hours and prepared for chroma-
tography as described for CAT I. The separation of the peptides on
Aminex A-5 is shown in Figure 9. Analyses of the peptides appear in
Table 6; some peptides were rechromatographed as noted in the legend
to Table 6. TFifty mg of glycinamidated CAT II were similarly
digested and subjected to chromatography on Aminex A-5. The analyses
of T12b and Tl2c after rechromatography appear in Table é. No
additional glycine residues were seen for T12b; three extra glycine
residues appeared in the analyses of Tl2c.

Tryptic peptides from CAT ITI--CAT III (60 mg) was
digested with 1 mg TPCK-trypsin at 25° for one hour and the digest
chromatographed on Aminex A-5 (Figure 10). The peptides were

analyzed without further purification (Table 7).



Tryptic peptides from CB I--CB I (50 mg) was digested with
1 mg trypsin for one hour at 25°. The pgptides T2, TuMl, and T11
could be identified without further purification among the peptides
isolated on Aminex A-5. Th; analyses are given in Table 8.

Tryptie peptides from CB II--CB II (140 mg) was treated
with 2 mg trypsin for two hours at 25°., The digest was acidified,
centrifuged, and chromatographed on Sephadex G25 fine (Figure 11).
Analyses of the resulting peptides (after rechromatography in some
cases as noted with the analyses) appear in Table 9.

Tryptie peptides from CB IIT--CB III (60 mg) was treated
with 1.2 mg trypsin at 25° for one hour. Chromatography on Aminex
A5 under conditions given with Figure 7 was.done.' Analyses of the
resulting peptides either directly or following rechromatography
are repcrted in Table 10.

Tryptic peptides from (B IVA and CB IVB--These fragments
were digested without previous separation from each other. Trypsin
(2 mg) was added to 60 mg fragments and digestion carried out for
one hour at 25°. Chromatography on Aminex A-5 is depicted in Figure

12; analyses of the peptides are in Table 11.
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Figure 7. Separation of tryptic peptides from 70 mg CAT I on
a 0.9 = 39 cm column of Aminex A-5 &t 50°. Development was
with 0.2 M pyridine-acetic ;cid pH 3.1 for 600 ml followed by
a 1000 ml linear gradient to 2M pyridine-acetic acid pH 5.0.
The flow rate was 30 ml per hour of which approximately 3 ml

per hour were taken for continuous monitoring by reaction with

ninhydrin.

Figure 8, Gel filtration of tryptic peptides from 100 mg of
CAT I on Sephadex G625 fine (two tandem 2.5 x 200 cm columns)
developed with 1.2% acetic acid. Fractions of 10 ml were

collected and optical density read at 230 nm. The flow rate

was approximately 50 ml per hour.
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Table 5. Amino acid analyses of HCl digests of tryptic peptides
from CAT I. The zone numgers refer to Figure 7; each of these
was rechromatographed on Dowex 50WXH before analysis; zone II
yielded two significant peptides. G-25:1 refers to zone I of
Figure 8. The designation of each peptide was determined after
analysis as described in the text, ¥ Analyses considered

sufficient for identification but not definitive analyses.
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Figure 9. Separation of tryptic peptides from 50 mg CAT II
on Aminex A-5 (0.9 x 18 cm) at 50°. Initial 50 ml of 0.2 M
pyridine-acetic acid pH 3.1 was followed by a 500 ml linear
gradient between that buffer and 2 M pyridine-acetic acid pH
5.0 at a flow rate of 30 ml per hour. Detection with

ninhydrin was as in the description of Figure 7.

Figure 10. Separation of tryptic peptides from 60 mg of CAT 11l
on Aminex A-5 (0.8 x 36 em) at 50°. Developed with 0.2 W
pyridine-acetic acid pH 3.1 for 400 ml followed by 1000 ml
gradient as in Figure 7 at 45 ml per hour. Detection as‘in

Figure 7.
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Table 6., Amino acid analyses of HCl digests of tryptic peptides
from CAT II. The zone numbers refer to Figure 9; zone III is
the product of rechromatography on Dowex 50WX4 of ﬁombined zones
IIT A and III B; zone I was rechromatographed successively on
Dowex S0WX4 and Dowex 50WX2. GA I and GA II refer to peptides
recovered from a tryptic digest of glycinamidated CAT II by
chromatography on Aminex AS followed by rechromatography on
Dowex SOWX4. - The designation of each peptide was determined
after analysis as described in the text. . Peptide identification
symbol followed by /GA indicates that the peptide is derived
from a glycinamidated fragment. % Analyses considered sufficient
for identification but not definitive analyses. %% 36 hour HCl

hydrolysis.
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Table 7. Amino Acid Analyses of Tryptic Peptides from CAT o Rl

Zone 1 Zone II Zone IIIX Zone 1V Zone V
Lys 0.1 W 2.2 1.0 1.0
Arg 1.0
Asp Aad R 3.0 1.0
Thr 0,1 0.1 1.0 1.0
Ser 0.9 T4 1% 1,9
Glu 1.0 0.1 0.2
Gly 3.9 0.2 0.3 0.1 i.e
Ala 2.6 1.1 T4 0.1 1.6
Val 0.9 0.9 Lo 0.9
Met | 0.8
Leu 1.0 BT 1.0
Tyr 1.8 0.1
Phe
Try 0.7
Designation™™ T4 ¢ U T1,2 T2 T3

# HCl hydrolysis of the zones in Figure 10,

%% The designation of each peptide was determined after analysis as
described in the text.
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Table 8. Amino Acid Analyses of Some Tryptic Peptides from CB | e

Peptide 1

Lys 1.1
Hs1™*
Asp 2,0
Thr
Ser 0.1
Glu & Hsp™*
Pro 1.0
Gly
Ala
Val PN
Leu
Tyr
Phe Tyik
Designation*** T11

* Analyses after HCl hydr

#%* Abbreviations as in Table 3.

olysis.

Peptide 2

1

2.2

T1

Peptide 3

TUM1

@i Designation determined after analysis as described in the text.
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Figure 11. Separation of tﬁyptic peptides from 140 mg CB II

on Sephadex G25 fine. Two 2.7 x 200 ¢m colurmns in tandem were
developed with 1.2% acetic acid at a flow rate of approximately
60 ml per hour. Fractions of 10 ml were collected and the

optical density determined at 230 nm,

Figure 12. Separation of tryptic peptides from 60 mg CB IVA and
CB IVB. Chromatography was done on a 0.9 x 35 cm column of
Aminex A-5 at 50°. 50 ml of 0.2 M pyridine-acetic acid pH 3.1
was followed by a linear 1000 ml gradient from that buffer to

2 M pyridine-acetic acid pH 5.0 and finally 150 ml of the final
gradient buffer. Flow rate was 40 ml per hour. Detection was

as described for Figure 7.
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Table 9. Amino acid analyses of HCl digests of tryptic peptides
frem CB II. The zone numbers refer to Figure 1l; zone IV was
analyzed directly; the peptides from zone III and zone I were
isolated by rechromatography on Aminex A-5; zone II was
successively rechromatographed on Aminex A-5 and Dowex 50WX2.
The designation of each peptide was determined after analysis

as described in the text.

* Abbreviations as in Table 3.
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Table 10. Amino acid analyses of HC1l digests of tryptic peptides
from CB III. Peptides were separated on Aminex A-5 and analyzed
directly except peptide 1 which was rechromatographed on Dowex
50W{2. The peptide numbers are only for labelling purposes. The
designation of each peptide was determined after analysis as
déscribed in the text. % Abbreviations as in Table 3.

*¥% Analyses considered sufficient for identification but not

definitive analyses.
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Table 11. Amino acid analyses of HCl digests of tryptic peptides
from CB IVA and CB IVB. The zone numbers refer to Figure 12;
zones LI and IV were rechromatographed on Dowex 50WX2 hefére
analysis. The designation of each peptide was determined after
analysis as described in the texit. The abbreviaticné are as in
Table 3.

* Analyses considered sufficient for identification

but not definitive analyses.
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IV. ©Sequence Determination of Peptides

Sequence determination of the peptides which were purified
as described in the previous section was done by: (1) sequential
(Edman) degradation of the ;eptides; (2) isolation of pieces of
peptides after further enzymic or chemical cleavage and Edman
degradation of the pieces; (3) assuming that lysine, arginine, or
aminoethyl~cysteine is the COOH-terminus of tryptic peptides
coentaining one such residue; (4) assuming that homoserine (when
present as one residue) is the COOH-terminus of peptides derived
from cyanogen bromide cleavage.

Additional abbreviations to be used in this section are:
APM for aminopeptidase M; Ed. I, Ed. II, ete., for successive cycles
of Edman degradations; A-5, X-4, and X-2 for the cation exchange
resins Aminex A-5, Dowex S50WX4 and Dowexr 50WX2; Asx for either Asp
or Asn; Glx for either Glu or Gln.

Amino acid analyses of fragments and of residual peptides
after Edman degradation cycles are collected into Table 12 at the
end of this section. The numbers in brackets refer to analyses in

that table.



Sequence of T1

APM: one Asp; one Asn.

Ed. I ~ Ed. V [Anal. 1-53}: Val-Leu-Ser-Ala-Asx.

Elastase (10 units enzyme,‘37°, 12 hours, separation on X-4,

rechromatography on X-2).
Ela. 1 [Anal. 6]: Asxs,lLys.
Fla. 1 Bd. I [Anal. 7]: Asx.
Ela. 1 Ed. I APM: residual Asp.

Sequence: Val-Leu-Ser-Ala-Asn-Asp-Lys.

Sequence of T2
APM: Asn.
Bd., I - Ed. II [Anal. 8-8]): Thr-Asx.

Sequence: Thr-Asn-Val-Lys.

Sequence of T3

Ed. I - Ed. II [Anal. 10~-11]: Gly-Ala.

Nonspecific tryptic peptides (Table 10) T3Gl and T3G2:

and Ser,Lys.

Sequence: Gly-Ala-Try-Ser-Lys.

Gly,Ala,Try

57
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Partial Sequence of TuyM1
APM: Asn.
Ed. I - Ed. II [Anal. 12, 13] : Val-Gly.
Subtilisin BPN' (0.5 mg enz?ﬁe, 37°, 4 hours, separation on X-2).
Sub. 1 [Anal. 14] : Gly,Ala,Tyr.
Sub. 1 Ed. I - Ed. II [Anal. 15-16] : Gly-Ala

Sequence: Val-Gly-(Gly,Asn,Ser,Gly-Ala-Tyr)-Met

Partial Sequence of TuM?2
Ed. I [Anal. 17] : Gly.
Thermolysin (0.5 mg enzyme, 370,‘6 hours, separation on A-5)
Thm. 1 [Anal. 18]: Tyr,Arg.
Thm. 2 [Anal. 1%]: Leu,Tyr,Arg.
Thm. 3 [Anal. 200): Ala,Leu.

Sequence: Gly-Glx-Ala-Leu-Tyr-Arg.

Sequence of Th
APM: Asn, Glu.
Chymotrypsin (0.5 mg enzyme, 25°, 16 hours, separation on X-4)
Chy. 1 [Anai. 21): Val,Glygz,Asx,Ser,Ala,Tyr.
Elastase of Chy. 1 (5 units enzyme, 37°, 16 hours, separation on X-U4)
Chy. 1 Ela. 1 [Anal. 22]: Val,Gly3,Asx,Ser,Ala,
Three Edman cycles were done on Chy. 1 Ela. 1; residual peptide was

purified on X-4 and one more Edman done to give Chy. 1 Fla. 1
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Ed. III-Ed. IV [Anal. 23-24]: (Val,Gly,)-Asx.
' The sequence is deduced from results from T4M1, T4M2, and Tu:

Val-Gly-Gly~Asn~Ser-Gly—-Ala-Tyr-Met-CGly-Glu-Ala~-Leu-Tyr-Arg

Sequence of T5
Subtilisin BPN' (oﬁe mg enzyme, 37°, 5 hours, separation on X2).
Sub. 1 [Anal. 25]: Thr,Phe,Leu.
Sub, 1 Ed. I - Ed. II [Anal. 26, 27]: Thr-Phe.
Nonspecific tryptic peptide (Table 9) T5G2: Ser,Phe,Pro,Thry,Lys.
162 5d.. 1 = B4, III [Anal. 28-30]: Ser-Phe-Pro.

Sequence: Thr-FPhe-Leu-Ser-Phe-Pro-Thr-Thr~Lys.

Partial Sequence of T6
Acetic acid treatment (0.5 M acetic acid, 100°, 16 hours, separation
of A-5).
Hac 1 [Anal. 31]: Thr,Tyry,Phe,Pro,Asx.
Thermolysin (0.5 mg enzyme, 37°, 3 hours, separation on A-5).
Thm. 1 [Anal. 327: Thr,Tyro,Phe,Pro,Asx).
Thm. 2 [Anal. 33]: Phe,Serp,Ala,,Gly,Glx.
Thm. 2 APM: Gln,
Thm. 3 [Anal. 34]}: Ile,Lys.
Elastase (10 units enzyme, 37°, 12 hours, separation on X-4).
Ela. 1 [Anal. 35]: Glx,Ile.Lys.

Ela. 2 [Anal. 361: Ala,Gly.
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Ela. 2 Ed. I {Anal. 37]: Ala.

Ela. 3 [Anal. 38]: Tyr,Asx.

Ela. 3 Ed. I [Anal. 39]: Tyr.

Partial Sequence: [(Thr,Tyé?Phe,Pro,Asx,Tyr),Asx]—(Phe,Ser,Ala—Gly,
Ser,Ala)-Gln-Ile-Lys.

It is also shown that a Tyr-Asp partial sequence is present since

Ela. 3 Ed. I left a residual Asp.

Sequence of T7-8
APM: two Gln, no Glu.
Ed. I - Ed. II [Anal. 40-41]: Thr-Glx.
Ed. II APM confirms residual Gln.
Subtilisin BPN' (0.5 mg enzyme, 37°, 6 hours, separation on X-2,
rechromatography on A-5),
Sub. 1 [Anal. 42]: Thr,Glxp,Gly.
Sub. 2 [Anal. 43}: Gly,Glx,Lys.
Sub. 2 Ed. I [Anal. 44]: Gly.

Sequence: Thr-Gin-Gly-Gln-Lys.

Sequence of TY-10M1
Thermolysin (0.3 mg enzyme, 37°, 5 houws, separation on X-2).
Thm. 1 [Anal. 45]: Ile,Ala,Asx.
Thm. 1 APM: Asp.

Thm, 2 [Anal. 46]: Ala,Val,Gly.
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Thm. 2 Ed. I -~ Ed. II [Anal. 47-u48]: Ala-Val.

Thm. 3 [Anal. 49]}: Val,Ala,His.

Thm. 3 Ed. I - Ed. II [Anal. 50-51]: Val-Ala.

Thm. 4 [Anal. 52]: Leﬁ,Ala:

Thm. % Ed. I [Anal. 53]: Leu.

Thm. 5 [Anal. 54]: Leu,Asxo,Met,

Thm. 5 APM: Asp, no Asn.

Acetic acid digest (0.5 M acetic acid, 110°, 18 hours, separation on
X-2).

Hac 1 [Anal. 55]: Alag,Valp,Gly,Leus.His.

Hac 1 Ed. I [Anal. 56]: Ala.

Chymotrypsin (0.5 mg enzyme, 25°, 16 hours, separation on X—Q).

Chy. 1 [Anal. 571: Alap,Val,His,lLeu.

Chy. 2 [Anal. 58]: 1Ile,Alag,Asx,Val,Gly,Leu.

Chy. 2 Ed. I - Ed. II [Anal. 59-60]}: Ile-Ala.

Sequence: Ile-Ala-Asp-Ala-Val-Gly-Leu-Ala-Val-Ala-His-Leu-Asp-Asp-Met

Partial Sequence of T9-10M2,11D1

Ed. I - Ed. III [Anal. 61-63]: Pro-Thr-Ala.

Sequence of T9-10M2
Chymotrypsin (1.5 mg chymotrypsin, 25°, 16 hours, separation on A-5,
rechromatography on X-4).

Chy. 1 [Anal. 647: Glsx,Leu,lys.



Chy. 1 Ed. I [Anal. 65]: Glx.

Chy. 2 [Anal. 66]: Ala,His,Glx,Leu,Lys.

Chy. 2 Ed. I [Anal. 67]: Ala.

Chy. 3 [Anal. 68]: Hisp,Ala,Glx,Leu,Lys.

Chy. 4 [Anal. 69): Ser,Asx,Leup,Hiso,Ala,Glx,Lys.

Chy. 4 Ed. I - Ed. II [Anal. 70-71]: Ser-Asx.

Chy. 4 Ed. II APM: residual Asp,Glu.

Chy. 5 [Anal. 72]: Serz,leu3,Asx,Ala,Glx,Hisy,Lys.

Chy. 5 Ed. I - Ed. II [Anal. 73-74]: Ser-Ser.

Sequence (using results from T9-10M2,11D1):
Pro-Thr-Ala-Leu—Ser—Ser—Leu-Ser-Asp-Leu-His—Ala-His-Glu—

Leu-Lys.

Sequence of T11D2,12a
Ed. I-II [Anal. 75-76]: Pro-Val.
Ed. II APM: residual Asn.
Thermolysin (0.3 mg enzyme, 37°, 12 hours, separation on A-5).
Thm. 1 [Anal. 77]: Leu,Cys.
Thm. 2 [Anal. 78): Phejp,Lys.
Composition of 12a (Table 5): Phe,Leu,Cys.

Sequence: Pro-Val-Asn-Phe-Lys-Phe-Leu-Cys.
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Sequence of T11l
APM: One Asp, one Asn.
Ed. I [Anal. 79]: Val.
The sequence of T11D2,12a leads to the sequence of T11:

Val-Asp-Pro-Val-Asn-Phe-Lys.

Partial Sequence of T12bM2
Ed. I-Ed. II [Anal. 80-81]: Ala-Ala,

Partial Sequence: Ala-Ala-(His,Leu,Gly)-Lys.

Sequence of T12b

APM: confirms Asn.

Ed. I [Anal. 82]: His.

Three Edman cycles were done and the residual peptide purified on X-4
to give Ed. III [Anal. 83]: - (His,Asx,Val)

Thermolysin (one mg, 37°, 12 hours, separation‘on X-4).

Thm. 1 [Anal. 84]: Val,Thr.

Thm, 1 Ed. I [Anal. 85]: Val.

Thm. 2 [Anal. 86]: His,Asx.

Thm. 3 [Anal. 87]: Leu,Gly,Lys.

Thm., 3 Ed. I [Anal. 88]: Leu.

Chymotrypsin (0.5 mg enzyme, 37°, 13 hours, separation on X-4),

Chy. 1 [Anal. 103]: Val,Thr, Met.

Results of partial sequence of T12bM2 and composition of T12bM2 and
composition of T12bM2 (Table 6) lead to the sequence of T12b:

His-Asn-Val-Leu-Val-Thr-Met-Ala-Ala-His-Leu-Gly-Lys.
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Partial Sequence of Tl2c
Thermolysin (0.3 mg enzyme, 37°, 15 hours, separation on X-4).
Glycinamidated peptide.
Thm. 1 [Anal. 89]: Ile,His,Ala,Ser,Met,Asp,Lys.
Thm. 1 Ed. I [Anal. 90]: Ile.
Chymotrypsin (0.5 mg enzyme, 37°, 15 hours, separation on X-4)
Chy. 1 [Anal. 91]: Asp,Phe.
Chy. 2 [Anal. 92]: Ala,Ser,Met.
Chy. 2 Ed. I [Anal. 93]: Ala.
Chy. 3 [Anal. 94]: Thr,Pro,Glu,Ile,His,Ala.
Composition of T12cMl leads to partial sequence:

(Asp,Phe)-(Thr,Pro,Glu)-Ile-His-Ala-Ser-Met-Asp-Lys.

Partial Sequence of T13
Thermolysin (0.5 mg, 37°, 3 hours, separation on X-2, rechromatography
on X-4).

Thm. 1 [Anal. 95]: Phe,Leu,Ala,Ser.

=
5

[Anal. 96]: Leu,Ala,Ser.

Thm. 2 Ed. I-II [Anal. 97-98]: Leu-Ala.

:
w

[Anal. 99]: Phe,Leu.

Thm. 4 [Anal. 100]: Ser,Lys.

Thm. 5 [Anal. 101]: Val,Leu,Thr,Ser,Lys.
Thm. S Ed. I [Anal. 102]: Val.

With composition of T13G2 (Table 11), the partial sequence:



Sequence:

[ (Phe-Leu-Ala-Ser),Val,Ser,Thr]-Val-Leu-Thr-Ser-Lys.

Sequence of T14

Tyr-Arg.
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DISCUSSION

Separation of Cyanbgen Bromide Fragments on Sephadex G-50--
The isolation of zones I and IV (Figure 3) deserves some comment.
The amino acid analysis of zone I (Table 3) after further purifica-
tion by recycling almost exactly matches tﬁat to be expected from a
stoichiometric mixture of residues 1-25 and residues 77-109 in the
proposed sequence; this interpretation is reinforced by finding
tryptic peptides from those fragments in digesf of zone I (Table 8).
The elution volume of zone I is compatible with a fragment of the
size of the combined portions of sequence. The isolation of two
fractions from zone IV upon recycling is interesting in that the
usefulness of a column effectively 9 m in length (five cycles on
180 cm) is shown.

Proposed Sequence--The sequence shown in Figure 13 is
proposed for the opossum alpha chain based on the sequence determin-
ation of several tryptic peptides, the occurrence of those peptides
in larger fragments derived from chéin, and by comparison with other
vertebrate, especially mammalian, alpﬁa chains. The identification
of each tryptic peptide by homology was clear upon inspection except
in the case of T7-8. |

The identification of T7-8 rests upon its occurrence in the
fragments CB II and CAT II; in each case the homology of the other

tryptic peptides is clear. The composition of T7-8 balances the



Val
Gly
Ser
Ser
Ala
Leu
His
120

Glu

Thr

Leu Ser

20
Gly Asn
Phe Pro
Ala Gln

70

Val Ala
His Ala
Asn Val

Ile His

Ser Lys

Ala

Ser

Ile

His

His

Leu

Ala

140
Tyr

Asn

Gly

Lys

Leu
90
Glu

Val

Ser

141
Arg

Asp
Ala

40
Lys

Thr

Asp

Met

Lys

Tyr

Met

Tyr

Asn

Gly

Phe

10
Val

Glu

Lys Gly
Ala Leu

Asx Tyr

Ala

30
Tyr

Asx

Try

Arg

Phe

Ser Lys

Thr Phe

50
Ser Ala

79

Val

Gly

Gln

Asp

Lys

Met

Asp

Gly
Met
Val
110

Ala

Lys

60
Gln

Asp

Ala

Phe

His

Leu

Ile Ala
80
Ala Leu

Val Asn

Leu Gly

130
Ala Ser

Asp

Ser

Phe

Lys

Val

Ala

Ser

Lys

Asp

Val Gly

Leu Ser

100

Phe Leu

Phe Thr

Leu

Asp

Cys

Pro

Ser

Thr Val

Figure 13

A proposed sequence for opossum hemoglobin alpha chain.

Leu

Underlined

residues have been placed within tryptic peptides by homology.

Residues 45 and 47 are either two asp or one asp and one asn,
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accounting for the composition of the fragments by composition of
derived tryptic peptides; the peptide is of such length to maintain
homology of the entire sequence witﬁ all known mammalian alpha
chains. The sequence of T7-8: thr-gln-gly-gin-lys, although not
clearly homologous to vertebrate chains (which all contain a
histidyl residue at position 58) is similar to the corresponding
sequénce from Chironomus (27): thr-glu-ala-asn-arg.

A sequence for T13 is proposed on the basis of the
determined partial sequence. The phe-leu-ala-ser sub-sequence
clearly is homologous to the NHy-terminus of T13 from alpha chains
from other mammals; the initial phe is invariant in all known alpha
chains. The following proposed segment, val-ser-thr is identical
to the homologous segment of all known mammalian chains except
echidna where val-ala-thr is present. |

The proposed sequence for T12c¢ in which the-segments,
asp-phe and thr-pro-glu are placed by homology is derived from the
findings that homologous phe-thr-pro is invariant among mammals,
and that the pro is invariant among vertebrates with respect to the
alpha chain,

Residues 51-53 are'assigned by considering the nearly in-
variant gly-ser-ala sequence among mammals (rabbit shows gly-ser-glu).
Ser at position 49 is constant in all alpha chains except rabbit (thr).

Phe and ala are assigned to positions 48 and 50, respectively, with

§
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only rabbit 48 phe as possible precedent, given thét these two
residues be assigned to positions 48 and 50 (demanded by composition
and assignment of residues 49, 51, 5?, 53).

All known alpha chains show the configuration:

41 42 43 u5 L7
thr tyr phe his asp

All except the fish contain pro at position u44; position 46 has been
identified as phe in all alpha chains except fish (try) and echidna
(met). These considerations along with the existence of a tyr-asp
segment lead to the proposed sequence for residues 41-47; tyr is
assigned to the nearly invariant position 46 by its chemical
similarity to phe and the fact that such a substitution is frequent

in evolution at sites showing restricted variability.

Abgence of Histidine at Position 56--Al1 vertebrate hemo-
globin or myoglobin chains previously studied (except some pathologic
human mutants) contain a histidyl residue at position 58 (the seventh
residue of the E helix). The invertebrates Chironomus thummi thwmmi
and Glycera dibranchiata exhibit glﬁtamyl and leucyl residues at that
position, respectively (27, 29). The.opossum glutaminyl residue
would seem to more closely resemble Chironomus in this connection,
the unusual occurrencé of a methionyl residue at position 25 is of
interest. It is thought that position 25 need be a glycyl residue to
allow close contact between the B and E helices near the position of

the distal histidine (23). This notion was given support by the

i



finding of an abnormal, unstable human hemoglobin (Hemoglobin
Riverdale-Bronx) containing an argininyl residue in the beta chain
at position corresponding to alpha 25 (79). Perhaps the substitu-
tion of gln for his at residue 58 changes the requirements for the
relation between the B and E helices.

The Proposed Sequence and the Neutral Mutation Theory--
The proposed sequence was used to expand Table 1 into Table 13.

In all comparisons of the type described on page 12, it is seen
that the opossum alpha chain (say point B on page 12) has evolved
more rapidly than the chain against which it is compared (point C).
This finding is in agreement with Kimura's (33) prediction in that
a protein of a "living fossil" has not evolved more slowly than the
corresponding protein from a more rapidly evolving species.

If the observation of an increased rate ofrmolecular
evolution accompanying slow morphological evolution can be shown
to be general, an interesting question may be raised with respect
to maximum rates of evolution. Could it be the case that during
periods of slow morphologic evolution (and necessarily low rates
of selective deaths with respect to traits reflected in morphology)
molecular evolution may proéeed more rapidly by natural selection,
relatively unhampered by additive effects of simultaneous selection

(44) of multiple traits?
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(Rhesus) monkey 16 16 25 24 26 36 35 71 68 40
Horse 18 25 27 29 L2 L0 70 66 42
Bovine 25 28 26 Ly 38 68 66 L2
Rabbit ‘ 28 37 g 4y 74 71 50
Dog 33 39 45 70 69 45
Kangaroco 49 43 T4 73 y2
Echidna u7 79 73 60
Chicken , 75 ! 59
Carp 16 80
Catostomid fish B8O

Table 13. Amino Acid Differences Between Pairs of Vertebrate Alpha Chains.

Exactly as Table 1, but incorporating the proposed Opossum sequence.
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SUMMARY

Amino acid sequence data for proteins with the same function
in many different organisms (such as data for cytochrome c¢ and hemo-
globin) along with modern concepts of genetic mechanisms have
permitted questions to be asked concerning the evolution of informa-
tional macromolecules (nucleic acids and proteins). An outstanding
question among these concerns the origin of interspecies amino acid
sequence differences. Did each of the observed differences come
about as a result of natural selection, or can the action of random
processes explain much of this variation? The notion that the latter
forces have been important is embodied in the neutral mutation
theory of molecular evolution.

A test of the neutral mutation theory described in this
thesis was done by examining the amino acid sequence of a hemo-
globin polypeptide chain from the North American opossum
(Didelphis marsupialis), a "living fossil."

Modern techniques of protéin chemistry have been applied
in order to propose an amino acid sequence for the alpha chain of
opossum hemoglobin.

The sequencé was found to have probably diverged more
from an ancestral hemoglobin than have the sequences of alpha
chains from other mammals. This may be interpreted as support for

the neutral mutation theory under certain assumptions.
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