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I. INTRODUCTION

A. Statement of the Problem

Nearly 20 years ago, in 1954, after a decade of pioneering
research, Frederick Sanger (1) and his colleagues at Cambridge
University were able to write the first structural formula of a
protein; the hormone insulin. Techniques developed by Sanger's group
were generally applicable to all proteins. Consequently, investiga~
tions in numerous laboratories on many proteins were either initiated
or enhanced because of these developments in protein chemistry.

Since that time many refinements, improvements, and additions have
béen made to the arsenal of tools available to the protein chemist.
Today, the task of sequencing a protein is formidable but not insur-
mountable,

The purpose of this thesis is to elucidate the primary
structure of the B chain of Asian elephant, Elephas maximus, hemo-
globin. This hemoglobin was chosen for investigation because it
provides the specific model necessary for testing the following:

1. The direct comparison of the amino acid sequence of the B chain
of elephant hemoglobin with other known sequences may explain the high
oxygen affinity of %His hemoglobin (2). 2. Elephant hemoglobin
sequence studies may also clarify the tenuous taxonomic relationship
which exists at present between the two living elephant species (3).
3. The relationship of this species to other animals may be extended

by comparisons of known sequences.



B. Structure and Function

1. Background

Hemoglobin is one of the most widely studied globular
proteins because of its important physiological role, relative
homogeneity, and availability. The molecular weight of human hemo-
globin is approximately 64,500 (4). The dimensions of this molecule
are 64 # 55 x 50 & (5). With the exception of the Agnatha, (6-8)
all known vertebhrate hemdglobins are tetrameric. The molecule con-
sists‘of two pairs of folded chains called alpha and beta. These
pairs differ in amino acid composition. The alpha chains contain
141 amino acid residues and the beta chains 146 amino acid residues.
The secondary and tertiary structure of the pairs of chains are
similar, but not identical (9). The major configurational difference
of these two pairs of polypeptides is that the alpha chains lack one
of the alpha helices possessed by the beta chain. As in myoglobin,
beta chains have eight regions (called A,B,C,D, etc.) in which the
polypeptide chain has an alpha helical configuration (10). Between
these helices are non helical sections in which the polypeptide chain
changes its direction in space. The alpha chain does not have a D
helix but has an extended non-helical region, called C-E.

All known vertebrate hemoglobins contaiﬁ identical pros-
thetic heme groups, which are bound intimately with the protein
moeity (11). These heme gfoups are situated in a pocket between the

E and F helices (10) of each chain. For this reason the four iron



atoms of the heme groups are relatively far apart. The heme group

is attached by a covalent bond to a histidine group of the polypeptide
chain. This histidine group is in the eighty-seventh position of the
alpha chain and the ninety-second position of the beta chain.

Kitchen (12) suggests that because all hemoglobins have
identical prosthetic heme groups, it is the protein moeity that has
the ability to alter the molecular environment surrounding the hemes.
This may explaiﬁ how different hemoglobins can function optimally
under a wide variety of oxygen tensions, temperatures, and pH.

2. Function of Hemoglobin

The maintenance of cell functions and of life is dependent
upon the continual supply of adequate amounts of oxygen. Hemoglobin
is the respiratory protein of the red blood cells which carries this
life-sustaining oxygen from the lungs to the tissues. In the cells
where oxygen is utilized, carbon dioxide is produced. Hemoglobin also
functions to transport carbon dioxide from the tissues to the lungs.

The oxygen affinity of hemoglobin increases with the degree
of its saturation, the oxygen equilibrium curve has a sigmoidal shape,
illustrated in Figure 1. This sigmoid shape is attributed to inter-
action between the fbﬁr hemes in one molecule of hemoglobin. The
position of the equilibrium curve is influenced by pH, known as the
Bohr effect (13) and organic phosphates, especialiy 2,3 diphospho-
glycerate (l4-16). The affinities of hemoglobin for oxygen, carbon

dioxide, hydrogen ion, and 2,3 diphosphoglycerate are interdependent,



Figure 1

Oxygen Affinity Curve of Asian Elephant Hemoglobin
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so that the concentrations of any one of these ligands affects its
combination with the others (17). The oxygenated and deoxygenated
forms of hemoglobin have differential binding affinities for different
effector ligands. The dedxygenated form of hemoglobin binds 2,3
diphosphoglycerate, carbon dioxide, and hydfogen ion firmly and when
it does so it has a low affinity for oxygén. Conversely, the oxy;
genated form of hemoglobin binds oxygen well but has a low binding
affinity for 2,3 diphosphoglycerate, carbon dioxide, and hydrogen
ion.
3. Elephant Hemoglobin

Elephants are the largest living land dwelling mammal.
Prior to the work of Dhindsa et al. (2,15) little was known regarding
the hemoglobin of the Asian elephant. Schmitt (19) had shown that
Asian elephant hemoglobin, on starch gel electrophoresis, migrated
faster than normal human A hemoglobin. Riggs (20) had determined
the amino acid composition of Asian elephant globin. No attempt was
made by Riggs to separate the o and B chains of Asian elephant globin.

The studies by Dhindsa et al. (2) revealed a mean Pgy (the
partial pressure of oxygen at which 50% ofbthe whole blood's hemo-
globin is saturated with oxygen) of 25.2 * 0.5 mm Hg for Asian ele-
phant hemoglobin. This investigation was completed on four adult
female Asian elephants and the average oxygen affinity curve is
shown in Figure 2. This Pgy value, 25.2 mm Hg, is lower than
the normal human Pgny value of 26.8 mm Hg. Knowledge of these

data prompted us to determine the sequence of the B chain of Asian



Figure 2

Oxygen Affinity Curve of Asian Elephant Hemoglobin
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elephant hemoglobin. The purpose was to attempt an explanation for
this high oxygen affinity by comparing the sequence of this hemoglobin
with those hemoglobin sequences already reported (21).

4. Animal Hemoglobin Sequences

The structure, function, and development of mammalian
hemoglobins can be related by a comparison of the amino acid sequences.
To date, approximatély 50 vertebrate hemoglobin chains have been
partially or cohpletely éequenced (21-36). Nearly all vertebrate
hemoglobins studied are tetramers containing two alpha chains and two
beta chains. The class Agnatha, which includes the lamprey eel as
wéll as other primitive vertebrates, is the exception to this rule
(31,32). The hemoglobin of the lamprey is characterized by a single
polypeptide chain having a molecular weight of 17,500 with a single
heme group (12). The oxygen equilibrium curve is hyperbolic and not
sigmoid shaped as in the other vertebrate hemoglobins.

Most vertebrate hemoglobins consist of two pairs of chains,
02B2. However, Tsuyuki and Ronald (37) have shown that several
species of salmon contain tetrameric hemoglobin with 3 or 4 different
chains. One species has at least éight different polypeptides which
do combine to give mixed tetramers (i.e., aosBR', aa'BR', aa' By, etc.).
Many vertebrate hemoglobin chain sequences have been or are being
determined. These include: amphibians, Bullfrog (33), Rana cates-
betana, Frog (34), Rana esculenta, and Newt (38), Taricha granulosa;
two marsupials, Kangaroo (25), Macropus rufﬁs and Opossum (39),

Didelphis virginiana and a host of other mammals including dog (35),
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cow (27), sheep (28), 1llama (29), pig (30), horse (40), and others
(21). Despite this apparent heterologous mixture of animal hemoglobin
chain sequences, all whose three-dimensional structures have been
determined are strikingly similar (41). In aligning these related
globin sequences, six positions appear to be invariant. Four of these
positions which do not appear to change are located near the site of
the heme group. Thié suggests that the binding of the‘heme, the
functional center of the molecule, is important for the maintenance
of a useful, oxygen transporting molecule. A comparison of the
elephant B chain sequence with those residues known to be involved
in the heme contact region may be helpful in explaining the high
affinity for oxygen that this hemoglobin possesses. |
5. Abnormal Human Hemoglobins

The screening of blood samples all over the world has led
to the discovery of over 100 mutant hemoglobins (42-44). Many of
these abnormal hemoglobins have been shown to have altered functions.
Some abnormal hemoglobins have a high affinity for oxygen. Examples
include: 1. Hemoglobin Zurich (45,46),which has a substitution in
the heme contact region; 2. Hemoglobins J Capetown (47), Yakima
(48), and Kempsey (49), all of which have substitutions in the ay189
contact; and 3. Hemoglobin Little Rock (50), which has an amino acid
substitution in the proposed binding site for 2,3 diphosphoglycerate
(DPG). These abnormal hemoglobins have all been reported to have

higher than normal oxygen affinities. These examples provide
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alternate sites where amino acid substitutions may cause an increase
in oxygen affinity. Namely, the a)-Bp contact region and DPG binding
site must also be carefully examined in addition to the heme contacts.

C. Evolving Hemoglobin

A time scale for the origin of-the earth and the evolution
of many organisms has been proposed from fossil evidence and radio-
active dating. Unfortunately, direct evidence of a species divergence
is rarely found in fossil form. Biochemical evidence does permit the
deduction of the change at the time of a species divergence (21).

The information recorded in protein sequences is often used for the
construction of phylogenetic trees (51-55) which show the relatedness
of one specig§ with another. The phylogenetic trees provide detailed
information on patterns of protein-gene evolution among species.

Aguirre (3) has described in detail the known fossil evolu-
tionary history of the elephant. There is presently much confusion
among the fossil experts (56,57) in the systematics of the family
Elephantidae (i.e., the common ancestor of the African elephant,
Loxodonta africana, and the Asian elephant, Elephas maximus, is un-
clear). Perhaps, in long range plans, the comparison of the amino
acid sequences of thevhemoglobins of these two currently living
species of elephants may clarify‘the present void.in man's knowledge.

The direct comparison of the beta chain of Asian elephant
hemoglobin with other previously determined hemoglobin chain sequences

should elucidate the phylogenetic relationship of this species. This
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should be a useful and independent test of the phylogenetic trees
produced by classical taxonomic considerations.
D. Comments

More is known about the secondary, tertiary, and quaternary
structure of hemoglobin than any other protein. Because this bio-
logically active protein has a similar function regardless of species,
that of oxygen tranéport, meaningful comparisons can be made of
differences in brimary séquences. Therefore, the direct comparison
of the B chain sequence of Asian elephant hemoglobin with both
sequences of other animal hemoglobins and the hemoglobinopathies may
result in a better understanding of the high oxygen affinity of this
molecule. Elephant hemoglobin has been shown to have an oxygen

affinity much higher than normal human hemoglobin (2).
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II. MATERIALS AND METHODS

A. Blood Samples

Samples were obtained from six adult female elephants by
vein puncture. Two of the samples were generously supplied by the
Portland Zoo. The other four samples were obtained from the San
Diego Zoo in collaboration with Dhindsa et al. (2). These samples
were obtained by immobilizing the elephants with M 99'(0ripavine (58)
injected intramuscularly; The amount of M 99 used for each animal
was approximately 1 mg/500 kg of body weight. Within 30 minutes
after the administration of M 99 the animals laid down and were
immobile but continued breathing regularly. Fifty to 100 ml of blood
were withdrawn from an ear vein of each animal into éyringes contain-
ing a solution of heparin and sodiuﬁ fluoride to prevent coagulation.
The blood was thoroughly mixed with the heparin solution and placed
in ice water. Following these procedures each elephant was given an
intravenous injection of M 285 (Cyprenorphine) to antagonize the
effect of M 99, Within a few minutes of the M 285 administration each
animal stood on its feet and walked away in a coordinated manner.

B. Preparation of Hemoglobin

The heparinized whole blood was centrifuged at 2,000 x g
for twenty minﬁtes and the plasma was removed by decanting. The red
blood cells were washed three times with an isotonic saline solution
of 7.65 gm sodium chloride (NaCl), 1.16 gm sodium phosphate dibasic

(NayHPO,), and 0.18 gm sodium phosphate monobasic (NaHoPOy) diluted
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to one liter with distilled, deionized water. The red blood cells and
saline solution were mixed thoroughly and centrifuged at 2,000 x g for
ten minutes. The top or saline layer was removed and the process
repeated. Hemolysates were prepared by mixing 1 volume of washed,
ﬁécked erythrocytes, 1 volume of water, and 0.4 volume of toluene.
This mixture was shaken vigorously for 2 minutes and centrifuged at
10,000 # g for thirty minutes. The hemoglobin solution was removed
by gently aspirating into a syringe. Care was taken to keep the tip
of the needle below the uppermost toluene layer but above the packed
cell ghosts which were on the bottom of the centrifuge tube.

The concentration of the hemoglobin sample was determined
by the cyanmethemoglobin method of Drabkin (59) at 540 mu. The
optical density was then multiplied by the color factor 1.44 and also
by any dilution factor necessary to determine the solution optical
density. This yielded the concentration of hemoglobin in terms of

mg per ml. (see eq. 1)
0.D. x l.44 x dil. factor = mg Hb/ml (L)

C. Separation of Hemoglobin

Hemolysate (500 mg) was applied to a 3.6 % 35 cm column of
Amberlite IRC-50 (Bio-Rex 70, Bio Rad Laboratorieé) according to the
procedure of Jones and Schroeder (60). The column had been equili-
brated with 8 liters of developer #6. The column was developed at

60 ml/hour and was maintained at a temperature of 7°C except for the
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last hemoglobin zoné which was eluted from the column by raising the
temperature to 22°C,

Starch gel electrophoresis was done at 6V/em for four hours
with pH 8.3, Tris EDTA-borate buffer (61). Samples with a hemoglobin
concentration of 10 mg/ml were applied to the starch gels. The gels
were stained with benzidine (62).

D. Preparation of Globin

The hemoglobin was converted to globin by precipitation with
cold acid-acetone essentially as described by Anson and Mirsky (63).
The hemoglobin was dialysed overnight against distilled, deionized
wéfer and then diluted with water to a concentration of 40 mg/ml.
This hemoglobin solution was added as a fine spray from a 27 gauge
hypodermic needle to the acid-acetone (1 ml of 1 N HCl1 per 100 ml
acetone) cooled in a dry ice bath. The globin mixture was stirred for
approximately 30 minutes and then centrifuged at 10,000 x g for 15
minutes at -10°C. The precipitated globin was washed once with cold
acid-acetone and centrifuged again. The acid-acetone was decanted off
and the globin precipitate was dissolved in water and lyophilized.

E. Chain Separation

Attempts to separate the o and B chains by the method of
Clegg et al. (64) were unsuccessful. However, the a and B chains
could be separated by a slight modification of the Dintzis (65) method.
The modifications are that 16.1 ml of redistilled pyridine plus 98.7

ml of concentrated formic acid were mixed and diluted to one liter
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with water. This solution, called Buffer B, was used as made without
adjusting the pH. The pH of this buffer was between 2.44 and 2.51.
Buffer A was prepared by diluting Buffer B 1:20 with water. The pH
of Buffer A was between 2.67 and 2.70. A carboxymethyl cellulose
column (cm-52) of 0.9 x 20 em was equilibrated with Buffer A for
several hours, until the effluent pH was identical to the initial
buffer. Approximately 100 mg of elephant globin dialysed against
Buffer A was applied to the column. The column was loaded by layer-
ing the sample onto the top of the column resin and forcing the sample
into the resin by air pressure. Buffer A was layered carefully over
thé resin bed and a gradient consisting of 250 ml each of Buffers A
and B was used. The flow rate was 15 ml per hour and fractions of 5
ml each were collected. The isolated o and R chains were chromato-
graphed on a Sephadex G-25 column in order to remove urea and other
contaminants and lyophilized.

F. Chemical Treatment of the Asian Elephant B Chain

1. N-terminal g Chain Determinétion

The N-terminal amino acid of the B chain was determined by
the method of Stark (66,67) without modification. Fifty mg of elephant
B chain was treated ﬁith 250 mg of pofassium cyanate in 8 M urea
adjusted to pH 8 with n-ethylmorpholine and glacial acetic acid. The

reaction is illustrated in equation 2.

H 8
@NHSCHRCONHCHRl ————— coo® + ©Nco E———-—9NHQCONHCHRCONHCHR1 ————— Cdsa (2)
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The carbamylated protein was separated from the unused reagents by gel
filtration on a Sephadex G-25 column and converted to the hydantoin.
Thé cyclization was performed by dissolving the carbamylated protein
in 2 ml of 50% acetic acid. The sample was evacuated and sealed in a
glass tube. The tube was immersed in a boiling water bath for one
hour. This converted the carbamylated protein to the hydantoin as
shown in reaction 3.

CHR - CO

. 1 @H+ I ’ + 1 ©
NHoCONHCHRCONHCHR *===~C0O0~ ——> HN NH + NH3CHR*~---C0O0 (3)

X f
Co

Thg}hydantoin was isolated from a column of Dowex 50 W-X2
(0.9 x 10 cm, 200-400 mesh). The purified hydantoin was hydrolysed
with 6 N HC1 at 110° for 22 hours by the procedure of Spackman, Stein,
and Moore (68) which results in converting the hydantoin to the free

amino acid as shown in equation 4.

CHR-CO
f | ® o
HN NH 6 N HCl NH3CHRCOO™ + NH3 + CO, (u)
N ¥ ’
Cco

2, S-aminoethylation
Lyophilized B chains were usually aminoethylated, The
chemical reaction involved in the conversion of cysteine residues to

S-(B aminoethyl) cysteine residues is illustrated in equation 5 (69).
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R-SH+ N =--> RSCHyCHyNH, (5)

The procedure used for S aminoethylation is essentially that
of Cole (70) and Raftery and Cole (71) which was performed in the
following manner. Approximately 100 mg of B chain was dissolved in
10 m1 of 8 M urea and 1 gm of 2-amino-2 (hydroxymethyl)-1,3 propane-
diol (Tris). The pH was adjusted to 9.0 with hydrochloric acid. This
solution was stirred continuously for one hour after the addition of
0.2 ml of mercaptoethanol, following which 1 ml of ethyleneimine was
added and the solution was stirred for a second hour. At the conclu-
sion of this time the pH was adjusted to 3.0 with concentrated hydro-
chloric acid and the aminoethylated elephant B chain was separated
from the urea and unused reagents by passage through a 2.5 x 50 cm
column of Sephadex G-25 equilibrated and eluted with 0.2 N acetic
acid. The aminoethylated protein was then lyophilized.

3. Amino Acid Analysis of Aminoethylated R Chain

Six aliquots of 2.5 mg each of aminoethylated chain were
dissolved in 2 ml of 6 N HCl containing 9 mg of phenol per 100 ml (72)
and hydrolyzed in vacuo for 22, 48 or 72 hours. Quantitative amino
acid analyses were made on each sample with a Spinco Model 120B Amino
Acid Analyzer as modified by Jones and Weiss (73).

4. e-amino Blocking Reagent

Several reversible blocking reagents for amino groups have
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been reported (74-78). Singhal and Atassi (79) found that citraconic
anhydride was the most satisfactory for their work on myoglobin.
Therefore, elephant aminoethylated B chain was reacted with citraconic
anhydride similarly to the methods of Singhal and Atassi (79). One
gram of B chain was dissolved in 50 ml of water adjusted to pH 8.2

on the pH stat. Ten aliquots of 100 ul each of citraconic anhydride
were added at 20 minute intervals to the stirred B-chain solution.
The pH was maintained between 8.5 and 9.0 by the addition of 5 N
NaOH. After adding the citraconic anhydride, the mixture was allowed
to stand for 1 to 2 hours. This solution was dialysed against water,
which had been adjusted to pH 8.5 with NaOH. After dialysis, the
sample was r€§dy for enzymatic digestion with trypsin.

G. Enzymatic Hydrolysis of B Chain

Initial enzymatic digestion of chemically treated elephant
B chain, as previously described, was done with trypsin by the method
of Baglioni (80). All samples were hydrolysgd in the following
manner: Chains were dissolved in distilled, deionized water in the
proportion of 5 mg of chain per 1 ml of water. The pH was adjusted
to a value between 8.0 and 9.0 by the dropwise addition of trimethyl-
amine. Trypsin was added in a ratio of 1 mg trypsin per 100 mg of
protein. After one-half hour the pH was checked and adjusted as need-
ed to maintain it between 8.0 and 9.0. The elephant B chain was
hydrolysed for a total of two hours. After hydrolysis the pH was

adjusted to between 2.0 and 3.0 with 1 N HCl. The tryptic peptides
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in this solution were separated by ion exchange chromatography.

H. Separation and Further Fragmentation of Tryptic Peptides

1. Separation by Ion Exchange

Tryptic peptides have been separated from each other by ion
exchange chromatography (81-85). In our laboratory a sample equiva-
lent to the load provided by the tryptic peptides of 50-100 mg of
aminoethylated peptide chain was adjusted to a volume of about 1 ml
by rotary evaporation. The pH was adjusted to one or two PH units
’belOW‘that of the initial chromatographic buffer. The sample was
layered onto the top of a 0.9 x 20 cm column of Bio Rad Aminex A-5
resin. It was forced into the column by air pressure. The top of
the column was then covered with initial buffer and development of
the column was initiated. The gradient was produced in a two-chamber
system with 250 ml of 0.2 M pyridine—acetiq acid, pH 5.0, in the
reservoir. The column flow rate was 30 ml per hour. Of the effluent,
-3 ml per hour were diverted to a mixing block where it was mixed with
ninhydrin and citrate buffer, pH 5.25, each flowing at 12 ml per hour.
This reaction mixture was heated by passage through a coil of Teflon
tubing 50 feet in length (size AWG 22) which was maintained at 100°C
in a refluxing water bath. The resulting reaction products were
detected photometrically at 570 my in a flow photémetev and recorded
directly with a strip chart recorder. The remainder of the column
effluent was diverted to a fraction collector.

The peptides obtained from this initial separation on a
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column of Aminex A-5 were further purified by rechromatography on a
column (0.9 x 60 cm) of Aminex AG 50 W-X2 (270-325 mesh, Bio Rad
Laboratories) with the use of the same developer, flow rates, and
automatic detection system as previously described.
2. Separation by Gel Filtration

Separation of the peptides resulting from the tryptic diges-
tion of citraconylated elephant aminoethylated B chain was carried out
by gel filtration on Sephadex G-50 (74,86,87). The lyophilized
sample was dissolved in 10 ml of 7% formic acid and applied to the
top of the Sephadex G-50 column (5 x 190 cm). The sample was allowed
torflow into the resin bed and the top of the column was rinsed three
times with 5 to 10 ml aliquots of 7% formic acid. After the last
rinse, the column top was covered with 30 ml of 7% formic acid. The
column was pumped at 100 ml/hour and the total column effluent was
monitored directly with a Beckman DB Spectrophotometer at 280 mu and
collected in a fraction collector.

3. Chemical Methods of Fragmenting Peptides

NfBromosuccinimide (NBS) cleavage of peptide bonds has been
demonstrated (88,89). Tryptophyl, tyrosyl, and histidyl bonds are all
cleaved by NBS. It is not possible to cleave histidyl bonds without
cleavage of tyrosine and tryptophan residues if they are present (90).
However, if a peptide contains only one of these three amino acids,
then the cleavage will be specific for that one tryptophyl, tyrosyl or

histidyl residue in the peptide. The method described by Shaltiel and



22

Patchornik (91) for simple histidine containing peptides was used.
The cleavage of a histidyl peptide procedure is as follows: One ml
of peptide solution, peptide dissolved in a buffer containing
pyridine-acetic acid-water (1:10:18), was treated with 3 ml NBS solu-
tion (0.905 gm NBS in 100 ml buffer previously mentioned) at room
temperature for 30 minutes. Excess NBS was destroyed by the addition
of a slight excess of imidazole. The mixture was then refluxed at
100°C for one hour to cléave the histidyl bond. This method was
particularly useful for a peptide containing one histidine and devoid
of tyrosine and tryptophan.

Cleavage of aspartic acid residues by dilute HCl (92) or
acetic acid (93) have been documented. Although there are some
problems with spurious cleavage of asparagine residues (92) this
method is useful for sequence analysis.

In this laboratory 1 to 2 micromoles of the peptide were
‘evaporated to dryness and 1 ml of 0.25 M acetic acid was added. This
solution was transferred to a glass ampoule and the flask rinsed with
another 1 ml aliquot. The sample was evacuated, sealed, and heated
at 100°C for 16 hours. On completion of the 16 hours, the sample was
femoved from the ampoule and evaporated to dryness. The sample was
then dissolved in pH 3.1 buffer. This sample was then loaded onto a
Dowex AG 50W-X2 column (0.9 x 60 cm) and chromatographed as described
previously.

3. Enzymatic Methods of Fragmenting Peptides
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Many proteolytic enzymes are useful for further splitting of
the tryptic peptides into shorter peptides. Routinely used were
pepsin (94), chymotrypsin (95), thermolysin (96), and papain (95).

Peptides were further digested with pepsin (Worthington,
twice crystallized at pH 2 for 18 hours at 25°C. This was accomplished
by dissolving the peptide which had been dried by rotary evaporation
with 0.5 ml of 0.01 N HCl and adding 0.1 ml of 10 mg % pepsin.

For chymotryptic digestion a modification of the procedure
described by Konigsberg and Hill (95) was used. Peptides were dis-
solved in 1 ml of distilled, deionized water and adjusted to pH 8.0
t& 8.5 with 2% trimethylamine. One mg of chymotrypsin was dissolved
in 1 ml of 0,001 N HCl and 0.1 ml was added to the peptide solution.
The digestion was carried out at 25°C for 16 to 24 hours and the
enzyme action was halted by the dropwise addition of 1 N HC1l to adjust
the pH to between 2.0 and 3.0. The sample was evaporated fo dryness
and the chymotryptic peptides were separated on a Dowex AG 50W-X2
column (0.9 x 60 cm) as described previously.

Digestion of the peptides with papain was accomplished in a
fashion similar to that of Konigsberg and Hill (95). One to 10 micro-
moles of peptide weré dissol&ed in 1 ml of 0.16 M pyridine-acetate
buffer, pH 5.5, and 0.1 ml of the papain suspensi&n containing 20 mg
of papain per ml was added to the peptide solution. The digestion
mixture was maintained at 37°C for 16 hours. The sample was dried and

the peptides separated as described earlier.
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Some peptides were hydrolysed with thermolysin. The
peptides were dissolved in 0.5 ml of distilled, deionized water and
adjusted to pH 8.0 with 0.5 M Tris. One mg of thermolysin was
dissolved in 5 ml of water containing 60 mg Tris and 15 mg CaClp-2H,0
and 0.2 ml of this solution was added to the peptide solution. The
digestion was carried out at 35° for 3.5 hours. The hydrolysis was
stopped by the dropﬁise addition of 1 N HCl to adjust the pH to between
2.0 and 3.0. The sampleAwas evaporated to dryness and the thermolysin
peptides were separated on a column of Dowex AG 50W-X2 as described
previously.

I. Amino Acid Analysis

Purified peptides were prepared for quantifative amino acid
analysis essentially as describeq by Moore, Stein and Spackman (68,
97,98). The saﬁple was evaporated to dryness, then dissolved in 6 N
HC1l containing 9 mg phenol per 100 ml HCl and transferred to a hydroly-
sis ampoule. The ampoule was evacuated, sealed, and heated for 22
hours at 110°C. At the end of the hydrolysis time the samples were
removed from the ampoules, evaporated to dryness, and 2.5 ml of pH 2.2
buffer was added. Quantitative amino acid composition of the samples
was determined on a modified Beckman 120B amino acid analyser (73).
The areas encompassed by the elution peak of each amino acid were
determined by an Infotronics 12 AB integrator. The amino acid compo-
sition of the samplés was calculated by multiplying the integrator

value for each peak by a specific color factor determined for each
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elution peak from standard mixtures of amino acids purchased from
Beckman. A quantitative analysis of the amino acids is one of the
first steps in the elucidation of the chemical structure of a protein
molecule. Knowledge of the composition of a peptide is useful as a
guide before sequence analysis is begun.

J. Sequencing of Peptides

The tryptic peptides of the B chain of Asianvelephant hemo-
globin were determined by standard manual methods. These included
treating the peptides with one or more of the following procedures:

1. Digestion with other proteolytic enzymes (94-96), 2. Chemical
cleavage (90,93), or 3. Sequential dansyl-Edman degradation (99-104).

The procedure for dansylation of the N—terﬁinal amino acid
was a slight modification of the method reported by Gray and Smith
(99). Dansylation, or the reaction of 1-dimethyl amino-naphthalene-
S5-sulfonyl chloride (dansyl chloride) with the amino group of the N-
terminal amino acid, is shown in equations 6-8. (Reactant I is dansyl
chloride; reactant II is a tripeptide; product III is the dansylated
tripepfide, upon acid hydrolysis of III, the dansyl amino acid IV,
and the free amino acids V are released.) This reaction of dansyl
éhloride with the peptides proceeds under relatively mild conditions
and the derivatives formed are, with few exceptions, resistant to acid
hydrolysis. These derivatives possess a very intense yellow fluores-

cence, allowing the detection of small amounts.
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Five to ten nanomoles is sufficient. In addition, the dansyl deriva-
tives are easily separated by thin layer chromatography (105-107).
Each sample taken for reaction with dansyl chloride was

thoroughly dried in a small pyrex glass test tube (6mm O.D. X 50 mm).
The sample was dissolved in 20 microliters of 0.2 M NaHCOg5 solution
and dried; this drying facilitates the removal of ammonia which might
be present. The samples were then redissolved in 20 microliters of
distilled, deionized water and the pH was determined. The pH should
be between 8.0 and 9.0. A pH of 8.5 was used because it was found
to be optimal for this reaction. After determining and adjusting the
PH as necessary, 20 microliters of a 10 mM dansyl chloride solution
(3 mg/ml in acetone) were added to the sample. The éample was
covered with parafilm and heated for 15 to 30 minutes at 45°C. One
“hundred microliters of 6 N HC1 were added and the test tube was sealed
in a fine flame. Hydrolysis proceeded overnight (16 hrs.) at 110°C.

| The samples were then dried in vacuo and 1-2 drops of a
acetone-water (9:1 Q/v) mixture was added to each. These were spotted
on silica gel G plates (Quantum Industries) with the appropriate
standard dansylated amino acids. The plates were then developed by
placing in the appropfiate chromatographic tank. Two chromatographic
systems were used in separate tanks. One system contained chloroform-
methanol-acetic acid (95:10:1 v/v/v) and the other contained n-
propanol-ammonium hydroxide (80:20 v/v). The former solvent system

readily separates the dansyl derivatives of valine, alanine, glycine,
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leucine, threonine, serine, phenylalanine, tyrosine, proline, and
lysine. The latter solvent system was essential for identifying the
dansyl derivatives of aspartic acid, glutamic acid, arginine,
cysteine and histidine. An example of an amino acid identification
by this method is depicted in Figure 3.

The sequential degradation of peptides with phenylisothio-
cyanate (PITC) (103) has become a standard procedure of protein
éhemistry. The mechanism of the Edman procedure is given in reactions

9 and 10.
CgHgNCS  + HoN-CHR-CO-NH-CHR!-COOH ---——-- > (9)

_ CgHgNH-CS-NH-CHR-CO-NH-CHR!-COOH

Lo

® ® o
CgHsNH-C=NH + NH3-CHR!-C00 (10)
||
S CHR
c

The first reaction (9), called fhe coupling reaction, is the
formation of a phenylthiocarbamyl (PTC) derivative of the peptide. The
next reaction (10) involves the cleavage of the PTC-peptide at the
peptide bond nearest fo the PTC substituent. This requires a strong
acid medium and leads to the formation of a 2-anilino-5-thiazolinone
derivative and a peptide with one less amino acid than the original
sample. This is termed thevcleavage reaction (104). If one uses the

thiazolinone cleaved off for identification of the N-terminal amino



Figure 3

Thin Layer Chromatographic Identification

of Dansyl-Amino Acids

The columns are: 1. Standard dansyl-Leu. 2. Standard dansyl-
Val. 3. The unknown, 4. Standard dansyl-Phe. 5. Standard

dansyl-Gly. The unknown was identified as dansyl-Val.

29
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acid, it must be converted to a more stable derivative (104).

Samples of approximately 10-20 nanomoles of peptide were
placed in smal