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The Complete Amino Acid Sequence of the Major Component 
Myoglobin of Dwarf Sperm Whale (Kogia simus)? 

Francis E. Dwulet, Barry N. Jones, Lee D. Lehman, and Frank R. N. Gurd* 

ABSTRACT: The complete amino acid sequence of the major 
component myoglobin from the dwarf sperm whall, Kogia 
simus, was determined by specific cleavage of the protein to 
obtain large peptides which are readily degraded by the au- 
tomatic sequenator. Three easily separable peptides were ob- 
tained by cleaving the protein at its two methionine residues, 
and five peptides were obtained from the methyl acetimidated 
protein by cleavage with trypsin at the four arginine residues. 
Sequenator analysis of these fragments and the apomyoglobin 
provided over 80% of the covalent structure of the protein. The 
remainder of the primary structure was determined by further 

I n  preceding papers, the complete primary structure of the 
myoglobins from Amazon River dolphin (Dwulet et al., 1975), 
California gray whale (Bogardt et al., 1976), Atlantic boftle- 
nosed dolphin (Jones et al., 1976), and Arctic minke whale 
(Lehman et al., 1977) were reported. All of these sequences 
of cetacean myoglobins were determined by automated Edman 
degradation. This paper reports the application of the peptide 
fragmentation and analytical procedures that were used in 
these papers in determining the complete amino acid sequence 
of the myoglobin from dwarf sperm whale, Kogia simus. In 
addition, the arginine blockage technique of Patthy and Smith 
(1975) was applied to this protein to assist in reconfirming 
many of the unique amino acid substitutions found within this 
protein. Completion of this sequence extends the number of 
complete cetacean myoglobin sequences to eight. In addition 
to the above-mentioned proteins, there are the myoglobins from 
the Black Sea (common) dolphin (Kluh and Bakardjieva, 
1971), common porpoise (Bradshaw and Gurd, 1969), and 
sperm whale (Edmundson, 1965). This is the only myoglobin 
sequenced to date which shows a high degree of homology to 
the protein from sperm whale. 

Experimental Section 

Materials 
The principal component of dwarf sperm whale myoglobin 

was isolated from frozen muscle tissue by the procedure of 
Hapner et al. (1968). Phosphate buffer (pH 6.4), ionic strength 
0.1, was used to effect purification of the crude homogenate 
on C-50 CM-Sephadex. The homogeneity of the purified 
myoglobin was verified by cellulose acetate electrophoresis. 
The apomyoglobin was prepared essentially by the procedure 
of Teale (1 959). 
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digestion of the two larger cyanogen bromide fragments with 
trypsin and staphylococcal protease. To reconfirm many of the 
substitutions ‘found in this protein, the apomyoglobin was 
treated wi#h 1,2-~yclohexanedione, and the resulting arginine 
protected protein was cleaved at its lysine residues with trypsin. 
This myoglobin differs from that of the sperm whale a t  6 po- 
sitions, and from the other cetacean myoglobins at about 16 
positions. The appearance of a histidine residue at position 35 
has no precedent in any myoglobin. The substitutions seen at 
positions 21, 51, and 132 are unique to date for cetacean 
myoglobins. 

Methyl acetimidate hydrochloride was prepared according 
to the procedure of Hunter and Ludwig (1 962) and 3-sulfo- 
phenyl isothiocyanate sodium salt was prepared according to 
the method of. Dwulet and Gurd (1976). Tos-PheCHzC1’- 
treated trypsin was purchased from Worthington Biochemical 
Laboratories, and staphylococcal protease was obtained from 
Miles Laboratories Ltd. Sequenator reagents of “Sequencer” 
grade were obtained from Beckman Instruments. 1,2-Cyclo- 
hexanedione was a product of Aldrich Chemical Co. All other 
chemicals were the highest grade available. 

Methods 
All the techniques that were reported in the previous papers 

in this series for obtaining and isolating peptides were also used 
here (Lehman et al., 1977). 

Reaction of Arginine Residues with I,2-Cyclohexanedione. 
Apomyoglobin was treated with 1,2-~yclohexanedione using 
a slight modification of the procedure of Patthy and Smith 
(1975). Apomyoglobin (10 pmol) was dissolved in 10 mL of 
deionized 8 M urea and deoxygenated with nitrogen gas. To 
this solution was added 155 mg of boric acid (0.25 M) and 168 
mg of 1,2-~yclohexanedione (0.15 M, 40-fold excess/arginine). 
When solution was complete, the pH was raised to 9.0 and the 
mixture allowed to react for 2 h at 38 OC. The reaction was 
then terminated by cooling the sample in an ice bath and with 
the addition of 1 mL of glacial acetic acid. The reacted protein 
was then dialyzed a t  4 OC against 1% acetic acid to remove 
excess reagents. The modified protein was then lyophilized and 
stored at -20 OC until needed. Acid hydrolyses on the reacted 
protein and peptides were performed with 5.7 N HCI con- 
taining 0.2% mercaptoacetic acid. 

Tryptic Digestion of Arginine Reacted Apomyoglobin. The 
1,2-cyclohexanedione-treated apomyoglobin (5 pmol) was 
dissolved in 5 mL of deoxygenated 0.1 M boric acid buffer. 
When solution was complete, and with the pH between 4 and 
5, a total of 1.8 mg of trypsin (2% w/w) was added. The pH 
was then raised with base to 8.1. At a pH of about 6.5 some of 

I Abbreviation used: Tos-PheCHlC1, L-l -tosylamido-2-phenylethyl 
chlorornethyl ketone. 
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TABLE I :  Amino Acid Composition of Kogia simus Myoglobin. 

Amino From Acid From the 
Acid Hydrolysates" Seauence 

ASP 
Thr  
Ser  
Glu 
Pro 
GlY 
Ala 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
LYS 
His 
A rg 
Trp" 

7.1 
4.0 
7.0 
8.9 
4.2 
0.7 
8.6 
6.9 
2.2 
9.5 
8.5 
3.0 
5.8 

18.3 
13.0 
4.0 
1.8 

7 
4 
7 

19 
4 

10 
18 
7 
2 

10 
18 
3 
6 

19 
13 
4 
2 

a Acid hydrolyses were performed on ferrirnyoglobin for 24,48, and 
72 h at  I10 O C  with 5.7 N HCI and the values were averaged. The  
amino acid residues were calculated on the basis of I53 amino acids 
in the protein. The values of threonine and serine were obtained by 
extrapolation to zero time. The values of valine, isoleucine, and leucine 
were the maximum values (72 h). /I Tryptophan was determined by 
the method of Liu and C h a n r  (1971). 

the myoglobin precipitated, but by pH 7.5 all the protein had 
redissolved. After 3 h of reaction an additional 1.8 mg of 
trypsin was added and the reaction continued for a total of 5 
h. The digest was terminated by lowering the pH to 6.0 and 
heating the sample at 90 O C  for 5 min. The insoluble material 
which formed was removed by centrifugation and then resus- 
pended in pH 6.0 water and again heated at 90 "C for 5 min. 
The insoluble peptides were isolated by centrifugation and the 
supernatant phases were combined and lyophilized. The pH 
6.0 soluble and insoluble peptides were initially fractionated 
by gel filtration. Those pools found to contain blocked arginine 
residues had the guanidine groups regenerated with 0.2 N 
hydroxylamine at pH 7.0 for 24 h a t  37 O C .  The excess reagents 
were then removed from the peptide pools by gel filtration, and 
the peptides were finally purified by ion-exchange chroma- 
tography. 

Results 
Amino Acid Composition. The amino acid composition of 

the principal component of dwarf sperm whale myoglobin was 
obtained from 24,48, and 72 h hydrolysates of the ferrimyo- 
globin. The results are summarized in Table I .  

Peptide Isolation. All the techniques used in the previous 
papers in  this series to isolate the needed peptides were also 
used here. The elution profiles and peptide compositions can 
be found in the supplementary material.* 

Sequence Investigations. Only the sequence data necessary 
to establish t h e  entire primary structure are reported here. 

Sequenator Results. The complete primary structure of 
dwarf sperm whale myoglobin is presented in Figure 1. The 
strategy used to establish the structure is outlined diagram- 
matically in Figure 2. In this diagram the solid bar represents 
the entire myoglobin sequence and the marked residues are 
those amino acids important in fragmenting the protein. The 

' Results of established procedures can be found in supplementary 
material as described below. 

5 10 
1 

16 

31 

46 

61 

76 

91 

106 

121 

136 

151 Tyr Gln Gly 

Val Leu Ser Glu Gly Glu Trp Gln Leu Vel Leu His Val Trp Ale 

Lys Val Glu Ala Asp Ile Ala Gly H i s  Gly Gln Asp Ile Leu Ile 

Arg Leu Phe Lys H i s  H i s  Pro G h  Ihr Leu Glu Lys Phe Asp Arg 

Phe Lys H i s  Leu Lys Ser Glu Ala Glu Met Lys Ala Ser Glu Asp 

Leu Lys Lys His Gly Val Ihr Val  Leu T%r Ala Leu Gly Ala Ile 

Leu Lys Lys Lys Gly His H i s  Glu Ala Glu Leu Lys Pro Leu Ala 

Gln Ser His A l a  Ihr Lys His Lys Ile Pro Ile Lye Tyr Leu Glu 

Phe Ile Ser Glu Ala Ile I l e  His Val Leu His Ser Arg His Pro 

Als Asp Phe Gly Ala Aap Ala Gln Gly Ala Met Ser Lys Ala Leu 

Glu Leu Phe Arg Lys Alp Ile Ala Ala Lys Tyr Lyn Glu Leu Gly 

F I G U R E  1 :  The amino acid sequence of dwarf sperm whale myoglobin. 
The three letter amino acid code has been used for simplicity and the hy- 
phens between the amino acid residues have been omitted for clarity. 

t IciiJRb 2. Diagrammatic summary of fragments generated from dwarf 
sperm whale myoglobin for sequenator analysis. The top bar represents 
the whole protein and the residues that are important to its fragmentation. 
A hatched segment in each horizontal bar indicates the segment of se- 
quence determined by sequenator analysis on that fragment. 

hatched sections in each bar represent the amount of the 
structure obtained from each peptide in the sequenator. 

Discussion 
Comparison with other Cetacean Myoglobin Sequences. 

The present report is the fifth in a series of complete cetacean 
myoglobin  sequence^^.^ determined by automated Edman 
degradation. The information obtained from these sequence 
investigations had been used to interpret proton NMR results 
in which the pK, values of the individual histidine residues were 
assigned (Botelho, 1975), as well as in the treatment of elec- 
trostatic interactions within the myoglobin molecule (Shire 
et ai., 1975). In addition the sequence data can be used to assist 
in interpreting the results of denaturation experiments using 
copper or hydrogen ions (Hartzell et al., 1968), oxygen binding 
(Rossi Fanelli and Antonini, 1958), and hemic acid dissociation 

L. D. Lehman, work in  progress 
B. N .  Jones, work in progress. 
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Resldue 
Number 

1 4 5 8 1 2  13 15 2 1  26 

FC6F3IY 

15 

16 

14 

13 

j ET" ~ 1:; 1:; ::: 1;: 1:: 1; 1;; 1 __ 
BOttle"O3ed 

Do lph in  

F I G U R E  3: Comparison of the amino acid sequences of cetacean myo- 
globins whose sequences have been completed to date. Only those positions 
in which differences occur are reported. All other positions are conserved 
and are the same as in  the dwarf sperm whale myoglobin sequence. 

DOLPHIN DOLPHIN DOLPHIN 

14 15 15 

16 16 17 

14 14 7 

14 13 10 

11 6 7 

(George and Hanania, 1952). Finally, the sequence informa- 
tion has been used to develop a computer model of cetacean 
phylogenetics (Bogardt, 1977). 

The sequence of dwarf sperm whale myoglobin is compared 
in Figure 3 with the known cetacean myoglobins, as empha- 
sized in the difference matrix shown in Figure 4. From this it 
can be seen that the dwarf sperm whale myoglobin is most 
closely related to the myoglobin from the sperm whale. The 
sequence of dwarf sperm whale myoglobin will be examined 
here in comparison with the six differences between it and the 
myoglobin sequence from sperm whale. The differences will 
be referred to by first giving the position number, then the 
residue found in dwarf sperm whale myoglobin, followed by 
the homologous sperm whale residue in parentheses. 

21 Isoleucine (Valine). This is the first time that an isoleu- 
cine residue has been seen in this position in a cetacean myo- 
globin. The common residue for porpoises and dolphins is a 
leucine, and for whales it is a valine (see Figure 3).  Isoleucine 
at  this position has only been seen in the myoglobins from horse 
(Dautrevaux et al., 1969) and most of the primates (Rom- 
ero-Herrera et al., 1976a). 

For all other known myoglobins, positions 21 and 28 appear 

S p e r m  Whale 

m a r o n  River 
D o l p h i n  

DWARF 

SPERM GRAY MINKE 

~~ 

Glu CLY A T n  G l y  * i n  A l a  ryr G L n  

Glu G L Y  Asp A l a  As"  Ais R e  His 

WHALE 

14 

16 
- 

I 3  

SPERM 

WHALE 

DWARF 

SPERM 

WHALE 

GRAY 

WH4LE 

MINKE 

WHALE 

COMMON 

PORPOISE 

COMMON 

DOLPHIN 

BOT TLENOSED 

DOLPHIN 

FIGURE 4: Difference matrix for cetacean myoglobins obtained by 
summing the number of different amino acids between pairs of pro- 
teins. 

to be examples of Fitch's "covarions" (Fitch and Markowitz, 
1970). Covarions are  concomitantly variable codons repre- 
sented by a limited set of amino acids within a protein struc- 
ture. In the majority of known myoglobin sequences, an  in- 
crease in the side chain volume of residue 21 from a valine to 
a leucine or isoleucine is accompanied by a decrease in the side 
chain volume a t  position 28 from an isoleucine to a valine. 
These residues are not in direct contact with each other within 
the tertiary structure of the sperm whale protein (Watson, 
1969). Residue 21 in the sperm whale myoglobin lies in a 
crevice and residue 28 is found to be inaccessible to solvent. 
Position 28, furthermore, is a residue involved with one of the 
internal cavities described by Lee and Richards (1971). The 
two isoleucine residues occupying both positions 21 and 28 ihn 
the present sequence represent the only time in over 40 myo- 
globin sequences that this amino acid has been seen a t  both of 
these positions. 

35 Histidine (Serine). This is the first occurrence of a his- 
tidine residue a t  this position for any myoglobin reported to 
date. The serine residue for the sperm whale myoglobin is also 
a unique amino acid substitution occurring in none of the other 
myoglobins. This is the only position in the two proteins in 
which the amino acid substitution would require a two base 
change in the DNA codon. The loss of the serine a t  this position 
in the dwarf sperm whale myoglobin results in the loss of the 
hydrogen bond between the hydroxyl group of the serine res- 
idue and the peptide backbone (Watson, 1969). The loss of this 
hydrogen bond or its substitution by some other structural 
arrangement does not appear to reduce the stability of this 
protein to denaturing conditions in solution in relation to the 
sperm whale m y ~ g l o b i n . ~ . ~  

5 1 Serine (Threonine). Among the cetacean myoglobins 
sequenced to date, the dwarf sperm whale is the only example 
with a serine a t  this position. However, serine is a common 
residue for the seal (Bradshaw and Gurd, 1969) and sea lion 
(Vigna et  al., 1974) and the land carnivores (Tetaert et al., 
1974; Dumur et  al., 1976; Romero-Herrera et al., 1976b). 

R.  Avila, work in  progress. 
S. Friend, work in  progress. 
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121 Alanine (Glycine). Alanine is the more common ceta- 
cean residue, but glycine is found in many of these proteins as 
can be seen in Figure 3. From these and other sequences it 
appears that there is no evolutionary preference for either 
residue. 

122 Aspartic Acid (Aspargine). The aspartic acid is the most 
common residue seen a t  this position. The asparagine is rarer 
and is only seen in sperm whale and some of the land herbivores 
(Dautrevaux et al., 1969; Han et al., 1970, 1972; and Votsch 
and Anderer, 1975). 

132 Serine (Asparagine). Up  to this time all cetacean 
myoglobins have had an asparagine residue a t  this position. 
Serine has been limited to the myoglobins from the land her- 
bivores (Han et  al., 1970, 1972; Votsch and Anderer, 1975) 
and some of the prosimians (Romero-Herrera and Lehmann, 
1973; Romero-Herrera et al., 1976a-c). All substitutions 
characteristic of the dwarf sperm whale myoglobin appear 
compatible with the three-dimensional sperm whale myoglobin 
structure (Watson, 1969). 

Having discussed the differences between sperm whale and 
dwarf sperm whale myoglobins, it is useful to point out the 
similarities between these two proteins. These two myoglobins 
differ from all others in having the following amino acid resi- 
dues in common: histidine 12, arginine 45, valine 66, and ty- 
rosine 15 1. Presumably, the events which caused these amino 
acid changes occurred in the evolution of the ancestor of these 
animals, but after divergence from the other cetaceans. These 
changes may have some functional or adaptive significance 
because these two proteins have a better stability to denatur- 
ation by acid, temperature, and copper ions than do the other 
cetacean  myoglobin^.^.^ 

Blockage of Arginine Residues. The use of the 1,2-cyclo- 
hexanedione to render the arginine residues resistant to tryptic 
hydrolysis was very important for the reconfirmation of the 
entire protein structure and for isolating all the arginine overlap 
peptides. This procedure was especially useful here because 
many of the staphylococcal protease peptides from fragments 
CB1 and CB2 were insoluble under the normal conditions used 
for ion-exchange chromatography. Thus a number of segments 
of the protein structure were based only on results from a se- 
quenator run on a single peptide. This condition was acceptable 
but not desirable. The problem was overcome readily by lim- 
iting the tryptic cleavage to the lysine residues. Although some 
of the peptides obtained from this fragmentation procedure 
were also insoluble, procedures were developed to isolate and 
purify all of them.’ 

An interesting observation found in this work was the in- 
complete reaction of arginine residue number 31 in this protein. 
The other three arginine residues were found to be completely 
converted, but residue 3 1 was found to be about 200h unreacted 
with the 1,2-cyclohexanedione. This observation is at odds with 
the results for sperm whale myoglobin obtained by Atassi and 
Thomas (1969) and Varnes (1973). In  both of these cases it 
was reported that arginine number 45 was resistant to reaction 
with diketones. However, since the reaction conditions and the 
protein were different for these experiments, a more detailed 
study of the chemistry of these reactions with myoglobins will 
have to be made to resolve the differences. 
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Isolation and Characterization of an Organic Solvent Soluble 
Polypeptide Component from Photoreceptor Complexes of 
Rhodospirillum ru brum 

Sheri J. Tom,* Germaine E. Gogel,§ and Paul A. Loach*$t 

ABSTRACT: An organic solvent soluble polypeptide has been 
isolated from photoreceptor Fomplexes and chromatophores 
of Rhodospirillum rubrum. After extraction of the protein 
from lyophilized samples with 1 :1 chloroform-methanol, it was 
purified’by column dhromatography. Its isoelectric point de- 
termined by isoelectric focusing was 7.10. When analyzed by 
sodium dodecyl sulfate-polyacrylamipe gel electrophoresis, 
the purified polypeptide ran as a single band of an apparent 
molecul?r weight of 12 000. However, according tp amino acid 
analysis, the minimal molecular weight based on one histidine 
residue per polypeptide is 19 000. The polypeptide contains 
no cysteine and no tyrosine. Amino acid analyses indicated that 
three methionines were present per histidine residue and cy- 
anogen bromide cleavage gave four smaller peptides which 

T h e  light harvesting unit in photosynthetic bacteria such as 
Rhodospirillum rubrum is contained in, or on, the membrane 
structure proliferating from the cell membrane of the bacte- 
rium. Cell disruptive procedures such as sonication have been 
used to convert the membrane into small vesicles called chro- 
matophores, and these vesicles can be converted into even 
smaller particles by various detergent treatments. Some of 
these preparations contain the antenna pigments or “bulk 
bacteriochlorophyll” (Coach et al., 1963, 1970a,b; Hall et al., 
1973), while others contain only the phototrap pigments 
(Clayton and Wang, 197 1 ; Feher, 197 1 ; Clayton and Hasel- 
korn, 1972; Noel et al., 1972). The former are called photo- 
receptor complexes, while the latter are called reactioh cen- 
ters. 

Photoreceptor complexes (Hall et al., 1973) appear to 
contain the polypeptides found in reaction centers, plus one or 
more smaller polypeptides, depending on the species of bac- 
terium. The antenna bacteriochlorophyll and the carotenoids 

+ From the Department of Biochemistry and Molecular Biology, 
Northwestern University, Evanston, Illinois 60201. Receiced August 16, 
/976. This investigation was supported by research grants from the Na- 
tional Institutes of Health (GM 11741) and the National Science Foun- 
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(GM-00626). Present address: Department of Biochemistry, College of 
Biological Sciences, University of Minnesota, St. Paul, Minnesota. 

Predoctoral traineeof the United States Public Health Service (GM 
0729 1 ). 

(I Recipient of a Research Career Development Award from the United 
States Public Health Service ( 5  KO4 GM 70133).  

were isolated by two-dimensional electrophoresis and chro- 
matography. Spectroscopic analysis indicated the presence of 
three tryptophan residues per histidine and N-bromosucci- 
namide cleavage also gave four smaller peptides which could 
be isolated by two-dimensional electrophoresis and chroma- 
tography. The C-terminal amino acid was shown to be glycine 
by two methods, while the N-terminal amino acid appears to 
be blocked. The organic solveqt soluble polypeptide abcounts 
for approximately 50% of the chromatophore protein and 
seems to bind the antenna bacteriochlorophyll and carotenoid 
molecules. Using this procedpre, organic solvent’soluble po- 
lypeptides were isolated from several photosynthetic bacteria 
and were found to have substantially different amino acid 
contents. 

also remain in  photoreceptor complexes. We have fqund that 
extractian of lyophilized photorekeptor complexes of R.  ru-  
brum with organic solvents will tqtally dissolve the low-mo- 
lecular-weight polypeptide, phospholipids, carotenoids, and 
bacteriochlorophyll, while the remaining polypeptides are 
insoluble. This same low-molecular-weight polypeptide has 
been isolated from chromatophores by a similar proc’dure, and 
relatively large amounts of it have been purified. The work 
described here is concerped with the isolation of this organic 
solvent soluble polypeptide (OSSPl) from Rhodospirillum 
rubrum, as well as initjal chemical and physical character- 
ization. A preliminary report of these results has been given 
(Tom et al., 1974). 

Materials and Methods 
Bacterial Growth. Rhodospirillum rubrum, strain 1. I .  I ,  

was propagated anaerqbically in modified Hu#ner’s growth 
medium (Cohen-Bazire et al., 1957) at 25-30 “C. The bacteria 
were grown in a light box illuminated by 500 ft-c ( 1  X IO4 erg 

I4C Bacterial Cultures. Protein contents of samples were 
determined by radiolabeling the bacteria with [ I4C] phenyl- 
alanine (UL, spec act. 350 to 500 pCi/mM, International 
Chemical and Nuclear Corp.). [ 14C]Phenylalanine was added 
to modified Hunter’? growth medium at concentrations varying 

cm-2 s - I  ) fluorescent lights. 

’ Abbreviatioqs used are: OSSP, organic solvent soluble polypeptide; 
NaDodSOd, sodium dodecyl sulfate; NaQodS04-PAGE, sodium dodecyl 
sqlfate-polyacrylamide gel electrophoresis; ’Tris, tris(hydr0xymeth- 
y1)aminomethane. 
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