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ABSTRACT: The complete amino acid sequence of muscle 
hemerythrin (myohemerythrin) from the sipunculid Them- 
iste (syn. Dendrostomum) pyroides has been determined 
by analysis of tryptic, chymotryptic, and cyanogen bromide 
peptides. The primary structure of myohemerythrin differs 
substantially from that of coelomic hemerythrins of Phas- 
colopsis (syn. Golfingia) gouldii and Themiste pyroides, 

A number of chemical, spectroscopic, and magnetic tech- 
niques have been used in the characterization of the oxy- 
gen-binding site of the non-heme iron protein hemerythrin. 
Chemical modification experiments directed toward identi- 
fication of the amino acid side chains which provide ligands 
to the two iron atoms have indicated that lysyl (Fan and 
York, 1969, 1972), tryptophanyl (York and Fan, 1971), 
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the amino acid sequence of the muscle protein being only 46 
and 45% homologous with the respective coelomic hemer- 
ythrins. The most extensive regions of homology between 
muscle and coelomic proteins occur near the t e r m i n i  These 
and other shorter regions of homology are  interpreted in 
terms of the essential iron ligand residues of the active cen- 
ter. 

and carboxyl (Klippenstein, 1972a) groups are not iron 
linked while perhaps four histidyl (Fan and York, 1969) 
and two or three tyrosyl (Rill and Klotz, 1970, 1971; York 
and Fan, 1971; Fan and York, 1972) residues may be iron 
ligands. To confirm and extend these results, analysis and 
comparison of the amino acid sequences of hemerythrins 
from a variety of sources are being done. A .limitation in 
this approach has been the small number of amino acid in- 
terchanges between hemerythrins studied, e.g., five among 
variants of Phascolopsis (syn. Golfingia) gouldii coelomic 
hemerythrin (Klippenstein, 1972b) and four between P. 
gouldii and Themiste (syn. Dendrostomum) pyroides coe- 
lomic hemerythrins (Ferrell and Kitto, 1971). 

The isolation and characterization of myohemerythrin 
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from Themiste pyroides (Klippenstein et al., 1972), a mo- 
nomeric protein which differs substantially in primary 
structure from coelomic hemerythrins, presented the oppor- 
tunity to  identify a number of variable amino acid residues 
and to see the emergence of invariant residues, some of 
these presumably being part of the oxygen-binding site. 
This paper describes the determination of the complete 
amino acid sequence of myohemerythrin and some conclu- 
sions which can be drawn about the iron-linked groups in 
the active center of the protein. 

Materials and Methods 

Purification of Myohemerythrin. Myohemerythrin was 
prepared from the retractor muscles of 100 Themiste py-  
roides (Pacific Biomarine Supply Co., Venice, Calif.) by a 
modification of the procedure of Klippenstein et  al. (1972). 
All steps were carried out a t  0-4 OC. The  tissue was homog- 
enized in 0.1 M Tris-chloride buffer ( p H  8.0) and centri- 
fuged a t  750g for 20 min and the supernatant made 0.1 M 
in sodium azide and 5 X M in dithioerythritol. After 
standing overnight the solution was made 70% and then 
80% saturated in ammonium sulfate by addition of the solid 
and the precipitates obtained upon centrifugation were dis- 
carded. The supernatant was then made 100% saturated in 
ammonium sulfate and the precipitate collected by centrifu- 
gation. The precipitate was dissolved in 0.1 M sodium 
azide, which was 2.5 X M in dithioerythritol and di- 
alyzed against the same solution. The  azidometmyohemer- 
ythrin solution was concentrated by pressure ultrafiltration 
and applied to a 2.5 X 90 cm column of Sephadex G-75, 
equilibrated with 0.1 M NaCl  which was 5 X M in di- 
thioerythritol. The  tubes containing the myohemerythrin, as  
detected by its absorption a t  445 nm, were combined. 
S-Carboxyamidomethylmyohemerythrin. The two cyste- 

ine residues in myohemerythrin were blocked by the proce- 
dure of Crestfield et al. (1963) which was modified only in 
that iodoacetamide was substituted for iodoacetic acid and 
that  exhaustive dialysis against cold 0.1 M acetic acid re- 
placed the gel filtration step. The S-carboxyamidomethy- 
lated protein was subsequently dialyzed against distilled 
water and then made 0.1 M in ammonium bicarbonate by 
addition of the solid, and p H  8.0 by addition of ammonium 
hydroxide. 

Enzymatic Digestions. All enzymes used were obtained 
from Worthington Biochemical Corp., Freehold, N.J. Di- 
gestions of S-carboxyamidomethylmyohemerythrin with 
a-chymotrypsin or TPCKI-treated trypsin were carried out 
a t  37 "C by adding 1% enzyme by weight with respect to 
protein a t  zero time and another 1% a t  3 h. Digestion was 
terminated a t  6 h by lyophilization. 

Carboxypeptidase A and B digestions were performed as  
described by Groskopf et al. ( I  966) using in both cases 0.05 
M sodium borate buffers a t  pH 8.5. Leucine aminopep- 
tidase digestions were done as  described by Margoliash and 
Smith (1962). Amino acids released in exopeptidase digests 
were determined on the amino acid analyzer. 

Cyanogen Bromide Cleavage. To 1.8 kmol of S-carboxy- 
amidomethylmyohemerythrin in 1.5 ml of 70% formic acid 
was added a 600-fold molar excess (0.1 14 g) of C N B r  in a n  
additional 1.5 ml of 70% formic acid. The mixture was al- 

l Abbreviations used are: TPCK-, L-l-tosylamido-2-phenylethyl 
chloromethyl ketone: Dns, 5-dimethylaminonaphthalene-1-sulfonyl-: 
Pth, phenylthiohydantoin; Cam-, carboxyamidomethyl-; Cm-, carboxy- 
methyl-. 

lowed to  react a t  room temperature for 24 h after which the 
sample was lyophilized. 

Fractionation of Peptides. Tryptic and chymotryptic di- 
gests were fractionated on a 1.5 X 90 cm column of Sepha- 
dex G-15, equilibrated in 0.1 M ammonium bicarbonate 
( p H  8.0), and eluted a t  a flow rate of 7 ml/h; 1.5-ml frac- 
tions were collected, the tubes monitored a t  254 or 280 nm, 
and the peak fractions combined. Cyanogen bromide pep- 
tides were fractionated on a G-50 Sephadex column of the 
same dimensions and run under the conditions described 
above, and the effluent was monitored a t  220 nm. Some of 
the fractions obtained from Sephadex columns were further 
fractionated on columns of Dowex 50-X'2 (1.2 X 65 cm) by 
the procedure described by Schroeder (1 967). The convex 
gradient in pyridine acetate concentration and p H  was gen- 
erated by a two-chambered device, the mixing chamber 
containing 500 ml of p H  3.1 pyridine acetate buffer (0.2 M 
in pyridine) and the reservoir containing 1 I. of p H  5.0 pyri- 
dine acetate (2 M in pyridine); 2.5-ml fractions were col- 
lected and monitored by the alkaline hydrolysis-ninhydrin 
procedure of Hirs (1 967). 

One of the Sephadex fractions, T-I, was purified by chro- 
matography on a 1 X 30 cm column of DEAE-Sephadex 
A-25 eluted with a 500-ml linear gradient of 0.05-0.5 M 
ammonium bicarbonate (pH 8.0) a t  a flow rate of 15 ml/h; 
2-ml fractions were collected and their absorbance a t  254 
nm was measured. 

Purification of peptides by preparative paper electropho- 
resis, chromatography, or peptide mapping was carried out 
as  described previously (Klippenstein, 1972b). Peptides 
were eluted from paper using 1% v/v aqueous pyridine. 

Sequence Analysis. Amino acid analysis was done as de- 
scribed previously (Klippenstein, 1972b) on a Beckman 
120C amino acid analyzer. Peptides were hydrolyzed for 24 
h a t  110 OC, whereas intact myohemerythrin was hydro- 
lyzed for 24, 48, and 72 h and values for threonine and ser- 
ine were extrapolated to zero time. Sequencing was done 
using the dansyl-Edman technique (Gray, 1967) with iden- 
tification of dansyl-amino acids by chromatography on 
thin-layer polyamide sheets (Cheng-Chin, obtained from 
Gallard-Schlesinger, Carle Place, N.Y.) (Hartley, 1970) or 
by direct identification of Pth-amino acids on thin-layer sil- 
ica gel plates, using solvent system V of Jeppsson and Sjo- 
quist (1  967) to monitor the progress of the Edman proce- 
dure of Peterson et al. (1972). 

Nomenclature. Peptides a re  designated T for tryptic di- 
gest, C for chymotryptic digest, and CNBr for cyanogen 
bromide digest; this designation is followed by the numbers, 
in parentheses, of the amino-terminal and carboxyl-termi- 
nal residues in the total amino acid sequence of myohemer- 
ythrin. 

Results 
Elution patterns from gel filtration of the tryptic and 

chymotryptic digests of S-carboxyamidomethylmyohemer- 
ythrin are  shown in Figure 1 .  The amino acid compositions 
of the purified tryptic and chymotryptic peptides are  shown 
in Tables I and 11. The elution pattern for fractionation of 
the cyanogen bromide peptides on Sephadex (3-50 is shown 
in Figure 2. Of these peptides, only CNBr(77-1 18) re- 
quired further purification which was done by rechromato- 
graphy on the same Sephadex column. The amino acid 
compositions of the cyanogen bromide peptides are  shown 
in Table 111.  Included in Table 111 is the amino acid compo- 
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FIGURE 1: Elution pattern of peptides of myohemerythrin from Se- 
phadex G-15 columns (1.5 X 90 cm). (A) Tryptic peptides; (B) chymo- 
tryptic peptides. 
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FIGURE 2: Elution pattern of cyanogen bromide peptides of myohem- 
erythrin from a Sephadex G-50 column (1.5 X 90 cm). 

sition of myohemerythrin, calculated on the basis of 118 
residues per molecule. 

Tryptic Peptides. Fractions T-I1 through T-IV from Se- 
phadex (3-15 were subjected to  chromatography on columns 
of Dowex 50-X2. Fraction T-I  was further purified on a col- 
umn of DEAE-Sephadex and T-V was purified by paper 
electrophoresis. All 15 tryptic peptides described below 
were sufficiently pure for sequencing following these purifi- 
cation steps. 

Peptide T(1-15). Eleven steps of the dansyl-Edman pro- 
cedure gave the sequence Gly-X-Glx-Ile-Pro-Clx-Pro-Tyr- 
Val-Y-Asx. Residues X and Y were assumed to be Trp  be- 
cause of the destruction during hydrolysis of their dansyl 
derivatives. This was confirmed for residue X by the identi- 
fication of Dns-Trp a t  this position after chymotryptic hy- 
drolysis of the dansyl derivative of the N- 1 peptide. 

Carboxypeptidase B digestion for 1 h liberated arginine 
and phenylalanine in equimolar quantities, indicating, by 
invoking tryptic specificity, a C-terminal sequence of Phe- 
Arg. Chymotryptic digestion of peptide T (  1-1 5 )  yielded 
two major peptides, one of composition Glu(2.2), Pro(2.1), 
Gly(0.78), I le ( l . l ) ,  Tyr(0.92), Trp(1) and the second of 
composition Arg(0.90), Asp( 1 . l ) ,  Ser(0.95), Glu( 1 .O) ,  
Va1(0.98), Phe( 1. I ) ,  Trp( 1). The partial sequence of T( 1 - 
1 5) is, therefore, Gly-Trp-Glx-Ile-Pro-Glx-Pro-Tyr-Val- 
Trp-Asx-(Glx, Ser)-Phe-Arg. The remaining sequence and 
amide assignments were made on corresponding chymo- 
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Table 111: Cyanogen Bromide Fragments of T.  pyroides Myohemerythrina (Residues/mole). 

CNBr(1-61) CNBr(62) CNBr(63-76) CNBr(77-118) Myohemerythrin 

Lysine 4.2 (4) 3.0 (3) 7.6 (8) 15.2 (15) 
Histidine 3.0 (3) 1.0 (1) 1.9 (2) 5.9 (6) 
Arginine 1.9 ( 2 )  2.2 (2) 
Homoserine + homoserine lactone 0.86 (1) 1.0 (1) 0.79 (1) 
Aspartic acid 7 .1  (7) 1.1 (1) 6.0 (6) 13.8 (14) 
Threonineb 3.6 (4) 1.0 (1) 5.0 (5) 
Serineb 2.3 (2) 1.0 (1) 1.2 (1) 4.1 (4) 
Glutamic acid 9.0 (9 )  1.2 (1) 2.2 (2) 12.1 (12) 
Proline 3.0 (3) 0.87 (1) 1.1 (1) 5.3 (5) 
Glycine 2.4 (2) 4.2 (4) 6.2 (6) 
Alanine 3.2 ( 3 )  2.1 (2) 2.1 (2) 7.0 (7) 
Cm-cysteinec 0.82 ( I )  0.74 (1) (2) 
Valine 4.0 (4) 1.3 (2) 3.1 (3) 8.7 (9) 
11 et hio nined 0.34 (0) 2.8 (3) 
I soleucine 3.6 (4) 1.9 (2) 5.7 (6) 
Leucine 3.1 (3) 4.0 (4) 7.0 (7) 
Tyrosine 2.0 (2) 0.92 (1) 1.8 (2) 4.9 ( 5 )  
Phenylalanine 4.7 (5) 2.1 (2) 7.0 (7) 
Tryptophan (2) (1) (3) 
Total residues 61  1 14 4 2  118 
5% yield 27 10 23 23 

a Residue ratios in parentheses represent integral numbers of residues in sequence of peptide or protein. b Uncorrected for hydrolytic losses 
in peptides, corrected in myohemerythrin. c,d See footnotes to Table I .  

tryptic peptides C (  1-8) and C(9- 14) and cyanogen bro- 
mide peptide CNBr(  1-61) described below, 

Peptide T (  16-27). Nine dansyl-Edman determinations 
and I O  steps with direct identification of Pth-amino acids 
gave the sequence Val-Phe-Tyr-Glu-Gln- Leu-Asp-Glu-Glu- 
His. By difference, the remaining two positions are  occu- 
pied by -Lys-Lys. 

Peptide T(28-30). The dansyl-Edman procedure gave 
the sequence [le-Phe-Lys for this peptide. 

Peptide T(3 1-37). Six dansyl-Edman determinations re- 
sulted in the sequence Gly-Ile-Phe-Cys-Asx-Ile. Since this 
arginine-containing peptide was neutral in electrophoresis 
a t  pH 6.4, the Ass must be aspartic acid. Carboxypeptidase 
B liberated equimolar quantities of arginine and isoleucine 
after 1 h of digestion. This peptide therefore has the se- 
quence Gly-Ile-Phe-Cys-Asp-Ile-Arg. 

Peptide T(38-49). Three steps of the Edman with direct 
Pth identification gave the N-terminal sequence Asp-Asn- 
Ser. Chymotryptic digestion of the intact peptide produced, 
as a major product, a fragment containing all but one valyl 
and one lysyl residue. By tryptic specificity, these residues 
must have been removed from the C-terminus of the origi- 
nal peptide. Carboxypeptidase A digestion of the chymo- 
tryptic fragment indicated a C-terminal leucine. The partial 
sequence of T(38-49) is thus Asp-Asn-Ser-(Alaz, Pro, Asn, 
Leu, Thr)-Leu-Val-Lys. The amide assignment of the Asn 
in parentheses was made on the basis of electrophoretic mo- 
bility (neutral) of the peptide. 

Peptide T(50-66). This peptide was obtained in nearly 
pure form from the G-15 Sephadex fractionation of the 
tryptic digest and was further purified on a column of 
DEAE-Sephadex. The same peptide was also obtained from 
a Dowex 50 separation of the adjacent Sephadex fraction. 
Eight dansyl-Edman determinations gave the N-terminal 
sequence Val-Thr-Thr-Asx-His-Phe-Thr-His. A chymo- 
tryptic digest of T(50-66) was fractionated on Sephadex 
G- 15 and, by paper electrophoresis and chromatography, 
peptides of the following compositions were obtained: 
C(50-55), His(0.85), Asp( 1.2), Thr(2.0), Va1(0.97), 
Phe(0.93); C(50-62), His( l ,7 ) ,  Asp( 1.2), Thr(2.9), 

Glu(2.4), Ala( 1.3), Va1(0.89), Met(  1.6), Phe(0.99); 
C(63-66), Lys( 1.3), Asp(0.85), Ala( 1.8). Peptide C(50- 
55) corresponds to the N-terminal six residues of T(50-66), 
the sequence of which is shown above. The peptide was 
slightly basic in electrophoresis, indicating that residue 4 is 
asparagine. Peptide C(50-62) contains all but four of the 
amino acids of the original peptide. Carboxypeptidase A di- 
gestion for 24 h liberated 1.9 residues of methionine and 
0.66 residue of alanine, indicating a C-terminal sequence 
Ala-Met-Met. The sequence of C(50-62) is therefore Val- 
T h r - T h r -  Asn-His-Phe-Thr-His-Glx-Glx- Ala-  Met-Met .  
This peptide is acidic and therefore the two Glx residues 
must both be glutamic acid. Peptide C(63-66) was found to 
have an N-terminal Asx by dansylation. The peptide is neu- 
tral and therefore Asx is aspartic acid. On the basis of tryp- 
tic specificity, the sequence of this tetrapeptide is Asp-Ala- 
Ala-Lys. 

The sequence of T(S0-66) is therefore Val-Thr-Thr-Asn- 
His-Phe-Thr-His-Glu-Glu-Ala-Met-Met-Asp-Ala-Ala-Lys. 
Confirmation of this sequence was obtained by CNBr 
cleavage of T(50-66). Reaction with 400 mol of CNBr/mol  
of peptide yielded three fractions when chromatographed 
on Sephadex (3-15. The compositions of these fragments 
were: CNBr(50-61), His( l .9) ,  A s p ( l . l ) ,  Thr(2.7), 
Glu(2.3), Ala( 1 .O) ,  Val( 1 . l ) ,  Phe(0.95), homoserine lac- 
tone(0.42); CNBr(62), homoserine(1); CNBr(63-66), 
Lys( l.O),  Asp(0.91), Ala(2.1). The presence of free homo- 
serine is a confirmation of the Met-Met sequence. Carboxy- 
peptidase A digestion of CNBr(50-61) for 24 h released 
0.93 residue of homoserine and 0.32 residue of alanine. 
These results are  consistent with the sequence given above. 

T(67-75). Six dansyl-Edman steps gave the sequence 
Tyr-Ser-Glx-Val-Val-Pro. The Val-Val linkage was incom- 
pletely hydrolyzed after dansylation of the N - 3  peptide and 
therefore Dns-Val-Val was observed on thin-layer polyam- 
ide chromatography (Hartley, 1970). The N-4 peptide 
yielded Dns-Val. 

Carboxypeptidase B digestion for 1 h yielded 1.9 residues 
of lysine. The Glx in the third position from the N-terminus 
was shown to be glutamic acid by direct identification of 
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Pth-Glu. The  sequence of T(67-75) is therefore Tyr-Ser- 
Glu-Val-Val-Pro-His-Lys-Lys. 

T(76-83). The  amino terminal residue of this peptide 
was found to be methionine by dansylation. Further dansyl- 
Edman sequencing gave ambiguous results. Carboxypepti- 
dase B liberated 0.95 residue of lysine in 4 h of digestion 
suggesting that  the second lysine in the peptide is not penul- 
timate. The  remainder of the sequence of this peptide was 
obtained with information from T(79-83) below. 

T(79-83). This peptide had the composition of T(76-83) 
except that one less lysine, no methionine, and no histidine 
were present. Four dansyl-Edman determinations gave the 
sequence Asx-Phe-Leu-Glx and carboxypeptidase B diges- 
tion (1 h) released lysine. The peptide is acidic and there- 
fore neither Asx nor Glx is amidated. The sequence of this 
peptide, Asp-Phe-Leu-Glu-Lys, suggests the sequence Met- 
His-Lys-Asp-Phe-Leu-Glu-Lys for peptide T(76-83) above. 
Additional confirmation of this sequence was obtained from 
peptides CNBr(77-118) and C(77-80) described below. 

T(84-94). The  N-terminal sequence Ile-Gly-Gly-Leu- 
Ser-Ala-Pro-Val was determined by the dansyl-Edman 
method. Hydrolysis of the peptide with dilute acid followed 
by purification by preparative peptide mapping yielded 
three major fragments: A(84-91), Ser(0.94), Pro( 1.2), 
Gly( 1.7), Ala( 1 .O),  Val( 1 . l ) ,  Ile(0.80), Leu( 1.2); A(92), 
Asp( 1); A(93-94), Lys(O.96), Ala( 1 .O). The compositions 
of these fragments place the Asx between valine and Ala- 
Lys. The parent peptide was electrophoretically neutral, in- 
dicating that aspartic acid rather than asparagine occurs a t  
this position. The complete sequence of T(84-94) is Ile- 
Gly-Gly-Leu-Ser- Ala-Pro-Val- Asp- Ala-Lys. 

T(95- 100). This peptide was sequenced by direct identi- 
fication of the first four Pth-amino acids giving the se- 
quence Asn-Val-Asp-Tyr. Carboxypeptidase A or B re- 
leased only lysine. The sequence is therefore Asn-Val-Asp- 
Tyr-Cys-Lys. 

T(101-108). Six Edman steps with Pth identification and 
seven dansyl-Edman determinations gave the sequence Glu- 
Trp-Leu-Val- Asn- His-Ile-Lys. 

T (  109- 1 13). Four dansyl-Edman determinations on this 
electrophoretically neutral peptide resulted in the sequence 
Gly-Thr- Asp-Phe- Lys. 

T(  1 14- 1 15). This dipeptide gave an N-terminal tyrosine 
upon dansylation, demonstrating the sequence Tyr-Lys. 

T (  1 16- 1 18). Three dansyl-Edman determinations gave 
the sequence Gly-Lys-Leu for this tripeptide. The  lack of a 
C-terminal lysine suggested that this peptide is the C-termi- 
nal peptide of the protein. 

Chymotryptic Peptides. Fractions C-111, C-IV, and C-V 
from chromatography on Sephadex G-15 were further frac- 
tionated on Dowex 50-X2 and several of the resulting 
Dowex fractions were then subjected to preparative paper 
electrophoresis or preparative peptide mapping. Fractions 
C-I and C-I1 contained large peptides which were undoubt- 
edly products of incomplete chymotryptic cleavage. None of 
these large peptides was successfully purified. Several small 
chymotryptic peptides were detected but not successfully 
purified from this chymotryptic digest. These peptides 
(C(15-17). C(63-67), C(74-76), and C(113-114)) were 
obtained from a separate chymotryptic digest using 1 pmol 
of carboxyamidomethylmyohemerythrin, and were purified 
by gel filtration and preparative peptide mapping. 

C(1-8). Four Edman steps with direct identification of 
Pth derivatives gave the sequence Gly-Trp-Glu-Ile. Car- 
boxypeptidase A digestion for 4 h liberated only tyrosine. 

This peptide thus 'constitutes the N-terminal portion of 
T(l-15)  and by comparison with this tryptic peptide, has 
the sequence Gly-Trp-Glu-Ile-Pro-Glx-Pro-Tyr. The amide 
assignment for Glx was made upon sequencing cyanogen 
bromide peptide CNBr(  1-61). 

C(9-14). Four Edman steps with direct Pth identification 
gave the sequence Val-Trp-Asp-Glu. Carboxypeptidase A 
digestion for 4 h liberated only phenylalanine. The  sequence 
of the peptide is therefore Val-Trp- Asp-Glu-Ser-Phe. 

C (  15-1 7). Dansylation of this peptide identified arginine 
as the N-terminus. Invoking chymotryptic specificity, the 
sequence of this tripeptide is Arg-Val-Phe. This chymotryp- 
tic peptide overlaps T (  1-1 5) and T( 16-27). 

C( 18-29). Twelve dansyl-Edman determinations gave 
the sequence Tyr-Glx-Glx-Leu-Asx-Glx-Glx-His-Lys-Lys- 
Ile-Phe. Carboxypeptidase A digestion for 10 min, 40 min, 
and 4 h confirmed the C-terminus as Lys-Ile-Phe. This pep- 
tide provides an overlap between T(16-27) and T(28-30). 

C(30-33). Four dansyl-Edman identifications gave the 
sequence Lys-Gly-Ile-Phe and carboxypeptidase A diges- 
tion confirmed the Ile-Phe sequence. This peptide overlaps 
T(28-30) and T(31-37) but this assignment is ambiguous 
since, like T(28-30), peptides T (  109- 1 13) and T (  1 14-1 15) 
have penultimate chymotrypsin-sensitive residues and C- 
terminal lysines. However, these latter two possibilities 
were eliminated by the inclusion of T(  109-1 13) and 
T (  1 14- 1 1 5 )  in overlapping peptides C (  103- 1 12) and 
CNBr(77-118), respectively. 

C(34-43). Nine dansyl-Edman determinations gave the 
sequence Cys-Asx-Ile-Arg-Asx-Asx-Ser-Ala-Pro. The C- 
terminal residue is A S ~  by difference, in fact identified as  
asparagine on the basis of the electrophoretic mobility of 
peptide T(38-49). This peptide overlaps T(31-37) and 

C(44-47). Four dansyl-Edman analyses gave the se- 
quence Leu-Ala-Thr-Leu. Carboxypeptidase A digests for 1 
and 4 h confirmed the C-terminal Thr-Leu. This peptide is 
contained within T(38-49) and completes the sequence of 

C(48-55). This peptide was completely sequenced as  
Val-Lys-Val-Thr-Thr-Asx-His-Phe by the dansyl-Edman 
procedure. Carboxypeptidase A liberated only phenylala- 
nine after 4 h of digestion. This peptide is the overlap be- 
tween T(38-49) and T(50-66). 

C(63-67). The composition of this peptide identified it as  
an overlap between T(50-66) and either T(65-75) or 
T(114-115). The overlap was established unambiguously 
by peptide CNBr(63-76) as  involving T(67-75). 

C(68-73). This hexapeptide was entirely sequenced by 
the dansyl-Edman technique as Ser-Glx-Val-Val-Pro-His. 
This sequence is contained within T(67-75). 

C(74-76). This tripeptide (Lys2,Met) was purified by 
preparative peptide mapping but remained contaminated 
with the peptide C(l15-118) Lys-Gly-Lys-Leu described 
below. Since it did not appear feasible to separate.these 
peptides, they were sequenced simultaneously by the dan- 
syl-Edman procedure. The amino acid composition and 
yield of the tripeptide (Table 11) were based on the quantity 
of methionine in the fraction. Dansylation of the intact pep- 
tide mixture yielded only Dns-Lys. While the N- l  peptide 
gave Dns-Lys plus Dns-Gly, the N-2 peptide gave Dns-Lys 
and Dns-Met. These results suggest C(74-76) has the se- 
quence Lys-Lys-Met. This provides an overlap between 
peptides T(67-75) and T(76-83). A confirmation of this 
overlap was obtained using CNBr(63-76) described below. 

T(38-49). 

T (  3 8-49). 
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5 10 15 20 25 
myohemerythrin (T. pyroides) Gly-Trp-Glu-Ile-Pro~lu-Pro-Tyr-Val-Trp-Asp-Glu-Ser-Phe-Arg-Val-Phe-Tyr-Glu-Gln-Leu~Asp-Glu-Glu-His- 
coelomic hemerythrin (T.  pyroides) Gly-Phe-Pro-Ile-Pro-Asp-Pro-Tyr-Gly-Trp-Asp-Pro-Ser-Phe-Arg-Thr-Phe-Tyr-Ser -1le -1le -Asp-Asp-Glu-His- 
coelomic hemerythrin (P. gouldii) Gly-Phe-Pro-Ile-Pro-Asp-Pro-Tyr-Val-Trp-Asp-Pro-Ser-Phe-Arg-Thr-Phe-Tyr-Ser -1le -1le -Asp-Asp-Glu-Hic- 

30 35 40 45 50 55 
Lys-Ly s-Ile -Phe-Lys Cly-Ile-Phe-Cys- Asp-Ile -Arg-Asp-Asn-Ser -Ala-Pro -Asn-Leu-Ala-Tnr-Leu-Val-Lys-Val-Thr-Thr-Asn-His-Phe-Thr-His -Glu- 
Lys-Thr-Leu-Phe-Asn-Gly-Ile-Phe-His-Leu-Ala-Ile -,Asp-Asp-Asn-Ala-Asp-Asn-Leu-Gly-Glu-Leu-Ar~Arg-Cys-Thr-Gly-Lys-His-Phe-Leu-Asn-Gln- 
Lys-Thr-Leu-Phe-Asn-Gly-Ile-Phe-His -Leu-Ala-Ile -Asp-AsgAsn-Ala-Asp-Asn-Leu-Gly-Glu-Leu-Arg-Arg-Cys-Thr-Gly-Lys-His-Phe-Leu-Asn-Gln- 

60 65 7 0  75 80 85 90 
Glu-Ala-Met-Met- Asp- Ala- Ala-Lys-Tyr-Ser -Glu-Val-Val -Pro -His-Lys- Lys-Met-His-Lys-Asp-Phe-Leu-Glu -Ly s-Ile -Gly -Gly -Leu- Ser -Ala-Pro - 
Glu-Val-Leu-Met-Gln-Ala-Ser-Gln-Tyr-Gln-Phe-Tyr-Asp-Glu-His-Lys-Lys-Ala -His-Glu -Glu -Phe-Ile -Arg-Ala-Leu-Asp- Asn-Trp-Ly s-Gly- Asp 
Glu-Val-Leu-Met-Gln-Ala-Ser-Gln-Tyr-Gln-Phe-Tyr-Asp-Glu-His-Lys-Lys-Glu-His-GluGly-Phe-Ile -His -Ala -Leu-Asp-Asn-Trp-LysCly-Asp 

Glu Asp Thr A sn 

95 100 105 110 115 
Val-Asp-Ala-Ly s-Asn-Val-AspTyr-Cys-Ly s-Glu-Trp-Leu-Val-Asn-His-Ile-Lys-Gly-Thr-Asp-Phe-Lys-Tyr-Lys-Gly-Ly s-Leu 

C-terminus Val-Lys-Trp-Ala-Ly s-Ser -Trp-Leu-Val-Asn-His-Ile-Lys-Thr-Ile -Asp-Phe-Lys-Tyr-Lys-Gly-Lys-Ile 
Val-Lys-Trp-Ala-Lys-Ser -Trp-Leu-Val- Asn-His-Ile-Lys-Thr-Ile -Asp-Phe-Lys-Tyr-Lys-Gly-Ly s-Ile 

Ala 
FIGURE 3: A m i n o  acid sequence of T. pyroides myohemerythrin. T h e  sequence of P. gouldii coelomic hemerythrins (Klippenstein, 1972b) and the 
proposed sequence of 7. pyroides coelomic hemerythrin (Ferrell and Kitto, 197 I )  are included for comparison. 

C(77-80). Four dansyl-Edman determinations gave His- 
Lys-Asx-Phe and carboxypeptidase A digestion confirmed 
the C-terminal phenylalanine. The Asx was determined to 
be aspartic acid by electrophoretic mobility. This peptide is 
contained within T(76-83). 

C(8 1-87). The sequence Leu-Glx-Lys-Ile-Gly-Gly-Leu 
was obtained with dansyl-Edman steps and leucine con- 
firmed as  the C-terminus by carboxypeptidase A digestion. 
Glx is glutamic acid in this electrophoretically neutral pep- 
tide. This peptide is the overlap between T(76-83) and 
T(84-94). 

C(88-98). The complete sequence of this peptide by the 
dansyl-Edman method was Ser-Ala-Pro-Val-Asx-Ala-Lys- 
Asx-Val-Asx-Tyr. The C-terminal tyrosine was confirmed 
by carboxypeptidase A digestion. This peptide overlaps 
tryptic peptides T(84-94) and T(95-100). 

C(99-102). Four dansyl-Edman steps gave the sequence 
X-Lys-Glx-Trp. By difference, the N-terminal residue was 
identified as  Cam-cysteine. This was confirmed by a dan- 
syl-Edman degradation on a second preparation of peptide, 
giving the sequence Cam-Cys-Lys. Glx was found to be glu- 
tamic acid by electrophoretic mobility (neutral a t  pH 6.4). 
This peptide, Cam-Cys-Lys-Glu-Trp, overlaps peptide 
T(95-100) and T(101-108). 

C(  103-1 12). Carboxypeptidase A digestion for 4 h liber- 
ated only phenylalanine from this peptide while dansyl- 
Edman sequencing gave Leu-Val-Asx-His-Ile-Lys. The en- 
tire peptide, Leu-Val-Asx-His-Ile-Lys-(Gly, Thr,  Asp)-Phe, 
isanoverlapbetweenT(101-108) andT(109-113). 

C (  1 1 3 - 1  14). This dipeptide was shown to be Lys-Tyr by 
dansylation. It provides an overlap between T (  109-1 13) 
and T( I 14-1 15). 

C (  115-1 18). The sequence Lys-Gly-Lys-Leu was ob- 
tained by use of the dansyl-Edman method. Results of a 
carboxypeptidase A time study were consistent with this se- 
quence. This peptide is the overlap between T(114-115) 
andT(116-118). 

Cyanogen Bromide Peptides. Fragmentation with CNBr 
followed by fractionation on Sephadex G-50 yielded three 
peptides and free homoserine or homoserine lactone. A 
fourth fraction was obtained (CNBr-11) which was a mix- 
ture of fragments resulting from incomplete cleavage at  one 
of the methionine residues. 

CNBr(  1-61). The largest fragment (CNBr-I) contained 
about a third of a residue of methionine in addition to 0.86 
residue of homoserine + homoserine lactone. This result 
suggests the occurrence of the Met-Met sequence found i n  
T(50-66) a t  the C-terminus of this fragment. The Edman 
degradation with direct Pth identification gave the sequence 
Gly-Trp-Glu-Ile-Pro-Glu a t  the N-terminus, the sequence 
contained in peptides T (  1 - 15) and C(  1-8). 

CNBr(62). Free homoserine and its lactone were ob- 
tained from the CNBr fragmentation of the protein (frac- 
tion CNBr-V), this resulting from the Met-Met sequence at  
residues 6 1-62. 

CNBr(63-76). Dansyl-Edman sequencing of CNBr-IV 
gave Asx-Ala-Ala-Lys-Tyr-Ser-Glx-Val-Val-Pro( His, Lys. 
Hse), an overlap between tryptic peptides T(  50-66), 
T(67-75) and, assuming homoserine + homoserine lactone 
to be C-terminal, T(76-83). 

CNBr(77-118). Direct identification of Pth derivatives 
was used with CNBr-I11 to obtain the N-terminal sequence 
His-Lys-Asp-Phe-Leu-Glu-Lys-Ile-Gly-Gly. This peptide 
contains no homoserine or homoserine lactone and therefore 
is the C-terminal C N B r  fragment. 

The overall order of CNBr fragments was established by 
overlap of CNBr(  1 -6 l ) ,  CNBr(62), and CNBr(63-76) by 
T(50-66); the overlap of CNBr(63-76) and CNBr(77- 1 18) 
by T(76-83) and C(74-76). CNBr(77-118) was placed at  
the C-terminus by the absence of homoserine or its lactone. 

The complete amino acid sequence of myohemerythrin is 
shown in Figure 3. 

Discussion 
The primary structure of T. pyroides myohemerythrin 

differs from the coelomic hemerythrins of T.  pyroides (Fer- 
rell and Kitto, 1971) and P. gouldii (Klippenstein et al.. 
1968) a t  60 and 59 residue positions, respectively (Figure 
3). I n  addition, myohemerythrin has a chain length of 118 
rather than 1 13 residues. The alignment of homologous se- 
quences suggests that the five extra residues in myohemer- 
ythrin are  located between residues 90 and 91 of the coe- 
lomic hemerythrins, although this assignment is by no 
means certain. Homology between myohemerythrin and P. 
gouldii coelomic hemerythrin is higher near the C-terminus 
(79% homologous, residues 100-1 18), and N-terminus 
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25 30 35 40 45 5 0  
A n Leu Ala Thr Leu Val-Lys-Val- Thr-Thr-Asn- Hi;-Lys-Lys-Ile -Phe-Lys-Gly-Ile -Phe-Cys-AspUe-Arg-AspAsn-Ser-Ala-Pro- 

His-Ly s-Lys-Met-His -Ly s-AspPhe-Leu-Glu-Lys-IleGl y-Gly -Leu -Ser-Ala-Pro-Val-AspAla-Lys-Asn-Val -Asp-Tyr-Cy s-Lys-Glu-Trp-Leu-Val-Asn- 
I *  I 1 1 I I l l  r - - -  I 

75 80 85 90 95 100 105 

55 60 65 
His-Phe-Thr-His -Glu-Glu -Ala -Met-Met-AspAla- Ala-Ly s-T$ 

His-Ue -LysGly-Thr-Asp-Phe- LYS-TYI 

FIGURE 4: Alignment of residues 25-67 with residues 73-1 14 in myohemerythrin. Proposed iron ligand residues are designated by asterisks. Ho- 

I *  I I* 

110 

mologous residues are connected by lines 

(65% homologous, residues 1-26) and lower for the remain- 
der of the chain (30%). 

The contrast between the extent of homology between 
these two coelomic hemerythrins from different species 
(96%) and myohemerythrin and coelomic hemerythrin of 
the same species (45%) is striking. As in the case of the he- 
moglobins and myoglobins, the location and specialized 
functions of the respective blood and muscle oxygen carriers 
a re  reflected in specialized primary structures. However, it 
is likely that the similarity between T. pyroides and P. 
gouldii coelomic hemerythrins is not typical since another 
coelomic hemerythrin, that of the sipunculid Phascolosoma 
agassizii, is substantially different from these hemerythrins 
in both quaternary structure (Liberatore et al., 1974) and 
primary structure (Liberatore, 1974). 

The identification of iron-linked amino acid side chains 
in the hemerythrins is one objective of this work. While ty- 
rosine residues 8, 114, and 67 have been implicated as  iron 
ligands (York and Fan, 1971; Rill and Klotz, 1971) four 
histidine residues postulated to be iron-linked (Fan and 
York, 1969) remain unidentified. Histidines which occur a t  
positions 34 and 82 in P. gouldii hemerythrin a re  replaced 
by cysteine and glutamic acid, respectively, in myohemer- 
ythrin and thus cannot be iron ligands. Histidine-82 has 
been excluded as  a n  iron ligand on the basis of its absence 
in the primary structures of P. gouldii hemerythrin B 
(Klippenstein, 1972b) and T.  pyroides coelomic hemeryth- 
rin (Ferrell and Kitto, 1971). The  cysteine a t  residue 34 
cannot be linked because it is possible to  block both cys- 
teines in myohemerythrin with p-hydroxymercuribenzoate 
without apparent iron loss (Klippenstein et al., 1972). Thus, 
histidines-25, -54, -73, -77, and -106 are  found in all hemer- 
ythrins examined to date. 

Tyrosines-8, -1 8, -67, and -1 14 are  found in all hemeryth- 
rins examined whereas tyrosine-70 is replaced by valine in 
myohemerythrin. Tyrosine-18 or -70 may be involved in in- 
tersubunit contacts in octameric hemerythrins (Rill and 
Klotz, 197 1). Chemical modification results have consis- 
tently excluded tyrosine-18 as an iron ligand (Rill and 
Klotz, 1971; York and Fan, 1971), but its invariance 
suggests some important functional role. 

While methionine-62 is found in all hemerythrins se- 
quenced and could be considered a potential iron ligand, 
chemical modification experiments (Morrissey, 197 1) have 
revealed that the single methionine in P. gouldii hemeryth- 
rin can be modified with iodoacetamide without loss of iron. 
Methionine-62 must therefore be preserved in hemerythrins 
for a role other than as an iron-binding group. 

Histidines-25, -54, -73, -77, and - 106, and tyrosines-8, 
-67, and -1 14 remain as possible iron ligands. X-ray crystal- 
lography of myohemerythrin a t  5.5 A resolution, interpret- 
ed with the aid of the primary structure of the molecule, has 

revealed the course of the polypeptide chain and some fea- 
tures of the active center (Hendrickson et  al., 1975). Tyro- 
sine-8 and histidine-77 are  some distance from the iron site 
while tyrosines-67 and -1 14 and histidines-25, -54, -73, and 
-106 have electron density connections with the dimeric iron 
center. 

Invariant histidine-77 and tyrosines-8 and - 18, while not 
linked to iron in azidometmyohemerythrin, may function in 
oxygen binding. Two of these residues could serve as  the po- 
tentially basic groups postulated by Garbett et ai. (1971) to 
be coordinated to iron in deoxyhemerythrins while the third 
might act  to stabilize the bridging hydroperoxo- group in 
oxyhemerythrins in a manner which results in the observa- 
tion of two iron environments in this form of the protein 
(York and Bearden, 1970; Garbett et al., 1971). 

The primary structure of myohemerythrin contains an 
apparent sequence repeat within the chain which is also 
manifest in an apparent pseudosymmetry in the tertiary 
structure of the protein (Hendrickson et al., 1975). The seg- 
ment containing residues 25-54 is 32% homologous with the 
segment 73-106 if a four residue gap is left after residue 42 
to accommodate extra residues following position 90. These 
segments can also be extended to residues 67 and 114, re- 
spectively, and retain 32% homology if a five-residue gap is 
left after residue 112 (Figure 4). This alignment places in 
register suspected iron ligands histidine-25 and histidine-73, 
histidine-54 and histidine- 106, and tyrosine-67 and tyro- 
sine-1 14. It also places in register the identical sequences, 
Ser-Ala-Pro, a t  residues 40-42 and 88-90 corresponding to 
the approximate positions of corners between helical seg- 
ments A and B and C and D, respectively (Hendrickson et 
al., 1975). A similar alignment of large segments is also 
possible in P. gouldii coelomic hemerythrin, but this protein 
lacks the Ser-Ala-Pro repeat. 

Computerized tests for internal duplication in myohem- 
erythrin using unitary matrix and mutation data matrix ap- 
proaches (Dayhoff, 1972) showed that sections of the mole- 
cule have an unusually large number of identities. Compari- 
son of fragments 30 residues long resulted in  an alignment 
score of 3.7 using the unitary matrix. However, the muta- 
tion data  matrix gave an alignment score of only 0.44, indi- 
cating that many residues in these 30-residue fragments are  
quite dissimilar. It seems likely that since many of the ho- 
mologous residues in the segments described above have es- 
sential functional roles in iron binding and formation of ter- 
tiary structure, they may have been conserved, while other, 
less essential residues changed drastically as  a result of mu- 
tational events. Thus intragenic duplication, though less ap- 
parent than in the analogous case of bacterial ferredoxins 
(Tanaka et al., 1966), would seem a plausible explanation 
for the similarities in primary and tertiary structures of 
these segments. As in the case of the bacterial ferredoxins, 
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the sequence repeat is best visualized as a specific arrange- 
ment of iron ligands which has undergone duplication. It is 
also interesting, though possibly fortuitous, that  this align- 
ment of myohemerythrin segments places the histidine iron 
ligands 29 residues apart, exactly the spacing of proximal 
and distal histidines in myoglobin. 

Differences in structure between myohemerythrin and 
coelomic hemerythrins should contribute to understanding 
of other properties of the hemerythrins as well. For exam- 
ple, myohemerythrin has Val-Lys-Val replacing Arg-Arg- 
Cys at residues 48-50, demonstrating that Cys-50 is not es- 
sential to the oxygen-binding function of this molecule. The 
Arg-Arg sequence has been considered a possible binding 
site for ( 2 1 0 4 -  (Garbett et al., 1971; DePhillips, 1971) and 
CI- (Rao and Keresztes-Nagy, 1973). It would be inter- 
esting, therefore, to know whether myohemerythrin binds 
these anions. 
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