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The amino acid sequence of hemerythrin from the 
sipunculid worm, Themiste dyscritum, was determined 
by sequenator analyses of the S-pyridylethylated pro- 
tein and fragments derived by further chemical and 
enzymatic cleavages. The fragments were obtained by 
cleavage of the intact protein with hydroxylamine, 
trypsin digestion of citraconylated intact protein, and 
subdigestion with Staphylococcal protease VS. The 
COOH-terminal sequence was determined using car- 
boxypeptidases A and B and amino acid analyses. The 
polypeptide chain was found to contain 113 amino 
acids. Since heterogeneity was observed at no more 
than two positions in the amino acid sequence, the 
native octameric protein appears to be composed of 
identical subunits. By combining information derived 
from sequence analyses and x-ray crystallographic 
studies, it has been possible to identify amino acids 
responsible for the tertiary and quaternary structure 
of the protein as well as amino acids serving as iron 
ligands at the oxygen-binding site. 

Hemerythrin is a respiratory protein found in the erythro- 
cytes of certain marine invertebrat,es. The oxygen-binding site 
contains 2 iron atoms which, in contrast to hemoglobin, are 
coordinated only to amino acid residues. Although the physi- 
cal and chemical properties of the protein have been thor- 
oughly investigated (l), the 3-dimensional structure of the 
molecule and the nature of the iron complex at the active site 
are just beginning to be elucidated. 

Hemerythrins from several species of sipunculid worms 
have recently been investigated by x-ray crystallography. The 
structure of hemerythrin from the coelomic fluid of Themiste 
dyscritum has been obtained at 2.8 A resolution (2), while the 
structures of coelomic hemerythrin from Phascolopsisgouldii 
and myohemerythrin from the retractor muscles of Themiste 

pyrvides are based on 5.5 A resolution x-ray data (3). As a 
result of these studies; two different models have been pro- 
posed for the coordination of iron in hemerythrin (2, 3). 
Spectroscopic comparisons indicate that the active site struc- 
tures of these hemerythrins must be very similar, making it 
unlikely that both of the crystallographic interpretations are 
correct (4). Resolution of this question will require more 
definitive x-ray data and more accurate amino acid sequence 
information. 
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Complete amino acid sequences have been reported for P. 
gouldii hemerythrin (5) and T. pyroides myohemerythrin (6) 
and were utilized in solving the respective crystal structures 
(2, 3). The interpretation of the 2.8 A resolution electron 
density map of T. dyscritum hemerythrin (2) was based on 
the amino acid sequence of P. gouldii hemerythrin. The 
higher resolution study identified the following amino acid 
residues from P. gouldii hemerythrin as iron ligands: His 25, 
His 54, Gln 58, His 73, His 77, His 101, Asp 106, and Tyr 109. 
In order to evaluate the proposed active site structure for T. 
dyscritum hemerythrin, it is necessary to determine whether 
T. dyscritum hemerythrin contains these same residues in its 
amino acid sequence. 

The present communication describes the determination of 
the complete amino acid sequence of hemerythrin from T. 
dyscritum. This protein has been shown to be composed of 
eight subunits, each having a molecular weight of approxi- 
mately 13,000 (7). Only one size of subunit was observed using 
polyacrylamide gel electrophoresis in sodium dodecyl sulfate 
(7). However, this did not rule out the existence of molecular 
variants such as have been observed for a number of other 
coelomic hemerythrins (3). The present work shows that the 
T. dyscritum hemerythrin monomer has a molecular weight 
of 13,400 and is heterogeneous at one or more positions in its 
amino acid sequence, indicating the presence of at least two 
protein components.’ 

METHODS 

Themiste dyscritum sipunculid worms were provided by the Oregon 
Institute of Marine Biology in Charleston, Oregon. Hemerythrin was 
isolated from the coelomic fluid using the method described by Klotz 
et al. (8), with a modified crystallization procedure. The hemerythrin 
solution from lysed red blood cells was concentrated to greater than 
20 mg/ml and dialyzed against solutions of decreasing ionic strengths 
starting with 0.05 M KCl, 0.01 M Tris-Cl (pH 7.5). The KC1 concentra- 
tion was lowered slowly until crystals appeared. Crystalline heme- 
rythrin was then redissolved in 1.0 M KCl, 0.01 M Tris-Cl (pH 7.5) at 
a concentration less than 5 mg/ml. The apoprotein was prepared by 
dialysis against 0.02 M HCl to remove iron, followed by lyophilization. 
The concentration of apoprotein in acid solution was determined 
spectrophotometricaly using l (10 = 17.7. This extinction coefficient 
was obtained by drying the protein to constant weight followed by 
dissolution in 9% formic acid. 

The apoprotein was reduced and S-pyridylethylated with dithio- 
threitol and 4-vinylpyridine (Sigma, redistilled) according to the 

’ Some of the methods and data are presented as a miniprint 
supplement immediately following this paper. Unmodified methods, 
Figs. 3 to 5, and Tables I to III are found on pp. 5730-5731. Miniprint 
can be easily read with the aid of a standard magnifying glass. Full 
size photocopies are available from The Journal of Biological Chem- 
istry, 9650 Rockville Pike, Bethesda, Md. 20014. Orders should specify 
the authors, JBC Document Number 78M-149, and the number of 
copies desired and must be accompanied by a remittance to the order 
of the Journal in the amount of $1.50 per set of photocopies. 
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procedure of Hermodson et al. (9). Following the reaction, the solution 
was acidified to pH 2 with 88% formic acid, and the reagents and salts 
were removed by dialysis against 9% formic acid. S-Pyridylethylated 
hemerythrin was used for all of the experiments except the carboxy- 
peptidase digestions. 

RESULTS 

The complete amino acid sequence of hemerythrin from 
Them&e dyscritum is presented in Fig. 1. The sequence was 
determined by sequenator analyses of the intact protein and 
four peptide fragments and by exopeptidase degradation from 
the COOH-terminal of the protein. One of the peptide frag- 
ments was obtained by chemical cleavage of an Asn-Gly bond. 
The other three were isolated after enzymatic cleavage at 
arginyl or glutamyl bonds. The methods used to generate the 
fragments and the details of the sequence analyses are sum- 
marized in Fig. 2 and Table I. The amino acid composition of 
the intact protein (Table II) agrees very well with the exper- 
imentally determined sequence. 

NHZ-terminal Sequence-In the sequenator analysis of the 
intact protein, the first 33 amino acids were identified and 
were shown to end in the sequence Asn-Gly-Ile-Leu (Table I). 
Heterogeneity was observed at position 21 in the sequence 
with valine and isoleucine appearing in approximately equal 
amounts in the gas chromatograms. 

Sequencing of Hydroxylamine Fragment-The presence of 
an asparaginyl-glycyl bond between residues 30 and 31 which 
was susceptible to cleavage with NHSOH provided a useful 
peptide for continuing the sequence determined with the 
intact protein. Digestion with NHZOH resulted in a fragment, 
designated N-l, which could be separated from unreacted 
protein by gel filtration (Fig. 3A). Fragment N-l was further 
purified by rechromatography (Fig. 3B) and its NHz-terminal 
sequence was determined to be Gly-Ile-Leu (Table I). This 
established that the N-1 fragment began with residue 31. The 

high molecular weight of fragment N-l, as evidenced by its 
elution shortly after intact protein (Fig. 3), indicated that it 
probably contained residues 31 to 113. Additional sequenator 
analysis of this peptide identified 22 residues (between 31 and 
53) ending in the sequence Arg-Arg-Cys-Thr-Gly-Lys. Residue 
36 could not be identified by sequenator analysis, but it was 
assigned to serine on the basis that the amino acid composition 
of peptide 16-48 (Table II) showed the presence of 1 serine 
residue. Residue 36 was the only unidentified position between 
16 and 43 and there was no evidence for serine in any of the 
other residues. 

Sequencing of Tryptic Fragments-Cleavage after arginyl 
residues was effected by trypsin digestion of S-pyridylethyl- 
hemerythrin containing citraconylated lysyl residues. Gel fd- 
tration on Sephadex G-50 superfine yielded three fractions 
designated T-l, T-2, and T-3 (Fig. 4). These three fragments 
were easily distinguished from one another and the starting 
material by their characteristic ultraviolet absorption spectra 
resulting from different contents of tryptophan, tyrosine, and 
S-pyridylethylcysteine. 

Sequenator analysis of Fraction T-l began with Cys-Thr- 
Gly-Lys (Table I), establishing an overlap with the last 4 
residues (50 to 53) sequenced in the N-l fragment. This placed 
the beginning of the T-l peptide at residue 50. Extended 
analysis of the T-l fragment identified the sequence from 
residues 50 to 73, ending in Ala-Glu-His. The amino acid 
composition of fragment T-l (Table II) agrees well with the 
proposed sequence for residues 50 to 110 (Fig. I), supporting 
the identification of T-l as peptide 50-110. The composition 
indicates 1.5 residues of serine which were not detected in the 
sequenator analysis. One serine residue is very likely located 
at position 65 (at which no amino acid was identified) and 
some serine may be present at position 64 (at which less than 
1 residue of alanine was detected). The possibility of hetero- 
geneity at position 64 is supported by the low alanine content 
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FIG. 1. Amino acid sequence of 7’. dyscritum hemerythrin (Hr). The sequences of P. gouldii hemerythrin, major component (5, lo), and T. 
pyroides myohemerythrin (6) are included for comparison. Invariant residues are enclosed by boxes. Residues implicated as iron ligands in 
crystallographic studies of T. dyscritum hemerythrin (2) are indicated by LI 
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of intact hemerythrin and peptide frag- 
ments utilized for sequence analysis. Ar- 
rows indicate regions sequenced by au- 
tomated Edman degradation (+) and by 
carboxypeptidases A and B (6). The 
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cording to the proposed sequence (Fig. 
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of the peptide (Table II) and the fact that considerably greater 
amounts of alanine were detected for residues 68 and 71 than 
for 64 (Table I). 

Sequenator analysis of fragment T-2 (Table I) revealed it 
to be the peptide generated by cleavage after arginine 15 and 
arginine 48. The sequence from 16-35 was identical to that 
obtained from the sequenator analyses of the intact protein 
and hydroxylamine fragment, N-l, described above. The 
amino acid composition of fragment T-2 (Table II) shows 
excellent agreement with the proposed sequence for residues 
16 to 48. 

The fragment designated T-3 was not sequenced directly. 
However, its amino acid composition agreed well with that 
expected for peptide l-15 (Table II). 

Sequencing of Staphylococcal Protease Fragment-Com- 
parison of the amino acid analysis of fragment T-l (Table I) 
with the sequence information indicated that most or all of 
the glutamic acid occurred prior to residue 73. It was reasoned 
that treatment of fragment T-l with staphylococcal protease 
which cleaves after glutamic acid might generate a long frag- 
ment beginning with residue 73 which could be separated 
from the smaller pieces, 50 to 58 and 59 to 73. Chromatography 
on Sephadex G-50 superfine revealed several fragments as 
shown in Fig. 5. Sequenator analysis on the major fragment, 
S-l, identified 37 residues starting with the sequence His-Lys- 
Lys and ending in Phe-Lys-Tyr (Table I), placing the begin- 
ning of this peptide at histidine 73 and establishing the se- 
quence through residue 109. 

Although only one sequenator analysis was performed on 
residues 70 to 73 in fragment T-l, there is additional evidence 
for the amino acid assignments and placement of fragments in 
this region. The generation of fragment S-l by staphylococcal 
protease digestion supports the Glu-His assignment for resi- 
dues 72 and 73, the amino acid composition for fragment T-l 
corresponds with the sequence information for fragments T-l 
and S-l (Table II), and the sequence for residues 72 to 75 is 
identical to that in P. gouldii hemerythrin (Fig. 1). 

COOH-terminal Sequence-Sequenator analysis of frag- 
ment S-I ended with residues phenylalanine (107), lysine 
(lo@, and tyrosine (109). Carboxypeptidase digestion of both 
intact hemerythrin and tryptic peptide T-l was utilized in 
order to establish the sequence of the last 4 residues, 110 to 
113. The reaction conditions and results are shown in Table 
III. 

Digestion of the intact protein with carboxypeptidase A 
released only the terminal residue, isoleucine, and a small 
amount of the penultimate residue, lysine (Table III). The 
intact protein was next digested with a mixture of carboxy- 
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peptidase A and carboxypeptidase B. The rate of release of 
amino acids (Table III) confiied the order of the last 2 
residues as Lys-Ile and indicated the presence of arginine and 
glycine between residues 109 and 112. The higher value for 
lysine than isoleucine in these digests is due to the presence 
of the additional lysine at 108. 

To determine the order of arginine and glycine residues at 
110 and 111 we took advantage of the fact that the tryptic 
fragment T-l must end in arginine. Hence, digestion of T-l 
with carboxypeptidase B would release no glycine if the se- 
quence in the intact protein was Arg-Gly, but would release 
glycine if the sequence was Gly-Arg. The former case proved 
correct (Table III), identifying the final COOH-terminal se- 
quence as Tyr-Arg-Gly-Lys-Ile. 

DISCUSSION 

The strategy for determining the amino acid sequence of 
hemerythrin was based on the isolation and automated Ed- 
man degradation of large peptides (Fig. 2). Although sequenc- 
ing the NH1-terminal of the intact protein provided good 
information through residue 33, proceeding further into the 
protein gave some difficulties. The tryptic fragment T-2 (res- 
idues 16 to 48) could not be sequenced beyond residue 35 due 
to an extensive yield drop at glutamine 37. A similar problem 
arose in sequencing tryptic fragment T-l (residues 50 to 110) 
because the 4 glutamine residues between position 59 and 66 
made it difficult to reach residue 73 for an overlap. Continuing 
past residue 35 was made possible by the use of hydroxylamine 
cleavage fragment N-l (residues 31 to 113). However, this 
peptide was more difficult to isolate by gel filtration due to 
the incompleteness of the NH20H cleavage and the overlap 
of this peptide with intact protein. Staphylococcal protease 
fragment S-l (residues 73 to 110) provided good yields on the 
sequenator through its penultimate residue, 109. The amino 
acid analyses showed excellent agreement with peptide com- 
positions expected from sequencing. A slight discrepancy in 
proline content was observed for the intact protein. However, 
this is probably due to an error in the amino acid analysis as 
no evidence for a fourth proline was obtained in any of the 
other amino acid or sequence analyses. 

The amino acid sequence of T. dyscritum hemerythrin is 
shown in Fig. 1 along with the sequences of P. gouldii heme- 
rythrin and T. pyroides myohemerythrin. Residues which are 
invariant in all three proteins are enclosed in boxes. While the 
degree of sequence identity between coelomic hemerythrins 
and myohemerythrin is only 428, the proteins appear to have 
very similar tertiary structures as judged by x-ray crystallog- 
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raphy (11, 12). The electron density maps of T. dyscritum 
hemerythrin at 5 A resolution (12) show peptide backbone 
structures and conformations which are very close to those 
observed in T. pyroides myohemerythrin at 5.5 A resolution 
(11). 

Both myohemerythrin and the two coelomic hemerythrins 
have as their major structural feature four approximately 
parallel sections of a helix accounting for about 70% of the 
ammo acid residues (3, 12). The fist helix begins near residue 
20 and the fourth helix ends at the COOH-terminal of the 
molecule. Although the NHP-terminal appears to have a less- 
ordered structure, its amino acid sequence is highly conserved. 
Thus, the structural analogies in the three proteins appear to 
be present throughout. The fact that myohemerythrin exists 
as a monomer in solution whereas the two coelomic heme- 
rythrins are octamers must be due to differences in surface 
amino acids rather than to differences in protein conforma- 
tion. The relationship between hemerythrin and myoheme- 
rythrin is reminiscent of the relationship between hemoglobin 
and myoglobin. In the latter case, the proteins have similar 
tertiary structures containing about 70% a helix, but they are 
only about 20% homologous in amino acid sequence (13). The 
muscle protein, myoglobin, is monomeric while the blood 
protein, hemoglobin, is tetrameric. 

The largest number of sequence homologies between he- 
merythrin and myohemerythrin are observed in the NH*- 
terminal region between residues 1 and 18, the COOH-termi- 
nal region between residues 95 and 112, and in the regions 
containing residues implicated as iron ligands (Fig. 1). The 
high degree of amino acid conservation in the NH2- and 
COOH-terminal regions appears to be due to the importance 
of these two regions in maintaining the tertiary structure of 
the molecule. Examination of a 2.8 A resolution, computer- 
averaged electron density map for T, dyscritum hemerythrin 
(14) indicates that many of the conserved amino acids in these 
two regions have their nonpolar portions buried inside the 
molecule. Extending inward from the NHz-terminal region are 
phenylalanine 2, tyrosine 8, tryptophan 10, phenylalanine 14, 
and tyrosine 18. Residues 8 and 14 appear to interact with 
phenylalanine 29. Residue 2 is close to the carbon chain of 
lysine 103 and residue 18 points toward the peptide backbone 
between residues 111 and 113. 

The two coelomic hemerythrins show a much higher degree 
of sequence homology with one another than with myohe- 
,jumerythrin, particularly between residues 19 and 66 (Fig. 1). 
Analysis of the computer-averaged electron density map for 
T. dyscritum hemerythrin reveals that the two helices in this 

region vf the molecule provide the major points of subunit 
contact for octamer formation (14). Electrostatic and hydro- 
gen-bonding interactions across one of the X-fold crystallo- 
graphic axes involve arginine 15, threonine 19, and aspartic 
acid 23 of one subunit and aspartic acid 42, arginine 49, and 
lysine 53, respectively, of an adjacent subunit. Interactions 
between subunits related by the 4-fold crystallographic axes 
include arginine 48 with glutamine 66 (peptide oxygen) and 
lysine 53 (peptide nitrogen) with serine 65. The ammo acids 
at these positions are sufficiently conserved in P. gouldii 
hemerythrin to give rise to the same electrostatic interactions 
and, thus, the common octameric structure. The same ammo 
acid positions are sufficiently changed in myohemerythrin to 
eliminate these salt bridges, thus explaining its stability as a 
monomeric species, 

Based on the reported amino acid sequences, seven of the 
amino acids proposed as iron hgands in T. dyscritum heme- 
rythrin are completely conserved in the three proteins (Fig. 

position 58. In the crystallographic studies of T. dyscritum 
hemerythrin, residue 58 appears to be bridging the 2 iron 
atoms (2). The glutamic acid at position 58 in T. dyscritum 
hemerythrin fits the role of a bridging ligand better than the 
glutamine at position 58 in P. gouldii hemerythrin. Since 
spectroscopic studies indicate that the active site structures 
of the two hemerythrins are conserved (4) and since T. py- 
roides myohemerythrin also contains a glutamic acid at po- 
sition 58, it seemed possible that residue 58 was mistakenly 
identified as glutamine in P. gouldii hemerythrin. The original 
determination of glutamine and glutamic acid at positions 58 
and 59, respectively, in P. gouldii hemerythrin was based on 
the resistance of residue 59 to digestion by carboxypeptidase 
A (15). A reinvestigation by automated sequenator analysis 
indicates that the correct sequence in P, gouldii hemerythrin 
is glutamic acid at 58 and glutamine at 59.2 Thus, all eight 
ligand positions are conserved. 

The amino acid sequence of T. dyscritum hemerythrin 
substantiates the crystallographic model for the iron-binding 
site of that protein in that the amino acids observed at the 
proposed iron ligand positions fit well with the proposed 
binding of the 2 iron atoms in a face-sharing bioctahedron (2). 
The amino acids identified by sequence analysis correspond 
to two carboxylates coordinated as bridging ligands, 3 histidine 
coordinated to one of the iron atoms, and 2 histidines and 1 
tyrosine coordinated to the 2nd iron atom at the oxygen- 
binding site. As further refinements of the crystallographic 
data become available, comparison with the amino acid se- 
quences should yield additional information about the struc- 
tures of hemerythrin and myvhemerythrin. 
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