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Artemia has a complex extracellular hemoglobin of 
M, 260,000 comprising two globin chains (M= 
130,000) each of which is a polymer of eight covalently 
linked domains of M, 16,000. The primary structure 
of this polymeric globin was studied to understand how 
globin folded domains are ordered within a globin 
chain and, in turn, how the latter associate into a 
functional hemoglobin molecule. 

Here we report the amino acid sequence of a second 
domain, E7 (iIf= 16,081, excluding the heme), and 
interpretations of sequence data by computer-assisted 
alignment and modeling. This clearly shows that, as 
with domain El (Moens, L., Van Hauwaert, M.-L., De 
Smet, K., Geelen, D., Verpooten, G., Van Beeumen, J., 
Wodak, S., Alard, P., & Trotman, C. (1988) J. Biol. 
Chem. 263,4679-4685), domain E7 is compatible with 
a globin folded structure of the &type chain. Several 
specific differences of domains E7 and El from the 
classic globins are identified. They possibly can be 
interpreted in terms of specific requirements for a 
double octameric functional molecule. 

The characterization of a bacterial (1) and protozoan (2) 
globin and the observation that hemoglobins occur more 
frequently in plants than originally expected (3) have recently 
attracted attention to the study of the structure and evolution 
of globins in primitive organisms. Indeed, hemoglobins and 
myoglobins not only occur in vertebrates, but they are also 
widely but disparately distributed in all other phyla (4). The 
episodic distribution in invertebrates is more likely a matter 
of gene expression rather than gene possession (5, 6). In 
contrast with higher eukaryotes, where they are always intra- 
cellular and tetrameric, the extracellular hemoglobins of lower 
organisms show a wide variety in molecular architecture both 
in the native molecules and in their constituent globin chains 
(4, 7). Extracellular hemoglobins always show high M, values 
(lo5 to 1.2 X 107) necessary to minimize loss by excretion. 
This high M, is obtained by aggregation (Annelida) of many 
myoglobin-like low M, chains into a functional molecule or 
by the covalent linking of such chains, as structural units or 
domains, into polymeric globins (Mr 32,000-300,000) (Mol- 
lusca and Arthropoda) (4, 5, 7-9). Based on protein and gene 
structure, it is generally accepted that all globins evolved from 
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an ancestral chain (5, 6, 10, 11). This ancestral globin itself 
probably arises from an even older heme-binding protein of 
the cytochrome bs type (12). Comparison of the primary 
structures of all known globins confirms this hypothesis (13, 
14) and shows a vast set of motifs (15) determining the globin 
fold (16). It is not known if a polymeric globin structure can 
be reconciled with the classic globin model. 

The arthropod Artemia, an anostracan branchiopod crus- 
tacean, has hemoglobins of M, 260,000. Each molecule is a 
dimer of two similar sized subunits (MI 130,000). Each subunit 
represents a globin chain which exists in two forms (a and 
/?), thus making possible three different phenotypes (Hbl, CQ, 
Hb2, c@, and Hb3, &). The physical and physiological prop- 
erties of these hemoglobins are well documented (9, 17-20). 
The M, 130,000 globin chain itself comprises eight heme- 
binding domains of M, -16,000 which are sequentially linked 
through peptide bonds (8, 14, 21, 22). 

To elucidate the structural and evolutionary relationships 
of these polymeric globins to the classic globin family, we 
determined the primary structure of another domain and 
analyzed sequence data by computer-assisted alignment and 
modeling. 

MATERIALS AND METHODS’ 

RESULTS 

The amino acid sequence of domain E7 from the Artemia 
globin was determined by automated Edman degradation of 
the amino-terminal segment and by manual sequencing of 
peptides obtained by cleavage with trypsin and chymotrypsin. 
The data relevant in reconstructing the sequence are sum- 
marized in Fig. 4. Due to the fact that only two sets of peptides 
were generated and that not all of them could be purified to 
homogeneity, a few overlaps are missing. However, alignment 
with Artemia domain El (8) and several key globins allows 
unambiguous reconstruction of the total sequence (Figs. 6 and 
12). The proposed sequence (152 residues; M, 16,081, exclud- 
ing the heme) is shown in Fig. 5 along with a globin tertiary 
structure diagram. 

DISCUSSION 

Cleavage of Domains from Intact Globin Chains 

Analysis of the fragment mixture, obtained after limited 
digestion of hemoglobin with subtilisin, strongly suggests that 

1 Portions of this paper (including “Materials and Methods,” Figs. 
l-4 and 11-14, and Table 1) are presented in miniprint at the end of 
this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from Waverly Press. 

Tables 2-6 are available as supplementary material from the au- 
thors. 
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the hydrolytic enzyme has preferential access to the more 
exposed regions in between the structural units or domains 
(21,22). This is confirmed by comparison of the amino termini 
of several fragments, clearly showing the presence of struc- 
tures similar to the A, B, and C motifs of classic globins (36, 
37). The purified fragments of M, 16,000 (El-E8) can thus 
be considered as equivalent to domains. However, when se- 
quencing the amino termini of domains El and E7, in both 
cases, a minor protein fraction having the same sequence but 
starting a few residues earlier was observed (Fig. 6 and Table 
2). This illustrates that the hydrolytic enzyme, due to its 
nonspecificity, cleaves within the interdomain regions rather 
arbitrarily. The domain population (fraction E) (21, 22) re- 
sults from proteolytic cleavage of a total hemoglobin prepa- 
ration containing both globin chains. Therefore, it is impos- 
sible to attribute a given domain to the (Y or p chain. 

Interpretation of Structure of Domain E7 

A search in the National Biomedical Research Foundation 
Data Bank with FASTP (29) shows that the domain E7 
sequence scores the highest similarity to the members of the 
globin family. It also displays the invariant globin landmarks 
(1538) as CDl, Phe and F8, His, and some of the more highly 
conserved residues, including Trp(AlB), Pro(C2), Phe(CD4), 
and distal His(E7), confirming its globin nature (Figs. 5 and 
6). Within the globin family, the highest similarity is observed 
with the @globins and some invertebrate globins (Busycon 
canuliculatum and Chirorwmus chain 10) in contrast with 
Artemin domain El, which shows the highest similarity to the 
myoglobins (8, 14, 15). Therefore, the human p chain was 
adapted as a structural template, and the standard numbering 
system was used, based on sperm whale myoglobin. The 
sequence of domain E7 will be discussed now in relation to 
the recognized regions of the globin structure (15, 38) (Figs. 
5 and 6). 

Region NA (Residues I-2)-The conserved Leu at position 
NA2 of the majority of globins (15) can also be recognized in 
domain E7. No pre-A helix region, similar to the consensus 

FIG. 5. Amino acid sequence of Artemia domain E7 shown 
with diagram of three-dimensional structure of Chironomue 
erythrocruorin. 

FIG. 6. Alignment of amino acid 
sequence of Artemia domains El 
and E7 with sequences of human j3 
chain and Chironomus globin. Resi- 
dues between brackets were derived from 
an additional peptide present during 
amino-terminal sequencing. 
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linker sequence (-Val-Asp-Pro-Ile-Thr-Gly-) of domain El, is 
present (8, 36, 37, 39). This confirms the arbitrary nature of 
the cleavage between domains. 

Helix A (Residues 3-lb‘)-Between residues 3 and 18, the A 
motif is well recognizable (Figs. 5 and 6). Indeed, Glu(A4), 
Ile(A8), Ile(All), and Trp(A12) are able to form ridges and 
grooves with Glu(H7), Tyr(H8), Lys(HlO), and Gly(Hll), 
realizing A/H helix packing. Also, the identical Trp(A12) 
allows a hydrogen bond with the E helix, whereas Ile(A8) and 
Leu(A15) are able to cluster at the bottom of the heme pocket 
(38). This strongly suggests not only the presence of an A 
helix, but also that the spatial relationship of the A helix to 
the rest of the molecule is similar to that of the globin fold 
generally. 

Substitution at the surface of Lys to Ile at position Al4 
seems to be in contrast with the functional conservation of 
the A motif (15). Despite the fact that a hydrophobic residue 
at the surface is less plausible, Val and Leu are noted in this 
position in several vertebrate and invertebrate species (15, 
40) (Fig. 12). In addition, as the Artemia hemoglobin quater- 
nary structure is probably quite different from that of the 
classical hemoglobins, it is not known which parts of the 
domain E7 are really buried or at the surface and whether an 
external salt bridge at position Al4 is necessary. 

Region AB (Residues 19-20)--Alignment in the A, B, and 
C helices places two (possibly 3) residues, -Ala-Val-(Gly), 
between the A and B helices. Although a single AB residue 
(Ala or Gly) is typical in globins, longer AB turns are recog- 
nized in Tylorrhynchus, Lumbricus, Cerithidea, Busycon, and 
Glycera (14, 15, 40). The insertion of 3 residues in the AB 
region of domain E7 does not cause a distortion of the AB 
corner as shown by BRUGEL modeling using a myoglobin 
fragment (GH5-H7) anchored at the A and B helix boundaries 
of the human @ chain template. 

Helix B (Residues 2136)-Compared to the templates of 
Bashford et al. (15), the only discrepancy is the unique obser- 
vation of a Met at position B9 (template 1). However, the 
nature of its side chain is fully compatible with an interior 
position (template 2). The B/E helix packing in globins is 
normally formed by ridges into grooves of the +4 n type 
whereby the volume of the sterically adjacent residues B6/ 
BlO and E8/E4 is important (38). At positions BlO and E4, a 
rather big side chain is expected, which is also the case in 
domain E7 (Phe and Leu, respectively). At positions B6 and 
E8, the rather bulky side chains of Gln and Leu are observed, 
whereas small side chains were expected. However, domain 
E7 is not the only exception. A Gln or Glu is frequently 
observed at position B6 in the Chirorwmus globins, whereas 
a Ser or Thr occurs in the Leg hemoglobins. 

Several invertebrates also show a somewhat bigger side 
chain at position ES as Met (Tylorrhynchus chains 1 and 2A) 
and Leu/Ile (Aplysia limacinu, Aplysia kurodai). This suggests 
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that in these cases the B/E helix packing is less compact. If, 
in domain E7, the angle between the B and E helices is to 
conform to the globin fold, a class 2 rather than a class 3 
crossing is likely (41). BRUGEL modeling shows that a ster- 
ically acceptable solution can be found by rotating the Gln 
side chain at position B6 in between the Leu(E8) and Ile(E12) 
positions in the mutated p chain (Fig. 7). All residues involved 
in the B/G helix packing (B5, B9, B13; G15, Gil, G7; B8, B9, 
B16) are fully compatible, including the Met at position B9, 
as the volume of the side chains is less important for this 
contact (15,38). 

Helix C and Region CD (Residues 37-51)-Alignment in the 
critical heme environment of the CD-D region of domain E7 
with other globins is unmistakable with the presence of the 
invariant residue Phe(CD1) and the quasi invariants Pro(C2) 
and Phe(CD4) (15,38). Consequently, it reinforces the align- 
ment of the B helix. As in myoglobins, domain E7 has a His 
at position Cl which is considered to represent the ancestral 
condition that existed before the cytochromes and the globins 
diverged (12). The very conservative Thr at position C4 is 
substituted with a much bulkier Tyr, resulting in the only 
penalty against the templates of Bashford et al. (15) for the 
CD-D region. This substitution not only occurs in domain E7, 
but also in domain El and in the homologous position of the 
amino terminus of the Artemia globin a! and p chains (36,37). 
No other globins have a Tyr at position C4; it therefore seems 
to be a specific feature of the Artemin globins with unknown 
functional significance. BRUGEL modeling showed that the 
bulky Tyr could be accommodated between the C and G 
helices with its -OH at the surface in a model based on /3- 
globins (Fig. 8), but was subject to steric hindrance in a 
myoglobin-based model as used for domain El (8). 

Helix D (Residues 52-58)-This helix-predictive sequence 
(secondary structure prediction) is compatible with the reten- 
tion in domain E7 of a small D helix similar to the @globins. 
In domain El, a helix shorter by 1 residue was assigned to 
this region. 

Helix E (Residues 59-78)-Placing His65 at the E7 location 
(distal His) fulfills the major requirements for the E helix 
motif (15). (see Ref. 15) Indeed, with the exception of the 
already discussed Leu at position E8, the side chain character 
of the residues involved in the B/E helix packing is mainly 
conserved. The highly conserved requirement for a Val at 
position El1 in contact with the heme is met (16). The most 
significant discrepancies with Bashford template 2 occur at 
the end of the helix (Leu(E17), Phe(E20)). The replacement 
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FIG. 7. B-E contact region. The B-E contact region of Artemia 
domain E7 was modeled with a BRUGEL software-package as de- 
scribed under “Materials and Methods.” The maior side chains 
(- - -) are shown on the fragments of the B and E helices. 

FIG. 8. BC-G region. The BC corner of Artemia domain E7 was 
modeled with a BRUGEL software package as described under “Ma- 
terials and Methods.” The side chains at positions C4 (- - -), Cl, 
GlO, and Gil (-) are shown. 

of the 2 adjacent surface residues El7 and E20 by Leu and 
Phe, respectively, suggests the possibility of a hydrophobic 
surface region adapted to the special quaternary requirements 
of the Artemiu globin. Domain El similarly has a unique Leu 
at position E20. 

Region EF and Helix F (Residues 79-98)--Alignment of the 
F helix sequence is influenced by the obligatory proximal His 
at position F8. This brings about a Leu at position F4 and a 
Phe at position F7, allowing not only normal heme contact 
(F4, F7, F8), but also the expected F/H helix packing (+4 n; 
Fl, F4, F8) (38). In contrast, domains El and E7 are excep- 
tional in having large hydrophobic residues (Leu and Ile, 
respectively) at surface position F6 where hydrophilic residues 
are expected. However, this is not unique as in several inver- 
tebrates (Chironomus globin chain 10, Glycera, Anadara 
broughtioni) together with some vertebrates, a Val is observed 
at this position (40). 

Alignment of the E and F helices brings residues 79-88 into 
the EF corner. Due to the variability of this region in length 
and side chain character, the similarity to domain El as well 
as to the other globins is low, resulting in poor modeling from 
fragments available in the National Biomedical Research 
Foundation Data Bank. 

Region FG and Helix G (Residues 99-121)-The FG-G re- 
gion permits alternative alignments. A first alternative (Fig. 
6) places the sequence -Val-Asp-Pro-Val- at positions FG4- 
F3 as found in human a-globin. This brings a Ser and a Gly 
at positions G5 and G8, respectively, where a Phe and a Leu, 
important in heme contact and in the formation of the F/G 
helix packing, are expected. However, BRUGEL modeling 
using the p chain as template, suggests that the resulting 
decrease in heme contact is compensated for by substitution 
at position G9 of a small side chain by the aromatic ring of 
Phe. The expected crossover point of the G and H helices 
(positions G9 and H16, respectively) is now formed by 2 large 
Phe residues, whereas a small and a large side chain are 
expected. However, residue size and conformation can be 
combined in different ways to give the same type of packing 
as shown for sperm whale myoglobin, Chironomus globin 3A, 
and a Leg hemoglobin (38). 

A second, less attractive alternative places Prolo at position 
Gl. This brings about the hydrophobic Leu and Phe at posi- 
tions G5 and G8, allowing heme contact, but also the hydro- 
philic Glu at position G16, whereas this side chain is conven- 
tionally buried and involved in the G/H helix packing (38). 

Region GH and Helix H (Residues 122-152)-A search was 
made in the Brookhaven National Laboratory Data Bank for 
a structure of the same length as the domain E7 sequence in 
this region and with matching flanking coordinates over G17- 
GHl and H5-H8 for substitution into the B-globin template. 
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GH3 

FIG. 9. GH corner. The GH corner of Artemia domain E7 was 
modeled with BRUGEL software package as described under “Ma- 
terials and Methods.” Human @ chain; - - -, extracted fragment from 
Chironomus X-Side chains at position GH5 are shown. 

FIG. 10. EF region. The EF region of Artemia domain E7 was 
modeled with a BRUGEL software package as described under “Ma- 
terials and Methods.“-, EF corner with some hydrophobic side 
chains; - - -, H helix fragment; - - -, side chains at positions Fl, 
H15, and Hl8. 

The corresponding fragment from another globin, Chirono- 
mus globin 3A, was the best match. This substitution is 
illustrated in Fig. 9. The well conserved Phe at position GH5 
is retained in the same position and orientation despite the 
3-residue deletion. The G (from position G7) and the H 
helices, corresponding in higher globins to the third exon, are 
always the least conserved (14,15,42). 

The alignment in Fig. 6 achieves the lowest total penalty 
against the Bashford templates (see Ref. 15). To explore the 
major discrepancies, Val(H5), Pro(HG), Arg(HlB), and 
Asn(H18), the EF corner, and the H helix were modeled with 
a BRUGEL software package. The hydrophobic Val at surface 
position H5 may form a van der Waals contact with Phe at 
position GH5, whereas Pro at position H6 is, due to the 
deletions between positions GH3 and H3, in relative terms, 
the second residue, and thus can be considered as the H helix 
starter. Asn at position H18 is not only sterically in too close 
contact with Leu at position Fl, but, like Arg at position H15, 
is in a hydrophobic environment. Both problems can be solved 
by rotating the total H helix a few degrees counterclockwise 
along the amino/carboxyl-terminal axis. This brings 
Asn(H18) to the surface and reduces sterical contact with 
Leu(Fl), whereas the Arg side chain at position H15 can reach 
the surface in the space left by Gly(H1l) (Fig. 10). 

The H helix sequence is considerably more predictive of 
nonhelical and turn structure than that in other globins 
(secondary structure prediction); but in view of the expected 
adaptation of the carboxyl-terminal region to an interdomain 
linkage, this is not unexpected. The latter is confirmed by the 
recognition of a region similar to the linker sequence -Val- 

Asp-Pro-Val-Ile-Thr-Gly- in the H helix (H19-H25) (36, 37, 
39). 

Overall Structure of Artemia Globin Domains and Intact 
Hemoglobin Molecule 

In domain E7, as in domain El, the observed length dis- 
crepancies occur mainly in the interhelical turns (AB, EF, 
FG, and GH), where they would least disturb the general 
folding. At a few surface positions (Al4, Al7, E20, and F6), 
unexpectedly, hydrophobic residues are observed. In addition, 
comparison of the hydropathic profiles (43) of domains E7 
and El with that of the human p chain (Fig. 11) shows that 
the CD-D region of both domains is more hydrophobic, 
whereas the end of the H helix is more hydrophilic. These 
differences, which do not disturb the overall folding, may 
reflect specific adaptations to the association of the covalently 
linked domains within a globin chain and of the association 
of both globins into the native dimer. 

In conclusion, the fact that the domain E7 sequence can be 
interpreted in terms of the globin fold and that discrepant 
regions can be successfully modeled using the human /3 chain 
as a template strongly suggests that the E7 domain is com- 
patible with a globin folded structure. 

A maximum parsimony tree was constructed with some 
selected globins, including Artemiu domains El and E7 (30- 
32). It is clear that this tree (Figs. 12-14) is inferior to those 
of Goodman et al. (14). Howeverr as expected, both domains 
El and E7 cluster with higher globins and close to the Insecta. 

The reconstructed ancestral globin sequence (Fig. 14) is in 
full agreement with Bashford template 1 (see Ref. 15) and is 
42% identical to domain E7, illustrating its homology (14,44) 
to the globin family. Assuming that the domains are globin 
folded structures (4.5 x 3.5 x 2.5 nm), a speculative model 
for Artemia hemoglobin can be proposed. As no extensive 
linker sequences are present, neighboring domains must be 
oriented in such a way that the adapted HC and NA regions 
are close to each other. This may be achieved by a circular 
assembly of the eight covalently linked domains having their 
E and F helices coplanar as shown in Fig. 15. Heme is oriented 
toward the hollow center, and the EF turn and the interdo- 
main linker sequence toward the periphery. The latter would 
agree with the preferential access of subtilisin to it (21, 22). 
Supposition of two such octomers with the order of domains 
in opposite directions and with the domains contacting each 
other at points of the E and F helices will provide a stable 
dimer. The resulting dimensions, 12-14 nm diameter and 6- 
7 nm thick, are in agreement with electromicroscopic obser- 
vations (18). In this way, the unusual hydrophobic character 
of residues A14, E17, E20, and F6 may support the proposed 
model. 
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