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Three classes of oxygen-carrying pro-
teins occur in animals: hemoglobins,
hemerythrins, and hemocyanins. The
site of oxygen binding is entirely differ-
ent in each: a single Fe(II) contained in a
heme group in hemoglobins, two Fe(II)
atoms bound by amino acid side chains
in hemerythrins, and two Cu(I) atoms
bound directly to side chains in hemocy-

difference in architecture has led to the
suggestion that they may have originated
independently, the oxygen binding sites
appear to be quite similar spectroscopi-
cally. Binuclear copper sites similar to
those of both arthropod and molluscan
hemocyanins are found in tyrosinase,
ceruloplasmin, laccase, and ascorbate
oxidase (2).

Summary. Hemocyanins are large multi-subunit copper proteins that transport
oxygen in many arthropods and molluscs. Comparison of the amino acid sequence
data for seven different subunits of arthropod hemocyanins from crustaceans and
chelicerates shows many highly conserved residues and extensive regions of near
identity. This correspondence can be matched closely with the three domain structure
established by x-ray crystallography for spiny lobster hemocyanin. The degree of
identity is particularly striking in the second domain of the subunit that contains the six
histidines which ligate the two oxygen-binding copper atoms. The polypeptide
architecture of spiny lobster hemocyanin appears to be the same in all arthropods.
This structure must therefore be at least as old as the estimated time of divergence of
crustaceans and chelicerates, about 540 to 600 million years ago.

anins. Hemocyanins are freely dissolved
in the hemolymph of many molluscs and
arthropods, but the quaternary structure
and the ratio of copper to protein is very
different in the two phyla. Molluscan
hemocyanins are large cylindrical mole-
cules with 10 to 20 subunits and a mass
of up to 9 million daltons. Subunits have
eight domains, each of which has a pair
of copper atoms and a mass of 50,000
daltons. Arthropod hemocyanins vary in
size from 500,000 to about 3.5 million
daltons and are hexamers or oligohex-
amers built from individual subunits of
about 75,000 daltons (7). Although this
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Although hemoglobins and hemeryth-
rins (3, 4) have well-established primary,
tertiary, and quaternary structures, the
structure of hemocyanins has remained
elusive until very recently because of the
great length of the polypeptide chains,
the heterogeneity of the subunits, and
the complex quaternary structures.
Much structural information has been
collected recently for the chelicerate and
crustacean hemocyanins. The quaterna-
ry structures of two large chelicerate
hemocyanins were solved by immuno-
electron microscopy in 1981 (5). This
was followed by a wealth of primary
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structure information: the first two com-
plete amino acid sequences of chains d
and e of hemocyanin from Eurypelma
californicum (tarantula) were reported in
1983 (6); a third chain, the o subunit from
Tachypleus tridentatus (Japanese horse-
shoe crab) has also been completed (7).
Four other sequences, including two of
crustacean hemocyanins, are far ad-
vanced.

The three-dimensional structure of he-
mocyanin of the spiny lobster, Panulirus
interruptus, has been determined very
recently at a resolution of 3.2 A (8). We
can now correlate the primary structures
with the three-dimensional data on a
broader basis, and provide an integrated
description of this class of proteins for
the first time.

Amino Acid Sequence Comparisons

The amino acid sequences of the seven
hemocyanin subunits from two crusta-
ceans and three chelicerates have been
aligned in Fig. 1. Many segments are
identical or nearly so in the different
sequences. Examples are residues 190 to
207 and 220 to 243. Regions of close
correspondence are widespread. The
polypeptide chain lengths are roughly
the same: the chelicerate hemocyanins
have about 625 residues and the crusta-
cean hemocyanins about 660. The con-
siderable differences in chain length esti-
mated from sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophore-
sis (9) have not been confirmed by the
sequence and x-ray data. These differ-
ences must result from variations in the
binding of SDS. So far, 117 positions (17
percent) are identical for all seven chains
and 212 positions (33 percent) for the
chelicerate chains. These figures in-
crease to 195 (29 percent) or 298 (46
percent), respectively, if we include po-
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sitions with isofunctional residues.
These are shaded gray in Fig. 1.

Some remarkable features of this com-
parison are as follows. Identities are
often clustered in contiguous regions, for
example, positions 176 to 207, 216 to
243, 346 to 356, 374 to 400, 573 to 609,
and 620 to 646. The most strongly con-
served regions are those near the histi-
dine residues that have been identified as
copper ligands (8).

The glycine residues as elements of
chain bending are extremely conserved.
More than half of all the glycines shown
in Fig. 1 occur at the same positions in 5,
6, or 7 subunits; only about 10 percent
have no counterparts at the same or
neighboring positions of another subunit.
Many of the completely conserved gly-
cines occur at or close to the beginning
of a 8 strand or an « helix.

The similarity of the chains becomes
more striking if the hydrophobic or hy-
drophilic nature of the amino acid side
chains is considered. Hydrophilicity pro-
files for three hemocyanins resemble
each other greatly (Fig. 2). For example,
exchanging an acidic for a basic residue
would not alter the hydrophilic nature of
a position. This suggests that the micro-
environment of every residue along the

Fig. 1 (opposite page). Alignment of arthro-
pod hemocyanin amino acid sequences and
secondary structure of Panulirus interruptus
hemocyanin. Complete and partial sequences
are shown for two crustacean species, Panu-
lirus interruptus, a spiny lobster, subunit a (8,
15) and the crayfish, Astacus leptodactylus,
subunit b (6), and of the following Chelicer-
ata: Eurypelma californicum, a tarantula, sub-
unit d, e, and a (6), and two horseshoe crabs,
Limulus polyphemus, subunit II (I6), and
Tachypleus tridentatus, subunit « (7). The
one-letter code for amino acid residues is used
(17). Regions with identical or nearly identical
residues have been aligned so as to minimize
the number of gaps. Dashes represent gaps
introduced for alignment, blank spaces are
parts not yet determined, and sequences in
brackets are presumptive. For the purpose of
this article a special numbering scheme has
been used. The secondary structure elements
(a helices 1.1-3.6 and B strands 1A-3L), S-S
bridges, carbohydrate attachment site (CHO),
copper ligands (*), and domain borders of
Panulirus interruptus hemocyanin are indicat-
ed. Positions with identical residues in all or
in the chelicerate sequences are boxed (also if
B and Z had been placed instead of D, N, E,
and Q, respectively, or if I and L could not be
distinguished in the Astacus b, or in the
Eurypelma d and a sequences). Boxes are
open if no sequence data of Crustacea are
available. Positions with isofunctional resi-
dues are shaded (T and S; D and E; K, R, and
H;Y,F,and W; 1, V, L, and M). The symbols
beneath the sequences indicate positively
charged (+) or negatively charged (—) resi-
dues or conserved glycines (A) in all se-
quences. Positions with the structural require-
ments for carbohydrate attachment (N X T/S)
are underlined.
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chain is a rather stable characteristic
which is resistant to random change.
These observations taken together
leave no doubt that the general morphol-
ogy of the subunits of arthropod hemo-
cyanins has been highly conserved. The
three-dimensional structure established
for the Panulirus hemocyanin subunit,
its organization into three domains, and
its arrangement of « helices and B
strands including the B barrel of domain
3 must have been conserved for at least
540 to 600 million years, the estimated
time of divergence of chelicerate and
crustacean hemocyanins (/4).

Three-Dimensional Structure

The morphology of the hexamer (mo-
lecular weight, 450,000) and of the indi-
vidual subunit of Panulirus interruptus
hemocyanin is shown in Fig. 3. This
monohexameric structure is the smallest
functional hemocyanin known. A similar
hexamer can be considered as the build-
ing block of all multihexameric hemocy-
anins. Eurypelma hemocyanin is a tetra-
mer of hexamers (24 chains) and Limulus
hemocyanin comprises 48 chains
(2 X 24). The hexamer consists of two
trimers facing each other in a staggered
arrangement (Fig. 3A). Each subunit
may be viewed as having a convex
“‘back surface’” facing the other two
subunits in a trimer, while the two sur-
face regions perpendicular to the three-
fold axis of the hexamer are either com-
pletely exposed to the solvent (‘‘top-
surface’’) or make contact with the other
trimer (‘‘bottom surface’’). The contacts
between the six subunits are complex,
but can be briefly summarized as fol-
lows. The contacts between the subunits
of one trimer are virtually all hydrophil-
ic. Each subunit of one trimer has con-
tact mainly with only one subunit of the
other trimer, related by a twofold axis

100
Amino acid position

200

running close and roughly parallel to
helix 1.7. These contacts are hydrophilic
as well as hydrophobic and are closer
than the contacts within a trimer. There-
fore, the hexamer may be described as a
trimer of dimers, rather than as a dimer
of trimers. The dimer may have been
conserved for a very long time among
the arthropod hemocyanins because resi-
dues Gly'”7, Gly*!, Pro?”®, and Phe*™° at
the interface are highly conserved (Fig.
1). In contrast, the interactions between
the members of a trimer are more vari-
able.

The subunits have three domains, two
of which are mainly a-helical while the
third has a B barrel and two large loops
which make contact with both the other
domains (Fig. 3B). The active site is
located in the center of the second do-
main.

Structure of the Subunit Domains

Domain 1. Domain 1 (Fig. 1, residues
1 to 180 and Fig. 3C) is the most variable
of the three domains. This variability
holds especially for the NH,-terminal
region. A number of conserved residues
are also present. One of the latter, Phe”,
the residue of domain 1 closest to the
oxygen binding site, probably functions
to stabilize the hydrophobic core of do-
main 2. A larger number of conserved
residues begins at position 110 close to
the NH,-terminus of helix 1.6. This bur-
ied helix is strongly hydrophobic and is
in contact with three other helices (1.1,
1.4, and 1.5) within the domain. It may
be important that helix 1.6 also contacts
helix 2.1 of domain 2 which provides two
copper ligands and hence may pick up
any movements of the latter upon oxy-
genation.

Domain 1 contains a quite interesting
appendix consisting of 8 strand 1B and «
helix 1.7. This appendix makes contact
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with the first large extension of domain
3: 1B forms a B sheet with 8 strands 3B
and 3C. Being at the ‘‘bottom’ of the
subunit, helix 1.7 faces the ‘‘bottom sur-
face’ of the other trimer in the hexamer,
that is, it participates in the extensive
contacts between the trimers.

The significance of the presence of a
carbohydrate side chain in domain 1 is

unknown. Carbohydrate has been found
only in Panulirus hemocyanin where it is
attached to Asn'’?. This site is different
even in the hemocyanin of the closely
related crayfish Astacus. No carbohy-
drate has been found in any of the other
hemocyanins sequenced, although sev-
eral Asn-X-Ser or Thr sequences occur
(underlined in Fig. 1). Such sequences

Domain 2

B

Domain 1

Fig. 3. Schematic representation of the Panu-
lirus interruptus hemocyanin hexamer. (A)
The entire hexamer viewed along the molecu-
lar threefold axis (A). Arrows indicate the
three molecular twofold axes, running per-

pendicular to the threefold axis. The parts of each molecular twofold axis across which the most
intimate subunit contacts occur are indicated with solid lines and the other parts with dashed
lines. Diamonds indicate the copper ions in the upper () and the lower (<) trimer. (B) One
subunit with a helices (O), B strands ({J), and the course of the polypeptide chain. The three
domains are separated by dashed lines. The o helix that is missing in the Chelicerata and part of
the B strand containing the carbohydrate moiety in domain 1, the four a helices providing Cu
ligands in domain 2, and the B barrel strands in domain 3 are shaded. (C) Domain 1 with the two-
character identifiers for each secondary structure element. The first character is the domain
number. The second character is a number for « helices and a letter for B strands. Helices are
represented by cylinders, B strands by arrows, and the disulfide bridges by ~o—o—. (D) Domain
2. Diamonds indicate copper ions. (E) Domain 3. (F) The four helices surrounding the binuclear
copper site and providing the six histidine copper ligands. Some contacts between domains are
not possible to depict in the two-dimensional representations shown in parts B, C, D, and E.
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are often associated with carbohydrate
binding.

Domain 2. This domain (Fig. 1, resi-
dues 181 to 408, and Fig. 3D) contains
the binuclear copper site, which binds
oxygen (see below). The crustacean he-
mocyanins have a cluster of basic resi-
dues around position 180. This site is
easily accessible for proteolytic cleavage
in Panulirus hemocyanin (10). Another
cluster of charged residues occurs in the
chelicerate hemocyanins at positions 217
to 224 at the beginning of helix 2.2.
These include Arg?! and Glu?** which
form a well-defined salt bridge in Panu-
lirus which is completely conserved.
Four conserved charged residues occur
close to each other in the COOH-termi-
nal half of helix 2.2. Two of these form
conserved salt bridges: Asp®?® with
Lys®* and Arg®*!' with Glu'®3, The for-
mer one may be particularly important
because residue 394 is next to one of the
histidine ligands of the oxygen binding
site. Conservation of salt bridges has
been observed in highly conserved pro-
teins (11).

Binuclear Copper Site in Domain 2

The active site is located in the center
of the second domain (Fig. 3, B and D).
The two copper atoms A and B are each
ligated by three histidines (Fig. 3F): the
first one by His'*, His?®, and His?*® and
the second by His**!, His**>, and His**
(the histidines are indicated by * in Fig.
1). The six histidines are provided by
four o helices, 2.1, 2.2, 2.5, and 2.6,
which are all highly conserved and in the
interior of the molecule.

Helix 2.1 at copper site A contains a
remarkable histidine-tryptophan cluster
(Fig. 1, residues 198 to 203). A trypto-
phan is also present between the two
histidines of helix 2.5 at copper site B in
chelicerate hemocyanins (Fig. 1, residue
353). Most of the tryptophan residues in
the sequence are near the copper ligands
(four of five in Eurypelma d, three of five
in Eurypelma e, three of four in Eury-
pelma a, four of eight in Limulus II, and
four of eight in Tachypleus o). This prox-
imity explains the exceptionally strong
quenching of tryptophan fluorescence
that is observed in Eurypelma hemocya-
nin (12). The relative number of trypto-
phan residues near the active site is
lower in crustacean hemocyanins. The
tryptophans may serve to anchor the
active site helices in the surrounding
structure. A large number of aromatic
residues in addition to these tryptophans
can be found in the neighborhood of the
copper binding site in Panulirus hemocy-
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anin; many of these are conserved. Al-
though several tyrosines are near the
copper ligands in the sequence, none
comes close to the coppers in the three-
dimensional structure.

Domain 3. Domain 3 (Fig. 1, residues
409 to 676, and Fig. 3E) contains a
seven-stranded B barrel. The barrel
shows a close topological correspon-
dence to the antiparallel B barrels ob-
served in Cu-Zn, superoxide dismutase,
immunoglobulin (8), and actinoxanthine
(13). The B strands in the barrel belong to
the most conserved parts of domain 3
(Fig. 1), which indicates that they are a
universal feature of arthropod hemocya-
nins.

Two long loops extend from this bar-
rel. The first makes contact with domain
1 as already discussed. The second one
comprises residues 540 to 590 which
includes the segments B 31, « 3.3, and «
3.4. The region in this loop between « 3.3
and « 3.4 is highly variable in length and
in nature of residues. Panulirus interrup-
tus hemocyanin a contains three S-S
bridges and no free SH-groups and cheli-
cerate hemocyanins contain both S-S
bridges and SH-groups. Comparison of
the sequences shows that only the third
disulfide bridge of Panulirus hemocyanin
may be conserved in the other sequences
although not at exactly the same posi-
tions: 575 to 625 or 577 to 625 (Fig. 1).
This bridge links together two highly
conserved regions occurring at positions
573 to 603 and 620 to 646 near the
COOH-terminus. Both segments are in-
volved in contacts with domain 2 (espe-
cially o 2.1 and « 2.2) as well as domain 1
(especially B 1A). Residues 592 to 603
belong to the B barrel (3J).

Comparison of Crustacean and

Chelicerate Hemocyanins

What distinguishes crustacean from
chelicerate hemocyanins? One striking
difference is the occurrence of a 21-
residue loop from Tyr?? to Asp*? which
contains helix 1.2. This loop is complete-
ly absent from chelicerate hemocyanins.
Helix 1.2 in Panulirus hemocyanin
bulges out from the surface of domain 1,
supported only by two straps which
should give it greater flexibility than that
exhibited by other elements of the sec-
ondary structure. This might explain
why it is the most poorly defined helix in
the electron density map. The helix
makes no contacts with any other do-
main or subunit, and its excision can
probably be accommodated without los-
ing the essential functions. A second,
shorter loop occurs in a highly variable
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segment just before the conserved disul-
fide bridge linking Cys*”” to Cys®?. This
loop is part of the second arm in Panu-
lirus hemocyanin which stretches out
from domain 3 and embraces domain 1; it
also faces the outside. The shorter arm in
chelicerate hemocyanins could have the

Table 1. Comparison of the percent differ-
ences between amino acid sequences of do-
mains and complete subunits of hemocyanins.
The number of differences between amino
acid sequences for each domain were counted
for those hemocyanin chains with complete or
nearly completed sequences for that domain.
The alignments presented in Fig. 1 were used.
The table gives the percent differences be-
tween sequences derived according to Day-
hoff et al. (19). Positions where one sequence
has an amino acid and the other a deletion
were taken into account. Positions where
either sequence is still unknown or where
both contain deletions are ignored. A residue
that may be either aspartic acid or asparagine,
or glutamic acid or glutamine, were not con-
sidered different from either possible alterna-
tive.

Domain 1
: Eury
Pt Limm
d e a
Eury d 81
Eury e 78 56
Eury a 84 61 60
Lim II 80 58 54 50
Tachy o 79 46 46 60 52
NPC* 166-180 141-154
Domain 2
. Eury
Pint T Limn
a d e a
Eury d 59
Eury e 59 35
Eury a 59 37 33
Lim II 63 37 32 31
Tachy o 58 38 37 37 36
NPC 226-227 224-227
Domain 3
Eury
Lim II
d e
Eury e 49
Lim II 51 51
Tachy o 53 46 45
NPC 238-257
Complete subunit
Eury
Lim II
d e
Eury e 45
Lim II 47 45
Tachy a 46 43 43
NPC 618-632

*NPC, the numbers of positions compared.

effect of tilting helix 3.3 upward. Alter-
natively helix 3.3 could be partially un-
wound and be one turn shorter. Finally,
the two crustacean hemocyanins show
an extension of five amino acids at the
NH,-termirus; this extension is absent
from the chelicerate hemocyanins.

A second major distinction between
crustacean and chelicerate hemocyanins
appears in the structure of the active
site. The chelicerate sequence, -His-
His*-Trp-His-Trp-His*-, for the first two
ligands of copper A is different in crusta-
cean hemocyanins. The first Trp (posi-
tion 200) is replaced by Val and the third
His (position 201) by Thr. In the copper
B site in helix 2.5 (Fig. 1) Trp**? is
replaced by Thr.

Multihexameric Hemocyanins

Panulirus hemocyanin crystals con-
tain two similar subunits, a and b (8).
The large chelicerate hemocyanins have
seven to eight different kinds of subunits
which occupy specific sites in the hex-
amers so that multiple lock-and-key
structures must be postulated for the
points of contact. All chelicerate chains
have additional residues at positions 167
to 171. These residues are near the inter-
subunit contact area. The longest addi-
tions in this region, which are also al-
most identical, are in Eurypelma a and
Limulus 11. It is striking that these two
subunits occupy identical positions in
the native oligomer and are immunologi-
cally related (14).

Molecular Evolution

The differences between amino acid
sequences in the separate domains and in
the complete hemocyanin chains are
summarized in Table 1. These data show
that the three domains have been con-
served to quite different extents. The
oxygen-binding domain 2 contains the
largest number of identical residues; the
other two domains vary more. Domains
2 and 3, of all chelicerate hemocyanin
chains, vary to approximately the same
extent (7 to 8 percent). However, greater
variation exists in domain 1 (15 percent).
The comparison of the Eurypelma d and
e chains with the Tachypleus o chain
shows the least difference. The Eury-
plema a and Limulus II comparison
shows only a slightly larger difference.

During hemoglobin evolution the gene
duplication giving rise to the o and B
chains preceded the divergence of tele-
osts and tetrapods, and it is not difficult
to recognize a hemoglobin chain as ei-
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Table 2. Evolutionary rates of separate domains and complete chains of hemocyanins. The
percent differences (+ standard deviation) from Table 1 are converted to ‘‘accepted point
mutations per 100 residues’’ (PAM’s) according to Dayoff (20, p. 375) and rates were calculated
by assuming a common ancestry of about 400 million years ago for the Chelicerata (2/) and of
about 600 million years ago for the divergence of the Crustacea and the Chelicerata (22). The
hemoglobin and myoglobin data are from Dayhoff (20, p. 3).

. Ancestor PAM’s
Item Dlﬁ;el;eince PAM'’s (million per
@ years ago) 108 years
Hemocyanin
Domain 1
Pint a—Chelicerata 80 =2 234 600 19.5
Chelicerate chains 54 +6 91 400 11.4
Domain 2
Pint a—Chelicerata - 60 + 2 108 600 9.0
Chelicerate chains 352 47 400 5.9
Domain 3
Chelicerate chains 49 =3 77 400 9.6
Complete subunit
Chelicerate chains 45 £ 2 67 400 8.4
Hemoglobin (o and B chains, most 12.0
mammalian orders)
Myoglobin (most mammalian orders) 8.9

ther o or B from its sequence. Such sister
proteins evolving in parallel during the
evolution of species are called paralo-
gous proteins. The situation is different
for the hemocyanin chains of the Cheli-
cerata. Without further analysis of the
sequence data we must assume that gene
duplications leading to separate chains in
one species and the divergence between
the Arachnida (Eurypelma) and Xiphos-
ura (Limulus and Tachypleus) occurred
at close to the same time. For instance, it
is evident that the Euryplema chains a,
d, and e are paralogous gene products
with a common ancestry going back to
the divergence of all chelicerate hemocy-
anin chains. As already mentioned, the
chain of Eurypelma a and that of Limulus
II are immunologically related and occu-
py identical positions in the hexamer.
This relationship is also shown by the
difference matrices of both domains 1
and 2 (Table 1).

Some evolutionary rates are presented
in Table 2. These do not differ much
from those observed for hemoglobin and
myoglobin. The data suggest that, al-
though the hemocyanin molecules are
much more complicated structures than
those of the globins, both types of oxy-
gen carriers were subject to similar se-
lection pressure.

Conclusion

It may be appreciated from the forego-
ing that these hemocyanins represent a
class of extremely complicated oxygen
carriers. The central domain with the
active site is two-thirds larger than a
hemoglobin subunit, and is flanked by
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two additional domains of similar size.
We suggest that these flanking domains
pick up the movement of the central
domain during oxygenation and convey
it to the other subunits in the hexamer.
Domain 3, the largest, is also probably
essential for the integrity of the structure
of the subunit by virtue of its long arms
which stretch out past domain 2 to reach
domain 1. The three domains are very
different. No evidence exists to suppose
that the domains are (or contain) repeat-
ing sequences.

Hemocyanins are certainly less effi-
cient than hemoglobins in terms of the
size of a functional unit. Each hemocya-
nin subunit comprises some 10,000 at-
oms to grasp and release just one mole-
cule of oxygen—and up to 48 such sub-
units are combined in the native aggre-
gate. Nature certainly had the alternative
of using hemoglobin which was in the
inventory of the articulate ancestors and
which appears in many Crustacea. How-
ever, globin genes in some organisms
may have been absent or may have
lacked the capability to produce multi-
subunit structures exhibiting allosteric
control, a requirement of efficient O,
transport. Any gene that evolved to fit
this function might be used.
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