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I. Introduction 

The ability to transport oxygen is a key biological 
process in multicellular organisms. Three general 
classes of respiratory proteins have evolved: hemo- 
globins, hemerythrins, and hemocyanins. The hemocy- 
anins (Greek for “blue bloods”) are large, multisubunit 
proteins capable of transporting oxygen and are found 
in various arthropods and mollusks. Unlike the other 
two general classes of respiratory proteins that contain 
iron, hemocyanins bind oxygen at a coupled dinuclear 
active site containing two copper atoms directly ligated 
by protein side chains. Hemocyanins circulate extra- 
cellularly in the hemolymph as multisubunit complexes 
rather than in specialized cells. Some hemocyanins 
have also been shown to demonstrate a high degree of 
cooperativity in oxygen binding.’ Recent advances have 
been made in the crystal structures of the spiny lobster, 
Punulirus interruptus2 and horseshoe crab, Limulus 
polyphemus,  hemocyanin^.^ Many primary sequences 
have also been recently determined, which has led to 
a greater understanding of hemocyanins, their struc- 
tures, and their functions as molecules under regulatory 
control that bind oxygen reversibly and cooperatively. 
This article will concentrate primarily upon develop- 
ments in the past five years that have advanced our 
knowledge of primary, tertiary, and quaternary struc- 
tures of the hemocyanins and their cooperative proper- 
ties. 

Major differences exist between the architectures of 
hemocyanins of arthropod and molluskan origin. Ex- 
tensive discussion of spectral features of hemocyanins 
is outside the scope of this review. In brief, the two 
types of hemocyanins have similar spectral properties, 
including absorption maxima at  about 340 and 580 nm 
when oxygenated and similar circular dichroic and 
fluorescence spectra. Also they both normally do not 
exhibit electron paramagnetic resonance, again sug- 
gesting similarity in their active sites. Electron mi- 
croscopic studies show that the quaternary structures 
of the two types of hemocyanins are quite distinct,415 
with the principal difference being that each arthropod 
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hemocyanin molecule is composed of hexamers or 
multiple hexamers of subunits of -75 kDa while each 
molluskan hemocyanin has subunits in the 350-450- 
kDa range assembled into cylinders with apparent 5- 
and 10-fold symmetry (see Figure 1). In the arthropod 
hemocyanins, each subunit contains a single oxygen 
binding site, whereas molluskan hemocyanin subunits 
have multiple oxygen binding sites, each in -50-kDa 
domains termed “functional units”. A representative 
example of arthropod hemocyanin is that of the 
horseshoe crab, the largest of the arthropod hemocya- 
nins. It is made up of 48 subunits, each containing a 
dinuclear copper active site (see Figure 2). In contrast, 
molluskan hemocyanins usually contain 10 or 20 
subunits, with seven or eight functional units in each 
subunit.6 Primary sequence results from assorted 
arthropod subunits and molluskan domains show some 
similarities in the region containing the three histidines 
binding the so-called “copper B” atom (CUB), but 
similarities in the area of the residues that ligate the 
other copper atom “copper A” (CuA) are not obvious. 

X-ray diffraction studies of single crystals provide 
three-dimensional information about the entire protein 
structure at  a detailed level not usually accessible with 
other techniques for proteins of such large size. Three 
important structures have recently been determined 
including those of subunits from arthropod hemocyanin 
from spiny lobster2 and the horseshoe crab in two 
different ligation  state^.^^^ Establishment of the ge- 
ometry of oxygen binding in the active site of hemocy- 
anin occurred concomitantly with the synthesis and 
characterization of an interesting series of bioinorganic 
copper compounds with properties similar to hemocya- 
nins,8 which will be covered in a separate article. 

The functional control of hemocyanins and the 
cooperative binding of ligands has also been extensively 
studied in the last several years. Because of their large 
sizes and multiplicities of subunits or functional units, 
there are a number of cases where relatively simple 
models of cooperativity fail to describe cooperative 
oxygen binding accurately, leading to more complex 
modeling efforts. The ability to label specific subunits 
and to disassemble and reassemble multisubunit 
hemocyanin complexesg greatly enhances our ability to 
understand the cooperative ligand binding. 

I I. Primary Structures 
Many of the latest advances in the study of hemocy- 

anin are dependent on knowledge of the primary 
structure. The crystal structures of P. interruptus 
hemocyanin2 and L. polyphemus hemocyanin3*’ could 
not have been determined at  high resolution without 
first obtaining the amino acid sequence. Molecular 
biological studies on the active site or on the binding 
of subunits have the same prerequisite: a thorough 
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understanding of the primary structure. The currently 
available sequences are listed in Table 1. 

P. interruptus hemocyanin consists of three major 
subunits a, b, and c and a minor subunit b'.'O The 
differences between subunits a and bare few, 18 amino 
acids or 2.7% of the total sequence. No deletions or 
additions were found, suggesting that subunits a and 
bare gene duplication products. Earlier, the molecular 
weights for these subunits were reported to be 94,90, 
and 80 kDa for subunits a, b, and c respectively on the 
basis of SDS/PAGE." This generated a certain amount 
of controversy since the theoretical value was ap- 
proximately 77 kDa per subunit.''' Further, only in the 
case of subunitc were the experimental and theoretical 
values in agreement. The difference between calculated 
and apparent molecular masses from polyacrylamide 
gel electrophoresis experiments has been explained by 
the presence of negative charges on the carboxy terminal 
end of subunits a and b. Moreover, it appears to be the 
distributionofthechargesrather than theexact number 
which is important, since subunit c actually contains 
more acidic residues than either a orb. Heterogeneities 
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were observed while analyzing peptide maps of subunit 
b and determined to be due to the presence a minor 
subunit component labeled b'. 

Panulirus subunit c does not closely resemble either 
subunit a or b.12.13 The sequence identity between 
subunits a and c is only about 59%. On the basis of 
the crystal structure of the spiny lobster hemocyanin 
described more fully in section V, arthropcd hemocya- 
nin subunits can be divided into three structural 
domains. The primary sequence in structural domain 
I1 of subunit a has a greater identity with subunit c, 
-75%. Thisisnotsurprisingsince theoxygen-binding 
site is buried in the middle of domain IL2 The other 
two domains show less identity, 60% and 45%, for 
domains I and 111, respectively, and on the basis of 
sequence comparisons with other arthropod hemocya- 
nins, subunits a and c are also thought to be products 
of gene duplication.12 This duplication must have 
occurred before the divergence of the crayfish, Astacus 
leptodactylus, and Panulirus. 

Another intriguing difference between subunitsa and 
c of Panulirus hemocyanin is the attachment of their 
carbohydrate groups. In subunit a, the carbohydrate 
attachment occurs in domain I, while in subunit c the 
carbohydrate is bound in domain 111. Since the exact 
function of thecarbohydrate moiety isunclear, theeffect 
of this difference is unknown.'* 

Sequence determination is also being undertaken on 
other species of arthropod hemocyanins. Schartau et 
al." report the amino acid sequence for subunit a of 
the North American tarantula, Eurypelma californi- 
cum. The cDNA encoding its subunit e has been 
determined, suggesting that Eurypelma hemocyanin 
is very similar to other arthropod  hemocyanin^.'"'^ 

Comparisonsofthe molluskan hemocyanin sequences 
withthoseofarthropcd hemmyaninsindicatethat there 
are potentially different ligands coordinating the copper 
atoms in the oxygen binding sites. For example, Drexel 
et al.'8 compared the amino acid sequences of hemmy- 
anins from the vineyard snail, Helix pomatia &, and 
Panulirus. The only protein sequence homology they 
found was a region corresponding to the CUB site in 
arthropod hemocyanins.'* No regions corresponding 
to the sequences providing the histidine ligands to CuA 
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Figure 1. Electron micrographs of U. dopernr hemocyanin: (a, left) whole-molecule Octopus hemocyanin and (b, right) 
disassociated subunits. In both views, the bar is equivalent to 0.1 rm. The micrographs were kindly provided hy Dr. K. I. 
Miller. 
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Figure 2. Electron micrographs of the arthropod hemocyanin L. polyphemus courtesy of Drs. E. F. J. van Bruggen and C. 
Bonaventura: (a, left) the native 48-mer of Limulus hemocyanin, (the molecule has an approximate diameter of 250 A) and 
(h, right) reconstituted 24-men of Limulus hemocyanin. 

Table 1. Primary Structures of Hemocyanins. 
organism common name subunit method of sequencing ref@) 

cDNA 14-16 

proteolytic digestion 18 

E. californicum North American tarantula 
E. colifornicum North American tarantula 
H. pomatica vineyard snail gc-HCd0 
L. polyphemus horseshoe crab I1 proteolytic digestion 56 

Astacus leptodactylua crayfkh b NAb 28 

proteolytic digestion 17 Y 
0. dofleini Giant Pacific octopus d e ,  odf, ode cDNA 19,M 
P. interruptus spiny lobster a d  proteolytic digestion 10.12 
Tachypleus tridentatus horseshoe crab (1 NAb 28 

*Note: Only complete sequences are listed. Other partial sequenw have been reported, moat notably for H. pomatia (Xin, X-Q.: 
Gielen. C.; Witters, R.; Prbaur, G. In Znuertebrate Dioxygen Carriers; Preaux, G., Lontie, R., Eds. Leuven University Press: huvain, 
1940; pp 113-1 17) and Sepia officinalis (Prhaux, G.; Declercq, L.: Tielamans, K.; Vandemde. M.; Witters, R.; Gielens, C. Inlnternational 
Congress on Inuertebrate Dioxygen Carriers; Reprodienst Chemische Laborataria: Rijksuniversiteit Groningen, The Netherlands, 
1992; 11-PO3). Not available. The sequenced mollusk hemoeyanin functional domains are shown. 

were obvious. A similar situation was observed with 
the protein sequence data from the giant Pacific 
octopus, Octopus dojleini hemocyanin. Potential CUB 
ligands were apparent but corresponding ligands for 
CuA were not clearly vi~ible.~~~" 

A possible site for ligating CuA atoms has been 
proposed on the basis of conserved residues in mol- 
luskan hemocyanins and tyrosinases. Tyrosinases are 
proteins that catalyze the addition of an oxygen atom 
to a phenol group and are involved in the synthesis of 
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tyrosine.21 Their active sites are believed to be similar 
but not identical to hemocyanins on the basis of their 
spectral properties and primary structures. Lang and 
Van Holde20 suggested two of the copper ligands might 
be histidines, specifically, residues His 74 and His 46 
in Octopus dofleini. These residues are conserved in 
known molluskan hemocyanins and tyrosinases, and 
their mutations can cause both loss of enzymatic activity 
and loss of a copper atom.22 The third ligand is even 
more difficult to identify, and three possibilities have 
been suggested. First, that the ligand may be a 
nonconserved histidine. This would imply either 
different tertiary structures or different ligation ge- 
ometries. Although neither of these possibilities is 
unprecedented they are relatively uncommon. Next, 
the ligand could be something other than histidine, 
perhaps a cysteine or a methionine. Both of these amino 
acids have been shown to coordinate copper. A third 
possibility suggested by Lang and Van Holde is that no 
third ligand exists so that the copper atom is coordinated 
by two protein ligands instead of three. These pos- 
sibilities are all consistent with the observations that 
it is possible to remove one of the copper atoms with 
less effort than the The answer to this 
question should be apparent when a crystal structure 
has been determined for a functional domain of a 
molluskan h e m ~ c y a n i n . ~ ~  

Several proteins found in insect larvae have signifi- 
cant (25-3076) primary sequence identity to those of 
arthropod hemocyanins25*26 with - 32 % sequence iden- 
t i ty among the hemocyanin proteins themselves.26 
Although the exact function of these proteins is 
unknown, they are not oxygen transport proteins. The 
insect proteins do not contain copper and analyses of 
their protein sequences indicate that there are no 
histidine residues at the locations corresponding to 
those that ligate either copper atom in arthropod 
 hemocyanin^.^^ The similarity in primary structure 
suggests the possibility that the larval proteins may 
have the same tertiary structures as arthropod hemocy- 
anins described later in section V. The sequence 
identity between hemocyanins and larval proteins exists 
throughout all three structural domains, in contrast to 
the identity between arthropod hemocyanin subunits, 
which are high in their second domains, but less so in 
the other two.28 Biophysical studies of the insect storage 
proteins indicate that they exist as hexamers with 32 
symmetry or multihexamers in the native state, raising 
the possibility that the association of subunits is similar 
to that described for arthropod hemocyanins in the 
next s e c t i ~ n . ~ ~ * ~ ”  

Magnus et ai. 

of the 10-subunit molluskan hemocyanin complexes 
have also been reported; however, there is no detailed 
outline of the role these multiple complexes play in the 
function of molluskan h e m o ~ y a n i n . ~ ~ ~ ~ ~ ~ 3  Although the 
stoichiometry of molluskan hemocyanins association 
is fairly clear, more needs to be learned about the specific 
interactions involved. Electron microscopic investiga- 
tions show that the polypeptide subunits associate in 
a “head-to-tail” formation, generating the cylindrical 
polymers.6 A kinetic study of a typical molluskan 
hemocyanin from 0. dofleini indicates that assembly 
of its 10-subunit complex is nucleated by subunit 
dimeri~at ion.~~ 

Arthropod hemocyanin subunits are globular in shape 
and organize into quaternary structures that are 
multiples of six subunits (Figure 2). They contain one, 
two, four, six, or eight hexamers, depending upon the 
species of animal and environmental  factor^.^ The 
patterns of inter-hexamer contacts can be very complex 
and require specific subunit types for the intera~tions.3~ 
Careful analysis of hemocyanin quaternary structures 
requires accurate measurement of molecular weights 
of individual subunits and subunit complexes. Recent 
advances in mass spectroscopic techniques make this 
a much more feasible enterprise. 

Studies of the scorpion, Androctonus australis 
hemocyanin, a 24-mer, use electron microscopy to 
localize immunological epitopes, and reveal information 
at  or better than 20 A.36 These studies show that 
hemocyanin subunits are found at specific locations 
within the hemocyanin c ~ m p l e x e s . ~ ~  A model of the 
complete quatrohexamer Androc tonus hemocyanin has 
been reconstructed by this method.37 The Limulus 
hemocyanin 48-mer bears a striking resemblance to two 
Androctonus 24-mers stacked up to form the larger 
molecule,4 suggesting that the multihexamer motif was 
developed before the Androctonus and Limulus 
hemocyanins d i~erged .~  

ZZZ. Quaternary Structures 
Arthropod and molluskan hemocyanin polypeptide 

subunits associate into distinct and complex structures. 
The two types of hemocyanin quaternary structures, 
those found in arthropods and those in mollusks, have 
been intensively studied using electron microscopic 
techniques. A single molluskan subunit resembles 
beads on a string. Multiples of five or 10 subunits can 
associate to form whole molluskan hemocyanin mol- 
ecules that resemble hollow tubes or cylindem6 In the 
last few years, molecular weights of many different 
species of molluskan hemocyanin have become 
a~ai lab le .~~-3~ Dimers, and to a lesser extent, trimers 

I V. Cooperative Ligand Binding 
Accurate data on ligand binding by hemocyanins has 

led to the development of several methods to handle 
the problems in modeling their oxygen-binding behav- 
ior. No single model seems to be appropriate to all the 
known hemocyanin experimental data. Four general 
classes of models appear in the recent liturature. Three 
types of models have been employed to explain the 
behavior of arthropod hemocanins and one to describe 
molluskan hemocyanin data. 

The first model type is found in a recent example of 
the complexity of arthropod hemocyanin ligand binding 
in the study of the hexameric hemocyanin from the 
spiny lobster, P. japonicus.38 This work demonstrates 
that even in such a simplified system as that made by 
reassembly of the individual monomeric subunits to 
form homohexamers, a two-state Monod, Wyman, and 
Changeux (MWC) type modeP9 for cooperativity is not 
sufficient and a three-state concerted model is required. 
A similar result that necessitates extended or hybrid 
three-state MWC modeling is found for the allosteric 
properties of six- or 12-subunit hemocyanin from the 
blue crab Callinectes s a p i d ~ s . ~ ~  

The second general approach to theoretical treatment 
of ligand binding is encompassed in the idea of “Nested 
Allostery” (Figure 3). The concept was first applied to 
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hemocyanin is also satisfactorily fit using this type of 
Properties of the 24-subunit hemocyanin from 

another scorpion, Pandinus imperator are also nicely 
described using a nesting model.& Interestingly, the 
oxygen affinities for the various allowed states in both 
Eurypelma and Pandinus are essentially the same, 
suggesting conservation of affinities among arachnids 
with similar subunit assemblies. 

The third model system was deduced using mollus- 
kan, not arthropod, hemocyanin. The binding proper- 
ties of oxygen and carbon monoxide were also used to 
study the molluskan hemocyanin from 0. dofleinL49 In 
this system, which comprises 70 oxygen binding sites 
with seven per polypeptide chain, the simple MWC 
model with allosteric unit size of seven and two types 
of sites is sufficient to describe the binding states. An 
automated procedure for determining models ap- 
propriate to analyze data to provide a best fit for this 
type system is given.by Zhou et al.50 

The fourth model type occurs in the arthropod 
hemocyanins, the 48-subunit complex (8 hexamers) 
from L. polyphemus. Once again a simple MWC 
treatment is insufficient to model accurately ligand 
binding data. Brouwer and Serigstad5l propose an 
“interacting cooperative unit” model in which allosteric 
entities include not only hexameric T6 and R6 states 
but also dodecameric T12 and R12 states in equilibrium 
with each other. In the case of Limulus hemocyanin 
at  neutral pH, the hexamers and dodecamers are 
demonstrated experimentally to have the same oxygen 
affinities in their R states, but the affinity of the 
dodecamers is higher than that of the hexamers in the 
T states. This model, like the others discussed above, 
incorporates the known physical subassemblies of 
hemocyanins into a formalism that is useful in modeling 
more complicated biological structures. 

Figure 3. Schematic showing the allosteric states used in a 
nested allostery type model of cooperative ligand binding. 
The lower case letters indicate the oxygen affinity states within 
for example 12-mers, while upper case letters show the state 
of a higher order structure such as a 24-mer. 

hemocyanins by Robert et aL41 and was necessary to 
explain the cooperative oxygen-binding properties of 
the 24-subunit tarantula hemocyanin. The hemocyanin 
of the tarantula is composed of four hexameric units. 
The structural repeating unit of this hemocyanin is a 
dodecamer made of seven types of subunits termed a, 
b, c, d ,  e ,  f ,  and g present respectively in 2:1:1:2:2:2:2 
copies. By studying intermediate structures of six, 
seven, 12, or 19 subunits Savel-Niemann et ~ 1 . ~ ~  showed 
that the cooperative behavior requires all of the 
subunits. Therefore the minimum structural repeating 
unit of the hemocyanin is not the minimum unit 
necessary to establish cooperative functional behavior. 

The nesting concept, originally suggested by Wy- 
man,43,44 as applied to tarantula hemocyanin41 is that 
there are four allosteric states: rR, tR, rT, and tT for 
each of the 12-mers as shown in Figure 3. In this case, 
there are allosteric interactions within each of the two 
12-mers, but there are also interactions between the 
two 12-mers that make up the 24-mers. Among the 
possible combinations of these sets of allosteric units, 
only the rRrR, rRtR and tTtT, rTtT states are allowed 
for the 24-mer and equilibra exist among all of them. 

The four states predicted by the nesting model for 
allosteric behavior as applied to the tarantula hemocy- 
anin can be detected experimentally. A fluorescent 
probe, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole~5 binds 
specifically to a lysine residue on only one of the seven 
types of subunits, d. The four different fluorescence 
emission maxima representing the different states 
reflect the differences in the environments of the probe 
and are dependent upon the pH and relative oxygen- 
ation of the hemocyanin molecules. 

In a slightly later paper, Decker et aL9 reported the 
necessary conditions to dissociate the hemocyanin of 
tarantula into its component parts. More importantly, 
the subunits can then be reassembled into 24-mers and 
the correctness of the reassembly verified using crossed 
immunoelectrophoresis. Because the different types 
of subunits may be modified so that they are in apo 
(copper free) or met (oxidized copper) forms before 
being reassembled into whole molecules, this paper also 
demonstrated that all the types of subunits contribute 
to cooperative oxygen binding. 

Both the 12-subunit hemocyanin from the lobster, 
Homarus americanus, and the 24-subunit hemocyanin 
from Eurypelma described above, have had their 
complex oxygen-binding behavior modeled using nested 
hierarchies of allosteric units and in both cases protons 
are allosteric effectors.& Data obtained by binding 
oxygen and carbon monoxide competitively to tarantula 

V. X-ray Crysta//ographic Studies 

Single-crystal X-ray crystallographic studies have 
greatly increased the understanding of hemocyanins. 
Two types of arthropod hemocyanin structures have 
been determined by this method, that of the P.  
interruptus hexamer2 and those of the L. polyphemus 
subunit I1 in the oxygenated7 and deoxygenated3 forms. 
Crystals of subunit Aa6 hemocyanin from A. australis 
are also reported,52 but a high-resolution structure of 
this crystal form is not currently available. As yet, no 
crystal structure has been determined of any of the 
molluskan hemocyanins, although work on crystals of 
the carboxyl terminal domain, one “functional unit”, 
of 0. dofleini is in progress.24 These crystals are of a 
47-kDa proteolytic fragment that can reversibly bind 
one oxygen molecule.20 Table 2 lists more detailed 
information on each of the hemocyanin crystal forms 
that have been reported. As the only high-resolution 
hemocyanin structures available are those of the 
arthropods Panulirus and Limulus, this section will 
discuss them in detail. 

P.  interruptus hemocyanin exists in vivo as a hexamer 
that consists of three different subunit types. Each 
subunit is approximately 76 kDa in molecular weight 
so that the hexamer is about 460 000 molecular weight.1° 
Only two of the subunit types, a and b, were found in 
crystals of the Panulirus hemocyanin; they associate 
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Table 2. The Current Status of Crystal Structures of Hemocyanins 

Magnus el al. 

color of maximum diffraction structure Cu-Cu bound 
crystals resolution, A available distance, A oxygen ref(s) 

P. interruptus hexamer none 3.2 Yes  2.9-3.8 no 2 
Oxygenated L. polyphemus subunit I1 blue 1.9 yes 3.6* 0.2 yes 1,58 

4.6*0.2 no 3 Deoxygenated L. polyphemus subunit II none 2.1 yes 
A. australis subunit An6 blue 2.8 no b b 52 
H. pomatia subunit pc nonetpale blue 10.0 no b b C 
carbonyl terminal fragment from 0. dofleini pale blue 1.9 no b b 24 

Rijksuniversiteit Groningen, The Netherlands, 1993. 
The range given is from the six subunit active sites within the bexamer. * Not yet determined. Hazes, B, Ph.D. Dissertation, 

Figure 4. A ribbon diagram of the oxygenated Limulus 
subunit I1 hemocyanin crystal structure.= The a-helical 
secondary structural elements are represented hy coils and 
the @-strand secondary structural elements are represented 
by sheets. The two copper atoms are shown as dark spheres. 
The approximate locationsof thethreefoldingdomainsfound 
in this subunit are delineated in dark lines and labeled I, 11, 
and I11 

to form a hexamer similar in appearance and molecular 
weight to the native hemocyanin that contains all three 
subunits.2 Subunits (I and b are 97% identical in their 
primary structures and indistinguishable in the Panu- 
lirus crystal structure at  3.2 A." At this resolution, it 
is usually difficult to observe slight differences in amino 
acid sequence.2 X-ray absorbance measurements have 
shown that these crystals are in a deoxygenated state.53 

L. polyphemus hemocyanin consists of 48 subunits% 
of eight subunit types.55 Of these, subunit I1 is the best 
characterized, with a molecular weight of about 73 
kDa.= Purified subunit I1 forms hexamers similar to 
those of other arthropods including Panulirus and can 
bind oxygen cooperatively under certain conditions.57 
Both oxygenated and deoxygenated forms of the 
Limulus subunit I1 structure have been determined 
inde~endently.~.? 

The topologies of the Panulirus and Limulus hemocy- 
anin subunits are the same (Figure 4)." As was 
apparent from the similarity of amino acid sequences, 
it is likely that all other arthropod hemocyanin subunits 
will also have similar tertiary structures to those 
presently known.28 The Panulirus subunit structure 
was determined first and was shown to consist of three 
structural domains.2 Domain I consists of the first 175 
amino acid residues of the protein and has largely 
a-helical secondary structure. Domain 11, also mostly 

helical in nature, consists of residues 176-400 and 
includes the two coppers that are the site of oxygen 
binding and the histidines that coordinate them. The 
remaining257 residues (from401458) make up domain 
111. The third domain has a similar folding pattern to 
other proteins, most notably antibodieP and super- 
oxide dismutase.60 This so-called Greek key @-barrel 
folding motif seems to be an example of a non- 
functionally related folding pattern.61 The same three 
domains are also found in the Limulus I1 structures, 
even though there are 29 fewer amino acid residues in 
the Limulus subunit I1 s e q ~ e n c e . ~ ~ " ~ ~ *  Proteolytic 
cleavage of both Panulirus and Limulus hemocyanin 
subunits produces three separate fragments, in each 
case one of which appears to be the second domain.@ 

The three known crystal structures all reveal oxygen 
binding sites that are centered around two copper atoms 
and six histidine residues.2.3J Each copper atom is 
ligated to the protein by N' atoms of three histidine 
imidazole rings. Both copper atoms are required to 
bind one molecule of ~ x y g e n . ~  As was discussed more 
fully in section 11, these six histidines have equivalents 
in all known arthropod sequences.3* Close examination 
of the three-dimensional arrangement of the arthropod 
hemocyanin dicopper active sites shows they possess a 
high degree of pseudo-2-fold This suggests 
that the dicopper active site may he a result of gene 
duplication and may thus have evolved from a protein 
that bound one metal ion. 

There are other interesting structural features of the 
arthropod hemocyanin active sites. For example, the 
Cu-Cu distance seems to depend on the oxygen affinity 
state of the hemocyanin subunit. In the oxygenated 
form of Limulus subunit 11, the Cu-Cu distance is 3.6 * O.2A.7 Ontheother hand, thede0xygenatedLimulu.s 
subunit I1 structure has a Cu-Cu distance of 4.6 * 0.2 
A.3 The closer Cu-Cu distance is presumably required 
to coordinate the oxygen molecule in the fashion 
described in the next section. There are also significant 
differences in the six Cu-N' distances between the 
oxygenatedanddeoxygenated forms oflimulus subunit 
I1 hemocyanin.68 The Panulirus active sites, which have 
been shown to be de~xygenated?~ have Cu-N'distances 
that more closely resemble the oxygenated Limulus 
subunit I1 site and may be the result of crystallization 
at  low pH.63,m Further discussion of the active site is 
presented in section V. 

Many amino acids that surround the dinuclear copper 
site are found in all the sequenced arthropod subunits 
including those from different parta of the primary 
structure.3 These amino acids are mostly aromatic in 
nature and, like the six copper ligating histidines, may 
be required to form a functional oxygen binding site. 
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two species’ structures are in different oxidation states 
as a result of their crystallization conditions. In this 
hypothesis, the Limulus subunit I1 structures would 
bein a lowoxygen affinityformwithallostericeffectors 
binding between domain I and the rest of the hemocy- 
anin subunit. By determining more high-resolution 
structures of arthropod hemocyanins, especially in 
assorted cooperative oxygen affinity states, a clearer 
picture of cooperative oxygen binding should emerge. 

VI.  Chemical Properties of the Active Site 
In a formal way, oxygenation of the arthropod 

hemocyanins may be thought of as changing the copper 
atomsfrom theCu(1) to the Cu(I1) stateand theoxygen 
is bound as 022.ffi The ligation and binding-site 
geometries in models derived from X-ray crystal- 
lographic data of the oxygenated and deoxygenated 
forms of Limulus subunit I1 hemocyanin are consistent 
with such an in t e rp re t a t i~n~~  (Figure 6). In the 
oxygenated form of Limulus subunit I1 hemocyanin, 
the copper atoms are coordinated in approximately a 
square planar geometry hy the two oxygen atoms and 
“atoms of the four closest of the six histidine residues 
that coordinate the two copper atoms in the deoxy- 
genated state.?*% This is a favorable coordination for 
the Cu(I1) state of the oxygenated structure. This $:q2 
geometry of oxygen binding of oxygenated hemocyanin 
was found earlier in small, copper-containing com- 
pounds: but was largely unexpected in hemocyanins 

Recent Structural Work on Hemocyanin 

nn 

Figure 5. A schematic of an arthropod hemocyanin dodecam- 
er. Positions of the subunits were taken from Lamy et a1.s 
The lower hexamer is shown parallel to the 3-fold axis with 
the subunits labeled A being the ones involved in trimer 
interactions. The upper hexamer isviewed -SOo to the lower 
hexamer. This view shows the 2-fold interactions: that 
between the different-colored B and C subunits and that 
between the C and C subunits (The B and B subunit 
interactions are equivalent to the C and C subunit interac- 
tions). 

The active sites are located at  the core of the second 
domain of each hemocyanin subunit. No obvious path 
to the active site is accessible to the solvent without a t  
least some readjustment of the structures although 
multiple potential channels through the protein that 
may connect the active site to the solvent exposed 
surface have been sugge~ted .~ ,~  

The known arthropod hemocyanin crystal structures 
all have some form of hexameric quaternary arrange- 
ment2J@like that seen in electron  micrograph^.^ Three 
types of contacts are found in the arthropod hemocyanin 
hexamers. Two types of contacts make up dimers, and 
one type can be considered to form trimers of subunits. 
In the Panulirus crystal structure, the hexamer has 
most of its contacts between one of the types of dimers, 
so that the Panulirus hexamer can be thought of as 
constructed from a trimer of dimers.2 On the other 
hand, the Limulus subunit I1 hexamers have more 
interactions in the trimer contacts than the dimers, 
consequently, this form is referred to as a dimer of 
trimers3 (Figure 5). Analyses of the crystal structures 
have shown many of the amino acids responsible for 
the hexamer contacts.B5 The specific hexamer interac- 
tions are slightly different between theLimulus subunit 
I1 bomohexamers and the Panulirus h e ~ a m e r . ~  These 
interactions are mostly hydrophobic in nature and are 
located throughout the hemocyanin subunit’s three 
domains.2.3 

The most obvious contrast between the Panulirus 
and Limulus hemocyanin hexameric structures can be 
attributed to different relative positions of domain I 
with respect to domains I1 and 111 in the two  specie^.^.^^ 
ThePanulirus andLimulus hemocyanin structures can 
best be superimposed if domain I in one of the subunits 
is rotated by ahout 8’ relative to domains I1 and 111. 
The disagreement in contacts and quaternary structure 
may be solely a result of differences in their primary 
structures. A more interesting hypothesis is that the 

N6 I 

I 
113 

N2 

Figure 6. Schematic diagrams of the deoxygenated (top) 
and oxygenated (bottom) Limulus subunit I1 hemocyanin 
dicopper sites. In the deoxygenated state, each copper atom 
and its three ligating nitrogen are nearly coplanar (top). Each 
copper atom in the oxygenated Limulus I1 hemocyanin is 
strongly coordinated by the two closest nitrogen atoms of 
histidine residues and the oxygen atoms of the hound oxygen 
molecule (hottom). Cu A to N1 = 2.1 A, Cu A to N2 = 2.1 
A, CuA to N3 = 2.5A Cu A t o 0  = 2.0 A, CUB toN3 = 2.2 
A, Cu B to N4 = 2.4 A, Cu B to 0 = 2.1 A. 
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before the crystal structure of oxygenated Limulus I1 
hemocyanin was determined.58 In the deoxygenated 
Limulus subunit I1 form, the coppers are now -4.6 A 
apart so that they have relative little interaction. Each 
copper atom has essentially trigonal coordination by 
three of the six histidine residues,3 consistent with the 
Cu(1) oxidation state. 

The hemocyanin dicopper site is known to coordinate 
other compounds besides oxygen. Recently, particular 
interest has been paid to the binding of nitrous oxide6749 
and hydrogen peroxide70 to hemocyanins. NO revers- 
ibly binds to hemocyanin, producing nitrosylhemocya- 
nin whose characteristics differ dependingon the species 
of h e m ~ c y a n i n . ~ ~ + ~  Nitrosylhemocyanin from Astacus 
leptodactylus68 readily reverts to the unliganded state, 
whereas the Helix p o m ~ t i a ~ ~  and Octopus vulgaris71 
nitrosylhemocyanins are more stable. A possible mode 
of NO binding would be for it to displace one of the six 
histidine imidazole rings coordinating the copper atoms 
in arthropod h e m o ~ y a n i n . ~ ~ ~ ~ ~  If, in fact, the molluskan 
hemocyanins have five histidine ligands and one non- 
histidine ligand, one of the possibilities discussed in 
section 11, their behavior toward ligands requiring 
displacement to bind might be as observed. 

The same sort of heterogeneous reaction behavior by 
different hemocyanins is observed in their interactions 
with hydrogen peroxide.5 Mollusk and some arthropod 
deoxygenated hemocyanins, including Panulirus, are 
able to convert HzOz to molecular oxygen and 
water.70172-74 Interestingly, the catalase activity has also 
been correlated to the production of ATP from ADP 
in the A. australis.75 
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that are designed to have affinities for ligands other 
than oxygen. As more of the molluskan hemocyanin 
primary structures become available and with the 
determination of the three-dimensional structural 
information these approaches will also be extended to 
molluskan hemocyanins. 

VZI. Future Directions 
The most recent knowledge about hemocyanins has 

led to a better understanding of these molecules 
structures, functions, and regulation. Future develop- 
ments in this field are likely to be concentrated in 
expansions of the work considered here. Because of 
their large sizes and their compositions of multiple 
subunits or functional units, molluskan hemocyanins 
represent an as yet poorly understood level of organi- 
zational complexity for biological macromolecules. Thus 
work on modeling cooperative ligand binding behavior 
and its modulation by allosteric effectors will serve as 
a prototype for other systems of equivalent size and 
heterogeneity. Electron microscopic, small angle X-ray 
scattering, mass spectroscopic and X-ray crystal- 
lographic methods provide largely complementary types 
of information about hemocyanins. The synthesis of 
data from these techniques makes the study of larger, 
more complex structures a feasible enterprise. 

The ability to dissociate whole hemocyanin molecules 
into components and reassemble them into specific 
structures is a particularly powerful technique for 
testing ideas about hemocyanins. In conjunction with 
molecular biological methods that allow engineered 
variants of hemocyanins to be designed and constructed, 
reassembly procedures open an overwhelming range of 
possibilities for testing ideas about the roles in struc- 
tural, functional, and regulatory properties of hemocy- 
anins. Designed primary structure variants of arthro- 
pod hemocyanins may be employed to test ideas about 
the chemical behavior of hemocyanins. The same 
methodology will be useful in attempts to create variants 

VII I. Abbreviations 
CuA 
CUB 
SDS/PAGE 

cDNA 
His 
MWC 
Ne 
ATP 
ADP 

copper A 
copper B 
sodium dodecyl sulfate/polyacrylamide 
gel electrophoresis 
complementary deoxyribonucleic acid 
histidine 
Monod-Wyman-Changeux 
epsilon nitrogen 
adenosine triphosphate 
adenosine diphosphate 
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