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ABSTRACT: A cDNA library was constructed in pUC 19, using poly(A+) R N A  purified from Octopus dofleini 
branchial gland, which is the site of hemocyanin biosynthesis in cephalopods. The library was screened 
with an oligonucleotide probe derived from a portion of the partially known sequence of the C-terminal 
domain of Puroctopus dofleini dofleini. The clone with the longest insert-called pHC 1-was sequenced 
and used as a probe for Northern blotting. It hybridized to a 9.5-kb R N A  species, which was also visible 
as a band after ethidium bromide staining. The cDNA insert (approximately 1200 bp) of p H C l  contained 
an open reading frame of 1071 bp coding for 357 amino acids. In this insert, a region coding for 42 amino 
acids from the N-terminal end of the C-terminal domain is missing. These were obtained by sequencing 
a cloned primer extension product. By comparing our sequence with Helix pomatia &-hemocyanin unit 
D, we found 42.9% identical and 11.5% similar residues. One putative copper binding site (site B) was 
identified by homology to Helix hemocyanin and arthropodan hemocyanin. The location of a second possible 
site was identified. 

Hemocyanins  are copper-containing oxygen transport found 
in several orders of molluscs and arthropods (van Holde & 
Miller, 1982; Ellerton et al., 1983; Preaux & Gielens, 1984). 
Although molluscan and arthropodan hemocyanins are similar 
in amino acid composition, they differ greatly in molecular 
architecture: Arthropodan hemocyanins are composed of 
hexamers, which are found as (1 X 6)-, (2 X 6)-, (4 X 6)-, 
and (8 X 6)-meric aggregates, depending on the taxonomic 
group studied. There is one oxygen-binding site per subunit, 
which has a M, of about 75 OOO. On the other hand, molluscan 
hemocyanins are composed of 10 or 20 very large subunits (M,  
about 350 000-450 000) that are arranged to form hollow 
cylinders. There are seven or eight oxygen-binding domains 
per subunit ( M ,  per domain of 45 000-55 000). 

It has been of great interest whether these two hemocyanins 
evolved from a common ancestor or independently after the 
two phyla diverged. Their similarity in amino acid composition 
has been cited in favor of the first hypothesis, but this question 
can only be resolved by comparing amino acid sequences of 
both types. Currently, a number of amino acid sequences are 
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known for subunits of arthropodan hemocyanins (Linzen et 
al., 1985; Nakashima et al., 1986; Bak & Beintema, 1987). 
Recently, the complete amino acid sequence for functional unit 
D of Helix pomatia @,-hemocyanin was reported from amino 
acid sequencing of the isolated fragment (Drexel et al., 1987). 
This is the first sequence published for a functional domain 
of a molluscan hemocyanin. 

When this sequence was compared to sequences of arthro- 
podan hemocyanins, Drexel and co-workers (1987) found no 
similarities between the two types of hemocyanins except a 
region that corresponds to the "copper B" site in the hemo- 
cyanin of the arthropod Panulirus interruptus. This region 
is also found in known tyrosinase sequences. The N-terminal 
part of the Helix sequences contains sections that are clearly 
homologous to the tyrosinase sequences, but overall similarity 
is limited. The second copper-binding site could not be 
identified and must be completely different from the "copper 
A" site in arthropodan hemocyanins. The authors of this paper 
suggested on the basis of these findings that molluscan and 
arthropodan hemocyanins evolved independently from a com- 
mon ancestral mononuclear copper protein. It is hypothesized 
that a gene duplication led to evolution of arthropodan he- 
mocyanins, and a fusion with a different type of copper-binding 
structure led to the evolution of molluscan hemocyanins and 
tyrosinases. 
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17rner 0- 

Arninoacid sequence: Asp Tyr Trp Asp Trp Thr 

Coding sequence: 5' GAY TAY TGG GAY TGG ACX 3' 

Oligonucleotide: 3' CTR ATR ACC CTR ACC TG 5' 

5' CAA CTG AGG GGA ATT CCA TG 3 

FIGURE 1: Sequences of the synthesized oligonucleotides used in the 
course of the experiments. Y stands for C and T; R stands for A and 
G. 

The hemocyanin of the giant Pacific octopus (Octopus 
dofleini) is a 5 1 s  molecule composed of 10 identical 350-kDa 
polypeptide chains as shown by sedimentation methods, N- 
terminal sequence homology, and immunological criteria 
(Miller & van Holde, 1982; Lamy et al., 1986, 1987). Electron 
microscopy reveals seven globular domains (Lamy et al., 1986). 
One domain can be cleaved off very easily upon tryptic di- 
gestion. This was shown to be the C-terminal domain (Lamy 
et al., 1987). 

It is known that the branchial gland is the site of hemo- 
cyanin biosynthesis in cephalopods (Preaux et al., 1984). This 
finding and the availability of a partial sequence of the C- 
terminal domain of Paroctopus dofleini dofleini (Takagi, 
1986) enabled us to approach the problem of sequencing 0. 
dofleini hemocyanin with the methods of recombinant DNA 
technology. Considering the size of this molecule, this seems 
to be the method of choice compared to protein sequencing. 
It is greatly facilitated in this case by the homogeneity of the 
Octopus protein, since only one mRNA of the order of 10 kb 
is to be expected. 

In this paper I present the complete sequence for the C- 
terminal domain (Od-1) of this hemocyanin. The sequence 
is compared with that of unit D of H .  pomatia &-hemocyanin 
(Drexel et al., 1987) and to the published sequences of tryptic 
fragments of the C-terminal domain of P. dofleini dofleini 
hemocyanin (Takagi, 1986). The following paper (Miller et 
al., 1988) describes physical and functional properties of the 
isolated domain Od- 1. 

MATERIALS AND METHODS 
R N A  Preparation. Total RNA was isolated from 0. do- 

fleini branchial gland by the guanidine thiocyanate/CsCl 
procedure (Chirgwin et al., 1979). After centrifugation, the 
RNA pellets were dissolved in 10 mM Trisl-HC1, pH 7.4, 1 
mM EDTA, and 1% SDS, extracted once with phenol/chlo- 
roform and once with chloroform, and then precipitated with 
ethanol after addition of 0.1 volume of sodium acetate, pH 
5.2. The RNA was resuspended in DEP-treated water, 
quantitated by measuring the of a small aliquot, and 
stored in IO-mg portions at -80 "C. 

Poly(A+) RNA was purified by two cycles of affinity 
chromatography on oligo(dT)-cellulose (New England Biol- 
abs) as described in Maniatis et al. (1983). 

An 8-fold degenerate 17-mer oligo- 
nucleotide was prepared for initial screening of a cDNA li- 
brary. Its sequence was derived from a portion of the partially 

Oligonucleotides. 

Abbreviations: Tris, tris(hydroxymethy1)aminomethane; EDTA, 
ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate; DEP, 
diethyl pyrocarbonate; sssDNA, sonicated salmon sperm DNA; 1 X SSC, 
0.15 M NaCl, 15 mM sodium citrate; IPTG, isopropyl 8-D-thiogalacto- 
pyranoside; X-Gal, 5-bromo-4-chloro-3-indoyl 8-D-galactoside; Denhart's, 
0.1% Ficoll 400, 0.1% bovine serum albumin, 0.1% poly(viny1- 
pyrrolidone). 

known amino acid sequence of the C-terminal domain of P. 
dofleini dofleini (Takagi, 1986) (see Figure 1). A 20-mer 
primer was synthesized complementary to base pairs 43-62 
of the pHCl cDNA inset (underlined in Figure 4). All oli- 
gonucleotides were synthesized on an Applied Biosystems 
synthesizer. 

Preparation and Screening of cDNA Library. Tailed vectors 
were prepared according to the method of Deng and Wu 
(1981). A cDNA library was constructed in pUC19 according 
to the method of Heidecker and Messing (1983), using 3 pg 
of poly(A+) RNA and 30 units of AMV reverse transcriptase 
(Life Sciences) in a reaction volume of 30 pL. After trans- 
formation into Escherichia coli JM 103, the library was plated 
out on Millipore HATF filters laid on YT plates containing 
100 pg/mL ampicillin, 1 mM IPTG, and 0.004% X-Gal. 
Bacterial colonies were grown overnight, and then filter replicas 
were made and processed according to the method of Hanahan 
and Meselson (1983). The baked and washed filters were 
screened with the mixed 17-mer oligonucleotide probe (see 
Figure 1) as described by Wood (1985). Positive clones were 
picked, rescreened if necessary, and checked for inserts by 
cutting with restriction enzymes. 

A primer extension library was prepared essentially ac- 
cording to the method of Gubler and Hoffman (1983), except 
that the first-strand synthesis contained 50 mM KCl and 200 
ng of 20-mer primer (see Figure 1) instead of oligo(dT). After 
second-strand synthesis, the duplex DNA was filled in with 
reverse transcriptase and size fractionated on a small Ultrogel 
A2 column (LKB). The cDNA was then tailed with dGTP 
and annealed to KpnI cut pUC19 DNA, tailed with dCTP. 
The annealing mixture was transformed into E.  coli DH5a. 
The library was screened by using the 20-mer primer as a 
probe. 

Gel Electrophoresis and Northern Blotting. RNA was 
electrophoresed on 1.1 agarose gels containing 2.2 M form- 
aldehyde as described in Maniatis et al. (1983). After elec- 
trophoresis, gels were soaked in six changes of water for 1 h 
to remove formaldehyde, stained with ethidium bromide, and 
destained for 3 h to overnight or transferred to BA 85 nitro- 
cellulose (Schleicher & Schuell) without staining. 

Random primed probes (Feinberg & Vogelstein, 1983) were 
prepared from the EcoRI/EcoRV fragment of pHCl by using 
a commercially available kit (Boehringer). Blots were preh- 
ybridized overnight in 50% formamide, 5X SSC, 1 X  Den- 
hardt's, 250 pg/mL sssDNA, and 50 mM sodium phosphate, 
pH 6.5, and hybridized overnight in the same mixture in- 
cluding 10% dextran sulfate and 2 X lo6 cpm probe. After 
hybridization, the blots were washed two times for 5 min in 
2X SSC and 0.1% SDS at room temperature and two times 
for 15 min at 55 OC. Washing at higher stringency was done 
if necessary. Blots were exposed overnight at -80 OC by using 
intensifying screens. 

Subcloning, Plasmid Purification, and Sequencing. Re- 
striction fragments from pHCl were subcloned into pUC19 
for direct sequencing by using a simple protocol (Struhl, 1985). 
Large-scale plasmid purifications were done by a method 
employing gel filtration (Micard et al., 1985). Small-scale 
plasmid preparations were made by using the alkaline lysis 
procedure (Birnboim & Doly, 1979) with the following 
modifications: The supernatant after the high-salt precipitation 
was extracted once with phenol, once with phenol/chloroform, 
and once with chloroform, followed by ethanol precipitation. 
After centrifugation, the pellet was dissolved in 100 pL of 10 
mM Tris-HC1, pH 7.4, and 1 mM EDTA, and RNase A was 
added to 200 pg/mL. After 2 h at 37 "C, proteinase k was 
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FIGURE 2 (a) Ethidium bromide stained 1.1% agarose gel of RNA 
samples from 0. dofleini branchial gland. Loaded from left lo right: 
R N A  markers, total RNA, poly(A+) RNA. Sizesof RNA markers 
from top: 9.5, 7.5. 4.4, 2.4. and 1.35 kb. (b) Northern blot of 
poly(A+) RNA probed with labeled EcoRI/EcoRV fragment of 
pHCl cDNA insert. Indicated on the right are the positions of RNA 
markers, electrophoresed on the same gel. 

added to 100 pg/mL. After 1-2 more h at 37 "C, the DNA 
was extracted once with phenol/chloroform and once with 
chloroform and precipitated with ethanol out of 2.5 M am- 
monium acetate. The plasmid DNA was then suficiently pure 
for DNA sequencing. 

Plasmid DNA was sequenced directly (Chen & Seeburg, 
1985) by the dideoxy method (Sanger et al., 1977) and the 
standard M13/pUC primers in a protocol (available from 
Pharmacia) adapted for the use of reverse transcriptase. The 
samples were labeled by using [cY-'~P]~ATP, and electro- 
phoresis was carried out on 7% polyacrylamide/X M urea gels. 

Prediction of secondary 
structure was done according to the method of Chou and 
Fasman (1978) for the sequences of 0. dojleini C-terminal 
domain, H .  pomatia &-hemocyanin unit D. and P. inrerruprus 
hemocyanin a-chain. 

RESULTS 
RNA Elecirophoresis and Norihern Blotring. Total RNA 

and poly(A+) RNA were electrophoresed on a formaldehyde 
gel as shown in Figure 2. RNA markers (available from 
BRL) were included for size determination. After ethidium 
bromide staining, I observed five bands in the poly(A+) RNA 
lane. Their sizes were determined to be approximately 9.5, 
5.0.3.0.2.1, and 1.1 kb. The two larger and the smallest bands 
were enriched by oligo(dT) selection and therefore have 
poly(A) tails or poly(A)-rich regions. The other two bands 
are apparently the two ribosomal RNAs, since these two bands 
correspond in size to the two most abundant RNA species in 
total RNA. They were still present in considerable amounts 
after two cycles of oligo(dT) selection. 

In the Northern blotting experiments the probe, obtained 
from the EcoRIIEcoRV fragment of pHCl by random 
priming, hydridized only to the 9.5-kb poly(A+) RNA species. 
An mRNA this size could code for hemocyanin. 

cDNA Cloning and Sequencing. After transformation with 
our oligo(dT) primed cDNA library, I obtained about 5000 

Protein Sequence Analysis. 

Table I: Amino Acid Composition of the C-Terminal Domain of 0. 
dojleini Hemocyanin 

name no. name no. 
Ala 27 AS" 19 
CYS 8 Pro 7 
ASP 31 GI" 12 
GI" 19 A m  13 
Phe 23 Ser 22 
GIY 25 Thr 32 
His 24 Val 19 
Ilc 21 TrLl 7 

T;r 17 

total 399 

clones. Thirty of these hybridized to the probe and were 
checked for insert size. The clone with the longest insert 
size-called pHCI-was used for initial sequencing. Re- 
striction fragments were subcloned and sequenced as indicated 
in Figure 3. Clone pHCl has an insert size of approximately 
1200 bp as judged by agarose gel electrophoresis (not shown). 
The poly(A) region is approximately 50 bp long. It was not 
possible to sequence through it. so the exact size could not be 
determined. The cDNA insert contains an open reading frame 
of 107 I bp d i n g  for 357 amino acids. It has a 3' untranslated 
region of 80 bp and a polyadenylation signal 16 bp upstream 
of the poly(A) region (underlined in Figure 4). 

After transformatian with the primer extension library, I 
obtained approximately 3000 clones. About 1000 of these 
hybridized to the probe. While screening with the oligo- 
nucleotide was in progress, 24 clones were screened for inserts, 
and 5 clones with insert sizes of about 600 to 1200 base pairs 
were chosen for sequencing. In the sequence of one of these 
clones, there appeared, adjacent to the poly(dC) region, the 
primer sequence followed by the remaining 1 1  nucleotides of 
the 5' portion of the pHCl coding sequence. This shows that 
the isolated clone is really an extension of the original cDNA 
clone. The DNA sequence obtained was used to deduce the 
amino acid sequence for the N-terminal portion of the C- 
terminal domain not mded for by pHCl. The complete cDNA 
sequence and the derived protein sequence are shown in Figure 
4. 

I examined the protein sequence for the presence of the 
peptide the 17-mer oligonucleotide probe was coding for. 
Surprisingly, the corresponding peptide was slightly different: 
Instead of the sequence DYWDWT, I found PYWDWT. A 
17-bp match was therefore not possible, but the DNA sequence 
showed that a 15-bp contiguous match was possible, which 
accounts for the fact that it was possible to pick up positive 
clones under the hybridization conditions I used for screening 
[described by Wood (1985)l. 

Properlies ofihe Polypepiide Chain. The polypeptide chain 
of the C-terminal domain is 399 residues long. Its amino acid 
composition is shown in Table 1. The molecular weight of 
the pure polypeptide chain calculated from its amino acid 
composition is 45 316. There are 50 acidic (Asp and Glu) and 
36 basic side chains (Arg and Lys). This results in an overall 



C D N A  C L O N I N G  O F  O C T O P U S  D O F L E I N I  H E M O C Y A N I N  V O L .  2 7 ,  N O .  1 9 ,  1 9 8 8  7279 

O E O  

971 

1253 
X C T T C B B T B B B T G A T A T C T C T r n  

FIGURE 4 cDNA sequence and derived protein sequence of 0. dofleini 
C-terminal domain. The underlined stretches show the complementary 
sequence of the 20-mer primer, the stop codon, and the polyadenylation 
signal. An asterisk marks the position of the first nucleotide of the 
coding sequence of the pHCl cDNA insert. The preceding nucleotide 
sequence was obtained from a sequenced primer extension cDNA 
clone. 

acidic character of the protein. 
In earlier work from this laboratory (Lamy et al., 1987) we 

reported a sequence for the 27 N-terminal residues of the 
C-terminal domain of 0. dofleini, which was obtained by 
protein sequencing. However, there is a disagreement between 
that sequence and the one reported here. The first five residues 
obtained by protein sequencing were TVGDA, the first six 
residues obtained by cDNA sequencing are EAVRGT, but 
the following residues of the two sequences are identical. It 
now seems likely that the two sequences have been obtained 
from different Octopus species. The b l d  sample from which 
the C-terminal domain was prepared that was ultimately used 
for sequencing was obtained from a small animal, which was 

W I F E P  T K E R  
0 :  " F ' A  P j/ x T T H 
P :  P 3kEkl 
FIGURE 5:  Sequence comparison between protein sequences of H. 
pomatia &hemocyanin unit D (H), 0. dofleini C-terminal domain 
(0), and P.  dofleini dofleini (P), The numbers refer to the amino 
acid sequence of 0. dofleini C-terminal domain. The putative copper 
B ligands are marked with an asterisk, the histidine in the WHR group 
is marked with a plus, and the other conserved histidines are marked 
with a question mark (see text for further explanation). Boxed areas 
show identical residues and shaded areas similar residues. The 
following groups of amino acids are considered as similar: Ser, Thr; 
Leu, Ile, Val, Met; Phe, Tyr, Trp; Glu, Asp; Gln, Asn; Arg, Lys, His; 
and Ser, Cys. 

thought to be a juvenile 0. dofleini. However, there occurs 
another small Octopus species on the Oregon coast called 
Octopus rubrescens. Apparently, an adult 0. rubrescens and 
a juvenile 0. dofleini can be easily mistaken; thus, it is possible 
that the initial protein sequencing studies were carried out with 
a sample from the former species. All work done subsequently 
in this laboratory has used protein purified from blood of very 
large animals, which cannot be mistaken for another species. 
It appears that Takagi had a similar problem. His first 
published partial sequence of P. dofleini dofleini dofleini 
(Takagi, 1986) is identical with our cDNA-derived sequence. 
This was later revised [see Lamy et al. (1987) and Drexel et 
al. (1987)] and is now identical with the sequence we deter- 
mined by protein sequencing. Our laboratory is currently in 
the process of repeating the protein sequencing work to resolve 
this dilemma. There is no question, however, concerning the 
identification of the 0. dofleini used for mRNA preparation 
in this work. 

Using the amino acid sequence, I attempted to predict the 
amount of secondary structure in the domain protein. Ac- 
cording to the Chou-Fasman procedure the protein contains 
31% a-helix, 27% @-sheet, and 30% @-turns. The folding of 
the polypeptide chain is sketched in Figure 6a. 

Molluscan hemocyanins are glycoproteins, and it is known 
that the C-terminal domain of both Octopus species contains 
carbohydrate (Takagi, 1986; Miller et al., 1988). I examined 
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CHO 

a 

L A N G  

b 

FIGURE 6: Sketches of secondary predictions according to Chou and Fasman (1978) for (a) 0. dofleini C-terminal domain and (b) H.  pomatia 
&hemocyanin unit D: (m) histidine residues that potentially serve as copper ligands; (CHO) potential carbohydrate attachment site in 0. 
dofleini C-terminal domain; (0) one a-helix residues; (A) one P-sheet residue; (0-0) a random structure residue. @-Turns are indicated by 
chain reversals. 

the sequence for the presence of the consensus sequence 
Asn-X-Thr for carbohydrate attachment sites of N-linked 
carbohydrate chains. There is one such site present starting 
with Asn 56. This site is also located in a predicted @-turn 
(see Figure 6a) and is therefore a likely candidate for car- 
bohydrate attachment. The corresponding site in the P .  do- 
fleini dojleini domain has been shown to have carbohydrate 
attached to it (Takagi, 1986). The same author also reported 
that possibly Ser 52 carries a carbohydrate chain, too, so we 
have to consider the possibility of additional 0-linked carbo- 
hydrate chains being present in the C-terminal domain. 

DISCUSSION 
Comparison to Sequences of Molluscan Hemocyanins. The 

availability of the sequence of the H.  pomatia &hemocyanin 
unit D allows the comparison of two complete sequences for 
functional domains of molluscan hemocyanins. In Figure 5 
the sequence of 0. dofeini is aligned with the recently pub- 
lished sequence of H. pomatia &-hemocyanin unit D (Drexel 
et al., 1987) and to the published tryptic fragments of the 
C-terminal domain of P.  dofleini dofleini hemocyanin (Takagi, 
1986). Between the two Octopus proteins, 300 positions are 
compared; of these 91.0% are identical and 1.3% more are 
similar. From 424 positions compared between H .  pomatia 
and 0. dofleini hemocyanin, 42.2% are identical and 11.5% 
are similar. The high degree of similarity between the protein 
of the snail and the giant octopus is intriguing. Not only do 
the two functional units occupy different positions on the whole 
polypeptide chain, but the animals also belong to two mol- 
luscan classes, whose ancestors diverged about 550-600 million 
years ago (Yochelsen, 1979). It appears that molluscan he- 
mocyanins are considerably more conserved than arthropodan 
hemocyanins. The degree of similarity between crustacean 
and cheliceratan chains is 29% (Linzen et al., 1985), compared 
to 53.7% between the two molluscan hemocyanins. Crusta- 
ceans and cheliceratans also diverged about 550-600 million 
years ago. It can be concluded that molluscan hemocyanins 

are composed of very similar functional units fused into a single 
polypeptide chain. It also can be expected that functional units 
occupying the same position on the polypeptide chain exhibit 
an even higher degree of similarity. 

Structure of Copper-Binding Site. After the determination 
of the crystal structure of P .  interruptus hemocyanin 
(Gaykema et al., 1984), the structure of the copper-binding 
sites in anthropodan hemocyanins is very well-known. Both 
copper-binding sites have a very similar architecture: Each 
copper atom has three histidine ligands, two separated by three 
amino acid residues with the side chains projecting from the 
same side of an a-helix, the third furnished by a second a-helix 
running antiparallel to the first one. The sequences around 
both sites are highly conserved (Linzen et al., 1985), so it can 
be safely assumed that the copper-binding sites have the same 
architecture in all arthropodan hemocyanins sequenced so far. 

Like Drexel and co-workers (Drexel et al., 1987) I did not 
find any similarities between the two types of hemocyanins 
when the Octopus sequence was compared to arthropodan 
sequences, except for a region that corresponds to the copper 
B binding site in P. interruptus hemocyanin. Histidines 174, 
178, and 205 are likely to serve as ligands for copper and are 
marked with asterisks in Figure 5 .  It is of interest to compare 
the secondary structure predicted for the peptides containing 
the copper B ligands. In the Octopus protein His 174 is 
predicted to be part of a random structure. His 178 and 205 
are predicted to occur in @-sheets (see Figure 6a). In the Helix 
protein the first two of the corresponding histidines are pre- 
dicted to be part of an a-helix, the third one is also part of 
a P-sheet (see Figure 6b). However, such comparisons must 
be viewed with skepticism, since secondary structure predic- 
tions are not very reliable. In fact, the peptides containing 
the copper ligands in P.  interruptus hemocyanin are predicted 
as @-sheets (not shown), but the crystal structure shows them 
to be part of a-helices (Gaykema et al., 1984). 

This leaves the question as to what are the ligands of copper 
A? Avissar et al. (1986) probed Northern blots of poly(A+) 
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RNA isolated from Levantina and Sepia with an oligo- 
nucleotide probe complementary to the sequence coding for 
the peptide His-His-Trp-His-Trp-His. This sequence is com- 
monly referred to as the copper A binding site peptide in 
arthropods but is actually restricted to chelicerate hemocyanins 
(Linzen et al., 1985). Avissar et al. (1986) observed hybrid- 
ization of their probe to Northern blots of Sepia and Levantina 
poly(A+) RNA and concluded that this sequence is part of 
the active site of molluscan hemocyanins as well. However, 
this peptide cannot be found in the so far available molluscan 
hemocyanin sequences. Nor is a histidine pattern identical 
to that of the copper B site present elsewhere in the molecule. 
Drexel and co-workers found that in the known sequences of 
molluscan hemocyanins and tyrosinases the amino acid triplet 
WHR (position 73-75 in Figure 5) is highly conserved. There 
is good evidence that this histidine is part of the active site 
in Streptomyces glaucescens tyrosinase (Huber & Lerch, 
1986). The current spectroscopic evidence [reviewed by van 
Holde and Miller (1982)] points out that the copper atoms 
are liganded by the imidazole nitrogen of three histidines and 
possibly one other bridging ligand. Therefore, the obvious 
thing to do is to look for histidines that are conserved in all 
three available sequences of molluscan hemocyanins. Besides 
His 74 there are only two more conserved histidine residues: 
His 46 and His 53 (see Figure 5). These histidines are spaced 
by six other residues in Octopus hemocyanin and seven in the 
functional unit of Helix. If they are part of an a-helix, they 
would be separated by two consecutive turns and possibly too 
far apart to both serve as ligands for a single copper atom. 
A proline residue is located between the first two histidines 
in all three sequences. This would place it within the postu- 
lated inner helix in these peptides, which cannot be the case. 
Secondary structure prediction for the H. pomatia unit D 
suggests a @-turn between the two histidines, which are 
themselves predicted part of two adjacent a-helices (see Figure 
6b). This arrangement would bring the two histidines closer 
together. The structure prediction for the Octopus C-terminal 
domain does not, however, fit this pattern. His 46 is predicted 
to be part of a @-turn, and His 53 is located in a @-sheet (see 
Figure 6a). Random structure is predicted between the turn 
and the sheet, so there is a good possibility for the polypeptide 
chain to fold in a way that the two possible ligands come close 
enough to be able to serve as copper ligands. 

Another interesting feature is the close proximity of the 
potential carbohydrate attachment site Asn 56 to one of the 
proposed copper ligands. Since carbohydrate chains always 
attached to the surface of a glycoprotein, the copper A site 
would be very close to the surface and more easily accessible 
for bulky ligands. This could be an explanation for the finding 
that molluscan hemocyanins exhibit tyrosinase activity, al- 
though the reaction rate is 50-fold lower for hemocyanins 
compared to that for the tyrosinases (Salvato et al., 1983; 
Nakahara et al., 1983). In contrast, arthropodan hemocyanins 
do not exhibit tyrosinase activity, and their copper-binding site 
is buried inside the molecule (Gaykema et al., 1984). 

Altogether, the above arguments provide an attractive model 
for a second copper-binding site in molluscan hemocyanins. 
Sequencing of further domains in the 0. dojleini hemocyanin 
may provide confirmatory or contradictory evidence. However, 
a final decision must surely await X-ray diffraction studies. 
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ABSTRACT: The C-terminal domain, Od-1, of the 7-domain subunit of Octopus dofleini hemocyanin has 
been prepared by partial trypsinolysis followed by ion-exchange chromatography. It binds oxygen reversibly 
and is homogeneous in molecular weight. Its physical properties have been compared with those of the subunit. 
The domain molecular weight is found by sedimentation equilibrium to be 4.7 X lo4, in excellent agreement 
with the result recently obtained in our laboratory from cDNA sequencing of this domain [Lang, W. H. 
(1988) Biochemistry (preceding paper in this issue)]. It has a sedimentation coefficient of 3.8 S. Both 
the molecular weight and sedimentation coefficient are consistent with the domain constituting approximately 
one-seventh of the M ,  3.5 X lo5 subunit. Its amino acid composition and carbohydrate content differ 
significantly from that of the whole subunit, confirming the heterogeneity in domains previously established 
on an immunological basis. Circular dichroism predicts similar secondary structure for the domain and 
subunit. The domain does not self-associate in the presence of Mg2+ but does bind to the whole molecule 
in a ratio of approximately 1 domain/subunit. The oxygen affinity of this domain is quite low. It shows 
intrinsic magnesium and Bohr effects similar to those of the whole molecule but of greatly reduced magnitude. 

H e m o c y a n i n s  are high molecular weight copper proteins 
responsible for oxygen transport in arthropods and molluscs. 
They are composed, in the case of arthropods, of -70 000- 
dalton subunits each binding one oxygen, arranged into hex- 
amers and then into higher order structures with molecular 
weights as high as 3 million. Although early studies on the 
properties of the subunits were complicated by problems of 
subunit heterogeneity, it has been possible to obtain fairly 
detailed information on structure and function of the hemo- 
cyanins of several arthropods. Details of structure now known 
include amino acid sequences for several subunits as well as 
precise subunit localization within the whole molecules of 
Limulus and Androctonus (Lamy et al., 1981, 1985, 1987) 
and Eurypelma (Markl et al., 1981; Linzen et al., 1985) he- 
mocyanins and 3.4-A resolution X-ray crystallography on the 
subunit of Panulirus hemocyanin (Gaykema et al., 1984). 
Detailed functional studies have been performed on Eurypelma 
hemocyanin as well (Save1 et al., 1986; Markl et al., 1986). 

Molluscan hemocyanins, on the other hand, are composed 
of much larger subunits, each containing seven or eight oxy- 
gen-binding domains of about 50000 daltons. Here, too, 
subunit heterogeneity has been a problem, especially with 
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gastropod hemocyanins. Helix pomatia hemocyanin, for ex- 
ample, contains two types of subunits, termed a and @, which 
assemble in stoichiometrically complex ways to form whole 
molecules (Gielens et al., 1973; Brouwer et al., 1977; Ver- 
schueren et al., 1981). Each subunit contains eight immu- 
nologically distinct domains, of which one, domain d from the 
@c subunit, has now been purified and used to determine the 
amino acid sequence (Drexel et al., 1987). This domain was 
not obtained intact, however, but in the form of two di- 
sulfide-bridged fragments. So although the sequence has been 
determined, it has not been possible to obtain much purified 
domain in a functionally intact condition. Thus, the many 
studies that might relate structure and function of this domain 
to the parent molecule have not been possible. 

The properties of cephalopod hemocyanins have made them 
better subjects for such investigations. Octopus dofleini he- 
mocyanin has significant advantages as a model molluscan 
hemocyanin. The parent molecule is a 51s decamer composed 
of identical 1 1 S subunits, each containing seven immunolog- 
ically distinct oxygen-binding domains (Lamy et al., 1987). 
The dissociation and reassociation of the molecule is fully 
reversible upon removal and readdition of divalent cations 
(Miller & van Holde, 1982). The order of the domains is now 
almost completely known (Lamy et al., 1987). In the ac- 
companying paper (Lang, 1988), cloning of the cDNA cor- 
responding to the 0. dofleini hemocyanin subunit is described, 
and the sequence of the C-terminal domain, Od-1 (Lamy et 
al., 1987), is presented. 
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