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Abstract. By cDNA sequencing we have achieved
the first, and complete, hemocyanin sequence of a
bivalve (Nucula nucleus). This extracellular oxygen-
binding protein consists of two immunologically
distinguishable isoforms, here termed NnHI and
NnH2. They share a mean sequence identity of 61%,
both contain a linear arrangement of eight paralo-
gous, ca.50-kDa functional units (FUs a-h), and in
both isoforms the C-terminal FU-h possesses an ex-
tension of ca. 100 amino acids. The cDNA of NnH]1
comprises 11,090 bp, subdivided into a 5"utr of 75 bp,
a 3’utr of 791 bp, and an open reading frame for a
signal peptide of 19 amino acids plus a polypeptide of
3389 amino acids (M, = 385 kDa). The cDNA of
NnH2 comprises 10,849 bp, subdivided into a Sutr of
47 bp, a 3’utr of 647 bp, and an open reading frame
for a signal peptide of 16 amino acids plus a poly-
peptide of 3369 amino acids (M, = 387 kDa). In
contrast to other molluscan hemocyanins, which are
highly glycosylated, the bivalve hemocyanin sequence
exhibits only four potential N-glycosylation sites, and
within both isoforms a peculiar indel is present, sur-
rounding the highly conserved copper-binding site
CuA. Phylogenetic analyses of NnH1 and NnH2,
compared to the known hemocyanin sequences of
gastropods and cephalopods, reveal a statistically
sound closer relationship between gastropod and
protobranch hemocyanin than to cephalopod hemo-
cyanin. Assuming a molecular clock, the last common

The sequence reported in this paper has been deposited in the
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ancestor of protobranch and gastropods lived 494
million £+ 50 million years ago, in conformity with
fossil records from the late Cambrian.
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Introduction

Molluscan hemocyanins are very large extracellular
oxygen transporting proteins with a type 3 copper
center and a decameric quaternary structure. This
decamer is composed of five dimers, which form a
dipentameric hollow ring that in many mollusks di-
merizes and in some instances, forms elongated
multidecamers (Miller et al. 1990; Markl et al. 1991).
The protein monomer consists of a polypeptide with
a molecular mass of ~350-400 kDa, that is folded
into seven or eight different globular functional units
(FUs) of ca. 50 kDa, termed FU-a to FU-h (from
N- to C-terminus). The FUs are connected via short
linker regions of 10 to 15 amino acids (Lang and van
Holde, 1991; Miller et al. 1998; Lieb et al. 2000).
While FUs-a to-f build the wall of the decamer, the
internal collar complex is formed by FU-g and FU-h
(Meissner et al. 2000). Each FU carries an oxygen-
binding site containing two copper ions complexed by
six strictly conserved histidine residues. The so-called
CuA and CuB sites of each FU together reversibly
bind 1 dioxygen molecule, leading to a maximum of



up to 8 O, molecules per subunit, or 80 per decam-
mer. Previous studies have shown the variability of
hemocyanin quaternary structure in the different
molluscan classes. In gastropods and bivalves di-
decamers predominate, formed by face-to-face
assembly of two decamers (reviewed by van Holde
and Miller 1995). In many marine gastropods tube-
like multidecamers are also present, with decamers
added at one, or both ends of a central didecamer
(Herskovits and Hamilton 1991; Markl et al. 1991,
2001). In contrast, the hemocyanins of cephalopods
and chitons are exclusively decamers. The subunit of
Octopus dofleini hemocyanin (OdH) has a molecular
mass of only ~350 kDa, due to the absence of a FU-h
(Miller et al. 1990, 1998); FU-h is also absent at the
gene level (Lieb et al. 2001). In OdH, FU-g forms
the central collar, which corresponds structurally to
the arc of gastropod hemocyanins (Lamy et al. 1993).
Another feature of molluscan hemocyanins is the
presence of more than one isoform in several organ-
isms. Within the abalone Haliotis tuberculata two
immunologically distinguishable isoforms occur,
which are named HtHI and HtH2 and possess a se-
quence identity of ~66% (Altenhein et al. 2002).
Contrary to this, the two isoforms of Octopus dofleini
hemocyanin (OdH, and OdHg) share a sequence
identity of ~96% (Miller et al. 1998).

These differences raise questions of their phylo-
genetic origin and of their structural-functional sig-
nificance. Therefore, it is necessary to study the
hemocyanins from the different molluscan classes at
different structural levels. Within the cephalopods,
the complete ¢cDNA and genomic sequences of
Octopus dofleini and Nautilus pompilius hemocyanin
are available, and have been compared to the cor-
responding data from the gastropods Haliotis tu-
berculata and Aplysia californica (Miller et al. 1998;
Lieb et al. 2000, 2001, 2004; Altenhein et al. 2002;
Bergmann et al. 2006). In addition, two partial
amino acid sequences of Sepia officinalis hemocyanin
(SoH) have been published (Declerq et al. 1990).
There is some knowledge of the biochemistry of
bivalve hemocyanin, but no sequence data are cur-
rently available.

The class Bivalvia consists of five subclasses,
namely, Protobranchia, Pteriomorpha, Heterodonta,
Paleoheterodonta, and Anomalodesmata. The pres-
ence of hemocyanin as respiratory protein has only
been shown for the protobranch bivalves (Morse
et al. 1986). The other subclasses cither have (in rare
cases) hemoglobin or lack a respiratory protein (van
Holde and Millen 1995).Within the bivalves, hemo-
cyanin seems to be a primordial feature because the
protobranchs are said to be the most ancient bivalve
branch. In this context we examined whether
similarities and differences within the hemocyanin
quaternary structure between the bivalves and
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gastropods are also reflected within the gene and
protein sequences.

Materials and Methods

Animals

Nucula nucleus was collected in part by Frank Zal (Roscoff,
France) and ordered in part by the Service Mer et Observation
(Roscoff, France).

Preparation of RNA and RT-PCR

RNA was extracted from whole animals using the GTC method
(Chomczynski and Sacchi 1987; Sambrook et al. 2001). Reverse
transcription and subsequent PCR were performed with Expand
Reverse Transcriptase and Expand DNA polymerase, respectively
(Roche Diagnostics, Mannheim, Germany) following the manu-
facturer’s instructions. The missing 5" and 3" ends were obtained
using the 5" and 3" Race Kit (Invitrogen, Karlsruhe, Germany),
respectively.

Purification and Sequencing of PCR Fragments

PCR samples were analyzed in standard agarose electrophoresis
gels in 1 x TBE buffer (89 mM Tris/chloride, 89 mM sodium bo-
rate, 2 mM sodium EDTA, pH 8.0) and purified using the gel
extraction kit from Qiagen (Hilden, Germany). Prior to sequenc-
ing, PCR fragments were either cloned into TOPO pCR 2.1 and
pCR-XL-TOPO (Invitrogen) or sequenced (Genterprise, Mainz,
Germany) and analysed directly.

Sequence Data Analyses and Phylogenetic Studies

Data obtained from the automated sequencer were computer-ana-
lyzed using CHROMAS (http://www.trishul.sci.gu.edu.au/~cono-
chromas.html), TRANSLATE (http://www.expasy.ch), ALIGN
(http://www.expasy.ch), and BLAST Japan (http://www.blast.gen-
ome.ad.jp). SIGNALP VI. 1 was used for prediction of the signal
peptide (http://www.expasy.ch). Multiple sequence alignments and
identity matrices were calculated by CLUSTALX 1.83 (Thompson
et al. 1997) after manual optimization with the aid of GENEDOC
2.6 (Nicholas and Nicholas 1997). Phylogenetic analyses were
performed with the PHYLIP package (Felsenstein 2001) and
MRBAYES 2.01, assuming different matrices (Huelsenbeck and
Ronquist 2001). For Baysian analyses, Metropolis-coupled Markov
chain Monte Carlo sampling was performed with four chains that
were run for 150,000 generations. Prior probabilities for all trees
were equal, starting trees were randomly assigned, and tree sam-
pling was done every 10 generations. Posterior probabilities were
estimated on 5000 trees (burn-in = 10,000). For molecular clock
calculation, the software Protdist, using the JTT matrix of the
PHYLIP package, was used.

Preparation of Hemocyanin from the Hemolymph

Hemolymph was taken from about 50 living Nucula nucleus, after
putting them on ice for narcosis. The shell was removed manually,
the tissue was pierced by the needle of a syringe, and the hemol-
ymph was taken off with a pipette. To remove cellular contami-
nants, the collected hemolymph was centrifugated for 5 min
at 2000g. The high molecular mass hemocyanin in this low-g
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supernatant was sedimented by ultracentrifugation at 132,000g for
4 h. The blue hemocyanin pellet was suspended in stabilizing buffer
(0.05 M Tris, 5 mM CaCl,, 5 mM MgCl, 0.15 M NaCl, | mM
PhCH,SO,F, pH 7.4) overnight and stored at 4°C. From 50 indi-
viduals, we obtained 250 ul hemolymph to 2mg hemocyanin.

Gel Filtratiom Chromatography

To purify the hemocyanin from Nucula nucleus the samples were
applied to an Econo chromatographic column (120 cm height and
1.5 cm in diameter, with a volume of 230 ml) loaded with BioGel A
15m (BioRad, Munich, Germany). After elution with stabilizing
buffer the fractions were tested using SDS-PAGE and the hemo-
cyanin-containing fractions were pooled.

SDS-PAGE and Crossed Immunoelectrophoresis

SDS-PAGE was performed according to the procedure of Laemmli
(1970). Crossed and crossed-line immunoelectrophoreses were
carried out following to the methods described by Weeke (1973)
and Kroll (1973).

Amino Acid Analysis

Proteolytic fragments were separated by SDS-PAGE (Laemmli
1970) and subsequently electro transferred to ProBlot membranes
(Applied Biosystems, Weiterstadt, Germany) in a vertical blotting
chamber. The transferred bands were detected by Ponceau S
staining. Polypeptides of interest were cut out and sequenced by a
commercial amino acid sequencing service (Dr. Hans Heid, DKFZ,
Heidelberg, Germany).

Electron Microscopy and Protein Structure Modeling

Negative staining was performed by W. Gebauer using the single-
droplet procedure (Harris and Horne 1991). Carbon support films
were initially glow-discharged for 20 s to render them hydrophilic
and adsorptive for the protein. Hemocyanin samples (~0.1 mg/ml)
were adsorbed to the carbon film, then washed twice with droplets
of water, and, finally, negatively stained with 2% (w/v) uranyl
acetate. After drying, the grids were studied in a Zeiss EM 900
transmission electron microscope at 80 kV.

Results

Electron Microscopy, Biochemical Analysis and
Immunoelectrophoresis

Nucula nucleus hemocyanin (NnH) was purified from
cell-free hemolymph by ultracentrifugation followed
by gel filtration chromatography. Electron micros-
copy of negatively stained native hemocyanin mole-
cules revealed top views and side views, mainly of
didecamers but with a small number of tridecamers
(Fig. 1).

By SDS-PAGE, the NnH polypeptide was shown
to possess a single band, migrating at a similar rate
to the gastropod hemocyanin subunit RtHI from
Rapana thomasiana, which is known to contain eight
FUs (Fig. 2) (for references, see S6hngen et al. 1997;

Fig. 1.
hemocyanin. Negatively stained NnH didecamers attached to the
carbon support film are shown as side views (rectangular) and as
top views (circles). A few tridecamers (black arrow) are present,
where a further single decamer is attached to a didecamer.

Transmission electron microscopy of Nucula nucleus

Gebauer et al. 1999). From such experiments, a
molecular mass of ~400 kDa was calculated for the
NnH polypeptide.

Crossed immunoelectrophoresis, using polyclonal
rabbit antibodies developed against purified, pH 9.6,
dissociated NnH, yielded two precipitation peaks,
indicating the presence of two immunologically dis-
tinguishable polypeptides; they have been termed
NnHI and NnH2 (Fig. 3).

cDNA Sequencing

Total RNA was isolated from whole Nucula nucleus
tissue, and cDNA encoding the two complete NnH
polypeptides was obtained by RT-PCR. First,
degenerated primers derived from various known
molluscan hemocyanin sequences were used, which
were coding for the conserved copper-binding sites.
The cDNA fragments so obtained were translated
into amino acid sequences and were analyzed by
multiple sequence alignments. After the sequences
had been assigned to their respective FUs, NnH-
specific primers were designed to close the gaps
between the fragments. The terminal sequences were
completed by 5" and 3 RACE. In order to prevent
to mix the two sequences, overlaps of 200-300 bp
between the various fragments were required.

The complete cDNA sequence of NnHI comprises
11,090 bp (EMBL/GenBank database accession
number AJ786639). The first potential start codon is
at position 76, yielding a 5’utr (untranslated region)
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Fig. 2. Molecular mass determination of the NnH subunit by
SDS-PAGE; 7.5 % polyacrylamide gel was used. As standards, we
used commercial molecular mass markers (M: myosin, f-galacto-
sidase, phosphorylase A, bovine serum albumin), and for com-
parison, the molluscan hemocyanin subunits from Rapana
thomasiana, known to contain eight FUs (RtH1, 400 kDa), plus
two submit fragments known to contain six and two FUs,
respectively (RtH2.1, 300 kDa; RtH2.2, 100 kDa). Note that NnH
migrates predominantly as a single band of ~400 kDa, confirmed
by calibration plot of molecular mass versus migration distance
(not shown); the small fraction of faster-moving material might
result from partial proteolytic cleavage, as often observed in mol-
luscan hemocyanin preparations. For references, see Gebauer et al.
(1999), Sohngen et al. (1997), and Idakieva et al. (1993).

of 75 bp. The first stop codon (TAA) is at position
10,297, followed by a 3"utr of 791 bp. Close to the end
of the latter is a polyadenylation signal (AATAAA),
and 103 bp further downstream a poly(A) tail is
present.

The complete cDNA sequence of NnH2 comprises
10,849 bp (EMBL/GenBank database; accession
number AJ786640). The first potential start codon is at
position 48 yielding a 5’utr (untranslated region) of 47
bp. The first stop codon (TGA) is at position 10,200,
followed by a 3"utr of 647 bp. Close to the end of the
latter, a typical polyadenylation signal (AATAAA) is
present and 39 bp further downstream a poly(A) tail.

The deduced primary structure of both hemocya-
nin polypeptides starts with a signal peptide, which is
typical for extracellular proteins, including the mol-
luscan hemocyanins (Sminia 1977; Ruth et al. 1988;
Albrecht et al. 2001; Lieb et al. 2001). Using the
SIGNALP V1.1 software, the lengths of the signal
peptides was found to account for 19 amino acids in
NnHI and 16 amino acids in NnH2, respectively. The
signal peptide is followed by eight paralogous FUs,
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Fig. 3. Immunoeclectrophoresis (IE) of the subunits of the two
NnH isoforms. In the first dimension, the anode was on the left. In
the second dimension, the anode was at the bottom. A mixture of
different rabbit antibodies against molluscan hemocyanin was ap-
plied. Crossed IE of the dissociated 400-kDa subunits, obtained by
overnight dialysis of native NnH against alkaline buffer (pH 9.6);
the two immuno-precipitates suggest heterogeneity at the subunit
level, indicating the presence of the two isoforms, NnHI and NnH2.

termed NnH-a to NnH-h, each containin 399-420
amino acids. NnHI-h and NnH2-h show a C-terminal
extension of ~100 amino acids, which has also been
found in FU-h from gastropod hemocyanins (Lieb
et al. 2004). Within both isoforms three potential
N-glycosylation sites have been found, which are
located within the functional units NnHl-a, NnH2-a,
and NnH2-d (Fig. 4).

A radial phylogenetic tree was constructed using a
multiple sequence alignment of the eight FUs of both
N. nucleus hemocyanin isoforms, for comparison
with the completely sequenced FUs of the gastropods
H. tuberculata and A. californica and the cephalo-
poda N. pompilius, O. dofleini, and S. officinalis
(Fig. 5). To construct this tree, the Baysian inference
method was applied. A relative rate test according to
Tajima (1993) revealed that the two NnH subunits
possess the relatively low evolutionary rate of ~107°
mutations per site per year and follow an approxi-
mately linear evolution. This allowed calculation of a
rather robust molecular clock based on divergence
rates, as presented in Table 1. The time scale thus
obtained suggests that the Protobranchia Gastropoda
split occurred 494 million £ 50 million years ago
and that the gene duplication yielding NnHI and
NnH2 happened 396 million &+ 55 million years ago
(Fig. 6).
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NnH2-b : YTAFDPIFYLHESNVDRLWAIWQALOTHREKPF-KAHCA-ASATFEPLKPFAFGSPLNTNELTSSHAVPTKIYDYONELHYDYDTL-DFASLS IGELEHETHVHOOKSRTFAGE : 725
YTAYDPTFFLHESNTDRIWATWOS LOKYRGKPYNTANCA-TESMRRPLOPFGLSSAINPDRI TREHAT PFDVENYRDNLHYVYDTL-EFNGLS ISQLDRELEKIKSHERVFAGE : 114¢€
YTAFDPIFYLHZSNTDRIWAMAQALOKYRGKPYNRANCA- LDSMRAHLKPFAMPSSVNPYP I TRDNS I PFGAFDYKSNFHYS YDNL-EFNGLS TPOLSRELESRKSLYRVFAGE : 1144
YTAFDPLEYLHESNTDRIWATWOALOKYRGKQYDRAFCD- LEAMNKPLEPFSOAS - -NEYHI TRDHAS PSEVENYKSVFHYDYDNL-EFNGMS TPOLSREVESRKSHDRVEAAF : 1132
YSAFDPVEFLHEANTDRLWATWQELORFRELPYEEANCA- INLMHOPLKPFSDP -HENHDNVTLKY SKPODGEDYONHF GYKYDNL-EFHHLS TPSLDATLKORRHHDRVFAGE : 1554
YTAFDPAFF THEANVDRLWATWOELORYRKLPYNKADCS - INLMRKPLYPFAGD- - ENKDTLTKKNSHPODVEDYRNNLHYKYDNL - EFHHMS TPELEATLDARKSRDRVFAGE : 1548
YTAFDPIFF THZANVDRLWATWQELORYRELPYKTADCA-VNLMSKALRPFADD--SNKDTVTHDHS T PASVEDYONALHYKYDNL-EFHHMS IOELEKTLEERKHHDRIFAGE : 1528
YASYDPIFYTHESOTDRIWATWOELOKYRGLSGS EANCA- T EHMRTPLKPESFGPPYNLNSHTQEYSKPEDTFDYK-KFGYRYDSL-ELEGRS ISRIDELIQOROEKDRTFAGE : 1979
YASYDPIFYTHESTTDRIFAMWOALONHRGLDGEHPNCA- LEVMKEKLKPES FGKPYNLNPVIAEY SKPGDTEDFKNHFHYDFDKL - EIGGMSAAQLDTF IQERKERDRVFAGE : 1973
FASYDPVEYLHESMVDRT LAVWOALOEYRGHS ADHVNCA- LEVMHEP LKPESFGS PYNLNPS TKQYS TPEDTFDYKHHFHYEYDS L-EIGGMS TAQINGYLEEEKEHDRVFAGE : 1951
YSSYDPIFF THES FVDKIWAVWOELOS RRHLOF RTADCA-VGLMGOAMRPE -NK-DENHNS FTKKHAVPNTVEDYE-DLGYNYDNL-EI SGLNLNEIEALIAKRKSHARVFAGE : 2390
YSSYDPLEY THEANVDRIWAVWOELOKARGMPHNS ANCA- LNLMS EPMHPE - DM-GININKVIKRHATPS TVEDFE-DFGY TYDS F-KIGGLSLSEIQEEIDNRRNHDRVFAGE : 2382
YTAYDPPFY THESNVDRIWATWOELOKHRHLPFDS AHCA- LNSMEEPMMPESDA-DKN INKKTRSHSVPS TVEDYE-DLGY TYDNL-KFDGMS IDELDHAIDERRSHARVEIGE : 2362
ETAYDPLEWLHESNTDRIWAVWOALOEYRGLPYNHANCE - IQAMKTPLRPESD--DINHNPVIKANAKPLDVEEYN-RLSFQYDNL- I FHGYS TPELDRVLEERKEEDRIFAAF : 2800
ETSYDPLEYVHESNTDRLWAMAQALORFRGKPYNTAYCA- LEQLKKP TRPFSD--ASNPNPVTRAHARALRS FNYE-ALNYOYDTL-SFNGMS TPELDDLVHERQEKDRIFAAF : 2787
YTAYDPLFY THEANVDRLWATWOALOHHRGHVYDTAY CA- LETLKTPMRPESD--S SNPNKDTRAHS RPMDVEN YD~ TLNYQYDNL-RFHGMS TPDLDDLLHEQTEHDRVEAME : 276€
YSAFDPVEMIHESS LDRIWI LWQKLOKT RMKPYYALDCAGDRLMKDP LHPENYE-TVNEDEF TRINSFPS T LEDHY-RFNYEYDNM-RIRGODTHELEEVIQELRNKDRIFAGE : 3211
YSAFDPFFITHESS IDRIWI IWNELOKLRHKS FSYAECT-KHHLDRPLHPENYA-SVNHNELTRTHSMPNOAADOS - AFGYWYDNL-DMNHHTVAELAEEINSLRNSERVFAGE : 3194
YSAFDPFEMIHZS T TDRLWVIWQOLOKLRHKPFNYAACA-DHF LDEPLHPENYA-DENPNDLTRTHSMPS EVEDQT - AFGYWYDNL-DLHHHTLEETEDETHHLKDFERTFAGE : 3180
B8 89 al6 11 B12 o'17
I I | e— [ J==migy |
RESGFGGSANVVVYACVPDDDPRSDDYCE-KAGDF FILGGQSEMPWREY RPEF Y DVTEAVAHLGVPLSG HYYVKTELFSV-NGT--ALSPDLLPQPTVAYRPGKGHLD : 411
RLYGFGGSANVRVQVCNRDDDEHS PDRCH-FAGDVSVLGGP TEMPWAFHQPY LFDITDTFHKHGIDFHO— NEYIKTELYAV-] ALPSDALVSGTGVHQPPAGYLD : 410
RLHGI E-HAGDVFT: LPYLFEVIDTVHKMHLDFH WY IDIDLHSV-| ELPASLLPKATAVHQPPPGHID : 411

PLKAGDIATLGGAKEMPWAFDRLYKVEITDSLKTLS LDVDG-—-~~-] DYEVTFKIHDM-HGN--ALDTDLIPHAAVVSEPAH:
KFKAGTIA) YKHEITESLTTLGLTKD!

SIVAGSFYVLGGSQEMPWRFDROYKHEITDVLAANGIAHDD-
- C-HKAGEFYLLGDENEMAWAYDRLEKYDITQVLEANHLHF YD
MLHGIKDTVLVKFYIC-LSNGD - CSNYAGEF LFLGDPAEMPWTYNHLYKYEITDVLDS LHLHHED-
LLHGIGKSALATFAT HEAGHFF I LGDENEMPWQYHKVYKFDVTS TLDKFNIHHDE—
LLENIGTSADITIYICLPDGRRG--NDCSHEAGTFYILGGETEMPE IFDRLYKFEITKPLOQLGVKLHGG
LLHNIGTSADVEIYICVPKGDGY--KDCNNYAGVFSVLGGEVEMPEVEDRLYKYDITPT IHS LGLNPDAS
LLHNIGQSANVEVYICVSKSNGK-~EDCDNFAGIF LGLSND;

LLAGIGTSALVDIFI-NKPGNQ:
LLEGFQKSANVDFFI-ERSGQD:
LLHGLGTSAVPEIHI-DREGQD:
LLSGIKKSALVKFEVC-TPPDN:

Fig. 4. Primary structure of the eight
FUs of NnHIl and NnH2, as predicted

LLKGFGTSASVSLQVCRVDH-- ~TCK-DAGYFTILGGSAEMPWAFDRLYKYDITKTLHDMNLRHED- . .
LLAGFKMSATVKFQVCKEDG- - ---~TCQ-AGGS FEVLGGT LEMPWREDRLYKYE I TDVLDKMDIRYDD— from their cDNA sequence. A multlp]e
LL DD "H-SAGSFDVL WRFDRLFKYDITHALEDNHMRYDE-————-] . . .
LLFGLGTSADIHLEICKTSE------NCH-DAGVIFIL LYKYDITEALQEFDINPEDVFHADEPFFLRLSVVAV-NGT--VIPSSHLHOPTI IYERGE sequence ahgnment’ In comparison to

LLSGIKTSALVHFHLCKSDD- -DCI-KAGEFGVLGGEFEMPWAFDRLYKYEITSAVKEAGLNPNDVENAEAPFHLKLEITKV-DGT--QIPSSELHKPTIIYEPAH-
~ECI-HAGMFFVLGGDIEMPWKFDROYKYDITPALKEAGI TPEDVLNHDAHFHVEIKIETV-DGQ--TLPGSTFAH-SIIYDEPH-
~ECV-FAGTFAILGGELEMPWSFDRLFRYDITKVMKQLHLRHDS —
~ECK-FAGTFAILGSEYEMHWRYDRAFRYDITDTMEELHLKPES -

R-FAGSFALL DRLEKYDITDAMKELHLNAARD-

Haliotis tuberculata hemocyanin isoform
I, is shown (HtHI; Lieb et al. 2000).

NnH1-g :

'VLSGLRISATVKVFI-HSKNDT EMPWAYERMLKLDISDAVHK LH-VKDE— DIRFRVVVTAY-NGD---VVTTRLSQPFIVHRPAHVAHD : 3309 A consensus numberlng System was
'VLHGFGASATRKVFV----ND---; -HYAGTFNVLGDRKEMPWAYERLFKYDITEVLRENNLNAGHN - DITFRCEVTAL-DGT-TALDPNTLSDPVLVLRPARVNYD : 3289 . ..
VLHGMGQSAKLVFFV----DG: TKAGFFNLLGGEKEMPWAFERLYKYDITEVVHNLG-KHAED-—— - TFTFSYELYDV-HGTKMTFDTPPFPLPVIVORPAKSHHD : 3275 apphed. The posmon of secondary

structure features, as in OdH-g (Cuff

ILVIP-VGAGHDLPPKVVVKSGTKVEF TP~ IDSSVNKAMY-ELGSYTAMAKCI VPPESYHGF ELDKVYSVDHGDYY TAAGTHALCEQNLR- LHIHVEHE--- : 3404 . < -

'VIIFQMAPTNHNPPAKVIVKKGTKLQYHPHAATIVOMGLSDAVAELGSYTSWSKCIVPPEGYRRYQFNTVYSLSPGNYYFSAPTVEMCKON-RKLILAVEEE-—~ : 3389 et al. 1998), is indicated by blocks.

TVRFN-L-MDH-PPVKVIVEPGT ~VVEMHTYTSWNNCNIPPEGYRKHEFHEEFALTHGDYYF SENSVAHCKDGYRVHVHIEEHP--- : 3369 . . . .
Potential N-glycosylation sites (3 in

Copper ligand histidine
Highly conserved residue
N-glycosylation in NnH
N-glycosylation in HtH
disulfide bridge
thioether bridge
a-helix in OdH-g
B-strand in OdH-g

NnHI/2, 13 in HtHI) are highlighted in
dark grey for NnHI/2 and in light grey for
HtHI. Putative disulfide and thioether
bridges are marked. The alignment was
performed with ClustalX and was edited
by GeneDoc.

Discussion 1987; Lambert et al. 1995) Additionally, a few tri-
decamers are shown in the electron micrographs of
NnH, resulting from the association of a further

decamer with one didecamer. Thus, the quaternary

Quaternary Structure and Biochemical Studies

Native Nucula nucleus hemocyanin is present in the
hemolymph mainly as didecamers that resemble the
quaternary structure of the hemocyanin from the
closely related species Nucula hanleyi (Mangum et al.

structure of Nucula nucleus hemocyanin corresponds
to gastropod hemocyanin in general, rather than to
cephalopod hemocyanin, in that the latter occurs
only as decamers. These similar properties of the



Table 1. Matrix of percentage identity between known hemocy-
anin subunit sequences of Nucula nucleus (two isoforms: NnHI,
NnH2), Nautilus pompilius (NpH [Bergmann et al. 2006]), Octopus
dofleini (OdH [Miller et al. 1998]), Aplysia californica (AcH), and
Haliotis tuberculata (two isoforms: HtHI, HtH2 [Lieb et al. 2000;
Altenhein et al. 2002])

HtH1 HtH2 AcH NnHlI NnH2 NpH OdH

HtH1 68 60 59 56 56 55
HtH2 66 60 59 55 56 55
AcH 57 58 58 55 54 54
NnH1 57 57 56 64 55 54
NnH2 54 54 53 62 54 53
NpH 49 49 48 48 48 60
OdH 50 49 48 49 49 59

Above the diagonal are percentage identities calculated using
uniformly fitted sequence length. Below the diagonal complete
sequences were used.

quaternary structure fits the present result that the
bivalve hemocyanin FUs group phylogenetically
along with the gastropod hemocyanin FUs rather
than the cephalopod FUs, which would have been
expected from the current hypothesis of the phylo-
genetic realtionship of these taxa.

Sequence Analysis

The most conserved features within each NnH FU
are the six histidines, forming the copper-binding
sites CuA and CuB, and two potential disulfide
bridges between the positions Cys®*-Cys’’ and
Cys'”-Cys®®. As, the oxygen-binding capacity of
hemocyanins is completely lost after disulfide bond
reduction (Topham et al. 1999), these two disulfide
bridges might stabilize the core domain of each FU.
A third potential disulfide bridge lies between Cys™®
and Cys®’° at the surface of the f-sandwich domain
(Fig. 4). A potential disulfide bridge exists within the
extension of FU-h in both isoforms of Nucula nucleus
hemocyanin. These two conserved cysteine residues
are also found in FU-h from Haliotis tuberculata,
Megathura crenulata, and Aplysia californica, which
supports this hypothesis, but for verification, the
high-resolution X-ray structure of a FU-h is required.
Another structural feature of NnH shared with other
molluscan hemocyanins is a potential thioether
bridge between Cys’® and His®. However, both iso-
forms of NnH also show specific properties. Between
the f-sheets 2 and f3, four of the eight FUs show an
indel, comprising two amino acids for NnH-c and six
amino acids for NnH-d, NnH-f, and NnH-g (Figs. 4
and 7A). It is conspicuous that a glycine is positioned
in start of the indels. The small size of this amino acid
possibly allows a narrow coil between both f-sheets.
Within other sequence areas further indels are found
which, however, are mainly located within connect-
ing loops of a-helices or f-strands. In NnH-h, the
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sequence between strands 8 and 9 seems to be
significantly different compared to the FU-h of Hal-
iotis tuberculata. For both isoforms NnH-h lacks
about seven amino acids, which might be expected
to protrude into the surrounding hydration shell
(Figs. 4 and 7; arrowhead), thus possibly providing a
slightly more condensed quarternary structure.

By comparing both NnH isoforms, some signifi-
cant differences can be observed. NnHI contains 20
additional amino acids in the coding region and the
indels are scattered throughout the eight FUs.
Another feature is the lack of the third disulfide
bridge in NnH2-c, whereas in NnHI-c it is present.
Probably, this missing structural element is compen-
sated for by the deletion of six amino acids in this
region, which facilitates the loop between strands f38
and $9. In both NnH isoforms together a total of
only 4 potential N-glycosylation sites is found, 1 for
NnHI and 3 for NnH2, whereas there are, for
example, 13 found in HtHI. Indeed, by measuring the
glycosylation level in lectin-binding assays, we found
a two times lower sugar content in NnH compared to
Nautilus pompilius hemocyanin (NpH) (data not
shown). Also, this is in good agreement with the
observation that NpH possess 12 potential N-glyco-
sylation sites (Bergmann et al. 2006). Furthermore,
one potential N-glycosylation site (in NnH2-e) has
the sequence NPS and therefore might be blocked for
sugar addition due to the central proline (Bause
1983). This site is located between the helices all and
o12 within NnH2-e (Fig. 4). The remaining three
motifs are placed between the sheets f11 and 12 in
NnHI-a, NnH2-a, and NnH2-d (Figs. 4 and 7A;
star). This is the most frequent potential N-glyco-
sylation site in molluscan hemocyanin FUs (Lieb
et al. 2000) and might stabilize their tertiary structure.
No potential N-glycosylation site is present in NnHI-
d in this position. The unequal distribution of the
potential N-glycosylation sites in both isoforms may
have an influence on their biological functions or may
act as a signal to distinguish between the two iso-
forms during regulation processes. The question of
glycosylation as a differentiating factor was already
raised in studies on the hemocyanin isoforms KLH1
and KLH2 of Megathura crenulata (Markl et al.
1991; Gebauer et al. 1994; Harris and Markl 2000).

Another interisoform- and also interspecies-spe-
cific difference which might shed further light on
essential amino acids required for correctly folding the
FUs can be found within the regions of helices 8 and
o9 and the strands 4 and 5 of NpH2-c (Figs. 4 and
7B and C). Only NnH2-c possesses a four-amino acid
indel and, thus, lacks a conserved tyrosine residue
which usually, when seen within the X-ray structure
context (Figs. 7B and C), comes into close contact
with the p4/f5-strands, forming a platform that
probably stabilizes the tertiary structure of the FUs.
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NnH2-h
AcH-h
NnH1-h
AOHT o b2 QdH-f HtH1-h
1.00
NnH2-f NpH-f,
NnH1-f 700
HtH2-a 00 1ogp” 0% R
HtH1-a
TN 100
s 100 o |1 NpHd__ OdH-d
1.00 o0 NnH1-d
NnH2-a 100 1.00 NnH2d
074 099
T00 092 ; AcH-d
NnH1-a 700 088\ 08 1.00
W [ HtH1-d
OdH-a HtH2-d
NpH-a 0.5 100 100 NpH-g
100 0OdH-g . .
OdH-c 100 100 Fig. 5. Phylogenetic analysis of
100 100 095 Y AcH-g molluscan hemocyanin functional units.
NpH-c [0 100 HtH1-g A radial phylogenetic tree  with
HtH2-c 10 0% A% O HtH2-g hemocyanin  sequences from  Nucula
Hit1-o— o\ o) 091 100 NnH1-g nucleus (two isoforms: NnHI, NnH?2),
cone 400 041 100 NnH2-g Nautilus  pompilius  (NpH),  Octopus
100 NnH1oe dofleini (OdH), Aplysia californica (AcH),
NnH2-c 100 \LOO and Haliotis tuberculata (two isoforms:
AcH-e NnH2-e HtHI, HtH2), constructed assuming the
NnH1-c Nphi-2tH2-€FitH1-e Dayhoff substitution matrix. The values at
NHZD b OdH-e the branches represent Bayesian posterior
odihn HtH2-b H"'"'cH_b probabilities. Not_e that eight _major
branches are obtained, corresponding to
NpH-b the eight different FUs.
duplication of the subunit
Vetigastropoda - / HtH1
Opisfhobmnchia\ =31 337
=433 HtH2
Protobranchia - H
Gastropoda \\ 5 Fig. 6. Molecular clock calculated from
C 494 the distance values of various molluscan
duplication of the subunit hemocyanin sequences (bars represent
/ NnH1 standard deviation of these mean values).
6astropoda - _E:l 396 ! On the basis of fossil records (Benton
732 Cephalopoda NnH2 1993), the splitting point of gastropods and
C— = 1520 cephalopods was used for calibration (520
OdH million years ago). Note ) that the
diversification %415 Protobranchia-Gastropoda split occurred
of the FUs Tetrabranchiata - NoH abput 20 million years after the caht?rat%on
Dibranchiata / P point and was _followed by the dupllc'fitpn
of NnH subunit after a further 100 million
I | 1 I 1 | I | 1 years (396 £ 55 MYA). Distance values
800 700 600 500 400 300 200 100 0 million years  are given in Table 1.

However, this tyrosine might be functionally substi-
tuted by another tyrosine, which is “newly’’ inserted
by a second indel located 63 amino acids toward the
N-terminus, directly positioned between f4 and f5.
Additionally, and due to the fact that all FUs had
evolved before the complete hemocyanin gene dupli-
cated, we can assume an evolutionary scenario, at
least for this region, where (i) two amino acids were
inserted into 4, and (ii) thereafter four amino acids
were lost from a location behind «8 only in NnH2-c,
but (iii) this was compensated by a mutation further
upstream which replaced an unknown amino acid by

a tyrosine. Although all these suggestions are highly
speculative and need to be proven by further func-
tional studies, our cDNA sequence data provide some
insight as to how the folding of the tertiary structure
of the molluscan hemocyanin FUs is maintained.

Phylogeny

To study the molecular evolution of the molluscan
hemocyanins seven complete sequences were used,
which stem from the vetigastropod Haliotis tubercu-
lata (HtHI and HtH2), the opisthobranch gastropod



Fig. 7. A A three-dimensional model of Odh-g. Potential carbo-
hydrate side chains of NnH1/2-a and NnH1-e are present between
p11 and f12 (star). Indels observed within FU-c, -d, -f, and -g cause
a lack of 2/$3, on which a prominent sugar side chain is present in
FU OdH-g (arrow, bracket). FU-h-specific indels between /8 and

Aplysia californica (AcH), the dibranchiate cephalo-
pod Octopus dofleini (OdH), the tetrabranchiate
cephalopod Nautilus pompilius (NpH), and the two
isoforms of Nucula nucleus hemocyanin (NnHI and
NnH?2) presented here. Table 1 shows that both iso-
forms of NnH have a sequence identity of ~62%,
which is slightly lower compared to the two isoforms
of HtH (~66%). NnHI exhibits higher identity values
to all gastropod hemocyanins than does NnH2,
which might be due to the numerous indels, especially
in NnH2-c. However, in the phylogenetic tree NnHI
and NnH2 clearly group together. Compared to the
cephalopod hemocyanins, the gastropod and the bi-
valve hemocyanin sequences show a greater sequence
identity. This observation becomes more clearly
apparent by analyzing the phylogenetic tree, which
was constructed using the Baysian inference method
and included the completely sequenced FUs of all the
aforementioned molluscan hemocyanins (Fig. 5). We
choose an unrooted representation of the phyloge-
netic tree because no suitable outgroup is available.
Despite the phylogenetical relationship among
tyrosinase, catechol oxidase, and hemocyanin (e.g.,
Klabunde et al. 1998; van Gelder et al. 1997), which is
also indicated by the very similar active site in these
proteins, and the weak phenol oxidase activity of
molluscan hemocyanin (Salvato et al. 1998), the
relationship of tyrosinases and catechol oxidases to
the primary structure of the molluscan hemocyanins
is too remote. Hence the tree shows eight stable
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P9 are also marked (arrowhead; see text for detailed discussion). B,
C A usually conserved tyrosine residue (Tyr*!'’) between o8 and 9
protrudes into a pouch build by p4 and f5. Note that within
NnH2-c this tyrosine might be substituted by a “newly” inserted
tyrosine positioned within 4 (not shown).

branches; no statistically sound support could be
achieved resolving the phylogentic relationship of the
single functional units. However, this tree clearly
shows that the complete hemocyanin subunit evolved
before all molluscan classes split and radiated (cf.
Lieb and Markl 2004). This strongly supports the
well-accepted monophyly of the phylum Mollusca
and suggests that the last common ancestor of all
living mollusks already possessed the multisubunit
hemocyanin. In most bivalves, however, this feature
has been lost.

Within each branch of this tree shown in Fig. 5, a
strict grouping into the different molluscan classes is
found. The two isoforms of Nucula nucleus hemocy-
anin are arranged constantly and well supported in a
common twig. From this it follows that the duplica-
tion of the isoform occurred after the separation of
the class Bivalvia. The location of NnH within the
phylogenetic tree indicates a closer relationship be-
tween gastropod and bivalve hemocyanin, which is
well supported by the posterior probability values. In
contrast, the cephalopod hemocyanin FUs branch off
in a basal position. This observation does not fit the
morphology-based concepts suggesting that the
cephalopods and gastropods form a sister group
(Stasek 1972).

Within the major branches of the phylogenetic
tree, we found a very stable separation into gastropod
and cephalopod hemocyanin, which has previously
been used to calibrate a molecular clock based on the
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fossil records of the gastropod-cephalopod split, in
the late Cambrian (Benton 1993; Lieb et al. 2000;
Altenhein et al. 2002). Accordingly, the Protobran-
chia-Gastropoda split occurred 494 million + 50
million years ago (Fig. 6). This is in good agreement
with fossil data of the first Protobranchia appearing
in the late Cambrian and the Nuculidae were assigned
to the Ordovician, ~485 million years ago (Keen
1969; Cope 2000). The duplication of the subunit of
N. nucleus hemocyanin is then estimated as occurring
396 million £ 55 million years ago (Fig. 6).

Previous phylogenetic relationship investigations
on bivalves based on molecular data show many
discrepancies, both to other molluscan classes
and within the bivalve subclasses. Analysis of the
18S rRNA sequences revealed gastropods and biv-
alves to be monophyletic, forming a sister group
(Winnepenninckx et al. 1994). But a similar analysis
including more bivalve taxa suggests that the biv-
alves are polyphyletic (Kenchington et al. 1994). A
current arrangement of the Protobranchia within the
outgroups contributed to the poorly supported
monophyly of the class Bivalvia in molecular studies
(Adamkewicz et al. 1997; Campell et al. 1998). A
similar result was shown in an extensive study by
Giribet and Wheeler (2002) that was based on both
molecular and morphological data. Here the
monophyly of the Protobranchia is questionable and
the results tend to indicate paraphyly. The Proto-
branchia are morphologically classified in the two
orders Solemyoida and Nuculoida, but the mono-
phyletic origin of the Nuculoida (with the super-
families Nuculoidea and Nuculanoidea) is uncertain
(Morton 1996; Waller 1998). Members of the
Nuculoidea are said to be the most primordial biv-
alves within the Protobranchia, and ancestral to the
Lamellibranchiata. It is supposed that the Proto-
branchia are a sister group to the remaining bival-
ves. Waller (1998) divided the Bivalvia into two
subclasses, namely, Protobranchia and Autobran-
chia (Autolamellibranchiata). It was assumed that
both these taxa have a different origin and therefore
the bivalves might be diphyletic. Characteristic fea-
tures of the Protobranchia and Lamellibranchiata
support this assumption: In contrast to the lamelli-
branchiate veliger larvae, the Protobranchia possess
the pericalymma larvae (Gustafson and Reid 1986,
1988). Furthermore, the stomach structure of the
Protobranchia is similar to that of the gastropods
(Purchon 1956). The fact that hemocyanin has only
been found in protobranchiate bivalves does not
permit the determination of a deeper and more
accurate phylogenetic resolution of the Bivalvia
based on this protein, but the assumption that the
Bivalvia are biphyletic might explain the unexpected
close relationship between gastropod and proto-
branch hemocyanins.
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