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ARTICLE INFO ABSTRACT

Article history:

Hemocyanins are blue copper containing respiratory proteins residing in the hemolymph of many molluscs and
arthropods. They can have different molecular masses and quaternary structures. Moreover, several molluscan
hemocyanins are isolated with one, two or three isoforms occurring as decameric, didecameric, multidecameric
or tubule aggregates. We could recently isolate three different hemocyanin isopolypeptides from the hemolymph
of the garden snail Helix lucorum (HIH). These three structural subunits were named op-HIH, oin-HIH and 3-HIH.
We have cloned and sequenced their cDNA which is the first result ever reported for three isoforms of a molluscan
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Keywords:
Mgnusks hemocyanin. Whereas the complete gene sequence of oip-HIH and 3-HIH was obtained, including the 5’ and 3’
Evolution UTR, 180 bp of the 5" end and around 900 bp at the 3’ end are missing for the third subunit. The subunits cp-HIH

and B-HIH comprise a signal sequence of 19 amino acids plus a polypeptide of 3409 and 3414 amino acids,
respectively. We could determine 3031 residues of the ay-HLH subunit. Sequence comparison with other
molluscan hemocyanins shows that ap-HIH is more related to Aplysia californicum hemocyanin than to each of its
own isopolypeptides. The structural subunits comprise 8 different functional units (FUs: a, b, ¢, d, e, f, g, h) and
each functional unit possesses a highly conserved copper-A and copper-B site for reversible oxygen binding.
Potential N-glycosylation sites are present in all three structural subunits. We confirmed that all three different
isoforms are effectively produced and secreted in the hemolymph of H. lucorum by analyzing a tryptic digest of the
purified native hemocyanin by MALDI-TOF and LC-FTICR mass spectrometry.

Mass spectrometry

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Three major classes of respiratory proteins exist within the animal
kingdom: hemoglobins, hemerythrins, and hemocyanins. Iron atoms
are present in the active sites of hemoglobins and hemerythrins,
whereas copper atoms are characteristic for hemocyanins. Arthropodan
hemocyanins belong to the hemocyanin/hexamerin/phenoloxidase
superfamily, whereas mollusc hemocyanins probably evolved indepen-
dently from a common ancestral non-hemocyanin protein (Burmester,

Abbreviations: op-HIH, an-HIH, alpha structural subunits of Helix lucorum
hemocyanin; p-HIH, beta structural subunit of Helix lucorum hemocyanin; ACN,
acetonitrile; ESI, electrospray ionization; FT-ICR, Fourier transform ion cyclotron
resonance; FU, functional unit of hemocyanin; HPLC, high performance liquid
chromatography; LC, liquid chromatography; MALDI, matrix assisted laser desorption/
ionization; MS/MS, tandem mass spectrometry; RACE, rapid amplification of cDNA ends;
RT-PCR, reverse transcriptase polymerase chain reaction; TFA, trifluoro acetic acid; UTR,
untranslated region.
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2001; Decker and Tuczek, 2000; Martin et al., 2007; van Holde et al.,
2001).

The structural subunit of molluscan hemocyanin has a molecular
mass of around 350-400 kDa and is arranged as a linear sequence of
seven or eight different globular functional units (FU) (De Ioannes
et al., 2004; Dolashka-Angelova et al., 2007; Harris et al., 2004; Harris
and Markl, 2000). The mass of the functional units is approximately
50 kDa, each carrying an oxygen binding site that contains two copper
ions complexed by six strictly conserved histidine residues. The so-
called Cus and Cug sites of each FU together reversibly bind one
dioxygen molecule, leading to a maximum of up to eight O, molecules
per structural subunit. The eight functional units are structurally
distinct and have been termed FUa - FUh, starting from the N-terminal
part. The FUs are connected via short linker regions of 10 to 15 amino
acids (Gatsogiannis and Markl, 2009). The number of structural
subunits present in a species varies between one and three (Bergmann
etal., 2006; Lieb et al.,2001; Velkova et al.,2010). In contrast to what is
the case for the marine gastropods of the genera Megathura, Haliotis,
Aplysia, Nucula, Concholepas, and Rapana where there are one or two
structurally and functionally distinct hemocyanin isoforms, three
different isoforms (R-HIH, ap-HIH and, an-HIH) were isolated from
the hemolymph of Helix lucorum (Velkova et al., 2010). Three
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hemocyanin isoforms were also reported to occur in Helix pomatia
(Lambert et al., 1995; Lontie, 1983; Wood et al., 1985). The three
isoforms of H. lucorum hemocyanin form didecamers of homogeneous
decamers, as was likewise observed for Megathura crenulata, Rapana
venosa and Helix tuberculata hemocyanin (Altenhein et al., 2002;
Dolashka-Angelova et al., 2003; Harris et al., 2004; Velkova et al.,
2010). However, after dissociation and reassociation, these proteins
have a different behavior, as they reassociate into didecamers and
tubules of different length: long tubules are observed in 3-HIH, in
contrast to ap and an-HIH which reassociate into shorter tubules.
Although the capacity for the formation of tubules is also observed in
Rapana and H. pomatia hemocyanins (Dolashka-Angelova et al., 2003;
Lambert et al., 1995), a striking different behavior for the 3-HIH
isoform was observed, in the sense that it forms multidecamers.
Another reason to determine the gene sequence of H. lucorum
hemocyanin is that it has immunological properties that make it a
potential tumor vaccine carrier (Iliev et al., 2008; Yossifova et al., 2009;
Dolashka et al.,, 2011), a property that has also been shown for other
hemocyanins (Harris and Markl, 1999; Toshkova et al., 2006). The
immunostimulatory properties are likely due to the high carbohydrate
content and specific monosaccharide composition of these proteins
(Dolashka-Angelova et al., 2008; Harris and Markl, 1999; Wuhrer et al.,
2000, 2004). The, yet incompletely known, oligosaccharide structures of
H. lucorum, R. venosa and M. crenulata hemocyanins appear to differ,
which explains the different immunostimulatory properties of these
proteins. To help unraveling the complete covalent structures of the
hemocyanins, the knowledge of their amino acid sequence is essential to
know the positions of the oligosaccharide linkage sites. In the present
study, the complete cDNA sequences from two subunits and a partial
cDNA sequence from the third subunit of H. lucorum are described and
evaluated from an evolutionary point of view. The sequences and the
expression of the three genes were confirmed by in-depth mass
spectrometric analysis of tryptic digests from the purified proteins.

2. Materials and methods
2.1. Chemicals

All the solvents for mass spectrometric sample preparation were
from Biosolve (Valkenswaard, The Netherlands).

2.2. Animals

Five snails were collected in the wild in Sofia (Bulgaria). The foot
was isolated and stabilized in RNAlater (Sigma) and stored at —20 °C.

2.3. Preparation of RNA and RT-PCR, purification and sequencing of PCR
fragments

RNA was extracted from 20 mg RNAlater-stabilized foot tissue of
H. lucorum using the RNAeasy mini kit from Qiagen (Hilden, Germany).
The tissue was disrupted and homogenized by means of glass beads. The
spin-column preparation was performed according to the manufac-
turer's instructions. The RNA was eluted in 30 pl RNase-free water and
stored at —20 °C.

cDNA was synthesized using the Transcriptor First strand cDNA
synthesis kit starting from 1pg total RNA (Roche Diagnostics,
Mannheim, Germany). The first RT-PCR reactions were performed
using degenerated primers (listed in Table 1) based on the conserved
oxygen binding regions from different hemocyanin sequences. Degen-
erated primers were also designed based on the known N-terminal
sequences on H. lucorum hemocyanins (Velkova et al,, 2010). All the
primers used in the PCR reactions were synthesized by Sigma. PCR
reactions were performed with the long template PCR system (Roche
Diagnostics, Mannheim, Germany) using buffer 2, with different
combinations of the degenerated primers. A temperature gradient was

Table 1
Degenerated primers used in this study.
Primers Sequence
N-terminal 3-subunit TTRAAYGTICAYTTRYTIACITTRCA

GGIWKGSCIRYITTYCCICAITGGCA
TACCAITGIGGRAAIRYIGSCMWICC
CARVAITTYGARRTICARTWYGAGCT
AGCTCRWAYTGIAYYTCRAAITBYTG

Conserved stretch 1 forward
Conserved stretch 1 reverse
Conserved stretch 2 forward
Conserved stretch 2 reverse

set for the different reactions to determine the optimal PCR conditions.
PCR reaction products were separated by agarose gel electrophoresis,
and different fragments with the expected length were isolated using
the gel extraction kit from Qiagen. The purified PCR products were
cloned in the TOPO TA sequencing kit following the manufacturer's
instruction manual (Invitrogen, Karlsruhe, Germany). The cDNA
containing plasmids were sequenced from both ends using M13
forward/reverse primers (Cogenics, Hope End, Essex, UK). Primer
walking was performed with gene-specific primers, purchased from
Cogenics as well. Based on the determined sequence, gene-specific
primers were designed. Different combinations of primer pairs were
used trying to obtain fragments which could fill the gaps. The designed
primer sequences were always controlled for their specificity. 5" and 3’
RACE experiments were performed by means of the GeneRacer Kit from
Invitrogen using the standard conditions supplied by the manufacturer.

24. Sequence data analyses, phylogenetic studies and molecular clock
calculations

Data obtained from the sequencing reactions were analyzed with the
software packet Vector NTI (Invitrogen). Overlapping regions were
detected and assembled. The sequences are submitted to Genbank
(accession numbers JF752343-]F752345). SIGNALP was used for the
prediction of the signal peptide (Emanuelsson et al., 2007). Multiple
sequence alignments and identity matrices were calculated by CLUS-
TALW2 (www.ebi.ac.uk). Phylogenetic analyses were performed involv-
ing the sequences of the H. lucorum hemocyanin isoforms with those of
the following proteins deposited in GenBank: hemocyanins with one
isoform: Aplysia californica (AJ556169) and Nautilus pompilius
(AJ619741), hemocyanins with two isoforms: Haliotis tuberculata
isoform 1 (AJ252741) and isoform 2 (AJ297475), M. crenulata isoform 1
(AJ698341) and isoform 2 (AJ698342), Nucula nucleus isoform 1
(AJ786639), N. nucleus isoform 2 (AJ786640), Octopus dofleini isoform 1
(AF338426, isoform 2 is 97% identical at the amino acid level and was not
included in the phylogenetic analysis), and two FUs of R. venosa (RvH-b
and RvH-c, Dolashka-Angelova et al., 2009). The assignment of the single
functional unit (FU) for each clone was done with MEGA 5.05 (Tamura
et al.,, 2007) using the implemented Neighbor Joining algorithm.

2.5. MS analyses

2.5.1. Trypsin digestion

Approximately 20 g of different protein fractions (purified hemo-
cyanin or purified structural subunits, in 50 mM Tris.HCI, pH 8.5) was
reduced by means of 2pul 50 mM dithiothreitol (Fluka, Buchs,
Switzerland) at 55 °C for 45 min. After cooling to room temperature,
2 ul 100 mM iodoacetamide (Fluka, Buchs, Switzerland) was added and
the mixture was placed in the dark for 30 min. An amount of 0.5 g of
modified trypsin (Promega, Madison, WI) was added and the protein
was incubated overnight at 37 °C. Digestion was stopped by adding
0.5 pl formic acid.

2.5.2. LC-MALDI-MS/MS

Some 4.5pg of digest material was separated on an Ultimate
nanoHPLC system (Dionex, Amsterdam, The Netherlands). The sample
was loaded onto a reverse phase trapping column (Pepmap C18,
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800 um x 5 mm, Dionex) using the SWITCHOS device. The loading pump
was operated at 10 pl/min, and 2% acetonitrile and 0.05% TFA was used
as mobile phase. After 8 min, the valve was switched and the sample
was eluted onto the analytical separation column (PepMap C18,
75 pmx 150 mm, Dionex) in the back-flush mode, using the nanoLC
pump operated at 250 nl/min. The mobile phases used were 5%
ACN/0.1% TFA (v/v) for Buffer A and 80% ACN/0.1% TFA (v/v) for Buffer
B. Peptides were resolved by gradient elution using a gradient of 0-50%
Buffer B over 25 min, followed by a gradient of 50-100% Buffer B over
10 min. Column effluent was monitored using a 3 nl UV flow cell
(214 nm). The sample was mixed on-line with matrix solution (4 mg/ml
a-cyano-4-hydroxycinnamic acid in 70% ACN containing 0.1% TFA) and
spotted directly onto a MALDI target at 30 s intervals, using the Probot
device (Dionex). The result-dependent MS/MS experiments were
performed on a 4800 Proteomics Analyzer (AB Sciex, Foster City, CA),
using the job-wide interpretation method. In this strategy, full mass
spectra were collected, and individual molecular ions were chosen for
fragmentation from the spots in which their peak intensity was the
highest. The spot to spot precursor selection was set to 200 ppm, and the
S/N ratio of the parent ion was at least 200. MS/MS analysis was
performed from the 8 highest peaks, from the highest to the least
intense peak. For MS data acquisition, a total of 1000 shots were
collected (50 sub-spectra accumulated from 20 laser shots each). All
MS/MS data was acquired in the 1 keV MS/MS mode using air as the
collision gas (1.2x 1077 Torr). A total of 4000 shots (50 sub-spectra
accumulated from 80 laser shots each) were acquired and the timed-
ion-selector window was set to resolution 400 (FWHM). The 4800
Proteomics Analyzer was externally calibrated prior to analysis, as
outlined by the manufacturer.

The MS/MS data collected during an LC-MALDI run were
submitted to the search software Mascot v2.1 (Matrix Science,
London, UK) using the GPS explorer v3.6 software (AB Sciex). MS/
MS spectra were searched against the translated sequence of the 3
subunits concatenated with a shuffled decoy database generated by
the Decoy Database Builder software tool (Reidegeld et al., 2008).
Carbamidomethylation (of Cys) and oxidation (of His, Met, Trp) were
selected as variable modifications, and two missed cleavages were
allowed with trypsin as the cleaving agent. Searches were done with a
tolerance of 200 ppm for the precursor ion and 0.5 Da in the MS/MS
mode. The results were filtered using the MS/MS ion score > 20.

2.5.3. LC-ESI-FT-MS/MS

A 0.5 pg tryptic digest was diluted 10 times in 2% (v/v) ACN, 0.1%
(v/v) formic acid and a volume of 5 pl of this dilution of each fraction
was analyzed independently using a fully automated LC-MS/MS
setup. Peptides were first separated on an Agilent 1200 chromato-
graphic system (Agilent, Santa Clara, CA, USA) and on-line measured
on an LTQ-FT Ultra mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). The samples were first loaded and desalted on a
Zorbax 300SB-C18 trapping column (5 mmx0.3 mm, Agilent) at a
flow rate of 4 pl/min using a 2% (v/v) ACN, 0.1% formic acid buffer.
They were then separated on a Zorbax 300SB-C18 analytical column
(150 mmx 75 um, Agilent), using a 50 min linear gradient ranging
from 2% (v/v) to 80% (v/v) ACN, 0.1% formic acid, at a flow rate of
0.3 w/min. The LC-effluent was directly coupled to a Triversa
NanoMate ESI source (Advion, Ithaca, NY, USA), working in the
nano-LC mode and equipped with a D-chip upon which a 1.55 kV
voltage was supplied. During the LC-separation, the FT-ICR mass
analyzer acquired MS scans at 100,000 resolution; the three most
intense precursor ions for each MS scan were automatically selected
and fragmented by the LTQ ion trap mass analyzer. Raw LC-ESI-FT-
MS/MS data were analyzed with the Sequest database searching
algorithm (Eng et al, 1994) implemented in the Bioworks v3.3.1
software (Thermo Fisher Scientific). MS/MS spectra were searched
against the translated cDNA sequence. Mass tolerances were set to
10 ppm for the peptide mass and 0.5 amu for the fragment mass. Two

missed cleavages were allowed with trypsin as the cleaving agent and
only b- and y-ions were considered. The thresholds were set as
follows: minimum Xcorr score +1, 1.5; +2, 2.0; + 3, 2.5; minimum
DeltaCN, 0.08; maximum peptide probability, 0.001 and maximum
protein probability, 0.001. Raw LC-ESI-FT-MS/MS data were also
analyzed using Mascot Distiller v2.3.2, with the spectra being
processed as outlined by the manufacturer. The processed spectra
were searched against the database described above. Carbamido-
methylation (Cys) and oxidation (His, Met, Trp) were selected as
variable modifications, and two missed cleavages were allowed with
trypsin as the cleaving agent. Searches were done with a tolerance of
0.3 Da for the precursor ion and 0.3 Da in the MS/MS mode. The
results were filtered using the MS/MS ionscore > 20.

3. Results and discussion

Several molluscan hemocyanins with one or two isoforms were
isolated and their gene sequences determined (Bergmann et al., 2006;
Lieb et al., 2001). However, an additional third isoform was identified
in the hemocyanins of H. pomatia and H. lucorum (Lambert et al., 1995;
Velkova et al., 2010). No sequence information was hitherto available
on those hemocyanins. In this study, we determined the gene
sequence of all three isoforms (3-HIH, ap-HIH, and ay-HIH) from H.
lucorum and compared them with the sequences from related
organisms.

For the subunits p-HIH and ap-HIH we obtained the complete
sequence, whereas for the third subunit we obtained a partial
sequence missing the 5’ and 3’ ends. The resulting gene sequences
are shown in Supplementary Fig. S1, the translated sequences are
shown in Fig. 1. cDNA was synthesized using oligo dT primers.
Fragments of hemocyanin were generated during an RT-PCR reaction
using degenerated primers. The available hemocyanin sequences
were aligned to determine the conserved sequence regions. The first
primer was situated around the conserved WHRL motif (conserved
stretch 1) with His as one of the conserved copper ligands. The other
primer contained another copper ligand within the sequence pattern
FEVQFEVSHN (conserved stretch 2). The conserved stretches are
boxed in Fig. 1. The primers were synthesized in both directions and
different combinations were made in the PCR reactions. After
amplification, the PCR products were analyzed by agarose gel
electrophoresis and fragments with the expected length were isolated
and cloned in the TOPO TA cloning kit. The hemocyanin is composed
of 8 functional units which each are joined by a sequence linker,
meaning that these conserved stretches are repeated several times in
the same molecule. As the primers can bind several times within the
same molecule, fragments of different lengths could be amplified. The
inserts were sequenced in both directions using the standard vector
primers. The resulting sequences were analyzed and assembled using
Vector NTI. The obtained sequences were aligned against the known
hemocyanin sequences to determine their relative positions and were
used to design gene-specific primers. The design of these primers was
extremely challenging due to the high similarity between the three
subunits on the one hand and between the functional subunits on the
other. Through alignment with the A. californica hemocyanin
sequence, the relative position of the fragment-specific primers was
determined which allowed us to combine them in order to amplify the
lacking sequence fragments. Using this strategy we were able to
assemble the different fragments into three different subunits. In all
cases, the fragments were only assembled when the overlapping
region was more than 200 bp, making sure that they represented a
single mRNA. The 5’ and 3’ regions of the different genes were
determined using the 5’ and 3’ RACE procedure, as described in
Materials and methods.

The obtained sequences could be assembled into three cDNA
sequencing, corresponding to the three subunits isolated from the
hemolymph of H. lucorum, (Velkova et al., 2010). Based on the N-
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Signal sequences

B-H1H-A : MAKLWFALSLALLICLGGC : 21
ap-H1H-A : MAPTIVWLAFTFMLVCSNA : 19
AcH-A : MVGYLGQALMALLLLALSNA : 20
FUs-A:
40 60 80
b-HIH a ENEKEKDIYDW@HIEI@WCEP@DMCDE@TML OLEOAT KinKGLEEEEEE
SR AR SEREIRE [V R KIB v DIEIL TIRIEVIAN T ORIAT RIZVISNDINS G LT ALWHG Y PG KEIGBNDV AR CVHCRBINF POWHRLANVOMEQAT KoK GLEEEEE
AN-HIH @ : == o oo oo oo ooooo-oooooo- - SN PISWHR LIVINOV EIBISIT RINR G
AcH-a L VR KIS VDL TRIHE DN L QKIS RIZVINE DINSINIRGC VEVAT AVHG v Piyefe KInGINlED T A6 CLHGIP\| F DO WHR LMV OMEQATL KIKGE 84
100 * 120 140 * 160
boiin_e + TEECHOAERE]L e ST e vop S v o e ¢ 169
aD-HIH a RMPTPEGVMAMPQEET@YID-HPM 168
aN-H1H a : PG4y R PD TS ASEE T FY PHTECNLHY PEHDVEMAFLGNDVEMERDES P SHAR T PAWEEHNEMENAFBLANEOEY : 109
AcH-a SHGLP YWDV TIREE T PELYS Q@ VEMDEIEC KATEN\ YOG TARelYH THIRA VDIRR L EQOVALCENTT FEZVLNAL E VN R
180 200 220 * 240
b-HIH a ICSIYSSQSIEMYE- - -ESKGEGIQKVECEEEQE&E! 250
SR ek : G V(€0 FEVOF EVAHNIT HMI.VGGREMNY SVSIHTEY TSYDPTFFLHESNVDKT YT Viois T ORERied ¢ delleeinGixeizLeD T\ iy T BERLY:
aN-HIH a : [CKEAICIIY G sVEERY oI s # ol R G RNy W ARNOEFOIRL T - - - GTHSGSTNS PCEGSHYRER : 190
AcH-a VSO FEVOF EVAHNIT HMLVGGREKY SMSHLEY TRYDP T FFLHHSNVDR TIRA Vil IMeEppgy PGAPQKEGVEFCRIINSMTEL : 247
260 280 * 300 * 320
b-HIH a : [E5SEENELpTaGE EWIKE@SCNDLEG 333
aD-HI1H a : CELNCEENEIARNRVHEHEYENTEHR - LN KN AR e D VD KH K SIEE KR EARTR SERIICHEVEMN W Clis - Bs - 334
aN-HIH a WTYNSADKEKDYI V@EIESIESPAQIVEI‘JKKESRMVESENCIDIEID 273
AcH-a ARSI sWhENE T AMRDHELEPQTLAHE - TIER S IR EMPGGE - QSTSEGETNVR PRIFCOL PSLRIME SN ENCHP-SS : 328
340 * 360 * 380 * 400 * 420
b-HIH a : LEHTEPHCEHNCRINEE piBNATSECHEEH A e <FCE pRoERN o v HNENaRS R AGDERENETSE : 417
CDoR A8 S IR € DMGEIIA G E F 1L GG E M i FINEP VYR T TRTVERMN T S LISSDVHVERBVYSVNGTOLPSBT LPEREVSF R PEVCKNDNENER
aN-HIH a : EZEEDRRCPHCREJRUREEA THUDTARP T iRy o il ol e EINF s AL ENEIONEE s lilgHE Y EER AESHE : 357
AcH-a BN DNEEN I GDF F I LGCAIEMAAFIMUP YVEET TRTVORTE VA LGN YAV OINI T ESVNG TELPSNL I PRSIV F R PAVGKUD RS
b-HIH a INFEG : 426
aD-H1H a : [EEEVQKLEH : 427
aN-H1H a : EEMEENEPG : 366
AcH-a [FEYARGESE : 421
FUs-B:
80
b-HIH b EEEEEEEMER 84
ap-HIH b : ----- WHL@SEHCEFFEC 79
VRS ca bz g WMl H EN S HEN VI R KN VDRIL TREE VYO LREALQISEONDINS VISG Y QAL AEFHGD PGK@ PIBPIAKDR HECT@ 84
AcH-Db [HeHE\Hisle\'S T RKD T DIVL TREEVRT.ROALUKEONDS VBG Y OAMA EFHGD PGS PHPIVA KN RIBARC THGM P F PHWHR LV ONEEEECE:
* 100 * 120 * 140 * 160
AL S A <RIl G LD V1D TR DG Vbl AN E'T Vil PHGGSSEI o HNala B 1 GEEVME S DUEe SOt oD TEL Y DIEED
aD-R1H b : R S N e B DB = DA v I 1 VOB E o A R P S i S SR, : 16
aN-HIH b : S DRRe p TN o I s o g e o DV O G NE v i S ESBAPTEATE R : 168
AcH-b VEDALRRRGAIGI PYWDWTKPETOT PRLANEET YVD PlGIMIN P FieAln VA F LASENATSR DVISINET ey Pl GDH TINT. F DI

Fig. 1. Alignment of the amino acid sequence of the eight functional units of three subunits from Helix lucorum hemocyanin as predicted from their cDNA sequence. For each
functional unit a multiple sequence alignment of the different subunits in comparison to Aplysia californica hemocyanin is shown. For FU-g the Octopus dofleini sequence is included
in the alignment. N-glycosylation sites are highlighted, putative disulfide and thioether bridges are marked as given at the bottom of the legend. The alignment was performed using

ClustalX and was edited using GeneDoc.

terminal sequence of the isolated B-subunit of HIH obtained by
Edman degradation, we were able to conclusively identify one subunit
as B-HIH. This subunit is 10859 bp long (GenBank ID: JF752343). The
potential start codon is situated at position 48, yielding a 5’ UTR
(untranslated region) of 47 bp. The stop codon (TGA) is at position
10348, followed by a 3’ UTR of 510 bp. In the 3’ UTR, a typical

polyadenylation signal (AATAAA) and a poly(A) tail is present. The
second subunit is 10 461 bp and assigned as subunit ap (GenBank ID:
JF752344), also according to the Edman degradation results. However,
we here correct the N-terminal sequence at two positions compared
to the previously reported one (Velkova et al., 2010). The first starting
codon is situated at position 53 bp, yielding a 5’ UTR of 52 bp. The stop



122

L. De Smet et al. / Gene 487 (2011) 118-128

180 200 220 240
b-HIH b DCY-SHMIIQ@EEL 252
aD-H1H b FLEALEQRNF@DFEVQFEIAHNL IH:N4VGGNSIWGLSSLSYSAFDPIFYLEHSNIDR IWATWTALOQEREKP YKAHSAQSY Vi Y Y
CI R SRR L LA E QRN IS OF EVAHNL THELVGGN )8 GLS TLS Y SWFDPTFY IMHSNIDRTWATWTALOEMRGKPY KAHGEO SY VIR
AcH-b ¢y LMALEQINDFGNFEVOF EVAHNL THALVGGNT®EGLSSLS Y SHFDP I FFLEHSNVDRIWATWTALQOMREKPY KAHGAQ SY VINEEEMIZH)
260 * 280 300 320
b-HIH b SQE!DMSSlTDNQSlQKEAWm 336
aD-H1H b HFQEGEENGlPEMNEHSEmm 331
CI -8 I SRR T P T K P A PRSP NNDIAK TYRHSIIATN T YDYEELE YN Y DST EFGGMEVIET DN Y TESNUT KINKNR T F VG Tle HG I KiNS(eTiA): T H T JERCEL
AcH-b @PLKPFAFSS PIENNNEK T FEHSIRTNV YD YENIELE vibY DAL OF GGMETIE LD TREIOKSKDRY FMG IIRLHG I KEGSALAT VY VIERNEELS
340 360 380 400 420
b-H1H b TPPEGE- js(Fle1.1 GGPSEMEWSIFDR I3/T SIZATINALINT QWG P FDVELELINEFDET P I DMSQF PRI MY KISV 0Ne):r- N a R
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Fig. 1 (continued).

codon (TAG) is at position 10338 bp followed by a 3’ UTR of 121 bp.
The 3’ UTR possesses the poly(A) tail. We were unable to determine
the 5’ and 3’ end of the cDNA for the third subunit; nevertheless we
identified 9095 bp and named it oty (GenBank ID: JF752345).

The translated amino acid structures of the hemocyanin polypep-
tide of subunits 3 and «ap start with a signal sequence of 19 amino
acids, as predicted using the SIGNALP 3.0 software (Fig. 1). Such a
signal sequence is also present in other molluscan hemocyanins

(Bergmann et al., 2006; Lieb et al., 2001). The signal sequence is used
to secrete the hemocyanin via endoplasmic reticulum mediated
exocytosis (Albrecht et al., 2001; Sminia and Vlugh-vanDallen, 1977).
The native hemocyanins are 3414 and 3409 amino acids long for the
B-subunit and the op-subunit respectively. The cDNA sequence for
the ay-subunit codes for a polypeptide chain of 3029 residues, but
lacks the N- and C-termini. The structural subunits are clearly
substructured into eight different functional units of around 400
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Fig. 1 (continued).
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amino acids (Fig. 1), known as FU a, b, ¢, d, e, f, g and h. FUh carries a
unique tail extension.

Hemocyanin sequences and properties of several FUs from Vetigas-
tropoda (Haliotis), Caenogastropoda (Rapana), Heterobranchia (Aplysia)
and from the cephalopod Octopus dolfeini, N. pompilius and Sepia
officinalis are available (Altenhein et al., 2002; Bergmann et al., 2006;
Dolashka-Angelova et al.,, 2003, 2007; Lieb et al., 2000, 2004). Multiple

sequence alignments (Fig. S2) with all the known sequences from
hemocyanins of other organisms show that the H. lucorum sequence are
most closely related to the A. californica sequence, which is the reason
why this sequence is used in the alignment shown in Fig. 1.

The primary structures of the H. lucorum hemocyanin polypeptide
chains, as predicted from its ¢cDNA sequence, show a variety of
features and motifs which are typical for all the molluscan
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E - N-glycosylation site
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Fig. 1 (continued).

hemocyanins sequenced to-date. The most conserved regions sur-
round the eight active sites, each showing a typical copper A and
copper B site with six copper-binding histidines. Among the strictly
conserved features are two disulfide bridges (indicated in yellow in
Fig. 1), which likely stabilize the core domain, as it was shown that
oxygen-binding was completely lost after disulfide bond reduction
(Topham et al., 1999). The third disulfide bridge (e.g. between Cys326
and Cys339 in FUs A) is not conserved in functional unit B, as in all
studied molluscan hemocyanins.

It is known that molluscan hemocyanins are powerful immunogens,
probably due to their high carbohydrate content and specific monosac-
charide composition (Lommerse et al, 1997). Structural studies of
H. lucorum hemocyanin showed that it is very heterogeneously
glycosylated, carrying mainly methylated high mannose-type glycans
(Dolashka-Angelova et al., 2008). Analysis of the sequence of the
different subunits revealed that there are 11 potential N-glycosylation
sites with the motifs NXT or NXS in the (3 subunit, 14 in the ap subunit,
and 7 in de oy subunit (Fig. 1). Most molluscan hemocyanins lack N-
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Table 2
Properties of the three subunits of Helix lucorum and its functional units as predicted from the cDNA sequence.
Structure # Amino pl Molecular mass  # N-linked # Amino pl Molecular  # N-linked # Amino pl Molecular ~ # N-linked
acids glycosylation  acids mass glycosylation  acids mass glycosylation
sites sites sites
3-subunit ap-subunit an-subunit
3412 552 388904.1 1 3374 560 3867839 13 3031 558 3460302 3
ss 21 19 ND
FU-a 424 526 479805 2 427 596 486838 3 366 567 417006 0
FU-b 422 559 480795 0 416 5.72 476441 0 422 599 483113 0
FU-c 409 562 468476 0 410 562 471858 1 412 556 471648 0
FU-d 418 567 475953 3 419 560  48148.1 2 420 557 482320 1
FU-e 419 5.83 48159.9 1 418 5.42 480313 2 420 578 485524 1
FU-f 421 531 48334.4 0 422 5.61 484535 0 420 5.23 479066 0
FU-g 407 539 460909 2 418 567 479125 2 404 555 456056 1
FU-h 492 5.46 55944.9 3 489 5.28 56025.7 3 167 4.86 186828 0
glycosylation sites on FU-c, but FU-c of subunit o in H. [ucorum does functional units are reported in Table 2, being calculated from the
contain such a site. In the three subunits of H. lucorum hemocyanin, sequence.
there are no N-glycosylation sites on FU-B, whereas there are two As a complementary part of this gene sequence analysis, we carried
conserved sites, one in functional unit A and one in functional unit D. The out peptide mapping of the native hemocyanin in order to verify whether
availability of the sequence will be of great help in the detailed study of the three subunits are effectively part of the complex, and to exclude the
the glycosylation pattern of the protein, which is of importance because possibility that one of the genes is a pseudogene. The peptide mixture
glycan-structures are responsible for the immunostimulatory properties obtained after trypsin digestion of the reduced and alkylated protein was
of hemocyanins and for their application as potential tumor vaccine analyzed using LC-MALDI-MS/MS and LC-EST-FT-MS/MS. We were able
carriers (Wuhrer et al., 2000). Some characteristics for each of the to identify peptides from the three subunits; for subunit 3 we traced more
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Fig. 2. Phylogenetic analysis of molluscan hemocyanins functional units. A radial phylogenetic tree of sequences of molluscan hemocyanins with one isoform: Aplysia californica
(AcH)(AJ556169), and Nautilus pompilius (NpH)(AJ619741), with two isoforms: Haliotis tuberculata (HtH1)(AJ252741) and (HtH2)(AJ297475), Megathura crenulata (KLH1)
(AJ698341) and (KLH2)(AJ698342), Nucula nucleus (NnH1)(AJ786639) and (NnH2)(AJ786640), Octopus dofleini isoform 1 (OdH1)(AF338426), the two FUs of Rapana venosa (RvH-b
and RvH-c, Dolashka-Angelova et al., 2009), and the three structural subunits from Helix lucorum hemocyanin (3-HLH, ap-HIH and an-HLH). The assignment of the single functional
unit (FU) for each clone was done with MEGA 5.05 (Tamura et al., 2007) using the implemented Neighbor Joining algorithm. Topologically related FUs get clustered, forming eight

distinct branches. Note that OdH2 is identical to OdH1 at the protein level.
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than 30% sequence coverage, for subunit ap this was 28%, and 30% for auy.
Supplementary Table S1 provides a summary of the mass spectral results.
The identified peptides are underlined in Fig. 1. Supplementary Table S2
gives an overview of the unique peptides found with the different
techniques.

The molluscan hemocyanins are extremely large polypeptides
and are therefore rich in structural/sequence information useful for
phylogenetic studies. Since polypeptides from different gastropod
(clades: Vetigastropoda, Caenogastropoda and Heterobranchia) and
cephalopod (O. dolfeini, N. pompilius and S. officinalis) molluscan
hemocyanins are known, the data allow the reconstruction of a robust
phylogenetic tree from multiple sequence alignments. Such an effort has
recently been made with the aim to assess divergence time between
Sepia and Spirula within the clan of the Cephalopoda (Warnke et al.,
2011). So far, the evolutionary relationship between the Pulmonata
(Helix) and the Opisthobranchia (Aplysia) within the Heterobranchia is
controversially debated. The obtained sequences of Helix will stabilize
this region of the tree.

Using the program Mega 5.05, we constructed an unrooted radial
phylogenetic tree based on the three subunits from H. lucorum and all
other known molluscan hemocyanin sequences. Molluscan hemocya-
nins are phylogenetically related to tyrosinase and catechol oxidase
(Klabunde et al., 1998; van Gelder et al., 1997), but because of their
overall close primary structure relationship the use of the latter
enzymes as outgroup is inefficient. We therefore decided to construct
an unrooted tree (Fig. 2). The tree reveals eight stable branches that
represent the eight functional units, which emphasizes their very early
divergence from a single ancestral FU (Altenhein et al., 2002; Lieb et al.,
2001). Note that a phylogenetic tree constructed with all molluscan
hemocyanin amino acid sequences known so far also generates eight
branches (results not shown), in support of the existence of eight
functional units of three isoforms in H. lucorum hemocyanin. It is
remarkable that for 6 out of the 8 subunits, an-HIHg and oy-HIHd are
more related to the subunit of the Heterobranchian species A. californica
(AcH-g) whereas for the 2 other subunits the homology is higher with
the same subunits of the 2 other isoforms cp and B. Our results also
confirm that the eight FUs are phylogenetically older than the
divergence between the Cephalopoda and the Gastropoda.
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Fig. 3. Timescale of the evolution of molluscan hemocyanins. The molecular clock is
calculated from the distance values of the various hemocyanin sequences mentioned in
the legend of Fig. 2. The splitting point of gastropods, bivalvia and cephalopods was
used for calibration (520 million years ago). MYA, million years ago.

We also attempted to quantify the molecular evolution of
the molluscan hemocyanins as a whole. The tree shown in Fig. 3
was calculated from a difference matrix using all the completely
known sequences. As in the phylogenetic trees previously published
(Bergmann et al., 2007; Lieb et al., 2004; Warnke et al., 2011), there is a
very stable separation into gastropod and cephalopod hemocyanin, and
this splitting point of 520 million years ago was therefore used for
calibration (Benton, 1993). In this phylogeny, a number of supraorders
of the class of the Gastropoda are distinguished: clade Vetigastropoda
(M. crenulata and Haliotis tuberculata); Caenogastropoda (R. venosa) and
Heterobranchia (A. californica and H. lucorum). With respect to the
Caenogastropoda, only two partial FU sequences are available, namely,
from RvH-b and RvH-c of R. venosa (Dolashka-Angelova et al., 2009).
As is the case for 6 out of the 8 subunits of H. lucorum individually,
isoform o, rather clusters with the hemocyanin of A. californica
suggesting that they evolved from the same ancestor.

In conclusion, since the structure, evolution, and diversity of
hemocyanins are of general scientific interest and their immunothera-
peutic effects of biomedical concern, we consider the present commu-
nication on the cDNA sequence of the three subunits of H. [ucorum to be an
essential contribution to unravel the biochemical properties of these
respiratory proteins.

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.gene.2011.07.030.
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