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Abstract

Background

Haemocyanin is the respiratory protein of most of the Molluscacephalopods and
gastropods at least two distinct isoforms are differentiaitpressed. However, their
physiological purpose is unknown. For the common cuttlef&pia officinalis,three
isoforms are known so far, whereas for only two of them the commlet¢A sequences are
available. In this study, we sequenced the complete mMRNA of tloehi@@mocyanin isoform
and measured the relative expression of all three isoforms dumbg/egenesis to reveal a
potential ontogenetic relevance.

Results

—

The cDNA of isoform 3 clearly correlates to the kno®apia officinalishaemocyanil
subunits consisting of eight functional units and an internal duplicatetidanal unit d. Ou
molecular phylogenetic analyses reveal the third isoform septimg a potentially ancestral
haemocyanin isoform, and the analyses of the expression of haenmotyyze 3 reveal that
haemocyanin type 3 only can be observed within eggs and during eadiomaent
Isoforms 1 and 2 are absent at these stages. After hatchingmisdisrdownregulated, and
isoform 1 and 2 are upregulated.

-




Conclusions

Our study clearly shows an embryonic relevance of the thirdrisgfwhich will be furthe
discussed in the light of the changes in the physiological functidra@mocyanin during
ontogeny. Taken together with the fact that it could also besttierm closest related to the
common ancestor of cuttlefish haemocyanin, the phylogeny of falitletaemocyanin may
be recapitulated during its ontogeny.

-
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Background

Haemocyanin is the respiratory protein of arthropods and molluscs.cbpper-containing
pigment occurs freely dissolved in the haemolymph of these animdlssacoloured blue
when oxidised. The haemocyanins of both mentioned phyla have a copperdypges-
binding site, but otherwise show structural differences and evolvedasspajl-3]. The
basal quaternary structure of molluscan haemocyanins is a ay@ihdeécamer composed of
~350-400-kDa large subunits (SU) [4]. In Polyplacophora and Cephalopoda, oalyats
can be observed floating in the haemolymph [5,6]. In Bivalvia and Qastao they are also
able to form didecamers and multidecamers [7,8]. The single subumatbyusonsist of 7—8
tandemly arranged functional units (FU) of ~50 kDa each. Every Hibie one oxygen-
binding site [1]. These paralogous FUs evolved by subsequent gemeleglications and
fusions [9,10]. The subunits of cephalopod haemocyanins are charactgribeddxrk of the
most C-terminal FUh [6,10]. The 350-kDa haemocyanin subunits of Tetramtamand
Octobrachia consist of 7 FUs (a-g), contrary to the 8 FUs (~400 kbBgcabrachia [1,11].
For the common cuttlefistSépia officinaliy and Spirula$pirula spirulg, it has been shown
that a duplication of FUd led to the 8 FUs (a-b-c-d-d’-e-f-g; [12,13]).

Besides the duplications of single FUs, duplications of the completenocyanin gene
occurred as well. This happened several times independently iredtfigroups and resulted
in different isoforms of the protein [4]. Gastropods and bivalves caturge one or two
isoforms [1,8,14-20], while in cephalopods probably only the tetrabranchiateilus
pompiliusis restricted to a single haemocyanin [6]. The recent coleptatopods were all
found to express at least two different isoforms of the respyrgtootein (e.g.,Sepia
officinalis, DeGeeset al, unpubl.;Allotheuthis mediaOellermanret al, unpubl.;E. dofleini
[9]). So far, the complete mMRNA sequences of haemocyanin isoformSaH1(
[GenBank:DQ388569]) and isoform 2 (SoH2 [GenBank:DQ388570]) have been identified in
Sepia officinalis Next to these two known isoforms there is great evidence floird one in
the cuttlefish (SoH3; [21,22]), whereof one fragment of ~1,000 bp has wlteaeh
sequenced [GenBank:JN392726]. The existence of these isoforms rasgsrguabout their
evolution referring to origin and structural changes as well as to theiopdgisal relevance.

Due to its moderate evolutionary rate, haemocyanin has been ustiniaie the divergence
time of different groups among Mollusca, e.g., the most recent cormanoastor of
cephalopods, Dibranchiata and Decabrachia was calculated [13]. Addjtiorniaé
duplication of theS. officinalisisoforms could be dated to ~90 million years ago (Mya),



whereas the isoforms dE. dofleini split much more recently. In both isoforms 8&f
officinalis—as well as irS. spirula—the duplicated FUd is present [11,13]. This points to a
duplication event of FUd earlier than the split of the isoforms. Yet with no congagtence

of the third isoform, no further implications concerning the origin @&vdlutionary
development of that isoform can be drawn.

However, all isoforms are expressed, and SoH1 and SoH2 even dispéagrditheoretical
isoelectric pointsif silico: SoH1: pl = 5.79, SoH2: pl = 5.85), which in turn could affect the
oxygen affinity [21,22]. The existence of different isoforms mighéreéfore serve a
physiological purpose. Indeed, it has already been shown that sertebrates and
invertebrates can change the composition or concentration of thpiratesy protein in
response to changing environmental parameters such as temperaducexygen partial
pressure PO, (Gadus morhua[23], Daphnia magnaand D. pulex [24,25]; Triops
longicaudatus[26], Artemia franciscang27]). Moreover, cephalopods display the highest
metabolic rates among invertebrates and therefore have torraly efficient oxygen supply,
which is also indicated by the great Bohr effect of theanmacyanin [28-30]. Nevertheless,
S. officinalisdisplays no difference in relative expression of the haemocysofarms in
response to changing temperature, hypercapnia or hypoxia [22, Ht@hjgunpublished].

Besides adaptation to changing environmental conditions, differentnsofof respiratory
proteins are also known to be expressed during the course of ontogesta¢€ans [31],
Cancer magisterand C. productus[32-35], Artemia salina[36], Schistocerca americana
[37], Chironomus plumosuand Chironomus thummj38,39], chicken [40] and mammals
[41]). For example, humans start with the expression of embryonradghebin, which is
replaced by foetal, and afterwards by adult haemoglobin (e.g., [4R§wise, the maternal
haemocyanin in the oocytes of the crustac8ancer magisters subsequently replaced by
embryonic, juvenile and adult haemocyanin [43].

Thus, the evolution of embryonic versions of the respective respirghooyeins
(haemoglobin and haemocyanin) occurred independently in invertebrategeeebrates.
This might indicate common challenges referring to oxygen sugmhlying early
development. Therefore, an ontogenetic relevance of the diffesgrocyanin isoforms
could be the case fdepia officinalis This is assumable especially as cuttlefish embryos
have to face hypoxic and hypercapnic conditions towards the enchlwfy@genesis since
their egg capsule functions as a diffusion barrier [44-46]. Actudily, existence of an
embryonic haemocyanin in cuttlefish had already been proposed onbasis of
electrophoretic distinct protein fractions of haemocyanin in embiywsniles and adults of
Sepia officinalis[47,48]. Furthermore, Beuerleit al. [49] identified haemocyanin mRNA
[GenBank:AF401231] not only in the branchial glands of cuttlefish embwiosh would
reflect the situation in adults, but also in haemocytes, the liedriearts, the midgut gland
and the renal appendages. This indicates both a switch of functidre ihnaemocyanin
metabolism of these tissues accompanied with hatching and a dafaihgesite of synthesis

of haemocyanin during ontogeny [50]. This would be well in line with a shift of hagamic
expression. Finally, Strobel al.[22] detected the highest relative expression of the recently
found potential isoform 3 in newly hatched cuttlefish, while it desgdasignificantly with
time after hatching. This could point out an embryonic function of haemocyanin isoform 3.

We therefore identified the complete sequence of haemocyaninnis@foand revealed its
origin and evolutionary history. On the other hand, we tried to elucitateole of this
isoform 3 during embryogenesis by analysing the relative esipre®f the haemocyanin



isoforms in different embryonic stages of the cuttlef@dpia officinalis in this way, we
combined an evolutionary and physiological approach to characteriseuhdifferentially
expressed haemocyanin isoform 3ofofficinalis

Methods

Animal collection and sampling

Clusters of cuttlefish eggs were collected in May 2011 in Chio@ddxia, Italy) and
transferred to and kept at the Alfred Wegener Institute in Brieaven. For further
investigations, the egg capsules were removed, and the length and widéhewhbryos as
well as their developmental stages according to Lemaire [5die wdetermined. We
distinguished five different stages: E1 (Lemaire 21-24), E2 (Len2&26), E3 (Lemaire
26-27), E4 (Lemaire 28-29) and J1 (Lemaire 30). Hereatfter, eitheothplete embryos,
the gills or the outer yolk sac were immediately frozenguidl nitrogen for subsequent RNA
analysis. Additionally, adult specimens collected in the Englisain@el (Caen) in 2010 and
raised at the Alfred Wegener Institute Bremerhaven at 15 é wsed to compare the
expression of haemocyanin mRNA (Thoeigal, unpublished).

cDNA synthesis

Due to the low weight of the individual embryonic and tissue sampl$, ®Ras mainly
extracted from pools of different individuals of the same developinetages using the
RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). The pools rangewh fone to eight
individuals corresponding to 9 to 102 mg input material (Table 1). Thelea were
homogenised for 15 s at 6,500 rpm in a Precellys beadmill (Berthnbéogies, Peglab
Biotechnologies GmbH, Erlangen, Germany) with doubled amount ofmmended lysis
buffer RLT (Qiagen GmbH, Hilden, Germany) at room temperatuueth& extraction
procedures followed the RNeasy Mini Kit protocol. A DNase treatnof each extract was
carried out according to the Ambion Turbo DNA-ff8eKit (Ambion, Applied Biosystems,
Darmstadt, Germany). Afterwards, cDNA synthesis was perfdwiee RT-PCR with 0.419
of RNA either according to the High Capacity cDNA Reversanscription Kit (Applied
Biosystems, Darmstadt, Germany) for real-time PCR aoraing to the Invitrogen
Superscript Il cDNA synthesis kit (Life Technologies) farbsequent sequencing of the
haemocyanin isoform 3 cDNA.



Table 1 Tissue and embryo pools o08. officinalis used for cDNA synthesis and
subsequent real-time gPCR

Name Stage (Lemaire) Tissue No. of individuals Input material [mg] Comment

E1Y 21-23 Yolk 2 102 No statistics
E1l E1 21-23 Embryo 8 49
E1l E2 21-23 Embryo 2 13
E2_E1 24-26 Embryo 3 45
E2_E2 24-26 Embryo 2 25
E2_E3 24-26 Embryo 2 28
E3 E1 26-27 Embryo 2 43
E3_E2 26-27 Embryo 2 45
E3_E3 26-27 Embryo 1 29
E3 _E4 26-27 Embryo 1 34
E3 _E5 26-27 Embryo 2 48
E3_E6 26-27 Embryo 1 31
E4_E1 28-29 Embryo 2 19
E4 E2 28-29 Embryo 1 47
E4 E3 28-29 Embryo 1 32
J G 30 Gill 4 12 No statistics

gPCR and statistical analysis

The relative expression of the different haemocyanin isofornssamalysed using an ABI
7500 Real-Time PCR System with the respective 7500 SDS Softveaston 1.3 (Applied
Biosystems, Darmstadt, Germany). The2@CR reaction was performed in MicroAmp®
Optical 96-well plates (Applied Biosystems, Darmstadt, Gerinaayg the SYBR® Green
PCR Master Mix (Applied Biosystems, Germany). Each gPCRcagplicontained 2 ng of
cDNA and isoform-specific primers with a final concentratior830® nM. The primers were
designed and optimised by Strobatl al. [22] on the basis of the respective sequences
available in Genbank:

Isoform 1 [GenBank:DQ388569]:

SofHcl_fwd CTTTTCGAGTTTACCAGCTCTTGTT,
SofHcl rev CCTGCAACGTCAATATATGAGTGAT.
Isoform 2 [GenBank:DQ388570]:

SofHc2 _fwd TCTCCCGTTTTTGGTAACTGAAC,
SofHc2_rev TGTCAGCAACATCAATATAACCATGA.
Isoform 3 [GenBank:JN392726]:

SofHc3_fwd TGCTCCGTCAACCAATGTCC,

SofHc3 rev TCCAGGGCATCTCGTTTTCAC.

The PCR programme was composed of a 10-min activation step at 9&ndC40

amplification cycles (15 s at 95 °C for denaturing, 1 min &@&@r annealing) with a single
fluorescence measurement during the annealing step. A meltingg @malysis was
performed to ensure the amplification of one single product. Eifims for the different
primer pairs were calculated according to the equation E2*f8? using the decadic
logarithm of cDNA input plotted against the cycle thresholdg (@ five template dilution

steps (efficiency SoH1: 1.843, SoH2: 1, 1.859, SoH3: 1.824 ).



For further analysis, thet&alues were transformed into relative quantities [52] using MS
Excel according to the following equation: quantity (x) = effigy ©; Mnmum-C_ ()
Furthermore, the relative quantities were normalised to adjUstathtes in template input
using the normalisation coefficients calculated by geNorm [53]ttitsmreason, the potential
housekeeping genes cytochrome c oxidase (COX) and nucleolin madysed via real-time
PCR as well. The respective primer pairs were designed on sieedial54 pyrosequencing
results of cDNA of the branchial gland of ad8kpia officinaligLieb & Mark, unpublished)
using Primer Express Software for Real-Time PCR, version AgpliedBiosystems,
Darmstadt, Germany) (nucleolin: Nuc_fw CAAGCCGCAAAGAAAGACAEA Nuc_rv
GCTTTAGATTCCTTTTTGGAAGCA, COX: COX_fw CAATAGGAGCCGTTTTGCG,
COX_rv AGGGTAATCAGAGTATCGTCGTGG) and vyielded efficiencied 1.719 for
COX and 1.809 for nucleolin. The relative quantities of the respefjvealues of the
potential housekeeping genes were then used to calculate the ratioralc®efficients for
the expression of the haemocyanin isoforms with geNorm.

Finally, Nalimov's test [54] on a significance level of 95 % wasrformed with the

normalised relative quantities of the haemocyanin isoforms to remdlers. The data were
illustrated as the mean with standard error using GraphPad Bdn{GraphPad Software,
Inc., La Jolla, CA, USA) and the expression trend using Adobe Hhost(Adobe Systems
Software Ireland Ltd., Ireland). Statistical analysis to dateensignificant differences in
expression of the three haemocyanin isoforms during embryonic developaee performed

using the non-parametric Mann—Whitney U-Test via SPSS StatE%iddBM, Ehningen,

Germany).

Sequencing

The SoH3 cDNA sequence was obtained via primer walking usingdciiéived from yolk
and embryonic samples of the earliest developmental stagenptate to ensure a large
amount of SoH3 mRNA. Touchdown PCRs were performed with one degenerated pr
coding for the conserved copper-binding sites [10] and one SoH3-speatiier gtesigned
with MacVector 12.0 (MacVector, Inc., Cambridge, UK) based on theady known
fragment of SoH3. The touchdown PCR protocols consisted of a 4-mintactiggep at 94
°C, 12 touchdown cycles with the annealing temperature decreasihg®yper cycle and
finally 35 amplification cycles. The annealing temperature andgetmn time of the PCR
protocols were chosen with respect to the melting temperatutieegbrimer pair and the
length of the expected PCR product. The amplicons were separated3rf/@agarose gel
with GelRed and extracted using the QIAQuick Gel Extractian(®iagen GmbH, Hilden,
Germany). Afterwards, the extracts were either used foaduhtional amplification and
purification step to increase product concentration or sequencedydlgddurofins MWG
GmbH (Martinsried, Germany).

Additionally, PCR products were obtained using two degenerated priff§rsThose ones
and PCR products giving double peaks after the sequencing reactienslareed into the
pGemT-easy vector (Promega, Madison, WI, USA) or TOPO TA vétite Technologies
Invitrogen, Darmstadt, Germany). A PCR with the standard vectoer M13 uni and M13
rev was followed by an RFLP analysis using several réstienzymes (Munl, Hinfl, Alul,
Spnl, Mbol, Rsal) to determine different inserts. These ingegte then purified using the
QIAQuick Gel Extraction Kit and sequenced by Eurofins MWG Gmartinsried,
Germany) or GATC Biotech AG (Konstanz, Germany).



The 3-end and 3 end of the SoH3 mMRNA were amplified with the Ambion FirstChoice
®RLM-RACE Kit and the Invitrogen GeneRacer Kit (Life Technaésy Invitrogen,
Darmstadt, Germany) according to the manual and sequenced bynEuwtdWG GmbH
(Martinsried, Germany) or GATC Biotech AG (Konstanz, Germany).

Additionally, genomic DNA was isolated from cuttlefish branchiangls using Qiagen
DNeasy columns according to the manufacturer’s protocol. Aftearisigeof 1 ug DNA
(Covaris S2), an lllumina paired-end library was constructed acgprdi TruSeq DNA
Sample Preparation v2 protocol. First, the DNA was end repaitehd3 were adenylated
and adapters were ligated. Subsequently the DNA was amplified/¢lgsxrand double size
selected using the SPRIselect reagent kit (Beckman Codiltex)resulting DNA fragments
ranged between 300 and 600 bp with a mean size of ca. 280 bp. Sequerscithgne/an
1.375 lanes of an lllumina HiSeq 2000 paired-end flowcell resulting in apmatedy
400,000,000 reads. DNA processing and sequencing were done by Genterprise (Mainz).

Sequence analysis

The single sequences were trimmed, corrected on the basis ahtbmatogram and
assembled to a complete SoH3 sequence using Geneious 6.1.2 (Biom@tters)ps of at
least ~150 bp were used to assure a correct assembly. The llkeadgawere trimmed and
mapped on the cDNA sequence allowing maximum 10 % mismatcheggumerFrom this
mapping the position of introns and the FUs could be deduced accordingGa/#hé rule.
The B- and 3-UTRs were annotated according to the derived open reading (@Rf). The
respective protein sequence was obtained via translation usingatigarst genetic code.
Furthermore, a signal peptide was detected via SignalP v4.1 and gloigliycosylation
sites using NetNGlyc1.0. Finally, the molecular weight as a®lthe theoretical isoelectric
point of haemocyanin subunit 3 was determined via ExPASYy Bioinfarsn@esource Portal
[55].

For phylogenetic analyses the haemocyanin sequencesepfa officinalis (SoH1
[GenBank:DQ388569], SoH2 [GenBank:DQ388570]Jknteroctopus dofleini (A-type
[GenBank:AY751301.1], G-type [GenBank:AF338426.3]), Nautilus pompilius
[GenBank:AJ619741.1] andHaliotis tuberculata (HtH1 [GenBank:AJ252741.1], HtH2
[GenBank:AJ297475.1]) as outgroup were added from Genbank. For those sequences the
FUs were annotated according to the genomic dat&. adfficinalis[6,10]. The multiple
sequence alignments of the complete haemocyanin subunits and the feUabtaened using
MUSCLE implemented in Geneious 6.1.2. The alignments were curategi@blocks 0.91b
([56]; parameters used for haemocyanin/FUd alignment: minimum nuvhBeguences for a
conserved position: 5, minimum number of sequences for a flanking positioma{imum
number of contiguous nonconserved positions: 8, minimum length of a block: dWedall
gap positions: none, use similarity matrices: yes) to elimipaterly aligned positions.
Subsequently, we determined the appropriate substitution model via ®@r@&De [57]
according to the corrected Akaike information criterion (AICCA®/+ | + G + F (1 = 2.199,
G = 0.199 for complete Hc sequences), WAG + G + F (G = 0.799 fdfdhUBased on
these substitution models, Bayesian trees were calculated Baybs 3.2.1 [58] running an
MCMC analysis with 2,000,000 generations and a sampling frequen2§Oofenerations.
According to the respective trace files, the likelihoods hadhesh stationarity before 20 %
of the MCMC chain, which was therefore used as the burnin fracAolditionally,
maximum likelihood trees were calculated using the PhyML plufi@eneious 6.1.2 [59]
performing 1,000 replicates to calculate bootstrap values. SincenhyidLPplugin did not



allow to account for the amino acid frequencies (+F), the followihgtgution models were
chosen: LG + 1 + G (I = 1.316, G = 0.144; for complete Hc sequens&sg + | + G (I =
0.193, G =1.696 for FUd/d").

A relaxed molecular clock was calculated with BEAST v1.5.4 usiiBagesian MCMC
analysis [60]. The following settings were chosen: WAG + | asGsubstitution model, an
uncorrelated log-normal distribution as clock mode and birth-deathgsrasaree prior. Two
analyses were run for 10,000,000 generations and were logged every 1,00Qiagenera
Stationarity and appropriate mixing of each was checked using@rTvacs [60]. The runs
were combined using LogCombiner and the resulting file was medesith TreeAnnotator
using a burnin of 20 %. An additional run only under the priors was peztbtorconfirm
that the chosen priors were sufficiently non informative. The sp@iastropoda-cephalopoda
in the late Cambrian 550 £ 50 Mya was used as calibration point [6,7,17].

Ethics statement

All sampling of cuttlefish was conducted according to the ethick guidelines of the
German la wand do not require a formal permit. The experimenésbeen communicated
according to § 8 animal welfare act (18.05.2006; 8081. | p. 1207) to thenaeyarispection
office ‘Senatorin fur Arbeit, Frauen, Gesundheit, Jugend und Sozialesyéterinarwesen,
Lebensmittelsicherheit und Pflanzenschutz’, Bahnhofsplatz 29, 28195 Br&eemany,
evaluated and approved of on July 12, 2011.

Results

Haemocyanin mRNA expression

To investigate a potential ontogenetic relevance of the existwndéferent haemocyanin
isoforms in cuttlefish, we measured their expression in diffedentlopmental stages of
embryogenesis via real-time PCR. Thereby, we detected didifferences during ontogeny
referring to both the relative expression (Figure 1) and the o&tihe isoforms (Table 2). As
shown in Figure 1, the mRNA of isoform 3 is highly expressed in ymsband also in the
yolk sac of the earliest developmental stage. While SoH3 rerabinost constantly at a high
level of expression during embryonic development, significant amourgstd® and SoH1
appear only during late organogenesis in stage E3 and E4, reslyedhough SoH2 could
be detected in very low amounts already at stage E1 (evée iyotk sac) and E2, it only
increased significantly during the following stages E3 and Evalllyj SoH1 was first present
at stage E3 with significantly increased expression shodfgré hatching (E5). Thereby
SoH3 represents about 99.8 %—100 % of the haemocyanin expressed ingsarbgenesis
(E1 + E2) measured in the complete embryo (Table 2). Before hgt@mi3 accounts for
66.6 % of haemocyanin, while SoH2 represents 31.7 % and SoH1 1.7 %. In gills of
hatchlings (J1), ratios of the haemocyanin isoforms were meassifeliioavs: SoH2 90.1 %,
SoH1 9.7 % and SoH3 0.3 %. This reflects the situation found in the bragiemedlof adult
cuttlefish (incubation at 15 °C): SoH2 87.2 %, SoH1 12.8 % and SoH3 0.03 %.



Figure 1 Haemocyanin expression during ontogenylThe mRNA expression of the

different haemocyanin isoforms (SoH1, SoH2, SoH3egia officinalign different tissues
(yolk, embryo, gill, branchial gland) and developmental stages ranging mtmmyes (E1-

E4) to juveniles (J) and adults (A). The histogram shows the mRNA expression asseatrmal
relative quantities with standard error. Thereby, asterisks indicate whexgtession of the
respective isoform differs significantly compared to the previous developnstada on a
significance level of 0.05 according to the Mann—Whitney-U test. Due to the low nombe
samples for E1 yolk and J gill, those stages are not taken into account facstatie lines
illustrate the shift of the haemocyanin isoforms.

Table 2Percentage of the different isoforms adding to haemocyanin mRNA on
transcriptome level

Sample SoH1 SoH2 SoH3
E1 Y 0 0.001 99.999
E1l E 0 0.016 99.984
E2 E 0 0.249 99.751
E3 E 0.031 3.499 96.469
E4 E 1.657 31.73 66.613
J G 9.674 90.062 0.264
A BG 12.799 87.174 0.027

The percentage is given for the respective tissues (Y: yokmibryo; G: gill; BG: branchial
gland) of different ontogenetic stages ranging from embrizgdsE4) to juveniles (J) and
adults (A).

SoH3 sequence

The SoH3 mMRNA sequence (GenBank:KF306341) consists in total of 10,277 isp. It
composed of a 39-bp-BITR, a 10,017-bp ORF containing the eight FUs and a 221-bp 3
UTR. The typical AATAAA polyadenylation signal can be found 13 bp upstream of tize pol
(A) tail. Partly different versions of the haemocyanin sequeneee wbtained from
sequencing and could not definitely be assigned referring tor dlibechromatogram or
genomic data, or via cloning. Therefore, 20 ambiguous sites of 10,277 hptain
(representing 0.2 %) remain in the sequence. They are maingdspréhe FUa (5), FUb (8)
and FUc (7).

The deduced primary structure consists of 3,338 amino acids (aa), includiggal peptide
of 26 aa and the actual polypeptide of 3,312 aa. This consists of 8 midilsgrérom 409 to
418 aa, reflecting the FUs found in the other known isoforms. Thus, theatiguiiof Fud/d’

is also present in SoH3. The translated sequence still contains ar2biguities (6 aa of
3,338 aa in total: FUa: 2, FUb: 2, FUc: 2), which all resemble isbanad amino acid
exchanges. The linker introns found between the FUs are all in phake tdrnal introns

in the signal peptide (phase 0), FUb (phase 2), FUe (phase O)Jarfdhfase 0) reflect the
situation found irE. dofleinireferring to location and phase [10], whereas the one found in
FUg (phase 1) represents the internal intron also preséhtpompilius[6] (Figure 2). The
haemocyanin protein SoH3 has a calculated molecular mass of 377, v@thRaheoretical
isoelectric point (pl) of 5.94. Each FU shows the characterigticsiolluscan haemocyanin
also found inEnteroctopusand Nautilus [6] (Figure 3). These are six histidine residues for
copper binding (histidine residues in total: 173) as well as one heioéridge (Cys73-
His76) and three potential disulphide bridges (Cys62-Cys73, Cysl87-Cys25344Cy



Cys356), whereas the last one is not present in FUb and FUc. Tenighajgmosylation
sites can be detected, nine NXT motifs and one NXS magti(é 3), whereas in FUc, FUd
and FUe the central proline should block the glycosylation site [Ghg observed
glycosylation pattern of SoH3 reflects the one alreadyribestfor cuttlefish SoH1 [62] and
cephalopods in general [6]: no glycosylation of FUc, one conserved glgtosykite (aa
415) in FUa, FUb, FUd, FUd’ and FUe, one in FUg (aa 66) and another oeatgresUd
and FUd’ (aa 268), which is probably not glycosylated in FUd’ [62]felDehces concerning
the glycosylation appear in FUe and FUf, in which SoH3 exposes puiential sites for
glycosylation (FUe: aa 14 and aa 125, FUf: aa 163 and aa 402). Theadire@mposition
between the isoforms does not differ considerably.

Figure 2 Molecular clock and exon-intron structure of cephalopod haemocyanin.

Relaxed molecular clock with a mean evolutionary rate of 7.636"cal@ulated with

BEAST v1.5.4 based on a maximum likelihood tree for the amino acid sequences of the
complete haemocyanin moleculesSapia officinalifSoH1-SoH3)Enteroctopus dofleini

(OdHA, OdHG),Nautilus pompiliugNpH) andHaliotis tuberculata(HtH1, HtH2). The split

of gastropoda and cephalopoda about 550 + 50 Mya was used as calibration point. Included
are the exon-intron structures of the haemocyanh. @ompilius E. dofleiniandS.

officinalis. Grey bars indicate the 95 % HPD (highest posterior density), i.e. the Bayesia
confidence interval of the estimated age.

Figure 3 Alignment of the three cuttlefish haemocyanins (SoH1-SoH3}ighlighted are
the characteristic six histidine residues forming the oxygen binding sit¢hioeéher bridge,
three disulphide bridges and the potential glycosylation sites predicted NGN/.c1.0.
The secondary structure of the FUgeofdofleini(Cuff et al, 1998) is displayed on the
bottom.

Phylogeny of cephalopod haemocyanin

The amino acid sequences share identities of 81.7 % for SOH1-SoH2, 7&.S&tfl-SoH3
and 77 % for SoH2-SoH3. The topology of the maximum likelihood and tiiesien trees
are alike, therefore both results are displayed in one tree goté the support and bootstrap
values, respectively. The phylogeny of cephalopod haemocyanitheitivo isoforms of the
gastropodHaliotis tuberculataas an outgroup is displayed in Figure 4.

Figure 4 Maximum likelihood tree of the amino acid sequences of haemocyaninhe tree
includes the haemocyanin sequenceSayia officinaligsoform 1-3 (SoH1, SoH2, SoH3),
Enteroctopus dofleinh-type (OdHA) and G-type (OdHGINautilus pompiliugNpH) and
Haliotis tuberculataisoform 1 and 2 (HtH1, HtH2) calculated with PhyML using the LG + |
+ G model to illustrate the evolution of cephalopod haemocyanin. The tree topology of the
Bayesian tree calculated with MrBayes using the WAG + | + G + F hiodanilar.

Therefore, support for the tree nodes is given by the bootstrap values of 1,000aephcht
the consensus support (%).

Likewise, the phylogeny of FUd and FUd’ is shown in Figure 5.



Figure 5 Maximum likelihood tree of the amino acid sequences of FUd and FUdT.he
tree includes the FUd and FUd’ sequenceSaydia officinalifSoH1-SoH3)Enteroctopus
dofleini (OdHA, OdHG) andNautilus pompiliugNpH) and was calculated with PhyML
using the WAG + | + G model to illustrate the duplication of FUd /d’. The tree topoliog
the Bayesian tree calculated with MrBayes using the WAG + G + F modieliliars
Therefore, support for the tree nodes is given by bootstrap values of 1,000 rephckties
consensus support (%).

The relaxed molecular clock with a mean evolutionary rate of 7.686*xand a standard
deviation of 0.237 revealed divergence times for the split of TetrdiedadDibranchiata of
about 500 Mya and the split of Octobrachia-Decabrachia of about 267 WNiyare 2).
Accordingly, the first duplication of cuttlefish haemocyanin occuaieout 163 Mya and the
second one about 100 Mya.

Discussion

Haemocyanin during embryogenesis

SoH3 is the most prominent haemocyanin isoform expressed in allsadagmbryonic
stages, whereas SoH1 and SoH2 expression starts during organo@es@sise 18-30).
After hatching, the expression of SOH3 decreases drastioalheibranchial gland (see also
[22]). Hence, we could observe a shift of the haemocyanin isoformagdoritogeny.
Accordingly, SoH3 represents an embryonic haemocyanin, whed$s &d SoH2 are
dominant in adult specimens. This is supported by the results ofiDeickd. (1970, 1971)
[47,48], who detected electrophoretically distinct protein fractiorsutifefish haemocyanin
during ontogeny. However, Ru#t al. (1999) [63] could not detect haemocyanin in sections
of the midgut gland and branchial glandS#piaembryos younger than NAEF stage XVII
(representing E2 of this study) by immunohistochemistry. In canttéslf et al. [64] found
evidence for haemocyanin in extracts of eggs and embryos (ldw@er0.5 mm in mantle
length) using immunoelectrophoresis. In vertebrates, a developrsaiftadf the respiratory
protein is well studied [40,41] and also for invertebrates it haadiréoeen described
[31,37,38]. YetSepia officinaligrepresents the only mollusc for which an embryonic form of
haemocyanin has been published. Only a truncated haemocyanin fosm faaseen found

in egg masses @iomphalaria glabrata[65], a freshwater snail exhibiting haemoglobin as
their respiratory protein. Additionally, we have some evidence for earbryonic
haemocyanin isoform in the keyhole limpdegathura crenulataaccording to protein gels
(Lieb et al, unpublished).

SoH3 mRNA was also detected in yolk sac samples. affficinalis which at least in some
way compares to humans, where the formation of blood cells als® isténe yolk sac [66].
Yet, this raises the question about the site of synthesis of degamin during early
embryogenesis. I€ancer magistethe haemocyanin found in oocytes is of maternal origin
and is subsequently replaced by an embryonic one [33]. In the gaskiapotis asininano
maternal haemocyanin mRNA could be detected, but the expression of haemoeyssdrost
h after fertilisation [67]. Considering that SoH3 MRNA is presenthe embryo until
hatching, it might rather represent an embryonic than a mateeeocyanin, as maternal
MRNA also requires a maternal translation machinery and idlysssential during early
embryogenesis, but starts to be degraded partly from egg awtivati and partly from the
onset of zygotic transcription [68]. Declait al. [48] proposed the production of embryonic



haemocyanin of cuttlefish in the periviteline membrane of the wak. In different

cephalopods this site was indeed described as an enzymateilgictive one yet only with
respect to yolk digestion [69]. A production of embryonic haemocyanimeiydlk sac could

very well also be the case as copper, the metal ion compleximgmxy the haemocyanin
molecule, is found in the yolk sac during early development and is atelydn transferred
into the embryo, whereas the total amount of copper remains constizgt elonbryogenesis
[70]. Furthermore, the yolk sac may be favoured for oxygen uptakbeiredrly stages
because of its greater surface compared to the embryo [71].

The expression site of haemocyanin is not uniform among the Mollasceaages from the
rhogocytes/pore cells in the midgut gland in many gastropods [72-78autdus (a rather
ancient cephalopod, which did not evolve branchial glands [63,75]), to the branchial glands in
adult coleoid cephalopods. According to Beuerletnal. [49] and Ruthet al. [75], the
haemocyanin of cuttlefish embryos is also expressed in the midgut gland. Tthoé gte site

of synthesis of haemocyanin during ontogeny may reflect an evolutiam#t from the
midgut gland to the branchial gland in more highly evolved mollusesglyarecent coleoid
cephalopods. The different expression patterns of the isoforms obbefeee hatching (E4)

in the complete embryo (this study) and those observed only in(sgks[22]) may point to
tissue differences in the expression and synthesis of the ediffasoforms at that
developmental stage. Decleir al. [48] proposed a shift of haemocyanin expression from the
perivitelline membrane in early embryonic stages to the midguidgivhen both tissues get
in close contact and eventually to the branchial glands when tadulbr developed. This
was supported by Beuerlegt al. [49] at the mMRNA level and immunologically by Rughal.

[63], who concluded that these tissues undergo a switch of function mobganin
metabolism during ontogeny. However, as none of these studies distimgbestineeen the
different haemocyanin isoforms, the different isoforms cannot bEnask to specific
expression sites for the time being.

The sequence data indicate that SoH3, which is the first isoforbe expressed during
ontogeny, resulted from the first gene duplication and could be closdasie common
ancestor of cuttlefish haemocyanin (Figure 4). The isoforms SoH$@iHd resulted from a
second gene duplication. SoH1, whose expression starts last, magmegnesmost derived
isoform referring to the number of substitutions per site. As tfiereinces in substitutions
per site between the cuttlefish haemocyanin isoforms are feunigll, this assumption is
speculative. On the other hand, molluscan haemocyanin generally hadyacnastant and
only moderate evolutionary rate; therefore large differeneesden isoforms are not to be
expected. In this line of thought, the dominating haemocyanin isofomelasis the site of
synthesis of haemocyanin could represent a rather ancientistatg embryogenesis. This
insinuates that the ontogeny of cuttlefish haemocyanin, i.e. the dhdbmposition and
expression site [49,63], may recapitulate its phylogeny, whschni accordance with
Haeckel’s biogenetic law [76].

Physiological aspects

Although the timing for the completion of the final site of haemaoyasynthesis, the
branchial glands, would be well in line with the start of expressiddoH1 and SoH2, the
change in expression site does not explain the need for a spexdiayonic version of the
respiratory protein. SoH3 could additionally exhibit physiological praggerivhich might
suit the embryonic situation better. Crustacean and mammalidmy@mc respiratory
proteins for example show different oxygen affinities comparetidw adult equivalents to



cope with the challenges during embryogenesis [41,43] and shifts of haammoéynction

and expression have also been discussed for gastropods [67,77]. Gudtiddis/ogenesis is
characterised by hypoxic and hypercapnic conditions in the diinvét fluid (PVF) towards

the end of development [44] resulting from the egg capsule actingdéfusion barrier
[45,46]. According to Gutowska and Melzner [44], €O, of the PVF in eggs obepia
officinalis increases during embryogenesis from 0.13 kPa to 0.41 kPa (0.04 kPa in ambient
seawater), corresponding to a decrease in pH from 7.72 to 7.23.

The Q affinity of cephalopod haemocyanin is strongly pH-dependent [29] aud c
therefore be influenced by increasing carbon dioxide pres8@€,J towards the end of
embryogenesis, which is estimated to rise to 0.6—0.8 kPa at the entbpfogenesis [44].
Furthermore, respiratory proteins of organisms living under hypoxa, the oxygen
minimum zones (OMZ), express higher oxygen affinities in ordeofe with the reduced
oxygen availability [78,79]. The three haemocyanin isofornS. affficinalisexhibit different

theoretical isoelectric points (SoH1: 5.79, SoH2: 5.85, SoH3: 5.94) and wifear®unts of
histidine residues (SoH1: 168, SoH2: 179, SoH3: 173) pointing at differemt lvafbacities
and Q affinities. These could come in handy during embryogenesis ascabtooiditions

change, however clearly require further analysis before coonkigin the function of Hc3
can be reached.

Phylogenetic aspects

The embryonic haemocyanin of cuttlefish already representthittieisoform found inS.
officinalis. It has the same genetic structure (presence of signal peptideer of FUs,
exon/intron structure) as found in the other isoforms. As mentioned abaeeld also be
the isoform most similar to the common ancestor of cuttlefismbeaganin referring to the
number of substitutions per site (Figure 4). The ambiguities thatowld not clarify with the
help of the genomic data may indicate SNPs between all€les.unresolved positions
observed in the cDNA sequence only could therefore be a result otipsaoigples or even
propose the existence of more than three isoforms, as fragmefgsndiffrom all
haemocyanin sequences found so far in the cuttlefish were also found at the gevamic le

Referring to the number of oxygen binding sites and the molec@htvof haemocyanin
proteins, it has been suggested thetutilus and Octopus exhibit 7 FUs whereas the
haemocyanin oSepiaandLoligo consists of 8 FUs [1]. As molluscan haemocyanin evolved
from subsequent gene duplications, an additional duplication could have occiihiadive
Dibranchiata. This is supported by molecular dataSpirula spirulaand Sepia officinalis
SoH1, SoH2 and now also SoH3, which indicate a duplication of FUd/d’ [11,13]e@:G
unpublished, see also Figure 5) that is present in ndithatilus nor Octopus[6,9]. It is
rather unlikely that the duplication occurred independently in all foaemocyanins.
Furthermore, the tree topology shown in Figure 5 supports the pssaonthat the FU
duplication was prior to the isoform duplication in cuttlefish, as oothas of both FUs (e.g.
SoH1 FUd’, SoH2 FUd’, SoH3_FUd’) and not paralogues (e.g. SoH1 FUd, SoH1 FUd)
are assigned to each other. Referring to FUd, SoH1 is naselglrelated to SoH2, whereas
FUd’ indicates that SoH1 is more closely related to SoH3. Théfetices in topology
between the two groups of orthologues resulting from different suiosti rates also point to

a duplication into FUd/d’ much earlier than the duplication of the iswdorThis would
support the assumption of FUd’ being characteristic for DibrarechiE®]. However, no
sequence information for other groups within the Dibranchiata, e.g. squids, is a\sol#dle



In contrast to the duplication into FUd/d’" the duplication of the corapletemocyanin
molecule occurred independently in several mollusemlidtis tuberculata [16,17],
Megathura crenulatd19], Nucula nucleu$8], Enteroctopus dofleinj13], Sepia officinalis
(DeGeest, unpublished)). Compared to the rather recent haemocyaninatoupli;
Enteroctopusabout 13 Mya, the first duplication of the cuttlefish haemocyanin asgturr
about 163 Mya resulting in the ancestor of SoH3 (Figure 2). The gelgalication about
100 Mya led to the progenitor of SoH1 and SoH2. These calculated divergemes
correspond well to fossil data and previous results [6,12,13].

Conclusion

The haemocyanin isoform 3 in cuttlefish represents an embryoniowverfsthe respiratory
pigment as it is expressed on a high level during embryogenesis, dawnregulated after
hatching. Concerning its physiological properties only speonistbased on the pl deduced
from the primary structure can be done so far. The structural eggiem of SoH3 with
respect to the exon-intron structure and the duplication of FUd/FUldct® the situation
found in the other cuttlefish haemocyanin isoforms. Compared to those ohspbably
represents a rather ancient state with respect to its resg@d expression site, thereby
leading to the assumption that phylogeny might be recapitulated during ontogen
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Haemocyanin expression during ontogeny
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G EPADCKAA DG-SQIVCC IHGM PTF PMWHR LYMVQF B TLGI PYW DI TK PMSH LPELVQH PLF I DPNGOKAKKNVFYSGEIKF -~ ENRV TARAV
(GEPADCKAA DG-SQIVCC LHGM PTF BMWHR LYMVQF EQAVAGHGS TLGT PYW D TK PMSH LPELVQH PLF T DENGQKAKKNVFYSGEIKF -~ ENRV TARAV
(GEPADCKAA DG-S TIVCC LHGM PSF PMWHR LY IVQF EQAMASHGSK LG I PYW DWW TK PMTH LPELVOH PLF T DPSGKKAKKNVFY SGEIKF -~ EHKV TARAV
(G LPAKC PR PDA INRVACCVHGMA TF PHWHR LVVVQF EDA LINRGS PIGV PYW Dil TK PMKA LPDLLA DETYV DPY TK ETK N PFFSA PT EFMHAGVS TKRVT
(G LPAKC PR PDA LNRVACC THGMA TF PHWHR LVVMQF EDA LVARGS PIGV PYW Dl TK PF TA LEN LLAEETYVN PY TQESK PN PFYRAS I DF LKA DVH TSRQT
(G LPAKC PR PDA INRVACCAHGMA TF PHWHR LVVVQF EDA LTARGS PIGV PYWDW TK PLDST PHLLA DENYV DPY TKETK PN PFYRAAT EF LKA DVF TSRKT
(GS TKWC PS PDAAQKYACCHHGMA TF PHWHR LLTINF ENG LRRNGYSGGT PYW Dl TR P1 EA LPA LV LEEQY TDSNG- ESH BN PFFSGAT DE-~AGAV TSRA P
(GS TKWC PS PDAAQKYACCHHGMA TF PHWHR LLTLNF ENG LRRNGY SGGI PYW DW TR PI EA LPA LV LEEQY TDSNG- ESH PN PFFSGAT DE—
(GS TOWC PS PDAAVKYACCOHGMA TF PHWHR LLTVNF ENG LRRNGYHGGV PYW DA TR PTHA LPTLVV EEQY TDSKG- EAH PN PFFSGEI DE—
G LEAQC PS EDG TTVH TCC LHGM PTF PHWHR LYVA LVEDELL PYWDWI DPF DRLPDFFN DATYYNSRTLHI ESN PFFRGSMSF-
GV PAQC PN EDG TMVH TCC LHGM P1F PHWHR LYVA LV EDELLARGIRSGR PYW DWVEPF DELPR LINEATFYNSR TLKI EPN PFFHGKISF~
(G LEAQC PN EDG TKVY TCC IHGM PTF PHWHR LYVA LVEDELLARGSGVAV PYW DWI EPF DTLPK LIS EPSYYNSRS LHT ERN PFFKG TISF—
(G LPAQC PDESG DKVF TCC LHGM PVF PHWHR LY LA LV EN ELMSRGSCIAV PYW DWI EPF DV LBV LIN DLTY YN PQ TNKVH PN PF LKGNISF -
(G LPAQC PNA DG TMVH TCC IHGM PTF PHWHR LY LS LV EN ELLARGS DVAV PYW DWW EPF DH LPR LIN DKSYRH PK THEEI SN PFHHG TISF—
(G LEAQC PTEDGSMVY TCC LHGM PTF PHWHR LYVA LV EN ELLARGSCNAV PYW DW I EPF DK LEQ LVS DK TFYN BN TKK I EEN PF LKGS ISF -~ EN TETHRN P
A LPPLC PNPTAKHRYACC LHGMA TF PQWHR LHVVQF EQA LHRHGA TVGY PYW DW TY PMK EV PH LLTS EKY TDPF TGV ETFN PFNHGH LSFIS PETMTTR DV
A LPPLC PNBTAKHRYACC LHGMA TF PQWHR LY VVQF EQS INRHGA TVGV PYW D TY PMK EV PH LLTS EKY TDPF TGV ETFN PFNHGH LSF IS PETMTGR DV
A LPPLC PNPTAKYRFACCVHGMA TF PQWHR LYVVQF EQA LHRHGAIVGY PYW DW TY BMKQT PS LFSS ENYI DPF TGV ETYN PFNHGHISFIS PETMTAR DV
(G-S LLC PTPEA- PEYACC IHGMA TF PHWHRVY LLHF EDAMRRHGANVAV PYW DW TLPISG LPS LLA DA DY Y DVWS DSV EN PF LRGFIKQ-~ EDTF TVR DI
(G-S LLC PTPDA- PQYACC LHGM PTF PHUl EDTY TVR DI
(G-SKMC PTPFA- PEYACC LHGM PTF PHWHRVY LLHF EEAMRRHGANVAV PYW DW TLPIS ELPS LLSKA DY Y DACA DTVN EN PF LRGY IKY -~ EDTY TVR DI
GMPLSCKY DNGSA - YA GMV TF BH AGTITTRS P
(GM PLSCHY PNGITA - FACCOHGMV TF PHI ADTKTTRN P

R LYMKQMEDAMKAKGAKIGI PYW DW TTTFSH LPF LV TEP-

REVHEEKIHKVGN LIRKNV DS LTDAEI DN LR DA LAAVQR DK TENGYQKIAAY|
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DARLY EASK EGHKNF LLEGV LNA LEH EDYCHF EVQ LEVAHN PTHY LVGGRF THSMSS LEY TSY DPLFF LHESNV ERQFA LWQA LQKHRG LS T-R PNCG LN LFHS PMEPFGR DS - ~N PFAT TK DNAK PSSVF DY E-HLGY EY DDLTINGMS IGELDTL

DARLY EASK EGHKNF LLEGV LNA LEH EDYCHF EVQ LEVAHN PLHY LVGGRF THSM;

DARLY DASKKGH ENF LLEGV LNA LEH EDFCRF EVQF EVAHN PTHY LVGGRI THSMSS LEY TSY DPI FF LHHSNV ERQFA LWOA LOKHRG LS T-KANCG LN LFH EPMEPFGRET—

LEY TSY DPLFF LHHSNV ERQFA LWQA LOKHRG LS T-R PNCG LN LFHI PMEPFGR DS-~N PFAI TK DNAK PSSVF DY E-H LGY EY DDLTINGMTVEELETL
NPIALTKDNAK PSSVFEY D-QLGYEY DDLTINGMS LEEINNL

DARLFKEPTVG DHSY LH DG LMLAF EQH DFC DF EVQF EV THNATHRW TGGS EPYSMSS LHY TSFH BMFW LHHS EV DR LWS IWQS LOTHRG LPY ~-KAHCASS EVYQ PMK PFAF DA PLNN DELTHSHSV PTDI Y DYQS ELEYAF DTLFFGGMS IRELQ EH
DDR LFKQ PSKG DHGF LF DG LLLAF EQ DDFC DF EVQF EV THNATHAW TGGS EPYSMSS LHY TSF DPMFR LHHSQV DR LIWATWQA LQIQRGK PY~K TYCANS EVYR PMK PFAF EA PLNNN EH TREHSV PTDVY DYQA DLHY TY DTLFFGGMS IRELQRH
DER LFKKERIVG DHGY LF DGM LLAF EQH DFC DF EVQF EV THNATHAWVGGN EPY SMS TLHY TSF DPMFW LHESQV DR LWATWQA LQTORG LPY ~KAHCASS EVHQ PLK PFAFQ PPINN DELTHSHS T PTDIY DYR TELKY TY DTLFFGGMS IRELQHH
SEHLY EK PDFGKY TELANEVI YA LEK EDFC DF DVQF ETAHNH IHA LVGG TEAFSMSS LEY SAF DPTFM LHHSNV DRIWA TWQA LOKFRGK PYN TANCAT ELLRK PMS PF'S LAS DINA DAMTR EHSV PF DVF DYKKAFHY EF DTLEINGMS I PQLSRE
SEHLYEK PDFGKY TELANEVIYA LEKEDFC DF DVQF ETAHNHIHA LVGG TEAFSMSS LEY SAF DPTFMIHHSNV DRIWA TWQA LOKFRGK PYN TANCAI ELLRK PMS PF'S LAS DINA DAMTR EHSV PF DVF DYKKAFHY EF DTLEINGMSI POLSRE

SATLFEQPEFGHY TH LA DEIFYA LEQENFC DF EVQF ETABNHIHA LVGG TELY SM:

LEYSAF DPTFMIHHSNV DRIWA TWQA LOKFRGKS YNSANCAT EMIRQ PMS PF'S LSS DIN PDAQ TS EHSV PF DVF DYKKSFHY EY DTLEINGLSI PQLSRE

~RY LY DHA LFA LEQ TDFCEF EVHF EV LHN TTHSWIG

~HEFY DKA LLV LEQ TDFCEF EVQ LEV LHNR THSM LGGRET Y SMSS LDYAAY DPVFF LHHSNV DR LWATWQELQRYRK LSYN FANCA LPLIN EPMR PFSNKTA-NH DR LTF TNSR PN DVE DYQNV LHYKY DTIKFEGLST PELEAL
~SYLY DHTLFVFEQ TDFCEF EVHF EV LHN TTHSW LGGR DAHSMSS LDYAAY DPVFF LHHSNV DR LWATWQELQRYRK LSYN FANCA LPLLN EPMR PFSNKA-NQ Dil LTF TNSR PN DVF DYQNV LHYKY DTLSFAGLST PQLERT
~NY LH DHA LFAF EQ TDFC EF EVHF EV LHN TTHSW LGGR DPHSMSS LDYAAY DPVFF LHESNV DR LWATWQ ELQRYRK LS FN EANCA LPIMNQ PMR PFSNSTA-NH DR LTF THSR PS DVE DYQNI LHYKY DTLSF DGLSI PEVES L

DFAAY DPVFF LHESNV DR LWATWQELORYRK LDYN TA TCAKNY LNK PMR PFSNSTA-NH DR LTYVNSK PN DVF DYQNV LHYKY DSISFSGINI PQLENV

G L
~RY LY EHA LYAF EH TDFC DF EVHF EV LHN TTHSWI GG PN PHSMSS LDYAAY DPVFF LHHSNV DR LWATWO ELQRYRK LDYNVANCA LH LLS DPMR PFNNKSA-NH DH LTF THSR PN DVE DYONS INYKF DTLSFSGLST PQLDDL

~RY LY DHA LYA LEQ TDFC EF EVHF EV LHN TTHSW LGG PSVHSM

LDYAAY DPVFFIHHSNV DR LWAIWQELQRYRN LDYN TAACAKNY LNK PMR PFSNETA-NR DR LTMMNSK PN DVF DYQNV LHYKY DTLSFSG INT PQ LENV

SEHLFEQPALGKQTWLFNNI LLA LEQ TDYC DF EVQF EIVENATHSW LGGKETYS INHLH! DPAFY LHHSNV DR LWV IWQ ELQKFRGFSAHESNCAT ELMSQ PLK PESFG PPYN IN PMTTKY SK PS DVENYK EHFHY EY DM LEMNGMS TAQ LESY

S EH LFEQ PA LGKQ TW LFNN T LLA LEQ TDYC DF EVQF ETVENATH TW LGGK EIYS INH LHYAAY DPAFY LHHSNV DR LWV IWQ ELQKFRGFSAY ESNCAT ELMSQ PLK PFSFGA PYN LN BM TTKY SK PS DVFSYKEHFHY EY DM LEMNGMS TAQ LESY
NSHLFEQ PALGKQ TW LF DNI I LA LEQ TDYC DF EIQF EIVANATHSW LGGKELYS INH LHYAAY DPAFY LHHANV DR LWV IWQELQKFRG LPAY ESNCA LEIMN EPLK PFSFG PPYN IN PT THKY SK PS EVENYK DHFHY EY DM LEMNGMS ISQ LESY
QPELYKFAEGGKVSV LYKQVMIMF EQEDYC DF EIQ LEVIENSIHY LLGGYQKYAMSS LVFSSY DPAFY THESMI DR LWATWQELQHFRK LPDKKAFCA LDOMSFQOMK PFHI DS --N PNAH TRSSS TPAK LF DYK-GLGY 1Y DDLTFHGMS IAQ LEAR

QQELFH LS EGGK ES TLFKKAM LMF EQ EDYC DF EVQF EVIHNS IHY LIGGHQKYAMSS LVYSSF DPVF YVHHSMV DR LWAIWQ DLOQYRK LPHNKAYCA LDEMSF PMK PFIWES —
QPELFNETEGGKVS LLYKQVM IMF EQ EDYC DF EVQ LEVIHNS THY LLGGHQKYAMSS LVFSSF DPIFY THHSMV DR LWATWQ ELQOFRK LPYNKAYCA LHOMAF PMK PFAWES —

N PN PATRAVS TENK LF DFK-S LGYNY DN LDFHGMDTAH LEAA
N PN PHSRSVA TPDQ LF DYK~-K LGYVY DDLSFHGMDIAQ LDAA

RPQLF DDPEHG DESFFYRQTA LA LEQR DFC DF EIQF EMGHNATHSWVGG PS PYGMS TLHY TSY DPLFY LHESN TDRIWATWQA LOKYRG LPYNSANC EINK LKK PMM PF'S-~S DDNHN EV TKAHS TGIKSF DY ~HEINY EY DN INFHGM TI PO LEVH
RPQLF DDPEQG DQSFFYRQIAFA LEQR DFC DF EIQF EMGHNATHSWVGGSS PYGMS TLHY TSY DPLFY LHESN TDRIWAIWQA LOKYRG LPYNSANC EINK LKK PMM PF'S——S DDN PN EV TKAHS TG TKSF DY ~HEINY EY DN INFHGM TI PQ LEVH
NAT

RPQLFEDPEQG DOSFFYRQIAFA LEQ TDFC DF EIQF ET
& & A

IVGGSS PYGMS TLHY TSY DPLFY LHHSN TDRIWAVWOA LOKYRG LPYNSANC EINK LKKK 1M PFS-~S EENHNV ETKAHS TGFKSF DY~ HQ LHY DY DN INFHGMTT PQ LDNH
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IKVRKSQARAYASFRLGGIK TSANVRINICI PSK DGRHS DNC DNYAGEFFI LGGIHEMPWDFSY PY LHEI TDTVNS LG L-
IKGRKSKARAYANFRIGGIK TSANVRIK ICT PSK DKRQS DNC DNYAGEFFT LGGTHEMPWDFAY PY LHEI TDTVNS LG I-
LKQRKSKARAFANFRLGGIK TSANVRISICT PNK DGRHS DNC DNYAGEFFT LGGKHEMPWHFAY PY LY EI TDKVHA LG L~
-AGENEFMAGSIAV LGGSKEMSWRF DRVYKY EI TRA LAA LGV
-AGGNEFSVGSIAI LGGSKEMTWRF DRVYKHEI THA LES LGV
~--AGDNEFMAGSIAV LGGSK EMSWRF DRVYKH DI TSA LAA LGV

IQENELK DRVFAGF LFMGIK TSANI DFYVV~
VEEAKSK DRVFAGF LIMGIH TSANVDLYVV—
1EENFAKDRVFAGF LIMGIH TSANV DIYVV-
INRRKSKNRVFI TFMLEG LKKS LLVEYY IK—
INRRKSKNRVFISFMLEG LKKS LLVEYY K~
INRRKAKBRVEV TFMLEG LKKS LLVQYY IK~~
INKRKSHDRVFAGF LLEGIK TSADISIYICV PT—
LGKQORH DRVFAGF LLHGIKASADVRIYICV PT-
LQIRKAHDRIFVGF LLHGIKASADVRIYICV PT~
LTNNKAHDRVEVGFS LHGIKASADVRIYICV PV~
LESRKSHDRVFGGFWLHGIKASADVKI DICV PI—
LANNKAH DRVEVGFS LEGIKASADVRIYICV PT—
TRQEKQK DRVFAGF LLEGFGSSAYATFQIC-

GVNEENCGNYVG TFSA LGGES EMPWNF DRLFRY EI TDEIMLLG L-
GVGEENCGNYAGIFSV LGGV TEMPWRF DR LFRY EI TNELKK LS L-—
GVGQDNCGY-AGIFSI LGG TS EMPWMF DRLFRY EI TDELK LIG L
GQEEKNC DHYAGIFSV LGGETEM PWQF DRLFRY ET SHA LNA LEL
GVEHEDC DNYAG TFAV LGG ETEM PWNF DR LFHY EI TDYMNK LH L-

DDAGHCHE-GSHFSVLGGSAEMQWAF DRLYRT EI TKI THDMHL-

- PLSGNYYVQATV TATNGTLLPDGI I PN PIVSYV PSVGIKD

~KLDSNYYVIAEV TATNGTIMPS EVI PHPTV TYV PPRGFKD

-5 LDADYYVQARV TATNGT 1M PDDI I i PTVSY T PAKDYHD

- DKYAEY TIRV DIK DVNGTA LSANI LPS PTVIF TPGK disulfide bridge
- DKFAEY TLRV DIK DVNGTA LPPTAT PAPTVIFV PGH

- DKFGDY TIRV DIK DVNGTA LPS TI T PAPTVIY TPKI
~HY TDKYHVEYKIS DMTGAEV TDIK LE-SSVVFEPGL thioether bridge
~HY TDKYHVEYKIS IMTGAEV TGIK LE-SSVIFELGL u

[0 copper ligand histidine

B aminoacid ambiguity

- THKS DF TIKV EV TAANGTR INEKIF PEPTI TFAPRE
- TQESKFHLTTKI IAANGTKVSN DI F PS PSVVWIHGK

~SHKSKFEIKTEI IAVNGTI I DHKIE PEPATIEV PKE potential N-glycosylation site
-QF DSHF TIKVN LLAHNGT EL- TGV LTEPTVVRI PPE . .
~NF DSHF TIK TKVVAQNGTELPEST LPEATI IR PPS blocked N-glycosylation site

~QF DSHF TVK TK LVAQNGPEL-MG LLHEPTI TRV PAE

TQRQKEDDRVFAGF LLHGIK TSADMH LKVC— -NEADCKE-AGTIFI LGGETEMAWHF DRNYRF EI TSV LEEMKI PF DK LF EH ESKTHWEV ET TKV DG TPV DAGVI PKPS LIY LEGK “ B-strand in E.d.HcG_FUg
IKKQKQK DRVFAGE LLHGIK TSA DVH LKVC— ~NAA DCHE-AGVVEFV LGG ETEM PWHE DRNYKM DI TDV LH EMH I BMEA LF EH DSKIHLEV EIQSV DGAI LDSHS LPTPS LT YA PAK
IQKQKEN DRVFAGE LLHGIH TSADVH LKVC~ --KETECKN-AGV LFV LGGETEM PWHF DRNYKMEI TDV LK EMK I PLOELFQHNSIFT H LEV EIMKV DG TS LDASAT BK PS LIV PGK " a-helix in E.d.HcG_FUg

INKIQEK DRVFAGF LLRAIGQSA DVNF DIC—
INKIQEK DRVFAGF LLRAIGQSADVNF DIC—
LKKYQEK DRVFAGF LLR TIGQSA DVNF DVC—

E.d.HoG; 2 - — —
%{gre al5 B7 B8 B9

RK DG EC-HFGG TFCV LGGQH EMAWAF DR LF LY DI TKA LNK LH L-

RK DGEC-KFGG TFCV LGGOH EMAWAF DR LF LY DISRTLIQ IR L-

~RKDGKC- TFGG TFAT LGGQH EMFWAF DR LF LY DI SKS INELK L~
&

- DAY DDF LINVSIVNI FGVK LPSS LLPR PTIMFK PGKG TOHHH —
— DAH DDF DVKV TIMGI DGKS LPTTLLPPPTI LFK PG TG TOLTR
- DAHDAF DLK LTI TATNG DI LEN DLLPPPTI TIK PG TGNNHH

[

B10 al6 B11 B12 a'17 B13
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