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Abstract Molluscan hemocyanins are glycoproteins with
different quaternary and carbohydrate structures. It was
suggested that the carbohydrate chains of some Hcs are
involved in their antiviral and antitumor effect, as well in
the organization of the quaternary structure of the mole-
cules. Using a well-known complex for saccharide sensing,
positions and access to the carbohydrate chains in the native
hemocyanins from Rapana venosa (RvH) and Helix luco-
rum (HIH) and also their structural subunits (RvH1, RvH2
and 3.HIH) and functional units (FUs) were analysed by
fluorescence spectroscopy and circular dichroism. Almost
no effect was observed in the fluorescence emission after
titration of the complex with native RvH and HIH due to
lack of free hydroxyl groups which are buried in the dideca-
meric form of the molecules. Titration with the structural
subunits 3.HIH and RvH2, increasing of the emission indi-
cates the presence of free hydroxyl groups compared to the
native molecules. Complex titration with the structural sub-
unit Bc-HIH of H. lucorum Hcs leads to a 2.5 fold increase
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in fluorescence intensity. However, the highest emission
was measured after titration of the complex with FU
3cHIH-g. The result was explained by the structural model
of 3.HIH-g showing the putative position of the glycans on
the surface of the molecule. The results of the fluorescent
measurements are in good correlation with those of the
circular dichroism data, applied to analyse the effect of
titration on the secondary structure of the native molecules
and functional units. The results also support our previously
made suggestion that the N-linked oligosaccharide trees are
involved in the quaternary organization of molluscan Hcs.

Keywords Hemocyanins - Glycans - Fluorescence
spectroscopy and circular dichroism

Introduction

Hemocyanins (Hcs) are oxygen-transporting proteins,
freely dissolved in the hemolymph of several arthropods
and molluscs [1, 2]. Molluscan hemocyanins are glyco-
proteins with high molecular masses and complicated
quaternary and oligosaccharide structures. They have
been intensively studied for their function, evolution
[1-3] and for their immunological and clinical applica-
tions [2—4]. Molluscan hemocyanins have different qua-
ternary structure and occur either as decamers (five
subunit dimers assembled as a hollow cylinder), dide-
camers (face-to-face assembly of two decamers), or mul-
tidecamers (elongated cylinders formed from a didecamer
with added decamers) [1, 5]. The oligomers consist of
several 11S basic structural units with molecular masses
ranging between 220 and 400 kDa. Each structural sub-
unit is organized by seven or eight globular functional
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units (FUs) of approximately 50 kDa and each contains
one dioxygen-binding Cu(l) pair [6-8].

Beside the differences in the quaternary structure of the
arthropodan and molluscan Hcs, they also differ in their
carbohydrate content and monosaccharide composition.
The carbohydrate content of the arthropodan Hcs is relative-
ly low (0.1-2 %, w/w) [9], while in the molluscan Hcs it is
usually higher (2-9 %, w/w) containing also unusual mono-
saccharides [10—13]. The oligosaccharide structures of mol-
luscan hemocyanins of Helix pomatia (HpH) [14], Lymnaea
stagnalis [15], Rapana venosa (RvH) [11-13], and keyhole
limpet Megathura crenulata (KLH) [16] were studied and it
was found that they are heterogeneously glycosylated pro-
teins, carrying mainly high mannose-type glycans with 5—7
mannosyl residues, hybrid-type species with five mannoses
and one N-acetylgalactosamine-containing chain, as well as
truncated sugar chains derived thereof. The carbohydrate
moiety of molluscan Hcs has recently received particular
interest because of its immunostimulatory properties [17-20]
and is used in clinical studies due to these properties. It was
found that the Hes of KLH1 [20, 21], Helix vulgaris (HvH)
[22], Concholepas concholepas (CcH) [23] and R. venosa
[24-26] have significant antitumor activities, and can be used
as immunotherapeutic agents in the treatment of certain types
of cancer (mainly bladder carcinoma), as well as carriers for
vaccines [27-29]. It was also suggested that the carbohydrate
chains of some FUs of R. venosa Hcs are involved in their
antiviral effect against the herpes simplex virus (HSV) type 1
and respiratory syncytial virus (RSV) [30]. Moreover, in our
previous work we suggested another function of the carbohy-
drate chains in the molluscan Hecs. We assumed that they are
involved in the organization of the quaternary structure of the
molecules of Hes and the individual polypeptides of the
different FUs are also linked to each other in a network
generated by oligosaccharides [31].

The aim of the present study is to confirm this suggestion by
identification of the positions and the accessibility of the car-
bohydrate chains in the native, structural subunits and function-
al units of hemocyanins from R. venosa and H. lucorum, using
the well-known complex for saccharide sensing in combination
with the very sensitive fluorescence spectroscopy method.

Both hemocyanins, RvH and HIH, were chosen for anal-
ysis because they differ in their structure. Native RvH is
organized by two structural subunits RvH1 and RvH2 with
molecular masses of 420 and 400 kDa, respectively [32, 33].
In contrast, the hemocyanin of the garden snail H. lucorum
is organized by three different isopolypeptides which were
isolated from the hemolymph and named as (3-HIH, ap-
HIH, and o-HIH structural subunits. Each structural sub-
unit contains 8 functional units (FU) with masses of about
50-60 kDa [31]. Both hemocyanins, RvH and HIH, differ
not only in their quaternary structure, but also in their
oligosaccharide structures.

@ Springer

Materials and Methods
Isolation of the Native Hemocyanins and their Isoforms

Rapana venosa hemocyanin was isolated from Black Sea
marine snails as already described [32]. The dissociation of
native Hc was achieved by dialyzing the native protein
against a 0.13 M glycine/NaOH bufer, pH9.6, and the
structural subunits RvH1 and RvH2 were purified by means
of ion-exchanging chromatography on a Resource Q
(Pharmacia) column of 6 ml using an FPLC separation
system. Elution was performed as described by Dolashka-
Angelova et al [32].. The native molecule of H. lucorum
hemolymph was collected from the foot of the garden snails
(25 g), centrifuged at 1000 g and 4 °C for 20 min for
removal of rough particles. Hemocyanin was isolated as
already described by Velkova et al. [33].

Fluorescence Measurements

Fluorescence measurements were carried out on a spectro-
fluorimeter Jasco FP-6600. For our purposes we used a two-
component sensing system comprising an anionic fluores-
cent dye and N,N’-bis-(benzyl-2-boronic acid)-[4,4'|bipyri-
dinium dibromide (0-BBV) serving as fluorescence
quencher and saccharide receptor [34-38]. After formation
of the complex titration with the tested samples was per-
formed. The measurements were carried out between 460
and 650 nm, with excitation wavelength at 460 nmina 1 cm
quartz cuvette upon addition of 10 pul samples with different
concentrations: RvH— 0+0.14 mg/ml; RvH2—- 0+0.5 mg/ml;
HIH- 0+0.12 mg/ml; Bc-HIH- 0+0.38 mg/ml and (3c-HIH-
g 0+0.52 mg/ml. All studies were carried out in 10 mM Tris
buffer, pH7.4, under ambient conditions (25 °C, in air).

CD Measurements

Circular dichroism (CD) spectra were recorded on a J-720
dichrograph (Jasco, Tokyo, Japan). Round quartz cells with
a path length of 10 mm were used in all experiments. CD
spectra were recorded in the range between 200 and 250 nm
with a band width of 1 nm, a scan speed of 50 nm/min, a
time constant of 8.0 s and accumulation —4. The hemocya-
nin solutions with A,go=0,215 were prepared in 10 mM Tris
buffer (pH7.4). The concentration of the titrating agent (o-
BBV) varies from 0 tol.2x 10 *M.

Identification of FUs

The obtained fraction after treatment of the structural sub-
unit Bc-HIH with tripsyn (1:400) was further purified by
HPLC using a Nucleosil 100 RP-18 column (250 mm
10 mm; 7 m; Macherey-Nagel, Germany). For elution, a
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linear gradient from 5 % solvent A (0.1 % TFA in water) to
100 % solvent B (0.085 % TFA in acetonitrile) within
70 min, at a flow rate of 1 ml/min, was used. The HPLC
fractions were detected at a wavelength of 278 nm and then
collected. Isolated HPLC fractions were dried and after
dissolving them in 40 % methanol/1 % formic acid, were
subjected to automated Edman N-terminal sequencing on a
Pulsed Liquid Protein Sequencer (Applied Biosystems
GmbH, Foster City, CA). Alignments of the obtained N-
terminal amino acid sequences of FUs of 3c-HIH were
created by LALINGS.

A 3D model of BcHIH-g was created by using the Swiss
PDB viewer and the model of functional unit “g” from
Octopus dofleini (OdH-g) hemocyanin.

Results and Discussion

Several aspects of the structural-functional peculiarities of
the Hes make them important materials to address relevant
problems of structural biology including molecular recogni-
tion among subunits, protein—water interactions or allosteric
regulation [39, 40]. In this study, two different hemocyanins
from R. venosa and H. lucorum, with different and well-
known structures were used for the investigation.

Fluorescence Analysis of Molluscan Hcs After Titration
with the Complex

Fluorescence spectroscopy and circular dichroism are very
sensitive and useful methods to analyse proteins [41-44].
Therefore, in the present work, we present the analyses of
native hemocyanins with different carbohydrate structure in-
cluding their isoforms, using fluorescence spectroscopy and
circular dichroism. To analyse the function and position of the
glycans in the native molecules and different isoforms of Hes
from Rapana and Helix, a solution of pyranine and o-BBV
(complex) was titrated with different concentrations of the
samples and analysed by fluorescence spectroscopy as a very

Fig. 1 a Fluorescence emission
spectra of the complex pyranine
(1.33x107°M) in presence of
0-BBV upon addition with
increasing concentrations of
RvH (0+0.25 mg/ml). b
Fluorescence emission spectra
of the complex pyranine
(1.33x10"°M) in presence of
0-BBV upon addition with
increasing concentrations of
RvH2 (0+0.55 mg/ml)
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sensitive method. This complex was previously described and
used only for analyses of simple carbohydrates. However, we
have investigated the sensitivity of the complex to analyze
more complicated carbohydrate structures like cyclodextrins,
molluscan and arthropodan hemocyanins and the previous
results confirmed that it is suitable for this purpose [45].

The proposed mechanism for the complex is that the
electrostatic association of pyranine and the quencher results
in “ground-state complex formation”, facilitating electron
transfer from the dye to the viologen, which leads to a
decrease in fluorescence intensity [38]. When different sac-
charides are added to the system, formation of two anionic
boronate esters effectively neutralize the dicationic violo-
gen, thus greatly diminishing its quenching efficiency, and
an increase in the fluorescence intensity of the dye is ob-
served. Fluorescence modulation is therefore directly corre-
lated with saccharide concentration.

After titration of solution of pyranine (1.33x10°°) in
50 mM phosphate buffer, pH7.5, with increasing amounts
of 0-BBY, a 4-fold decrease in the fluorescence emission of
pyranine was observed.(A;,=508 nm, A.,=460 nm) (not
shown).

The complex was titrated with native R. venosa hemocy-
anin and its isoforms because the carbohydrate structure and
the linkage sites of RvH were very well analysed using
different approaches [11-13]. A highly heterogeneous mix-
ture of glycans with compositions Hexy_o HexNAc,_4 Hexq
_3 Penty_3 Fucy 3 was analysed by MALDI-TOF-MS and
tandem mass spectrometry on a Q-Trap mass spectrometer
after enzymatic liberation of the N-glycans from the poly-
peptides. A novel type of N-glycan, with an internal fucose
residue connecting one GalNAc([31-2) and one hexuronic
acid, was detected only in both subunits of RvH [12, 13].
Results on the titration of the complex with native RvH and
one of its subunits (RvH2), respectively are shown in
Fig. la. Titration of the complex with increasing RvH con-
centrations leads to minimal increase (5 a.u) in fluorescence
intensity, since obviously few interaction is possible be-
tween carbohydrate moieties and the cationic viologen. On

increasing [ RvH2]
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the other hand, titration with subunit RvH2 leads to 3,5 fold
increase in fluorescence intensity confirming that more hy-
droxyl groups are accessible to the 0-BBV complex
(Fig. 1b). However, the observed increase in emission
(205 a.u) is smaller than that obtained in our previous study
for the functional unit RvH1-a (280 a.u) [46].

Complex titration was repeated with another molluscan
Hc from H. lucorum, organized by three structural subunits
and differing in oligisacchiride structure. Several core-
fucosylated carbohydrate chains, with high degree of meth-
ylation were identified in 3-HIH. Highly methylated com-
plex structures were also recognized in many glycan
structures of gastropod hemocyanins, which suggests that
the methylation of N-glycans is very important feature in
these organisms [45]. Structural subunit and functional units
were isolated as described by Velkova et al. 2010 [33]. To
identify the FU, its (VPGDSVRKNVNDL) N-terminal se-
quence was determined by Edman degradation. From the
alignment of the obtained N-terminal sequence with the full
sequence of 3.HIH (Table 1) follows that the isolated frac-
tion corresponds to FU (3 .HIH-g.

The complex (see above) was titrated with native HIH, its
structural subunit 3 ;HIH and one functional unit 3 ;HIH-g. A
small change in fluorescence intensity (14 a.u) during titration
of'the complex with different concentrations of the native HIH
is observed (Fig. 2a). This result observed for the titration of
the complex with native hemocyanin from HIH is in analogy
to those recorded for the native Hes from Rapana and Helix.
As mentioned above we assume that these results are due to
the lack of free hydroxyl groups, accessible for the boronic
acid-appended cationic viologen, which serves as a fluores-
cence quencher and a saccharide receptor. Hemocyanins are
glycoproteins with about 9 % of carbohydrate structure.

Table 1 Alignment of N-terminal sequences of isolated FUs of 3.-HIH

Therefore they contain large amount of free hydroxyl groups
and the lack of the groups is due to the organization of
molecule. The native molecule is constituted by two deca-
mers, each arranged by ten glycosylated structural subunits
which contain between 7 and 10 carbohydrate chains. The
observed very low titration effect of the native molecule of
HIH indicates that the glycans are buried or involved in the
organization of the macromolecular structure and free hydrox-
yl groups are not accessible. This suggestion is supported by
the results observed after titration of the complex with the
isoform (3¢-HIH of H. lucorum Hcs leading to 1.5 fold in-
crease in the fluorescence intensity, which is lower compared
to the effect found for RvH2 (Fig. 2b) and one FU of HIH.

The isoform (3.-HIH consists of eight functional units
with molecular masses about 50 kDa. During titration of
the complex (see above) with one of these functional units,
which we identified by N-terminal sequencing as 3 HIH-g,
the emission increased to 270 a.u. or about 4-fold (Fig. 2c¢).

Comparison on the results after titration of the complex
with the native molecule of RvH and HIH, as well their iso-
forms (Fig. 3) show very low effect of the native molecules of
both Hes and more exposed and accessible of the glycans in
structural subunit RvH2 than in 3 HIH. Highest emission was
measured after titration of the complex with functional unit
cHIH-g which contains only one carbohydrate chain in the
contrary to the native molecule and structural subunits. The
observed data confirm that using the complex a presence or
deficiency of free hydroxyl groups could be identified.

A structural model of functional unit 3 HIH-g, derived
from the model of functional unit “g” from Octopus dofleini
(OdH-g) hemocyanin [47] (Fig. 4) gives the results of the
titration experiments a more plausible background. As is
shown on Fig. 4, the glycans and the putative glycosylated

—————————————— VRKNVDKLTKDELYDLOQRALRDVVADHSEKGYDEIASFHGYPAKCKH--GDHDVACCVHGD
—-—-—--HEHEFHEGVSVRKNVDRLTVEEVAEIREALEKFQONDRSVDGYQATIAEFHGDPGKCPSPTARDRLACCVHGM
—————————— TESRLRKEVDHLTAEETLELRHALTALEDDKTLGGYQTLGRYHGSTLWCPSPDAQKKVACCLHGM
YGOEYRPLVTAGSHVRHNLEHLSAGEVESLRSAFLAIQEDHS---YENIAAYHGKPGLCEFEG--RKVACCVHGS
—————— HGDRAPLLVRKNVRSLSPLENYHLVKALSSLNADGSADGFQSIATFHAIPPLCPSPTASVRHACCIHGG
———————— KVPLNKIRRNIDSLEERDIQSLOTALHDLQEDDSNNGWANLASFHGAPARCPDPE-HPKVACCQHGM
————————— WPGDSVRKNVNDLTbSEVANLRAALRDVQADDGANGFASIAGFHGSPAHCEHDH——HPVACCLHGM
—————————— SSNLVRKSVNSLTLGEASNLKQALRELQADHGPGGFEATIAGFHGYPFLCPEKS-DTKYACCVHGM

B-H1H a

B-H1H b

B-H1H c

B-H1H d

B-H1H e

B-H1H f

B-H1H g

B-H1H h

B—HlHig GFPRWHRLYVKQWEDALIAHGSKNGIPYWDWTQSFTELPTLVTQVEDNPFHHGKIDKDH
B—HlHig RS PRPOLESDPASGDESFEFYRQVLLAFEQTDYCDFEVQFEFAHNATHSWTGGKSPY
B—HlH_g GMSTLEYTAYDPLFLVHHSNVDROFAIWQALOKFRGLPYNSANCAIQLLHQPMRPESDS
ﬁ—HlH_g DNTRAHSTASEAFNYEQLHYHY DNLNFHGDTISQLVNVIDERKSHDRIFAEFLLH
B—HlH_g SIGTSADVTFELCDEHNHCEFAGTFAILGGPLEMAWSTDRLEFRYDVTDVFEKLHLQADS
B—HlH_g EYHFVDH IVAELDSHL IKPPSVREVPGTKVPQAEQAATTYOQ.....
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Fig. 2 a Fluorescence emission spectra of the complex pyranine (1.33 %
107M) in presence of 0-BBV upon addition of native He from Helix
lucorum with increasing concentrations (0+0.33 mg/ml); b Fluorescence
emission spectra of the complex pyranine (1.33x 107°M) in presence of

sites N125 and N245 are exposed on the surface in both
domains of FU. From the model we may suggest that the
putative glycosylation sites are located on the surface of
the functional unit, and the carbohydrate chains are eas-
ily accessible for the complex resulting in 4-fold increase
of the fluorescence intensity (Fig. 2c). However eight
FUs fold into structural subunits and some of the hy-
droxyl group of the monosacchirides of the glycan are
buried or involved in the Van der Wals or hydrogenic
interactions causing the observed decrease in fluorescence
intensity.

Analysis of the secondary structure of Hcs after titration
with the complex by CD measurements

The phenomenon of circular dichroism is very sensitive to
the secondary structure of proteins. Therefore it was applied
to analyse the effect of titration on the secondary structure of

—m— HIH
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Fig. 3 Relationship between concentration and fluorescence intensity
of the tested samples (HIH, 3cHIH, fcHIH-g, RvH and RvH2). Con-
centrations (0+0.33 mg/ml; 0+0.55 mg/ml;0+0.55 mg/ml; 0=+
0.25 mg/ml; 0+0.55 mg/ml)

Wavelenght [nm]

Wavelenght [nm]

0-BBV upon addition of fc-HIH with increasing concentrations (0+
0.55 mg/ml); ¢ Fluorescence emission spectra of the complex pyranine
(1.33x107°M) in presence of 0-BBV upon addition of Bc-HIH-g with
increasing concentrations (0+0.55 mg/ml)

the native molecules and functional unit. Circular dichroism
spectra of 3 .HIH, observed after addition of 0-BBV with
increasing concentration (0; 2.5x107°M; 5x10 °M; 7.5%
107°M; 1x10*M; 1.25x10 *M) are shown on Fig. 5a.
Very slow unfolding of the investigated 3.HIH was ob-
served after titration with concentration of 0-BBV from
2,5%x107° to 7.5x10°M. Increasing concentrations of
the complex caused a gradual shift from (-sheet to o-
helix structure. At the highest concentration of 0-BBV
(1.25x10°*M) only o-helix structure was measured
(Fig. 5a, line 6).

According to obtained CD spectra (Fig. 5a), the used
hemocyanin, «-helix fraction rapidly decreases for more
[3-sheets fraction and finally to a random coil structure.
Hence, for 0 M of the complex, the protein obvious o-
helix characteristics are indicated by a large negative n-
<PI> * transition around 222 nm and its <PI> - <PI> *
transition which is split into two transitions, a negative band
around 208 nm and a positive band around 192 nm (not
shown). This phenomenon is characteristic of predominance

Asn125

Fig. 4 3D model of fcHIH-g created by using the Swiss PDB viewer
and the model of functional unit “g” from Octopus dofleini (OdH-g)
hemocyanin. Glycans and the putative glycosilated sites N125 and
N245 are represent as balls
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Fig. 5 a Circular dichroism spectra of 3c-HIH upon addition of o-
BBV with increasing concentration (0; 2.5x 10°M; 5%x107°M; 7.5%
107°M; 1x107*M; 1.25%x 10 *M). b Circular dichroism spectra of Bc-

of f3-sheets fraction in the protein secondary structure,
corresponding to <PI> - <PI> * transition splits into a
negative band around 218 nm and a positive one around
195 nm (not shown). The observed spectrum with a positive
band around 210 nm obtained for complex relative high
concentration is characteristic of a random coil. It differs
from (3-turn structures; distinguish by a positive CD curve
with two picks around 200 and 220 nm.

Thus, according to the observed curves, the protein struc-
tures shift from: predominance of «-helix aspect to 3-sheet
one and finally adopted a random coil structure when the
complex rate is relatively important in the medium.

The shift is greater and quicker when the titration of
functional unit 3 HIH-g is performed even with concentra-
tion 7.5%10°M of the complex (Fig. 5b) because FU con-
tains only one glycan exposed on the surface of the
molecule and the interaction with the complex is easier.
The observed shifting in the CD spectra from [3-sheet to
«-helix structure is another indicator that the carbohydrate
chains are located in the so-called 3-domain of the func-
tional unit and also explains the conformational changes
which occur during the titration process. Native molluscan
Hcs result from the oligomerisation of the 11S basic units,
forming hollow cylinders where some of the glycans of FUs
are buried. Therefore, the native molecule of Hcs is much
more stable than the FUs and there is a major hindrance to
access the hydrohyl groups of the glycans.

Analysis of the data obtained after the CD measurements
are in good correlation with the obtained results by fluores-
cent measurements.

Conclusion
The carbohydrate structure is very important for the struc-

ture and function of hemocyanins and further investiga-
tions are needed in this content on the structural and
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cdi[mdeg]

Anm

HIH-g upon addition of 0-BBV with increasing concentration (0; 2.5 x
107°M; 5x107°M; 7.5x10°M; 1x10*M; 1.25x10 *M)

functional role of protein glycosylation. In our previous
study we proposed the model that the individual polypep-
tides of RvH’s FUs are linked to each other in a network
generated by oligosaccharides [31]. To support this as-
sumption, a complex of pyranine and 0-BBV (complex)
was titrated with Hes differing in structures and carbohy-
drate side chains and analysed by fluorescence spectros-
copy and circular dichroism. Titration of the complex with
different concentrations of native RvH and HIH leads to
minimal increase in the fluorescence intensity. During
titration with corresponding structural subunits, 3 HIH
and RvH2, increase of fluorescence intensity, indicates
the availability of more accessible hydroxyl groups than
in the native molecules. This experimental data further
support our assumption that the hydroxyl groups in the
native molecule are buried in the giant quaternary struc-
ture, while some of the hydroxyl groups of the structural
subunit are located on the surface of the molecule. The
titration effect of FUs is even stronger then for the struc-
tural subunits and the highest emission was observed after
titration of the complex with functional unit 3cHIH-g [40]
what can be explained by the structutal model of the
functional unit 3cHIH-g.

The regularities which we have observed in our recent
studies, namely low fluorescence changes during titration of
native hemocyanins on one side and moderate to strong fluo-
rescence enhancement when titrating with subunits and FUs,
additionally support our assumptions that the glycans are
involed in the organization of thetrialy structure of molluscan
Hcs. One of the function of N-linked oligosaccharide trees may
be to organize and stabilize structural subunit of molluscan Hes.
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