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Molluscan hemocyanins are very large biological macromolecules and they act as oxygen-transporting
glycoproteins. Most of them are glycoproteins with molecular mass around 9000 kDa. The oligosaccharide
structures of the structural subunit RvH2 of Rapana venosa hemocyanin (RvH) were studied by sequence
analysis of glycans using MALDI-TOF-MS and tandem mass spectrometry on a Q-Trap mass spectrometer
after enzymatical liberation of the N-glycans from the polypeptides. Our study revealed a highly hetero-
geneous mixture of glycans of the compositions Hexo_g HexNAc,_4 Hexq_3 Pentgy_s3 Fucg_3. A novel type of
N-glycan, with an internal fucose residue connecting one GalNAc(B1-2) and one hexuronic acid, was
detected, as also occurs in subunit RvH1. A glycan with the same structure but with two deoxyhexose res-
idues was observed as a doubly charged ion. Antiviral effects of the native molecules of RvH and also of
Helix lucorum hemocyanin (HIH), of their structural subunits, and of the glycosylated functional unit
RvH2-e and the non-glycosylated unit RvH2-c on HSV virus type 1 were investigated. Only glycosylated
FU RvH2-e exhibits this antiviral activity. The carbohydrate chains of the FU are likely to interact with
specific regions of glycoproteins of HSV, through van der Waals interactions in general or with certain
amino acid residues in particular. Several clusters of these residues can be identified on the surface of

RvH2-e.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Hemolymph of molluscs and arthropods contains a large
amount of bioactive compounds ‘hemocyanins’ (Hcs).!"* There
are large differences in the molecular mass, structure, carbohy-
drate content and monosaccharide composition of Hcs from
arthropods and molluscs. The mass values of 4.47 x 10°,
8.67 x 10° and 13.40 x 10° Da were obtained for representative
decameric, di-decameric, and tri-decameric components of mollus-
can hemocyanins. Also, the oligosaccharides are markedly different
in both types of Hcs.*"'° The carbohydrate content in arthropodan
Hcs is usually between 0.1% and 2%, and only p-Man and p-GIcNAc
have been detected.® Molluscan Hcs usually have a higher carbohy-
drate content (2-9%, w/w) and may contain unusual monosaccha-
rides.!’~1° Structural studies of keyhole limpet hemocyanin (KLH),
for example revealed that it is very heterogeneously glycosylated
carrying mainly high mannose type glycans with 5-7 mannosyl
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residues, hybrid-type species with a five mannose and one N-acet-
ylgalactosamine-containing chain, as well as truncated sugar
chains derived thereof.!>!%17 Carbohydrate structures and glyco-
sylation sites of hemocyanins of Helix pomatia, Sepia officinalis,'!
and Arion lusitanicus'® were also identified, using several methods.

The carbohydrate moiety of molluscan Hcs has recently
received particular interest due to its immunostimulatory proper-
ties.>161719-23 [t was found that the Hcs of Helix vulgaris (HvH),°
(renamed to Helix lucorum) the Chilean gastropod Concholepas
concholepas (CcH),%* and Rapana venosa (RvH)?>~27 have significant
antitumor activity. The occurrence of xylose in H. pomatia Hc is
considered to be highly immunogenic in mammalian species.!!
The gastropod mollusc Oncomelania hupensis (Oh) is a unique inter-
mediate host for the human parasite Schistosoma japonicum. OhH
exhibits o-diphenoloxidase activity after limited proteolysis,
and shares carbohydrate epitopes with glycoconjugates of
S. japonicum.?®

Hemocyanins have also been found to be active against viruses.
Such activity, among others against white spot syndrome virus
(WSSV) and Singapore grouper iridovirus (SGIV), is assigned to
the protein of the arthropod Penacus monodon.?° Also the Hc of
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the gastropod R. venosa has antiviral properties, more in particular
against respiratory syncytial virus (RSV). The property seems to be
associated with the glycosylation of functional unit RvH-c, one of
the functional units of either structural subunit RvH 1 or RvH
2,'9 whereas there is no inhibitory effect on this virus for native
RvH and for the non-glycosylated functional unit RvH-b.!° It was
also established that C- and N-terminal hemocyanin fragments
have different roles in hemocytes of the shrimp Penaeus vannamei
during Taura Syndrome Virus (TSV) infection.>°

Hemocyanin from R. venosa (RvH) consists of eight functional
units (FUs), each of a molecular mass of 45-50 kDa, named RvH-
a to RvH-h, all of them constituting RvH1 as well as RvH2.3!®
The structure of some oligosaccharide moieties of the native RvH
have been determined,'® as well as that of some moieties bound
to glycopeptides of the structural subunit RvH13? and, more specif-
ically, of some glycopeptides bound to the FUs RvH1-a>’ and
RvH1-b.33 An oligosaccharide structure has also been determined
in functional unit RtH2-e of the species Rapana thomasiana'?
which, in fact is identical to R. venosa.

In this communication, we present data of a more complete
structure determination of the oligosaccharide of subunit RvH2,
based on mass spectrometric evidence. Subsequently, the potential
role is proposed of some of these structures in the antiviral effect of
hemocyanins.

2. Results

We analysed the carbohydrate structures of RvH2, but reanaly-
sed those of RvH1 under the same experimental conditions in
order to compare both structural subunits. The subunits were sub-
jected to PNGase F digestion and the glycans were separated from
the protein.

Some glycans were identified after detection by Q-Trap analysis
after digestion of RvH2 with PNGase F (Fig. 1 and Table 1). Some of
them appear to be methylated. Methylated sugars were also iden-
tified in the structure of other molluscan hemocyanins, such as 3-
O-methyl-p-mannose and 3-O-methyl-p-galactose in H. pomatia Hc
and Lymnaea stagnalis Hc.'*? It has been suggested by Gutternig
et al. that a high degree of methylation in the gastropod A. lusitani-
cus is an important regulating event in this organism.'®

Several glycans of the high mannose type were identified in
RvH2. The sequence of one of them, represented in Figure 1 for
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the species at m/z 1419.4 is shown in Figure 2. Following the se-
quence of B and Y ions in the MS/MS spectrum, the structure of
the glycan was found to contain six hexoses and two N acetyl
glucosamine residues.

The most important class of the glycans isolated from RvH2
includes structures with a1,6-fucose linked to an inner or an exter-
nal HexNAc residue, as previously also identified for RvH1 by San-
dra et al.>? It now appears that RvH2 has the same novel types of
N-glycans (at m/z 842.3 (M+2Na)** and at m/z 915.6 (M+2Na)**),
as they comprise one HexNAc and one hexuronic acid linked to
an internal fucosyl residue. The MS/MS spectrum of the first dou-
bly-charged sodium adduct at m/z 842.3 is shown in Figure 3. Z-,
X-, and A-ions in the spectra can be differentiated from the Y-
and B-ions without derivatization because of the asymmetrical
nature of the molecule. The sequence can most easily be deter-
mined when considering the Y ions (m/z 1485.2, 1136.3, 933.2)
and combining B and Y ions. Usually, the loss of HexNAc linked
to an a1,3-mannose is a very favourable event, but in the present
case, the hexosamine is connected to an internal Fuc residue.
MS/MS analysis revealed Ye¢z and YsyYep ions at m/z 1485.2 and
1282.4, indicative for the presence of terminal HexNAc and HexA
(176 Da), respectively. Furthermore, the Ys ion at 1136.3 repre-
sents the glycans after removal of the fragment HexNAc HexA
Fuc. The observed difference of 525 mass units between the B
(m/z 1661.6) and m/z 1136.3 fragments accounts for the loss of this
fragment. Underivatised sugars frequently produce fragment ions
which are derived from multiple cleavages that cannot be attrib-
uted to a unique structure, forming cross-linkages. Cross-ring
cleavages are effectively present in the spectrum. The 4°A, 2°A
are the most abundant ones of this type of cleavage, but >6X and
35X cleavages can also be seen in the spectrum.

The ion at m/z 915.6 in the MS spectrum of glycan 19 (Table 1)
corresponds to a structure similar to the one of m/z 842.3, but now
contains two fucose residues, one internal and one terminal,
attached to carbon 6 of GIcNAc (Fig. 4) as deduced from ions Ysg
(917.2), Y4 (1079.3) and Y5 (1282.2). One Fuc is internally located,
while the other is positioned at the proximal GIcNAc (see the in-
tense Z; ion at m/z 372.1 and the Yeg ion at m/z 1631.2).

Further evidence for the presence of hexuronic acid in the gly-
cans from both structural subunits of R. venosa hemocyanin was
obtained following amidation of the glycan mixture from RvH2.
The method involves the modification of carboxyl groups by
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Figure 1. MS spectrum of the released glycans after treatment of RvH, with PNGase F. The peaks in the mass range 800-900 nm represent doubly charged ions. All the other

peaks are single charged species.
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Table 1
Isolated N-glycans from structural subunit RvH2 of Rapana venosa hemocyanin
N Composition MALDI [M+Na]* LCMS-Q trap
1 Fuc Mans GIcNAc; 1079.3 1079.5 [M+Na]*
2 HexMans GlcNAc, 1095.2 1095.5 [M+Na]*
3 HexNAc Mans GIcNAc, 1136.5 1136.4 [M+Na]"
4 HexMans GIcNAc, 1241.6 1241.4 [M+Na]*
5 Hex, Mans GIcNAc, 1257.7 1257.5 [M+Na]*
6 Fuc HexNAc Mans GIcNAc; 1282.1 1282.2 [M+Na]"
7 HexNAc, Mans GIcNAc, 1339.6 1339.4 [M+Na]"
8 Hex, XylMan3GIcNAc, 1389.8 1389.9 [M+Na]"
9 Hexs ManzGIlcNAc, 1419.6 1419.4 [M+Na]*
10 Fuc HexNAc, Mans GIcNAc; 1485.7 1485.3 [M+Na]"
11 HexNAc; MansGIcNACc, 1541.7 1541.9 [M+Na]"
12 Hex, MansGlcNAC, 1581.9 802.6 [M+2Na]*
13 Fuc, HexNAc, Mans; GIcNAc, 1631.8 827.5 [M+2Na]**
14 HexA; HexNAc, Fuc Mans GIcNAc; 1661.7 842.3 [M+2Na]**
15 MeHexNAc HexNAc, Fuc MansGIlcNAc, 1702.9 862.7 [M+2Na]**
16 MeHex Hex, Fuc Xyl MansGIcNAc, 1712.3 867.5 [M+2Na]**
17 Hexs Mans GIcNAc, 1744.0 883.5 [M+2Na]**
18 Hexs HexNAc Fuc MansGlcNAc, 1768.4 895.4 [M+2Na]**
19 HexA; HexNAc, Fuc, Mans; GIcNAc, 1807.9 915.6 [M+2Na]**
20 Hex,4 Xyl Fuc MansGIcNAc, 1861.0 942.2 [M+2Na]**
21 Hex, HexNAcs; MansGlcNACc; 1866.6 944.8 [M+2Na]**
22 Hexs Fuc Man3GIcNAc, 1890.6 957.0 [M+2Na]**
23 Hexg Man;GlcNAc, 1906.6 964.6 [M+2Na]**
24 Hexs HexNAc MansGIcNAc, 1947.5 985.4 [M+2Na]**
25 MeHex Hex HexNAcs Fuc Mans GlcNAc; 2028.3 1025.6 [M+2Na]**
26 MeHex Hex, HexNAcs MansGIcNACc, 2042.6 1032.6 [M+2Na]?*
27 Hexs HexNAc Fucs MansGIcNAc; 2061.0 1041.6 [M+2Na]**
28 Hexs HexNAc; XylFucs MansGIlcNAc, 2395.6 1209.2 [M+2NaJ**
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Figure 2. MS/MS spectra and one of more structures with fragmentation nomenclature of the double charged [M+2Na]" of the glycan at m/z 1419, isolated from RvH2.

converting the acid to the amide as described by Sandra et al.32343>

Analysis of the glycans using MALDI-TOF-TOF revealed that the
signals at m/z 1661.7 and 1807.9 were reduced by 1 Da as pre-
sented in Figure 5. These results confirm a branching of HexA to
the internal Fuc.?

The native molecules of RvH, HIH (H. lucorum) and KLH, of
structural subunits RvH1 and HIH1, and of glycosylated FU RvH2-
e and a non-glycosylated FU of HIH added in non-toxic concentra-
tions of 200, 100, and 50 pg/mL on the Herpes simplex virus type 1,
strain Vic, (HSV-1), effectively inhibited the replication of the virus
in a dose-dependent way (Fig. 6). FU of RvH2-e was found to be the
most effective inhibitor. When applied in a concentration of
200 pg/mL it inhibits the growth of HSV-1 by 62%. In comparison,

KLH applied at the same concentration suppresses viral replication
by 52%. The respective curves show the significant difference in
their EDsq values, which are respectively 100 pig/mL and 168 g/
mL. The antiviral effects of other compounds are much smaller.

3. Discussion

It is known that molluscan Hcs are powerful immunogens,
probably due to their high carbohydrate content and specific
monosaccharide composition.?> In several cases the incompletely
known, oligosaccharide structures of H. vulgaris,” R. venosa'®33
and Megathura crenulata hemocyanins,'>!7?3 appear to have differ-
ent oligosaccharide structures, which very likely is the reason why
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Figure 3. MS/MS spectra and structure with fragmentation nomenclature of the double charged [M+2Na]?* of the glycan at m/z 842.3, isolated from RvH2.
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Figure 4. MS/MS spectra and structure with fragmentation nomenclature of the double charged [M+2Na]?* of the glycan at m/z 915.6, isolated from RvH2.

26-28 are

the immunostimulatory properties of these hemocyanins
different.

Whereas the glycans of subunit RvH1 have previously been
determined, we, in the present paper determined the glycosylation
structure of the second structural subunit of RvH (RvH2).

Although it is very likely that we have not detected all the gly-
can structures of RvH2, there are sufficient data now (Table 1) to
compare the structures with those found for RvH1,3? which have
probably not all been detected either. It appears that most of the
structures are identical in both structural subunits. Fifteen of the
28 structures mentioned in Table 1 for RvH2 have also been
detected in RvH1 (numbers 1-7, 9, 10, 12-14, 17, 19 and 23). Most
of the structures are of high mannose type as was observed in
other molluscan and arthropodan nemocyanins.3®

Aside from the core structure MansGIcNAc, and except for the
structures 5, 7-9, 12, 17 and 23, they all carry at least one fucose
residue, mainly bound to the carbohydrate chain outside the core

structure. In the cases where 2 fucose were detected, the second
residue was found to be linked to the first GIcNAc of the core struc-
ture. The latter is also the case for glycan 1. Another glycan in com-
mon between RvH2 and RvH1 are 2 structures containing terminal
hexuronic acid (numbers 14 and 19 in Table 1), but it remains
unclear to which functional subunit they belong. In fact, the pres-
ence of hexuronic acid residue, with a neighbouring internal fucose
to which also an N-acetylhexosamine is linked, stands for a novel
N-glycan motif.32 Moreover, RvH1 contains 3 structures with more
than one hexuronic acid, but none of their counterparts have yet
been identified in RvH2. We could analyse 3 oligosaccharide struc-
tures with a methylated hexose as terminal residue (numbers 16,
25 and 26), but none of them was detected in RvH1. The methyl-
ated glycan 25 (Table 1) very closely resembles the structure of
the glycan Gplb, described in Ref. 12 to belong to FU of species
R. thomasiana (RtH), which in fact is identical to R. venosa. Oligosac-
charide 15, on the other hand, has a composition that is nearly
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Figure 5. MALDI-TOF-MS spectra of the RvH2 N-glycans before (bottom) and after (top) amidation.
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Figure 6. Influence of different hemocyanins and functional units on the replication
of HSV type 1, strain Vic, infecting cell line MBDK.

identical to that of glycopeptides Gpla of RtH,'? the only difference
being that the methylated residue is MeHexNAc in RvH2 instead of
MeGal in RtH2-e. It is possible, however, that the MeGal-moiety of
Gplb has been erroneously identified and in fact is a hexuronic
acid, having a nearly identical molecular mass (194 Da).

As a particular feature, we finally detected 4 xylose-containing
structures in RvH2 (numbers 8, 16, 20 and 28), but none of these
types of glycans has been found in RvH1, so far. Also noteworthy
is the fact that we did not detect the core structure Mans;GlcNAc,
in RvH2, although it was detected as a synthetically incomplete
structure (of glycopeptides Gplla) in RvH2-e,!? and it is certainly
also present in RvH1 where it is bound as a glycan subfragment
to at least 6 glycopeptides containing different glycosylation
sites.?2

The importance of these findings resides in the fact that,
in vitro, hemocyanin displays antiviral effects on several types of
viruses, for example, on poliovirus type 1, coxsackievirus B4 and
respiratory syncytial virus, and that these effects are associated

with either one or two glycosylated functional units RvH-c. Native
RvH, however, does not show any antiviral activity against the
viruses mentioned, and so does also non-glycosylated FU RvH-b.
We have previously found that glycosylated FU RvH2-c inhibits
the replication of HSV.'® We now found that glycosylated FU
RvH2-e has the same capacity.

It was not the goal of the present paper to set up experiments
that can specifically explain the antiviral activity, but on the basis
of what has been reported for the interaction between glycoprotein
120 in HIV?” and specific lectins, we would like to propose a similar
scenario. At least nine of the eleven glycoproteins in HSV-1 are
known in detail, as well as their role in virus replication. On the
other hand, four N-linked glycosylation sites have been found in
glycoprotein G-2 (gG-2) of herpes simplex virus type 2.3® GP120
contains manly high mannose type glycans and this type is known
to interact with the GIcNAc-specific lectin of the nettle Urtia dio-
ica.3°*° Three binding models have been suggested between these
molecules, one of them via a calcium ion, as found in ‘C-type lec-
tin’. A second one consists of the interaction of a single terminal
carbohydrate, or of multiple sugar rings, without the need of a me-
tal ion. In the latter case, three aromatic residues of the lectin form
ring stackings with the sugar moieties of the individual GIcNAc res-
idues of tri-N-acetylchitotriose (NAG3). With respect to R. venosa
FU2-e, the unit with the highest antiviral activity, it is striking that
it contains 6 tryptophan residues in its polypeptide chain, 18 tyro-
sines and 7 histidines. The position of the 6 tryptophans is shown
in Figure 7, which represents a 3D model of the functional unit. It is
not unlikely that some of these aromatic residues are also involved
in ring stacking with carbohydrate moieties of HSV. We also like to
consider the possibility of interaction, through van der Waals
forces, of some of the residues shown in Figure 8A with the hydro-
xyl groups at C-2, C-3 and C-4 of mannose moieties of the glycans
of one or several (gB, gD and gHgL) of the 9 viral glycoproteins that
have been proposed to be involved in membrane fusion in the pro-
cess of viral infection.*! Such an interaction has already been
detected between lectin 7 of Narcissus pseudonarcissus complexes
to Man (1-3) Man.*?

Finally, we propose that the reason why the complete molecule
of HVH does not have antiviral activity is due to the fact that the
carbohydrate chains are buried in between the structural subunits
of the global proteins and therefore, are unable to interact with vir-
al glycoproteins.
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Figure 7. 3D model of functional unit RvH2-e. Eight tryptophan residues are shown
in green.
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Figure 8. (A) Hydrogen-bonding pattern and van der Waals contacts of the RvH2-e
and HSV based on the Narcissus pseudonarcissus lectin 7 (NPL7) carbohydrate-
binding domain complexed to Mano(1,3)Man66 (PDB ID 1npl) (27). The mannose
residue in the main binding pocket is shown in bold lines, with the hydrogen bonds.
(B) 3D model of functional unit RvH2-e. Amino acid residues included in the loops
are shown in blue and green. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

4. Materials and methods

R. venosa Hc was isolated from marine snails of the Black Sea, as
described before.?! The two structural subunits, RvH1 and RvH2,
were separated on a Resource Q column using an FPLC system.®

All (bio)chemicals, unless noted, were purchased from Sigma-
Aldrich.

4.1. Isolation and sequencing of glycans from RvH2 by MALDI-
TOF/TOF-MS

The sugar stock solution and exoglycosidase digestions were
diluted 100- and 10-fold, respectively, and 1 puL of a 1:1 sugar-ma-
trix mixture was applied onto the MALDI target. The matrix was
dihydroxybenzoic acid, initially dissolved in 50% AcN (10 mg/mL).

A 4700 Proteomics Analyser with TOF/TOF optics (Applied Bio-
systems, Framingham, MA) was used in this study. A total of 1500
laser shots (355 nm) were acquired in the MS mode. Spectra in the
range from m/z 900 to 3000 were recorded. Deduced monosaccha-
ride compositions are assigned to (M+Na)" ions.

4.2. Permethylation and amidation

After permethylation and amidation,>*> released glycans (1 pL
of the stock solution) were dissolved in 25 pL of 1 M NH4Cl (ammo-
nium chloride) and then mixed with 15 pLof 1 M 4-(4,6-dimethoxy-
1,3,5-triazin-2yl)-4-methylmorpholinium chloride (DMT-MM).
After incubation at 50 °C for 24 h, the reaction mixture was desalted
by hydrophilic affinity isolation of the oligosaccharides. The sample
solution was therefore mixed with 100 pLL of a Sepharose CL-4B slur-
ry (Amersham Biosciences, Uppsala, Sweden) in 1 mL of 1-butanol/
ethanol/H,0 (4:1:1, v/v). After gentle shaking for 45 min, followed
by centrifugation, the supernatant was removed. The suspension
was washed with the same solvent (3 x 500 pL). Ethanol/H,0 (1:1,
v[v) (250 pL) was then added and after incubation for 30 min, the
solution phases were recovered and dried. The sample was dissolved
in 10 pL of water for MALDI-MS analysis.

4.3. Q-Trap analyses (MS and MS/MS)

Off-line ESI-MS measurements of the glycans were performed
on a Q-Trap mass spectrometer equipped with a nanospray ion
source (Proxeon, Odense, Denmark) using Proxeon medium nano-
spray needles. Typically, 10 pL of sample in 50% MeOH was intro-
duced. The needle voltage was set at 1000 V. In the product ion
scanning mode, the scan speed was set to 1000 Da/s, with Q-trap-
ping being activated. The trap fill-time was 200 ms in the MS/MS-
scan mode. For operation in modes, the resolution of Q1 was set to
‘low’. Excitation time was set at 100 ms.

4.4. Bioinformatics

Using programmes rasmoL and 2iNL, the positions of tryptophans
and some particular other amino acid residues in the three-dimen-
sional protein structure of RvH2-e were identified.

4.5. Cytotoxicity and antiviral assay

Herpes simplex virus type 1, strain Vic (HSV-1), was supplied by
the National centre of infectious and parasitic diseases, Sofia,
Bulgaria. The stock viral titer was 10> CCIDsg/mi. The cell line
MDBK (Madin-Darby Bovine Kidney) was grown in medium DMEM
(AppliChem GmbH, Germany) containing 10% new born calf serum
and antibiotics.

Confluent monolayers were covered with media containing dif-
ferent concentrations of extract, and cultured at 37 °C for 96 h.
Cells grown in extract-free medium served as a control. The cyto-
toxic effect was determined by the MTT test and by microscopy.
The maximal concentration which did not alter either the mor-
phology and the viability of the cells was recognized as maximal
tolerated concentration (MTC). Experiments were carried out in
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multicycle growth conditions. Confluent cell monolayers in 96-
well microplates were infected with 320 CCIDsg0.1m. 0f the appro-
priate virus. After a one hour adsorption at room temperature the
investigated compounds (molecules RvH, HIH and KLH, structural
subunits RvH1 and HIH1, glycosylated FU RvH2-e and a non-gly-
cosylated FU of HIH), in appropriate dilutions, were added to the
monolayer. Every dilution was applied in threefold repetitions.
Each experiment was carried out in triplicate. The viral cytopathic
effect was determined by a four-cross system, with a full destruc-
tion of the cell monolayer as control. The average value from three
wells for every dilution was presented as percentage of the viral
control. The effective concentration required to inhibit the replica-
tion by 50% (EDsg) was determined by making a dose-response
curve.
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