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ABSTRACT: The cestodes constitute important but understudied human and veterinary parasites. Their
surfaces are rich in carbohydrates, on which very little structural information is available. The tissue-dwelling
larva (hydatid cyst) of the cestode Echinococcus granulosus is outwardly protected by a massive layer of
carbohydrate-rich extracellular matrix, termed the laminated layer. The monosaccharide composition of this
layer suggests that its major carbohydrate components are exclusively mucin-type O-glycans. We have
purified these glycans after their release from the crude laminated layer and obtained by MS and NMR the
complete structure of 10 of the most abundant components. The structures, between two and six residues in
length, encompass a limited number of biosynthetic motifs. The mucin cores 1 and 2 are either nondecorated
or elongated by a chain of Galpf1—3 residues. This chain can be capped by a single Galpal—4 residue, such
capping becoming more dominant with increasing chain size. In addition, the core 2 N-acetylglucosamine
residue is in cases substituted with the disaccharide Galpol —4Galpfi1—4, giving rise to the blood Pj-antigen
motif. Larger, also related, glycans exist, reaching at least 18 residues in size. The glycans described are related
but larger than those previously described from an Echinococcus multilocularis mucin [Hulsmeier, A. J., et al.
(2002) J. Biol. Chem. 277, 5742—5748]. Our results reveal that the E. granulosus cyst exposes to the host only a
few different major carbohydrate motifs. These motifs are composed essentially of galactose units and include

the elongation by (Galpf1—3), and the capping by Galpal—4, novel in animal mucin-type O-glycans.

The cestodes are obligate parasitic platyhelminths including
medically and economically important genera such as Echino-
coccus and Taenia (family Taeniidae). Their study has lagged
behind that of their sister parasitic platyhelminth taxon, the
trematodes, which include the genus Schistosoma. Although
transcriptomic and genomic data are now becoming available
for some cestodes (www.sanger.ac.uk/cgi-bin/blast/submitblast/
Echinococcus; LophDB in www.nematodes.org), glycomic data
are very scarce (reviewed in ref /). Carbohydrates are certainly
central in the decoding of pathogens, including helminths, by the
innate immune system. Usually for helminths, this decodification
results in the instruction of adaptive responses that have a strong
regulatory, noninflammatory, component (reviewed in ref 2).
This is apparently the result of the evolutionary adaptation of
these parasites to control the immune system. This adaptation
reaches a high point in the taeniid cestodes, the larval stages of
which can dwell in mammalian organ parenchymas for years
without eliciting inflammation (reviewed in refs 3 and 4). There-
fore, the surface carbohydrates of the larval taeniids are of
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interest for understanding immune evasion by these parasites
and also hold promise in the search for strategies to manipulate
the immune system away from unwanted inflammatory
responses (reviewed in ref 5).

Echinococcus granulosus, the causing agent of cystic hydatid
disease, is a prime example of host inflammatory control. The
larva or hydatid cyst, which can reach tens of centimeters in
diameter in organ parenchymas of livestock and humans, usually
thrives for years, surrounded by a noninfiltrated collagenous
capsule, product of the resolution of the initial inflammation
around the parasite (reviewed in refs 3 and 6). The hydatid cyst is
a bladder-like, fluid-filled structure, bounded by the hydatid cyst
wall. This wall comprises an inner, thin (10 um) layer of parasite
cells (germinal layer; GL)' and an outer, thick (up to a few
millimeters), protective layer called the laminated layer (LL). The
LL, laid out by the GL, is a specialized extracellular matrix
present exclusively in the genus Echinococcus. It displays some
variation in thickness and microscopic morphology among the
different species (7), which include Echinococcus multilocularis,
agent of the invasive alveolar hydatid disease (reviewed in refs 6
and &). The major component of the LL in all Echinococcus
species is an irregular meshwork of fibrils that is very rich in

!Abbreviations: GL, germinal layer; LL, laminated layer; PGC,
porous graphitized carbon; CHCA, a-cyano-4-hydroxycinnamic acid.
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carbohydrates (7, 9, 10). In addition, the E. granulosus LL
contains abundant, nanometer-sized, deposits of a calcium salt
of inositol hexakisphosphate (1//—13).

The LL, in direct contact with the host, is widely thought to be the
crucial element of the host—parasite interface in larval Echinococcus
infections (8). Among several functions, the LL seems to contribute
importantly to the induction of the noninflammatory response
observed in E. granulosus infections in particular. This hypothesis is
supported by the coincidence in time between the deployment of the
LL by the establishing larva and inflammatory resolution and by
the nonactivating properties of the LL when confronted in vitro
with host complement or macrophages (3, 14— 16).

In spite of its biological relevance, very little is known on the
structure of the major, fibrilar component of the LL. However,
when the available, fragmentary, information is put together, it
suggests that these fibrils must be made up from mucins. Studies
from the 1960s and 1970s showed that the E. granulosus LL
contains galactose (Gal), N-acetylgalactosamine (GalNAc), and
N-acetylglucosamine (GIcNAc), in decreasing order of abun-
dance (17—20). The highly resistant LL dissolves when subjected
to conditions of S-elimination (11, 17), a reaction typically under-
gone by O-linked glycans, and its hydrolysate contains a high level
of threonine (18). Also, the transcriptome of the E. granulosus GL
includes highly expressed, apparently tissue-specific sequences with
characteristics of short apomucins, which bear C-terminal signals
for addition of glycosylphosphatidylinositol anchors (Cecilia
Ferndndez, personal communication; sequences EGC00317,
EGC02904, EGC04254 in LophDB). In E. multilocularis, a mucin
was purified from larval tissues by means of a monoclonal antibody
(reactive with the LL), and its major O-glycans were characterized
partially (21). In the present work, we elucidate in full the major
glycans of the E. granulosus LL, starting from the crude structure.
These are conventional core 1 and 2 O-glycans decorated with
novel structures, based essentially only on galactose residues. They
are related to the glycans partially elucidated for the E. multilo-
cularis mucin, but they attain larger sizes.

EXPERIMENTAL PROCEDURES

Parasite Material. The starting material consisted of walls of
E. granulosus hydatid cysts from natural infections in cattle.
Cysts, usually from lung locations, were obtained from a plant in
Uruguay dealing in offal products. Cyst walls were retrieved with
the help of forceps after their collapse and detachment from the
host organ that take place upon puncture of the normally turgent
cysts and release of the hydatid cyst fluid. No attempt was made
to separate the GL as this is not practical, and the contribution of
the thin GL to the whole cyst wall material is quantitatively
negligible. This material contains approximately 10% dry mass.
The work in this paper was carried out on two batches of this
starting material, each comprising a pool of several individual
cysts; the two batches gave indistinguishable results.

Release of O-Glycans. Cyst walls (tens of grams wet mass)
were extracted with 25 mM Tris-HCI, pH 7.5, containing 150 mM
EDTA and 2 M NaCl (20 mL/g of wet mass). This treatment
removes calcium inositol hexakisphosphate (/3) and most of the
adsorbed protein (22, 23). After a wash with water, cyst walls were
subjected to reductive S-climination by incubating for 5 days at
45°Cin 0.1 M NaOH and 0.3 M NaBH,. This treatment caused
the cyst walls to dissolve gradually, but a substantial insoluble
residue remained. After centrifugation, the pellet was washed with
1 mL of water/g of wet mass, and the wash was pooled with the
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FIGURE 1: Purification summary. Oligosaccharide—alditols were
fractionated by gel filtration on Bio-Gel P4 and then on the PGC
column. Names for fractions and subfractions given are those used
throughout the work. (A) Fractionation by gel filtration. (B) Sub-
fractionation of five gel filtration fractions (containing conventional
O-glycan-derived alditols) on the PGC column. Chromatographic
profiles shown correspond to the absorption peak of the N-acetyl
group (214 nm). In some cases, minor subfractions were judged to be
identical to major ones from contiguous gel filtration fractions, as
indicated. (C) Subfractionation on the PGC column of gel filtration
fraction B, in which the main components lack the amide chomo-
phore. The chromatogram corresponds to absorption at 205 nm
(C—C double bond). Reactivity of eluted materials with orcinol—
H,SO, (general reaction for carbohydrates) was also tested, as
indicated. In (B) and (C), indication of the percentual acetonitrile
concentrations at which elution takes place has been given at the sides
of each chromatogram.

supernatant. The resulting solution was neutralized with acetic
acid and freeze-dried, and boric acid was removed by repeated
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additions of methanol and evaporation to dryness. The residue
was dissolved in water, passed through Dowex H™ resin (HCR-
W2; Merck), and freeze-dried.

Purification of O-Glycans. Oligosaccharide—alditols were
first purified on a Bio-Gel P4 (Bio-Rad) column (1.6 cm x 100
cm), eluted with 0.05 M acetic acid, using 10 mL/h flow rates and
refractive index detection (Gilson 133). Between 100 and 200 mg
of solid (of which 30—40% corresponded to oligosaccharide—
alditols) was applied in each run. Gel filtration fractions, con-
centrated by freeze-drying, were then refractionated on a porous
graphitized carbon (PGC) column (24) (Hypercarb, 7 um,
4.6 mm bore x 20 cm; Thermo Fischer Scientific). Flow rates
were 1 mL/min, and elution was carried out with linear water—
acetonitrile gradients with the addition of 0.05% (v/v) trifluoro-
acetic acid; increasing acetonitrile concentrations were used for
increasingly large products, as indicated beside each chromato-
gram in the Results section. UV detection at 214 nm was used
except where specifically indicated. Up to 1.5 mg of carbohydrate
was applied in each run, meaning that several runs were required
for each gel filtration fraction. In some cases, poorly resolving
peaks were refractionated in the same column.

Monosaccharide Analysis. This was carried out both by the
alditol acetate method (25) (as described in detail in ref //) and by
the trimethylsilylated methyl glycoside method (26) (as described
in detail in ref 27).

MALDI-TOF MS and MS-MS. Oligosaccharide—alditols
were permethylated and processed for MALDI (26), but using
o-cyano-4-hydroxycinnamic acid (CHCA) for the matrix instead
of dihydroxybenzoic acid, as it yielded consistently better spectra
(authors’ unpublished observations). CHCA was dissolved at
10 mg/mL in I mM aqueous sodium acetate and mixed with equal
volumes of the samples dissolved in methanol—water (1:1 v/v). One
microliter volumes of the sample—matrix mixtures were spotted,
air-dried, and recrystallized from 0.5 uL of ethanol—water (1:1
v/v). Spectra were obtained in the Applied Biosystems 4800
Analyzer MALDI-TOF-TOF at the Proteomics and Analytical
Biochemistry Unit of the Institute Pasteur, Montevideo, Uruguay.
Acquisition was in the positive reflector mode, in the m2/z 400—4000
range. Spectra were externally calibrated using a mixture of peptide
standards (4700 Cal Mix; Applied Biosystems). In some cases,
internal calibration was performed, using the m1/z value of a well-
defined signal (permethylated oligosaccharide—alditol) common to
several samples, and measured against the primary standard in a
separate experiment carried out under the same conditions.

NM R. The smaller oligosaccharide—alditols (products from gel
filtration fractions A—D) were analyzed on a Bruker AVANCE
DPX 400 spectrometer (Facultad de Quimica, UdelaR), equipped
with a 5 mm QX probe and operating at 'H and °C frequencies
of 400.13 and 100.61 MHz, respectively. All spectra were recorded
in D,O at 30 °C. 'H and "*C chemical shifts were determined
relative to the signals of TSP and acetone, respectively. The larger
products (from gel filtration fractions E—G) were studied on
a Bruker DMX 600 equipped with 5 mm triple resonance
probe equipment at the Centro Nacional de Ressonancia
Magnética Nucler, UFRJ, Brazil, and operating at "H and "*C
frequencies of 600.22 and 150.93 MHz, respectively. All spectra
were recorded in D,0 at 25 °C. "*C chemical shifts, determined
from individual cross-peaks of the high-resolution 2D HSQC
spectra, were calibrated using as internal standard the signal
of the (N-acetamido)methyl group of the GalNAc-ol residue,
taken to be invariable between the different products; this
signal was in turn calibrated in one of the products against the
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Table 1: MALDI-TOF Analysis of Permethylated Oligosaccharide—
Alditols in Gel Filtration Fractions®

fraction measd mass calcd mass composition

B 493.24 493.26 HexHex-ol

C 534.26 534.29 HexHexNAc-ol

D 738.46 738.39 Hex,HexNAc-ol

E 779.36 779.42 HexHexNAcHexNAc-ol

942.44 942.49 Hex;HexNAc-ol

F 983.46 983.52 Hex,HexNAcHexNAc-ol
1146.54 1146.59 HexsHexNAc-ol

G 1187.57 1187.61 Hex;HexNAcHexNAc-ol
1350.65 1350.69 HexsHexNAc-ol

H 1391.69 1391.71 Hex HexNAcHexNAc-ol
1554.75 1554.79 HexgHexNAc-ol

I 1432.76 1432.74 Hex;HexNAc,HexNAc-ol
1595.82 1595.81 HexsHexNAcHexNAc-ol
1758.91 1758.89 Hex;HexNAc-ol
1963.02 1962.99 HexgHexNAc-ol

J 1636.82 1636.84 Hex4HexNAc,HexNAc-ol
1799.90 1799.91 HexgHexNAcHexNAc-ol

K 1840.92 1840.94 HexsHexNAc,HexNAc-ol
2004.01 2004.01 HexsHexNAcHexNAc-ol
2045.03 2045.04 HexgHexNAc,HexNAc-ol
2208.11 2208.11 HexgHexNAcHexNAc-ol

L 2249.12 2249.14 Hex;HexNAc,HexNAc-ol
2412.19 2412.21 HexgHexNAcHexNAc-ol
2453.22 2453.24 HexgHexNAc,HexNAc-ol

M 2616.12 2616.31 Hex oHexNAcHexNAc-ol
2657.18 2657.34 HexgHexNAc,HexNAc-ol
2861.25 2861.44 Hex;oHexNAc,HexNAc-ol
3024.26 3024.51 Hex,HexNAcHexNAc-ol
3065.31 3065.54 Hex;;HexNAc,HexNAc-ol
3229.32 3228.61 Hex;;HexNAcHexNAc-ol

N 2902.14 2902.47 HexoHexNAc;HexNAc-ol
3106.29 3106.57 Hex oHexNAczHexNAc-ol
3310.41 3310.67 Hex;;HexNAczHexNAc-ol
3473.45 3473.74 Hex3HexNAc,HexNAc-ol
3514.48 3514.77 Hex;,HexNAczHexNAc-ol
3555.51 3555.79 Hex;HexNAcsHexNAc-ol
3718.48 3718.87 Hex3HexNAcsHexNAc-ol
3759.67 3759.89 Hex,HexNAcsHexNAc-ol
3963.65 3963.99 Hex3sHexNAcsHexNAc-ol

“The fraction codes are as in Figure 1A. All masses correspond to
monoisotopic values of Na™ adducts. Major signals, i.e., those showing at
least 40% of the intensity of the single main signal in each fraction, are
indicated in boldface. Signals that appear in more than one fraction are
shown only for the fraction in which they have the highest relative
abundance. Note that compositions of the type Hex, HexNAc,HexNAc-
olin cases may hide components of the type Hex,—HexNAc, Hex-ol (see
text and Supporting Information Table S1). Fraction A was not analyzed by
MS, but it contains only galactitol by NMR (data not shown).

methyl carbon of acetone (30.89 ppm at 25 °C). 'H NMR
resonance assignments throughout the work were accomplished
by standard two-dimensional experiments such as COSY, TOCSY,
and/or NOESY. Gaussian resolution-enhancement window func-
tions were employed to extract J-coupling data from broadened
multiplets.

Methylation Analysis. This was carried out by permethyl-
ation, methanolysis, and acetylation, followed by GC-MS iden-
tification of the partially methylated acetylated methyl glyco-
sides, as described previously (29).

RESULTS

The Laminated Layer Carbohydrates Are O-Glycans
That Attain Large Sizes. The monosaccharide composition
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Table 3: Linkage Analysis of Selected Purified Products

fraction result of linkage analysis

C terminal Galp, 3-subst GalNAc-ol

D terminal Galp, 3-subst Galp, 3-subst GalNAc-ol (+terminal GlcNAcp)
El terminal Galp, terminal GlcNAcp, 3,6-disubst GalNAc-ol

E3 terminal Galp, 4-subst Galp, 3-subst Galp, 3-subst GaINAc-ol

F1 terminal Galp, 3-subst Galp, terminal GlcNAcp, 3,6-disubst GalNAc-ol
F2 terminal Galp, 3-subst Galp, 4-subst Galp, 3-subst GaINAc-ol

Gl terminal Galp, 4-subst Galp, 4-subst GlcNAcp, 3,6-disubst GalNAc-ol
G7 terminal Galp, 3-subst Galp, 4-subst Galp, 3-subst GalNAc-ol

“The 3,6-disubstituted GalNAc-ol residues were evidenced by the appearance of 1,4,5-trimethyl-, N-methyl-, and 3,6-anhydro-N-acetylgalactosaminitol,
identifiable by its MS fragmentation pattern (49). No attempt was made to determine molar ratios between the different partially methylated acetylated methyl
glycosides obtained as significant components. A significant amount of terminal GlcNAc in fraction D probably arises from a contaminating product, as this

material was not purified on the PGC column before analysis.

B1—3. The gel filtration profile displayed two major oligosac-
charide—alditol peaks (peaks C and D in Figure 1A), each of
which in turn displayed a single dominant peak on analytical runs
on the PGC column (Figure 1B). These two major components
were elucidated by NMR, MS-MS, and methylation analysis
as Galpfl1—3GalNAc-ol and Galppl1—3Galpf1—3GalNAc-ol,
respectively (Tables 2, 3, and 4). Hence the two major glycans
in the LL are the nondecorated conventional core 1 of animal
mucins (Galpp1—3GalNAcpa-Ser/Thr) and core 1 decorated
with a single Galpp1-3 residue.

Additional O-Glycans Are Formed by the Elongation and
Capping of Cores 1 and 2 with Galactose Units. Gel filtration
fractions eluting before peak D gave complex profiles upon PGC
HPLC (Figure 1B). Nine oligosaccharide—alditols, corresponding
to the major HPLC peaks obtained upon subfractionation
of gel filtration fractions E, F, and G, were elucidated as above
(Tables 2, 3, and 4 and Figure 2). Four of these correspon-
ded to linear O-glycans: Galppl1—3Galpf1—3GalNAc-ol (frac-
tion E2, identical to the major component in fraction D,
above), Galpal—4Galpf1—3Galpp1—3GalNAc-ol (fraction E3),
Galpol—4Galpp1—3Galpp1—3Galpf1—3GalNAc-ol  (fraction
F2), and Galpal—4Galppl—3Galppl—3Galpfl—3Galppl—
3GalNAc-ol (fraction G7). Therefore, this linear series can be
rationalized as the result of the elongation of core 1 with one to
three GalppB1—3 residues and the addition, after the first such
elongation step, of a Galpal—4 “cap”. The simplest branched
structure (E1) was Galpf1—3(GlcNAcpf1—6)GalNAc-ol, i.e., the
derivative of O-glycan core 2. Another branched component
corresponded to the product of decoration of the Gal residue of
this core with a Galppl—3 residue: Galppl—3Galppl—3
(GleNAcpp1—-6)GalNAc-ol (F1). A further structure corresponded
to the addition of a Galpol—4 cap onto the previous one:
Galpal—4Galpp1—3Galpp1—3(GlcNAcpp1—6)GalNAc-ol (G2).
Finally, two other structures were related to E3 and F1 by the
addition of a Galpal—4Galppl—4 motif on the core 2 GlcN-
Ac unit: Galpp1—3(Galpal —4Galpp1—4GIcNAcpp1—6)GalNAc-
ol (Gl) and Galppl—3Galppl—3(Galpal —4Galpp1—4GIcNA-
cppl—6)GalNAc-ol (G3).

Minor oligosaccharide—alditols, either from less conspicuous
chromatographic peaks (Figure 1) or appearing as contaminants
of the major structures described above, were analyzed by MS-
MS (Supporting Information Table S1). Whenever it was possi-
ble to interpret their fragmentation spectra, these products
appeared to comprise the same structural motifs present in the
fully elucidated oligosaccharide—alditols, i.e., the elongation of
cores | and 2 with a variable number of Hex (Gal) residues added

onto either core’s Gal residue, and the possibility of decoration of
the HexNAc (GIcNAc) unit of core 2 with two Hex (Gal)
residues. The component with M, = 1187.6 in fraction G6,
deduced to be Hex-Hex-Hex-(HexNAc)HexNAc-ol, must be,
by virtue of its chromatographic retention time (Figure 1), a
linkage isomer of G2; the most parsimonious possibility is
that the component in G6 is the cap-less isomer, Galpfl—
3Galpp1—3Galpf1—3(GlcNAcpp1—6)GalNAc-ol. In addition,
a contaminant in fraction G2 (M, = 1228.6) contributed initial
evidence of a motif not gleaned from the other data, namely, the
ramification of the Hex (Gal) residue of core 2 with a HexNAc
residue. Also of note, two minor components (fraction G4; M, =
1350.7 and 1554.8) had Hex-ol reducing ends. These probably
arise from the loss of the reducing terminal GalNAc in peeling
reactions during the prolonged f-elimination, followed by the
reduction of the newly formed reducing end. This assumption
made, these two products hint that different residues along the
linear Hex (Gal) chain starting at the core can be ramified with
HexNAc residues, which may turn be decorated with two Hex
(presumably Gal) residues, in apparent similarity to the core
2 GIcNAc residue. Taken together, the structural data (either
complete or partial) for the components present in the PGC
subfractions of gel filtration fractions E, F, and G (Tables 2, 3,
and 4 and Supporting Information Table S1; Figure 2) are fully
consistent with the MS data obtained for the same gel filtration
fractions without further purification (Table 1).

The late-eluting gel filtration fraction B, which by MS
appeared to contain a product with the composition Hex-
Hex-ol (Table 1), yielded only galactitol acetate as conventional
product after monosaccharide analysis by the alditol acetate
method. By NMR, it appeared to consist of an approximately
equimolar mixture of a product with the general composition
Gal-Gal-ol and a smaller product containing a C—C double
bond. The fraction was thus subfractionated on the PGC column
using UV detection at 205 nm and general carbohydrate detec-
tion by the orcinol—sulfuric acid reaction on aliquots of the
eluted fractions (Figure 1C). One of its major components (B2),
giving a positive orcinol—sulfuric acid reaction and not absorb-
ing at 205 nm, was identified by NMR as Galpp1-3/p1—4Gal-ol
(diasteromeric pair not discriminated by NMR; Supporting
Information Table S2) and likely arises from peeling reactions.
The other major component of fraction B (peak Bl in Figure 1),
not giving carbohydrate reactivity and absorbing strongly at 205
nm (but not at 214 nm, not shown), was found to be a double
bond-containing derivative of a hexitol (Supporting Information
Table S2). This product may result from the base-catalyzed
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dehydration of galactose (through a 3-deoxygalactosone inter-
mediate (30)), followed by borohydride-mediated reduction. The
free galactose is probably the product of peeling rections and also
generates the galactitol found in fraction A.

DISCUSSION

We have tackled the carbohydrate components of the
E. granulosus LL, obtaining data that are fully consistent with
the notion that the fibrillar meshwork of this extracellular matrix
is made up from mucins. We thus have determined that the
major LL carbohydrates are O-glycans based on conventional
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mucin-type cores 1 and 2 and have described in full their most
abundant members, which have between two and six residues in
length. Further, we have determined the existence in the LL of
additional O-glycans up to 18 residues in length. It must be
noted that cattle, a practical source of E. granulosus material in
Uruguay, is not an appropriate host for the most prevalent
(sheep) strain of the parasite. Therefore, cattle cysts most often
display decreased vitality, associated with a nonresolving host
granulomatous reaction (23). It is thus important to determine
if the preponderance of small LL glycans observed in this work
(Figure 1A) is fully representative of the hydatid cyst in
appropriate hosts.

Table 4 NMR Assignments of Oligosaccharide—Alditols”
OHOH

Galp B(1-3) GalNAc-ol C
chemical shift (ppm)
residues H-1 H-2 H-3 H-4 H-5 H-6 H-6/ NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.73,3.78 4.40 4.07 3.52 420 3.64 3.69 2.06 61.0 51.9 76.8 69.5 69.8 63.3 22.3,175.1
Galp 4.45(7.8) 3.57 3.68 391 3.74 3.79 3.79 104.4 71.5 72.9 69.0 75.5 61.5
OHQH oHPH OHOH
OH
H IH OH
HO - c o
3 " Yon 3 H‘)H OH 3
H‘&H T ‘&H \_/H
Galp(2) B(1-3) Galp(1) B(1-3)  GalNAc-ol D
chemical shift (ppm)
residues H-1 H-2 H-3 H-4 H-5 H-6 H-¢' NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.75,3.80 4.40 4.09 3.53 4.19 3.65 3.68 2.06 61.0 51.9 76.8 69.5 69.8 63.3 22.3,175.1
Galp(1) 4.55(7.8) 3.73 3.84 4.18 3.69 3.76 3.76 104.0 70.7 82.4 68.8 75.1 61.4
Galp(2) 4.62 (7.4) 3.61 3.65 3.94 3.68 3.76 3.76 104.8 71.5 73.0 69.0 75.5 61.4
Galp B(1-3) GalNAc-ol E 1
chemical shift (ppm)
residues H-1 H-2 H-3 H-4 H-5 H-6 H-¢/ NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.74,3.80 442 4.08 345 431 3.67 3.94 2.08 61.2 51.9 76.3 69.1 67.8 71.2 22.7
GlIcNAcp 4.54 (8.4) 3.72 3.52 345 3.46 3.76 3.94 2.08 102.3 56.0 74.4 70.3 76.4 61.2 22.7
Galp 4.47(7.9) 3.57 3.67 3.89 3.73 3.78 ~b 104.4 71.6 73.0 68.9 75.4 61.5
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Table 4. Continued

Galp(2) B(1-3) Galp(1) B(1—>3)  GalNAc-ol E3

chemical shift (ppm)

residues H-1 H2 H3 H4 HS H6 H6  NAc C-1 c2 C-3 c4 s C6  NAc
GalNAc-ol 376,380 442 410 351 422 364 3.68 2.06 617 22 769 695 700 637 227
Galp(1) 455(79) 375 389 417 377 378 P 1023 560 744 703 764 612
Galp(2) 471(7.7) 366 376 405 377 385  3.89 1054 716 728 780 757 609
Galp(3) 496(37) 384 393 403 441 371 = 1009 694 699 6.7 715 6l

~____
Galp2)  B(1—3) Galp(l)  B(1—>3)  GalNAc-ol F 1

chemical shift (ppm)

residues H-1 H2 H3 H4 HS5 H6 H6  NAc C-1 c-2 C-3 c4  Cs C6  NAc
GalNAc-ol 375,379 441 409 347 429 369 394 2.07 612 520 765 6.1 618  7LI1 2.7
GleNAcp 455(84) 372 353 345 346 375 394 207 103.0 567 751 710 7.1 619 227
Galp(1) 454(78) 373 385 420 376 379 P 1041 708 826 689 751 612
Galp(2) 462(77) 363 367 393 370 375 P 1049 716 730 6.1 756 612

oHOH

Galp3)  B(1-3) Galp(2) B(1-3) Galp(1) B(1>3)  GalNAc-ol F2

chemical shift (ppm)

residues H-1 H2 H3 H4 HS H6 H6  NAc C-1 c2 C-3 c4  Cs C6  NAc
GalNAc-ol 374,381 441 409 352 421 364 3.68 2.05 613 520 766 694 97 634 27
Galp(1) 455(79) 374 389 420 377 378 P 1039 708 823 6.1 755 613
Galp(2) 468(17) 380 389 417 372 378 = 1045 708 83 6.1 752 613
Galp(3) 471(78) 365 374 405 377 385  3.90 1050 715 728 778 755 606
b

Galp(4) 4.97 (3.8) 3.84 3.93 4.04 4.39 3.72 100.8 69.2 69.7 69.5 71.4 61.3
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Galp(3) Ba—3) GalNAc-ol G 1
chemical shift (ppm)

residues H-1 H-2 H-3 H-4 H-5 H-6 H-6' NAc C-1 C-2 C-3 C4 C-5 C-6 NAc
GalNAc-ol 3.76, 3.79 4.41 4.07 3.47 4.29 3.69 3.94 2.08 61.1 52.1 76.6 69.3 67.9 71.3 22.7
GleNAcp 4.57 (8.4) 3.76 3.68 3.72 3.60 3.85 4.02 2.08 102.2 55.8 73.1 79.4 75.4 60.7 22.7
Galp(1) 4.54 (7.8) 3.59 3.75 4.05 3.79 3.76 3.92 103.9 71.6 72.8 71.9 76.0
Galp(2) 4.95(3.9) 3.84 3.90 4.04 4.37 3.72 b 100.9 69.2 69.3 69.5 71.4 61.1
Galp(3) 4.48 (7.8) 3.57 3.68 3.90 3.72 3.80 b 104.6 71.6 73.1 69.3 75.6 61.1

yHo
GlepNAc
Galp(3) H o(l—>4) O OH
H
Galp(2) BA—-3) Galp(1) B(1—-3) GalNAc-ol G2
chemical shift (ppm)

residues H-1 H-2 H-3 H-4 H-5 H-6 H-6' NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.75, 3.80 441 4.09 3.47 4.29 3.68 3.94 2.08 61.2 52.0 76.6 69.4 68.0 71.2 22.7
GleNAcp 4.55(8.4) 3.72 3.53 3.45 3.46 3.75 3.95 2.08 102.4 56.0 74.5 70.4 76.4 61.3 22.7
Galp(1) 4.54(7.7) 3.75 3.87 4.16 3.78 3.78 b 104.1 71.1 82.5 68.9 75.8 61.3
Galp(2) 4.70 (7.7) 3.66 3.75 4.05 3.74 3.85 3.89 105.1 71.6 72.8 71.9 75.3 60.8
Galp(3) 4.98 (3.9) 3.85 3.92 4.05 4.39 3.72 100.9 69.2 69.6 69.6 71.5 61.2
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SN ~__ M
Galp(4) B(1-3) Galp(3) B1—3)  GalNAc-ol G3
chemical shift (ppm)
residues H-1 H-2 H-3 H-4 H-5 H-6 H-6' NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.76, 3.81 4.41 4.09 3.48 4.29 3.70 3.94 2.08 61.5 52.0 76.5 69.2 67.9 71.1 22.7
GlcNAcp 4.57 (8.5) 3.76 3.71 3.72 3.61 3.87 4.03 2.08 102.2 55.6 73.1 79.3 75.3 60.7 22.7
Galp(1) 4.54 (7.8) 3.58 3.76 4.06 3.80 3.80 3.92 104.0 71.5 72.8 71.9 76.0 60.9
Galp(2) 4.96 (3.9) 3.85 391 4.04 4.37 3.72 b 100.9 69.1 69.6 69.5 71.3 61.1
Galp(3) 4.54 (7.8) 3.74 3.85 4.20 3.76 3.76 b 104.0 70.8 82.6 68.8 75.2 61.1
Galp(4) 4.62 (7.6) 3.63 3.69 3.94 3.71 3.80 -t 104.9 71.6 73.1 69.2 75.6 61.1
Galp(4) B(1-3) Galp(3) B(1-3) Galp(2) B(1-3) Galp(1) B(1-3)  GalNAc-ol G7
chemical shift (ppm)
residues H-1 H-2 H-3 H-4 H-5 H-6 H-6¢' NAc C-1 C-2 C-3 C-4 C-5 C-6 NAc
GalNAc-ol 3.75, 3.80 4.40 4.09 3.51 4.20 3.64 3.68 2.05 61.2 52.1 71.0 69.7 69.9 63.6 22.7
Galp(1) 4.54(7.9) 3.75 3.87 4.19 3.77 3.76 b 104.2 71.0 82.6 69.1 75.5 61.6
Galp(2) 4.69 (7.8) 3.80 3.87 4.21 3.72 3.76 -t 104.6 71.0 82.6 69.1 75.4 61.6
Galp(3) 4.69 (7.8) 3.80 3.87 4.17 3.72 3.76 -t 104.6 71.0 82.6 69.1 75.4 61.6
Galp(4) 4.71 (7.7) 3.65 3.75 4.04 3.77 3.85 3.90 105.0 71.7 72.9 78.0 75.6 61.0
Galp(5) 4.97(3.2) 3.85 391 4.04 4.38 3.71 -5 101.0 69.3 69.8 69.7 71.4 61.4

“Except for structures C and D, '>C shifts were obtained from HSQC spectra, and hence the shifts of the carbonyl carbons could not be obtained. Coupling
constants are given in parentheses for H-1 atoms of monosaccharide residues only. Correlations are indicated with arrows on the structures; these were derived
from NOE spectra (NOESY, ROESY, or TROESY), except for product C (from HMBC). Spectral data for products E2 and D were indistinguishable (same
compound). ?Chemical shift values could not be obtained due to signal superimposition.
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FIGURE 2: Assignments by MALDI-TOF-TOF MS-MS of representative permethylated oligosaccharide—alditols. All specifications given in the

legend to Table 2 apply.

The ten structures of complete O-glycans elucidated in this
work are summarized in Figure 3 and can be rationalized on the
basis of a few simple motifs. The conventional cores 1 and 2 can

be nondecorated (structures C and E1). Alternatively, they can
be elongated with one to three Galpi1—3 units added onto the
core Galpf1—3 residue. The resulting Galpf1—3 chain can be
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(€)
GalpB1-3GalNAc-ol
‘ (56%)
(E3) (D)
Galpa1-4GalpB1-3GalpB1-3GalNAc-0l === GalpB1-3GalpB1-3GalNAc-ol
(9%) ‘ (20%)
(F2)
Galpo1-4GalpB1-3GalpB1-3GalpB1-3GalNAc-0l =
(3%) ‘
(G7)
Galpo1-4Galpp1-3Galpf1-3Galpp1-3Galpp1-3GalNAc-ol ==
(2%)
GIcNAcp|31\6(E1)
GalNAc-ol <€¢———
GalpB1”™  (5%)
9
‘ (G1)
Galpa1-4GalpB1-4GIcNACpB1
GleNAcpp._ . (¢? GleNAcpB1 . F1) GalNAc-ol
6GalNAc-0l €= GalNAc-ol Galpp1””  (1%)
Galpo1-4GalpB1-3GalpB1” ™ (2%) GalpB1-3GalpB1” ™ 2%) %
Galpat-4GalpB1-4GIcNAcpp1 . (©¥
GalNAc-ol

Galpp1-3Galpp1” (1%)

Addition of core 2 GIcNAcpp1-6 <= Capping with Galpa.1-4

‘ Elongation with Galpp1-3 ) X

Decoration with Galpa.1-4GalpB1-4

F1GURE 3: Summary of fully elucidated oligosaccharide—alditol structures. Codes are as in Figure 1. Possible biosynthetic relationships between
the respective parent O-glycans (which may be assumed to be attached to apomucin backbones by GalNAcpal-Ser/Thr linkages) are indicated.
Estimated abundances are given in parentheses (mol % with respect to the total abundance of the fully elucidated glycans). Abundances were
estimated by pooling gel filtration fractions B—N (Figure 1), running the mixture on the PGC column using a linear 5—20% acetonitrile gradient
and detection at 206 nm (other conditions as in Experimental Procedures), identifying the components by use of the pure products as standards,
integrating peak areas, and normalizing these by the number of N-acetyl groups known to be present in each product.

terminated as such (structures D, F1, and G3) or with the
addition of a single Galpol—4 acting as a cap (structures E3,
F2, G2, and G7). Elongation by Galpf1—3 chains and capping
by Galpal—4 are to our knowledge novel on O-glycans. Neither
structural feature is known in Echinococcus glycolipids (31),
although Galpol —4Gal termini are known in glycosphingolipids
from certain other cestodes (reviewed in ref [). Echinococcus
N-glycans (32) do not seem to feature the Galpi1—3 elongation,
while Galpal—4Gal termini are likely present, but in the context
of the Py-antigen, discussed next. The other major motif found in
the LL carbohydrates is the decoration of some core 2-based
O-glycans with Galpol —4Galp1—4 on the core GIcNAc residue
(structures G1 and G3; Figure 3). The resulting Galol —4Galf1—
4GIcNAcS structure corresponds to the Py blood group
motif, explaining the long-known P; reactivity present in the
LL (20, 33, 34). The P, motif is very likely carried also on
E. granulosus N-glycans (from partial structural data (32)), as
well as on glycosphingolipids (from immunoreactivity (35)); in
contrast, in mammals it is found in glycolipids only (reviewed
in ref 36). Overall, Galpf1—3 elongation may well be specific
of the O-glycans of the Echinococcus LL, while in contrast
capping with Galpol—4 (which includes, but is not limited to,
the context giving rise to the P; motif) may be a widespread

feature of cestode O- and N-glycans and glycolipids, as
previously suggested (/).

The structural motifs discussed above might be sufficient to
explain all those glycan compositions detected in the LL by MS
(Table 1), except for those that include two, three, or four
HexNAc residues outside the reducing end. These latter may
be explained by the additional HexNAc-containing ramifications
gleaned from some of the partially elucidated structures
(Supporting Information Table S1); examples of such glycans
are being presently elucidated. In addition, the evidence from MS
of compositions Hexs_gHexNAc-ol (Table 1) suggests that the
Galpp1-3 elongation can proceed through at least six residues
(assuming one Gal residue in the core and another in the cap).
Globally, the picture arising from our study is one of striking
structural simplicity. In addition, it is sharply different from the
picture from the only glycobiologically well-studied platyhel-
minth, Schistosoma mansoni. Indeed, in contrast to S. mansoni
carbohydrates and O-glycans in particular (reviewed in ref 37),
the LL glycans lack lactosamine or LacDiNAc termini and,
crucially, lack fucosylation.

The enzyme presumably responsible for the first step
of the synthesis of the O-glycans described in this work, an
UDP-GalNAc:polypeptide GalNAc transferase expressed in the
E. granulosus GL, has been characterized (38); a second sequence
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with similarity to the same class of enzymes is also present
in the GL transcriptome (EGC04989). This transcriptome
(C. Fernandez, personal communication) also contains two
sequences with similarities to core 1 f1—3 galactosyltransferases
(EGCO01546, EGC04121), and a sequence similar to f1—4
galactosyltransferases (EGC00364). Also, probably reflecting
the central importance of Gal in the biosynthesis of the LL,
several hits in ca. 1500 total clusters correspond to sequences of
proteins probably involved in the synthesis of UDP-Gal and its
translocation across Golgi membranes (EGC01356, EGC00902,
EGC00933).

The structures reported in this work should be compared with
those reported by Hulsmeier et al. for the purified E. multilo-
cularis mucin (21). Although anomeric configurations were not
determined in that work, the data are clearly consistent with
structures based on cores 1 and 2, with the nondecorated cores
constituting the two most abundant glycans. Nondecorated core
1 is probably expressed strongly in the LL across the genus
Echinococcus, as peanut agglutinin and jacalin bind readily to the
entire LLs of E. multilocularis and Echinococcus vogeli (7, 9). The
data by Hulsmeier et al. also suggest that both cores can be
decorated with a Galp1—4 on their Galpf1-3 residue. In the light
of our work, this addition is likely the Galpal—4 cap, which
therefore appears to be added directly onto the cores. In the
E. granulosus LL, the cap appears to be added only after either
core has been elongated with one or more Galpf1—3 residue(s),
thus allowing the biosynthesis of larger O-glycans. In addition,
the E. multilocularis data suggest that the core 2 GleNAc residue
can be decorated with either Galpl—4 or Galpl—4Galpl—4,
which by comparison with our data (Figure 3) are probably
Galpp1—4 and Galpal—4Galpf1—4, respectively. Addition of
only the Galpp1—4 residue on GlcNAc would generate a terminal
lactosamine. This motif, reported to induce granuloma forma-
tion (39), appears to be absent from the E. granulosus LL,
in which we invariably find that the core 2 GIcNAc residue is
either unsubstituted or substituted with the mentioned disac-
charide; this holds not only for the glycans elucidated in full but
also for the minor glycans analyzed by MS-MS (Supporting
Information Table S1; data not shown). Nondecorated GalNAc
(i.e., the T,-antigen) was detected by electrospray MS as an
important O-glycan in the E multilocularis mucin (21). The
T,-antigen was detected immunochemically in E. granulosus
tissues, in a study that did not include the cyst wall (40). However,
analysis by gas—liquid chromatography of trimethylsialyl deri-
vatives of fractions eluted from the Bio-Gel P4 gel filtration
column at elution volumes near that of a GalNAc-ol standard
(fractions A—C in Figure 1A) did not reveal the presence of free
GalNAc-ol. Therefore, T,-antigen is either absent or expressed in
very low levels in the E. granulosus LL. Interestingly, all of the
differences between our data and those of Hulsmeier et al. may be
explained by different relative activities of the same set of
biosynthetic enzymes. It must be stressed that these differences
do not necessarily reflect species differences, as the E. multi-
locularis mucin was affinity-purified with a monoclonal antibody
of apparently restricted specificity, as discussed below.

Antibodies elicited by hydatid infections or by immunization
with Echinococcus preparations are directed mainly against
carbohydrates and largely T-independent (4/—43). LL carbo-
hydrates are clearly relevant in this context, and strongly bound
host immunoglobulins are abundant in the LL (44). However, the
specificities of antibodies against Echinococcus carbohydrates are
not known. Part of the antibodies bound to LL could be directed
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against the nondecorated core 1: this constitutes the tumor-
associated Trantigen, for which there are natural antibodies in
healthy humans (reviewed in ref 45). Other antibodies could be
directed against the Galpal—4Galpf1—3Gal motif found in
products E3, F2, G2, and G7 (and probably further glycans),
as hydatid human sera observed to precipitate the LL “muco-
polysaccharide” were found to react with an epitope inhibitable
by a-Gal but different from the P, determinant (20). Either the
Galpal—4Galpp1—3Gal motif or the Galpal—4GalpB1—4Glc-
NAc (P;) motif could be the target of monoclonal antibody
E492, raised against protoscoleces (larval worms), but reactive
with the E. granulosus LL, and which is inhibitable by
Galpal—4Gal (41, 46). The monoclonal antibody Em2(G11),
used to purify the E. multilocularis mucin mentioned (2/),
reacts with a carbohydrate epitope that is tissue- and species-
specific (7, 47). Therefore, the target O-glycan may be speculated
to be core 2 decorated with what is likely Galpf1—4, encom-
passing the probable lactosamine motif apparently absent from
the E. granulosus LL. The Em2(G11) epitope probably has a
restricted expression even in E. multilocularis, as opposed to a
wider (and cross-species) expression of the E492 epitope; this
would explain that E. multilocularis material affinity-purified
with Em2(G11) reacts readily with E492 while the opposite is
not true (46).

The LL is the host-exposed surface of the hydatid cyst, and the
dominant components of the LL are the mucin O-glycans
elucidated in this work. These, and apparently also the rest of
the quantitatively significant carbohydrates of the LL, are both
related and simple from the structural point of view. Thus, for all
of the complexity expected of an entire helminth parasite stage,
the hydatid cyst exposes to the host only a few different abundant
molecular motifs. This may simplify the understanding of how
this parasite induces, as mentioned, a noninflammatory response.
A carbohydrate-rich fraction strongly inhibiting splenocyte pro-
liferation in vitro is purified from E. multilocularis by the antibody
E492 (46), in all likelihood specific for one of the carbohydrate
motifs described in the present report.
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