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Abstract

Pristionchus pacificus is a free-living nematode increasingly used as an organism for comparison 

to the more familiar model Caenorhabditis elegans. In this study, we examined the N-glycans of 

this organism isolated after serial release with peptide:N-glycosidases F and A; after fluorescent 

labelling with 2-aminopyridine, chromatographic fractionation by three types of reversed-phase 

HPLC (with either classical C18, fused core C18 or alkylamide bonded phases) followed by mass 

spectrometric analyses revealed key features of its N-glycome. In addition to paucimannosidic and 

oligomannosidic glycans typical of invertebrates, N-glycans with two core fucose residues were 

detected. Furthermore, a range of glycans carrying up to three phosphorylcholine residues was 

observed whereas, unlike C. elegans, no tetrafucosylated N-glycans were detected. Structures with 

three fucose residues, unusual methylation of core α1,3-fucose or with galactosylated fucose 

motifs were found in low amounts; these features may correlate with a different ensemble or 

expression of glycosyltransferase genes as compared to C. elegans. From an analytical perspective, 

both the alkylamide RP-amide and fused core C18 columns, as compared to a classical C18 

material, offer advantages in terms of resolution and of elution properties, as some minor 

pyridylamino-labelled glycans (e.g., those carrying phosphorylcholine) appear in earlier fractions 

and so potential losses of such structures due to insufficient gradient length can be avoided.
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The range of asparagine-linked oligosaccharides (N-glycans) found in lower eukaryotes is 

indeed immense and glycobiologists have the multiple challenges of determining the 

structure and function of unusual glycan structures as well as defining glycan biosynthetic 

pathways (1). The concept of comparative glycomics as a tool to aid definition of the 

specificity of glycosylation-relevant enzymes is in its infancy, but with combined glycomic 

and genomic data on closely-related species it becomes a realistic option to help solve the 

aforementioned challenges. In the case of nematodes, an increasing number of genomes are 

becoming available, although the degree of assembly and annotation varies. In recent years, 

the Ascaris, Brugia, Haemonchus, Necator, Trichinella and Trichuris draft genomes have 

been sequenced as examples for animal parasites (2-7), Bursaphelenchus and Meloidogyne 
are examples for the plant parasites (8,9) and genomes of various Caenorhabditis species 
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(10,11) as well as of free-living Panagrellus and Pristionchus (12,13) are now available. 

However, other than various animal parasites and Caenorhabditis elegans itself (14,15), there 

is little glycomic knowledge about nematodes.

A particularly highly-variable and complex set of glycan modifications in nematodes is 

fucosylation. N-glycans with up to four fucose residues have been detected in C. elegans, 

which is a remarkable number considering the relative lack of extended antennae in this 

species; indeed, these fucose residues are modifications of the mannosylchitobiosyl core 

region. Fucose can be α1,3-linked to either the reducing-terminal proximal and distal core 

N- acetylglucosamine (GlcNAc) residues, α1,6-linked to the proximal GlcNAc or α1,2-

linked to galactose residues which are also associated with the core (16,17). At least some of 

these features have been found in parasitic nematodes such as Ascaris, Haemonchus and 

Oesophagostomum (17,18). Recently, we have shown that three C. elegans 
fucosyltransferases (FUT-1, FUT-6 and FUT-8) can be employed to generate trifucosylated 

N-glycan cores in vitro (19).

Another unusual aspect of nematode glycans is the presence of phosphorylcholine; this 

zwitterionic modification is otherwise known from some bacterial lipopolysaccharides, 

fungal cell walls and one cestode glycoprotein (Ag5 from Echinococcus granulosus) 

(20-22). The phosphorylcholine attached to the N-glycans of one nematode glycoprotein 

(ES-62 from Acanthocheilonema viteae) is apparently necessary for the immunomodulatory 

activity of this protein (23); on the other hand, a possibly contradictory aspect is that 

phosphorylcholine is recognised by mammalian C-reactive protein (24), a pentraxin whose 

levels in the serum increases during inflammation. Furthermore, galactosylation of core 

fucose and methylation have been observed on nematode N-glycans (14,15). Of these 

various N-glycan modifications, at least core α1,3-fucose and galactosylated core α1,6-

fucose are potential anthelminthic targets as fungal lectins (specifically CCL2 and CGL2) 

recognising these elements are nematotoxic (25,26). To date, our information regarding the 

enzymatic basis for modifications of nematode N-glycans is restricted to identification of the 

three fucosyltransferases modifying the core region (FUT-1, FUT-6 and FUT-8) and the 

α1,6-fucose-modifying galactosyltransferase (GALT-1) (19,27-29) as well as conserved 

enzymes such as N-acetylglucosaminyltransferases I and II (30). The genetic basis for 

further modifications remains unknown.

Analysis of the various nematode glycans presents significant challenges as, in comparison 

to mammalian glycans, there are generally no commercially-available standards and little 

literature. However, a reliance of mass spectrometry alone may result in misleading 

interpretations. Therefore, methods which reliably separate glycans on the basis of structural 

type or isomeric status are highly valuable prior to mass spectrometric analyses. A gold 

standard in this respect may well be two-dimensional separations (e.g., hydrophilic 

interaction followed by reversed phase) in order to obtain fractions with only one or two 

glycan structures, but the low amounts of glycans obtained from many biological sources in 

combination with the multiplication of obtained fractions from two-dimensional HPLC 

mean that this approach may not be the most appropriate for a specific sample. Thus, a one-

dimensional HPLC method which results in the greatest informational gain may be 

advantageous. This, though, may be dependent on the sample to be analysed: in previous 
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studies, we have used normal-phase, reversed-phase (either in the classical C18 or the newer 

‘RP-amide’ modes) and mixed mode columns (17,31,32). Although, reversed phase HPLC is 

probably the most robust method, there is the tendency that anionic glycans are poorly 

retained, which for instance when examining Dictyostelium discoideum N-glycans resulted 

in early-eluting fractions of some complexity (32). However, normal phase often offers little 

isomeric information.

In the context of comparative nematode glycomics and the development of relevant methods, 

we have examined the N-glycans of Pristionchus pacificus, which is (like C. elegans) a free-

living nematode used for some comparisons of development (33,34) and whose genome has 

been sequenced (13); an unusual feature is the dimorphism of its mouthparts and a pre-

hatching moult. In the wild, some Pristionchus species appear to be associated with beetles 

(35). Our studies indicate that the N-glycome of P. pacificus is somewhat simpler than that 

of C. elegans, but still shows some features seen in various nematode species, such as mono- 

and difucosylation as well as modification by the zwitterion phosphorylcholine. As part of 

our study, we compared three different HPLC columns (classical C18, fused core C18 and 

RP-amide) to fractionate fluorescently-labelled N-glycans. On one hand, common trends in 

the elution of pyridylaminated forms of the standard paucimannosidic and oligomannosidic 

glycans were observed, whereas the order for glycans carrying core fucose and antennal 

phosphorylcholine differs. Probably the most superior resolution is attained with the fused 

core C18 column.

Experimental Procedures

Nematode cultivation

Pristionchus pacificus (PS312) was grown in liquid culture using E. coli OP50 as a food 

source, as previously done for C. elegans (27). Two independently-grown samples of mixed 

populations were analysed and 1-2 g worm pellets were homogenised and proteolysed with 

pepsin. N-glycans were then released from peptic peptides using peptide:N-glycosidase F 

(capable of removing most eukaryotic N-glycans other than those carrying α1,3-fucose on 

the reducing terminal GlcNAc), followed by peptide:N-glycosidase A (which is capable of 

removing core α1,3-fucosylated N-glycans), according to the procedures described 

previously. Free glycans were labelled with 2-aminopyridine (36,37) prior to MALDI-TOF 

MS and fractionation by reversed-phase HPLC (RP-HPLC).

Fractionation of pyridylaminated N-glycans

Separation of pyridylamino-labeled glycans was carried out on a Shimadzu HPLC system 

equipped with a fluorescence detector (RF 10 AXL; excitation at 320 nm and emission 400 

nm). For standard RP-HPLC, a Hypersil ODS column (Agilent; a classical C18 column of 

the dimensions 250 × 4.6 mm) was used with 100 mM ammonium acetate, pH 4.0 (buffer A) 

and 30% (v/v) methanol (buffer B); a gradient of increasing buffer B (1% per minute) was 

programmed up to 30 minutes; a step up to 40% B for 5 minutes was followed by another 

step to 45% for 5 minutes followed by a return to starting conditions. A similar linear 

gradient (1% B per minute; 0.8 ml/min) for 45 minutes was used with a Kinetex™ 5μ XB-

C18 column (250 × 4.6 mm; Phenomenex), which has iso-butyl side chains on fused core 
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particles. For the Ascentis® Express 2.7 μ RP-Amide column (150 × 4.6 mm; Sigma-

Aldrich) which has a fused core carrying alkyl amide chains as the bonded phase, a gradient 

of buffer B up to 35% over 34 minutes was applied at a flow rate of 0.8 ml/min as follows: 

0-4 min, 0% B; 4-14 min, 0-5% B; 14-24 min, 5-15% B; 24-34 min, 15-35% B; 34-35 min, 

return to starting conditions. The recommended guard columns were used in all cases. The 

overall HPLC and MALDI-TOF MS results from two independently-grown nematode 

samples were similar, but only the data for one preparation are shown.

Mass spectrometry

Monoisotopic MALDI-TOF MS was performed using a Bruker Autoflex Speed (equipped 

with a 1000 Hz Smartbeam™-II laser) instruments in positive reflectron mode with 6-aza-2-

thiothymine (ATT) as matrix. MS/MS was performed by laser-induced dissociation. Spectra 

were processed with the manufacturer’s software (Bruker Flexanalysis 3.3.80) using the 

SNAP algorithm with a signal/noise threshold of 6 for MS (unsmoothed) and 3 for MS/MS 

(four-times smoothed). Glycan spectra were manually interpreted on the basis of the masses 

of the predicted component monosaccharides, relative elution times as compared to previous 

studies, differences of mass in glycan series and fragmentation patterns.

Enzymatic and chemical treatments

Further analysis by MALDI-TOF MS was performed after treatment overnight with either β-

galactosidase (recombinant Aspergillus niger lacA; prepared in-house (38)), α-fucosidase 

(bovine kidney from Sigma-Aldrich), α-mannosidase (Xanthomonas manihotis α1,2/3-

specific from NEB) or β-N-acetylhexosaminidase (recombinant Apis mellifera FDL; 

prepared in-house, specific for the N-acetylglucosamine attached to core α1,3-mannose, i.e., 
the residue transferred by GlcNAc-TI (39)) in 25 mM ammonium acetate, pH 4.5, at 37 °C. 

For removal of α1,3-linked fucose or of phosphorylcholine, selected fractions were dried 

and incubated overnight at 0 °C with 3 μl 48% (v/v) hydrofluoric acid prior to evaporation; 

the samples were diluted in water and re-evaporated, prior to redissolving once again.

Results

Overall N-glycomic profile

An initial perusal of the N-glycomes of Pristionchus pacificus released with PNGase F and 

PNGase A and analysed by MALDI-TOF MS would suggest similar profiles as compared to 

Caenorhabditis elegans with a set of probable paucimannosidic and oligomannosidic N-

glycans (Hex5-9HexNAc2 and Hex1-3HexNAc2Fuc0-1) being the major N-glycans with some 

amounts of phosphorylcholine-modified glycans (addition of 165 Da) and, in the glycans 

released with PNGase A, some difucosylated species (Figure 1). It is known from other 

studies on glycans from plants, insects, nematodes and other non-mammalian sources that 

core α1,3-fucose, either on its own or in combination with core α1,6-fucose, prevents 

removal of such modified N-glycans by PNGase F (40); therefore, the sequential use of both 

enzymes to release the N-glycans was performed. As judged by the fluorescence of the 

labeled glycan pools, the amount of glycan in the pool released by PNGase A after PNGase 

F was some ten-fold lower than the pool released by PNGase F. As seemingly the PNGase F 

digestion was incomplete, many glycans in the PNGase A pool are lower-intensity 
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‘remainders’ of glycans in PNGase F pool (Table 1); as only a minority of glycans are found 

solely in the PNGase A pool, the proportion of core α1,3-fucosylated N-glycans in this 

species is probably under 5% of the total.

Despite the impression that the N-glycomes of C. elegans and P. pacificus are similar, a more 

exact examination of the overall mass spectra indicated a lack of tetrafucosylated glycans 

from the glycome of the latter. For a closer inspection of the pools of pyridylamino-labelled 

N-glycans, HPLC was employed and each fraction from the PNGase F and PNGase A pools 

was subject to MALDI-TOF MS and MS/MS. Due to the excellent experience with the 

Ascentis Express RP-amide column for fractionation of N-glycans from oyster plasma and 

haemocytes (31), we first used this column to fractionate the pyridylaminated P. pacificus N-

glycans; however, to explore the use of other columns, we also supplemented this 

fractionation by comparing the RP-amide column with classical and fused core RP-HPLC 

materials (Agilent Hypersil C18 RP-HPLC, as previously used by us with C. elegans N-

glycans, and Kinetex XB-C18; Figure 2). Our structural propositions (Table 1) are 

corroborated by a range of MS/MS before and after chemical and enzymatic digestion; in 

total some 1300 MS and MS/MS spectra were recorded, manually interpreted and annotated. 

For simplicity, only a selection of these data, indicative of each type of structural motif, is 

presented in the main text; a summary of evidence for each proposed glycan structure is 

given in the Supplementary Table.

Oligo- and paucimannosidic glycans

The major oligomannosidic glycans are Man5GlcNAc2 (7.0 g.u. on the Agilent C18 RP-

HPLC column) and Man8-9GlcNAc2 (4.6 and 4.9 g.u.) with also a significant amount of 

Man3GlcNAc2 (7.2 g.u.), which are in line with literature values (41). On the Kinetex XB-

C18 and RP-amide columns, the elution times of Man3,5,8,9GlcNAc2 (respectively 

9.5/8.7/5.0/5.3 g.u. and 7.2/7.2/5.2/5.5 g.u.) are not directly comparable to those on the 

standard C18 column, although the tendency is similar; it can be concluded that all three 

columns can be used to effectively separate N-glycan isomers, whose structures can then be 

verified by MS/MS or exoglycosidase digestion. The Man3,5,6GlcNAc2 glycans lose, as 

expected, one or two mannose residues upon α1,2/3-mannosidase digestion (Figure 3B and 

J).

An example of the isomeric designations is described for Man8GlcNAc2: the major form, 

eluting at 4.6 g.u. on the C18 column is the Man8B isomer (a product of ‘endoplasmic 

reticulum’ mannosidase I), whereas only a minor amount of the Man8A isomer is present 

(5.3 g.u.). Compatible with this assumption are the MS/MS data, which show relatively 

intense m/z 989 and 1151 signals respectively for the Man8A and Man8B structures 

(Supplementary Figure 1), which may result from the loss of the entire α1,6-antenna during 

fragmentation (see also our previous study (32)). There is also a remarkable level of small 

‘paucimannosidic’ glycans with m/z 665 and 827, whose presence is suggestive of high 

mannosidase activity in vivo; specific α1,2/3-mannosidase digestion enabled us to confirm 

the major Man2GlcNAc2 isomer (5.9 g.u.) as being Manα1,3Manβ1,4GlcNAcβ1,4GlcNAc 

(‘0M’ according to a nomenclature based on that of Schachter (42); Figure 3A and B).
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Mono-, di- and trifucosylated glycans

As in many invertebrates, the major fucosylated N-glycan in Pristionchus has the 

composition Hex3HexNAc2Fuc1 (m/z 1135). However, there were two isomeric glycans 

with this composition, both which displayed a typical core fucose MS/MS fragment of m/z 
446 (Figure 4A and B). The early-eluting form present only in the PNGase A digest (5.0-5.5 

g.u. on all columns) carries α1,3-fucose on the reducing-terminal GlcNAc, whereas core 

α1,6-fucose results in late elution (43), a conclusion corroborated by the respective 

sensitivities towards hydrofluoric acid and bovine α-fucosidase (Supplementary Figure 2B 

and D). For other simple monofucosylated glycans (Hex1-2HexNAc2Fuc1; m/z 811 and 973), 

there was surprisingly a greater range of structural diversity with respectively three and five 

different elution positions (see also Supplementary Figure 3). In addition to the typical 

‘isomeric splitting’ due to α1,3- and α1,6-fucosylation of the reducing terminal GlcNAc and 

two different linkages of the single α-mannose in Hex2HexNAc2Fuc1 (α1,3 or α1,6, 

resulting for the former in earlier elution and α1,2/3mannosidase sensitivity; see Figure 3C 

and D), yet another position for fucose was apparent. For instance, a ‘fifth’ isomer of 

Hex2HexNAc2Fuc1 (7.7 g.u. or 10.2 g.u., respectively on the C18 and Kinetex columns) was 

present in both the PNGase F and A digests; this glycan, sensitive to hydrofluoric acid, 

showed only a very weak m/z 446 fragment (see Figure 4C and Supplementary Figures 2G 

and 3I), which we find to be a hallmark for glycans with fucose on the second (distal) core 

GlcNAc and which is consistent with a low-level ‘rearrangement’ of fucose during 

fragmentation (44). For fucosylated N-glycans with one non-reducing terminal GlcNAc 

(Hex3HexNAc3Fuc1; m/z 1338), there are two variations possible: so-called MGnF6 and 

GnMF6 (analogous to the MGn and GnM discussed below) eluting at 10.3 and 17 g.u.. 

These two glycans had contrasting sensitivities to α1,2/3-mannosidase in keeping with their 

proposed structures (Figure 3E-H).

In the PNGase A digest, some difucosylated N-glycans with compositions 

Hex1-3HexNAc2-3Fuc2 were detected which elute between 7 and 9 g.u. on the C18 column; 

these g.u. values are similar to those previously reported for difucosylated insect N-glycans 

(45). MS/MS showed the presence of m/z 446 and 592 as major fragments for one isomer 

with m/z 1119 as well as for the single glycan with m/z 1281 (Figure 4D and F). Selected 

digests were also performed (see Figure 5A-C) and showed that (i) bovine α-fucosidase only 

removed one fucose residue from the putative Man3GlcNAc2Fuc2 glycan (m/z 1281) with 

the product eluting at 5 g.u. (like MMF3) when rechromatographed on the Hypersil C18 

column, (ii) hydrofluoric acid also removed one fucose from the same Man3GlcNAc2Fuc2 

glycan with the product eluting, as for MMF6, at 11.5 g.u. when rechromatographed and (iii) 

α1,2/3-mannosidase removed one mannose from the putative Man2GlcNAc2Fuc2 (m/z 
1119; Figure 3I and J). Two further isomers of Man2GlcNAc2Fuc2 were also observed (5.2 

and 13 g.u. on the C18 column), but do not display difucosylation of the proximal GlcNAc 

(see below). One further difucosylated glycan (m/z 971) also lost one fucose upon bovine α-

fucosidase treatment, but lost 160 Da when treated with hydrofluoric acid; thereby, the m/z 
606 fragment was replaced, respectively, by ones of m/z 460 and 446 (Figure 5D-F). These 

data indicate that this glycan carries a methyl residue on a core α1,3-fucose and so a 

structure of Manβ1,4GlcNAcβ1,4(Fucα1,6)(MeFucα1,3)GlcNAc is proposed.
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MS/MS of some low intensity glycans (e.g., m/z 1297 and 1427; Hex4HexNAc2Fuc1 and 

Hex3HexNAc2Fuc3) was found to result in m/z 608 or 754 fragments (Figure 4 G and I), 

which is reminiscent of glycans from C. elegans with a Galβ1,4Fucα1,6 modification of the 

reducing-terminal GlcNAc (17); incubation overnight with a diluted recombinant 

Aspergillus β-galactosidase resulted in a shift of these glycans to ones with a m/z 446 

fragment (Figure 6 A and B; compare also Supplementary Figure 2 H and I). The m/z 1427 

glycan is one of three trifucosylated glycans detected in our study and appeared insensitive 

to α1,2/3-mannosidase and bovine fucosidase (Figure 6 D and E). Treatment with 

hydrofluoric acid of the fucosidase-treated fraction resulted in loss of two fucoses and one 

hexose; MS/MS of the product of m/z 973 showed a fragment of m/z 608 indicative of 

galactosylation of core fucose (Figure 6F). It can be proposed that the m/z 1427 glycan is 

Man1GlcNAc2 decorated with Galβ1,4Fucα1,6 and α1,3-fucose on the reducing terminus 

and a hexosylated α1,3-fucose on the distal (second) core GlcNAc residue; by comparison, 

capping of distal fucose by α1,2-galactose (which explains the loss of a unit of 308 Da upon 

hydrofluoric acid treatment) and the presence of β1,4-galactose on the core α1,6-fucose 

(which explains the bovine fucosidase insensitivity) are akin to glycans previously found in 

C. elegans (17). Fucosylation of the distal GlcNAc is also concluded for minor isomers of 

Hex1-2HexNAc2Fuc1 (m/z 811 and 973; see above) as well as of two forms each of 

Hex1HexNAc2Fuc2 and Hex2HexNAc2Fuc2-3 (m/z 957, 1119 and 1265; see Table 1 and 

example MS/MS in Figure 4E and H as well as in Supplementary Figure 3). The two 

isomeric trifucosylated glycans with m/z 1265 were both sensitive to hydrofluoric acid, but 

differed regarding the position of the second hexose residue, which was either removed with 

α1,2/3-mannosidase or along with a fucose when treated with hydrofluoric acid (see Figure 

6 H, I and K),

Glycans with free terminal N-acetylglucosamine

A number of glycans with three or more N-acetylhexosamine residues, but without 

phosphorylcholine, were detected in individual HPLC fractions. Two differently-eluting 

forms of Hex3HexNAc3 (m/z 1192) can be detected (7.0 and 10.3 g.u.; C18) and these 

correspond to the two variations of N-glycans with one non-reducing terminal GlcNAc (so-

called MGn and GnM). Whereas MGn, as well as the Hex2HexNAc3 glycan (m/z 1030), 

were sensitive towards the arm-specific Apis mellifera FDL hexosaminidase (Figure 7 A and 

B), the GnM loses one hexose when incubated with α1,2/3-mannosidase (Figure 7 C and 

D); these data verify that the GlcNAc is respectively on the ‘lower’ or ‘upper’ antenna (i.e., 
α1,3- or α1,6-antenna). The two isomers of Hex3HexNAc3 also fragment differently, with 

MS/MS of MGn resulting in a significant m/z 1030 fragment, whereas the GnM has 

dominant m/z 827 and 989 fragments (Figure 7 F and G); as for the oligomannosidic 

glycans, we consider that this is due to higher lability of the ‘core’ α1,6-linked mannose 

during fragmentation. A Hex3HexNAc5 glycan, also sensitive to the FDL hexosaminidase 

(Figure 7B), is proposed to be triantennary due to the m/z 569 fragment (Hex1HexNAc2; 

Figure 7E); considering the repertoire of glycosyltransferases in nematodes (especially 

GlcNAc-TI, TII and TV (30,46)) and the presence of the m/z 1030 fragment, the m/z 569 is 

proposed to be derived from the α1,6-arm.

Yan et al. Page 7

Electrophoresis. Author manuscript; available in PMC 2016 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Phosphorylcholine-modified glycans

The modification of glycans by phosphorylcholine is a feature of a number of non-vertebrate 

species and has been previously reported on N-glycans from nematodes (47,48). In terms of 

MS/MS, a signature for a phosphorylcholine linked to GlcNAc on glycans is an intense 

MS/MS fragment of m/z 369 (Figure 8 A and B) (48); in the case of Hex3HexNAc4PC1 (m/z 

1560) there were two elution positions and MS/MS of one of these yielded a fragment of 

m/z 572, indicative of a phosphorylcholine modification of a diHexNAc motif (compare 

Figure 8 C and D); without further specific data, the presence of a LacdiNAc 

(GalNAcβ1,4GlcNAc) in this context can only be assumed. MS/MS of glycans with the 

compositions Hex3HexNAc5PC1 (m/z 1763) and Hex3HexNAc5PC3 (m/z 2094) yielded 

fragments of respectively m/z 369 and 734 or m/z 369, 899 and 1726, which are compatible 

with phosphorylcholine modifications of triantennary structures (Figure 8E and F; see also 

Supplementary Figure 4 for MS/MS spectra of related structures). Hydrofluoric acid 

effectively removes phosphorylcholine (47) and a number of fractions containing putatively 

phosphorylcholine-modified N-glycans were treated with this reagent (Figure 9).

In the case of Hex3HexNAc3Fuc0-1PC1 structures, isomers were apparent. The later eluting 

structures were hypothesised to have the HexNAc1PC1 attached to the α1,6-mannose, the 

earlier on the α1,3-mannose. In order to determine this more specifically, the Apis mellifera 
FDL hexosaminidase was employed after hydrofluoric acid treatment. As predicted, the 

Hex3HexNAc3Fuc0-1PC1 (m/z 1357 and 1503) eluting at 8.0 and 13.0 g.u. each lost one 

HexNAc after consecutive hydrofluoric acid and FDL hexosaminidase treatment (Figure 9 

A-C and D-F); on the other hand, the later-eluting isomer with m/z 1357 lost one hexose 

upon α1,2/3-mannosidase digestion (compare Figure 6C and D). An unusual structure (m/z 
1649) was predicted to possess two fucoses in addition to one phosphorylcholine; 

hydrofluoric acid treatment overnight resulted in a serial loss of phosphorylcholine (m/z 
1484) and then of fucose (m/z 1338). Whereas the MS/MS spectrum of the untreated glycan 

was dominated by the m/z 369 fragment indicative for phosphorylcholine (Figure 8G), the 

intermediate product (m/z 1484) displayed a fragment of m/z 592 indicative of 

difucosylation of the core, while the lowest mass product carried only one core fucose as 

shown by the m/z 446 fragment (Figure 9I-K). This is the first time we have detected a 

nematode glycan carrying both core α1,3-fucose and antennal phosphorylcholine, whereby 

the non-reducing terminal GlcNAc is predicted to be on the α1,6-arm, compatible with the 

substrate specificity of the nematode core α1,3-fucosyltransferase (FUT-1), which is unable 

to modify glycans with a GlcNAc on the α1,3-arm (27).

Glycans with two or three phosphorylcholine moieties (Hex3HexNAc4PC2 and 

Hex3HexNAc5Fuc0-1PC3; m/z 1726, 2094 and 2240) lost as expected 330 or 495 Da upon 

hydrofluoric acid treatment (see Figure 9H and Supplementary Figures 5 and 6), but the 

treated glycans were then relatively poorly detected as it appears that phosphorylcholine 

increases the ability of glycans to ionise. This effect is also obvious upon MS/MS as 

phosphorylcholine-containing fragments dominate these spectra, an effect only lost after 

hydrofluoric acid treatment (Supplementary Figure 6). Multiple modifications with 

phosphorylcholine led to rather different elution properties on the three columns used 

(Figure 2): whereas the presence of three phosphorylcholine moieties caused very high 
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retention on the classical C18 material (>20 g.u.), rather low retention was observed (in the 

range 4-7 g.u.) for such glycans on the two other columns (RP-amide and Kinetex XB-C18) 

based on fused cores.

Discussion

Comparisons of nematode N-glycomes

In terms of nematodes, the range of N-linked oligosaccharides in Pristionchus pacificus is of 

middling complexity with about seventy detectable structures (Table 1), whereas the wild-

type strain of the more familiar Caenorhabditis elegans probably expresses twice this 

number. The major types of N-glycans are the same in both organisms, but highly-

fucosylated as well as methylated structures are rather absent from P. pacificus and only 

trace amounts of trifucosylated N-glycans or glycans with galactosylated core fucose were 

detected; indeed, as compared to analysing the C. elegans N-glycome with RP-amide-HPLC 

and MALDI-TOF (unpublished data), only two structures with galactosylated core α1,6-

fucose and three with three fucose residues were found in P. pacificus as opposed to at least 

ten and eight, respectively, in C. elegans. Nevertheless, there are a few structures in P. 
pacificus previously not reported from any other species; a particularly unusual example is 

(Manβ1,4GlcNAcβ1,4(Fucα1,6)(MeFucα1,3)GlcNAc) which carries a methyl group on a 

core fucose residue.

Considering that there are phosphorylcholine-modified as well as trifucosylated N-glycans, 

the N-glycome of P. pacificus also contains features present in some parasitic nematodes 

such as Haemonchus contortus, Oesophagostomum dentatum and Ascaris suum (17,18,49). 

LacdiNAc motifs with or without phosphorylcholine are known from Trichinella spiralis and 

Dirofilaria immitis (50,51) and multiantennary glycans have been described for 

Acanthocheilonema viteae and Onchocerca volvulus and T. spiralis (47,50). Missing from C. 
elegans and P. pacificus are apparently the Lewis-type modifications with α1,3-fucose on the 

antennae, which are a feature of T. spiralis and Dictyocaulus viviparus (52,53). These 

similarities and differences are not necessarily due to the evolutionary distance (C. elegans, 

P. pacificus, H. contortus, O. dendatum and D. viviparus are members of the Rhabditina 

clade, D. immitis and A. suum are members of the Spirurina and T. spiralis belongs to the 

Dorylaimia), but may be due to the distinctive lifestyles (parasitic/non-parasitic). Indeed, 

‘copying’ host-type or host-like glycomotifs may be a factor contributing to parasite survival 

and immunomodulation of host immune systems (54).

Variations in the glycosylation between different nematode species have presumably a 

genetic origin in terms of either the presence or absence of certain genes or different 

expression levels (whether temporal, cell-specific or total amount of transcript). Although 

the P. pacificus genome has been sequenced, its annotation is incomplete; thus, the total 

number of transcriptionally-active glycosyltransferase genes cannot be easily surmised. 

Nevertheless, it can be stated that there are a number of potential α1,3-fucosyltransferase 

homologues, including an obvious FUT-1 orthologue, and that there are some predicted 

reading frames of relatively low homology to the fucose-modifying galactosyltransferase 

GALT-1. None of the encoded proteins have been tested regarding their enzymatic activity. 

However, although P. pacificus is the second non-parasitic nematode to have its N-glycome 
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analysed and it is a member of the same clade, it is not a particularly close relative of C. 
elegans; it is estimated that they separated as species some 280–430 million years ago (13).

RP-HPLC of unusual N-glycans from nematodes

The purpose of our study was primarily to examine the N-glycome of P. pacificus, which is a 

second model nematode, although it not so extensively used in biology as C. elegans. 

However, a secondary purpose was to compare different RP-HPLC columns for fractionation 

of nematode pyridylaminated N-glycans. Therefore, a direct comparison was made between 

the alkyl amide (Ascentis Express) and two different octadecyl RP columns (Agilent 

Hypersil C18 and Kinetex XB-C18) while using the same buffers for the mobile phase; C18 

silica is a well-established material for N-glycan analysis with first reports on its use with 

pyridylaminated N-glycans some thirty years ago (55), whereas Ascentis Express RP-amide 

and Kinetex XB-C18 columns were first on the market in 2008 and 2010 respectively. Both 

the latter can either be run at a lower flow rates, as in the present study, or at higher 

pressures, on a UPLC system, as compared to standard C18 columns.

Subtle variations were observed with the similar trends in terms of elution of fucosylated 

and oligomannosidic glycans (order of retention and relative retention in terms of glucose 

units), although the fucosylated glycans do not elute as late on the RP-amide column The 

Kinetex XB-C18 column can be concluded to have the finest resolution as expected for a 

fused core column with, e.g., Man3GlcNAc2 and Man5GlcNAc2 being resolved into two 

different fractions; also, the relative order of retention times were similar but still different as 

compared to the classical C18 column (with the core α1,6-fucosylated glycans eluting rather 

late in terms of g.u.) and the difucosylated structure Man3GlcNAc2Fuc2 co-eluted with the 

Man5GlcNAc2 glycan on the Kinetex column, while eluting either slightly earlier or slightly 

later on the other two. Under the conditions used, the longest run times in terms of actual 

minutes and of glucose units were for the Kinetex column; however, its use resulted in the 

detection of the highest number of glycans (Table 1). Whereas we have previously used the 

RP-amide column for N-glycan analysis (31), we are not aware of any glycomic applications 

to date for the Kinetex column.

Based on studies from our and other laboratories over the years (37,41,43,45,56-58), it is 

clear that RP-HPLC, as necessary also combined with size-based fractionation for 2D-

HPLC, is an important tool in glycomic analyses due to the ability to distinguish certain 

types of isomers or other structural features. Regardless of the exact nature of the column 

used, factors causing earlier elution of pyridylamino-labelled N-glycans include a longer A 

branch (α1,3-antenna) and proximal core α1,3-fucosylation; later elution is associated with 

elongation of the α1,6-mannose (including the retention of an α1,2-mannose on the B 

branch) or with core α1,6-fucosylation. Thus, one can contrast the behaviour of isomer pairs 

such as 0M with M0, MGn with GnM, Man8B with Man8A or MMF3 with MMF6 (see 

Table 1 for structural nomenclature). Furthermore, the addition to a residue can result in a 

predictable shift as can be observed when comparing MM with MMF6 or MGn with GnGn 

(in both cases, the increased retention follows the expectation). These general rules, which 

have been verified in many studies, can now be supplemented by other effects, such as distal 

core α1,3-fucosylation, galactosylation of the core α1,6-fucose or methylation increasing 
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retention. Often similar effects are observed with porous graphitised carbon, but this is 

generally used in combination with ESI-MS (59).

The most obvious difference between the three columns was in terms of the elution of 

phosphorylcholine-modified glycans: these displayed late retention times on a classical C18 

column, but eluted earlier on the ‘fused core’ RP-amide and Kinetex XB-C18 materials. 

This is advantageous in that the gradients do not have to be extended to high methanol 

concentrations; thus, loss of such glycans due to premature termination of the gradient is 

avoided. Indeed that the presence of more phosphorylcholine residues results in even earlier 

retention on the RP amide column (the triply-modified glycans elute between 4-5 g.u., 

whereas the singly-modified Hex3HexNAc3PC1 elutes around 6 g.u.). This property is 

particularly important as many of these glycans are also core α1,6-fucosylated which leads 

to even later elution on standard C18. The reason for this behaviour may be the properties of 

the particles used in the different materials: possibly phosphorylcholine-modified glycans 

are trapped within the typical C18 beads and so elute slowly, but these structures cannot 

penetrate the fused core beads.

Conclusion

By the use of HPLC in conjunction with MALDI-TOF MS, we can propose the structure of 

some seventy N-glycans from Pristionchus pacificus; it is certain that definition of all these 

structures would not have been possible if MS/MS had been performed from a non-

fractionated ‘whole glycome’. Such a typical glycomic analysis, even if based on 

permethylation or perdeuteromethylation, would almost certainly hide the presence of 

isomers, especially those present in low quantities. Thereby, adequate HPLC fractionation is 

a key part of our glycomic analytical strategy. Certainly, the use of ‘new generation’ RP-

HPLC columns with fused core technologies (60) offers further possibilities to resolve 

complex mixtures of glycans from whole organisms and so aid the discovery of further 

unusual oligosaccharide modifications in non-mammalian systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MALDI-TOF mass spectra of the complete N-glycan pools from Pristionchus pacificus
The N-glycans released by (A) PNGase F or (B) by PNGase A after PNGase F were 

pyridylaminated (i.e., fluorescently-labelled with 2-aminopyridine) and are annotated with 

selected major glycan structures; the annotations are for the [M+H]+ forms, but sodiated 

ions were also detected. The example glycans are depicted according to the symbolic 

nomenclature of the Consortium for Functional Glycomics; circles, hexose; squares, N- 
acetylhexosamine; triangles, fucose; PC, phosphorylcholine.
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Figure 2. Comparisons of RP-HPLC fractionation of P. pacificus pyridylamino-labelled N-
glycans
Chromatograms obtained with pyridylaminated N-glycans released either with PNGase F 

alone (A) or with PNGase A after PNGase F (B) are shown for the Ascentis® Express RP-

amide, Agilent Hypersil ODS C18 and Phenomenex Kinetex™ XB-C18 columns; the 

chromatograms are normalised with respect to the elution of the Man8,9GlcNAc2 and 

Man3GlcNAc2Fuc1 glycans and the calibration in terms of glucose units is shown. The 

chromatograms are also annotated with the structures of selected N-glycans with either 

similar or contrasting relative elution times with boxes in the same form (colour, shading or 

dashes) to highlight the elution position of the same glycan in different chromatograms.
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Figure 3. Diagnostic digestion of pyridylamino-labelled paucimannosidic N-glycans with α 1,2/3-
mannosidase
The effects of α1,2/3-mannosidase on five different RP-HPLC (C18) fractions from either 

the PNGase F or PNGase A pools was monitored by MALDI-TOF MS: (A, B) spectra of the 

PNGase F C18 fraction of 5.9 g.u. (hence annotated as F 5.9 g.u.) before and after α1,2/3-

mannosidase digestion, demonstrating the isomeric forms of Man2GlcNAc2 and 

Man6GlcNAc2; (C, D) spectra of the PNGase F C18 fraction of 9.8 g.u. before and after 

α1,2/3-mannosidase digestion, demonstrating the major isomeric form of 

Man2GlcNAc2Fuc1; (E,F) spectra of the PNGase F C18 fraction of 10.3 g.u. before and 

after α1,2/3-mannosidase digestion, demonstrating two isomeric forms of 

Man3GlcNAc3Fuc0-1; (G,H) spectra of the PNGase F C18 fraction of 17 g.u. before and 

after α1,2/3-mannosidase digestion, demonstrating a minor isomeric form of 

Man3GlcNAc3Fuc1; (I,J) spectra of the PNGase A C18 fraction of 7.0 g.u. before and after 

α1,2/3-mannosidase digestion, demonstrating the isomeric status of Man2GlcNAc2Fuc2 as 

well as co-eluting Man3,5GlcNAc2. Note that the α1,3-mannose attached to the core α1,6-

mannose is resistant to this enzyme. Asterisks indicate non-glycan contaminants in some 

low-intensity fractions; glycans are annotated with the m/z values for the [M+H]+ ions, 

unless otherwise indicated.
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Figure 4. MALDI-TOF MS/MS of pyridylamino-labelled mono-, di- and tri-fucosylated N-
glycans
Examples of MS/MS spectra for glycans monofucosylated on the reducing-terminal GlcNAc 

(A,B), monofucosylated on the distal GlcNAc (C), difucosylated on the reducing-terminal 

GlcNAc (D,F), fucosylated on both the reducing-terminal and distal GlcNAc (E), 

galactosylated on core fucose (G) or trifucosylated on the core (H,I) are shown for glycans 

identified in various RP-HPLC fractions. Key fragments are annotated with abbreviations of 

the form HxNyFz where H is hexose, N N-acetylhexosamine, and F fucose or with 

diagrammatic depictions, in which the α1,3- and α1,6-fucose residues are respectively 

shown in the ‘down’ or ‘up’ positions.
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Figure 5. Chemical and enzymatic defucosylation of pyridylamino-labelled difucosylated N-
glycans
Selected fractions (either RP-amide or C18; A,D) of PNGase A release N-glycans were 

subject to either bovine α-fucosidase (B,E) or hydrofluoric acid treatment (C,F). Examples 

are shown here for Man3GlcNAc2Fuc2 and Man1GlcNAc2Fuc2Me1; the corresponding 

MS/MS spectra are shown on the left (A-C) or right (D-F) and are annotated to indicate the 

key fragments. Losses of fucose or methylfucose are indicated by the Δ values. Asterisks 

indicate non-glycan contaminants in the low-intensity 19 g.u. fraction.
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Figure 6. Chemical and enzymatic treatments of pyridylamino-labelled trifucosylated N-glycans
Selected fractions (either RP-amide, C18 or Kinetex) of trifucosylated N-glycans were 

analysed by MALDI-TOF MS with the same m/z 1427 glycan being found in both the amide 

8.2 g.u and C18 11.5 g.u. fractions (A,C; see MS/MS in Figure 4I), whereas two isomers 

with m/z 1265 were detected in two different Kinetex fractions (9.2 and 11.2 g.u.; G and J; 

MS/MS respectively in Figure 4H or inset in panel J). The fractions were treated with 

Aspergillus β1,4-specific galactosidase (B), Xanthomonas α1,2/3-mannosidase (D,H), 

bovine α-fucosidase (E), hydrofluoric acid (I,K) or hydrofluoric acid after α-fucosidase (F). 

Major glycan species in the relevant fractions are ‘off-scale’ in order to highlight the low-

intensity, but complex structures. Losses of 146, 162 and 165 (i.e., of fucose, hexose and 

phosphorylcholine) are indicated and most m/z values are for [M+H]+ ions. Insets show 

regions of relevant MS/MS spectra for digestion products.

Yan et al. Page 21

Electrophoresis. Author manuscript; available in PMC 2016 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 7. MALDI-TOF MS analysis of isomers of pyridylamino-labelled N-glycans with non-
reducing N-acetylglucosamine residues
Selected C18 RP-HPLC fractions (A, C) were treated with either the specific FDL β-

hexosaminidase (B) or with α1,2/3-mannosidase (D) in order to reveal whether GlcNAc 

residues were present on the α1,3-arm (i.e., the GlcNAc transferred by GlcNAc-TI). All 

glycans in these fractions were subject to MS/MS and examples for two isomers of 

Man3GlcNAc3 and the single isomer of Man3GlcNAc5 are shown (E-G). The residues 

cleaved enzymatically or the bonds putatively cleaved during MS/MS fragmentation are 

indicated with dashed lines; losses of N-acetylglucosamine or α1,3-mannose are indicated 

by the Δ values.
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Figure 8. MALDI-TOF MS/MS of pyridylamino-labelled N-glycans modified with 
phosphorylcholine
The fragmentation patterns for selected glycans predicted to be modified with 

phosphorylcholine and present in various fractions of PNGase F or PNGase A released pools 

chromatographed with the Kinetex XB-C18 column are shown: (A,B) one isomer each of 

glycans with m/z 1357 and m/z 1503, (C,D) two differently-eluting isomers with m/z 1560, 

(E) one isomer with m/z 1763, (F) the single isomer with m/z 2093 and (G) the single 

isomer with m/z 1649. The typical fragments of m/z 369, 531, 572 and 734 are diagnostic 

for Hex0-1HexNAc1-2PC1.
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Figure 9. Chemical and enzymatic treatments of pyridylamino-labelled phosphorycholine-
modified N-glycans
Selected C18 fractions (A, D, G) were subject to hydrofluoric acid treatment in order to 

demonstrate the presence of phosphodiesters (loss of one phosphorylcholine is indicated by 

a loss of 165 Da; B, E, H); in order to determine on which arm the HexNAc1PC1 motif was 

present, two of these fractions were subsequently subject to treatment with the specific FDL 

hexosaminidase (C,F) to determine whether a GlcNAc was released from the α1,3-arm. 

Furthermore, a specific Kinetex-fractionated glycan containing a putative 

phosphorylcholine-modified difucosylated N-glycan (I, m/z 1649, for MS/MS see Figure 

8G) was subject to fucosidase and hydrofluoric acid treatments (J,K); the latter resulted in 

full removal of the phosphorylcholine moiety and incomplete removal of an α1,3-fucose 

(see insets for relevant MS/MS of the digestion products); the co-eluting m/z 1560 glycan 

(Hex3HexNAc4PC1) is also sensitive to this treatment (product of m/z 1395 in panel K).
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Table I
List of predicted N-glycans for Pristionchus pacificus

Glycans released by either PNGase F (F) or PNGase A after F (A), whose structures were proven on the basis 

of retention time (in glucose units for the three columns used), MS/MS fragmentation pattern and sensitivity/

resistance to chemical and enzymatic treatments, are shown according to the nomenclature of the Consortium 

for Functional Glycomics; calculated m/z for pyridylamino-labelled glycans (as [M+H]+) are presented as well 

as, for some structures, the ‘Schachter-style’ abbreviation.

Structure m/z Retention time

RPC18 RP-amide Kinetex

665.28 A/F 6.4 A/F 6.2 F 7.8

811.35 A 4.3 A 4.3 A 4.9

811.35 A/F 7.7 F 7.5 A/F 11.5

811.35 A/F 10.3 A/F 8.2 A/F 13.5

827.34 (0M) A/F 5.9 A/F 6.1 A/F 7.5

827.34 (M0) A/F 7.7 A/F 7.2 A/F 9.5

957.40 A 5.9 n.d. A 6.8

957.40 A 7.0 A 6.3 A 8.3

957.40 n.d. A 8.7 F > 25.0

971.42 A 19.0 A 9.5 A > 25

973.40 (0MF3) A 4.2 A 4.5 A 4.7
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Structure m/z Retention time

RPC18 RP-amide Kinetex

973.40 (M0F3) A 5.0 A 5.0 A 5.5

973.40 A/F 7.7 F 7.2 A/F 10.2

973.40 (0MF6) A/F 9.8 A/F 8.2 A/F 13

973.40 (M0F6) A/F 13.0 A/F 9.0 A/F 16

989.39 (MM) A/F 7.2 A/F 7.2 A/F 9.5

1030.42 (0Gn) A/F 6.5 A/F 6.1 A/F 7.5

1119.46 A 5.2 A 5.4 A 6.8

1119.46 A 7.0 A 6.3 A 8.3

1119.46 F 13.0 n.d. F > 25.0

1135.45 (MMF3) A 5.0 A 5.1 A 5.5

1135.45 (MMF6) A/F 11.5 A/F 9.5 A/F 16.0

1176.48 n.d. F 8.2 F 13.0

1151.45 A/F 7.2 A/F 7.2 A/F 9.5

1192.47 (MGn) A/F 7.0 A/F 6.8 A/F 8.4
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Structure m/z Retention time

RPC18 RP-amide Kinetex

1192.47 (GnM) A/F 10.3 A/F 9.0 F/A 16.0

1195.47 A/F 7.7 A/F 5.5 A/F 6.9

1265.51 A 8.0 A 6.8 A 9.2

1265.51 A 9.8 A 8.0 A 11.2

1281.51 (MMF3F6) A 7.2 A 6.8 A 8.5

1297.50 A 5.0 A 5.0 A 5.8

1297.50 n.d. F 11.0 A/F > 20.0

1313.50 (Man5) A/F 7.0 A/F 7.2 A/F 8.7

1338.53 (MGnF6) A/F 10.3 A/F 8.6 A/F 13.0

1338.53 (GnMF6) F 17.0 F 12.0 A/F > 25.0

1341.53 F 13.0 F/A 7.7 A/F 11.5

1357.53 A/F 8.0 A/F 6.2 A/F 7.5

1357.53 A/F 11.5 A/F 8.17 A/F 14.5
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Structure m/z Retention time

RPC18 RP-amide Kinetex

1395.55 (GnGn) A/F 9.0 A/F 8.10 A/F 11.5

1427.56 A 11.5 A 8.2 A 12.7

1459.56 A 4.7 A 5.0 A 5.4

1475.55 A/F 5.5 A/F 6.1 A/F 6.5

1475.55 A/F 5.9 A/F 6.3 A/F 6.9

1484.59 A 9.0 A 7.8 A 11.2

1503.59 A/F 13.0 A/F 8.0 A/F 11.5

1503.59 A/F 19.0 A/F 11.0 F > 25.0

1541.61 (GnGnF6) F 14.0 F 10.5 F 21.0

1560.61 F 8.0 F 6.8 F 8.8

1560.61 F 10.3 F 7.5 F 9.5

1598.63 A/F 6.5 F 6.3 F 7.5
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Structure m/z Retention time

RPC18 RP-amide Kinetex

1637.60 A/F 5.0 A/F 5.5 A/F 5.3

1637.60 A/F 5.7 A/F 6.1 A/F 6.2

1649.64 A/F 9.8 A 7.2 A 10.0

1706.67 F 17.0 F 9.5 F 16.0

1725.66 A/F 15.0 A/F 6.8 A/F 9.5

1744.69 n.d. F 8.2 F 11.5

1763.69 F 7.2 F 5.5 F 6.3

1763.69 n.d. F 5.9 F 6.9

1799.66 (Man8B) A/F 4.6 A/F 5.2 A/F 5.0

1799.66 (Man8A) A/F 5.3 F 5.8 A/F 6.0

1871.72 A/F > 20 F 8.6 F 14.5

1909.75 n.d. F 6.8 F 8.8
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Structure m/z Retention time

RPC18 RP-amide Kinetex

1928.74 F 17.0 F 4.0 F 5.0

1928.74 n.d. n.d. F 5.7

1961.71 (Man9) A/F 4.9 A/F 5.5 A/F 5.3

2074.80 F > 20.0 n.d. F 6.9

2074.80 n.d. F 6.3 F 8.0

2093.80 A/F > 20.0 A/F 4.8 F 4.8

2239.86 F > 20.0 F 4.5 F 6.7
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