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Abstract 

N-linked glycosylation are one of the most important post-translational modification 

of proteins. Fucosylated N-glycans are related to many biological processes and they 

are commonly used as biomarkers. However, determining fucose linkages in 

N-glycans remains challenging, and most of the fucose linkages, particularly the 

linkages in the antenna of N-glycans remain unidentified. In this work, a simple 

multi-stage tandem mass spectrometry method based on dissociation mechanisms was 

developed for the de novo determination of fucose linkages in N-glycans. Using 

collision induced dissociation (CID), fucose linkages in intact N-glycans (i.e., without 

permethylation, reduction, or other derivatization) extracted from pine nuts and 

human milk were identified. We demonstrate that fucose linkages in N-glycans, 

including the 1-3 linkage in the core of N-glycans, the 1-6 linkage in the core of 

N-glycans, the linkage in the (13) antenna of biantennary N-glycans, and the 

linkage in the (16) antenna of biantennary N-glycans, were identified through CID 

spectra. The procedure does not require the N-glycan standards, and the entire 

structural determination process is summarized in a flowchart for automation. 

Applications of this method to N-glycans extracted from bee venom led to the 

discovery of two unusual N-glycans, which are not expected to exist according to the 

current biosynthetic pathways. 
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Introduction 

Glycosylation is one of the most important post-translational modification of 

proteins. It plays important role in many biological processes, such as protein folding, 

protein stability, and cell-cell interaction. [1-2] N-glycan is one major class of glycans 

in protein glycosylation. Among various structures of N-glycans, fucosylated 

N-glycans are related to many processes, including inflammation, immune responses, 

cancer metastasis, and they are commonly used as biomarkers for various diseases. 

[3-13]  

Traditional methods to determine the structures of N-glycan involve repeating 

enzyme digestion [14-16] or mass spectrometry. [17-19] However, it is challenging to 

determine the fucose linkages in N-glycans, and most of the fucose linkage in 

N-glycans, particularly the fucose linkages in the antenna of N-glycans remain 

unidentified. Part of the difficulty results from the limited available enzymes in 

enzyme digestion, and another part of the difficulty results from the migration of 

fucose in protonated native N-glycans during tandem mass spectrometry analysis. 

[20-22] Permethylation prevents fucose migration [15, 23, 24], but it still introduces 

ambiguity and is laborious. [25] Turiak and co-workers showed that low energy 

collision energy dissociation (CID) reduced the fucose migration, and the core and 

antenna fucosylations can be distinguished using the ratios of fragment ions. [26] 

Alternatively, various labels at the reducing end of N-glycans were developed to 

differentiate the core and antenna fucosylations. [25, 27, 28] Harvey et al. shows that 

negative ion CID coupled with ion mobility is able to provide significant structural 

information on fucosylated N-glycans. [29] Hwang et al. reported that the core and 

antenna fucosylations can be differentiated using more than 800 tandem mass spectra 

of N-glycan standards as the training and test sets of machine learning. [30] These 
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studies demonstrated the differentiation of the fucose at the core from the fucose at 

the antenna of N-glycans. However, the differentiation of different linkages at the core 

(e.g., 13 linkage vs 16 linkage), the identification of the fucose at antenna (e.g., 

(13) antenna vs (16) antenna of biantennary N-glycans), and the determination 

of the fucose linkages in antenna (e.g., 12, 13, 14, or 1-6 in the (13) or 

(16) antenna) remain challenging.  

Recently, we have developed a new mass spectrometry method for carbohydrate 

structure determination. [31-32] The new method is based on the dissociation 

mechanisms of carbohydrate in gas phase, and has been applied to determine the 

structures of carbohydrates in glycosphingolipid and milk [33, 34], and the N-glycans 

without fucose [35, 36]. In this work, we applied this method to determine the fucose 

linkages in N-glycans. Using collision induced dissociation of N-glycan sodium ion 

adducts, the intact N-glycans (i.e., no permethylation, reduction, or other 

derivatization) extracted from pine nuts and human milk was used for demonstration. 

We show that the fucose linkages, including the 1-3 linkage in the core of N-glycans, 

the 1-6 linkage in the core of N-glycans, the linkage in the 1-3 antenna of biantennary 

N-glycans, the linkage in the 1-6 antenna of biantennary N-glycans can be 

distinguished easily through CID spectra. The procedure does not require the 

N-glycan standards, and the entire structural determination procedures are 

summarized in flowcharts for automation. Applying this method to the N-glycans 

extracted from bee venom discovered two unusual N-glycans, 

Man-(16)-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc and 

Man-(13)-[Man-(1-6)]-Man--(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc. 

These structures are not expected to exist according to the current biosynthetic 

pathways.  
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Experimental methods 

The pine nuts and bee venom were purchased from local market. Human milk 

was given by donors. PNGase A, PNGase F, and 1-2,3,4,6 fucosidase were 

purchased from New England Biolabs (Ipswich, MA, USA).  

N-linked glycans were released from proteins through reactions with enzymes 

PNGase A or PNGase F. The released glycans were purified through ethanol 

precipitation, solid-phase extraction (C18 cartridge and nonporous graphitized carbon 

cartridge), followed by the separation from each other using two-dimensional high 

performance liquid chromatography (HPLC). A HPLC instrument equipped with a 

TSKgel amide-80 column (150 mm × 2.0 mm, particle size of 5 µm, Tosoh 

Bioscience GmbH, Griesheim, Germany) was used in the first dimension for the 

separation of N-glycans into different sizes, which avoids the interference in the 

structural determination of small N-glycans by the large N-glycans due to the 

in-source cracking of electrospray ionization [37]. The fractions collected from the 

first HPLC eluents were individually injected into the second HPLC instrument with a 

Hypercarb column (2.1 mm × 150 mm or 2.1 mm × 100 mm, particle size of 3 µm, 

Thermo Fisher Scientific, Waltham, MA, USA) for the second-dimension separation, 

which separated N-glycan isomers.  

For nano-electrospray ionization mass spectrometry, the MS
n
 spectra were 

obtained using a linear ion trap mass spectrometer (LTQ XL, Thermo Fisher 

Scientific). Samples were prepared in a water/methanol mixture and 2 µL of each 

sample was loaded into a borosilicate glass nano-ESI emitter. For HPLC-electrospray 

mass spectrometry, the chromatograms and MS
n
 spectra were obtained using the same 

linear ion trap mass spectrometer with a heated electrospray ionization coupled to a 

HPLC system.  
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Results and Discussion 

Instead of protonated N-glycans, sodium ion adducts of N-glycans were used in 

this work to eliminate fucose migration. The determination of fucose linkages in 

N-glycan is based on the collision induced dissociation mechanisms of 

N-acetylhexosamine and hexose sodium ion adducts reported in previous studies. 

[38-41] The dissociation mechanism of N-acetylhexosamine is illustrated in Figure 

1(a). The major dissociation channels are cross-ring dissociation and dehydration. 

Cross-ring dissociation starts with a ring-opening reaction by transferring the H atom 

from O1 to O5, followed by retro-aldol reaction, resulting in the loss of neutral m = 

101 Da. The major dehydration also starts with ring opening reaction, followed by a 

two-step H atom transfer, first from C2 to acetyl group and then to O3, and finally the 

cleavage of C3-O3 bond. Since both the cross-ring dissociation and the major 

dehydration start from ring-opening, these two reactions only occur for the 

N-acetylhexosamine located at the reducing end of oligosaccharides.  
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Figure 1. Dissociation mechanisms of N-acetylhexosamine sodium ion adducts. (a) 

N-acetylhexosamine, (b) N-glycans with a fucose located at the core of N-glycans through 13 linkage, 

(c) N-glycans with a fucose located at the core of N-glycans through 16 linkage, (d) N-glycans with a 

fucose located at antenna of N-glycans.  

 

The location of fucose in N-glycans can be in the core of N-glycans with 13 

linkage or 16 linkage, or in the (13) or (16) antenna of biantennary 

N-glycans. The aforementioned dissociation mechanisms [Figure 1(a)] suggest that (1) 
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cross-ring dissociation (loss of neutral m = 101 Da) and major dehydration do not 

occur for the N-glycans with the fucose located at the core of N-glycans through 13 

linkage [Figure 1(b)], and (2) cross-ring dissociation and the major dehydration occur 

for the N-glycans with the fucose located at the core of N-glycans through 16 

linkage [Figure 1(c)] and the N-glycans with the fucose located at the antenna 

((13) or (16) antenna) of N-glycans [Figure 1 (d)].  

To further distinguish between N-glycans with the fucose located at the core 

through the 16 linkage and at the antenna, the fragments generated from cross-ring 

dissociation [Pc and Pd in Figure 1(c) and (d)] are dissociated in the subsequent CID. 

Both Pc and Pd undergo additional retro-aldol reaction; however, resulting products 

differ. Pc results in the losses of neutrals m = 206 Da [Pc1 in Figure 1(c)] and 266 Da 

[Pc2 in Figure 1(c)], while Pd results in the losses of neutrals m = 60 Da [Pd1 in 

Figure 1(d)] and 120 Da [Pd2 in Figure 1(d)]. 

In multi-stage CID process, one of the fragment ions produced in CID is chosen 

as the precursor ion for the next stage CID. During this process, the fragments of the 

selected m/z value are isolated in the ion trap by rejecting ions of other m/z values 

from the ion trap. Then, the selected fragments are resonance excited by the electric 

field, resulting in the collisions with buffer gas and dissociation into fragments 

(product ions). The electric field is designed such that the product ions are confined in 

the same ion trap but they are not resonance excited by the electric field. Ideally, these 

product ions are quickly stabilized by the collisions with buffer gas and no subsequent 

dissociation, i.e., secondary dissociation, occurs. However, the stabilization is through 

vibration-to-translation energy transfer which is not very efficient. [42] If there is 

sufficient energy remaining in the product ions and if there is a dissociation channel 

with a low barrier of the product ions, secondary dissociation may take place. The 
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facile cleavage of the fucose glycosidic bond makes this secondary dissociation, i.e., 

elimination of fucose, easily. As a result: after Pd [Figure 2(d)] dissociates into Pd1 or 

Pd2 by CID (resulting in the loss of neutral m =60 or 120), the secondary dissociation 

can occur through the elimination of fucose. Consequently, the loss of neutral m = 206 

and 266 Da also occurs for the N-glycans with fucose located at antenna. However, 

the intensities of ions resulting from the losses of neutrals m = 206 and 266 Da are 

lower compared to those resulting from losses of neutrals m =60 and 120 Da, because 

not all Pd1 or Pd2 undergo secondary dissociation. In contrast, ion Pc only undergo 

the losses of neutrals m = 206 and 266 Da, with almost no losses of neutrals m=60 

and 120 observed. Therefore, the relative intensity of ions from the losses of neutrals 

m = 60, 120, 206, 266 Da can be used to distinguish the N-glycans with the fucose 

located at the core of N-glycans through (16) linkage and at the antenna. 

The aforementioned procedure is used to differentiate the N-glycans with fucose 

located at the core with 13 linkage, the N-glycans with fucose located at the core 

with 16 linkage, and the N-glycans with fucose located at the antenna. If the fucose 

is determined to be located at the antenna, the cross-ring dissociation mechanisms of 

hexose are used to determine which antenna of N-glycans the fucose is located. 

Fucose can be located at the -(13) linked antenna or at the -(16) linked 

antenna. The cross-ring dissociation mechanisms of the hexose at the reducing end of 

oligosaccharides with 13 and 16 linkages are illustrated in Figure 2(a) and (b), 

respectively. These cross-ring dissociation mechanisms of hexose start from 

ring-opening reaction, followed by the retro-aldol reaction. Figure 2(a) shows that 

hexose with 1-3 linkage undergoes loss of neutrals m = 90 Da, while hexose with 1-6 

linkage undergoes losses of neutrals m = 60, 90, and 120 Da [Figure 2(b)]. The 

relative intensities of ions produced from the hexose with 16 linkage are I(loss of m 
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= 60) > I(loss of m = 90) > I(loss of m = 120). This is because loss of m= 60 occurs 

directly after ring-opening; loss of m = 90 occurs after ring-opening and one step of 

isomerization; loss of m = 120 occurs after ring-opening and two steps of 

isomerization. The more steps of isomerization required, the less competitive the 

dissociation channels are, and the empirical values of the relative intensities are 5: 

31: 1.51. The application of the hexose dissociation mechanism to determine the 

antenna of N-glycans where the fucose is located is illustrated in Figure 2(c) using 

biantennary N-glycans as an example. 

 

Figure 2. Dissociation mechanisms of hexose sodium ion adducts and the determination of the antenna 

that fucose is located. (a) hexose at the reducing end of oligosaccharide through a 13 linkage, (b) 

https://doi.org/10.26434/chemrxiv-2024-hkj8k ORCID: https://orcid.org/0000-0001-6503-8905 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-hkj8k
https://orcid.org/0000-0001-6503-8905
https://creativecommons.org/licenses/by-nc/4.0/


11 
 

hexose at the reducing end of oligosaccharide through a 16 linkage. (c) CID sequence to generate the 

precursor ion that mannose with 13 or 1-6 linkage is located at the reducing end (first two steps of 

CID), and subsequent CID to determine which antenna the fucose is located. 

 

After the determination which antenna the fucose is located, the linkage of 

fucose in the antenna can be determined using the dissociation mechanisms of Hex 

and GlcNAc and the CID spectrum of the fragments consisting of fucose. For 

example, the linkages of fucose and galactose in the antenna can be 

Gal-(1-4)-[Fuc-(1-3)]-GlcNAc or Gal-(1-3)-[Fuc-(1-4)]-GlcNAc. They can be 

differentiated using the fragment Gal-[Fuc]-GlcNAc and the dissociation mechanism 

of GlcNAc illustrated in Figure 1(a). Both of them have large intensities of the 

fragment from the loss of neutral m= 146 Da due to the easy cleavage of fucose 

linkage, but Gal-(1-4)-[Fuc-(1-3)]-GlcNAc has large intensity of the fragment from 

the loss of neutral m = 164 Da compared to that of Gal-(1-3)-[Fuc-(1-4)]-GlcNAc due 

to the dissociation mechanism analogous to the dehydration of GlcNAc, while the 

Gal-(1-3)-[Fuc-(1-4)]-GlcNAc has large intensity of the fragment from the loss of 

neutral m = 180 Da compared to that of Gal-(1-4)-[Fuc-(1-3)]-GlcNAc due to the 

same mechanism. Figure 3 shows the difference between the CID spectra of 

Gal-(1-4)-[Fuc-(1-3)]-GlcNAc and Gal-(1-3)-[Fuc-(1-4)]-GlcNAc. The intensity 

of fragment m/z = 388 (from the loss of neutral m = 164 Da) in the CID spectrum of 

Gal-(1-4)-[Fuc-(1-3)]-GlcNAc is larger than that of 

Gal-(1-3)-[Fuc-(1-4)]-GlcNAc, while the intensity of fragment m/z 372 (from the 

loss of neutral m = 180 Da) in the CID spectrum of Gal-(1-3)-[Fuc-(1-4)]-GlcNAc 

is larger than that of Gal-(1-4)-[Fuc-(1-3)]-GlcNAc. 
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Figure 3. CID spectra of synthesized Gal-(1-3)-[Fuc-(1-4)]-GlcNAc and 

Gal-(1-4)-[Fuc-(1-3)]-GlcNAc.  

  

The aforementioned procedures for isomer identification are summarized in a 

flow chart, as illustrated in Figure 4 for a symmetric biantennary N-glycan consisting 

of one fucose. This flow chart can be used to develop programs of automatic fucose 

linkage determination. 
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Figure 4. Flow chart of procedures for determining fucose linkage in a symmetric biantennary N-glycan 

consisting of one fucose. The procedure is divided into four parts. In the first part (blocks 1-4), isomer I 

is differentiated from isomers II, III, and IV. Starting from block 1, which includes all isomers, MS
2
 

spectrum through the CID sequence 1809 (block 2) is used, and the structures of isomers and 

fragments produced through this CID sequence are shown in block 3. Only isomers II, III, and IV 

generate cross-ring fragment m/z 1708 (loss of neutral m=101), and decision in block 4 differentiates 

isomer I from the other isomers. In the second part (blocks 5-7), isomer II is differentiated from 

isomers III and IV through the MS
3
 spectrum of CID sequence 1809 1708 (blocks 5). The 

structures of isomers and fragments produced through this CID sequence are shown in block 6. The 

elimination of neutrals m=60 and 120 from isomers III and IV are easier than that of isomer II, and 

decision in block 7 differentiates isomers II from III and IV. In the third part (blocks 8-10), isomers III 

and IV are differentiated. MS
4
 spectrum through CID sequence 1809 1282 876 (block 8) is used 

to distinguish isomers III and IV. The structures of isomers and fragments produced through this CID 

sequence are shown in block 9 and decision in block 10 differentiates isomers III and IV. In the fourth 

part (blocks 11-13), MS
3
 spectrum through CID sequence 1809 552 (block 11) is used to 

differentiate Gal--(1-4)-[Fuc--(1-3)]-GlcNAc and Gal--(1-3)-[Fuc--(1-4)]-GlcNAc. 

 

Here, we use the fucosylated N-glycans extracted from pine nuts, human milk, 

and bee venom to demonstrate the determination of fucose linkage in N-glycans. Our 

focus is specifically on determining the fucose linkage; the identifications of the other 

glycosidic bond linkages in the N-glycans was reported in our previous study [35] and 

they are not repeated in this work. 

(A) N-glycan (Man)3Xyl(GlcNAc)2Fuc extracted from pine nuts. The N-glycan 

with molecular weight of 1188 Da extracted from pine nuts corresponds to 

(Man)3Xyl(GlcNAc)2Fuc which consists of one fucose. The CID spectrum through 

the CID sequence, 1211 (sodium ion adduct), is illustrated in Figure 5(a). Fragment 

ion m/z 1110, corresponding to the loss of neutral m = 101, was not found, indicating 

the fucose is located at the core of the N-glycan through a 13 linkage. Additionally, 

the intensity of fragment from dehydration, m/z 1193, is low , further supporting the 

fucose linkage at the core of N-glycan is 13. The fucose linkage was crosschecked 
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by the CID spectrum after fucose elimination. After fucose is eliminated by CID [ ion 

m/z 1065 in Figure 5(b)], fragment ion m/z 964 produced from cross-ring dissociation 

(loss of neutral m = 101) and fragment m/z 1047 produced from dehydration were 

found. These two fragments support the fucose located at the core of the N-glycan 

through 13 linkage.  

 

Figure 5. CID spectra, CID sequences, and structural changes in CID for determining fucose linkage in 

N-glycans. (a) and (b) N-glycan (Man)3Xyl(GlcNAc)2Fuc extracted from pine nut; (c) and (d) N-glycan 

of isomer 1 of (Hex)5(GlcNAc)4Fuc extracted from human milk. The m/z values of the fragments used 

to determine the structures are highlighted in red. 

 

(B) N-glycan (Hex)5(GlcNAc)4Fuc extracted from human milk. The chromatogram 

reveals two isomers of N-glycans with molecular weight of 1786 Da extracted from 

human milk. The composition is (Hex)5(GlcNAc)4Fuc, containing one fucose. 

Isomer 1 of (Hex)5(GlcNAc)4Fuc. The CID spectrum through the CID sequence, 

1809 (sodium ion adduct), is illustrated in Figure 5(c). A fragment ion m/z 1708, 

corresponding to the loss of neutral m = 101 Da from cross-ring dissociation, was 

found, indicating the fucose is located either at the core of the N-glycan through a 
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16 linkage or at the antenna. The large intensity of fragment ion produced from 

H2O elimination, fragment m/z 1991, supports that fucose is not located at the core of 

the N-glycan through a 13 linkage. The CID spectrum through the CID sequence, 

1809 (sodium ion adduct)1708 (loss of neutral m = 101 Da), [Figure 5(d)] shows 

the intensities of ions from the losses of neutrals m = 206 Da (ion m/z 1502) and m 

=266 Da (ion m/z 1442) are much larger than those from the losses of neutrals m =60 

Da ( ion m/z 1648) and m = 120 Da (ion m/z 1588), indicating that the fucose is 

located at the core of the N-glycan through a 16 linkage.  

Isomer 2 of (Hex)5(GlcNAc)4Fuc. It was found that the intensities of doubly charged 

ion (two sodium ions attached to the N-glycan, m/z 916) and singly charge ion (one 

sodium ion attached to the N-glycan, m/z 1809) are similar for this isomer. Both of 

them can be used for structural analysis. The CID spectrum obtained through the CID 

sequence, 916 (adduct of two sodium ions), is illustrated in Figure 6(a). Fragment 

ions m/z 856.5 and 907, corresponding to the loss of neutral m = 101 Da and 

dehydration, were found, indicating fucose is located either at the core of the N-glycan 

through a 16 linkage or at the antenna. The CID spectrum through the CID 

sequence, 916865.5 (loss of neutral m =101), [Figure 6(b)], shows the intensities 

of ions from the losses of neutrals m = 60 Da (ion m/z 835.5) and m = 120 Da (ion m/z 

805.5) are larger than those resulting from losses of neutrals m = 206 Da ( ion m/z 

762.5) and m = 266 Da (ion m/z 732.5), indicating that the fucose is located at the 

antenna of N-glycan. The presence of ion m/z 534, which consists of a hexose, a 

N-acetylhexosamine, and a fucose in Figure 6(b), supports that the fucose is located at 

the antenna of the N-glycan. 
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Figure 6. CID spectra, CID sequences, and structural changes in CID for determining fucose linkage in 

N-glycan of isomer 2 of (Hex)5(GlcNAc)4Fuc extracted from human milk. The m/z values of the 

fragments used to determine the structures are highlighted in red. 

 

 To determine which antenna the fucose is located, the structure of antenna must 

first be determined. In brief, the C ions (m/z 1403) produced by the cleavage of the 

-14 glycosidic bond between Man and GlcNAc in the core of N-glycan is 

dissociated, and the fragments produced from the cross-ring dissociation of the 

mannose at the reducing end of this C ion are used to determine the length of the 

antenna. The CID spectrum obtained through the CID sequence 916 (adduct of two 

sodium ions, doubly charged) 1403 (singly charged C ion)fragments is illustrated 

in Figure 6(c). Fragment ions m/z 640 and 786 were found, but fragment ions m/z 802, 

843, 948, 989, 1005, or 1151 were not found [structures of these ions are illustrated in 

Figure 6(c)], indicating the biantennary N-glycan without fucose is symmetric and 

each antenna consists of two hexoses and one N-acetylhexosamine. 

 After the structure of antenna is identified, the next step is to determine the 

linkage of fucose in the antenna. The CID spectrum obtained through the CID 

sequence, 916 (adduct of two sodium ions, doubly charged) 1281 (adduct of one 
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sodium ion, singly charged) 876 (adduct of one sodium ion, singly charged) 

fragments, is presented in Figure 6(d). In this CID sequence, ion m/z 1281 

represents the elimination of the antenna without fucose from precursor ions 

[structure is shown in Figure 6(d)], and ion m/z 876 represents the sodium ion adduct 

of the antenna consisting of fucose [structure is shown in Figure 6(d)]. Ion m/z 876 

contains a mannose at the reducing end, the cross-ring dissociation mechanism of 

hexose is used to determine the linkage of antenna. The CID of ion m/z 876 generates 

fragment ions m/z 816, 786, and 756 from the loss of neutrals m = 60, 90, and 120 Da 

with relative intensities 5 : 2.5 : 1, indicating the linkage of the antenna consisting of 

fucose is 16. Consequently, the fucose is determined to be located at the (16) 

antenna of the biantennary N-glycan.  

The fucose linkage at the (16) antenna was determined using two CID 

sequences, 1809 (adduct of one sodium ions, singly charged) 552 (adduct of one 

sodium ion, singly charged) fragments and 1809 552 406 fragments. 

Comparing the CID spectrum in Figure 6(e) to that in Figure 3 suggests that the 

linkage is Gal-(1-4)-[Fuc-(1-3)]-GlcNAc. The CID spectrum in Figure 6(f) shows 

the fragment ions m/z 328 (from the loss of neutral m = 78) and m/z 305 (from the 

cross-ring dissociation by elimination of neutral m = 101 Da), indicating the linkage 

is Gal-(1-4)-GlcNAc, which supports the structural assignment of Figure 6(e).  

(C) N-glycan (Hex)5(GlcNAc)4Neu5Ac(Fuc)2 extracted from human milk. This is 

another N-glycan extracted from human milk, with a molecular weight of 2223 Da. 

This N-glycan consists of one sialic acid and two fucoses. Both sialic acid and fucose 

are well known to be easily eliminated during the fragmentation process in tandem 

mass spectrometry, which makes the structure determination difficult. To overcome 

this challenge, the structural determination process is divided into two parts. In the 
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first part, the fragment produced from precursor ion after the loss of sialic acid is used 

to determine the fucose linkage. In the second part, the fragment generated from 

precursor ion after the loss of fucose is used to determine the sialic acid linkage. In 

our previous report, we demonstrated how to determine the linkage of sialic acid in 

glycosphingolipids and N-glycans. [43, 44] Here, our focus is on the determination of 

fucose linkage, and the determination of sialic acid linkage is not repeated in this 

work.  

The singly charged ion of this N-glycan is exceeds the upper limit of the mass 

range of our mass spectrometer, necessitating the use of the doubly charged ion. The 

doubly charged ion m/z 1145.5 represents the N-glycan with three sodium ions, one 

sodium ion replaces the H
+
 in the carboxylic acid of sialic acid and the other two 

sodium ions are attached to the N-glycan resulting in a doubly charged state. The CID 

spectrum, acquired through the CID sequence 1145.5 (doubly charged, with three 

sodium ions attached) 1955 (singly charged with one sodium ion 

attached)fragments, is illustrated in Figure 7(a). In this CID sequence, ion m/z 1955 

represents the N-glycan after the elimination of sialic acid. Ion m/z 1854, which 

corresponds to the loss of neutral m = 101 Da (found in Figure 7a)), indicating fucose 

is not located at the core of the N-glycan with a 13 linkage. The CID spectrum 

through the CID sequence, 1145.5 1955 1854fragments, is illustrated in Figure 

7(b). The intensities of ions resulting from the losses of neutrals m = 206 Da (ion m/z 

1648) and m =266 Da (ion m/z 1588) are much larger than those resulting from the 

losses of neutrals m =60 Da (ion m/z 1794) and m = 120 Da (ion m/z 1734). This 

indicates that one fucose is located at the core of the N-glycan through a 16 linkage. 
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Figure 7. CID spectra and CID sequences for determining fucose linkage in the N-glycan of 

(Hex)5(GlcNAc)4Neu5Ac(Fuc)2 extracted from human milk. The m/z values of the fragments used to 

determine the structures are highlighted in red. 

 

The procedure for determining the linkage of the other fucose located at the 

antenna of the N-glycan follows similar steps to those in the previous example. The 

length of antennary is determined using the CID spectrum through the CID sequence, 

1145.5 1095 1716fragments, as presented in Figure 7(c). In this CID spectrum, 

ions at m/z 786 and 953 were observed, whereas ions m/z 802, 843, 948, 989, 1005, 

1099, 1115, 1151, 1156, and 1318 were not found. The structures corresponding to 

these ions are illustrated in Figure 7(c). This CID spectrum suggests (1) the 

biantennary N-glycan without fucose and sialic acid exhibits symmetry, with each 

antenna comprising one N-acetylhexosamine and two hexoses, and (2) sialic acid and 

fucose are located on different antenna. In the final step, the CID spectrum through 

the sequence, 1145.5 1428 876fragments is utilized to determine the location 

of the fucose on the antenna. Ions resulting from the losses of neutrals m = 60 (ion 

m/z 816), 90 (ion m/z 786), and 120 (ion m/z 756) with relative intensities 5 : 2.6 : 1.2 

suggest the fucose is located at the (16) antenna. The fucose linkage in the (16) 

antenna of the biantennary N-glycan is determined using the CID spectra in Figure 7(e) 
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and (f). Comparing the CID spectrum in Figure 7(e) to that in Figure 3 suggests that 

the linkage is Gal-(1-4)-[Fuc-(1-3)]-GlcNAc. The fragment ions m/z 328 (from the 

loss of neutral m = 78) and m/z 305 (from the cross-ring dissociation by elimination of 

neutral m = 101 Da) in Figure 7(f) indicates the linkage is Gal-(1-4)-GlcNAc, which 

supports the structural assignment of Figure 7(e).  

(D) N-glycans extracted from been venom 

The aforementioned N-glycans demonstrates that distinguishing fucose in the 

core of N-glycans with 1→3 and 1→6 linkages is straightforward. One might argute 

that these can be differentiated based on the sources of N-glycans, as fucose in the 

core of plant N-glycans typically has a 1→3 linkage, whereas in mammalian 

N-glycans it is a 1→6 linkage. However, relying on sample sources to identify fucose 

linkage in the core of N-glycans does not apply to insect N-glycans, where the 

linkages of fucose in the core can be either 1→3 or 1→6.  

 Figure 8(a) shows the HPLC chromatogram of ion m/z 1079, representing the 

(Hex)3(HexNAc)2dHex, where dHex represents deoxyhexose. Here, a PGC column 

was used for isomer separation. PGC column is also known for separating anomeric 

isomers, so two peaks in Figure 8(a) might be the alpha and beta anomers of HexNAc 

at the reducing end of the same isomer. To clarify, the eluents separated by PGC 

column were collected into different tubes, corresponding to each peak in Figure 8(a). 

These eluents were stored at room temperature for more than 6 hours and were 

subsequently reinjected individually into the same PGC column. If the two peaks in 

Figure 8(a) belong to one isomer and differ only in the anomericity at the reducing 

end, the reinjection of the eluents into the same PGC column would result in two 

peaks in chromatogram, even though only one anomer was collected in a tube. The 

relative intensities and the retention times of these two peaks should be the same as 
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those in Figure 8(a). This is because two anomers of the same isomer undergo 

mutarotation and reach equilibrium during the storage time. The PGC chromatograms 

of these eluents, as illustrated in Figure 8(b), show the peaks at t = 6.4 and 7.0 min 

belongs to one isomer, peaks at t = 11.1 and 15.5 min belong to the second isomer, 

and peaks at t = 27.3 and 32.8 min belong to the third isomer. 

 

Figure 8. Chromatograms and CID spectra of the (Hex)3(HexNAc)2dHex extracted from bee venom. (a) 

Chromatograms and CID spectra of the (Hex)3(HexNAc)2dHex separately by PGC column (15 cm), y 

axis represents the intensity of total fragments from ion m/z 1079. (b) Chromatogram of the eluents 

fractionally collected from (a) and reinjected into PGC column (10 cm). y axis represents the intensity 

of total fragments from ion m/z 1079. Notably, the lengths of PGC column used in (a) and (b) are 

different. (c) CID spectra of three isomers. The fragment used for structural determination are 

highlighted in red. 

  

The CID spectra of these isomers, as illustrated in Figure 8(c1)-(c3), show that 

fragment ion m/z 978, corresponding to the loss of neutral m = 101 from cross-ring 

dissociation, was not found in isomers 1 and 2. This suggests that the dHex is located 
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at the core of the N-glycan through a 13 linkage for isomer 1 and 2. Meanwhile, 

fragment ion m/z 978, corresponding to the loss of neutral m = 101, was found in 

isomer 3, suggesting dHex is located at the core with a 1-6 linkage or at the antenna. 

The CID spectrum of isomer 3 through the sequence 1079 978 fragments [Figure 

8(c6)] reveals that the intensities of fragment ions m/z 772 (loss of neutral m = 60+ 

146) and 712 (loss of neutral m = 120 + 146) are much larger than those of m/z 918 

(loss of neutral m = 60) and 858 (loss of neutral m = 120), suggesting the dHex is 

located at the core through a 16 linkage for isomer 3. The loss of neutral m=101 

after the elimination of deoxyhexose for isomers 1 and 2 generates ion m/z 832 

[Figure 8(c1) and (c2)], which supports that deoxyhexose is located at the core 

through a 13 linkage for these two isomers.  

Because the dHex in both isomers 1 and 2 is located at the core with a 13 

linkage, one possible difference in the structure between isomers 1 and 2 is the 

linkages of three mannoses. However, the surprising result is that the CID spectra 

through the sequence, 1079 933  527 fragments, suggest that all three isomers 

have a structure with Hex-(13)-[Hex-(1-6)]-Hex linkage, as indicated by the ion m/z 

275  illustrated in Figure 8(c7)-(c9). 

To further determine the structure, we used the enzyme, 1-2,3,4,6 

fucosidase.The reactions of these isomers with 1-2,3,4,6 fucosidase show that dHex 

can be removed from isomers 1 and 3 partially within 12 hours, resulting in a change 

from ion m/z 1079 to m/z 933; however, no product ion m/z 933 was found for isomer 

2 [Figure 9]. The products m/z 933 generated from the removal of isomers 1 and 3 

have the same retention time as the synthesized standard, 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-GlcNAc, suggesting 

isomer 1 is 
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Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-GlcNAc 

and isomer 3 is 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[Fuc-(16)]-GlcNA. 

This supports the structural assignment by mass spectra in Figure 8.  

 

Figure 9 Chromatograms of isomers 1-3 before and after 1-2,3,4,6 fucosidase digestion (a)-(i) and the 

chromatogram of synthesized N-glycan (j). 

 

The partial hydrolysis by acid shows that the retention time of isomer 1 after 

removal of fucose, is the same as that of 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-GlcNAc, while the 

retention time of isomer 2 after removal of dHex, is the same as that of 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-ManNAc [Figure 

10(a)-(c)]. The aforementioned evidences suggest isomer 2 is 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[dHex-(13)]-ManNA

c.  
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To find out the monosaccharide composition of dHex in isomer 2, we utilized 

acid hydrolysis followed by high-performance anion-exchange chromatography with 

pulsed amperometric detection (HPAE-PAD). The monosaccharides found by 

HPAE-PAD after acid hydrolysis of isomer 2 in 2M trifluoroacetic acid for 4 hours 

included Fuc, GlcNAc, ManNAc, Man, GlcN, and ManN [Figure 10(d)], where the 

GlcN and ManN not found in mass spectra results from the conversion of GlcNAc 

and ManNAc to GlcN and ManN during acid hydrolysis. Fucose was found in the 

acid hydrolysis of isomer 2, suggesting isomer 2 is 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc, 

where the anomericity of the fucose linkage remains unidentified. The resistance of 

the removal of fucose from isomer 2 by 1-2,3,4,6 fucosidase suggests two 

possibilities: (1) the fucose linkage is not in  anomeric configuration, or (2) the 

fucose linkage is in  anomeric configuration, but the activity of 1-2,3,4,6 

fucosidase is affected by the ManNAc.  

 It has been shown that the GlcNAc at the reducing end of N-glycans is 

epimerized to ManNAc in alkaline solution. [45] However, the solution we used in the 

entire process of sample preparation, including enzyme release of N-glycans from 

proteins and purification of N-glycans, was acidic (pH=6.0, buffer solution of PNGase 

A) or pH=7.0. Therefore, it is not likely that GlcNAc at the reducing end of N-glycans 

is epimerized to ManNAc during sample preparation process. The potential artifact 

was crosschecked using the following method. Isomers 1 and 3 were added separately 

to the buffer solution containing PNGase A, followed by the processes of N-glycan 

release, extraction, and purification. No isomer 2 was found, indicating that isomers 1 

or 3 would not convert to isomer 2 due to the artifact during the processes of N-glycan 

release, extraction, and purification. Analogous three isomers of Man2FucHexNAc2 
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were also found. 

 

Figure 10. (a) and (b): Chromatograms of the product ion, m/z 933, generated from acid hydrolysis of 

isomer 1 and 2, respectively. (c) Chromatogram of 

Man--(1-3)-[Man--(1-6)]-Man--(1-4)-GlcNAc--(1-4)-GlcNAc and 

Man--(1-3)-[Man--(1-6)]-Man--(1-4)-GlcNAc--(1-4)-ManNAc, where 

Man--(1-3)-[Man--(1-6)]-Man--(1-4)-GlcNAc--(1-4)-GlcNAc is synthesized N-glycans, and 

Man--(1-3)-[Man--(1-6)]-Man--(1-4)-GlcNAc--(1-4)-ManNAc was generated from 

Man--(1-3)-[Man--(1-6)]-Man--(1-4)-GlcNAc--(1-4)-GlcNAc in NH3 solution (12 hrs, 60
o
C). (d) 

HPAE-PAD chromatogram of the products generated from isomer 2 acid hydrolysis, indicating dHex in 

isomer 2 is fucose. 

 

These unusual N-glycans, 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc 

and Man-(16)-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc, were also 

found in the solution of bee venom without using enzyme PNGase A to release 

N-glycans from proteins. Figure 11 shows the intensities of three isomers extracted 
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from the same batch and same amount of bee venom using following two conditions: 

(1) only bee venom and buffer solution, and (2) bee venom and buffer solution with 

enzyme PNGase A. The same amount of a disaccharide, Fuc--(1-3)-Gal, was added 

to both solutions as the internal standard for intensity calibration. When only bee 

venom and buffer solution were used (condition 1), isomers 1 and 2 were found with 

small intensities [Figure 11 (a) and (c)]. When bee venom and buffer solution with 

PNGase A were used (condition 2), isomers 1, 2, and 3 were found [Figure 11 (b) and 

(d)]. While the intensity of isomer 1 increases by a factor of 20-30 when PNGase A 

was used, isomer 2 only increases by less than a factor of two. The existence of 

isomers 1 and 2 in condition 1 indicates that part of them exists as free N-glycans. The 

small increase of isomer 2 from condition 1 to condition 2 indicates that 50% of 

isomer 2 found in chromatogram originally exists as a free N-glycan. However, it is 

not clear whether isomer 2 mainly exists as free N-glycan, or if it is also linked to a 

protein but cannot be efficiently released by enzyme PNGase A. Although the amount 

of isomer 2 is small, these unusual N-glycans have not been reported before and they 

are not expected to exist according to the current biosynthetic pathways. [46] 
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Figure 11. Relative intensities of N-glycan extracted from bee venom in two conditions. Condition1: 

bee venom and buffer solution, (a) and (c). Condition 2: bee venom and buffer solution with PNGase A, 

(b) and (d). * represents impurity. 

 

Conclusions 

We demonstrate a simple tandem mass spectrometry method to determine the 

linkages of fucose in N-glycans. This method is based on the collision induced 

dissociation mechanisms of N-acetylhexosamine and hexose sodium ion adducts. No 

derivatization, such as permethylation, reduction, or labelling at the reducing end, is 

required. This greatly simplifies the structural determination procedure and eliminates 

any possible side reaction during derivatization. Although the locations of fucose in 
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the core of N-glycans can be identified by the source of samples, 13 linkage for the 

N-glycans from plants and 16 linkage for the N-glycans from mammal, our 

approach provides a de novo method to determine the linkages of the fucose in 

N-glycans extracted from any species. This method does not required N-glycan 

standards and is particularly useful for identifying the antenna where fucose is located, 

determining the linkage of fucose in antenna, and distinguishing the linkage (13 

or/and 16) of fucose in the core of N-glycans, such as those extracted from insects. 

The entire procedure can be coded in the computer that controls the mass 

spectrometer for automated structural determination, an ultimate goal in carbohydrate 

structural analysis. Applying this method to the N-glycans extracted from bee venom 

has led to the discovery of N-glycans, 

Man-(13)-[Man-(16)]-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc 

and Man-(16)-Man-(14)-GlcNAc-(14)-[Fuc-(13)]-ManNAc, which are 

not expected to exist according to the current biosynthetic pathways. The discovery of 

these N-glycans suggests the existence of previously undiscovered biosynthetic 

pathways. 
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