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Abstract 

N-linked glycosylation is one of the most important post-translational modifications 

of proteins. Current knowledge of multicellular eukaryote N-glycan biosynthesis 

suggests high mannose N-glycans are generated in the endoplasmic reticulum and 

Golgi apparatus through conserved biosynthetic pathways. As a part of 

post-translational modifications, lipid dolichol-phosphate linked oligosaccharide 

Glc3Man9GlcNAc2 is transferred to proteins, and glucoses and mannose are 

sequentially removed by various ER- and Golgi-localized glucosidases and 

-1,2-mannosidases. According to reported biosynthetic pathways, four 

Man7GlcNAc2 isomers, three Man6GlcNAc2 isomers, and one Man5GlcNAc2 isomer 

are generated during this process. In this study, we applied our latest mass 

spectrometry method, logically derived sequence tandem mass spectrometry 

(LODES/MS
n
) to re-examine high mannose N-glycans extracted from various 

multicellular eukaryotes. LODES/MS
n
 identified many high mannose N-glycan 

isomers previously unreported in plantae, animalia, cancer cells, and fungi. 

Importantly, their synthesis is yet described by known biosynthetic pathways, thereby 

suggesting additional and unidentified pathways for these N-glycans isomers in 

multicellular eukaryotic cells. 
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The asparagine linked (N-linked) glycosylation is one of the most important 

post-translational modifications of proteins in eukaryotes. N-linked glycans play 

important roles in the stabilization of protein structures and the regulations of protein 

functions
1,2

. The biosynthetic process of N-glycans has been studied in details for 

eukaryotes
3-9

, and can be divided into three distinct stages. The first stage, which is 

the same for all eukaryotes, is the pre-assembly of lipid dolichol-phosphate linked 

oligosaccharide, Glc3Man9GlcNAc2, followed by the transfer of the oligosaccharide 

moiety to proteins. The second stage in multicellular eukaryotes involves trimming of 

Glc3Man9GlcNAc2 to Man5GlcNAc2 by various glycosidases located in endoplasmic 

reticulum (ER) and Golgi apparatus
3-9

. In the final stage, Man5GlcNAc2 is converted 

to hybrid and complex N-glycans. 

The current knowledge of the second stage biosynthetic pathways of 

multicellular eukaryotes is illustrated in Fig. 1. The second stage begins with removal 

of the terminal Glc1-2 and Glc1-3 residues by -1,2-glucosidase I and 

-1,3-glucosidase II, respectively, to generate Man9GlcNAc2, followed by the 

generation of two isomers of Man8GlcNAc2, 8E1 and 8E2, by -1,2-mannosidases in 

ER. The other enzyme, endo--mannosidase, acts on Glc1Man9GlcNAc2 to form the 

third Man8GlcNAc2 isomer, 8G1. After the generation of Man8GlcNAc2, various 

Golgi-localized -1,2-mannosidases act together to remove all the mannoses 

connecting by -12 glycosidic bond and convert Man8GlcNAc2 to a single isomer 

of Man5GlcNAc2 (5E1). According to these biosynthetic pathways, there are three 

possible isomers of Man8GlcNAc2 (8E1, 8E2, 8G1), four possible isomers of 

Man7GlcNAc2 (7D3, 7E1, 7E2, 7G1), three possible isomers of Man6GlcNAc2 (6D3, 

6F1, 6F2), and only one Man5GlcNAc2 isomer (5E1). The relative abundances of 

these isomers vary with species. 
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Fig. 1. Second stage biosynthetic pathways of N-glycans in multicellular eukaryotes. N-glycans not 

labelled by red stars are predicted by the current biosynthetic pathways. N-glycans labelled by red stars 

are not predicted by the current biosynthetic pathways, but they were found in this study. Black arrows 

represent the current biosynthetic pathways. Brown (-1,6-mannosidases), orange 

(-1,3-mannosidases), and gray (-1,2-mannosidases) arrows represent the new biosynthetic pathways 

to generate the N-glycans labelled by red stars. The linkage positions are represented by orientation, as 

illustrated by the insert at upper right corner. Think and thin lines represent beta and alpha anomeric 

configuration of the glycosidic bond. 

 An important technique for structure determination of N-glycans is nuclear 

magnetic resonance (NMR) spectroscopy
10, 11

. However, NMR requires milligrams of 

samples. Mass spectrometry, on the other hand, has high sensitivity and capable of 
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detecting oligosaccharides of low abundence
12-15

. However, conventional mass 

spectrometry cannot distinguish stereo-isomers easily (for example, mannose and 

galactose, α- and β-anomers, etc.), additional techniques are needed for differentiation 

of precise structure of N-glycans. These additional methods include methods based on 

modification of the sample oligosaccharides (e.g., methylation), enzyme digestion
18,19

, 

comparison to the existing mass spectrum database of oligosaccharides or N-glycan 

standards
20-26, 

and
 

 the deduction from the  currently understood N-glycan 

biosynthetic pathways
16,17

. These additional methods are confined by the current 

knowledge of N-glycan biosynthesis, the availability of enzymes, and incomplete 

database of oligosaccharides and N-glycan standards. For example, the current 

multicellular eukaryote biosynthetic pathway suggests there is only one isomer of 

Man5GlcNAc2 (5E1). Therefore, if ion of Man5GlcNAc2 is found in the mass spectra 

of multicellular eukaryote samples, it is typically assumed to be the isomer 5E1 

without further structural identification
16,17

.  

We recently developed a mass spectrometry method, namely logically derived 

sequence (LODES) tandem mass spectrometry (MS
n
), for oligosaccharide structural 

determination
27-34

. LODES/MS
n
 does not depends on the mass spectrum database of 

oligosaccharides or N-glycan standards, thus LODES/MS
n
 is particularly useful for 

the structural determination of the newly discovered N-glycans. In this study, we 

applied LODES/MS
n
 to determine the structures of high mannose N-glycans of 

various species. Surprisingly, many N-glycan isomers newly found in plantae, 

animalia, cancer cells, and fungi cannot be explained by the current biosynthetic 

pathways. In some cases, the abundances of these unexpected N-glycans are larger 

than that of known N-glycans, indicating the existence of other biosynthetic pathways 

than what we now understood. 
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Results and Discussions 

A. Databases of MannGlcNAc2 (n=5, 6, 7) isomers 

To facilitate the rapid N-glycan structural determination of various biological 

samples, we first constructed the N-glycan database which includes high performance 

liquid chromatography (HPLC) retention time and multistage collision-induced 

dissociation (MS
n
 CID) mass spectra. The sources of these N-glycans include (1) 

commercial products, (2) isolation and purification from biological samples, and (3) 

generation from large N-glycans by enzymic degradation. Various N-glycan databases 

have been reported previously
35-39

. The important differences between our new 

database and the existing databases are: (1) Our database consists of all possible high 

mannose N-glycan isomers by removing arbitrary numbers and positions of mannoses 

from Man9GlcNAc2 (9D1). These isomers are not limited to the N-glycans according 

to the current biosynthetic pathways; (2) We used intact N-glycans for structural 

analysis. No permethylation, reduction, or labeling at the reducing end of N-glycans is 

required. Therefore, the potential interference by the products generated by the side 

reactions during permethylation, reduction, or labeling is completely avoided. 

  In the construction of N-glycan database, the structures of commercial N-glycans 

were carefully examined using LODES/MS
n
. The N-glycans isolated from biological 

samples were separated by two-dimensional HPLC chromatography and structurally 

determined by LODES/MS
n
. The structures of parts of N-glycans isolated from 

biological samples were confirmed using enzyme digestion.  

Here we used Man5GlcNAc2 N-glycans extracted from black beans as examples 

to demonstrate the processes of structural determination. After N-glycans were 

released from black bean glycoproteins by ammonia catalyzed reaction
40

, they were 
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purified by using solid phase extraction and size exclusion. Next, the N-glycans were 

separated according to their sizes by HPLC using TSKgel Amide-80 column, the 

chromatogram is shown in Fig. 2(a). The separation of N-glycans by different sizes 

avoids the interference in structural determination of small N-glycans by large 

N-glycans due to the ESI in-source decay
41

. Fig. 2(a) shows that the retention time 

19-23 min mainly consists of Man6GlcNAc2 (m/z 1419) and a small amount of 

Man5GlcNAc2 (m/z 1257). The Man5GlcNAc2 in this retention time region likely was 

produced by the ESI in-source decay of Man6GlcNAc2, thus this part of 

Man5GlcNAc2 were not analyzed in the structural determination of Man5GlcNAc2. 

The Man5GlcNAc2 collected from retention time t=15-18 min was sent into the 

second HPLC using PGC column for isomer separation. The chromatogram is 

illustrated in Fig. 2(b). Since we used intact N-glycans, there are two anomers for 

each isomer, corresponding to the  and  anomers of the GlcNAc at the reducing end 

of N-glycans. PGC column is known for the separation of anomers. To identify which 

two peaks belongs to the same isomer, the eluents from PGC column were collected 

every 30 seconds such that different peaks were collected in different tubes. These 

fractions were stored at room temperature for 6 hours before they were concentrated 

and re-injected into the same PGC column individually. If two peaks in Fig. 2(b) 

belong to the same isomer, the re-injection of the eluents into the same PGC column 

would show two peaks again in chromatogram, and the relative intensities and the 

retention times of these two peaks must remain the same as that in Fig. 2(b). This is 

because the  and  anomers of the same isomer change to each other through 

mutarotation, which typically takes about 30 min to 2 hours in aqueous solution at 

room temperature to reach equilibrium. The chromatograms of the reinjection are 

illustrated in Fig. 2(c). Four pairs of peaks, highlighted by blue, green, red, and orange 

bars, representing four isomers were identified from these chromatograms. There is 
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only one isomer each in tubes 17, 32, and 40-52, and these isomers were sent into MS 

separately for structural analysis. Tube 26 consists of two isomers. The eluents in tube 

26 was sent into PGC column again for isomer separation.  

 

Fig. 2. (a) Chromatograms of the N-glycans extracted from black beans, separated by HPLC using 

TSKgel Amide-80 column (150 mm × 2.0 mm). The m/z values represent the sodium ion adducts of 

Man5GlcNAc2 (m/z 1257), Man6GlcNAc2 (m/z 1419), Man7GlcNAc2 (m/z 1581), Man8GlcNAc2 (m/z 

1743). (b) Chromatograms of the Man5GlcNAc2 eluents collected from t=15 to 18 min in 

chromatogram (a), separated by HPLC using Hypercarb PGC column (2.1 mm × 100 mm). (c) 

Chromatograms of the eluents collected from chromatogram (b) every 30 s, separated by HPLC using 

Hypercarb PGC column (2.1 mm × 100 mm). (d) Logically derived sequence (LODES) for sodium ion 

adducts of Man5GlcNAc2 and GlcMan4GlcNAc2 isomers. Green circles and blue squares represent 

mannose and N-acetylglucosamine, respectively. Half circles and three quarter circles represent 
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cross-ring dissociation and dehydration, respectively. (e)-(g) CID spectra of sodium ion adduct of 

Man5GlcNAc2 isomer 5E1. The CID sequences are shown on the top of spectra. (h) Chromatogram of 

Man5GlcNAc2 isomer 5E1 before adding enzyme -mannosidase of Canavalia ensiformis. (i) 

Chromatogram of Man5GlcNAc2 isomer 5E1 3 minutes after adding enzyme -mannosidase of 

Canavalia ensiformis. (j) Chromatogram of Man4GlcNAc2 isomers 3 minutes after adding enzyme 

-mannosidase of Canavalia ensiformis to Man5GlcNAc2 isomer 5E1. (k) Chromatogram of 

synthesized Man4GlcNAc2 isomer 4D2. (l) Chromatogram of synthesized Man4GlcNAc2 isomer 4E1.  

The LODES for structural determination of Hex5GlcNAc2 isomers, including all 

possible Man5GlcNAc2 and GlcMan4GlcNAc2 isomers, is illustrated in Fig. 2(d). 

These isomers include the removal of arbitrary numbers and positions of glucose and 

mannose from canonical Glc3Man9GlcNAc2, the N-glycan transferred from lipid 

dolichol-phosphate to proteins before any removal of glucose and mannose by 

enzyme in ER and Golgi. The CID sequences in LODES were derived from 

carbohydrate dissociation mechanisms
42-45

. LODES enables us to determine the 

N-glycan structures without the requirements of oligosaccharide mass spectrometry 

library or N-glycan standards. The CID spectra of the isomer in tube 50 are illustrated 

in Fig. 2(e)-2(g). The MS
2
 CID spectrum in Fig 2(e) represents the dissociation of 

precursor ion, sodium ion adduct of Hex5GlcNAc2 (m/z 1257). Fragment ions m/z 

1239 (dehydration product) and m/z 1156 (cross-ring dissociation product) suggest a 

HexNAc is located at the reducing end and it is connected to the other sugars by 14 

or 16 linkage, according to the dissociation mechanism of HexNAc
45

. Fragment ion 

m/z 1036 represents the elimination of HexNAc; fragment ion m/z 833 represents the 

elimination of two HexNAc, indicating five hexoses of Hex5GlcNAc2 are connected 

without any HexNAc between them. This MS
2
 spectrum is only useful for the 

differentiation of N-glycans from impurities, it is not useful for isomer structural 
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identification. The MS
3
 spectrum [Fig. 2(f)] of CID sequence, 1257851fragments 

[MS
2
MS

3
(1) fragments in Fig. 2(d)], classifies isomers into four groups, namely 

D, E, F, and G, according to the dissociation mechanisms of hexose
27-31, 41-43

. 

Fragment ion m/z 599 in Fig. 2(f) suggests that there is a branch consisting of 13 

and 16 linkages at the reducing end in the structure of the oligosaccharide 

consisting of five hexoses, and there is one hexose in one linkage (13 or 16 

linkage) and three hexoses in the other linkage. Thus, the spectrum in Fig. 2(f) 

indicates the isomer in tube 50 belongs to group E. The MS
4
 spectrum [Fig. 2(g)] of 

CID sequence, 1257833527fragments [MS
2
MS

3
(2)MS

4
(2) fragments in 

Fig. 2(d)] differentiate the isomers in group E. Fragment ion m/z 275 in Fig. 2(g) 

indicates the three hexoses in one linkage (13 or 16 linkage) is a branched 

trisaccharide with 13 and 16 linkages. This structure is only consistent to the 

structure of isomer 5E1.  

The structure of the isomer in tube 50 was crosschecked using enzyme digestion. 

The chromatogram of ion m/z 1257 (sodium ion adduct of Hex5GlcNAc2) before and 

3 minutes after enzyme (-mannosidase of Canavalia ensiformis) digestion are 

illustrated in Fig. 2(h) and 2(i), respectively. The decrease in intensity indicates the 

degradation of Hex5GlcNAc2 by enzyme digestion. The chromatogram of ion m/z 

1095 (sodium ion adduct of Hex4GlcNAc2) produced from the degradation of 

Hex5GlcNAc2 by enzyme is illustrated in Fig. 2(j). The retention time of the four 

peaks in Fig. 2(j) agree with that of synthesized Man4GlcNAc2 isomers 4D2 and 4E1 

(structures of 4D2 and 4E1 were crosschecked using LODES/MS
n
). The CID MS

2
, 

MS
3
, and MS

4
 spectra of the Hex4GlcNAc2 produced from the isomer in tube 50 by 

enzyme digestion are also the same as that of the synthesized Man4GlcNAc2 isomers 

4D2 and 4E1, as presented in Supplementary Information.  
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In our database, some isomers were generated by the enzyme degradation of 

large synthesized N-glycans. There may be more than one isomer produced by 

enzyme degradation. Fortunately, we had the retention time and CID spectra of all the 

potential isomers produced by enzyme degradation except the one we wanted to 

generate by enzymatic degradation, therefore we were able to assign these isomers 

unambiguously. For example, both isomers 5F1 and 5F2 could be generated by the 

enzyme degradation of Man6GlcNAc2 isomers 6G1. Because we have the retention 

time of isomer 5F1, we assigned the enzyme generated isomer which the retention 

time is different from that of isomer 5F1 to isomer 5F2. Details of the extraction and 

purification of N-glycans from biological samples, structural determination of 

commercial N-glycans and N-glycans extracted from biological sample, and enzyme 

digestion process of N-glycans are described in Methods and Supplementary 

Information.  

After structural determination of all collected Man5GlcNAc2 isomers, a database 

consisting of the chromatograms and CID spectra of these isomers was constructed 

for rapid isomeric identification [Fig. 3]. The chromatograms of Man7GlcNAc2 and 

Man6GlcNAc2 in the database are illustrated in Fig. 4, while the CID spectra in the 

Man7GlcNAc2 and Man6GlcNAc2 database are presented in Supplementary 

Information. Notably, these N-glycans were not reduced at the reducing end. They 

were in intact form, and there are two peaks in the chromatogram for each isomer.  
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Figure 3. Database of Man5GlcNAc2 isomers. (a) HPLC chromatograms of ion m/z 1257 (sodium ion 

adduct), (b) CID spectra through the CID sequence 1257fragments, (c) CID spectra through the CID 

sequence 1257851fragments, (d) CID spectra through the CID sequence 1257833fragments, 

(e) CID spectra through the CID sequence 1257833527fragments. Isomers 5E1 and 5E2 have 

close retention time and similar MS
2
 and MS

3
 spectra. MS

4
 spectra are useful for differentiation of 

these two isomers when the HPLC separation is not very good. These N-glycans were not reduced at 

the reducing end. They were in intact form, and there are two peaks in the chromatogram for each 

isomer. All Y axes represent intensity in arbitrary units. 

 

Figure 4. HPLC chromatograms of (a) Man6GlcNAc2 isomers (m/z 1419, sodium ion adduct), (b) 
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Man7GlcNAc2 isomers (m/z 1581, sodium ion adduct). They are part of the database. The other part of 

the database, CID spectra, are illustrated in Supplementary Information. 

B. High mannose N-glycans of various biological samples  

The structural assignments of N-glycans extracted from biological samples were 

made by comparing to the database on the similarities of the following three 

properties: (1) HPLC retention time in chromatogram of the selected m/z value, (2) 

one MS
2
 and two MS

3
 CID mass spectra at the corresponding retention time, (3) the 

relative intensity of two peaks (resulting from  and  anomeric configuration of the 

GlcNAc at the reducing end) in chromatogram of the selected isomer.  

Fig. 5(a) and (b) shows the HPLC chromatograms and structural assignments of 

Man7GlcNAc2 isomers extracted from bovine lactoferrin. The isomers with large 

abundances belong to the N-glycan isomers, 7D3, 7E1, 7E2, and 7G1 predicted by 

biosynthesis. Surprisingly, isomer 7D2, one of the N-glycans not predicted by the 

current biosynthetic pathways (denoted as unusual N-glycans) was found, although 

the abundance is low. Here we used two methods, enzyme PNGase F [Fig. 5(a)] and 

ammonia catalyzed reaction [Fig. 5(b)], to release N-glycans from bovine lactoferrin. 

The unusual N-glycan isomer 7D2 were found using both methods, although the 

relative abundances of isomers were different between these two release methods.  
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Fig. 5. Chromatograms and structural assignments of (a)-(b) Man7GlcNAc2 (c)-(l) Man6GlcNAc2 

N-glycan isomers extracted from various samples using enzyme PNGase F or ammonia catalyzed 

reaction to release N-glycans from proteins. N-glycans labelled by red stars represent the N-glycans not 

predicted by current biosynthesis but found in this study. Peaks labelled by black stars represent 

impurities. 

Fig. 5(c)-(l) show the HPLC chromatograms of Man6GlcNAc2 isomers extracted 

from bovine lactoferrin, red bean, beef, pork, and mushroom. Both N-glycan release 

methods were used for bovine lactoferrin, red bean, and beef. The relative abundances 

of isomers are slightly different between these two N-glycan release methods. Only 

ammonia catalyzed reaction was used in pork and mushroom. The unusual 

Man6GlcNAc2 isomers were found in all the samples we studied. None of these 

unusual N-glycans have the largest abundance, but they are not negligible.  

The HPLC chromatograms of Man5GlcNAc2 extracted from lactoferrin, beef, red 

bean, human cell line M10, breast cancer cell line MDA-MB-231, pork, mushroom, 

and the structural assignments are illustrated in Fig. 6. The N-glycans not predicted by 

the current biosynthetic pathways were found in all the samples we studied. Isomer 

5E1 which is the only isomer predicted by current biosynthesis has the largest 
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abundance in bovine lactoferrin, beef, human cell line, breast cancer cell line, pork, 

and mushroom, but the abundances of unusual N-glycans found in beef and pork are 

not small. Interestingly, the abundances of unusual N-glycans found in red bean are as 

large as that of isomer 5E1, some of them even larger than that of isomer 5E1.  

 

Fig. 6. Chromatograms and the structural assignments of Man5GlcNAc2 N-glycan isomers extracted 

from various biological samples. N-glycans labelled by red stars represent the N-glycans not predicted 

by current biosynthesis but found in this study. 

The current biosynthesis suggests all the mannoses connecting by Man-12 

glycosidic bond were removed from Man9GlcNAc2 by -1,2-mannosidases before the 

cleavage of Man-13 or Man-16 glycosidic bond by other enzymes. These 

unusual N-glycans indicate that there are enzymes removing Man-13 and 

Man-16 from MannGlcNAc2 (n=8, 7, 6) before the complete removal of 

Man-12. These processes are not included in the current biosynthesis. One 

possibility is that these enzymes are not located in ER and Golgi, and these 

unexpected N-glycans are produced during cell rupture in the N-glycan extraction 

process such that glycoproteins in ER or Golgi encounter the enzymes not located in 

ER and Golgi. To exclude this possibility, we compared the red bean powder samples 
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prepared by two different methods. In one method, red beans were grounded into 

powder by grinder directly. In the other method, red beans were baked in an oven at 

90
o
C for 20 minutes and then immersed in liquid nitrogen for 20 minutes, followed by 

reiteration of the same process (baking in oven and immersing in liquid nitrogen) 

twice before grounding into powder. The process inactivates the potential enzymes 

that could contact glycoproteins during cell rupture. Both enzyme PNGase F and 

ammonia catalyzed reaction were used to release N-glycans from red bean powder 

prepared in both methods. In ammonia catalyzed reaction, red bean powder was added 

into 25% ammonia solution. The high pH value (>11) of ammonia solution ensures 

the potential enzymes which is active in low pH value, such as the enzymes in 

lysosome, do not involve in the generation of the unusual N-glycans. Fig. 5(e)-(h) and 

Fig. 6(e)-(h) show the chromatograms of the N-glycans released by PNGase F and 

ammonia-catalyzed reaction from red beans and roasted red beans, respectively. The 

relative abundances of isomers between two sample preparation methods and two 

N-glycans release methods are similar. The results suggest the unusual isomers found 

in this study were not produced by the artifact during the sample preparation. 

In the first stage of biosynthesis, Man5GlcNAc2 isomer 5E4, Man6GlcNAc2 

isomer 6E1, and Man7GlcNAc2 isomer 7D2 are generated and connected to the lipid 

dolichol-phosphatelocated on the cytoplasmic face of the ER membrane. The release 

of these oligosaccharides from dolichol typically requires acidic solution
38

. The 

observation of isomers 7D2, 6E1, and 5E4 are not likely due to the release from 

dolichol during the sample preparation. This is because (1) the pH values of ammonia 

solution and PNGase F buffer solution are 11 and 7.5, respectively, (2) isomers 6E1 

and 5E4 are not the only unusual N-glycan isomers of Man6GlcNAc2 and 

Man5GlcNAc2 we found in various samples. 
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The N-glycans beyond the current multicellular eukaryote biosynthetic pathways 

have been reported in previous studies. Man5GlcNAc2 isomer 5D2 has been found in 

human recombinant gene expressed in CHO cells
46,47

, royal jelly from bee
48

, 

crayfish
49

, flagellated protozoa
50

; isomer 5D1 has been found in horseshoe crab’s 

proteins
51

; isomers 5D2 and 5E3 found in bovine ribonuclease B
25, 52

. Most of these 

unusual N-glycans were found in glycosylation mutants or in low abundance, or the 

abundances of these unusual N-glycans were not reported. Consequently, 

Man5GlcNAc2 and Man6GlcNAc2 found in the mass spectra of multicellular 

eukaryote samples are usually assumed to be isomer 5E1 and isomers 6D3, 6F1, and 

6F2, respectively, and no further structural identification was made in most studies. 

The high abundances of previously unidentified high mannose N-glycans in this 

study suggest additional biosynthetic pathways are involved in the generation of high 

mannose N-glycans. The enzymes involved in the additional biosynthetic pathways 

act on the terminal Man1-3 and Man1-6 before the complete removal of terminal 

Man--(12) from N-glycans. One possible enzymes are the enzymes in the third 

stage of N-glycan synthesis. In the third stage of current biosynthesis, the enzymes 

only act on terminal Man--(13) or Man--(16) after the complete removal of 

Man--(12) from N-glycans. These enzymes have low reactivity on terminal 

Man--(13) or Man--(16) of the N-glycans which have terminal Man--(12). 

The reactivity of these enzymes that act on terminal Man--(13) or Man--(16) 

before the complete removal of Man--(12) maybe high in some biological systems 

such as beef, pork, and red beans, resulting in high abundances of unusual high 

mannose N-glycans. Other possible enzymes are the enzymes not located in ER and 

Golgi. Glycoproteins released from the ER or Golgi may encounter other enzymes 

which were not located in ER and Golgi and have a high reactivity to act on the 
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terminal Man--(13) or Man--(16) of high mannose N-glycans before the 

complete removal of Man--(12). Yet, no such enzymes have been reported. In 

summary, our current findings on new high mannose N-glycan isomers warrant future 

investigation to identify enzymes and pathways responsible for their synthesis in 

multicellular eukaryotic cells.  

Methods 

(a) Sources of materials 

Red beans, black beans, beef, pork, mushroom were purchased from local market. 

Bovine lactoferrin and bovine whey protein were purchased from AOR Inc. (Clifton, 

NJ, USA) and Raw GrassFed Whey (Fairfield, IA, USA), respectively. Enzymes 

PNGase F, -mannosidase of Canavalia ensiformis (Jack bean), and α1-6 

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

Both cell lines were gifted by Dr. Ruey-Hwa Chen, Institute of Biological Chemistry, 

Academia Sinica, Taiwan. 

Bovine lactoferrin and bovine whey proteins were used directly. Beef, pork, and 

mushroom were lyophilized before ground into powder by grinder. Black beans were 

ground into powder by grinder directly. Red beans were separately into two groups. 

One of them was ground into powder by grinder directly. The other was baked in oven 

at 90
o
C for 20 minutes and then immersed in liquid nitrogen for 20 minutes, followed 

by repeating the same process (baking in oven and immersing in liquid nitrogen) 

twice before grounding into powder.  

Isomers 5E1 and 5F1 were extracted from black bean; isomers 5D1 and 5D2 were 

purchased from Omicron Biochemicals, Inc. (South Bend, IN, USA); isomer 5E4 was 

generated from the degradation of Man6GlcNAc2 isomer 6E2 by enzyme α1-6 
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mannosidase; isomer 5F2 was produced from the degradation of Man6GlcNAc2 

isomers 6G1 by -mannosidase of Canavalia ensiformis; isomers 5E2 and 5E3 were 

generated from the degradation of Man7GlcNAc2 isomers 7D1 and 7D2, respectively, 

by -mannosidase of Canavalia ensiformis. Isomers 6E1, 6E2, and 6G1 were 

purchased from Omicron Biochemicals, Inc.; isomers 6D3 and 6F2 were extracted 

from bovine whey proteins; isomers 6F1 was extracted from black bean; isomers 6D1 

and 6D2 were generated from the degradation of Man7GlcNAc2 isomers 7D1 and 7D2, 

respectively, by -mannosidase of Canavalia ensiformis. Isomers 7D1 and 7D2 were 

purchased from Omicron Biochemicals, Inc.; and 7E1, 7E2, 7D3, and 7G1 were 

extracted from bovine lactoferrin. 

(b) Extraction of membrane proteins from human cell lines 

The human mammary epithelial M10 cells and human triple-negative breast 

cancer MDA-MB-231 cells were cultured in DMEM (high glucose (4500 mg L
−1

), 

Hyclone, South Logan, Utah, USA) supplemented with 10% (v/v) fetal bovine serum 

(Hyclone), 100 U/mL penicillin, and 100 mg/L streptomycin (Hyclone). All culturing 

media were supplemented with plasmocin (2.5 µg mL
−1

; Invivogen, San Diego, 

California, USA) to mitigate mycoplasma contamination. The cells were maintained at 

37 °C in a humidified incubator supplied with 5% CO2. Cell membrane proteins were 

extracted using the differential ultracentrifugation protocol adopted from Li et al
53

. In 

brief, M10 and MDA-MB-231 cells were collected, washed with 0.22 µm-filtered 

PBS, pelleted, and each suspended in 2 mL of homogenization buffer (0.25 M sucrose, 

20 mM HEPES–KOH (pH 7.4), and 1% protease inhibitor cocktail). Around 1x10
7
 

cells of each cell line were collected. The cell suspensions were kept at 4 °C prior to 

the succeeding steps of the extraction process. The cells were lysed using a sonicator 

system with standard probe (Q700; QSonica, Newton, Connecticuts, USA). The cell 
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lysates were centrifuged at 2,000 x g for 10 min at 4 °C to pellet the nuclei and 

mitochondria. The supernatants were transferred into new ultracentrifuge tubes and 

were centrifuged at 200,000 x g for 45 min at 4 °C to pellet plasma membrane 

proteins. The resulting pellets were washed with 0.2 M sodium carbonate solution to 

remove cell membrane–associated proteins and were centrifuged at 200,000 x g for 45 

min at 4 °C. The pellets were finally washed with double-distilled water and 

centrifuged at 200,000 x g for 45 min at 4 °C. The cell membrane pellets were stored 

at −20 °C prior to downstream analyses. The concentration of the membrane protein 

was determined by BCA protein concentration assay. 

(c) Extraction of N-glycans from various biological samples 

The N-glycans were released from proteins using two methods. One is the 

ammonia-catalyzed reaction described in a previous study
40

. In brief, sample powder 

was dissolved in 25% ammonia aqueous solution and then underwent 16-h reaction at 

60 °C. After the reaction, the ammonia in the solution was removed using a rotary 

evaporator, and proteins were removed through ethanol (60%) precipitation. The 

samples were further purified using a C18 cartridge (Sep-Pak C18, Waters, Milford, 

MA, USA) to remove residual proteins and size exclusion chromatography 

(TOYOPEARL HW-40F, Tosoh Bioscience GmbH, Griesheim, Germany) to remove 

other impurities.  

For the N-glycans released from both cell lines using PNGase F (New England 

Biolabs, Ipswich, MA, USA) digestion, 500 μL of denaturing buffer containing 0.5% 

SDS and 40 mM DTT were used to re-suspend the pellet and heated at 100 °C for 10 

min followed by cooling at 0 °C for 10 min. To release the N-glycans from the 

proteins, 50 μL of PNGase F solution (250,000 units), 100 μL of GlycoBuffer 2, 100 

μL of 10% NP-40, and 300 μL deionized water were added and incubated at 37 °C 
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overnight. The pH value of the buffer solution is 7.5. The released N-glycans were 

purified by 2 volumes of ethanol precipitation in −20 °C overnight. After 

centrifugation, the supernatant was completely dried down using dry centrifugal 

concentrator to remove the ethanol prior to solid phase extraction (SPE) using C18 

and graphitized carbon (Extract-Clean SPE Carbo, Grace, Columbia, MD, USA) 

cartridges. 

(d) Separation of N-glycan isomers 

The fractions from size exclusion were sent into two-dimensional 

high-performance liquid chromatography (HPLC) for N-glycan isomer separation. 

They were first separated by HPLC with TSKgel Amide-80 column (150 mm × 2.0 

mm, particle size of 5 µm, Tosoh Bioscience GmbH, Griesheim, Germany), followed 

by the separation by HPLC with Hypercarb PGC column. The amide-80 column 

separated N-glycans into different sizes, as illustrated in Fig. 2(a), to eliminate the 

interference by ESI in-source decay
41

. The fractions collected from the eluents of 

amide-80 column were sent into the second HPLC using a PGC Hypercarb column 

(2.1 mm × 100 mm, particle size of 3 µm, Thermo Fisher Scientific, Waltham, MA, 

USA) for N-glycan isomer separation. The eluents from PGC column were collected 

every 30 s using fraction collector (FC204, Gilson, Middleton, WI, USA). The eluents 

were analyzed by HPLC using the same PGC column again to ensure at most only 

one isomer is collected in each fraction collection.  

The HPLC conditions for the TSKgel Amide-80 column were as follows: The 

flow rate was 0.2 mL/min, the gradient was changed linearly from A (H2O) = 35% 

and B (acetonitrile) = 65% at t = 0 to A = 45% and B = 55% at t = 50 min. The HPLC 

conditions for the Hypercarb column (10 cm) were as follows: The flow rate was 0.2 

mL/min; the gradient was changed linearly from A = 100%, B=0% at t = 0 to A = 82%, 
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B = 18% at t = 30 min. 

(e) MS
n
 Mass Spectrometry 

For N-glycan structural identification, samples purified by multidimensional 

HPLC were prepared in a NaCl (5 × 10
−5

M) water/methanol (50:50 vol/vol) solution. 

A nanoelectrospray ionization instrument with a Nanospray Flex housing (Thermo 

Fisher Scientific) coupled to collision induced dissociation in a linear ion trap mass 

spectrometer (LTQ, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used for 

the multistage tandem mass spectrometry (MS
n
) measurement. Typically, 2 µL of each 

sample was loaded into a ESI emitter. The ESI source voltage was 1.5 kV, capillary 

voltage was 130 V, heated capillary temperature was 120 °C, and tube-lens voltage 

was 230 V. Helium gas was used as a buffer gas for the ion trap as well as a collision 

gas in CID. The activation Q value was 0.25, activation time was 30 ms, normalised 

collision energy was 30-40%. The number of ions was regulated by injection time 

(10-20 ms) or automatic gain control (1 × 10
5
 for full scan, and 1 × 10

4
 for MS

n
). The 

precursor ion isolation width was set to 1u. The sequences of CID in MS
n
 were guided 

by LODES. Details of LODES for N-glycan structural identification were described in 

our previous study
32

.  

After structural identification, HPLC chromatogram of each N-glycan isomer 

was measured using PGC Hypercarb column (2.1 mm × 150 mm, particle size of 3 

µm, Thermo Fisher Scientific, Waltham, MA, USA) coupled to collision induced 

dissociation in a linear ion trap mass spectrometer (LTQ, Thermo Fisher Scientific). 

The HPLC conditions for the PGC Hypercarb column (15cm) were as follows: The 

flow rate was 0.15 mL/min, the gradient was changed linearly from A = 100% and B 

= 0% at t = 0, A = 93% and B = 7% at t = 5 to A = 80% and B = 20% at t = 60 min. 

The retention time of the chromatogram was recorded and collected as the database. 
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Meanwhile, the MS
2
 and MS

3
 mass spectra of each N-glycan isomer was measured 

during the chromatography and collected in the database.  

(f) Enzyme digestion 

The reaction conditions for -mannosidase of Canavalia ensiformis and α1-6 

mannosidase experiments were adapted from the protocols provided from the vendor. 

1 µL of high mannose N-glycan (1 mM) from Omicron Biochemicals was added into 

the reaction buffer. The reaction buffer of -mannosidase of Canavalia ensiformis 

containing 15 µL of DI water, 2 µL of Glycobuffer 4 (10X), and 2 µL of Zinc (10X), 

whereas the reaction buffer for the α1-6 mannosidase containing 15 µL of DI water, 2 

µL of Glycobuffer 1 (10X), and 2 µL of BSA (100 µg/ml). The reaction mixture was 

incubated in 37°C, 800 rpm shaking for 5 minutes before 0.1 µL of -mannosidase of 

Canavalia ensiformis or α1-6 mannosidase was added. Aliquots of 10 µL at different 

time points (5 minutes and 15 minutes for -mannosidase of Canavalia ensiformis 

and α1-6 mannosidase, respectively) were taken, and the reaction was immediately 

quenched using a 0.6µL ZipTip C4 (Merck Ltd., Taipei, Taiwan). The aliquots were 

aspirated slowly for at least 15 times to bind the enzyme onto the pre-conditioned 

ZipTip C4 before eluted into a clean 300 µL HPLC vail. Additional 10 µL of DI water 

was added to wash the ZipTip C4 and the elution was combined into the same HPLC 

vail for HPLC-MS analysis. 

Data availability 

The data supporting the findings of this study are available within the article and its 

Supplementary Information. 

Code availability 

No custom code or mathematical algorithm that is deemed central to the conclusions 
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