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Abstract

Background/Objective: Coagulation factor V (FV), a multidomain glycoprotein, is an essential 

cofactor in the blood clotting cascade. FV deficiency is a rare bleeding disorder that results in poor 

clotting after an injury or surgery. The only treatment for the disease is infusions of fresh frozen 

plasma and blood platelets. Glycosylation affects the biological activity, pharmacokinetics, 

immunogenicity, and in vivo clearance rate of proteins in the plasma. The glycan profile of FV, as 

well as how it affects the activity, stability, and immunogenicity, remains unknown.

Methods: In this study, we comprehensively mapped the glycosylation patterns of human 

plasma-derived FV by combining multienzyme digestion, hydrophilic interaction chromatography 

enrichment of glycopeptides, and alternated fragmentation mass spectrometry analysis.

Results/Conclusion: A total of 57 unique N-glycopeptides and 51 O-glycopeptides were 

identified, which were categorized into 40 N-glycan and 17 O-glycan compositions. Such 

glycosylation details are fundamental for future functional studies and therapeutics development. 

In addition, the established methodology can be readily applied to analyze glycosylation patterns 

of proteins with more than 2000 amino acids.
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1 | INTRODUCTION

Human coagulation factor V (FV), also known as proaccelerin, is an essential glycoprotein 

involved in the clotting cascade. FV is expressed primarily in the liver. The 2224 amino 

acids (AAs) protein (including a 28 AAs signaling peptide) consists of six domains in the 

following sequence, A1, A2, B, A3, C1, and C2, similar to that of factor VIII (FVIII). FV 

and FVIII share approximately 40% AA sequence homology within A and C domains.1,2 

Upon proteolytic activation by either thrombin or FXa, the B domain, which is unnecessary 

for the cofactor activity, is cleaved from FV. FVa complexed with FXa is involved in the 

process of converting prothrombin into thrombin, a vital step in the blood clotting process. 

Clinically, the rare bleeding disorder of FV deficiency is manifested as a prolonged blood 

clotting phenotype after an injury or surgery. Currently, fresh frozen plasma is used as the 

standard therapeutic option.3 However, the development of inhibitors to FV has been 

detected in certain FV-deficient patients after receiving fresh frozen plasma.4,5 FV 

concentrate, which is difficult to purify from plasma, was tested as an alternative but not 

widely used.6 Additionally, FV deficiency combined with FVIII deficiency results in a more 

severe hemophiliac phenotype.7

Glycosylation has been reported to play critical roles in protein folding,8,9 stability,10,11 

macromolecular interactions, and activity.12 Although the AA sequence within the B domain 

of FV apparently diverges between human and bovine genes, large numbers of glycosylation 
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sites are conserved, suggesting that glycosylation may provide a regulatory role for both the 

expression and activation of FV.13 On the other hand, glycosylation affects the function of 

FVa and is important for the interaction between FVa and other factors involved in the 

clotting cascade. For example, two isoforms of plasma FV that differ in glycosylation at 

Asn2209 in the C2 domain, FV1 (~33%) is N-glycosylated at this site, whereas FV2 (~67%) 

is not, showed different functionality.14,15 The activated FVa2 has a higher affinity for 

phospholipids than FVa1, thus has higher coagulant cofactor potency. It was shown that the 

N-glycosylation interfered with the formation of the FVa-FXa complex.15 In addition, total 

removal of N-glycans and terminal sialic acid on FVa by treatment with glycosidases 

resulted in increased activated protein C sensitivity, suggesting that glycosylation plays a 

role in activated protein C-catalyzed cleavage and inactivation of FV.16 Furthermore, a FV 

missense mutation Ile359Thr, which creates an additional N-glycosylation at Asn 357, could 

significantly reduce the cleavage at Arg306, thus affecting anticoagulation.17 Similarly, FVa 

mutants that contain unnatural N-glycosylation on position 495, 539, 680, or 1710 displayed 

attenuated FXa binding, which could be restored by inhibiting the expression of N-glycans, 

again implying the roles carbohydrates might play in FVa-FXa binding.18 Unlike Asn2209, 

these positions are located on A2 and A3 domains of FV. It is unknown whether these 

domains contain glycosylation and whether they play any functional roles. Nevertheless, 

comprehensive knowledge of the glycosylation of FV could provide fundamentals for 

understanding the roles and mechanisms of FV interactions in the coagulation cascade, in 

parallel to recently reported results on glycan profiling of FVIII.19–22 Additionally, such 

information and the method used to profile FV glycosylation could be of great importance in 

the development of FV-based pharmaceutics because altered glycosylation was reported to 

affect the immunogenicity of glycoprotein drugs. For instance, non-human glycan structures 

(eg, alpha-gal, N-glycolylneuraminic acid) found in recombinant FVIII proteins were 

reported to increase their intrinsic immunogenicity.23,24 To date, a systemic analysis of FV 

glycosylation is still lacking.

In this work, we developed and applied an integrated approach for systematic glycan 

analysis of plasma-derived FV (pdFV). Glu-C and Trypsin were used for peptide digestion, 

and glycopeptide enrichment was performed by zwitterionic hydrophilic interaction 

chromatography (ZIC-HILIC). Alternated higher energy collisional dissociation (HCD) and 

electron-transfer dissociation (ETD) fragmentation were used to integrate N- and O-

glycopeptide sequencing in one mass spectometry (MS) analysis.25 18O-labeling of N-

glycosylation sites and site-specific extraction of O-linked glycopeptide (EXoO) was also 

applied to localize exact N- and O-glycosylation sites.26,27 As a result, 108 unique 

glycopeptides comprising 12 N-glycosylation sites and 26 O-glycosylation sites were 

identified with the simultaneous determination of peptide sequences and glycoform 

compositions.

2 | MATERIALS AND METHODS

2.1 | Materials

Human pdFV was purchased from Haematologic Technologies. Trypsin (sequencing grade 

modified) and endoproteinase Glu-C (Glu-C) were supplied by Promega. PNGase F was 
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obtained from New England Biolabs. Sodium cyanoborohydride (NaCNBH3), formic acid, 

ammonium hydrogen carbonate (NH4HCO3), and high-performance liquid chromatography 

grade acetonitrile (ACN) were purchased from Sigma-Aldrich. Dithiothreitol and 

iodoacetamide were obtained from Thermo Fisher. The 10-kDa Microcon centrifugal filter 

devices were purchased from Millipore. ZIC-HILIC material was bought from SeQuant; the 

3M Empore C8 disk was purchased from 3M Bioanalytical Technologies; 10 μL extended 

pipet tips were from Axygen. The OpeRATOR/SialEXO kit was from Genovis, Inc. All 

chemicals used in the preparation of buffers and solutions were of analytical grade or better.

2.2 | Sample preparation and enzymatic digestion

Excipients in the pdFV sample were removed by passing through a 10-kDa Microcon 

centrifugal filter device. The buffer was changed to 50 mmol/L NH4HCO3 (pH 7.8), and the 

protein was concentrated to about 1 μg/μL. Filter-aided sample preparation was used to 

prepare MS analysis samples.28 Briefly, this solution was incubated at 95°C for 10 minutes, 

and then centrifuged at 16,000g for 10 minutes. The resulting supernatant was mixed with 

200 μL of 8 mol/L urea in 100 mmol/L Tris-HCl buffer, pH 8.5 (UA solution). The mixed 

sample was loaded into a 30 kDa Microcon filtration device and centrifuged at 14,000g until 

the remaining volume was less than 20 μL. The concentrate was then diluted in the filter 

device with 200 μL UA solution and centrifuged twice. Subsequently, the concentrate was 

mixed with 100 μL of 50 mmol/L iodoacetamide in the UA solution, incubated in darkness 

at room temperature for 30 minutes, and then centrifuged for 20 minutes. The concentrate 

was subsequently diluted with 200 μL of UA solution and concentrated again. The last step 

was repeated twice. The sample was then diluted with 100 μL 40 mmol/L NH4HCO3 and 

concentrated twice. After concentrating, 8 μg trypsin or 8 μg Glu-C in 100 μL 40 mmol/L 

NH4HCO3 (pH 7.8) or 100 μL 50 mmol/L NaH2PO4 (pH 7.5) was added for overnight 

digestion at 37°C. The resulting peptides were collected by centrifuging the filter units with 

50 μL NH4HCO3 (pH 7.8) for 20 minutes. This step was repeated three times. The final 

concentration of peptides was determined by ultraviolet spectrometry (Nanodrop, Thermo) 

using an extinction coefficient of 1.1 for 0.1% (g/L) solution at 280 nm.

2.3 | Glycopeptides enrichment

Homemade HILIC SPE micro-tips were used for intact glycopeptide enrichment. A small 

piece of C8 membrane was taken from a 3M Empore C8 disk and pushed into the end of a 

10 μL extended pipet tip using a blunt needle, and 2 mg ZIC-HILIC material was then 

packed as previously described.29 The HILIC SPE micro-tip was washed with 100 μL of 

binding buffer (80% ACN/5% FA) twice. For sample loading, 100 μL of binding buffer was 

added to the dried sample and loaded onto the micro-tip three times to allow the binding of 

glycopeptides. The micro-tip was then washed with the binding buffer to remove non-

glycopeptides, and glycopeptides were eluted with 100 μL of elution buffer (0.5% FA) 

twice. The flow-through was vacuum-dried and stored at −20°C until use. Glycopeptides 

(100 μg) enriched from proteolytic digested peptides were directly injected to MS for intact 

glycopeptide analysis.
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2.4 | N-glycosite analysis

HILIC-enriched glycopeptides (100 μg) were dissolved with 50 μL of 50 mmol/L NH4HCO3 

in H2
18O. PNGase F was then added, and the solution was incubated at 37°C for 12 hours to 

remove N-glycans. Deglycosylated peptides were desalted using Ziptip C18 (ZTC18S096, 

Merck Millipore Ltd), vacuum-dried, and preserved at −20°C for MS analysis.

2.5 | O-glycosite analysis

Approximately 200 μg of digested peptides were dissolved in 50 mmol/L NaH2PO4 (pH 

7.5). The EXoO approach was used to identify O-glycosylation sites as previously reported.
27 Briefly, 200 μL Aminolink resin (Pierce) was incubated with the peptides in 50 mmol/L 

NaCNBH3 and 50 mmol/L NaH2PO4 (pH 7.5) at room temperature overnight. The resin was 

then washed in a spin column and blocked by 50 mmol/L NaCNBH3 and 1 mol/L Tris-HCl 

(pH 7.4) at room temperature for 30 minutes. After washing three times, the O-

glycopeptides were released by OpeRATOR and SialEXO (1 unit/1 μg peptides each 

enzyme) in 20 mmol/L Tris-HCl (pH 6.8) at 37°C for 15 hours. The released O-

glycopeptides were collected, desalted by a C18 SPE cartridge (Thermo Scientific), and 

dried for MS analysis.

2.6 | Liquid chromatography-tandem MS analysis of intact glycopeptides

Experiments were performed on an LTQ-Orbitrap Elite mass spectrometer equipped with 

EASY-spray source and nano-LC UltiMate 3000 high-performance liquid chromatography 

system (Thermo Fisher). An EASY-Spray PepMap C18 Column (length, 15 cm; particle 

size, 3 μm; pore size, 100 Å; Thermo Fisher) was used for separation. The separation was 

achieved with a linear gradient from 3% to 40% solvent B for 30 minutes at a flow rate of 

300 nL/min (mobile phase A, 2% ACN, 98% H2O, 0.1% FA; mobile phase B, 80% ACN, 

20% H2O, 0.1% FA). The LTQ-Orbitrap Elite was operated in data-dependent mode, and 10 

most intense ions in MS1 were subjected to collision-induced dissociation in the ion trap 

analyzer for deglycosylated peptide analysis, or alternated HCD and ETD fragmentation for 

intact glycopeptide analysis. The Orbitrap MS acquired a full-scan survey (mass-to-charge 

[m/z] range from 375 to 1500; automatic gain control target, 106 ions; resolution at m/z 400, 

60 000; maximum ion accumulation time, 50 ms). For collision-induced dissociation-MS, 

the default charge state was 3, the isolation width was m/z 3.0, normalized collision energy 

was 35%, activation Q was 0.25, and activation time was 5.0 ms For alternated HCD and 

ETD-MS, the Orbitrap analyzer acquired HCD fragment ion spectra with a resolution of 15 

000 at m/z 400 (automatic gain control target, 10 000 ions; maximum ion accumulation 

time, 200 ms). The LTQ analyzer acquired ETD fragment ion (automatic gain control target, 

5000 ions; maximum ion accumulation time, 100 ms). In this acquired method, the five most 

intense ions were fragmented by HCD and ETD. The tandem MS scan model was set as the 

centroid. Other conditions used were S-lens RF level of ~60%, ion selection threshold of 50 

000 counts for HCD.

2.7 | Data analysis

Data collected by the N-glycosite mapping experiment was processed with Proteome 

Discoverer 1.4 (Thermo Fisher Scientific). Peptide fragments were matched against the FV 
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protein sequence (UniProtKB entry P12259 or FA5_HUMAN), where iodoacetamide on 

Cys was used as static modification, oxidation of Met, and 18O labeling of Asn (m = 2.9848) 

were used as a dynamic modification. The mass tolerance was set at 10 ppm for precursor 

ions and 0.5 Da for product ions. Trypsin and Glu-C were chosen for the enzyme, and two 

missed cleavages were allowed. A false discovery rate of 1% was estimated and applied at 

the peptide level. For intact N-and O-glycopeptide analysis, all spectra generated from 

glycopeptides were selected and combined into an mgf file with an in-house software based 

on the presence of HexNAc fragment ions of m/z 126.0549, 138.0549, 144.0655, 168.0760, 

and 204.0866 from HCD spectra. Theoretical masses of all possible peptides were calculated 

by a computer script and manually validated by PeptideMass (http://web.expasy.org/

peptide_mass).30 The online software GlycoMod (http://web.expasy.org/glycomod/) was 

used for intact N- and O-glycopeptide data interpretation. Alternated HCD and ETD 

fragmentation strategies were selected to analyze intact glycopeptide. To obtain precise 

glycopeptide sequences, we developed a data analysis strategy for intact glycopeptide 

sequencing. First, spectra of potential N- and O-glycopeptides were selected according to 

diagnostic ions from a series of HexNAc fragments. Second, all selected spectra were 

analyzed with GlycoMod and further verified manually according to Y1 ions ([peptide + 

GlcNAc]n+, n = 1,2,3 … n) and Y0 ions ([peptide]n+, n = 1, 2, 3 … n) from HCD-tandem 

MS spectra. Finally, HCD-associated ETD data were used for backbone sequencing. The 

workflow of MS data analysis is shown in Scheme S1.

3 | RESULTS

3.1 | N-glycosite microheterogeneity

By combining multiple enzymatic digestions, HILIC enrichment of glycopeptides, and 

alternated HCD and ETD fragmentations, 40 site-specific N-glycoforms (20 are core-

fucosylated) and 12 N-glycosites were identified from pdFV with the simultaneous 

determination of peptide sequences and glycoform compositions (Table 1). Most N-

glycosites on asparagine (Asn) residues within consensus sequences (Asn-x-Thr/Ser/Cys) 

were observed with glycan microheterogeneity, and 8 N-glycosites are identified with three 

or more glycoforms. Tandem MS annotations of N-glycopeptides were illustrated in Figures 

S1–S5. A total of 57 unique N-glycopeptides were identified. Among identified N-

glycosites, our results showed that Asn382 is most heterogeneous, containing 17 glycoforms 

dominated by core-fucosylated ones. This site locates within the A2 domain of the heavy 

chain of FV. Ten glycoforms, including complex and high-mannose types, were identified at 

Asn554. On domain B, 4 N-glycosites were identified with various glycoforms. Among 

these sites, Asn938 contains seven glycoforms and four are core-fucosylated. Asn1074 and 

Asn1221 are occupied by complex and hybrid type N-glycans. The high percentage of core-

fucosylated N-glycan in all identified glycoforms showed that pdFV is heavily glycosylated 

with core fucose. The core-fucosylation ratio in determined glycoforms is similar to that of 

FVIII.20 The well-known immunogenic sialic acid form, N-glycolylneuraminic acid 

(Neu5Gc), was not observed in pdFV.
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3.2 | Total relative abundances of the 40 N-glycoforms

We determined the relative abundance of detected glycoforms at each N-glycosite. Ion 

chromatograms of identified peptides extracted by LFQuant were used to quantify different 

glycopeptides. The m/z and retention time of glycopeptide precursor ions identified 

previously were used to extract ion chromatograms and calculate the peak area of individual 

glycopeptide. Peak areas were then normalized, and the relative abundance of each N-glycan 

composition was obtained regarding each site as shown in pie charts in Figure 1. Among 17 

N-glycoforms identified at Asn382, monosialylated and core-fucosylated bi-antennary 

glycan H5N4S1F1 (22), monosialylated hybrid type glycan H5N3S1 (11), and asialylated 

core-fucosylated mono-antennary glycan H4N3F1 (4) are highly abundant, with 40%, 16%, 

and 10%, respectively. The top three highly abundant N-glycoform at Asn554 are all 

complex type, including disialylated core-fucosylated biantennary glycan H5N4S2F1 (24, 

15%), asialyated glycan H4N3F1 (4, 15%), and monosialylated bi-antennary glycan 

H4N4S1 (19, 13%). Figure 2 illustrates the general distribution of FV N-glycome based on 

the 40 N-glycoforms. Top 2 abundant N-glycans are all complex types. The most abundant 

structure is the monosialylated H5N4S1F1 (22, 31.2%), which was defined on 4 N-

glycosites, Asn297, Asn382, Asn1221, and Asn1703. The second abundant glycoform is the 

disialylated H5N4S2F1 (24, 20.1%) distributed on Asn297 and Asn382.

3.3 | O-glycosite microheterogeneity

FV was reported as highly O-glycosylated, with 53 possible sites (lacking glycoform 

information) identified from human serum samples, enriched by lectin VVA and PNA, 

which specific for Tn- and T-antigens.31 All these O-glycosites are located in the B domain, 

and many sites lack the exact position information.31 We focused on identifying exact O-

glycosites and glycoforms at each site. HCD-MS2 and ETD-MS2 were used to profile FV O-

glycosylation, and Figure 3 illustrated the corresponding spectra of one example 

glycopeptide APSHQQATT805AGSPLR from pdFV. Tandem MS annotations of O-
glycopeptides are shown in Figures S6–S11. Additionally, a recently developed method 

EXoO27 was used to identify and double confirm the O-glycosites. In this method, a unique 

enzyme, OpeRATOR, selectively digest O-glycopeptide before the Thr/Ser residue where O-
glycan locates, release a unique O-glycopeptide with an N-terminal Thr or Ser, thus enabling 

the identification of exact locations of O-glycosylation. The combination of the two methods 

enabled identification of totally 17 O-glycoforms on 26 O-glycosites (Table S1). As shown 

in Figure 4, 18 identified O-glycosites are localized within the B domain, 10 of which were 

identified before.31 The B domain of FV contains dozens of unusual 9 AA tandem repeat 

region,32 the EXoO method was able to locate 4 O-glycopeptides in this region: 

T1211TLSPE, T1238TLSPD, T1247TLSLDLSQ, and T1283TLSLDFSQ. Interestingly, O-

glycoforms identified by HCD/ETD fragmentation on 3 sites (T1211, T1238, and T1283) 

share two sialylated structures (43, 45) attached to the Thr. We did not observe the other 43 

possible O-glycosites identified before, which may be a result of different enrichment 

approaches. The previous report used lectin enrichment that is more suitable for peptides 

with simple glycans such as Tn and T-antigens,31 whereas HILIC enrichment based on 

hydrophilic interaction with hydroxyl groups is more suitable for peptides with complex 

glycoforms. On the other hand, our method enabled the first identification of 1 O-glycosite 
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on the A1 domain (Ser310), 3 O-glycosites on the A3 domain (Ser1594, Ser1781, and 

Ser1868), 3 O-glycosites on the C1 domain (Ser1926, Thr1990/Thr1991, and Thr2053), and 

another O-glycosite on the C2 domain (Ser2090), most of which are occupied by complex 

O-glycans (Figure 4).

Among identified O-glycosites, Thr805 was most diversified, with seven glycoforms 

identified (Figure 4 and Table S1). Ser985 and Thr986 were the second most diversified O-

glycosite with 6 glycoforms each. On FV, the core 1 (42-45) and core 2 (46, 47, 49, 51-55) 

structures were the major O-glycoforms, whereas some core 4 O-glycoforms were also 

identified (56, 57). The predominant O-glycoforms were sialyl-T antigen (43), disialyl-T 

antigen (45), and T antigen (42). Worth noting is that the O-glycans of pdFV is heavily 

sialylated. As shown in Table S1, Neu5Ac residues were observed on 13 of the total 17 

identified O-glycoforms.

4 | DISCUSSION

The site-specific relative abundance of glycopeptides is becoming increasingly important in 

protein medicine, especially for pharmaceutical quality control. Although accurate and 

absolute quantitation is not possible in the absence of glycopeptide standards, relative 

abundances of various glycoforms at each N-glycosite were obtained in this study (Figure 

2). Among the 57 site-specific N-glycoforms, the two highest abundant N-glycoforms are 

both biantennary complex structures. Unlike biantennary glycoforms, most multiantennary 

N-glycans are in relatively low abundance. The most abundant tri-(H6N5S1F1, 32, 11.5%) 

and tetra-antennary (H7N6S1F1, 35, 12.0%) N-glycan are both monosialylated and attached 

on Asn938. A monosialylated hybrid N-glycan H5N3S1 is distributed among two glycosites, 

Asn384 and Asn1221, with a total abundance of 21.3%. We observed that FV is highly 

fucosylated and sialylated, with around 84.2% of detected N-glycans decorated with core 

fucose (54.5%), Neu5Ac (50.9%), or both (22.8%), whereas non-core-fucosylated and 

nonsialylated glycoforms only account for about 15.8%. Such a high degree of sialylation is 

clearly important because activation of deglycosylated factor V was impaired, whereas 

removal of sialic acid resulted in a 1.5- to 2-fold increase in clotting activity.33 The von 

Willebrand factor (VWF) was also known to be a highly sialylated hemostasis protein, 

which can bind to asialoglycoprotein receptor in the liver. Sialidase from infectious 

pathogens such as Streptococcus pneumoniae could decrease VWF sialylation, thus 

increasing its clearance.34 Core-fucosylation is closely related to many diseases, and it has 

been reported to regulate protein function. For example, depletion of core fucose on Asn-297 

of IgG1 significantly increases antibody-dependent cellular cytotoxicity activity,35 and 

deletion of core fucose on α3β1 Integrin reduces cell migration and attachment to the 

extracellular matrix.36 Given the high degree of core-fucosylation on FV, it may also play a 

functional role in clotting, which needs further investigation.

Nicolaes and coworkers reported that glycans at Asn2209 could impair the interaction 

between FVa and the phospholipid membrane.14 Although glycosylation on Asn2209 is 

reported to affect FVa function, glycoform information on this site is lacking. Our results 

revealed that Asn2209 is mainly occupied by sialylated tetra-antennary N-glycans. We also 

identified another 11 N-glycosite on FV, one on the A1 domain, three on the A2 domain, 
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five on the B domain, one on the A3 domain, and another on the C1 domain. The 

heterogeneity of glycoforms on glycoproteins affects protein stability, activity, 

immunogenicity.37,38 In FV, Asn382 on A2 domain has 17 different glycoforms, thereby 

present high microheterogeneity. Some N-glycosites such as Asn752, Asn1074 on the B 

domain has only one or two glycoforms, which shows high homogeneity. It is reported that 

the introduction of glycosylation on A2 and A3 domains of FV attenuated FXa binding,17,18 

but the roles of its natural glycosylation on these domains remain unclear. Our results 

provide fundamentals for future studies regarding the roles of such N-glycosylation to the 

functions of FV. One potential glycosite of interest is Asn1703. Regardless of structural 

similarities between FV and FVIII, their N-glycosylation are not conserved except for 

Asn1703, which corresponds to Asn1810 in FVIII. Our result indicated that they are both 

occupied with complex type N-glycans. Asn1810 on FVIII is thought to be involved in the 

interaction with LRP and lipid, and consequently plays important roles in the clearance and 

clotting activity of FVIII,39 whereas the role of Asn1703 on FV is unknown.

Although O-glycosylation is thought to be on the B domain exclusively,31,40,41 we were able 

to identify 8 O-glycosites on A1, A3, C1, and C2 domains. Identified O-glycoforms of FV 

are mainly core 1 O-GalNAc structure, and T (42), sialyl-T (43), and disialyl-T antigen (45) 

occupy most of the O-glycosites. Core 2 O-GalNAc structures were also identified on 

several O-glycosites, especially T805. Such mucin-type O-GalNAc glycosylation is well 

known for its biological functions in cancer and immune system, and altered expression of 

Tn (41), sTn (43), and T antigen (42) were usually highly expressed in many types of 

cancers including gastric, colon, breast, and lung cancer.42 However, O-glycosylation in FV 

and other hemostasis proteins had rarely been studied, and the potential roles of O-glycans 

are yet to be revealed. Additionally, it is reported that heterogeneity of glycoforms on 

glycoproteins affects protein stability, activity, and immunogenicity.37,38 We identified two 

heterogeneous O-glycosites (T805 with 7 glycoforms, S985/T986 with six glycoforms), and 

several N-glycosites with high microheterogeneity (eg, Asn 382 [17 glycoforms], Asn554 

[10 glycoforms]). These glycosites may be promising targets for further functional and 

mechanistic study, and our results provide a fundamental knowledge base.

5 | CONCLUSION

In summary, we comprehensively analyzed the glycosylation of pdFV by a strategy 

integrating multienzyme digestion, ZIC-HILIC enrichment, and alternated HCD and ETD. 

The implementation of different fragmentation strategies in one MS run and the combination 

of fragmentation strategies enabled us to acquire more information on both carbohydrate 

moieties and intact glycopeptides. Finally, a total of 57 unique N-glycopeptides and 51 O-

glycopeptides were identified, categorized into 12 N-glycosites with 40 N-glycoforms, and 

26 O-glycosites with 17 O-glycoforms, respectively. This glycosylation information is 

fundamental for further functional studies and FV-related therapeutic development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

• Glycosylation affects the structure and functions of proteins.

• Comprehensive N- and O-glycome profiling of human coagulation factor V 

was performed.

• A total of 57 N-glycopeptides with 12 glycosites and 40 different N-

glycoforms were identified from FV.

• Totally 51 O-glycopeptides with 17 O-glycoforms on 26 sites were 

determined.
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FIGURE 1. 
Microheterogeneity and relative abundance of N-glycoforms at 8 out of 12 FV N-glycosites. 

Only one glycoform was identified at Asn468, Asn752, and Asn2010. The assignment of 

domains is based on uniport. Blue square, GlcNAc; green circle, Man; yellow circle, Gal; 

purple diamond, Neu5Ac; red triangle, Fuc.
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FIGURE 2. 
Distribution of N-glycan complexity. Total relative abundance of 40 N-glycans are 

represented in bar graphs. Blue square, GlcNAc; green circle, Man; yellow circle, Gal; 

purple diamond, Neu5Ac; red triangle, Fuc.
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FIGURE 3. 
HCD-MS2 (top) and ETD-MS2 (bottom) spectra of (APSHQQATT805AGSPLR) 

glycopeptide derived from plasma-derived FV. Yellow square, N-acetylgalactosamine 

(GalNAc); yellow circle, Gal; purple diamond, Neu5Ac.
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FIGURE 4. 
Identified O-glycosites and glycoforms on each site in this work. Red highlighted glycosites 

were also identified previously. Blue square, GlcNAc; yellow square, GalNAc; yellow circle, 

Gal; purple diamond, Neu5Ac; red triangle, Fuc.
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