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Summary. Background: O-glycosylation of von Willebrand factor (VWF) affects many of its functions; however there is currently no information on the occupancy of the ten putative O-glycosylation sites. Objectives: The aim of this study was the site-specific analysis of the VWF O-glycosylation. Methods: Tryptic VWF-O-glycopeptides were isolated by lectin affinity chromatography and/or by reverse-phase high-performance liquid chromatography. Subsequently, the purified glycopeptides were analyzed by glycosidase digestion and mass spectrometry. Results: We found that all ten predicted O-glycosylation sites in VWF are occupied. The majority of the glycan structures on all glycosylation sites is represented by disialyl core 1 O-glycan. The presence of core 2 O-glycan was also confirmed; interestingly this structure was not evenly distributed among all ten glycosylation sites. Analysis of the glycopeptides flanking the A1 domain revealed that generally more core 2 type O-glycan was present on the C-terminal Cluster 2 glycopeptide (encompassing T1468, T1477, S1486, and T1487) compared with the N-terminal Cluster 1 glycopeptide (encompassing T1248, T1255, T1256, and S1263). Disialosyl motifs were present on both glycopeptides flanking the A1 domain and on the glycosylation site T2298 in the C1 domain. In addition we identify sulfation of core 2 O-glycans and presence of rare Tn atigen. Conclusions: This is the first study to describe the qualitative and semi-quantitative distribution of O-glycan structures on all ten O-glycosylation sites, which will provide a valuable starting point for further studies exploring functional and structural implications of O-glycosylation in VWF.
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Introduction
Von Willebrand factor (VWF) is a large plasma glycoprotein involved in primary hemostasis. VWF mediates platelet adhesion to injured endothelium under conditions of high shear stress [1] and protects coagulation FVIII from proteolytic degradation [2]. 
VWF is heavily glycosylated by N- and O-linked oligosaccharides. In contrast to N-linked glycosylation, there is no common consensus sequence directing O-glycosylation to allow reliable prediction of this post-translational modification. Additionally, O-glycosylation is a post-folding event and consequently only exposed serines and threonines are glycosylated [3]. The group of Titani et al. [4] identified ten probable O-glycosylation sites during VWF sequencing by Edman degradation. The lack of identifiable phenylthiohydantoin amino acid derivatives at respective serine or threonine residues implied glycosylation or alternatively sulfation of the following ten sites: T1248, T1255, T1256, S1263, T1468, T1477, S1486, T1487, T1679, and T2298. However, to date there has been no direct evidence of the occupancy of these O-glycosylation sites. 
Early studies on VWF O-glycosylation by Samor et al. [5;6] revealed that 70% is represented by disialylated T antigen, (T Ag; NeuAc(2-3)Gal-(1-3)-[NeuAc(2-6)]GalNAc) with one sialic acid (SA) residue α2-3 linked to galactose, and the second one α2-6 linked to N-acetylgalactosamine (GalNAc), and demonstrated some heterogeneity of the residual O-linked glycan structures. The study of Canis et al. [7] confirmed and extended these findings. By analysis of the O-glycome of VWF they found that the majority of structures (62.5%) are represented by disialyl T Ag. Among the structures present in a minor percentage, disialosyl groups as well as core 2 O-glycans and blood group antigens were identified [7].
The functional aspects of O-glycosylation in VWF have been explored in several studies [8-12]. Especially intriguing is the presence of eight clustered O-glycosylation sites flanking the A1 domain, since the A1 domain interacts with the platelet glycoprotein Ibα (GPIbα) receptor and is crucial for proper VWF function. In the study of Nowak et al. [9] an influence of the mutation of single or clusters of O-glycosylation sites on the kinetics of the interaction between the A1 domain and platelet was reported. Interestingly, mutation of the single O-glycosylation site (T1255) resulted in an increase of rate constants for this interaction, whereas mutations of other O-glycosylation sites did not [9]. In a different study, mutation of vicinal glycosylation sites (T1255 and T1256) resulted in an increase of bleeding time and increased clearance rate measured in vivo in VWF-deficient mice [8]. 
A similar effect was observed for the mutation of the second pair of vicinal O-glycosylation sites (S1486 and T1487) in contrast to the remaining five O-glycosylation sites investigated in this study. In a second study by Nowak et al. [10], the influence of the O-glycan chains on the cleavage by ADAMTS13 (A Disintegrin And Metalloproteinase with a ThromboSpondin type 1 motif, member 13) was explored. Interestingly, the mutation of one of the vicinal O-glycosylation sites from the C-terminal Cluster 2 (S1486) resulted in higher proteolysis resistance which was not seen after mutation of any of the other nine glycosylation sites. An impact of O-glycosylation on VWF clearance was shown in a study by Stoddart et al. [11]: inhibition of VWF O-glycosylation resulted in increased clearance of VWF in rat. Conflicting data was published describing a negative correlation between T Ag level and the VWF concentration in human plasma [12]. 
In view of the important physiological functions of VWF O-glycosylation, the curious site-specific effects and the lack of information relating to which sites are actually occupied by O-glycans; we undertook a detailed study of VWF O-glycosylation using O-glycopeptides isolated from plasma VWF, including the analysis of the distribution of O-glycan structures present at low frequency. 
Methods
Denaturation and digestion of plasmatic VWF
1000 IU VWF concentrate (Wilate®, Octapharma, Vienna, Austria) was reconstituted in 10 mL H2O. After 30 min reduction with 50 mM dithiothreitol at 60°C and 20 min alkylation with 100 mM iodoacetamide, the sample was re-buffered in 25 mM HN4HCO3. Subsequently, reduced and alkylated VWF was digested overnight at 37°C with Trypsin/LysC (Promega, Mannheim, Germany) using an enzyme to protein ratio of 1:100 (w/w). 300 IU VWF digest were concentrated and depleted of low-molecular-weight peptides using 10 kDa cut-off centrifugal filter devices. 600 IU of VWF digest was concentrated and re-buffered using 3 kDa cut-off filters. Subsequently the proteases were inactivated by incubation for 10 min at 100°C; half of the sample was digested first for 6 h with 0.15 U Sialidase A (Arthrobacter ureafaciens, Prozyme, Hayward, USA) in 50 mM sodium phosphate buffer (pH 6.0). Subsequently, the pH was adjusted to 7.5 and the digestion was continued overnight after addition of 5000 U peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase (PNGaseF; NEB, Frankfurt, Germany). The other half was digested with 5000 U PNGaseF (NEB) overnight in 50 mM sodium phosphate buffer (pH 7.5). 
Artocarpus integrifolia (Jacalin) affinity chromatography
Jacalin affinity chromatography was performed with the de-sialylated and de-N-glycosylated sample. First, 400 µL Jacalin agarose (Vector Laboratories, Peterborough, UK) was packed into a Poly-Prep® column (BioRad, Munich, Germany). The column was equilibrated with 20 column volumes (CV) equilibration buffer (175 mM Tris-HCl pH 7.5); after application of the sample and washing with 20 CV equilibration buffer the sample was eluted with 10 CV 800 mM galactose in equilibration buffer. 


Reverse-phase HPLC
Reverse-phase high-performance liquid chromatography (RP-HPLC) separation of VWF digests or purified O-glycopeptides was performed on a Jupiter 5µ 300Å C18 column (Phenomenex, Aschaffenburg, Germany). The mobile phase was: A- 0.1% trifluoroacetic acid (TFA) in H2O; B- 0.085% TFA in acetonitrile and the flow rate was 0.3 mL/min. Eluting peptides/glycopeptides were detected by ultraviolet absorption at 215 nm wavelength. Fractions of interest were collected, freeze-dried and subsequently reconstituted in 10 µL H2O. 
Glycosidase digestion of the HPLC fractions
Sialidase A (Arthrobacter ureafaciens, Prozyme, GK80040) digestion was performed using 10 mU enzyme per 80 µg substrate. Sialidase C (Clostridium perfringens, Prozyme, GK80030) digestion was performed using 20 mU enzyme per 80 µg substrate. Endo-α-N-Acetylgalactosaminidase (O-glycosidase, New England Biolabs, P0733) digestion was performed using 40000 U per 10µg substrate. All glycosidase digestions were performed over night at 37°C.
Mass spectrometry
The measurements were performed with an UltrafleXtreme matrix-assisted laser desorption-ionization (MALDI) tandem time-of-flight (TOF/TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany). For the in-source decay (ISD) measurements saturated solution of 1,5-dinitrophenol (1,5 DAN), and for the post-source decay (PSD) 25 mg/ml 9:1 mixture of 2,5-Dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid  (sDHB) in 50 % acetonitrile/ 0.1 % TFA matrix was used. The spectra were evaluated using BioTools software (version 3.2, Bruker Daltonics). The analysis of the PSD fragment ions was conducted manually. 
Results
The occupancy of O-glycosylation sites with core 1 Gal-GalNAc disaccharide 
The analysis of VWF O-glycosylation was performed on tryptic glycopeptides obtained from VWF concentrate isolated from human plasma. VWF O-glycopeptides were enriched by Jacalin affinity chromatography and separated using RP-HPLC. Observed peaks (Fig. 1A) could be identified as the two tryptic glycopeptides flanking the A1 domain (Cluster 1 and Cluster 2) as well as the glycopeptides in the A3 and C1 domain (Fig. 1B). For the peptide chain of Cluster 1 glycopeptide one major sequence was identified (V1212-R1274). For the peptide chain of Cluster 2 glycopeptide four sequences could be identified with 0, 1, 2 or 3 missed tryptic cleavages (A1451-K1491, A1451-R1492, A1437-K1491, and A1437-R1492 respectively). All cleavage variants contained all four glycosylation sites. Additionally, single nucleotide polymorphism (SNP) variants of the same peptides were identified with a mass increment of 22 Da, corresponding to a histidine instead of aspartic acid residue at position 1472 [13-15] (depicted on Fig. 3B). The theoretical masses of both Cluster-peptides with four glycosylation sites were increased by four hexose-N-acetylhexosamine residues (HN, 365 Da). Additionally, peptides containing 5 or 5–7 x HN could be identified for both Cluster 1 and Cluster 2 glycopeptides, respectively, indicating the presence of core 2 structures. For the C1 and A3 domain glycopeptides one peptide sequence was identified (C2288-K2311 and C1669-K1711 respectively). The mass of the A3 domain glycopeptide was decreased by 17 Da when compared with the calculated mass after subtraction of the core 1 glycopeptide (4688.4 Da versus 4705.5 Da), most likely reflecting cyclization of N-terminal carbamidomethyl-cysteine resulting in 17 Da mass loss from the original peptide [16]. Masses of the two peptides with single glycosylation site were increased by one HN disaccharide. 
The confirmation of the peptide sequence and glycosylation position was conducted using ISD fragmentation technique for the HPLC-fractions containing Cluster 1 and Cluster 2 glycopeptides (Fig. 2, Supplementary Table 1 and 2) and PSD for the A3 and C1-domain glycopeptides (Supplementary Fig. 1). All glycosylation sites predicted by Titani et al. [4] were occupied by core 1 O-glycan and sequences of all tryptic peptides were confirmed. The ISD experiment generated c- and z+2-type ions predominantly, without loss of the glycan moiety from the fragment ions. Additionally, several fragment ions with an additional HN moiety could be detected (marked as z+2*), confirming the already observed micro-heterogeneity of the glycan structures.   
All Cluster 1 and 2 glycopeptide variants observed in HPLC fractions were also fragmented by PSD (Supplementary Fig. 2) which confirmed the results obtained by ISD and supported the site-specific assignment of core 2 structures. 
Identification and quantification of core 2 structures on Cluster 1 and 2 glycopeptides 
For identification and quantification of the core 2 structures, both Cluster glycopeptides were digested with O-glycosidase specific for core 1 and core 3 O-glycans, leaving core 2 structures attached to the peptide chain. Free peptides, as well as peptides carrying core 2 O-glycans could be identified for both Cluster glycopeptides (Fig. 3, A and B). For Cluster 1 (Fig. 3A), glycopeptides with one and two core 2 as well as sulfated core 2 O-glycans were identified. Additionally a peptide carrying a single GalNAc residue (Tn antigen) was also observed. For Cluster 2, the spectrum of the shorter glycopeptide (A1451-K1491/R1492) is shown. This glycopeptide contained up to three core 2 as well as sulfated core 2 structures. Also, mass-shifts specific for blood group antigens could be identified (Fig. 3B). The amount of non-core 1 structures on the Cluster glycopeptides was quantified using RP-HPLC. Free peptides could be separated from the glycopeptides carrying core 2 or Tn antigen O-glycans, and the respective peak area was quantified (Supplementary Fig. 3 and 4). The percentage of non-core 1 structures per cluster is summarized in Table 1 and Fig. 5. 
Site-specific assignment of core 2 structures on Cluster glycopeptides
In order to assign core 2 structures to specific glycosylation sites, core 2 carrying glycopeptides were fragmented by PSD and compared with the spectrum of fully deglycosylated peptide. Consistent with previous observation [17], peptide chains fragmented preferentially C-terminal to aspartic acid and to a lesser degree glutamic acid or N-terminal to proline, which generated a highly specific and reproducible fragmentation pattern. The mass of glycosylated fragment ions was increased by the mass of the respective O-glycan mass. Partial loss of glycan moiety following fragmentation could be observed. For Cluster 1 glycopeptide four peaks were fragmented (Fig. 4), and the most intense fragment ions were evaluated. All fragment ions are listed in Supplementary Table 3. GalNac (203 Da) residue attachment could be confirmed to one of the vicinal threonines (T1255/T1256) by analysis of the 7395.3 Da glycopeptide fragment spectrum. The 203 Da mass increments could be identified for the y25 and all following y-ions, but not for the y13 or b38 ions which excludes glycosylation at S1236 and T1248, respectively. The attachment of one (7923.3 Da) or two (8655.7 Da) core 2 O-glycans to the Cluster 1 peptide was evaluated in a similar way. The results indicate that the highest amount of core 2 is attached to one of the vicinal threonines and only a minor portion to S1236 since the core 2 mass increment (730 Da) could be observed for both y13 and y25 ion. No mass increment could be detected for b38 ion. Also, no indication of core 2 on T1248 could be found in the ISD spectrum, where only z+2 22 and z+2 23 and not c37, c38 or c41 ions could be found with specific for core 2 mass increase (Fig. 2A z+2* ion series).  Analogous analysis was performed on the three spectra generated for the Cluster 2 glycopeptide (Supplementary Fig. 3, Supplementary Table 4). The results indicate the attachment of core 2 to S1486 or/and to T1477since core 2 mass increments (730 Da) could be observed for ions y7, y13 and even more prominent for the y20 ion, but not ion y6. The absence of core 2 on the T1468 could be excluded by analysis of the fragment ions of the fully O-glycosylated Cluster 2 glycopeptide carrying one and two core 2 structures because of more prominent abundance of b-ion series (Suppementary Fig. 2B, see fragment ion b36). Summary of these findings is shown in Fig. 5. 
Sialylation of Cluster glycopeptides  
The sialylation of the Cluster glycopeptides was analyzed on the fractions isolated by RP-HPLC from the trypsin/LysC-digested VWF after depletion of small peptides (chromatogram shown in Supplementary Fig. 6A). Cluster 1 glycopeptide eluted in two peaks; as N-glycosylated form and without an N-glycan (Supplementary Fig. 8).  Therefore Cluster 1 glycopeptide was analyzed after PNGaseF digestion. A maximum of eight SAs on four core 1 type O-glycan sugar chains could be identified. In order to investigate the linkage of SAs a digestion with Sialidase C was performed which cleaves off only terminal unbranched α2-3 and α2-6 linked SAs. Figure 6A shows the spectra of Cluster 1 glycopeptide prior to and after sialidase digestion, figure 6B shows corresponding structures. For the majority of the structures, four SAs were cleaved off by Sialidase C, confirming the presence of four SAs on the terminal galactose and four SAs on GalNAc. Structures having five and six SAs after Sialidase C treatment indirectly prove the presence of one and two pairs of 2-8 linked SA residues respectively. Essentially the same amount of SA with the same type of linkages was found for both Cluster glycopeptides (Cluster 2 shown in Supplementary Fig. 7). After complete desialylation with Sialidase A, which cleaves all types of sialic acid linkages, the same structures with the same possible amount of core 2 glycan as in Jacalin-captured fractions were detected for both Cluster glycopeptides. 
Analysis of non-core 1 O- glycosylation and sialylation of the glycosylation sites in the A3 and C1 domain
In order to investigate the presence of non-core 1 structures as well as to investigate the sialylation of both glycopeptides, the digested VWF was first treated with PNGaseF and applied onto the reverse-phase column; the resultant chromatogram is shown in Supplementary Fig. 6B. 
For the A3 domain glycopeptide, core 1 glycan bearing one or two sialic acid residues, one attached to a galactose and the second one to the GalNAc residue, could be detected (Fig. 7A). This is confirmed by the fact that no doubly sialylated glycopeptides were detected after Sialidase C digestion. 
In the fraction containing C1-domain glycopeptide the major structure was a peptide bearing di-sialylated core 1 glycan; the mono- and tri-sialylated versions of the same glycopeptide and core 2 O-glycan could also be identified (Fig. 6B). The digestion with Sialidase C resulted in only partial desialylation, leaving di-sialylated glycopeptide, which indicates the presence of disialosyl motifs. 
Discussion
By application of our newly developed mass-spectrometric evaluation of VWF- O-glycosylation we could show that all ten putative O-glycosylation sites in VWF are occupied. We identified the disialyl core-1 O-glycan as the major structure on all sites. Moreover, we could demonstrate that the core 2 structures are not evenly distributed among all glycosylation sites. Occurrence of core 2 O-glycans is much higher (34.8 %) for the A1 domain Cluster 2 than for the Cluster 1 glycopeptide (4.9 %). Interestingly, we identified O-glycans which have not been described in previous reports, such as sulfated core 2 O-glycans and the Tn-antigen. Our study confirms the previously observed presence of blood group antigens and disialosyl motifs on VWF O-glycopeptides. In addition, we could demonstrate partial N-glycosylation of VWF at N1231 for the first time. A summary of the findings is presented in Table 1.
VWF evaluated in this study was derived from Wilate, a VWF concentrate purified from a large pool of donor plasma. The glycans obtained therefore represent a mixture of VWF from different individuals. It has to be noted, that ethnic differences (for example) within the donor population and/or the purification process could impact on the O-glycome and consequently our results are limited to the VWF sample evaluated in this study.
Rules for attachment of O-glycans are not entirely clear and very variable. Up to 20 distinct isoforms of GalNAc-transferase, the enzyme initiating the mucin-type O-linked glycosylation with different substrate specificities have been described [18-20]. However, analysis of O-glycosylation sites of glycoproteins and studies with peptide and glycopeptide substrates have shed some light on the mechanisms regulating the attachment of O-glycans. Proline appears to fulfil a special role in the vicinity of the O-glycosylation site; in particular a proline at position –1 and +3 seems to foster O-glycosylation [21;22]. In fact, there is a high amount of proline in the vicinity of all ten VWF O-glycosylation sites. T1248, T1468 and T1679 are surrounded by –1 and +3 proline residues; T1255 and T2298 are situated next to –1 proline residues and S1263, T1477 and T1487 all possess a +3 proline residue. Only T1256 and S1486 lack a proline residue at these specific positions. Notably, these two O-glycosylation sites are placed vicinal to a second O-glycosylation site and it has been shown that not only the primary sequence but also prior glycosylation events affect the substrate recognition by GalNAc transferases [23],[19]. 
By the combination of Jacalin-affinity chromatography which is specific for core 1 O-glycan structure [24], RP-HPLC, and state-of-the-art MALDI mass spectrometry we found that all ten O-glycosylation sites in VWF are in fact occupied, including the vicinal sites on both glycopeptides flanking the A1 domain. Both Cluster glycopeptides are fully O-glycosylated, as we did not identify the respective peptides lacking glycosylation nor glycopeptides with less than four occupied glycosylation sites. The observation of full occupation of all O-glycosylation sites highlights their pivotal role for VWF. Densely clustered O-glycan chains confer protease resistance and impart rigidity to otherwise flexible polypeptide regions, which may be particularly relevant in the vicinity of the A1 domain, a functionally important VWF region, whose shear-induced changes in conformation regulate interaction with platelets. Similarly, small O-glycan clusters are present in the hinge region of IgA where they contribute to determining the conformation and resistance to proteolysis [25]. VWF glycopeptides analyzed in the present study were isolated from plasma of multiple donors and consequently represents the mean profile of O-glycosylation pattern. Interestingly, in the study of  van Schooten et al. [12] different core 1 levels in healthy individuals were detected and the core 1 presence correlated negatively with VWF plasma concentration. Since we did not identify non-O-glycosylated VWF, the variance of core 1 abundance must reflect heterogeneity in core 2 levels. The higher VWF plasma levels associated with low abundance of core 1 structure observed by van Schooten et al. might therefore as well correlate positively with a higher amount of core 2 structures. The observed effect could be driven by AB0 blood group antigens, which are present exclusively on core 2-, but not core 1-type O-glycans.  
Site-specific assignment of core 2 structures, on glycopeptides with closely spaced O-glycosylation sites represented a challenging task and was achieved by the combination of two MALDI-MS fragmentation techniques. The partial loss of glycan moiety from the glycopeptide chain and the low mass accuracy in this very high mass range are both limiting factors for the PSD fragmentation technique. However, the evaluation of multiple spectra in combination with the data obtained by ISD fragmentation allowed reliable assignment of core 2 structures to specific O-glycosylation sites within the Clusters. Similar methods have been previously successfully applied to site-specific assignment of clustered O-glycans in MUC1 protein and the IgA1 hinge region [26-29]. Hanisch et al. [30] demonstrated  the usefulness of ISD MALDI for O-glycoprotein sequencing in analysis of the tandem repeat domain of recombinant MUC1 protein.  Another approach used to resolve site attachment of clustered O-glycans in IgA1 utilised a combination of different proteolytic enzymes and ion-electron capture dissociation FT-ICR tandem mass spectrometry [31].   
Analysis of the VWF-glycopeptides allowed identification of sulfated core 2 structures on both VWF O-glycosylation Clusters for the first time. Analysis of sulfated glycans enzymatically or chemically released from peptide backbone often requires special enrichment or labelling techniques for mass spectrometric detection [32-34], which could explain why sulfated core 2 O-glycans were not observed in earlier reports analyzing VWF glycosylation.  
The synthesis of core 2 structures is initiated by the addition of GlcNAc to core 1 structures by beta-N-acetylglucosaminyltransferases. This basic core 2 glycan can be further elongated by addition of galactose to form lactosamine, which in turn can be further extended into polylactosamine and/or fucosylated or sulfated glycans [3;35]. Previous studies suggest that the attachment of core 2 O-glycans requires a specific sequence on the glycopeptide substrate [36;37]. This is in accordance with our observation that core 2 structures are attached preferentially to specific glycosylation sites. Vicinal threonines have been previously described to be a preferential acceptor site for core 2 O-glycosylation in human ZP glycoprotein 3 (huZP3) in contrast to single glycosylation sites, where solely core 1 structures were observed [36]. Interestingly, for the two Cluster glycopeptides, we observed predominant incorporation of core 2 to the (Ser1486) or one or both (T1255/T1256) vicinal glycosylation sites. In previous studies, significant effects on VWF haemostatic function were observed after mutation of one or both of the vicinal O-glycosylation sites, in contrast to mutation of other single glycosylation sites [8-10] . The highest amount of core 2 O-glycans is incorporated into Cluster 2, particularly at S1486 and T1477. Interestingly, mutation of S1468 to alanine was shown to increase VWF resistance to ADAMTS13 cleavage [10]. These results strongly suggest that the vicinal glycosylation sites on both Cluster glycopeptides, which bear the majority of the larger core 2 structures, are indispensable for proper folding and function of VWF A1 and A2 domains. Moreover, the observed sulfation of the core 2 glycans could contribute to their specific role. Sulfated glycans were shown to bind L- and P-selectin [38], which could contribute to the observed binding of ULVWF to P-selectin on endothelial cells [39]. However, interaction of sulfated O-glycans with P-selectin seem not to be mandatory, as the D´D3 domain of VWF alone is able to mediate this interaction [40]. Interestingly, spectra of the identified N-glycan on N1231 (Supplementary Fig. 7) indicate its high level of sulfation, which again suggests potential function of this post-translational modification in the region N-terminal to the A1 domain.
One site of single GalNac (Tn antigen) attachment could be identified at one or both vicinal threonines T1255/T1256 on Cluster 1 glycopeptide. A significant portion of approximately 18 % of Cluster 1 glycopeptides carry this antigen. Tn and sialyl-Tn antigens are rarely expressed in normal tissues and are often associated with malignant transformation [41],[42]. Human serum possesses antibodies specific to these structures [43;44], but it is unlikely that the presence of single Tn antigen could contribute to antibody-mediated clearance of VWF since its recognition by antibody would require an epitope with at least three consecutive Tn antigens [45]. Nonetheless, clustered O-glycans in the hinge region of IgA1 of healthy individuals also express Tn antigen [46], providing an example of this structure on clustered O-glycan sites in normal tissue. 
We found a maximum of eight SAs on each of the Cluster glycopeptides. The two clusters around the A1 domain are joined by a disulfide bond between C1272 and C1458, resulting in a cluster of sixteen negatively charged SA residues which is likely to have physiological significance. In particular, a high level of sialylation might be important for the function of the A1 domain, since asialo-VWF interacts with platelets without addition of ristocetin [47]. 
O-glycosylation is a highly controlled process the rules of which are not entirely understood, in contrast to the more predictable N-glycosylation. Therefore, bioinformatic approaches alone are not sufficient to obtain reliable information on O-glycosylation and the direct analysis of O-glycopeptides remains the method of choice. Our results show for the first time the distribution of core 1 and core 2 O-glycan structures among the ten VWF O-glycosylation sites, the presence of sulfated core 2 structures on both Cluster glycopeptides as well as the general distribution of SAs including linkage type. The knowledge on the occupancy and the structures attached to each of the ten O-glycosylation sites of VWF is a basic prerequisite for understanding its physiological function. The methods established in the present study will allow investigation of the distribution of O-glycans on VWF of different sources in addition to platelet VWF, VWF released from endothelial cells after desmopressin treatment or recombinant VWF. 


[bookmark: _GoBack]Addendum
B. A. Solecka and C. Kannicht designed the study. B. A. Solecka performed the experiments, evaluated the data and wrote the manuscript. C. Weise contributed to data evaluation and revised the manuscript. C. Kannicht and M. A. Laffan critically revised and contributed to manuscript writing. 

Disclosure of Conflict of Interest
Barbara Solecka and Christoph Kannicht are employees of Octapharma.

Acknowledgement
M. A. Laffan acknowledges support from the National Institute for Health Research Biomedical Research Center Funding Scheme.

Table and Figure legends
Table 1 Summary of the glycan structures found on the ten VWF O-glycosylation sites. ND, not determined.
Fig. 1. Analysis of Jacalin-purified glycopeptides from VWF. A- O-glycopeptides obtained by Jacalin chromatography of desialylated, trypsin/LysC-digested VWF were separated by RP-HPLC. B- The respective HPLC fractions were analyzed by MALDI MS in linear positive ion mode. A schematic representation of the peptides, including the N- and C-terminal amino acid, with attached glycan structures is depicted on representative spectrum. Average masses of the glycopeptides are denoted in each spectrum. Red annotations mark the mass differences. H, hexose; N, N-acetylhexosamine; R, arginine.
Fig. 2. ISD spectra of the Cluster glycopeptides. HPLC fractions of Cluster 1 (spectrum A), and Cluster 2 (spectrum B) glycopeptides were subjected to ISD fragmentation. N-terminal (c-type) and C-terminal (z+2-type) ions, as well as some y ions are indicated in the spectra. Above each spectrum the respective sequence of the peptide with the corresponding fragment ions is depicted. The O-glycosylation sites are marked with an asterisk. Second series of ions derived from the glycopeptides carrying three core 1 and one core 2 O-glycans (365 Da increase in mass) could be detected for several fragment ions. This series is labelled z+2*. The green asterisk in the sequence and the respective fragment ion number in the spectrum mark these specific fragment ions.    
Fig. 3. MALDI MS spectra of Cluster glycopeptides after enzymatic removal of core 1 O-glycans. A- Spectrum of Cluster 1 peptide (V1212-R1274). B- Spectrum of Cluster 2 peptide (A1451-K1491/R1492). Schematic representation of peptides carrying respective structures is depicted above each peak. Red asterisk at 4241.929 Da and 4397.456 Da masses mark the SNP variants of the Cluster 2 peptide. Average masses of the peptides and glycopeptides are denoted in each spectrum. Red annotations mark the mass difference. H, hexose; N, N-acetylhexosamine; the distance of ~80 Da corresponds to sulfate group (SO3-). 


Fig. 4. Detailed analysis of core 2 O-glycan attachment to Cluster 1 glycopeptide.  Peptides and glycopeptides obtained after enzymatic removal of core 1 O-glycans were subjected to PSD MALDI fragmentation. Spectra of Cluster 1 free peptide (upper spectrum, monoisotopic mass 7192.2 Da) and glycopeptides carrying GalNAc (monoisotopic mass 7395.3 Da), one core 2 (monoisotopic mass 7923.3 Da) or two core 2 structures (monoisotopic mass 8655.7 Da) are shown. Masses of most prominent fragment ions are labelled. Fragment ions, which carry a respective modification, are red and marked with asterisk. Red annotations mark the mass differences. H, hexose; N, N-acetylhexosamine. Schematic representation of fragmented glycopeptides is depicted next to the respective spectrum. The sequence with the most prominent fragmentation sites is shown on the top of the figure.
Fig. 5. Distribution of core structures on VWF O-glycosylation sites. For A1 domain Cluster 1 and 2 a percentages of the glycopeptide variants were determined by RP-HPLC and are indicated next to the respective structure. In cases where it was not possible to discriminate which of the closely spaced glycosylation sites was occupied by a core 2 O-glycan a horizontal lane was drawn between the respective structures and glycosylation sites. Legend is shown in insert. ND, not determined.
Fig. 6. Analysis of the sialylation of Cluster 1 glycopeptide. Sialylated Cluster 1 glycopeptide was purified by RP-HPLC from trypsin/LysC-digested VWF after depletion of small peptides and subjected to sialidase digestion. A- Upper spectrum shows the fully sialylated Cluster 1 glycopeptide, middle spectrum shows the sialoglycopeptide obtained by Sialidase C digestion, bottom spectrum shows the glycopeptide obtained by Sialidase A digestion. The specificity of used sialidases is depicted on the respective spectrum; where the enzyme cleavage site is shown as red line. Red annotations and black bidirectional arrows mark the mass differences. H, hexose; N, N-acetylhexosamine; S, N-acetylneuraminic acid (sialic acid). The structures of the encircled masses are shown schematically in B. The numbers in the upper left corner of the spectra and the red characters (a, b and c) correspond to the structures shown in B. 
Fig. 7. Analysis of the sialylation of A3 and C1 domain glycopetides. Sialylated glycopeptides were purified by RP-HPLC from trypsin/LysC-digested VWF and subjected to sialidase digestion. A- Upper spectrum shows the fully sialylated A3 domain glycopeptide, middle spectrum shows the sialoglycopeptide obtained by Sialidase C digestion, bottom spectrum shows the glycopeptide obtained by Sialidase A digestion. B- Upper spectrum shows the fully sialylated C1 domain glycopeptide, middle spectrum shows the sialoglycopeptide obtained by Sialidase C digestion, bottom spectrum shows the glycopeptide obtained by Sialidase A digestion. Red annotations mark the mass differences. H, hexose; N, N-acetylhexosamine; S, N-acetylneuraminic acid (sialic acid). The deduced structures are depicted next to each peak.
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	A1 domain
	Cluster 1
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	Cluster 2
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	8 sialic acid residues, up to 2 disialosyl motifs; sulfated core 2 structures, blood group antigens
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	34.86%
	-

	
	
	T 1477
	+
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	+
	-
	
	
	
	

	
	
	T 1487
	-
	-
	
	
	
	

	A3 domain
	T 1679
	-
	-
	mono- and disialylated
	ND
	ND
	ND

	C1 domain
	T 2298
	+
	-
	mono- di- and trisialylated, disialosyl motif
	ND
	ND
	ND
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