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Summary

Background: The binding of the A1 domain of von Willebrand factor (VWF) to platelet receptor 

GPIbα defines the VWF activity in hemostasis. Recent studies suggest that sequences flanking A1 

form cooperatively an autoinhibitory module (AIM) that reduces the accessibility of the GPIbα-

binding site on A1. Application of a tensile force induces unfolding of the AIM. Desialylation 

induces spontaneous binding of plasma VWF to platelets. Most O-glycans in VWF are located 

around the A1 domain. Removing certain O-glycans in the flanking sequences by site-directed 

mutagenesis enhances A1 binding to GPIbα and produces an effect similar to type 2B VWD in 

animals.

Objectives: To understand if and how desialylation of O-glycans in the flanking sequences 

increases A1 activity.

Methods: A recombinant AIM-A1 fragment encompassing VWF residues 1238–1493 and only 

O-glycans was treated with neuraminidase to produce desialylated protein. The glycan structure, 

dynamics, stability, and function of the desialylated protein was characterized by biochemical and 

biophysical methods and compared to the sialylated fragment.

Results: Asialo-AIM-A1 exhibited increased binding activity and induced more apparent platelet 

aggregation than its sialylated counterpart. It exhibited a lower melting temperature, and increased 

hydrogen-deuterium exchange rates at residues near the secondary GPIbα-binding site and the 

N-terminal flanking sequence. Asialo-AIM-A1 is less mechanically stable than sialo-AIM-A1, 

with its unstressed unfolding rate approximately 3-fold greater than the latter.
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Conclusions: Desialylation of O-glycans around A1 increases its activity by destabilizing the 

AIM.
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Introduction

Von Willebrand factor (VWF) is a large, multimeric plasma glycoprotein that plays a 

primary role in hemostasis and thrombosis [1]. VWF anchors platelets to damaged vessels 

through an interaction of its A1 domain to glycoprotein (GP)Ibα on the platelet surface 

[2–4]. Reduction of VWF levels or changes in VWF activity often result in bleeding 

symptoms for various diseases [5]. Changes in glycosylation have been linked to variable 

levels, activities and clearance of plasma VWF [6, 7]. Variation of ABO(H) blood groups, 

which affects ~1% of O-glycans on VWF, has been linked to reduced levels of VWF for 

individuals with blood type-O [8–10]. Recently, low plasma VWF levels have been linked 

to hyposialylation, and consequently increased galactose exposure and VWF clearance 

[7, 11]. Previous studies have shown that desialylated, plasma-derived VWF can bind 

platelets without an agonist to induce spontaneous platelet aggregation and this response 

is dependent on the A1-GPIbα interaction [12]. However, the molecular mechanism by 

which desialylation activates VWF is not clear.

VWF contains a number of N-glycosylation sites in the A2, D, and C domains [13]. 

Functions of the VWF N-glycome, particularly in the A2 domain, are associated with 

proteolytic cleavage and VWF clearance [14–16]. Compared to its plasma counterpart, 

platelet-derived VWF has decreased N-linked sialylation, which may contribute to 

characteristic high-molecular-weight multimers due to ADAMTS13 cleavage resistance, and 

subsequently, more efficient propagation of platelet plug formation at the site of vascular 

injury [17]. Moreover, deletion of N-glycans in the CK domain has been linked to decreased 

VWF multimerization and improper secretion from HEK293T cells, in conjunction with D, 

TIL-4 and C domain N-glycans [18].

Compared to N-glycans, O-glycans of VWF are more closely associated with the activity 

of VWF. The O-glycans of human plasma-derived VWF are largely of core 1 structure 

with mono- and di-sialyl cappings [8, 9]. Interestingly, eight of the total ten O-glycans of 

VWF are positioned in both N- and C-terminal flanking regions of the A1 domain, which 

in this paper is delimited by the 1272–1458 disulfide linkage. Their O-glycosylation sites 

are largely conserved in mammals (Supplemental Figure 1). Deletion of these O-glycans via 

mutagenesis of the glycosylation sites in the N- and C-terminal flanking regions (Cluster 

I and Cluster II, respectively) results in increased VWF activity and platelet interaction as 

well as increased sensitivity to ristocetin, although the effect is not uniform in all variants 

[19, 20]. However, it remains to be determined whether desialylation of these O-glycans can 

achieve similar activating effects.

Recent studies of recombinant VWF fragments containing the A1 domain by hydrogen-

deuterium exchange mass spectrometry (HDX-MS) suggested that N- and C-terminal 
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flanking residues cooperatively form a discontinuous autoinhibitory module (AIM) that 

reduces the accessibility of the secondary GPIbα-binding site in the A1 domain [21, 22]. 

The N- and C-terminal sequences flanking the A1 domain are referred to as N-AIM and 

C-AIM, respectively. Recombinant “AIM-less” A1 fragments lacking either N- or C-AIM 

exhibited high-affinity binding to GPIbα, while fragments containing the intact AIM (i.e. 

a fragment containing residue 1238–1493) had low-affinity or abolished binding to GPIbα 
[21, 22]. Analysis of truncated AIM-A1 fragments revealed that residues outside of the A1 

domain (Fig. 1A) exhibited increased HDX rates when compared to the same residues in the 

fragments containing the intact AIM. Additionally, residues of the secondary GPIbα-binding 

site in truncated AIM-A1 fragments exhibited increased HDX compared to those of intact 

AIM-A1 fragments [21, 22]. Relatedly, application of tensile force on the AIM-A1 fragment 

in the single-molecule setting caused the AIM to unfold as a single unit [23]. A contour 

length of 26.6 nm was obtained for the unfolding of the AIM, suggesting that it contains 

approximately 67 residues. In truncated “AIM-less” A1 fragments, or AIM-A1 fragments 

bearing a type 2B VWD mutation, cooperative unfolding of the AIM was disrupted [23]. 

Thus, the A1 domain can adopt two conformational states. The AIM keeps it in an inactive 

state through its interaction with A1 and masking of the GPIbα-binding site. Disruption of 

the AIM induces A1 into an active state that binds GPIbα with high affinity.

Unlike full-legth VWF, recombinant AIM-A1 fragments contain only O-glycans (Fig. 1A), 

making them amenable to single-domain glycosylation studies. Here, we characterize the 

effects of desialylation of O-glycans of the AIM on the function, stability, and dynamics 

of a recombinant AIM-A1 fragment. We demonstrate that desialylation of the AIM leads 

to increased ligand binding and platelet activation, in addition to decreased unfolding force 

of the AIM and increased solvent exposure of the GPIbα-binding site. These findings add 

support for the aforementioned AIM model of VWF activation.

Material and Methods

Materials

Ristocetin was purchased from Bio/Data Corporation (Horsham, PA). α2–3,6,8 

neuraminidase from Arthrobacter ureafaciens was from Roche (Basel, Switzerland). 

Recombinant VWF fragments containing the A1 domain were expressed from bovine 

hamster kidney (BHK) cells as described previously [21, 22]. The GPIb-IX complex was 

purified from outdated human apheresis platelets as previously described [24]. Recombinant 

GPIbα ligand-binding domain (LBD) containing an N-terminal histidine tag and Biotag 

sequence was expressed from Expi293F cells and purified as described previously [23]. 

Microtiter plates and triple-layer flasks were from Corning (Corning, NY). GelCode Blue 

Stain, anti-his-HRP conjugated antibody, 1-Step Ultra TMB (3,3’,5,5’-tetramethylbenzidine) 

Substrate and bovine serum albumin (BSA) were purchased from ThermoFisher Scientific 

(Waltham, MA). Goat anti-mouse IRDye-800 and IRDye-680 conjugated streptavidin were 

from LI-COR Biosciences (Lincoln, NE). Myoglobin was purchased from Waters (Milford, 

MA). SDS-PAGE gels were purchased from GenScript (Nanjing, China). His-Trap and 

Superdex columns were manufactured by GE Healthcare (Chicago, IL). All primers were 

ordered from Integrated DNA Technologies (Coralville, IA).
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Protein purification

Recombinant sialylated AIM-A1 fragment, consisting of VWF residues 1238–1493 and 

C-terminal 10x histidine, referred to herein as sAIM-A1, was produced in BHK cells 

as described [22]. Media was collected and loaded onto a HisTrap Excel 5-mL column 

(GE Healthcare, Chicago, IL). sAIM-A1 was eluted using the buffer containing 150mM 

NaCl, 20mM phosphate, and 500mM imidazole at pH 7.4. The protein was further purified 

on a Superdex 200 16/600 preparatory grade (pg) gel filtration column in 1X phosphate-

buffered saline (PBS). Positive fractions were pooled and concentrated using a Vivaspin20 

concentrator unit (Sartorius, Göttengin, Germany) with a molecular weight cut-off of 10 

kDa. The protein was analyzed on a 4–20% SDS-PAGE gel stained with GelCode Blue Stain 

for verification of purity.

Expression and biotinylation of BioSpy-VWF fragments

Recombinant AIM-A1 fragment that is flanked by N-terminal 10His tag and BioTag 

(LNDIFEAQKIEWH) and the C-terminal SpyTag (AHIVMVDAYKPTK) [25] was 

expressed from stably transfected Expi293F cells and purified as previously described [22, 

23]. Biotinylation was performed at 30°C as 8 parts 10μM protein, 1 part Biomix A, 1 

part Biomix B, and 2μg BirA enzyme from Avidity LLC (Aurora, CO) for 2 hours. Excess 

biotin was removed by size-exclusion chromatography. Subsequent fractions were tested for 

biotinylation by Western blot using Streptavidin IR-Dye680, identified using anti-His-tag 

antibody 4E3D10H2/E3 (ThermoFisher, 1:2000 in 5% milk-TBST), and analyzed for purity 

by Coomassie blue staining. Protein was stored at −80°C.

Desialylation of VWF fragments

sAIM-A1 at 1 mg/mL concentration was mixed with 0.01U neuraminidase per 100μL 

protein in 1X PBS at 37°C for variable periods of time to produce asialo-AIM-A1, asAIM-

A1. The extent of desialylation was monitored by SDS-PAGE of samples from various time 

points. For all experiments, sAIM-A1 was treated with neuraminidase and used immediately.

Size-Exclusion Chromatography (SEC)

Purified sAIM-A1 and asAIM-A1 at 1 mg/mL was loaded to a pre-equilibrated Superdex 

200 16/600 pg gel filtration column and eluted at 1 mL/min in PBS at 4°C. A standard 

solution of BSA and myoglobin mixture (1 mg/mL each) was used with identical elution 

conditions.

Analytical ultracentrifugation (AUC)

Sedimentation velocity experiments were performed at 20°C in a Beckman Coulter XLI 

analytical ultracentrifuge using standard procedures [26]. See Supplemental Information for 

details.

Enzyme-Linked Immunosorbent Assay (ELISA)

Purified GPIb-IX complex was immobilized to microtiter plate wells at 4°C overnight at 6 

μg/mL in buffer containing 15mM Na2CO3, 25mM NaHCO3, 0.1% Triton X-100, pH 9.6. 

Wells were blocked for 2 hours at room temperature with 5% milk in PBS containing 0.1% 
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Triton X-100 and washed (20mM HEPES, 200mM NaCl, 0.5mM CaCl2, 0.5% Tween20, 

0.05% sodium azide, pH 7.4). Purified sAIM-A1 and asAIM-A1 were diluted to indicated 

concentrations in the presence or absence of 1.5 mg/mL ristocetin and incubated at room 

temperature for 30 minutes. Wells were washed with PBS containing 5% milk and 0.1% 

Triton X-100, and the bound fragment was detected using anti-his-HRP-conjugated antibody 

and TMB substrate. The reaction was quenched 1:1 with formic acid (96%) and the 

absorbance at 450 nM measured using Spectral Max Plus microplate reader (Molecular 

Devices, San Jose, CA). Binding curves were fitted to hyperbolic binding assuming one 

binding site in Prism 8.0.0 (GraphPad, San Diego, CA).

Bio-Layer Interferometry (BLI)

BLI experiments were performed on an Octet QKe instrument using the Data Acquisition 

software v11.1.1.19 (ForteBio, Fremont, CA). Black non-binding plates (Greiner Bio-One, 

Monroe, NC) were used for all experiments. Plate temperature was set to 23°C to 

minimize sample evaporation. Plate shaking was set to 1000rpm. Streptavidin sensors were 

equilibrated in kinetics buffer (KB, ForteBio) for at least 10 minutes prior to initiation of the 

experiment. All proteins were diluted in sample diluent (ForteBio) to minimize non-specific 

interactions. Equilibrated sensors were loaded with 10 μg/mL recombinant biotinylated LBD 

for 400 seconds, followed by a 120-second baseline. Sensors were then dipped into wells 

containing sAIM-A1 or asAIM-A1 for 300 seconds for association, followed by dissocation 

in KB for 600 seconds. To regenerate the sensors, the sensors were washed in 2 M NaCl for 

4 cycles of 20 seconds, followed by 10 seconds in KB. Consistent LBD regeneration was 

seen as a return to baseline accumulation after the initial loading step at 0 nM. A reference 

sensor was included in all measurements whereby LBD was loaded to the sensor, but 

sAIM-A1 and asAIM-A1 were absent in wells. Baseline subtraction of the reference sensors 

was applied to all runs using the Data Analysis HT software v11.1.1.39 from ForteBio. Data 

was exported to Prism.

Platelet Aggregometry

Platelet aggregometry experiments were performed as described [27]. See Supplemental 

Information for details.

Flow Cytometry

See Supplemetal Information for details.

Melting Temperature Assay

Melting temperature assays were performed as previously described [22]. In short, 5μM 

protein was mixed 1:1000 with SYPRO orange dye. Temperatures were cycled in a real-time 

PCR instrument and thermal denaturation curves were fit to a Boltzmann sigmoidal function 

to obtain the apparent melting temperature [28].

Single-Molecule Force Spectroscopy

Single-molecule force measurement was performed as described [23, 29]. See Supplemental 

Information for details.
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Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)

HDX-MS was performed on a Waters nanoAcquity UPLC/Waters Synapt G2-Si instrument 

(Milford, MA) equipped with an autosampler (LEAP Technologies, Carrboro, NC). Protein 

samples at 1 mg/mL were diluted 1:7 into labeling buffer (10 mM phosphate, 99.9% 

D2O, pD 7.0) for 10–10,000 seconds at 20°C. Reference samples were diluted 1:7 in 

equilibrium buffer (10 mM phosphate, pH 7.0). Each labelling timepoint was repeated 4 

times. Labeling was quenched 1:1 with pre-cooled buffer containing 100 mM phosphate, 

250 mM TCEP, 2 M Gdm-HCl, pH 2.5 at 1°C for 180 seconds to minimize back-exchange. 

Samples were digested on a ProDx protease column (Trajan Sceintific, Pflugerville, TX) 

and trapped and desalted using a BEH C18 2.1 × 5 mm2 column (Water) for three minutes 

with a 100 μL/min to 200 μL/min flow gradient. Peptides were separated using a BEH 

C18 column over 8 minutes with a 5–95% acetonitrile gradient with 0.1% formic acid 

(40 μL/min at 0.1°C). Water injections were performed between each sample to minimize 

carry-over. Samples were run in tandem with identical buffers in identical conditions as 

to minimize any differences in deuterium uptake and back-exchange between samples. 

Peptides with no exchange were sequenced using ProteinLynx Global Server 3.0.2 (Waters) 

and data were manually analyzed for deuterium exchange using DynamX 3.0 software. 

Peptides with >0.1 Da variation were excluded from data analysis. Pepides identified with 

glycosylation modifications were removed from the data set to ensure only amide exchange 

was considered.

Results

Desialylation does not affect the monomeric state of the AIM-A1 fragment

Recombinant AIM-A1 fragment that contains VWF residues 1238–1493 (Fig. 1A) was 

expressed from BHK cells and previously characterized to have known glycosylation 

including sialylation based on the peptide molecular weight and the actual molecular weight 

estimated by analytical ultracentrifugation (AUC) and SDS-PAGE [22]. Additionally, it 

was stable and primarily monomeric in solution up to 6 μM, as measured by thermal 

denaturation and AUC. In the present study, we characterize the effects of desialylation on 

the activity and structural dynamics of VWF by comparing sialo-AIM-A1 (i.e. sAIM-A1) to 

its desialylated counterpart asialo-AIM-A1 or asAIM-A1.

To desialylate the recombinant AIM-A1 fragment, sAIM-A1, it was treated with α2–3,6,8 

and α2–3 neuraminidase at 37 °C. After 15 minutes of treatment, its molecular weight 

was visibly reduced from approximately 40 to 35 kDa. The majority of AIM-A1 was 

reduced to the same molecular weight by both sialidase treatments, suggesting our AIM-

A1 fragment contains O-linked glycans with primarily α2–3 mono-sialylation (Fig. 1B). 

Expected O-glycosylation sites were confirmed via glycan analysis (Supplemental Fig. 2). 

Primarily Core-1 O-glycans were detected. Sialylation status for O-glycosylated peptides 

was also analyzed. Consistent with past literature [8], the majority of sialylation sites 

were α2–3 or α2–6 linked, and O-glycans were either mono- or di-sialylated. Due to the 

complete desialylation after α2–3,6,8 neuraminidase treatment, all resulting experiments 

were performed with α2–3,6,8 neuraminidase treatment (asAIM-A1) (Supplemental Fig. 3). 

The oligomeric state of asAIM-A1 was analyzed by SEC (Fig. 1C). One major peak was 
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detected for both sAIM-A1 and asAIM-A1, with the retention volume for asAIM-A1 being 

increased to ~81mL. Analytical ultracentrifugation (AUC) of sAIM-A1 and asAIM-A1 at 6 

μM revealed a single peak, supporting SEC findings that desialylation does not induce AIM-

A1 oligomerization. Furthermore, sAIM-A1 and asAIM-A1 were estimated to have apparent 

molecular weights of 34.4 kDa and 31.0 kDa, respectively, by sedimentation velocity AUC 

(Fig. 1E,F). The decrease in molecular weight after desialylation was comparable to the 

removal of 10 sialic acids, within the expected range of total sialic acid moieties present on 

the fragment and consistent with glycan analysis.

Asialo-AIM-A1 has increased binding activity

To test if sialic acids on O-glycans regulate the VWF-GPIbα interaction, the binding activity 

of asAIM-A1 was characterized and compared to its sialylated counterpart. We previously 

found that removal of the N-AIM, C-AIM, or both, results in increased GPIb-IX binding 

[21, 23]. The binding of fragments to immobilized GPIb-IX complex was measured via 

ELISA (Fig. 2A). sAIM-A1 exhibited no detectable binding to GPIb-IX, while asAIM-A1 

exhibited significant binding. In the presence of ristocetin (1.5 mg/mL), there was no 

difference in binding when comparing sAIM-A1 to asAIM-A1.

Binding kinetics of the AIM-A1 interaction with the LBD of GPIbα was monitored by BLI. 

As seen previously for GPIbα and VWF fragments, the binding sensorgrams (Fig. 2B,C) 

indicate this interaction proceeds with a very fast dissociation rate [23]. The kinetic fitting 

of such an interaction is difficult. Nevertheless, steady-state analysis of this interaction is 

in good agreement with ELISA results (Fig. 2D). sAIM-A1 showed little binding with 

immobilized LBD at up to 3 μM, while asAIM-A1 showed relatively low but detectable, 

concentration-dependent binding. These results are in agreement with previous studies [30], 

in that sAIM-A1 association with immobilized LBD occurs quickly, but at relatively low 

signal intensity.

Apparent platelet aggregation kinetics shift when AIM-A1 is desialylated

Platelet aggregometry was performed using washed platelets to probe the function of 

asAIM-A1 with respect to platelet activation (Fig. 3A). Adding sAIM-A1 to 60 nM final 

concentration induced less than 5% agglutination of washed platelets. At 60 nM asAIM-A1, 

5–10% platelet agglutination was observed (Fig. 3A). Similar to binding data, desialylation 

did not affect the aggregation of platelets in the presence of 1.5 mg/mL ristocetin (Fig. 

3A). Aggregometry experiments using varying concentrations of monomeric sAIM-A1 and 

asAIM-A1 were conducted to further characterize fragment function (Fig. 3B). To quantify 

the extent of apparent aggregation, calculations of the area under the curve, with the baseline 

set at 100%, were performed and presented in Figure 3C. Additionally, the maximum 

change in optical density, is presented in Fig. 3D. Both measures revealed that asAIM-A1 

produces greater platelet aggregation over a 600-s time interval than sAM-A1, indicating 

that asAIM-A1 is functionally more active than its sialylated counterpart. Apparent 

aggregation induced by sAIM-A1 or asAIM-A1 could be inhibited by antibody AK2 that 

targets the LBD and blocks VWF binding to GPIbα, or EDTA which inhibits integrin 

activation (Supplemental Figure 4A,B). Furthermore, platelets treated with cell-permeable 

calcium detector Fluo4-AM and 120 nM asAIM-A1 had a higher mean fluorescence signal 
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(526 units) than those treated with 120 nM sAIM-A1 (350 units) (Fig. 3E, Supplemental 

Table 1), indicating release of intracellular calcium stores and platelet signaling following 

asAIM-A1 treatment. This was inhibited by EDTA for both sAIM-A1 and asIM-A1. In 

addition, we observed increases in P-selectin exposure from asAIM-A1-treated platelets 

(Supplemental Figure 4C) Together, these data confirm that observed aggregation was 

GPIbα-dependent, and that platelet activation was needed to achieve aggregation at the 

indicated concentrations.

Desialylation destabilizes AIM-A1

We previously demonstrated that melting temperatures of AIM-A1 fragments correlate with 

increased A1 activity [22]. We repeated this experiment with sAIM-A1 and asAIM-A1 as a 

predictor for stability of the folded proteins (Fig. 4). sAIM-A1 and asAIM-A1 exhibited 

melting temperatures of 53.1 ± 0.2°C and 50.8 ± 0.3°C, respectively. This downshift 

in melting temperature suggests that the increased activity of asAIM-A1 may be due to 

structural destabilization of the protein.

Using a laser tweezer setup, we conducted single-molecule force measurements on AIM-

A1 (Fig. 5A). The unfolding event observed in pulling on AIM-A1 was attributed to 

the unfolding of a discontinuous AIM that flanks outside the 1272–1458 disulfide bond 

[23]. After sialic acid removal by neuraminidase treatment, asAIM-A1 exhibited a weaker 

unfolding force than sAIM-A1 (Fig. 5B,C). Worm-like chain analysis indicated a slightly 

shorter contour length (22.4 ± 0.7 nm vs. 26.6 ± 0.5 nm), suggesting that the conformation 

of asAIM is different from that of sAIM. In order to compare the unfolding kinetics of 

sAIM-A1 and asAIM-A1, the unfolding forces were grouped by five different loading rates 

and analyzed using the Bell-Evans model [31], which predicts the most probable unfolding 

force is a linear function of the logarithm of the loading rate (Fig. 5D). Fitting Fig. 5D to the 

Bell-Evans model yielded an unstressed unfolding rate k0 of 0.07 ± 0.02 s−1 for sAIM-A1 

and 0.2 ± 0.1 s−1 for asAIM-A1. Thus these results indicate that the unstressed unfolding 

rate of asAIM-A1 is approximately 3-fold greater than that of the sAIM-A1, suggesting that 

the AIM sequence in asAIM-A1 is less mechanically stable than that in sAIM-A1.

HDX reveals dynamic changes of asialo-AIM-A1

Because melting temperature data and single-molecule studies indicated protein 

destabilization and possible structural changes, HDX-MS was performed to observe 

changes in solvent accessibility, and thus overall dynamic structural changes, of asAIM-A1. 

Buffers for freshly prepared sAIM-A1 and asAIM-A1 were identical, and their HDX were 

measured in tandem to ensure the experimental condition including back exchange was 

also identical. All observed AIM-A1 peptides exhibited sigmoidal isotopic distribution at 

varying exchange times. Deuterium uptake was plotted over time for individual peptides 

and aligned to the linear protein sequence and presented as a heatmap (Supplemental Fig. 

5, 6). Peptide coverage was the greatest within the 1272–1458 disulfide bond. Only 2 

peptides were recovered in the C-AIM region, likely due to its proline-rich sequence and 

glycosylation sites. Overall, 91.0% sequence coverage was achieved with 153 peptides and 

9.63 redundancy.
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The difference in deuterium uptake between sAIM-A1 and asAIM-A1 at 1,000-sec exchange 

time was projected onto the peptide coverage map in Figure 6A. The N-AIM and residues 

that correspond to β2 and β3 strands and α2 helix favored increased uptake in the 

desialylated protein. The percent-difference of exchange between sialo- and asialo-states 

at each exchange timepoint was projected onto the structure of the A1 domain (Fig. 6B). The 

average percent difference across the molecule was the greatest at the 10-second exchange 

time (Fig. 6C). Percent difference projection revealed differences around the GPIbα binding 

interface, including the β3 strand, β3α2 loop, and the α3β4 loop. Upon further analysis, it 

was determined that the difference in the β3 strand is due instead to peptides containing the 

β3α2 loop, and not residues of the β3 strand alone. Additionally, differences were detected 

in the α1β2 loop. The uptake plots and mass spectra for representative peptides from 

these regions are summarized in Figure 6D. Interestingly, peptides in the N-AIM region, 

specifically those of residues 1254–1271 and 1257–1274, exhibited increased exchange in 

asAIM-A1. These data suggest that desialylation increases the solvent exposure of residues 

at the secondary binding site of GPIbα that is comprised of β3α2 and α1β2 loops. 

Additionally, because peptides of the N-AIM, particularly residues 1254–1274, exhibited 

comparable levels of increased exchange of asAIM-A1, these data suggest that N-AIM 

dissociation is responsible for increased exchange at the binding interface.

Discussion

VWF activity is attributed primarily as the ability of VWF to bind and activate platelets 

through its A1 domain. While many studies have characterized the function of VWF α2–

6 linked sialic acids, functions of α2–3 sialic acids, specifically those on the N-AIM 

and C-AIM, remain more elusive. Early studies probed the effects of desialylation on 

full-length VWF using a series of functional assays, including platelet binding and platelet 

aggregometry. The earliest available publications report conflicting results, but it is now 

evident that asialo-VWF has increased functional activity [32–34]. Moreover, Gralnick et al. 
attributed increased platelet interaction with asialo-VWF specifically to its interaction with 

GPIbα [12]. Since several VWF domains contain sialylated glycans, the use of full-length 

VWF is not conducive to investigating the functional role of specific sialic acids. Later 

studies of O-glycan functions in VWF employ mutagenesis of specific glycosylation sites 

[19, 35]. By doing so, the importance of specific glycans has been uncovered. Specifically, 

glycosylation deletion at residue T1255 alone, or all N-AIM glycans, shows gain-of-function 

activity, while those in the linker region between A1 and A2 domains, or C-AIM, regulate 

ADAMTS13-mediated cleavage of VWF under shear [19, 35]. Moreover, Tischer et al. 
have recently probed the role of all O-glycans flanking the A1 domain by comparing 

mammalian-produced, glycosylated A1 fragment with bacterial-produced, unglycosylated 

counterpart [36].

In this study, we have analyzed the role of sialic acids on O-glycans populating the N-

AIM and C-AIM that flank the A1 domain. Our AIM-A1 construct contained the same 

O-glycosylation sites as those identified on human plasma VWF in addition to similar 

sialylation status (Supplemental Fig. 2, 3). Desialylation of the AIM increased the A1 

interaction with GPIb-IX as measured by ELISA and BLI and increased platelet activation 

as measured by platelet aggregometry. Interestingly, this was not due to any aggregation/
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oligomerization at high concentrations, as demonstrated by our AUC data. Furthermore, 

melting temperature analysis revealed a destabilization of AIM-A1 upon desialylation. 

Further, single-molecule interrogation of asAIM-A1 indicate that desialylation destabilizes 

the AIM specifically. HDX measurements reveal unmasking of both the secondary GPIbα-

binding site and an area in N-AIM as a result of desialylation, while showing little 

to no change in conformation dynamics of the remaining A1 structure. Together, these 

observations attribute the destabilization to the confirmation of the AIM and not that of the 

A1 domain. Our findings suggest that desialylation alone of O-glycans destabilizes the AIM 

and/or its interaction with A1, leading to increased exposure of A1 for the binding to and 

the activation of platelets. In our earlier studies, we reported that the AIM becomes disrupted 

by factors that activate VWF, such as type 2B VWD mutations and a ristocetin-mimicking 

antibody 6G1, as its contour length is significantly shortened [23]. In comparison, the 

contour length of asAIM-A1 is shorter than that of sAIM-A1 but significantly longer than 18 

nm. This suggests that while desialylation destabilizes the AIM, it may not significantly alter 

the integrity of the AIM.

Our findings add to the current literature of VWF O-glycans by understanding the 

role of O-glycan sialylation specifically in VWF A1 conformation dynamics. We have 

demonstrated that sialylation of Cluster I and Cluster II O-glycans on the AIM are 

critical for maintaining intramolecular forces that govern VWF autoinhibition. Previous 

mutagenesis studies attribute whole-glycan mediated contributions to VWF adhesivity, 

particularly Cluster I glycans [19,20]. However, our studies indicate that sialylation alone 

is necessary to maintain VWF inactivity. Further studies that require technical advancement 

are necessary to elucidate the role of Cluster I versus Cluster II sialylation in the role of 

VWF adhesivity.

A recent study by Tischer et al. compared the thermodynamic stability and conformational 

dynamics of mammalian-produced, sialylated A1 fragment to that of bacterial-produced, 

unglycosylated counterpart, and reported little difference in HDX rates between the two 

constructs [36]. In this study, we compared HDX between sialylated and desialylated A1 

fragments. Although sequence coverage was poor for C-AIM residues due in part to the 

abundance of prolines in this region and poor signal-to-noise ratio of glycosylated peptides, 

we observed a clear difference in HDX at residues of the VWF-GPIbα binding interface 

and in the N-AIM. It should be noted that the greatest difference in overall exchange was 

observed at the 10-second time point (Fig. 6), which was not an assayed timepoint in 

the aforementioned study. This time scale may be critical to observe subtle but important 

changes in the overall dynamics of AIM-A1. Additionally, in our study, the sialylated 

protein from the same stock was treated with or without neuraminidase before undergoing 

the same HDX measurement on an automated instrument to minimize potential systematic 

error. Tischer et al. [36] further suggested that both glycosylation and the sequences flanking 

the A1 domain (i.e., the AIM) sterically hinder A1 binding to platelets as they increase 

only the hydrodynamic size around the A1 domain. This “steric hindrance” model may 

explain the activation of A1 by removal of glycans or truncation of flanking sequences 

[3, 19, 37]. However, it does not appear to accommodate the observation that insertion 

of an unrelated sialomucin sequence into the N-AIM region, which should increase the 

glycosylation content and the overall hydrodynamic size around A1, induces A1 activation 
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and binding to platelets [38]. Furthermore, binding of antibody 6G1 to VWF residues 1463–

1472 in the C-AIM region, which should also increase the overall hydrodynamic radius and 

provide more steric hinderance around A1, actually activates A1 [23]. These observations 

suggest a certain specificity in the sequences flanking the A1 domain. We have recently 

reported evidence for the sequences flanking the A1 domain to form the AIM that folds as 

a single structural unit and keeps the A1 domain in a functionally inactive state [21–23]. 

While the conformation of the AIM remains to be characterized, its cooperative folding/

unfolding behavior appears in congruence with the aforementioned specificity.

The desialylated AIM-A1 protein does not induce complete platelet aggregation at the 

physiological concentration of VWF (i.e., 60 nM) but did show some apparent platelet 

aggregation. This is likely due to the increased interaction with GPIbα, but complete 

aggregation in past literature may be due to the use of full-length VWF and the characteristic 

valency of the multimers, allowing cross-linking of platelets at low concentrations and 

force-induced platelet activation, and could also be due in part by the presence of other 

functional domains of VWF [34]. The sialic acids on the AIM are likely only one of many 

intramolecular protections against VWF activation, and while our binding assays show that 

desialylation may not be sufficient to completely activate the A1 domain, they are still 

needed for complete AIM masking of the A1 domain.

Differential sialylation state of VWF O-glycans has been observed in several diseases. 

Patients diagnosed with Type 1 VWD, the most prevalent VWD diagnosis characterized by 

low VWF antigen levels, have increased T-antigen exposure, demonstrated by PNA binding, 

of O-glycans [39]. Moreover, there is an inverse relationship between PNA binding and 

VWF levels in healthy individuals, suggesting sialylation regulates VWF survival [39]. In 

support of this hypothesis, Ward et al recently demonstrated that loss of O-linked sialic 

acid mediates VWF clearance through macrophage galactose lectin (MGL) binding via 

the A1 domain [7]. Interestingly, globular VWF is not efficiently recognized by MGL, 

while ristocetin enhances VWF-MGL binding in an A1-domain dependent manner. Our 

studies indicate that desialylation of VWF AIM-A1 causes activation of VWF which may be 

similar, although milder, to ristocetin-mediate VWF activation. Therefore, it is possible that 

desialylation may not only trigger MGL recognition of VWF at Cluster I and II glycans via 

T-antigen exposure but may also mediate this process by favoring conformational dynamics 

that are required for A1 exposure and MGL recognition in full-length VWF. However, 

further studies are needed to identify VWF residues that interact with MGL.

Patients with liver cirrhosis exhibit hyper-sialylation of O-glycans and elevated VWF 

levels, while exhibiting reduced activity, supporting the role in O-linked sialic acid in 

VWF clearance and the integrity of VWF autoinhibition [39, 40]. Moreover, patients with 

pulmonary precapillary hypertension have decreased VWF sialic acid content and increased 

platelet activation [41]. Our model suggests that desialylation results in increased platelet 

aggregation, explaining one potential mechanism for coagulation disorders in these patients. 

Given that several sepsis-causing bacteria express neuraminidases that can desialylate 

plasma glycoproteins, this may also partially enhance coagulopathies observed in patients 

with sepsis [42, 43].
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In summary, our results demonstrate that the AIM-A1 fragment undergoes dynamic changes 

in which the thermodynamic and mechanical stability of the AIM can directly impact 

A1 activity. Our results highlight the conformational and dynamic changes in the AIM in 

response to desialylation, and how such change may affect the activity of VWF as evidenced 

by platelet activation. Furthermore, this may explain the complex duality of O-linked VWF 

sialylation in both VWF clearance through MGL-receptor recognition and platelet activation 

in related diseases.

Supplementary Material

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

• Desialylation activates the A1 domain of von Willebrand factor.

• Desialylation of the O-glycosylated autoinhibitory module (AIM) increases 

A1 binding activity.

• Desialylation increases solvent exposure of the AIM and the secondary 

GPIbα-binding site in A1.

• Asialo-AIM exhibits lower mechanical stability than its sialo-counterpart.
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Figure 1. Desialylation of the recombinant AIM-A1 fragment did not change its monomeric 
state.
(A) Schematic of recombinant AIM-A1 with Core-1 O-glycosylation sites listed. The ribbon 

diagram of A1 domain is drawn using PDB 1sq0. (B) Recombinant AIM-A1 was incubated 

with (+) or without (−) neuraminidases as indicated for 15 min at 37°C. Desialylation was 

confirmed via SDS-PAGE stained with GelCode Blue. (C) Gel-filtration chromatography 

using Superdex 200 16/600 pg column of sAIM-A1 and asAIM-A1 with BSA (66 kDa) and 

myoglobin (17 kDa) shown as standards. Samples were loaded at 1 mg/mL with a flowrate 

of 1 mL/min. (D, E) Sedimentation velocity results of sAIM-A1 and asAIM-A1 showing 

the fitted absorbance scans and residuals (left) and sedimentation coefficient distributions 

(right).
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Figure 2. Desialylation of AIM-A1 increased binding to platelet receptor GPIbα.
(A) Binding isotherms of sAIM-A1 and asAIM-A1 to immobilized GPIb-IX complex in 

the presence and absence of 1.5 mg/mL ristocetin, as measured by ELISA (n=3). (B, C) 

Sensorgrams of sAIM-A1 and asAIM-A1 binding to immobilized GPIbα LBD. Binding 

kinetics of a serial dilution of either sAIM-A1 or asAIM-A1 binding to the LBD were 

observed by BLI traces. Association lasted for 300 seconds followed by dissociation into 

buffer for 300 seconds. (D) Steady-state binding isotherms of sAIM-A1 and asAIM-A1 to 

immobilized GPIbα LBD. Binding responses of VWF fragments to the LBD were recorded 

for 300 seconds by BLI sensorgrams. Response level at 300 seconds was indicative of 

equilibrium. Responses are representative of three independent experiments.
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Figure 3. Desialylated AIM-A1 activates washed platelets at lower concentrations than sAIM-A1.
(A) Aggregometry traces of sAIM-A1 and asAIM-A1 in the absence (left) and presence 

(right) of 1.5 mg/mL ristocetin. (B) Representative aggregometry traces of human washed 

platelets with the addition of sAIM-A1 or asAIM-A1 at indicated final concentrations. (C) 

Bar plot of extents of aggregation, calculated by integrating the area of the aggregation 

curve below light transmission of 100, over concentrations of sAIM-A1 or asAIM-A1. (D) 

Bar plot of the maximum aggregation, expressed as the maximum change in optical density 

(ΔOD) of an aggregometry curve, over concentrations of sAIM-A1 or asAIM-A1. (* = 

p<0.05, **=p<0.01). E. Flow cytometry of washed platelets treated with Fluo4-AM and 

120nM of sAIM-A1 or asAIM-A1 in the absence or presence of EDTA.
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Figure 4. Plots of SYPRO orange fluorescence intensity changes over the temperature.
The purified AIM-A1 fragment was treated with (asAIM-A1) or without (sAIM-A1) 

neuraminidase and incubated with SPYRO orange dye in a real-time PCR instrument. The 

temperature increment was 1°C per minute. Curves are fitted as described.
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Figure 5. Desialylation of AIM-A1 reduces the mechanical stability of the AIM.
(A) Schematic diagram of the optical tweezer experiment. Carboxyl-polystyrene beads 

were covalently coupled with streptavidin. Streptavidin beads were incubated with 

the BioTag-1238–1493-10His-SpyTag construct. SpyCatcher was coupled to biotin-DNA 

handle, and then incubated with streptavidin beads. For pulling experiments, one bead 

with SpyCatcher-DNA handle was fixed by the micropipette, while the other bead was 

trapped and controlled by the optical tweezers. (B) Typical force retraction traces of pulling 

sAIM-A1 and asAIM-A1 at 500 nm/s. Arrows indicate the occurrence of an unfolding event. 

(C)Plots of unfolding force versus unfolding extension for sAIM-A1 and asAIM-A1 and 

fits to the worm-like chain model. Histograms of unfolding extension (shown in the inset 

as an example with Gaussian fit) was used to determine the peak extension. Force data are 

presented as mean values ± standard deviation, and extension data are presented as the peak 

of the Gaussian fit ± the full width at half maximum (FWHM) of Gaussian fit divided by 

the square root of counts. (D) Plots of the most probable unfolding forces, determined from 

force histograms (shown in inset as an example), versus loading rates. The error bars are the 

half bin width. The solid lines are the linear fits of the data to the Bell-Evans model.
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Figure 6. HDX of asialo-AIM-A1 reveals increased exposure of the residues around the GPIbα-
binding site and N-AIM.
(A) Heatmap plot showing the difference in relative fractional deuterium uptake between 

peptic fragments of sAIM-A1 and asAIM-A1 after exchange for 1,000 s. Each peptide 

is placed by its starting and ending residue numbers in VWF. Peptide color reflects the 

difference in deuterium uptake as indicated. Red indicates increases in uptake for asAIM-A1 

peptides. (B) Ribbon diagrams of A1 domain (PDB: 1sq0) showing percent difference 

in deuterium uptake between sAIM-A1 and asAIM-A1 at indicated exchange timepoints. 

Residues in the structure are colored according to the gray_to_red spectrum color palette. 

(C) Average percent difference across the A1 domain measured over time. (D) Deuterium 

uptake plots (upper panel) and overlaid mass spectra (lower panels) for representative peptic 

fragments. Each fragment is identified by its starting and ending residue numbers. Spectra in 
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gray are those collected without deuterium exchange. Blue and red spectra are of fragments 

from sAIM-A1 and asAIM-A1, respectively. Blue and red arrowheads indicate the centroid 

mass of each fragment in the like-colored mass spectra.
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