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THROMBOSIS AND HEMOSTASIS
Type 2B von Willebrand disease mutations
differentially perturb autoinhibition of the A1 domain
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•All represented type 2B
VWD mutations share
regions of enhanced
dynamics and reduced
mechanical stability.

•Heterogeneity
displayed by reported
type 2B VWD mutants
is detected in single-
domain monomeric
fragments.
/10
Type 2B von Willebrand disease (VWD) is an inherited bleeding disorder in which a subset
of point mutations in the von Willebrand factor (VWF) A1 domain and recently identified
autoinhibitory module (AIM) cause spontaneous binding to glycoprotein Ibα (GPIbα) on
the platelet surface. All reported type 2B VWD mutations share this enhanced binding;
however, type 2B VWD manifests as variable bleeding complications and platelet levels in
patients, depending on the underlying mutation. Understanding how these mutations
localizing to a similar region can result in such disparate patient outcomes is essential for
detailing our understanding of VWF regulatory and activation mechanisms. In this study,
we produced recombinant glycosylated AIM-A1 fragments bearing type 2B VWD muta-
tions and examined how each mutation affects the A1 domain’s thermodynamic stability,
conformational dynamics, and biomechanical regulation of the AIM. We found that the A1
domain with mutations associated with severe bleeding occupy a higher affinity state
/1221/2086616/blood_bld-20
correlating with enhanced flexibility in the secondary GPIbα-binding sites. Conversely, mutation P1266L, associated
with normal platelet levels, has similar proportions of high-affinity molecules to wild-type (WT) but shares regions of
solvent accessibility with both WT and other type 2B VWD mutations. V1316M exhibited exceptional instability and
solvent exposure compared with all variants. Lastly, examination of the mechanical stability of each variant revealed
variable AIM unfolding. Together, these studies illustrate that the heterogeneity among type 2B VWD mutations is
evident in AIM-A1 fragments.
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Introduction
von Willebrand factor (VWF) circulates in the plasma as a large,
concatenated glycoprotein and facilitates primary hemostasis
through its multiple domains.1,2 Many VWF functions and
regulatory mechanisms are governed by shear forces in the
bloodstream. When subendothelial collagen tethers VWF to
the wounded vessel, tensile forces stretch the VWF multimer
to expose individual monomers. Elevated forces applied to the
A1 domain induce local conformational changes before
glycoprotein Ibα (GPIbα) binds.3 A1 binding to GPIbα is partly
regulated by the terminal residues flanking the A1 disulfide
(Cys1272-Cys1458), a region we have named the VWF auto-
inhibitory module (AIM) (Figure 1). Studies on various trun-
cated AIM-A1 fragments indicate that AIM preservation
correlates inversely with the binding affinity of A1 and GPIbα,4-6

with longer, more intact AIM exhibiting lower A1 affinity. Full
inhibitory function necessitates adequate stability of both the
N- and C-terminal AIMs (Figure 1B), which can be compro-
mised by excessive shear, activators such as antibiotic risto-
cetin or antibody 6G1,5 or desialylation or removal of
O-glycans decorating the AIM,6,7 collectively providing strong
evidence that these discontinuous residues form a cooperative
functional unit.

Missense mutations in the A1 domain underlying type 2B von
Willebrand disease (VWD) have long epitomized active VWF
regardless of shear. Type 2B VWD mutations are classified by
enhanced binding to GPIbα and increased sensitivity to risto-
cetin activation. Clinical reports indicate that whereas type 2B
mutations share these features, other properties present more
heterogeneously depending on the causative mutation.8 For
instance, many patients with type 2B VWD experience reduced
platelet counts upon stimuli such as infection or pregnancy;9,10

however, patients with mutation P1266L typically have normal
platelet concentrations,11 whereas mutation V1316M induces
severe, chronic thrombocytopenia12 (supplemental Table 1,
available on the Blood website). Furthermore, patients
with P1266L have multimer distributions akin to normal
plasma,11,13,14 whereas other mutations variably reduce high-
molecular weight multimers (HMWMs), with V1316M having
the greatest reduction.8
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Figure 1. Type 2B mutations destabilize purified AIM-A1. Locations of represented type 2B mutations on the 3-dimensional crystal structure (PDB:7A6O aligned with
PDB:1SQ0 GPIb chain) (A) and linearized schematic on AIM-A1 (B). (C) Coomassie-stained sodium dodecyl sulfate– polyacrylamide gel electrophoresis gels of purified AIM-A1
variants under nonreducing (left) and reducing (right) conditions. (D) Unfolding temperatures (Tm50) of AIM-A1 variants as determined by the first derivative of thermal shift
data (n = 4 independent replicates). Significance was determined via 1-way analysis of variance with post hoc Tukey test correction compared with WT, where ****P < .0001.
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Initially, all reported type 2B mutations localized near the bottom
of the disulfide-delimited A1 domain; however, identification of
mutation H1268D was the first of several later identified type 2B
mutations located in the AIM.15,16 Identification of naturally
occurring mutations in this region further suggests that AIM sta-
bility is an essential facet of VWF function. Unlike other types of
VWD, which have mutations distributed across several domains,
type 2B mutations are restricted to AIM or A1.2 Consistently,
recombinant AIM-A1 proteins (VWF residues Gln1238-Asp1493)
have been shown to recapitulate the activity of full-length VWF
and its response to various activating factors.5 With recent find-
ings regarding AIM function, it becomes plausible that the gain-
of-function phenotype observed in type 2B VWD imparts loss of
inhibitory function. Furthermore, we postulated whether variable
loss of autoinhibition could explain heterogenous platelet counts
and bleeding severity in patients with type 2B VWD. To investi-
gate how A1 autoinhibition is maintained in type 2B VWD, we
generated 7 recombinant AIM-A1 proteins bearing type 2B
mutations (Figure 1A-C) and comparatively examined the muta-
tional effect on AIM-A1 thermodynamics, binding kinetics, and
mechanical stability. We report evidence of heterogeneity dis-
played by type 2B variants at the single-domain level on all
examined parameters, providing insights into allosteric mecha-
nisms by which A1 activation may occur.
1222 9 MARCH 2023 | VOLUME 141, NUMBER 10
Methods
Materials
Recombinant human GPIbα ligand-binding domain (LBD) pro-
teins were expressed and purified as described previously.5,6

DNA primers were supplied by Integrated DNA Technologies
(Coralville, IA); cell culture dishes and flasks were from Corning
(Corning, NY); ristocetin was purchased from MP Biomedicals
(Santa Ana, CA); bovine serum albumin and guanidine hydro-
chloride were from Millipore-Sigma (Burlington, MA); and Tris
(2-carboxyethyl) phosphine hydrochloride was from GoldBio (St.
Louis, MO).

Recombinant protein expression
Recombinant VWF AIM-A1 proteins (residues 1238-1493) with a
C-terminal decahistidine tag were expressed in stably trans-
fected baby hamster kidney cells. BioSpy-AIM-A1 and type 2B
mutants (residues 1238-1493) appended with an N-terminal
BioTag (LNDIFEAQKIEWH) and C-terminal decahistidine tag
and SpyTag (AHIVMVDAYKPTK) were transiently expressed in
Expi293F cells using a TransIT-PRO transfection reagent kit
(Mirus Bio LLC, Madison, WI).5 Details on DNA primers for site-
directed mutagenesis and purification are provided in the
supplemental Material.
LEGAN et al
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Thermal shift assay
AIM-A1 proteins were diluted to 5 μM and mixed with SYPRO
Orange protein stain (1:1000 [volume to volume ratio (%)])
(Thermo Fisher Scientific) in phosphate-buffered saline. Thermal
denaturation was measured in a real-time polymerase chain
reaction instrument with exported curves fit to a Boltzmann
sigmoidal function. Apparent melting temperatures were
obtained by plotting the first derivative of the fluorescence
emission as a function of temperature (−dF/dT).

Analytical ultracentrifugation
Sedimentation velocity experiments were performed at 20◦C in
a Beckman Coulter XLI analytical ultracentrifuge as previously
described.6

Biolayer interferometry
Binding experiments were performed on an Octet QKe instru-
ment as previously described5 with details in the supplemental
Material.

Hydrogen-deuterium exchange (HDX) mass
spectrometry
Experiments were largely performed as described6 with
detailed information in the supplemental Material.

Single-molecule force measurements
A dual-beam mini-tweezers instrument was used to perform the
AIM unfolding experiments to characterize the AIM-A1 variants
at the single-molecule level. The experiments were performed
under 5 different pulling speeds (50 nm/s, 100 nm/s, 200 nm/s,
400 nm/s, and 500 nm/s) in Tris-buffered saline (10 mM Tris and
150 mM sodium chloride, pH 7.5) at room temperature. Purified
biotinylated recombinant BioSpy-AIM-A1 and mutants were
attached to 2.0-μm streptavidin-coated beads and then brought
to interact with 2.0-μm streptavidin-coated beads conjugated
with SpyCatcher-DNA handles. Upon AIM unfolding, unfolding
extension is defined as the increase in end-to-end distance
between the point of unfolding and the point at which the force
at unfolding is reestablished. To find the most probable
extension at various forces, the force-extension data were first
binned by force and the extensions were then plotted in a
histogram. The most probable extensions were determined by
conducting a Gaussian fit to the histograms. The force-
extension data were fitted to the worm-like chain model.17

Unfolding was also analyzed according to the Bell-Evans
model to determine the most probable unfolding force of the
protein at different loading rates.18-20

Results
AIM-A1 stability is reduced by type 2B mutations
Of the 7 type 2B variants studied in this study (Figure 1A-C),
mutations in the N-terminal AIM (P1266L and H1268D), the A1
domain (R1306W, V1316M, and R1341Q), and the C-terminal
AIM (L1460V and A1461V) were represented. Their thermody-
namic stability was assessed via thermal denaturation
(Figure 1D). Wild-type (WT) underwent thermal denaturation at
55.6◦C ± 0.5◦C, whereas type 2B mutants denatured at tem-
peratures at least 5◦C lower, indicating that type 2B mutations
reduce the global stability of AIM-A1. Of the examined
mutants, P1266L had the highest thermal inflection point at
VARIABLE AUTOINHIBITION IN TYPE 2B VWD MUTATIONS
50.6◦C ± 0.9◦C, close to that of WT treated with 0.5 mg/mL
ristocetin (50.9◦C ± 0.8◦C). Although no determined structure
of the A1 domain has shown direct contacts between the
A1 domain and Pro1266 nor the proline-rich segment to
which ristocetin binds,21 this observation implicates these
proline residues of the AIM as important for overall A1
stability. V1316M had the lowest thermal inflection point at
39.5◦C ± 0.6◦C, demonstrating that this mutation associated
with persistent thrombocytopenia has the greatest reduction in
stability. All other variants, expectedly, had thermal inflection
points between those of P1266L and V1316M, consistent with
the variable platelet concentrations observed in patients. In
addition, all type 2B mutants (except for R1306W) and WT
treated with ristocetin displayed 2 inflection points or slopes in
their denaturation curves, potentially indicating disruption to
the native folding pathway. Substitution to a very large,
hydrophobic residue may limit possible unfolding pathways to
explain this exception observed for R1306W. Despite their
reduced stability, the mutants were monomeric (supplemental
Figure 1), consistent with desialylated or other destabilized
truncated AIM-A1 fragments.4,6,22

Some, but not all, type 2B variants have greater
proportions of high-affinity molecules
Using biolayer interferometry, we confirmed that the type 2B
variants exhibited enhanced binding to the GPIbα LBD. WT had
no detectable interaction with immobilized recombinant GPIbα
LBD, whereas all type 2B variants bound with a measured affinity
in the micromolar range (supplemental Figure 2; supplemental
Table 3). To capture enhanced resolution of VWF-GPIbα bind-
ing behavior, we measured binding between AIM-A1 variants and
recombinant LBD bearing the platelet-type VWD W230L muta-
tion (PT-LBD).23,24 Sensorgram data with the PT-LBD showed
increased response magnitude of all variants and clarified the 2:1
global fit of the data (Figure 2). Although stoichiometrically,
1 AIM-A1 molecule binds 1 LBD, the 2:1 fit more accurately
described AIM-A1 dissociation (supplemental Figure 3), consis-
tent with 2 distinct off-rates characterizing the A1-LBD flex-
bond.25 The low-affinity AIM-A1 state had a measured dissocia-
tion equilibrium constant (Kd) in the hundreds-of-nanomolar
range, averaging 360 ± 38 nM, whereas the high-affinity state
Kd was in the tens-of-nanomolar range averaging to 41 ± 3 nM
(Figure 2; Table 1). Both low- and high-affinity states had similar
association rate constants (ka), with ka of all variants averaging
3.3 × 105 ± 0.3 × 105 M−1s−1 and 2.2 × 105 ± 3 × 105 M−1s−1,
respectively. The measured affinities differed by their dissociation
rate constants (kd), with low-affinity kd averaging 107 × 10−3 ± 4 ×
10−3 s−1, whereas the high-affinity kd was ~10 times slower,
averaging 8 × 10−3 ± 0.3 × 10−3 s−1 for all variants.

Biphasic fittings of the data produced estimates of the relative
abundance of the low- and high-affinity states. Both WT and
P1266L had proportions of high-affinity molecules at 21% ±
13% and 27% ± 6%, respectively. Other mutants had a greater
relative abundance of high-affinity molecules ranging from
32.3% ± 4% (R1341Q) to 43.6% ± 5% (V1316M).

Type 2B mutations alter the conformational
dynamics of the A1 domain
Previous studies have sought the structure of a high-affinity A1
domain by crystallizing variants with type 2B mutations; how-
ever, the determined structures resembled WT with minimal
9 MARCH 2023 | VOLUME 141, NUMBER 10 1223
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Figure 2. Fast- and slow-dissociating AIM-A1 molecules describe a 2-state binding model to GPIbα. (A) Representative sensorgrams of indicated AIM-A1 variants at
concentrations from 1 μM to 15.625 nM show that type 2B VWD mutants yield greater binding response to immobilized PT-LBD (W230L). (B) Steady-state binding data of
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differences.26,27 To uncover structural differences that distin-
guish the lower affinity and hyperactive AIM-A1 conformations,
we performed HDX to inspect AIM-A1 dynamics in solution at
pD 7.0 and 20◦C. A distinct advantage of HDX is that the
observed exchange pattern represents the total conformational
Table 1. Kinetic data parameters describing binding of AIM

Low-affinity AIM-A1

KD (nM)
ka × 105

(M−1s−1)
kd × 10−3

(s−1)
Percent

abundance

WT 503 ± 56.6 3.97 ± 0.37 195 ± 6.5 79.0 ± 12.7

P1266L 317 ± 22.2 3.70 ± 0.23 113 ± 3.16 73.0 ± 6.0

H1268D 312 ± 29.7 3.13 ± 0.25 86.9 ± 3.0 57.33 ± 1.2

R1306W 197 ± 16.0 5.07 ± 0.39 90.3 ± 2.9 61.33 ± 3.2

V1316M 635 ± 91.1 1.10 ± 0.12 58.1 ± 2.5 56.33 ± 4.7

R1341Q 319 ± 25.1 3.28 ± 0.22 98.7 ± 2.4 67.7 ± 4.0

L1460V 311 ± 35.9 2.40 ± 0.22 102 ± 1.9 60.7 ± 9.2

A1461V 283 ± 26.2 3.82 ± 0.27 111 ± 7.3 62.0 ± 8.5

Average 360 ± 37.9 3.31 ± 0.26 107 ± 3.8 63.7 ± 6.2

1224 9 MARCH 2023 | VOLUME 141, NUMBER 10
landscape of protein molecules as opposed to biasing confor-
mations amenable to crystallization.28,29

Heatmaps displaying the relative deuterium uptake of the type
2B variants revealed differential exchange patterns (Figure 3;
-A1 variants to platelet-type GPIbα LBD

High-affinity AIM-A1

KD (nM)
ka × 105

(M−1s−1)
kd × 10−3

(s−1)
Percent

abundance

30.2 ± 3.92 1.33 ± 0.24 3.39 ± 0.26 21.0 ± 12.7

34.1 ± 2.45 2.66 ± 0.20 8.34 ± 0.23 27.0 ± 6.0

26.9 ± 1.46 2.29 ± 0.11 6.18 ± 0.14 42.66 ± 1.2

18.5 ± 1.20 3.49 ± 0.21 6.16 ± 0.16 38.66 ± 3.2

44.9 ± 2.51 1.11 ± 0.49 4.97 ± 0.14 43.6 ± 4.7

41.3 ± 2.97 2.35 ± 0.18 7.20 ± 0.22 32.3 ± 4.0

39.3 ± 4.27 3.22 ± 0.55 12.3 ± 0.66 43.5 ± 9.2

96.1 ± 6.74 1.51 ± 0.24 16.0 ± 0.67 38.0 ± 8.5

41.4 ± 3.19 2.24 ± 0.28 8.07 ± 0.31 35.8 ± 6.2

LEGAN et al

239-m
ain.pdf by guest on 05 M

ay 2024



1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

Relative Fractional Uptake

0% 100%

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

Cys Cys
β1 α1 β2 β3 α2 α3 β4 α4 β5 α5 β6 α6

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

1240 1260 1280 1300 1320 1340 1360 1380 1400 1420 1440 1460 1480

WT

P1266L

H1268D

R1306W

V1316M

R1341Q

L1460V

A1461V

denWT

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

10s
30s

100s
1,000s

10,000s

Figure 3. HDX data show differences in protection among AIM-A1 variants. Heatmaps of relative deuterium uptake produced in DynamX at indicated time points
between 10 and 10 000 seconds. The color spectrum represents fractional deuterium uptake at near-residual resolution by subtracting exchange differences of overlapping
peptides. A linear schematic of secondary structure is aligned to heatmaps and displayed above. WT AIM-A1 was denatured as described in “Materials” before HDX to
compare maximal exchange. Values are produced from n = 3 technical replicates.
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supplemental Figures 4 and 5). The rate and extent of HDX was
much greater in V1316M compared with the other variants,
suggesting that the mutant protein adopts little stable fold;
however, residues in the α1 helix and central β1 strand retained
protection unobserved in denatured WT, indicating that
V1316M maintains a folding core.30 Interestingly, V1316M
underwent different exchange patterning across the α2-α3
helices, the same interface mediating GPIbα binding, indicating
multiple conformations of this interface that is not observed in
WT nor the other represented mutants (supplemental Figure 6).
This atypical HDX patterning in conjunction with the observa-
tion that low-affinity V1316M molecules dissociate from PT-LBD
~2 times more slowly than all other low-affinity populations of
AIM-A1 suggests that V1316M is anomalous from other type 2B
variants.
VARIABLE AUTOINHIBITION IN TYPE 2B VWD MUTATIONS
Type 2B mutations enhance the exposure of
secondary GPIbα-binding sites
To quantify observed HDX differences, we comparatively
analyzed the magnitude and statistical relevance of the relative
deuterium uptake of common peptides between mutant and
WT proteins in the fastest exchange time tested (Figure 4). At
10 seconds, all type 2B mutants showed significant deuterium
uptake compared with WT in the α3β4 loop (Figure 4H), a site
involved in electrostatic contacts to leucine-rich repeat 4 (LRR4)
and LLR5 in the GPIbα LBD.27 Furthermore, among the type 2B
mutants, there are variable rates of HDX in the β3α2 loop
(Figure 4I; supplemental Figure 7), the region proximal to the β3
strand where A1 forms an extended β-sheet complex with the
β-switch of the LBD26,31 (Figure 1A). The variant with fastest
exchange in this region was, unsurprisingly, V1316M; however,
9 MARCH 2023 | VOLUME 141, NUMBER 10 1225
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all variants underwent significantly more exchange than WT at
100 seconds. Greater deuterium uptake in type 2B mutants in
these regions indicates higher flexibility and increased solvent
accessibility, thereby, providing a plausible molecular basis by
which these mutants confer spontaneous binding to GPIbα. The
extent of deuterium uptake was greater in the α3β4 loop in all
mutants at all time points tested, with V1316M incorporating
the most deuterium. At the fastest time point tested, P1266L
and WT exhibited similar dynamics in the β3α2 loop, suggesting
protection of this region is partially preserved in P1266L. Unlike
WT AIM-A1 and its mutant counterparts, the conformational
dynamics of AIM-A1 in the recombinant protein was highly
similar to that in purified plasma-derived VWF, with similar HDX
rates and relative deuterium uptake in representative peptides
in the α3β4 and β3α2 loops (supplemental Figure 8).

Type 2B mutations reduce mechanical force
resistance of the AIM
We recently found that the mechanical stability of the AIM
could be disrupted with type 2B mutations H1268D or R1341Q
as well as treatment with the ristocetin-mimetic antibody 6G1.5
VARIABLE AUTOINHIBITION IN TYPE 2B VWD MUTATIONS
Residues His1268 and Arg1341 contact Glu1305 and Glu1264,
respectively, when cocrystallized with stabilizing nanobody
VHH81,5 demonstrating direct binding between the AIM and
A1 in addition to the salt-bridge proposed between Asp1261
and A1 residues.32 Naturally, we hypothesized that other type
2B mutations would induce a similar effect. We used single-
molecule force spectroscopy with AIM-A1 variants containing
a biotinylated tag and a SpyTag (BioSpy-AIM-A1) for iterative
pulling and retraction cycles of the N and C termini of AIM-A1
(Figure 5A). Consistent with our previous observations, a small,
singular unfolding event occurred, albeit at lower forces, indi-
cating that these type 2B mutations reduce the force threshold
necessary to relieve autoinhibition while sustaining AIM
cooperativity.

We found that all type 2B mutations except R1306W reduced
the contour length (Lc) of the AIM (Figure 5B; Table 2), indi-
cating that the cohesive bond network maintaining AIM coop-
erativity and A1 protection is disrupted before the application
of mechanical force. Although R1306W did not affect the con-
tour length of the AIM, the persistence length (Lp) was reduced
9 MARCH 2023 | VOLUME 141, NUMBER 10 1227
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Figure 5. Single-molecule force spectroscopy data reveal the force required to unfold AIM. (A) The optical tweezers were configured with BioSpy-AIM-A1 fixed between
2 streptavidin-functionalized polystyrene beads. The biotinylated N-terminal AIM was bound directly to the fixed bead, whereas the C-terminal AIM appended with a SpyTag
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to 0.32 ± 0.07 nm from 0.60 ± 0.05 nm calculated for WT.
V1316M identically reduced the persistence length to 0.32 ±
0.03 nm while simultaneously reducing the contour length
to 19.6 ± 0.8 nm, suggesting that these mutations destabilize
AIM-A1 coordination despite no observable direct contacts to
the AIM.
1228 9 MARCH 2023 | VOLUME 141, NUMBER 10
Mutations P1266L, L1460V, and A1461V increased the
unstressed unfolding rate (k0u) from the WT 0.074 ± 0.021 s−1 to
0.12 ± 0.08 s−1, 0.13 ± 0.09 s−1, and 0.12 ± 0.03 s−1, respec-
tively. These increased unstressed unfolding rates are similar to
WT treated with 6G1, which we previously calculated5 as 0.10 ±
0.05 s−1, indicating that these AIM-localizing mutations, like
LEGAN et al



Table 2. Single-molecule force spectroscopy parameters associated with unfolding events of AIM-A1 variants

AIM-A1 variant
Contour length,

LC (nm)*
Persistence length,

Lp (nm)*
Unstressed unfolding

rate k0
u (s−1)†

Barrier position
γu (nm)†

WT 26.6 ± 0.5 0.60 ± 0.05 0.074 ± 0.021 1.10 ± 0.10

P1266L 19.6 ± 1.9 0.41 ± 0.12 0.12 ± 0.08 0.97 ± 0.27

H1268D 17.9 ± 0.9 0.67 ± 0.11 0.29 ± 0.05 0.84 ± 0.12

R1306W 25.3 ± 2.5 0.32 ± 0.07 0.11 ± 0.02 0.76 ± 0.06

V1316M 19.6 ± 0.8 0.32 ± 0.03 0.14 ± 0.06 0.93 ± 0.18

R1341Q 15.6 ± 0.3 1.15 ± 0.08 0.27 ± 0.12 1.15 ± 0.29

L1460V 19.3 ± 1.2 0.30 ± 0.04 0.13 ± 0.09 0.89 ± 0.30

A1461V 20.7 ± 0.6 0.29 ± 0.02 0.12 ± 0.03 0.65 ± 0.09

*Contour length and persistence length are fitted worm-like chain model parameters. Uncertainties are the standard error of the fits.

†Unstressed unfolding rate and barrier position are fitted Bell-Evans model parameters. Uncertainties are the standard error of the fits.
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antibody 6G1, destabilize the AIM. However, the fitted persis-
tence lengths in these mutants are approximately half the value
of WT treated with 6G1 (0.76 ± 0.19 s−1), suggesting that these
mutations render a different conformation to the AIM compared
with the native AIM destabilized with an exogenous activator.
Here, we show that all interrogated type 2B mutations disrupt
AIM unfolding, although we observe no discernible link
between AIM mechanics and associated bleeding complica-
tions, unlike the observed trends provided by thermodynamic
and kinetic evidence.

Discussion
In this study, we show that all type 2B mutations unite by
reducing the global stability of AIM-A1 protein and the
mechanical force required to unfold the AIM. As a result of this
compromised autoinhibition and increased plasticity of AIM-A1,
all type 2B variants exhibit enhanced binding to both WT and
platelet-type mutant forms of the GPIbα LBD. When investi-
gating the conformational dynamics of AIM-A1 variants via HDX
mass spectrometry, we observed that all type 2B mutants
exhibited enhanced solvent accessibility in the secondary
GPIbα -binding site. This enhanced solvent exposure provides a
uniting structural basis separating the gain-of-function mutants
from the less active WT. In addition, the AIM of all type 2B
mutants released at lower forces and unfolded more rapidly
compared with WT, providing additional evidence that stability
of the AIM and its native contacts with disulfide-delimited A1 is
pertinent for overall A1 stability and reactivity.

A long-standing question surrounding type 2B VWD is the
heterogeneous clinical presentations that the mutations display,
and here, we interrogate the molecular basis of this heteroge-
neity. The measured thermal stability for all type 2B mutants
was reduced compared with WT, but the magnitude of reduc-
tion was not the same for all mutants (Figure 1). Mutation
V1316M, which leads to chronic and severe thrombocyto-
penia,8 resulted in the largest reduction of stability. In contrast,
mutation P1266L, which is associated with normal platelet
counts (supplemental Table 1), was the most stable of the
represented mutants. In line with this, P1266L was the only
VARIABLE AUTOINHIBITION IN TYPE 2B VWD MUTATIONS
variant to have a relative abundance of fast- and slow-
dissociating molecules similar to WT (Table 1). All other vari-
ants had higher proportions of slow-dissociating molecules. The
heterogeneity of the type 2B mutants was further evident in
conformational dynamics of the AIM-A1 protein (Figures 3 and
4). Interestingly, HDX-reflected solvent accessibility in the β3α2
loop recapitulated trends observed in the mutants’ thermal
stability and the relative abundance of a high-affinity state.
Since the β3α2 loop is important for ristocetin binding and
GPIbα binding,32,33 variably enhanced dynamics and solubility
of this loop suggest a molecular mechanism underlying het-
erogeneous bleeding severity observed in patients with type 2B
VWD. Overall, WT and type 2B variants exhibit heterogenous
dynamic properties as a spectrum. In this spectrum, WT AIM-A1
is the most stable and bio-actively inert, with slower HDX rates
in the β3α2 loop, in contrast with the phenotypically severe
mutation V1316M, which showed the least stable and fastest
HDX rates across most regions beyond the β3α2 loop. Muta-
tions H1268D, R1306W, R1341Q, L1460V, and A1461V align
between WT and V1316M. Mutation P1266L behaves as a
hybrid between WT and these other type 2B mutants. The
similarity between WT and P1266L but no other represented
mutations suggest a plausible mechanism underlying acceler-
ated depletion of platelets and HMWM of most type 2B VWD
mutations. Our observations provide possible molecular sig-
natures that may be used to evaluate other natural or synthetic
mutations based on their activity (Figure 6).

This study revealed ways in which V1316M is exceptional from
the other represented type 2B VWD mutants. Mutation V1316M
renders AIM-A1 the least stable upon the application of heat
and has more solvent accessibility across the protein as
measured by HDX, with higher flexibility in the α2 and α3
helices. Therefore, in addition to having reduced mechano-
stability in the AIM like the other mutants, V1316M is particu-
larly flexible in the A1 domain. An expected consequence of
this flexibility is that the A1 domain may be more susceptible to
conformational changes induced by tensile forces in the blood
and can more effectively agglutinate platelets and clear them
along with hemostatically potent multimers without requiring
additional hydrodynamic forces exerted by collagen
9 MARCH 2023 | VOLUME 141, NUMBER 10 1229
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immobilization. Such malleability would explain observations of
small platelet aggregates in the bloodstream, loss of HMWM,
and chronic thrombocytopenia in patients and mice with the
V1316M mutation.8,34,35

Other studies have interrogated A1 thermodynamics and
folding to understand the mechanics that enable VWF to stop
bleeding. Studies with bacterial-derived recombinant A1 frag-
ments showed type 2B mutations reduce the melting temper-
ature relative to WT A1,36-38 which stabilizes an intermediate
molten globule state of the A1 domain.39-41 Irreversibly
dismantling the Cys1272-Cys1458 disulfide with a reduced and
carboxyamidated (RCAM) A1 fragment or introducing an alter-
native disulfide yielded higher affinity to GPIbα and more
effective platelet capture under arterial shear.27,38,39,42 These
observations are consistent with our data suggesting that the
reduced stability observed in type 2B variants shifts the
1230 9 MARCH 2023 | VOLUME 141, NUMBER 10
equilibrium between low- and high-affinity states, accordingly.
Subsequent HDX analyses of RCAM and disulfide-bound A1
suggested that enhanced flexibility in the α2 helix and an
ordered β2β3 hairpin and α3 helix describes the higher affinity
conformation of the A1 domain.42 Variable protection in the α3
helix was evident among the type 2B mutants studied here and
V1316M, which showed the greatest loss of protection in this
helix, supported enhanced binding to the LBD (Figure 2;
supplemental Figure 2). Stipulations between the RCAM A1
and the type 2B variants studied here may not only indicate that
gain-of-function mutations in AIM-A1 interfere with domain
cooperativity and stability but also suggest how these mutants
alter the transmission of hydrodynamic forces along the
disulfide-delimited A1.

All type 2B VWD mutants investigated here have enhanced
solvent accessibility in the LBD-facing α3β4 loop (Figure 4H).
Regardless of HDX in other regions of the protein, all repre-
sented type 2B VWD mutants converge on this feature.
Although the relative rate of HDX in this region is similar in all
variants except for V1316M, there is a considerable difference
in the relative deuterium uptake at all time points tested.
Flexibility in this region provides a unifying mechanism under-
lying enhanced binding of type 2B mutants to GPIbα and is
consistent with their reduced stability reported in this study and
elsewhere.36 It has previously been demonstrated in indepen-
dent studies that residue Glu1376 contacts GPIbα26 and
Lys1371 forms hydrogen bonds with residues in LRR4 and LRR5
of the LBD.27

Although the assays performed in this study are optimal for
purified proteins and not plasma VWF, which is often evaluated
by clinicians and specialists that treat patients with type 2B
VWD, the data presented in this study show 2 distinct regions
that distinguish the gain-of-function AIM-A1 from the WT
counterpart as well as a distinguishing region among type 2B
VWD mutations. Curiously, all type 2B VWD mutations,
including P1266L, cause bleeding in patients regardless of the
extent of platelet or multimer depletion from the bloodstream.
Because all tested mutations result in enhanced flexibility and
loss of protection in the α3β4 loop, this region may be a key
structural feature underlying reduced thermal and mechanical
stability of the AIM and A1 domains. Furthermore, exposure of
the β3α2 loop appears to recapitulate general bleeding severity
trends at the fastest time point. Therefore, novel reagents that
can target or detect the flexibility of these regions may have
therapeutic or diagnostic potential.

There are 2 main forms of regulation of VWF activity. One form
is through the size of the VWF multimer and its extension.
Several factors, such as proteolytic cleavage of VWF multi-
mers,43 mutations in the C domains,44 and partner binding
that affects VWF self-association,43,45 could affect VWF
response to tensile force under flow. Although initial extension
of VWF multimer under tension is not sufficient to activate A1,
a follow-up extension event around the A1 domain, likely the
unfolding of the AIM, exposes the A1 domain for GPIbα
binding.3,5 The other form of regulation is through allosteric
conformational changes within AIM and A1. In this study,
through expanded characterizations of thermo- and mechano-
stability and binding behavior among the type 2B variants, we
LEGAN et al
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have illustrated key features within AIM and A1 that recapit-
ulate the heterogeneous presentations at the single-domain
level. Comparatively, although all 7 mutants showed
reduced mechanical stability of the AIM in single-molecule
force measurements, no individual mechanical parameter
associated with AIM unfolding exhibited a correlation with
reported bleeding severity (Figure 5). The mechanical stability
of the AIM may be linked to the initial binding of A1 and the
GPIbα LBD but not to A1-dependent activation of GPIb-IX and
platelets. Another mechanical property, likely of the A1
domain, may govern the A1 domain’s ability to undergo
conformational change, sustain tension on GPIbα to induce
unfolding of the mechanosensory domain, and activate
platelets.46,47 The process from the A1-LBD interaction to
platelet activation entails multiple elements of protein
dynamics and mechanics, including formation of the catch-
bond or flex-bond between A1 and LBD.25,48 It was reported
earlier that, unlike WT, A1 protein–bearing type 2B mutations
(R1306Q and R1450E) do not form a catch-bond with LBD.48 In
addition, the N-terminal AIM could stabilize the catch-
bond.49,50 The characteristics of A1 mechanics that determine
the ability of VWF to activate platelets remain to be
elucidated.
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