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Abstract

Background: Mutations in the B-switch of GPlba cause gain-of-function in the platelet-type von
Willebrand disease. Structures of free and Al-bound GPlba suggest that the B-switch undergoes a

conformational change from a coil to a p-hairpin.

Objectives: Platelet-type von Willebrand disease (VWD) mutations have been proposed to
stabilize the B-switch by shifting the equilibrium in favor of the p-hairpin, a hypothesis predicated
on the assumption that the complex crystal structure between Al and GPlba is the high-affinity
state.

Methods: Hydrogen-deuterium exchange mass spectrometry is employed to test this hypothesis

using G233V, M239V, G233V/M239V, W230L, and D235Y disease variants of GPlba. If true, the
expectation is a decrease in hydrogen-deuterium exchange within the p-switch as a result of newly

formed hydrogen bonds between the B-strands of the B-hairpin.

Results: Hydrogen—exchange is enhanced, indicating that the p-switch favors the disordered
loop conformation. Hydrogen—exchange is corroborated by differential scanning calorimetry,
which confirms that these mutations destabilize GPIba by allowing the p-switch to dissociate
from the leucine-rich-repeat (LRR) domain. The stability of GPIba and its Al binding affinity,

determined by surface plasmon resonance, are correlated to the extent of hydrogen exchange in the

B-switch.
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Conclusion: These studies demonstrate that GPlba. with a disordered loop is binding-competent
and support a mechanism in which local disorder in the p-switch exposes the LRR—domain of
GPIba enabling high-affinity interactions with the A1 domain.
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1| INTRODUCTION

A rheologically malleable bond between the von Willebrand factor (VWF) and platelets

is essential to primary hemostasis and necessary for subsequent coagulation and the arrest
of bleeding. This bond between the VWF Al domain and the platelet VWF receptor,
GPlba, occurs under the rheological shear of blood flow, which unravels large multimeric
species of VWEF exposing the A1 domains to platelet GPIba..l It must be strong enough

to recruit platelets to sites of vascular injury, weak enough so as to not be prothrombotic,

but not too weak as to obviate the interaction altogether. The autosomal dominant inherited
von Willebrand disease (VWD) and the platelet-type von Willebrand disease (PT-VWD),
constitute two sides of this macromolecular coin in which genetic mutations cause amino
acid substitutions in the A1 domain and in GPlba, respectively, thereby altering the intrinsic
binding affinity of this interaction. (a) A1 domain mutations cause both gain-of-function
and loss-of-function phenotypes resulting in the more common Type 2B and Type 2M
qualitative subtypes of VWD. (b) Mutations in GPlba cause a gain-of-function, which is
often difficult to identify and distinguish from Type 2B VWD?23 without gene sequencing

of both VWF and GPIba..* Compared to Type 2B VWD, PT-VWD is rare, with less than

60 patients identified worldwide.>® Like extreme cases of Type 2B VWD, PT-VWD can
manifest in loss of high molecular weight multimers of VWF and thrombocytopenia in
patients especially in situations that stimulate elevated VWF levels such as pregnancy, stress,
and infection.?

A structural basis for high—affinity between Al and GPlba in general to both Type 2B
VWD and PT-VWD has remained elusive. Over the last two decades, fifteen structures have
been determined of the WT (wild-type),” Type 2B,8-10 and Type 2M VWD!112 varijants
of A1, various complexes of WT and Type 2B variants of A1 with GPIba,,10:13.14 function-
blocking monoclonal antibodies,815 DNA aptamers,16 activating snake venoms,®17:18 and
high-affinity directed evolution clones.1 The structure of Al is a ap-Rossmann type fold
with a central B-sheet flanked by six a.-helices, three on each side, linked by a single
disulfide bond at the N- and C-terminus. All structures of Al are highly similar in the
conformation of the backbone chain,2 but detailed structural analyses of the complex
crystal structure suggest that the rearrangement of intermolecular electrostatics between
residue side chains alter the dynamics of the a1p2 loop®13:1 causing a pivot of the

a2 helix.20 Such a conformational propensity is supported by recent hydrogen-deuterium
exchange experiments2! and is thought to be “on—pathway” toward high—affinity.14

Likewise, 13 structures have been determined of WT and PT-VWD variants of free
GPIba,22-24 GPIba in complex with the A1 domain,10:13.14 thrombin,23.25.26 and a peptide
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inhibitor.2” The N-terminal domain of GPlba that binds the A1 domain is a leucine rich
repeat (LRR) domain consisting of nine parallel B strands capped by a helix containing a
disulfide bond knot involving four cystines and a protruding sequence referred to as the
B-switch where PT-VWD mutations reside. Several mutations causing PT-VWD have been
discovered in the B-switch: W230L,28 G233S,29 D235Y,30 M2391,3! and G233V32 and
M239V,33:34 which are the most common functionally studied variants.3>-38 In contrast to
the structural similarities of A1, structures of GPlba show that the p-switch exists as a
compact partially disordered coil except when in a complex crystal structure with A1 where
the B-switch exists as a p-hairpin structure of two anti-parallel § strands that continue the
hydrogen bond network of the central p-sheet of the A1 domain.

Early modeling of the p-switch sequence suggested two conformers involving either a p-turn
or an amphipathic helix,3° but the observed crystal structure differences of GPIba., free and
bound to A1, immediately imply that a coil to B-hairpin transition occurs upon binding,°
hence the name “B-switch.” This structural interpretation has led to the hypothesis (Figure
1) that PT-VWD mutations shift this conformational equilibrium in favor of the B-hairpin
structure.*%:41 Simulations have indicated that even fluid shear flow can induce a B-hairpin
conformation? that is accelerated by the mutations.#3-45

In this study, hydrogen deuterium exchange mass spectrometry (HXMS) is utilized to test
this hypothesis (Figure 1) with the common GPlba variants G233V, M239V, W230L,
D235Y, and a double variant, G233V/M239V, that has found applications in clinical assays
of VWF function.#® HXMS47 measures the steady-state time-dependent accumulation of
deuterium into the protein peptide backbone. When diluted into 2H,0 buffer, protein amide
hydrogens exchange with solvent deuterium according to local conformational dynamics of
the peptide backbone. Structurally protected amide hydrogens in stable H-bonded secondary
structure (a.-helix or B-sheet) exchange slowly, while amides in flexible regions of structure
exchange quickly. Because the proposed structural transition involves the formation of

new hydrogen bonds between amides in the antiparallel B strands, the expected HXMS
observation is a reduction in the kinetics or the overall extent of deuterium incorporation into
the B-switch if PT-VWD mutations shift the equilibrium towards folding. If the hydrogen
exchange is enhanced by the mutations, then a partially or even intrinsically disordered coil
is the thermodynamically favored conformation.

The HXMS results demonstrate that, in fact, these PT-VWD variants of GPlba enhance
hydrogen deuterium exchange in the p-switch and therefore favor a disordered conformation
as the high-affinity binding competent conformation. The conclusions derived from

HXMS are supported by thermodynamic unfolding measurements that show that GPlba

is destabilized by these mutations resulting in lower transition temperatures and lower
unfolding enthalpies. Finally, the binding affinity is highly correlated to stability of GPlba
and the extent of hydrogen exchange within the p-switch. Cumulatively, these results,

taken in the context of the recently discovered local disorder of the A1 domain in Type

2B VWD, 2148 emphasize the role of protein chain disorder in promoting high-affinity
interactions between platelets and VWF.
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2| METHODS AND MATERIALS

2.1| Proteins

Wild-type GPIba (amino acids Hq-E»gs containing the signal peptide M—-15 to Prog) and the
mutants G233V, M239V, and the double mutant containing both mutations were expressed
in the pIRES neo2 plasmid vector in HEK293 cells as a fusion construct containing

an C-terminal FLAG-tag and an C-terminal Hexahistidine-tag. The A1 domain of VWF
(Q1238-P1471) Was expressed in Escherichia coli M15 cells as fusion proteins containing an
N-terminal hexahistidine-tag using BamHI and HindlIl restriction sites in the Qiagen pQE-9
plasmid.12 All proteins were purified and their quality was confirmed by RP-HPLC and
analytical gel filtration as described previously.12:21

Protein concentrations were measured on a Shimadzu UV2101PC spectrophotometer using
the Edelhoch method as modified by Pace et al* from the absorption at A = 280 nm minus
twice the absorption at A = 333 nm for the correction of light scattering. The extinction
coefficients were calculated from the amino acid sequence of the complete constructs.

After purification, all proteins were dialyzed excessively into Phosphate buffered saline
(PBS) or Tris buffered saline (TBS) buffer and stored for a maximum of two weeks on
ice at 0°C as GPlba aggregates upon storage at —20 or —80°C. Prior to any experiment,
protein solutions were centrifuged at 60 000 g for at least 10 minutes to remove potential
aggregation.

2.2 | Surface plasmon resonance

Surface plasmon resonance equilibrium analysis was performed on a Biacore T-100 using a
CMb5 (GE Healthcare) chip at 25°C. Anti-FLAG M2 antibody (Sigma-Aldrich) for capturing
FLAG-tagged GPIba was diluted into 10 mmol/L sodium acetate (pH 4.5) to 50 pg/mL
concentration and immobilized covalently on active (Fc2) and reference (Fcl) channels of
the CM5 chip using amine coupling kit reagents (EDC [1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide], NHS [N-hydroxysuccinimide] and ethanolamine). Approximately 5000 RU
of anti-FLAG antibody was immobilized on both channels.

Real time interactions between vVWF A1 (concentration ranging from 1 nmol/L to 8 umol/L)
and anti-FLAG captured GPlba were measured at 25°C using HEPES buffer (pH 7.4) at a
flow rate of 30 pL/min. Each binding cycle began with loading 2 umol/L GPlba variants
for 300 seconds at a flow rate of 30 pL/min followed by 100 seconds buffer wash and
injection of Al for 100 seconds of association and 200 seconds of dissociation. Each cycle
was repeated twice to verify reproducibility. In between each binding cycle, the anti-FLAG
surface was regenerated with an injection of 10 mmol/L glycine at pH 2.0 for 60s. All
binding responses were referenced (Fcl) and blank (buffer) subtracted before analysis to
remove non-specific interactions and baseline drifts. Capture levels for GPlba mutants
were normalized to that of the wild-type GPIba. Equilibrium responses were plotted as

a function of VWF A1 concentrations and globally fitted to a solution affinity model

(RU = R,..cai/[Kp + ca]), Yielding the Al dissociation constant, Ky, for each GPIba variant

and a shared R,,, representing fully saturated binding.
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Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed at scan rates of 2.0, 1.5, 1.0, 0.75,
0.5, and 0.2°C/min on a TA Instruments NanoDSC at a constant pressure of 3 atm. All
protein solutions (4-8 umol/L) and the corresponding buffers were degassed under moderate
stirring. The instrument was equilibrated first with several scans between 10 and 95°C

with buffer loaded into the sample and reference capillaries. Then the protein was loaded
into the sample capillary between two scans. The DSC trace was background corrected by
subtracting the following irreversible scan as a baseline. The calculation of the excess heat
capacity and the analysis using a two-state irreversible model was performed as described
previously.29°1 Equation (1) was used to fit all thermal transitions using a Microsoft Excel
script (written in our laboratory) that incorporates Boole’s method for numerical integration.
Fitting results were minimized to the total standard deviation of the sum of squared residuals
(Table S1).

Circular dichroism and fluorescence spectroscopy

Circular dichroism (CD) measurements were performed on an Aviv Biomedical Model
420SF circular dichroism spectrometer. Fluorescence measurements were performed on a
Horiba Jobin Yvon Fluorolog 3 spectrofluorometer equipped with a LFI-3751 temperature
controller.

Urea-induced unfolding of WT GPlba was monitored at 216 nm using a 1 mm quartz cell
and a protein concentration of 4.8 umol/L. Samples were incubated in their urea-containing
buffer overnight at 25°C. CD signal was averaged for 10 minutes using an integration time
of 1 second, corrected for the signal of the corresponding buffer and converted to mean

ellipticity per amino acid residue ((@MRW)).

The kinetics of urea induced unfolding for all proteins were followed by intrinsic protein
fluorescence (A, = 280 nm; 4w, = 359 nm) at 20°C. Under rapid stirring, 2 umol/L GPlba
was diluted 1 to 10 into buffered solutions containing a defined concentration of urea
and 0.2 pmol/L protein. The following change in fluorescence signal was recorded for 10
minutes. The rates of unfolding were obtained from mono-exponential fits and averaged.
Each experiment was performed as triplicate.

Analytical size exclusion chromatography

Analytical size exclusion chromatography was performed at 25°C using an analytical
Phenomenex S3000 on a Beckman Gold HPLC system. PBS buffer at a flow rate of 0.5
mL/min was used as the mobile phase and the absorption was monitored at 280 nm.
Molecular mass calibration was performed using thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), aldolase (158 kDa), bovine serum albumin (67 kDa), ovalbumin
(43 kDa), and soybean trypsin inhibitor (20 kDa).

Hydrogen-deuterium exchange

Hydxogen-deuterium exchange mass spectrometry involves steady-state time-dependent HX
followed by acid quenching, pepsinolysis, reverse phase separation of proteolytic fragments,
and electrospray ionization orbitrap mass spectrometry.#7:52-55 HXMS was performed on

J Thromb Haemost. Author manuscript; available in PMC 2024 December 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tischer et al.

Page 6

WT GPlba and on the mutants as recently published?! using a setup as described by Mayne
et al®3 HX samples were prepared by 1-5 dilution of GPlba into TBS in D,O (pD 7.4).
After defined times (1 minute to oven incubation at 25°C) the exchange was stopped by a
drop in pD to 2.7. The quenched samples were then loaded onto a pepsin column under
isocratic flow (200 puL/min) of 0.1% formic acid and proteolytic peptides were captured

by a subsequent C8 trap column. After 5 minutes the trap column was switched from

the isocratic flow to a water/acetonitrile gradient (20 uL/min, 1%-40% acetonitrile in 18
minutes, followed by a steep increase to 90% in 2 minutes). The gradient elutes proteolytic
peptides from the C8 trap, which then become separated on a subsequent C18 column prior
to injection into the LTQ Orbitrap XL for mass determination. The whole-flow system and
all columns are kept in a Peltier cooled chamber at ~0°C to minimize back exchange of the
incorporated deuterium during proteolysis and the separation of peptides.

Prior to the HX experiments, peptide maps containing a pool of searchable peptides for all
GPIba variants were generated using Bioworks 3.3.1 (Thermo Fisher Scientific) and the
Matlab-based software EXMS 2 as previously described.22:54 Not all of the peptides in the
pool are guaranteed to be identified in any given experimental measurement. Peptide maps
are given in Figure S1. Deuterated peptides were identified in EXMS2 using the generated
peptide maps and an all-H experiment as reference. The subsequent HDSite analysis®® was
performed using a temperature of 25°C and a pD of 7.4 with no back exchange correction.
The deuteration range was set to 0.8. After the analysis, switchable peptides were averaged
manually.

3| RESULTS

3.1

Platelet-type VWD mutations increase the VWF Al domain binding affinity and

decrease the stability of GPlba

The experimental parameters associated with the results of Figures 2 and 3 are given in
Table S1. Binding affinity of GPlba to the VWF A1l domain was assessed by surface
plasmon resonance (SPR). Equilibrium binding curves (Figure 2A) obtained from the
maximum SPR response (Figure 2B) at each concentration of the A1 domain show that
the PT-VWD variants of GPIba, G233V, M239V, G233V/M239V, and W230L increase
the binding affinity. The equilibrium dissociation constant, K, for all PT-VWD variants is
decreased relative to WT GPIba., consistent with prior studies.14:29.37.38,56

The thermodynamic stability of GPIba was assessed both by differential scanning
calorimetry (Figure 3A) and urea denaturation (Figure 3B). Thermal stability of WT

GPlba and the platelet-type VWD variants of GPlba, G233V and S, M239V and |, G233V/
M239V, W230L, and D235Y, show a thermal scan rate dependency in the excess heat
capacity (Figure S1) where the apparent Ty, at the peak of the transition, decreases as

the scan rate is decreased. This thermodynamic behavior indicates kinetically controlled
irreversible unfolding of GPlba which is analyzed by a simple two-state irreversible model,
as previously described.%9-51 Briefly, the observed excess heat capacity, (C,), depends on the

rate of unfolding, (7, equal to unity at the transition temperature, In k* =0 at 7%, AH™ is
the enthalpy of the irreversible transition and v is the thermal scan rate.
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Figure 3A shows the excess heat capacity curves at 2°C/min for each of the variants and
demonstrates that all the PT-VWD variants of GPIba unfold at lower transition temperatures
and have decreased unfolding enthalpies, than WT GPlba, indicating that the mutations
significantly alter the thermodynamic stability of GPIba..

Enthalpy is known to be proportional to the amount of polar and apolar solvent accessible
surface area that becomes exposed upon thermal denaturation.5” Given that the thermally
denatured states of each of these variants are likely similar in total solvent accessibility, it is
probable that the native states of the PT-VWD variants have a greater solvent accessibility
than WT GPlba. This observation is most apparent for the two variants with the M239V
substitution, which have the largest change in AH™ relative to WT GPlba, indicating that
residue My3g may influence favorable interactions between the B-switch and the LRR
domain that reduces the solvent accessibility of the native state of GPIba..

Equilibrium unfolding of WT GPIba demonstrates that the urea unfolding is also
irreversible (Figure 3B), as after 72 hours of recovery from a dilution from 8 mol/L urea

to 1.7 mol/L urea, GPIba was not observed to refold to the native state circular dichroic
ellipticity. The kinetic stability was therefore studied by following the kinetics of urea-
induced unfolding via intrinsic protein fluorescence (Figure 3B). The kinetic traces were fit
using mono-exponential functions to obtain the rate constant of the unfolding at each urea
concentration. The slope of the unfolding rates was identical for all four proteins, indicating
that a decreased stability but not differences in the unfolding pathway are responsible for
the enhancement of the rates. Extrapolation of this linearity between the rate constants and
urea concentration to 0 mol/L urea gives the rate of unfolding under native conditions. The
unfolding rates of the PT-VWD variants of GPIba were all faster than the rate for WT
GPIba, consistent with the thermal destabilization observed for these variants.

In support of the enthalpy interpretation, size exclusion chromatography shows a small
decrease in the retention time (Figure 3C) of elution, which indicates, based on linear
relationships between the retention time, molecular weight, and Stokes radii,>8 that the
native states of the platelet-type variants have increased hydrodynamic solvation radii and,
therefore, larger surface areas than the WT GPIba.

3.2| Platelet-type VWD mutations increase hydrogen exchange locally in the B-switch and
allosterically in the leucine-rich repeats
Hydrogen-deuterium exchange mass spectrometry provides structural resolution of the
mutation effects on the local dynamics of GPlba. Figure 4A shows that the hydrogen-
deuterium exchange is localized to the p-switch and the dorsum of the LRRs of GPlba..
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These exchange dynamics are mapped to the GPlba structure in Figure 4B. Exchange in
the B-switch region is altered by the mutations where HX is significantly enhanced in all
the disease variants relative to WT, indicating that mutations increase the conformational
flexibility of the p-switch. Concomitantly, the dorsum of the LRR exchanges significantly
in the loops between the B strands and PT-VWD mutations predominantly enhance the
exchange dynamics within repeats 5 and 6, particularly for W230L and D235Y. These two
observations demonstrate an allosteric conformational linkage between the p-switch and the
middle of the dorsum. In contrast, the LRR domain does not exchange in the palm region as
a result of stable hydrogen bonds in the B-sheet.

Figure 4C shows the effect of these mutations on the deuterium incorporation of specific
peptides identified in the B-switch and the LRRs of GPIba.. Relative to the unexchanged “all
H” peak and the exchange of WT GPIba at 1 hour incubation time, all of the PT-GPlba
variants have an enhanced exchange as is evident by the shift in the peptide envelopes to
higher mass. This is evident in the B-switch region and allosterically in the LRR regions of
LRR repeats 4, 5, and 6. Figure 4C provides the principal data in support of the site-resolved
data in Figure 4A.

3.3| Enhanced local disorder in the B-switch does not support the structure-based

hypothesis

The structure-based hypothesis states that platelet-type VWD mutations should
preferentially shift an equilibrium from the disordered loop conformation found in structures
of GPIba in the absence of the A1 domain to the hydrogen bonded p-hairpin structure found
in complex crystal structures of GPIba with the A1 domain present. If this were true, it is
expected that HX of the B-switch would decrease as a result of stable amide hydrogen bonds
formed between the B strands.

Figure 5 shows the local effects of mutations in the B-switch of GPlba. In contrast to the
expected hypothetical result, exchange is enhanced in each of the PT-VWD variants relative
to WT throughout residues W»3g-N245. There are differences, however, between the local
regions of the p-switch that are affected by each mutation (Figure 5A). G233V primarily
enhances exchange in the N-terminal region of the p-switch between residues Wo3g-Ko37.
M239V moderately enhances exchange of residues Q3,-Do35 and the C-terminal residues
Ao3g-Nago. The double mutant, G233V/M239V, combines the effects of each of the single
mutants and enhances exchange throughout the B-switch, between residues W3p-Soa1,
relative to WT. Exchange throughout the B-switch is also greatly enhanced by W230L and
D235Y.

Mapped on the crystal structures of the p-switch in the free state (Figure 5B) and the bound
state (Figure 5C), it becomes evident that the experimentally determined hydrogen exchange
of the B-switch does not support a hypothesis that involves a mutation-induced shift in
equilibria toward a B-hairpin structure as a binding competent conformation. To do so would
involve the formation of ~6-7 additional hydrogen bonds (Figure 5C) that would effectively
supress the hydrogen exchange of the B-switch. Therefore, these experiments show exactly
the opposite of what is expected from the static structure perspective.
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3.4| GPlba stability and Al binding affinity is linked to local disorder of the B-switch

By all accounts, hydrogen-deuterium exchange and the more traditional measures of protein
stability, urea and thermal denaturation, the conformational stability of GPIba is decreased
by mutations that cause platelet-type VWD. Figure 6 shows that both the stability of GPlba
and its VWF Al domain binding affinity are correlated to the enhanced dynamics of the
B-switch.

Figure 6A demonstrates that the equilibrium dissociation constant, Ky, is directly
proportional to thermal transition temperature, 7*. As stability decreases, binding affinity

increases. K, is exponentially proportional to the 7* by its apparent linear relationship

on the semi-logarithmic plot indicating that VWF binding is directly dependent on the
stability of GPIba over two orders of magnitude of affinity. Figure 6B demonstrates that
the thermal unfolding transition temperature, 7%, and the K, are both inversely proportional
to the average exchange fraction of deuterium incorporation into residues Ep5-Vo43 of the
B-switch.

These correlations emphasize that an increase in local disorder of the p-switch decreases the
global stability and increases the VWF Al binding affinity of GPlba. Thus, the Al binding
affinity of GPlba is linked to the conformational dynamics of the p-switch such that the
more disordered the switch becomes as a result of the mutation, the tighter the binding. An
allosteric consequence of B-switch disorder is the concomitant enhanced dynamics of the
LRRs (Figure 4B), which becomes particularly evident in W230L and D235Y. This allostery
is supported by the loss of thermal unfolding enthalpy (Figure 3A), which indicates that the
mutation also causes the B-switch to dissociate from the LRR domain of GPlba.

4| DISCUSSION

The present study provides a rigorous test of the hypothesis that PT-VWD mutations in
GPlba shift a conformational equilibrium away from a compact coil in favor of a hydrogen
bonded antiparallel B conformation. This hypothesis (Figure 1) is presumed from crystal
structures that show the B-switch as a coil in the free state?2-24 and a B-hairpin in the
A1-GPlba complex.19:13.14 This structure-centric perspective has become so entrenched in
the literature that it has become dogma,>® but there is no published experimental evidence
that such a conformational equilibrium even exists.

If the structure-based hypothesis were true, the expected experimental results of this study
are two-fold. (a) PT-VWD mutations would stabilize GPIba against unfolding. Thermal
transition temperatures would increase and rates of unfolding would decrease. (b) Hydrogen
exchange in the B-switch would decrease as a result of the newly formed hydrogen

bonds between the antiparallel B strands resulting in a substantial decrease in the rates

of exchange. Instead, GPIba is destabilized and hydrogen exchange of the p-switch is
enhanced, indicating that PT-VWD mutations increase the dynamics of local disorder in the
B-switch and thereby shift the equilibrium in the opposite direction than proposed.

The presumption that the A1-GPlba complex crystal structure is a real representation
of how platelets interact with VWF has become further complexed by concepts of
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blood rheology, whereby fluid shear flow is thought to promote the B-hairpin structure2-

45 gutweighing any intrinsic conformational propensities to the contrary. Molecular
dynamics studies have also embraced this perspective as true and compute force-dependent
dissociation trajectories based on the structure of the complex to model the forces measured
experimentally by single-molecule methods.8%-64 Based upon our experimental outcomes, it
can be predicted that if fluid shear flow does promote the B-hairpin conformation, platelet
adhesion to VWF would be inhibited, not activated. Similarly, if the single-molecule forced
dissociation simulations have any bearing on reality, it is more likely that they represent
dissociation from a low-affinity complex.

There are remarkably few intermolecular atomic interactions between the A1 domain and
GPlba in the complex crystal structure (Figure 1). Only five hydrogen bonds make up a
direct interaction between the central p-sheet of Al and the B-switch hairpin of GPlba.
Most of the cavity between the convex palm of GPIba and the globular A1 domain is

filled with water, which satisfies the electrostatic interactions among acidic and basic amino
side chains in the interface. Contacts between the a1p2 and p2a.3 loops of Al and the N-
terminal B-hairpin are more dynamic involving weak solvated electrostatic interactions with
reduced electron density,10 which tend to organize better in type 2B VWD variants of the Al
domain.13.14 Differences between the structures of M239V and WT GPlba in complex with
Al are reported to be minor.13 None of the published structures have binding interfaces with
optimal burial of hydrophobic residues, or favorable electrostatic complementarity between
side chains and are therefore regarded as low-affinity conformations.14

It is possible that the B-switch is not a switch at all, as even in a complex between GPIba
and an inhibitor of VWF-platelet adhesion,?” it exists as a coil with a small 310-helix

that clamps the OS1 peptide down against the concave palm of the LLR domain. Our
observations do not explicitly observe a p-hairpin conformation, but hydrogen deuterium
exchange is significantly less in WT than in the PT-VWD variants (Figure 5), indicating
that this sequence is more ordered in WT. Othman and Emsley#° have suggested that a
compact triangular conformation of the B-switch involving a 31 helix stabilized by some
hydrogen bonds and salt bridges is disrupted by PT-VWD mutations. This may explain the
apparent asymmetry of the hydrogen exchange observed in the B-switch for M239V and
G233V (Figure 5B). If an equilibrium between a disordered coil and more ordered structure,
such as a p-hairpin or a compact triangle, is present, then the correlation between binding
affinity and the extent of disorder in the B-switch predicts that the ordered conformation
would result in diminished binding affinity or a loss of function. Variants with lower
binding affinity, that are not associated with disease, have been reported to increase kinetic
off-rates resulting in faster translocation velocities of Chinese hamster ovary cells expressing
recombinant GP1b-1X complexes in flow-chamber studies.55

This study considers the intrinsic conformational properties of the proteins, without

the complications of rheology, and demonstrates that enhanced binding affinity is
proportionately determined by enhanced dynamics of the p-switch. This experimental
observation supports a mechanism by which the local dynamics of the p-switch allow it

to “get out of the way” so that the A1 domain can form favorable high-affinity interactions
with the LRR domain of GPlba.. Such a model was proposed by Uff et al.22 just prior to
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the competing publication of the initial complex crystal structure of A1 complexed with
GPlba.10 Considerable flexibility of the B-switch, specifically around residues Go33 and
Mo3g, is observed even in crystal structures when the structures of free GPlba in the absence
of A1 are superimposed.1#

Viewed from a dynamics perspective, the B-switch acts like an opposable thumb?!

capable of regulating the binding of Al. The hydrogen-deuterium exchange data support

a mechanism by which the B-switch exists as a coil which fluctuates between closed and
open conformations (Figure 7). A lower unfolding enthalpy in the PT-VWD mutations
indicates they favor an open conformation and allow A1l to bind tightly to the concave palm
of the LRR domain of GPlIba.. A closed conformation may induce order in the B-switch

as the dynamics in WT GPlba are significantly reduced relative to PT-VWD variants. In
the closed conformation, the opposable thumb would therefore inhibit high-affinity binding
by occluding accessibility to the concave surface of the LRR domain. Enhanced disorder
of the opposable thumb, not only exposes this surface, but also enables a greater sampling
of dynamic regions of A1l via the increased hydrophobicity caused by the mutations.2
Similarly, extreme cases of type 2B VWD result in local disorder of the a2 helix in the Al
domain?! allowing A1 to take advantage of conformational fluctuations in the closed state of
the opposable thumb in WT GPIba and enabling access to the LRR surface (Figure 7).

A consequence of the disorder-driven shift in probability toward an open and dynamic
conformation of the B-switch is the allosteric increase in dynamics of the dorsum of the LRR
domain of GPIba. Dissociation of the p-switch allows the LRR to flex in a grasping manner.
Like a hand, extension of the opposable thumb from the palm of the hand enables the hand
to grasp toward a fist. Thus, the opposable thumb is naturally inhibitory to VWF binding

and PT-VWD mutations remove this inhibition by shifting the probability to increasingly
disordered states that concomitantly enhance the flexibility of the LRR (Figure 7).

Disorder in Al is complementary to disorder in GPlba and both proteins prefer binding
mediated by large conformational fluctuations.*8:66 In an open conformation, GPlba

is likely to sample an ensemble of bound states with many different orientations and
configurations around the A1 domain possible. Such an ensemble of bound states, partially
driven by electrostatic attraction between the electronegative concave surface of the LRR
and various electropositive surfaces on the A1 domain, is highly probable in PT-VWD as a
result of the direct enhanced dynamics of GPlba’s opposable thumb and allosteric effects
on the LRR. An ensemble of bound states could also provide clues to the loss of function
Type 2M VWD since this sub-classification of VWD also involves disordered conformations
caused by mutations scattered throughout the A1 domain.#8 An ensemble of possible
binding configurations is also favorable to establishing erratic rheological interactions
between platelets and VWF under the shear stress of blood flow where clustering of
GPlba’s on platelet membranes enhances the interaction.8”
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Essentials
. Structures imply a disordered loop to B-hairpin transition of platelet GPlba
upon binding von Willebrand factor (VWEF).
. Platelet-type von Willebrand disease mutations are hypothesized to stabilize

the B-hairpin state of the A1-GPIba complex crystal structure.

. Platelet-type von Willebrand disease variants are demonstrated to shift the
conformational equilibrium in favor of a disordered loop.

. Local disorder of the B-switch establishes high-affinity binding between
platelets and VWF.
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B-Switch
a Hypothesis
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FIGURE 1.
Structure-based hypothesis. Platelet-type VWD variants in the GPlba shift equilibrium away

from the coil conformation in favor of the -hairpin structure found in the complex crystal
structure. The hypothesis is predicated on the assumption that the complex crystal structure
represents the high-affinity bound state. If true, then the expectation is a stabilization of
GPIba and a decrease in hydrogen-deuterium exchange of the B-switch due to newly
formed intramolecular hydrogen bonds between the g strands. A1 domain (pdb ID =
1AUQ).” GPlba (pdb ID = 1GWB).22 Complex (pdb 1D = 1SQ0).13 Rendered using UCSF
Chimera.%9
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A, Equilibrium binding of the VWF Al domain to wild-type GPIba and platelet-type VWD
variants, W230L, G233V, M239V, G233V/G239V double mutant of GPlba obtained from
the maximum surface plasmon resonance response as a function of Al concentration. The

rank order of binding affinity is W230L > G233V/M239V > G233V > M239V > WT

GPIba. B, Representative SPR binding traces as a function of Al concentration. See Table
S1 for the dissociation constants, K;, (umol/L)
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A, Differential scanning calorimetry. Left: excess heat capacity of unfolding of wild-type
GPlba, G233V, M239V, the G233V/G239V double mutant, W230L, D235Y, G233S, and
M239I at 2.0°C/min. The apparent T, is scan rate dependent (Figure S1) and therefore
kinetically irreversible. Right: For all PT-VWD variants of GPIba, the thermal transition
temperature, 7%, and the unfolding enthalpy, AH™, where k., = 1, is less than WT GPlba..
B, Rate of urea denaturation, protein fluorescence (excitation = 280 nm, emission = 359
nm) at 20°C, is increased for all PT-VWD variants of GPlba relative to WT GPlba.
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Left: representative Kinetic traces and fits (red lines) of the urea-induced unfolding at 8.5
mol/L. Inset: urea unfolding at 25°C by circular dichroism at 216 nm is also irreversible
(e, = 3.23 £ 0.02) as indicated by the diamond (dilution from 8 to 1.7 mol/L urea and
incubated for 72 h). Right: unfolding rate constants of urea unfolding obtained from mono-
exponential fits for each protein between 5 and 9 mol/L urea. Linear extrapolation of the
rate constants to 0 mol/L urea yields rates of unfolding under native conditions in the
absence of urea. C, Size exclusion chromatography. Slight shift of the elution peaks of
GPIba variants relative to WT (Left) demonstrates a non-globular conformation and variant
Stokes radii (Left) that are slightly larger than WT GPlba indicating an increased solvent
accessibility. Inset: Retention time of standard proteins of known molecular weight versus
their published Stokes radii.>® Standard proteins from left to right: soybean trypsin inhibitor,
ovalbumin, bovine serum albumin, aldolase, catalase, ferritin, thyroglobulin. See Table S1
for the relevant thermodynamic parameters associated with this figure
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FIGURE 4.

2 4 6 8 2 4 6

Relative mass shift

A, Comparison of the hydrogen exchange of WT GPlba (blue) with the platelet-type VWD
variants of GPlba from top to bottom, G233V (green, top), M239V (red), the double
mutant G233V/M239V (yellow), W230L (teal), and D235Y (magenta, bottom) as a function
of residue number throughout the protein at 1 h incubation time. Additional time points
ranging between 60s and 24 h are presented in Figures S3-S7. HXMS was quantified in
triplicate. The structural region that shows a significant difference between the variants is
the B-switch (orange) loop where the mutations occur inside the disulfide knot. Allosteric
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effects on dynamics are also observed in the convex LRRs 5 and 6 of the dorsum. B,
Hydrogen-deuterium exchange fraction mapped onto the structure of WT GPlba (pdb ID =
1GWB).22 Black = not resolved, blue = 0, white = 0.25, red > 0.5. Rendered using UCSF
Chimera.59 Arrows indicate the structural locations of the p-switch and the LRRs where an
increased amount of hydrogen exchange in the variants is observed relative to WT GPlba.
C, Peptide envelopes (normalized intensity versus mass shift relative to the “all H” peak) of
eight peptides in key regions of GPlba. The kinetics of deuterium incorporation into specific
residues in other regions of GPlba are presented in Figures S8-S12
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FIGURE 5.
The B-hairpin loop becomes increasingly disordered as indicated by the enhanced exchange

dynamics in PT-VWD variants of GPlba. Enhanced exchange in the loop is not supportive
of the preferential formation of a p-hairpin structure in gain-of-function states. A, A
zoom-in on the hydrogen-deuterium exchange fraction of residues 229-242 of the -switch
illustrating the enhanced exchange of this region in the platelet-type VWD variants
compared to WT GPlba. 1 h incubation time point. B, Hydrogen-deuterium exchange
fraction mapped onto the loop structure of WT GPIba (pdb 1D = 1GWB).22 For M239V,
pdb 1D = 1M0Z was used.10 C, Hydrogen-deuterium exchange fraction mapped onto the
conformation of GPIba found in the WT complex crystal structure with A1 (pdb ID =
1SQ0).13 For M239V, pdb ID = 1M10 was used!? and for G233V/M239V, pdb ID = 4C2A
was used.1* Approximately 6-7 additional hydrogen bonds (red lines) are present in the
structures shown in panel (C)
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Correlations among stability, binding affinity, and local disorder of the g-switch. A, Binding

affinity, K, as a function of the thermal transition temperature, 7. B, Thermal transition

temperature, T*, of GPlba variants as a function of the average exchange fraction of the

B-switch (Top). The 95% confidence interval on T* is ~1-1.4°C. Binding affinity, Ky, as
a function of the average exchange fraction of the B-switch (Bottom). B-switch residues
E205-V243 HX is at 1 h exchange incubation time. The high correlation coefficients, /£2 given
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in each panel, indicate a high degree of confidence that stability and affinity are a direct
consequence of the local disorder in the B-switch
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/ Allosteric flex
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FIGURE 7.
Mechanism for disorder driven regulation of platelet GPlIba VWF Al affinity by the -

switch of GPIba in PT-VWD and by a2 of Al in Type 2B VWD.%! Models of protein
chain disorder in GPlba (pdb 1D = 1GWB)?2 and A1 (pdb ID = 1AUQ),’ generated with
mini-protein modelling (MPMOD)88 and rendered using UCSF Chimera®®
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