
Received: 14 September 2022 - Revised: 23 March 2023 - Accepted: 24 March 2023

https://doi.org/10.1016/j.jtha.2023.03.039
OR I G I NA L A R T I C L E
Disulfide bond reduction and exchange in C4 domain of von

Willebrand factor undermines platelet binding
Fabian Kutzki1 | Diego Butera2 | Angelina J. Lay2 | Denis Maag3 | Joyce Chiu2 |
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Abstract

Background: The von Willebrand factor (VWF) is a key player in regulating hemostasis

through adhesion of platelets to sites of vascular injury. It is a large, multi-domain,

mechano-sensitive protein that is stabilized by a net of disulfide bridges. Binding to

platelet integrin is achieved by the VWF-C4 domain, which exhibits a fixed fold, even

under conditions of severe mechanical stress, but only if critical internal disulfide bonds

are closed.

Objective: To determine the oxidation state of disulfide bridges in the C4 domain of

VWF and implications for VWF’s platelet binding function.

Methods: We combined classical molecular dynamics and quantum mechanical simu-

lations, mass spectrometry, site-directed mutagenesis, and platelet binding assays.

Results: We show that 2 disulfide bonds in the VWF-C4 domain, namely the 2 major

force-bearing ones, are partially reduced in human blood. Reduction leads to pronounced

conformational changes within C4 that considerably affect the accessibility of the

integrin-binding motif, and thereby impair integrin-mediated platelet binding. We also

reveal that reduced species in the C4 domain undergo specific thiol/disulfide exchanges

with the remaining disulfide bridges, in a process in which mechanical force may increase

the proximity of specific reactant cysteines, further trapping C4 in a state of low integrin-

binding propensity. We identify a multitude of redox states in all 6 VWF-C domains,

suggesting disulfide bond reduction and swapping to be a general theme.

Conclusions: Our data suggests a mechanism in which disulfide bonds dynamically

swap cysteine partners and control the interaction of VWF with integrin and potentially

other partners, thereby critically influencing its hemostatic function.
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Essentials

• Platelet integrins interact with the disulfide-bonded C4

domain of von Willebrand Factor (VWF).

• The redox state of disulfide bonds in C4 domain of VWF

was studied by molecular simulations and experiments.

• Two bonds are reduced, causing C4 unfolding and disul-

fide swapping.

• Opening of disulfide bonds impairs integrin-mediated

platelet binding.
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1 | INTRODUCTION

The von Willebrand factor (VWF) is a large, mega-Dalton, multimeric,

extracellular protein that is essential in achieving and regulating pri-

mary hemostasis [1]. Its mature monomers consist of 2050 amino

acids, divided into 12 heavily disulfide-bonded protein domains

(Figure 1A) [2,3]. It features 169 cysteines across its sequence [4],

which are considered to be mainly paired in VWF multimers. They are

associated with a variety of biological functions, most prominently the

establishment of disulfide bridges between carboxy- and the amino-

terminal domains assembling VWF monomeric units into dimers and

multimers [1]. Other disulfide bonds protect the structural integrity of

individual domains [1].

VWF is responsible for 2 essential hemostatic functions: adhe-

sion of platelets to collagen at sites of vascular injury as well as the

transportation and the half-life increase of factor (F)VIII through

protective binding [1]. Mutations in the structure of VWF or dys-

regulation of its concentration in the bloodstream lead to severe,

and often, life-threatening bleeding disorders. This medical condi-

tion, known as von Willebrand disease, exhibits a broad range of

phenotypic responses ranging from acute hemorrhaging to

thrombus formation [5]. Many of the known disease mutants are

mutations of cysteines, highlighting their essential role in VWF

function [6].

Triggered by the shear stress of flowing blood, VWF initiates the

primary response to injury by recruiting platelets to the collagen

matrix of the endothelium [7,8]. Under conditions of low hydrody-

namic forces, VWF adopts a globular structure that gets elongated

upon surpassing shear rates at the scale of 103s−1 [8]. Here, the VWF

A1 and A3 domains connect VWF to collagen [1] (Figure 1A) and the

former binds to platelets via the interaction with the glycoprotein

(GP)-Ibα receptor [7]. The tensile forces acting on the VWF multimer

increase the binding affinity between A1 and GPIbα, independent of

the shear rate and VWF elongation [9].

In contrast to these noncovalent force responses of VWF, the

dynamics of the covalent binding states given by the disulfide con-

nectivity, as a response to tensile forces from flowing blood, remain

largely unknown. It is established that disulfide bonds drive VWF

multimerization and protect it from unfolding under the influence of

shear in the flowing blood [1]. Consequently, improper disulfide

pairing is related to dimerization [10,11] and multimerization defects

[12], as well as to the structural rearrangement and gain of function of

the domain A1 [13]. Beyond conferring structural integrity, disulfide

bonds have been recently discovered to directly participate in he-

mostatic functions. Thiol-disulfide shuffling has been suggested to

mediate VWF multimer size [14], oligomerization [15,16], and platelet

binding [17]. Moreover, the autoinhibition of VWF for the binding of

platelets, initiated by A1–A2 interdomain interactions, is controlled

by a disulfide bond switch in the VWF A2 domain [18]. In addition,

blockage of free thiols in VWF has been reported to interfere with its

binding to collagen [19]. Beyond VWF, other extracellular proteins

involved in hemostasis are mechano-redox controlled. The shear-
dependent (de)adhesion of integrin αIIbβ3 to fibrinogen is an

example of this [20]. Fibrinogen itself exists in a multitude of force-

responsive covalent forms which dynamically exchange to drive

fibrin polymerization [21].

Although the importance of cysteine redox states and disulfide

connections has been recognized, structural data on the major di-

sulfide bonded domains C and D have only very recently become

available [2,16,22,23]. In particular, VWF contains 6 C-domains and

the C-terminal cysteine-knot dimerization knot domain, which are

rich in disulfide bonds (Figure 1A). Accordingly, a mechanistic and

quantitative view on redox regulation as well as the role of force for

such domains is currently lacking. We here focus on resolving the

atomistic principles of disulfide bond reduction of the C4 domain of

VWF. C4 plays a direct adhesive role as an anchoring point for

platelets [24] and is the only C-domain, along with C6 [25] and the

cystine-rich knot domain [26], whose structure has been experimen-

tally determined (in the case of C4 by nuclear-magnetic resonance

spectroscopy (NMR) [2]. C4 is a small 85-amino acid domain

composed of 2 flexible subdomains, SD1 and SD2, and is structurally

stabilized by 5 disulfide bridges (Figure 1B). It contains an integrin-

binding RGD motif at the tip of the first β-hairpin in the SD1 sub-

domain, where it can connect to the platelet integrin receptor αIIbβ3

[1]. The C4 domain and, most importantly, the loop containing the

RGD motif are topologically protected from mechanical unfolding by a

set of disulfide bonds [2].

In this study, we asked if the redox states of inter-cysteine di-

sulfide bonds in C4 dynamically regulate the presentation of RGD to

platelets, which is one of the key functions of VWF. We addressed

this question by integrating atomistic simulations with biochemical

assays.
2 | METHODS

We determine the redox state of human VWF-C domain disulfides by

liquid chromatography and mass spectrometry, from either human

blood samples or recombinant VWF. To investigate the consequences

of the C2570A and C2528A substitutions for VWF-C4’s ability to bind



F I GUR E 1 VWF-C4 domain: (A) Scheme of the VWF monomer,

highlighting the position of the C4 domain. Platelet glycoprotein

Ibα, integrin αIIbβ3, and collagen binding domains are indicated. (B)

up: Cartoon representation of VWF-C4 (85 residues, 2493-2577 of

the VWF sequence) according to its NMR structure [2]. The C4

integrin-binding motif (RGD, residues 2507-2509) and the 5

disulfide bonds are represented as sticks and spheres, the two

subdomains (SD1 and SD2) are differentiated by color. (B) down:

scheme of the VWF-C4 domain labeling the 5 disulfide bonds

according to the overall VWF-C domain topology [3] (amino acids

are also indicated).
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platelet integrin, a platelet adhesion study was performed. Molecular

dynamics (MD) simulations of the VWF-C4 domain were carried out,

in its fully oxidized (FO) state and in 5 more situations with one of the

disulfide bonds removed (1-4, 2-8, 6-9, 7-c, or b-10) (Figure 1). Sim-

ulations were performed under equilibrium conditions and applying

force on the protein-termini, mimicking the elongational tension this

domain would experience in the flowing blood (Figure 2). Additional

quantum mechanics/molecular mechanics (QM/MM) simulations were

carried out to study the disulfide bond exchange occurring upon the

attack of the free sulfur 2 to the 1-4 bond, as this reaction can decide

on the propensity of the RGD motif for binding to platelet integrins.

See experimental and simulation details in the Supplementary

Methods [27–59].
3 | RESULTS

3.1 | Tension-dependent conformations of the

VWF-C4 domain with reduced disulfide bonds

C4 contains 10 cysteines, which have all been disulfide bonded in

NMR structures [2] (Figure 1B). Fully oxidized, these bonds structur-

ally stabilize C4, ensuring its ability to withstand the external shear

force of the bloodstream (which in our simulations are represented by

the external pulling forces acting on the termini of C4) and thereby

guaranteeing its capacity to optimally bind to platelets via the inter-

action with integrin. Reduction of these bonds may alter the structural

integrity of the C4 domain affecting integrin (and thus platelet)

binding. Disulfide bond reduction would also leave free thiols as re-

action products, opening up the possibility of disulfide exchange.

Hence, we first investigated the effect that the redox state of the

disulfide bridges has on the conformation of the VWF-C4 domain

under tension. We performed at least 10 force-probe MD simulations

for each redox state (including the FO configuration) by pulling the

termini of C4 away from each other, exerting different forces of �50,

�100, and �500 pN (Figure 2). We monitored the separation between

the termini as a function of time (Figure 2A).

As expected, the 5 (oxidized) disulfide bonds prevented the

elongation of C4 upon the application of force. Only the termini were

stretched, resulting in a maximum inter-termini separation of �7.9 nm

(for a pulling force of 500 pN). Opening the disulfide bonds which are

located solely within the SD2 subdomain, namely, 6-9, 7-c, or b-10,

resulted in similar elongation lengths as for the FO protein. This is

reflected in similar conformations for the FO, 6-9, 7-c, and b-10 cases

(the ribbon structure snapshots are shown in Figure 2B).

In contrast to this, we observe major unfolding in all 10 individual

simulations if bond 1-4 is reduced and a force of 500 pN is applied. At

lower forces and within the simulation time scale of �100 ns, only

intermediate elongations of �12.9 nm were observed upon reduction

of the 1-4 bond (8 cases at 100 pN and 1 case at �50 pN out of n = 10

simulations for each force). The geometry of the unfolding process is

depicted in Figure 2B, cases 1-4a (full unfolding) and 1-4b (partial

unfolding, β-hairpin structure near sulfur 4 still completely intact).

Here, the application of force led to a complete flattening of the

β-hairpin containing the RGD motif upon unfolding for all forces but

only for 500 pN we also see a dismantling of the double β-hairpin

structure present in SD1 into a single β-hairpin, namely the one car-

rying the bond 2-8 (state 1-4b in Figure 2). The final unfolding length

in this case is �15.9 nm for the entirety of C4.

For 2-8, at a lower force regime, only a residual stretching of the

termini was observed, with an elongation similar to the FO case (state

2-8b in Figure 2). The strength of the β-strand within SD1, formed

between sulfur 4 and 6, was sufficient to protect the structure from

unfolding even in the absence of disulfide bond 2-8. The simulation

time scale (�100 ns) limited the observation of full force-induced

opening conformational transitions for 50 pN and 100 pN. To over-

come this issue, we applied a high force of 500 pN. In this case,

reduction of bond 2-8, which connects SD1 and SD2 triggered a major



F I GUR E 2 Tension-induced elongation of the VWF-C4 domain upon disulfide bond reduction. A: Elongation of the C4 domain under force

was measured by the distance between termini (Dtt), in the fully oxidized case (FO) and after reducing the indicated disulfide bond upon

application of a constant force F (different force values depicted with a different color). B: Examples of structures at the instants indicated with

the magenta dots in A are displayed (SD1 region: gray; SD2 region: purple; RGD motif: red; closed disulfide bonds: yellow, reduced disulfides:

orange). At the right, a scheme of the protein highlighting the disulfide bonds is included.
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unfolding event, resulting in final elongations of �11.5 nm (Figure 2B,

2-8a).

Note that in our simulations, we tested the effect of reduction of

either disulfide bond, separately. From our data, it is reasonable to

assume that if both 1-4 and 2-8 bonds are reduced at the same time,

their unfolding effect adds up causing a complete flattening of the

entire SD1 subdomain. All observed elongations are comparable to

previously reported values [19]. Thus, force impacts the secondary

and tertiary structure of the C4 domain, provided that either disulfide

bond 1-4 or 2-8 is reduced.
3.2 | C4 disulfide bonds 1-4 and 2-8 are partially

reduced

The reduction of the 1-4 and 2-8 bonds induced large unfolding of C4.

In addition, cysteines 1, 4, 2, and 8 have already been observed as free

thiols in C4 [17]. Thus, we asked for VWF-C4 in human blood if the 1-

4 and 2-8 bonds could partially exist in a reduced state and if that is

the case whether the reduction of these could cause meaningful al-

terations in C4’s function. Accordingly, we investigated the redox

state of C4’s disulfide bonds in the plasma of 10 healthy human do-

nors ex vivo, using mass spectrometry (Figure 3A). Although the 2

bonds were predominantly oxidized, a small fraction of the 1-4 and 2-

8 bonds was on average 3.4% and 2.7% reduced in the population of

the VWF molecules, respectively. This result indicates that the C4

domain disulfide bonds 1-4 and 2-8 indeed have the potential to be

labile. We were not able to detect reduced peptides for the other 3
disulfide bonds, but cannot fully exclude their presence in human

blood. Taken together, we have experimental evidence for 2 partially

reduced disulfide bonds in C4, 1-4, and 2-8, which is consistent with

previous research [17].

Note that it is very likely that among the approximately 1012

molecules of healthy human donor VWF, both disulfide bonds are

reduced in some molecules, one or the other bond is reduced in other

molecules, and both are oxidized in some molecules, although our

analysis is unable to determine the oxidation state of individual

molecules.

In addition, we have measured the redox state of the Cys2499-

Cys2533 and Cys2528-Cys2570 disulfide bonds in the plasma of 5

patients with heart failure receiving extracorporeal membrane

oxygenation support and in patients not receiving this mechanical

assistance (see Table S2). The redox states of the bonds were within

the same range in both patient groups, indicating that this external

stimulus does not appreciably change the states of these C4 disulfide

bonds.
3.3 | Genetic ablation of either 1-4 or 2-8 bond

impairs platelet immobilization

In blood, the strained 1-4 and 2-8 bonds also exist in a reduced state

(Figure 3A) and C4 undergoes pronounced unfolding transitions under

such conditions (Figure 2). These 2 observations led us to ask if the

C4-disulfide lability has functional consequences. To this end, we

examined the effect of ablating these bonds on platelet adhesion.



F I GUR E 3 Disulfide bonds 1-4 and 2-8 in the VWF-C4 domain are partially reduced in blood and their genetic ablation impairs engagement

of the C4 RGD motif with platelet integrin under fluid shear conditions. A: Reduction state of C4 disulfide bridges in healthy human donors.

Shown is the percentage of reduced bonds for each patient (dots), the mean value of all patients (green and blue bars) as well as the standard

deviation on the mean (black error bars). See above the scheme of the C4 indicating the location of these 2 bonds. B: Washed human platelets

were perfused over VWF matrices at a shear rate of 1000 s−1 for 3 minutes. Examples of rolling and stationary platelets between 60 seconds

and 70 seconds of perfusion are shown for the wild-type protein and the variants with either the 1-4 or the 2-8 removed by alanine

substitution of the cysteines. C: Percentage of rolling and stationary platelets as a function of time of perfusion is displayed (mean ± SEM of 4

biological replicates). All p-values were assessed by 1-way Kruskal–Wallis test with Dunnett’s multiple comparisons post-hoc compared with

wild-type.
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Accordingly, the 1-4 or 2-8 disulfides were eliminated by mutating

both cysteines of the bond to alanines. The wild-type and mutant

proteins were expressed in human embryonic kidney cells and

collected from conditioned medium. The redox states of the C4

domain disulfides of the recombinant proteins were measured to

ensure that elimination of either one of the C4 bonds did not change

the redox state of the other one or other C-domain bonds in general.

The disulfide status of recombinant wild-type and C4 domain disulfide

mutants was very similar (Supplementary Figure S2). Moreover, the

redox state of the recombinant proteins was comparable to human

plasma VWF (Figures 3A and 7 and Supplementary Figure S2). Thus,

mutations did not alter the redox state of other C-domains.

Washed resting human platelets were perfused over VWF

matrices at a shear rate of 1000 s−1 and the number of stationary and

rolling platelets was measured at 30-second intervals (Figure 3B).

Elimination of either the 1-4 or 2-8 VWF-C4 disulfide bond resulted in

significantly more rolling and fewer stationary platelets (Figure 3C).

Therefore, the 1-4 and 2-8 VWF-C4 disulfide bonds need to be intact

for efficient engagement of the C4 RGD motif with platelet αIIbβ3

integrin.

Note that addition of the blocking anti-αIIbβ3 monoclonal anti-

body Reopro (n = 1) resulted in an increased number of rolling

platelets on wild-type VWF but no change in the VWF disulfide mu-

tants (Supplementary Figure S3). This data supports our conclusion

that the impaired engagement of αIIbβ3 with the C4 RGD motif is due
to the C4 disulfide mutations independent of the GP1bα-VWF A1

interaction.

Our MD simulations provided a molecular explanation for this

reduction in platelet binding affinity. Without the stabilizing 1-4 bond,

application of an external force, mimicking the elongational tension

C4experiences due to the shear of the flowing blood [1,60], increased

the probability of flattening the β-hairpin containing the integrin-

binding RGD motif (see the non-zero probability for the angle θ �
180◦ when the force was not 0 in Figure 4A, left). From a geometric

standpoint, this conformation is not likely to be optimal for binding as

indicated by the β-hairpin opening angle and Ramachandran plot for

the 3 amino acids of the RGD motif. In addition, we compared the

RGD motif backbone torsion angles observed in the simulations (after

full expansion) with those measured in X-ray structures of RGD-

containing ligands bound to integrins. The angles observed in the X-

ray structures are close to those sampled in the force-free simulations,

but this situation changes upon application of force. Especially, the

ARG and ASP angles calculated in the simulations are increasingly

distributed far from the experimental references as the pulling force

increases. Considerable deformation of the RGD motif thus un-

dermines optimal binding of integrin (and thereby of platelets) to the

VWF mutant lacking the 1-4 bond.

The same argument cannot be applied to the mutant with bond 2-

8 eliminated. Reducing this bond displayed no major effect on the

conformation of the RGD binding β-hairpin (Figure 4B). In this case,



F I GUR E 4 Alteration and accessibility of the RGD motif under force reduce binding to integrin of 1-4 and 2-8 reduced VWF-C4 variants. A:

Bond 1-4 is reduced. RGD β-hairpin angle formed by Cys2499 (1), Gly2508 (G) of the RGD domain, and Cys2533 (4) (see scheme) (left panels), as

well as Ramachandran angles Φ and ψ for the RGD motif (right panels), were recovered from simulations with the bond 1-4 reduced, under

different forces (see labels at different horizontal panels). Cartoons at the top exemplify the folded (α � 30o) and unfolded (α � 180o)

conformations of the RGD-containing β-hairpin (SD1: gray; SD2: purple; RDG motif: red, and cysteines: yellow). 13 orange dots in the

Ramachandran plots represent angles taken from X-ray structures of RGD peptides in complex with integrin [74]. B: The model of the complex

formed by VWF-C4 (grey and purple) and αIIbβ3 integrin (green) was predicted by the alphafold (top-left cartoon). Right of it, snapshots of C4 with

the 2-8 bond reduced in folded and unfolded configurations are presented. The three panels below show the average number of clashes, C, of the

heavy atoms of the C4 subdomains with the backbone atoms of integrin. C was calculated separately for SD1 (left panel) and SD2 (middle panel)

and shown as a function of the applied force. The clashes of subdomain SD1 were also weighted by those of SD2 according to C(SD1)/(1 + C(SD2))

and subsequently averaged (right panel). Colors differentiate the three considered oxidation states of the 2-8 bond along with the conformation of

C4. FO folded = fully oxidized C4 domain in the folded state, 2-8 folded = C4 domain with bond 2-8 reduced, before unfolding has taken place, 2-8

unfolded = C4 domain with bond 2-8 reduced, after unfolding has taken place. In all cases, time averages ± SEM are presented.
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the existent 1-4 bond is sufficient to stabilize the RGD β-hairpin.

However, as soon as the connection between the second β-hairpin of

SD1 (carrier of cysteine 2) and the subdomain SD2 is broken, an

increased propensity to occlude the RGD binding β-hairpin is

observed, as explained in the following. We predicted the conforma-

tion of the complex formed by αIIbβ3 integrin and the VWF-C4

domain using alphafold [46,47] (Figure 4B, top-left cartoon). Note

that alphafold’s sole input is the primary structure of both proteins, ie,

no further structural data were provided. Separately, the predicted

structures of C4 and integrin were almost identical to the

experimentally-determined ones, with a root mean square deviation of

0.45 nm for C4 (compared with the NMR structure [2] with PDB ID

6FWN) and 0.09–0.40 nm for integrin (compared with the X-ray

structure [61] with PDB ID 3T3P, 0.09 nm for chain A and 0.4 nm for

chain B). Thereafter, we fitted randomly selected conformations of C4

to the predicted alphafold structure, by overlaying the RGD β-hairpin.

We carried out this fitting procedure, separately for conformations of

C4 in its FO state, or with the 2-8 bond reduced, either in folded or

unfolded configurations (Figure 4B, top-right cartoons) (see detailed

explanation of the fitting procedure in the Supplementary Methods).

Upon reduction of 2-8, the second beta-hairpin of SD1, which

carries sulfur 2, gets into close contact with the RGD β-hairpin, an

effect that would not occur if the second β-hairpin was still connected

to SD2 by the 2-8 bond (Figure 4B, top-right cartoons). We investi-

gated the effect this may have for the interaction of C4 with integrin
by measuring clashes between the backbone atoms of integrin and the

heavy atoms of the VWF-C4 SD1 subdomain. The reduction of the 2-8

bond and subsequent unfolding under force increased the number of

clashes compared with the case of an FO and folded C4 as well as for a

C4 domain with reduced 2-8 bond that is still folded (Figure 4B,

bottom left panel). The predicted number of clashes between the SD2

subdomain and integrin displayed the opposite trend, ie, less clashes

were observed when 2-8 was reduced (Figure 4B, bottom middle

panel). In nature, these SD2 clashes could easily be alleviated upon

binding by the large hinge-flexibility of the C4 domain [2]. But this

flexibility cannot be incorporated in our docking and fitting procedure,

so a high number of SD2 clashes just indicates a fit of lower quality.

Accordingly, to correct for this limitation, the clashes of SD1 were

weighted by those of SD2, assigning a higher weight to conformations

in which the number of clashes of SD2 was low (Figure 4B, bottom

right panel). Reassuringly, this weighting did not modify the original

trend regarding the number of clashes between SD1 and integrin

upon reduction of the 2-8 bond. From this analysis, we suggest 2-8

reduction hampers integrin–VWF C4 binding by steric hindrance.
3.4 | C4 undergoes disulfide bond shuffling

The reduction of either the 1-4 or 2-8 disulfide bonds results in the

free thiols, which by getting into proximity could attack still-formed



F I GUR E 5 VWF-C4 undergoes disulfide bond shuffling: (A) Representative tandem mass spectra of the ASPENPCLINECVR peptide. The

accurate mass spectrum of the peptide is shown in the inset (observed [M + 2H]2+ = 771.85620 m/z and expected [M + 2H]2+ = 771.85560 m/z).

(B) High performance liquid chromatography resolution of the C4 domain ASPENPCLINECVR peptide containing the C2528-C2533 (2-4) disulfide

bond (cysteines underlined at the peptide sequence).
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disulfide bonds. We tested this hypothesis ex vivo. VWF was immu-

noprecipitated from healthy donor plasma, digested with chymo-

trypsin and trypsin, peptides resolved by high performance liquid

chromatography, and analyzed by mass spectrometry (see methods

for details). The C4 domain ASPENPCLINECVR peptide containing the

Cys2528-Cys2533 (2-4) disulfide bond was identified with very high

confidence (p = 0.00066) (Figure 5). In addition to this new bond

formed inside C4, the free cysteine 1 (C2499) established a bond with

the cysteine C2494 (C3-10) of the neighbor C3 domain, as reflected

by identification of the CLPSACEVVTGSPR peptide (Supplementary

Figure S5). Consequently, disulfide bonds undergo intra-C4 and C3-

C4 interdomain disulfide bond swapping.

We investigated the molecular origin of the experimentally

observed preferential swap. Proximity between free thiols has been

suggested to be a key factor for disulfide bond swapping [62]. We

tested if, under the application of force, the inter-sulfur distances in

SD1 changed after the reduction of 1-4 or 2-8 bond. We found that

indeed, for the resulting 4 cases, inter-sulfur distances shifted

considerably toward lower distance values upon force application of a

force of 500 pN (Figure 6A). The same general effect could not be

observed with low forces, presumably owing to insufficient sampling.
However, still attacking sulfur 2 maintained the tendency to occupy a

lower distance at a low force of 50 pN or 100 pN in an extra set of

simulations starting from a fully-elongated configuration. Conse-

quently, force, by bringing the free thiol 2 into closer proximity to the

attacked disulfide bond 1-4 appears to be an important factor defining

one of the observed disulfide exchange reactions.

The proximity argument from MD simulations underlined the

important role force plays in bringing free thiols into close proximity.

However, it did not resolve between the specific thiol being attacked. In

particular, the free thiol 2 approached with similar probability both cys-

teines 1 and 4, while in mass spectrometry only binding to cysteine 4

couldbeverified (Figure5). To compare the involved free energy changes

of these swaps, we carried outQM/MMsimulations usingmetadynamics

anddensity-functional tight binding for theQMregion.We concentrated

on the attack of sulfur 2 on the 1-4 bond (Figure 6B), as this reaction can

decide on the propensity of the RGD motif for binding to platelet integ-

rins (see Figure 6B-C). Figures 6B and C depict the two-dimensional

projection of the free energy surface and a simplified energy scheme,

respectively, determined from a series of exchange reactions between

sulfur 1, 2, and 4. While the transition barriers are equally high for both

exchange options, the local minimum of configuration 2-4 lies



F I GUR E 6 Force-mediated proximity along with thermodynamic affinity explains specific disulfide bond shuffling in VWF-C4. (A) Inter-

sulfur distance probability distributions when either cysteine 4 or cysteine 2 is unpaired. Distance is presented for the indicated 4 sulfurs that

could pair, under equilibrium (gray) and forced (blue shades) conditions. See all inter-cysteine distances in Supplementary Figure S4. A

schematic representation of the possible thiol-disulfide exchange pathways is indicated at the inset. (B) Free energy surface for the attack of

the 2 free thiols to the 1-4 bond determined from quantum mechanics/molecular mechanics calculations (situation depicted at the bottom

panels in A). The x- and y-axes represent the inter-sulfur distance. Here, an external force of 166 pN was applied to the C4 termini. (C) Energy

minima and transition barriers extracted from (B), the black line marks the average result of all meta dynamics simulations. Error bars represent

SEM. Transition states are indicated with red dots. The energy minimum of 2-4 is significantly lower than those of 1-2 and 1-4, p < .02.
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significantly lower than those of all other permutations, a result that

aligns very well with the experimental findings and that suggests 2-4 to

be thermodynamically preferred over 1-2.
3.5 | Beyond C4: All VWF-C domains are partially

reduced

Motivated by the analysis of C4, we finally studied the prevalence of

reduced disulfide bonds in the entire VWF-C domain family.
F I GUR E 7 Redox states of 17 VWF-C domain disulfides in 10 healthy

bonds that have been analyzed for redox state are colored in green. Blue do

and errors are mean ± S.E.M.
Accordingly, the redox state of 17 disulfide bonds in the 6 C-domains

was quantified (Figure 7). All 17 bonds were predominantly oxidized in

10 healthy human donors (Figure 7). A small fraction of these bonds,

however, were on average 1%–5% reduced in the population of the

VWF molecules. Interestingly, the observed frequency of bond

reduction increases from C1 to C6 with greater proximity to the

cysteine-rich knot of the VWF. The 7-10 bond in C5 and C6 show the

highest fraction of reduced VWF molecules, namely 6.5% and 7.3%,

respectively. Consequently, not only C4 but all VWF-C domains have

the potential to be labile.
human donors (5 males and 5 females, aged 22-58 years old). The 17

ts are experimentally measured in individual donor blood. The bars



KUTZKI ET AL. - 9
4 | DISCUSSION

In this study, we investigated the structural and functional conse-

quences of disulfide bond breakage and exchange for the VWF-C4

domain by molecular simulations; mass spectrometry; and platelet

binding assays, in equilibrium and under force. We started our analysis

with the observation that an FO C4 domain is crosslinked by disulfides

to an extent that locks the domain in a folded force-unresponsive

state (Figure 2). Partial reduction of specific bonds, however,

enabled large conformational changes, thiol/disulfide exchange re-

actions, and mechano-redox regulations of integrin binding.

Two of the 5 disulfide bonds present in C4, namely, 1-4 and 2-8,

both located at the SD1 sub-region (Figure 1) displayed a distinct

behavior. Previous mass spectroscopy experiments [17] as well as our

experiments showed these 2 bonds to be reduced in the blood

(Figure 3A). Their process of reduction itself is possibly catalyzed by a

reducing agent, such as glutathione, or a redox enzyme, such as

protein-disulfide isomerase [11]. In addition, we find these 2 bonds to

play a critical role in the structural integrity of the C4 domain, as their

reduction leads to force-mediated distortions in the secondary and

tertiary structures of the C4 domain (Figure 2). Hence, our combined

findings provide evidence for the existence of at least 2 reduced redox

states within the VWF-C4 domain and point toward a dramatic

conformational alterations of this domain by the action of mechanical

forces, such as those originating from the shear of the flowing blood,

upon reduction.

The main biological function of the C4 domain is the reinforce-

ment of platelet binding by the interaction of its RGD motif with the

platelet integrin receptor αIIbβ3. Platelet binding assays revealed a

decrease in integrin-binding capacity for VWFs where either the 1-4

or 2-8 bond was erased through mutation (Figure 3B, C). Our MD

simulations link this reduction in binding ability (compared with the

wild-type VWF) to a force-enhanced flattening (1-4) or steric occlu-

sion (2-8) of the RGD β-hairpin (Figure 4). Thus, our data show that

reduction of these 2 specific disulfide bonds does not merely desta-

bilize the C4 domain, but more importantly, compromises its main

function of anchoring platelets to VWF in a force-dependent manner.

It is important to note that we cannot exclude other redox states of

C4, involving the other disulfide bridges. Our mass spectrometry

analysis allowed the detection of only 2 of 5 bonds in their reduced

state, and we followed up on these 2 in our subsequent mutagenesis

study. Our MD simulations highlight the role of 1-4 and 2-8 bonds in

keeping the C4 topology intact, and thus hint at their extraordinary

role in regulating C4 function, but a similar role cannot be excluded

for the other C4 bonds.

The GP1bα–VWF A1 interaction is characterized by a fast

dissociation rate that cannot support irreversible platelet adhesion.

Platelets tethered only via this interaction rolling constantly in the

direction of the fluid flow. This transient interaction allows the

establishment of additional bonds primarily with αIIbβ3 integrin via

the VWF C4 RGD motif that results in transition from rolling to stable

platelet adhesion [24]. We could not measure the speed of the rolling

platelets in our system, although this is expected to be governed by
the GP1bα-VWF A1 interaction. These interactions predominantly

occur with VWF tethered to endothelium or exposed collagen, which

is an extended configuration that exposes the binding sites. In addi-

tion, the soluble globular VWF is not expected to bind circulating

platelets due to masking of binding sites. Moreover, because resting

platelets were used for all microfluidic flow assays, the platelet

interaction with the wild-type C4 domain does not require fully active

αIIbβ3 integrin. We cannot rule out, however, that some platelet

activation occurred because of the mechanical stresses associated

with platelet preparation. The current evidence is that αIIbβ3 integrin

adopts a range of configurations between fully closed and fully open

that has a corresponding range of affinities for fibrinogen, and likely

also for VWF [63]. Whether VWF binds to αIIbβ3 in a resting or active

conformation, therefore, probably does not have a binary answer.

Blockage of free thiols has been reported to interfere with the

binding of VWF to collagen [19] and to platelets [17]. Moreover, the

methionine oxidation of VWF can regulate the protein’s force

response and vice versa [64,65]. Furthermore, autoinhibition of the

VWF for the initial binding of platelets is controlled by a disulfide

bond in the VWF A2 domain [18]. Our study identifies the key mo-

lecular transitions in C4 that alter VWF-integrin binding. It thereby

provides a structural and dynamic molecular explanation of how me-

chanical and redox stimuli jointly control VWF function. We propose

that high levels of oxidative stress, eg, in the form of reactive oxygen

species, decrease stable integrin-mediated platelet binding, whereas

high amounts of shear forces in blood push VWF into a less adhesive

state under high oxidative stress conditions. In this scenario, pro-

cesses with elevated oxidative stress levels, such as inflammation or

immune response, could corroborate thrombotic disorders. Such

mechano-redox crosstalk is emerging as a common theme also for

other extracellular proteins such as integrins [20] or fibrinogen [21].

Disulfide bond reduction leads to the introduction of free thiols

that could promote disulfide bond exchange. In fact, our mass spec-

trometry findings demonstrate the formation of a new intra-C4 bond,

between the cysteines 2 and 4 (Figure 5), as well as across domains C3

and C4, between cysteine 10 of C3 and cysteine 1 of C4

(Supplementary Figure S5). Interestingly, disulfide bond swapping in

the C2 domain is involved in VWF oligomerization [15]. It would be

highly interesting to test if intermolecular disulfide swapping across

C3 and C4 domains occurs between different VWF multimers. It

would thereby promote VWF network formation and in this way

complement non-covalent VWF assembly under shear conditions [66].

It has been recently shown that the VWF A1 domain still can bind to

GP1bα even in the absence of its constraining disulfide bond [13,67].

However, C4 and A1 have very different structural folds. In particular,

in C4, the Cys2499-Cys2533 bond directly protects the integrin RGD

binding site, whereas, in A1, the disulfide bond constrains the whole

domain. We thus think that the mechanism by which disulfide bond

reduction alters the interaction of these domains with the platelet

receptors is different.

The mechanochemistry of disulfides has been intensively studied

[68,69]. Intramolecular thiol/disulfide exchange, catalyzed by me-

chanical force, has remained difficult to be observed in biological
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systems. Instead, disulfide bond swapping is considered to require

enzymatic catalysis eg, by PDI [11,70]. To our knowledge, direct

observation of a non-enzymatic exchange has so far only been

possible for an immunoglobulin domain engineered for this purpose

[68]. Here, we show that the reduction of VWF in a stretched

conformation brings specific thiols (thiol 2) close enough to one of the

exchange candidates (1-4) so that swapping can occur (Figure 6A).

Proximity between the free sulfur and the attacked bond has indeed

been suggested to be a key factor mediating disulfide-bond exchange

[62,71–73]. Also, from an energetic point of view, the attack of the

free thiol 2 on either bonded sulfur 1 or 4 is similarly likely, although a

slightly increased preference for 2-4 was observed (Figures 6B–C).

The formation of the experimentally validated 2-4 bond would leave

the RGD binding β-hairpin unprotected and prone to unfolding under

the influence of external force, akin to the situation we observed

when 1-4 was reduced (Figure 4A). Thus, reduced integrin (and

therefore platelet) binding of C4 due to complete flattening of the

RGD binding site of VWF could also be a result of 2-8 to 2-4 disulfide

bond exchange.

Resting platelets were used in all microfluidic flow assays. Our

data imply that platelet interaction with the C4 domain does not

require fully active αIIbβ3 integrin. We cannot rule out, however, that

some platelet activation occurred as a result of mechanical stresses

during platelet preparation. The current evidence is that αIIbβ3

integrin adopts a range of configurations between fully closed and

fully open that have a range of affinities for fibrinogen, and likely also

for VWF [74]. Whether VWF binds to αIIbβ3 in a resting or active

conformation, therefore, probably does not have a binary answer.

Our mass spectrometry data confirm the widespread occurrence

of partially reduced disulfide bonds across all 6 C-domains (Figure 7).

Interestingly, the extent of reduction of disulfide bonds overall

increased from the C1 to the C6 domain close to the C-terminal

cysteine-knot. Homologous to C4, the C3, C5, and C6 domains exhibit

partially reduced 1-4 bonds, suggesting pronounced force-induced

unfolding of the N-terminal loop of these domains, with potential

implications of stem formation [75].

In summary, we here establish the molecular determinants gov-

erning dynamic changes in the topology of VWF-C4’s disulfide bonds

and the functional consequences of these changes on integrin-

mediated platelet binding. Beyond structural integrity, mechano-

sensitive disulfide bond redox control emerges as a prominent

mechanism for the regulation of VWF function.
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GROMACS: high performance molecular simulations through multi-

level parallelism from laptops to supercomputers. SoftwareX. 2015;1-

2:19–25.

[31] Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. Lincs: a linear

constraint solver for molecular simulations. J Comput Chem.

1997;18:1463–72.
[32] Miyamoto S, Kollman PA. Settle: an analytical version of the SHAKE

and RATTLE algorithm for rigid water models. J Comput Chem.

1992;13:952–62.
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