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Abstract11

The von Willebrand disease (vWD) is the most common hereditary bleeding disorder, caused by12

defects of the von Willebrand Factor (vWF), a large extracellular protein in charge of adhering platelets13

at sites of vascular lesion. vWF carries out this essential homeostatic task, via the specific protein-14

protein interaction between the vWF A1 domain and the platelet receptor, the glycoprotein Ib alpha15

(GPIBα). Upon the vWF activation triggered by the shear of the flowing blood. The two naturally16

occurring mutations G1324A and G1324S at the A1 domain, near the GPIBα binding site, result in17

a dramatic decrease of platelets adhesion, a bleeding disorder classified as type 2M vWD. However, it18

remained unclear how these two supposedly minor modifications lead to this drastic phenotypic response.19

We addressed this question using a combination of equilibrium-molecular dynamics (MD) and non-20

equilibrium MD-based free energy simulations. Our data confirm that both mutations maintain the highly21

stable Rossmann fold of the vWF A1 domain. These mutations locally diminished the flexibility of the22

binding site to GPIBα and induced a conformational change that affected the nearby secondary structure23

elements. Furthermore, we observed two significant changes in the vWF A1 domain upon mutation, the24

global redistribution of the internal mechanical stress and the increased thermodynamic stability of the25

A1 domain. These observations are consistent with previously-reported mutation-augmented melting26

temperatures. Overall, our results support the idea of thermodynamic conformational restriction of A1—27

before the binding to GPIBα—as a crucial factor determining the loss-of-function of the G1324A(S) vWD28

mutants.29
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dynamics simulations, free energy calculations, protein conformation, thermodynamic stability.31

Introduction32

The von Willebrand factor (vWF) is a multimeric plasma protein responsible for the binding and aggregation33

of platelets to sites of vascular injury during the first line of response against bleeding, known as primary34

hemostasis.1,2 VWF arranges into monomers composed by several protein domains: D’D3, A1, A2, A3, D4,35

C1 to C6, and CK (figure 1A). These domains interact with various biomolecular partners. Importantly,36

the A1 domain interacts with the platelet glycoprotein IBα (GPIBα), collagen with A1 and A3, integrin37

with C4, and the coagulation factor VIII with D’D3, among other interactions.3,4 Two vWF monomers38

dimerize at the CT/CK terminal domains via disulfite-bonds.5,6 Moreover, these dimers form polymers39

which are assembled, compacted and stored in the trans-Golgi.6 Upon release to the blood stream, vWF40

becomes sensitive to hydrodynamic shear due to its large size reached upon polymerization. Accordingly,41

vWF undergoes shear-stress-driven reversible transitions from a globular to a stretched conformation, causing42

the exposure of hidden binding sites and therefore its activation. These transitions occur at physiological43

shear-stresses typically found in venules and arteries of the order of 10 dyn/cm2 to 50 dyn/cm2.2,7, 8 The44

activated vWF recruits platelets at sites of injury an thereby promotes the formation of plugs to stop bleeding45

(Figure 1A).6,9
46

The malfunctioning of vWF causes von Willebrand disease (vWD), the most common inherited bleeding47

disorder with a prevalence of 0.6 to 1.3% in the population.1,10,11 The severity of the disease ranges from48

severe to mild bleeding.1 VWD is usually classified in three main types according to quantitative (Type 149

and 3) or qualitative (Type 2A, 2B, 2M and 2N) defects on vWF.12 Of particular interest are the qualitative50

defects increasing (2B) or decreasing (2M) the binding affinity to the platelet receptor GPIBα, without51

affecting blood levels of the vWF-multimers.52

Two naturally occurring mutations, G1324A and G1324S (Figure 1C) are associated to the impairment53

of the vWF interaction platelet receptor GPIbα, causing vWD type 2M. These two mutations locate at the54

vWF A1, near the binding site of GPIBα. They significantly reduce vWF-platelet adhesion while maintaining55

the same vWF multimer level.13 Recent experiments have shown that the introduction of these mutations56

vastly increases the platelet-vWF dissociation rate and enhanced thermodynamic stability of the vWF A157

domain.14 Interestingly, the structure of the vWF-A1 G1324S mutant was not found to significantly deviate58

from the native A1 structure.14 Despite of the wealth of this information, the molecular mechanism by which59

these two mutations disrupt the vWF function are yet to be resolved.60

The effect of naturally-inherited mutations on the activity of vWF has been intensively studied (for a61

comprehensive review see15). Quantitative characterization of the phenotypic response of VWD mutants62

is abundant, including defects in VWF expression and multimerization or the alterations in the binding of63
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GPIBα and platelets. At the molecular level, X-ray crystallography revealed structural rearrangements in64

the A1 domain due to gain-of-function14 or loss-of-function16 mutations. Furthermore biochemical assays,65

e.g. by Tischer et al.,14,17,18 provided detailed thermodynamics and kinetic data regarding the interaction66

of A1 with GPIBα and its alteration due to mutations. Recently, force spectroscopy and platelet binding67

assays also demonstrated that two type gain-of-function vWD mutants alter vWF activity by destabilizing68

or disrupting the flanking auto-inhibitory modules of A1.19–21
69

Molecular dynamics (MD) simulations have also contributed enormously, not only to understand the70

functionality of several vWF domains, but also to the comprehension of vWF genetic disorders.8,21–35 MD71

revealed key aspects of the interaction of A1 with GPIBα ,28,36 the force-mediated auto-inhibition of this72

interaction imparted by the neighbor flanking regions,22,23,27–29 and the effect post-translational modifi-73

cations has in controlling VWF-platelet interactions.23,37 MD also characterized the interaction of DNA74

with the A1 domain, hindering the binding to platelets.38 In conjunction with free energy calculations, MD75

simulations also identified the mechanism of increased cleavage of the neighbor domain to A1, namely A2,76

due to an inherited disease-related mutation24 and the effect of methionine oxidation on the auto-inhibitory77

interaction between A1 and A2.37
78

Here, we use MD simulations and non-equilibrium MD-based free energy calculations to investigate the,79

so far lacking, molecular mechanism behind the loss-of-function vWD mutations G1324A and G1324S. Our80

simulations demonstrate that these two mutants alter the local flexibility of the mutation site near the81

GPIBα binding region, and more extensively influence the conformation of neighboring secondary elements82

near the binding site and globally redistribute the mechanical stress of the entire A1 domain. Free energy83

calculations show that these two mutants thermodynamically stabilize this domain, with the obtained free84

energy changes correlating very well with the urea-induced melting temperatures measured experimentally.14
85

Our data is thus consistent with a mechanism in which mutation-induced thermodynamic restriction of the86

A1 domain limits its binding to GPIBα and thereby reduces the binding of vWF to platelets.14 The used87

computational approach also constitutes the basis for the quantitative assessment of the thermodynamic88

stability of vWD-related A1 mutants.89

Materials and Methods90

Molecular Dynamics91

MD simulations of the vWF A1 domain in isolation were conducted, starting from its experimentally de-92

termined structure (protein data bank code 1AUQ39). Three systems were considered: A1 in its wild type93

(WT) form and A1 with introduced mutations G1324A or G1324S. The mutations were introduced with94

Pymol.40 All the simulations were performed using the package GROMACS, version 2018.3,41 with the95

following combination of force fields: Amber99SB*ILDN for proteins,42,43 TIP3P 44 model for water and96

Joung parameters for the ions.45 Sodium Chloride was added at a concentration of 0.15 M and counter ions97

3

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 11, 2022. ; https://doi.org/10.1101/2022.03.10.483861doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.10.483861
http://creativecommons.org/licenses/by-nc/4.0/


were also added to neutralize the systems. The systems were minimized for 50000 steps. For each system,98

three replicas starting from the minimized conformation were generated and equilibrated for 10 ns of MD99

with position restraints on the heavy atoms of the protein (elastic constant of 1000kJ/mol/nm2). After100

equilibration, the position restrains were removed and 500 ns for each replica were performed for a total sim-101

ulation time of 1.5µs per system (4.5µs of cumulative unbiased simulation time). The temperature was kept102

at 310K, with velocity-rescaling thermostat,46 and time constant of 0.5 ps. Also, pressure was kept at 1 bar,103

with coupling constant of 1 ps, using the Berendsen barostat.47 The long range electrostatics were treated104

with the particle mesh Ewald (PME) technique.48,49 Short-range interactions were considered through a105

Lennard-Jones potential within a cut-off distance of 1 nm. Bonds involving hydrogen atoms were constrained106

using the LINCS algorithm,50 and bonds and angles of water molecules were treated with SETTLE,51 hence107

allowing the integration of equations of motion at discrete time steps of 2 fs.108

Free Energy Calculations109

MD-based free energy calculations were used to quantify the thermodynamic stability of the vWF A1 domain110

upon mutation. The free energy associated to the folding of the wild type A1 domain (∆G1) and that111

corresponding to the mutated A1 domain, either G1324A or G1324S (∆G2), were subtracted: ∆∆G =112

∆G1 − ∆G2. ∆∆G was determined according to the thermodynamic cycle presented in Figure 5A, by113

computing the difference in free energy due to the mutation in the unfolded (∆G3) and the folded (∆G4)114

states: ∆∆G = ∆G1−∆G2 = ∆G3−∆G4. Accordingly, a positive value of ∆∆G, i.e. ∆G1 > ∆G2, implies115

that the mutant is thermodynamically more stable than the wild type A1 domain.116

Thermodynamic integration was used to transition from the wild type (WT) to the mutant (MUT)117

states. A variable λ couples the Hamiltonian of the two states, such that H(λ = 0) = HWT and H(λ =118

1) = HMUT .52 The work associated to the transition is computed as WWT→MUT =
∫ 1

0
∂H
∂λ dλ. Subsequently,119

the work distribution associated to the forward transition WT→MUT (PWT→MUT (W )) and the reverse120

transition MUT→WT (PMUT→WT (W )) were computed to thereby calculate the free energy ∆G by using121

the Crooks fluctuation theorem:53
122

PWT→MUT (W )

PMUT→WT (−W )
= eβ(W−∆G), where β = 1/(kBT ) , (1)

with kB the Boltzmann constant, and T the temperature. Accordingly, the Bennett acceptance ratio123

(BAR) as a maximum likelihood estimator, proposed by Shirts et al.54 was used to derive the ∆G from the124

distribution of the non-equilibrium simulations. Assuming equal number of forward and reverse transitions,125

the BAR maximum-likelihood is expressed as follows:126

〈
1

1 + eβ(ω−∆G)

〉
WT→MUT

=

〈
1

1 + e−β(ω−∆G)

〉
MUT→WT

. (2)

Here, 〈〉 denotes ensemble average. Finally, the uncertainty of ∆G was calculated by bootstrapping,127

4

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 11, 2022. ; https://doi.org/10.1101/2022.03.10.483861doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.10.483861
http://creativecommons.org/licenses/by-nc/4.0/


solving equation (2) 100 times from randomly selected forward and reverse transitions.128

600 conformations of folded vWF A1, obtained from the MD equilibrium simulations, served as starting129

structures for the non-equilibrium transitions. Hybrid topologies needed for thermodynamic integration were130

obtained with the pmx tool.52 The starting conformations were equilibrated for 1 ns at either λ = 0 or λ = 1131

state. Transformations between λ = 0 to λ = 1 were of 400 ps in length. The end state of this simulations132

served as starting systems of an equilibration stept of 1 ns without position restraints and the further133

backwards transition. Similarly, three replicas of the tripeptide GXG (with X corresponding to Gly, Ala or134

Ser) were considered as representatives of the unfolded state. The use of tripeptides as reference to assess135

the thermodynamic stability of protein domains is common practice and has given very reasonable results in136

the past.55 400 conformations were taken from 500-ns equilibrium MD simulations as starting positions for137

the forwards and backwards calculations. Non-equilibrium free energy simulations were performed with the138

GROMACS 4.6 version with an integrated soft-core potential function.56 The final free energies and their139

associated uncertainty were estimated using the pmx implementation.57
140

Molecular Dynamics Analysis141

Root mean square fluctuations (RMSF) were sampled every 10 ns (153 values per residue) to calculate average142

and standard mean errors. Principal component analysis (PCA) was used to quantify global changes in the143

conformation of the A1 domain. The covariance matrix was computed with the trajectories of the three144

replicas of the WT domain, considering the residues 1278 to 1333, which encompass the binding site to145

GPIB-α plus the neighboring secondary structure elements. The space defined by the PCA eigenvectors146

was used to project the corresponding trajectories of the wild-type protein and of the mutants G1324A147

and G1324S too. Additionally, experimentally reported structures of vWF A1 domains, containing loss-148

of-function (PDB id. 5BV8 ),14 or gain of function (PDB id. 4C29 and 4C2A) mutations,16 and the149

wild type vWF A1 domain bound to the GPIBα receptor (PDB id. 1SQ0)58 were also projected over the150

same PCA space. Force distribution analysis59 was used to compute inter-residue pair-wise forces (every151

10 ns for a total of 150 uncorrelated data points). The difference in the average pair-wise force between152

the mutants (G1324A(S): MUT) and the wild type systems were computed for each residue pair (i, j)153

(∆F (i, j) = FWT (i, j) − FMUT (i, j)). Accordingly, statistically significant pair-wise forces were presented154

(significance determined by a t-test, considering the N=150 uncorrelated data points).155
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Results156

vWD type 2M mutations G1324A(S) diminished amino acid flexibility but only157

locally158

We first monitored local changes on flexibility of the the vWF A1 domain due to the mutations G1324A and159

G1324S, in unbiased MD-simulations. To this end, we assessed the root mean square fluctuation (RMSF)160

for each residue of the protein (Figure 2). The RMSF of isolated vWF A1 domain confirmed the highly rigid161

structure of the A1 domain, imparted by its Rossmann fold. The core beta sheet surrounded by the helical162

elements displayed RMSFs below 0.1 nm. Moreover, the connecting loops also displayed reduced flexibility163

(RMSFs< 0.2 nm). Accordingly, the flexible termini presented large RMSF values. When focusing on the164

region near the mutation G1324, a reduction in RMSF of residues H1322 and D1323 was observed for the165

mutants, having G1324S the more marked effect (see inset of Figure 2). Except from this very localized166

change, near the mutation site, the mutations hardly changed the RMSF-per-residue pattern (Figure 2).167

Thus, mutations G1324A and G1324S modify the amino acid positional fluctuations but only locally near168

the mutation site.169

vWD type 2M mutations G1324A(S) changed conformation of a broad region170

covering the GPIBα binding site171

We next checked if the mutants had a more global effect on the conformation of the vWF A1 domain.172

Accordingly, PCA was performed on the positions of residues 1284 to 1330, a region which covers the B1,173

B2, and B3 strands, along with the α-helix H2 (Figure 3, top). This region covers the immediate vicinity of174

the mutation site, importantly the GPIBα binding site at the strand B3. The first three principal components175

(PC) accounted for 33.84% of the total positional variance of the selected region (The collective movements176

associated with them are depicted in the upper section of Figure 3). The movements associated with PC 1177

and 3 showed a translation of helix H2 apart from B1, thereby pulling with it the loop H1-B1. Interestingly,178

this loop that has been reported as key part for the binding to GPIBα.58 The MD trajectories were projected179

onto these three PCs and the distributions of these projections were plot separately for the WT and the180

mutant cases in Figure 3. The conformations explored by the mutants projected on this reduced PC space181

showed a high overlap between them, but only a partial overlap with the conformations sampled by the wild182

type counterpart (compare orange and green distributions with blue histogram in Figure 3). Consistently,183

projections of experimentally determined structures of vWF A1 WT (black),39 gain-of-function mutants184

(grey),16 and vWF A1 bound to the platelet receptor GPIBα (purple)58 showed a shared conformational185

space with the simulated vWF WT A1 domain. This is contrary to the loss-of-function mutant G1324S,14
186

which was shifted towards the conformational space explored by the mutants G1324A(S) in the PC 1 and187

3 (Figure 3). Hence, the conformation of the region encompassing the GPIBα binding site was globally188
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changed by the two vWD type 2M mutations.189

Mechanical stress redistribution caused by type 2M mutations G1324A(S)190

Beyond structural changes highlighted in previous sections, we analyzed the redistribution in mechanical191

stress suffered by the vWF A1 domain due to the G1324A(S) mutations. For this, we used force distribution192

analysis (FDA).59 With FDA, we retrieved the difference in pair-wise force of the mutants minus that of the193

WT protein, for each residue pair (i, j), i.e. ∆F (i, j) = FWT (i, j)−FMUT (i, j). Accordingly, positive ∆F (i, j)194

indicates increased pair-wise forces between residue pairs in the wild type domain, while negative ∆F (i, j)195

indicates reduced pair-wise forces for the mutants. Figure 4 shows the pair-wise forces upon mutation, which196

hints to a global redistribution in mechanical stress compromising neighboring β-strands B1, B2, B3, and197

α-helices H2, but even reach more distant parts from the mutated point such as helices H4 and H6. The198

protein segments involved in force redistribution upon mutation thus extend to a broad region of the protein,199

beyond the point mutations site.200

G1324A and G1324S mutants increase thermodynamic stability of the vWF A1201

domain202

After examination of the changes in structure, dynamics and mechanical stress due to the G1324A and203

G1324S mutants on A1, we conducted free energy calculations to quantify the impact of these mutations on204

the thermodynamic stability of this domain. Such calculation was possible by considering the thermodynamic205

cycle presented in Figure 5A. This cycle allowed to compare the folding free energy of the vWF A1 mutant206

(∆G2) with that for the wild type protein (∆G1), by computing the energy required to mutate the wild-207

type vWF A1 domain, in either its unfolded ( ∆G3) or folded ( ∆G4) state. We used thermodynamic208

integration to extract the non-equilibrium work associated to the wild-type to the mutant transition (or209

vice versa) for the folded domain in 600 transitions (work distributions in Figure 5C) and for a tripeptide210

GGG representing the unfolded vWF A1 WT protein in 400 transitions (work distributions in Figure 5C).211

By using BAR suited for non-equilibrium free energy calculations,54 implemented in pmx,57 it was possible212

to estimate the free energy combining both forward and reverse work distributions. The absolute values213

obtained for ∆G3 compare well with the pre-computed values from the pmx data base, of 47.32 ± 0.25214

kJ/mol for glycine to alanine and 7.46 ± 0.31 kJ/mol for glycine to serine, using same force-field as that of215

our calculations,57 thus validating our free-energy calculation protocol. The results obtained for the folded216

case, i.e. of ∆G4, are shown in the Figure 5C). The calculation of ∆∆G, by subtracting ∆G4 from ∆G3,217

yielded 3.12± 0.58 kJ/mol for G1324A and 5.73± 0.22 kJ/mol for G1324S. Both are positive ∆∆G values218

indicating that both mutants thermodynamically stabilize the vWF A1 domain. Our estimates correlate219

well with the urea-induced melting temperatures obtained previously experimentally 14 (Figure 5B).220
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Discussion221

We here studied the naturally-occurring mutants G1324A and G1324S associated with the vWD type 2M.222

By a combination of equilibrium MD simulations and non-equilibrium free energy calculations we assessed223

the changes in structure, dynamics, mechanical stress, and thermodynamic stability of the vWF A1 domain224

due to these mutations.225

The vWF A1 domain was found very robust and maintained its structural stability despite of the mu-226

tations as expected from its Rossman Fold. The mutations G1324A and G1324S restricted the residue227

flexibility, but only locally for two residues near the mutation site, while the fluctuations of the rest of the228

protein remained largely unaltered (Figure 2). Nevertheless, PCA, of a region including the GPIBα binding229

site, i.e. strand B3 and loop H1-B2, and neighbor β-strands B1 and B2 and α-helix H2, showed a shift230

between the conformations explored by both mutants and the wild type protein (Figure 3). These confor-231

mational changes were accompanied by a mechanical-stress redistribution upon mutation of G1324 which232

extended way beyond the mutation point (Figure 4). Experimentally reported gain-of-function mutations233

of the vWF A116 or variants bound to the platelet receptor GPIBα with high-affinity 58 coincided with the234

conformations explored by the vWF A1 wild type, while the low affinity variants17 towards conformations235

explored exclusively by the mutants (Figure 2). Thus, our observations support the idea that the here stud-236

ied loss-of-function mutations alter the conformation and internal mechanical stress of a large portion of the237

vWF A1 domain and that this alteration occurs prior the binding to GPIBα.238

The structural and mechanical changes observed here due to the introduction of the mutations could be239

also related to either over- or under-stabilization of the A1 domain. To test which of the two was the case,240

we assessed quantitatively the thermodynamic stability of the vWF A1 domain upon mutations, by using241

MD-based free energy calculations. The thermostability of the A1 domain was analyzed in terms of the242

unfolding process described in Figure 5. Our calculations yielded changes in the unfolding free energy ∆∆G243

of 3.12 ± 0.58 kJ/mol for G1324A and 5.73 ± 0.22 kJ/mol for G1324S (Figure 5C). Hence, our calculations244

demonstrate that both mutations G1324A and G1324S thermodynamically stabilize the A1 domain, with245

the latter one displaying the largest perturbation. Our results correlate very well with the experimentally246

reported urea-induced melting temperatures for the indicated mutants14 (Figure 5B). Overall, our study247

supports the mechanism proposed by Tischer et al.14 of mutation-induced thermodynamic conformational248

restriction of A1 limiting its binding to GPIBα, as the molecular mechanism governing the impaired function249

of these two vWD type 2M mutants.250

The computational approach employed here appears very useful to systematically study the effect of251

vWD related mutations.60 In particular, the A1 domain appears as an excellent candidate for an in silico252

mutational scan, similar to that previously done for other proteins ,55,61,62 but here aiming at assessing253

the connection between thermodynamics stability of the A1 domain and its main function of binding to the254

GPIBα platelet receptor.255
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Conclusion256

In summary, here we have computationally studied two naturally-occurring mutations of the von Willebrand257

factor that reduce its ability to bind platelets. Our calculations demonstrate that the two mutants thermo-258

dynamically stabilize the vWF A1 domain restraining it in a reduced sub-optimal conformational state for259

the binding to the GPIBα receptor. It will be highly interesting to exploit the computational approach used260

here in future studies to understand the effect of the other many vWD related mutations.261
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Figure 1: Scheme of von Willebrand factor (vWF) and type 2M disease mutations G1324A and

G1324S. A. An injured blood vessel exposes its collagen fibrils. Triggered by the shear of the flowing blood,

VWF unfolds to bind to the exposed fibrils and thereby recruit platelets at the site of injury. B. vWF

is composed of several domains which are exposed by the action of the shear flow. Collagen binds to the

A1 and A3 domains, whereas platelets bind to the A1 domain, via the interaction with the Glycoprotein

IBα (GPIBα). C. (Left) VWF-A1 domain bound to the platelet receptor GPIBα is shown (binding sites

highlighted in blue and orange, respectively). X-ray structure is shown (PDB id. 1SQ058). The mutation

site G1324 is highlighted in green. (Right) Chemical representation of the 1324 amino acid Gly and the vWD

type 2M loss of function mutations Ser and Ala.
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Figure 2: Root mean square fluctuations (RMSF) for each residue of the vWF A1 domain, is

presented for the wild-type WT (blue), G1324S (orange) and G1324A (green) mutants. The mutation point

is specified with a vertical green line, and the binding site to GPIBα framed in a grey area. The inset is an

enlarged view of the region including the binding site to GPIBα and 24 preceding residues.

Figure 3: Principal component analysis of the vWF A1 domain (Up) Three main collective movements

of the vWF A1 domain retrieved by principal component analysis are considered. Residues 1284 to 1330 are

highlighted in light and marine blue. The arrows indicate their movements with reference to the average

structure depicted in wheat color in the background. (Down) Histogram of projections of MD trajectories

onto the three principal components (PC 1, PC 2, and PC 3). WT, G1324A, and G1324S are represented

in blue, green and orange respectively. Reported structures of the wild type vWF A1 domain (black); A1

mutants with either gain-of-function (grey) or loss-of-function (red), and A1 bound to GPIBα(purple) were

also projected.
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Figure 4: Force distribution analysis of the vWF A1 domain. The circle span the A1 sequence, from

the N-terminus at 0 0 to the C-terminus at 360 0. Positions along the sequence of helices (H1 to H6) ad β

strands (B1 to B6) are indicated. G1324 position is also highlighted with a red circle and and arrow. Pair-wise

force for the mutants G1324A(left) and G1324S (right) minus that of the vWF A1 wild type (WT) domain

is presented as lines connecting two points (two residues) of the circle (sequence). Pairs with a statistically

significant difference (p-value< 0.01) and a force difference surpassing the threshold of 70 kJ/mol/nm were

considered. Stronger pair-wise forces for the WT protein with respect to either mutant G1324A or G1324S

(up) or vice versa (down) are presented.
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Figure 5: Thermodynamic stability of the vWF A1 domain analyzed by free energy calculations.

A. Thermodynamic cycle used to assess the thermodynamic stability of the vWF A1 domain upon mutations.

The horizontal arrows depict the folding process of the vWF A1 and the associated free energy ∆G in that

process: wild type (up: WT; ∆G1) and the mutants G1324A or G1324S (down: MUT; ∆G2). The vertical

arrows depict the alchemical transformation from the WT residue (glycine) to the mutated residue (either

alanine or serine), for an unfolded tripeptide GXG (X=Gly, Ala or Ser), mimicking the unfolded state of

the A1 domain (left; ∆G3), and for the folded vWF A1 (right; ∆G4). The indicated ∆∆G is evaluated.

Positive ∆∆G values indicate that the mutant is thermodynamically more stable than the wild type A1

domain. B. Calculated ∆∆G as function of the experimental urea-induced melting temperature from14 is

presented. C. Non-equilibrium Work recovered from thermodynamic transformation of the tripeptide GXG

(bottom panels) or the vWF A1 domain (top panels) from the wild-type residue glycine to the mutated

forms, either alanine (left) or serine (right). Work values are indicated for the forward transition, glycine

to mutant (green) and minus work values for the backward transformation, mutant to glycine (blue). Work

values are shown in the left panels and the resulting work distributions from them in the right panels. The

intercept of the distributions (horizontal dashed line) corresponds to the free energy change for the folded

protein ∆G4 or the tripeptide ∆G3. ∆∆G is evaluated as the difference ∆G3 −∆G4.
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