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Abstract

The hemostatic function of von Willebrand factor is downregulated by the metalloprotease ADAMTS13, which cleaves at
a unique site normally buried in the A2 domain. Exposure of the proteolytic site is induced in the wild-type by shear stress
as von Willebrand factor circulates in blood. Mutations in the A2 domain, which increase its susceptibility to cleavage, cause
type 2A von Willebrand disease. In this study, molecular dynamics simulations suggest that the A2 domain unfolds under
tensile force progressively through a series of steps. The simulation results also indicated that three type 2A mutations in
the C-terminal half of the A2 domain, L1657I, I1628T and E1638K, destabilize the native state fold of the protein.
Furthermore, all three type 2A mutations lowered in silico the tensile force necessary to undock the C-terminal helix a6 from
the rest of the A2 domain, the first event in the unfolding pathway. The mutations F1520A, I1651A and A1661G were also
predicted by simulations to destabilize the A2 domain and facilitate exposure of the cleavage site. Recombinant A2 domain
proteins were expressed and cleavage assays were performed with the wild-type and single-point mutants. All three type
2A and two of the three predicted mutations exhibited increased rate of cleavage by ADAMTS13. These results confirm that
destabilization of the helix a6 in the A2 domain facilitates exposure of the cleavage site and increases the rate of cleavage
by ADAMTS13.
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Introduction

The multimeric and multi-domain protein von Willebrand

factor (VWF) is essential to mediate adhesion of platelets to the site

of vascular injury under high shear stress conditions like in arteries

and arterioles [1,2]. The A1, A2 and A3 domains of VWF have

been recently studied intensively because of their critical role in the

function of this protein. The A3 domain binds to the exposed

subendothelium when a vessel injury has occurred, anchoring the

VWF multimer. Then, the high shear generated by rapidly flowing

blood activates VWF [3]. In particular, the A1 domain binds to

platelet surface receptors glycoprotein Iba and this interaction has

been shown to be strengthened by tensile force [4,5]. A necessary

element for proper physiologic function however is the secretion of

so called ultralarge VWF multimers which are more active in

binding to platelets than smaller VWF proteins [6]. This

mechanism is counteracted by the metalloprotease ADAMTS13

which cleaves a scissile bond contained in the A2 domain of VWF

[7], thus converting ultralarge VWF into smaller forms.

ADAMTS13 is also a multi-domain protein and the interaction

of its constituent domains with VWF is still an area of investigation

[8]. Shear stress present in flowing blood is responsible for

stretching the VWF protein and exposing the proteolytic site of the

A2 domain such that ADAMTS13 can dock and cleave it. Taken

together, shear stress is essential to activate VWF but at the same

time it triggers its downregulation; this constitutes a very refined

mechanism optimized to prevent the formation of blood clots

where they are not needed.

This delicate blood coagulation mechanism can become out of

balance when one of its constituent elements fails. For example,

absence or malfunction of ADAMTS13 causes the disruption of

the downregulation mechanism of VWF. This ultimately leads to

pathologic thrombus formation and occlusion of atherosclerotic

arteries which poses a life threatening risk [9]. On the other hand,

mutations in the A2 domain are clinically known to cause

excessive cleavage leading to the bleeding disorder called type 2A

von Willebrand disease [10,11]. The exact mechanism by which

type 2A mutations alter the stability of the A2 domain and increase

its susceptibility to ADAMTS13 cleavage has not been elucidated

yet at the molecular level, although the structure and function of

this protein have been investigated by numerous experimental

studies [12].

The structure of the A2 domain solved through X-ray

crystallography [13] presents a similar fold as the neighboring

A1 and A3 domains, i.e., a central b sheet consisting of six strands

surrounded by mainly a helices (Figure 1). However, the A2
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domain presents only five instead of six a helices because

a relatively long unstructured loop replaces the fourth helix

(numbered from the N-terminus) at the analogous location in the

folds of A1 and A3. This region is thus termed a4-less loop [13]. In

this manuscript, the same numbering for helices and strands is

used as in a previous study [13] (Figure 1). Buried inside the

protein is the proteolysis site (residues Tyr1605-Met1606) located in

the b4 strand. Several single molecule force spectroscopy studies

have shown that tensile forces exerted by rapidly flowing blood

onto VWF are able to unfold the A2 domain. Furthermore,

ADAMTS13 can cleave the A2 domain only if it is denatured [14–

16]. However, no study has reported so far how mutations alter

the mechanical regulation of the A2 domain thereby enhancing or

decreasing its susceptibility to ADAMTS13. In particular, the

absence of a disulfide bond linking the N-terminus of the protein

with the C-terminal end of helix a6 suggests that this region might

be sensitive to tensile force. This disulfide bond is present in the

homologous A1 and A3 domains and might be responsible for

their higher thermodynamic stability [17] and mechanical re-

sistance [16] compared to the A2 domain.

In this study, the effects of type 2A mutations located near the

C-terminal helix of the protein were investigated by a combination

of molecular dynamics simulations and cleavage experiments.

Mutations were excluded which introduced an obvious disruption

of the native state, i.e., mutating a hydrophobic residue into

a charged side chain or vice versa. In total, three single point

mutations linked to type 2A von Willebrand Disease, L1657I [18],

I1628T [19,20] and E1638K [21,22], were selected for this study.

Molecular dynamics analysis was used to characterize the effect of

mutations onto the structural stability of the A2 domain with and

without applied tensile force. The computational results were then

validated against an ADAMTS13-induced cleavage assay using

mutagenesis and protein engineering. A thorough structural

understanding of the regulation of the A2 domain is essential to

guide structure-based computational drug design [23] and

discover novel therapeutic molecules to treat von Willebrand

disease or thrombogenic illnesses.

Results

Analysis of the native state
In order to understand whether type 2A mutations alter the

kinetic stability of the native state of the A2 domain, room

temperature (300 K) simulations were run with the wild-type and

the three single point mutants L1657I, I1628T and E1638K

(Figure 1). All three mutations are clinically known to cause type

2A von Willebrand disease. In total, 12 simulations were run at

300 K, three for each mutant and the wild-type (Table 1).

The simulations were first compared with the available

crystallographic data in order to check for convergence. The Ca

root mean square deviation (RMSD) from the initial conformation

remained below 2 Å during the course of all simulations at 300 K

with the wild-type and the mutants (Figure 2a). This indicates that

the mutations did not significantly alter the overall fold of the A2

domain during the time course of the room temperature

simulations. Also, the Ca RMSD of helix a5 (which contains

E1638K) and helix a6 (near which the mutation sites L1657I and

I1628T are located) remained generally below 1.5 Å in all

simulations (Figure 1 and Figures S1 and S2). This is a further

indication that secondary structure elements are likely conserved

in the structure of the mutants. Most of the total Ca RMSD is

probably accounted for by the motion of the a4-less loop and the

3/10 helix between a3 and b4. In fact, these regions fluctuate in

the simulations more than the rest of the protein as indicated by

the larger Ca root mean square fluctuations (RMSF) in Figure 2b.

This is in contrast with the crystallographic B-values according to

which the a4-less loop and the 3/10 helix are much stiffer in the

crystalline state than in the simulations (Figure 2b). This

Figure 1. Tertiary and secondary structure of the A2 domain. (A) Stereoview of the A2 domain X-ray structure (PDB code 3GXB). The
backbone of the proteolysis site is indicated in red and the rest of the protein is colored according to secondary structure elements with a helices in

purple, 310 helices in blue, b strands in green and turns in cyan. The side chains of Tyr1605 and Met1606, which are part of the cleavage site, and of the

mutation sites Leu1657, Ile1628 and Glu1638 are drawn in the ball and stick representation. The three mutation sites are also indicated by blue circles.
The labeling of a helices and b strands is the same as in reference [13]. (B) Secondary structure sequence. The cleavage site and the location of the
three type 2A mutations investigated here are indicated. This figure was created with VMD [49].
doi:10.1371/journal.pone.0045207.g001
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discrepancy is probably due to contacts between the two molecules

found in the crystallographic unit and between neighboring cells.

In general, there is qualitatively good agreement between the

simulations and the crystallographic data concerning backbone

flexibility (Figure 2b) validating that the runs sampled the

conformational space of the folded state.

The trajectories were further analysed to estimate whether the

three type 2A mutations cause a local destabilization of the A2

domain. Two types of analysis were performed for this purpose.

First, statistical comparison of the Ca RMSF of the C-terminal

helix, a6, revealed the presence of larger fluctuations in the

simulations with the L1657I and I1628T mutants compared with

the wild-type simulations (Figure 3a). No statistically significant

differences were observed with the E1638K mutant across the

protein (data not shown). Second, the interaction energy between

the mutated side chains and the rest of the protein or the rest of the

simulated system (protein and bulk) was averaged over the

sampled trajectories in order to detect local changes in enthalpy

due to the mutations. For all of the mutants, there was an increase

in the total interaction energy compared to the wild-type

(Figure 3b) indicating that the mutations are enthalpically

unfavorable. The side chains of residues Leu1657 and Ile1628 are

located in a hydrophobic core which is shielded from the solvent

by the C-terminal helix (Figure 1). Thus mutating these side chains

is likely to cause a destabilization of the hydrophobic packing

(Figure 3b). On the other hand, the mutation E1638K, located on

the surface of helix a5 (Figure 1), introduces a positively charged

side chain next to Arg1641, which is probably the reason for the

higher coulombic energy (Figure 3b). It can be concluded that the

mutations cause a local kinetic destabilization of the A2 domain

native state, although the mechanism of destabilization might be

different for E1638K than for L1657I or I1628T. The calculation

of the interaction energy and of the Ca RMSF has been previously

successfully used to identify stabilizing mutations in the C-terminal

region of designed ankyrin repeat proteins [24,25].

Tensile force induced unfolding simulations
Starting from snapshots sampled during the 300 K runs,

simulations were performed with an applied tensile force aimed

at stretching the protein. The C-terminus of the A2 domain was

pulled at constant velocity from the N-terminus whose coordinates

were held fixed (see ‘‘Materials and Methods’’). Three runs were

started for each of the mutants and the wild-type, for in total 12

simulations (Table 1). The goal was to understand whether the

mutations lower the force resistance of the A2 domain. The

advantage of constant velocity versus constant force pulling

simulations is that in the former the force ramps up until

a breaking event occurs, after which the force usually drops. In this

way, it is possible to monitor the presence of kinetic barriers in the

force-induced unfolding pathway. Generally, if pulling is per-

formed slowly enough, the direction of force is not relevant.

Nonetheless, one simulation was performed where the N-terminus

was pulled and a qualitatively similar sequence of events was

observed as pulling from the C-terminus (Figures 4 and S3).

General description of the unfolding pathway. In gener-

al, the sequence of major events during unfolding was qualitatively

similar between the simulations with the wild-type and mutants

and was characterized by several rupture events which corre-

sponded to peaks in the time series of the tensile force (Figure 4a).

Secondary structure elements of the protein unfolded sequentially

starting from the C-terminus leading to exposure of the proteolytic

site (Figures 4b and 5, and movies S1 and S2). The first major

force peak coincided with undocking of the second N-terminal

turn of the C-terminal helix a6 (Figures 4a, b and 5a). This was

followed by undocking of strand b6 (Figure 5b), unfolding of helix

a5 (Figure 4c), undocking of strand b5 (Figure 5c) and finally

pulling of strand b4 where the cleavage site is located (Figure 5d).

This event caused full solvent exposure of the backbone of residues

Tyr1605 and Met1606 which is known to be cleaved by ADAMTS13

(Figure 4d). The simulation was stopped after this point, because

unfolding of the rest of the protein is probably not necessary for

the proteolytic process. Until rupture of b4, the N-terminal part of

Table 1. Simulation systems.

Name Starting structure Type 2Aa Tensile forceb Duration [ns]

WT_1,2,3c Wild-type, PDB code 3GXB 3640

L1657I_1,2,3c L1657I X 3640

I1628T_1,2,3c I1628T X 3640

E1638K_1,2,3c E1638K X 3640

WT_pull_1,2,3c WT_1 (10 ns), WT_2 (10+20 ns)d X 3655

L1657I_pull_1,2,3c L1657I_1 (10 ns), L1657I_2 (10+20 ns)d X X 3625

I1628T_pull_1,2,3c I1628T_1 (10 ns), I1628T_2 (10+20 ns)d X X 3625

E1638K_pull_1,2,3c E1638K_1 (10 ns), E1638K_2 (10+20 ns)d X X 3625

F1520A_1,2,3c F1520A 3640

I1651A_1,2,3c I1651A 3640

A1661G_1,2,3c A1661G 3640

F1520A_pull_1,2,3c F1520A_1 (10 ns), F1520A_2 (10+20 ns)d X X 3625

I1651A_pull_1,2,3c I1651A_1 (10 ns), I1651A_2 (10+20 ns)d X X 3625

A1661G_pull_1,2,3c A1661G_1 (10 ns), A1661G_2 (10+20 ns)d X X 3625

aThe mutation induces type 2A VWD. bTensile force was applied by pulling the C-terminus at constant velocity from the N-terminus. cThree simulations were started for

the wild-type and each mutant with and without applied tensile force; they are labeled with 1, 2 and 3, respectively. dThe pulling runs were started from snapshots
sampled during the simulations with no tensile force, more specifically after 10 ns of run XXX_1 and after 10 and 20 ns of run XXX_2, where XXX is either WT or one of
the mutations.
doi:10.1371/journal.pone.0045207.t001
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the protein (residues 1497 to 1605) remained in the same

conformation as in the native state whereas the C-terminal part

was unfolded (Figures 4b, e and 5d). The unfolding pathway

presented here is qualitatively consistent with a previous MD study

[26] performed with a model structure of the A2 domain [27]

before the crystallographic structure was known.

Figure 2. General analysis of the 300 K simulations. (A) Time series of the Ca RMSD. (B) Ca RMSF calculated from the 300-K simulations. The Ca

RMSF was calculated using the last 30 ns of in total 40 ns long 300 K simulations and averaged over three runs for each of the mutants and the wild-
type. Solid magenta, green and violet circles indicate Ca atoms contained in a helices, b strands and 310 helices, respectively. Values of RMSF derived
from crystallographic B factors of the Ca atoms (displayed in brown for chain A and turquoise for chain B together with the RMSF from the run with

the wild-type) were calculated using the formula RMSFexpi =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3

8p2
Bi

r
, where Bi is the B factor of the Ca atom of residue i [50].

doi:10.1371/journal.pone.0045207.g002
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Interestingly, the part of the protein comprising residues 1645 to

1668 (which includes strand b6 and the C-terminal helix a6)

became solvent exposed while helix a6 undocked from the rest of

the protein and unfolded (Figures 4a, c and 5a). This region was

identified in a previous experimental study to be the minimum

docking unit of ADAMTS13 [28], and a subset of it (residues 1653

to 1668) was shown to be the recognition site for the spacer

domain of ADAMTS13 [29]. Thus it can be speculated that

unfolding of this region might facilitate docking of the proteolytic

enzyme.

Effect of type 2A mutations on a6 undocking. Two of the

type 2A mutations investigated here, I1628T and L1657I contact

residues in the C-terminal helix a6 (Figure 1). Thus, in order to

understand their effect onto the unfolding pathways, it was

Figure 3. Effects of mutations onto the structural stability of the A2 domain. (A) Ca root mean square fluctuations of the C-terminal helix,
a6, and strand b6. The values are calculated over the last 30 ns of in total 40-ns long room temperature simulations. Averages and standard error of
the means are calculated over three independent runs for each mutant and the wild-type. The values reported next to the error bars are the
correlation factors calculated from a single tailed student t-test. A difference is said to be statistically significant if the correlation factor is not larger
than 0.05, whereas values between 0.05 and 0.10 are referred to as marginally statistically significant. Only correlation factors not larger than 0.10 are
reported. (B) Interaction energy between a mutated side chain and (upper panel) the rest of the system (i.e., solvent and protein excluding the
mutated side chain), or (lower panel) rest of the protein, subtracted from the interaction energy of the wild-type residue.
doi:10.1371/journal.pone.0045207.g003
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necessary to investigate whether they alter the force resistance of

a6 undocking, which is the very first event observed in all

unfolding simulations with the wild-type and mutants (Figure 4a).

Simulations performed with the mutant E1638K were also

included in this analysis. Although the mutation site E1638K is

located distally on a5, it is not excluded that destabilization of helix

a5 could propagate through the adjacent strand b6 to the C-

terminal helix.

Visual inspection of the trajectories with the wild-type revealed

that the force peak observed during a6 undocking coincides with

separation of the side chain of Ala1661 (located in the N-terminal

half of helix a6) from the rest of the protein (Figure 5a). To better

quantify this separation and how the mutations might affect it,

residues were identified which formed native side chain contacts

with Ala1661 (see ‘‘Materials and Methods’’), i.e., Phe1520, Ile1628,

Ile1651, Leu1657 and Pro1662. These amino acids together with

Ala1661 form a hydrophobic core which in the native state is buried

by the C-terminal helix and is thus referred to as the ‘‘C-terminal

hydrophobic core’’ for the purposes of this manuscript. In the case

of the wild-type, solvent exposure of the C-terminal hydrophobic

core (defined as the time point when the solvent accessible surface

area exceeded 50 Å2) always coincided with a sharp drop of the

tensile force (Figure 6a), indicating a major rupture event, i.e.,

separation of a6 from the rest of the protein (Figure 5a). Strikingly,

the force peak at which the C-terminal hydrophobic core became

exposed was smaller in the case of the three mutants compared to

the wild-type (Figure 6b-d). The smaller force peak is marginally

statistically significant for E1638K and L1657I and statistically

significant for I1628T (Figure 6e), indicating that these type 2A

mutations are likely to lower the force resistance of the protein at

least in the initial stages of unfolding.

These results are consistent with the energetic and RMSF

analysis discussed in Section ‘‘Analysis of the native state’’, which

showed that the mutations cause a local destabilization of the

native state of the A2 domain. Thus, a model can be suggested

whereby the type 2A mutations investigated here destabilize the

tertiary structure of the A2 domain, facilitating undocking of helix

a6 under tensile force or even shifting the thermodynamic

equilibrium towards a state where helix a6 is undocked from the

rest of the protein. This facilitates docking of the ADAMTS13

spacer domain and leads to further unfolding of the protein,

making it susceptible to proteolysis through ADAMTS13.

Validation of the a6 undocking mechanism
Further mutations near the C-terminal helix tested in

silico. In order to validate computational predictions in vitro it is

necessary to predict mutants that could exhibit the same

phenotype as the clinically known pathological mutations. The

goal here was to experimentally verify whether destabilization of

the C-terminal helix of the A2 domain leads to an increased

susceptibility to ADAMTS13. For this purpose, the three single-

point mutants F1520A, I1651A and A1661G were analysed

through MD simulations. These mutations are located in the C-

terminal hydrophobic core near a6 (Figure 5a) and are not known

to cause type 2A von Willebrand disease. The same protocol was

Figure 4. Time series of quantities measured during the pulling simulation WT_pull_1. Qualitatively similar unfolding pathways were
observed in all runs with the wild-type and mutants (see Figures S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14). (A) Applied tensile force. Events
observed during the simulations corresponding to force peaks (i.e., sharp increases followed by drops) are indicated. (B) Formation of secondary
structure elements. The colors are explained in the legend on the right. The position of the Tyr1605-Met1606 cleavage site is indicated by a red line and

labeled on the right. (C) Ca RMSD of the two C-terminus proximal helices a5 and a6. (D) Solvent accessible surface area of the Tyr1605-Met1606 cleavage
site. (E) Ca RMSD from the native state for the N-terminal part of the (residues 1497 to 1605) and the C-terminal part of the protein (residues 1606 to
1668). (F) Solvent accessible surface area of the minimum docking unit for ADAMTS13 (residues 1645–1668) identified in a previous experimental
study [28].
doi:10.1371/journal.pone.0045207.g004
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applied as for the type 2A mutations, whereby for each mutant

three simulations were performed under static conditions (i.e., no

tensile force was applied) and another three runs were done where

the terminii were pulled from each other at constant velocity. Plots

of the Ca RMSF (Figure 7a) and calculation of the van der Waals

(vdW) interaction energy (Figure 7b) suggested that the mutations

are likely to destabilize the native state of the A2 domain. Also, the

C-terminal helix of the single-point mutants undocked from the

rest of the protein at a lower force than in the wild-type (Figure 7c).

Thus, the designed mutations might induce a similar effect as type

2A mutations, i.e., destabilization of the A2 domain fold and

subsequent increase in susceptibility to ADAMTS13 cleavage.

Cleavage experiments. A cleavage assay was used in order

to verify that the structural destabilization through mutations

predicted in silico leads to increased ADAMTS13 susceptibility. For

this purpose, recombinant wild-type and mutant A2 domain

proteins were expressed and the rate of ADAMTS13-induced

cutting was measured in the absence and presence of urea as

denaturant. As expected, the wild-type A2 domain was resistant to

cleavage in the absence of denaturant (Figure 8). Of the six single-

point mutants, five (the three type 2A mutations, F1520A and

I1651A) showed susceptibility to ADAMTS13 cleavage in the

absence of urea, although in various degrees (Figure 8). The

mutants I1628T and E1638K were highly susceptible to cleavage

by ADAMTS13 in the absence of urea, and were completely

cleaved within 5 hours. On the other hand, L1657I, F1520A and

I1651A showed moderate cleavage in the absence of denaturant.

In general, the addition of urea increased susceptibility to the

enzyme. Cleavage of the wild-type and mutant A1661G could be

observed only in the presence of urea and both presented similar

cutting rates within statistical significance and measuring accuracy

(Figure 8).

It is interesting to note that the different amount of cutting for

different mutants might be related to the physico-chemical

properties of a particular mutation. The mutants E1638K and

I1628T presented the highest rate of cleavage, probably because

E1638K causes a strong electrostatic repulsion with a vicinal

arginine, whereas I1628T introduces a hydrophilic side chain in

a hydrophobic core. In contrast, the mutants L1657I, F1520A and

I1651A have a relatively low rate of cleavage in the absence of

urea probably because they involve more conservative mutations

as they preserve hydrophobic side chains. Urea accelerates the rate

of unfolding and thus also the rate of cleavage. However, a higher

urea concentration might change the relative cutting rates between

Figure 5. Snapshots along the unfolding pathway of run WT_pull_1 (stereoview). (A) After ca. 10.5 ns the N-terminal part of helix a6

separated. The residues undergoing native side chain contacts with Ala1661 (see ‘‘Materials and Methods’’) and the type 2A mutation sites are
indicated in the ball and stick representation and labeled. The backbone of the Tyr-Met cleavage site is colored in red and its side chains are also
displayed. Carbon atoms are colored in cyan, except those in the type 2A mutation sites which are colored in tan. (B) After ca. 20 ns strand b6 was

pulled out and the side chain of Met1606 in the cleavage site was partially exposed. (C) After ca. 35 ns strand b5 was pulled out and the hydroxyl

group of Tyr1605 side chain became solvent accessible. (D) After ca. 51.5 ns strand b4 was pulled out and the cleavage site (side chains and backbone)
was completely exposed to the solvent.
doi:10.1371/journal.pone.0045207.g005

Structural Basis of Type 2A VWD

PLOS ONE | www.plosone.org 7 October 2012 | Volume 7 | Issue 10 | e45207



the various mutants. For example, the mutant I1628T is cleaved

more easily than the mutants L1657I or F1520A in the absence of

denaturant but no statistically significant difference is observed in

the presence of 1.5 M urea (Figure 8).

Discussion

Through a combination of MD simulations and a cleavage

assay, the present study investigated the unfolding pathway of the

A2 domain under tensile force and how it is affected by mutations

that increase susceptibility to ADAMTS13 cleavage. Pulling

simulations with the wild-type indicated that under tensile force

the C-terminal part of the A2 domain unfolds exposing the

cleavage site while the N-terminal part retains its native state

conformation (Figure 5). Thus only type 2A mutations were

selected that are located in the C-terminal part and do not

introduce an obvious structural destabilization. The investigated

mutations, E1638K, I1628T and L1657I, were found to kinetically

destabilize the native state fold of the A2 domain (Figure 3) and to

lower the force necessary to undock the C-terminal helix a6 from

the rest of the protein (Figure 6). Undocking of a6 is also the very

first event observed during unfolding (Figure 5) and this region is

known to be the recognition site for the spacer domain of

ADAMTS13 [30]. Thus these results suggest that destabilization

of helix a6 might induce a higher susceptibility to cleavage. In

order to test this, three mutations not known to cause type 2A von

Willebrand Disease, F1520A, I1651A and A1661G, were also

predicted in silico to destabilize helix a6. All six single-point

mutants and the wild-type were then tested in a ADAMTS13-

induced cleavage assay. The experiments showed that while the

wild-type is resistant against cutting unless 1.5 M urea were added,

all mutants with the exception of A1661G were cleaved in the total

absence of urea.

The findings reported here for the type 2A mutations are in

better agreement with the clinical phenotype than a previous study

which used the entire VWF protein instead of just the A2 domain

and found that I1628T does not increase cleavage by ADAMTS13

[31]. This indicates that the assay used here is more sensitive to the

effects of mutations than the previous study. However, it would be

interesting to test through single molecule force spectroscopy

experiments, for example using optical [14] or magnetic tweezers

[31], whether the mutation A1661G decreases the force resistance

of the A2 domain as predicted in silico. This would help clarify the

discrepancy between the simulations and the cleavage assay

Figure 6. Analysis of key properties during pulling with the wild-type versus mutants. (A) Time series of the applied force and SASA of the
C-terminal hydrophobic core. The force peak was determined by identifying the time point when the SASA exceeds 50 Å2 and searching for the
highest value of the force within a 400 ps time window. 20-ps running average is indicated in red for the force and in blue for the SASA, respectively.
(B) Mean and standard error of the force peaks corresponding to disruption of the C-terminal hydrophobic core averaged over three simulations (see
also Figures S15 and S16). Reported are the correlation values (p-values) calculated from a single tailed student t-test.
doi:10.1371/journal.pone.0045207.g006
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concerning A1661G. This discrepancy might be related to the

binding specificity of ADAMTS13, which binds to the sequence

between residues 1645 and 1668 of the A2 domain, encompassing

Ala1661 [28]. In fact, previous cleavage experiments with peptide

substrates, consisting of the 78 C-terminal amino acids of the A2

domain, showed that mutations in the sequence between residues

1653 and 1663 reduced the rate of cutting, whereas the wild-type

78 amino acid sequence was readily cleaved [28]. This suggests

that the mutation A1661G might destabilize the A2 domain fold as

predicted in silico, but at the same time it might abolish recognition

by the enzyme, such that cleavage is not observed.

The results from the present study suggest a mechanistic model

for the interaction between the A2 domain and the enzyme

ADATMS13. Studies based on binding assays and mutagenesis

have determined that docking of ADATMS13 domains onto

specific segments of A2 is essential for the proteolytic function

[32]. Thus, unfolding of the A2 domain is necessary not only to

expose the cryptic site but also for proper recognition by

ADAMTS13. The first major event during unfolding is undocking

of helix a6 which is shown here to be facilitated by disruptive

mutations located in its vicinity. Besides exposing part of the

hydrophobic core and facilitating further unfolding, undocking of

a6 allows binding of the ADAMTS13 spacer domain [29]. In fact,

specific residues in the spacer domain have been recognized to

interact with a C-terminal segment of A2 that includes a6 and this

interaction has been determined to be essential for the isolated A2

domain to be efficiently cleaved [33,34]. Unfolding then proceeds

through several intermediates as further a helices and b strands are

pulled one after the other from the native fold (Figure 4). The

presence of intermediate states is likely to reduce floppiness of the

unfolding A2 domain backbone allowing further domains of

ADATMS13 to dock at a relatively lower entropic cost. For

example, the disintegrin-like domain of ADAMTS13 has been

shown to interact with Asp1614 in the a4-less loop of A2 thus

correctly orienting the scissile bond towards the metalloprotease

domain [35]. It needs to be mentioned that additional binding sites

are available to ADAMTS13 in full length VWF because

Figure 7. Analysis of mutations predicted to destabilize the A2 domain. (A) Ca root mean square fluctuations of mutants compared to the
wild-type. The values reported are averages over three runs. The bars indicate the standard error of the mean and the labels are the correlation p-
values from a single-tailed student t-test (mutant versus wild-type). Reported are only p-values which are not larger than 0.1. (B) Van der Waals
interaction energy between a side chain and the rest of the simulated system (i.e., rest of the protein and solvent). Compared are the energy of the
wild-type residue (black) and the mutated side chain (red). The values are averages over three runs using the last 30 ns of in total 40 ns long runs at
300 K under static conditions (i.e., no force was applied). Electrostatic interaction energies are not shown because they are negligible compared to
vdW. (C) Tensile force during exposure of the C-terminal hydrophobic core (see ‘‘Materials and Methods’’ for details about its measurement) in
constant velocity pulling simulations with the mutants compared to the wild-type. The values are averaged over three runs and the standard error of
the mean is indicated by error bars. The correlation p-values from the single tailed student t-test (mutant versus wild-type) are reported.
doi:10.1371/journal.pone.0045207.g007
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disruptive mutations in the spacer domain have been shown to

alter the cleavage rates of full length VWF in a less dramatic way

than the isolated A2 domain [33]. The VWF D4 domain for

example is known to bind to regions of ADTAMS13 outside of the

spacer domain [36]. Nonetheless, the interaction between the

spacer domain and A2 contributes to the proteolytic mechanism

even if it is not essential in full length VWF.

The C-terminal coil of helix a6 presents two adjacent cysteine

residues, Cys1669 and Cys1670, that form a buried disulfide bond. It

has been suggested that this vicinal disulfide bond acts as

a ‘‘molecular plug’’ stabilizing helix a6 [13,32]. A mutagenesis

study showed that removing this disulfide bond increases the

susceptibility of the A2 domain towards proteolysis through

ADATMS13 [37]. This is in agreement with the mechanism

presented here, whereby destabilization of helix a6 triggers

unfolding of the A2 domain and docking of the proteolytic

enzyme.

Crystallographic structures of the A2 domain have been

recently reported that show the presence of a calcium ion in the

vicinity of the cleavage site [15,38]. Although there is consensus in

the literature that calcium reduces cleavage of the A2 domain

through ADAMTS13 [15,38,39], there is conflicting evidence

whether it alters the unfolding pathway of the A2 domain. A

previous molecular dynamics study [38] and single molecule force

spectroscopy experiments [15] suggested that a calcium ion bound

to the A2 domain introduces an intermediate in the unfolding

pathway under tensile force. In contrast, a recent single molecule

force spectroscopy study showed that calcium influences only the

refolding pathway of the A2 domain [39]. The simulations

presented here were performed with a crystallographic structure

which does not contain any bound calcium ion. However, the

binding site of the calcium ion is located distally from the C-

terminus and thus it is not likely to influence the destabilization

mechanism of the C-terminal helix observed here. Furthermore,

the simulations results are in agreement with the cleavage

experiments despite these were performed in the presence of 2

mM of calcium. Thus it can be speculated that calcium might not

significantly affect the unfolding pathway of the A2 domain, but as

pointed out by a recent study [39] it might reduce the amount of

time when the scissile bond is available to ADATMS13 for

cleavage.

Understanding how different mutations affect the stability of the

A2 domain might be relevant also to protein engineering. For

example, the A2 domain could be used as a scaffold in

biotechnological applications where force sensitivity is required.

In this context, it would be interesting to also engineer mutants

that make the A2 domain more resistant to cleavage by increasing

the stability of the C-terminal helix. For example, mutating P1662

in a6 to an alanine or leucine should increase a helical propensity

and improve packing of the hydrophobic core. A previous study

showed that stabilizing the C-terminal helices of designed ankyrin

repeat proteins dramatically increased the thermodynamic stability

of the native state and eliminated an intermediate state in

equilibrium refolding experiments [24,25]. These two studies

together indicate that local stabilization or destabilization of

a protein through mutations can lead to an increase or decrease,

respectively in thermodynamic stability. This is of interest in

particular to protein engineers and it highlights the usefulness of

MD simulations, when fruitfully combined with experiments, in

determining the weaker links in a scaffold.

The present work is the first study which attempts to explain the

increased susceptibility of the A2 domain to ADAMTS13 cleavage

caused by type 2A mutations based on the three-dimensional

structure. This can be helpful to structure based drug design. For

example, a drug targeted at patients suffering of type 2A or

acquired von Willebrand disease should be designed in a way that

it stabilizes the C-terminal helix of the A2 domain. Conversely, an

anti-thrombotic drug molecule should be able to insert itself into

a groove between the C-terminal helix and the core of the protein

in order to favor the undocked conformation of the helix making

the protein more susceptible to proteolysis. Current anti-throm-

botic drugs have the disadvantage that they need to be

administered in large doses to be effective and a patient needs to

be taken off the drugs a few days before a surgery to prevent

excessive bleeding [40]. Better anti-thrombotic therapeutics are

wishful which are more efficient and can be turned off much more

quickly when necessary. Advances in the understanding how VWF

works at atomic level of detail is fundamental to guide structure

based drug design.

Materials and Methods

Simulations
Initial conformations. The simulations with the wild-type

were started from the crystallographic structure with PDB code

3GXB [13]. Mutants were constructed per homology by replacing

the corresponding side chain in the wild-type and subsequently

performing with the program CHARMM [41] 100 steps of

steepest descent minimization in vacuo while the positions of all

atoms except the mutated residue were kept fixed. The online

VWF database of the University of Sheffield (http://vwf.group.

shef.ac.uk) was used to search for type 2A von Willebrand disease

mutations.

General setup of the systems. The MD simulations were

performed with the program NAMD [42] using the CHARMM

all-hydrogen force field (PARAM22) [43] and the TIP3P model of

Figure 8. Cleavage rates of wild-type and mutant A2 fragments
with ADAMTS13. Reported are the initial rates of cleavage expressed
as the percent of A2 fragment cleaved per minute. The error bars
indicate the standard deviation of three independent measurements.
doi:10.1371/journal.pone.0045207.g008
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water. The different simulations systems are summarized in

Table 1. The proteins were inserted into a cubic water box with

side length of 80 Å, resulting in a system with in total ca. 50,000

atoms. In the simulations where a tensile force was applied,

a rectangular water box was used as described in detail below.

Chloride and sodium ions were added to neutralize the system and

approximate a salt concentration of 150 mM. The water

molecules overlapping with the protein or the ions were removed

if the distance between the water oxygen and any atom of the

protein or any ion was smaller than 3.1 Å. To avoid finite size

effects, periodic boundary conditions were applied. After solvation,

the system underwent 500 steps of minimization while the

coordinates of the heavy atoms of the protein were held fixed

and subsequent 500 steps with no restraints. Each simulation was

started with different initial random velocities to ensure that

different trajectories were sampled whenever the same primary

sequence was simulated. Electrostatic interactions were calculated

within a cutoff of 12 Å, while long-range electrostatic effects were

taken into account by the Particle Mesh Ewald summation method

[44]. Van der Waals interactions were treated with the use of

a switch function starting at 10 Å and turning off at 12 Å. The

dynamics were integrated with a time step of 2 fs. The covalent

bonds involving hydrogens were rigidly constrained by means of

the SHAKE algorithm with a tolerance of 10{8. Snapshots were

saved every 10 ps for trajectory analysis.

Equilibration and runs with no tensile force. Before

production runs, harmonic constraints were applied to the

positions of all heavy atoms of the protein to equilibrate the

system at 300 K during a time length of 0.2 ns. For those systems

where mutations were introduced per homology, harmonic

constraints were kept on all heavy atoms except those of the

mutated residue and the neighboring amino acids, and equilibra-

tion was continued for another 2 ns. After this equilibration phase,

the harmonic constraints were released. The runs performed

under static conditions, i.e., with no external force applied lasted in

total 40 ns, and the first 10 ns of unconstrained simulation time

were also considered part of the equilibration and were thus not

used for the analysis. During the equilibration and in all runs with

no tensile force, the temperature was kept constant at 300 K by

using the Langevin thermostat [45] with a damping coefficient of 1

ps{1, while the pressure was held constant at 1 atm by applying

a pressure piston [46].

Constant velocity pulling. The simulations with applied

tensile force were started from snapshots sampled during the runs

with no tensile force described above (see also Table 1). The

protein and a bulk layer of 6 Å were removed from the cubic water

box and placed into a rectangular water box of 160 Å in the

direction of pull and 80 Å in the other two directions. The system

was then equilibrated at 300 K as described above. Positional

restraints were then applied to the coordinates of the Ca atom of

the N-terminus. The Ca atom of the C-terminus was attached

through a virtual spring with a stiffness constant of 2 kcal/mol to

a dummy atom that was pulled at a constant velocity of 5 Å/ns.

The initial direction of pull was parallel to the axis through the

fixed N-terminal Ca atom and the pulled atom. As the dummy

atom is pulled, the spring extends. Using Hook’s law, the resulting

applied tensile force is defined as F~Dx � k, where Dx is the

extension and k the stiffness constant of the spring. The tensile

force can then be plotted in function of time in order to monitor

rupture events. It needs to be noted that from a physical point of

view the direction of force is not relevant, because the protein

would rotate as a rigid body until the axis through the pulled

atoms is aligned parallel to the direction of pull, if this was not the

case at the start of the simulation. Similarly, it is generally assumed

that if the pulling is performed gently enough the force will

propagate through the protein and it will not matter which atom is

fixed and which one is pulled. Each pulling simulation was run for

25 ns when the protein extension had reached a length within 20

Å from the longest dimension of the water box. In the case of the

wild-type the simulation was continued after placing the protein in

a water box with dimensions of 250665665 Å3 for 15 ns and

subsequently into another box of 300665665 Å3 side lengths for

another 15 ns, totaling 55 ns of pulling. The pulling simulations

with the mutants were not extended beyond 25 ns because the

unfolding pathways were qualitatively similar to the wild-type and

the salient events happened during this first phase.

Native side chain contacts. In order to determine the side

chains contained in the hydrophobic packing buried by the N-

terminal part of the C-terminal helix a6 (named here C-terminal

hydrophobic core), the native side chain contacts of Ala1661 were

determined. A side chain contact is defined to occur when the

distance between the centers of mass of two side chains is not

larger than 6 Å. Contacts present in a least 60% of the simulation

frames of at least one simulation with no tensile force are defined

as native.

Experiments
Construction of expression plasmids for VWF A2 wild-

type and mutants. DNA sequence encoding the wild-type

VWF A2 domain (Asp1459-Gly1674) was amplified by PCR with

primers that included a BamHI site at the 59 end and a NotI site at

the 39 end of the A2 domain. The amplified fragment was cloned

by TA-cloning into the vector pCR2.1-TOPO (Invitrogen,

Carlsbad, CA). Mutations in the VWF A2 domain were

introduced into the wild-type fragment according to the protocol

of the QuikChange site-directed mutagenesis kit (Stratagene, La

Jolla, CA). The sequence of the wild-type and mutant VWF A2

fragments were confirmed by DNA sequencing. Inserts containing

the wild-type and mutant VWF A2 fragments were excised from

the pCR2.1-TOPO vector by BamHI and NotI digestion and

inserted into the corresponding sites in the pNBiosecPC4

expression vector [47]. In this expression system, recombinant

proteins were secreted with dual tags: an N-terminal biotin-tag and

a C-terminal protein C epitope tag [47].

Expression of recombinant VWF A2

fragment. Expression plasmids were transfected into HEK293

Tet-On cells with lipofectamine 2000 (Invitrogen, Carlsbad, CA).

Transient expression was induced by doxycycline (2 mg/ml) in the

presence of biotin (50 mM) in FreeStyle 293 serum-free culture

medium (Invitrogen, Carlsbad, CA) for 72 hr as previously

described [48]. Culture medium containing secreted recombinant

VWF A2 fragments was desalted over Sephadex G25 (GE

Healthcare, Piscataway, NJ) into 10 mM Hepes pH 7.4, 2 mM

CaCl2 to remove unincorporated biotin. A mixture of protease

inhibitors (1% v/v, Protease Inhibitor Cocktail, Sigma, St. Louis,

MO) was added to the recombinant fragments and stored at 280u
C before use.

Expression of recombinant ADAMTS13. Recombinant

ADAMTS13 was expressed with a C-terminal biotin tag with

the pCBioSec vector in stably transfected HEK293 Tet-On cells as

previously described [48]. Serum-free FreeStyle 293 medium (Life

Technologies Corp) containing recombinant ADAMTS13 was

concentrated tenfold by centrifugation in an Ultracel 10K

centrifugal filter (Millipore, Billerica, MA) and desalted over

Sephadex G-25 to remove biotin and low molecular weight

molecules. The concentrated recombinant ADAMTS13 prepara-

tion was treated with a mixture of protease inhibitors (Protease

Inhibitor Cocktail, 1% v/v, Sigma, St. Louis, MO) and stored at

Structural Basis of Type 2A VWD

PLOS ONE | www.plosone.org 11 October 2012 | Volume 7 | Issue 10 | e45207



280uC. Recombinant ADAMTS13 was quantified in western

blots probed with streptavidin-HRP by comparison to serial

dilutions of a reference preparation of biotinylated albumin, which

contains 4 moles of biotin per mole of albumin, prepared by the

chemical biotinylating agent ChromaLink (SoluLink, San Diego,

CA). The extent of biotinylation with ChromaLink was de-

termined by absorption spectroscopy of a chromophore in the

biotin linker. Recombinant ADAMTS13 was used without further

purification.

ADAMTS13 cleavage assays. The rates of cleavage of

recombinant A2 fragments were measured by incubating 20 ng

of each recombinant A2 fragment with 4 ng of recombinant

ADAMTS13 in 10 mM Hepes, pH 7.2, 2 mM CaCl2, with or

without urea, at 37uC for varying amount of time. For A2

fragments that were cleaved slowly, cleavage reactions were

stopped by EDTA (final 10 mM) at 0, 10, 20, 30, 60 and 120 min.

For A2 fragments that were cleaved rapidly, cleavage reactions

were stopped by EDTA at 0, 5, 10, 20 and 30 min. The extent of

A2 fragment cleavage at each time point was determined by SDS-

PAGE and western blotting and was expressed as percent of the

A2 fragment cleaved. The rate of cleavage was expressed as the

percent of A2 fragment cleaved per minute. In cases when the

rates of cleavage were fast and became nonlinear with time, initial

rates extrapolated to time 0 were used for comparison. In the SDS-

PAGE and western blot analyses, the reaction mixtures were

reduced and fractionated by SDS-PAGE on 4–20% gradient

polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA) after

reduction. The fractionated products were transferred onto

nitrocellulose membranes, blocked with 1% bovine serum albumin

in Tris-buffered saline with 0.1% Tween-20 TBST (50 mM Tris

HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) for 30 minutes at

room temperature, and probed with streptavidin-HRP conjugate

(Thermal Scientific, Rockford, IL) diluted 1:10,000 in TBST

containing 1% albumin. The nitrocellulose membranes were

washed for 15 min in three changes of TBST and incubated with

the chemiluminescent HRP substrate Immobilon Western HRP

substrate peroxide solution (Millipore, Billerica, MA). The in-

tensity of chemiluminescence was captured on an ImageQuant

350 imaging system (GE Healthcare, Piscataway, NJ). The extent

of cleavage at each time point was expressed as percent of the

VWF fragment cleaved.

Supporting Information

Figure S1 Time series of the Ca RMSD for helix a5 from
the initial conformation for the wild-type and the three
mutants. Prior to calculating the RMSD, helix a5 of each

snapshot was aligned onto its conformation in the initial structure.

(TIF)

Figure S2 Time series of the Ca RMSD for helix a6 from
the initial conformation for the wild-type and the three
mutants. Prior to calculating the RMSD, helix a6 of each

snapshot was aligned onto its conformation in the initial structure.

(TIF)

Figure S3 Time series of quantities measured during
the simulation WT_pull_2 with the wild-type. (a) Applied

tensile force. Events observed during the simulations correspond-

ing to force peaks (i.e., sharp increases followed by drops) are

indicated. (b) Formation of secondary structure elements. The

colors are explained in the legend on the right. The position of the

Tyr1605-Met1606 cleavage site is indicated by a red line and labeled

on the right. (c) Ca RMSD of the two C-terminus proximal helices

a5 and a6. (d) Solvent accessible surface area of the Tyr1605-

Met1606 cleavage site. (e) Ca RMSD from the native state for the

N-terminal part of the (residues 1497 to 1605) and the C-terminal

part of the protein (residues 1606 to 1668). (f) Solvent accessible

surface area of the minimum docking unit for ADAMTS13

(residues 1645–1668) identified in a previous experimental study

[28].

(TIF)

Figure S4 Time series of quantities measured during
the simulation WT_pull_2 with the wild-type. (a) Applied

tensile force. Events observed during the simulations correspond-

ing to force peaks (i.e., sharp increases followed by drops) are

indicated. (b) Formation of secondary structure elements. The

colors are explained in the legend on the right. The position of the

Tyr1605-Met1606 cleavage site is indicated by a red line and labeled

on the right. (c) Ca RMSD of the two C-terminus proximal helices

a5 and a6. (d) Solvent accessible surface area of the Tyr1605-

Met1606 cleavage site. (e) Ca RMSD from the native state for the

N-terminal part of the (residues 1497 to 1605) and the C-terminal

part of the protein (residues 1606 to 1668). (f) Solvent accessible

surface area of the minimum docking unit for ADAMTS13

(residues 1645–1668) identified in a previous experimental study

[28].

(TIF)

Figure S5 Time series of quantities measured during
the simulation WT_pull_3 with the wild-type. (a) Applied

tensile force. Events observed during the simulations correspond-

ing to force peaks (i.e., sharp increases followed by drops) are

indicated. (b) Formation of secondary structure elements. The

colors are explained in the legend on the right. The position of the

Tyr1605-Met1606 cleavage site is indicated by a red line and labeled

on the right. (c) Ca RMSD of the two C-terminus proximal helices

a5 and a6. (d) Solvent accessible surface area of the Tyr1605-

Met1606 cleavage site. (e) Ca RMSD from the native state for the

N-terminal part of the (residues 1497 to 1605) and the C-terminal

part of the protein (residues 1606 to 1668). (f) Solvent accessible

surface area of the minimum docking unit for ADAMTS13

(residues 1645–1668) identified in a previous experimental study

[28].

(TIF)

Figure S6 Time series of quantities measured during
the simulation L1657I_pull_1 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S7 Time series of quantities measured during
the simulation L1657I_pull_2 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.
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The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S8 Time series of quantities measured during
the simulation L1657I_pull_3 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S9 Time series of quantities measured during
the simulation I1628T_pull_1 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S10 Time series of quantities measured during
the simulation I1628T_pull_2 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S11 Time series of quantities measured during
the simulation I1628T_pull_3 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S12 Time series of quantities measured during
the simulation E1638K_pull_1 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S13 Time series of quantities measured during
the simulation E1638K_pull_2 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S14 Time series of quantities measured during
the simulation E1638K_pull_3 with the wild-type. (a)

Applied tensile force. Events observed during the simulations

corresponding to force peaks (i.e., sharp increases followed by

drops) are indicated. (b) Formation of secondary structure

elements. The colors are explained in the legend on the right.

The position of the Tyr1605-Met1606 cleavage site is indicated by

a red line and labeled on the right. (c) Ca RMSD of the two C-

terminus proximal helices a5 and a6. (d) Solvent accessible surface

area of the Tyr1605-Met1606 cleavage site. (e) Ca RMSD from the

native state for the N-terminal part of the (residues 1497 to 1605)

and the C-terminal part of the protein (residues 1606 to 1668). (f)
Solvent accessible surface area of the minimum docking unit for

ADAMTS13 (residues 1645–1668) identified in a previous

experimental study [28].

(TIF)

Figure S15 Time series of the force and SASA of the C-
terminal hydrophobic core. The force peak was determined
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by identifying the time point when the SASA exceeds 50 Å2 and

searching for the highest value of the force within a 400 ps time

window. 20-ps running average is indicated in red for the force

and in blue for the SASA, respectively. (a) Wild-type. (b) I1628T.

(c) L1657I. (d) E1638K.

(TIF)

Figure S16 Time series of the force and SASA of the C-
terminal hydrophobic core. The force peak was determined

by identifying the time point when the SASA exceeds 50 Å2 and

searching for the highest value of the force within a 400 ps time

window. 20-ps running average is indicated in red for the force

and in blue for the SASA, respectively. (a) Wild-type. (b) I1628T.

(c) L1657I. (d) E1638K.

(TIF)

Movie S1 Movie showing the unfolding of the A2 domain
under tensile force in the simulation WT_pull_1. Side

chains of residues located in the C-terminal hydrophobic core, in

the cleavage site and of the cysteine residues in the C-terminus are

shown in the stick and ball representation. The backbone of the

cleavage site is colored in red. This movie was generated with the

program VMD [49].

(MPG)

Movie S2 Movie showing the unfolding of the A2 domain
under tensile force in the simulation WT_pull_1 zooming
in the core of the protein. Side chains of residues located in

the C-terminal hydrophobic core, in the cleavage site and of the

cysteine residues in the C-terminus are shown in the stick and ball

representation. The backbone of the cleavage site is colored in red.

This movie was generated with the program VMD [49].

(MPG)
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wall. Ḧamostaseologie 24: 1–11.

2. Franchini M, Lippi G (2006) Von willebrand factor and thrombosis. Ann
Hematol 85: 415–423.

3. Savage B, Saldivar E, Ruggeri ZM (1996) Initiation of platelet adhesion by arrest

onto fibrinogen or translocation on von willebrand factor. Cell 84: 289–297.
Interlandi, et al., Structural Basis of Type 2A VWD 15.

4. Yago T, Lou J, Wu T, Yang J, Miner JJ, et al. (2008) Platelet glycoprotein Ib_

forms catch bonds with human WT vWF but not with type 2B von Willebrand
disease vWF. J Clin Invest 118: 3195–3207.

5. Interlandi G, Thomas W (2010) The catch bond mechanism between von
Willebrand Factor and platelets investigated by molecular dynamics simulations.

Proteins: Structure, Function, and Bioinformatics 78: 2506–2522.

6. Arya M, Anvari B, Romo GM, Cruz AM, Dong JF, et al. (2002) Ultralarge
multimers of vonWillebrand factor form spontaneous high-strength bonds with

the platelet glycoprotein Ib-IX complex: studies using optical tweezers. Blood 99:
3971–3977.

7. Dent JA, Berkowitz SD, Ware J, Kasper C, Ruggeri ZM (1990) Identification of

a cleavage site directing the immunochemical detection of molecular
abnormalities in type IIA von Willebrand factor. Proc Natl Acad Sci USA 87:

6306–6310.

8. Lenting PJ, Pegon JN, Groot E, de Groot PG (2010) Regulation of von
Willebrand factor-platelet interactions. Thromb Haemostasis 104: 449–455.

9. Nishida H, Murata M, Miyaki K, Omae K, Watanabe K, et al. (2006) Gorog
thrombosis test: analysis of factors influencing occlusive thrombus formation.

Blood Coag Fibrin 17: 203–207.

10. Sadler J (2005) New concepts in Von Willebrand disease. Annu Rev Med 56:
173+.

11. Tsai H (1996) Physiologic cleavage of von Willebrand factor by a plasma

protease is dependent on its conformation and requires calcium ion. Blood 87:
4235–4244.

12. Di Stasio E, De Cristofaro R (2010) The effect of shear stress on protein
conformation Physical forces operating on biochemical systems: The case of von

Willebrand factor. Biophys Chemistry 153: 1–8.

13. Zhang Q, Zhou YF, Zhang CZ, Zhang X, Lu C, et al. (2009) Structural
specializations of A2, a force-sensing domain in the ultralarge vascular protein

von Willebrand factor. Proc Natl Acad Sci USA 106: 9226–9231.
14. Zhang X, Halvorsen K, Zhang CZ, Wong WP, Springer TA (2009)

Mechanoenzymatic Cleavage of the Ultralarge Vascular Protein von Willebrand

Factor. Science 324: 1330–1334.
15. Jakobi AJ, Mashaghi A, Tans SJ, Huizinga EG (2011) Calcium modulates force

sensing by the von Willebrand factor A2 domain. Nat Commun 2: 385.
Interlandi et al., Structural Basis of Type 2A VWD 16.

16. Wu T, Lin J, Cruz MA, Dong Jf, Zhu C (2010) Force-induced cleavage of single

VWF A1A2A3 tridomains by ADAMTS-13. Blood 115: 370–378.
17. Matthew Auton MAC, Moake J (2007) Conformational Stability and Domain

Unfolding of the Von Willebrand Factor A Domains. J Mol Biol 366: 966–1000.

18. Enayat M, Guilliatt A, Surdhar G, Theopilus B, Hill F (2000) A new candidate
missense mutation (Leu 1657 IIe) in an apparently asymptomatic type 2A

(phenotype IIA) von Willebrand disease family. Thromb Haemostasis 84: 369–
373.

19. Iannuzzi M, Hidaka N, Boehnke M, Bruck M, Hanna W, et al. (1991) Analysis

of the relationship of vonWillebrand disease (VWD) and hereditary hemorrhagic

telangiectasia and identification of a potential type-IIA VWD mutation (Ile865

to Thr). Am J Hum Gen 48: 757–763.

20. Lyons S, Cooney K, Bockenstedt P, Ginsburg D (1994) Characterization of

Leu777Pro and Ile865Thr type IIA von-Willebrand disease mutations. Blood

83: 1551–1557.

21. Christophe O, Ribba A, Baruch D, Obert B, Rouault C, et al. (1994) Influence

of mutations and size of multimers in type-II von-Willebrand disease upon the

function of von-Willebrand-Factor. Blood 83: 3553–3561.

22. Ribba A, Voorberg J, Meyer D, Pannekoek H, Pietu G (1992) Characterization

of recombinant vonWillebrand-Factor corresponding to mutations in type-IIA

and type-IIB vonWillebrand disease. J Biol Chem 267: 23209–23215.

23. Sousa SF, Cerqueira NMFSA, Fernandes PA, Ramos MJ (2010) Virtual

Screening in Drug Design and Development. Comb Chem High Throughput

Screen 13: 442–453.

24. Interlandi G, Wetzel SK, Settanni G, Plueckthun A, Caflisch A (2008)

Characterization and further stabilization of designed ankyrin repeat proteins

by combining molecular dynamics simulations and experiments. J Mol Biol 375:

837–854.

25. Kramer MA, Wetzel SK, Plueckthun A, Mittl PRE, Gruetter MG (2010)

Structural Determinants for Improved Stability of Designed Ankyrin Repeat

Proteins with a Redesigned C-Capping Module. J Mol Biol 404: 381–391.

26. Chen W, Lou J, Zhu C (2009) Molecular Dynamics Simulated Unfolding of von

Willebrand Factor A Domains by Force. Cell Mol Bioeng 2: 75–86. Interlandi,

et al., Structural Basis of Type 2A VWD 17.

27. Sutherland JJ, O’Brien LA, Lillicrap D, Weaver DF (2004) Molecular modeling

of the von Willebrand factor A2 Domain and the effects of associated type 2A

von Willebrand disease mutations. J Mol Model 10: 259–270.

28. Wu JJ, Fujikawa K, McMullen BA, Chung DW (2006) Characterization of a core

binding site for ADAMTS-13 in the A2 domain of von Willebrand factor. Proc

Natl Acad Sci USA 103: 18470–18474.

29. Gao W, Anderson PJ, Sadler JE (2008) Extensive contacts between ADAMTS13

exosites and von Willebrand factor domain A2 contribute to substrate specificity.

Blood 112: 1713–1719.

30. Hassenpflug W, Budde U, Obser T, Angerhaus D, Drewke E, et al. (2006)

Impact of mutations in the von Willebrand factor A2 domain on ADAMTS 13-

dependent proteolysis. Blood 107: 2339–2345.

31. Gosse C, Croquette V (2002) Magnetic tweezers: Micromanipulation and force

measurement at the molecular level. Biophys J 82: 3314–3329.

32. Crawley JTB, de Groot R, Xiang Y, Luken BM, Lane DA (2011) Unraveling the

scissile bond: how ADAMTS13 recognizes and cleaves von Willebrand factor.

Blood 118: 3212–3221.

33. Pos W, Crawley JTB, Fijnheer R, Voorberg J, Lane DA, et al. (2010) An

autoantibody epitope comprising residues R660, Y661, and Y665 in the

ADAMTS13 spacer domain identifies a binding site for the A2 domain of VWF.

Blood 115: 1640–1649.

34. Jin SY, Skipwith CG, Zheng XL (2010) Amino acid residues Arg(659), Arg(660),

and Tyr(661) in the spacer domain of ADAMTS13 are critical for cleavage of

von Willebrand factor. Blood 115: 2300–2310.

Structural Basis of Type 2A VWD

PLOS ONE | www.plosone.org 14 October 2012 | Volume 7 | Issue 10 | e45207



35. de Groot R, Bardhan A, Ramroop N, Lane DA, Crawley JTB (2009) Essential

role of the disintegrin-like domain in ADAMTS13 function. Blood 113: 5609–
5616.

36. Zanardelli S, Chion ACK, Groot E, Lenting PJ, McKinnon TAJ, et al. (2009) A

novel binding site for ADAMTS13 constitutively exposed on the surface of
globular VWF. Blood 114: 2819–2828.

37. Luken BM, Winn LYN, Emsley J, Lane DA, Crawley JTB (2010) The
importance of vicinal cysteines, C1669 and C1670, for von Willebrand factor A2

domain function. Blood 115: 4910–4913. Interlandi, et al., Structural Basis of

Type 2A VWD 18.
38. Zhou M, Dong X, Baldauf C, Chen H, Zhou Y, et al. (2011) A novel calcium-

binding site of von Willebrand factor A2 domain regulates its cleavage by
ADAMTS13. Blood 117: 4623–4631.

39. Xu AJ, Springer TA (2012) Calcium stabilizes the von Willebrand factor A2
domain by promoting refolding. Proc Natl Acad Sci USA 109: 3742–3747.

40. Drews RE, Shulman LN (2010) Update in Hematology and Oncology. Ann

IntMed 152: 655–W229.
41. Brooks BR, Brooks CL III, Mackerell AD Jr, Nilsson L, Petrella RJ, et al. (2009)

CHARMM: The Biomolecular Simulation Program. J Comput Chem 30:
1545–1614.

42. Kale L, Skeel R, Bhandarkar M, Brunner R, Gursoy A, et al. (1999) NAMD2:

Greater scalability for parallel molecular dynamics. Journ Comp Physics 151:
283–312.

43. MacKerell A, Bashford D, Bellott M, Dunbrack R, Evanseck J, et al. (1998) All-

atom empirical potential for molecular modeling and dynamics studies of

proteins. J Phys Chem B 102: 3586–3616.

44. Darden T, York D, Pedersen L (1993) Particle mesh ewald – an N. log(N)

method for ewald sums in large systems. J Chem Phys 98: 10089–10092.

45. Schneider T, Stoll E (1978) Molecular-Dynamics study of a 3-dimensional one-

component model for distortive phase-transitions. Physical Review B 17: 1302–

1322.

46. Feller SE, Zhang YH, Pastor RW, Brooks BR (1995) Constant-pressure

molecular-dynamics simulation – the Langevin piston method. Journal of

chemical physics 103: 4613–4621.

47. Mize GJ, Harris JE, Takayama TK, Kulman JD (2008) Regulated expression of

active biotinylated G-protein coupled receptors in mammalian cells. Protein

Expression Purif 57: 280–289.

48. Chen J, Fu X, Wang Y, Ling M, McMullen B, et al. (2010) Oxidative

modification of vonWillebrand factor by neutrophil oxidants inhibits its cleavage

by ADAMTS13. Blood 115: 706–712.

49. Humphrey W, Dalke A, Schulten K (1996) Vmd: Visual molecular dynamics.

J Molec Graphics 14: 33–38.

50. Willis B, Pryor A (1975) Thermal vibrations in crystallography. London; New

York: Cambridge Univ. Press.

Structural Basis of Type 2A VWD

PLOS ONE | www.plosone.org 15 October 2012 | Volume 7 | Issue 10 | e45207


