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Fig. 4. The oxidized and reduced forms of the A2 domain have different dynamics and stresses. (A) Overall structure of the VWF A2 domain (from the x-ray
structure, PDB identifier 3GXB) used as starting conformation for the MD simulations. The structure is shown in cartoon representation, highlighting the Cys'%¢°-Cys'67°
disulfide bond in yellow. (B) Dynamics of the oxidized (green) and reduced (orange) VWF A2 domain projected onto the first two eigenvectors (main modes of motion)
obtained from principal components analysis (PCA). Each dot represents a conformation observed in the MD simulations. The black dot corresponds to the starting
structure for both simulations. (C) Interpolation of the structures along the first PCA eigenvector (main mode of motion), ranging from the conformations sampled in
the oxidized state (green) to the reduced state (orange) (going from the extreme left to the extreme right). Ct, C-terminal. (D) Per-residue difference of the root mean
square fluctuations (RMSFs) between the reduced (red) and oxidized (oxi) forms of VWF A2. Statistically significant differences are highlighted with the * symbol. The
secondary structure of the protein is presented on top. Nt, N-terminal. (E) Force distribution analysis (FDA). (Left) Residue pairs (i,j) with the time-averaged pairwise force of
the reduced state minus that of the oxidized state larger than a cutoff value of 90 pN, | Fi(red)  Fj;(oxi) | > 90 pN. Here, | | indicates absolute values. For the dependence
on the cutoff value, see fig. S2. Secondary-structure elements of A2 are shown on both axes. To guide the eye, the regions corresponding to the B strands B4, B5, and B6 are
shown in gray and the region corresponding to the Cys'®**-Cys'®’® bond is shown in orange. (Right) The three groups of residue pairs enclosed by circles, showing
interactions between the B strands and their surrounding helices, loops, or the C terminus, are explicitly shown as lines connecting points in the A2 structure. (F) The
three most favorable structural models of the VWF A1A2 complex predicted by molecular docking and MD simulations (73). A1 (green) and A2 (blue) domains are shown in
cartoon representation. The Cys'®°-Cys'®”® bond (magenta and yellow) is shown in ball-stick representation.
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state of the Cys'**°-Cys'®° bond. However, an FDA is more sensitive in
revealing allosteric communication through protein cores (26) and was
used here to reveal residues drastically changing their time-averaged
pairwise force in the reduced state compared to the oxidized state
(Fig. 4E). Many of these pairs involved the B strands, thus implying that
the internal stress between the B strands and their surrounding elements
is altered upon reduction. Together, these results indicate that a change
in redox state of the VWF A2 domain leads to subtle yet significant al-
losteric changes in dynamics and stress throughout the domain. The
increased mobility of the reduced and glutathionylated A2 domain pre-
sumably underlies its ability to bind the adjacent A1 domain. Notably,
docking studies of the Al and A2 domains feature a domain-domain
interface with the A2 disulfide in close proximity (Fig. 4F) (13).

The A2 domain in healthy donor VWF exists predominantly
in a reduced dithiol and glutathionylated form

The following are two key questions regarding the biological signifi-
cance of autoinhibitory control of VWF: What is the redox state of
VWE in health? Does this change in disease? We first measured the re-
dox state of the A2 disulfide in plasma VWF from healthy donors. In a
cohort of 22 healthy donors, the VWF A2 domain cysteine pair exists as
unpaired thiols in ~40% (95% CI, 37 to 42%), Cys1669 exists as an un-
paired thiol and Cys'®”° is glutathionylated in ~36% (95% CI, 33 to
37%), and the pair exists in an oxidized disulfide form in ~24% (95% CI,

23 to 28%) (Fig. 5A). The coefficient of variation for these VWEF redox
forms is 15.4, 12.5, and 21.7%, respectively. These results indicate that
most plasma VWF binding sites for platelets are autoinhibited and that
the relative proportions of the isoforms do not vary widely in healthy
donors. The posttranslational modifications of the A2 domain cysteines
are summarized in Fig. 5B.

We have observed that the levels of the different redox forms of
VWE are independent of whether blood is collected into citrate, EDTA,
heparin, or hirudin as an anticoagulant (fig. S4); freeze/thawing of plas-
ma (at least three times); and plasma storage time (for at least 2 years at
—80°C). On some occasions, blood was collected into an anticoagulant
containing 5 mM ">C-IPA to freeze the redox state of VWF upon col-
lection. This procedure had no obvious effect on the distribution of the
VWE redox forms. On other occasions, plasma VWEF was precipitated
using polyethylene glycol (PEG) 4000 before collection on antibody-
coated beads. This manipulation also had no obvious effect on the
distribution of the VWF redox forms. These data indicate that the redox
forms of VWF are relatively stable in plasma and are not appreciably
influenced by differences in the collection or processing of blood.

The redox state of Met'%% of the Tyr'*>-Met'**® peptide bond
cleaved by ADAMTS13 provides an internal control for oxidative dam-
age of the A2 domain. Neutrophil-derived hypochlorous acid can oxi-
dize Met'®* that impairs ADAMTS13 cleavage of VWF and may
contribute to a prothrombotic inflammatory environment (27). A
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Fig. 5. The VWF A2 domain exists predominantly in a reduced dithiol and glutathionylated form in healthy donors. (A) Distribution of reduced, glutathiony-
lated, and oxidized VWF A2 in 22 healthy donor plasmas. Mean and range for the two A2 domain cysteine-containing peptides of individual samples are shown on the

left, and the mean and SD for the 22 samples are shown on the right. The VWF A2 domain cysteine pair exists as unpaired thiols in ~40%, Cys
is glutathionylated in ~36%, and the pair exists in an oxidized disulfide form in ~24%. (B) Posttranslational modifications of the A2 domain cysteines.

thiol and Cys'¢”°

1669 exists as an unpaired

(C) Distribution of unmodified and oxidized Met'®°® in the 22 healthy donor plasmas. The mean and SD for the 22 samples are shown on the right. Only a minor fraction

of VWF Met'®% is oxidized in the cohort of healthy donors.
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peptide encompassing Met'**° (QAPNLVYMVTGNPASDE) in VWF
was resolved by mass spectrometry and quantified for unmodified and
oxidized residue (Fig. 5C). Only a small percentage of Met'®*® was

found to be oxidized in the cohort (mean, 8.8%; 95% CI, 6.7 to 10.9%).

The VWF A2 domain in heart failure patients receiving
ECMO is markedly oxidized

We next sought to determine whether the redox state of VWF is fixed in
the circulation or changes in response to disease or other stimulation.
To answer this question, we studied plasma VWF of heart failure pa-
tients who have or have not received extracorporeal membrane oxygen-
ation (ECMO) support. ECMO is used for patients with refractory heart
failure. The circulating VWF in ECMO patients (n = 11) is markedly
more oxidized than that in heart failure patients who have not received
this support (n = 9) (P < 0.0001) (Fig. 6). The A2 disulfide bond is
cleaved in just ~25% of plasma VWF subunits in the ECMO patients,
which suggests that most plasma VWF binding sites for platelet GPIb
are available.

DISCUSSION

Crystal structures of the A2 domain indicate that the Cys'***-Cys'®"°
disulfide stabilizes the hydrophobic core of the domain (14). The di-
sulfide interacts with B4 strand residues Leu'®” and Tyr'*”, the a1-B2
loop residue Met'**®, the B2 strand residue Ile'**, and the N-terminal
residue Met'**, The disulfide is at the C terminus of the 0:6 helix, and
its rigidity is thought to set a high energy barrier for the early events in A2
unfolding. Dislodgement of the disulfide plug via sufficient shear forces
has been proposed to allow water into the hydrophobic core of the do-
main, solvation of the Tyr'** side chain, and disorder of the B4 strand.
This unfolding of the A2 domain leads to exposure of the GPIb binding
site in A1 through interdomain conformation changes that have yet to be
defined. We show herein that this disulfide plug is intact in only a
minority of plasma VWEF subunits, and the absence of the plug is asso-
ciated with the autoinhibition of the A1 domain by A2 and with the
masking of the platelet binding site.

A conclusion from previous MD simulations and atomic force mi-
croscopy experiments (12, 13) was that A2 binds Al under low shear
conditions and sterically blocks platelet interaction with A1, whereas
high shear displaces A2 from Al, allowing binding of GPIb. Our find-
ings indicate that the autoinhibition of the A1 domain by A2 operates in
VWE subunits containing the reduced and glutathionylated A2 do-
main, not subunits containing oxidized A2 domains. In addition, high
shear did not appear to displace the autoinhibition in A2ACC VWE.
These findings imply that VWEF subunits exist in two functional forms
in the circulation based on the redox state of the A2 domain: an oxidized
form with high affinity for platelet GPIb when sufficient shear force un-
folds the domain and a reduced plus glutathionylated form that has low
affinity for platelet GPIb, irrespective of applied shear force.

Our MD simulations demonstrate that cleavage of the disulfide
modifies the structure, dynamics, and molecular stresses of the A2 do-
main in a long-range allosteric manner. Not only were the changes ob-
served near the two cysteines, but they also propagated to other distant
regions of the protein, such as helices H3 and H5 and loops L2, L3-4,
and L4. These conformational changes presumably underpin the inter-
action of the glutathionylated and reduced A2 domain with the adjacent
Al domain. Of interest, the energetically most favorable candidates for
A1-A2 complexes from docking studies feature a domain-domain
interface encompassing the A2 disulfide bond (13). It will be highly
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interesting to investigate how the redox state of Cys'***-Cys'®° modi-

fies the rupture force of the A1-A2 complex. These findings serve as a
structural explanation of the redox regulation of Al inhibition by A2.

The A2 domain binds a calcium ion (28) and is glycosylated at
N1574 (29) (both features have been proposed to stabilize its struc-
ture). Anticoagulation of blood with calcium chelators (citrate or
EDTA) or direct thrombin inhibitors (heparin or hirudin) gave compa-
rable results, indicating that depletion of calcium from VWF does not
appreciably influence the redox state of the A2 cysteines (fig. S4). In
addition, both the recombinant reduced A2 domain that is lacking the
N-linked glycan and the reduced full-length VWF that is glycosylated
bind to A1, which implies that glycosylation is not directly involved in
autoregulation.

The finding that heart failure patients who have received ECMO
support have markedly more oxidized VWF in the circulation may con-
tribute to the hemostatic complications associated with this device. Both
thrombosis and bleeding can occur with this intervention (30). It is no-
table that despite the variability in disease severity and therapeutic in-
tervention in these patients, the coefficient of variation for VWF redox
state measurements is only 2.6% for the heart failure cohort and 15.9%
for the ECMO cohort. This suggests that oxidation of the A2 domain in
the ECMO patients is a fundamental result of the blood shear associated
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with the device and not noticeably influenced by disease or therapy
variations. This result indicates that the A2 redox forms can interchange
in the circulation, which has implications for hemostatic disorders
in general.

The redox state of A2 domain cysteines also influences ADAMTS13
regulation of VWF multimer size. A previous structure/function study
of the A2 domain showed that A2ACC VWF is a much more efficient
substrate for ADAMTS13 than wild-type VWF (20). The glutathiony-
lated A2 domain is also likely efficiently cleaved by ADAMTSI13, but
this has not been directly tested. These findings have implications for
ADAMTS]13 regulation of VWF function. Only a minority of plasma
VWEF subunits (the oxidized fraction) are effective platelet adhesives,
and this fraction is resistant to ADAMTS13 proteolysis at the shear rates
tested. The reason that ADAMTS13 preferentially cleaves the poorly
adhesive majority of plasma VWF subunits remains to be elucidated.
It is possible that the ADAMTS13-resistant fraction of VWEF represents
a naturally occurring regulatory mechanism to ensure stable platelet
plug formation at sites of vascular injury. Conversely, most of the cir-
culating VWF is autoinhibited and is ADAMTS13-susceptible. This
could be a protective mechanism to maintain VWF as lower-molecular
weight multimers in plasma and thus avoid unwanted thrombosis in
the circulation.

Notably, thrombospondin-1 (31), N-acetylcysteine (32),and ADAMTS13
(33) have been reported to cleave a disulfide bond or bonds in VWF and
reduce multimer size. Our findings may provide a mechanistic basis for
these observations. Other future questions are how the distribution of
the different redox forms of VWF changes in the circulation during
normal and pathological hemostasis and thrombosis, and whether they
are involved in other VWF functions such as FVIII binding.

MATERIALS AND METHODS

Experimental design

VWF and A2 domain

All procedures involving collection of human blood were in accordance
with the Human Research Ethics Committee (HREC) at the University
of Sydney, the Alfred Hospital Ethics and the Monash University
Standing Committee for Research in Humans, and the Helsinki Decla-
ration of 1983. Blood from healthy donors, patients at a single center
who had ECMO support, or patients with cardiac comorbidities includ-
ing severe congestive cardiac failure was collected by venipuncture into
evacuated tubes containing EDTA or citrate as anticoagulant and plas-
ma prepared by centrifugation. Patients with ECMO support received
anticoagulation and/or antiplatelet medications at the clinicians’ discre-
tion or based on institutional guidelines where patients typically com-
menced on warfarin target an international normalized ratio of 2 to 3,
with bridging heparin infusion and aspirin therapy, as well as dipyrid-
amole for those who are considered high risk for thrombosis.

The recombinant A1 domain (residues Q1238 to P1471) produced
in E. coli was a gift from M. A. Cruz. The recombinant A2 domain (re-
sidues M1473 to L1675) was produced in E. coli B121 (DE3) as an
N-terminal 6xHis-ZZ fusion protein with a thrombin cleavage site. Re-
combinant full-length human wild-type and C1669A and C1669A,
C1670A (A2ACC VWF) mutant VWF (20) were transiently expressed
in HEK293 cells using polyethylenimine HCl MAX (PEI MAX; molec-
ular weight, 4000) with a PEI/DNA w/w ratio of 4:1 as previously de-
scribed (34). Three days after transfection, culture media were collected,
clarified by centrifugation at 1500g for 10 min, and concentrated using
3.5K molecular weight cutoft dialysis tubing (Thermo Fisher Scientific)

Butera et al., Sci. Adv. 2018;4:eaaq1477 28 February 2018

and PEG 20000. VWF was resolved by agarose gel electrophoresis and
Western blotted as previously described (Fig. 2A) (31, 35). Native hu-
man VWF was purified from ~0.5 to 1 ml of fresh or fresh-frozen plas-
ma. Double-spun plasma was incubated with polyclonal anti-VWEF
antibody-coated (Dako) Dynabeads (MyOne Streptavidin T1, Life
Technologies) (1 mg of beads per milliliter of plasma) on a rotating
wheel for 1 hour at 22°C. The unbound plasma was discarded, and
the beads were washed three times with 1 ml of phosphate-buffered sa-
line (PBS; pH 7.2) (fig. S5). Further details of protein purification can be
found in the Supplementary Materials.

Redox states of the VWF Cys'®%°-Cys'®’° disulfide bond

The redox states of the A2 domain Cys'***-Cys'®”° disulfide bond were
measured in plasma and recombinant VWF and recombinant A2 do-
main. For VWF, unpaired cysteine thiols in the bead-bound protein
were alkylated with 5 mM '*C-IPA (Cambridge Isotopes) for 1 hour
at 22°C in the dark. The beads were washed three times with 1 ml of
PBS, resuspended in 60 ul of PBS containing lithium dodecyl sulfate
buffer (Life Technologies) and 1 mM DTT, and incubated at 60°C for
30 min. The protein was resolved on SDS-PAGE and stained with col-
loidal Coomassie (Sigma). The VWF was run under reducing
conditions to enable excision of the monomer from the gel. For the
A2 domain, purified protein (10 pg) was alkylated with 5 mM "*C-
IPA (Cambridge Isotopes) for 1 hour at 22°C in the dark, and the pro-
tein was resolved on SDS-PAGE and stained with colloidal Coomassie
(Sigma). The VWF or A2 band was excised, destained, dried, incubated
with 40 mM DTT, and washed. The fully reduced protein was alkyl-
ated with 5 mM IPA where all six carbon atoms of the phenyl ring had
amass of 13 (’C-IPA, Cambridge Isotopes). The gel slice was washed
and dried before digestion of VWF with Glu-C (14 ng/ul; Roche) in
25 mM NH,CO, overnight at 30°C. Peptides were eluted from the
slices with 5% formic acid and 50% acetonitrile. Liquid chromatogra-
phy, mass spectrometry, and data analysis were performed as previously
described (36, 37). Two peptides encompassing the Cys'***-Cys'*”° di-
sulfide bond cysteines (LVLQRCCSGE and TLPREAPDLVLQRCCSGE)
were resolved and quantified. The levels of the different redox forms of the
A2 domain cysteines were calculated from the relative ion abundance of
peptides containing '*C-IPA and "*C-IPA. To calculate the ion abun-
dance of peptides, extracted ion chromatograms were generated using
the Xcalibur Qual Browser Software (v2.1.0; Thermo Fisher Scientific).
The area was calculated using the automated peak detection function
built into the software.

S-glutathionylation of Cys'®’® was determined by alkylation of VWF
with "*C-TPA for 1 hour at room temperature and by digestion of VWF
with Glu-C (14 ng/ul) in 25 mM NH,4CO, overnight at 22°C under fluid
shear conditions (32 dynes/cm?) by shaking at 2500 rpm in a MixMate
orbital shaker (Eppendorf) (38). This was to facilitate proteolysis of
VWE by Glu-C. Peptides were recovered in the solution with 5% formic
acid and 50% acetonitrile solution and subjected to liquid chromatog-
raphy, mass spectrometry, and data analysis as described above.
Binding of the A2 domain to the A1 domain
The Al domain [2.5 pg/ml in 65 mM phosphate buffer (pH 6.5)] or
buffer alone was incubated in MaxiSorp plates (Nunc 442404) for 1 hour
at 37°C. The wells were then washed three times with 200 ul of PBS and
blocked with 200 pl of 3% (w/v) BSA in tris-buffered saline containing
0.1% Tween 20 (TBS-T) for 1 hour at 37°C. Afterward, the wells were
washed three times with 200 ul of TBS-T [before the addition of un-
treated or reduced A2 in TBS-T (0 to 10 uM)] and incubated for 1 hour
at 37°C. The wells were then washed three times with 200 ul of TBS-T
and incubated with anti-A2 domain antibody MAB2764 (0.1 pg/ml;
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R&D Systems) for 1 hour at 37°C. This was followed by washing the
wells three times with 200 pl of TBS-T and incubation with 1:2000 di-
lution of goat anti-mouse horseradish peroxidase for 1 hour at 37°C.
The wells were then washed four times with TBS-T, and 100 pl of tetra-
methylbenzidine (T444; Sigma) was added. The reaction was finally
quenched with 100 ul of 0.16 M H,SO,, and absorbance at 450 nm
was measured. Binding of A2 to adsorbed Al was corrected for non-
specific binding to BSA-coated wells at each A2 concentration.

BFP assays

All procedures involving collection of human blood were in accordance
with HREC (project number 2014/244) at the University of Sydney. Hu-
man blood was obtained from healthy volunteers who had not received
any antiplatelet medication in the preceding 2 weeks. Blood was anti-
coagulated with acid-citrate-dextrose (ACD) anticoagulant (13 mM so-
dium citrate, 1 mM citric acid, 20 mM dextrose, and 10 mM theophylline).
Washed human platelets and RBCs were prepared as previously de-
scribed (39). To avoid preactivation, human washed platelets were kept
at 37°C in platelet-washing buffer [4.3 mM K,HPO,, 4.3 mM Na,HPO,,
24.3 mM NaH,PO,, 113 mM NaCl, 5.5 mM glucose, and 0.5% BSA
(pH 6.5)] containing theophylline (10 mM) and apyrase (0.04 U/ml)
and then resuspended in Tyrode’s buffer [10 mM Hepes, 12 mM
NaHCOs3, 137 mM Na(l, 2.7 mM KCl, and 5 mM glucose (pH 7.4)]
before use in adhesion studies.

The BFP was assembled as previously described (40). In brief, to as-
semble the BFP as a picoforce transducer (spring constant, ~0.3 pN/nm),
a VWF-AI domain (Fig. 1F, bottom left), full-length VWEF (Fig. 3A,
bottom left), or control BSA-coated bead was glued via biotin-SA inter-
action to the apex of a micropipette-aspirated human RBC. On the other
side, a human resting platelet (discoid shape) was aspirated by another
apposing micropipette (Fig. 1F, top). In a BFP test cycle, the platelet is
driven with subnanometer precision to touch the probe bead, allowing
Al to interact with GPIb on the platelet. Upon retraction of the platelet,
whether a bond is absent (Fig. 1G, black) or present (Fig. 1G, blue) is
detected by the RBC-bead deflection, monitored at a temporal and spatial
precision of 0.7 ms and 3 nm, respectively.

The force spectroscopy traces (force versus time) were obtained by
measuring the RBC-bead deflection from the bead edge tracking as pre-
viously described (9, 25, 40). Bond formation/dissociation and force
application were enabled and monitored in controlled BFP touch cycles
(~2.5 s each). In each cycle, an aspirated platelet was driven to approach
and contact the probe (a VWF-bearing bead) with a 20-pN compressive
force for a certain contact time (0.2 s) that allowed for bond formation
and then retracted at a constant speed (3.3 um/s) for bond detection.
During the retraction phase, a “bond” event was signified by a tensile
force. Conversely, no tensile force indicated a “no-bond” event. For the
adhesion frequency assay, bond and no-bond events were enumerated
to calculate an adhesion frequency in 50 repeated cycles for each bead-
platelet pair. The force-clamp assay was used to measure bond lifetimes
(9, 18, 25). In a similar BFP cycle to the adhesion frequency assay,
upon detection of a bond event, a feedback loop controls the retraction
so that it would be paused at a desired clamped force (5 to 50 pN) until
bond dissociation. Afterward, the aspirated platelet was returned to
the original position to complete the cycle. Lifetimes were measured
from the instant the force reached the desired level to the point of
bond dissociation.

Analysis of lifetime distributions with a two-state model

For all measured lifetime events at an indicated force bin, the survival
frequency as a function of bond lifetime #, was calculated as the fraction
of events with lifetime < t,. A2ACC VWF bonds were assumed to dis-
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sociate from a single state so that the pooled bond lifetimes were ana-
lyzed by a single exponential distribution (Eq. 1).

Survival frequency = exp(—koftp) (1)

Given that the log linearizes the right-hand side of Eq. 1, the semi-log
survival frequency versus bond lifetime plot is predicted to be linear.
The negative slope of the line is used as an estimate for the off rate, k..

For the wild-type VWF bonds, the In(survival frequency) versus
ty, plots were no longer linear (see Fig. 4F). To analyze such data, we
extended the single-state model to a two-state model that assumes a
slow dissociation state coexisting with a fast dissociation state (9).
The survival frequency data for each force bin were fitted by Eq. 2,
which superimposes two exponential decays

Survival frequency = wy exp(—kity) + w; exp(—ktp) (2)

where k; and w; are the off rate and the associated fraction of the ith
state (i = 1, 2), which satisfy the constraints w; + w, = 1 and k; > k5,
respectively.

Platelet adhesion assays in flow chambers

Blood samples were collected from healthy volunteers in accordance
with the St George Hospital HREC (12/252). Microchannels of Vena8
Fluoro Biochip (Cellix Ltd.) were coated with 10 ul of recombinant
wild-type or A2ACC VWF [either whole-blood assay (5 pg/ml) or
washed platelet assay (50 ug/ml)] overnight at 4°C in a humidified
box, blocked with 10 ul of 0.1% BSA in PBS for 1 hour at room tem-
perature, and washed with 40 pl of PBS. For the whole-blood assay,
blood from healthy donors was drawn into ACD-A tubes (BD Vacutai-
ner) and labeled with calcein (1 pg/ml; Thermo Fisher Scientific). Blood
was injected via Mirus Nanopump into the channels at fluid shear
stresses of 900, 1800, and 3000 s~ (flow rate, 592, 1185, and 2222 nl/s,
respectively) within 3 hours of collection. For the washed platelet assay,
whole blood from healthy donors was drawn into ACD-A tubes (BD
Vacutainer), and platelet-rich plasma was collected by centrifugation
at 200g for 20 min at room temperature. After the addition of 1 uM pros-
taglandin E1, platelets were collected by centrifugation at 800g for 20 min,
washed with Hepes Tyrode’s glucose buffer [20 mM Hepes, 134 mM
Na(l, 0.34 mM Na,HPOy,, 2.9 mM KCl, 12 mM NaHCO;, 1 mM MgCl,,
and 5 mM glucose (pH 7.4)], resuspended in the same buffer at a con-
centration of 300,000 to 400,000 per microliter, and labeled with calcein
(1 pg/ml; Thermo Fisher Scientific). Platelets were injected into the chan-
nels at a shear stress of 1000 s (flow rate, 333 nl/s) within 3 hours from
collection. Adhesion of platelets was monitored in real time with images
captured via an Exi Blue CCD camera (Q imaging) connected to an Axio
Observer Al Inverted Epi-Fluorescence microscope (Zeiss). Images were
captured using the accompanying VenaFlux 2.3 imaging software, and
videos were captured at a rate of 1 frame per 5 s (30 frames). Images were
analyzed at positions 2, 4, and 6 (located at 6, 14, and 22 mm from the
entry site of blood) of the microchannels at the 3-min time point (since
initiation of flow) using the ImagePro Premier 64-bit software. These
positions are representative of flow nearest, midway, and furthest from
the entry of blood into the channel. Data were exported into Excel, and
area coverage by platelets was calculated for each position. Whole-blood
results were from four donors, and washed platelet results were from
three donors for each experiment.

MD simulations

We used the Amber99sb-ildn* force field for all energy minimiza-
tions and MD simulations of the VWF A2 domain in both oxidized
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and reduced forms. All simulations were carried out using the GROMACS
45.5 package. Initial structures of the protein in both redox states were
taken from the crystal structure of the human VWF A2 domain (PDB
identifier 3GXB) (14). For the reduced state, hydrogens were added to
the cysteines. Acetyl and N-methyl groups were placed on N and C termini,
respectively, to cap the termini. Both structures, oxidized and reduced,
were immersed in a cubic box containing approximately 23,600 TIP3P
water molecules, with sodium and chloride ions added at a concentra-
tion of 150 mM, and few sodium counterions to maintain neutrality of
the simulation box. Parameters for the ions were taken from Joung
and Cheatham. Before MD simulations, both systems were minimized
using the steepest descent method for 10,000 steps, which was followed
by 2 ns of MD simulations, during which harmonic positional restraints
were applied on protein heavy atoms (harmonic elastic constant of
1000 kJ mol™! nm™). Finally, unrestrained equilibrium MD simula-
tions were carried out for 200 ns, of which the last 150 ns was used for
subsequent analysis. The temperature was kept constant at 300 K by
using a velocity rescaling thermostat with a coupling time of 0.5 ps.
The pressure was kept constant at 1 bar using isotropic coupling to a
Parrinello-Rahman barostat with a coupling time of 5.0 ps. An inte-
gration time step of 4 fs was used. In all simulations, the long-range
electrostatic interactions were treated with the particle mesh Ewald
method. All bonds were constrained using the LINCS (Linear Con-
straint Solver) algorithm, and angular degrees of freedom of hydrogen
atoms were replaced by using virtual interaction sites. For the water
molecules, both bond lengths and angular vibrations were constrained
using the SETTLE algorithm. To investigate the conformational dy-
namics of both redox states of the VWF A2 domain, the MD trajec-
tories were subjected to PCA. This analysis consists of the calculation
and diagonalization of the covariance matrix of the atomic positions
(here, of the backbone atoms), enabling filtering relevant large-amplitude
collective motions from local fluctuations. The covariance matrix, along
with its eigenvalues and eigenvectors, was calculated from a merged tra-
jectory resulting from the concatenation of both the oxidized and the
reduced trajectories. Subsequently, MD trajectories were projected onto
the first two eigenvectors, representing the two collective motions with
the largest variance, with each protein conformation represented by a
point in this two-dimensional projection. These two motional modes
accounted for almost 50% of the total motion of the protein backbone.
Protein structures were visualized with PyMOL and UCSF (University of
California, San Francisco) Chimera. Changes in the internal stress of the
protein upon reduction were quantified by carrying out an FDA. In brief,
time-averaged scalar pairwise forces (F;;) were computed for all residue
pairs (i) of the A2 domain (excluding the solvent) in the oxidized
[(Fj(oxidized))] and the reduced [(Fji(reduced))] states. All “force-
field” terms, including electrostatic, van der Waals, bonds, bond
angles, and dihedral interactions, were considered for the calculation
of (Fj). The absolute value of the difference |DF;| = [(Fy(reduced)) —
(Fj/(oxidized))| was subsequently calculated as a measure of the
change in internal stress upon reduction. Here, | | indicates absolute
values. Residue pairs showing differences larger than 90 pN were
selected. MD trajectories were postprocessed to compute (Fj(red))
and (Fj(oxi)) by using the FDA tools available at https://github.com/
HITS-MBM/gromacs-fda.

Statistical analysis

Parametric unpaired two-tailed t test was used to evaluate differences
between groups. Statistical significance was defined as P < 0.05. In the
MD simulations, the P values were obtained by applying a Wilcoxon
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test on n = 3 RMSF estimates, per redox state, resulting from trajectory
fragments of 50 ns.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaaq1477/DC1

Expression and purification of the recombinant A2 domain

fig. S1. Differential cysteine alkylation and mass spectrometry analysis of the VWF Cys
disulfide bond.

fig. S2. FDA of the VWF A2 domain.

fig. S3. Concordance between RMSF for the simulated A2 redox states and crystallographic B factors.
fig. S4. Anticoagulation of blood with calcium chelators (citrate or EDTA) or direct thrombin
inhibitors (heparin or hirudin) does not appreciably influence the redox state of the A2 domain
cysteines.

fig. S5. Plasma VWF collected on antibody-coated beads, resolved on reducing SDS-PAGE, and
stained with colloidal Coomassie.
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