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Key points:
e  Structures of VWF tubules identify the cysteine residues responsible for concatemerization and
reveal a disulfide bond exchange mechanism

e  The Al domain promotes tubule length by linking helical turns in the VWF tubule
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ABSTRACT

von Willebrand Factor (VWF) is an adhesive glycoprotein that circulates in the blood as disulfide-linked
concatemers and functions in primary hemostasis. The loss of long VWF concatemers is associated with
the excess bleeding of type 2A von Willebrand (VW) disease. Formation of the disulfide bonds that
concatemerize VWF requires VWF to self-associate into helical tubules, yet how the helical tubules
template intermolecular disulfide bonds is not known. Here, we report cryo-EM structures of complete
VWEF tubules before and after intermolecular disulfide-bond formation. The structures provide evidence
that VWF tubulates through a charge-neutralization mechanism and that the A1 domain enhances tubule
length by crosslinking successive helical turns. In addition, the structures reveal disulfide states prior to
and after disulfide bond-mediated concatemerization. The structures and proposed assembly mechanism

provide a foundation to rationalize VW disease-causing mutations.

INTRODUCTION

Von Willebrand (VW) disease is the most common bleeding disorder worldwide and is characterized by
excessive bleeding due to mutations in the gene encoding von Willebrand factor (VWF)'. VWF is an
adhesive multi-domain plasma glycoprotein (Figure 1A) that functions in hemostasis by acting as both a
stabilizer of coagulation factor VIII and a crosslinker of platelets and extracellular-matrix components at
sites of vascular injury. The ability of VWF to staunch bleeding is directly correlated with its ability to
form long and polyvalent disulfide-linked concatemers®. Short VWF concatemers circulating in the blood
are associated with the excess bleeding of type 2A VW disease'. Maturation of VWF requires a
remarkable intracellular biogenesis pathway that includes the formation of intra- and intermolecular
disulfide bonds, glycosylation, and proteolytic removal of an N-terminal D1D2 prodomain® (Figure 1A).
Biogenesis starts in the endoplasmic reticulum (ER), where VWF dimerizes through disulfide bonds
between C-terminal cysteine knot (CK) domains®. Surprisingly, however, the disulfide bonds that
covalently link VWF dimers into concatemers do not form in the oxidoreductase-rich ER® but in the
acidic environments of the trans-Golgi and Weibel-Palade bodies (WPBs)>®. In these acidic
environments, the C-terminal A2-CK domains in VWF zipper together to form a “dimeric bouquet’ and
the dimers then assemble through their N-terminal portions into helical tubules®. The helical tubules are
proposed to template the formation of intermolecular disulfide bonds between adjacent D3 domains,
leading to formation of VWF concatemers’. However, the mechanism by which tubules template
concatemerization is incompletely understood and there is uncertainty about which cysteine residues form
the intermolecular disulfide linkages. Mass spectrometry showed that C1099 and C1142 were free in
monomeric VWF D’D3'" but not in mature VWEF''. Substitution of these two cysteine residues with

alanine prevented disulfide-mediated dimerization of the D'D3 domain and concatemerization of full-

zzoz AInr 9z uo 3sanb Aq ypd°29¥9102202 POOIG/E¥IS061/29¥91.02202 POOIA/Z81 L 0L/10p/jpd-ajone/poojq/Bio-suoneoligndyse//:diy woly papeojumoq



length VWF'’. However, only C1142-C1142 linked peptides were observed in tryptic digests of plasma
VWEF'2 Further casting doubt on the presence of a C1099-C1099 linkage was a recent cryo-EM structure
of human MUC?2, a filament-forming mucin with an N-terminal head domain that resembles VWF, which
indicated that C1142 and C1097 but not C1099 are responsible for intermolecular disulfide bonds".
However, our previous crystal structure of monomeric VWF D’D3 showed that C1097 is engaged in an

intradomain disulfide bond with C1091'*,

Here, we have determined cryo-EM structures of VWF helical tubules before and after intermolecular
disulfide bond formation. The structures unambiguously identify the cysteine residues involved in
concatemerization (C1142 and C1097) and reveal that tubulation templates concatemerization through a
disulfide-bond exchange mechanism. We propose a detailed assembly pathway that explains the pH-
dependence of tubule formation, the role of the A1 domain in stabilizing tubules, and how mutations

associated with type 2A VW disease might impair VWF concatemerization by limiting tubule formation.

METHODS
Expression and purification of VWF proteins

Sequences encoding VWF D1-D3 (residues 1-1264), D1-A1 (1-1464), and D1-A2 (1-1671) with a C-

terminal hexahistidine tag and a furin cleavage site mutated to ASAS were cloned into PD2529 vectors.
Expi293 cells were transfected using FectoPRO (Polyplus, #101000014) in 1 L Expi293 medium.
Valproic acid and glucose were added to the culture 24 hrs after transfection to final concentrations of 3
mM and 0.4%, respectively. Six days after transfection, secreted proteins were purified from the media by
His-affinity in 20 mM Tris-HCI pH 8, 300 mM NacCl, and 10 mM CaCl,. After affinity chromatography,
the purified protein was dialyzed into low salt buffer (20 mM Tris-HCI pH 7.4, 50 mM NaCl, and 10 mM
CaCl,). Next, anion-exchange chromatography was performed by elution with linearly increasing
amounts of high salt buffer (20 mM Tris-HCI pH 7.4, 1 M NacCl, and 10 mM CaCl,). Final purification
was size-exclusion chromatography with a Sepharose 6 column (Cytiva) in 10 mM HEPES, pH 7.4, 100
mM NaCl, and 10 mM CacCl,. Protein purity was analyzed by SDS-PAGE (Figure S1A).

Dynamic light scattering (DLS)

VWF proteins (22.5 uL at 0.11 mg/mL) were spiked with 3 L 1 M sodium cacodylate buffer at various
pHs and incubated at 37°C for 24 hrs. Afterwards, samples were placed in a 384 well black clear bottom
plate (Aurora Microplates, #ABM2-10100A). Measurements were taken on a DynaPro Plate Reader 111
(Wyatt Technology) at 0.1 ps intervals at 25°C. Average hydrodynamic radii were calculated using
DYNAMICS (Wyatt Technology).
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Negative-stain electron microscopy

VWEF tubules (3 uL at 0.01-0.3 mg/mL) were deposited onto glow discharged (15 s at 30 mA voltage)
grids (EMS, #CF200-Cu). After 1 minute, the grids were blotted with filter paper, washed twice with 3
UL of 1.5% uranyl formate, and blotted again. Grids were imaged on a Tecnai T12 microscope equipped

with a Gatan UltraScan 895 camera. Particle lengths were measured using Fiji'".

Cryo-EM sample preparation and data collection

VWEF proteins at 0.6-1 mg/mL were incubated in sodium cacodylate buffer at pH 5.2, 10 mM CacCl,, and
100 mM NaCl for 24 hrs to allow tubule formation. After incubation, 3 UL of protein was deposited onto
gold R2/1 grids (Quantifoil, #Q325AR1-2nm) precoated with continuous carbon that had been glow
discharged for 15 s at 30 mA. The grids were blotted with a blot force of 2-5 and a blot time of 2-5 s
using a Vitrobot Mark IV (Thermo Fisher Scientific) at 4°C and 100% humidity before being plunged

into liquid ethane.

Cryo-EM data collection and image processing

Cryo-EM data for VWF D1-A1 tubules were collected on a Titan Krios microscope (Thermo Fischer
Scientific) with a K3 detector with a BioQuantum Energy Filter (Gatan). Cryo-EM data for D1-A2 VWF
tubules were collected on a Talos Arctica microscope with a K3 detector. Parameters used during data
collection are provided in Table S1. All movies were motion corrected using MotionCor2'®. Contrast
transfer function (CTF) parameters were estimated with CTFFIND4'". Particles were picked using
crYOLO'" and imported into RELION-3.1.3" or RELION-4.0°°. Particles were extracted in 384 or 400-
pixel boxes with an inter-box distance of 123 or 197 pixels, respectively. 2D and 3D classification was
used to remove false positives and contaminants. 3D refinement was initiated using a cylindrical
reference with dimensions obtained from ns-EM of in-vitro assembled VWF tubules®'. 3D refinement for
all datasets employed helical symmetry with initial twist of 83.3° and rise of 26.8 A. CTF refinement and
Bayesian polishing were used to improve map quality. Following helical processing, a binary mask,
applied to a central “bead”, yielded maps with resolutions of 3.1, 3.2, and 4.7 A for the D1A1 monomer,

D1AT1 dimer, and D1A2 dimer, respectively. Processing schemes are provided in Figures S1-S2.

Model building and refinement

Maps were sharpened for model building and refinement using phenix.auto_sharpen®”. Model building
was initiated by placing atomic models of MUC2 (PDB: 6TM2)" and the VWF A1 domain (PDB:
1AUQ)> into the density using ChimeraX**. Residues were mutated, inserted, or deleted to build the
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VWF polypeptide using Coot v.0.9.3%. Atomic models were refined in ISOLDE*® and
Phenix.real space_refinement”’ with symmetry constraints and restraints on Ramachandran angles and

secondary structure.

Data Sharing

Atomic models of VWF tubules formed with monomeric D1-A1 and dimeric D1-A1 have been deposited
to the PDB with accession codes 8D3C and 8D3D, respectively. Composite maps for the VWF tubules
formed with monomeric D1-A1 or dimeric D1-A1 have been deposited to the EMDB with accession
codes EMD-27156 and EMD-27157, respectively. These density maps are composites derived from
stitching together a central masked bead to create a tubule with length similar to the helical
reconstruction. The unstitched map for the VWF tubule formed from dimeric D1-A2 has been deposited

to the EMDB with accession code EMD-27158.

RESULTS

Cryo-EM reconstruction of VWF tubules

Prior work had shown that the VWF prodomain (D1D2) is essential for concatemerization™*** and that
D1-D3 constructs are sufficient for VWF tubulation in vitro, although inclusion of the A1 domain led to
longer tubules®'. We therefore recombinantly expressed and purified human D1-A1 (the VWF “head”)
with the furin-cleavage site mutated to ASAS to prevent prodomain cleavage in human Expi293 cells
(Figure 1A-B). As seen previously’, the C-terminally truncated VWEF purified as size-separable
monomers and disulfide-linked dimers (Figure S1A). Using dynamic light scattering (DLS; Figure 1C)
and negative-stain electron microscopy (ns-EM; Figure 1D-E), we demonstrated that the D1-A1 dimer
could form tubules in low pH buffers containing calcium. We thus used pH 5.2 and 10 mM CaCl, to
generate VWF tubules for cryo-EM analysis (Figure S1C). Using this sample, we were able to resolve the
structure of the VWF tubule to 3.3-A resolution (Figure 1F, Table S1, and Movie S1). The structure forms
a 255-A wide right-handed helix with an internal diameter of 145 A. The overall dimensions, architecture,
and helical parameters (83.3° twist and 26.8 A rise) closely match cryo-ET reconstructions of VWF
tubules inside WPBs®', demonstrating that our in-vitro assembled tubules recapitulate native intracellular

tubules.

Structure of a bead

Like reconstructions of VWF tubules at low resolution’'!

, we observed a repeating bead-like density
(Figure 2A and Movie S1). Each bead has C2 symmetry and is formed by parts of four different VWF

monomers (Figure 2B), while a single VWF monomer spans two beads (Figure 2C). Two antiparallel
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D1D2 prodomains form the layer of the bead on the inner face of the tubule, while two D’D3 domains
from neighboring molecules cradle between the D1 and D2 domains and form the outer layer of the bead
(Figure 2B). A similar organization of D assemblies is found in MUC2". The positioning of the two D3
domains atop the D1D2 cradle juxtaposes them for disulfide linkage to one another and explains the

.. .. . .29
critical role of the prodomain in concatemerization™.

The A1 domain is a VWF tubule constituent

Our structure revealed that the A1 domain, a globular domain of six amphipathic o-helices surrounding a
hydrophobic six-stranded B-sheet core®, locates to the outer tubule wall and participates in tubule packing
by linking successive helical turns (Figure 3A). Specifically, each A1 domain makes trans interactions
with E1, TIL2, and VWD2 domains of a VWF molecule in its own bead, as well as with a C8-1 domain
four beads away in the next helical turn (consistent with the tubule having 4.2 beads per helical turn)
(Figure 3B and Movie S1). Indeed, without the A1 domain there would be no contacts between
neighboring turns of the tubule. To test the contribution of the A1 domain to tubule formation, we
assessed the ability of a construct truncated at the end of the D3 domain to form tubules. As expected
from prior work®', loss of the A1 domain did not prevent tubule formation but led to significantly shorter
tubules (Figures 3C, S2B). The involvement of the A1 domain in tubule packing and the promotion of
long tubules may explain why D1-A1 constructs form longer WPB-like granules than D1-D3 constructs

in cells®.

We next aimed to exclude the possibility that the A2 domain might also contribute to tubule formation.
To do this, we purified the dimeric form of the D1-A2 construct (Figures S1A, S2A) and showed using
DLS and cryo-EM that it could form tubules, but with a mean length less than the D1-A1 construct
(Figure S2B). Next, we determined a 4.8-A resolution structure of tubules formed by the purified D1-A2
dimer (Figure S2C,D). The structure was nearly identical to the tubule formed with D1-A1 dimers (Figure
S2E) and showed no additional density near the A1 domain that could correspond to the A2 domain
(Figure S2F). This observation demonstrated that the A1 but not A2 domain is a structural component of
the VWF helical tubule. In addition, the inability to resolve the A2 domain suggested that the 31-residues
between the A1 and A2 domains form a flexible linker, in agreement with ns-EM of C-terminal VWF
dimeric bouquets containing the A1 and A2 domains’ and explaining the absence of density for the C-

terminal portion of VWF in reconstructions of native VWF tubules in WPBs".

Structural basis for the pH-dependence of tubule formation
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VWF tubulation is pH-dependent®'**. Histidine protonation has been implicated in this phenomenon
based on histidine having a pKa (6.0) between the neutral pH of the ER and the acidic pH of the trans-
Golgi and WPB*. One possible mechanism for pH-dependent tubulation is that protonated histidine
sidechains form intermolecular salt bridges at acidic pH that stabilize the helical tubule. We therefore
analyzed the 33 histidine residues that are resolved in our structure (Figure 4A, Table S2). First, we
determined their conservation across VWF sequences’*. Second, we calculated electrostatic potential and
structure-based pKas for each histidine to determine which histidine residues are specifically protonated
by a decrease in pH from 7.4 to 5.2. Third, we analyzed their location in the VWF tubule. This analysis
revealed that only one histidine residue (H352) is in a potential interfacial salt bridge. Together with prior
work showing substitution of H352 with an alanine did not impair VWF concatemerization™, we

conclude that interfacial salt bridges involving histidine residues are not required for VWF tubulation.

An alternative mechanism is that histidine protonation forms intramolecular salt bridges that stabilize a
VWF conformation capable of self-associating into helical tubules. Evidence for this mechanism comes
from our observation that H395, a highly conserved residue in the VWD2 domain, forms a potential salt
bridge with D611 in the C8-2 domain that might lead to a tighter association of these domains at acidic
pH than at a neutral pH (Figure 4B). Consistent with this model, a H395A substitution completely
abolished VWF concatemerization™. H817 in the TIL" domain also forms an apparent intramolecular salt
bridge with E835 of the E” domain (Figure 4C), which could potentially stabilize the bridge between
neighboring beads.

Our structure also reveals a third possible mechanism for how acidic pH permits tubulation. When we
analyzed the interfaces between VWF molecules, we found that most interfaces shared an electronegative
charge at pH 7.4 (Figure 4D). Repulsion between these interfaces at neutral pH might prevent tubulation.
We observed that several histidine residues occur within these electronegative environments - H421,
H460, H556, and H817 (Figure 4E-G). This leads us to propose a charge-neutralization model; as the pH
drops in the trans-Golgi, the electronegative charge is neutralized (Figure 4D) by histidine, aspartic acid,
and glutamic acid protonation, allowing tubules to form. The charge neutralization model emphasizes that
other residues besides histidine may regulate tubulation. Although we expected to see histidine residues in
key interactions in tubules, we instead found that only a small number are found in such contacts, and
these are restricted to intramolecular interfaces (Figure 4B, 4C). As pH is lowered in the trans and cis
Golgi, it is not only histidine residues but also aspartic and glutamic acid residues that are protonated. The
ratio of (Asp + Glu) : His residues in the D1-A1 domains is 5:1, and thus protonation of acidic residues

may also have an important effect on tubulation.

zzoz AInr 9z uo 3sanb Aq ypd°29¥9102202 POOIG/E¥IS061/29¥91.02202 POOIA/Z81 L 0L/10p/jpd-ajone/poojq/Bio-suoneoligndyse//:diy woly papeojumoq



Notably, the pI of the A1 domain (8.8) is substantially more basic than D1-D3 (pl 5.1). Charge
neutralization by the A1 domain may therefore provide another mechanism by which the A1 domain
promotes VWF tubulation. However, this effect is not essential to the core mechanism of tubulation

because tubules can form in the absence of the A1 domain®'.

Identification of the disulfide-bonds required for concatemerization

The structure conclusively demonstrates that C1097 and C1142 in the D3 domain are responsible for the
disulfide-mediated concatemerization of VWF (Figure 5SA-C). Density shows that both residues form
intermolecular disulfide bonds with their equivalent residues in the neighboring D3 domain (Figure S3A-
B). Thus, VWF and MUC2 multimers are disulfide-bonded through equivalent cysteine residues'. We
further observed that C1099, which was previously speculated to form an intermolecular disulfide bond'’,

instead forms an intramolecular disulfide bond with C1091 (Figures 5B, S3C).

To observe the conformation of VWF prior to disulfide-linkage of D3 domains, we reconstituted VWF
tubules with our monomeric D1-A1 construct for cryo-EM analysis (Figure S1D). VWF retained its
monomeric form within these tubules (Figure S1B). This observation confirms that prior disulfide-
mediated concatemerization is not a prerequisite for VWF tubulation®. From the monomer-derived VWF
tubules, we obtained a 3.2-A resolution structure which revealed no gross morphological changes and
similar helical parameters to VWF tubules reconstituted with disulfide-linked dimers (Figure S2C-D).
The only changes are at the interface between neighboring D3 domains (Figure 5A-F). In general, the D3
interface between monomers is less ordered than in the dimer-derived tubule, presumably due to
increased flexibility caused by an absence of covalent linkages. Notable changes occur in the 910-923 and
1092-1098 loops (Figures SF, S4A-C). Compared to before intersubunit disulfide bonding, the 910-923
loop shifts into a hydrophobic pocket of VWD3 (Figure S4A,B) and the 1092-1098 loop switches
conformation (Figure S4C). The position of the 1092-1098 loop in the monomer-derived tubule matches
the D’D3 monomer crystal structure'*. However, the C1142-containing loop in the crystal structure adopts
a different conformation from that observed in either tubule structure (Figure S4D). In the monomeric
crystal structure, determined at mildly alkaline pH, the loop conformation buries C1142 in a hydrophobic

pocket. This conformation would protect against premature disulfide bond formation in the ER.

The structure of the monomer-derived tubule confirms that C1099 and C1142 are unpaired (Figure
S3D,E) as expected from their ability to be alkylated in purified monomers'’. In contrast to their

disulfide-bonded state in the dimer-derived tubules, the sulthydryl groups from neighboring C1142

zzoz AInr 9z uo 3sanb Aq ypd°29¥9102202 POOIG/E¥IS061/29¥91.02202 POOIA/Z81 L 0L/10p/jpd-ajone/poojq/Bio-suoneoligndyse//:diy woly papeojumoq



residues are clearly unbonded (Figure SE, S3E). C1097, the other residue responsible for VWF
concatemerization, is confirmed to be in an intramolecular disulfide bond with C1091 (Figure 5D, S3F),

as observed in the D'D3 monomer crystal structure'”.

VWEF concatemerizes through a disulfide exchange mechanism

The observation that C1097 forms an intramolecular disulfide bond prior to concatemerization but an
intermolecular disulfide bond in the concatemer confirmed our hypothesis that VWF concatemerization
proceeds through a disulfide-bond exchange mechanism'®. The details of this mechanism remain to be
defined; however, we can rule out a suggestion that the D1 or D2 assemblies of VWF are
oxidoreductases®. This proposal was based on the presence of CXXC sequences in both the prodomain
and in the active site sequence of oxidoreductase family members, and that insertion of a single glycine
into CXXC motifs in either the D1 or D2 assemblies inhibited VWF concatemerization™. However, there
is no overall structural homology between VWF D assemblies and oxidoreductases. Furthermore, the
cysteine residues in these motifs are disulfide bonded in the VWF monomer and greater than 35 A from

the disulfide bonds at the D3:D3 interface (Figure S5A-C).

Interestingly, we observed additional density extending from the sulfthydryl group of unpaired C1099 in
the monomer-derived tubule (Figure S3D) that could correspond to S-glutathionylation or formation of a

disulfide with a component of the culture medium such as cysteine during D1-A1 protein production.

Disease mechanisms

The loss of ultralong VWF concatemers in type 2A VW disease results from impaired intracellular
multimerization of VWF or increased susceptibility of secreted VWF to proteolysis by ADAMTS13. Our
structures provided an opportunity to interpret, at the atomic level, a well-annotated list of clinical
mutations®® (Figure 6A, Table S3). We focused on Type 2A VW disease mutations that did not substitute
cysteine residues, which likely affect VWF folding by disrupting normal disulfide-bonding. We note that
several non-cysteine mutations map to interfaces between neighboring molecules including Y87S and
R202W. The Y87S mutation has been shown to disrupt tubular packing and block concatemerization®.
Y87 lines a crevice in the VWD1 domain into which an a-helix protrudes from the C8-2 domain of a
neighboring molecule (Figure 6B). The Y87S substitution would admit solvent and destabilize this
packing interaction, potentially causing decreased tubule formation. R202 sits at the nexus between three

VWF molecules at the interface between beads and forms both cation-7 interactions (with Y730 of the

neighboring E2 domain) and electrostatic interactions with D168 and D434 (Figure 6C). Substitution to
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tryptophan®® (R202W) would disrupt these interactions, consistent with our model that charge

neutralization is required for effective tubulation.

A number of type 2A VW disease mutations with unknown pathomechanisms map to the A1 domain
(Figure 6D, Table S3). Our observation that the A1 domain is a constituent of the tubule wall and
enhances tubule length in vitro (Figure S3C) suggests that mutations that impair the stability of the A1l
domain might limit VWF concatemerization by generating short tubules. Consistent with this model, the
VW disease-associated L1307P substitution, which inserts a proline into the hydrophobic core of the Al
domain, has short and round WPB-like granules in cells that are indicative of reduced VWF tubule
length®®. L1276P likely functions through a similar mechanism by disrupting the B1 strand of A1%
(Figure 6D).

DISCUSSION

Here, we have leveraged the propensity of C-terminally truncated VWF constructs to form tubules in vitro
to determine structures of VWF before and after disulfide-bond formation between D3 domains. These
structures, together with prior information, allow us to generate a multi-step model for the assembly of

full-length VWF into concatemers (Figure 7).

Although our structures were generated from N-terminal domains only, a process of elimination can be
used to determine which VWF molecules belong to the same C-terminally linked dimer in vivo. We can
exclude the subunits that contribute D3 domains to a single bead (Figure 7A, Option 1), as their disulfide
bonding would generate a closed dimer. We can also exclude the two subunits that contribute prodomains
to a single bead (Option II) because their extended and antiparallel configuration places their A1 domains
22 nm apart, which is more than twice the distance between A2 domains in the dimeric A1-CK bouquet’.
It is unlikely that this distance can be bridged by the 31-residue flexible linker between the A1 and A2
domains. Similarly, the distance between A1 domains makes Option III unlikely. Instead, we propose that
the dimer corresponds to symmetry related subunits with prodomains in adjacent beads (Option IV),
where the 10-nm distance between Al domains matches the distance between A2 domains in the dimeric

A1-CK bouquet’.

The interface between VWF monomers in the most feasible model for linking dimeric bouquets (option
IV) is ~8,830 A?, more than 5x larger than in alternative models (Fig. 7A). This large size makes it highly
preferred over the alternatives*'. Notably, this dimer is also domain swapped, i.e. D3 of one monomer in

the dimeric bouquet is nestled in the D1-D2 cradle of the other monomer (Fig. 7A and B). Domain
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swapping was also seen in MUC2 filaments'® and occurs because the connection between the D2 domain
and the D' domain is shorter in the extended conformation of the D1-D3 unit shown in Fig. 7A than it

would be if the monomer doubled back to allow its own D3 to interact with D1-D2.

A consequence of the intertwined, domain-swapped arrangement is that the two D3 domains from a single
dimer are kept apart (with ~17 nm between equivalent C1142 residues), thereby preventing closed dimer
formation. Noncovalent association of the VWF heads in this manner would also reduce the risk of heads
from the same dimer becoming incorporated into different tubules, which would lead to tubule bundling
inconsistent with the regularly aligned arrangement of VWF tubules in WPBs*. It is for these reasons that
we hypothesize that noncovalent head pairing occurs as a discrete step before tubule formation.
Intradimer head pairing could be the major pH-regulated step that once formed is sufficient for tubule
formation. However, histidine residues experimentally important for tubule formation®® (e.g. H95 and
H737) are found outside the putative intradimer interface as well as within it (H395, H460 and H817)
(Table S2), implying that head pairing alone may not fully explain the pH dependence of tubule

formation.

Having rationalized the C-terminally linked VWF dimer in the VWF tubule, we propose a model (Figure
7B) wherein the first step of VWF maturation after leaving the ER is zippering together of the C-terminal
A2-CK domains into a dimeric bouquet’. We propose that two dimeric bouquets next associate through
their N-terminal heads to form helical tubules. In our model, the pairing of C-terminally disulfide-linked
dimers through their N-terminal heads recruits additional dimers through D1-A1 interactions to form a
tubule that can polymerize at either tubule end. The dimerized A2-CK tails would spiral outwards from
the central tubule, but with sufficient flexibility conferred by the A1-A2 linker to not be seen in
tomographic reconstructions’'. The A1 domain crosslinks successive helical turns; a property that likely
compacts and rigidifies the tubule, explaining how the A1 domain promotes increased tubule length”’
(Figure 3C), and why some mutations within the A1 domain cause type 2A VW disease through the loss

of ultralong concatemers.

A consequence of tubule formation is that D3 domains from neighboring dimers are brought sufficiently
close to allow intersubunit disulfide bonding. We show that disulfide bonding must occur through a
disulfide-bond exchange mechanism as one of the paired cysteines, C1097, is initially in an
intramolecular disulfide bond with C1091. C1099 is likely critical to this reshuffling as it eventually
becomes paired with C1091 after intersubunit disulfide bonding. We propose that nucleophilic attack by
C1099 on the C1091-C1097 disulfide liberates C1097 for formation of the C1097-C1097' disulfide in
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concatemers as previously proposed® (Figure 7B). The disulfide linkage between C1142 residues is
promoted by their close juxtaposition in the tubule arrangement and can occur without disulfide
exchange. Further work will be required to clarify a more detailed mechanism, including identifying
which enzymes or small molecules act as electron acceptors for the cysteine sulthydryl groups. With its
D3 disulfide bonds formed, VWF is stored in WPBs. During secretion, the pH in WPBs rises to that in the
bloodstream, allowing VWF tubules to uncoil, during which the mature VWF concatemer and the cleaved

prodomain dissociate.

While preparing this manuscript, two other groups reported cryo-EM structures of short VWF tubules
reconstituted in vitro from D1D2 prodomains and dimeric D'D3**. These reports agree with our
assignment of the cysteines responsible for VWF concatemerization. However, without the stabilization
provided by the A1 domain, their tubules contained only a few helical turns. A key finding from our study
is that the A1 domain plays a structural role in VWF concatemerization, suggesting that type 2A

mutations within the A1 domain may cause defective concatemer genesis.

In conclusion, we elucidate key steps in VWF biogenesis through cryo-EM structures of VWF tubules
before and after intermolecular disulfide-bond formation. From these structures we present a model for
how charge-neutralization in the acidic environment of the trans-Golgi allows tubule formation in which

the D3 domains are juxtaposed for disulfide bonding through a disulfide-bond exchange mechanism.
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FIGURE LEGENDS

Figure 1. Structure of a von Willebrand Factor (VWF) tubule. A. Schematic of the domain
organization of the VWF proprotein. Each D assembly except D" is made of domains VWD (von
Willebrand factor type D domain), C8, TIL (trypsin inhibitor-like cysteine rich domain), and E. D1 and
D2 form a prodomain that is cleaved by furin protease before secretion. B. Strategy to obtain VWF
monomers and disulfide-linked dimers. VWF D1-A1 was expressed in Expi293 cells and purified from
the media as monomers and disulfide-linked dimers. The furin cleavage site was mutated to ASAS to
prevent prodomain dissociation. C. Dynamic light scattering (DLS) experiments of purified D1-Al
incubated at indicated pH showing an increase in average hydrodynamic radius with a decrease in pH.
Error bars represent difference of the means from two replicates. D. Representative micrographs from
negative-stain electron microscopy showing VWF dimers incubated at pH 7.4 and 5.2 (scale bars are 50
nm). E. Quantification of panel D showing particle lengths measured from 3 micrographs from samples
incubated together overnight. The bottom, middle, and top lines of the shaded boxes represent the first
quartile, the median, and third quartile of measured particle length, respectively. The length of the
whiskers below and above the box plot represent the lesser of the range of data or 1.5 multiplied by the
interquartile range. F. Schematic and cryo-EM structure of the dimer-derived tubule showing the bead-
like arrangement. The structure forms a right-handed helix with a helical rise of 26.8 A and a helical twist

of 83.3°. The cryo-EM map has been Gaussian filtered for visualization.

Figure 2. Organization of VWF within a tubule. A. Cryo-EM map of the dimer-derived VWF tubule in
gray with a single bead colored by each of the four monomeric VWF subunits from which it is formed.
Beads have two-fold symmetry. B. A single bead. The left view has the same orientation as in (A) and has
a red dashed line separating symmetrical halves. The right view shows the luminal facing portion of the
bead, which is formed by two antiparallel D1D2 prodomains that form a cradle for the binding of two
juxtaposed D'D3 domains. C. A VWF monomer, colored by module, adopts an extended conformation
that spans two beads. The D1D2 prodomain is in one bead, and the D'D3 and Al domains are in a
neighboring bead. Domains of neighboring VWF molecules are colored gray and are shown with thinner

loops, helices, and strands.

Figure 3. The A1 domain is a component of the tubule and links helical repeats. A. Cryo-EM map of
the dimer-derived VWF tubule in gray with Al domains in pink. A single A1 domain is boxed together
with the domains of the neighboring molecules with which it interacts. B. Details of the trans interactions

an Al domain makes with two neighboring VWF molecules. Distinct molecules are denoted by no
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apostrophe, one apostrophe (), or two apostrophes (*’). C. Quantification of tubule length observed by
negative-stain electron microscopy with and without the A1 domain. Particle lengths measured from 3
micrographs from samples incubated together overnight. Whisker plots are as described in the Fig. 1E

legend.

Figure 4. Structural basis for pH-dependent VWF tubule formation. A. The Ca positions of the 33
histidine residues resolved in the structure are depicted as spheres color coded based on sequence
conservation obtained from 140 homologs using the ConSurf server’’. B. Details of the intramonomer salt
bridge made by H395. C. Details of the intramonomer salt bridge made by H817. D. Interface between
D2-D3 of one molecule (denoted D2-1 and D3-1; grey) and the D2 domain of another molecule (D2-2;
teal) (top). The interfaces are separated and colored by electrostatic potential calculated at pH 7.4
(middle) and 5.2 (bottom). Electrostatic potentials were calculated using the default coulombic parameters
in ChimeraX 1.3%*. The positions of surface-exposed histidine residues are marked with a black circle or a
yellow star if highlighted in panels E-G. E-G. Examples of histidine residues - H421 (panel E), H556 and
H817 (F) and H460 (G) - that change protonation state upon pH change from 7.4 to 5.2 in electronegative

local environments.

Figure 5. VWF concatemerization proceeds through a disulfide-exchange mechanism. A. Overview
showing the juxtaposition of domains D’-A1 from separate molecules in the center of a single bead. B-C.
Arrangement of intra- and intermolecular disulfide bonds in VWF tubules generated with dimeric D1-Al.
D-E. Arrangement of interfacial cysteines and intramolecular disulfide in VWF tubules generated with
monomeric D1-Al. F. Superposition of D3 domains showing the rearrangement of the 1091-1097 loop
between monomer and dimer states. Model superposition was performed using the matchmake function of

ChimeraX.

Figure 6. Type 2A mutations. A. Positions of VW disease type 2A missense mutations mapped onto the
structure of VWF D1-A1 as it occurs in a tubule. B. Y87 lines a crevice in the VWD1 domain. The type
2A VW disease mutation Y87S would allow solvent into this crevice, potentially disrupting tubule
formation. C. R202 forms intra and intermolecular interactions with two additional VWF molecules
denoted in purple and dark teal. R202W, a mutation causing type 2A VW disease, would disrupt these
interactions. A dashed green line shows a m-cation bond. D. A1 domain in light pink with residues altered

in type 2A VW disease colored in dark pink. Leucine residues described in the text are labeled.
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Figure 7. Model for VWF tubule assembly. A. Options I-IV show the possible molecules that could be
disulfide bonded at their C-termini in native tubules generated with full-length VWF. Distances between
A1l domains (calculated between A1464 Co positions) are shown below, together with surface
representations of potential C-terminally linked dimers and their quantified interfacial surface area. An
overview is provided with a single bead denoted with a dashed white outline. Interfacial surface areas
were calculated using PDBePISA*'. B. Schematic showing a hypothetical maturation pathway for full-
length VWF based on our cryo-EM structures and prior work. In this model, the acidic environment of the
Golgi induces two changes in the VWF dimer: the A2-CK domains zipper together and the N-terminals
heads form a “dimer swapped” conformation with D3 of one monomer nestling in a D1-D2 cradle of the
other monomer. N-terminal dimer association leads to tubule assembly. Within the tubule, D3 domains
from different dimers are juxtaposed. Once positioned, a disulfide exchange occurs where C1097 is
liberated from an intramolecular disulfide bond to form one of two disulfides that concatemerize VWF
dimers at their D3 domain. The second disulfide, between adjacent C1142 residues, occurs without
disulfide exchange. With dimers linked at their D3 domains, the VWF tubule can unfurl into a high

molecular weight VWF concatemer upon exocytosis into blood plasma.
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Figure S1. Cryo-EM processing. A. Purity of proteins used for tubule formation. All samples were run
on a 5% SDS-PAGE gel. Samples on the right had a reducing agent in the loading buffer whereas samples
on the left were run in non-reducing conditions to preserve their disulfide-bond linkages. B. Non-reducing
SDS-PAGE analysis of proteins after tubules were formed demonstrate that tubule formation was

insufficient to cause monomers to dimerize. C. Flow diagram of the cryo-EM processing steps used to



determine the structure of VWF tubules generated from the D1-A1 dimer. Below, Fourier shell
correlation (FSC) curves for the tubule a central single bead, with the resolution at FSC=0.143 indicated.

D. As C, but for VWF tubules generated from the D1-A1 monomer.
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Figure S2. Cryo-EM processing of VWF tubules generated from a D1-A2 construct. A. Diagram of
the D1-A2 construct. B. Hydrodynamic radius from dynamic light scattering (DLS) experiments of D1-
D3, D1-Al, and D1-A2 after incubation at pH 5.2 for 24 hours. Error bars represent difference of the
mean hydrodynamic radius across two replicates. Asterisks indicate two sample t-test p-value < 0.05. C.
Flow diagram of the cryo-EM processing steps used to determine the structure of VWF tubules generated
from purified D1-A2. Below, Fourier shell correlation (FSC) curves for the tubule and a single central
bead, with the resolution at FSC=0.143 indicated. D. Density of a single D1-A2 bead. E. Overlay of the
D1-A2 bead with transparent density from the D1-A1 dimer. No additional domains or domain



rearrangements are observed relative to the D1-A1 map. F. A1 model docked into the density of the Al
domain in D1-A2 tubules. No density is observed after residue A1464 for the A2 domain or linker to the
A2 domain.



Monomer

Figure S3. Cryo-EM map densities for mechanistically important cysteines and disulfide bonds. A.
Density for the intermolecular C1097-C1097 disulfide bond in the D1-A1 dimer-derived tubule. B.
Density for the intermolecular C1142-C1142 disulfide bond in the D1-A1 dimer-derived tubule. C.
Density for the intramolecular C1091-C1099 disulfide bond in the D1-A1 dimer-derived tubule. D.
Density for C1099 in the monomer-derived tubule. Unexplained density is seen adjacent to the sulthydryl
group. E. Density for C1142 in adjacent molecules in the monomer-derived tubule. F. Density for the
intramolecular C1091-C1097 disulfide bond in the monomer-derived tubule. In all panels, the bonds are
shown as sticks colored by element. Different molecules have carbons colored in green and blue,
respectively. The cryo-EM maps were sharped with Phenix v1.19%2. Contour level is indicated in the

upper right of each panel.
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Figure S4. Superposition of atomic models of D'D3. A. Superposition of the D'D3 crystal structure
(PDB: 6N29) '* with atomic models determined from cryo-EM maps of VWF tubules assembled with
either monomeric or dimeric D1-A1. The positions of interfacial loops highlighted in panels B-D are
boxed. B. Superposition of the 910-923 loop. C. Superposition of the 1092-1098 loop. D. Superposition
of the 1134-1143 loop. Superposition performed using the matchmake function of ChimeraX 1.3.



Figure S5. CXXC motifs in the prodomain are unlikely to catalyze disulfide exchange. A. Model of a
single bead in grey with one D1 and D2 assembly colored by domain. Yellow spheres with 3 A radius are
placed at C1091, C1097, and C1099. Positions of CXXC motifs implicated in VWF intrinsic
oxidoreductase activity*® are denoted by dashed ellipses. The distance of each motif to C1099 is measured
from the first cysteine. B. Atomic model depicting C159 and C162 of the D1 C159-XX-C162 motif in
intramolecular disulfide bonds. C. Atomic model depicting C521 and C524 of the D2 C521-XX-C524

motif in intramolecular disulfide bonds.



Supplemental Video Legends

Movie S1. Overview of the VWF tubule showing the organization of the VWF D1-A1 domains. The Al
domain is a component of the tubule wall that links helical repeats. Distinct molecules are denoted by no

apostrophe, one apostrophe (*), or two apostrophes (*’).



SUPPLEMENTAL TABLES

Table S1. Statistics for data collection, data processing, model refinement and validation.

D1-A1 (monomer)

D1-A1 (dimer)

D1-A2 (dimer)

Data collection

Microscope Titan Krios Titan Krios Talos Artica
Detector K3 K3 K3
Voltage (keV) 300 300 200
Nominal magnification 81,000 81,000 36,000
Electron exposure (¢/A2) 55.52 55.46 53.06
?;2":2;52?525?;%@ -0.6 10 2.0 0.6t0-1.8 121022
Pixel size (A) 1.06 1.06 1.1
Total movies acquired 12,996 6,121 1,065
Data Processing

EMDB code EMDB-27156 EMDB-27157 EMDB-27158
Particles 373,304 250,388 78,108
Helical Twist 833 83.3 83.3
Helical Rise 26.8 26.8 27.0
ﬁ:{s)kf;olution (A), Tubule 32 33 43
e
Model composition

PDB code 8D3C 8D3D

Chains 16 16

Atoms 162,720 163,856

Residues 20,880 21,024

Ligands Ca": 48, NAG: 80 Ca*" 48, NAG: 80

Refinement

el e

(Cco(r:rrfllsstgn coefficient 0.79 0.81

Crer (masked) (A) 33 34

Root meat-sque deviaion 0004 0007

ﬁ)"o‘l’f d“;ﬁ;‘fez;l‘(lgr)e deviation 1.125 1.042

Validation

MolProbity Score 1.05 1.17

Clashscore 0.92 1.96

Rotamer outliers (%) 0.35 0

Ramachandran (favored) (%) 96.06 96.68

Ramachandran (outliers) (%) 0 0




Table S2. Analysis of VWF D1-Al histidine residues. Structure-based analysis of all the histidine
residues present in human VWF domains D1-A1 in the dimer-derived tubule structure. Conservation

scores were determined using ConSurf #’. pKa values were determined using pdb2pqr 3.4.1%,
Abbreviations: WT = wild type.
Histidine Location | Conser- | Structure- | Protonated | Molecular environment Effect of Effect of
vation based pKa | upon pH substitution on substitution on
Score drop (7.4 D1D3 VWF
to 5.2) dimerization® concatemerization
3

95 VWDI1 7 29 No Near interface with C8-2 Decreased Slightly reduced
of neighbor. In an
electronegative
environment close to D75,

D93 and D106.

238 C8-1 7 5.7 Yes Near interface with A1l WT levels WT levels
domain.

288 C8-1 3 6.2 Yes Faces solvent.

316 TIL1 7 5.7 Yes Near interface with VWD3
of neighbor.

352 El 9 3.8 No Near interface with VWD3 | WT levels WT levels
of neighbor. Close to
E1015 of neighbor.

395 VWD2 9 6.5 Yes Potentially forms an Prevented No concatemers
intramolecular salt bridge (H395A and (H395A or
with D611 of the C8-2 H395R) H395R/K)
domain.

421 VWD2 3 6.2 Yes Faces solvent.

452 VWD2 2 6.5 Yes Near VWD?2 of neighbor.

May help neutralize charge
of D467.

460 VWD2 9 2.6 No At interface with E2 of Prevented Impaired
neighbor. Likely helps (H460L), (H460A/L/M/Q)
flanking R505 and K459 Reduced
make salt bridges. (H460M/Q/A), WT levels

Restored (H460K/R)
(H460R/K)

484 VWD2 4 5.4 Yes 7 A from interface with
VWD?2 of neighbor.

556 VWD2 5 5.5 Yes In a histidine-rich region
with H725/726 of
neighboring molecule.

566 C8-2 1 4.9 No May interact with D437.

596 C8-2 9 5.6 Yes Near interface with C8-3 Decreased Reduced
of neighbor. May interact (H596A and
with E593. H596R)

725 E2 8 7.7 No In a histidine-rich region. WT levels Impaired

concatemerization

726 E2 3 6.3 Yes In a histidine-rich region.

737 E2 5 6.7 Yes In an electronegative Decreased Impaired
region at the interface with | (H737A and concatemerization
VWD of neighbor. Could | H737R) (H737A or
neutralize electronegative H737R)
charge.

759 E2 5 - - Not resolved.

817 TIL' 7 6.9 Yes Potentially form
intramolecular salt bridge
with E835 of the E’
domain.

831 TIL' 9 4.4 No Potentially interacts with WT levels WT levels
E543 of neighboring
VWD?2 domain. May form
a water bridge with H1114.

861 TIL' 2 6.3 Yes Faces solvent.




874 VWD3 9 22 No Likely coordinates a water | WT levels WT levels
molecule.
916 VWD3 3 52 On a flexible loop.
952 VWD3 3 6.6 Yes Potentially forms a salt
bridge with E930 of same
molecule.
971 VWD3 3 5.8 Yes In an electronegative
environment surrounded
by D975, D1096, and
D1102.
1047 C8-3 2 6.9 Yes Potentially interacts with
D1040,
1109 C8-3 7 4.1 No Forms intramolecular
contacts.
1114 C8-3 1 53 Yes Potentially forms a water
bridge with H831.
1159 TIL3 9 6.6 Yes May neutralize charge of Impaired secretion
acidic residues at the
intramolecular interface
with VWD3.
1174 TIL3 8 5.0 No Near glycosylation. WT levels WT levels
1176 TIL3 1 6.2 Yes Near glycosylation.
1221 E3 2 - - Not resolved Reduced WT levels
1226 E3 6 - - Not resolved WT-levels Reduced
1268 Al 6 6.0 Yes Faces solvent
1322 Al 8 3.8 No At interface with E1.
Forms a potential water
bridge with H1326.
1326 Al 7 3.1 No At interface with E1.
Forms a potential water
bridge with H1322.
1419 Al 3 5.8 Yes Faces solvent




Table S3. Analysis of single-residue substitutions associated with type 2A VW disease.
Abbreviations: HWM, high molecular weight; ER, endoplasmic reticulum; WPBs, Weibel-Palade bodies.

Mutation | Observations from structure Evidence from literature

R202W At interface between 3 molecules. Forms cation-nt Reduced HMW concatemers?®
interactions with Y730 of neighboring E2 domain
and electrostatic interactions with D168 and D434. A
tryptophan substitution would disrupt electrostatic
interactions but maintain stacking interactions.

R273W Likely forms an intramolecular salt bridge with Patients lacked HMW concatemers in
D141 that would be lost by a substitution to plasma. Mutation increased ER retention of
tryptophan. recombinant VWF in COS-7 cells®.

N528S Involved in coordinating calcium. Loss may lead to a | Patients lack HMW concatemers. N528S-
disruption of the calcium-binding site, which occurs | VWF variant showed only diffuse staining
at the VWD2-VWD3 interface. consistent with no WPBs. Increased ER

retention®.

G550R An arginine substitution would affect intramolecular | Decreased levels of HMW concatemers®'.
packing by generating a clash with F406. Did not form WPBs potentially because of a

secretion defect®?,

S979N May disrupt intramolecular packing. S979N might be associated with VW

disease type 2E33.

G1180R Faces solvent. Substitution may decrease local Reduced HMW concatemers but not
structural flexibility. replicated with recombinant VWF protein

secreted into media™.

L1276P Could prevent proper folding of the hydrophobic Patients lacked HMW concatemers in
core of the Al domain. plasma*’.

V1279F Could prevent proper folding of the hydrophobic Absence of HMW concatemers™.
core of the Al domain.

L1307P Could prevent proper folding of the hydrophobic Marginal decrease of the largest VWF
core of the A1 domain. concatemers. Reduced production and

increased ER retention. Mainly short/round
WPBs*.

Vi1316M Could prevent proper folding of the hydrophobic Reduced HMW concatemers®®. Also
core of the A1 domain. associated with severe thrombocytopathy®’.

R1374H May affect folding of the A1 domain. Reduced HMW concatamers.>®
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