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Key Points

• The VWF D9 domains are
flexibly tethered entities
projecting outside antiparallel
dimers of the VWF D3 domain.

• Extensive interactions
between the VWF D9 domain
and primarily the FVIII C1
domain mediate VWF-FVIII
association.

Binding to the vonWillebrand factor (VWF) D9D3 domains protects factor VIII (FVIII) from

rapid clearance. We performed single-particle electronmicroscopy (EM) analysis of neg-

atively stained specimens to examine the architecture of D9D3 alone and in complex

with FVIII. The D9D3 dimer ([D9D3]2) comprises 2 antiparallel D3 monomers with flexibly

attached protrusions of D9. FVIII-VWF association is primarily established between the

FVIII C1 domain and the VWF D9 domain, whereas weaker interactions appear to be me-

diated between both FVIII C domains and the VWF D3 core. Modeling the FVIII structure

into the three-dimensional EM reconstructions of [D9D3]2-FVIII ternary and quaternary

complexes indicates conformational rearrangements of the FVIII C domains compared

with their disposition in the unbound state. These results illustrate the cooperative

plasticity between VWF and FVIII that coordinate their high-affinity interaction. (Blood.

2015;126(8):939-942)

Introduction

The strong association of plasma factor VIII (FVIII) with circulating
vonWillebrand factor (VWF) secures FVIII from rapid clearance in the
blood. The VWF-FVIII complex forms through a high-affinity inter-
action between the FVIII light chain and the VWF D9D3 domains.1

Mutations within VWF that abrogate or abolish this high-affinity bind-
ing lead to type 2N von Willebrand disease, a condition characterized
by reduced plasma levels of FVIII.2

The tertiary structure ofmature VWF, particularly at theN-terminal
D9D3 domains, regulates the affinity for FVIII. VWF circulates as a
multi-subunit protein comprising repeated domains that distinctly fa-
cilitateVWFpackagingandhemostasis.3TheVWFpropeptide (domains
D1and D2) catalyzes the multimerization of VWF via intermolecular
disulfide bonds at the D3 domain (Figure 1A).4 In the absence of
propeptide-dependent posttranslational modifications to the D9D3 do-
mains, VWF binds FVIII with reduced affinity.5 Cleavage of the pro-
peptide by furin facilitates FVIII stabilization in the circulation.6We and
othershavepreviously reported thatVWFfragments are sufficient tobind
FVIII and that propeptide processing of these VWF fragments enhances
the affinity for FVIII.7-9 Several of these VWF fragments were also suf-
ficient to elevate FVIII levels in VWF-deficient mice.7

To further explore the association betweenVWFandFVIII,we used
single-particle negative-stain electron microscopy (EM) to characterize

the architecture of dimeric VWFD9D3 domains ([D9D3]2) alone and in
complex with FVIII.

Study design

Protein expression, purification, and analyses are detailed in supplemental Data
available on the BloodWeb site.

Results and discussion

Structure of [D9D3]2

Mature D1-D3 (ie, [D9D3]2) recapitulates the FVIII-binding N-termini
of circulating, multimeric VWF. Expression and maturation of D1-D3
results in a disulfide bonded dimer of the D9D3 domains concomitant
withproteolysisof thepropeptide (Figure1AandsupplementalFigure1).
[D9D3]2 was separable from pro-forms of D1-D3 (ie, uncleaved D1-D3)
by size exclusion chromatography (supplemental Figure 1). Consistent
with previous reports,10,11 class averages of negatively stained [D9D3]2

Submitted April 20, 2015; accepted May 27, 2015. Prepublished online as

Blood First Edition paper, June 11, 2015; DOI 10.1182/blood-2015-04-

641696.

Presented in abstract form at the 54th Annual Meeting of the American Society

of Hematology, Atlanta, GA, December 8, 2012.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.

The publication costs of this article were defrayed in part by page charge

payment. Therefore, and solely to indicate this fact, this article is hereby

marked “advertisement” in accordance with 18 USC section 1734.

© 2015 by The American Society of Hematology

BLOOD, 20 AUGUST 2015 x VOLUME 126, NUMBER 8 939

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/8/939/1391502/939.pdf by guest on 08 June 2024

http://www.bloodjournal.org/content/126/8/923
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2015-04-641696&domain=pdf&date_stamp=2015-08-20


particles show an antiparallel dimer in a back-to-back configuration
(Figure 1B and supplemental Figure 2).Within [D9D3]2, eachmonomer
appears as an ovoid density along the dimer symmetry axis accompa-
nied by a weaker elongated density, which we term the “handle,” in the
periphery. The dimensions of the handle are;20 Å3;60 Å, in agree-
ment with the dimensions of the D9 domain structure determined by nu-
clear magnetic resonance spectroscopy.9 This observation indicates that
D3 forms theovoiddensity (;30 Å3;60Å) andhomodimerizes along
the symmetry axis, consistent with a previous report identifying inter-
molecular disulfide bonds located at the C-terminus of the D3 domain
(C1099-C1099 andC1142-C1142) that coordinate dimerizationofVWF
fragments comprising theD9D3domains.4 To confirm this interpretation
of the relative disposition of D9 and D3 domains, we labeled [D9D3]2
with an Ag-binding fragment (Fab) directed against the FLAG epitope
tag located at the D3 C-terminus. Class averages of the Fab-labeled
[D9D3]2 show distinct views of the complexwith the central core of
[D9D3]2, but not thehandle, decoratedwith additional densities attributed
to Fabs (Figure 1C and supplemental Figure 3). The densities corre-
sponding to theD9 domainwere oftenweak or partially averaged out,
suggesting flexibility in its tethering and relative positioning to the more
rigid D3 domain.

The [D9D3]2-FVIII complex

We previously reported that [D9D3]2 possesses an FVIII binding af-
finity comparable to that of multimeric VWF.7 Addition of [D9D3]2 to
the culturemediumof a stable cell line expressing 226N6 (anFVIII var-
iant with improved secretion12) promoted the accumulation of a stable
complex comprising partially proteolyzed 226N6and disulfide-bonded
dimers of the VWFD9D3 domains (supplemental Figure 4). FVIII pre-
ferentially co-immunoprecipitatedwith [D9D3]2 comparedwith pro-forms
of D1-D3 (supplemental Figure 4), consistent with the requirement

of proteolysis of the VWF propeptide by furin for FVIII binding.13

Negative stain EM class averages revealed an elongated architecture
with a central [D9D3]2flankedby1or 2FVIIImolecules at diametrically
opposite sides, thereby resulting in ternary and quaternary complexes,
respectively (Figure 1D and supplemental Figures 5 and 6). Particularly
noticeable with quaternary complexes, this elongated configuration is
oftenkinkedwithFVIIIpivotingvariablyabout theD3coredomains.This
observation suggests that FVIII engages VWF primarily through the
flexibly tethered density attributed to D9. Accordingly, some aver-
ages show a faint elongated density projecting from the D3 core and
contacting FVIII. In addition, several averages indicate that FVIII may
assume interactions with the D3 core. However, the overall observed
variable juxtapositionofFVIII againstD3suggests that these interactions,
if any, are weak and that the D9 interaction is the primary association
component, consistent with FVIII binding solely toD9.9 Classification of
similarly purified murine [D9D3]2 in complex with recombinant FVIII
showed similar ternary and quaternary structures (Figure 1D and supple-
mental Figure 6), with the flexibly tethered D9 domain allowing the var-
iable disposition of FVIII relative to the D3 dimer core.

Compared with the distinct projection profile of the structure of
FVIII,14 the averages show that FVIII interacts with D9D3 through
its two globular “feet” attributed to the C1 and C2 domains
(Figure 1D), consistent with previously reported biochemical15 and
genetic16 data. To gain further insight into this association, we ob-
tained negative-stain three-dimensional (3D) reconstructions of the
ternary (Figure 2) and quaternary (supplemental Figure 7) com-
plexes. The crystal structure of FVIII can be modeled into the 3D
envelope with a unique orientation, whereby the FVIII A domains
occupy the pointed, distal end(s) of the complex. In this config-
uration, the C1 and C2 domains are in close proximity to the density
representing [D9D3]2.We also observed clear additional density that
can accommodate the structure of D9 in association with FVIII. The

Figure 1. [D9D3]2 associates with FVIII primarily through the flexibly tethered D9. (A) The D1-D3 complementary DNA (cDNA) encodes the N-terminus (M1-P1247) of

human or murine VWF and fuses C-terminal E and FLAG tags. Similar to VWF, D1-D3 undergoes posttranslational processing prior to its secretion as a dimer of the D9D3

domains. The propeptide catalyzes intermolecular disulfide bonds at the D3 C-terminus and is cleaved by furin to generate a new N-terminus at S764 of the D9 domain.3

(B) Class averages of murine [D9D3]2 reveal a bilobed central density with a flexibly tethered “handle” having dimensions in agreement with those of D9. (C) Fab fragments

(black arrow) directed against the C-terminal FLAG tag decorate the body of [D9D3]2, distinguishing the central bilobed density as the D3 dimer and further confirming the

“handle” density as D9. (D, left and right panels) Each molecule of human or murine [D9D3]2 may bind 1 to 2 human FVIII molecules and adopt various orientations. (D, center

panel) Characteristic projection of a simulated map of FVIII crystal structure14 illustrates the FVIII domain architecture compared with the EM averages. In some class

averages, the D9 handle can be seen in close, interacting proximity with one of the FVIII C domains (black arrows). Several averages of [D9D3]2 bound to a single FVIII clearly

show a free D9 domain (white arrows) diametrically opposed to the FVIII-bound D9 domain (black arrows).
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low-resolution model shows that D9 interacts mainly with C1, but
smaller interfaces may also be established with C2 and A3.
Consistent with class averages of quaternary complexes (Figure 1D),
the corresponding 3D envelope (supplemental Figure 7A) further
indicates that both C domains may weakly interact with D3. In-
terestingly, the C domains of FVIII do not fit within the EM en-
velope as well as the FVIII A domains. Although we cannot
exclude that this represents an artifact of the negative-stain
preparation, it is quite possible that the C domains have undergone
conformational rearrangements imposed by the binding of
[D9D3]2 compared with their unbound form observed in the
crystal structures.14,17 Highlighting this flexibility, the FVIII C2
domain makes only minor contacts with the A1 and C1 domains
and may assume different positions relative to the remainder
of FVIII.14,17 We also note that the contribution of the FVIII acidic
a3 domain to FVIII’s high affinity for VWF15 remains unclear, and
further detailed investigations will be needed to define this
interaction as well as the mechanism(s) by which von Willebrand
disease type 2N and hemophilia A mutations prohibit VWF-FVIII
association.

Notwithstanding these limitations, the EM results provide a first
architectural framework for the association of FVIII with VWF.
Considering that the observed conformational variability of the
[D9D3]2-FVIII complex likely poses a great challenge for its struc-
ture determination by x-ray crystallography, an orthogonal inte-
gration of results fromdifferent biophysicalmethodsmay be required
to determine how VWF binding alters the conformation of the FVIII
light chain while still allowing proteolytic activation of FVIII.
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