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ABSTRACT: Von Willebrand factor (VWF) is a plasma glycoprotein that participates in .
platelet adhesion and aggregation and serves as a carrier for blood coagulation factor VIII
(fVII). Plasma VWF consists of a population of multimers that range in molecular weight
from ~ 0.55 MDa to greater than 10 MDa. The VWF multimer consists of a variable number
of concatenated disulfide-linked ~275 kDa subunits. We fractionated plasma-derived human = "’
VWE/{VIII complexes by size-exclusion chromatography at a pH of 7.4 and subjected them to
analysis by sodium dodecyl sulfate agarose gel electrophoresis, sedimentation velocity
analytical ultracentrifugation (SV AUC), dynamic light scattering (DLS), and multi-angle light
scattering (MALS). Weight-average molecular weights, M,,, were independently measured by
MALS and by application of the Svedberg equation to SV AUC and DLS measurements.
Estimates of the Mark—Houwink—Kuhn—Sakurada exponents ag, Ay and ap, describing the
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functional relationship between the z-average radius of gyration, (Rg)z, weight-average

sedimentation coeflicient, s, z-average diffusion coefficient, D,, and M,, were consistent with a
random coil conformation of the VWF multimer. Ratios of (R), to the z-average hydrodynamic radius, (Ry),, estimated by DLS,

were calculated across an M, range from 2 to S MDa. When compared to values calculated for a semi-flexible, wormlike chain, these
ratios were consistent with a contour length over 1000-fold greater than the persistence length. These results indicate a high degree
of flexibility between domains of the VWF subunit.

B INTRODUCTION

Von Willebrand factor (VWF) is an adhesive plasma
glycoprotein that is necessary for normal vertebrate hemo-
stasis.' ™ Following vascular injury, VWF binds to exposed
subendothelial collagen in the vessel wall and mediates platelet
adhesion by binding platelet glycoprotein Iba. VWF
subsequently participates in platelet aggregation by binding

making VWF the largest known soluble vertebrate protein.
VWFEF is synthesized in endothelial cells as a much larger
multimer containing an estimated 3500 subunits.” It is either
secreted constitutively or stored intracellularly as the major
constituent of Weibel—Palade bodies and secreted in response
to a variety of secretagogues.11 Following secretion, VWF
undergoes limited proteolysis at Tyr1605-Met1606 in the A2

to platelet glycoprotein allbj3.

VWFEF is a multimer consisting of a variable number of
concatenated, ~275 kDa subunits, called monomers. The
VWE subunit propeptide contains a sequence of domains
designated D1-D2—D’—D3—A1—A2—A3—-D4-B1-B2—-B3—
C1-C2—CK. The propeptide is cleaved between the D2 and
D’ domains to produce the mature D'—D3—Al1—-A2—A3—
D4—B1—-B2—B3—C1—C2—CK subunit. Subunits are disulfide-
linked at their C-terminal ends to form dimers, which in turn
are disulfide-linked at their N-terminal ends to form multi-
mers." VWF contains 19% carbohydrate by mass,’ which
includes extensive O-glycosylation, primarily at inter-domain
segments at the N- and C-terminal ends of the Al domain.® X-
ray structures are available for the D'D3, Al, A2, and A3
domains and reveal that they are globular, ~30—40 kDa
proteins.é_

Molecular weight estimates of plasma VWEF by sodium
dodecyl sulfate (SDS) agarose gel electrophoresis indicate that
most multimers are distributed within a range of 1—-10 MDa,"?
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domain, catalyzed by the metalloprotease ADAMTS13 to
produce the molecular weight distribution found in plasma.
Congenital deficiency of VWF produces the bleeding
disorder von Willebrand disease (VWD). Type I VWD, due
to partial quantitative deficiency of VWE, is the most common
congenital human bleeding disorder. Type II VWD is a
heterogeneous group of disorders characterized by deficiency
of the largest multimers. Type III VWD is due to complete
absence of VWE. It is the least common type of VWD and is
characterized by a severe bleeding diathesis. Deficiency of
ADAMTS13 due to the congenital absence or the presence of
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autoantibodies leads to the inability to cleave VWEF to lower-
molecular-weight multimers. The resulting “ultra-large” VWEF
multimers produce the disorder thrombocytopenic thrombotic
purpura.lz’ ?

VWE also serves as a carrier protein for blood coagulation
factor VIII (fVIII) in plasma. FVIII is a glycoprotein that
functions in the activated form as a cofactor for factor IXa in
the activation of factor X along the intrinsic pathway of blood
coagulation. Congenital deficiency of fVIII produces the
bleeding disorder hemophilia A, which is the most common
severe congenital bleeding disorder. Due to variable proteolytic
intracellular processing, fVIII circulates with a molecular
weight that ranges from ~160 to 240 kDa. FVIII binds tightly
and non-covalently to VWF, which shields it from clearance
receptors and increases its circulatory lifetime. The increased
clearance rate of fVIII in type III VWD produces FVIII
deficiency.

The standard model of VWF function is that under static,
non-flowing conditions, attractive inter-subunit forces produce
a conformation described as a “ball-of-yarn”,m “tangled coil”,'?
“compact fuzz ball”,16 “compact, bird’s nest”,"” “dense
globule”,"® or “compact and globular” protein.'” According
to the model, these forces are disrupted in the shear flow of the
arterial circulation, leading to an elongated, active conforma-
tion that mediates the interactions of VWF with the vessel wall
and platelets.

The physical characterization of size-fractionated homolo-
gous polymers is a time-honored method to characterize the
macromolecular conformation.”’”>* It has been applied
extensively to the characterization of synthetic polymers,
polysaccharides, and nucleic acids.”>** As an unusual, naturally
occurring homologous series of polymers, VWF lends itself to
analysis using the powerful tools of polymer chemistry. We
recently reported the results of sedimentation velocity
analytical ultracentrifugation (SV AUC) and dynamic light
scattering (DLS) studies of VWF/{VIII complexes that were
fractionated by size-exclusion chromatography (SEC).*
Molecular weights were calculated using the Svedberg equation
from sedimentation coefficients and diffusion coeflicients
obtained by SV AUC and DLS, respectively. Conformation
plots of sedimentation coefficients or diffusion coefficients
versus molecular weights were consistent with a random coil
conformation instead of a compact, globular structure.

By providing estimates of the radius of gyration and
molecular weight, multi-angle light scattering (MALS) is an
additional method by which to assess the macromolecular
conformation. The ratio of the radius of gyration to the
hydrodynamic radius obtained from DLS measurements
provides an estimate of persistence length relative to contour
length as a measure of the stiffness of a macromolecular
chain.** In this report, we find that the persistence length is
considerably shorter than the contour length of the VWF
subunit, consistent with a high degree of intra-subunit

flexibility.

B MATERIALS AND METHODS

Alphanate (antihemophilic factor/VWF complex [human])
was purchased from Grifols USA. The native conformation of
VWE/{VIII is retained in Alphanate, as judged by in vitro
bioassays, the multimeric composition, clinical pharmacoki-
netics, and the efficacy in treating bleeding episodes in VWD
and hemophilia A.***” Lyophilized bovine serum albumin,
fraction V RIA ELISA grade (BSA), was purchased from

Calbiochem and dialyzed against 154 mM NaCl, 5.60 mM
Na,HPO,, 1.1 mM KH,PO,, pH 7.40 before use as an
isotropic scatterer in SEC MALS. Pooled citrated normal
human plasma (FACT) was obtained from George King
Biomedical. Sephacryl S-1000 was purchased from Pharmacia.
An estimate of 277 kDa for the VWF subunit molecular weight
was obtained from the polypeptide molecular weight of
225,388 Da and a fractional carbohydrate composition of
0.187."° The polypeptide extinction coefficient at 280 nm,*®
partial specific volume,”® and dn/dc*° were estimated from the
amino acid composition using SEDFIT version 16.36 (www.
analyticalultracentrifugation.com). Corresponding values for
the glycoprotein were estimated from the fractional carbohy-
drate composition using 0.622 mL/g and 0.15 mL/g values for
the partial specific volume®" and dn/dc** of the carbohydrate,
respectively. This resulted in an extinction coeflicient at 280
nm of 0.65 (mg/mL) ™" cm™, a partial specific volume of 0.706
mL/g, and a dn/dc of 0.180 mL/g for VWFE. The solvent
density and viscosity of 0.15 M NaCl, 0.02 M Hepes, 5 mM
CaCl,, pH 7.4 (HBS/Ca buffer, I 0.17) at 20 °C were
measured using a DMA4500 density meter and a Lovis 2000
M rolling ball viscometer (Anton Paar USA).

Sephacryl S-1000 Size-Exclusion Chromatography.
The VWEF/{VIII complex was purified from Alphanate, which
is a commercial product prepared from pooled human plasma
by cryoprecipitation, fractional solubilization, and heparin
Sepharose affinity chromatography. Human albumin is added
as a stabilizer. Two vials of Alphanate were dissolved by adding
10 mL of sterile water for injection to each vial, resulting in a
final volume of 21.6 mL and fVIII and VWE ristocetin cofactor
activities of 180 and 250 U/mL, respectively. The sample was
applied to a 2.5 X 120 cm Sephacryl S-1000 SEC column
equilibrated in HBS/Ca buffer at room temperature. The
column was eluted in HBS/Ca buffer at a flow rate of 0.35
mL/min controlled using a Mariotte flask, and 3.15 mL
fractions were collected. The optical density of the fractions
was measured at 280 and 320 nm, and the absorbance at 280
nm was corrected for light scattering by subtracting 1.7 times
the OD320 from the OD280.” Factor VIII coagulant activity
was measured using a one-stage coagulation assay using a
Diagnostica Stago STart viscosity-based coagulation analyzer
and referenced to pooled normal human plasma as described.”
Thirteen samples were taken from across the VWE/{VIII peak,
diluted to 0.15 mg/mL in HBS/Ca buffer, and frozen in 0.45
mL aliquots at —80 °C.

SDS/Agarose Gel Electrophoresis. Samples 1 through 13
were subjected to 0.1% lithium dodecyl sulfate/0.65% agarose
gel electrophoresis and immunoblotting as described pre-
viously.”* After the electrophoresis step, the gel was electro-
blotted to a nitrocellulose membrane, followed by incubation
with an anti-VWF polyclonal antibody (Dako) and goat anti—
rabbit IgG horse radish peroxidase (Thermo Scientific). Bands
were visualized using an Amersham Imager 600 imaging
system. Normal human plasma and type 2B VBD plasma
served as controls.

Size-Exclusion Chromatography Multi-Angle Light
Scattering. The SEC MALS configuration consisted of an
isocratic pump/vial sampler/variable wavelength 1 cm path
length detector (1260 Infinity II HPLC system, Agilent
Corporation) in line with a Superdex 200 10/300 GL SEC
column (GE Healthcare Life Sciences)) a DAWN MALS
detector, and an Optilab differential refractometer (Wyatt
Corporation). Samples 1—13 of Sephacryl S-1000 -fractionated
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VWE/{VIII complexes, 0.15 mg/mL, were thawed in a 37 °C
water bath for 15 min, transferred to 1.5 mL bullet tubes,
centrifuged at 18,000g for 30 min at room temperature, and
transferred to 300 uL glass insert vials (Agilent). Samples (0.1
mL) were applied to the SEC column at 0.5 mL/min at room
temperature. High-performance liquid chromatography
(HPLC) control, data acquisition, and analysis were performed
using ASTRA (version 7.3.2.21) and HPLC Manager (version
1.4.1.1) (Wyatt Corporation). In aqueous solvents, DAWN
measures scattering of vertically polarized 658.3 nm GeAs laser
light at 17 angles ranging from 28 to 147°. Voltage signals from
0.5 s “slices” of the chromatogram were converted to Rayleigh
ratios, Ry, by calibrating 90° light scattering with toluene>°
according to the instructions provided by the manufacturer.
Normalization of the scattering at the other angles to the signal
at 90° was performed using BSA as an isotropic scatterer.
Normalization, peak alignment, and correction for band
broadening were performed using ASTRA. In sufficiently
dilute solution and small scattering angles (ref 37, p 305)

K'c 1 167°

— =]+

Ry, M 31,°

w

0
(Rg), sin’>
8 23 (1)

where M,, is the weight-average molar mass, (Rg>Z is the z-

average radius of gyration (root mean square radius), € is the
scattering angle, ¢ is the concentration, and A, is the
wavelength of incident light in vacuo. K* is an optical constant
defined as follows

o = 47°nl(dn/dc)’
AN, (2)

where 1, is the refractive index of the pure solvent, n is the
refractive index of the solution containing the macromolecule,
dn/dc is the macromolecular refractive index increment, and
N, is Avogadro’s number. The concentration was measured
using

dRI:n—noz(ﬁ)c

dc (3)

where dRI is the differential refractive index.
Estimates of M,, and (R,), were obtained in ASTRA using

the Berry’™” and Zimm>””* models by simple linear
regression of ,/K*c/Rg or K*c/RH versus sin*(6/2),
respectively.

In the limit the macromolecular concentration approaches
zero (ref 37, p 304)
Ry
—— = MP(60
K*c @ 4)
where P(0) is the form factor of the macromolecule. For a
random coil, (ref 37, p 311; ref 41)

PO) = 2/w)(e™ +w—1) ()
where
167, ,0
w = 2 Rgsm 5 ©)

substituting into eq 4 gives

Ry _ N
K*C—M(Z/w)(e +w—1) @

Nonlinear least-squares regression of R,/ K *c versus sin® 6/2
in eq 7 was performed using ASTRA using Rg and M as the
fitted parameters.

Light scattering data at both lower and higher angles can
produce systematic errors in the estimated parameters.”” High-
molecular-weight impurities present in the scattering cell
arising from the sample or HPLC system (e.g., shedding of
SEC resin particles) contribute more to scattered light
intensity at lower angles than at higher angles. Conversely,
data at higher angles become increasingly distant from the
extrapolation to zero angle performed by simple linear
regression. Preliminary analysis of Berry plots using all 17
angles was performed to identify the range of angles that
produced the optimum value of the coefficient of determi-
nation, 1%, from linear least-squares regression (Figure S1 in the
Supporting Information). Data from 11 angles, 50, 57, 64, 72,
81, 90, 99, 108, 117, 126, and 134°, were selected for the final
analysis. Analysis using the Zimm model produced similar
results (data not shown). M, and (Rg)z values for the entire

sample were obtained from slices collected between 13.9 and
16.7 min in the Superdex 200 chromatogram using ASTRA.
Sedimentation Velocity Analytical Ultracentrifuga-
tion. VWE/{VIII S-1000 frozen aliquots, 0.15 mg/mL, were
thawed in a 37 °C water bath for 15 min. SV AUC was
conducted at a nominal temperature of 20 °C in a Beckman
Coulter XLI analytical ultracentrifuge using standard proce-
dures.*” Samples (0.4 mL) were loaded into 1.2 cm pathlength
Epon double sector cells equipped with sapphire windows with
matched buffer in the reference sector. A small correction for
temperature was performed by direct measurement of the rotor
temperature, as described.” Data were corrected for scan time
errors using REDATE version 1.01.** Absorbance scans at 280
nm were initiated after reaching the target rotor speeds. Data
were analyzed using the continuous c(s) distribution
model™™*” in SEDFIT as described previously.”> The c(s)
distribution was discretized into 100 intervals over a range of
0—80 S. The fitted parameters were f/f,, c(s), time-invariant
noise, and the meniscus position. Fitting was performed using
sequential simplex and Marquardt—Levenberg algorithms and
maximum entropy regularization with a confidence interval of
0.68. SV graphs were plotted using GUSSI version 1.2.1.**
The weight-average sedimentation coefficient, s, is given by

Sy = 2 cksk/z I
k k (8)

where ¢, and s, are the total cell concentration and
sedimentation coefficient of species k, respectively.*”*" s,
values were estimated by integrating c(s) distributions from
S to 70 S. Sedimentation coefficients were adjusted to the

standard condition of 20 °C in solvent water using

Sw o _ (Mo (1 — Tp)
(SW)ZO,W ;70 (1 - ipZO,w) (9)

where the partial specific volume is assumed to be invariant

with respect to solvent conditions, p and p,,, are the solvent

density and density of water at 20 °C, respectively, and #, and
: -

(1,)20,w are the corresponding solvent viscosities.

Dynamic Light Scattering. VWE/{VIII S-1000 frozen
aliquots, 0.15 mg/mL, were thawed in a 37 °C water bath for
1S min and centrifuged at 18,000g 30 min in a Beckman
Microfuge 18 centrifuge. The upper 0.4 mL volume was
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removed and added to a fresh 1.5 mL bullet tube.
Measurements of the normalized intensity autocorrelation
function, g,(7), as a function of decay time, 7, were carried out
on 0.02 mL samples at 20 °C in a 3 mm ZEN2112 quartz
cuvette using a Zetasizer Nano S system (Malvern Panalytical)
at a scattering angle of 175° using a 633 nm He Ne laser in the
automatic attenuation mode. Four measurements were carried
out on each sample in situ. The procedure was repeated on the
same thawed aliquots for a total of two experiments.

For a polydisperse system, the normalized field autocorre-
lation function, g (7) is characterized by a distribution of
exponential decay rates, G(I), given by’

g(7) = fo G(Dexp(~Tz)dl 10)
The measured g,(7) values are related to g,(7) by the Siegert
relationship

&,(7) = B + Blg(0)F (11)

where B theoretically equals 1 but varies experimentally due to
noise. f, called the coherence factor, depends on the
experimental geometry.

For macromolecules sufficiently small relative to the incident
wavelength of light, the decay rate is related to the translational
diffusion coefficient, D, by

I = Dq’ (12)
where q is the magnitude of the scattering vector
4
q= ™ sin(0/2)
0 (13)

The mean (4, =T) and variance (u,) of the G(I')

distributions and B and f in the Siegert relationship were
estimated by fitting g,(7) versus 7 values using the cumulant
analysis model in SEDFIT, which is based on the method

described by Frisken.’">® T is the z-average diffusion
coefficient, D,,**

D, = Z ckmka/z iy

P k (14)

where ¢;, m;, and D, are the total cell concentration, mass, and
diffusion coefficient of species k, respectively.

Diffusion coefficients were adjusted to the standard
condition of 20 °C in solvent water using (ref 54, p 584)

D L M50,w

Dyo Ty n, (15)

where T and T,, are the absolute experimental temperature
and temperature at 20 °C, respectively, and 7, is the
viscosity of water at 20 °C. The z-average diffusion coeflicient
under standard conditions is then (D,), . The polydispersity

index (PDI) was calculated using55

)
PDI = —2
r’ (16)

Molecular Weights, Frictional Ratios, and Hydro-
dynamic Radii from SV AUC and DLS Measurements.

Molar masses were estimated using the Svedberg equation
M= sRT
D(1 — p) (17)

where R is the gas constant.’® If the weight-average
sedimentation coefficient, s,, and z-average diffusion coef-
ficient, D,, are used in the Svedberg equation, then the weight-
average molecular weight, M,, is obtained.”>*" (s, ),y,, and

(D,)y,, values were averaged for use in the calculation. No

correction was performed for concentration dependence of the
sedimentation coeflicient.
Frictional coefficients were calculated using the Einstein

diffusion equation®*>’
RT
D=—"—
Nyf (18)

Frictional ratios, f/f,, were calculated using (ref 54, p 585)

amr )’
1

47N, (19)

where f is the frictional coefficient of the equivalent sphere
having the same anhydrous molecular weight and partial
specific volume, 7, of the macromolecule and M is the molar
mass of the macromolecule estimated using the Svedberg
equation (eq 18).

Ratios of Equivalent Radii for VWF/fVIIl Complexes.
The equivalent radius for a solution property, for example,
translational diffusion coefficient, D, or radius of gyration, Ry, is
the radius of a spherical particle having the same value of the
solution property as that of the macromolecule under
consideration.”” The equivalent radius corresponding to R, is

(ref 36, p 259)

_ |3
6= \/3 R (20)

ag values were calculated using the Berry model (Rg)z values

for samples 1—13. The equivalent radius corresponding to D is
the hydrodynamic radius, Ry, also denoted as a,”" which is
calculated using the Stokes—Einstein equation®®

1 RT

Rh = aT = —
671, N\D (21)

ar values were calculated using the mean (D,),,,, values of

samples 1—13. a;/ar ratios for a random coil in a good solvent
and in a ©-solvent and for wormlike chains with contour
length/persistence length, L/P, ratios of 15 and 1090,
respectively and a diameter of 2.1 nm were obtained from
Table 1 in Garcia de la Torre and Hernandez Cifre,”* where
the contour length is the largest end-to-end distance of a coil
and the persistence length is the projection of the vector
pointing from one end of the chain to the other onto the unit
vector along the direction of the first two chain segments (ref
36, p 246). The ag/ap ratio of a rod corresponding to the
contour length and diameter of the VWEF subunit of 70 and 2.5
nm, according to electron microscopy, respectively,'®®" and
the L/d ratio of 28 were calculated using eqs 1 and 13 in
Ortega and Garcia de la Torre.%”

Statistical Analysis. The linear model of loglo(Rg>z,
log, (5y)20,uws o1 log, (D,)y,,, as the Y variable and log;y M,
as the X variable was fitted using orthogonal regression63 since
both variables are subject to error, assuming equal

uncertainties in the variables. The 95% confidence interval of
the slope of the regression line was calculated as described.®*
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Table 1. SEC MALS of Size-Fractionated VWE/{VIIL
Complexes

M, (MDa) (Ry), (nm)
sample Zimm Berry coil Zimm Berry coil
1 5.50 5.28 5.32 63.3 56.2 57.1
2 5.27 5.06 5.09 60.8 54.4 5§5.1
3 4.69 4.56 4.58 56.4 S51.2 51.7
4 4.23 4.14 4.15 53.3 48.7 49.2
S 391 3.84 3.85 49.9 46.1 46.4
6 3.49 3.43 3.44 48.4 44.7 45.1
7 3.20 3.15 3.15 47.8 43.0 43.2
8 2.87 2.84 2.84 43.1 40.5 40.7
9 2.96 293 293 41.4 39.0 39.2
10 2.43 2.41 2.41 39.7 37.5 37.5
11 2.23 2.21 2.22 38.9 36.1 36.4
12 2.08 2.06 2.06 37.3 34.4 34.6
13 1.97 1.95 1.95 35.2 329 33.0

Calculations were performed using Prism (version 7.05).
Confidence limits for D, in Figure S2 in the Supporting
Information were calculated using Student’s t distribution
based on four measurements on each sample in situ and thus
do not account for variation due to sample thawing and
preparation for DLS.

B RESULTS

SEC Fractionation of VWF/fVIIl Complexes. The
commercial VWE/{VIII product, Alphanate, was fractionated
by Sephacryl S-1000 SEC in HBS/Ca buffer at a pH of 7.4 as
described in the Materials and Methods section. The
absorbance at 280 nm (A280) and fVIII coagulant activity of
fractions are shown in Figure 1A. Thirteen samples were taken
across the fVIII peak, as shown in the figure, diluted to a
concentration of 0.15 mg/mL in HBS/Ca buffer, aliquoted,
and frozen at —80 °C for further analysis.

SDS agarose gel electrophoresis resolves VWF multimers
into bands corresponding to individual multimers.’* Analysis
of samples 1—13 in Figure 1A with detection by Western
blotting revealed fractionation of VWF into subpopulations in
which most of the band intensity was present in three or four
bands (Figure 1B). The bands in normal human plasma are
labeled i through xii. Band i corresponds to the ~0.55 MDa
VWE dimer. Assuming that additional bands correspond to
sequential addition of dimers, bands ii through xii correspond
to multimers with molecular weights of 1.10, 1.65, 2.20, 2.74,
3.30, 3.85, 4.40, 4.95, 5.50, 6.05, 6.60, and 7.15 MDa,
respectively.

SEC MALS of Size-Fractionated VWF/fVIIl Complexes.
Samples 1—13 of Sephacryl S-1000 SEC-fractionated VWE/
fVIII (Figure 1A) underwent Superdex 200 SEC MALS. The
rationale for additional SEC was not to achieve additional size
fractionation since proteins larger than 0.6 MDa typically
appear in the void volume following Superdex 200 SEC.
Rather, the additional SEC step provided uniform, automated
sample delivery to the absorbance and MALS detectors and
differential refractometer and low background light scattering
noise. Figure 2A shows 90 degree light scattering, absorbance
at 280 nm, and the differential refractive index of the Superdex
200 chromatogram of sample 9. All 13 samples produced
similar elution patterns and absorbance yields.

Estimates of the weight-average molecular weight, M, and
radius of gyration (R,), were obtained by simple linear
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Figure 1. Sephacryl S-1000 SEC of unfractionated VWE/{VIIL
complexes. (A) Two vials of the commercial VWF/{VIII product,
Alphanate, were reconstituted in sterile water for injection and applied
to a 2.5 X 120 cm Sephacryl S-1000 column equilibrated in HBS/Ca
buffer at a pH of 7.4 as described in the Materials and Methods
section. Closed circles, absorbance at 280 nm; open circles, fVIII
coagulant activity. Fractions across the VWF/{VIII peak, designated
samples 1 through 13, were diluted to 0.15 mg/mL into HBS/Ca
buffer and frozen at —80 °C. (B) SDS/ agarose gel electrophoresis of
samples 1 through 13. NL, normal human plasma; 2B, human type 2B
VBD. The markers i to xii correspond to bands in normal human
plasma.

. . 38 35,40
regression using the Berry”® and Zimm ™" models as

described in the Materials and Methods section. Figure 2B
shows the results using the Berry model for the peak maximum
fractions of the Superdex 200 chromatograms. To obtain
estimates of M,, and (Rg>Z for the entire sample, regression

analysis from slices from 13.9 to 16.7 min in the Superdex 200
chromatograms were used (Table 1). The Zimm model
produced higher estimates of (R,), than the Berry model

(Table 1). This difference ranged from 12% for sample 1 to 7%
for sample 13. Estimates of M,, agreed to within 5% for all
samples with almost negligible difference for the smallest
multimers (Table 1).

SV AUC of Size-Fractionated VWF/fVIIl Complexes.
Samples 1 through 13 (Figure 1A) were subjected to SV AUC.
Two separately thawed aliquots of each sample were run,
except for sample 13, which was run only once due to
insufficient material. Absorbance at 280 nm was measured as a
function of time and radial position. Scans from sample 9 along
with the fit to the continuous c(s) distribution model in
SEDFIT are shown in Figure 3A as a representative sample.
Fits were obtained on the order of the random noise in the

31187 https://doi.org/10.1021/acsomega.2c03389
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Figure 2. SEC MALS of size-fractionated VWEF/fVIII complexes. Samples 1—13 of Sephacryl S-1000 -fractionated VWF/fVIII complexes (Figure
1A) were subjected to Superdex 200 SEC MALS as described in the Materials and Methods section. (A) Superdex 200 SEC of sample 9. Red, light
scattering at 90°; green, absorbance at 280 nm/1 cm pathlength; and blue, differential refractive index. (B) Berry plots. Rayleigh ratios, Ry, and
macromolecular concentrations, ¢, were measured from scattered light intensities and differential refractive indices of Superdex 200 SEC slices at
the peak maxima for samples 1—13, as described in the Materials and Methods section. K*, optical constant (eq 1). Lines, simple linear regression

fits.
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Figure 3. SV AUC of size-fractionated VWF/{VIII complexes. (A) Sephacryl S-1000 VWF/FVIII sample 9 (Figure 1A), 0.15 mg/mL in HBS/Ca
buffer, was centrifuged at 45,400g in a Beckman—Coulter XLI analytical ultracentrifuge as described in the Materials and Methods section.
Absorbance scans at 280 nm from left to right represent increasing times during centrifugation. Curves represent fits to the continuous c(s)
distribution model in SEDFIT. (B) c(s) distributions of samples 1 (blue), 9 (green), and 13 (red).

data acquisition for all 13 samples (Table 2). The fitted peak
loading concentrations were similar for all samples, indicating
that there were no sample-dependent artifacts due to the
freeze—thaw process (Table 2). Representative c(s) distribu-
tions shown in Figure 3B for samples 1, 9, and 13 and reveal
widths indicative of polydispersity, consistent with SDS
agarose gel electrophoresis (Figure 1B). The weight-average
sedimentation coefficients, adjusted to the standard condition,
(Sy)a0,ws Of 20 °C in solvent water, of samples 1—13 were
estimated by integration of the continuous c(s) distribu-

50,65 o .
tions.””” (s,,),9,, Vvalues decreased with increasing SEC

elution volume, consistent with fractionation from higher to
lower molecular weights (Table 2).

DLS of SEC-Fractionated VWF/fVIIl Complexes. DLS
measurements were obtained on samples 1—13 (Figure 1A) to
obtain estimates of the z-average diffusion coefficients,
adjusted to the standard condition, (D,),,, of 20 °C in

31188

solvent water, and hydrodynamic radii. Two experiments
consisting of a set of four measurements were conducted on
each sample. Measurements of the normalized electric intensity
autocorrelation function, g,(7), as a function of decay times
were fitted by cumulants analysis, as described in the Materials
and Methods section. (D,),,, values did not vary over a

concentration range from 0.02 to 0.15 mg/mL (Figure S2) and
thus represent estimates of the values at infinite dilution,
(Dg)zo,w- Only fits to samples 1, 3, 5,7, 9, 11, and 13 are shown
for clarity (Figure 4). The decay curves shift from right to left
from samples 1 to 13, respectively, corresponding to increasing
SEC elution volume, consistent with faster diffusion and
smaller hydrodynamic radii of the eluting species. (D,),q
values, obtained from the first moment of the cumulants
analysis, ranged from 0.595 X 1077 to 0.961 X 1077 cm?* s™!
(Table 3). The PDIs obtained from the second moment of the
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ACS Omega 2022, 7, 31183-31196


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03389/suppl_file/ao2c03389_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03389?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. SV AUC of Size-Fractionated VWF/{VIII Complexes”

experiment 1 2
(sw)ZO,w (Sw)zo,w
Ssample (S) signal rmsd (S) signal rmsd

1 33.47 0.100 0.0041 34.74 0.104 0.0025
2 31.63 0.103 0.0037 32.39 0.103 0.0025
3 30.77 0.103 0.0035 31.45 0.093 0.0030
4 30.52 0.095 0.0033 30.10 0.102 0.0029
S 29.18 0.094 0.0039 28.97 0.100 0.0028
6 28.02 0.102 0.0035 27.39 0.110 0.0028
7 26.65 0.108 0.0032 26.50 0.119 0.0036
8 26.27 0.104 0.0030 25.43 0.119 0.0033
9 25.04 0.102 0.0024 24.72 0.117 0.0032
10 24.20 0.102 0.0024 25.01 0.118 0.0029
11 23.07 0.102 0.0027 24.09 0.111 0.0030
12 22.72 0.101 0.0032 22.50 0.113 0.0031
13 21.23 0.100 0.0027 ND ND ND

“Signal: fitted loading A,gony,. rmsd: root mean square deviation to the fitted c(s) distribution. ND: not determined.
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Figure 4. DLS of SEC-fractionated VWEF/fVIII complexes. DLS
measurements were obtained of the normalized intensity autocorre-
lation function, g(7), on samples 1—13 of Sephacryl S-1000
-fractionated VWF/{VIII (Figure 1A) in HBS/Ca buffer, as described
in the Materials and Methods section. Plots of g,(7) — 1, vs decay
time, 7, are shown for the median decay rate of four measurements of
samples 1, 3, 5, 7, 9, 11, and 13, from right to left, respectively. The
curves represent fits to the cumulants analysis model in SEDFIT. The
first and second moments of the cumulants fit were used to calculate
the z-average diffusion coefficients and PDIs given in Table 3.

cumulants analysis ranged from 0.13 to 0.21 (Table 3). Values
below 0.15 are considered consistent with monodispersity.>”
Thus, the polydispersity identified by DLS is consistent with
the results of SDS agarose gel electrophoresis and SV AUC
(Figures 1B and 3B).

Molecular Weights, Hydrodynamic Radii, and Fric-
tional Ratios of SEC-Fractionated VWF/fVIIl Complexes
Obtained from SV and DLS Measurements. M,, values for
samples 1—13 (Figure 1A) were estimated using the Svedberg
equation (eq 17) and the (s, ), ,, and (D, )y, values in Tables
2 and 3, as shown in Table 4, and ranged from 1.8 to 4.9 MDa.
Hydrodynamic radii were calculated using the Stokes—Einstein
equation (eq 21) and ranged from 22.4 to 37.4 nm (Table 4).
Frictional ratios were estimated from the values of M,, and
(D,),0,,y (Table 4) using the Einstein diffusion equation and

the Stokes—Einstein equations (eqs 18 and 19). A frictional
ratio, f/ fo’ greater than unity is a measure of departure from
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Table 3. DLS of Size-Fractionated VWF/fVIII Complexes”

experiment 1 2
(D,)20, (D, )20
sample (F) PDI (F) PDI
1 0.575 0.202 0.572 0.217
2 0.592 0.194 0.596 0.175
3 0.614 0.192 0.615 0.191
4 0.628 0.210 0.643 0.157
S 0.669 0.150 0.672 0.140
6 0.700 0.144 0.702 0.127
7 0.719 0.138 0.720 0.126
8 0.723 0.196 0.745 0.148
9 0.759 0.177 0.772 0.151
10 0.800 0.162 0.804 0.154
11 0.833 0.172 0.849 0.150
12 0.904 0.131 0.899 0.136
13 0.953 0.208 0.961 0.187

“F = Fick; 1 F =1 X 1077 cm? s™". PDI: polydispersity index.

Table 4. Weight-Average Molecular Weights, Frictional
Ratios, and z-Average Hydrodynamic Radii of SEC-
Fractionated VWE/{VIII Complexes from SV and DLS
Measurements

(Rh)z
sample M,, (MDa) (nm) f5
1 491 374 3.36
2 4.45 36.1 3.35
3 4.18 34.9 3.31
4 3.94 33.7 3.27
S 3.58 32.0 3.20
6 3.26 30.6 3.15
7 3.06 29.8 3.14
8 2.95 29.2 3.11
9 2.70 28.0 3.08
10 2.49 26.7 3.01
11 2.26 25.5 2.97
12 2.08 23.8 2.85
13 1.83 224 2.80
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Figure S. Comparison of molecular weights of SEC-fractionated VWE/fVIII complexes estimated by MALS and using the Svedberg equation.
(A) Molecular weight estimates for samples 1—13 of Sephacryl S-1000 -fractionated VWF/fVIII (Figure 1A) were calculated using the Svedberg
equation (Table 4) and are plotted vs MALS estimates using the Berry model (Table 1). Also shown is the line of unity. (B) Bland—Altman plot.

The horizontal line represents the mean difference.

the spherical geometry and/or hydration of the macro-
molecule.”® The large values in Table 4, which increase with
increasing molecular weight, are consistent with a non-globular
conformation of VWEF, which becomes more pronounced as
the multimer size increases.

Comparison of Molecular Weights of SEC-Fraction-
ated VWF/fVIIl Complexes Estimated by MALS and
Using the Svedberg Equation. M, values estimated by
MALS using the Berry model (Table 1) and the Svedberg
equation (Table 4) were compared (Figure SA). A line of unity
is drawn to show the differences between the two methods. A
Bland—Altman plot®” of the differences versus the average
values is shown in Figure SB. The mean difference/average
value ratio was 4%, indicating a good agreement between the
two methods. The horizontal line represents the mean
difference of 0.17 MDa. The 95% confidence limits for the
mean difference are 0.04 and 0.29 MDa. Equivalently,
Student’s t-test for the hypothesis of zero mean difference
was rejected at the 0.0 level of significance (p = 0.015). This
indicates that there is a bias in the measurements®” and the
MALS estimates are higher than the Svedberg estimates.
Orthogonal regression of the scatter plot in Figure 5B revealed
that the difference in the two estimates increased with
molecular weight, producing a slope estimate of a 0.16 MDa
difference per MDa, which was significantly greater than zero
(p = 0.001). We consider the bias and molecular weight
dependence of the differences small relative to the molecular
weights. Because it is not possible to determine which method
or both are subject to systematic error, molecular weight
estimates obtained using both methods were used for
subsequent analysis.

Conformation of SEC-Fractionated VWF/fVIII Com-
plexes. Figure 6 shows the conformation plots of Iogw(Rg)z,

Ioglo(sw)zo,w, and logm(Dz)ZO,W versus either MALS or

Svedberg log,, M, for samples 1—13 of SEC-fractionated
VWE/fVIII complexes (Figure 1A). The estimates of the
Mark—Houwink—Kuhn—Sakurada (MHKS) exponents gy

a, and ap, obtained from the slopes of the regression lines are
shown in the figure and in Table 5. There is a reasonably good

31190

agreement between MHKS exponents with M, values
estimated using MALS or the Svedberg equation. Table 6
shows the MHKS exponents expected for spheres, random
coils, and rods. The sedimentation coefficients of globular
proteins closely obey the o, exponent of 0.67 predicted for
spheres.”® Exponents are listed for a random coil in the
presence and absence of the excluded volume effect, which is
due the inability of segments to overlap in space.”” This
increases (R,) compared to that for a hypothetical, ideal coil in
which an overlap of segments is allowed and there is no
excluded volume. Segment—segment interactions can lead to
partial collapse of a random coil, giving it the properties that
resemble an ideal coil. The MHKS exponents are consistent
with a random coil conformation intermediate between an
excluded volume and a non-excluded volume conformation.
SEC MALS Random Coil Model of Size-Fractionated
VWEF/fVIIl Complexes. Since the conformation plots were
consistent with a random coil conformation for the VWEF/fVIII
complex (Figure 6), MALS data in Figure 2 representing
Superdex 200 SEC slices at the peak maxima for samples 1-13
were replotted as R,/K "¢ versus sin*(6/2) and fit to a random
coil model using M,, and (Rg)Z as the fitted parameters, as
described in the Materials and Methods section (Figure 7).
Analysis of slices from 13.9 to 16.7 min in the Superdex 200
chromatograms was performed to obtain estimates of M,, and
(Ry), for the entire sample. The results revealed a close

agreement between the random coil and Berry models (Table
1).

Ratios of Equivalent Radii, a;/a;, of Size-Fraction-
ated VWF/fVIIl Complexes. The macromolecular conforma-
tion can also be assessed from the measurement of ratios of
equivalent radii, ag;/ar, where a; = Js/3 R, and a; = R,
The ag/ar ratio for a sphere is 1. Ratios for a random coil
based on rigid body Monte Carlo simulations are 1.87 and 1.65
in the presence and absence of excluded volume effects,
respectively.”****~"" The ag/a; ratio of a rod can be
calculated as function of the L/d ratio, where L and d are the
contour length and diameter, respectively.éo’62 Using estimates
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Figure 6. Conformation plots of SEC-fractionated VWEF/{VIII complexes. Estimates of (R,), and MALS M, (Table 1), {s,,),, (Table 2),
(D )20 w (Table 3), and Svedberg M,, (Table 4) for samples 1—13 of Sephacryl S-1000 -fractionated VWEF/fVIII (Figure 1A) are plotted as logy,

(Rg)z, 1og1o (54)20,w 01 10816 (D)9 ,, Vs 1081 MALS M,, (A—C) or log,, Svedberg M,, (D—F). Also shown are the fitted regression lines and MHKS
exponents obtained from the slopes of the regression lines.

. 6,61 _. . .

of 70 and 2.5 nm for the contour length and diameter of the copy,'®®! yields a L/d ratio of 28. The ag/a; ratio

VWE subunit, respectively, estimated from electron micros- corresponding to this value is 2.73. A bead model of the
31191 https://doi.org/10.1021/acsomega.2c03389
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Table 5. MHKS Exponents of Size-Fractionated VWE/{VIII
Complexes”

M,, estimate

MALS Svedberg
Ry 0.51 + 0.03 0.57 + 0.05
a, 042 + 0.04 0.47 + 0.03
ap —047 + 0.03 —0.52 + 0.03

“Means and 95% confidence intervals.

Table 6. MHKS Exponents for Defined Macromolecular
Conformations”

MHKS exponent sphere?  coil, no-EV?*  coil, EV* rod?

Try = Ory T X 033 0.5 0.6 1
a, 0.67 0.5 0.4 0.15
ap -0.33 -0.5 —0.6 —-0.85
) 0 0.5 0.8 2

9EV: excluded volume. ®Ideal random coil with no excluded volume
or a real chain in a ®-solvent. “‘Random coil with an excluded volume
in a “good solvent”. “References 23 and 24. “Reference2? Chapter
XIV. [#]; Intrinsic viscosity.
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Figure 7. MALS random coil model of size-fractionated VWF/fVIII
complexes. The data shown in Figure 2 representative of Superdex
200 SEC slices at the peak maxima for samples 1—13 of Sephacryl S-
1000 -fractionated VWE/{VIII (Figure 1A) are replotted vs sin*(6/2).
The curves represent nonlinear least-squares regression fits to a
random coil model (eq 7) using M, and (Rg)z as the fitted

parameters, as described in the Materials and Methods section.

wormlike chain has been developed, which produces the ag/ar
ratio as a function of the L/P ratio and the diameter of the
chain.”” L/P ratios of 15 and 1090, which correspond to very
stiff and very flexible wormlike chains, produce ag/a ratios of
2.61 and 1.96, respectively.”* Figure 8 shows the a;/ay ratio
plotted as a function of M, estimated using MALS or the
Svedberg equation. The horizontal lines represent the ag/ar
ratios for sphere, random coils, wormlike chains, and rods. The
values cluster closely around the ratio expected for a random
coil in the presence of an excluded volume.
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Figure 8. Ratios of equivalent radii, ag/ar, of size-fractionated VWE/
fVIII complexes. The equivalent radii, ag and ar, for samples 1—13 of
Sephacryl S-1000 -fractionated VWF/fVIII (Figure 1A) were
calculated using the values of (Ry), and (D,),,,, in Tables 1 and 3,
respectively, as described in the Materials and Methods section. The
dimensionless ratio, ag/ar, is plotted vs estimates of M,, obtained
using MALS (closed circles) or the Svedberg equation (open circles).
The horizontal lines correspond to a;/a ratios for spheres, random
coils, wormlike chains, and rods calculated as described in the
Materials and Methods section. L/P, the ratio of contour length to
persistence length; L/d, the ratio of rod length to diameter; and EV,
excluded volume.

B DISCUSSION

The results of this study are consistent with those of a random
coil model of the VWF multimer under non-flowing conditions
in which there is significant flexibility within the individual
multimer subunits. For a homologous series of polymers such
as a distribution of VWF multimers, conformation plots of the
logarithmic relationship between molecular weight and the
radius of gyration, the sedimentation coefficient, or the
diffusion coeflicient is used as a diagnostic for macromolecular
conformation.”” *>* The slopes of the conformation plots
produce the MHKS exponents, ag, Ay and ap. Estimates of

ag, a, and ap were all consistent with a random coil
g

conformation of the VWE/fVIII multimer (Tables 5 and 6).
These results do not support the widely held belief that the
VWE multimer has a compact, %lobular conformation under
static, non-flowing conditions.*™"?

Although proteins can exhibit a random coil behavior under
denaturing conditions,”>’* VWF is an unusual example of a
protein that exists as a random coil in its native conformation.
Other examples include some members of the mucin family of
glycoproteins.” Like VWF, mucins are heavily O-glycosylated
and contain a cysteine-rich domain homologous to the VWF C
and D domains, indicating a common evolutionary origin of
the flexibility of these proteins.”®

If characterized over sufficiently short lengths, a random coil
is semi-flexible and exhibits some degree of stiffness. Most
studies of the random coil behavior of macromolecules have
been performed on synthetic polymers, polysaccharides,
nucleic acids, or denatured proteins, in which the coil is
defined in terms of repeating segments. In these macro-
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molecules, the segment size is on the order of a few hundred
daltons. The VWE/{VIII complex is an unusual example of a
native protein displaying a random coil behavior. The
segments of the VWE/{VIII coil evidently are ~30—40 kDa
subunit domains, which are much larger than the segments
usually found in polymer chemistry. Additionally, there is
extensive disulfide bonding between VWEF subunits. Thus, it
might be anticipated that some degree of stiffness in the VWF/
fVIII complex would be readily apparent.

Semi-flexible macromolecules are usually modeled as a
wormlike chain that has a conformation intermediate between
a random coil and a rod.”***”>”””® The wormlike chain is
similar to an elastic wire that bends smoothly along its
length.”” The stiffness of a wormlike chain is characterized by
the relationship between its contour length, L, and persistence
length, P.** In the coil limit, L > P, and in the rod limit, L < P
(ref 36, p 248), theoretical L/P ratios have been calculated as a
function of the experimental ratio of equivalent radii, ag/ar. >
The ag/a ratios for VWE/{VIII complexes ranging from ~2
to S MDa are all consistent with L/P ratios greater than 1000
(Figure 8). The contour length of the VWF subunit is ~70
nm.” Thus, the persistence length is significantly shorter than
the contour length of the VWEF subunit. This indicates that the
VWE subunit is very flexible and that domain—domain
connections are freely jointed, which is the major conclusion
of this study.

The segments of a random coil cannot overlap each other in
space, which produces an excluded volume effect that tends to
“swell” the coil and increase the radius of gyration. However,
swelling reduces the number of available coil conformations,
decreasing its entropy, which opposes swelling. Additionally, in
“good solvents”, segment—solvent interactions are more
favorable than segment—segment interactions, which tends to
expand the coil. Conversely, in “poor solvents”, segment—
solvent interactions are less favorable than segment—segment
interactions, which tends to collapse the coil. The size of the
coil, as measured by the radius of gyration, is a balance
between excluded volume effects, conformational entropy, and
segment—solvent interactions.

In the theoretical model of an ideal coil, the excluded
volume restriction is removed.”> For real coils, segment—
segment interactions that are sufficiently favorable to reduce
the size of the coil to its ideal limit produce an “unperturbed
chain” (ref 22, p 423 ff; ref 36, p 241 ff). A solvent that
produces these conditions is called a ®-solvent. A model that
remains in use for predicting MHKS exponents in good, poor
and ©-solvents was developed by Flory and co-workers over 70
years ago (Table 7).”>***7*> Our estimates of the MHKS
exponents lie between the Flory exponents predicted for a real
chain in a good solvent subject to excluded volume effects and
an unperturbed chain exhibiting segment—segment interac-
tions (Table 7). This behavior is typical of synthetic polymers

Table 7. Flory Scaling Relationships for a Random Coil

MHKS exponent

ap, =ap =a
Ry Ry ;

relationship to o Ry

1—-a
a, Rg
—a
ap Rg
3o, — 1
) Rg

(ref 36, p 387) and proteins denatured in guanidine
hydrochloride.”” It has been proposed that this intermediate
behavior is due to transient local ordering in a random coil.”***

Size-fractionated VWE/{VIII complexes are the possibly
largest proteins whose molecular weights have been estimated
by the first-principles physical methods of SV AUC/DLS and
MALS. Although these methods have been used to character-
ize large DNA fragments, viruses, synthetic polymers, and
other particles as large as or larger than VWF/fVIII complexes,
possible differences of molecular weight estimates produced by
the methods have not been frequently compared. Our results
allowed an assessment of possible systematic errors in the two
methods. In MALS, the instrument calibration factor, K*, and
the estimate of the macromolecular refractive index increment,
dn/dc, along with a host of assumptions in the underlying
theory,”” are possible sources of systematic error. Additionally,
the method requires extrapolation of light scattering intensities
to zero angle to obtain the intercept and limiting slope that
yield estimates of M, and (R,), (eq 1). The Berry™® and

Zimm®>*’ models are the most commonly used methods for

this purpose. Light scattering data at both lower and higher
angles can produce systematic errors, and there is no absolute
method to determine which angles to include in the analysis.*”
We used angles ranging from 50 to 134° based on finding the
optimum value of the coefficient of determination, ¥, from
simple linear least-squares regression (see the Materials and
Methods section). For the highest-molecular-weight multi-
mers, the Zimm model produced estimates of (R,), and M,,

that were 12 and 4% higher, respectively, than those obtained
using the Berry model (Table 1). These differences became
progressively smaller with decreasing molecular weight.
Andersson et al. have argued based on the analysis of
simulated models that the Berry method is more accurate in
the absence of a priori knowledge on the macromolecular
structure,” and it was used for the subsequent analysis in our
study.

Possible sources of errors in applying the Svedberg equation
(eq 17) based on SV AUC/DLS measurements are systematic
errors in the measurement of s,, D, and partial specific
volume. The Svedberg equation requires extrapolation of s,
and D, to infinite dilution and to common solvent conditions,
typically water at 20 °C, producing (sg ), and (DY),
respectively. For unfractionated VWE/{VIII complexes, s,
values decrease by ~20% at 1 mg/mL from the value
extrapolated to infinite dilution.”> To decrease this source of
error while retaining an adequate signal, SV AUC measure-
ments were obtained using a nominal loading concentration of
0.15 mg/mL (Figure 3A). The conversion of the DLS decay
rate to a diffusion coefficient (eq 12) assumes that the diffusing
particles are small relative to the incident wavelength of light.
Because the estimates of the hydrodynamic radii of the VWEF/
fVIII multimers ranged from 22 to 37 nm (Table 4) compared
to the 633 nm wavelength of incident of DLS light, we assume
that this assumption is valid. Dust and other large particle
contaminants and the angular dependence of scattering are
also a potential source of systematic error in DLS measure-
ments. The partial specific volume appears in the denominator
of the Svedberg equation as 1 — Tp. Thus, small errors in its
estimation can produce significant errors in the estimate of M,,.
For example, increasing the partial specific volume estimate for
VWEF from the value estimated from the amino acid and
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carbohydrate composition, 0.706, to 0.72 mL/g decreases the
molecular weight by 5%.

The M, estimates of SEC-fractionated VWEF/fVIII com-
plexes by MALS and using the Svedberg equation were
compared using Bland—Altman analysis®” (Figure SB). There
was a bias toward MALS estimates producing higher estimates,
which was more pronounced at higher molecular weights.
However, the estimates were within 4% on average, indicating
the good agreement between the two methods.

Slayter et al. performed DLS and MALS measurements on
plasma-derived human VWF fractionated by Sephacryl S-1000
SEC and reported R, values ranging from 58 to 86 nm and R,
values ranging from 92 to 130 nm.'* These values are larger
than the highest values we measured (Tables 1 and 4). The
reason for this difference is not clear. Slayter et al. did not
describe which fractions were selected for analysis or report
molecular weight estimates of the fractions, which may have
been higher than the fractions selected for our study. The
VWE/{VIII complexes sampled in our study are physiologically
relevant because they represent the bulk of the population
present in a therapeutic VWF/{VIII product (Figure 1).

In summary, conformation plots of size-fractionated VWE/
fVIII complexes with molecular weights ranging from ~2 to §
MDa independently estimated by SV AUC/DLS and MALS
are consistent with a random coil conformation. Ratios of radii
of gyration to hydrodynamic radii of the complexes indicate
that the persistence length is significantly shorter than the
contour length of the VWF subunit, consistent with a high
degree of flexibility between the domains of the VWF subunit.
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