blood advances

REGULAR ARTICLE

Type 2M/2A von Willebrand disease: a shared phenotype between
type 2M and 2A

Omid Seidizadeh,’ Luca Mollica,” Serena Zambarbieri,” Luciano Baronciani,® Andrea Cairo,® Paola Colpani,®> Giovanna Cozzi,®
Maria Teresa Pagliari,3 Alessandro Ciavarella,® Simona M. Siboni,® and Flora Peyvandi1'3

" Department of Pathophysiology and Transplantation and 2Department of Medical Biotechnologies and Translational Medicine, Universita degli Studi di Milano, Milan, Italy; and
3Fondazione IRCCS Ca'Granda Ospedale Maggiore Policlinico, Angelo Bianchi Bonomi Hemophilia and Thrombosis Center, Milan, Italy

» Four VWF variants
have been subjected to
debate and received
different VWD
classifications:
p.R1315L, p.R1315C,
p.R1374H, and
p.R1374C.

Four variants have been continuously subjected to debate and received different von
Willebrand disease (VWD) classifications: p.R1315L, p.R1315C, p.R1374H, and p.R1374C. We
chose to comprehensively investigate these variants with full set of VWD tests, protein-
modeling predictions and applying structural biology. Patients with p.R1315L, p.R1315C,
p-R1374H, and p.R1374C were included. A group with type 2A and 2M was included to better
understand similarities and differences. Patients were investigated for phenotypic assays
and underlying disease mechanisms. We applied deep protein modeling predictions and
structural biology to elucidate the causative effects of variants. Forty-three patients with
these variants and 70 with 2A (n = 35) or 2M (n = 35) were studied. Patients with p.R1315L,
p-R1374H, or p.R1374C showed a common phenotype between 2M and 2A using von
Willebrand factor (VWF):GPIbR/VWF:Ag and VWF:CB/VWF:Ag ratios and VWF multimeric
profile, whereas p.R1315C represented a type 2M phenotype. There was an overall reduced
VWF synthesis or secretion in 2M and cases with p.R1315L, p.R1374H, and p.R1374C, but not
in 2A. Reduced VWT survival was observed in most 2A (77%), 2M (80%), and all 40 cases
with p.R1315L, p.R1374H, and p.R1374C. These were the only variants that fall at the
interface between the A1-A2 domains. p.R1315L/C mutants induce more compactness and
internal mobility, whereas p.R1374H/C display a more extended overall geometry. We
propose a new classification of type 2M/2A for p.R1315L, p.R1374H, and p.R1374C because
they share a common phenotype with 2M and 2A. Our structural analysis shows the unique
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classification of VWD
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p.R1315L, p.R1374H,
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with 2M and 2A.

location of these variants on the A1-A2 domains and their distinctive effect on VWE.

Introduction

von Willebrand disease (VWD), with an estimated prevalence of ~1% in the general population, is
believed to be the most common congenital bleeding disorder.'” Using population-based genetic
study, a higher possible prevalence has even been established.” VWD results from a variety of quan-
titative or qualitative defects in the von Willebrand factor (VWF) glycoprotein. Quantitative deficiencies
are responsible for type 1 with a partial decrease and type 3 with the complete absence of VWF. VWF
qualitative abnormalities cause type 2 VWD and are further divided into type 2A, 2B, 2M, and 2N.®”
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Type 2A VWD is characterized by reduced platelet adhesion owing
to the lack or reduction of high-molecular weight multimers
(HMWM).” These patients typically have remarkably low ratios of
platelet-dependent VWF activity (VWF activity)/VWF antigen
(VWF:Ag) and VWF collagen binding (VWF:CB)/VWF:Ag.? Type
2B is characterized by an elevated binding affinity of the A1 domain
for the platelet glycoprotein Ib (GPIb), usually leading to a loss of
the HMWM and occasionally reduced platelet counts.” Patients
with this type usually have reduced VWF activity/VWF:Ag and
VWF:CB/VWF:Ag ratios, but differently from type 2A, have an
increased ristocetin-induced platelet agglutination.® 2M is charac-
terized by the reduced affinity of the A1 domain for GPIb or for
collagen in the A1 or A3 domain, without a selective deficiency of
HMWM.” Owing to the defective binding to GPIb, patients with
type 2M have a reduced VWF activity/VWF:Ag ratio with a normal
VWF:CB/VWF:Ag ratio. However, patients with a defective
collagen binding show the opposite pattern.® Type 2N is the result
of genetic variants located in the D'-D3 domains leading to a
defective binding to factor VIII (FVIIl) and thus reduced FVIII plasma
levels.”®

VWD presents heterogeneous clinical and laboratory manifesta-
tions. Patients with the same VWF genetic variant may show
different bleeding symptoms or even laboratory results.'®"" Indeed,
in our previous investigation of type 2 VWD on 321 patients with a
confirmed genetic diagnosis, several patients (excluding type 2N
and 2M with collagen-binding defects) had a VWF activity/VWF:Ag
ratio of >0.6 (n =54) or >0.7 (n = 34), despite having type 2A, 2B,
or 2M.2 This reflects the heterogeneity of VWD laboratory pheno-
type. Genetic variants of type 2 are usually penetrant and of
straightforward classification. However, their classification some-
times might be challenging and controversial. Among these, 3 VWF
variants have been continuously subjected to debate and received
different VWD classifications: p.R1315L, p.R1315C, p.R1374H,
and p.R1374C.

In this study, we took advantage of our large cohort of patients
carrying these variants to comprehensively investigate them and
also to explore the similarities and differences with archetypal 2M
and 2A genetic variants. We further applied deep protein modeling
predictions and structural biology to elucidate the underlying
causative effects of these variants.

Materials and methods
Patients

All patients who were genetically confirmed to carry p.R1315L,
p.R1315C, p.R1374H, and p.R1374C and were referred to the
A.B.B Hemophilia and Thrombosis Center were included. To
understand the similarities and differences among patients with
these variants in comparison with other type 2 VWD, we also
included a fully characterized group of patients with type 2A and
2M VWD. Informed consent was obtained from all patients
according to the Declaration of Helsinki.

Laboratory measurements

VWF:Ag levels were measured using immunoturbidometric assay
(HemoslIL von Willebrand Factor Antigen, Instrumentation Labora-
tory, Bedford, MA). Platelet-dependent VWF activity was measured
using VWF:GPIbR (HemosIL von Willebrand Factor Ristocetin

1726 SEIDIZADEH et al

Cofactor Activity, Instrumentation Laboratory, Bedford, MA). FVIII
clotting activity (FVIII:C) was assessed using a 1-stage assay and
VWEF collagen binding (VWF:CB) with collagen type |, lll, or a
combination of thereof using an enzyme-linked immunosorbent
assay method.'> VWF multimer analysis was performed using a
semiautomatic Hydrasys 2 scan (Sebia, Lisses, France), and we
used the HYDRAGEL 5 von WILLEBRAND MULTIMERS kit."* A
commercially available enzyme-linked immunosorbent assay kit
(Sanquin, Amsterdam, The Netherlands) was used to measure the
VWF propeptide (VWFpp) antigen.'® To evaluate the synthesis
and secretion of VWF we used the FVII:C/VWF:Ag ratio and
VWFpp.'* VWF clearance was assessed using the VWFpp/
VWEF:Ag ratio with a ratio exceeding 1.6 considered an indicator of
accelerated clearance.'®

Genetic testing

Genomic DNA was extracted using standard methods.'® The
polymerase chain reaction and Sanger sequencing or next-
generation sequencing were performed for patients as previously
described.'®"® For all patients diagnosed before 2018, the target
sequencing approach was applied to amplify the exon encoding
the specific VWF domains, including intron-exon boundaries.®'®
The sequencing of target exon(s) was based on the biochemical
results used to identify the defective VWF domains. For those who
were diagnosed after 2018, next-generation sequencing was
performed.

Protein modeling and VWF structural analysis

Starting structure model. The starting structure of the A1
(residues 1263-1464) and A2 (residues 1495-1671) domains,
connected by an unstructured linker, was reconstructed (A1-A2)
on the basis of the existing experimental structures of single
domains (A1: PDB ID 7eow'® A2: PDB ID 7gbx®°) by means of
AlphaFold2 web server®' (supplemental Figure 1).

Langevin dynamics. The starting structure of A1-A2 (obtained
as above) was modeled under the action of internal plus frictional
forces in the framework of the Langevin dynamics. For this, we
used the generalized Born implicit solvent model®” as implemented
in the Nanoscale Molecular Dynamics code.”® The system was
parametrized using the CHARM22 force field.?* After a first local
geometry optimization, conjugate gradient energy minimization,”* a
200 ns simulation was performed in the canonical (NVT) ensemble
at 300 K with an integration step of 2 fs and a damping coefficient
equal to 1 ps™'. The electrostatics were treated with the cutoff
scheme (14 A).

Molecular dynamics. A representative frame corresponding to
an average final configuration of the A1-A2 system was extracted
from the Langevin dynamics time window that displayed structural
convergence, that is, when the overall root mean square deviation
(RMSD) of the backbone reaches a plateau (supplemental
Figure 1). This structure was considered as the reference wild-
type A1-A2 system (wt A1-A2) and was used for performing
molecular dynamics (MD) simulations of the wt and of the mutated
proteins (p.R1315C, p.R1315L, p.R1374C, and p.R1374H)
generated via manual editing of wt A1-A2 in Pymol (https://pymol.
org/2/#download). All the systems were parametrized in GRO-
MACS 2020.1°° using the AMBER99-SB ILDN force field.”®
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A parallelepipedal solvent box was created around the protein,
solvated with TIP3P?” water molecules. The net charge was
neutralized, and the electrostatics were treated with the Particle-
Mesh-Ewald scheme. After minimization with the steepest
descent method?® (convergence, 100 kJ mol™" nm™), the system
was equilibrated (with isotropic positional restraints on protein
heavy atoms, k = 1000 kJ mol™" nm™2) for 2 ns in the NPT
ensemble with a pressure of 1 atm and temperature (T) = 300 K,
then for 2 ns in the NVT ensemble at T = 300 K. Eventually, we
performed 200 ns of simulation for each system in the NVT
ensemble using a time-step of 2 fs and constraining all covalent
bond lengths with the LINCS algorithm.?® These analyses were
performed using the GROMACS internal programs and routines
with the support of an in-house code, and the molecular graphics
were visualized using Visual Molecular Dynamics.®°

Statistical analysis

Continuous variables were described as medians (ranges) and
categorical variables as counts (percentages). The Kruskal-Wallis
test was applied to assess differences in the VWF values
between different VWD types. The Mann-Whitney U test was used
to compare medians between 2 independent groups and a
P value < .05 was considered statistically significant. All statistical
analyses were performed using SPSS for Windows, version 21.0
(SPSS, Chicago, IL) and R statistical software environment (The R
Foundation, Vienna, Austria).

Results
Patients

A total of 43 patients were referred to our center so far with
p.R1315C (n = 3), p.R1315L (h = 7, in cis with p.R924Q),
p.R1374C (n = 7), and p.R1374H (n = 26) VWF variants. We
previously confirmed a type 2M diagnosis for p.R1315C © with
reduced VWF:GPIbR/VWF:Ag, normal VWF:CB/VWF:Ag, and
normal multimer profile. Therefore, this variant was classified
among the type 2M group of this study, and all phenotypic results
reported from now on are on the remaining 40 cases. Of note, we
performed the protein modeling predictions for p.R1315C along
with the other 3 variants. The current median (range) age of the
cohort with p.R1315L, p.R1374H, and p.R1374C was 54 years
(12-83), and 65% were males (Table 1). We also included

Table 1. Demographic data and laboratory results of patients

classical type 2A (n = 35) with increased cleavage of VWF A2
domain by ADAMTS13, and classical type 2M (n = 35) with
defective GPIb binding of VWF A1 domain. Patients with type 2A
and 2M VWD had 13 and 14 different VWF genetic variants,
accordingly (Table 2).

Laboratory results

The median FVIII:C level in the cohort was similar to that of type 2M
(P = .61) and 2A (P = .62, Table 1). Patients with p.R1315L,
p.R1374H, and p.R1374C had lower VWF:Ag compared with type
2A (28 IU/dL vs 45 IU/dL; P =.0026) however, with no difference
to type 2M (28 IU/dL vs 26 IU/dL; P = .24). No differences
were found for VWF:GPIbR between the 3 groups with a median
of 9 1U/dL, 11 1U/dL, and 10 IU/dL in type 2A, 2M, and the cohort,
respectively.

The VWF:GPIbR/VWEF:Ag ratio, used to assess the binding activity
of VWF to GPIb, was severely reduced in type 2A (median of 0.24)
and also in patients with p.R1315L, p.R1374H, and p.R1374C
(median, 0.29), with a significant difference between the 2 groups
(P = .01, Figure 1). In type 2M, the median ratio was significantly
higher than that of type 2A (0.45 vs 0.24; P <.0001.) and of the
cohort (P = .006; Figure 1). The VWF:CB/VWF:Ag ratio, an indi-
cation of loss of HMWM, was severely reduced in type 2A (median,
0.15), moderately reduced in the cohort (median, 0.52), but was
normal in type 2M (median, 0.7). Altogether, these results showed
that patients with p.R1315L, p.R1374H, and p.R1374C have a
markedly decreased VWF:GPIbR/VWF:Ag ratio but only a mildly
decreased VWF:CB/VWF:Ag ratio, suggesting a shared pheno-
type between type 2M and 2A (Figure 1). Therefore, we further
investigated them with multimer analysis to better understand the
concentration and distribution of VWF multimers.

VWF multimer analysis

Patients with classical type 2A showed a very low proportion of
HMWM, whereas low MWM were largely represented as a
consequence of increased VWF cleavage. Figure 2A shows
densitometry for patients with type 2A VWD carrying variants
p.11628T, p.S1506L, and p.G1629R. Patients with classical 2M
with a defective GPlba binding of A1 domain, primarily displayed a
“flat” pattern, in which the HMWM, although quantitatively dimin-
ished, still are the predominant forms of VWF multimers. Figure 2B
shows densitometry for patients with 2M VWD with variants

Type 2A Type 2M Type 2M/2A*
VWD type (n=35) (n =35) (n = 40)
Age (y) 41 (11-80) 45 (5-76) 54 (12-83)
Sex (male/female) 14/21 14/21 26/14
FVIII:C, IU/dL 49 (21-91) 45 (23-124) 46 (24-133)
VWF:Ag, IU/dL 45 (13-130) 26 (12-130) 28 (12-90)
VWF:GPIbR, IU/dL 9 (3-24) 11 (4-44) 10 (3-28)
VWF:GPIbR/VWF:Ag ratio 0.24 (0.05-0.57) 0.45 (0.14-1.2) 0.29 (0.14-0.68)
VWEF:CB, IU/dL 7 (1-26) 17 (8-80) 14 (3-52)
VWF:CB/VWF:Ag ratio 0.15 (0.03-0.44) 0.7 (0.3-1.18) 0.52 (0.1-0.95)

Data are presented as median (range).
*Three patients with variant p.R1315C are classified among type 2M.
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Table 2. VWF genetic variants

Type 2A variants
(n=13)

Type 2M variants
(n=14)

Type 2M/2A
(n=3)

p.C1272R (nh = 1)*
p.S1506L (n = 3)
p.S1517R (n = 2)
p.H1536_V15637del (n = 1)
p.T1578N (n = 1)

p.l1628N (n = 1)
p.11628T (n = 4)
p.G1629R (n = 8)
p.G1631D (n = 4)
p.L1657P (n = 2)
p.V1665E (n = 1)
p.R1597Q (h = 5)
p.R1597W (n = 2)

p.D1277_L1278delinsE (n = 3)
p.D1283H (h = 2)
p.R1315C (n = 3)
p.Y1321C (n = 2)

1p.11343V-V1360A-F1369I-S1378F-R1379C
(n=2)

1p.V1360A-F13691-S1378F-R1379C (n = 3)
tp.F13691-S1378F-R1379C (n = 3)
p.A1377V-R1379C (n = 8)
p.R1399C (n = 3)
p.K1408del (n = 1)
p.G1415D (n = 1)
p.l1416N (n = 2)
p.R1426P (n = 1)
p.A1437T (n=1)

p.R1315L (n=7)
p.R1374H (n = 26)
p.R1874C (n = 7)

*n indicates number of patients with a given genetic variant.
tGene conversion.

p.G14156D, p.A1377V-R1379C, and p.V1360A-F1369I-S1378F-
R1379C. The multimeric pattern of p.R1315C variant was also
similar to that of patients with type 2M (supplemental Figure 2). In
patients with p.R1315L, p.R1374H, and p.R1374C variants, we
found a distinct multimeric profile with some mixed features with
type 2A and 2M. Figure 2C shows densitometry for patients with
variants p.R1374C, p.R1374H, and p.R1315L (in cis with
p.R924Q). These 3 variants are clearly associated with a slightly
quantitative reduction of HMWM and faintly increased low and

intermediate VWF multimers, a distinct profile from both type 2A
and 2M (supplemental Figure 3).

Underlying mechanisms of type 2A, 2M and p.R1315L,
p-R1374H/C variants

VWF synthesis/secretion. FVII:C/VWF:Ag ratio and VWFpp
were used as criteria to assess the synthesis or secretion of
VWEF."* Patients with type 2A had a VWFpp values comparable to
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Figure 1. Comparison of von Willebrand factor (VWF) activities to VWF antigen (Ag) ratio in the study population. (A) VWF:GPIbR/VWF:Ag and (B) VWF:CB/VWF:Ag

ratios.
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Figure 2. The multimer pattern (densitometric analysis) for patients with type 2 VWD. (A) Densitometry analysis for type 2A patients with variants p.I1628T, p.S1506L,

and p.G1629R. Patients with type 2A VWD have a very low level of large VWF multimers, whereas low molecular weight VWF multimers are largely represented. (B) Densitometry
analysis for patients with type 2M with variants p.G1415D, p.A1377V-R1379C, and p.V1360A-F1369I-S1378Phe-R1379C. Patients with classical 2M mostly display a

“flat” pattern, in which large VWF multimers, although diminished, still are the predominant form. (C) Densitometry analysis for patients with VWD type 2M/2A with variant
p.R1374C, p.R1374H, and p.R1315L-R924Q. Type 2M/2A is associated with a slight quantitative reduction of large VWF multimers and increased low and intermediated

multimers, distinct from both type 2M and 2A. Densitometric representation of peaks from left to right, with peaks 1 to 3 being low molecular weight, peaks 4 to 7 being

intermediate molecular weight, and all other peaks representing high molecular weight multimers. Gray, a pool of normal samples; pink, sample test.

those of healthy controls (80 vs 93 IU/dL; P =.149). Similarly, the
FVIII:C/VWF:Ag ratio of type 2A was not different from healthy
controls (median, 1.16 vs 1.01; P=.21). In patients with type 2M,
we found a significantly lower VWFpp (64 vs 93 IU/dL; P<.0001)
and also a higher FVII:C/VWF:Ag ratio (1.68 vs 1.01; P <.0001)
compared with healthy controls. Cases with p.R1315L, p.R1374H,
and p.R1374C variants, similar to type 2M, showed an overall
decreased synthesis of VWF with a median VWFpp value of 74 vs
93 1U/dL of healthy controls (P <.0001) and FVIIl:C/VWF:Ag ratio
of 1.56 vs 1.01 of healthy controls (P<.0001). Cumulatively, these
results suggest a reduced VWF synthesis or secretion in both type
2M and cases with p.R1315L, p.R1374H, and p.R1374C variants,
with no apparent synthesis or secretion defect for type 2A
(Figure 3).

VWF clearance. A ratio of >1.6 for VWFpp/VWF:Ag ratio was
considered as enhanced VWF clearance.'® Reduced VWF survival

€ blood advances 9 APRIL 2024 - VOLUME 8, NUMBER 7

was observed in 77% of patients with type 2A and 80% of those
with type 2M. All 40 cases with p.R1315L, p.R1374H, and
p.R1374C variants had enhanced VWF clearance with an overall
median of 2.5 (range, 1.7-3.9) for VWFpp/VWF:Ag ratio (Figure 3).
The median VWFpp/VWF:Ag ratio was 2.45 (range, 0.79-3.3) for
type 2M and 2 for 2A (range, 0.78-3.5).

Protein modeling and structural analysis

Owing to the lack of information about the mutual spatial
arrangement of A1 and A2 and the overall system dynamics, we
applied Langevin molecular dynamics (LMD) to simulate the overall
mutual diffusional properties of the single A1 and A2 domains and
thus to simulate the formation of their encounter complex (herein-
after referred as A1-A2). A 200 ns LMD simulation converged from
an extended starting structure (supplemental Figure 1A) to a stable
complex that was extracted as an average structure from its geo-
metric or energetic plateau (supplemental Figure 1B). It displays
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Figure 3. Underlying mechanism in patients with VWD type 2A, 2M, and 2M/2A. (A-B) VWF synthesis and secretion were evaluated with FVIIl:C/VWF:Ag ratio and
VWFpp antigen. (C) VWF-enhanced clearance was assessed by VWFpp/VWF:Ag ratio. Red indicates type 2A VWD; green indicates type 2M VWD; and blue indicates cases

with p.R1315L, p.R1374H, and p.R1374C.

(Figure 4A) a compact arrangement of A1 and A2 domains with
residues R1315 and R1374 located at the interface between them.
We found that these variants were the only ones that fall at the
interface between the A1 and A2 domains.

The wt A1-A2 dynamics display an almost gaussian distribution of
the radius of gyration (ROG) and of the backbone atoms RMSD,

1730 SEIDIZADEH et al

that is, the major mode ROG equals 2.54 nm and the major mode
of RMSD equals 0.38 nm (Figure 4B and C). A minor second mode
of both the distributions can be referred to the original configura-
tion because it stems from the final LMD configuration. Upon
introducing VWF variants in the wt system, the A1-A2 global
dynamics follows a different fate for the 2 residues: p.R1315L/C
induce more compactness, whereas p.R1374H/C display a more
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Figure 4. Structure of wt A1-A2 domains and radius of
gyration (ROG) and root mean square deviation A
(RMSD) analysis. (A) Final structure of wt A1-A2 after the
Langevin dynamics simulation in cartoon (above) and in
molecular surface (below) representation. Domains A1 and
A2 are respectively reported in blue and in red, the 1465 to
1494 linker is reported in gray. The residues 1315 and 1374
are reported as green sticks. Analysis shows (B) ROG and
(C) RMSD distributions of wt A1-A2 (black) and its mutants
(p.R1315C, red; p.R1315L, green; p.R1374C, blue; and
p.R1374H, yellow): the single aminoacid comparisons are

reported in the small images flanking the global overlap.
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extended overall geometry (Figure 4B). The RMSD distributions
(Figure 4C) reveal that once residue 1374 is mutated the system's
inner dynamics remain on average unaltered. However, residue
1315 highly affects the inner system dynamics with respect to the
starting conditions. These 2 general properties allow us to classify
the variants according to their macromolecular behaviors, that is,
p.R1315L/C are disorder-inducing and compaction-inducing,
whereas p.R1374C/H are order-maintaining and extension-
inducing. This is also reflected by the intradomain contacts for
p.R1374C/H and their increase for p.R1315L/C (supplemental
Figure 4). The highest variability of the ROG and of the RMSD
(supplemental Figure 5A,C) is observed for the domain containing
VWE variants (supplemental Figure 5B,D).

The local flexibility of residues was monitored by their Co root mean
square fluctuations (RMSF), that is, the local RMSD expressed
using Ca motions as representative of those of the entire residue.
As already suggested by the RMSD, the local dynamics (ARMSF =
RMSF,utant — RMSF,;; Figure 5A; supplemental Figure 5) appears
to be broadly influenced through all the A1-A2 sequence, and
respectful to RMSDs (Figure 4), p.R1315C/L variants have more
perturbing effects than p.R1374C/H. A closer inspection of
ARMSF reveals that in p.R1315C/L, a long-range effect is dis-
played by the 1478 to 1488 and the 1345 to 1355 regions.
Notably, this effect is not strongly present in p.R1374C/H. How-
ever, regardless of the negligible effect of the p.R1374H on the
overall system mobility, it induces more rigidity in the 1345 to 1355
region, whereas such effect is not present in pR1374C. This
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10-residue stretch corresponds to the contact region of the VWF
A1 domain with the D3, as recently highlighted by the cryogenic
electron microscopy structure of the D1D2D'D3A1 complex in the
context of a reconstituted VWF tubule.® As shown in Figure 5,
residues 1345 to 1355 (in blue) are in close contact (ie, within
0.75 nm) with residues 895 to 1100 of the D3 domain and with
residues 360 to 380 of a close unstructured region.

Principal component analysis (PCA) reduces data noise related to
atomic displacements by comparing the conformational space of
A1-A2 using their first 2 principal components (PC1 and PC2)
(Figure 6A). The populations of structures identified by PCA pro-
jections can be assumed as a proxy of the potential energy of a
molecular system, hence it is evident that wt A1-A2 and p.R1374H
share a common conformational space characterized by a deep
stable minimum. Conversely, R1315L, p.R1315C, and R1374C
instability is reflected by a pronounced roughness of their PCA
projections. The PCA-based representative states (centroids) of
the system were compared according to their backbone RMSDs
(Figure 6B), that is, the degree of overlap between centroids
structures. The most populated centroid of every mutant displays a
relatively high RMSD compared with wt A1-A2 (ie, approximately or
higher than 5 A), with the exception of p.R1374H (3.8 A). This
finding is in accordance with the overall time-averaged RMSD. The
most striking result from PCA is finding that mutations result in a
variety of largely different states. If grouped by mutated residues,
the most populated centroids of p.R1315C/L are very structurally
similar (3.7 A) to those of p.R1374C/H (4.7 A). However, the other
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Figure 5. Alpha carbon (Ca) root mean square fluctuations (RMSF) in wt A1-A2 and A1-A2 mutants. (A) Alpha carbon (Ca) RMSF differences between the ones of A1-
A2 mutants (p.R1315C, red; p.R1315L, green; p.R1374C, blue; and p.R1374H, yellow) and the ones of wt A1-A2. (B) The largest differences (residues 1345-1355 and residues

1478-1488) are reported on the reference structure of wt A1-A2 alongside the position of mutated residues (lime/orange sticks). The original RMSF values are reported in the

supplemental Figure 6. (C) Contacts between A1 and D3 domains of VWF in the context of tubule structure (reference structure: PDB ID 8D3D; the experimental cryogenic

electron microscopy data are reported from the RCSB-PDB on the left together with domains). The A1 domain and its residues 1345-1355 are reported in blue, D3 domain and
its residues 895-902, 988-999 and 1007-1013 are evidenced in yellow. Residues 344-371 belonging to the VWF (ie, within 0.75 nm of the surfaces of the A1 and D3 domains)
without domain assignment are highlighted in brown. Van der Waals surfaces have been used for representing single residues.

minor states of mutants are representatively populated (Figure 6B),
and their centroids have a very high RMSD compared with all the
most representative centroids of each mutant, with an RMSD
always higher than 5.5 A (Figure 6B).

Discussion

Type 2 VWD is known for its genotype-phenotype correlations in
which most of the variants are fully penetrant with a clear pheno-
typic presentation. Despite this, some variants in several VWD
cohorts are associated with different VWD types, and their clas-
sification is a matter of debate. We and others so far characterized
>800 VWEF variants and their phenotypic characteristics in patients
with type 2 VWD.®®>*® Among them, 4 variants (p.R1315L,
p.R1315C, p.R1374H, and p.R1374C) often received different
VWD classification, such as 2A, 2M, 1C, unclassified, 2A/2M, or
2M/2A. These inconsistencies are partially because of the
unavailability of all VWF assays,> but also the fact that VWF:CB
assay is not standardized and various collagen types are used in
different centers. The possibility of performing a densitometric
multimer analysis that evaluates high, intermediate, and low MWM
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proportions appears to be important as well. Genetic testing can
also assist in establishing the correct diagnosis for patients sus-
pected of having type 2 VWD.

We conducted this extensive study on a large cohort of patients
with these variants to understand their molecular and laboratory
phenotype, underlying mechanisms, and their effects on the
VWEF structure. From a laboratory phenotypic standpoint, we
found that patients with p.R1315L, p.R1374H, and p.R1374C
variants share some characteristics of both type 2A and 2M. In
patients with 2A, VWF:GPIbR/VWF:Ag and VWF:CB/VWF:Ag
ratios are dramatically reduced as a result of high and interme-
diate MWM loss, with an increase in VWF cleavage products (ie,
low MWM). However, patients with classical type 2M have only a
reduced VWF:GPIbR/VWF:Ag with a full VWF multimeric profile
and hence a normal VWF:CB/VWF:Ag ratio. Our cohort with
p.R1315L, p.R1374H, and p.R1374C had severely reduced
VWF:GPIbR/VWF:Ag and a modest decrease in VWF:CB/
VWF:Ag ratios. This can be explained by 2 defects, (1) a
reduced VWF A1 domain binding to GPIb and (2) an altered
VWF multimeric pattern in which patients showed a slightly
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Figure 6. Principal component analysis (PCA) of the molecular dynamics (MD) trajectory of the wt A1-A2 and its mutants. (A) PCA of the MD trajectory of the
wt A1-A2 and its 4 mutants (p.R1315C, p.R1315L, p.R1374C, p.R1374H). The principal components 1 and 2 have been used and the density of points has been

reported as heat maps (see “Materials and methods” for further details). The most populated centroids have been explicitly indicated. (B) RMSDs between the backbone

atoms of PCA-derived centroids. The darkest colors correspond to the highest RMSD values, lightest colors to the lowest RMSD values. The numbers in the box correspond

to the values of RMSDs expressed in A.

diminished proportion of HMWM and little increase of low and
intermediate multimers. We believe that the slight reduction of
HMWM (characteristic of type 2A) is primarily responsible for
marginally reduced VWF:CB/VWF:Ag ratio, whereas the mark-
edly reduced VWF:GPIbR/VWF:Ag ratio is mainly because of a
type 2M defect (diminished binding of A1-GPIb). Indeed, Tischer
et al previously investigated p.R1374H using several laboratory
and rheological tools and their results clearly showed that the
recombinant A1 carrying this variant did not bind to GPlba at any
shear rate and they classified it as type 2M.*° The PCM-EVW-ES
of Spain classified p.R1374H as type 2A because of the
observed abnormal multimers and p.R1374C as 2A/2M.%? On
closer examination, their data showed that most patients had a
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slight HMWM loss, very low VWF:GPIbR/VWF:Ag ratios, and a
mild reduction in VWF:CB/VWF:Ag ratio, consistently with our
results. However, because the defect of these patients is mainly
due to the decreased A1 binding to GPIb (2M) and only partially
to the HMWM loss (2A), we suggest calling them type 2M/2A,
rather than 2A/2M. In a recent study from the Zimmerman
cohort, p.R1374H and p.R1374C were diagnosed as type 2A or
type 1C.%° In addition to reduced VWF:GPIbR/VWF:Ag ratio,
our densitometry analysis of VWF multimers confirmed the slight
reduction of HMWM, thus excluding a type 1 phenotype.
p.R1374C is another variant with inconsistent VWD classifica-
tion. Two cohorts from France classified p.R1374C and
p.R1374H as 2A/2M*" and type 2M.*3 In vitro homozygous
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expression study of p.R1374C showed a type 2A phenotype,
although with a normal expression as heterozygous recombinant
VWEF, suggesting shared features of this variant with both type
2A and 2M.*? Among our 7 cases with p.R1374C, again, a mild
reduction of VWF:CB/VWF:Ag ratio (median, 0.52), greatly
reduced VWF:GPIbR/VWF:Ag ratio (median, 0.37) and slight
reduction of HMWM was observed. This variant reported to be a
frequent VWD variant in Northwest of Spain,*® with a quantita-
tive distribution of multimers in between the normal and the 2A
VWEF. Variant p.R1315L has been reported as type 1,** 2A,3%%4
2M,*® and 2A (llE).*® The single case of Spain VWD cohort
carrying p.R1315L had a very low VWF:GPIbR/VWF:Ag ratio
(0.24) and a mild reduction of VWF:CB/VWF:Ag ratio (0.66)
along with diminished HMWM.®? These results were comparable
with our 7 cases (median ratios of 0.45 and 0.57 with slight loss
of HMWM), indicating a phenotype between type 2M and 2A.
We had 3 cases with p.R1316C and all showed type 2M
characteristics, that is, low VWF:GPIbR/VWF:Ag ratio (0.3,
0.41, and 0.5), normal VWF:CB/VWF:Ag ratio (0.93, 0.8, and
0.71), and normal multimeric pattern.

We found a reduced VWF synthesis or secretion in type 2M and
the cohort with p.R1315L, p.R1374H, and p.R1374C, but with no
apparent synthesis or secretion defect for most type 2A cases. All
the 40 cases with p.R1315L, p.R1374H, and p.R1374C had an
elevated VWFpp/VWF:Ag ratio, suggesting that enhanced VWF
clearance is a common etiology in these variants. Owing to the
markedly enhanced clearance, these variants have also been
reported as type 1C.%°

Although p.R1315C had type 2M characteristics, we chose to
report this variant effect along with the 3 other variants (p.R1315L,
p.-R1374H, and p.R1374C) on the VWF structure. What clearly
characterizes these 4 variants, among the other type 2 variants, is
their structural uniqueness. Indeed, they are the only variants that
fall at the interface between the A1 and A2 domains. We can
assume that all the mutants that exhibit a distinct classification of
VWD fall everywhere along the sequence but not in the A1-A2
contact region, so that they can be considered independent of
each other in regulating the VWF interactions. In contrast, the
position of residues R1315 and R1374 at the A1-A2 interface
ensures a mutual alteration in motion and in the binding abilities of
the 2 domains: the intermediate phenotype 2M/2A can be sup-
ported at the molecular level owing to a geometry that makes A1
and A2 dependent on each other.

We were able to detect a subclassification among the 4 variants
studied in the present work. p.R1315C/L induces more compact-
ness and increased internal mobility, but p.R1347H/C looks more
extended with an overall mobility comparable with that of the wt
A1-A2. A closer assessment of local features of internal motion
confirms the impact of these variants on the overall A1-A2
dynamics with long-range effects: p.R1315C, p.R1315L, and
p.R1347H show a reduced mobility of the regions 1345 to 1355
(almost unchanged in p.R1374C). This was recently demonstrated
to modulate the newly discovered interaction with the VWF D3
domain in the context of the tubular Weibel-Palade bodies. Such a
mobility reduction can partially explain the alteration of VWF mul-
timerization and release from tubules and the consequent variation
of plasma VWF multimers and levels. These findings can be
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supported by our phenotypic results, showing an overall reduction in
VWEF synthesis and mild multimer defects. However, the region
involved in the complex formation with GPIb (residues, 1325-1328)*"
does not seem to be heavily altered by these 4 variants.

Mutations produce a wide variety of accessible states, which are
evident in the mobility analysis using PCA. These data revealed
that the common pathological trait from a structural point of view
can be related to the accessibility of sensibly populated states,
the exploration of which is induced by mutations. p.R1374H
constitutes an exception, although an Arginine/Histidine substi-
tution does not alter the chemical profile of the amino acid
environment, but the pathological profile is provided by the long-
range effect on the region involved in the tubule formation or
stability.

In conclusion, we propose a new classification for p.R1315L,
p.R1374H, and p.R1374C as type 2M/2A VWD, because they
present a shared phenotype between types 2M and 2A, but their
pathophysiology seems to be influenced most by type 2M (hence,
2M/2A). Variant p.R1315C clearly showed a type 2M phenotype
but with a similar structural effect on VWF as p.R1315L,
p.R1374H, and p.R1374C. Our deep structural analysis indicates
the unique location of these 4 variants on the A1-A2 domains and
their distinctive effect on VWF structure.
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