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ABSTRACT Mitral valve diseases affect �3% of the population and are the most common reasons for valvular surgery
because no drug-based treatments exist. Inheritable genetic mutations have now been established as the cause of mitral valve
insufficiency, and four different missense mutations in the filamin A gene (FLNA) have been found in patients suffering from
nonsyndromic mitral valve dysplasia (MVD). The filamin A (FLNA) protein is expressed, in particular, in endocardial endothelia
during fetal valve morphogenesis and is key in cardiac development. The FLNA-MVD-causing mutations are clustered in the
N-terminal region of FLNA. How the mutations in FLNA modify its structure and function has mostly remained elusive. In this
study, using NMR spectroscopy and interaction assays, we investigated FLNA-MVD-causing V711D and H743P mutations.
Our results clearly indicated that both mutations almost completely destroyed the folding of the FLNA5 domain, where the mu-
tation is located, and also affect the folding of the neighboring FLNA4 domain. The structure of the neighboring FLNA6 domain
was not affected by the mutations. These mutations also completely abolish FLNA’s interactions with protein tyrosine phospha-
tase nonreceptor type 12, which has been suggested to contribute to the pathogenesis of FLNA-MVD. Taken together, our re-
sults provide an essential structural and molecular framework for understanding the molecular bases of FLNA-MVD, which is
crucial for the development of new therapies to replace surgery.
SIGNIFICANCE Mitral valve diseases are very common, affecting �3% of the population. Currently, the only available
treatment is surgery. Four different missense mutations in the filamin A gene have been found in patients suffering from
nonsyndromic mitral valve dysplasia (FLNA-MVD). The molecular mechanism of FLNA-MVD has remained elusive, but it
is essential for the development of novel drug-based therapies. In this study, we investigated two FLNA-MVD-causing
mutations in filamin. Our results clearly indicated that these mutations have critical structural effects on filamin and also
affect filamin’s interactions with other proteins. Taken together, our results provide an essential structural and molecular
framework for understanding the molecular bases of FLNA-MVD, which is crucial for the development of new therapies to
replace surgical options.
INTRODUCTION

Mitral valve prolapse (MVP) is a relatively common disease
that affects around 3% of the world’s population (1). It is
also one of the most common indications for valvular sur-
gery, and there are currently no drug-based treatments avail-
able. Nowadays, although genetic defects have definitively
been associated with both syndromic and nonsyndromic
forms of MVP, how the mutations in the translated protein
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modify its structure and function has remained elusive.
The filamin A gene (FLNA) was first associated with in-
herited nonsyndromic mitral valve dysplasia (MVD)
(FLNA-MVD OMIM 314400) (1,2). Today, four missense
mutations (G288R, P637Q, V711D, and H743P (Fig. 1 A))
have been identified in FLNA-MVD patients, and these mu-
tations cause thickened myxomatous Barlow-like leaflet
dystrophy (2–4). In addition to the thickening of the leaflets,
a patient’s mitral valve apparatus presents with specific
characteristics. The chordae are shorter, and the papillary
muscles are displaced close to the mitral annulus. Echocar-
diographic evaluation has also unveiled a unique and homo-
geneous phenotype. In fact, the prolapse of the leaflet in
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FIGURE 1 An overview of the structural organization of FLNA. (A)

Shown is the schematic representation of FLNA dimer having 24 Ig do-

mains (gray) and the actin-binding domain (ABD) (yellow) in a monomer.

The two monomers are dimerized via domain 24. Rod1 consists of domains

1–15, and rod2 consists of domains 16–23. The studied domains, 4–6, are

colored in pale purple, pale green, and blue, respectively. The localization

of FLNA-MVD P637Q mutation in domain 4 and V711D and H743P mu-

tations in domain 5 have been highlighted with stars. The fourth missense

mutation causing FLNA-MVD, G288R, is located in domain 1. (B) The

crystal structure of FLNA3–5 (PDB: 4M9P) (14) is colored in pink

(FLNA3), pale purple (FLNA4), and pale green (FLNA5). Residues

V711 and H743, whose mutation to aspartic acid and proline residues,

respectively, cause FLNA-MVD, are shown with ball-and-stick models.

To see this figure in color, go online.
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systole is unusually associated with a restrictive motion in
diastole in FLNA-MVD patients.

Filamin A (FLNA) (Fig. 1 A) is a ubiquitously expressed
cytoskeletal protein (5) that is known to be one of the key pro-
teins in cardiac development, and it is particularly expressed
in endocardial endothelia during fetal valve morphogenesis.
FLNA knockout leads to embryonic lethality with a pleomor-
phic array of cardiac malformations (6–8). FLNA is a large
cytosolic protein that provides a link between the cytoskel-
eton and the cell surface by interacting simultaneously with
both extracellular matrix-bound integrins and the actin cyto-
skeleton. These interactions make possible the central role of
FLNA in cellular mechanotransduction (9,10). FLNA binds
to numerous proteins, including transmembrane receptors
and signaling molecules (9). Therefore, FLNA has essential
scaffolding functions and integrates multiple cellular behav-
iors during embryonic development, cellular migration, and
mechanical stress responses (9,11,12). Structurally, FLNA
is a 280 kDa homodimeric protein consisting of N-terminal
actin-binding domains followed by 24 homologous immuno-
globulin (Ig)-like domains, of which domains 1–15 form
rod1, and domains 16–23 form rod2. Dimerization occurs
via the most C-terminal Ig domain, FLNA24. The Ig domains
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3–5 and 16–21 form tightly arranged compact substructures
in otherwise flexible Ig domain rods (13–15). Very interest-
ingly, FLNA-MVD-causing mutations are all clustered at
the N-terminal region of rod1 (2–4) (Fig. 1).

Protein tyrosine phosphatase 12 (PTPN12) has been
suggested to be one of the key FLNA-binding partners impli-
cated in mitral valve diseases (16,17). PTPN12 (PTP-PEST)
is a ubiquitous cytosolic protein tyrosine phosphatase that
consists of an N-terminal catalytic domain and a C-terminal
noncatalytic domain (18). The proline-rich domain in the
C-terminal noncatalytic domain has been shown to a be
key element in interactions of FLNA and PTPN12 (17,19).
Our recent studies further revealed that the main binding
site of PTPN12 on FLNA is the Ig domain 4, but the neigh-
boring Ig domains 3, 5, and 6 also exhibit some binding (20).
PTPN12 has been shown to be essential for cellular motility
and cytoskeleton dynamics (21). PTPN12 is crucial for
normal embryonic development as demonstrated by the
fact that PTPN12 invalidation is embryonically lethal in
mice because of important vascular defects and unsuccessful
liver formation. PTPN12 is also required for integrin-medi-
ated adhesion and migration of endothelial cells but not for
their differentiation and proliferation. PTPN12 regulates
Rho GTPase (18), which binds to the most C-terminal
FLNA domain 24 (22). FLNA is also involved in focal adhe-
sion signaling pathway regulation, and it has been suggested
that FLNA may act as a scaffold for the spatial organization
of Rho GTPase-mediated signaling pathways (23). Our
earlier studies have, indeed, shown that FLNA-MVD muta-
tions deregulate the Rho/Rac1 balance and affect cellular
spreading and migration, resulting from increased Rho activ-
ity (16). Accordingly, PTPN12-FLNA interactions might
contribute to the pathogenesis of FLNA-MVD.

The molecular bases behind valvular diseases are, in gen-
eral, poorly understood. This has restricted the development
of drug-based therapies, which are currently not available.
We have recently reported the structural and functional con-
sequences of FLNA-MVD causing a P637Q mutation
located at the middle of the compact FLNA rod1 fragment
3–5 (20). This mutation was observed to change FLNA’s
force resilience and abolish its interaction with protein tyro-
sine phosphatase PTPN12 (20). Here, by combining NMR
spectroscopy with small angle x-ray scattering (SAXS)
and surface plasmon resonance (SPR), we show that the
missense mutations that cause FLNA-MVD, which are
located on FLNA5 (V711D and H743P), destroy the folding
of Ig domains 4 and 5 and abolish the ability of PTPN12 to
bind to the mutated FLNA.
MATERIALS AND METHODS

Recombinant proteins

FLNA domains (Swiss-Prot P21333.4, aa 574–869) were cloned into a

pGTvL1-SGC vector (Structural Genomics Consortium, University of
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Oxford, Oxford, UK) using the ligase independent method (24), and the

PTPN12 fragment (Swiss-Prot Q05209.3, aa 600–780) was cloned into

a pET23b vector using the method described by Duval et al. (16). The

mutations were introduced to the desired expression constructs using the

QuikChange II site-directed mutagenesis kit (Agilent Technologies, Santa

Clara, CA). All the expression plasmids were verified by sequencing. The

production of glutathione S-transferase (GST) fusion proteins occurred in

Terrific Broth (2.4% w/v yeast extract, 1.2% w/v tryptone, 0.5% w/v

glycerol, 0.017 M KH2PO4, 0.072 M KH2PO4) by the addition of isopropyl

b-D-1-thiogalactopyranoside to 0.4 mM at 30�C for 4–6 h using Escheri-

chia coli BL21 Gold cells. Complete lysis of the cells was achieved using

the EmulsiFlex-C3 homogenizer (Avestin, Ottawa, Ontario, Canada), and

lysates were cleared by centrifugation at 35,000 � g for 30 min at 4�C.
The GST fusion proteins were captured using Protino Glutathione Agarose

4B (Macherey-Nagel, D€uren, Germany), and the GST was cleaved at 4�C
for 16 h using tobacco etch virus protease (Invitrogen, Life Technologies,

Carlsbad, CA). The tobacco etch virus cleavage extended the FLNA

constructs by two additional N-terminal amino acid residues, M and S. A

HiLoad 26/60 Superdex 75 column (GE Healthcare, Chicago, IL) was uti-

lized in the size exclusion chromatography of the desired fragments in

20 mM Tris (pH 8.0), 100 mM NaCl, and 1 mM dithiothreitol (DTT) using

an ÄKTA prime system (GE Healthcare). Amicon ultracentrifugal devices

(MilliporeSigma, Burlington, MA) were used for concentrating the proteins

for downstream experiments. For NMR measurements, uniform 15N and
13C labeling of the filamin fragments was achieved using 1 g 15NH4Cl

and 2 g D-glucose 13C (Cambridge Isotope Laboratories, Tewksbury,

MA) per liter in M9 media. The proteins were expressed in BL21 Gold cells

for 20 h at 25�C after induction with 1 mM isopropyl b-D-1-thiogalactopyr-

anoside. The verification of homodispersity of each protein was done by

analytical gel filtration (in Fig. S1) and sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS-PAGE). Six His-tagged PTPN12 fragments

were also produced in BL21 and purified on nickel beads (Macherey-Nagel)

using an imidazole 250 mM elution as previously described by Duval et al.

(16). Purified proteins were dialyzed against phosphate buffer solution

(8 mM Na2HPO4, 2 mM KH2PO4 (pH 7.8), 137 mM NaCl, 2.7 mM KCl)

and quantified and analyzed by SDS-PAGE before use in SPR experiments.
FLNA6 homology model

The homology model of FLNA6 was built in two steps: 1) the sequence

alignment of FLNA6 and template structure of FLNA5 (Protein Data

Bank (PDB): 4M9P) (14) were constructed using the MALIGN tool in

Bodil software (25) by employing a structure-based matrix (26) with a

gap penalty of 40, and 2) the sequence-alignment-based model of FLNA6

was built using the nest tool in Jackal software (Honig Lab, New York,

NY) (27).
NMR

NMR samples were prepared in 20 mM NaH2PO4, 50 mM NaCl, and

1 mM DTT buffer at pH 6.50, and then D2O was added to obtain 4% so-

lutions. Protein concentrations were 0.5–1.1 mM. All NMR spectra were

collected using a Bruker Avance III HD 800 MHz NMR spectrometer

(Bruker, Billerica, MA), equipped with a cryogenically cooled TCI 1H,
13C, 15N triple-resonance probehead. The data were collected at 25�C.
For the assignment of backbone chemical shifts, the following experi-

ments were conducted: 1H, 15N heteronuclear single quantum correlation

(HSQC), transverse relaxation optimized spectroscopy (TROSY)-HNCA,

TROSY-HN(CO)CA, TROSY-HNCACB, and TROSY-HN(CO)CACB

(for review, see (28)). All spectra were processed with TopSpin 3.5 and

analyzed with NMRFAM-Sparky 1.4 (29). Time delays for 15N T1 relax-

ation data were 20, 100, 200, 400, 800, 1100, and 1400 ms. An exponen-

tially decaying curve was fitted to the peak intensities as implemented

in Dynamic Center software (Bruker). Chemical shift assignments of
FLNA4–6 have been submitted to the Biological Magnetic Resonance

Data Bank with accession code 27795.

HYDRONMR (30) was used to calculate the theoretical 15N T1 relaxa-

tion times at 303.13�K, using 0.008 poises for the solvent viscosity at

18.10 Tesla magnetic field. The relaxation data were calculated separately

for the FLNA4–5 structure taken from the FLNA3–5 crystal structure

(PDB: 4M9P) (14) and the FLNA6 homology model.
Limited proteolysis

Samples prepared in 20 mM Tris (pH 8.0), 100 mM NaCl, and 1 mM DTT

were exposed to proteolytic digestion at 20�C by a-chymotrypsin (Sigma-

Aldrich, St. Louis, MO) using a mass ratio of 1:1000. Protein fragments

obtained from various incubation intervals were separated on 12% gels us-

ing SDS-PAGE. The entire experiment was conducted in triplicate, result-

ing in reproducible degradation patterns.
SAXS

A BM29 beamline (European Synchrotron Radiation Facility, Grenoble,

France) was used to collect the SAXS data on a PILATUS 1M image plate

using a sample to detector distance of 2.9 m and a wavelength of 1.0 Å (mo-

mentum transfer range 0.01< q< 5 nm�1). Three different protein concen-

trations (1.0, 2.0, and 4.0 mg/mL) were used in the data acquisition. Before

measurements, fresh DTT was added to 10 mM in the gel filtration buffer.

The ATSAS software package (European Molecular Biology Laboratory,

Hamburg, Germany) was utilized in the data processing (31). Guinier

analysis performed using PRIMUS (32) and distance distribution functions

calculated using DATGNOM (33) provided the estimates for the radius

of gyration (Rg) and maximal dimensions (Dmax) of the particles. Apparent

particle aggregation or repulsion was excluded in the Guinier analysis. The

Porod volumes were estimated using the DATPOROD program in ATSAS

(31). DAMMIF (34) on ATSAS online (https://www.embl-hamburg.de/

biosaxs/atsas-online) was used for generating a total of 20 ab initio shape

envelopes that were subsequently aligned against the most probable model,

averaged, and ultimately filtered in DAMAVER (35). The resolution of the

ab initio models were ultimately estimated using SASRES (36). The

FLNA4–6 rigid body model was obtained using SASREF (37), and the final

overlaying of the crystal structures and the ab initio models was achieved

using SUPCOMB (38). The flexibility of the selected FLNA fragments

was examined using the ensemble optimization method (EOM) (39,40)

on ATSAS online. In the wild-type (WT) EOM calculations, the FLNA4

and FLNA5 crystal structures and the FLNA6 model were used as rigid

bodies. In the mutant protein EOM calculations, the FLNA4–5 domain

pair was set as a random coil, whereas the FLNA6 model was provided

as a structured domain. The WT fragments were analyzed using merged

scattering data, whereas the mutated FLNA4–6 fragments data from a

single protein concentration (4 mg/mL) was used. In addition, a control

run for the FLNA4–6 WT fragment utilizing the mutant EOM parameters

and WT SAXS data was performed. CORAL (41) was utilized to study

the domain movements and the flexibility of the linker between the

FLNA4–5 domain pair and the FLNA6 domain. In CORAL calculations,

FLNA4–5 was kept in the fixed orientation, whereas the linker region

and FLNA6 (aa 767–869) moved freely. The solution scattering of the

selected atomic models obtained from CORAL and SASREF was evaluated

using CRYSOL (42). The statistics from all of the SAXS analyses are

shown in Tables S1–S3. The SAXS images were prepared using the

PyMOL Molecular Graphics System, version 0.99 (Schrödinger, New

York, NY) and GraphPad Prism 8 (GraphPad Software, San Diego, CA).

The SAXS data have been submitted to Small Angle Scattering Biological

Data Bank (SASBDB) with the accession codes SASDFD3 (FLNA4–6

WT), SASDFE3 (FLNA4–6 V711D, 4 mg/mL), SASDFF3 (FLNA4–6

V711D, 2 mg/mL), SASDFG3 (FLNA4–6 H743P, 4 mg/mL), and

SASDFH3 (FLNA4–6 WT H743P, 2 mg/mL).
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SPR experiments

The SPR experiments were conducted on the BIAcore 3000 system (GE

Healthcare). The experiments were carried out at 25�C using HBS-EP

(0.01 M HEPES (pH 7.4), 0.15 M NaCl, 3 mM EDTA, 0.005% v/v P20)

as the running buffer. Purified PTPN12 fragments were immobilized on

CM5 sensor chips (GE Healthcare) by amine coupling as recommended

by the manufacturer for �200–300 resonance units. Samples of purified

FLNA4–6 and the corresponding mutated fragments, V711D and H743P,

were diluted in the running buffer and injected in single-cycle kinetics

mode at five different concentrations (0.31, 0.62, 1.25, 2.50, and 5.00

mM) using a flow rate of 30 mL/min over the chip surface. Binding surfaces

were regenerated to remove bound analyte by injecting 50 mM NaOH for

30 s. This regeneration condition removed analyte completely but retained

the surface binding capacity of the PTPN12 functionalized chip. Kinetic

constants were calculated by global fitting of the data to a 1:1 Langmuir

binding model (single-cycle kinetics) after subtracting the control surface,

using the BIAevaluation software, version 4.0.1 (GE Healthcare).
RESULTS

Mutations at FLNA5 destroy the compact FLNA
rod1 structure

To get information about how the MVP-causing mutations
V711D and H743P located at FLNA5 effect FLNA struc-
ture, the mutations were inserted in the three-domain frag-
ment consisting of domains from 4 to 6. This construct
was used because it has flanking FLNA domains on both
sides of the mutated FLNA5 domain, providing a reliable
model of the full-length FLNA for in vitro structural studies.
First, the analytical size exclusion analyses of WT and
mutated FLNA4–6 fragments showed that the retention vol-
umes of mutants are smaller than that of the WT fragment,
indicating that mutations affect the shapes of FLNA4–6
(Fig. S1). SAXS was then employed to more closely study
the effects of V711D and H743P mutations on FLNA4–6
structure (Table S1). The direct comparison of the forward
scattering curves (Figs. 2 A and S2) and the corresponding
Kratky, Porod, and distance distribution P(r) plots (43)
(Fig. 2, B–D) of the WT and mutant proteins suggest struc-
tural unfolding of the V711D and H743P fragments. The
EOM analyses of FLNA4–6 WT and mutant SAXS data
provide further support for the structural misfolding of
FLNA4–6 V711D and H743P fragments as both the Rg

and Dmax distributions are much wider than those of the
WT fragment (Fig. S3; Table S3). Also, for mutants, more
structures, 14 (V711D) and 17 (H743P), are needed to fit
the experimental data than for WT FLNA4-6 (four struc-
tures, Table S3).

It should, however, be kept in mind that SAXS only gives
the average data of the entire FLNA4–6 fragment. There-
fore, NMR spectroscopy was then employed to collect
domain-level information about the effects of the V711D
and H743P mutations on the structure of the FLNA4–6 frag-
ment. First, the 15N-HSQC spectra for FLNA4–6 WT,
V711D and H743P, were measured. The HSQC spectrum
of the WT fragment (Fig. 2 E) was drastically different
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than those of the mutants, which were similar to each other
(Fig. 2, F and G). The15N-HSQC spectrum of FLNA4–6
WT (Fig. 2 E) showed good dispersion of the crosspeaks,
with rather similar intensities, as can be expected for a
modular protein having three homologous, well-structured
domains. In contrast, the 15N-1H correlation spectra of
both mutants lack the vast majority of the NH crosspeaks
in the structural fingerprint region (>8.5 ppm). Moreover,
the high-intensity NH crosspeaks cluster in the middle of
the 1HN chemical shift range (7.7–8.5 ppm 1H), indicating
an improperly folded domain and the prevalence of struc-
tural disorder (Fig. 2, F and G).

To be able to analyze and compare all three spectra in
more detail, the backbone assignment of FLNA4–6 WT
was carried out using the triple-resonance HNCA,
HN(CO)CA, HNCACB, and HN(CO)CACB experiments
with the implementation of the TROSY (28). The close
comparison of the 15N-HSQC spectra of FLNA4–6 WT
and FLNA4–6 V711D and H743P mutants indicated that
most of the crosspeaks corresponding to domain 5 and,
interestingly, also to domain 4 were missing from the
V711D and H743P 15N-HSQC spectra, whereas the cross-
peaks corresponding to domain 6 could still be found in
the mutant spectra (Fig. 2, E and G). In addition to the
high-intensity crosspeaks, the 15N-HSQC spectra of the mu-
tants also exhibit several broadened NH resonances, likely
originating in domains 4 and 5. This suggests the presence
of m-ms timescale motions within FLNA4–5.

The almost complete unfolding of FLNA4–5 increased its
susceptibility to proteolytic cleavage, as seen in Fig. 3 B.
Controlled protease digestion assays showed that FLNA4–6
V711D and H743P were significantly more readily digested
by chymotrypsin than FLNA4–6 WT. At the 60 min time
point, the FLNA4–6 WT was largely intact, whereas practi-
cally no full-length species were left for mutant proteins.
Simultaneously, as the full-length FLNA4–6 mutant frag-
ments were digested by chymotrypsin, a new band corre-
sponding to approximately a 10 kDa protein fragment
formed. This could be the FLNA6 domain that, as a folded
domain, is not prone to proteolysis, but we have no proof
for that.

Taken together, the data obtained from SAXS and NMR
spectroscopy as well as from limited proteolysis indisput-
ably showed that the FLNA-MVD causing V711D and
H743P mutations almost completely destroyed the folding
of the mutated FLNA5 as well as, interestingly, FLNA4.
FLNA6 is not part of the compact rod1 fragment
and not affected by FLNA-MVD mutations

To date, the detailed atomic structure of FLNA4–6 remains
undetermined. Domains 4 and 5 are known to form a
compact structure, both in the crystal structure (Fig. 1 B)
and in solution (14), but the orientation of FLNA6 with
respect to FLNA5 has remained enigmatic. Both SAXS



FIGURE 2 FLNA-MVD causing mutations at FLNA5 destroyed the folding of both FLNA 5 and FLNA4. (A–D) The shape of the scattering curve (A) and

Porod plot (C) of FLNA4–6 WT is typical for a folded protein, whereas the shape scattering curves (A) and Porod plots (C) of FLNA4–6 V711D and H743P

show the mutant proteins were partially unfolded. The Kratky plot (B) further demonstrates that the FLNA4–6 WT is a multidomain protein with a flexible

linker, whereas the mutated proteins are partially flexible. The distance distribution (P(r)) plot (D) reveals that the mutated proteins adopted significantly

extended particle maximal dimensions in contrast to the WT. The SAXS plots were prepared using merged scattering data (of 2 and 4 mg/mL) from

FLNA4–6 WT and the mutants in a single concentration (4 mg/mL). (E–G) Comparison of 1H 15N HSQC spectra of FLNA4–6 WT (E), V711D (F), and

H743P (G) shows that both FLNA5 mutated fragments lack the FLNA5 (and most FLNA4) domain-specific NH crosspeaks in the region, typical for the

structural protein, > 8.5 1H ppm. Instead, the vast majority of high-intensity crosspeaks were clustered in the region between 7.7 and 8.5 1H ppm, indicating

that both mutants had a high proportion of unfolded polypeptide chain. In contrast, the WT spectrum showed a well-dispersed correlation map spanning from

7 to 10 1H ppm, with more uniform intensities between the crosspeaks. These data suggest that FLNA4–6 WT is comprised of three well-structured domains.

The identity of the individual peaks in the mutant spectra (F and G) are shown, with FLNA4 peaks in green, FLNA5 peaks in red, and FLNA6 peaks in blue.

To see this figure in color, go online.
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and NMR spectroscopy were employed to solve the overall
structure of FLNA4–6 to get information about how FLNA5
mutation affects the overall rod1 structure. The comparison
of FLNA3–5 and FLNA4–6 scattering curves shown in
Fig. 3 C reveals that the effect of the domain 6 to
FLNA4–5 structure is different than that of domain 3. The
ab initio model calculated from SAXS data shows that the
shape of FLNA4–6 (Fig. 3 D; Table S2) is elongated,
whereas FLNA3–5 is more rounded (Fig. 3 E). The calcu-
lated SAXS-based rigid body model of the FLNA4–6 frag-
ment reveals that domain 6 did not interact with FLNA4–5
(Fig. 3 D). The rigid body model of FLNA4–6 nicely fits
with the ab initio envelope (Fig. 3 D), similar to the
FLNA3–5 crystal structure (Fig. 3 E; (14)). Also, the molec-
ular dimensions obtained from SAXS measurements re-
vealed that FLNA4–6 is 2.4 nm longer than the compact
FLNA3–5 fragment (14,20) (Fig. 3, D and E; Table S1),
indicating that FLNA6 is not as tightly packed as FLNA5.

To further investigate FLNA6 motion restrictions with
respect to FLNA5, the 15N T1 relaxation times were
measured using NMR spectroscopy. A plot of 15N T1 values
versus amino acid sequence is shown in Fig. 3 A. The
average T1 values are clearly higher for FLNA4 and
FLNA5 in comparison to FLNA6. This indicates that rather
Biophysical Journal 117, 1467–1475, October 15, 2019 1471



FIGURE 3 FLNA6 is not part the compact structure formed by FLNA3–5. (A) The plot of 15N T1 relaxation times versus the FLNA4–6 amino acid

sequence clearly indicates that FLNA4–5 moves together but independently from FLNA6. Horizontal lines indicate the average values calculated for

FLNA4–5 and FLNA6. (B) The limited protease digestion indicated that both FLNA5 mutations destabilized the FLNA4–6 structure, as after 10 min, no

FLNA4–6 mutant proteins were left, whereas WT stayed intact even after 60 min of proteolysis treatment. (C) The WT FLNA3–5 (orange) and

FLNA4–6 (gray) fragments have distinct experimental SAXS profiles. The merged data of 2 and 4 mg/mL for both of the samples are presented. (D)

The ab initio model of FLNA4–6 (surface presentation, gray, SASBDB ID SASDFD3) superimposed on the rigid body model of FLNA4–6 (with

domain-specific coloring: FLNA4 ¼ purple, FLNA5 ¼ green, and FLNA6 ¼ blue) obtained by SASREF. The normalized spatial discrepancy (NSD) of

the alignment is 1.58. The c2-value of the FLNA4–6 rigid body model against the experimental scattering data was 0.99 (estimated using CRYSOL)

(42). (E) The ab initio model of FLNA3–5 (surface presentation ¼ orange, SASBDB ID SASDEQ7) superimposed on the crystal structure of FLNA3–5

(PDB: 4M9P, with domain-specific coloring: FLNA3 ¼ pink, FLNA4 ¼ purple, and FLNA5 ¼ green). The NSD of the alignment was 1.49. The c2-value

of the FLNA3–5 crystal structure against the experimental scattering data was 1.0 (estimated using CRYSOL) (42), as previously reported in (20). (F) The

rigid body models of FLNA4–6 obtained using CORAL (41) demonstrate the linker flexibility (spheres) and the movement of the FLNA6 domain in respect

to the domain pair of FLNA4–5 (gray). The domain pair FLNA4–5 is superimposed on FLNA4–6, and only the two most distant orientations (blue and green)

and one middle orientation (purple) of FLNA6 are shown out of the 50 calculated models. Superimposition of the presented CORAL models with the

SASREF model gave NSD values of 1.49 (blue), 1.54 (purple), and 1.66 (green). The black arrows indicate the approximate movements of the blue and

green models from the middle orientation in Ångströms, measured using V814 as the landmark between the middle and the most distant orientations of

FLNA6. The spheres representing the linker region between the FLNA4–5 domain pair and FLNA6 are dispersed, suggesting that the linker between the

domains is mobile. To see this figure in color, go online.
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than being ‘‘pearls on a string,’’ FLNA4 and 5 are tumbling
as a larger structural unit with respect to FLNA6 and that
tumbling of FLNA6 is minimally restricted with respect to
FLNA4–5. To compare estimated 15N spin relaxation times
for the separate FLNA4–5 and FLNA6 constructs, we simu-
lated relaxation times for the FLNA4–5 crystal structure
(PDB: 4M9P) (14) and homology model of FLNA6 using
HYDRONMR software (30) (Fig. S4). It is evident that
although expected 15N T1 values showed similar trends be-
tween the simulated and experimental values, meaning that
elevated 15N T1 times were observed for the FLNA4 and 5
domains, the absolute 15N T1 values for the separate
FLNA4–5 and FLNA6 domains were generally lower in
simulated data. This indicates that molecular tumbling of
FLNA6 is hindered by FLNA4–5 and vice versa in the
FLNA4–6 construct, resulting in slower overall tumbling.
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The CORAL-based modeling of the SAXS data was then
used to further investigate the motions of FLNA6 in respect
to the FLNA4–5 domain pair. The results presented in Fig. 3
F show that FLNA6, connected by a short flexible linker to
FLNA5, can adopt various orientations with respect to
FLNA4–5. All these different orientations fit well to the
experimental scattering data of FLNa4-6 (c2-values 0.92–
1.09, Table S2). The results from CORAL-based modeling
of the SAXS data are in accordance with the results from
EOM calculations, in which four structures were needed
to fit the experimental data (Table S3) instead of one struc-
ture that would have represented the rigid structure.

Combining the results obtained from both SAXS and
NMR studies suggested that FLNA6 does not interact with
FLNA5, and its motion is only partially restricted by
FLNA4–5 (Figs. 3, A, D, and F and S4). Accordingly,
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FLNA5 mutations only destroy the compact structure of
FLNA4–5, whereas FLNA5–6 is not affected by FLNA5
mutations.
The effects of FLNA-MVD mutation on FLNA’s
interactions

FLNA executes many of its functions via interactions with
other proteins (9,44,45). Accordingly, the obvious mecha-
nism for FLNA-MVD caused by the mutations would be
the altered interactions with other proteins, followed by
effects on downstream signaling. Most FLNA-binding part-
ners have been mapped to rod2 domains, whereas only a few
proteins have been shown to interact with rod1 domains.
One of the rod1-interacting proteins is PTPN12. Recently,
we have shown that the proline-rich domain (Pro4) of the
C-terminal domain of PTPN12 binds FLNA domains 4–6,
of which FLNA4 is the main binding site (20). Using
SPR, we tested whether V711D and H743P mutations affect
FLNA–PTPN12 interactions. Although an affinity constant
of Kd 3.3 � 10�7 M was determined for the FLNA4–6
WT-PTPN12 interaction from the sensorgrams obtained
using FLNA4–6 as an analyte on immobilized PTPN12
C-terminal fragment (aa 600–780) (20), the Kd was barely
measurable for mutant recombinant FLNA-V711D and
H743P (Fig. 4).
DISCUSSION

To date, the molecular bases of valvular diseases have been
poorly understood, and this has restricted the development
of new therapies to replace surgical treatment. In this study,
we sought and found a molecular-level explanation of why
the FLNAmutations V711D and H743P cause FLNA-MVD.

Our results clearly reveal that the FLNA mutations
V711D and H743P both have structural consequences.
An integrative approach utilizing NMR spectroscopy and
FIGURE 4 FLNA-MVD causing mutations at FLNA5 abolished PTPN12

binding to FLNA. The PTPN12 C-terminal fragment (600–700) binds to

FLNA4–6 WT with Kd 3.3 � 10�7 M (20) but binding to FLNA4–6

V711D and H743P were hardly detected in SPR experiments. To see this

figure in color, go online.
SAXS measurements unambiguously indicated that the
missense mutations destroyed the folding of the particular
domain where the mutation was located. This is not surpris-
ing as the hydrophobic valine residue, which points toward
the hydrophobic interior of the Ig domain of FLNa5 (Fig. 1
B), is mutated to a negatively charged and slightly larger as-
partic acid residue, causing both electrostatic and steric con-
flicts that destroy domain folding. H743, in turn, is located
in the middle of the b-strand (Fig. 1 B). Accordingly, the
mutation to proline residue destroys the b-strand and conse-
quently affects the stability of the neighboring b-strands and
the entire Ig domain. Importantly, the FLNA5 mutations
V711D and H743P were also shown to affect the stability
of the neighboring N-terminal domain FLNA4 but not the
neighboring C-terminal domain FLNA6. It was not surpris-
ing that the loss of the compact folding of FLNA5 affected
the stability of FLNA4 as well because domain 4 had earlier
been reported to be unstable when it is isolated but is stabi-
lized by the neighboring domain 5 (14). Our results from
both NMR 15N spin relaxation data and SAXS measure-
ments, in turn, demonstrated that FLNA6 is not part of the
compact rod1 substructure composed from domains 3–5.
Accordingly, the destabilization of the adjacent FLNA5
domain does not influence the stability of FLNA6.

In cardiac valves, FLNA is submitted to intense hemody-
namic stresses. Our recent study revealed that the P637Q
mutation affects FLNA’s force resilience (20). With P637Q
mutated FLNA, significantly lower forces were needed to
detach FLNA4 and FLNA5 domains from each other than
with WT FLNA. It can be speculated that V711D and
H743P mutations also change FLNA’s ability to respond to
forces because they destroy the compact and force-regulated
rod1 substructure, making it inherently flexible and devoid
of any force resilience ability. Several other disease-causing
mutations have also been identified from FLNA. Interest-
ingly, although disease-causing mutations are spread through
FLNA, many are clustered in the compact FLNA regions of
FLNA3–5 and FLNA16–17 (46–50). A skeletal dysplasia-
causing mutation at FLNA16 has also been reported to
change FLNA’s ability to respond to force (51). Accordingly,
it seems that defects in FLNA’s force resilience might
be involved in the pathogenesis of various FLNA-linked
diseases. This could be expected because FLNA is known
to be crucial for cellular force transmission (10). The
connection of FLNA and mechanosensing is especially
strong in the development and progression of cardiac
diseases because of defects in mechanosensing known to
cause various cardiac diseases (52–54). Moreover, FLNA
is strongly expressed in endocardial cells during cardiac
morphogenesis (12).

The almost complete unfolding of two FLNA domains, 4
and 5, also increased proteolytic digestion of FLNA. This
might, of course, be one possible mechanism behind
FLNA-MVD, although no in vivo data of the degradation
of FLNA in FLNA-MVD has been reported. Similar
Biophysical Journal 117, 1467–1475, October 15, 2019 1473
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FLNA domain unfolding due to disease-causing mutations
have been reported, with FLNb17 mutations causing skel-
etal dysplasia called Larsen syndrome (51).

Our results also revealed that FLNA5mutations abolished
FLNA’s interactions with PTPN12. The main binding site of
PTPN12 has been mapped to domain 4 (20). The P637Q
mutation that is located at FLNA4 has recently been
reported to prevent the PTPN12 interaction. FLNA5-
PTPN12 interaction is, however, very weak (20). As the
FLNA5 mutations V711D and H743P not only destroy the
folding of domain 5 but also FLNA4, it is not surprising
that these mutations also abolish PTPN12 binding to
FLNA. Other proteins, such as protein kinase Syk (55)
and DPP9 (56), have also been mapped to bind FLNA5.
The loss of FLNA5 folding due to FLNA-MVD mutations
obviously abolished their binding to FLNA as well. Whether
Syk or DPP9 have roles in FLNA-MVD pathogeneses is not
known.

Taken together, the underlying mechanism behind FLNA-
MVD seems to be linked to the unfolding of FLNA4 and
FLNA5, which might cause the proteolytic digestion of
cells, abolish PTPN12 interaction, and potentially also
affect FLNA’s force resilience. Which one of these is the
most essential molecular mechanism is not known. The
importance of FLNA misfolding in the FLNA-MVD patho-
geneses provides a tempting idea to use molecular chaper-
ones (57) as a therapeutic treatment of FLNA-MVD.
CONCLUSIONS

Cardiac valve diseases are common, affecting 3% of the
population. Currently, no treatments other than cardiac sur-
gery are available, but surgery is expensive and has high
levels of risk. However, the lack of structural level informa-
tion of the proteins involved has restricted the development
of new therapies. The results presented here with regard to
structural and functional consequences of FLNA5 muta-
tions, together with recently reported FLNA4 mutations,
suggest that both FLNA force resilience and interaction
with PTPN12 are important for FLNA-MVD pathogenesis.
Although our results do not provide a complete molecular-
level explanation for FLNA-MVD, they provide a crucial
step toward understanding the underlying molecular mech-
anism behind valvular dystrophy and a possible objective
for the development of drug-based therapeutics.
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