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ABSTRACT

Mitral valve diseases affect approximately 3% oé thopulation and are the most
common reasons for valvular surgery because noloaggd treatments exist. Inheritable genetic
mutations have now been established as the causeitadl valve insufficiency, and four
different missense mutations in the filamin A géBENA) have been found in patients suffering
from non-syndromic mitral valve dysplasia (MVD). &hFLNA protein is expressed, in
particular, in endocardial endothelia during fetalve morphogenesis and is key in cardiac
development. Thé=LNA-MVD causing mutations are clustered in the N-tew@hiregion of
FLNA. How the mutations in FLNA modify its structurand function, have mostly remained
elusive. In this study, using NMR spectroscopy artdraction assays, we investigatedNA-
MVD causing V711D and H743Rwutations. Our results clearly indicated that bwtiitations
almost completely destroy the folding of the FLNé&main, where the mutation is located, and
also affect the folding of the neighboring FLNA4ndain. The structure of the neighboring
FLNA6 domain was not affected by the mutations. Sehenutations also completely abolish
FLNA'’s interactions with protein tyrosine phosptssaPTP) non-receptor type 12 (PTPN12),
which has been suggested to contribute to the patiesis oFLNA-MVD. Taken together, our
results provide an essential structural and mos&duhmework for understanding the molecular

bases ofFLNA-MVD, which is crucial for the development of nevethpies to replace surgery.



STATEMENT OF SIGNIFICANCE

Mitral valve diseases are very common, affectingrapimately 3% of the population.
Currently, the only available treatment is surg&mur different missense mutations in filamin A
have been found in patients suffering from non-syndc mitral valve dysplasid=LNA-MVD).
The molecular mechanism dfFLNA-MVD has remained elusive but it is essential for
development of novel drug-based therapies. In shisly, we investigated tw&LNA-MVD
causing mutations in filamin. Our results cleanhdicated that these mutations have critical
structural effects on filamin and also affect filafa interactions with other proteins. Taken
together, our results provide an essential strattamd molecular framework for understanding
the molecular bases 61LNA-MVD, which is crucial for the development of nehetapies to

replace surgical options.



INTRODUCTION

Mitral valve prolapse (MVP) is a relatively commdisease that affects around 3%
of the world’s population (1). It is also one oétmost common indications for valvular surgery,
and there are currently no drug-based treatmeraitahle. Nowadays, although genetic defects
have definitively been associated with both syndcoamd non-syndromic forms of MVP, how
the mutations in the translated protein modifysisicture and function has remained elusive.
The filamin A gene KLNA) was first associated with inherited non-syndrommtral valve
dysplasia (MVD) ELNA-MVD OMIM 314400) (1, 2). Today, four missense mutati(B288R,
P637Q, V711D, and H743/Fig. 1 A]) have been identified iIELNA-MVD patients, and these
mutations cause thickened myxomatous Barlow-lileld¢ dystrophy (2—4). In addition to the
thickening of the leaflets, a patient’s mitral valapparatus presents with specific characteristics.
The chordae are shorter, and the papillary musalesdisplaced close to the mitral annulus.
Echocardiographic evaluation has also unveiledigquenand homogeneous phenotype. In fact,
the prolapse of the leaflet in systole is unusua#igociated with a restrictive motion in diastole
in FLNA-MVD patients.

Filamin A (FLNA) (Fig. 1A) is a ubiquitously expressed cytoskeletal prot{&in
that is known to be one of the key proteins in @arddevelopment, and it is particularly
expressed in endocardial endothelia during fetbdlevenorphogenesis:LNA knockout leads to
embryonic lethality with a pleomorphic array of diac malformations (6—8). FLNA is a large
cytosolic protein that provides a link between tlygoskeleton and the cell surface by interacting
simultaneously with both extracellular-matrix-bountegrins and the actin cytoskeleton. These

interactions make possible the central role of FLMAcellular mechanotransduction (9, 10).



FLNA binds to numerous proteins, including transrbesme receptors and signaling molecules
(9). Therefore, FLNA has essential scaffolding fioits and integrates multiple cellular
behaviors during embryonic development, cellulagnation, and mechanical stress responses
(9, 11, 12). Structurally, FLNA is a 280 kDa honoéric protein consisting of N-terminal actin-
binding domains followed by 24 homologous immunoglin (Ig)-like domains, of which
domains 1-15 form rodl, and domains 16—23 form .r@xtherization occurs via the most C-
terminal Ig-domain, FLNA24. The Ig-domains 3-5 dfé-21 form tightly arranged compact
substructures in otherwise flexible 1g-domain rdd8-15). Very interestingly, FLNA-MVD
causing mutations are all clustered at the N-teshmegion of rod1 (2-4)Hg. 1).

Protein tyrosine phosphatase 12 (PTPN12) has beggested to be one of the key
FLNA binding partners implicated in mitral valvesdases (16, 17). PTPN12 (PTP-PEST) is a
ubiquitous cytosolic protein tyrosine phosphat&se tonsists of an N-terminal catalytic domain
and a C-terminal non-catalytic domain (18). Thelipsarich domain in the C-terminal non-
catalytic domain has been shown to a be key elemeénteractions of FLNA and PTPN12 (17,
19). Our recent studies further revealed that thenrbinding site of PTPN12 on FLNA is the Ig-
domain 4, but the neighboring Ig-domains 3, 5, @ralso exhibit some binding (20). PTPN12
has been shown to be essential for cellular mp#litd cytoskeleton dynamics (21). PTPN12 is
crucial for normal embryonic development as denratestl by the fact that PTPN12 invalidation
is embryonically lethal in mice due to importantsgalar defects and unsuccessful liver
formation. PTPN12 is also required for integrin-ma¢eld adhesion and migration of endothelial
cells, but not for their differentiation and prelifition. PTPN12 regulates Rho GTPase (18),
which binds to the most C-terminal FLNA domain 22). FLNA is also involved in focal

adhesion signaling pathway regulation, and it heasnbsuggested that FLNA may act as a
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scaffold for the spatial organization of Rho GTPasmliated signaling pathways (23). Our
earlier studies have, indeed, shown fRlaNA-MVD mutations deregulate the Rho/Racl balance
and affect cellular spreading and migration resgltifrom increased Rho activity (16).
Accordingly, PTPN12—FLNA interactions might contrtb to the pathogenesisBtNA-MVD.

The molecular bases behind valvular diseasesraggnieral, poorly understood. This has
restricted the development of drug-based therapibagh are currently not available. We have
recently reported the structural and functionalsemuences dFLNA-MVD causing a P637Q
mutation located at the middle of the compact FLidA1 fragment 3-5 (20). This mutation was
observed to change FLNA's force resilience and iabals interaction with protein tyrosine
phosphatase PTPN12 (20). Here, by combining Nuclekgnetic Resonance (NMR)
spectroscopy with small angle X-ray scattering (8)\>&nd surface plasmon resonance (SPR),
we show that the missense mutations that c&ld¢A-MVD, which are located on FLNAS
(V711D and H743P), destroy the folding of Ig donsah 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) wéwaed into a pGTvL1-SGC
vector (Structural Genomics Consortium, UniversifyOxford) using the ligase independent
method (24) and the PTPN12 fragment (Swiss-Prot2Q93, aa 600-780) was cloned into a
pPET23b vector using the method described by Detwal. (16). The mutations were introduced
to the desired expression constructs using the @nhakge Il site-directed mutagenesis kit
(Agilent Technologies, Santa Clara, CA, USA). Aletexpression plasmids were verified by
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sequencing. The production of glutathione S-tramaste (GST) fusion proteins occurred in
Terrific Broth (TB, 2.4 % w/v yeast extract, 1.2 Whv tryptone, 0.5 % w/v glycerol, 0.017 M
KH,PO,, 0.072 M KHPQ,) by the addition of Isopropyl 3-D-1-thiogalactoggoside (IPTG) to
0.4 mM at 30°C for 4—6 h usingscherichia coli BL21 Gold cells. Complete lysis of the cells
was achieved using the EmulsiFlex-C3 homogenizeregfin, Ottawa, Ontario, Canada), and
lysates were cleared by centrifugation at 35,00@0r 80 min at 4°C. The GST fusion proteins
were captured using Protino Glutathione AgaroseMBcherey-Nagel, Diren, Germany), and
the GST was cleaved at 4°C for 16 h using Tobadcb Firus (TEV) protease (Invitrogen, Life
Technologies, Carlsbad, CA, USA). The TEV cleavaginded the FLNA constructs by two
additional N-terminal amino acid residues, M andASdiLoad 26/60 Superdex 75 column (GE
Healthcare, Chicago, IL, USA) was utilized in theesexclusion chromatography of the desired
fragments in 20 mM Tris pH 8.0, 100 mM NaCl, 1 mMDusing an AKTA prime system (GE
Healthcare, Chicago, IL, USA). Amicon Ultra cenighl devices (Merck Millipore, Burlington,
MA, USA) were used for concentrating the proteins downstream experiments. For NMR
measurements, uniforfiN and'°C labeling of the filamin fragments were achievesihg 1 g
1>NH,CI and 2 g D-glucos&®C (Cambridge Isotope Laboratories, Inc., Tewksbip, USA)
per liter in M9 media. The proteins were expresse8L21 Gold cells for 20 h at 25°C after
induction with 1 mM IPTG. The verification of homisgdersity of each protein was done by
analytical gel filtration (in Supporting Materidtjg. SI) and SDS-PAGE. 6-His tagged PTPN12
fragments were also produced in BL21 and purifiadneckel beads (Macherey-Nagel, Duren,
Germany) using an imidazole 250 mM elution as mesly described by Duvadt al. (16).

Purified proteins were dialyzed against phosphatéeb solution (8 mM NgHPQO,, 2 mM



KH,PO,, pH 7.8, 137 mM NaCl, 2.7 mM KCI) and quantifieddaanalyzed by SDS-PAGE

before use in SPR experiments.

FLNA6 homology model

The homology model of FLNA6 was built in two stefs) The sequence alignment of
FLNA6 and template structure of FLNA5 (PDB ID 4M9P4) were constructed using the
MALIGN tool in Bodil software (25) by employing aracture-based matrix (26) with a gap
penalty of 40, and (2) the sequence-alignment-basadk| of FLNA6 was built using the nest

tool in Jackal software (Honig Lab, New York, NYSH) (27).

NMR

NMR samples were prepared in 20 mM NBBy, 50 mM NaCl, 1 mM DTT buffer at
pH 6.50, and then J® was added to obtain 4% solutions. Protein conagohs were 0.5—
1.1 mM. All NMR spectra were collected using a BrukAvance IIIl HD 800MHz NMR
spectrometer (Bruker, Billerica, MA, USA), equippeith a cryogenically cooled TCH, *°C,
>N triple resonance probehead. The data were cetlett25°C. For the assignment of backbone
chemical shifts, the following experiments were dcted:'H, *°N HSQC (heteronuclear single
guantum correlation), TROSY (Transverse Relaxat@ptimized Spectroscopy) -HNCA,
TROSY-HN(CO)CA, TROSY-HNCACB, and TROSY-HN(CO)CAC(or review, see (28) ).
All spectra were processed with TopSpin 3.5 andyaed with NMRFAM-Sparky 1.4 (29).
Time delays for™N T, relaxation data were 20, 100, 200, 400, 800, 180@, 1400 ms. An
exponentially decaying curve was fitted to the paaknsities, as implemented in Dynamic

Center software (Bruker, Billerica, MA, USA). Chearai shift assignments of FLNA4—6 have
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been submitted to the Biological Magnetic Resondbata Bank (BMRB) with accession code
27795.

HYDRONMR (30) was used to calculate the theoreticAl T; relaxation times at
303.13 K, using 0.008 poises for the solvent viggoat 18.10 Tesla magnetic field. The
relaxation data were calculated separately forRlbdA4-5 structure taken from the FLNA3-5

crystal structure (PDB ID 4M9P) (14) and the FLN#&mMology model.

Limited proteolysis

Samples prepared in 20 mM Tris, pH 8.0, 100 mM NdAGhM DTT were exposed to
proteolytic digestion at 20°C ky~chymotrypsin (Sigma-Aldrich, St. Louis, MO, USA3%ing a
mass ratio of 1:1000. Protein fragments obtaineminfrvarious incubation intervals were
separated on 12% gels using SDS-PAGE. The entperigment was conducted in triplicate,

resulting in reproducible degradation patterns.

SAXS
A BM29 beamline (ESRF, Grenoble, France) was usedotlect the SAXS data on a

PILATUS 1M image plate using a sample to detecistadce of 2.9 m and a wavelength of
1.0 A (momentum transfer range 0.01 < q < 5'hrThree different protein concentrations (1.0,
2.0, and 4.0 mg/ml) were used in the data acqgarsitiPrior to measurements, fresh DTT was
added to 10 mM in the gel filtration buffer. The 8AS software package (EMBL, Hamburg,
Germany) was utilized in the data processing (&Ljinier analysis performed using PRIMUS
(32) and distance distribution functions calculatesthg DATGNOM (33) provided the estimates

for the radius of gyrationRy) and maximum dimensionDg.y) of the particles. Apparent
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particle aggregation or repulsion was excludecheGuinier analysis. The Porod volumes were
estimated using the DATPOROD program in ATSAS (ZWAMMIF (34) on ATSAS online
(https:/www.embl-hamburg.de/biosaxs/atsas-onliway used for generating a total of ao
initio shape envelopes that were subsequently alignedsaghe most probable model, then
averaged, and ultimately filtered in DAMAVER (35)he resolution of theb initio models
were ultimately estimated using SASRES (36). Th&l&4—6 rigid body model was obtained
using SASREF (37), and the final overlaying of tmgstal structures and ttab initio models
was achieved using SUPCOMB (38).The flexibility thfe selected FLNA fragments was
examined using the ensemble optimization methodE@9, 40) on ATSAS online. In the WT
EOM calculations, the FLNA4 and FLNA5 crystal stuwres and the FLNA6 model were used
as rigid bodies. In the mutant protein EOM caldola, the FLNA4-5 domain pair was set as a
random coil, while the FLNA6 model was providedaastructured domain. The WT fragments
were analyzed using merged scattering data, whéneasutated FLNA4—6 fragments data from
a single protein concentration (4 mg/ml) was usedaddition, a control run for the FLNA4—6
WT fragment utilizing the mutant EOM parameters #ifl SAXS data was performed. CORAL
(41) was utilized to study the domain movements tuedflexibility of the linker between the
FLNA4-5 domain pair and the FLNA6 domain. In CORAdlculations, FLNA4-5 was kept in
the fixed orientation, whereas the linker regior &LNA6 (aa 767-869) moved freely. The
solution scattering of the selected atomic modditained from CORAL and SASREF was
evaluated using CRYSOL (42). The statistics fronobthe SAXS analyses are shownTiables
S1 through S3in the Supporting Material. The SAXS images wereppred using the PyMOL
Molecular Graphics System, version 0.99 (Schroding€€C, New York, NY, USA) and

GraphPad Prism 8 (GraphPad Software, San Diego, t34). The SAXS data have been
10



submitted to SASBDB with the accession codes SASDPHRBLNA4-6 WT), SASDFE3
(FLNA4—6 V711D, 4 mg/ml), SASDFF3 (FLNA4—6 V711D,n®g/ml), SASDFG3 (FLNA4—6
H743P, 4 mg/ml), and SASDFH3 (FLNA4—6 WT H743P, §/mi).
Surface plasmon resonance experiments

The SPR experiments were conducted on the BIAcO@O 3ystem (GE Healthcare,
Chicago, IL, USA). The experiments were carried a&uR5°C using HBS-EP (0.01 M HEPES;
pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v P20)tas running buffer. Purified PTPN12
fragments were immobilized on CM5 sensor chips W&althcare, Chicago, IL, USA) by amine
coupling, as recommended by the manufacturer fmutal200-300 resonance units (RU).
Samples of purified FLNA4—-6 and the correspondingtated fragments, V711D and H743P,
were diluted in the running buffer and injectedsingle-cycle kinetics (SCK) mode at five
different concentrations (0.31, 0.62, 1.25, 2.5@| .00 uM) using a flow rate of 30 pl/min over
the chip surface. Binding surfaces were regenerttedemove bound analyte by injecting
50 mM NaOH for 30 s. This regeneration conditiomoged analyte completely but retained the
surface binding capacity of the PTPN12 functioredizhip. Kinetic constants were calculated
by global fitting of the data to a 1:1 Langmuir @hing model (SCK) after subtracting the control

surface, using the BlAevaluation software, vergldhl (GE Healthcare, Chicago, IL, USA).

RESULTS

Mutations at FLNAS destroy the compact FLNA rod1rgtture

In order to get information about how the MVP-cagsmutations V711D and H743P
located at FLNAS effect FLNA structure, the mutasowere inserted in the three-domain
fragment consisting of domains from 4 to 6. Thisstouct was used because it has flanking

11



FLNA domains on both sides of the mutated FLNAS5 donproviding a reliable model of the
full length FLNA forin vitro structural studies. First, the analytical sizelesion analyses of
WT and mutated FLNA4—6 fragments showed that tkent®n volumes of mutants are smaller
than that of the WT fragment, indicating that miata¢ affect the shapes of FLNA4-Big. S1).
SAXS was then employed to more closely study tifeces of V711D and H743P mutations on
FLNA4—-6 structure Table SJ). The direct comparison of the forward scattegogves Fig. 2A
and S2 and the corresponding Kratky, Porod, and distalstibution P(r) plots (43)Hig. 2B,

C, and D) of the WT and mutant proteins suggest structun&blding of the V711D and H743P
fragments. The EOM analyses of FLNA4—6 WT and mu&&XS data provide further support
for the structural misfolding of FLNA4—6 V711D akt¥y43P fragments, as both tRgandDmax
distributions are much wider than those of the Wdgiment Fig. S3, Table SR Also, for
mutants, more structures, 14 (V711D) and 17 (H748B)needed to fit the experimental data
than for WT FLNA4-6 (four structureSable S3.

It should, however, be kept in mind that SAXS ogiyes the average data of the entire
FLNA4—6 fragment. Therefore, NMR spectroscopy wantemployed to collect domain-level
information about the effects of the V711D and H74@8wtations on the structure of the
FLNA4—6 fragment. First, th&N-HSQC spectra for FLNA4—6 WT, V711D and H743P, aver
measured. The HSQC spectrum of the WT fragmEigf. 2 E) was drastically different than
those of the mutants, which were similar to eadheotfig. 2 F and G). Thé®N-HSQC
spectrum of FLNA4—-6 WTHKig. 2 E) showed good dispersion of the cross peaks, vaither
similar intensities, as can be expected for a madptotein having three homologous, well-
structured, domains. In contrast, tH&l-'H correlation spectra of both mutants lack the vast

majority of the NH cross peaks in the structurabérprint region (> 8.5 ppm). Moreover, the
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high intensity NH cross peaks cluster in the midsfléhe’H™ chemical shift range (7.7-8.5 ppm
'H), indicating an improperly folded domain and firevalence of structural disordefig. 2 F
and G).

In order to be able to analyze and compare alktepectra in more detail, the backbone
assignment of FLNA4—-6 WT was carried out using tify@e-resonance HNCA, HN(CO)CA,
HNCACB, and HN(CO)CACB experiments with implemenmdat of the transverse relaxation
optimized spectroscopy (TROSY) (28). The close camspn of the'®N-HSQC spectra of
FLNA4—6 WT and FLNA4-6 V711D and H743P mutants oaded that most of the cross peaks
corresponding to domain 5 and, interestingly, atsadlomain 4 were missing from the V711D
and H743P°N-HSQC spectra, whereas the cross peaks corresmptwllomain 6 could still be
found in the mutant spectr&ig. 2 E and G). In addition to the high-intensity cross peaks t
1>N-HSQC spectra of the mutants also exhibit sevéraladened NH resonances, likely
originating in domains 4 and 5. This suggests ttesgnce of pu-ms timescale motions within
FLNA4-5.

The almost complete unfolding of FLNA4-5 increasesdsusceptibility to proteolytic
cleavage, as seen ig. 3 B. Controlled protease digestion assays showed thBtAE—6
V711D and H743P were significantly more readilyedited by chymotrypsin than FLNA4-6
WT. At the 60 min time point, the FLNA4-6 WT wasdaly intact, whereas practically no full-
length species were left for mutant proteins. Stamdously, as the full-length FLNA4—6 mutant
fragments were digested by chymotrypsin, a new lcangsponding to approximately a 10 kDa
protein fragment formed. This could be the FLNA®&@an that, as a folded domain, is not prone

to proteolysis, but we have no proof for that.
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Taken together, the data obtained from SAXS and NdyBctroscopy as well as from
limited proteolysis indisputably showed that tR&NA-MVD causing V711D and H743P
mutations almost completely destroyed the foldinfg tlke mutated FLNAS5 as well as,

interestingly, FLNA4.

FLNAG is not part of the compact rod1 fragment amet affected byFLNA -MVD mutations

To date, the detailed atomic structure of FLNA4efains undetermined. Domains 4
and 5 are known to form a compact structure, botkhe crystal structureFig. 1 B) and in
solution (14) but the orientation of FLNA6 with pext to FLNA5S has remained enigmatic. Both
SAXS and NMR spectroscopy were employed to soleeotrerall structure of FLNA4—6 to get
information about how FLNA5 mutation affects theeoadl rod1 structure. The comparison of
FLNA3-5 and FLNA4—6 scattering curves shownFig. 3 C reveals that the effect of the
domain 6 to FLNA4-5 structure is different than ttied domain 3. Theab initio model
calculated from SAXS data shows that the shapelLA4—6 (Fig. 3 D and Table S2 is
elongated, whereas FLNA3-5 is more roundeéd.(3 E). The calculated SAXS-based rigid
body model of the FLNA4-6 fragment reveals that dont did not interact with FLNA4-5
(Fig. 3D). The rigid body model of FLNA4—6 nicely fits witheab initio envelope Fig. 3 D),
similar to the FLNA3-5 crystal structurd=i§. 3 E (14)). Also, the molecular dimensions
obtained from SAXS measurements revealed that FI-MA4 2.4 nm longer than the compact
FLNA3-5 fragment (14, 20Hg. 3D, Fig. 3E, and Table SJ), indicating that FLNAG is not as
tightly packed as FLNAS.

To further investigate FLNA6 motion restrictionstivirespect to FLNAS, thé>N T,

relaxation times were measured using NMR spectmsol plot of N T; values versus amino
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acid sequence is shown kg. 3 A. The average ilvalues are clearly higher for FLNA4 and
FLNAS in comparison to FLNAG6. This indicates thather than being ‘pearls on a string,’
FLNA4 and 5 are tumbling as a larger structurat with respect to FLNAG6, and that tumbling
of FLNAG is minimally restricted with respect to RB4-5. In order to compare estimatel
spin relaxation times for the separate FLNA4-5 BhNAG constructs, we simulated relaxation
times for the FLNA4-5 crystal structure (PDB ID 4R)9(14) and homology model of FLNAG6
using HYDRONMR software (30)F{g. S4. It is evident that while expectédN T; values
showed similar trends between the simulated andrerpntal values, meaning that elevatad
T, times were observed for the FLNA4 and 5 domaihs, absolute®N T; values for the
separate FLNA4-5 and FLNA6 domains were generallyel in simulated data. This indicates
that molecular tumbling of FLNAG is hindered by FAHBL5, and vice versa, in the FLNA4-6
construct, resulting in slower overall tumbling.eTEORAL based modeling of the SAXS data
was then used to further investigate the motionsLdA6 in respect to the FLNA4-5 domain
pair. The results presentedfig. 3 F show that FLNAG, connected by a short flexiblé&énto
FLNADS, can adopt various orientations with resgedtLNA4-5. All these different orientations
fit well to the experimental scattering data of RANG §>values 0.92-1.09, Table S2). The
results from CORAL based modelling of the SAXS data in accordance with the results from
EOM calculations, where four structures were neddefit the experimental data éble S3,
instated of one structure which would have reprieskthe rigid structure.

Combining the results obtained from both SAXS anBlIRN studies suggested that
FLNAG6 does not interact with FLNA5, and its moti@only partially restricted by FLNA4-5
(Fig. 3A, D, F, and S9. Accordingly, FLNA5 mutations only destroy thengpact structure of

FLNA4-5, whereas FLNA5-6 is not affected by FLNAGtations.
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The effects oFLNA-MVD mutation on FLNA's interactions

FLNA executes many of its functions wviateractions with other proteins (9, 44, 45).
Accordingly, the obvious mechanism fBLNA-MVD caused by the mutations would be the
altered interactions with other proteins, followby effects on downstream signaling. Most
FLNA binding partners have been mapped to rod2 dmnavhereas only a few proteins have
been shown to interact with rodl domains. One ef b1 interacting proteins is PTPN12.
Recently, we have shown that the proline-rich dom@ro4) of the C-terminal domain of
PTPN12 binds FLNA domains 4-6, of which FLNA4 ig tmain binding site (20). Using SPR,
we tested whether V711D and H743P mutations afeNA—PTPN12 interactions. Although
an affinity constant of K 3.3x10<LM was determined for the FLNA4—6 WT—PTPN12
interaction from the sensorgrams obtained using A4-M as an analyte on immobilized
PTPN12 C-terminal fragment (aa 600-780) (20), thewas barely measurable for mutant

recombinant FLNA-V711D and H743Fi§. 4).

DISCUSSION

To date, the molecular bases of valvular diseaage been poorly understood, and this
has restricted the development of new therapieeptace surgical treatment. In this study, we
sought and found a molecular-level explanation bywhe FLNA mutations V711D and H743P
cause-LNA-MVD.

Our results clearly reveal that the FLNA mutatiovigl1D and H743P both have
structural consequences. Integrative approach ziagli NMR spectroscopy and SAXS
measurements unambiguously indicated that the ngsseutations destroyed the folding of the
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particular domain where the mutation was locatdas Ts not surprising, as the hydrophobic
valine residue, which points toward the hydrophabterior of the Ig domain of FLNag3-(g. 1

B), is mutated to a negatively charged and sliglghger aspartic acid residue, causing both
electrostatic and steric conflicts that destroy donfolding. H743, in turn, is located in the
middle of thef-strand Fig. 1 B). Accordingly, the mutation to proline residue tiegs the[3-
strand and consequently affects the stability & tieighboringB-strands and the entire Ig-
domain. Importantly, the FLNA5 mutations V711D ad@43P were also shown to affect the
stability of the neighboring N-terminal domain FLMAbut not the neighboring C-terminal
domain FLNAG. It was not surprising that the lo§she compact folding of FLNAS affected the
stability of FLNA4 as well because domain 4 hadieabeen reported to be unstable when it is
isolated but is stabilized by the neighboring dan&i(14). Our results from both NMRN spin
relaxation data and SAXS measurements, in turn,odstrated that FLNAG is not part of the
compact rodl substructure composed from domains 8eéordingly, the destabilization of the
adjacent FLNAS5 domain does not influence the stgtof FLNAG.

In cardiac valves, FLNA is submitted to intense bdgnamic stresses. Our recent study
revealed that the P637Q mutation affects FLNA'cdoresilience (20). With P637Q mutated
FLNA, significantly lower forces were needed toat#t FLNA4 and FLNAS5 domains from each
other than with WT FLNA. It can be speculated t4&i11D and H743P mutations also change
FLNA'’s ability to respond to forces because thegta®y the compact and force-regulated rodl
substructure, making it inherently flexible and delvof any force resilience ability. Several
other disease-causing mutations have also beemifideérfrom FLNA. Interestingly, although
disease-causing mutations are spread through FlohNy are clustered in the compact FLNA

regions of FLNA3-5 and FLNA16-17 (46-50). A skeletlysplasia-causing mutation at
17



FLNA16 has also been reported to change FLNA'Stgti respond to force (51). Accordingly,
it seems that defects in FLNA's force resiliencglmibe involved in the pathogenesis of various
FLNA-linked diseases. This could be expected bex&UNA is known to be crucial for cellular
force transmission (10). The connection of FLNA amechanosensing is especially strong in the
development and progression of cardiac diseasedaddefects in mechanosensing known to
cause various cardiac diseases (52-54). Moreou®AHRs strongly expressed in endocardial
cells during cardiac morphogenesis (12).

The almost complete unfolding of two FLNA domaing,and 5, also increased
proteolytic digestion of FLNA. This might, of coesbe one possible mechanism belhdA-
MVD, although noin vivo data of the degradation of FLNA FLNA-MVD has been reported.
Similar FLNA domain unfolding due to disease-cagsmutations have been reported, with
FLNb17 mutations causing skeletal dysplasia cdleden syndrome (51).

Our results also revealed that FLNAS mutations ighed FLNA'’s interactions with
PTPN12. The main binding site of PTPN12 has beeppe to domain 4 (20). The P637Q
mutation that is located at FLNA4 has recently besgrorted to prevent the PTPN12 interaction.
FLNAS5-PTPN12 interaction is, however, very weak)(28 the FLNA5 mutations V711D and
H743P not only destroy the folding of domain 5 blgo FLNAA4, it is not surprising that these
mutations also abolish PTPN12 binding to FLNA. Qtpeoteins, such as protein kinase Syk
(55) and DPP9 (56), have also been mapped to HihAB. The loss of FLNAS folding due to
FLNA-MVD mutations obviously abolished their binding EbNA as well. Whether Syk or
DPP9 have roles IRLNA-MVD pathogeneses is not known.

Taken together, the underlying mechanism beRibdA-MVD seems to be linked to the

unfolding of FLNA4 and FLNAS5, which might cause theoteolytic digestion of cells, abolish
18



PTPN12 interaction, and potentially also affect A'&Nforce resilience. Which one of these is
the most essential molecular mechanism is not knd@we importance of FLNA misfolding in
the FLNA-MVD pathogeneses provides a tempting idea to uskecular chaperones (57) as

therapeutic treatment 8LNA-MVD.

CONCLUSIONS

Cardiac valve diseases are common, affecting 3%hef population. Currently, no
treatments other than cardiac surgery are avajl@bliesurgery is expensive and has high levels
of risk. However, the lack of structural level infeation of the proteins involved has restricted
the development of new therapies. The results ptedehere with regard to structural and
functional consequences of FLNA5 mutations, togetkath recently reported FLNA4
mutations, suggest that both FLNA force resilieand interaction with PTPN12 are important
for FLNA-MVD pathogenesis. Although our results do not pteva complete molecular-level
explanation forFLNA-MVD, they provide a crucial step toward understagdhe underlying
molecular mechanism behind valvular dystrophy apdssible objective for the development of

drug-based therapeutics.
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FIGURE LEGENDS

FIGURE 1. An overview of the structural organization of filamin A. (A) Schematic
representation of FLNA dimer having 24 Ig-domaigsay) and the actin-binding domain (ABD)
(yellow) in a monomer. The two monomers are dinegtizia domain 24. Rodl consists of
domains 1-15, and rod2 consists of domains 16—B8. studied domains, 4—-6, are colored in
pale purple, pale green, and blue, respectivelg. [dbalization ofFLNA-MVD P637Q mutation

in domain 4 and V711D and H743P mutations in dorbamave been highlighted with stars. The
fourth missense mutation causiRgNA-MVD, G288R, is located in domain 1B) The crystal
structure of FLNA3-5 (PDB ID 4M9P) (14) coloredpmk (FLNA3), pale purple (FLNA4), and
pale green (FLNA5S). Residues V711 and H743, whos#ation to aspartic acid and proline

residues, respectively, causeNA-MVD, are shown with ball-and-stick models.

Figure 2 FLNA-MVD causing mutations at FLNA5 destroyed the folding of both FLNA 5
and FLNA4. (A, B, C, D) The shape of the scattering curn#@ &nd Porod plot®) of FLNA4—-6
WT is typical for a folded protein, whereas themhacattering curve#®\| and Porod plotQd) of
FLNA4-6 V711D and H743P show the mutant proteinsevgartially unfolded. The Kratky plot
(B) further demonstrates that the FLNA4—-6 WT is atidamain protein with a flexible linker,
while the mutated proteins are partially flexiblde distance distribution (P(r)) pldD) reveals
that the mutated proteins adopted significantlyeeded particle maximum dimensions, in

contrast to the WT. The SAXS plots were preparedgusierged scattering data (of 2 mg/ml and
29



4 mg/ml) from FLNA4-6 WT and the mutants in a seagbncentration (4 mg/mhE( F, G)
Comparison ofH N HSQC spectra of FLNA4—6 WTE], V711D ), and H743P ) shows
that both FLNAS5 mutated fragments lack the FLNABdanost FLNA4) domain-specific NH
cross peaks in the region typical for the strudtypmtein, > 8.5'H ppm. Instead, the vast
majority of high-intensity cross peaks were clustein the region between 7.7-8t5 ppm,
indicating that both mutants had a high proporbbnnfolded polypeptide chain. In contrast, the
WT spectrum showed a well-dispersed correlation s@gnning from 7 to 1tH ppm, with
more uniform intensities between the cross peakesé& data suggest that FLNA4—-6 WT is
comprised of three well-structured domains. Thentithe of the individual peaks in the mutant
spectra g, G) are shown, with FLNA4 peaks in green, FLNAS pemksed, and FLNAG6 peaks

in blue.

Figure 3 FLNAG is not part the compact structure famed by FLNA3-5. (A) The plot of °N

T, relaxation times versus the FLNA4—-6 amino acidusege clearly indicates that FLNA4-5
moves together but independently from FLNA6. Homtzb lines indicate the average values
calculated for FLNA4-5 and FLNAG6B] The limited protease digestion indicated thathbot
FLNAS mutations destabilized the FLNA4—6 structuas, after 10 min, no FLNA4—6 mutant
proteins were left, while WT stayed intact everea0 min of proteolysis treatmenC)(The
WT FLNA3-5 (orange) and FLNA4-6 (gray) fragmentsvdnadistinct experimental SAXS
profiles. The merged data of 2 mg/ml and 4 mg/mbiath of the samples are present&). The

ab initio model of FLNA4—6 (surface presentation, grey, SB8BD SASDFD3) superimposed
on the rigid body model of FLNA4—6 (with domain sjfie coloring: FLNA4 = purple, FLNA5S

= green, and FLNAG6 = blue) obtained by SASREF. ibiemalized spatial discrepancy (NSD) of
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the alignment is 1.58. Thé —value of the FLNA4—6 rigid body model against eéxperimental
scattering data was 0.99 (estimated using CRYS@R). (E) Theab initio model of FLNA3-5
(surface presentation = orange, SASBDB ID SASDE&iperimposed on the crystal structure
of FLNA3-5 (PDB ID 4M9P, with domain-specific coing: FLNA3 = pink, FLNA4 = purple,
and FLNA5 = green). The NSD of the alignment wa#91They? —value of the FLNA3-5
crystal structure against the experimental scatjedata was 1.0 (estimated using CRYSOL)
(42), as previously reported in (20F)(The rigid body models of FLNA4—6 obtained using
CORAL (41) demonstrate the linker flexibility (spke) and the movement of the FLNAG6
domain in respect to the domain pair of FLNA4-5efgr The domain pair FLNA4-5 is
superimposed on FLNA4—6, and only the two mostadisbrientations (blue and green) and one
middle orientation (purple) of FLNA6 are shown oof the 50 calculated models.
Superimposition of the presented CORAL models whith SASREF model gave NSD values of
1.49 (blue), 1.54 (purple), and 1.66 (green). Thackb arrows indicate the approximate
movements of the blue and green models from thellmidrientation in Angstréms, measured
using V814 as the landmark between middle and tbst mistant orientations of FLNA6. The
spheres representing the linker region betweenFllgA4-5 domain pair and FLNA6 are

dispersed, suggesting that the linker between dineaths is mobile.

Figure 4 FLNA-MVD causing mutations at FLNA5 abolished PTPN12 mding to FLNA.
The PTPN12 C-terminal fragment (600—700) bindslibl&4—6 WT with K4 3.3 x 10< M (20),

but binding to FLNA4—6 V711D and H743P were hamdigyected in SPR experiments.
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