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Filamins are scaffold proteins that bind to various proteins,
including the actin cytoskeleton, integrin adhesion receptors,
and adaptor proteins such as migfilin. Alternative splicing of
filamin, largely constructed from 24 Ig-like domains, is thought
to have a role in regulating its interactions with other proteins.
The filamin A splice variant-1 (FLNa var-1) lacks 41 amino
acids, including the last B-strand of domain 19, FLNa(19), and
the first B-strand of FLNa(20) that was previously shown to
mask a key binding site on FLNa(21). Here, we present a struc-
tural characterization of domains 18 —21, FLNa(18-21), in the
FLNa var-1 as well as its nonspliced counterpart. A model of
nonspliced FLNa(18 -21), obtained from small angle x-ray scat-
tering data, shows that these four domains form an L-shaped
structure, with one arm composed of a pair of domains. NMR
spectroscopy reveals that in the splice variant, FLNa(19) is
unstructured whereas the other domains retain the same fold as
in their canonical counterparts. The maximum dimensions pre-
dicted by small angle x-ray scattering data are increased upon
migfilin binding in the FLNa(18 —21) but not in the splice vari-
ant, suggesting that migfilin binding is able to displace the
masking 3-strand and cause a rearrangement of the structure.
Possible function roles for the spliced variants are discussed.

Filamins are large actin-binding proteins that stabilize three-
dimensional F-actin networks and link them to the cell mem-
brane by binding to transmembrane receptors, e.g. integrins or
ion channels. In addition, filamins bind to various other pro-
teins with diverse function, including signaling and adaptor
proteins, such as migfilin (1-6). Accordingly, filamins are con-
sidered as scaffolding proteins that integrate multiple cellular
functions. Filamins are also associated with various human
genetic diseases including malformations of the skeleton, brain,
and heart (5).

The filamin family has three members; filamins (FLNs)* A, B
and C. The FLN genes are highly conserved, and the encoded
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proteins share about 70% overall sequence identity (6). FLNA is
located on the X chromosome, whereas FLNB and FLNC are on
autosomal chromosomes 3 and 7 (6). All three FLN genes are
widely expressed during development, but in adults the most
abundant isoform is FLNA. FLNC expression is predominantly
restricted to skeletal and cardiac muscle cells (3). FLN proteins
are homodimers of two 280-kDa polypeptide chains consisting
of an N-terminal actin binding domain followed by 24 immu-
noglobulin (Ig)-like domains (FLN(1-24)) (6). The last domain,
FLN(24), mediates dimerization (Fig. 14) (7, 8). A flexible hinge
region (H1) between domains 15 and 16 divides the chain of 24
Ig-like domains into rod 1 (FLN(1-15)) and rod 2 (FLN(16 -
24)) (Fig. 1A) (9). A second hinge (H2) is found between
domains 23 and 24. The rod 2 domains FLN(16-21) form
domain pairs of which 18 -19 and 20-21 have unusual interre-
peat interaction, where the first strand of even numbered
domains (18 and 20) is folded with the preceding odd numbered
domain (Fig. 1) (10, 11). A similar intertwined interaction is,
however, not seen with the domain pair FLNa(16-17) (10).

The diversity of the filamin family is increased by alternative
splicing of FLN mRNA. These changes in amino acid sequence
can affect the binding of other interacting partners. FLNa and
FLND splice variants (var-1), which are widely expressed at low
levels, lack 41 amino acids including the C-terminal part of
FLNa(19) and the N-terminal part of FLNa(20) (residues 2127—
2167) (6, 12). This includes the first B-strand of FLNa(20) (Fig.
1B) that masks the integrin and migfilin binding site at the CD
face of FLNa(21) (11, 13-16) (Fig. 1B). FLN var-1 binding to
various integrins is increased compared with nonspliced fil-
amins (11, 12), implying that alternative splicing could be a
possible regulatory mechanism for binding to integrin and
other interaction partners. Other possible mechanisms include
mechanical force-induced exposure of the cryptic binding site
on the CD face (17, 18) and/or the binding of other binding
partners.

Other splice variants are also found in FLNb and FLNc. The
hinge region H1, which is responsible for the flexibility of FLN
dimers, is missing in some FLNb and FLNc splice variants (12).
Its absence might therefore affect the orthogonal cross-linking
patterns made by FLN. The expression of different FLN splice
variants appears to differ according to tissue type. The predom-
inant isoforms in thyroid are FLNb containing H1 and FLNc
lacking H1 (AH1) (19, 20). In some cases, localization of FLN is

relation spectroscopy; p(r), linear distance distribution function; R, radius
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FIGURE 1. Location and the structures of the domains studied. A, sche-
matic representation of human FLNa. The N-terminal actin binding domains
(ABDs) are shown in orange. The Ig-like FLN domains, here termed FLNa(1-
24),are showninrod 1 (FLNa(1-15)) in gray; FLNa(16-17) and FLNa(22-24) in
rod 2 are in yellow. The domains in FLNa(18-21), which are studied here, are
colored as follows: FLNa(18), red; FLNa(19), green; FLNa(20), blue; and
FLNa(21), magenta. The C-terminal domains, FLNa(24), are the dimerization
domains. B, crystal structure of FLNa(19-21) (Protein Data Bank ID code 2J3S)
(11). Domains are colored as in A. Amino acids that are missing from var-1 are
shownin gray. C, solution structure of human FLNa(18-19) (Protein Data Bank
ID code 2K7Q) (10) domain pair shown as scheme. Domains are colored asin A.

dependent on the alternative splicing, e.g. FLNb AH1 is local-
ized at the tips of actin stress fibers in myotubes. This deletion
has also been shown to accelerate the differentiation of myo-
blast cells in myotubes compared with the canonical isoform
(12). There are also two other splice variants found in FLNb,
var-2 and var-3, which lack the four C-terminal domains,
including the 24th dimerization domain (12). These FLNB-spe-
cific transcripts were shown to be cardiac-specific (12).

Here, we obtain structural models of the FLNa fragment con-
taining domains 18 =21 and its splice variant-1. The FLNa(18 -
21) model, constructed using small angle x-ray scattering
(SAXS) data, shows that the two domain pairs are roughly per-
pendicular to each others. Structural characterization with
NMR shows that FLNa(19) var-1 is largely unstructured. The
binding site located in FLNa(19) is abolished in the splice vari-
ant. SAXS analysis of the splice variant FLNa(18-21) var-1
shows that it mainly exists as a rather compact form with aver-
age dimensions similar to the corresponding nonspliced iso-
form. Our results also reveal that migfilin binding induces a
conformational change in FLNa(18-21) but not in the splice
variant.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—FLNa fragments were amplified by
PCR and cloned into modified pGEX vector (GE Healthcare)
with a tobacco etch virus protease cleavage site. The domain
boundaries were based on the publication of Ref. 6. The 12092C
and 12283C mutations were introduced by QuikChange site-
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directed mutagenesis (Stratagene). GST fusion proteins were
expressed in Escherichia coli strain BL21 GOLD and purified as
previously described (10).

NMR—">N uniform labeling for the FLNa protein samples
(FLNa(18-21), FLNa(18 —21) var-1, FLNa(19—21), FLNa(19—
21) var-1, FLNa(19-20) var-1, and FLNa(20) var-1) was
achieved by using E. coli expression in standard M9 minimal
medium. The purification was done as published previously
(11, 13). All the filamin fragments were further purified and
analyzed by passing down a Superdex 75 column on an Akta
FPLC system. The identity and purity of the products were con-
firmed by SDS-PAGE and size exclusion chromatography. The
B7 integrin (“7°PLYKSAITTTINP”®®)-derived peptide for
NMR-based binding studies was the non-isotope-labeled
Pro”7¢~Pro”®® as described previously (21).

All NMR samples were buffered with 50 mm sodium phos-
phate (pH 6.10 or 7.00) containing 100 mm NaCl, 5 mm DTT
(only for proteins with cysteine), and 0.02% sodium azide in
90% H,O and 10% D,O. A water flip-back gradient enhanced
heteronuclear single quantum correlation spectroscopy
(HSQC) pulse sequence was used for protein characterization
and protein-ligand studies. The protein backbone dynamics
were measured with heteronuclear NOE experiments as
described previously (21). All spectra were recorded at 'H fre-
quencies of 600-, 750-, and 950-MHz instruments. All spectra
were referenced to the water proton shift. NMR data processing
was carried out with NMRPipe (22) and Sparky.

ThermoFluor Assays—Protein thermal stability was deter-
mined using Bio-Rad C1000 Thermal cycler, CFx96 Real-Time
system. Protein unfolding was monitored by measuring the fluo-
rescence of environment sensitive fluorescent dye SYPRO
Orange (Invitrogen). A temperature increment 0.5 °C/30 s from
20 °C to 95 °C was applied. Samples contained 10 uMm protein
and 5X SYPRO Orange dye in total volume of 25 ul.

Limited Proteolysis—FLNa(18 -21) wild-type and variant-1
constructs were analyzed by limited proteolysis with a-chymo-
trypsin (Sigma). Protease was added to protein in a 1:1000 ratio.
Proteolysis reactions were performed in 20 mm Tris (pH 8.0),
100 mM NaCl, 1 mm DTT at room temperature. Samples were
taken after various incubation time intervals and analyzed in
12% SDS-PAGE.

N-terminal Sequencing—For N-terminal sequencing the
protein fragments were run on 12.5% SDS-PAGE (23), electro-
blotted onto a polyvinylidene difluoride (PVDF) membrane
(24) and stained with Coomassie Brilliant Blue. The protein
bands of interest were then cut out and subjected to N-terminal
sequencing using a Procise 494A Sequencer (PerkinElmer Life
Sciences).

Binding Assays—The migfilin peptide (*PEKRVASSVFIT-
LAP'") and the mutant peptide I15E (°PEKRVASSVFET-
LAP'),used asa negative control, were ordered from EZBiolab
(Westfield, IN). The peptides were coupled to NHS-activated
Sepharose™ 4 Fast-Flow (GE Healthcare) according to the
manufacturer’s instructions. The Sepharose was centrifuged at
2000 X g for 2 min and washed three times with 500 ul of the
binding buffer. Proteins were then eluted with 10 ul of SDS-
electrophoresis sample buffer and run on a SDS-PAGE. The
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intensities of Coomassie-stained protein bands were evaluated
by Image]. The affinity constant were estimated as in Ref. 15.

SAXS—SAXS data were collected at the EMBL beamline X33
at the DORIS III storage ring, DESY (Hamburg, Germany) (25).
The measurements were carried out at 288 K in 20 mm Tris (pH
8.0), 100 mMm NaCl, 10 mm DTT. The concentrations of FLNa
fragments were adjusted to 3-6 mg/ml, and fragments and
peptides were used in the molar ratio of 1:10. A MAR345 image
plate was used, at a sample-detector distance of 2.7 m and wave-
length A = 0.15 nm, covering the momentum transfer range
0.08 <s<4.9nm™ ' (s = 4msin(h)/A where 26 is the scattering
angle). The data were processed using standard procedures by
the program package PRIMUS (43). The radius of gyration (R,)
and maximum dimension (D, ) of the FLNa(18 -21) fragment
were evaluated using the programs GUNIER and GNOM (26).
The degree of compactness of both fragments was analyzed
using Kratky plots (s I(s) versus s).

To assess the conformational variability of FLNa splicing var-
iant-1, the ensemble optimization method (EOM) method (27)
was used; this allows for the coexistence of multiple conforma-
tions is solution. 10,000 randomized models of the FLNa(18 —
21) var-1 with different conformations of the unstructured
polypeptide chain (residues 2045-2126) were generated using
both random coil and native options in RanCh. The scattering
profiles of these randomly generated conformations were com-
pared using program RanCh of the EOM package. The EOM
program employs a genetic algorithm to select a small number
of representative structures (here we used 20) from the pool
such that the average scattering from the selected ensemble fits
the experimental data. Multiple runs of EOM were performed,
and the results were averaged to provide quantitative informa-
tion about the flexibility of the protein in solution (in particular,
the R, and D,,,, distributions in the selected ensembles).

The conformational variability of FLNa(18—21) in the pres-
ence of the migfilin peptide was also calculated using the EOM
method (27) in a similar way to FLNa(18-21) var-1. Residues
2140-2167, which includes the first B-strand of FLNa(20),
were assumed to be unstructured.

The ab initio envelopes were obtained by averaging 20 inde-
pendent runs from the bead modeling program GASBOR (34)
by the program DAMAVER (28). The rigid-body modeling of
FLNa(19-21) and FLNa(18 -21) were performed with the pro-
gram SASREF (29). As rigid bodies for FLNa(19-21) solution
model a single domain FLNa(19) and a domain pair FLNa(20 -
21) (Protein Data Bank ID code 2J3S) (11) were used, and for
FLNa(18-21) solution model FLNa domain pairs 18 —19 (Pro-
tein Data Bank ID code 2K7Q) (10) and 20-21 (2]3S) (11) were
used. The rigid-body models were fitted into the ab initio enve-
lopes using the SITUS program package (30). Figs. 1, 5,7, and 9
were generated with VMD (31) and rendered with Raster3D
(32).

RESULTS

NMR Reveals that FLNa(19) Is Well Folded in FLNa(18-21)
but Is Intrinsically Unfolded in FLNa Var-1—The solution
behavior of FLNa(18-21) and FLNa(18-21) var-1 fragments
was first studied by NMR. The HSQC spectrum of FLNa(18 —
21) var-1 is very different from that of the canonical isoform
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(Fig. 2A). The NMR HSQC spectra of domain pairs and the
four-domain 18-21 fragment are very similar (Fig. 2), whereas
many peaks are missing in the splice variant, even when the 41
deleted residues are taken into account. Some peaks in spectra
from the variant were broadened and clustered in the middle of
spectrum. Spectra from shorter FLNa fragments, FLNa(19 -20)
var-1 FLNa(19-21) var-1, and FLNa(20) var-1, were also col-
lected (Fig. 2D and supplemental Fig. S1). Comparison of the
spectrum of FLNa(18-21) var-1 with those of the individual
domains and FLNa(18-21) showed that peaks from FLNa(19)
are missing or changed, whereas those of FLNa(21) mostly
retain their positions (Fig. 2C). A heteronuclear "H-'*N NOE
experiment further revealed that many residues had increased
backbone dynamics (Fig. 2B), suggesting that they arise from
largely unstructured regions of the protein.

To complement the NMR analysis, biochemical tools were
also used to assess the presence of unfolded parts in FLNa(18 -
21) var-1. Protein thermal stability assays were done using the
ThermoFluor method (33), which can distinguish between
folded and unfolded states of protein through the binding of a
hydrophobic fluoroprobe. The probe is quenched in aqueous
solution but preferentially binds to the exposed hydrophobic
interior of a thermally unfolded protein. The binding is
detected as fluorescence emission. The results showed that the
melting curve of the canonical isoform FLNa(18-21) had two
distinct peaks, whereas that of the corresponding var-1 was
largely featureless (Fig. 34), suggesting that var-1 is able to bind
some dye even at ambient temperatures. This implies the pres-
ence of unfolded polypeptide segments in the variant isoform.
Comparison of the melting curve of FLNa(18—21) with that of
the domain pairs FLNa(18-19) and FLNa(20-21) allows
assignment of the first peak at 55°C to the unfolding of
FLNa(20-21) and the second peak to the unfolding of
FLNa(18-19) (supplemental Fig. S2). Single domains give fea-
tureless similar to variant isoform. The partially unstable
nature of FLNa(21) has been reported earlier (21).

The unfolded part was further mapped by limited proteoly-
sis. Chymotrypsin readily digested FLNa(18 —21) var-1 isoform
to three fragments (22, 19, and 15 or 12 kDa), whereas
FLNa(18 -21) was only slowly digested to two fragments of dif-
ferent size (~23 and 20 kDa; Fig. 3, B and C). The fragments
formed upon digestion of the splice variant were analyzed using
N-terminal sequencing. The largest fragment of 22 kDa corre-
sponds to an amino acid sequence extending from the middle of
unstructured FLNa(19) (from Thr?'°®) to the C terminus of
FLNa(21) (Fig. 3, Cand D). The next largest fragment of 19 kDa
corresponds to a fragment extending from Tyr**®! to the C
terminus of FLNa(21) (Fig. 3, Cand D). The smallest band in the
gel (Fig. 3C) is a fragment that extends from the N terminus of
FLNa(18) approximately to the middle of FLNa(19). The exact
position of the C terminus could not be determined. These
results show that regions of FLNa(19) are more readily accessi-
ble to chymotrypsin in the var-1 isoform.

Model-independent Analysis of SAXS Data from FLNa(18-
21) and FLNa(18 -21) Var-1—To obtain more structural infor-
mation about FLNa(18-21) and its spliced variant-1, SAXS
data were collected. Both FLNa(18-21) and FLNa(18-21)
var-1behaved well in the experimental conditions used, with no
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FIGURE 2. The superposition of NMR spectra reveals the fold of FLNa(19). A, HSQC spectrum of FLNa(18-21) var-1 (red) overlaid on that of wild-type
FLNa(18-21) (black) exhibits large differences between the two species. B, "H-">N HSQC spectra with heteronuclear NOE applied (NOE “on” spectrum (+, red;
—, blue) on top of NOE “off” spectrum (+, green; —, cyan)) show that the splicing variant of FLNa(18-21) contains many flexible regions. C, HSQC spectra of
FLNa(19) (red) and FLNa(21) (yellow) are overlaid on the spectrum of FLNa(18-21) var-1 (black). D, there is no similarity at all between the HSQC of FLNa(19-20)
var-1 (green) and that of FLNa(19) (red). The above experiments were carried out at pH 7.00, 37 °C, on a 950-MHz instrument (A), at pH 6.10, 25 °C, on a 600-MHz
instrument (C and D), as well as pH 6.10, 25 °C, on a 750-MHz machine (B).
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FIGURE 3. Thermal stability and limited proteolysis assays of FLNa(18-21) and FLNa(18-21) var-1 support the unfolded nature of one domain.
A, temperature denaturation profiles of FLNa(18-21) (black) and FLNa(18-21) var-1 (red) isoforms. B and C, limited proteolysis analysis of FLNa(18-21) (B) and
FLNa(18-21) var-1 (C). Fragments that appeared upon a-chymotrypsin digestions are marked with arrows. D, schematic diagram of FLNa(18-21) var-1. The
positions and approximate lengths of fragments formed in the limited proteolysis based on N-terminal sequencing analysis of FLNa(18-21) var-1 are marked.

and tails extending to longer distances (Fig. 4B). The shape of
the p(r) function of the splicing variant has an additional shoul-
der near 4.5 nm, giving the p(r) function a bimodal character,
whereas the p(r) function of the canonical isoform is closer to a

detectable aggregation. The shapes of the scattering profiles
(Fig. 4A) indicate that both fragments adopt an extended shape.
Distance distribution functions p(r) of both nonspliced and
spliced isoforms are highly asymmetric with maxima near 2 nm
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FIGURE 4. Model independent analysis of SAXS data. A, experimental scattering pattern of FLNa(18-21) (black) and FLNa(18-21) var-1 (red). The plot displays
the logarithm of the scattering intensity | (arbitrary units) as a function of momentum transfer (s- nm—"). Same color convention is used for Band C. B, distance
distribution function p(r) (arbitrary units) of FLNa(18-21) and FLNa(18-21) var-1 computed from x-ray scattering pattern with GNOM. The maxima in the p(r)
functions are marked with arrows with similar colors as curves. C, Kratky plots (/(s)*s?) of FLNa(18-21) and FLNa(18-21) var-1. Curves are scaled to the same

forward scattering intensity, /(0).

TABLE 1

SAXS parameters of FLNa(18-21) and FLNa(18-21) var-1 with and
without peptide

FLN isoform Peptide R,/nm D, /nm
FLNa(18-21) 3.2+ 0.01¢ 11+ 05"
FLNa(18-21) var-1 3.6° 11°
FLNa(18-21) Migfilin 5-19 3.5¢ 11¢
FLNa(18-21) var-1 Migfilin 5-19 3.6 11¢

“ Calculated from Guinier analysis.
? Calculated from Gnom analysis.
¢ Average R,/D,., obtained from EOM analysis.

monomodal shape (Fig. 4B). The degree of compactness of both
fragments was analyzed using Kratky plots (Fig. 4C). This shows
that the splicing variant is partly flexible as the tail of the curve
isupturned, consistent with NMR data. The R,and D, ,,,, for the
FLNa(18 -21) canonical isoform were calculated in a conven-
tional way using Guinier and Gnom analyses. For the
FLNa(18-21) fragment, R, is 3.2 (£0.01) nm, and D,,,,, is 11
(+0.5) nm (Table 1), suggesting an almost linear organization
of domains, because individual domain pairs had previously
been shown to have values of R, = 1.9-2.1 nm and D,,,,, =
6.1-6.5 nm (10).

Model of FLNa(18-21) Based on SAXS and High Resolution
Structures—Both ab initio shape reconstruction and rigid body
modeling were employed to determine independently the over-
all low-resolution structures of the FLNa(18 —21) isoform. The
shape of FLNa(18 —21) was first reconstructed from the exper-
imental scattering curves alone using the program GASBOR
(34), which represents the protein structure as a chain-like
ensemble of dummy residues. The ab initio shape was obtained
by calculating 20 independent models, which were then
aligned, averaged, and filtered based on occupancy using
DAMAVER (28). The individual models fitted the experimental
data well with a discrepancy y = 1.0-1.2. Allindependent mod-
els were similar because the mean normalized spatial discrep-
ancy between the models was 1.0. The average of the most pop-
ulated ab initio envelope demonstrates a planar, bent shape
(Fig. 5A). The structural model was then build with SASREF
(29) using the high resolution domain pair structures available
for FLNa(18-21) (10, 11). The assumption that the domain
pairs FLNa(18-19) and FLNa(20-21) are rigid bodies is sup-
ported by the known high resolution structures of FLNa(18 -
19) and FLNa(20-21) and the observation that the NMR HSQC
spectra of domain pairs and the four-domain fragments are
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very similar (Fig. 2). The structural model obtained fitted the
experimental scattering data very well (x = 0.87, Fig. 5B). The
model for FLNa(18 —21) obtained in this way demonstrates that
domain pairs are organized in an L shape with two arms at 90° to
each other. Both arms consist of a domain pair (Fig. 5C). Apart
from the covalent linkers between the domains, the model does
not indicate any other stabilizing interactions between
domains. The ab initio shape and structural model can also be
superimposed nicely, revealing the excellent convergence of the
two independent approaches (Fig. 5C, right). A similar
L-shaped structure is seen in the solution structure of
FLNa(19-21), where the domain 19 is, on average, ata 90° angle
to domain 21 (supplemental Fig. S3). No significant flexibility
was observed in the FLNa(18-21) fragment because when 30
rigid body models were calculated using SASREF (29), the root
mean square deviation between Ca atoms only varied from 0 to
0.011 A.

Ensemble Modeling of FLNa(18—-21) Var-1 Based on SAXS
and High Resolution Structures of Folded Domains—The lack of
a defined three-dimensional structure for spliced FLNa(19)
made analysis of the splicing variant less straightforward than
that of nonspliced isoform. For a flexible protein like the splice
variant, the R, and D,,,,, values, determined from Guinier and
Gnom analyses, do not correspond to a specific configuration
but rather result from an average over different coexisting con-
formations in solution. Therefore, we used a recently developed
EOM approach (27) to analyze the R, and D, of the ensemble
of splice variant conformers to produce an ensemble of struc-
tural models for FLNa(18-21) var-1. EOM treats the folded
domains as rigid bodies and uses a genetic algorithm to selectan
ensemble of conformers that best agrees with the data from a
large pool of models where the conformations of the flexible
linkers are randomly varied. High resolution structures are
available for FLNa(18-20) (with the first B-strand missing in
the FLNa var-1 isoform), and FLNa(21) (10, 11). These can
therefore be used as rigid bodies in EOM calculations. Two
different combinations of rigid bodies were used: (i) three sep-
arate domains, FLNa(18), FLNa(20) splicing variant and
FLNa(21) (referred to hereafter as three rigid bodies); or (ii) two
separate rigid bodies, FLNa(18) and FLNa(20-21) splicing var-
iant covalently linked and orientated as in FLNa(19-21) crystal
structure (11) (referred to hereafter as two rigid bodies). The
unfolded polypeptide chain, i.e. that corresponding the spliced

JOURNAL OF BIOLOGICAL CHEMISTRY 26925


http://www.jbc.org/cgi/content/full/M110.195958/DC1

FLNa(18-21) and Its Splice Variant-1

A

w
T

10

T TTTTTm]

T TTTTI

Log /(s), relative

0.1

T TTTTm

—— Experimental

—— Calculated

0.1 015 0.2

S/nm-"

FIGURE 5. SAXS-based models of FLNa(18-21). A, averaged ab initio envelope of FLNa(18-21) obtained by GASBOR and averaged by DAMAVER. B, fit of rigid
body model (red) to experimental scattering curve (black). C, rigid-body model of FLNa(18-21) based on the experimental scattering data presented as a
scheme. Domains are colored as following: FLNa(18), red; FLNa(19), green; FLNa(20), blue; and FLNa(21), magenta. The model is shown in three different views
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FLNa(19), was modeled using both random-coil-like and
native-like options, of which native-like models gave systemat-
ically better fit to experimental data. Using native-like model-
ing of unfolded polypeptide chain, several EOM runs yielded
reproducible ensembles neatly fitting the experimental data
with a discrepancy, x, of approximately 0.80, with both two and
three rigid body fits. A typical fit of the ensemble selected by
EOM is shown in Fig. 6A. All the fits from different EOM runs
were graphically indistinguishable. Reducing the number of
conformers in the ensemble from 20 conformers to 1 changed
the fit to experimental data; from y = 0.8 to y = 1.7, suggesting
that FLNa(18 —21) var-1 is flexible.

26926 JOURNAL OF BIOLOGICAL CHEMISTRY

For the FLNa(18-21) var-1, the EOM method of analysis
produced a skewed R, distribution for the selected structural
ensemble (Fig. 6B). A very similar R, distribution was obtained
with both sets of rigid bodies. The initial pool of FLNa(18-21)
var-1 conformers with randomly generated intermolecular
angles, gives a slightly broader range of R, extending to larger
distances (Fig. 6B). Comparison of the R, distribution of the
initial pool and selected conformers shows that the selected
distributions are biased toward a more compact structure, with
a large peak at 3.6 nm and small bump near 6.5 nm, giving an
average R, of 3.6 nm (Table 1). The D,,,, distribution shows

max

similar trends, as the selected conformations are biased toward
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amore compact structure compared with the D, distribution
seen with the initial pool, especially when 3 separate rigid bod-
ies were used (Fig. 6C). The D, ., distributions of selected con-
formations have a large peaks near 10 nm (three rigid bodies)
and 11 nm (two rigid bodies) and small bumps near 18 nm (Fig.
5C), resulting in an average D, values of 11 nm (Table 1). The
bias toward compact structures suggests that weak interactions
between amino acids in FLNa(19) exist although it lacks defined
three-dimensional structure.
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o®
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FIGURE 7. Examples of FLNa(18-21) var-1 conformers selected by EOM.
Three separate rigid bodies were used in A-C and two in D. A and B, two
compact conformers, which are the most frequently found (A) and two
extended conformers (B) are shown. C, a conformer, where the integrin and
migfilin binding site on FLNa(21) is masked by the FLNa(20) is shown. A-C, the
integrin and migfilin binding site is marked with an arrow. In all panels the
domains are colored as follows: FLNa(18), red/yellow/ochre; FLNa(20), blue/
gray; and FLNa(21), magenta. Ca atoms of unstructured regions are shown as
spheres (cyan, green, or tan). Approximate maximum distances in all struc-
tures are shown. All conformers are superimposed on FLNa(21).
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Although it is not possible to infer specific conformations
from ensemble analysis, some conformers selected by EOM,
when three separate rigid bodies were used, are shown in Fig. 7.
D,.«and R, distribution analyses (Fig. 6, Band C) show that the
majority of conformers have R, of approximately 3 nm and
D,... of approximately 9-11 nm. Fig. 7A shows two compact
conformers (D, ~9-10 nm), which, based on frequency
analysis, are the most favored. Two less frequent conformers
having extended conformations with D_,  ~12-15 nm are
shown in Fig. 7B. In the conformers shown in Fig. 7, A and B, the
integrin and migfilin binding site at FLNa(21) is exposed.
Because the first B-strand is missing in the spliced FLNa(20), it
might also affect the relative orientation of spliced FLNa(20)
and FLNa(21). One possibility, based on EOM modeling, is that
CD face of FLNa(21) becomes masked by the spliced FLNa(20)
(Fig. 7C). Very similar conformers with three rigid bodies was
obtained when two separate rigid bodies were used (Fig. 7D).

Filamin Variant-1 Has Only One Integrin/Migfilin Binding
Site—The major integrin and migfilin binding site is at
FLNa(21). A secondary binding site is found in FLNa(19) (13,
15, 16, 35), which is unstructured in var-1. However, many
intrinsically unfolded proteins undergo a transition to more
ordered states or fold into stable secondary structures on bind-
ing to their targets, i.e. they undergo coupled folding and bind-
ing processes (36-38). Therefore, we wished to investigate
whether this is also the case with spliced FLNa(19) in FLNa(18 -
21) var-1 when it binds to its binding partners, integrin or
migfilin.

As demonstrated in our previous work (15), there are some
characteristic and highly sensitive NMR peaks from a con-
served serine in each domain (i.e. Ser**®® in FLNa(19) and
Ser??”? in FLNa(21)) that can be used as indicators of the fold-
ing status of the domain and binding events. Focusing on these
peaks (Fig. 8A4), we found that the addition of cytoplasmic tail of
B7 integrin did not induce folding of the spliced FLNa(19),
because the characteristic Ser*®® peak from a folded form is
not observed; in contrast, FLNa(21) in the splicing variant
bound the cytoplasmic tail of 87 integrin in a similar way as
observed previously in the nonsplice variant form of FLNa(21)
(13, 21). This is consistent with FLNa(19) being unfolded in the
var-1 form with a permanent loss of the secondary binding site
for integrins in FLNa(19) (Fig. 8B).

19 var-1 _-
- kd —
s 5:1;’ s20887 = }110
W—-

Integrin B7

FIGURE 8. Presence of integrin ligand does not assist refolding of FLNa(19) var-1 in the splice variant. A, for 100 um FLNa(19-21) var-1, 20-fold integrin
peptide induced peak shifts in FLNa(21) but did not cause FLNa(19) to refold (free FLNa(19-21) var-1, red; integrin-bound, blue). The small spectral regions
containing Ser>°®® and Ser?>’® are shown in expanded boxes to indicate of binding and folding (15, 21). The NMR experiments were performed at 25 °C, pH 6.10,
on a600-MHz instrument. B, the experiments suggest that FLNa(19) in FLNa(18-21) var1 loses its secondary integrin binding site and does not refold even with
large excess of integrin ligands.
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yellow arrow.

Binding assays were performed with the N-terminal frag-
ment of migfilin (residues 5-19) to investigate whether
FLNa(19) is able to bind migfilin. Migfilin was used as a binding
partner instead of integrin because it is known to bind with
higher affinity to FLNa(21) than the cytoplasmic tails of integ-
rin (13-15, 35). Two mutations, 12092C and 12283C, which are
known to block integrin binding to FLNa(19) (I12092C) and
FLNa(21) (12283C) (13, 15) were introduced to FLNa(18 -21)
var-1. Binding assays clearly show that migfilin binds only to
FLNa(21) because migfilin binding to FLNa(18-21) var-1
mutant 12283C is notably much lower than to FLNa(18-21)
var-1 12092C (Fig. 94). The K, for migfilin binding to
FLNa(18-21) var-112092C is 13 = 4 um, which is very similar
to the K, for migfilin binding to isolated FLNa(21) (20 = 7 um;
Fig. 9B). Reliable calculation of the binding affinity for migfilin
interaction with FLNa(18 —21) 12283C was not possible because
saturation of binding could not be achieved.

Migfilin Binding Induces a Conformational Change in the
FLNa(18-21) Structure—Previous structural and binding stud-
ies of isolated domain pairs (10, 11) showed that the migfilin
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and integrin binding sites in FLNa(19) and FLNa(21) are
masked by the first B-strand from the preceding domain. Inter-
estingly, despite the masking, migfilin is still able to bind to
FLNa(18-21). The binding assays performed for FLNa(21),
FLNa(18-21) WT and 12092C mutant show that the migfilin
binding to an isolated FLNa(21) is only slightly stronger than in
the context of four-domain fragment FLNa(18-21) WT or
12092C (Fig. 9B). The apparent K, for migfilin binding to
FLNa(21) is 20 = 7 um, whereas for FLNa(18 -21) WT and for
12092C mutant K, values are ~40—60 um. The binding seen
with FLNa(18-21) WT can be assumed to result solely from
binding to FLNa(21) because migfilin binding to isolated
FLNa(19) is very weak (Fig. 9B). In other words, migfilin binds
to FLNa(18-21) with strength similar to FLNa(21), suggesting
that migfilin is able displace the masking B-strand. This was
further studied by comparing the migfilin-induced chemical
shift changes in Ser®*” and Trp>*** (supplemental Fig. S5). The
spectra show that both of these peaks are in a similar position in
FLNa(21) and FLNa(20-21) upon migfilin binding, whereas
the original position was different in FLNa(20-21) because of
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interdomain masking. This kind of unmasking is expected to
cause a detectable conformation change in the FLNa(18-21)
fragment. This is consistent with the SAXS data for both
FLNa(18-21) and FLNa(18-21) var-1 in the presence of the
N-terminal fragment (residues 5—-19) of migfilin. Analysis using
the EOM method indicates that migfilin induces a small
increase in the R, value of FLNa(18-21) but not in the splice
variant (Table 1 and supplemental Fig. S4). This suggests that
the migflin peptide can displace the masking -strand and bind to
FLNa(21). No change in the D, ., values was observed within
the accuracy limits of D, evaluation (Table 1 and supplemen-
tary Fig. S4). The R, and D,,,,, values obtained from EOM anal-
ysis can be considered to be reliable because several EOM runs
yielded reproducible ensembles that fitted the experimental
data well, with discrepancy x around 0.77 (FLNa(18-21)) and
0.80 (FLNa(18-21) var-1). Both R, and D,,,,, distributions for
FLNa(18 -21) with migfilin peptide are broad, indicating some
flexibility in the system (supplemental Fig. S4). Because the
peptide-bound conformation of FLNa(18-21) is flexible, it is
not possible to build one single model. In Fig. 9C, one member
of the ensemble obtained for the peptide-bound from of
FLNa(18-21) is shown. Whether the orientation of FLNa(20)
and FLNa(21) with respect to each other is similar to the high
resolution structure (11) is beyond the resolution of SAXS.

DISCUSSION

Here, we present the first structural characterization of the
four-domain filamin fragment FLNa(18-21) and its splicing
variant-1, which lacks the last B-strand of FLNa(19) and the
first B-strand of FLNa(20) (41 residues in 2127-2167) (6). Our
results show that in solution the domain pairs 18-19 and
20-21 are arranged roughly perpendicularly to each other. No
interactions are seen between the domain pairs in the model. A
similar perpendicular arrangement is seen in FLNa(19-21)
solution structure. Interestingly, the solution conformations of
FLNa(19-21) and FLNa(18-21) and the crystal conformation
of FLNa(19-21) (11) seem to be different: in the x-ray structure
FLNa(19) and FLNa(20) are in concatenated rather than per-
pendicular orientations to each other. Molecular dynamics
simulations based on the crystal structure showed that these
two domains can move in relation to each other (11), thus the
FLNa(19-21) x-ray conformation may have been influenced by
crystal contacts. An averaged conformation is observed in
SAXS measurements, rather than a single conformation, so it is
likely that, in solution, domains FLNa(19) and FLNA(18-19)
can change their positions relative to FLNa(21). Although the
FLNa(18-21) seems to form a rather compact structure, it is
able to change its conformation upon binding to an interaction
partner as seen in SAXS measurements with migfilin. Migfilin
binding to FLNa(21) can displace the masking B-strand of
FLNa(20). It is also possible that some unmasking of FLNa(19)
can occur, although the binding assays suggest that this con-
tributes less to overall migfilin binding. Based on these in vitro
results, migfilin binding to FLN is possible without prior dis-
placement of the masking B-strand. Whether a force-induced
conformational change is needed in cells to expose the binding
site (18) is not known. Potent migfilin binding sites other than
domains 19 and 21 exists in whole length filamin, including
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domains 4, 9, 12, 17, and 23 (35). Of these, the binding sites at
FLNa(17), FLNa(12), and FLNa(23) are not masked (10), but for
domains 4 and 9 no structural information exists. In cells mig-
filin may bind to several filamin domains simultaneously, either
by displacing the masking B-strand or by binding to the
unmasked binding site. Despite the interesting ability of migfi-
lin to bind to filamin and act as a regulator of integrins (15, 16),
migfilin seems not to be essential for mouse development or for
tissue homeostasis (39).

Alternative mRNA splicing causes significant changes of the
FLNa var-1 structure compared with the nonspliced isoform.
The spectral dispersion and the inversion of NMR peaks in a
heteronuclear NOE experiment on FLNa(18-21) var-1 show
that FLNa(19) is largely unfolded and flexible whereas other
domains maintain the folds observed in the nonspliced variant.
Thermal stability assays and limited chymotrypsin proteolysis,
followed by N-terminal sequencing analysis, also confirmed the
presence of unfolded regions in FLNa(19). Unfolding of one
domain complicates structural studies due to the heterogeneity
and rapid interconversion of different conformers. Useful
structural methods are thus limited to those applicable in solu-
tion, such as SAXS and NMR. Here, we have applied SAXS to
model FLNa(18-21) var-1 with an ensemble of conformers
using the recently developed EOM method (27). Because
FLNa(19) is flexible, FLNa(18 —21) var-1 was represented by an
ensemble of conformers. EOM analysis shows that both D,
and R, distributions of FLNa(18 -21) var-1 are biased toward a
more compact structure than would be estimated from ran-
domly generated initial conformers. Thus, spliced FLNa(19)
seems to mostly adopt conformations with some weak attrac-
tive interactions between amino acids. However, both D, .. and
R, distributions are rather broad extending from 2 to 4 nm (R,)
and from 7 to 14 nm (D,,,,,), implying that FLNa(18 -21) var-1
can adopt various different conformers in solution. This is fur-
ther supported by the fact that when the number of conformers
in the ensemble was reduced from 20 to 1, the fit to experimen-
tal data deteriorated. The most highly populated conformers
are, however, those having R, of 3nmand D,,,,, 0of 10-11 nm. A
small population of extended conformations also exists, with R,
and D, ., of 6.5 nm and 18 —19 nm, respectively. Comparison of
the ensembles for the FLNa(18-21) splice variant-1 with the
nonsplice variant shows that some compact conformers of
FLNa(18-21) var-1 closely resemble the FLNa(18-21) struc-
tural model.

The biological function of FLNa var-1 form and the role of
the unstructured FLNa(19) in that form remain to be clarified.
More than 30% of proteins in eukaryotes have sequences of at
least 50 residues long that encode unfolded proteins with a
diverse range of functions (40—-42). In the case of FLNa var-1
some functionality of FNLal9, e.g. interactions with binding
partners integrin and migfilin, are lost because of the splice
variant, but the interactions with some filamin ligands, such as
integrin to FLNa(21), are enhanced probably because intramo-
lecular masking effects are reduced when the 41 residues are
deleted (11). Thus, it is possible that FLNa var-1 is expressed in
situations where interactions of FLNa(21) need not be regu-
lated e.g. by mechanical force. Although there are no data on the
reduced stability of FLNa var-1 in vivo, we showed that in vitro
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it is more assessable to proteolysis. Thus, it is possible that in
some cellular conditions the unstructured FLNa(19) would
have shorter life time than the unspliced filamin isoform, thus
providing a mechanism for regulating the abundance of var-1.
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