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Background: Filamins are actin cross-linking and signaling scaffolding proteins where C-terminal domains have inter-
domain interactions but little is known about the N-terminal domains.

Results: Crystal structures of N-terminal domains 3—5 reveal novel domain packing and interaction details of domain 4.
Conclusion: Domain 4 is stabilized by interaction with domain 5.

Significance: Here, inter-domain interactions positively regulate domain 4 interactions with ligands.

Immunoglobulin-like (Ig) domains are a widely expanded
superfamily that act as interaction motifs or as structural spac-
ers in multidomain proteins. Vertebrate filamins (FLNs), which
are multifunctional actin-binding proteins, consist of 24 Ig
domains. We have recently discovered that in the C-terminal
rod 2 region of FLN, Ig domains interact with each other form-
ing functional domain pairs, where the interaction with signaling
and transmembrane proteins is mechanically regulated by weak
actomyosin contraction forces. Here, we investigated if there are
similar inter-domain interactions around domain 4 in the N-termi-
nal rod 1 region of FLN. Protein crystal structures revealed a new
type of domain organization between domains 3, 4, and 5. In this
module, domains 4 and 5 interact rather tightly, whereas domain 3
has a partially flexible interface with domain 4. NMR peptide titra-
tion experiments showed that within the three-domain module,
domain 4 is capable for interaction with a peptide derived from
platelet glycoprotein Ib. Crystal structures of FLN domains 4 and 5
in complex with the peptide revealed a typical 8 sheet augmenta-
tion interaction observed for many FLN ligands. Domain 5 was
found to stabilize domain 4, and this could provide a mechanism
for the regulation of domain 4 interactions.

Filamins (FLNs)* are homodimeric actin cross-linking pro-
teins that are required for multicellular tissue differentiation.
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All three FLN genes (FLNA, FLNB, and FLNC) are essential in
mouse and truncation or substitution mutations cause devel-
opmental defects in humans (1, 2) (Fig. 1). The diversity of
phenotypes caused by FLN mutations can be explained by at
least 90 proteins that interact with FLNs (3). The interaction
partners can be classified to at least three different categories:
transmembrane proteins, cytoskeletal proteins, and intracellu-
lar signaling proteins. Thus, FLNs are involved in stabilization
and regulation of plasma membrane, regulation of actin cyto-
skeleton, and intracellular signaling (3—8).

Structurally, vertebrate FLNs consist of an N-terminal actin-
binding domain and 24 immunoglobulin-like (Ig) domains (the
dimer is shown in Fig. 1). Domains 1-15 are referred to as rod 1
and 16 —24 as rod 2. The structure of the actin-binding domain
is similar to that of a-actinin and is composed of two calponin
homology domains (9, 10). The FLN Ig domains have a charac-
teristic structure and they can be regarded as protein interac-
tion modules. They often interact with other proteins by a 3
sheet augmentation mechanism. In this mechanism, the inter-
action partner forms an additional B-strand next to the strand
C of the FLN domain and simultaneously interacts with the
hydrophobic groove between the strands C and D, called the
CD face (11-14). It is using this mode that ligands like trans-
membrane receptors of the integrin family (12, 15, 16), the
platelet von Willebrand factor receptor subunit glycoprotein
Ib (GPIb) (11), and the cystic fibrosis transmembrane con-
ductance regulator (17, 18) interact with FLNa domains 17,
19, 21, and 23. Also, signaling protein FilGAP uses the same
mechanism for interacting with FLNa domain 23 (4) and
migfilin with FLNa domain 21 (13, 14). Biochemical studies
have also suggested that FLNa domain 4 interacts in a similar
way with many of the ligands (19). Interestingly, in the
dimerization interface of FLNc and FLNa, domain 24 also
utilizes the CD face, but the  sheet augmentation occurs
through strand D (20, 21).

scattering; HSQC, heteronuclear single quantum coherence; PDB, Protein
Data Bank.
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FIGURE 1. Schematic representation of filamin dimer structure. Actin-
binding domains (ABDs) are red, followed by 24 Ig domains. Three known
domain pairs in the rod 2 region (16-17, 18-19, and 20-21) are shown in
green, purple, and orange, respectively. The fragments of the rod 1 region
investigated in this study are labeled on the right subunit. Isoform-specific
(FLNA, FLNB, and FLNC) substitution and local deletion mutations in human
patients are shown on the /eft subunit.

There are three structurally characterized, closely interact-
ing domain pairs in the C-terminal rod 2 region of FLNa:
domains 16-17, 18-19, and 20-21 (15, 22). Interestingly, in
FLNa domain pairs 18 —19 and 2021, the function of the even
numbered domain is to mask the CD face of the odd domain
(15, 22) and this masking can be relieved by () low pico-New-
ton range mechanical forces that lead to a tighter interaction
between FLN domain and ligand (23-25); or () displacement
of the even numbered domain by the ligand itself, albeit with a
lower affinity (26, 27). To find out if similar structural mecha-
nisms could regulate the interactions of FLN domain 4, we
solved the crystal structures of FLNa domains 3-5, FLNc
domains 4 -5, and FLNc domains 4 -5 in complex with GPIb
peptide. These structures disclosed a completely new type of
interaction between three Ig domains.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Fragments of the human
FLNC and FLNA cDNA (GenBank™ AJ012737 and AB593010.1)
were PCR amplified according to the predicted domain bound-
aries (7) and cloned to the GST fusion protein vector pGTVL1
(Structural Genomics Consortium, University of Oxford)
according to the ligation-independent cloning method (28).
The final products were verified by DNA sequencing. The pro-
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teins were expressed in Escherichia coli BL21 Gold cells (Agi-
lent Technologies) at 37 °C for 4 h with 0.4 mm isopropyl B-p-
1-thiogalactopyranoside. The bacterial pellets were lysed using
French press. The proteins were captured with glutathione-
agarose column (Protino glutathione-agarose 4B, Macherey-
Nagel), released with Tobacco Etch virus protease (Invitrogen),
and further purified by size exclusion chromatography with a
HiLoad 26/60 Superdex 75 column (GE Healthcare) in 100 mm
NaCl, 1 mwm dithiothreitol (DTT), 20 mm Tris, pH 7.5 (FLNc
fragments), and 100 mm NaCl, 1 mm DTT, 20 mm Tris, pH 8.0
(FLNa fragments). Finally, the proteins were concentrated
using Centriprep YM-10000 (Millipore). Mutants were gener-
ated using the QuikChange Multisite-directed mutagenesis kit
(Agilent Technologies). **C/**N-Labeled FLNc4 -5, FLNc5,
and FLNa3-5 were expressed in E. coli in standard Dp-glu-
cose/M9 minimal medium. These proteins were purified in 50
mM sodium phosphate, 100 mm NaCl, 1 mm DTT using the
same protocol as described above for the unlabeled fragments.

Protein Crystallography—C Crystallization trials with hanging
drop vapor diffusion method were set up for the purified
recombinant proteins at room temperature. First crystals for
FLNc4 -5 were obtained in 1.4 M sodium potassium phosphate.
The condition was optimized using a gradient of salt concen-
tration and the final crystals were mounted from 1.6 M sodium
potassium phosphate. These were first cryo-protected by add-
ing 30% glycerol (final concentration) to the mother liquor and
then frozen in liquid nitrogen. The crystals for FLNa3—-5 were
obtained in 0.1 M sodium malonate, pH 4, 12% (w/v) polyethyl-
ene glycol (PEG) 3,350, and frozen in liquid nitrogen using 0.1 m
sodium malonate, pH 4, 35% (w/v) polyethylene glycol 3,350.
Equimolar mixture (1 mm each) of FLNc4 -5 with GPIb peptide
(residues 573-596, RGSLPTFRSSLFLWVRPNGRVGPL, num-
bering according to Uniprot ID P07359) was used to obtain
co-crystals in 0.1 m HEPES, pH 7.5, 20% (w/v) PEG 8,000 using
a 1:2 ratio of protein to mother liquor. The crystals were cryo-
protected with 6.6% ethylene glycol and 16.6% glycerol.

The diffraction data were collected at 100 K at the ESRF
beamline ID23-1 (wavelength = 1.07227 A) (FLNc4-5) and
ID29 (wavelength = 0.976250 A) (FLNa3-5 and FLNc4 -5/
GPIb). The data were processed with XDS (29) and the struc-
tures were solved using molecular replacement with the pro-
gram Phaser (30) using FLNc23 (PDB code 2NQC) chain A as
the search model for FLNc4 -5, FLNc4 -5 (PDB code 3V80),
and FLNc23 (2D7Q) as models for FLNa3-5 structure, and
FLNc4 -5 (PDB code 3V80) for the FLNc4—5/GPIb structure.
Refinement and model building were performed by programs
Refmac5 (31, 32) and Coot (33) for FLNc4 -5 and FLNc4 -5/
GPIb. The model for FLNa3-5 was built using ARP/wWARP 7.3
(34) and Coot and refined using Refmac5. The structure of
FLNc4 -5 was refined using medium noncrystallographic sym-
metry restraints between chains A and B. Structure factors and
coordinates were deposited in the PDB with codes 3V80
(FLNc4—5), 4M9P (FLNa3-5), and 4MGX (FLNc4—5/GPIb).
For FLNc4 -5, 89.2% of amino acids were in the most favored
region, 9.8% in additionally allowed regions, and 1% in gener-
ously allowed region of the Ramachandran plot. The values for
FLNa3-5 were 92.1, 7.5, and 0.4%, respectively, and for
FLNc4-5/GPIb, 77.6, 19.0, and 3.4%, respectively. Crystal
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structure figures were generated using PyMOL (Schrodinger
LLC, Portland, OR). The domain-domain interface was ana-
lyzed using the PISA server (35). Rendering was done in Chi-
mera (36) according to the sequence alignment made with
Clustal Omega (37) using FLNa/b/c3-5, FLNa3-5 of Mus mus-
culus, Gallus gallus, Danio rerio, and Drosophila melanogaster.

Small Angle X-ray Scattering Measurements—Small angle
x-ray scattering (SAXS) data were collected on the EMBL
(European Molecular Biology Laboratory) X33 beamline at the
DESY, Hamburg (38) (MAR345 image plate, sample-detector
distance of 2.7 m and wavelength A = 0.15 nm, covering the
momentum transfer range 0.08 <'s < 4.9 nm™ ' (where s = 4
sin(6)/A, 260 = scattering angle)); MAXIV Laboratory, beamline
Cassiopeia 1911-SAXS at the MAX II storage ring (Lund, Swe-
den) (39) (PILATUS 1M image plate, sample-detector distance
of 2.2 m and wavelength 0.091 nm, covering the momentum
transfer range 0.1 <s < 3nm™ ') and ESRF (European Synchro-
tron Radiation Facility), beamline BM29 (40) (PILATUS 1M
image plate, sample-detector distance of 2.9 m and wavelength
0.10 nm, covering the momentum transfer range 0.01 <s <5
nm ). The protein concentrations were in the range of 1-10
mg/ml in purification buffer supplemented with 10 mm DTT.
Buffer subtractions were conducted with either BioXTAS RAW
software (41) or ATSAS package program PRIMUS (42) and the
scattering intensity (/) was extrapolated to zero solute concen-
tration. The forward scattering /(0) and the radius of gyration
(R,) were calculated using the program GUINIER (43), where at
very small angles (s X R, < 1.3), the scattering intensity is the
following.

I(s) = 1(0)exp( — 1/3(R,5)*) (Eq. 1)

The distance distribution functions p(r) and the maximum par-
ticle dimensions D, were calculated for all fragments using
the program GNOM (44). The molecular mass of the con-
structs were evaluated by comparing the forward scattering
with that from reference solution of bovine serum albumin

(BSA) with molecular mass 66 kDa using Equation 2.

MWsampIe = I(O)sample X Merf/I(o)ref (Eq' 2)

Assuming the samples are monodisperse, Porod’s law was
applied to find out the excluded volume of the hydrated particle
as,

(Eq.3)

V=27 I(O)/J xsz lexp(S)ds

and to check the S™* decay in scattering intensity at higher
angles (45). Kratky plot (46) (I(s) X s* versus s) was evaluated to
check for the flexibility of the protein at higher scattering
angles. The scattering patterns were further used to generate
low resolution ab initio models of FLNc4 -5 and FLNa3-5 by
the programs DAMMIF (47) or GASBOR (48). Ten rounds of
DAMMIF or GASBOR were done to generate models that were
averaged using the program DAMAVER (49) to find the best
model with common structural features. The scattering inten-
sities of the crystal structures of FLNc4 -5 (Protein Data Bank
code 3V80) and FLNa3-5 (PDB code 4M9P) were calculated
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using CRYSOL (50) and the superposition of the DAMAVER
generated envelope with the respective crystal structures are
done with the SUPCOMB program of the ATSAS package and
the figures are made using PyMOL. To assess the flexibility of
domain 3 in the FLNa and FLNc3-5 fragments, the ensemble
optimization method (EOM) (51) was used. Similar analysis was
performed for FLNc4 -5 as an internal control. First, 10,000
randomized models (pool) were generated for each fragment
using the native chain option in the RanCH program of the
EOM package. The scattering profiles of each of these models
were compared with the experimental scattering of the respec-
tive fragments (FLNa3-5, FLNc3-5, and FLNc4 -5). A genetic
algorithm was used to select a set of representative models
(FLNa3-5 = 24; FLNc3-5 = 18, and FLNc4 -5 = 12) from the
pool such that the average scattering from the selected models
fits the experimental scattering. The results were represented
asR,and D, distribution profiles using GraphPad Prism ver-
sion 4 for Windows (GraphPad Software Inc., La Jolla, CA).

Protein Interaction Assay—Pull-down assays were per-
formed using GST-tagged FLNc4 bound to glutathione-aga-
rose resin. 1-20 uM FLNc5 and FLNc5R755D was allowed to
interact for 1 h at 23 °C after which the resin was washed three
times with 500 ul of PBS, 1 mM DTT and eluted with 10 ul of the
SDS-PAGE sample buffer. Proteins were fractionated by SDS-
PAGE and visualized with Coomassie stain. Intensities of the
protein bands were quantified by Image] (52). Data were plot-
ted using GraphPad Prism version 5 for Windows to produce a
non-linear regression curve for one site total and nonspecific
binding (specific = B, ,, X X/(X + K_); nonspecific = NS X
X + background, where X = ligand concentration).

ThermoFluor Assay—Thermal stability of FLNc4, FLNc5,
and FLNc4 -5 was determined using Bio-Rad C1000 thermal
cycler, CFx96 Real-Time system. Unfolding of the proteins was
monitored using the fluorescent dye SYPRO Orange (Invitro-
gen), which binds to the hydrophobic core of the protein as it
unfolds. A temperature gradient was set up from 20 to 95 °C
with 0.5 °C/30-s increments. Each sample contained 100 um
protein, except FLNc4 (150 uMm), and 5X dye in 25 pl total
volume.

NMR Experiments—NMR samples were prepared in 50 mm
NaH,PO,, 100 mm NaCl, 1 mm DTT buffer at pH 7.0. D,O was
added to obtain ~8% solutions. Protein concentrations were
0.4-1.2 mm. Measurement temperatures were 28 °C for FLNc5
and FLNc4 -5, and 35 °C for FLNa3-5. For the chemical shift
assignment HNCACB and CBCA(CO)NH spectra were
recorded with a Varian INOVA 500 MHz spectrometer
equipped with a ®N,'C,'H triple-resonance z-PFG probehead
for FLNc5 and a Varian INOVA 800 MHz spectrometer
equipped with a cryogenically cooled, *N,"*C,"H triple-reso-
nance z-PFG probehead for FLNc4-5 and FLNa3-5. For
FLNc4 -5, the backbone amide assignment percentage was 95,
whereas for FLNc5 all backbone amides were assigned. Peptide
binding assays were performed by stepwise addition of the
model peptide resulting in approximate concentration ratios of
1 (protein):0 (peptide), 1:0.5, 1:1, 1:2, 1:3, and 1:5. At each step a
'H,'®N-heteronuclear single quantum coherence (HSQC)
spectrum for the detection of backbone amide group chemical
shift changes, and a 'H,">C-HSQC spectrum for the detection

VOLUME 289-NUMBER 12+-MARCH 21, 2014



Structures and Interactions of Filamin Domains 3, 4, and 5

of methyl group chemical shift changes in the case of FLNa3-5
was recorded. Chemical shift changes were calculated as As =
((A8,)* + (0.15 X A8)*)"% All spectra were processed with
Vnmr 6.1C (Varian Inc.) and analyzed with Sparky 3.110 (T. D.
Goddard and D. G. Kneller, University of California, San
Francisco).

Molecular Dynamics Calculations—The x-ray structure of
FLNa3-5 (PDB code 4M9P) was used as the starting structure
for MD simulations. Before energy minimizations and MD sim-
ulations, TIP3P water molecules extending 13 A in all dimen-
sions around the solute and counter ions to obtain neutrality
were added with LEAP (53). All energy minimizations and MD
simulations were performed with NAMD 2.9 (54) using ff03
force field parameters (55). Before MD simulations, the system
was relaxed and equilibrated. First the water molecules and
counter ions were minimized using the steepest descent algo-
rithm (3000 steps) keeping the rest of the system fixed. This was
followed by similar minimization but only Ca-atoms were
restrained to their crystallographic positions with a harmonic
force of 5 kcal mol 2 A ™!, whereas the rest of the system moved
freely. Before starting the production of MD simulations, the
equilibrium MD simulations for the whole system with Ca-at-
oms restrained were performed first at constant volume (for
300 ps) and then at constant pressure (for further 300 ps).
Finally the whole system was equilibrated by simulating it at
constant pressure without any restrains for 450 ps. After the
system was fully equilibrated, the 50-ns production simulation
was performed without constraints. Five parallel simulations
were performed. During the simulations, the system was kept at
constant temperature (300 K) using Langevin damping coeffi-
cient of 5 ps~' and constant pressure (1 atm) using a Nosé-
Hoover Langevin piston (56) with an oscillation timescale of
200 fs and damping time scale of 100 fs. 2-fs integration time
steps were used under a multiple time stepping scheme (57),
where bonded and short-range interactions were computed
every time step and long-range electrostatic interactions every
third time step. A cutoff of 12 A for van der Waals and short-
range electrostatic interactions was used. To ensure a smooth
cutoff for van der Waals interactions, a switching function
was started at 10 A. Long-range electrostatic interactions
were calculated using the particle-mesh Ewald method (58).
Periodic boundary conditions were used in all simulations.
The SHAKE algorithm was applied to constrain the bonds
containing hydrogen atoms (59). Snapshots from trajectories
obtained from MD simulation were extracted with PTRA]J in
ANTECHAMBER (53).

RESULTS

Crystal Structures of FLNa Domains 3—-5 and FLNc Domains
4-5 Show a Novel Domain-Domain Organization—The crystal
structures of FLNa domains 3—5 (Fig. 24 and Table 1) and FLNc
domains 4 -5 (Fig. 2B and Table 1) disclosed a completely new
type of interaction between three Ig domains (Fig. 24) where
the interfaces are highly conserved (Fig. 3 and supplemental
Fig. S1). The domains interact side by side with each other along
their B sheets. This leads to a sandwich structure where the
sheets of each domain stack roughly parallel on top of each
other (Fig. 24, left side), with domain 3 slightly shifted (Fig. 24,
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FIGURE 2. New domain packing in FLNs. A, two views of the crystal structure
of FLNa3-5, where domains 3, 4, and 5 are shown in yellow, green, and cyan,
respectively. B-Strands Cand D are shown in red. B, superposition of FLNc4 -5
(orange) with FLNa4 -5 (domain coloring as in panel A). C, zoom-in view of the
interface showing key residues. D and E, superposition of the FLNc4-5 and
FLNa3-5 structures with their respective ab initio SAXS envelopes. Normal-
ized spatial discrepancy of superposition for FLNc4-5 is 2.41 and FLNa3-5 is
1.63.

right side). In this arrangement, the interaction between
domains 3 and 4 is mediated via the edges of the 3 sheets,
whereas domains 4 and 5 interact along three 3-strands from
each side. The buried interface area is about 500 and 830 A? for
domains 3—4 and 4 -5, respectively, suggesting that the inter-
action between 4 and 5 is tighter than the other. There is a large
hydrophobic interaction surface between domains 4 and 5
around a Trp residue in the A strand of domain 4 (Trp-582 in
FLNa and Trp-577 in FLNc) (Fig. 2C), whereas the interaction
between domains 3 and 4 has mostly polar characteristics. The
main chain structure of FLNc domains 45 is largely identical
to FLNa domains (root mean square deviation of 0.66 A
between 165 C-« atoms) (Fig. 2B).

The domain-domain interactions observed in these crystal
structures are, to our knowledge, unique among the entire Ig
superfamily. Therefore, we used several complementary tech-
niques to confirm that the domain arrangement and interac-
tions exist also in solution and are not induced by crystal pack-
ing. First, we compared the crystal structures with the SAXS
scattering data obtained in solution. The y values for compari-
son of calculated scattering from the structures and observed
solution scattering profile were 1.13 and 1.80 for FLNa domains
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TABLE 1
Crystallography data collection and refinement statistics

FLNc4-5 (PDB code 3V8O)

FLNa3-5 (PDB code 4M9P) FLNc4—5/GPIb (PDB code 4MGX)

Data collection

Space group P2,2,2, P6, P4,22
Cell dimensions
a, b c A 63.62, 91.35, 103.72 63.04, 63.04, 136.60 111.80, 111.80, 59.88
a, B, 7y, degree . 90, 90, 90 90, 90, 120 90, 90, 90
Resolution range, A 46.63-2.8 (2.87-2.8)“ 42.65-1.72 (1.76-1.72) 47.73-3.16 (3.24-3.16)
Ry,.." (%) 15.8 (76.3) 9.7 (67.9) 20.5 (242.7)
Ijol 9.92 (2.7) 18.24 (3.3) 9.53(0.7)
Completeness, % 100 (98) 99.7 (96.5) 98.2 (100)
Redundancy 4.2 (4.2) 10.9 (8.0) 10.42 (7.8)
Refinement

Resolution (A)
No. of reflections

46.63-2.8 (2.87-2.8)

42.65-1.72 (1.76-1.72) 47.73-3.16 (3.24-3.16)

Refinement 13602 (1012) 30839 (1623) 6556 (456)
Test set 1512 (113) 2204 (115) 345 (24)
R o/ Rivee (%) 20/25.5 (33.4/40.1) 19.9/24.3 (24.5/30.6) 22.6/27.7 (35.9/45.6)
No. of atoms
Protein 2854 2173 1439
Heterogen 1 Null Null
Solvent 47 219 2
Root mean square differences
Bond lengths (A) 0.022 0.019 0.012
Bond angles, degree 1.8 1.98 1.80
Average B-factor, A” 29.3 22.18 108.48
Protein 29.28 21.95 108.48
Solvent 23.41 27.04 58.79
“Values of the last resolution shell in parentheses.
? Diederichs and Karplus (1997).
TABLE 2

FLN 3 facing 4 FLN 4 facing 3 FLN 4 facing 5 FLN 5 facing 4
p Lowest
N' '
f\ﬁ\ c
:‘\ /\. \ .Highest
<
J A
*J /&
l~_%4 “v J \
A o .
<) 9 N
/ N L
c

FIGURE 3. Surface conservation of the domain-domain interfaces in
FLN3-5. Corresponding schematic models made using PyMOL are shown
below the surface visualization. Sequence alignment is shown in supplemen-
tal Fig. S1.
3-5 and FLNc domains 4 -5, respectively. The structures fitted
wellin the SAXS-generated ab initio envelopes (Fig. 2, D and E).
Mutations of the contact residues seen in the crystal structure
made the two-domain fragment FLNc4 -5 more extended in
SAXS (Table 2) and the same mutations also diminished the
interaction between individual FLNc domains 4 and 5 in pull-
down assays (Fig. 4, A and B). Comparison of NMR chemical
shifts between FLNc domain 5 and the ins 4 -5 pair also verified
the interaction surface (Fig. 4, C and D, and supplemental Fig.
S2).

In line with the relatively small interaction area between
FLNa domains 3 and 4, closer analysis of SAXS data using EOM
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Parameters derived from SAXS measurements of FLN domains 4-5,
mutants of FLNc4-5 and FLN 3-5

Protein R ~D,ax?
Nm
FLN domains 4-5 constructs
FLNc4-5 1.71 £ 0.01 4.8
FLNa4-5 1.90 = 0.01 5.3
Mutation in FLNc4-5
FLNc4 W577A 1.88 = 0.01 6.5
FLNc4 D627R 1.85 = 0.01 7.2
FLNc4 R755D 1.86 = 0.01 6.7
FLNc4 W577A/D627R 1.85 = 0.01 7.0
FLNc4 W577A/FLNc5R755D 2.04 +0.01 7.5
FLNc4D627R/FLNc5 R755D 1.85 = 0.01 6.2
FLN domains 3-5 constructs
FLNa 3-5 2.32°¢ 7.7¢
FLNc 3-5 2.41¢ 7.9¢

“ R, radius of gyration (mean square of the distances from the center of mass of
the particle weighted by electron densities) from Equation 1.
~D, a0 Maximum dimension inside the particle estimated from distance distri-
bution probability function. The values written here are with an approximate
error of 0.5 nm.

¢ Average values reported using EOM.

suggested that in both, FLNa and FLNc, three domain frag-
ments of domains 3-5 can be flexible in solution. This is shown
by the broader D, range for three domain fragments as com-
pared with FLNc4 -5 (Fig. 5, A and B). To further test flexibility
of the FLNa3-5 structure, we performed MD simulations on
FLNa3-5 without any restraints. Analysis of the snapshot
structures obtained from 50-ns MD simulations showed that
domain 3 changes its orientations with respect to domains 4
and 5 whose interactions stay intact (Fig. 5C). This flexibility of
the three-domain fragment observed in the MD simulations is
in accordance with the observed solution scattering profile of
FLNa3-5 (x values for snapshots of two extreme orientations in
the range of 1.15-1.23) and the snapshots fit well in the SAXS-
generated ab initio envelopes (Fig. 5D).
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FIGURE 4. Confirmation of the FLNc4 -5 interface. A, quantification of the binding observed from the pulldown assay of FLNc4 and FLNc5. B, plot obtained
from the pulldown assay of FLNc4 and FLNc5R755D showing a decline in the interaction. Bars show S.E. between three independent experiments. C, structural
representation of the NMR measurements showing residues in blue that have chemical shift differences of more than 0.25 ppm in the 'H,"°N-HSQC spectra of
FLNc5 and FLNc4 -5 (spectra shown in supplemental Fig. S2). D, plot of the chemical shift differences between FLNc5 and FLNc4-5.

Taken together, the crystal structures of FLNa domains 3—5
and FLNc domains 4 —5 reveal a new type of Ig-domain packing
that fits well with analyses performed in solution stage. The
domains 4 and 5 interact relatively tightly, whereas the interface
between domains 3 and 4 may be partly flexible.

Ligand Peptide Binds to Domain 4 in the Three Domain
Module—Earlier, FLNa domain 4, but not 3 and 5, has been shown
to interact with B-strand forming peptides (19). In FLNa3-5 and
FLNc4 -5 structures, the CD surfaces of all three domains are
exposed. However, in domains 3 and 5, the CD loop partially
occludes the groove between the 3-strands (Fig. 6, A and C), which
is not seen in domain 4. This suggests that only domain 4 may
interact via its CD face. However, in FLNc domain 4 but not FLNa,
the B-strand C is preceded by a 3, , helix (Fig. 6B) that might inter-
fere with B-strand augmentation interactions. To test if FLNc
domain 4 can still bind a ligand, we co-crystallized the FLNc4 -5
fragment with the model peptide derived from GPIb (residues
573-596, RGSLPTFRSSLFLWVRPNGRVGPL), which com-
monly has the highest interaction affinity among test peptides (19).
The structure (Fig. 6D and Table 1) revealed that the peptide (res-
idues 577-585) interacts with the typical 3 sheet augmentation
mechanism originally discovered for FLNa domain 17 (11) (Fig. 6,
Eand F). Interestingly, the electron density for the 3, helix and the
BC loop is not visible in this structure, suggesting local flexibility.
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We confirmed these interactions in solution by recording *°N-and
13C-HSQC spectra of FLNa3-5 and '*N-HSQC spectra of
FLNc4 -5 in the presence and absence of the GPIb peptide. Chem-
ical shift perturbations mapped at or close to the CD face of
domain 4, indicating that it is available for interaction (Fig. 6, G and
H, and supplemental Fig. S3). This shows that the novel domain-
domain interactions between domains 3-5 do not prevent the
binding of small B-strand forming peptides to the CD face of
domain 4.

Domains 5 Stabilizes the Structure of Domain 4—Isolated
domain 4 has been shown to be partially unstable in previous
studies (19). To investigate if neighboring domains have an
influence on domain 4 stability, we probed the thermal stability
of the domains using a hydrophobic fluoroprobe (Fig. 7) (60).
Comparison of the temperature-dependent dye binding curves
shows that isolated domain 4 starts binding the dye in the range
of 35-45 °C, whereas domain 5 binds only in the 70-80°C
range. This indicates that the structure of domain 4 is less stable
than domain 5. Furthermore, the dye binding curve of
FLNc4 -5 shows two transition temperatures. The lower tem-
perature at around 55°C is considerably higher than that
observed with domain 4 alone, whereas the higher transition
temperature is close to that of isolated domain 5. This suggests
that domain 5 stabilizes domain 4 in the two domain fragment.
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FIGURE 5. EOM and MD data showing the flexibility of the three-domain
fragment. A R and B, D,,,,, of the pools (dashed lines) and the selected models
(solid lines) for FLNa3-5 (green), FLNc3-5 (black), and FLNc4-5 (red) as internal
control. Note that the selected models of FLNc4-5 have a narrow R, and D,,,,,
distribution, whereas the selected models of FLNc3-5 and FLNa3-5 show a
broader distribution. This suggests that there is more flexibility between domains
3-4 than between domains 4-5. C, the superposition of FLNa3-5 crystal struc-
ture (domain 3, in yellow) with two snapshots from MD simulations (one snapshot
with domain 3 in orange and the second snapshot with domain 3 in magenta).
Domains 4 and 5 are shown in gray for the crystal structure and MD snapshots
and are superimposed using VERTAA module in Bodil (71). The snapshot struc-
tures shown represent the most extreme orientations between which domain 3
oscillates during MD simulations. D, superposition of one snapshot structure
(orange) from MD simulations of FLNa3-5 with the SAXS generated ab initio
envelope (normalized spatial discrepancy of superposition is 2.05).

A similar curve is seen for FLNc3-5 indicating that domain 3
does not have an additional effect on the stability of domain 4.

DISCUSSION

Traditionally, long multidomain proteins are thought to
work as beads on a string that allow great flexibility, but where
individual domains perform their functions largely indepen-
dent of each other. This seems not to be the case in FLNs.
Although FLNs are flexible molecules composed of 24 similar Ig
domains, we have earlier reported three functional domain-
domain interactions in the C-terminal rod 2 region of FLNa. In
this paper, we tested if there are similar inter-domain interac-
tions in the rod 1 region around domain 4. Our major findings
are: 1) domains 3 and 5 interact with domain 4 and this module
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FIGURE 6. CD face conformation and interactions. A-C, conformation of the
CD face of individual domains. In each case, the CD face is shown in red. A, FLNa3
is shownin yellow. B, FLNa4 is green and FLNc4 is gray. Note the 3, , helix in FLNc4.
G FLNa5 is shown in cyan color and FLNc5 is gray; closed conformation of the CD
loop is marked with an arrow. D, co-crystal structure of FLNc4-5 with the GPlb
peptide (blue). E, superposition of FLNc4 and GPIb peptide with FLNa17 (gray)
and GPIb peptide (lemon) (root mean square deviation = 0.75 A between 89 C-«
atoms). F, detailed view of the peptide conformation with FLNc4 (peptide in blue)
and FLNa17 (peptide in lemon). N and C termini of the CD face of FLNc4 and
FLNa17 are labeled. G, NMR titration of GPIb with FLNa3-5. Residues undergoing
changes in peak intensity and chemical shifts are shown as blue (amide group
changes) and pink side chains (methyl group changes). H, residues mapped for
the GPlb interaction with FLNc4 -5: peaks vanish (blue), chemical shift difference
more than 0.025 ppm (red). 'H,"”N-HSQC spectra for titration of GPlb with
FLNa3-5 and FLNc4 -5 are shown in supplemental Fig. S3.
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FIGURE 7. Thermal stability assay showing domain 5 stabilizes domain 4.
Temperature-dependent fluoroprobe binding curves of FLNc4 (black), FLNc5
(green), FLNc4 -5 (magenta), and FLNc3-5 (orange) are shown.

of FLN domains 3-5 shows a new type of domain-domain
arrangement; 2) we show the details of ligand binding to the CD
face of FLN domain 4; and 3) provide evidence of domain 4
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stabilization by interactions with neighboring domains. We
believe that each of these findings has wide implications to our
understanding of the FLN function. The findings and their
implications are discussed below.

Based on sequence similarity with the pair-forming domains in
rod 2 (19, 61), we hypothesized that domain 4 might be involved in
domain-domain interactions. To study this, we crystallized FLNa
domains 3-5 and FLNc domains 4—5. The structures revealed a
novel type of domain packing that has not been observed in Ig
domains before. Typically, FLN-type Ig domains interact with
each other via the edges of the 3 sheets and via loop regions (10, 15,
22). On the other hand, many other Ig domains form dimers by
interacting perpendicularly face-to-face along their 3 sheets (62—
64). In the current structures, the domains stack on each other and
interact face-to-back so that their 3 sheets are approximately par-
allel. Because f3 sheets are rather flat in the FLN-type Ig domains,
this kind of arrangement allows maximal interface surface area.
This seems to be true particularly between domains 4 and 5,
where the interface is governed by several hydrophobic interac-
tions. These features suggest that the interaction between domains
4 and 5 is rather stable. The interface between domains 3 and 4 is
slightly shifted, has a smaller area than between 4 and 5, and is
mainly polar. These observations suggest that the 3—4 interface
may be more flexible than that of 4 —5. This was also supported by
analysis of SAXS results using EOM and MD simulations. Resi-
dues on both interfaces are conserved throughout the animal king-
dom and thus it is likely that the arrangement of domains 3-5
observed here is a general feature in FLNS.

To study how domain 4 interacts with the GPIb peptide derived
from GPIb, which has been previously shown to interact with
FLNa domain 4 and other similar domains (19), we co-crystallized
the peptide with FLNc domains 45 and used NMR methods to
verify the interaction site in solution. The crystal structure showed
that interaction of the peptide with FLNc4 is almost identical as
with FLNal7 (11): the peptide forms an extra B-strand next to the
strand C of domain 4 and interacts hydrophobically with the
groove between strands C and D. Using NMR chemical shift per-
turbation mapping, we were able to show that also in solution the
peptide interacts with FLNc4 -5 and FLNa3-5 via the CD face of
domain 4. This fits well with the observation that in both domains
3 and 5 (FLNa3, FLNa5, and FLNc5), the CD face seems not to be
accessible for similar 8 sheet augmentation interaction because of
the CD loop conformation. It is noteworthy that in the unligated
FLNc domain 4 there is a 3, helical turn just before strand C that
partially occludes the CD groove, but the peptide can induce a
conformation change and displace this turn. In the absence of the
peptide, NMR spectra revealed two sets of cross-peaks that could
be assigned to the residues belonging to the 3, helix, suggesting
that this structure has conformational flexibility in a relatively slow
(k.. < 10®s™') time scale.* This 3, helix is not seen in the struc-
ture of FLNa domain 4 and the corresponding residues show only
asingle set of peaks in ">’N-HSQC spectrum. Taken together, these
results demonstrate that the CD face of domain 4 is the preferred

“Tossavainen, H., Seppala, J.,, Sethi, R., Pihlajamaa, T., and Permi, P. (2014) NH,
HN, Ce, CB, and methyl group assignments of filamin multidomain frag-
ments IgFLNc4-5 and IgFLNa3-5. Biomol. NMR Assign. 10.1007/s12104-
014-9542-6.
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binding site for B-strand forming peptides within the module of
FLN domains 3-5 and that this site is accessible for interactions in
this module. Functionally, our findings are in consensus with the
hypothesis that there are multiple domains in FLNs to which the
same ligand binds (18, 19, 61). In the case of FLNa, this finding is
relevant as the interaction between FLNa and GPIb is essential for
platelet activation (11, 65). Although mutations in FLNal7 disrupt
GPIb interaction in a cell culture model, the highest affinity of
GPIb is for FLNa21, and evidence has shown that GPIb binds to
multiple sites on FLN (66). It is possible that FLNal7 is the initial
binding site for GPIb. This interaction is then complemented by
other FLNa domains, including FLNa4. Under force, FLNa21 may
then be unmasked and become the strongest binder to facilitate
the tight interaction required for platelet adhesion in high shear
(67). It is also of interest that the spleen tyrosine kinase, Syk, has
been reported to interact with FLNa domain 5 (68). In our current
structures the CD faces of FLNa and FLNc domain 5 are occluded
by the closed conformation of the CD loop. Thus, the current
structures suggest that this interaction of Syk with FLNa domain 5
may use another kind of structural mechanism than 3 sheet aug-
mentation next to strand C.

In the rod 2 region of FLN the function of domain-domain
interactions seems to mask the binding sites on domains 19 and
21. This masking can be relieved by mechanical force and thus
these domain-domain interactions provide the basis for the
mechanosensor function of FLN (5, 23, 25, 69). In the module of
domain 3-5, reported here, we do not see this kind of masking
of the known interaction site in domain 4. Thus, CD face mask-
ing cannot explain the function of this conserved module. An
alternative possibility might be similar to the interaction of
FILGAP with domain 23 where mechanical forces on FLN may
destabilize interactions (24). It has been observed before that
FLNa domain 4 is partially unstructured when studied by NMR
(19). Here we show by a hydrophobic fluoroprobe binding assay
that domain 5 is required for stabilization of domain 4. Struc-
turally, this can be explained by the hydrophobic surface
in domain 4 (particularly the conserved Trp residue at the
domain-domain interface), which may cause problems in
domain folding when not allowed to interact with domain 5.

In context of diseases, substitution mutations causing famil-
ial cardiac valvular dystrophy have been reported in FLNa
domain 4 (P637E) and domain 5 (V711D) (70). As this is the first
study showing the high resolution structures of these domains,
it was of interest to map the location of these residues on our
crystal structure of FLNa3-5. We noticed that even though
these amino acids were not at the domain-domain interface, the
side chains of these residues faced the hydrophobic core made
by the B sheets (Fig. 8). Hence, we speculate that mutating the
proline or valine to glutamine or aspartate, respectively, will
lead to a substantial change in the hydrophobic core and most
likely destabilize the individual 8 sheet domain-fold.

In conclusion, our results highlight that multiple mecha-
nisms have evolved for the inter-domain interactions in
FLNs. We report here the presence of a novel three-domain
module between domains 3-5 that is conserved in FLNs and
partially flexible. We suggest that one function of the three-
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Val 711

FIGURE 8. Residues that are mutated in FLNa domains 4 (P637E) and 5
(V711D) causing familial cardiac valvular dystrophy. A, FLNa4 is shown in
green and FLNa5 in cyan. Pro-637 in domain 4 is shown in green. The neigh-
boring residues forming the hydrophobic core are shown in blue. Val-711 in
domain 5 is shown in cyan. Neighboring residues forming the hydrophobic
core are shown in blue. B, view rotated by 90 degrees toward the reader.

domain module is to stabilize domain 4 and allow its inter-
actions via the previously characterized B-strand augmenta-
tion mechanism.
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