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Filamins are actin filament cross-linking proteins composed
of an N-terminal actin-binding domain and 24 immunoglobu-
lin-like domains (IgFLNs). Filamins interact with numerous
proteins, including the cytoplasmic domains of plasma mem-
brane signaling and cell adhesion receptors. Thereby filamins
mechanically and functionally link the cell membrane to the
cytoskeleton. Most of the interactions have been mapped to the
C-terminal IgFLNs 16-24. Similarly, as with the previously
known compact domain pair of IgFLNa20-21, the two-domain
fragments IgFLNa16-17 and IgFLNa18 —19 were more compact
in small angle x-ray scattering analysis than would be expected
for two independent domains. Solution state NMR structures
revealed that the domain packing in IgFLNal18-19 resembles
the structure of IgFLNa20-21. In both domain pairs the inte-
grin-binding site is masked, although the details of the domain-
domain interaction are partly distinct. The structure of
IgFLNal16-17 revealed a new domain packing mode where the
adhesion receptor binding site of domain 17 is not masked.
Sequence comparison suggests that similar packing of three tan-
dem filamin domain pairs is present throughout the animal
kingdom, and we propose that this packing is involved in the
regulation of filamin interactions through a mechanosensor
mechanism.

Actin cytoskeleton is a dynamic network that is involved in
many fundamental cellular processes such as cell differentia-
tion, morphology, endocytosis, exocytosis, cytokinesis, and cell
movement. These events are regulated by proteins that interact
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with monomeric and filamentous actin. Filamins are actin fila-
ment-binding and cross-linking proteins. Filamin A and filamin
B are both ubiquitously expressed, and their mutations in
human patients cause developmental abnormalities in brain,
cartilage, bones, and epithelial tissues (1). Filamin C is muscle-
specific, and mutations thereof cause myofibrillar myopathy
(2). Mice with targeted deletion of any of the filamin genes die
either during development or soon after birth (3—6). These
phenotypes are thought to reflect the roles of filamins as scaf-
folds of signaling pathways required for cell differentiation, reg-
ulators of cell migration, and stabilizers of cytoskeleton and cell
membranes (1, 7).

Filamins bind to actin filaments mainly via their N-terminal
actin-binding domains and interact with other proteins via the
24 filamin type immunoglobulin-like domains (IgFLN),® also
called filamin repeats (8). Especially the C-terminal IgFLNs
16 —24 contain several protein-protein interaction sites (1). Our
previous structural studies have revealed that many proteins
interact with filamins by forming an additional 3-strand next to
strand C of an individual IgFLN. The platelet von Willebrand
factor receptor, glycoprotein (GP) Iba, interacts in this way
with IgFLNal7 (9). The integrin family adhesion receptor 8
subunits interact with IgFLNa21 and to a lesser extent with
IgFLNal19 (10, 11). Furthermore, some signaling proteins use a
similar interaction mode: the adaptor protein migfilin interacts
with IgFLNa21 (12), and the Rho family GTPase-activating pro-
tein FilGAP interacts with IgFLNa23 (13, 14).

Although structural details are known from many filamin
interactions, it is not completely clear how these interactions
are regulated. In some cases the regulation involves competi-
tion between multiple binding partners (10, 11). Alternative
splicing (15), proteolysis of filamin (16-18), and ligand phos-
phorylation (11) also contribute to the regulation. Recently, it
has become apparent that conformational changes in filamins
may also be involved. For instance, actomyosin contraction
exposes hidden cysteine residues in filamins (19). This opens
the possibility that forces transmitted through actin filament
may open up binding sites, and filamin may thus be involved in
mechanosensor signaling.

3 The abbreviations used are: IgFLN, filamin immunoglobulin-like domain;
GP, glycoprotein; NOE, nuclear Overhauser enhancement; RMSD, root
mean square deviation; SAXS, small angle x-ray scattering.
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We have recently found a structural mechanism by which
mechanical forces could regulate interactions at the C-terminal
part of filamin. Our recent crystal structure revealed that
IgFLNa20 forms a compact pair with IgFLNa21, and in this pair
the N-terminal part of IgFLNa20 masks the integrin-binding
site on IgFLNa21 (15). It is possible that this masking could be
released by mechanical forces. Four lines of evidence led us to
hypothesize that in addition to the IgFLNa20-21 pair, other
similar domain pairs could exist at the C terminus of filamin: (i)
the overall structure of the C-terminal part (IgFLNs 16 —24) of
filamin is relatively more compact than the N-terminal part of
the molecule (IgFLNs 1-15) (8); (ii) the N-terminal sequences
of even-numbered domains 16, 18, and 20 differ from other
IgFLNs (20) (sequence alignment is shown in supplemental Fig.
S1); (iii) in single-domain solution NMR structures of
IgFLNc16, IgFLNDb16, 18, and 20, the N-terminal part is not
folded with the rest of the domain; and (iv) according to bio-
chemical experiments, IgFLNal8 masks integrin binding to
IgFLNal9 (15). We report here small angle x-ray scattering
(SAXS) analysis showing that IgFLNal6-17 and 18 -19 have
overall dimensions very similar to those of the previously
known domain pair IgFLNa20-21. The IgFLNa22-23 con-
struct was much more elongated, which is indicative for two
independently folded noninteracting domains. Further, the
atomic structures solved with NMR spectroscopy show that
IgFLNal8-19 forms a pair similar to IgFLNa20-21, but the
details of the interaction and orientation of the domains differ.
On the other hand, IgFLNal6 —17 forms an entirely novel type
of domain pair. Sequence comparisons predict that these three
interdependent domain pairs are conserved from nematodes to
vertebrates, suggesting that the arrangement has special regu-
latory functions.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—The IgFLNal2-13 (amino acids 1353—
1542), IgFLNal6-17 (amino acids 1772-1956), IgFLNal18-19
(amino acids 1954-2141), IgFLNa20-21 (amino acids 2141—
2329), and IgFLNa22-23 (amino acids 2330-2522) fragments
were generated by polymerase chain reaction and cloned into the
modified pGEX vector (GE Healthcare). The inserts were
checked by DNA sequencing. Glutathione S-transferase fusion
proteins then were produced in Escherichia coli BL21 Gold cells
and purified with glutathione-Sepharose 4 Fast Flow (GE
Healthcare) according to the manufacturer’s instructions. Glu-
tathione S-transferase was cleaved by TEV protease at 4 °C for
16 h. The buffer was changed in a HiPrep 26/10 desalting col-
umn (GE Healthcare) to 100 mMm NaCl, 1 mwM dithiothreitol, 20
mM Tris, pH 8, and glutathione S-transferase was removed in a
glutathione-Sepharose 4 Fast Flow column. The further protein
purifications were performed by gel filtration in a HiLoad 26/60
Superdex 75 column (GE Healthcare), and finally the proteins
were concentrated with Centriprep YM-3000 or YM-10000
(Millipore).

Small Angle X-ray Scattering and Data Processing—Synchro-
tron radiation x-ray scattering data were collected on the EMBL
X33 beamline at the DORIS III storage ring, DESY, Hamburg
(21). Solutions of FLNa fragments IgFLNal12-13, IgFLNal6—
17,1gFLNal18-19, IgFLNa20-21, and IgFLNa22-23 in 100 mm
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NaCl, 10 mm dithiothreitol, 20 mm Tris, pH 8.0, were adjusted
to concentrations of 2.8-9.6, 2.3-9.9, 1.9-7.8, 3.7-9.7, and
3.3-10.0 mg/ml, respectively. The MAR345 image plate at sam-
ple-detector distance 2.7 m and wavelength A = 0.15 nm, cov-
ering the momentum transfer range 0.12 <s <4.9nm™ ' (s =
4rsin(6)/\, where 20 is the scattering angle) was used. The data
were averaged after normalization to the intensity of the inci-
dent beam, the scattering of the buffer was subtracted, and the
difference data were extrapolated to zero solute concentration
following standard procedures. All of the data manipulations
were performed using the program package PRIMUS (22).

The forward scattering 1(0) and the radius of gyration (R,) were
evaluated using the Guinier approximation (23), assuming that at
very small angles (s < 1.3/R,) the intensity is represented as I(s) =
1(0) exp(—1/ 3(Rgs)2). These parameters were also computed from
the entire scattering patterns using the program GNOM (24), pro-
viding the distance distribution functions p(r) and the maximum
particle dimensions D, .. The molecular mass of the solute was
evaluated by comparison of the forward scattering with that from
reference solutions of bovine serum albumin (molecular mass, 66
kDa). The excluded volume of the hydrated particle (the Porod
volume) was computed as follows (25).

©

V= 2772/(0)/[ Slexp(s)ds (Eq. 1)

0

Prior to this analysis, an appropriate constant was subtracted
from each data point to force the s~* decay of the intensity at
higher angles following Porod’s law (25) for homogeneous par-
ticles. This “shape scattering” curve was further used to gener-
ate low resolution ab initio models of fragments IgFLNal12-13,
16-17, 18 -19, 20-21, and 22-23 by the program DAMMIN
(26) and DAMMIF (27), which represent the protein by an
assembly of densely packed beads. Simulated annealing was
employed to build a compact interconnected configuration of
beads inside a sphere with the diameter D, that fits the exper-
imental data I, (s) to minimize the discrepancy,

2 1 leXp(Sj) - Clcalc(sj) 2
YN 12[ ofs) ]

j

(Eq.2)

where N is the number of experimental points, c is a scaling
factor, and I,,.(s;) and of(s;) are the calculated intensity and the
experimental error at the momentum transfer s;, respectively.

The program GASBOR (28) was used to create ab initio
models of proteins consisting of dummy residues instead of
beads. In this program a simulated annealing protocol is
employed to construct a model with a protein-like distribu-
tion of beads that provides the best fit to the experimental
data. For the ab initio analyses, multiple runs were per-
formed to verify the stability of the solution. The results
from 10 separate runs of DAMMIN, DAMMIF, and GAS-
BOR were averaged to determine common structural fea-
tures using the program DAMAVER (29).

The calculated parameters for IgFLNa20—-21 were estimated
based on the crystal structure of IgFLNal9-21 (Protein Data
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FIGURE 1. A diagram of filamin A domains and protein constructs used in this study. Filamin A is a dimer.
Each polypeptide contains an N-terminal actin-binding domain (ABD) and IgFLNa 1-24. Filamin A dimerizes

through the IgFLNa24. The constructs used in this study are marked in the diagram. Blue, IgFLNa12-13;
magenta, IgFLNa16-17; yellow, IgFLNa18-19; cyan, IgFLNa20-21; green, IgFLNa22-23.

Bank code 2j3s) (15) and for IgFLNal6-17 and FLNal8-19
based on the NMR structures using the program CRYSOL (30).

Structure Determination of [gFLNal6 17 and IgFLNa18 —19—
NMR sample preparation and conditions, spectroscopic
details, and chemical shift assignment have been described
earlier (31). For structure determination three-dimensional
3C- and "N-edited NOE spectroscopy-heteronuclear single-
quantum coherence spectra were recorded on a Varian INOVA
800-MHz spectrometer equipped with 5-mm z-gradient triple
resonance probehead at 30 °C. Spectrum acquisition and proc-
essing was done using VNMR]J 2.1 and VNMR 6.1C software
(Varian Inc.). Sparky 3.110 was used for spectrum analysis
(Goddard TD, Kneller DG. University of California, San Fran-
cisco, CA). Dihedral angle constraints for y and s angles were
extracted from chemical shift data using TALOS software (32).
The dihedral angle restraints were parameterized as (TALOS
prediction * 2 S.D.). Structure calculation was done using the
automatic NOE assignment and torsion angle dynamics mode
of CYANA 2.1 (33). Based on the lowest target function, 10% of
calculated structures were chosen for further refinement.
Molecular dynamics refinement of the final structures was
done using a generalized Born implicit solvent model in
AMBER 8.0 (38). Quality control of the structure families was
done with WHAT CHECK (34) and PROCHECK-NMR (35)
programs. Domain-domain interaction interfaces were ana-
lyzed on a ProtorP server (36). Experimental procedures of
relaxation rate and heteronuclear NOE determination and pep-
tide titrations can be found in the supplemental materials.

Binding Assays—To compare the binding of IgFLNal6-17
and IgFLNal7 fragments to GPIba, the synthetic GPIba pep-
tide containing residues 556 -577 (EZBiolab Inc., Westfield,
IN) was coupled to an N-hydroxysuccinimide activated Sepha-
rose 4 Fast Flow (GE Healthcare) at 4 °C according to the man-
ufacturer’s instructions. Purified [gFL.Nal6-17 and IgFLNal7
were incubated for 1 h at 23 °C with 20 ul of the peptide-Sepha-
rose in 1% Triton X-100, 150 mm NaCl, 20 mm Tris, pH 7.4. The
Sepharose was centrifuged at 15,000 X g for 1 min and washed
twice with 300 ul of the binding buffer. The proteins were
eluted with 10 ul of SDS electrophoresis sample buffer and run
on a SDS-polyacrylamide gel.

RESULTS

Low Resolution Analysis Reveals Three Compact Domain
Pairs—To study the presence of compact domain pairs in the
C-terminal part of filamin A, we expressed and purified two-
domain fragments and analyzed them by SAXS. The location of
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the studied fragments in filamin is
shown in Fig. 1. IgFLNal2-13 was
used as a control because no domain
pair formation was expected in this
area. All of the constructs behaved
well in SAXS, and neither aggrega-
tion nor dimerization was observed.
The experimental SAXS curves
from the constructs are shown in
Fig. 2, and the overall parameters
computed from the data are pre-
sented in Table 1. The experimental
values for radius of gyration (R,) and maximal dimension
(D pax) from IgFLNal6-17, 18 -19, and 20-21 were similar to
the theoretical values calculated from the crystallographic
structure of the IgFL.Na20-21 pair (15) (Table 1). However, the
values of R, and D,,,,, for the IgFLNal12-13 and 22-23 were
significantly higher, pointing to more extended structures. The
long-tailed shape of distance distribution function p(r) for
IgFLNal2-13 and 22-23 (Fig. 2, insets) was also consistent with
elongated shapes.

Typical low resolution shapes of IgFLNal6-17 and 18-19
reconstructed ab initio by DAMMIN (26) and GASBOR (28)
(Fig. 3) provided good fits to the experimental data with the
discrepancy factors of y = 1.69—-1.87 (curves are shown in Fig.
2) and displayed similar overall dimensions with IgFLNa20-21
(Fig. 3). The shape of IgFLNa18 —19 had more pronounced fea-
tures of two domains, whereas the envelope of IgFLNal6-17
was a bit more compact. Typical ab initio low resolution models
of IgFLNa12-13 and 22-23 revealed that the shapes of these
tandem domains significantly differ from those of IgFLNal6—
17,18-19,and 20 -21. The shape of IgFLNal12-13 and 22-23 is
elongated, suggesting a conventional head-to-tail arrangement
of the domains (Fig. 3). In conclusion, our SAXS analysis sug-
gests that IgFLNal6—-17 and 18-19 form interacting domain
pairs similar to those of IgFLNa20-21. IgFLNa22-23, on the
other hand, does not appear to form such a pair.

Structure of IgFLNa18 —19 Resembles That of IgFLNa20—21—
To study the atomic details of the IgFLNal8-19 and
IgFLNal6 —17 domain pairs, NMR spectroscopy was employed.
The chemical shift assignments have been published elsewhere
(31). Chemical shift mapping between single domains
IgFLNal18 and 19 and the two-domain construct IgFLN18-19
showed that the largest changes were located at 3-strands C
and D as well as at the EF loop of I[gFLNa19 (supplemental Fig.
S3). These changes confirmed that the two domains indeed
interact with each other in solution and that the interaction
resembles the one found previously for IgFLNa20-21 (15). The
structure of IgFLNa18 —19 was solved with solution state NMR
spectroscopy. Details of the structure calculations are de-
scribed in supplemental materials, and structure quality indica-
tors are presented in Table 2. Altogether, 2930 NOE-derived
distance restraints and 235 chemical shift-based dihedral angle
restraints were used in the structure calculation. The mutual
orientation of the domains was based on 76 interdomain dis-
tance restraints, of which 42 are located between B-strand A of
domain 18 and the CD face of domain 19 (see supplemental Fig.
S2B for graphical representation of the interdomain distance
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FIGURE 2. Experimental SAXS data of two-domain fragments and fits of ab initio models. The x-ray scattering data from IgFLNa16-17, 18-19 and 22-23
(A) and IgFLNa12-13 and 22-23 (B) are displayed as dots. The scattering from typical ab initio models computed by DAMMIN/GASBOR is displayed as full lines.
The plots display the logarithm of the scattering intensity as a function of momentum transfers, and successive curves are displaced down by one logarithmic
unit for clarity. The distance distribution functions are presented in the insets.

TABLE 1
Summary of SAXS measurements
C, concentration; R,, radius of gyration; D,

max’

maximum size of the particle, V,, excluded volume of the hydrated particle, MM, , experimental molecular mass of the solute,

and yx,,, discrepancy factors between the experimental scattering curves and those calculated from ab initio models.

FLNal2-13 FLNal6-17 FLNal8-19 FLNa20-21 FLNa22-23
Observed Observed Calculated Observed Calculated Observed Calculated Observed

C (mg/ml) 2.8/9.6 2.3/9.9 1.9/7.8 3.7/9.3 3.3/10.0
R, (nm) 2.39 = 0.01 1.93 £ 0.03 1.81 2.11 + 0.04 2.11 1.91 *0.03 1.97 2.77 = 0.05
D, (nm) 8.6 = 0.5 6.0 £ 0.5 6.3 6.5+ 0.5 7.6 6.1+0.5 6.3 9.0 0.5
VP (nm?) 254 334 27 34 =4 33 31 *+4 29 32 *+4
MM,,,, (kDa) 14 * 4 22 * 4 18.7 213 20.4 16.8 £ 4 18.4 24 * 4
Xab 1.45 1.69 1.87 1.37 1.78

restraints). Average backbone RMSD from the mean structure
for the double-domain (residues 1960—2135) was ~1 A. The
coordinate precision of single domains was better; average
backbone RMSD from the mean structure was 0.8 A for
IgFLNa18 (residues 1960 —2045) and 0.3 A for IgFLNal9 (resi-
dues 2046 -2135). There was some fluctuation in the mutual
orientation of the domains in the structure ensemble (Fig. 44).
However, relaxation properties of the two domains were similar

SEPTEMBER 11, 2009+VOLUME 284 NUMBER 37

(supplemental Fig. S7), suggesting that the domains tumble in
solution as a single unit and do not substantially wobble relative
to each other. The fluctuation in domain orientation in the
structure ensemble is most probably due to the relatively low
number of NOE restraints between the main bodies of domain
18 and domain 19. Over 90% of the residues reside in the most
favored regions of the Ramachandran plot. The IgFLNal8-19
structure family conforms well to the SAXS data (Table 1).
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12-13 16-17 18-19

FIGURE 3. Ab initio SAXS models of two-domain fragments. The ab initio envelopes obtained by DAMMIN
and GASBOR of IgFLNa12-13,16-17,18-19, 20-21, and 22-23 as determined from solution scattering exper-
iment. The two views are rotated with respect to each other by a 90° rotation about the vertical axis. All ab initio
envelopes are presented in the same scale. The dimensions of IgFLNa16-17,18-19,and 20-21 are 6.0, 6.5, and
6.5 nm (vertical), 3 nm (horizontal, upper), and 3.5 nm (horizontal, lower), whereas the corresponding dimen-
sions of IgFLNa12-13 and 22-23 are 9, 3.0, and 3.5 nm.

The structure of the IgFLNal8-
19 domain pair reveals that
IgFLNal9 is folded as a conven-
tional Ig domain, but IgFLNal8
does not constitute a complete Ig-
fold (Fig. 4B). The first B-strand of
IgFLNal8 is not folded as part of
domain 18 but is instead bound to
the CD face of IgFLNal9. In addi-
tion to the interaction between
B-strand A of IgFLNal8 and
B-strand C of IgFLNal9, also some
hydrophobic contacts (particularly
Leu'?®® with 11e*°®* and Thr?%?%)
contribute to the interaction (Fig.
4C). A hydrogen bond is formed
between the Ser**®' hydroxyl group
and, depending on substructure of
the structure family, either amide
hydrogen or carbonyl oxygen of
Val??°, The absence of B-strand A
leaves the hydrophobic core of
domain 18 partly exposed. This
hydrophobic core anchors domain
18 orthogonally to the N-terminal
end of IgFLNal9. A closer look at
the structure shows that the side
chain of Tyr**” is pointing out-
wards from the BC loop of
IgFLNal9 and sticks into the hydro-
phobic core of domain 18 (Fig. 4D).
Many hydrophobic core residues of

TABLE 2
NMR structure statistics
FLNal6-17 FLNal8-19
Amino acids 1772-1956 1954-2141
Number of structures 40 20
Structure restraints
Total distance restraints 3439 2930
Short range |i — j| < 1 1655 1483
Medium range, 1 < |i — j| <5 317 331
Long range, ﬁ —jl=5 1467 1116
Interdomain 99 76
Distance restraints/residue 18.5 15.3
¢ and i dihedral angle restraints 202 235
Violation statistics .
Maximum NOE restraint violation (A) 0.22 0.22
Number of NOE violations > 0.10 A (n + S.D.) 82 *26 22+ 1.1
Maximum ¢/ dihedral angle violation (°) 7.6 14.2
Number of ¢/i dihedral angle violations > 5° (n = S.D.) 0.13 = 0.33 0.15 = 0.37
Energies
Average restraint violation energy (kcal/mol = S.D.) 29.24 * 1.30 16.23 + 1.74
Average AMBER energy (kcal/mol = S.D.) —4640.48 = 13.01 —5440.69 * 16.61
RMSD from ideal covalent geometry
Bond lengths (A = S.D.) 0.0098 = 0.0001 0.0097 = 0.0002
Bond angles (° = S.D.) 2.18 = 0.01 2.22 +0.01
Average coordinate RMSD from the mean structure (A + S.D.) Residues 1787-1954 Residues 1960-2135
Backbone atoms 0.48 = 0.08 1.01 £0.32
Heavy atoms 0.85 = 0.07 1.31 £ 0.29
Ramachandran map regions (%)
Residues in most favored regions 89.1 91.7
Additionally allowed regions 9.8 7.5
Generously allowed regions 0.9 0.4
Disallowed regions 0.2 0.4
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Structure of IgFLNa16-17 and IgFLNa18-19

NOE-derived distance restraints

Human IgFLNal®9
Chicken FLNa

Fruit fly Cher

Human IgFLNal7
Human IgFLNa2l

FIGURE 4. Solution Structure of IgFLNa18-19. IgFLNa18 (residues 1954-2045) is colored in blue, and
IgFLNa19 (residues 2046-2141) is in red. A, superimposed backbone traces of the structure ensemble (20
structures) demonstrating the coordinate precision. Superimposition was done for residues 1960-2135. B, rib-
bon presentation showing the secondary structure elements (only residues 1958-2137 are shown). Structure
visualizations A and B were generated with MOLMOL (37). C, detailed view of IgFLNa18 3-strand A bound to CD
face of IgFLNa19. The mostimportant residues for the domain interaction are labeled, and hydrogen bonds are
indicated with dashed lines. D, detailed view of Tyr?®”” of IgFLNa19 (red) and the hydrophopic residues of
IgFLNa 18 in the domain interface. Note that the orientation of the structure is different from in other illustra-
tions. Cand D were created with PyMOL (DeLano Scientific LLC, Palo Alto, CA). E, sequence alignment of the BC
and the corresponding positions in other species.

loop of human IgFLNa19 containing Tyr*®””

IgFLNal8 (I1e**7Y, Phe®°!!, Pro?°'3, Val?*37, and I1e>°*°) interact
with the aromatic side chain of Tyr2077. Also, residues of the AB
loop of IgFLNal18 (e.g. Ala'**°) and of the domain linker con-
tribute to the domain interface. Total domain-domain interac-
tion surface area between IgFLNal8 and 19 is 980 A2 If the
B-strand interaction is neglected, the interaction surface is con-
siderably smaller: only 380 A2 Overall structure of
IgFLNal8-19 is similar to that of IgFLNa20-21 (15). In both
structures, B-strand A of the even-numbered domain is mask-
ing the integrin-binding site on the odd-numbered domain. In
our NMR titrations we could not detect binding of the integrin
B7 peptide to IgFL.Nal18-19, whereas under equivalent exper-
imental conditions the peptide clearly bound to isolated
IgFLNal9 (supplemental Fig. S4). Although the overall fold of
IgFLNal18 —-19 and IgFLNa20-21 are similar, there are several
differences in the detailed interaction mode of the domains.
These differences will be discussed later.

Structure of [gFLNa16 —17 Reveals New Filamin Domain-Do-
main Interaction Mode—Based on chemical shift comparison
between IgFLNal6-17 and IgFLNal7, it was predicted that
the domain-domain interaction mode would be different
from IgFLNal8-19 and IgFLNa20-21 and that domain 16
mainly interacts with the AG face of domain 17 (31). The
structure calculation of IgFLNal6-17 was based on 3439
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Green puffer SCAF10501

C. elegans Y66H1B.2

and 202 dihedral angle constraints
(Table 2). Ninety-nine interdomain
distance restraints were found, and
all of them were located between
B-strands A and G of IgFLNal7 and
B and G of IgFLNal6 (see supple-
mental Fig. S2A for graphical pres-
entation of the interdomain dis-
tance restraints). Average backbone
RMSD from the mean structure was
~0.5 A for the whole double
domain (residues 1787-1954). The
coordinate precision of the double
domain was almost as good as for
the individual domains: backbone
RMSDs for IgFLNal6 (residues
1787-1865) and IgFLNal7 (resi-
4 dues 1866 -1954) were 0.4 and 0.3

g;zg': ggtgt A, respectively. The 99 interdomain
DTRDAGYGGLSL distance restraints were sufficient to
DTRNAGFHGGLSV define the mutual orientation of the
SlﬁgﬁgEthg\Ll domains of IgFLNal6-17 in good
WTREAGAGGLAI precision. Based on the abundance

of NOE distance restraints, high
overall coordinate precision, and
NMR relaxation analysis (see sup-
plemental Fig. S6), the two domains
are tightly bound to each other.
Nearly all residues of the structure
family reside on the favored areas of
the Ramachandran plot. The struc-
ture also fits well with the SAXS
data (Table 1).

As in IgFLNal8 and 20, the first predicted B strand of
IgFLNal6 does not fold as in conventional filamin-type Ig
domains. The residues 1772—1785 corresponding to B-strand A
of IgFLNal6 lack long range distance restraints. The random
coil conformations of these residues are well illustrated in Fig.
5A. The domain-domain interaction of IgFLNal6-17 turned
out to be very different from the other two known IgFLN pairs.
The two Ig domains are stacked on to each other so that the
B-sheets are approximately parallel (Fig. 5B). As the first 8
strand of Ig domain 16 is unfolded, the hydrophobic core of the
domain is exposed, and it binds tightly to the AG face of domain
17 (Fig. 5B). Interaction surface area between the two domains
is 720 A2, The domain-domain interaction is mostly based on
hydrophobic interactions. Particularly the side chains of
His'®”” and Thr'®”® from IgFLNal7 are located close to the
exposed hydrophopic core of IgFLNal6 (Phe'”®!, Leu'”?,
le’”®%, Leu'®>%, and Phe'®°®) (Fig. 5C).

The structure of IgFLNal6—-17 uncovers a completely new
domain-domain interaction mode of IgFLNSs. It also shows that
the CD face of IgFLNal7 that interacts with the cytoplasmic tail
of GPIba (9) is not masked in the two-domain pair like the
integrin-binding surfaces of IgFLNal9 and 20 (12). To verify
this, we compared the binding of the solid phase-coupled
GPIba peptide to IgFLNal7 or 16 —17. The data show that the
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Structure of IgFLNa16-17 and IgFLNa18-19

FIGURE 5. Solution structure of IgFLNa16-17. IgFLNa16 (residues 1772-
1865) is colored in green, and IgFLNa17 (residues 1866-1956) is in gray.
A, superimposed backbone traces of the structure ensemble (40 structures)
demonstrating the coordinate precision. Superimposition was done for resi-
dues 1787-1862 and 1867-1954. The first 13 residues of IgFLNa16 corre-
sponding to strand A of the Ig-fold are random-coiled. B, ribbon presentation
showing the secondary structure elements (only residues 1785-1956 are
shown). Structure visualizations A and B were generated with MOLMOL (37).
C, detailed view of the domain interface looking through IgFLNa16. The most
important residues for the domain interaction are depicted with stick models
and labeled. The picture was created with PyMOL (DeLano Scientific).

140

BOUND % .

0 50 100 150 200

PROTEIN CONCENTRATION 1M

FIGURE 6. Binding of GPIb peptide to single-domain and two-domain
fragments. Binding of IgFLNa17 (closed squares) and IgFLNa16-17 (open cir-
cles) to GPlba peptide as determined in a pull-down assay. The results from
three independent experiments are shown so that the bound fraction is nor-
malized to the value obtained with 200 um protein concentration. The solid
line shows the theoretical binding curve for 15 um equilibrium dissociation
constant (K,).

binding of the one- and two-domain constructs is indistin-
guishable with the EC,, values of ~10-20 um (Fig. 6). The
interaction of [gFLNal6—17 with GPIba peptide was also ver-
ified with NMR spectroscopy (supplemental Fig. S5). GPIba
peptide binds to the CD face of domain 17 in the IgFLNal6-17

25456 JOURNAL OF BIOLOGICAL CHEMISTRY

construct as it does with the isolated IgFLNal7. These data are
consistent with the structure where IgFLNal6 interacts solely
with the AG face of IgFLNal7 and does not interfere with the
GPIba interaction.

DISCUSSION

We have here presented solution NMR structures of two
new filamin domain pairs. The SAXS results showed that
IgFLNal6-17 and 18-19 form tightly interacting domain
pairs, whereas domains 22-23 do not exhibit such domain
packing. IgFLNal6-17 seemed to be even more compactly
packed than IgFLNal8-19. The structure of IgFLNal8-19
shares the overall folding pattern of IgFLNa domain pair 20-21
(15), but the details of domain-domain interaction are distinct.
The structure of IgFLNal6—17 revealed completely new pack-
ing of Ig domains.

The folding pattern of IgFLNa18-19 closely resembles the
one found previously for domain pair IgFLNa20-21 (15). The
first B-strand of IgFLNa18 extends the CGF 3 sheet of domain
19 similarly to that of the IgFLNa20 —21 pair (Fig. 7A). The main
part of domain 18 lies on top of domain 19 (Fig. 7), interacting
mainly with the BC loop of domain 19, again similarly as in the
IgFLNa20-21 pair. However, there are notable differences in
the relative domain orientations. Superimposition of the
domains 19 and 21 (Ca RMSD = ~1 A) brings the even do-
mains to the same position relative to the respective uneven
domain, but in a different orientation. The angle between the
longitudinal axes of the paired domains is approximately the
same (90°), but the longitudinal axes of the even domains point
to different directions (Fig. 7B). The most notable difference is
the relative rotation of the even domains along their longitudi-
nal axis. In consequence, the connecting loops between the two
domains take completely different paths in the two pairs. The
AB loop of IgFLNal8 is positioned close to domain 19 and is
strongly involved in the domain interaction interface. Also the
linker between IgFLNa18 and 19 is located close to the domain
interface (Fig. 7A). On the contrary, in the 2021 pair the AB
loop of IgFLNa20 and the domain linker are exposed to solvent.
Both domains 18 and 20 interact with the BC loop of their
partners, but the mode of interaction is quite different.
Although the G strand of IgFLNa20 makes a short 3-strand
interaction with IgFLNa21, in IgFLNal9 there is a single Tyr
residue (Tyr**”?) in the BC loop that is deeply buried in the
hydrophobic core of domain 18 (Fig. 4D). In the 18 —19 pair, the
B strand G of 18 is outside from the interaction surface. In
FLNa21 the position corresponding to Tyr*°”” of FLNal9 is
occupied by Ala??%®, In conclusion, it seems that despite a sim-
ilar overall arrangement, the interaction details of these IgFLNa
pairs are not conserved.

Based on similar overall dimensions in SAXS measurements,
the structure of IgFLNal6-17 was expected to resemble the
structures of the other two filamin domain pairs, IgFLNa18 -19
and 20-21. The first sign of significant structural difference
came from NMR resonance assignments (31). Comparison of
the assignments of IgFLNal6-17 to the ones of isolated
IgFLNal17 (9) showed that there were practically no chemical
shift changes at the CD face that is mainly involved in the
domain-domain interactions of IgFLNal18-19 and 20-21. On
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A 20 AB loop
18-19 linker =

20-21 linker
19&21 BC loop
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20 FG loop

18 FG loop

C

Vertebrate filamin (FLNa)
QEEN KN P2 KL 28 5 G A 160 D ) KD P R R 5 i

Worm filamin (Y66H1B.3+5+2)
QT 0 3 3 E5 5 3 1 ) 0 600 660 2 3 B ] Yl

FIGURE 7. Comparison between the structures of IgFLNa18-19 and IgFLNa20-21 and conservation of
domain arrangement. A and B, I|g domain 19 of IgFLNa18-19 structure was superimposed on Ig domain 21 of
IgFLNa19-21 structure (Protein Data Bank code 2j3s) (15) using Ca atoms (pairwise RMDS, ~1 A). Ig domains
are colored as follows: blue, IgFLNa18; red, IgFLNa19; yellow, IgFLNa20; cyan, Ig FLNa21. Two views from differ-
ent perspectives are shown in A and B. Locations of the strands and loops mentioned under “Discussion” are
indicated. The picture was created using PyMOL (DeLano Scientific). C, position of the three domain pairs in
vertebrate filamins and predicted position of the homologous segments in D. melanogaster Cherio (Cher) and
C. elegans Y66HB1.3-5 (constructed from predicted transcripts of three genes Y66HB1.3, Y66HB1.5, and
Y66HB1.2 in WormBase Release WS201).

in the IgFLNal6—17 pair. There are
several hydrophobic and aromatic
residues at the AG surface of
IgFLNal7, much more than in the
corresponding parts of domains 19
and 21 (supplemental Fig. S1). As
the hydrophobic core of the domain
16 is exposed because of unfolded
strand A, there are strong prerequi-
sites for this kind of domain-do-
main interaction to occur. To the
best of our knowledge, this kind of
Ig domain-domain interaction has
not been presented before.

The interaction of IgFLNal7 with
GPIba has been characterized in
detail by Nakamura et al. (9). The
structure of domain 17 in the
IgFLNal6 —17 pair is very similar to
the structure of isolated domain 17
(pairwise Ca RMSD of residues
1868-1954 is 1.1 A), and because
the domain-domain interaction
takes place at the opposite face of
domain 17, the interaction site at
the C-strand is free. Our biochemi-
cal experiments (Fig. 6) and NMR
titrations (supplemental Fig. S5)
confirmed that the presence of
IgFLNal6 does not interfere with
GPIba binding to IgFLNal7.

In conclusion, the three filamin A
tandem Ig domain pairs character-
ized so far have surprised us with
new structural features. There are
two common denominators of the
three domain pairs IgFLNal6-17,
IgFLNal18-19, and IgFLNa20-21:
(i) the two domains interact tightly
with each other and form relatively
compact structures, and (ii) the
B-strand A of the even-numbered
domains is not folded with its own
domain but either is unstructured
(IgFLNal6) or folds together with
the following domain (IgFLNa18-19
and IgFLNa20-21). Incomplete
folding of strand A of domains 16,
18, and 20 is also seen in single-do-
main structures from FLNb (Pro-
tein Data Bank codes 2EE9, 2DMC,
2DLG, and 2E9I) and FLNc (Protein
Data Bank code 2D7N), implying
that similar domain pairing is pres-
ent also in these filamin isoforms.

the contrary, the largest differences were found at the AG face.  Furthermore, sequence comparisons show that similar seg-
In line with this, NOE restraints established a strong domain- ments of six IgFLNs where the first, third, and fifth domains
domain interaction with domain 16 at the AG face of domain 17  have atypical A strand sequences can be found throughout the
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animal kingdom including Drosophila melanogaster (gene Che-
rio) and Caenorhabditis elegans (GenBank™ accession num-
ber Y66H1B) (supplemental Fig. S1). Remarkably, the residue
corresponding to the key interaction sites between domains 18
and 19 (Tyr*°”7 in FLNa; Fig. 4E) as well as between domains
16 -17 (marked in supplemental Fig. S1) are conserved. Inter-
estingly, when this arrangement of three tandem domain
pairs is found, it is located in the same position relative to the
C terminus of the polypeptide independently on the total
number of IgFLNSs in the polypeptide (Fig. 7C). We suggest
that this specific arrangement of three tandem domain pairs
close to the C terminus of filamin is evolutionally conserved
because it has specific functions in regulating protein bind-
ing to filamins. Most probably the interaction sites can be
opened via mechanical stretching of the protein by actimyo-
sin contraction, which would fit well in the role of filamin in
mechanosensor signaling (19).
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