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Filamins are multi-domain, actin cross-linking, and scaffolding proteins. In addition to the actin cross-linking function,
filamins have a role in mechanosensor signaling. The mechanosensor function is mediated by domain-domain interaction in
the C-terminal region of filamins. Recently, we have shown that there is a three-domain interaction module in the N-
terminal region of filamins, where the neighboring domains stabilize the structure of the middle domain and thereby
regulate its interaction with ligands. In this study, we have used small-angle X-ray scattering as a tool to screen for potential
domain-domain interactions in the N-terminal region. We found evidence of four domain-domain interactions with varying
flexibility. These results confirm our previous study showing that domains 3, 4, and 5 exist as a compact three domain
module. In addition, we report interactions between domains 11-12 and 14-15, which are thus new candidate sites for
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Introduction

Filamins (FLNs) are a family of actin cross-linking proteins
essential for the maintenance of cellular architecture and function
[1]. They also act as scaffolds for many transmembrane, signaling,
and cytoskeletal proteins [2]. There are three FLN genes in
vertebrates. Filamin A (FLNA) and filamin B (FLNB) are
expressed ubiquitously whereas filamin C (FLNC) is muscle
specific [3]. FLNs are homodimers, and a single subunit of
vertebrate FLN consists of an N-terminal actin-binding domain
(ABD) followed by 24 immunoglobulin-like (Ig) domains. A typical
FLN Ig domain consists of seven anti-parallel B -strands (A—G) that
are arranged into two [ sheets facing each other [2,4]. Ig domains
1-15 are referred to as Rod 1 and 16-24 as Rod 2. A comparison
of different FLN sequences shows a repeating pattern of two
domains, suggesting that the protein has evolved via tandem
duplications of two domains [5]. In line with this, a regular pattern
of alternating calculated isoelectric points of neighboring domains
can be observed in all three vertebrate FLN isoforms [6]. These
features correlate with the existence of three closely interacting
domain pairs in the Rod 2 region of FLNa: domains 16-17, 18-19
and 2021 [7,8]. In FLNa domains 18-19 and 2021, the A strand
of the even numbered domain is natively detached and forms an
anti-parallel strand next to the strand C of the odd domain [7,8].
These domain pairs function as mechanically regulated interaction
sites for cell adhesion receptors and signaling adaptors, since the
dissociation of the A strand of the odd domain from domains 19
and 21 can be regulated by low pico newton range mechanical
forces [9-11]. This allows the interacting proteins to bind to the
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surface that is normally masked by the A strand [12,13]. Thus,
ligand binding in the Rod 2 region of FLNs is negatively regulated
by inter-domain interactions. The existence of these regulated,
compact domain pairs in the Rod 2 region of FLNa fits well with
electron microscopy (EM) images showing that this fragment is
globular. On the contrary, the Rod 1 region of FLLNa is extended
in EM images [14]. However, as protein interaction sites have also
been observed in the Rod 1 region [15], it is possible that some of
the interaction sites in this region are regulated by domain-domain
interactions. Indeed, we have recently shown that in FLNa and
FLNc, domains 3-5 form a compact structure where domain 5
stabilizes domain 4 and may in that way regulate the interactions
of domain 4 [16].

In this study, we conduct a systematic small-angle X-ray
scattering (SAXS) screen of all possible two-domain fragments of
FLNc to search for domain-domain interactions in the Rod 1
region of FLNc. These results confirm the previously observed
interactions between domains 3—4 and 4-5 and reveal two new
interactions.

Results

Small-angle X-ray scattering analysis reveals four
compact two-domain fragments

SAXS is a low resolution structural technique that gives
valuable information about the overall conformation and confor-
mational changes of molecules in solution [17,18]. It is a powerful
tool for studying large multi-domain proteins, which may be
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difficult to crystallize because of their flexibility. To screen for
compact tandem domain pairs in the Rod 1 region of FLNc, we
cloned, expressed, and purified all 14 possible two-domain
fragments from the Rod 1 of human FLNc. All the fragments
could be purified to near homogeneity (at least 90-95%) and high
molecular weight contaminants could be removed by the final gel
filtration step of the purification procedure (Supporting Informa-
tion S1 in File S1). The solution behavior of these constructs was
analyzed using SAXS. The quality of scattering data was excellent
throughout the protein concentration range used. There were no
concentration-dependent changes in the low angle scattering or
calculated radius of gyration (R,) (Supporting Information S2 in
File S1), and the Guinier region analysis showed a linear fit, which
was consistent with a lack of inter-particle interactions (Supporting
Information S3 in File S1). Experimental scattering profiles of
FLNc domains 3-4, 4-5 and 14—15 revealed features in the low
angle range (Figure 1), suggesting that these constructs behave
differently in solution from the rest of the two-domain fragments.
SAXS-derived size-related parameters are summarized in Table 1.
The average R, (mean square distances from the center of mass
weighted by electron densities) and D, (maximum dimension of
the particle) for the fragments was 2.3 and 7.7 nm respectively.
Based on smaller than average values of D and R,, four
fragments were compact, domains 3-4, 4-5, 11-12 and 14-15.
Further, the shape of the pairwise distance distribution plot (P(r) vs
r) for domains 4-5 showed a compact bell-shaped profile,
suggesting this fragment was globular [19,20] (Figure 2A, red
curve). A similar but broader profile was visible in domains 3—4
(Figure 2A, black curve) and 14-15 (Figure 2A, brown curve). It is
interesting to note that, although domains 11-12 had a smaller
than average D,,.,, the distance distribution plot showed a
bimodal peak distribution, indicating some degree of flexibility
between the domains (Figure 2A, blue curve). The rest of the two-
domain fragments showed broad bimodal peak distributions and
high Dy, values (Figure 2A and Table 1). The fits of the P(r)
function with the experimental data for all the fragments are
shown in Supporting Information S4 in File S1. Taken together,
these results imply that there are inter-domain interactions in the
N-terminal Ig domains of FLN similar to the domain pairs found
in the C terminus. They also imply that the fragment of FLNc
domains 4 and 5 is the most compact.
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Dimensionless Kratky and ensemble optimization
method analysis reveals that FLNc domains 3-4, 4-5, and
14-15 are least flexible

To analyze the flexibility of the fragments, we represented the
scattering data in a dimensionless Kratky plot [21] (Figure 2B),
where we qualitatively compared the flexibility of the four
compact fragments and the average extended and most extended
fragments against well folded bovine serum albumin (BSA) [22]
and fully unfolded Tau protein [23]. Once again, domains 3—4
(black), and 4-5 (red), and 14-15 (brown) showed sharp peaks
similar to BSA (purple), suggesting that these fragments are
globular. The fragment of domains 11-12 (blue), did not show a
sharp peak, but was still comparatively less flexible than the
average extended domains 10-11 (green) and fully extended
domains 8-9 (yellow).

To gain further insight into the flexibility of all the two-domain
fragments, we analyzed the data by the ensemble optimization
method (EOM) [24] (Figure 3). The R, and D, distribution
profiles of the selected ensembles (Figure 3, solid lines) of domains
3-4,4-5, 11-12 and 1415 showed a narrow range compared to
the rest of the fragments. The average size-related parameters of
the EOM-generated ensembles (Table 2) of these constructs were
also similar to the parameters reported using the Guinier approach
[25] (Table 1).

Hence, both dimensionless Kratky and EOM analyses suggested
that the fragment of domains 4-5 was the least flexible, followed
by domains 3-4 and 14-15. Domains 11-12 were at the
borderline between partly and fully flexible two-domain frag-
ments.

SAXS-based modeling confirms the existence of compact
regions

To visualize the shape of the two-domain fragments in solution,
we derived three-dimensional models from the scattering data. Ab-
mitio envelopes (Iigure 4 and Supporting Information S5 in File
S1, grey mesh) that represent the overall shape of the molecule in
solution, were generated using the GASBOR [26] and DAMA-
VER package [27] of ATSAS. They were then refined against the
experimental scattering data using DAMMIN [28]. Once again,
the shape of the envelope of domains 4-5 (Figure 4B) appeared to
be most globular, followed by domains 1415 (Figure 4D), and 3—
4 (Figure 4A). The overall profile of the domains 11-12
(Figure 4C) envelope was similar to that of a partly extended
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Figure 1. Logarithmic scattering curves as a function of momentum transfer (s). (A) Comparison of all the constructs studied. (B)
Comparison of compact two-domain fragments with the average (FLNc10-11) and completely extended fragments (FLNc8-9). The curves are

displaced on the Y-axis for clarity.
doi:10.1371/journal.pone.0107457.g001
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Figure 2. Distance distribution profile and dimensionless Kratky plots. (A) P(r) vs r plot of all the constructs. This is supported by Supporting
Information S4 in File S1. (B) Dimensionless Kratky plots of the four compact, average extended and most extended fragments compared to BSA

(folded protein) and Tau (unfolded protein).
doi:10.1371/journal.pone.0107457.g002

two-domain fragment with maximum dimensions close to the
average D,,,, (Figure 4F). The shape of the envelope of the most
extended two-domain fragment (Figure 4E) was clearly more
stretched.

We further generated rigid body models (Figure 4 and
Supporting Information S5 in File S1, red cartoon) that best fit
the experimental scattering (Figure 4 and Supporting Information
S5 in File S1, upper panel) from each construct using SASREF
[29]. The superposition of these models on the ab-initio envelopes
(Figure 4 and Supporting Information S5 in File S1, grey mesh
and red cartoon) suggested that domains 4 and 5 interacted with
each other side-by-side and that one domain was tilted with
respect to the other in domains 3-4 and 14-15. Domains 11-12
looked similar to the partly extended two-domain fragment of
domains 10-11 with average dimensions. The sizes and shapes of
all the other two-domain fragments fit to the elongated model
where two domains interact only at their ends (Figure 4 E, I and
Supporting Information S5 in File S1). These results indicated
existence of inter-domain interactions in the N-terminal Ig
domains of FLN similar to the domain pairs found in the C
terminus.

Discussion

Filamins are F-actin-binding proteins that also act as scaffolds
for various signaling processes [2,12]. Their multi-modular
architecture, along with their association with the actin cytoskel-
eton, plasma membrane, and nuclear envelope [1], make them
perfect candidates for mechanosensors [12]. For FLNs to convert
mechanical cues to biochemical signals, they undergo conforma-
tional changes that regulate ligand binding by exposing or masking
cryptic interaction sites [7—10]. Until recently, the Rod 2 region of
FLNs has been identified as the major player of the mechan-
osensor function. On the contrary, the domains in Rod 1 are
considered to have an extended domain arrangement [6,14] and
their function is not entirely clear. Studies have been conducted in
the past in an attempt to understand the role of Rod 1 domains by
comparing their sequences with the Rod 2 domains and then
measuring their interactions. To this end, domains 4, 9, and 12
have been shown to interact with similar peptides as the Rod 2
domains [15]. To investigate the functions and regulation of the
N-terminal Ig domains of FLNs, we probed consecutive domain-
domain interactions in the Rod 1 region.
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Based on previous results showing that the interactions were
mediated by two-domain fragments in the Rod 2 region [7,30,31],
we screened all possible two-domain fragments from the first 15
Ig-domains of FLNc. We found four compact pairs: domains 34,
4-5, 11-12 and 14-15 (Figure 1 and Table 1). The R, and Dyax
values for three of these were similar to the previously
characterized domain pairs at the Rod 2 region [7]. The finding
that domains 3—4 and 4-5 were compact in this SAXS screening
was in consensus with our recent crystal structures showing that
domains 3, 4, and 5 formed a compact three-domain module (pdb
codes 3V8O and 4M9P) [16]. We did not observe interactions
between any other two-domain fragments in tandem; therefore,
domains 11-12 and 1415 are the new candidates whose potential
for inter-domain interactions was brought forward in this study.
Interestingly however, the scattering profiles of FLNc domains 3—
4, 4-5 and 14-15 clearly looked distinguishable from the non-
interacting two domain fragments, the scattering curve of domains
11-12, on the other hand, looked very similar to non-interacting
fragments (Figure 1). The same held true for the dimensionless
Kratky (Figure 2 B) and EOM analyses (Figure 3), where domains
11-12 seemed to be highly flexible. In addition, though the
scattering-derived parameters, R, and D,,., showed it to be
compact, the ab-initio and rigid body models showed that domains
11-12 were significantly extended. Therefore, while the fragment
of domains 14—15 was clearly globular, the fragment of domains
11-12 was at the borderline between the compact and the fully
extended two-domain fragments.

Based on similar interaction properties and the sequence
similarity with the pair-forming domains in Rod 2 [5,15], domains
4, 9, and 12 were the prime candidates where domain-domain
interactions may be involved in the regulation of interactions
(Figure 5, asterisks in the upper panel). We have recently reported
that domain 4 is stabilized by interaction with the neighboring
domains [16]. Here, we did not observe interactions with FLNc
domain 9 with its neighbors. However, we obtained some evidence
that domain 12 may interact with domain 11, but the fragment of
domain 11-12 still seemed flexible. In addition, we found that
domains 14 and 15 may interact with each other and may be a
prime candidate for a new regulated interaction site. Apart from
the general sequence similarity between domains 4 and 12 [15],
we did not observe any specific sequence features to explain the
new domain-domain interactions reported in this study (domains
11-12 and 14-15). These sites do not share the two proline
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doi:10.1371/journal.pone.0107457.g003

residues in the intervening sequence that may help bend domains
4 and 5 close together (Data not show, PDB ID 3V80O and 4M9P).
It is of interest that, while the compact domain-domain
interactions in the Rod 2 region of FLN were observed in electron
microscopic studies, those reported here for the Rod 1 region were
not [14]. One explanation for this may be that while the pairs in
Rod 2 are in tandem and form a compact 6-domain fragment
[30,31], the compact regions in Rod 1 may be interrupted by
stretches of extended domain arrangements; thus, these compact
regions could fall below the technical resolution limits of rotary
shadowing EM. Our results are consistent with the EM studies
[14], where no long-range domain-domain interactions were
observed in Rod 1. On the other hand, in EM images, 8-domain
fragments of FLLNal-8 and FLNa8-15 were of equal lengths [14].
Therefore, these results support our current finding that there are
domain-domain interactions within the FLN 8-15 fragment in
addition to the three domain module of domains 3-5 (within FLIN
1-8). The interaction between FLN domains 14 and 15 is also of
interest, because these domains are located immediately before the

flexible hinge region, which is alternatively spliced and regulates
the overall flexibility of the full FLN dimer [32].

It is interesting to note that there was some degree of flexibility
in all the two-domain fragments, which was suggested by the
normalized spatial discrepancy (NSD) values (Figure 4 and
Supporting information S5 in File S1) and the broad curves (solid
lines, Figure 3) observed in the EOM analysis. However, the
average ab-initio envelopes represented even the most extreme ab
initio models (Supporting information S6 in File S1) quite well.
The relative stability of the non-interacting two-domain fragments
may be attributed to the presence of short linkers between
domains.

In conclusion, the inter-domain interactions in the Rod 2 region
of FLNs have been shown to regulate ligand binding [8,9]. We
have recently shown that there are also domain-domain interac-
tions in the Rod 1 region (i.e. the three-domain module of FLN 3—
5), where the neighboring domains stabilize the structure of
domain 4 and may thereby regulate ligand binding to the domain
[16]. Here we show that in addition to this module, FLN domains

PLOS ONE | www.plosone.org

Table 2. Parameters derived from EOM analysis.

Protein Average Ry (nm) Average D, (nm)
FLNc1-2 2.40 8.0
FLNc2-3 242 8.1
FLNc3-4 1.92 6.7
FLNc4-5 1.77 57
FLNc5-6 2.55 8.9
FLNc6-7 2.56 8.8
FLNc7-8 241 8.3
FLNc8-9 2.60 8.5
FLNc9-10 243 8.1
FLNc10-11 242 7.9
FLNc11-12 2.20 74
FLNc12-13 2.50 83
FLNc13-14 245 8.0
FLNc14-15 1.98 6.6
doi:10.1371/journal.pone.0107457.t002
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Figure 4. Ab-initio envelopes and rigid body models of selected two-domain fragments. The most compact two-domain fragments are
domains 4-5 (B), 3-4 (A) and 14-15 (D); the fragment of domains 11-12 is intermediate (C). Domains 8-9 form the most extended two-domain
fragment (E) and domains 10-11 is the average two-domain fragment (F). In the lower panels, the ab-initio and rigid body models are superimposed
and their fits are expressed in terms of NSD. The fits of the rigid body models with the experimental scattering are given in the upper panels and the

goodness of the fits is expressed in terms of X°. Please see Supporting Information S5 in File S1 for models of the rest of the fragments.

doi:10.1371/journal.pone.0107457.9g004

11-12 and 1415 form interacting domain pairs that are candidate
sites for regulated interactions.

Experimental Procedures

Protein Expression and Purification

For expression of recombinant protein in Escherichia coli BL21
Gold strain (Agilent Technologies), two-domain fragments of
human FLNc ¢cDNA (GenBank AJ012737) were cloned in the
GST-fusion protein vector pGTVLI (Structural Genomics Con-
sortium, University of Oxford) [33]. The proteins were expressed
at 37°C for 4 h in the presence of 0.4 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG). The GST-fusion proteins were first
purified using Glutathione Agarose 4B (Protino, Machery-Nagel)
and the fusion partner was released with Tobacco Etch virus
protease (Invitrogen, Life technologies). The final purification step
was gel filtration with Hil.oad 26/60 Superdex 75 column (GE
Healthcare) in 100 mM NaCl, 1 mM dithiothreitol (DTT) and
20 mM Tris pH 7.5. The proteins were concentrated with
Centriprep YM-10000 centrifugal concentration devices (Milli-

pore).

Small-Angle X-ray Scattering Measurements

The beamlines for SAXS data collection were BM29 at the
European Synchrotron Research Facility (ESRF) Grenoble
(Exposure time =2 seconds; temperature =20°C and X33 at
European Molecular Biology Laboratory (EMBL) Hamburg
(Exposure time =15 seconds; temperature = 10°C). The details
of the beamline setups and detectors are given in the publications
[34,35]. Ten frames were collected and then merged for each
sample to check for radiation damage. Different protein dilutions
in the range of 1-10 mg/ml were tested in the same purification
buffer as above with 10 mM DTT added right before the data
collection. Buffer subtractions were done with the PRIMUS
program [36] of the ATSAS package. Noise due to the beam stop
at extremely small angles was removed prior to scaling the
scattering intensity (I) according to different solute concentrations.
The forward scattering 1(0) and the radius of gyration (Ry) were
calculated for each concentration with the program GUINIER
[25], assuming that at very small angles (sx Rg <1.3), the
scattering intensity is:

Filamin

ABD Rod 1

Rod 2 dimerization

% % % L S
tfa]s]als e]7]s]ofwufuln[vluls] [w]v | 2] 2[3] B

Known earlier

(1723 [@]s[e 7 Te I [olul u[Bluls]

?

npl Hopne Ilom“’

This study

?

Figure 5. Summary of the results. Each panel shows a monomer of FLN with ABD in red, followed by 24 Ig repeats and dimerization domain in
blue. Upper panel shows previously known domain pairs in the Rod 2 region, FLN 16-17, 18-19 and 20-21 in lemon, purple and mustard,
respectively. The domains that share high sequence similarity with pair forming domain 21 are highlighted with a star. Middle panel shows the
recently revealed three-domain module in the Rod 1 region (Domain 3 in yellow, 4 in green and 5 in cyan). In addition, the arrangement of the three-
domain pairs of the Rod 2 region is depicted. Lower panel shows the new candidates for inter-domain interactions revealed in this study.
doi:10.1371/journal.pone.0107457.g005
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I(s) =1(0)exp (-1/3(Rgs)2> (1)

Based on the analysis of concentration-dependent changes and
the Guinier region (Supporting Information S2 and S3 in File S1),
the scattering data of the highest concentration was selected for
each construct for further processing. The GNOM [37] program
was used to calculate the distance distribution functions p(r) and
the maximum particle dimensions Dy, for all the fragments. The
molecular mass of the constructs were evaluated by comparing the
forward scattering from the fragments with that of reference
solution of bovine serum albumin (BSA) with molecular mass,
66 kDa using the equation, Mw sample =1(0) sample x Mw ref/
I(O)ref. Porod’s law was used to find out the excluded volume of
the hydrated particle (V), assuming the samples were mono-
dispersed:

V = 27%1(0) /J: 5 Texp (s)ds 2)

The same law was used to check the S™* decay in scattering
intensity at higher angles [38]. A dimensionless Kratky plot [21]
(I(s)/1(0) x (s x Rg)* versus sx Rg) was used to probe for the
flexibility of the proteins compared to BSA [22] and Tau [23].
EOM was performed using the program EOM [24], wherein the
sub- program RANCH generated a pool of 10,000 random
models for each construct. The sub-program GAJOE then selected
a set of representative models that best fit the experimental
scattering. Ten rounds of GASBOR [26] were run to generate ab-
initio envelopes using the scattering data. The chi values of each of
the envelopes against the scattering data are tabulated in
Supporting Information S7 in File S1. The envelopes were
averaged with the program DAMAVER [27] to find the best
envelope with common structural features. The averaged (NSD) of
each model against all other models of the same construct is
reported in a tabular form in Supporting Information S8 in File
S1. DAMMIN [28] was used for the final model refinement
against the scattering data. SASREF [29] was used to generate
rigid body models using two chains of FLNc 23 (PDB ID: 2NQC)
as the template with the distances of the N and C termini of the
two domains defined. CRYSOL [39] was used to report the chi
values of the fit of these models to the experimental data. The
superposition of the averaged and refined ab-initio envelope with
the respective rigid body model was done with SUPCOMB [40]
and the figures were made using PyMOL (Schrodinger LLC,
Portland, OR).
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