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Integrin Binding Immunoglobulin Type Filamin Domains Have Variable Stability®
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ABSTRACT: Filamin, a large modular protein composed mainly of many immunoglobulin-like domains, is
a potent cross-linker of actin filaments. The region containing immunoglobulin type modules 19—21 makes
up the binding site for the cytoplasmic tails of the integrin adhesion receptors. Here we investigate the
stability of the Ig-like filamin domains using NMR studies over a range of pH and temperature. We show
that the 21st Ig-like module (FLLNa21) is partly unfolded even under physiological conditions and when
attached to FLNa20. It is, however, appreciably stabilized upon binding to integrins. FLLNa21 is noticeably
less stable than neighboring homologous modules, such as FLNal9 and FLNal7. This variability in stability
could be related to the known sensitivity of filamin to cell-mediated mechanical forces.

Filamin, first identified as “actin binding protein” (7, 2),
is widely expressed in animal cells. It is essential for fetal
development and cell locomotion (3), and mutations in
filamin genes result in various malformation diseases (4—6).
This potent actin filament cross-linker is a large homodimeric
modular protein (3). In addition to an actin binding domain
consisting of two calponin homology modules at the N-
terminus, all filamins are composed of a number of homolo-
gous domains (90—100 residues) that dimerize at the
C-terminal domain. Human filamin has 24 immunoglobulin-
like modules (IgFLMN)' that can be identified by domain
identification tools (7). Here we will call these domains
FLNal—FLNa24. Filamins use some of these modules to
associate directly with the cytoplasmic tails of transmem-
brane proteins, including integrins (8), tissue specific human
platelet factor CD-42 (9), and T-cell CD-4 (10) and CD-28
(11). Although the total number of modules varies, depending
on the source, filamins generally form rather extended
structures (/2). Their extended conformation and ability to
cross-link cytoskeleton and plasma membrane proteins make
filamins plausible contributors to the delivery of cellular
forces (/3). The IgFLMN modules have relatively poor
sequence conservation, even within the same species; for
example, only one proline residue is strictly conserved in
the 24 aligned modules from human filamin isoform A.

In the past decade, tens of human filamin ligand proteins,
including many signaling proteins, have been identified
(3, 5, 12). Most ligands preferentially bind to the FL-
Nal5—24 region (/2), and FLNa21 and FLNal9 were found
to contain integrin binding sites in pull-down assays (/4).
While investigating filamin binding to integrins using
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NMR (74, 15), we observed quite distinct stabilities among
the FLNa modules that are further tuned by ligand associa-
tion. These observations are the subject of this paper.

MATERIALS AND METHODS

Sample Preparation. The preparation and NMR assign-
ment for [U-PN]FLNa2l1 WT, C2293S (amino acids
2236—2329, GenBank accession number P21333), FLNal9
(amino acids 2045—2141), FLNal7 (amino acids 1863—1956),
FLNa20 (amino acids 2141—2235), and FLNal19—21 (amino
acids 2045—2329) have been reported previously (9, 14, 15).
The domain boundaries are predicted to cover the structural
regions validated by previous crystallography and NMR
work (9, 14, 15). The purity of the proteins was checked by
SDS—polyacrylamide gel electrophoresis, size-exclusion
chromatography, and electrospray ionization mass spectros-
copy. The integrin 7-derived peptide, 7°PLYKSAITT-
TINP7® (N-terminally acetylated and C-terminally amidated),
was purchased from EZBiolab.

Collection of NMR Spectra and Data Processing. All
NMR samples were buffered with 50 mM sodium phosphate
(pH 6.10) containing 100 mM NaCl, 5 mM dithiothreitol
(only for proteins with cysteine), and 0.02% sodium azide
in 90% H,0 and 10% D,0. The NMR sample temperature
was calibrated using methanol chemical shifts (76).

A water-flip-back gradient-enhanced heteronuclear single-
quantum correlation spectroscopy (HSQC) pulse sequence
was used for protein characterization and protein—ligand
studies (/7). The relative peak intensities were found to be
relatively insensitive to variable relaxation times, as long as
the recycle time was longer than 1.5 s; HSQC spectra,
collected using 'H frequencies of 500 and 600 MHz and
relaxation delays of 2 s, were used to measure peak volumes.
The NMR characterization of backbone dynamics, which
included heteronuclear NOE, T}, and T, measurements, was
carried out using previously described pulse sequences (/8).
The heteronuclear NOE effects were calculated as the ratios
between the peak heights in the spectra recorded with and
without 'H saturation during the 3 s recycle delay.
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FIGURE 1: Folding equilibria observed under normal NMR experimental conditions. 'H—"N HSQC spectra with the heteronuclear NOE
applied [NOE “on” spectrum (4, blue; —, cyan) on top of the NOE “off” spectrum (+, red; —, green)] show that the FLNa21 C2293S
mutant contains flexible regions corresponding to a partially unfolded fraction under mild conditions (pH 6.10 and 25 °C). Among the
unfolded peak set, an isolated peak pair (shown in the extracted inset of the spectral window) could be assigned to the side chain NH group
of the unique tryptophan residue (W2262 NE1—HE1) as suggested by the similar TOCSY (cyan layer) and NOESY (red layer) strips. This
side chain is located on the surface of the folded protein, as revealed by the crystal structure (the side chains of W2262 as well as C2293
are shown on a ribbon diagram of FLNa21, from PDB entry 2BRQ). All the NMR spectra were recorded on a 600 MHz machine.

All spectra were referenced to water [0(Hyaer) = 4.766 —
0.0119 x (T — 25) ppm, where T is the temperature in
degrees Celsius (/9)] with indirect referencing in the nitrogen
dimension [PN—'H frequency ratio = 0.101329118 (IU-
PAC)]. NMR data processing was carried out with NMRPipe
(20) and Sparky (www.cgl.ucsf.edu/home/sparky). For peak
volume integration, the direct dimension and the indirect
dimension were zero-filled to 5K and 1K points, respectively;
the window functions in both dimensions were replaced with
an exponential function which does not change the integral
intensities (27). Integration was conducted using Lorentzian
2D peak shape fitting, and the peak volume errors were
derived by calculating the fitting residues as described in
Sparky.

Thermal Folding Stability Analysis. Only two states could
be detected in slow exchange, so the folding equilibria were
assumed to involve a two-state folding—unfolding transition.
The side chain NH group of tryptophan is well-resolved from
other NH peaks in HSQC spectra [typically 6(Wgg;) > 10],
and the peak position was different for the folded and
unfolded species. Therefore, this isolated signal was used
as a quantitative measure of the fraction folded. The side
chain of the FLNa W2262 residue points outward to the
solvent in the folded state, when both free and bound to
integrin tails (/4). The similarity of solution environments
of the two peaks is confirmed by the observation that the
shift in fluorescence maximum (A%, is less than 2 nm and
the temperature coefficients of the side chain NH group of
both folded and unfolded states are the same (—5 ppb/°C).
As a result, it is possible to employ the integrated volumes
of the NH peaks to calculate the folded (f) and unfolded (f,)
fraction of total protein, provided that a sufficiently long
recycle time is applied between successive transients:

f=1=f=l/U&+1) ()

where [y is the folded peak volume and /, the unfolded peak
volume. This method of quantification was not used when

FLNa20 was attached because the tryptophan then became
partially buried (15).

The folding equilibrium constant (K,) and free energy
difference (AG) of the unfolding transition can be derived
from the equation

AG=—RTInK,=—RTIn[f./(1 —£))] 2)

where R is the gas constant and 7 the temperature in kelvin.
The resulting Gibbs free energy difference at constant
temperature is (22)

AG=AH,(1—T/T,)+AC,[T— T, — TIn(T/T,)] (3)

where T, is the transition temperature (melting point), AH,,
the transition enthalpy at the corresponding v, and AC, the
heat capacity change upon transition. According to the
derivation principle of this equation, the fitting for folding
data against temperature is that of a parabola, so one folding
data set can be fitted to two pairs of solutions for 7}, and
AH,, with an identical AC,; the two solutions describe the
two transitions separately. Data fitting was carried out using
Origin.

Assuming the protein is fully bound, the ligand can be
regarded as part of the complex and the same thermal
equations can be applied to folding equilibria of the complex
(unfoldedF Na2] + unbound[TR7 <> foldedp] Na21—ITS7). As-
suming the unfolded protein cannot bind ligand, the folding
equilibrium curves for the free protein and complex should
merge at high temperatures. This prediction is consistent with
the observed folding curve of the FLNa21 C2293S mutant
in the presence of the integrin 57 peptide (Figure 3A).

RESULTS

FLNa2l Experiences Unfolding Equilibria under Physi-
ological Conditions. The majority of the FLNa21 NMR
spectra could be characterized and assigned and the integrin
binding site mapped (/4). However, tens of weak peaks (red
peaks in the spectrum in Figure 1) were always observable,
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FIGURE 2: Acid-induced denaturation of FLNa21. The pH-dependent
unfolding curves show turning points around pH 6 for both the
wild type (@) and C2293S mutant (M) of FLNa21. The unfolded
fractions after low-pH and high-pH cycles (from pH 2 to 10) are
denoted with white symbols; the match suggests that the folding
equilibria for both FLNa21 variants are fully reversible.

even after extensive purification by ion-exchange and size-
exclusion chromatographic columns or using protein from
different expression batches.

To prevent oxidization-induced multimerization, the single
cysteine residue in FLNa21, C2293, was mutated to serine.
Compared to the wild type, this mutated domain gave rise
to even more intense “extra” peaks, although the folding
topology, as revealed by the chemical shifts, is very similar
(Supporting Information, Figure S2). Repeated pH—tempera-
ture HSQC titrations of FLNa21 C2293S revealed that the
weaker peaks became stronger at low pH or high temperature
(Supporting Information, Figure S1A). This secondary peak
set represents a species with considerable flexibility since
the peaks have zero or negative signal intensity in a
"H—{'>N} heteronuclear NOE experiment (Figure 1). Taken
together with their position in the spectrum (dark red dashed
box region in Figure 1, 7.9—8.7 ppm in the 'H dimension),
this suggests that they arise from an unfolded, flexible
protein. We show that their properties are consistent with a
small population of unfolded FLNa21 in equilibrium with
the folded form.

Quantification of the Reversible Folding Equilibria. Most
of the extra peaks in NMR spectra were difficult to assign
because of spectral overlap and lack of NOE signals, but
the side chain NE1—HE]1 peak of the unique tryptophan [see
three-dimensional (3D) NOESY overlapping 3D TOCSY
strip plots extracted in the left inset of Figure 1] is readily
assigned. Each peak in this pair has distinct dynamic behavior
(for example, at 500 MHz, 71 = 533 £ 3 ms, T, = 144 &+
2 ms, and NOE = 0.703 + 0.004 for folded and 7| = 740
+ 9 ms, 7, = 199 £+ 9 ms, and NOE = —0.36 £+ 0.01 for
unfolded). In all titrations, this W2262 NE1—HEI peak pair
exhibited typical slow exchange behavior and the peak
volumes could be used to quantify the unfolded/folded
concentration ratio. Cross-peaks could, however, be observed
between these two peaks in a NOESY type experiment (see
Figure S1B of the Supporting Information); this is consistent
with a reversible exchange process occurring between folded
and unfolded states at a rate faster than 1/7) (—2 s™!). After
all pH or temperature titration cycles, the folded portions
reappeared (Figures 2 and 3), confirming reversibility.
Intrinsic/extrinsic fluorescence and circular dichroism (CD)
spectroscopy were also attempted, but differences between
folded and unfolded states were insufficient to yield very
convincing unfolding profiles, although the observations were
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consistent with the conclusions drawn from quantitative
analysis of the Trp side chain NH NMR peaks [the Trp side
chain is in a similar environment in both states, and the far-
UV CD signal is weak and perturbed by the near-UV signal,
a common problem for -sheet proteins (23)].

pH Dependence of the Unfolded Form. The pH-dependent
unfolding of FLNa21 WT and C2293S is shown in Figure
2. Both variants maintain a denatured fraction at all pH values
with a significantly increasing fraction below pH 6. This
behavior is similar to the pH-induced changes in chemical
shifts of residues around the cysteine mutation site (Sup-
porting Information, Figure S3). It is thus plausible that
differences observed in the mutant arise from a slight pK,
change in an acidic group.

Temperature Dependence of the Unfolded Form. The
fraction of the unfolded form at pH 6.1 is shown as a function
of temperature in Figure 3. FLNa21 samples, especially the
FLNa21 C2293S form, exhibit a strengthened unfolding
tendency below 20 °C. The derived Gibbs free energy
differences could be fitted to theoretical equations for thermal
folding (fitting curves are shown as solid lines in Figure
3C,D). The transition point between heat denaturation and
cold denaturation is seen to be around room temperature;
this is relatively uncommon as the cold transition melting
temperature is below the freezing point for most proteins
(24). The FLNa21 protein samples have relatively narrow
transition temperature ranges and low transition entropies
(C2293S mutant, 4—35.5 °C, 85 kJ mol~'; wild type, —7 to
46.9 °C, 169 kJ mol™!") compared to other systems (25).

Integrin Binding Stabilizes FLNa21. We have previously
shown that the cytoplasmic tail of integrin S-subunits forms
a new antiparallel strand along strand C of FLNa2l (/4).
The integrin 57 peptides reduce the fraction of unfolded
peaks in FLNa21, and the unfolding curves shift significantly
toward higher temperatures (Figure 3A,B). Fitting these
curves (see Materials and Methods) shows that the folding
enthalpy for heat denaturation of the FLNa21 C2293S—IT/7
complex is increased from 85 to 130 kJ mol™!, and the
corresponding temperature range between heat and cold
denaturation was enlarged to —10 to 51 °C (Figure 3C). The
fitted parameters for the thermal unfolding of FLNa21 are
listed in Table 1.

FLNa2l Unfolding Equilibrium with FLNa20 Attached.
FLNa21 was recently found to be bound to an N-terminal
region of FLNa20 in both crystal and solution states, while
FLLNa19 had no contact with either FLNa20 or FLNa21 (/5).
Although FLNal19—21 aggregates in the NMR tube and only
gives reasonable HSQC spectra over 30 °C, the unfolding
of FLNa21 was also studied in the triple-module context.
Because of the interaction with FLNa20, the W2262 side
chain in FLNal19—21 is shifted in the folded form (at 37 °C
and pH 6.10, Oug; = 10.19 ppm and Ong1 = 128.7 ppm in
FLNal19—21 and dug; = 10.29 ppm and Ong1 = 129.7 ppm
in FLNa21) and becomes very weak, but the peak from the
unfolded form could still be observed (dyg; = 10.09 ppm
and Ong; = 129.3 ppm for both FLNa21 and FLNal19—21
at 37 °C and pH 6.10) (Supporting Information, Figure S4).

Similar Modules Have Distinct Stabilities. NMR and
crystal structures show that FLNal7, FLNal9, and FLNa21
all have a very similar seven-stranded [3-sheet sandwich
structure (9, 14, 15). Our '"H—{"N} NOE experiments also
indicate that the backbone flexibilities of all these domains
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FIGURE 3: Thermal unfolding equilibria of FLNa21, and corresponding data fitting, reveal a cold denaturation contribution to unfolding and
a clear stabilization effect upon ligand binding. The temperature-dependent unfolded fractions of free FLNa21l and complexes with a 16-
fold excess of integrin 57-derived peptides are plotted (A) for the wild type and (B) for the C2293S mutant (black symbols for free proteins
and white symbols for complexes). Repeat measurements to show reversibility are indicated with triangles. The Gibbs free energy changes
(AG) at each titration point are derived from the unfolded fraction according to eq 2.2 and are plotted against temperature in panels C and
D; the transition enthalpy change (AH,,) and melting temperature (7,,) for both heat denaturation and cold denaturation were fitted. The

resulting parameters are listed in Table 1.

Table 1: Fitted Parameters for Thermal Folding Equilibria of FLNa21

FLNa21 C2293S

wild type FLNa21

free protein +16x1TS7 free protein +16xITS7
heat cold heat cold heat cold heat
Tm (°C) 355+0.5 4+1 51.1+£0.2 —10+1 469 +£0.3 —-7+1 58«
AH,, (kJ mol™h) 85+4 —79+3 130 £3 —113+3 169 £5 —150+£5 -
AC, (k] K™ mol™) 52403 4.0+0.1 59403 -

“This data set was incomplete, so the temperature for heat denaturation was derived from extrapolation.

are similar (data not shown). The solution state thermal
stability of these domains, however, varies significantly as
shown by the effect of temperature on the HSQC spectra
(Figure 4). FLNa21 is the most unstable and entirely unfolds
below 60 °C. FLNal9 is fully folded even above 60 °C,
whereas FLNal7 contains both folded and unfolded popula-
tion at 60 °C.

FLNa20 Alone Is Partly Unfolded. FLLNa20 is unable to
bind integrins and exhibits unusual solution behavior. Many
HSQC peaks that become apparent at increasing concentra-
tions have much shorter 7, relaxation times than other peaks.
Heteronuclear NOE experiments also show that tens of peaks
with random coil-like chemical shifts are considerably
flexible (Figure 5A). These peaks could be assigned to the
unfolded region of FLLNa20 that zips along the C—D face of
FLNa21, as discussed previously (Figure 5B) (15).

DISCUSSION

Some folded and unfolded peaks can be clearly separated
in NMR HSQC spectra. By monitoring well-resolved reso-
nances from tryptophan as a function of pH and temperature,
FLNa21 is shown to undergo both cold and heat denaturation
around room temperature. The unfolded fraction increases
in the C2293S mutation. In the presence of excess integrin

fB7-derived peptide, both FLNa21 variants became signifi-
cantly more stable, presumably because of extra hydrogen
bonding and side chain contacts that are formed in the
complex (/4).

Compared to FLNa2l, FLNal9 and FLNal7 are fully
folded under physiological conditions. The domain volume
and total solvent accessible surface area are very similar for
these three [gFLMN modules so the variable stability must
mainly come from differences in primary sequence. FLNa21
seems to have more hydrophobic residues on the outer
surface than its homologues. In particular, the unique
tryptophan is greatly exposed. The additional hydrophobic
residues are not in the hydrophobic core of the folded
structure, and it is probably a residue ensemble rather than
a single residue that is responsible for the low stability of
FLNa21.

FLNa20 has an amino acid sequence and folding properties
quite different from those of FLNal7, -19, and -21. It
contains an unstructured region that is responsible for zipping
along FLNa21 (15). Such a structural pattern, where module
2I-1 zips onto module 2I, may be commonly adopted by
other even-numbered modules since the solution state
structures of several other even-numbered domains from
human filamin isoforms B and C (coordinates deposited in
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FIGURE 4: Domains with similar structure have different folding stability. The HSQC spectra of the corresponding modules [FLNa21 (top
row), FLNal9 (middle row), and FLNal7 (bottom row)] at 25 (left column) and 60 °C (right column) show that FLLNa21 is unfolded at 60
°C, FLNal9 is fully folded, and FLNal7 is partially unfolded. All the NMR experiments were conducted on the same 600 MHz NMR

spectrometer.

Protein Data Bank by RIKEN institute) also lack a structured
A strand. Although the N-terminal region of FLNa20 binds
to the C—D face of FLNa2l in a manner similar to that of
the tail of integrin 7, an unfolded FLNa21 fraction is still
observed when FLNa is attached, possibly because the self-
zipping association is much weaker than that with integrin
B7 (15). As discussed previously (15), FLNa22 is not

expected to stabilize FLNa21 but other types of contact from
remote modules are possible although as yet unknown.
The low stability of some of these modules could have
significant biological implications. For example, the intrinsic
low stability of A-band Ig modules from titin is believed to
be associated with the elasticity of this muscle-related protein
(26). Unlike titin where all the Ig modules from the same
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FIGURE 5: FLNa20 is partly unstructured and zips along FLNa21.
(A) Overlaid spectra of FLNa20 from heteronuclear NOE experi-
ments [NOE on spectrum (+, blue; —, green) on top of the NOE
off spectrum (+, red; —, cyan)] reveal flexibility in part of the
protein. Many peaks, mainly located in the middle of the HSQC
spectra (the pink dashed box), have significantly reduced intensity;
approximately 10 peaks showed sign inversion. Using a 1 mM
protein sample, this experiment was carried out at pH 6.10 and 25
°C on a 600 MHz spectrometer. (B) Schematic illustration of
partially unstructured FLNa20, fully structured FLNa2l, and
FLNa20 zipped along FLNa21.

functional band have a similar low stability, neighboring
filamin Ig modules (FLNal7—21) have diverse stabilities
even though they all bind to cell migration/adhesion proteins,
such as integrins, migfilin, and glycoprotein Ibal. An
intriguing possibility is that the unusual instability of FLNa21
has been designed so that it is sensitive to a stretching-force-
induced unfolding as previously reported for a homologous
IgFLMN domain from amoeba, the fourth domain of
Dictyostelium discoideum filamin; a small external stretching
force can induce complete unfolding of that particular
domain (27, 28). Preliminary atomic force microscopy
(AFM) studies also showed that a 50 pN stretching force
can induce unfolding of certain modules within intact human
filamin A (29, 30). More recently, reversible unfolding of
filamin modules has been suggested to act as a rheology
regulator for the whole cytoskeleton network system (317, 32).
It has also been reported that ligand binding stabilizes the
stretching force resistance (33).

In summary, the integrin receptor region of human filamin
is comprised of three successive homologous modular
domains that have versatile solution behavior. FLNal9 is
very stable; FLNa2l is intrinsically unstable, and FLNa20
is partly unraveled even at room temperature and neutral pH.
Filamins are known to be involved in mechanical force
delivery and intracellular signaling, and their IgFLMN
domains exhibit distinct ligand specificity as well as
stability (3, 12) so that various combinations of domains may
be designed to be mechanical sensing devices for integrins.
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