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ABSTRACT: Filamins are a family of actin cross-linking proteins that are primarily localized in the cortical
cytoplasm of all mammalian cells. Until now, three major isoforms (filamins a, b, and c) have been
identified, that were shown to be differentially expressed and/or localized in different tissues. An amino-
terminal double CH-domain actin binding domain, and a dimerization region in the carboxy-terminal
portion of the protein are the molecular basis for its actin cross-linking activity. Chemical cross-linking
of bacterially expressed recombinant proteins was used to demonstrate that in all three filamin isoforms
the most carboxy-terminally situated immunoglobulinlike domain is required and sufficient for dimerization.
The efficiency of the dimerization was increased upon inclusion of the preceding hinge 2 region, indicating
a function for this region in the regulation of dimerization. By mixing recombinant proteins derived from
different filamin isoforms, we found that heterodimer formation is possible between filamins b and ¢ but
not between filamin a and the other two filamins. This selectivity of dimerization might provide a further
molecular explanation for the differential intracellular sorting of filamin isoforms and their distinct
properties.

A multitude of cellular processes involves complex and genes in the human genome, each giving rise to differentially
dynamic reorganization of the actin cytoskeleton. All of these spliced variants (see ref 6 and references therein). Only
events are guided by the activity of a large number of actin recently a new nomenclature for the filamin family was intro-
binding proteins. While the monomepolymer transition of duced, giving account to the order in which complete seq-
actin is influenced by monomer sequestering, filament- uence data entered the human genome dataBaskctord-
severing and filament-capping proteins, the shape and thusingly, the first filamin isoform, originally described as actin
the detailed functionality of the structures formed by F-actin binding protein 7) or filamin (8), that was fully sequenced
is determined by filament cross-linking proteins. An impor- (9) is now called filamin a. The second filamin sequenced
tant subgroup of the latter that seems particularly involved to completeness was renamed fr@dfilamin or ABP-278
in reshaping the actin cytoskeleton and its associated (10, 11, 12) to filamin b. The variant predominating in
structures is the filamins. Actin binding in the filamins is striated muscle tissue, originally described as ABP-like pro-
conferred by an amino-terminal region consisting of two CH tein (13) and subsequently asfilamin (14) was thus desig-
domains (), while the remainder of the 280 kDa polypep- nated filamin c.
tide specifies both dimer formation and binding to a plethora  The Y-shaped structure of purified filamin observed in
of filamin-binding proteins. These include on one hand the electron microscope following rotary shadowifg5)
integrin receptors, channels, and other transmembrane proor negative stainingl) presented evidence for the ability
teins and on the other hand several signaling proteins. Thusof filamins to dimerize. Biochemical studies, which were
the cellular activities of filamins include the organization of performed solely with filamin a, hinted at an involvement
membrane protein complexes and a scaffolding role for of the carboxy-terminal immunoglobulin-like (Ig-like) do-
several signaling pathways in numerous different cell types main in filamin dimer formation; however, the evidence was
(for reviews see, e. g., refs 2 and 3). Their general importanceof a rather indirect natur®(17). The more recent unequivo-
is impressively demonstrated by the fact that mutations in cal identification of several filamin variants (see above), and
human filamin genes cause the neuronal migration disorderthe concomitant observation that different filamin isoforms
periventricular heterotopial] and possibly also the skeletal are coexpressed in a single cell type, urged us to investigate
muscle disease LGMD1E, a subtype of limb girdle muscular precisely which molecular portion is necessary and sufficient
dystrophy ). for dimer formation of all flamins and whether different

The molecular basis for this striking functional complexity filamin variants are able to form heterodimers. Thus, our
is—at least in part-the existence of three paralogous filamin analysis revealed that bacterially expressed and purified
carboxy-terminal Ig-like domain 24 of all filamins was
fThis study was supported by a grant from the Deutsche necessary and sufficient for dimerization in vitro. However,
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Ficure 1: Schematic representation of the domain structure of the filamins. In all filamin isoforms an amino-terminal actin-binding domain
(ABD) is followed by 24 Ig-like domains. Interdomain insertions are found between Ig-like domains 15 and 16 (hinge 1) and 23 and 24
(hinge 2). The hinge 1 region is alternatively spliced in at least filamins b and c. Further alternative splice variants were described, but none
of them were in the carboxy-terminal regions. The muscle-specific isoform filamin c carries a unique insertion in its Ig-like domain 20. The
recombinant polypeptides that were used for the dimerization experiments described in this report and the sequence of the primers used for
cloning the truncated cDNAs in the pET vectors are indicated.
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capable of forming homodimers. This report therefore (21; a kind gift of Dr. J. Wehland, Braunschweig, Germany),
provides a molecular basis for further studies at the cellular respectively.

level. Protein Expression and PurificatiorProtein expression
in Escherichia colBL21(DE3)pLysS (Novagen, Heidelberg,
MATERIALS AND METHODS Germany) was performed as describd®, (20, 22). His-

Construction of Expression Construcotal RNA was tagged proteins were purified by use of the QiaExpress kit
extracted from nondifferentiated and differentiated human s described by the manufacturer (Qiagen, Hilden, Germany).
skeletal muscle cells grown in culturég) by a single-step Brlefly, bacterial cells were_prempltated and lysed by addition
extraction method (RNA NOW; Biogentex, Seabrook, TX). Of lysis buffer (50 mM sodium phosphate, pH 8.0, 300 mM
Specific fragments of the nonmuscle filamin isoform (filamin  NaCl, 10 mM imidazole, and 1 mg/mL lysozyme). DNA
a) or the muscle-specific filamin isoform (filamin ¢) cDNAs ~Was fragmented by sonification and cell debris was sedi-
were obtained by RT-PCRuvith Expand reverse transcriptase mented by centrifugation (1809030 min, 4 °C). The
for first-strand synthesis and the Expand long-template PCRSUpernatant containing the soluble fraction of recombinant
system, both according to the instructions of the manufacturerPolypeptide was incubated with Ni-NTA agarose beads
(Roche Molecular Biochemicals, Mannheim, Germany). For With constant agitation fol h at 4°C. After the agarose
amplification of filamin b cDNA fragments, the complete beads were placed into a column, they were washed twice
filamin b cDNA (kindly provided by Drs. Shapiro and With washing buffer (50 mM sodium phosphate, pH 8.0, 300
Takafuta, Cardeza Foundation for Hematologic Research,MM NaCl, and 20 mM imidazole) and bound protein was
Philadelphia, PA) was used as a template. The positions oféluted with elution buffer (50 mM sodium phosphate, pH
the amplified fragments and the sequences of the primers8:0, 300 mM NaCl, and 250 mM imidazole). Protein
used for amplification of the cDNA fragments are given in Solutions were dialyzed overnight against CL buffer (80 mM
Figure 1. Truncated cDNA fragments were cloned either into NaCl, 20 mM Nak pH 7.0, 1 mM MgC}, and 1 mM DTT)
the prokaryotic expression vector pET23-EEF, resulting in and suk_)seque_ntly stor(_ed on ice. Protein concentrations were
fusion proteins carrying a carboxy-terminal ktiag and an determined with the Bio-Rad protein assay dye reagent.
EEF immunotag19; see below), or into pET23-T7 (amino- CD SpectroscopyTo show the integrity of the expressed
terminal T7 tag and carboxy-terminal Higag ©0). The proteins, their secondary structure was analyzed by CD
integrity of the constructs was verified by DNA sequencing SPectroscopy. Recombinant fragment fin c-23 was
(Sequence Laboratories, “@ngen, Germany, or Agowa, dialyzed against 50 mM sodium phosphate buffer (pH 7.0)
Berlin, Germany). and diluted to 1 mg/mL. The extinction coefficient of the

Antibodies Since recombinant proteins were either tagged filamin fragment was determined as describ2g) (and the
amino-terminally with a peptide of the bacteriophage T7 molar protein concentration was calculated according to the
major capsid protein (T7 tag) or carboxy-terminally with the law of Lambert-Beer. CD spectra were recorded in the far
amino acids EEF, fusion proteins could be detected either UV in thermostated cells (20C) with light paths of 0.1 and
by a monoclonal antibody (mAb) specific for the T7 tag 1 mm, on a Jasco J-715 spectropolarimeter. Ten scans were
(Novagen, Heidelberg, Germany) or by the rat mAb YL1/2 averaged. The mean molar residue ellipticity was plotted

against the wavelength.

! Abbreviations: DTT, dithiothreitol; EGS, ethylene glycol bis- Chemical Cross-Linking Assay&ecombinant protein
(succinimido succinate); Ig-like, immunoglobulinlike; mAb, monoclonal  fragments of different filamin isoforms (Figure 1) were

antibody; PBST, phosphate-buffered saline with Tween-20; PVDF, diluted to a final concentration of #M in CL buffer

poly(vinylidene difluoride); RT-PCR, reverse transcriptional polymerase i ; ; ;
chain reaction; RU, relative units; SB®AGE, sodium dodecyl containing 0.6 M KCI. Afte 1 h of incubation on ice, the

sulfate-polyacrylamide gel electrophoresis; SPR, surface plasmon cross-linke_r ethylene glycol biS(SUCCinimidO succinate) _(EGS,
resonance; TCA, trichloroacetic acid. dissolved in DMSO) was added to a final concentration of
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Table 1: Nomenclature and Size of the Recombinant Filamin washed in buffer with or without KCI. A reduction of the

Fragments resulting SPR signal during washing would indicate a
calculated apparent C!ISSO.CIatllon of filamin dmers, and thus the presence of
filamin Ig-like molecular molecular filamin dimers on the chips. Each assay cycle consisted of
name isoform tags  domains mass (kDa)mass (kDa)  the following steps: (a) injection of 5@L of NiSO, (1 mM
flna23-24 a His, T7 23and24 26.3 30 in H,0); (b) injection of 10uL of filamin fragment (8uM)
fin a 24 a  His EEF 24 12.2 16 at a flow rate of JuL/min (binding phase); and (c) 10 min
finb23-24 b His, T7 23and24 26.7 30 X . : .
finb 24 b His EEF 24 11.9 16 of.wasr_nn_g with running buffer at a flow rate of 1Q/min 3
finc22-24 ¢ His, EEF 22to 24 39.3 40 (dissociation phase). All data were corrected for nonspecific
}‘:n c 52[24 c :_'56' EEF i_3 and ;424 12635 23;0 binding of protein to the chip that was measured in control
nc C 1S5, Inge . . . .
fin o 24 ¢ His EEF 24 125 16 experiments without nickel.

RESULTS
1.3 mM and samples were incubated at°&7for 20 min.

The cross-linking reaction was stopped by precipitating the ~ Expression of Recombinant Protein Fragments of Filamin
protein with 10% TCA (final concentration), and after 30 Isoforms.To determine the minimal region that is sufficient
min of incubation on ice the protein was collected by for filamin dimerization, a series of defined fragments derived
centrifugation (18006, 4 °C, 15 min). Pellets were washed from the carboxy-terminal portions of the three filamin
once with 80% acetone and once with pure acetone. Acetoneisoforms characterized to date (for positions and nomencla-
was removed by air-drying at room temperature. Proteins ture see Figure 1) were cloned into modified pET vectors.
were dissolved in hot SDS sample buffer, boiled for 2 min, The purity of the recombinant filamin fragments is docu-
and analyzed by SDSPAGE (4). mented in Figure 2A, and their basic characteristics are

Western BlottingPolyacrylamide gels were blotted onto  Summarized in Table 1.
PVDF membranes by use of a semidry transfer cell (Bio- All filamin fragments used in our experiments are com-
Rad Laboratories, Munich, Germany) and a discontinuous posed essentially of Ig-like domains. Therefore, it was
buffer system [anodic buffer I, 300 mM Tris base and 20% important to confirm that prokaryotically expressed fragments
(v/v) methanol, pH 10.4; anodic buffer 1l, 25 mM Tris base do not lose their capacity to fold into the characteristic
and 20% (v/v) methanol, pH 10.4; cathodic buffer, 40 mM p-barrel structure of Ig-like domains and that the addition
6-aminocapronic acid and 20% (v/v) methanol, pH 7.6]. of the different tags does not disturb correct folding. This
Membranes were stained with Coomassie-based Gel Codevas investigated by CD spectroscopy. A representative
(Pierce, Rockford, IL). spectrum is shown in Figure 2B for the polypeptide fln ¢

ImmunodetectionPVDF membranes were blocked and 23—24 (with His and T7 tags). The molar extinction
incubated by standard procedures. The peroxidase-conjugategoefficient was determined to lee= 17 330 Mt cm™. The
secondary antibodies were purchased from Jackson Immund=D spectrum in the far UV was reminiscent of that of other
Research Laboratories (West Grove, PA) or American prOteinS of the intracellular branch of the immunoglObU”n
Qualex (San Clemente, CA). Conjugated enzymes wereSuperfamily g5, 26), which justified the assumption that our
detected by enhanced chemiluminescence with Supersignapacterially expressed proteins exhibited their native folding.
West Pico chemiluminescent substrate (Pierce, Rockford, IL) Conditions for Chemical Cross-Linkintnitially, optimal
and Kodak XAR-351 film. For multiple immunodetections, conditions for chemical cross-linking had to be established.
primary and secondary antibody complexes were removedFor these experiments, the polypeptide fln 23 was used
from the PVDF membranes in stripping buffer [200 mM at a concentration of 4umol/L. Figure 3A shows a
glycine hydrochloride, pH 2.2, 20 mM DTT, 0.1% (w/v) concentration series with the bifunctional cross-linker eth-
SDS, and 1% (v/v) Tween-20] at room temperature. Mem- ylene glycol bis(succinimido succinate), EGS. Addition of
branes were washed thoroughly with PBST before eachthe cross-linking reagent resulted in the appearance of a
subsequent immunodetection. second band with lower gel mobility~50 kDa instead of

Surface Plasmon Resonan&urface plasmon resonance the~30 kDa monomer). The intensity of this putative dimer
(SPR) analysis, in a Biacore 2000 instrument equipped with band (marked d in Figure 3A) steadily increased proportion-
a nitrilotriacetic acid (NTA) sensor chip, control software ally to the EGS concentration in the reaction mixture. In the
version 2.1, and evaluation software version 3.0 (Biacore presence of 1.3 mM EGS, essentially all of the protein was
AB, Uppsala, Sweden), was applied to confirm that filamin recovered as dimer. Importantly, this 50 kDa band was
fragments dimerize in the absence of a cross-linking reagent.recognized by an antibody directed against the immunotag
Hise-tagged recombinant filamin fragments were bound to of the recombinant protein (results not shown). Thus, we
saturation on the sensor chip via chelated nickel under concluded that this band represented cross-linked dimers.
experimental conditions that either allow filamin dimerization  Likewise, we determined the optimal incubation time with
(20 mM sodium phosphate, pH 7.0, containing 80 mM NaCl this cross-linker (1.3 mM EGS) following dimerization.
and 10uM EDTA) or prevent dimerization (20 mM sodium  Figure 3B demonstrates that after an incubation time of only
phosphate, pH 7.0, containing 80 mM NaCl, 600 mM KCI, 1 s cross-linked dimers are already observed. After 5 min
and 10uM EDTA,; see below). To minimize rebinding of the majority of the dimers present in the protein solution
dissociated filamin to the chip in the early phase of were chemically cross-linked, and after 10 min the reaction
dissociation, the histidine binding sites of the nickel-chelated was essentially complete. Thus, we used an EGS concentra-
chips were saturated with the recombinant polypeptide. tion of 1.3 mM for 20 min in all subsequent experiments to
Subsequently, the chips with bound filamin fragments were ensure a reliable and reproducible visualization of the
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Ficure 2: Analysis of purified filamin fragments used for dimerization studies. (A) Carboxy-terminal fragments of filamin a (fin a),
filamin b (fln b), and filamin c (fin c), as marked above each lane, were expresdecoli, purified by Ni-NTA column chromatography,

and analyzed on a 12% polyacrylamide gel. For the structure of the carboxy-terminal filamin fragments see Figure 1. (B) CD spectrum of
fln ¢ 23—24 in the far UV was performed with bacterially expressed filamin immunoglobulin domains. Note that the recombinant fragment
shows the typicgb-sheet secondary structure that has been predicted for fil&n9) suggesting proper folding. The ordinate gives the
mean molar ellipticity ©Omrw)-
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Ficure 3: Establishing optimal conditions for chemical cross-linking experiments. (A) In a series of experiments the optimal concentration

of the cross-linking agent ethylene glycol bis(succinimido succinate) (EGS), the time course, and the salt and temperature dependence of
the reaction were established. Panel A shows the influence of the EGS concentration (as indicated above each lane) used in the reactions.
The letter m emphasizes the position of the monomer in the gel, and d indicates the dimer. Molecular mass standards are indicated in
kilodaltons at the left. Note that the efficiency of the dimerization is highly dependent on the EGS concentration. The use of glutaraldehyde
as an alternative chemical cross-linker resulted in the detection of an identical dimer band (lane 7). (B) The minimum reaction time necessary
for a complete cross-linking of protein fragments was determined. Without EGS, only monomers (lanes 2 and 12, m) are detected. Cross-
linked dimers (d) are detectable after an incubation time in the presence of 1.3 mM EG$ af(lane 3). After 10 min, essentially all

of the filamin fragment was cross-linked (lane 9). (C) Analysis of the effect of temperature and salt concentration on filamin dimerization.
The concentration of KCl was adjusted to the values indicated on top of each lane, and each assay was incubated with 1.3 mM EGS.
Samples were incubated either on ice or at@7The formation of cross-linked dimers (d) dramatically decreased at higher salt concentrations

if incubated on ice. In contrast, an incubation at°&yielded solely dimers independent of the salt concentration. (D) Surface plasmon
resonance analysis of filamin dimerization with a Biacore 2000 instrument. SPR signals, corrected for unspecific binding of protein to the
NTA chip without Ni ions, are given in response units (RU) and plotted against time. Recombinant histidine-tagged filamin ¢ 24 was bound
to the chip at a concentration of:8V in binding buffer with or without KCI, and the chip was washed with running buffer, with (w) or
without (w/0) KCI as indicated. Note that in binding buffer without KCI the SPR signal is highly increased, reflecting dimer formation, and
that the addition of KCI to the running buffer increases the dissociation velocity. In the latter case, the signal levels off at the monomer
signal.
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Ficure 4: Analysis of chemical cross-linking of truncated filamin fragments by SBAGE. Carboxy-terminal recombinant fragments
derived from filamin a, b, or ¢ as indicated above each lane were expresiBedali and purified. Presence or absence of the cross-linker
EGS in the individual dimerization experiments is indicated above each lare doy—, respectively. Cross-linked dimers (d) exhibited
approximately twice the molecular mass of monomers (m). (A) Dimerization was evident with all filamin ¢ polypeptides (depicted
diagrammatically below each block of gels) containing at least the carboxy-terminal Ig-like domain. In contrast, a more amino-terminally
located part of the protein fln ¢ 321 showed no sign of dimerization (panel B). In panel C, the carboxy-terminally situated domains 24

of filamins a and b were used in a dimerization assay. Note that in both cases the amino-terminal Ig-like domain was sufficient for dimerization.

dimerization reaction. The specificity of this reaction was (27). Figure 3D shows the binding curves obtained at the
confirmed by substituting EGS with glutaraldehyde as an different buffer conditions. When the recombinant filamin
alternative cross-linker. These experiments consistently fragment was bound to the chip under conditions that favor
resulted in the same immunoreactive dimer bands (Figure dimerization (in buffer without KCI), signals of 516200
3A, lane 7). RU (relative units) were obtained. Dilution of the same
Conditions That Faor the Formation of Filamin Mono-  polypeptide in binding buffer containing 0.6 M KCI resulted
mers.To allow for the potential dimerization between distinct in a decrease of the signal to approximately 2800 RU, i.e.,
filamin isoforms, conditions were defined that favored half the value obtained in the experiments in which binding
filamin monomers rather than dimers. Two parameters that buffer without KClI was used. This lower value clearly
were modified to achieve this goal were salt concentration indicated saturation of the chip with monomeric filamin
and temperature. Figure 3C shows results from cross-linking fragment in high-salt buffer and saturation of the chip with
experiments with recombinant fin ¢ 224 at two different  dimerized filamin fragments in buffer without KCI. Thus,
temperatures and salt concentrations ranging from 0 to 2.0these results provide independent proof that single filamin
M KCI. Filamin fragments were equilibratedrfd h either  domains are able to dimerize and that dimerization is not
on ice or at 37°C. Subsequently, samples were incubated dependent on the presence of a cross-linking reagent.

with 1.3 ”_"V' EGS for 20 min. o . We were not able to elute significant amounts of protein
Incubation at °C resulted in a strikingly lower yield of from the chips when filamin was bound under monomer

Fr:gssginokneitdér;grs"o\;'vt?f; tg%mzzfdr;oath:rgﬁlﬁl ?)fft?rr]ean favoring high-salt conditions, independent of the amount of
incubatl ) : P u variati KCI in the running buffer. In contrast, when dimerized

sal_t _concgntratlon had mlnl_mal effect on the dlme_r|za§|on filamin was bound to the chip, elution with high-salt running
efficiency: at all concentrations virtually all of the filamin : . .
buffer resulted in a rapid decrease of the signal that

fragment was recovered as dimers. AtO a small but . T
eventually leveled off at the monomer signal, indicating

significant fraction of fin ¢ 2324 formed dimers at KCI complete monomerization. Interestingly, the dissociation rate
concentrations of ©0.4 M (Figure 3C). Upon a further P : : L gly, I
of bound dimers in running buffer without KCI was

increase of the salt concentration essentially no dimers WereSi nificantly slower. confirming a hiah stability of the filamin
found. Thus, as an initial step in all subsequent dimerization 9 y ’ ganhg ty

experiments the recombinant polypeptides were preincubatead'me.rS gnder these condmoqs. Al the;e observations confirm
on ice for 1 h in abuffer with a KCI concentration of our findings in the cross-linking experiments that monomers
0.6 M are favored in the presence of 0.6 M KCI.

Characterization of Dimerization and KCI Dependence on ~ The Carboxy-Terminal Ig Domain Is Sufficient for Dimer-
Dimerization by SPRBinding experiments in a Biacore 2000 ization. The shortest filamin fragment that enables dimer
allowed the characterization of the dimerization state of the formation was established by a series of amino-terminal
filamin domain by real-time monitoring of the quantity of truncations (Figure 1). Polypeptides encompassing the car-
recombinant polypeptide immobilized on the chip. Binding boxy-terminal three Ig-like domains 224, the two domains
and elution of filamin ¢ domain 24 was measured under four 23 and 24, the domain 24 plus the preceding hinge 2 region
different conditions: the polypeptide was allowed to bind (polypeptide 24L), and solely domain 24 of filamin ¢ were
to saturation in binding buffer with or without 0.6 M KCI, expressed inE. coli, purified, and analyzed for dimer
and the chip was washed with running buffer with or without formation as described above. Dimers were evident in all
0.6 M KCI. Since our cross-linking experiments showed that cases, indicating that domains 22 and 23 do not seem to play
dimers were formed only at low KCI concentrations, we animportant role in this process (Figure 4A). Though domain
expected that dimerization as well as dissociation into 24 alone could form dimers, it consistently failed to dimerize
monomers could be monitored due to the mass dependenceompletely. Interestingly, the addition of the hinge 2 region
of the SPR signal. A response unit (RU) of approximately to this domain (24L) led to a reconstitution of the ability to
1000 equals a load of 1 ng/ninen a sensor chip surface dimerize entirely. This observation indicates that the hinge
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Ficure 5: Heterodimerization of different filamin isoforms in vitro. Recombinant polypeptides derived from the carboxy termini of different
filamin isoforms were mixed and incubated in the absenegdr presence+) of EGS. Proteins were separated by SIFAGE and

blotted to PVDF. Membranes were incubated with antibodies specific for the T7 immunofig) (the EEF immunotage¢EEF), or a
combination of both antibodies{T7 + a-EEF) as indicated above the gel segments. Molecular mass marker positions are given in kilodaltons
at the left of each figure. (A) FIn ¢ 234 (T7 immunotag) cross-linked with fln ¢ 24 (EEF immunotag). m1 and d1 mark the positions of
monomers and dimers of the fragment fln c-281; m2 and d2 are monomers and dimers of fln ¢ 24; hd emphasizes the heterodimer that
is formed between both polypeptides. (B) Fin a2 (T7-tagged) cross-linked with fln b 24 (EEF-tagged). m1 and d1 mark the positions
of monomers and dimers of the polypeptide fln a23; m2 and d2 are monomers and dimers of fin b 24; hd emphasizes the predicted
position of the heterodimer between both polypeptides. (C) FIn-a223(T7-tagged) and fin ¢ 24 (EEF-tagged) were cross-linked and
immunostained as indicated. m1 and d1 mark the positions of monomers and dimers of 24 #® and d2 are monomers and dimers

of fin ¢ 24. hd emphasizes the predicted position of the heterodimer. (D) FIr-B28T7-tagged) and fin ¢ 24 (EEF-tagged) were cross-
linked and immunostained as indicated. m1 and d1 mark the positions of monomers and dimers offRdbr22 and d2 are monomers

and dimers of fln ¢ 24. hd emphasizes the heterodimer that is formed between both polypeptides. Note that heterodimers are only formed
between filamins b and ¢ but not between filamins a and c or filamins a and b.

2 region has a function in the control of filamin dimer ment 23-24 bearing an EEF tag or a T7 tag of one filamin
formation. isoform and the single-domain fragment 24 carrying a T7
As a further control, we expressed and purified a more tag or an EEF tag of another filamin isoform. The tags were
amino-terminal filamin fragment that lacks domain 24 (fln  chosen in such a way that potential heterodimers would have
¢ 19-21). This fragment showed no sign of dimerization to be immunoreactive with both anti-EEF and anti-T7
(Figure 4B), confirming the correctness of the experimental antibodies. Furthermore, heterodimers should have an ap-
setup and the importance of domain 24 for this process. parent molecular mass different from that of the homodimers
To compare the dimerization properties of all three human that inevitably formed from the single-domain and the two-
filamin isoforms, the carboxy-terminal domain of each domain fragments. Thus, heterodimers were expected to be
isoform was expressed and purified. They were used for identifiable both by their immunoreactivity and by their
cross-linking studies as described above. Figure 4C showsdistinct molecular mass.
that there are essentially no differences between the dimer- Figure 5 shows the results of immunodetection and ECL
ization characteristics of the three filamin isoforms. Thus, reaction after cross-linking. To start with, the intrinsic
we can conclude that the carboxy-terminal Ilg domain is possibility of one- and two-domain fragments of the same
necessary and sufficient for filamin dimerization in all filamin isoform to form dimers was confirmed. The presence of a
isoforms. However, the preceding linker obviously exerts a heterodimer band (marked hd) with the expected molecular
regulatory or stabilizing role during this process. mass and the predicted immunoreactivities confirmed the
Heterodimers Form between Filamins b and ¢ but Not dimerization of fln ¢ 24 with fin ¢ 23-24. Similar results
between Filamins a and b or a and In the experiments  were obtained with identical fragments from filamins a and
described above, we established conditions required forb, respectively (not shown). Subsequently, the capability of
obtaining monomerized recombinant filamin fragments. This forming heterodimers was analyzed with fragments derived
was a prerequisite to investigate the possibility whether from different filamin isoforms (Figure 5BD). When
protein fragments derived from different filamin isoforms filamin fragments fin b 23-24 (T7) and fln ¢ 24 (EEF) were
could form heterodimers in solution. To discriminate between mixed under monomerizing conditions and subsequently
homodimers and heterodimers, we used in these chemicaincubated with EGS under conditions allowing dimerization,
cross-linking experiments mixtures of the two-domain frag- an additional protein band of approximately 36 kDa molec-
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Table 2: Summary of the Results of the Cross-Linking largely built of globular 1g-like domains for a schematic

Experiments representation see Figure 1), whose three-dimensional struc-
EEE- EEE- EEF- ture was recently revealed at the atomic level for the related
filamin a filamin b filamin ¢ Dictyosteliumprotein ABP120 80, 31). At two positions
T7-filamin a n _ _ the filamin molecule is interrupted by nonmodular insertions,
T7-filamin b — + + called hinges, which were found to be particularly sensitive
T7-filamin ¢ - + + to proteolysis. When filamin was cleaved at the second hinge,

aThe possibility of forming homodimers or heterodimers is indicated 1-€-» j_lJSt prior to Ig-like domain 24, the reSL."ting |a|'g? amino-
by + and—, respectively. Note that filamin a only forms homodimers, terminal fragment remained monomeric, implying that
whereas filamins b and ¢ can form both homodimers and heterodimers.domain 24 was at leas¢équiredfor dimerization ). In the

same report the authors demonstrated by chemical cross-

ular mass (marked with hd in all panels of Figure 5D) Iinking that a recombinant fragment comprising half of
appeared in immunoblots. This band was clearly distinct from domain 21 and the carboxy-terminal remainder of the filamin
those of the fin b 2324 homodimer (d2, 50 kDa) and the Polypeptide could be cross-linked, whereas a second frag-
fln ¢ 24 homodimer (d1, 22 kDa). Its immunoreactivity with Ment that lacked the extreme carboxy-terminal 65 amino
both anti-T7 (panel 2) and anti-EEF (panel 3) antibodies acids could not9). These data did, however, not reveal
identified it unequivocally as a heterodimer. Identical results Whether the Ig-like domain 24lone was sufficient for
were obtained with fin b 24 and fin c 224 fragments (not ~ dimerization or if a bigger portion was in fact required. Our
shown). In contrast, filamin a seemed to be incapable of cross-linking experiments presented in this report unequivo-
forming dimers with any of the other isoforms. In all experi- Cally show that the carboxy-terminal domains of all three
ments that included this isoform, only homodimers of the filamins are already capable of forming cross-linkable dimers.
respective polypeptides were cross-linked (Figure 5B,C). The Interestingly, this capability is significantly enhanced if the

results of the cross-linking data are summarized in Table 2. Preceding hinge 2 region is included in the fragments used
(Figure 5), implying a yet unknown regulatory mechanism

DISCUSSION for the fine regulation of filamin dimerization. In this respect
o _ _ it is interesting to note that phosphorylation of chicken
Filamins are a family of closely related high molecular gizzard filamin by C&/calmodulin-dependent protein kinase,
mass actin-binding proteins that seem to be ubiquitously whose phosphorylation site was predicted to be in the hinge
distributed, at least among higher vertebrate cells. Filamins 2 region @), resulted in decreased actin binding as shown
have been described in conjunction with the actin cytosk- by sedimentation assay32). Furthermore, phosphorylation
eleton at locations as diverse as stress fibers, microspikesof muscle and nonmuscle filamins dramatically reduced
cleavage furrows, meshworks, or the sarcomeric Z-disk. In pinding of both filamin isoforms to myofibrils3@), and
vitro, filamins are capable of organizing actin filaments either filamin phosphorylation by CGa/calmodulin-dependent pro-
into meshworks or bundles, depending on the stoichiometry tein kinase seems to be involved in translocation processes
of filamin to actin (see ref 28 and references therein). The in endothelial cells 34, 35).
actin cross-linking activity is explained by the structural  |n the related molecule ABP12Mictyosteliumgelation
layout of the filamin molecule in which an amino-terminal  factor), the crystal structure of the two carboxy-terminal
actin-binding domain is followed by 24 Ig-like modules (see domains revealed that ABP120 molecules overlap only with
also Figure 1). The carboxy-terminal part of the molecule is domain 6, in an antiparallel wag{). This indicated that in
involved in dimerization. The resulting Y-shaped dimerized the Dictyosteliumprotein this single domain is sufficient for

molecules with actin-binding sites at both enés4re per-  dimerization. These results, however, do not give the desired
fectly suited to link actin filaments into bundles or mesh- information about a possible function for the hinge region
works. between the two carboxy-terminal domains. Furthermore,

Mapping of the region involved in dimer formation has although this protein is related to the vertebrate filamins,
been achieved only to a certain degree, and many of thethere are marked differences between the dimerizing domains
approaches were of a relatively indirect nature. For example, of both kinds of proteins, not only at the level of the primary
limited proteolysis of chicken smooth muscle filamin yielded sequence. In addition, the parallel arrangement of the filamin
a 240 kDa amino-terminal fragment that was still capable chains in the dimers implied by electron micrograp®slé,
of binding to F-actin but that had lost its actin-gelling activity. 16) point to an alternative mechanism of dimerization.
Therefore, it was concluded that the ability to dimerize should Surprisingly, a comparison of the structures predicted for
reside in the carboxy-terminal portion that was cleaved off the dimerizing domains of all three human filamins (see
(16). Weihing (17) showed that upon proteolytic cleavage Figure 6) with the structures of ABP120 domains 4, 5, and
of filamin purified from HelLa cells the 104 kDa carboxy- 6 that were established by X-ray crystallograpig, (31)
terminal fragment was responsible for dimerization. Cleavage indicated that the homology with the nondimerizing domain
of human smooth muscle filamin by a calcium-activated 4 is more pronounced than the similarity to domains 5 and
protease into an amino-terminal 220 kDa actin-binding 6 (Figure 6). These predictions imply a different dimerization
fragment and a carboxy-terminal 35 kDa fragment, followed mechanism, as was already suggested in the paper that
by gel-filtration analysis, indicated that the latter eluted as a described the structure of dimerized ABP120, and strengthens
dimer 29). The nature of the dimerization or the structure the relevance of our study.
of the domains involved in dimerization remained unclear. A further level of complexity to the filamin family was
cDNA cloning finally elucidated the overall molecular added by the finding that in the human genome there are at
structure of human nonmuscle filamin and showed that it is least three distinct filamin genes, each giving rise to several
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splice variants &, 11, 36, 37). Importantly, however, until
now no differential splicing has been observed in the
carboxy-terminal portions, which were shown to be involved
in dimerization in this report. Thus, it is most likely that our
results reflect a fundamental mechanism. But what if different
isoforms are expressed simultaneously in a cell? Such a
phenomenon was shown to occur in HelLa cells by peptide
mapping 88) and in retinal pericytes by Western blotting
(39). Filamin isoform expression was also studied by in situ
hybridization on mouse embryo sections, which showed
coexpression of filamin isoforms in some cell types at the
MRNA level @0). Thus the question arises whether at the
molecular level a sorting mechanism exists that would direct
isoform-specific homodimerization as opposed to promiscu-
ous heterodimerization. Both possibilities have immediate
functional implications, because distinct filamins have vari-
ously been shown to be involved in linking submembranous
actin cortical filaments to specific cell surface proteins (for
recent reviews see refs 2 and 3). Heterodimerization might
link the ligand of one filamin isoform to the ligand of the
second isoform, which would increase the complexity of the
filamin family and its possible functions.

Coexpression of different filamin isoforms was also
described for developing avia®, 42) and human 18)
striated muscle. In differentiating cultured muscle cells it has
been shown that filamin a and filamin ¢ are coexpressed in
early myotubes. For a limited period of time, both isoforms
can be detected in Z-bodies, periodic structures in premature
myofibrils that already contain several Z-disk proteid8)(
During further differentiation, Z-bodies of neighboring
myofibrils fuse to form mature Z-disks44). During this
process, filamin a gradually disappears from the developing
myofibrils and is replaced by filamin cd8). A mechanism
that could theoretically be involved in this isoform switching
is the transient assembly of heterodimers of filamin a and
filamin ¢ molecules. Our dimerization experiments, however,
show that these two filamin isoforms are not capable of
forming heterodimers, at least in vitro, indicating that isoform
switching cannot be accompanied by a transitory het-
erodimerization of both filamin isoforms. Furthermore, the
observation that filamin a is capable of binding to myo-
fibrillar Z-disks, although it is not found in striated muscle
cells in vivo 33), cannot be explained by a heterodimeriza-
tion with filamin ¢ molecules.

Thus, our results pose certain limits on the theoretically
possible filamin-dimer variability. The almost ubiquitously
distributed filamin a catrat least under the conditions of
our cross-linking experimentsonly form homodimers. In
contrast, filamins b and ¢ are also capable of forming
heterodimers (see Figure 5). A comparison of the primary
and predicted secondary structure of the filamins shows that
all three isoforms have highly similar structures. Interestingly,
in the predicted E strand, that in domains with an Ig-like
fold forms a sheet together with the B- and D-strands,
filamins b and ¢ show a significantly higher mutual homol-
ogy when compared to filamin a (Figure 6). Thus, six out
of 15 residues that comprise strand E and its flanking loops
are only shared by filamins b and c, while in the remaining
77 amino acids merely three residues are specific for these
filamin isoforms (compare residues indicated-byn Figure

92
92
92
107
101
99

Al D
Ficure 6: Sequence alignment of Ig domain 24 of the human filamins a, b, and ¢ and the Ig domains 4, 5, ddidtgosteliumABP120. Alignment of the filamin isoforms (fln-ec) was

performed with BioEdit 5.0.945). Amino acid residues comprising/astrand are shaded and the extension of strand& As further emphasized by arrows above the alignment. Alignment of
the ABP120 domains46 (dict 4-6) was done according to ref 31. Differences between fln b and fln ¢ on one hand and fln a on the other hand are markedNudth that these differences
are clustered in the predicted E strand and its neighboring loops. The structure of the filamin Ilg domains 24 was predicted by the META |l Pradietr®¥o{bitp://www.embl-heidelberg.de/

predictprotein) and servers linked to this server (APSSP2, UCSC SAM-T99, JPRED2, PROF, PSIRED). A residue was considered to be part of a stveasl pveditied by the majority of

=
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DASKVVTRGPGLSQAFV - - - - -GOKNSFTVDC-SK- - - - - - - -AGTNMMMVGVHGP - KTPCEEVYVEHMGNRVYNVTYTVKEKGDYILIVKW-GDESVPGSP - FKVEV - P
DASKVTSKGAGLSKAFV - - - - -GQKSSFLVDC-SK- - - - - - - -AGSNMLLIGVHGP - TTPCEEVSMEHVGNQOYNVTYVVKERGDYVLAVKW -GEEHIPGSP-FHVIV-P
-----YAEGEGLVEVF- - - - -DNAPAEFTIF - - AVDTKGVARTDGGDPFEVAINGPDGLVVDAKVTDN - NDGTYGVVYDAPVEGNYNVNVTLRG - NPT KNMP - IDVECIEG
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the programs. Alignment of the filamins with ABP120 was also performed with BioEdit. Conserved residues that appear in at least five of the Sir@ligmess are printed in boldface type.

Note that the predicted secondary structure of the filamins is most homologous to that of ABP120 domain 4 and not to the dimerizing domain 6 thak EcH#sAtlstrandsand contains an

F strand and an extra H strand (see also ref 29a).

U0 mwuw
faobbo 6). We speculate that this phenomenon is causative for the
Hanoomo inability of filamin a to heterodimerize with both other
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filamin isoforms and that this particular sheet must play an
important role in filamin dimerization. Direct proof for the
precise mechanism of filamin dimer formation will have to
await crystallization studies. The same holds true for the
observed role of the hinge 2 region in the regulation and/or
stabilization of filamin dimerization. The parallel arrange-
ment of neighboring filamin molecules places the hinge
region of one molecule in immediate contact with the second
molecule in the dimer, which would permit a function in
dimerization. It is intriguing to assume that the observed
regulation of filamin activity by phosphorylation of the hinge
2 region as described abov®, (32) is originated by an
alteration of the dimerization capacity of the molecule. In
contrast, the antiparallel overlap of two ABP120 molecules
makes this possibility highly improbable.

Unfortunately, the antibodies that recognize filamins b and
c¢ described to date are either not isoform-specific or not very
adequate for microscopy. Thus, to establish whether in a
living cell filamins b and ¢ occur in distinct or overlapping
compartments and to clarify whether heterodimerization
between filamins b and ¢ has a physiological function, novel
isoform-specific antibodies need to be developed for ap-
plication in high-resolution microscopy.
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