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cell surface receptors i.e., integrins. Integrins are het-
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Previous computer analyses suggested two possible
ipid binding sites, residues 49-71 and 131-155, of the
rimary amino acid sequence on ABP-280 (filamin),
hich could facilitate membrane attachment/insertion.
e expressed these regions as fusion proteins with

chistosomal GST and investigated their interac-
ion with mixtures of zwitterionic (dimyristoyl-L-a-
hosphatidylcholine, DMPC) and anionic (dimyristoyl-
-a-phosphatidylglycerol, DMPG) phospholipids in re-
onstituted lipid bilayers by differential scanning
alorimetry (DSC). Using vesicles of mixed DMPC/
MPG with increasing fusion protein concentrations,
e established in calorimetric assays a decrease of the
ain chain transition enthalpy, DH, and a shift in chain
elting temperature. This is indicative of the insertion

f these fragments into the hydrophobic region of lipid
embranes. We confirmed these findings by the film bal-

nce technique using lipid monolayers (DMPG). The
inding judged from both methods was of moderate
ffinity. © 1999 Academic Press

Many studies exist suggesting that the various in-
erconnected assemblies in the extracellular matrix
nd the cytoskeleton play an important role in signal
ransduction events [1]. In signaling, where neighbor-
ng cells communicate via locally secreted chemical

ediators either directly or through the extracellular
atrix, the first step in the pathway is the binding to

1 To whom correspondence should be addressed at Children’s Hos-
ital, 320 Longwood Ave., Enders 10, Boston MA 02115. Fax: 11
617) 355 7043. E-mail: goldmann_w@hub.tch.harvard.edu. Website:
ttp://www.childrenshospital.org/research/.
Abbreviations used: DMPC, dimyristoyl-L-a-phosphatidylcholine;
MPG, dimyristoyl-L-a-phosphatidylglycerol; DCS, differential

canning calorimetry; filamin; ABP-280, actin binding proteins;
ST, glutathione S-transferase; DTT, dithiothreitol; PI, phosphoino-

itol; PE, phosphatidylethanolamine; PC, phosphatidylcholine; DAG,
iacylglycerol.
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rodimeric complexes in which both chains span the
lasma membrane bilayer once, and the cytoplasmic
omain of the b-chain is responsible for linkage to the
ctin cytoskeleton. Several cytoskeletal proteins have
een reported to interact with integrin tails including
-actinin, talin, and filamin in vitro [2-6]. In addition to
his pathway, it has been reported that these proteins
s well as other membrane-associated proteins can
ind directly with lipids [7-13]. Tempel et al. [14], for
nstance, determined three regions on the talin mole-
ule and two regions the vinculin molecule that specif-
cally associate with acidic phospholipids.

The actin binding protein (ABP-280; filamin) is a
ajor constituent of the microfilament network deter-
ining the three-dimensional arrangement of actin

laments in smooth muscle and non-muscle cells. It is
homodimer with two polypeptide chains arranged in

arallel, which only associate at the C-terminal ends,
xposing actin binding regions at the N-terminal ends.
his structural arrangement gives the molecule great
exibility and makes it a potent cross-linking and sta-
ilizing protein for various actin filament aggregates
15]. It has been shown that the interaction of ABP-280
filamin) with F-actin is biphasic [16] and of moderate
ffinity (mM) [17] but strongly influenced by cations
18]. The thermodynamic parameters and the vis-
oelastic moduli [19, 20] as well as the cross-linking/
undling [21] of F-actin in solution are also affected by
he presence of filamin and gelsolin [22]. Furthermore,
BP-280 (filamin) is capable of interacting with phos-
holipid membranes directly. Tempel et al. [10], using
ipid mono -and bilayer of various lipid compositions,
nd employing physical methods like calorimetry, film
alance, and photolabeling established that filamin re-
onstitutes into the hydrophobic region of lipid layers.
he incubation of filamin with lipid vesicles (DMPG/
MPC at 1:1 ratio) was described as ‘condensed

ounded-up’ with a smooth surface when viewed by
ight microscopy [23]. More recently, structure predic-
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ions of the primary amino acid sequence of ABP-280
filamin) by computer analyses showed that two seg-
ents could facilitate lipid membrane attachments or

nchoring [24]: residues 49-71 (FTRWCNEHLKCV-
KRIANLQTDL) of the amino-terminal may attach to
hospholipid membranes, and residues 131-155 (DGN-
KLILGLIWTLILHYSISMPMW) may anchor in the
ydrophobic region of lipid membranes. In this study,
e have expressed these regions as fusion proteins
ttached to schistosomal GST and used pure DMPG
nd lipid vesicles (DMPG/DMPC at 1:1 ratio of ;200
m diameter), employing film balance technique and
ifferential scanning calorimetry to probe their inser-
ion into lipid mono -and bilayers. The findings in this
tudy will be discussed in the context of recent devel-
pments in cell signaling.

ATERIALS AND METHODS

Generation of recombinant proteins. Two pairs of oligonucleotides
Genosys) coding for amino acids 49-71 and 131-155 of the filamin
ABP-280) sequence [24]—flanked upstream by a BamHI site and
ownstream by a stop-codon as well as an EcoRI site—were an-
ealed:

AA 49-71 f: 59-GATCCTTCACGCGCTGGTGCAACGAGCACCTG-
AAGTGCGTGAGCAAGCGCATCGCCAACCTGCAGACGGACCT-
GTAAG-39,

: 59-AATTCTTACAGGTCCGTCTGCAGGTTGGCGATGCG-
CTTGCTCACGCACTTCAGGTGCTCGTGCACCAGCGCGTG-
AAG-39);

AA 131-155 f: 59-GATCCGACGGGAACCTGAAGCTGATCCTGGG-
CCTCATCTGGACCCTGATCCTGCACTACTCCATCTCCAT-
GCCCATGTGGTAAG-39,

: 59-AATTCTTACCACATGGGCATGGAGATGGAGTAGTGCAG-
GATCAGGGTCCAGATGAGGCCCAGGATCAGCTTCAGGTT-
CCCGTCG-39).

The double-stranded oligonucleotides were cloned into pGEX-2T
reviously digested with BamHI/EcoRI (Fig. 1a). pGEX-2T is a bac-

FIG. 1. (a) The expression of GST-coupled proteins was accompl
ouble-stranded sequences were subsequently cloned into the vector
n analytical polyacrylamide gel (15%). Lane M: molecular weight ma
f the expressed proteins was higher than 95% judged by densitome
109
erial expression vector that contains the GST gene. The plasmids
ere analyzed by restriction digests, and subsequently sequenced to

onfirm the presence of the inserts. The bacterial strain BL-21 was
sed for the expression of GST and the GST coupled filamin frag-
ents GST/49-71 and GST/131-155, respectively. The proteins trans-

ormed from BL-21 were then purified according to the procedure by
mith and Johnson [25] (Fig. 1b).

Lipid monolayer and film balance technique. The anionic phos-
holipid dimyristoyl-L-a-phosphatidylglycerol (DMPG) from (Avanti
olar Lipids, Birmingham, AL) was dissolved in a chloroform/
ethanol solution of 9/1 (v/v). The lipid was then spread onto buffer

A) containing 20 mM HEPES/NaOH pH 7.4, 1 mM EGTA, 1 mM
DTA, 0.2 mM DTT, 40 mM NaCl, 0.005% NaN3, rendering a homo-
eneous lipid monolayer.
Monolayer experiments were performed in a film balance appara-

us as described [26]. This unit consists of a light microscope which
s placed above a 25 ml Langmuir trough to allow observation of the
uid surface. Peltier elements underneath the trough are used for
emperature regulation (6 0.2°C). The trough is covered by a glass
lide to protect the spread lipid monolayer. The surface pressure of
he solution in the trough is measured by a Wilhelmy system. Time/
ressure diagrams of the lipid monolayer are recorded at a lateral
onstant pressure of 19mN/m for DMPG.

Lipid bilayer and differential scanning calorimetry (DSC). Lipid
tock solutions were prepared by dissolving pure lyophilized
hospholipids (zwitterionic (dimyristoyl-L-a-phosphatidylcholine,
MPC and anionic dimyristoyl-L-a-phosphatidylglycerol, DMPG)

rom (Avanti Polar Lipids, Birmingham, AL) in chloroform/
ethanol 2/1 (v/v). From aliquots of these solutions, a dry lipid
lm was formed on the walls of an extensively rinsed glass beaker
y evaporating the solvent with a stream of nitrogen followed by
acuum desiccation for at least 2h. The lipid film was dissolved in
0 mM HEPES/NaOH pH 7.4, 0.3 mM EGTA, 0.3 mM EDTA, 0.2
M DTT, 5 mM NaCl, 0.005% NaN3 for the preparation of unila-
ellar vesicles. The lipid dispersion was then subjected to five

reeze/thaw cycles and pressed 10 times through 200 nm filters.
amples containing unilamellar vesicles with ;200 nm diameter
ere equilibrated at 4°C for 30 min. DSC samples, containing 1
g/ml of lipids were injected into the sample cell, and scans were

erformed at a rate of 30°C/h. Data were collected at 0.05°C
ntervals and stored on a computer.

d by the annealing of corresponding f- and r-oligo-nucleotides. The
EX-2T. (b) The purity of the recombinant proteins was checked by

er; lane A: GST; lane B: GST/49-71; lane C: GST/131-155. The purity
.
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ESULTS

Insertion of filamin fragments into lipid monolayer
easured by film balance technique. Prior to monitor-

ng the insertion of filamin fragments 49-71 and 131-
55 coupled to glutathione S-transferase (GST), we
etermined the surface tension of (a) the anionic
MPG monolayer and (b) protein solutions at the

iquid-air interface in the absence of DMPG. Using
uffer (A) containing 20 mM HEPES/NaOH pH 7.4, 1
M EGTA, 1 mM EDTA, 0.2 mM DTT, 40 mM NaCl,

.005% NaN3 in the presence of DMPG, we measured
n equilibrium lateral pressure of 19 (61) mN/m over
0 hours. GST, GST/49-71, and GST/131-155 in the
bsence of DMPG showed a lateral pressure of less
han 1 mN/m with time, indicating no interference of
hese fragments with the air-water interphase. All sub-
equent experiments were therefore carried out at a
ateral pressure of 19 mN/m. Figure 2 shows a time/
ressure diagram recorded by the film balance appa-
atus. In these experiments, we used pure DMPG
onolayers ( ), which were spread on buffer (A),

nd 25 mg/ml GST (■), GST/49-71 (F), or GST/131-155
}), which were injected into the subphase. The arrow

arks the time of injection of each protein. Recording
ressure changes with time (Fig. 2) and equilibrium
ressures after 15 hours of 28.5, 25, and 21.5 mN/m for
ST/131-155, GST/49-71, and GST (data not shown),
e observed an increase in the order of GST/131-155 .
ST/49-71 . GST. These increases are indicative of

FIG. 2. A time/pressure diagram as measured by the film bal-
nce technique. Pure DMPG phospholipid monolayers were spread
n buffer and 25 mg/ml GST (■), GST/49-71 (F), or GST/131-155
}) was injected into the subphase. The arrow marks the time of
njection. The pressure of 19 mN/m was constant for pure DMPG

) over 10 h. (Note: the equilibrium pressure reached after 15 h
as 28.5, 25, and 21.5 mN/m for GST/131-155, GST/49-71, and GST,

espectively). Measuring temperature 20°C. Buffer (A): 20 mM
EPES/NaOH pH 7.4, 0.3 mM EGTA, 0.3 mM EDTA, 0.2 mM DTT,
mM NaCl, 0.005% NaN3. (Inset: schematic representation of the

lm balance technique. Changes in pressure with time (a1b) are due
o the insertion of the protein into the lipid layer).
110
artoons a1b (inset to Fig. 2) describe these events.

Insertion of filamin fragments into lipid bilayer mea-
ured by differential scanning calorimetry (DSC). The
hange of specific heat with rising temperature for
esicles consisting of DMPG/DMPC (1 mg/ml at 1:1
atio and 200nm diameter) in the presence of increas-
ng fragment (GST/49-71 and GST/131-155) concentra-
ion is shown in Fig. 3A1B. The effect of filamin frag-
ents on the thermotropic properties of the lipid

esicles shows a shift of the chain melting tempera-
ure. The change in heating profile T*s 3 Ts and T*l 3

FIG. 3. DSC endotherms in panel A and B show the variation of
he main phase transition of lipid vesicles (DMPC/DMPG at 1 mg/ml
nd 1:1 ratio) in the presence of GST/49-71 (A), GST/131-155 (B), or
ST (B; a). Ts depicts the solidus and Tl the liquidus line. T*s and T*l

how DMPC/DMPG vesicles in the absence of GST/49-71, GST/131-
55, or GST, and Ts and Tl in the presence of these proteins at
arious protein concentrations. (A; a) pure lipids; (B; a) pure GST
P/L 5 1/10); (A1B; b) P/L 5 1/800; (A1B; c) P/L 5 1/400; (A1B; d)
/L 5 1/200; and (A1B; e) P/L 5 1/100. Buffer: 20 mM Hepes/NaOH,
mM EGTA, 1 mM EDTA, 0.2 mM DTT, 40 mM NaCl, and 0.005%
aN3, pH 7.4. (C) Ts (solidus line) and Tl (liquidus line) are plotted
s a function of various protein concentrations ( GST/131-155,
nd GST/49-71).
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l

hobic region of the liposomes. The incubation of
MPC/DMPG vesicles with filamin fragments signifi-

antly shift the onset of the chain melting temperature,
s (solidus line) to lower temperatures and the comple-

ion of the chain melting temperature Tl (liquidus line)
o higher temperatures. Figure 3C shows the onset (Ts)
nd completion (Tl) of the main phase transition for
MPC/DMPG vesicles with temperature and increas-

ng fragment (GST/49-71 and GST/131-155) concentra-
ion. Filamin fragment GST/131-155 inserts with
igher efficiency into the hydrophobic region compared
o GST/49-71. This effect is probably due to higher
lectrostatic attraction of this fragment for the inner
eaflet of the lipid bilayer.

ISCUSSION

Elucidating the possible interaction of actin-
ssociated proteins with lipids is important for the
nderstanding of their function at the cellular level.
rotein-lipid interaction may not only play a central
ole in (i) mediating the anchorage of the cytoskeleton
o the lipid membrane, but also (ii) in defining a spe-
ific membrane topology. The release of actin-binding
roteins or certain lipids e.g., inositolphosphates or
iacylglycerol from a protein-lipid complex may repre-
ent a more direct way for a cell to trigger intracellular
vents than through transmembrane signaling [27].
Our results obtained by differential scanning calo-

imetry show that the proposed regions on ABP-280
filamin)—amino acid residues 49-71 and 131-155 at-
ached to schistosomal GST—interact with phospholip-
ds. Using this method, we found that the fusion pro-
eins suppress the enthalpy, DH and broaden the main
hase transition. This effect—although small—is in-
icative of hydrophobic insertion. It can be explained
y the penetration of the fusion proteins into the lipid
ilayer core which expands, destabilizes, and rear-
anges the phospholipid structure. The same type of
nteraction is demonstrated by film balance analyses.
ecording the thermodynamic behavior of a system at

onstant pressure, we observe an increase in lateral
ressure (mN/m) with time when the fusion proteins
re injected into the subphase. The small increase is
ue to the insertion of the proteins. GST/131-155
hows a higher lateral pressure compared with GST/
9-71 which confirms predictions by Tempel et al. [24]
f the suitability of GST/131-155 to insert more effi-
iently into the hydrophobic region of the lipid layer.
omputer alignment analyses of fragment 131-155

residues: DGNLKLILGLIWTLILHYSISMPMW) with
ther membrane associated proteins from humans
ave the following consensus score and value: 57, 3e29

ABP-280); 35, 0.019 (a-actinin); 34, 0.044 (dystrophin,
pectrin). Interestingly, all proteins consisted of the
equence: DGN. . . .LG.IW. .IL, thus the transmem-
111
rane protein, e.g. glycophorin A did not show this
equence.
Recent studies have focused on elucidating interac-

ions of the cytoplasmic tails of integrins with the
ytoskeleton at focal contacts in cells [28-30]. Sharma
t al. [5] identified the actin-binding protein (ABP-280,
lamin) as a major cytoskeletal protein that binds di-
ectly and specifically to the cytoplasmic tail of the
2-integrin subunit CD18 using co-immunoprecipi-
ation and co-immunolocalization assays. The ABP-280
filamin) binding site in CD18 was localized on the
-terminus (amino acids 724 to 747). More recently,
harma et al. [31] showed that p56lck—a lymphoid-
pecific src tyrosine kinase, which is critical for T-cell
evelopment and activiation—and (ABP-280, filamin)
nteract. In this in vitro study these workers investi-
ated the role of p56lck phosphorylating ABP-280 (fil-
min). They found that purified p56lck catalyzed the
hosphorylation at an approximate stoichiometry of
:1 and that tyrosine phosphorylation was restricted to
wo peptides of labeled (ABP-280, filamin). Using iso-
ated epithelial cell membranes the addition of unphos-
horylated, but not p56lck-phosphorylated ABP-280 (fil-
min), suggested that tyrosine phosphorylation may
nterfere with ABP-280 (filamin) binding to actin and
ubsequently with the link between the actin cytoskel-
ton, integrin, and lipid membrane. A recently pub-

FIG. 4. Model of ABP-280 (non-muscle filamin) interactions with
2-integrin, F-actin, phospholipid membranes, and p56lck. We
resent a detailed schematic view which is based on recent experi-
ental and theoretical data. According to Tempel et al. [24], two

egions in the ABP-280 (filamin) molecule (amino acids 49-71 and
31-155) are good candidates for lipid interactions. Sharma et al. [31]
howed that scr kinase p56lck interacts with tyrosine-phosphorylates
BP-280 (filamin) probably in the rod 2 domain.



lished study has shown that actin is linked to integrin
i
a
i
(
A
e

a
a
f
m
p
t
q

A

M
l
t
s
p
1
W
t

R

10. Tempel, M., Goldmann, W. H., Dietrich, C., Niggli, V., Weber, T.,

1
1

1

1

1

1

1

1

1
2

2

2

2

2

2
2

2
2

2

3

3

3

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
n quiescent cells and that the disruption of the inter-
ction activates integrins [32]. We are currently test-
ng the hypothesis of whether dissociation of ABP-280
filamin)-bound integrin [5] from the cytoskeleton or
BP-280 (filamin)-bound lipid [10] is only required for
arly cell signaling.
In Fig. 4 we show a composite map of the structural

nd functional domains of the non-muscle ABP-280 (fil-
min) molecule, indicating the location of binding sites
or actin, and phospholipid membranes at the amino ter-

inus. b2-integrin (CD18) binding and p56lck tyrosine
hosphorylation sites are assumed in the rod 2 region at
he carboxy-terminal end, thus further research is re-
uired for more complete elucidation.
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