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Binding of the platelet GPIb/V/IX (glycoprotein Ib/V/IX) receptor
to von Willebrand factor is critical for platelet adhesion and aggre-
gation under conditions of rapid blood flow. The adhesive function
of GPIbe is regulated by its anchorage to the membrane skeleton
through a specific interaction with filamin A. In the present study,
we examined the amino acid residues within the cytoplasmic tail
of GPIba, which are critical for association with filamin A, using
a series of 25-mer synthetic peptides that mimic the cytoplasmic
tail sequences of wild-type and mutant forms of GPIbw. Peptide
binding studies of purified human filamin A have demonstrated
a major role for the conserved hydrophobic stretch L3 FLWV°7!
in mediating this interaction. Progressive alanine substitutions of
triple, double and single amino acid residues within the Pro®®!—
Arg®™ region suggested an important role for Trp*”® and Phe®® in

promoting GPIba binding to filamin A. The importance of these
two residues in promoting filamin A binding to GPlbx in vivo
was confirmed from the study of Chinese-hamster ovary cells
expressing GPIba Trp® — Ala and Phe’® — Ala substitutions.
Phenotypic analysis of these cell lines in flow-based adhesion
studies revealed a critical role for these residues in maintaining
receptor anchorage to the membrane skeleton and in maintain-
ing cell adhesion to a von Willebrand factor matrix under high-
shear conditions. These studies demonstrate a novel filamin A
binding motif in the cytoplasmic tail of GPIba, which is critically
dependent on both Trp>® and Phe*®,

Key words: adhesion receptor, cytoplasmic domain, filamin A,
GPIb/V/IX, mutagenesis, platelet.

INTRODUCTION

Platelet adhesion and aggregation at sites of vascular injury is es-
sential for the arrest of bleeding and is dependent on the synergis-
tic contribution of multiple adhesion receptor—ligand interactions.
Of central importance to the haemostatic response is the inter-
action between the platelet GPIb/V/IX (glycoprotein Ib/V/IX) re-
ceptor and vWT (von Willebrand factor), an adhesive event that is
critical for initiating platelet—vessel wall interactions, particularly
under high-shear conditions [1]. This receptor—ligand interaction
also plays an important role in initiating platelet activation through
the generation of intracellular signals that up-regulate the adhesive
function of integrin «IIbB3, a key adhesion receptor that promotes
platelet aggregation and thrombus growth (reviewed in [2]).

The GPIb/V/IX receptor complex is composed of four subunits,
GPIba, GPIbg, GPIX and GPV (reviewed in [3]), the most import-
ant of which is GPIba from a functional perspective. This subunit
consists of a large extracellular domain that incorporates the bind-
ing site for vW{ (residues 1-279), a single transmembrane do-
main, and a 96 residue C-terminal cytoplasmic domain (residues
515-610) that binds the actin-binding protein filamin A [4], and
the signalling adaptor protein, 14-3-3¢ [S5]. The association be-
tween GPIba and filamin A links the GPIb/V/IX receptor to the
underlying actin membrane skeleton [6], an association that is
considered important for maintaining the cytoskeletal architecture
of resting platelets.

The filamins (including filamin A) are a family of actin-binding
proteins that have traditionally been supposed to act principally
as cytoskeletal scaffolding proteins involved in the branching and

cross-linking of actin filaments [7,8]. However, it is becoming
increasingly clear that their biological functions are significantly
more diverse. An increasing number of transmembrane receptors
and signalling molecules bind filamin A, most of them (including
GPIbw) through one or more of the C-terminal repeat regions that
lie beyond the first hinge region [7]. However, the specific-binding
sites involved, and the regulation of these interactions have not
been well characterized owing in part to a lack of homology be-
tween the different binding partners of filamin A. The function of
a number of filamin A-associated receptors has recently been de-
monstrated to depend on filamin A association, including dopa-
mine (D,) receptor signalling [9], trafficking of the u opioid re-
ceptor [10] and the regulation of Kv4.2 potassium channel current
density [11]. Thus an improved understanding of the molecular
mechanisms underlying filamin A—protein interactions may pro-
vide insights into their mode of regulation.

Previous studies have demonstrated that the vW{—GPIb inter-
action can be negatively regulated by the platelet cytoskeleton,
and that this regulatory mechanism is dependent on the interaction
between GPIbwx and filamin A [12,13]. Disruption of the GPIba—
filamin A interaction leads to an inability of GPIba to maintain cell
adhesion under high shear, due to a defect in membrane anchor-
age of the receptor [14]. In contrast, Schade et al. [15] recently
suggested that deletions to the cytoplasmic tail of GPIbe, which
prevent the association with filamin A, result in a constitutive de-
crease in the strength of the vVWf-GPIbo bond irrespective of the
prevailing shear conditions. Interestingly, a recent study by Feng
et al. [16], using a cell permeable peptide corresponding to the
557-575 region of GPIba, has suggested that the GPIba—filamin
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A interaction may be dynamically regulated under conditions of
high shear, promoting shear-induced platelet aggregation. How-
ever, despite the potential importance of the GPIba—filamin A
interaction for normal platelet function, the molecular basis under-
lying this association still remains poorly defined.

Previous studies, both from our laboratory and also by others,
have attempted to delineate the specific region within the GPIba
tail required for the interaction with filamin A, and based on avail-
able evidence the primary filamin A binding domain appears to in-
volve residues within the 551-579 region [13,14,16,17]. The ma-
jority of studies to date, examining GPIba—filamin A interactions,
have utilized transfected cell lines expressing relatively large
deletions in the cytoplasmic domain of GPIbx [13,14,16-19].
Such gross deletions throughout various regions of the cytoplas-
mic tail may produce a variety of different conformational alter-
ations that lead to secondary effects unrelated to changes in fila-
min A binding, perhaps providing one potential explanation for
the apparent discrepancies among previously published studies.
In the present study, we have examined critical amino acid resi-
dues within the cytoplasmic tail of GPIbea, necessary for binding
filamin A. We have demonstrated a key role for the conserved
hydrophobic stretch LFLWV°"" in mediating this interaction.
Analysis of a series of peptides and GPIbe tail mutants containing
single and double amino acid substitutions has defined an import-
ant role for Trp’® and Phe’® in promoting GPIba binding to
filamin A. We demonstrate that these residues are critical for main-
taining GPIba receptor anchorage to the membrane skeleton and
for maintaining cell adhesion to a vW{ matrix under high-shear
conditions.

MATERIALS AND METHODS
Materials

HRP (horseradish peroxidase)-conjugated anti-mouse IgG anti-
body and streptavidin-coated microtitre plates were purchased
from Chemicon International (Temecula, CA, U.S.A.). Anti-fila-
min A antibody NCL-FIL was purchased from NovoCastra Labo-
ratories (Newcastle, U.K.). Permafluor was purchased from Im-
munotech (Beckman Coulter, Gladesville, NSW, Australia).
Avidin, Sigma FASTTM O-phenylenediamine dihydrochloride
tablets and thioanisole were purchased from Sigma (St. Louis,
MO, U.S.A.). All reagents for peptide synthesis were purchased
from Auspep (Melbourne, Australia). Acetonitrile and phenol
were from Merck (Darmstadt, Germany). Vent® DNA polymerase
and all restriction enzymes were from New England Biolabs
(Beverley, MA, U.S.A.) and dNTPs were from Amersham Bio-
sciences (Castle Hill, NSW, Australia). The expression plasmid
containing full-length GPIba (pDX-Ibar) and CHO (Chinese-
hamster ovary) cells co-expressing GPIbg and GPIX (CHO-8/IX)
were kindly provided by Dr J. Lopez (Baylor College of Medicine,
Houston, TX, U.S.A.). All other reagents were from sources de-
scribed previously [14,19].

Peptide synthesis and biotinylation

Peptides were synthesized using Fmoc (fluoren-9-ylmethoxy-
carbonyl)-solid phase peptide synthesis methods on a PS3 auto-
mated solid-phase peptide synthesizer (Ranin Instrument Com-
pany, Woburn, MA, U.S.A.). The peptide-resin was cleaved with
reagent K (trifluoroacetic acid/phenol/H,O/thioanisole/1,2-ethan-
dedithiol in the ratio 82.5:5:5:5:2.5, by vol.), and the crude pep-
tide was purified using RP-HPLC (reversed-phase HPLC; Waters
600 Series HPLC, Milford, MA, U.S.A.). Peptides were eluted
from a Phenomenex Luna C-8 column (250 mm long and 20 mm
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inner diameter) at 5 ml/min using a 0-60 % CH;CN/H,O gradient
in 0.1 % trifluoroacetic acid. Fractions were analysed by liquid
chromatography-MS (Micromass Technologies ZQ4000, Waters
2795 Separations Module). For retention time analysis by RP-
HPLC, peptides were eluted from a Phenomenex Luna C8 ana-
Iytical column (100 mm long and 4.5 mm inner diameter) at
1.0 ml/min using a 0-80 % CH;CN/H,0 gradient in 0.1 % aque-
ous trifluoroacetic acid. For biotinylation of peptides, 2 mg of
N-hydroxysuccinimido-linked biotin was added to 2 mg of puri-
fied peptide (10:1 molar ratio) in 1 M phosphate buffer (pH 7.4)
and stirred overnight at room temperature (22°C). Biotinylated
peptide was purified using RP-HPLC as described above and ana-
lysed using liquid chromatography-MS.

Filamin A purification

Filamin A was purified from human platelets according to a modi-
fied method of Schaier [20]. Briefly, whole blood was collected
from healthy volunteers and added to the anti-coagulant (100 mM
NaCl, 50 mM Tris/HCl, 10 mM EDTA, 70 mM theophylline,
pH 7.4 and 100 uM prostaglandin I,). Blood was centrifuged at
200 g for 30 min to obtain platelet-rich plasma followed by cen-
trifugation at 2000 g for 20 min to obtain a platelet pellet that
was resuspended in platelet wash buffer (150 mM NaCl, 2 mM
EDTA, 10 mM Tris/HCI and 100 uM prostaglandin I,, pH 7.4)
and washed twice more in platelet wash buffer. The final
platelet pellet was lysed at 4°C in lysis buffer [3 mM EDTA,
0.5 % Triton X-100, 50 mM Tris/HCI, pH 7.5, 0.5 mM DTT (di-
thiothreitol), 50 pg/ml calpeptin, 1 ;g/ml leupeptin and 1 tablet
of Complete™ Mini EDTA-free protease inhibitor cocktail], then
homogenized and sonicated at 4°C, and the resulting slurry was
centrifuged at 100000 g for 3 h at 4°C. The pellet was resus-
pended in high ionic strength buffer (50 mM KH,PO,, 0.6 mM
KCl, 5 mM EDTA, 10 mM ATP, 5 mM DTT, 1 ug/ml leupeptin
and Complete™ EDTA-free, pH 7.0) and stirred overnight at 4 °C.
Insoluble material containing mostly filamentous actin was pel-
leted by centrifugation at 100000 g for 90 min at 4 °C and the fila-
min-A-containing soluble fraction was diluted 10-fold with equi-
libration buffer (10 mM Tris/HCI, 5 mM EDTA and 0.5 mM DTT,
pH 8.0). Filamin A was purified using anion-exchange chromato-
graphy on a BioRad Bio-Logic Duo Flow liquid chromatography
system. SDS/PAGE (5% polyacrylamide) analysis identified
fractions containing the correct molecular-mass protein, which
was confirmed to be filamin A by immunoblotting using NCL-FIL
(1:1000 dilution). Filamin-A-containing fractions were pooled
and further purified using anion-exchange chromatography
(Mono Q; Amersham Biosciences) to yield full-length, 280 kDa
filamin A, free of any contaminating proteins as determined by
Coomassie Blue staining.

Filamin A-GPIb« peptide binding assay

Biotinylated WT (wild-type; 15 pmol) or mutant GPIba peptide
was dissolved in binding buffer (10 mM Tris, 150 mM NaCl,
1 mM DTT and 0.1 % BSA, pH 7.4) at 2 pg/ml and immobilized
on streptavidin-coated microtitre plate wells by incubating for
30 min at room temperature. To determine maximal filamin A
binding, increasing concentrations of purified filamin A (0—
2.4 nmol) were incubated with immobilized WT peptide for
60 min at room temperature on a rotating platform, and based on
the results from these experiments, 1.2 nmol filamin A was used in
all subsequent studies (see Figure 1A). Unbound filamin A was
removed by three washes in binding buffer containing 0.1 %
Tween 20. Bound filamin A was detected using NCL-FIL
(1:1000 dilution for 1h), followed by HRP-conjugated anti-
mouse IgG mAb (monoclonal antibody; 1:10000 dilution for
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Figure 1  Binding of filamin A to WT and scrambled GPlb« peptides

(A) To define the experimental conditions required to quantify the direct binding capacity of
filamin A to WT and scrambled GPlbe peptides, filamin A (0-2.4 nmol) was incubated with
15 pmol of either immobilized biotinylated WT (M) or scrambled (Iba-scr, (1) peptide for 60 min
as described in the Materials and methods section. Bound filamin A was detected using NCL-FIL
mAb and HRP-conjugated secondary reagents for colorimetric detection at 490 nm as described
in the Materials and methods section. Absorbances are presented as the means + S.D. for two
experiments. Filamin A binding to WT peptide was saturable and reached a maximum between
0.6 and 1.2 nmol. (B) In competition binding experiments, 0.01—1 nmol of either soluble WT
(mm) or scrambled (Iba-scr, (J) peptide was incubated with filamin A (1.2 nmol) for 60 min,
then incubated for a further 60 min with immobilized WT peptide. The level of bound filamin A
was measured as described above and expressed relative to the absorbance detected for filamin
A binding to immobilized WT peptide in the absence of competing soluble peptide, which was
assigned as 100 %. The results are presented as the means + S.E.M. for three experiments.

30 min). HRP substrate (Sigma FASTTM O-phenylenediamine
dihydrochloride) was prepared according to the manufacturer’s
instructions and 50 ul was added to each well and incubated
for 15 min in the dark. The reaction was stopped with 50 ul of
2 M H,SO, and the absorbance read at 490 nm using a BioRad
benchmark microplate reader. For peptide competition binding
studies, 1.2 nmol of purified filamin A was incubated with soluble
competing peptide (0.1-10 uM for 25-mer peptides and 10—
1000 uM for 5-mer peptides) for 60 min, then incubated for a
further 60 min with immobilized WT peptide. Unbound filamin A
and soluble peptide were removed by three washes and the amount
of bound filamin A was measured as described above. The absorb-
ance at 490 nm was expressed relative to the absorbance detected
for filamin A binding to immobilized WT peptide, which was as-
signed as 100 %. All incubations were performed in triplicate for
each experiment.

Generation of mutant GPlba: CHO cell lines

Alanine-substituted forms of GPIba were generated using a two-
step overlap extension PCR mutagenesis strategy by the method
of Ho et al. [21], using the following mutagenic primer pairs:
5'-CAGCCTCGCCCTGTGGGTACG-3' and 5-CGTACCCA-
CAGGGCGAGGCTG-3' to generate a F568A (Phe’® — Ala)
GPIba mutant; 5-CCTCTTCCTGGCGGTACGGCC-3' and 5'-
GGCCGTACCGCCAGGAAGAGGC-3' for W570A; 5'-GGGT-
AGCGCCTAATGGCC-3" and 5-GGCCATTAGGCGCTACCC-
3" for R572A; 5'-CCTCGCCCTGGCGGTACGGCC-3' and 5'-
GGCCGTACCGCCAGGGCGAGGC-3' for the double FW-AA
mutation. External primer sequences were 5'-CCCGTATCAC-
TCTTAGAATCCACC-3' and 5-GCCTGTGTTGTGAAGACA-
GGGC-3' for all mutants. The expression plasmid pDX-GPIbx
containing full-length WT GPIba was used as a template to gen-
erate single alanine-substituted plasmids (pDX-F568A, pDX-
W570A and pDX-R572A), and pDX-F568A was used to generate
the double mutant, pDX-FW-AA. An Smal site upstream of the
mutation site and a downstream Dralll site were utilized to
clone mutagenic forms of GPIba into Smal-Dralll-digested pDX-
GPIbw. Second round PCR product was first cloned into pUC19
and sequenced in both directions (Applied Biosystems ABI 373
DNA sequencer) to check the presence of the desired mutation and
the absence of any additional PCR-generated mutations. pUC19-
GPIba was sequentially digested with Smal and Dralll and the
Smal-Dralll-digested GPIba fragment was ligated into Smal—
Dralll-digested pDX-GPIba. CHO-B/IX cells were transfected
using calcium phosphate precipitation as described previously
[19]. The presence of GPIbwx on the cell surface was confirmed by
flow cytometry after labelling CHO cells with FITC-conjugated
WM23 (anti-GPIba mAb, 2 pg/ml) for 20 min. Flow cytometric
analysis was performed on a FACSCalibur cytometer (Becton
Dickinson, North Ryde, NSW, Australia).

Co-immunoprecipitation of GPlb« and filamin A from
biotinylated CHO cells

Co-immunoprecipitation of biotinylated GPIba and filamin A
was performed as described previously [14]. Immunoprecipitated
proteins were separated by SDS/PAGE (5 % polyacrylamide), and
transferred on to PVDF membranes. Membranes were blocked
with 10 % (w/v) BSA in PBS containing 0.05 % Tween 20, and in-
cubated for 1h with a 1:25000 dilution of HRP-conjugated
streptavidin. The membranes were washed three times with PBS
and 0.05% Tween 20, once in PBS, and immunoprecipitated
bands were detected using an enhanced chemiluminescence Kkit.

Flow-based CHO cell adhesion assays

Flow-based adhesion assays were performed as described pre-
viously using glass microslides (VitroCom, NJ, U.S.A.) coated
with 10 pug/ml BvWf (bovine vWf) [19]. For cell-rolling velocity
analysis, 25 cells were analysed from five separate fields for 20 s at
each shear stress except at 6 Pa, where in some experiments there
were insufficient cells remaining adherent to analyse 25 cells. In
these instances, rolling velocities were calculated for all cells
that still remained attached to the vWf matrix. Rolling velocities
before cell detachment were analysed for WT, W570A and FW-
AA cells (six cells for each cell line) by measuring the distance
travelled over 2 s intervals for the 10-12 s period immediately
before their detachment.

Analysis of GPIb-IX receptor extraction at high shear stress

Extraction of GPIb—IX from the cell membrane was performed
as described previously [14] with minor modifications. Briefly,
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557 561 575 581

WwWT RGSLPTFRSSLFLWVRPNGRVGPLV
Iho-ser LLWRPVRTPFLSGRVPGFSRGNLVS
PTF-AAA RGSLABARSSLFLWVRPNGRVGPLV
RSS-AAA RGSLPTFAAALFLWVRPNGRVGPLV
LFL-AAA RGSLPTFRSSABAWVRPNGRVGPLV
WVR-AAA RGSLPTFRSSLFLAAAPNGRVGPLV
PNG-AAA RGSLPTFRSSLFLWVRARARVGELV
LF-AA RGSLPTFRSSAALWVRPNGRVGPLV
FL-AA RGSLPTFRSSLAAWVRPNGRVGPLV
FW-AA RGSLPTFRSSLALAVRPNGRVGPLY
F568A RGSLPTFRSSLALWVRPNGRVGPLV
W570A RGSLPTFRSSLFLAVRPNGRVGPLV
R564A RGSLPTFASSLFLWVRPNGRVGPLV
R572A RGSLPTFRSSLFLWVAPNGRVGPLV
Smer WT LFLWV
Smer W570A LFLAV

Figure 2 Amino acid sequences of wild-type, scrambled and alanine-
substituted GPIba peptides used in the present study

cells (1x10°/ml) were perfused into BvWf-coated microslides
(10 peg/ml) at 0.05 Pa for 5 min to maximize the number of
adherent cells. Cells were then exposed to shear stresses of 6—
8 Pa to detach at least 95 % of cells (the shear stress required
was dependent on the cell line). Microslides were then fixed
with 2% (w/v) paraformaldehyde in PBS for 1 h and washed
by perfusion of 500 ul of PBS. Any extracted receptor remaining
on the vWf matrix was labelled with WM23 (anti-GPIba mAb)
at 1 ug/ml, diluted in PBS containing 1% BSA for 30 min,
followed by Alexa488-conjugated anti-mouse IgG at 2 pg/ml
under the same conditions. Microslides were washed by perfusion
of 500 ul of PBS and then mounted in Permafluor. Fluorescence
was visualized using confocal microscopy and images captured
using Leica acquisition software (Leica TCS NT; Leica, Altona
North, VIC, Australia).

Statistical analysis

Statistical analyses were performed using Student’s unpaired ¢
test and P < 0.05 was considered significant. All data analysis,
statistical analyses and graphic generation were performed using
Prism software (Graphpad, San Diego, CA, U.S.A.).

RESULTS
Binding of filamin A to WT and triple alanine-substituted peptides

Our previous studies, using CHO cells transfected with cytoplas-
mic domain deletion mutants of GPIbx, suggested the involve-
ment of a 23 amino acid region between Arg®’ and Pro’” in
mediating the interaction with filamin A. Within this region, lies
a shorter sequence from Pro®! to Arg®?, which is fully conserved
between human, murine and canine GPIbe, suggesting functional
importance. To define more precisely a specific region in the
GPIba cytoplasmic domain, required for the interaction with fila-
min A, we initially utilized synthetic peptides based on GPIbx
residues Arg>’—Val®®! (Figure 2), and designed in vitro peptide—
filamin A binding assays for this purpose. First, we established
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the specificity of the peptide—filamin A binding assays. In experi-
ments designed to determine a direct interaction between GPIba
peptides and filamin A, either biotinylated WT or scrambled
GPIba (Iba-scr) peptide was immobilized on to streptavidin-
coated wells and incubated with increasing amounts of filamin A.
The results in Figure 1(A) demonstrate a saturable, direct inter-
action between filamin A and WT peptide, which was specific,
based on the inability of scrambled peptide to support filamin A
binding. Filamin A binding to WT peptide reached a maximum
between 0.6 and 1.2 nmol, and 1.2 nmol filamin A was used
in all further experiments. An analysis of WT and scrambled
peptides in a competition binding assay indicated that soluble
WT peptide could efficiently compete with immobilized WT
peptide for filamin A binding, achieving maximum competition
at 7.5 uM of soluble competing peptide (Figure 1B). In contrast,
the scrambled peptide was completely unable to compete with
WT at all concentrations of competing peptide.

A series of five triple alanine-substituted peptides was then
designed to span the conserved region of the GPIba sequence (see
Figure 2), and examined for filamin A binding. Significantly, of the
triple-substituted peptides tested, only two peptides, LFL-AAA
and WVR-AAA, showed a significant decrease in direct filamin A
binding and a complete abrogation of competition binding (Fig-
ures 3A and 3B). The similar behaviour of the PTF-AAA and
PNG-AAA peptides to WT (in both the direct and competition
binding assays) suggests that a triple alanine substitution itself
does not significantly affect the conformation of the peptides. The
results for RSS-AAA indicated that, whereas soluble RSS-AAA
peptide showed strong competition with immobilized WT for fila-
min A, immobilized RSS-AAA was not competent to bind
filamin A, suggesting a potential difference between the ability of
immobilized and soluble peptide to bind filamin A and to compete
for filamin A binding. One possibility to explain this discrepancy
may be that the peptide is induced to adopt a non-native binding
mode on immobilization. The observation that only the LFL-
AAA and WVR-AAA peptides exhibited significantly decreased
filamin A binding suggested that hydrophobicity might be a key
element to the binding of filamin A, and that the hydrophilic,
charged residues are less important. A theoretical Hopp—Woods
plot of these 25-mer peptides demonstrated a distinct hydrophobic
region resulting from residues L*’FLWV?"!, and that substitution
of these residues to alanine had a marked effect on the hydro-
phobicity of this region. This analysis was consistent with corres-
ponding changes in RP-HPLC retention times (results not shown).
Despite the absence of any known protein-binding motifs in this
sequence, the presence of a distinct hydrophobic region indicates
a possible pattern contributing to protein—protein interactions.
Consistent with this hypothesis, we found that peptides with single
arginine to alanine substitutions across this region bound filamin
A, and competed with WT for filamin A binding (see Figure 4).
This result is also in agreement with the recent findings in CHO
cells expressing similar arginine to alanine mutations that retained
the filamin A—GPIb« interaction [16].

Binding of filamin A to double and single
alanine-substituted peptides

On the basis of our observations with the triple alanine-substituted
peptides, and to more precisely define the residue substitutions
that would abrogate binding, a second series of synthetic peptides
with more conservative double and single alanine substitutions
was prepared. Consistent with the results presented in Figure 3,
substitution of hydrophobic residues had a profound effect on
filamin A binding. None of the doubly mutated peptides, LF-AA,
FL-AA and FW-AA (Figure 4A) or the single residue mutations,
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Figure 3 Binding of filamin A to triple alanine-substituted GPlb« peptides

(A) Direct binding of filamin Ato triple alanine-substituted peptides was performed by incubating
1.2 nmol filamin A with 15 pmol immobilized peptide as described in the Materials and methods
section. Results (means + S.E.M. for four experiments) are expressed as the percentage of
filamin A binding, relative to the binding measured for immobilized WT peptide which was
assigned as 100%. (B) Competition binding experiments were performed as described in
Figure 1 and the results (means + S.E.M. for three experiments) are expressed as the maximum
percentage of competition. (C) Competition binding curves are shown for WT (M), LFL-AAA (A)
and WVR-AAA (O). The level of bound filamin A is expressed relative to the binding detected
for filamin A binding to immobilized WT peptide in the absence of competing soluble peptide,
which was assigned as 100 %. The data presented are the means + S.E.M. for six experiments.

F568A and W570A (Figure 4B), were able to compete with WT
for filamin A binding, and in most cases demonstrated a significant
decrease in direct filamin A binding (Figure 4C; results not
shown). In contrast, the two peptides containing single arginine to
alanine substitutions (R564A and R572A) exhibited a filamin A
interaction similar to WT (Figures 4B and 4C). The observations
with the W570A peptide were somewhat unexpected, since the
single tryptophan substitution abolished direct filamin A binding

to a greater extent when compared with the triple-substituted
WYVR-AAA peptide. The reason for this difference is not clear.
To investigate whether the hydrophobic residues contained within
the LFLWV>"!' sequence were sufficient to bind filamin A, a 5-
mer peptide corresponding to amino acids 567-571 was examined
in both the direct and indirect filamin A binding assays. As demon-
strated in Figure 4(D), LFLWV was able to inhibit filamin A
binding to the immobilized 25-mer WT peptide in a dose-depen-
dent manner, giving maximal inhibition at 150 uM, an approx.
20-fold higher concentration compared with that required for the
25-mer WT peptide (see Figure 3C). This activity was critically
dependent on Trp*”, since the LFLAV peptide exhibited no com-
petition with 25-mer WT for filamin A binding even at concen-
trations of the peptide as high as 500 uM. Analysis of these
peptides in the direct filamin A binding assay was limited by the
amount of peptide that could be immobilized on the streptavidin-
coated wells (maximum 15 pmol). At these concentrations of
peptide, no direct binding to filamin A was observed (results not
shown). Taken together, these findings support a potentially im-
portant role for the LFLWYV sequence in promoting the interaction
between GPIb and filamin A.

Mutation of Phe® and Trp®’® disrupts the association between
GPIba and filamin A in CHO cells

To establish more definitively the importance of hydrophobic
residues in supporting the interaction between full-length GPIba
and filamin A, CHO-B/IX cells were stably transfected with
GPIba containing either one of the single mutations F568A,
W570A or a combination of both mutations (FW-AA). An ad-
ditional CHO cell line expressing a single alanine substitution
at Arg’”? (R572A) was also generated to serve as a control. Cell
lines were successfully generated for all GPIba mutations, and
the surface expression of GPIba was confirmed by flow cytometry
(see Figure 6A). The ability of these substituted forms of GPIba to
interact with filamin A was determined by immunoprecipitation
of the GPIb-IX complex from biotinylated CHO cell lysates.
Consistent with our previous studies [14], in CHO cells express-
ing WT GPIba, a 280 kDa protein band, corresponding to fila-
min A was co-precipitated with GPIb-IX (Figure 5). In contrast,
the GPIba—filamin A interaction was completely disrupted in
cells expressing GPIba containing the double FW-AA mutation.
This result was confirmed for two different clones of this cell
line (Figure 5, far right lanes). The ability of GPIbc to associate
with filamin A in the cell lines expressing either of the single
mutations (FS68A or W570A) revealed a striking difference
between the two. The specific mutation of W570A was sufficient
to almost completely abolish the GPIba—filamin A interaction,
although a very weak residual association remains in two
independent clones of W570A. Surprisingly, the single FS68A
mutation had no effect on the amount of filamin A co-immuno-
precipitating with GPIb. This result is in contrast with the
same mutation in the synthetic peptide binding analysis, which
demonstrated that the FS68A peptide exhibited no competition
with WT for filamin A binding, although there was some residual
direct interaction. It is possible that the profound effects induced
by mutations within the hydrophobic region of the 25-mer peptide
may be diluted when expressed in the full-length sequence. In
control co-immunoprecipitation experiments, we confirmed that
the interaction between GPIba and 14-3-3¢ protein was preserved
in all cell lines (results not shown), suggesting that neither of these
residues are critical for 14-3-3¢ binding, and that these mutations
have no long-range effect on the known 14-3-3¢ binding region.
Overall, these results suggest that Trp®”° plays a major, if not
critical, role in the interaction between filamin A and GPIba.

© 2005 Biochemical Society
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Figure 4 Binding of filamin A to double and single alanine-substituted peptides and 5-mer peptides

(A) Competition binding experiments using double alanine-substituted peptides were performed as described for Figure 1. Competition binding curves are shown for WT (), FW-AA (A), LF-AA (O)
and FL-AA () and results are expressed as the percentage of filamin A binding relative to the binding measured for immobilized WT peptide in the absence of competing peptide, assigned as 100 %.
The results presented are the means + S.E.M. for four experiments and demonstrated that none of the double alanine mutants were able to compete with WT for filamin A binding. (B) Competition
binding curves for single alanine mutants, F568A (A), W570A (O), R564A (A) and R572A (@). The results presented are the means + S.E.M. for four experiments. Neither F568A nor W570A
demonstrated any competition with WT for filamin A binding, whereas R564A and R572A exhibited similar competition as WT peptide. (C) Direct binding of filamin A to single alanine-substituted
peptides was performed as described in the Materials and methods section. Filamin A binding to substituted peptides (means + S.E.M. for three or four experiments) is expressed as percentage
of binding relative to WT, which was assigned as 100 %. (D) Competition binding curves for 5-mer peptides LFLWV (M) and LFLAV (C7J). The results presented are the means + S.E.M. for five

experiments.
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Figure 5 Association of WT and mutant forms of GPlb« with filamin A

Adherent CHO cells (8 x 106/ml) were detached, incubated with the membrane-permeable
EZ-link-N-hydroxysuccinimidobiotin and lysed with 1% Triton X-100. GPIb—IX was immuno-
precipitated using the anti-GPlbg mAb (RAM.1), as described in the Materials and Methods
section. Immunoprecipitated proteins were separated by SDS/PAGE (5 % gel), transferred on to
PVDF membranes, and the immunoprecipitated bands were detected by enhanced chemilumin-
escence. Mutation of Trp>"® to alanine almost completely eliminated the co-immunoprecipitation
of filamin A. The double mutation of Phe®® and Trp®™° to alanine resulted in a complete
disruption of the interaction between GPIb—IX complex and filamin A. These results are from one
experiment, representative of five.

© 2005 Biochemical Society

Effects of Phe%® and Trp5® mutations on CHO cell
adhesion under flow

GPIb-IX-dependent adhesion of platelets and transfected cells
to immobilized vWT is characterized by a reversible interaction
resulting in cell translocation (rolling) on the vWf surface. We
have previously demonstrated that disruption of the association
between the GPIb-IX receptor complex and filamin A results in a
time-dependent increase in cell-rolling velocity that is associated
with increased detachment of cells from an immobilized vWf
matrix at increased levels of shear stress [14]. Furthermore, we
have demonstrated that this decrease in the ability of cells to
remain adherent to vW{ under increased shear conditions was
a result of a defect in the membrane anchorage of the receptor.
To determine whether the adhesion characteristics of the alanine-
substituted GPIbae mutants were similarly affected, flow adhesion
experiments were performed on a vWf matrix. For all flow experi-
ments, GPIba surface expression was measured by flow cytometry
to ensure that all cell lines expressed the same level of receptor in
each experiment (Figure 6A), since surface expression of GPIb—
IX can have a significant effect on these results [19]. Cells were
initially perfused at 0.1 Pa for 5 min followed by stepwise in-
creases in shear stress to 0.5, 2, 4 and 6 Pa. At each shear stress,
the number of adherent cells and their rolling velocity was
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Figure 6 Analysis of GPlb« surface expression and the ability of CHO cells to adhere to vWf under shear conditions

(A) Surface expression of GPlIbar was analysed by flow cytometry as described in the Materials and methods section. GPIbe expression was similar for all cell lines; WT (grey-filled histogram),
W570A (thick grey line), FW-AA, (black dotted ling), F568A (thin black line) and R572A (thick black line). (B) Cells were perfused through BvWf-coated microslides (10 n.g/ml) at a shear stress of
0.1 Pa. After 5 min of perfusion, the mean number of adherent cells/field over 5 fields was calculated and the results are expressed as the number of adherent cells/field (means + S.E.M.) for four to

seven experiments.

analysed as described in the Materials and methods section. For all
mutant cell lines tested, the number of adherent cells at the end of
5 min perfusion at 0.1 Pa was not significantly different from WT
(Figure 6B), suggesting that none of the alanine substitutions
had any effect on the association rate between GPIba and vWH{.
Quantitative analysis of cell-rolling velocities at the lower shear
stresses (0.5 and 2 Pa) revealed that there was no significant differ-
ence between the velocity of WT and any of the mutant cell lines
(Figure 7A; results not shown), suggesting that the ligand-binding
function of GPIbe is not affected by these mutations. However,
at increased shear stress (6 Pa), both W570A and FW-AA cells
rolled significantly faster when compared with WT (Figure 7B).
In contrast, cells expressing either the F568A or R572A mutation
behaved in a manner indistinguishable from WT cells (Figure 7B).
An analysis of the ability of cells to remain attached to the vW{
matrix at increasing levels of shear stress also revealed a signi-
ficant difference between W570A, FW-AA and WT cells (Fig-
ures 7C and 7D). Both W570A and FW-AA cells exhibited a
significantly impaired ability to remain adherent at high shear
stress when compared with WT, whereas F568A and R572A cells
were able to remain adherent at 6 Pa to a similar extent as WT
cells. Taken together, these results suggest that the defect in the
adhesive phenotype of W570A and FW-AA cells is restricted to a
high-shear environment, since there was no significant difference
between the ability of WT and any of the mutant cell lines to
remain adherent at 0.5 Pa (Figure 7C). We have previously demon-
strated that cell lines expressing GPIba mutants that do not inter-
act with filamin A exhibit accelerated rolling velocity at high shear
stress, due to a critical defect in receptor anchorage [14]. A com-
parison of cell-rolling velocity between WT and FW-AA cells,
over the period preceding the moment at which cells detached
from the vWTf surface, revealed that in contrast with WT cells
that exhibited a constant velocity before detachment, FW-AA
cells accelerated over the period before detachment (Figure 8A).
These observations are consistent with our previous studies, which
indicated a mechanism involving a defect in the ability of the
GPIb/V/IX receptor to remain anchored in the cell membrane
rather than a change in the dissociation rate of the vWf-GPIba
bond [14], as has been recently suggested by Schade et al. [15].
To confirm that this difference in adhesive behaviour was due to a
defect in receptor anchorage, we performed an analysis of receptor
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Figure 7 Effects of alanine substitutions on GPIb-IX-dependent CHO cell-
rolling velocity and detachment under shear conditions

CHO cells were perfused through BvWi-coated microslides (10 4g/ml) for 5 minat a shear stress
of 0.1 Pa, followed by stepwise increases in shear stress up to 6 Pa. (A, B) Cell-rolling velocities
were analysed as described in the Materials and methods section and the results presented are
the means + S.E.M. for four to seven experiments. At 0.5 Pa there were no significant differences
in rolling velocities between WT and any of the mutant cell lines, whereas at 6 Pa, only W570A
and FW-AA cells exhibited significantly faster velocities when compared with WT (P < 0.01 and
0.001 respectively). (C, D) Cell detachment was analysed in the same experiments as described
in the Materials and methods section and the results are presented as means + S.E.M. There
was essentially no detachment of any of the cell lines at 0.5 Pa, but at 6 Pa both W570A and
FW-AA were significantly less capable of remaining adherent (P < 0.01 in both cases) when
compared with WT. There was no significant difference between the adhesion of F568A and
R572A cells compared with WT, for both rolling velocity and their ability to remain adherent at
high shear stress.
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Figure 8 Time-dependent changes to rolling velocity in detaching WT and
FW-AA cells and extraction of GPIb-IX from the membrane under high-shear-
stress conditions

(A) Rolling velocities before cell detachment were analysed for WT and FW-AA cells (six
cells for each cell line) by measuring the distance travelled over 2 s intervals for the 10-12 s
period immediately before their detachment. WT cells exhibited a constant rate of translocation
before detachment, whereas FW-AA cells exhibited a considerable time-dependent increase
in translocation rate before the point of detachment. (B) Analysis of receptor extraction was
performed as described in the Materials and methods section. Two representative confocal
microscopic images are shown for each cell line from one experiment, representative of four
independent experiments. Images were captured using identical photomultiplier tube settings
on the confocal microscope and clearly demonstrate, for FW-AA cells, the presence of GPlba
receptor tracks after cells had been detached from the vWf matrix under high-shear conditions.

extraction after cells had been detached at high shear as described
previously [14]. This analysis revealed a clear difference between
WT and FW-AA, with the presence of ‘tracks’ of GPIbax on the
vWTf surface only for FW-AA cells (Figure 8B). Similar results
were obtained with W570A cells (results not shown). These ob-
servations indicate that the specific disruption of the GPIba—
filamin A interaction through the substitution of these two hydro-
phobic residues is sufficient to alter the ability of GPIb/V/IX to
maintain adhesion to vWf under conditions of high shear stress.

DISCUSSION

The results presented in this study identify a novel filamin A re-
cognition sequence (L’ FLWV>"") within the cytoplasmic tail of
GPIba that is sufficient for the GPIba—filamin A association.
These residues lie within a sequence of 12 amino acids in the
GPIba cytoplasmic tail that is fully conserved amongst all mam-
malian species examined to date, including human, dog and
mouse. Within this region we have identified an indispensable
role for Trp*” and Phe>® in promoting the GPIba—filamin A asso-
ciation. Moreover, through the analysis of CHO-GPIb-IX cell
lines expressing GPIbae W570A and FS68A substitutions, we have
demonstrated an essential role for these residues in anchoring the
GPIbo receptor to the membrane skeleton and for the maintenance
of cell adhesion under high shear. These observations, combined

© 2005 Biochemical Society

with recent findings that hydrophobic interactions play an import-
ant role in mediating filamin A interaction with one other receptor
[22,23], raise the possibility that a conserved binding mechanism
regulates filamin A association with a subset of membrane pro-
teins.

The findings for a critical role for the 567-571 hydrophobic
sequence, and specific residues therein for GPIba—filamin A inter-
action, are consistent with previous results from a number of labo-
ratories. For example, deletion mutants involving residues 551—
570 [13], 557-568 and 569579 [14] and 560-570 [16] have all
been demonstrated to abrogate the association between GPIba
and filamin A. However, the interpretation of such findings has
been complicated by the possibility that such large deletions may
produce secondary conformational changes within the tail that
indirectly influence the association between GPIba and filamin A.
The demonstration that the L’FLWV>"' peptide is capable of
competing with the 25-residue WT peptide for filamin A binding
suggests that this motif interacts with filamin A directly. We
have also demonstrated a critical role for Trp*™ in this penta-
peptide sequence. Whether the recognition of filamin A by
LFLWV*"! is sequence-specific or primarily reflects the strong
hydrophobic nature of this peptide remains to be established.
In preliminary studies, we have demonstrated that a ‘scrambled’
form of the LFLWYV peptide is also capable of competing
with the larger 25-residue WT peptide for filamin A binding
(S. L. Cranmer, unpublished work), suggesting that hydropho-
bicity is important for this interaction. However, more detailed
mutagenic studies will be required to clarify this issue. The
demonstration that the L*’ FLW V"' peptide had an apparent affin-
ity 20-fold lower than the 25 residue WT peptide was not unexpec-
ted in light of previous observations with small RGD-containing
peptides. For example, RGD-based peptide fragments from
fibronectin or fibrinogen have a much lower affinity for integrins
compared with the native protein [24], indicating the involvement
of additional recognition sequences in the full-length protein.
Evidence supporting the potential involvement of additional
residues outside the L FLWV>"! sequence in filamin A binding
includes the demonstration that deletion of sequences flanking
LFLWV™"', 571-589 [16], 580-590 [14] and truncation of the
GPIbe tail from the residue 576 to the C-terminus (P. Mangin,
unpublished work), affects filamin A binding to GPIba. However,
with respect to the fully conserved Pro*®'—Arg*"? region, the recent
study by Feng et al. [16] failed to identify a critical role for any
other residues within this region using a similar strategy invol-
ving substitutions to alanine. A more detailed mutational analysis,
combined with structural information on the GPIbu tail, will be
needed to delineate more clearly the role of L FLWV>"! flank-
ing sequences in regulating the GPIba—filamin A interaction. A
preliminary NMR analysis of the peptides used in the present
study has not revealed any specific recognizable structural motif
for either WT or the W570A peptide in aqueous solution. Any
additional insight into whether this residue is directly involved in
filamin A binding or whether it affects the conformation of the fila-
min A binding site will require structural studies of the GPIba
tail, alone and in complex with filamin A.

The cytoplasmic tail of GPIbo has high sequence conservation
and three regions in particular (containing six or more conse-
cutive residues) are fully conserved across species, suggesting
potentially important functional roles. One of these sequences
represents a second hydrophobic domain, comprising residues
AP'"WLLFL*®, although our previous mutational studies have ex-
cluded a major role for this region in promoting GPIba—filamin A
interaction [14]. A second fully conserved region incorporates
ASGRRPSALS*, and it remains possible that residues within
this sequence are important for the GPIba—filamin A interaction.
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However, it is noteworthy that the serine residues contained within
this region have recently been demonstrated to play a major role
in 14-3-3¢ binding [25] and it is possible that this region of GPIbo
may be involved in co-ordinating receptor interaction with both
filamin A and 14-3-3¢. Finally, a stretch of seven conserved resi-
dues G**RGQDLL*? is present near the C-terminus, and although
there is no evidence that it interacts with filamin A, this region
may represent a binding motif for other proteins.

The ability of filamin A to form functionally important inter-
actions with a wide range of proteins has been well established,
although in virtually all cases the molecular basis for the asso-
ciation has not been defined. Within filamin A itself, it is pri-
marily the C-terminal part of the protein that is involved in
mediating protein—protein interactions (excluding the specialized
N-terminal actin-binding domain); however, potential binding
sites have only been resolved to the level of repeat regions. For
GPIba, repeat regions 17-19 of filamin A contain the binding site
for GPIba [26]; however, these regions comprise 269 amino acids
and there is currently no information available on key recognition
sequences and the mode of interaction between filamin A and
GPIbw. Similarly, there is limited insight into the key binding
sequences utilized by proteins that bind directly to filamin A.
On the basis of studies using the yeast-two hybrid system, the
Kv4.2 potassium channel has been proposed to bind filamin A by
means of a proline-rich consensus SH3 motif, PTPP [11]. Perhaps
of more direct relevance to our findings, related to GPIba and
filamin A, is the demonstration that a short hydrophobic region
within the cytoplasmic tail of the type 7b glutamate receptor is
essential for an association between repeats 21 and 22 of filamin A
[22,23]. Although this region is distinct from the region required
for the GPIba—filamin A association, the hydrophobic nature of
this region might point towards a common binding mechanism.

Four other proteins have been identified to bind within the same
repeat regions of filamin A as GPIba, including the D, and D;
dopamine receptors [9,27], the tumour necrosis factor receptor-
associated factor 2, TRAF2 [28], and the androgen receptor [29].
Of these, only the D, and D; dopamine receptors exhibit any se-
quence similarity with GPIba [9]; however, neither receptor con-
tains the highly conserved hydrophobic region present in GPIbc.
In fact, based on findings from yeast two-hybrid analysis, a con-
served serine residue may be involved in mediating dopaminergic
receptor interaction with filamin A, since mutation to aspartic acid
(to mimic phosphorylation), resulted in an approx. 50 % decrease
in filamin A binding [9]. Progress in understanding the molecular
basis of association between filamin A and its binding partners
and whether there are conserved binding mechanisms regulating
these interactions will require more detailed analysis of the critical
C-terminal binding sequences of filamin A.

Much remains to be learnt with respect to the exact nature of the
filamin A binding interaction with the GPIba cytoplasmic tail, and
the contribution of residues flanking the LFLWV°"' sequence
in regulating this interaction. Although our studies have clearly
defined an important role for both Trp*” and Phe**® in promoting
GPIba binding to filamin A, there are clear differences in the
requirement for each of these residues in this process. The identi-
fication of two key residues promoting GPIba—filamin A binding
will allow for the generation of transgenic mice that express
these mutations, allowing direct analysis of the importance of the
GPIba—filamin A interaction for platelet function in vivo, while
minimizing potential secondary effects related to larger deletions.
In addition to the role played by the GPIba—filamin A interac-
tion in regulating adhesion and signalling mechanisms in platelets,
such mice would also help to define the importance of the GPIba—
filamin A interaction in regulating platelet morphology and pro-
duction, particularly in light of recent evidence demonstrating

that the GPIba cytoplasmic tail contributes to normal platelet
morphology and thrombopoiesis [30].
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