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A tetravalent RGD ligand for integrin-mediated
cell adhesion

N. Watson, G. Duncan, W. S. Annan and C. F. van der Walle

Abstract

Monovalent RGD (arginine-glycine-aspartic acid) peptides or polymers furnished with RGD in ran-
dom distributions are employed as cell-scaffolds and gene delivery vehicles. However, integrin
binding to RGD is dependent on the spatial distribution (clustering) of the ligand and intrinsic
integrin affinity via conformational changes (avidity). Here we have designed and expressed a
polypeptide consisting of a tetrameric coiled coil and spacer facilitating polyvalent (clustered) dis-
play of integrin ligands; the RGD motif was used as proof of principle. Size-exclusion chromatogra-
phy and circular dichroism showed that the polypeptide self assembled as a tetramer in solution with
a defined secondary structure. Cell adhesion to surfaces coated with the polypeptide was up to 3-
fold greater than that for (monovalent) RGDS peptide at equivalent concentrations. Moreover, the
polypeptide in solution at concentrations >1 um inhibited cell adhesion to fibronectin-coated sur-
faces, while RGDS peptide in solution at concentrations up to 500 um did not. These cell data
demonstrate that the polypeptide bound integrin receptors in a polyvalent manner. The polypep-
tide will therefore be of use in the engineering of tissue-culture scaffolds with increased cell
adhesion activity, or to targeted gene delivery vehicles, and could incorporate protein ligands in
place of the RGD motif.

Introduction

For tissue growth, organisation and repair the interaction between cells and their
extracellular matrix (ECM) is critical. The ECM component involved in integrin-
mediated cell adhesion is dependent upon the integrin subtype (e.g. osteoclasts
bind collagen via alf1 and «2/1 integrins, whereas fibroblasts bind fibronectin
(FN) and vitronectin via o581 and av(33 integrins, respectively (Humpbhries 2000)).
The primary integrin binding motif, arginine-glycine-aspartic acid (RGD), is found
in several ECM proteins, most notably, the 10" type III FN domain (FIII 10)
(Pierschbacher & Ruoslahti 1984). Organisation of FN fibrils in the extracellular
matrix renders a polyvalent display of ligand to the cell surface, integrin-driven
polymerisation of soluble FN being dependent on extension of the FN monomer
to expose FN self-associating sites (Ingham etal 1997). The resultant FN fibrils
are able to undergo extension/contraction over a four-fold change in length,
yielding an elastic matrix (Ohashi etal 1999). Such dynamic movements within
the cell matrix inevitably change both the matrix rigidity and the spatial arrange-
ment of the ligand display seen by the cell. Interestingly, fibroblasts have been
shown to probe the elasticity of their supporting matrix, responding to greater
elasticity with increased motility and protruding lamellipodia but decreased spread
morphology (Pelham & Wang 1997).

Cell responses to increased matrix rigidity can be accounted for, at least in
part, by a proportional strengthening of the links between integrins and the
cytoskeleton (adhesion reinforcement) (Choquet etal 1997). However, cell-FN
interaction is not solely regulated by adhesion reinforcement. Electron micro-
scopy techniques have also demonstrated large conformational changes of the
integrin receptor and thereby a mechanism by which control of the intrinsic
binding affinity of integrins can be controlled (Carman & Springer 2003).
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Further, a direct relationship between RGD organisa-
tion and cell behaviour has been observed, cell migra-
tion and actin polymerisation being greater on
polymeric surfaces presenting RGD combs of 3.6-5.4
over combs of 1.7 (Maheshwari etal 2000; Koo etal
2002). As a result, questions must now be raised over
previous results for minimal RGD densities required
to support cell adhesion and spreading because these
were based on random ligand distributions (Massia &
Hubbell 1991). This has important consequences for
the engineering of tissue supports that, to date, gen-
erally involves RGD conjugation to polymers in a
random distribution or non-specific adsorption of col-
lagen or fibronectin (Rowley etal 1999; Tan etal 2001;
Yang etal 2001). Similarly, recombinant proteins and
polypeptides binding integrin for targeted gene deliv-
ery via receptor-mediated endocytosis have focussed
on monovalent RGD and invasin ligands, extended
by cationic polypeptides binding DNA (Harbottle
etal 1998; Fortunati etal 2000; Kunath etal 2003).
As our understanding of integrin-ligand binding
advances, it would appear timely to explore alterna-
tive polypeptide templates facilitating a clustered
organisation of RGD ligands. Such polypeptides
could show good potential when adapted into the
construction of tissue engineering scaffolds or for the
targeting of gene delivery vehicles to cells expressing
integrin receptors on their apical surface.

To this aim, we describe the design and construction of
a tetrameric polypeptide, self-assembling via a coiled coil
domain from the tetrabrachion protein and thereby
enabling polyvalent RGD-integrin binding. A coiled coil
domain was used since these a-helical peptides motifs
form stable parallel or antiparallel oligomers with left- or
right-handedness according to their amino acid sequence
(Harbury etal 1998). The coiled coil domain of tetrabra-
chion consists of undecapeptide repeats forming a right-
handed, parallel four-stranded rod (Peters etal 1995;
Stetefeld etal 2000). This parallel arrangement of the
helices was required to present the appended RGD ligand
in one orientation for cell surface integrin binding. Since
RGD combs of 3.6-5.4 were shown to improve cell moti-
lity on polymeric support (Koo etal 2002), RGD clusters
of four are appropriate to the study here. Tetrabrachion
therefore represents a useful choice to promote polyva-
lency since it has a tetrameric parallel coiled coil arrange-
ment (Stetefeld etal 2000). The steric hindrance
anticipated between neighbouring integrins on multiple
binding was addressed using a spacer between the coiled
coil and RGD ligand. For an integrin diameter of ~100 A,
a duplicated primitive IgG hinge (a highly conserved 15
amino acid sequence (Michaelsen etal 1977)) was consid-
ered sufficient given that the 24 amino acid IgG2A struc-
tural hinge is highly flexible and extends over 50 A (Harris
etal 1997). The resultant polypeptide assembly, coiled
coil-hinge-RGDS (Figure 1), was expressed as an N-term-
inal polyhistidine fusion in Escherichia coli and is referred
to as the polypeptide in the following text. It should be
noted that Figure 1 is a cartoon describing the self assem-
bly process and should not be taken as an accurate model
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Figure 1 A. Amino acid sequence of the polypeptide expressed as
the polyhistidine fusion product. The Pro''®—Ser!'!%¢ tetrabrachion
fragment is underlined, the IgG-like hinge is shown in bold (note that
serine residues are substituted for cysteine) and the RGD motif is
boxed. B. Cartoon of polypeptide tetramerisation directed by self-
assembly of the coiled coil domain.

of the relative orientations of the RGDS ligand or mobi-
lity of the hinge region in solution.

Materials and Methods

Materials

Unless otherwise specified, general chemical reagents were
sourced from Sigma (Dorset, UK) or from Fisher
Scientific (Leicestershire, UK), at analytical standard or
equivalent quality. Oligonucleotide primers were ordered
from Invitrogen (Paisley, UK) and restriction enzymes
from New England Biolabs (Hertfordshire, UK).

Cloning and construction of the cDNA cassette

The ¢cDNA of the Pro''®-Ser''®® coiled coil fragment of
tetrabrachion (GenBank accession No. U57967) was ampli-
fied from Staphylothermus marinus genomic DNA (DSMZ
No. 3639; DSMZ GmbH, Braunschweig, Germany) by stan-
dard polymerase chain reaction (PCR) protocols using the
forward primer CGGGATCCGCTAGCCCGAAGTTTAA
TGAACTATATGA and the reverse primer CCAAGCTTG
AATTCACTAATAATTGTTGTTAATGAATCA (all pri-
mers are shown 5 to 3'). The PCR product was digested with
BamH/ and EcoRI and cloned into similarly digested
pBluescript KS (Stratagene, Amsterdam, Netherlands). The
hinge-RGD cassette was constructed using recursive PCR
(Prodromou & Pearl 1992) with primers GATGAATTCG
GTGAACCGAAATCTTCTGACACCCCGCCACCGTC
TCCGCGTTCTCCGGAGCCAAAGTCC and ATCAAG
CTTCTCGAGTTAGGAGTCACCACGACCCGGAGTA
TCGzGAGGACTTTGGCTCCGGAGAACGCGG, hav-
ing a 24-base central overlap. The recursive PCR product
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was digested with EcoR7and Hind//7 and cloned upstream of
the cloned Pro''®—Ser''”® ¢cDNA in pBluescript, similarly
digested with EcoR7 and Hind//I. To facilitate expression of
the recombinant gene in E. coli, the full-length cDNA cassette
in pBluescript was excised with BamH/Z and Hind/ZIT and
subcloned into pQES0-L (Qiagen, Sussex, UK), termed
pQEBO-CCRGD. To verify that binding between cell integrin
receptors and the polypeptide occurred via the RGD motif,
the control (non-binding) RGE motif was constructed by site
directed mutagenesis of pQE80-CCRGD, using mutagenic
primers ACTCCGGGTCGTGGTGAGTCCTAACTCGA
GAAGCT and AGCTTCTCGAGTTAGGACTCACCAC
GACCCGGAGT and the Quikchange protocol (Stratagene).
All cloned DNA sequences were verified on a PE ABI
377 DNA Sequencer using dRhodamine Dye Terminator
chemistry.

Expression and purification of the polypeptide

E. coli DH5a cells were transformed with pQES80-
CCRGD (or the RGE mutant construct) and grown at
37°C in Lennox broth containing 100 ug mL ™" ampicillin.
On reaching an ODgg of 0.6, protein expression was
induced with 0.1 mm isopropyl (-p-1-thiogalactopyrano-
side and the cells harvested 3 h later (yield ~3gL~"). The
histidine-tagged polypeptide was isolated by Ni**-chela-
tion affinity chromatography, following the manufac-
turer’s protocol (Qiagen) with an added 70 mm imidazole
washing step before elution from the column with 250 mm
imidazole. Eluted polypeptide was concentrated in an
Amicon stirred cell with a 3000 MW cut-off membrane
and further purified on a 300-mL XK26 column packed
with Superdex 75 resin (Amersham Biosciences,
Buckinghamshire, UK) and equilibrated in 10mm
NaH,PO,, 50mm NaCl, pH 7 (phosphate buffer).
Polypeptide purity and M, (relative molecular mass)
were assessed by Coomassie staining of sodium dodecyl
sulfate (SDS)-polyacrylamide gels and protein concentra-
tions were determined from A,gy values with a calculated
molar extinction coefficient (&) of 1280m ' cm ™' for the
polypeptide.

Characterisation of the polypeptide

The M, of the tetramer was determined by size-exclusion
chromatography, calibrating a Superdex 75 HR 10/30 col-
umn (Amersham Biosciences) with human serum albumin
(Sigma A9511), ovalbumin (Sigma A7642), FIII 9-10,
myoglobin equine heart (Sigma M1882) and FIII 10,
equilibrated in phosphate buffer and eluted over a flow
rate of 0.5mL min~'. FIII 9-10, the 9" to 10" type IIT FN
domain pair, and FIII 10 were expressed and purified as
previously described (Altroff etal 2001). A 50-uL volume
of polypeptide, 0.8 mm, was injected onto the column and
eluted as above.

Mass spectrometry characterisation was undertaken
at the University of Glasgow Functional Genomics
Facility by trypsin digest of the corresponding polypep-
tide band excised from a Coomassie-stained gel and
MALDI-TOF analysis.
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Conformational analysis

Circular dichroism (CD) spectra were recorded at 20°C
using a Jasco J810 spectropolarimeter for the polypeptide
in the far UV region, from 260 to 190 nm. Polypeptide
sample was studied at a concentration of 0.8 mm with a
0.02 cm path length cell. Spectra represent an average of 8
scans, run at 50nmmin~' with a 0.5s time constant.
Protein concentrations were calculated as above.

Cell culture

1929 fibroblasts (mouse, connective tissue) and HeLa cells
(human, epithelial) were used between passage numbers
20 and 50. Cells were grown in Dulbecco’s modified
Eagle’s minimum essential medium with 10% fetal calf
serum (Invitrogen), 2 mm L-glutamine and 1% non essen-
tial amino acids, in 25-cm? polystyrene flasks (Corning)
and incubated at 37°C and 5% CO, in a humidified
incubator.

Cell functional assays

For cell adhesion assays, 100 L of a 100 ugmL ™" solu-
tion of either FN, or the peptide arginine-glycine-aspartic
acid-serine (RGDS), or the polypeptide, was added to
column 1 wells of a 96-well flat bottomed polystyrene
plate (TPP), with doubling dilutions made through to
column 11 (column 12, control) and left overnight at
4°C. Wells were washed three times in phosphate-buffered
saline (PBS), blocked with 1% w/v bovine serum albumin
(BSA) for 1h at 37°C and washed again. A sub-confluent
layer of cells were detached with trypsin, harvested and
washed in warm sterile PBS. Cells were diluted to
10°mL™" in serum-free medium and rested for 5min.
One-hundred microlitres of the cell suspension was
added to each well and the plate incubated at 37°C and
5% CO,. After 1 h, non-adherent cells were gently washed
off in warm PBS and the adherent cells fixed with 4%
glutaraldehyde—4% formaldehyde in PBS. Cells were
stained with 0.1% crystal violet, excess stain washed off
and the remaining dye was solubilized in 200 ;L. methanol
and read at a wavelength of 570 nm in a plate reader. The
value of maximum cell adhesion (100%) was taken as the
highest cell adhesion response observed to a particular
immobilised ligand concentration.

For the inhibition of cell adhesion assay, a sterile 96-
well flat bottomed polystyrene plate was coated with
10 ugmL~" (0.05 um) FN, washed and blocked as above
and equilibrated in serum-free medium (30 pL per well) at
37°C in 5% CO,. On the day of the assay, 100 uL of
RGDS (1 mm) or polypeptide (80 um) was added to col-
umn 1 wells of a 96-well v-bottomed plate (Nunc; v-wells
were used to allow easier mixing with the cells), with
doubling dilutions made as above. Cells were prepared
as above and 50 L of the cell suspension was added to
each v-well and mixed. The mixture from each v-well was
transferred to the FN-coated 96-well flat-bottomed poly-
styrene plate containing 30 uL medium. Cell clumps were
gently dispersed and plates incubated for 2h. Adherent
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cells were washed, fixed and measured as above. Cell
adhesion is reported as the percentage of that observed
in the absence of soluble polypeptide (column 12 wells).
Performing non-specific binding assays for these experi-
ments is therefore not required (Altroff etal 2001).

Statistical analysis

The cell functional data obtained are expressed as the
means + standard deviation (s.d.) of four replicates.
Statistical analysis of the effects of increasing concentra-
tions of immobilised ligand (FN, RGDS and polypeptide)
on cell adhesion was performed using Friedman’s (non-
parametric) test. Statistical analysis of the inhibition of
cell adhesion for increasing concentrations of soluble
ligand was performed using the Mann—Whitney test (non-
parametric test for two unpaired groups). P < 0.05
denoted significance in all cases. All analyses were per-
formed using GraphPad Prism ver. 4.1 (GraphPad
Software, CA, USA).

Results and Discussion

Characterisation of the polypeptide construct

The polypeptide was obtained at a modest yield of ca.
5mgL~" culture following expression in E. coli, with pur-
ification proceeding to homogeneity (Figure 2). Mass spec-
trometry analysis of peptide fragments verified the amino
acid composition of the polypeptide over its entire sequence
(data not shown). Running the polypeptide sample on the
calibrated Superdex 75 HR10/30 column gave an estimated
M, for the tetramer of 39.5kDa (Table 1, theoretical M,
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Figure 2 15% SDS-acrylamide gel showing polypeptide fractions
following affinity chromatography (lane 1) and subsequent removal
of impurities by size-exclusion chromatography (lanes 2 and 3) to
yield purified polypeptide (lane 4). Position of Fermentas molecular
weight markers (kDa) are shown on the left. Note, in SDS the
polypeptide runs with an M, corresponding to the single peptide
chain.

Table 1 Estimation of the M, of the polypeptide by size exclusion
chromatography

Protein Approx. Elution vol. (V,) Kay
M, (kDa)  (mL) =(Ve/Vo)(CV/V,)

HSA 66.0 9.10 0.083
Ovalbumin 45.0 9.68 0.119
FIII9-10 21.5 11.70 0.243
Myoglobin 17.0 12.22 0.275
FIIT10 1.5 13.54 0.356
Polypeptide ~ 39.5% 10.20 0.151

7.1° 14.60 0.421

V.., void volume; CV, column volume; *°calculated from the K,,
values corresponding to the early and late eluting peaks in the
chromatogram, respectively; by regression analysis of data, the R-
squared value was 0.99.

35.7kDa). The discrepancy between the estimated and the-
oretical M, is not unusual (Cabre et al 1989). The difference
in M, may also have arisen as a consequence of the pre-
dicted irregular structure of the tetramer extending its elu-
tion time in relation to elution times for the globular
proteins used in the calibration.

For a column volume of 25mL, the theoretical dilu-
tion of the polypeptide injected (0.8 mm, 50 uL) was
5000x, giving an elution concentration of 0.16 um.
Along with the early elution peak corresponding to
the tetrameric polypeptide, a later, broader peak of
lower intensity was observed corresponding to a esti-
mated M, of 7.1kDa (Table 1). This late peak most
likely represented the monomeric polypeptide (the the-
oretical M, being 8.9kDa), the broadness of the peak
probably giving rise to the error in MW calculation.
Thus, there appeared to be evidence for dissociation of
the tetramer during column elution at concentrations
around 0.16 um.

The CD spectrum for the purified polypeptide showed
a strong minima at 208 nm with positive ellipticity peaking
at 190nm (Figure 3). The spectrum is composite with
structural contributions from [-sheet to partial o-helix
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Figure 3 CD spectrum in the peptide region acquired for the poly-
peptide in phosphate buffer.
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and random coil. Of the 82 residues (Met'-Ser®, Figure
1), 30 were derived from the (3-sheet proteins, IgG and
FN, 36 were derived from tetrabrachion and the remain-
ing 16 comprised the N-terminal affinity tag with no
assignable secondary structure. Therefore, the CD spec-
trum is qualitatively consistent with theoretical predic-
tions for the polypeptide. Very similar CD spectra are
observed for mixed secondary structures involving coiled
coil-protein ligand constructs (Ahrens etal 2002). These
data provide evidence that the polypeptide adopted a
secondary structure facilitating self-assembly in solution
to form the desired tetrameric RGD ligand.

Functional analysis of the polypeptide

HeLa cells and L929 fibroblast cells both adhered to
surfaces coated with FN in the nanomolar range and
RGDS in the millimolar range (Figure 4), as expected
from previous data for integrin-mediated adhesion to
FN and FIIT 10 (Altroff etal 2001). Cell binding was
verified to occur via interaction with the RGD motif
since almost complete attenuation of cell adhesion was
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Figure 4 HeLa cell adhesion data (A) and 1929 fibroblast adhesion
data (B) for surfaces coated with FN (A), RGDS (@), polypeptide (W)
and BSA (). Error bars represent the sample s.d. (and are smaller than
the symbols in the case of BSA).
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Figure 5 HeLa cell adhesion data for surfaces coated with the
control (non-binding) polypeptide harbouring the RGE motif in
place of RGD (M), in comparison with FN-coated surfaces (A).
Error bars represent the sample s.d.

observed for the control polypeptide harbouring the
RGE motif (Figure 5). For surfaces coated with <0.1 um
RGD-polypeptide, HeLa cells showed a weaker binding
response than for surfaces coated with FN at an equiva-
lent concentration (Figure 4A). However, above this con-
centration, HeLa cell adhesion to polypeptide-coated
surfaces was stronger than for FN-coated surfaces, rising
to around a 2-fold greater adhesion. L929 fibroblasts
adhered better to surfaces coated with the polypeptide
than either FN or RGDS peptide over all concentrations
tested (Figure 4B). Around a 1.5- to 2-fold greater adhe-
sion response was observed for polypeptide-coated sur-
faces over FN-coated surfaces at equivalent
concentrations of 0.1-0.5 um. Comparison of the three
groups (FN, RGDS and polypeptide) by Friedman’s test
for Hela and L929 cell adhesion gave P values <0.0001
(i.e., the means of the groups were significantly different).
Cell adhesion to surfaces not coated with ligand, but BSA-
blocked, was almost zero (Figure 4), showing show that
non-specific cell adhesion was minimal.

Greater cell adhesion on surfaces coated with the
polypeptide, in comparison to random monovalent
ligand distributions for RGDS peptide and random
displays for adsorbed FN, is consistent with polyvalent
binding between integrin receptors and clustered RGD
ligands (Maheshwari et al 2000). Although it cannot be
directly proven that the peptide remained in a tetra-
meric state upon surface adsorption, the data are con-
sistent with a clustered RGD ligand display for the
adsorbed polypeptide. The difference in the cell adhe-
sion profiles between HeLa and 1929 cells is likely to
be due to the different complement of integrin subtypes
expressed by epithelial and fibroblast cell lines
(Dzamba etal 2001).

The apparent sigmoidal curve for cell adhesion to the
polypeptide possibly reports the dissociation constant, Kg,
for tetrameric polypeptide assembly: the increase in cell adhe-
sion occurring for coating concentrations of polypeptide in
the 0.01-0.5 um range (Figure 4). Thus, at concentrations
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above 0.5 um the polypeptide existed as a stable tetramer,
but at concentrations <0.5um began to dissociate with
cell adhesion at low concentrations equivalent to the
RGDS peptide. The apparent stability of the tetrameric
polypeptide at concentrations to approx. 0.5uM is in
agreement with biophysical data for coiled coils, demon-
strating their stability at concentrations <10 um
(Harbury etal 1998), although exact K4 values cannot
easily be assigned (Thomas etal 1997). Moreover, the
approximate K4 suggested from the cell adhesion data is
in agreement with the approximate Ky determined from
the size exclusion chromatography data (above).

Interestingly, 1.929 fibroblasts demonstrated a peak
binding response to polypeptide around 0.2 um, sug-
gesting that at this average RGD density of 3 x 10°
ligands/um? a maximum number of integrin receptors
were occupied by ligand. This value corresponds well
with the minimal ligand density calculated for poly-
meric RGD clusters of five (10° ligands/um?) yielding
near-maximum fraction cell adherence and cell migra-
tion speed (Maheshwari etal 2000). It is unlikely that
high concentrations of polypeptide adsorbed less effi-
ciently than low concentrations because the fraction of
adhered HeLa cells continued to rise, although a small
peak was seen for cell adhesion to surfaces coated with
1.0 uMm polypeptide.

Only a modest improvement for HeLa cell and
fibroblast cell adhesion to FN over RGDS peptide
was observed. Cell adhesion to FN is generally consid-
ered to be stronger than to RGD due to the involve-
ment of the FIII 9 synergy site which allows maximal
binding to «a541 integrin (Aota etal 1994). However,
this is only true when a541 integrin binding predomi-
nates, since «avf@3 integrin maximally binds RGD
(Pedchenko etal 2004). Also, for mixed av83 and
a5p/1 integrin populations, av(33 binding is favoured
over a501 binding on account of peptide conforma-
tional restriction (Massia & Hubbell 1991). Therefore,
the HeLa cell and fibroblast cell adhesion profiles to
FN and RGDS peptide are most likely to be accounted
for by the mixed integrin populations known to be
expressed by these cell types.

Inhibition of cell adhesion assays

In these assays, the extent of inhibition of cell adhe-
sion to FN-coated plates was tested by prior binding
of the ligand (polypeptide or RGDS) to cell surface
integrin receptors. Conformational changes, which are
commonly reported to occur upon adsorption of pro-
teins/peptides to plastic surfaces, were therefore
negated. Adhesion of Hela cells was inhibited by
RGDS only at concentrations >1.0um, and was
strongly concentration dependent (Figure 6A). In con-
trast, micromolar to nanomolar concentrations of the
polypeptide inhibited HeLa cell adhesion to approx.
40% of the HeLa cell adhesion response to surfaces
coated with 0.05um FN (Figure 6A, cf. Figure 4A).
For L929 fibroblasts, cell adhesion was only weakly
inhibited by RGDS peptide to around 70% the level
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Figure 6 Inhibition of HeLa cell (A) and L929 fibroblast (B)

adhesion to 0.05 uM FN-coated surfaces by RGDS (@) and poly-
peptide (W). Adhesion is expressed as the percentage of the respec-
tive cell adhesion maximum in Figure 4. Error bars represent the
sample s.d.

of adhesion to 0.05 um FN (Figure 6B). A similar level
of inhibition of fibroblast adhesion was observed for
the polypeptide at concentrations <0.5 um, but above
this concentration cell adhesion decreased in a
concentration-dependent manner to approx. 40% of
the cell adhesion response to 0.05 um FN (Figure 6B,
cf. Figure 4B). Comparison of the two groups by the
Mann—Whitney test for Hela and L929 cells gave P
values <0.01 for the 2-20 um solute concentration
region (i.e., the means of the groups were significantly
different).

Inhibition of cell adhesion to FN-coated surfaces
by polypeptide and RGDS provides evidence for their
binding to integrin receptors, also demonstrated by
the RGE polypeptide mutant (Figure 5). The greater
inhibition of FN-mediated cell adhesion by
polypeptide over RGDS at equivalent concentrations
implies a higher integrin binding affinity for the poly-
peptide via polyvalent interaction. This is similar to
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the observation that cell adhesion is enhanced through
clustering of RGD ligand even though the average
ligand density remains the same (Koo etal 2002).
Further, mathematical modelling of integrin—ligand
binding suggested that integrin occupancy for clus-
tered ligand is greater than that for monovalent ligand
and also described cooperativity between neighbouring
integrin—ligand complexes, locally increasing binding
affinity (Irvine etal 2002).

It should noted that interpretation of the curves
observed for the inhibition of cell adhesion assays are
complicated by the relative affinities of the integrin
receptor population to the soluble ligand versus surface
immobilised FN. The absence of a typical dose—
response curve (i.e., little change in cell adhesion over
a range of solute ligand concentrations) is not unusual.
This may suggest incomplete inhibition or low affinity
binding of ligand to specific integrin subtypes (e.g.
integrin a541 requires the FN synergy site in addition
to RGD). This is observed in similar assays in our
previous data (Altroff etal 2001).

Conclusions

To the best of our knowledge, this is the first report
to describe the use of a right-handed tetrameric coiled
coil motif to present a peptide ligand in a polyvalent
manner. Extending the N- and C-termini of the coiled
coil with unstructured peptides did not appear to have
perturbed the propensity of the coiled coil to tetra-
merise or become less stable than the native tetrabra-
chion coiled coil. Further work will involve
characterisation of the dissociation constant of the
tetrameric polypeptide, such as determined by analy-
tical ultracentrifugation or dilution isothermal calori-
metry. Our data suggest a polyvalent interaction
between integrin receptors and the polypeptide.
Although we cannot assume that each arm (hinge-
RGD) of the polypeptide tetramer bound an integrin
receptor, given the cell data, steric hindrance between
neighbouring integrins on polyvalent binding to the
polypeptide does appear to have been adequately
addressed via the spacer (the IgG-like hinge).
Therefore, the polypeptide provides a template
whereby protein ligands could be cloned in place of
RGD to select binding to specific integrin subtypes.
This may be of use in the synthesis of novel cell
scaffolds. Such protein ligand substitutions could not
be envisaged to be incorporated into the synthetic
route for polymer-RGD combs (Maheshwari etal
2000; Koo etal 2002). Likewise, synthetic polymers
presenting isolated RGD and synergy site peptides
(Mardilovich & Kokkoli 2004) may have proven pro-
blematic because of the spatially conserved fibronectin
binding sites (Grant etal 1997; Altroff etal 2004). In
conclusion, we have designed a novel polypeptide that
will be of interest to the development of targeted gene
delivery vehicles and cell adhesive surfaces for tissue
engineering.
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