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Integrins are cell surface receptors involved in nu-
merous pathological processes such as metastasis inva-
sion and abnormal angiogenesis. To target these recep-
tors, the epidermal growth factor (EGF)-like domain of
human complement protease Clr was used as a natural
scaffold to design chimeric modules containing the RGD
motif. Here we report a high yield bacterial expression
system and its application to the production of two such
modules, EGF-RGD and V2, the latter variant mimicking
the RGD-containing domain of disintegrins. These mod-
ules were characterized chemically, and their biological
activity was investigated by cellular assays using vari-
ous Chinese hamster ovary cell lines expressing f, and
Bs integrins and by surface plasmon resonance spectros-
copy. Remarkably, the modifications leading to the V2
variant had differential effects on the interaction with
Bs and B, integrins. The disintegrin-like V2 module ex-
hibited enhanced binding affinities compared with
EGF-RGD, with K,, values of 7.2 nm for o;B, (a 4-fold
decrease) and 3.5 nm for « B (a 1.5-fold decrease), com-
parable with the values determined for natural integrin
ligands. Analysis by NMR spectroscopy also revealed a
differential dynamic behavior of the RGD motif in the
EGF-RGD and V2 variants, providing insights into the
structural basis of their relative binding efficiency.
These novel RGD-containing EGF modules open the way
to the design of improved variants with selective affin-
ity for particular integrins and their use as carriers for
other biologically active modules.

Targeting the appropriate cell type is a major challenge in
cancer and cell therapy. Integrins, a family of cell receptors for
plasma proteins, extracellular matrix proteins, and cell surface
ligands (1-3), are potential targets for this purpose, because
they are expressed by all cell types and are involved in many
physiological functions including cell adhesion, proliferation, or
differentiation, and pathological processes such as metastasis
invasion, abnormal angiogenesis and vascularization, or
thrombosis (4). In mammals, 18 « and eight 8 subunits assem-
ble into 24 different non-covalent B heterodimers that medi-
ate bidirectional signals through the cell membrane. In re-
sponse to cell activation, “inside-out” signals control the level of
binding affinity for the ligand. In turn, ligand binding induces
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rearrangements in integrin structure that trigger “outside-in”
signaling pathways (5). Extensive cross-talk also takes place
between integrin and growth factor receptor signaling path-
ways (6, 7), influencing most integrin functions.

The B, integrin subset, comprising the major fibronectin
receptor azB;, is the most widely expressed. The B3 subset
includes the fibrinogen receptor oy, B3, present on platelets and
megakaryocytes, and «, 3, originally described as the vitronec-
tin receptor, which also binds a variety of matrix proteins
including fibronectin and fibrinogen. Integrin o, 35 is expressed
on vascular cells during angiogenesis (8, 9) and is also present
in the adult on activated leukocytes, osteoclasts, and macro-
phages, where it participates in bone resorption and ingestion
of apoptotic cells. The expression of various integrins has been
shown to be deregulated in a number of cancer cells and inva-
sive tumors and is thought to participate in the malignancy
phenotypes (10—-14). Thus, a decreased expression of «azB3; ap-
pears to increase the degree of tumorigenicity. In contrast, the
level of «,B5 is correlated with the survival and metastatic
activity of tumor cells (10, 15) and has an important role in
angiogenesis in tumors (11). Integrins, particularly «,B5, are
therefore considered as appropriate targets for cancer therapy.
Intracellular drug or DNA delivery by integrin-targeted vectors
has been shown to use the endocytic pathway (16).

Many integrins, particularly az;B; and «,B3, recognize the
RGD motif as the critical determinant in their ligands (17). The
structural basis of this interaction has been documented re-
cently (18, 19) from the crystal structure of the extracellular
domain of «, 35 alone or in complex with an RGD ligand. Among
the natural ligands of integrins, disintegrins (20, 21), which are
snake venom polypeptides related to the multifunctional AD-
AMs protein family (22), are potent inhibitors of integrin func-
tion. They block platelet aggregation through interaction with
ar,B3 and also inhibit «,B; and asB; functions. Disintegrins
are cysteine-rich peptides of 48—84 amino acid residues, and
their activities are directly related to the presence of an RGD or
a related sequence in a large flexible loop (23, 24) and mimic
natural integrin ligands such as fibronectin, fibrinogen, or
vitronectin. Integrin-targeted molecules developed in the re-
cent years include antibodies, cyclic peptides, peptidomimetics,
viruses, and small molecules (25). With the aim to develop a
molecule able to interact with high affinity with integrins, we
chose to introduce the critical RGD sequence in a stable, struc-
turally compatible small protein scaffold. The EGF-like mod-

! The abbreviations used are: EGF, epidermal growth factor; CHO,
Chinese hamster ovary; HPLC, high pressure liquid chromatography;
PBS, phosphate-buffered saline; NOE, nuclear Overhauser effect; Trx,
thioredoxin; HSQC, 'H-detected heteronuclear single-quantum coher-
ence; NOESY, NOE spectroscopy; TOCSY, total correlation spectros-
copy; D-RGDW, the RGDW peptide with the D-isomer of arginine.

This paper is available on line at http://www.jbc.org

GTOZ ‘22 uote N uo 1senb Aq /B10-og [ mmmy/:dny woly pspeojumoq


http://www.jbc.org/

A Chimeric EGF Module with High Affinity for Integrins

ule of human complement protease Clr appeared as a good
candidate for this purpose, because it is stabilized by three
disulfide bridges and features a large, structurally independ-
ent, and mobile loop between its first two cysteine residues (26,
27). A further advantage of EGF-like modules is their natural
ability to associate with a variety of other module types, as seen
in many natural proteins (28, 29), which opens the possibility of
designing multimodular chimeric proteins.

In a previous study (30), we showed, using chemical synthe-
sis, that insertion of the GRGDSP motif of fibronectin into the
human Clr EGF module resulted in a chimeric molecule with
the ability to mediate attachment of CHO cells expressing the
B, class of integrins. In the present study we describe an
efficient bacterial expression system that allows high yield
production of chimeric EGF-like modules. This strategy was
applied to the production of two modules, including a new
variant designed to mimic the RGD-containing domain of dis-
integrins. Functional characterization of the recombinant mod-
ules by various methods including cell adhesion and surface
plasmon resonance analysis indicates preferential binding to
Bs integrins, whereas NMR spectroscopy provides insights into
the structural basis of their relative binding efficiency.

EXPERIMENTAL PROCEDURES
Cell Lines, Antibodies, Peptides, and Reagents

The cell lines CHO (ATCC number CCL-61), B;-CHO, and «;y,B5-
CHO (stably established by transfection with human megakaryocyte 4
and/or a;;, cDNA (31)) were cultured in Glutamax Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 7.5% (v/v) fetal calf serum, 1%
penicillin, and 1% streptomycin. The medium was supplemented
with 800 ug/ml of G418 (Invitrogen) when necessary. Peptides
D-RGDW and RGES were supplied by M.-H. Charon (Commissariat a
IEnergie Atomique, Grenoble, France). Polyclonal anti-a, antibodies
(AB1930) were from Chemicon International (Temecula, CA). Poly-
clonal anti-C1r antibodies recognizing native human Clr were raised in
rabbits (32). Integrins «,; from human placenta and «a;3, from human
smooth muscle and placenta tissue were purchased from Chemicon in
the octyl-B-D-glucopyranoside formulation. The purity and integrity of
each integrin sample were checked by SDS-PAGE analysis.

Preparation of the Trx Fusion Proteins

Cloning—The ¢cDNA sequence coding for the human Clr EGF mod-
ule was amplified by PCR using the complete Clr ¢cDNA (33) as a
template. A Ndel site and codons for the amino acid sequence IEGR
(factor Xa cleavage site) were introduced at the 5 end. The 3’ end
consisted of a stop codon and an EcoRI site. The PCR product was then
ligated to the Ndel and EcoRI sites of the pET 28b vector (Novagen,
Madison, WI). The codons for the GRGDSP amino acid sequence were
then introduced by the PCR overlap extension method (34, 35) to
produce the EGF-RGD and V2 modules (see Fig. 1). A Sacll restriction
site was introduced into the PCR primers to allow mutation screening.
The Ncol/Xhol fragments isolated from the pET28b recombinant plas-
mids were then introduced into the same sites of the linearized pET32a
vector (Novagen). The resulting vectors, pET32-C1r EGF, pET32-EGF-
RGD, and pET32-V2 predicted a protein containing the 109 amino acids
of thioredoxin A, a thrombin cleavage site, a first histidine tag, an
enterokinase cleavage site, a second histidine tag, and a factor Xa
cleavage site, followed by the EGF module sequence (Clr EGF, EGF-
RGD, or V2). The constructs were checked by double-stranded DNA
sequencing (Genome Express, Meylan, France).

Protein Expression and Isolation—Recombinant pET32 vectors were
introduced by transformation into Escherichia coli BL21trxB(DE3) (No-
vagen), and bacteria were cultured at 37 °C in a Luria-Bertani medium
to an Ay, of 0.4. Protein production was induced with 1 mM isopropyl-
1-thio-B-pD-galactopyranoside for 5 h at 37 °C. Bacteria were collected by
centrifugation, suspended in 1/25 culture volume of 20 mm Na,HPO,,
0.5 M NaCl, 50 mm imidazole, pH 7.4, containing an anti-protease
mixture (Roche Molecular Biochemicals), sonicated, and then centri-
fuged at 40,000 X g for 30 min at 4 °C. The clarified fraction was added
to a histidine-binding nickel-Sepharose Fast Flow resin (Amersham
Biosciences) packed in an Econo-Pack column (Bio-Rad). After exten-
sive washing with 50 mm imidazole, 20 mMm Na,HPO,, pH 7.4, elution
was achieved by 100-500 mM imidazole solutions in the same buffer.
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The eluted samples were pooled and dialyzed against 0.05% (v/v) trif-
luoroacetic acid and freeze-dried. For production of recombinant mod-
ules isotopically labeled with '°N, freshly transformed bacteria were
grown in an M9 minimal medium complemented with 1 g/liter **’NH,C],
4 g/liter glucose and supplemented with 0.1 mm MnCl,, 0.05 mM ZnCl,,
0.05 mM FeCl,, and a vitamin solution according to Jansson et al. (36).

Factor Xa Cleavage, Protein Purification, and Analytical Methods

The recombinant EGF modules were released from thioredoxin by
digestion of the fusion proteins (10 uM in 50 mM Tris-HCl, 100 mm NacCl,
5 mmMm CaCl,, pH 8.0) with factor Xa (1 units/50 ug) for 16 h at 25 °C. The
cleavage mixture was then analyzed and purified by reverse-phase
HPLC using an analytical (0.46 X 25 cm) or a semi-preparative (2.2 X
25 cm) Vydac C18 column as described previously (30). Fractions were
analyzed by electrospray mass spectrometry, and the purified material
was controlled by N-terminal sequence analysis (30). The chimeric EGF
modules were freeze-dried and stored at 4 °C until use. Protein concen-
trations were determined by absorbance measurement at 280 nm using
molar extinction coefficients of 18,260 M~ ' cm ™! for Trx module fusions
and of 4,200 M~ ! cm ! for the cleaved modules.

Adhesion Assays

Adhesion assays were performed in plastic microtitration plates
(Nunc, Inc.). Wells were coated overnight at 4 °C with the recombinant
protein modules (1-100 pg/ml in PBS) or fibronectin (BD Biosciences)
(25 pg/ml in PBS), and free binding sites were blocked with 3% bovine
serum albumin. Cells were harvested at 60—80% of confluence using
trypsin-EDTA (Invitrogen) and then allowed to attach for 1 h at 37 °C
using 5 X 10° cells in 100 ul of medium/well. Non-adherent cells were
removed by three washes in PBS, and the amount of attached cells was
determined using a cell quantification kit by adding 20 ul of MTS
reagent (Promega) to each well. After color development, plates were
read on a Dynatech reader at 490 nm. Assays were run in triplicate, and
nonspecific attachment to BSA alone (less than 5% of total adhesion)
was subtracted from all measurements. Control experiments done with
the Trx-Clr EGF or Clr EGF constructs showed no significant adhe-
sion. For inhibition experiments, competitors at various concentrations
were preincubated with the cells for 15 min at 4 °C before attachment.
For inhibition by the soluble V2 module, fibrinogen (Stago, Asnieres,
France) and fibronectin were used at concentrations yielding half-max-
imal adhesion, namely 5 and 16 ug/ml, respectively.

Staining of Actin Fibers

Glass slides were coated overnight at 4 °C with fibronectin (25 ug/ml)
or the EGF-RGD and V2 modules (100 pug/ml) and then coated with 3%
bovine serum albumin for 2 h at 37 °C. Harvested cells were suspended
in Dulbecco’s modified Eagle’s medium with serum and then plated onto
the coated slides for 2 h at 37 °C. After the incubation period, cells were
fixed for 10 min in PBS containing 3% paraformaldehyde and 2%
saccharose and then permeabilized for 20 min in PBS containing 1%
Triton X-100 (w/v). After three washes in PBS, actin staining was
performed using rhodamine-labeled phalloidin (Sigma). All incubations
were performed at room temperature. Stained cells were observed un-
der a laser confocal fluorescence microscope (Leica). Polylysine (70
ng/ml) was used as a negative control for stress fiber formation.

Surface Plasmon Resonance Spectroscopy and Data Evaluation

Surface plasmon resonance measurements were performed using a
BIAcore 3000 instrument (BIAcore AB, Uppsala, Sweden). The running
buffer for protein immobilization was 145 mm NaCl, 5 mm EDTA, 10 mm
HEPES, pH 7.4. The recombinant EGF-RGD and V2 modules were
diluted to 200—400 pg/ml in 10 mM sodium acetate, pH 4.0, and immo-
bilized onto the carboxymethylated dextran surface of a CM5 sensor
chip (BIAcore AB) using the amine coupling chemistry (BIAcore AB
amine coupling kit). Binding of the purified «,8; and a5, integrins was
measured over 2,500 resonance units of immobilized EGF-RGD and
1,400 resonance units of immobilized V2 at a flow rate of 20 ul/min in
the running buffer (150 mm NaCl, 25 mMm Tris-HCI, pH 7.4, 0.1 mMm
CaCl,,1 mm MgCl,, 10 mMm octyl-B-D-glucopyranoside). This buffer was
identical to that of the purchased integrins, including divalent cations
and detergent, to avoid sample modification. Regeneration of the sur-
faces was achieved by injection of 10 ul of a 10 mm solution of the
D-RGDW peptide. The specific binding signal shown was obtained by
subtracting the background signal, routinely obtained by injection of
the protein sample over an activated-deactivated surface. Immobilized
bovine serum albumin or the unmodified C1r EGF module (30) showed
no integrin binding. The data were analyzed by global fitting to a 1:1
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Langmuir binding model of both the association and dissociation phases
for several concentrations simultaneously, using the BIAevaluation 3.2
software (BIAcore AB). The apparent equilibrium dissociation con-
stants (K,) were calculated from the ratio of the dissociation and
association rate constants (k./k,,). The data presented for both «, B
and a5, correspond to a representative series of binding studies per-
formed on the same sensor chip. In each case, similar results were
reproduced from at least three independent experiments, using differ-
ent integrin batches and different sensor chips.

Polyacrylamide Gel Electrophoresis and Immunoblotting

SDS-PAGE analysis was performed as described by Laemmli (37).
Western blot analysis and immunochemical detection of the recombi-
nant proteins were carried out as described by Rossi et al. (38). Chemi-
luminescence revelation was performed using the ECL kit (Amersham
Biosciences) and an anti-rabbit IgG coupled to horseradish peroxidase.

NMR Spectroscopy

The EGF-RGD and V2 modules were dissolved at a final concentra-
tion of ~1 mM in 50 mM sodium phosphate, pH 6.7, containing 10% D,0.
All NMR experiments were acquired on Varian INOVA 400 and 800
spectrometers. For the assignment of the amide proton and nitrogen
chemical shifts, ®N-edited HSQC and three-dimensional NOESY-
HSQC experiments, as well as two-dimensional, **N-decoupled TOCSY
and NOESY experiments were acquired at 800 MHz. TOCSY and
NOESY mixing times were 70 and 150 ms, respectively. All chemical
shifts were referenced with respect to 2,2-dimethyl-2-silapentane-5-
sulfonate sodium salt using the '"H/**N frequency ratio of the zero point
of 0.101329118 according to Markley et al. (39). Relaxation measure-
ments were performed at 400 Mhz. The '°N heteronuclear R, and R,
relaxation rates and the {*H}-'°N NOE were measured using standard
pulse sequences (40). Two-dimensional *H-'°N correlation spectra were
acquired with 1024 (*H) and 100 (**N) complex points and 16 (R, and
R,,) or 64 scans ({"H}-"N NOE) per ¢, increment. The relaxation-caused
magnetization delay was sampled at nine different time points for R,
(0.014, 0.072, 0.131, 0.189, 0.248, 0.306, 0.393, 0.466, and 0.598 s) and
seven time points for R,, (0.008, 0.04, 0.072, 0.104, 0.136, 0.168, and
0.2 s). The first time point was repeated at the end to check for sample
and measurement stability and to evaluate experimental errors. For
the steady-state {'H}-'>N NOE measurements, two spectra were ac-
quired with and without proton saturation in an interleaved manner.
The recycle delays were set to 1 s (R, and R,,) and 5 s ({"H}-'"°N NOE).
Data processing and peak picking were performed using the FELIX
2000 software (Accelrys Inc.). The ’N R, and R, relaxation rates were
determined from peak intensities rather than from peak volumes, using
a non-linear least-squares fit to a two-parameter single exponential
function I(¢) = I(0)exp(Rt), where I(t) is the peak intensity after a
relaxation delay of time ¢, and I(0) is the initial peak intensity. Uncer-
tainties in the resulting R, and R,, values were estimated by Monte-
Carlo simulations with 1000 random Gaussian noise iterations, taking
into account the experimental noise from the spectra. The transverse
relaxation rate constants R, were calculated from R,, rate constants
using the relation, R,, = cos*(O)R, + sin*(9)R,, where 6 = tan™"(2wAv/
ynB1), and Av is the frequency difference between the '°N carrier and
the frequency of the observed nitrogen. The steady-state heteronuclear
NOE were determined from the ratio of the peak intensities measured
in experiments acquired with and without proton saturation.

Interaction between Integrins and Nickel-Sepharose-Trx Modules

Cells were lysed on the culture plate for 1 h at 4 °C in PBS containing
1 mMm CaCl,, 1 mm MgCl,, 1% Triton X-100, and an anti-protease
mixture (Roche Molecular Biochemicals). The cell extract was clarified
by centrifugation at 13,000 X g for 15 min at 4 °C. Proteins were
quantified using a micro BCA assay (Pierce). Fractions of the cell
extract, containing 1 mg of total proteins, were incubated for 2.5 h at
room temperature with an equal volume of a nickel-Sepharose-Trx
module resin prepared by mixing 1 mg of Trx module fusion protein
with 400 ul of chelating Sepharose. After extensive washes using PBS
containing 1 mMm CaCl,, 1 mm MgCl,, and 0.05% (w/v) Tween 20, bound
proteins were recovered by elution with 1 ml of PBS containing 10 mm
EDTA and 50 mMm NaCl. Following trichloroacetic acid precipitation,
samples were analyzed by SDS-PAGE under non-reducing conditions
and Western blotting using anti-«, antibodies and chemiluminescence
detection.

RESULTS

Engineering, Production, and Biochemical Characterization
of Recombinant EGF-RGD Modules—Our previous data based
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Fic. 1. Design of the chimeric EGF-RGD modules. A, schematic
representation of the chimeric EGF-RGD module highlighting the in-
serted GRGDSP motif and the Cys!-Cys®, Cys2-Cys?, Cys®-Cys® disul-
fide bridge pattern characteristic of EGF-like modules. B, schematic
diagram of the Trx-EGF-RGD constructs and homology between the V2
variant and the RGD-containing loop of disintegrins. Note that, for the
sake of clarity (especially for NMR experiments; see Fig. 8), the num-
bering is identical for both modules, except for residues 8 and 9, which
are not present in the V2 sequence.

on a synthetic EGF-RGD module (30) led us to develop a
recombinant strategy to overproduce the original module and a
variant designed to mimic the structure of disintegrins (Fig.
1A). Based on the alignment of the RGD-containing loop of the
EGF-RGD module with the consensus sequence of the corre-
sponding region of disintegrins (Fig. 1B), a variant termed V2
was designed by shortening the loop to the same length as in
disintegrins. To produce soluble and well folded recombinant
proteins we chose the pET 32/E. coli BL21 Trx B (DE3) system,
which uses thioredoxin (TrxA) as a gene fusion partner. As
shown in Fig. 1B, a factor Xa cleavage site was introduced
between the fusion protein and the EGF module. As illustrated
in the case of Trx-EGF-RGD, both fusion proteins were over-
produced after induction with isopropyl-1-thio-B-p-galactopyr-
anoside (Fig. 2A). Purification was carried out from clarified
lysates obtained after sonication of the cell pellets. The Trx-
EGF-RGD and Trx-V2 fusion proteins bound to nickel-Sepha-
rose columns and were subsequently eluted using 200-300 mMm
imidazole (Fig. 2B). Western blotting realized on the different
fractions using polyclonal anti-C1r antibodies revealed a major
band of around 30 kDa in both cases (Fig. 2C), consistent with
the calculated values (25,508.2 Da for Trx-EGF-RGD and
25,264.9 Da for Trx-V2). Two bands of about 66 and 94 kDa
were observed in each case, likely corresponding to dimeric and
trimeric forms of the recombinant proteins.

Cleavage with factor Xa efficiently released the recombinant
EGF modules from thioredoxin. The isolated modules were
then purified to homogeneity by reverse-phase HPLC (Fig. 2D),
and their disulfide bridges were checked by peptide mapping as
described previously (30), establishing a Cys!-Cys3, Cys2-Cys?,
Cys®-Cys® pattern characteristic of EGF-like modules (28).
Analysis by electrospray mass spectrometry confirmed the
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Fic. 2. Expression and purification of the recombinant modules. A, SDS-PAGE analysis of the fusion protein Trx-EGF-RGD expressed
in E. coli BL21 Trx B (DE3). Positions of molecular mass markers (expressed in Da) are shown. Analyses of total bacterial extracts before induction
(lane 1) and after induction with 1 mm isopropyl-1-thio-B-D-galactopyranoside for 5 h (lane 2). B, induced cultures were submitted to sonication,
and the soluble recombinant protein was purified onto a nickel-Sepharose column and analyzed by SDS-PAGE. Positions of molecular mass
markers are shown. Lane 1, unbound proteins. Lanes 2-6, material eluted with 50, 100, 200, 300, and 500 mM imidazole. All samples in A and B
were analyzed under non-reducing conditions on 12.5% polyacrylamide gels and stained with Coomassie Blue. C, pooled 200 and 300 mm imidazole
fractions were analyzed by Western blot using polyclonal anti-Clr antibodies, and detection was performed with anti-rabbit IgG coupled to
horseradish peroxidase. Positions of molecular mass markers are indicated. D, reverse-phase HPLC analysis of the reaction mixture after factor
Xa cleavage. The arrow shows the position of the expected EGF-RGD peptide. The inset shows analysis of the purified peptide. Analyses were
performed on a Vydac C18 column, at a flow rate of 1 ml/min, using increasing gradients of Solvent B (0.09% acetonitrile in 0.1% trifluoroacetic
acid) in Solvent A (0.1% trifluoroacetic acid). The analyses shown are for the EGF-RGD module. Similar results were obtained for the V2 variant

and the unmodified C1lr EGF module.

identity and homogeneity of the recombinant EGF-RGD and
V2 modules, yielding reconstructed molecular masses of
5,627.35 = 0.53 and 5,384.59 * 0.53 Da, respectively, consist-
ent with the calculated values (5,628.0 and 5,384.8 Da, respec-
tively). The yields obtained were routinely 50—-70 mg per liter
of culture for the Trx fusion proteins, resulting in 2—-4 mg of the
HPLC-purified isolated modules.

EGF-RGD Modules Promote Cell Adhesion of CHO Cell Lines
Expressing B; and B Integrins—To evaluate the ability of the
chimeric EGF modules to promote integrin-mediated cell adhe-
sion, we used a panel of related CHO cell lines expressing
different integrins. Wild-type CHO cells express a;B; as a
major integrin and do not express B3 or 3, integrins; B5-CHO
cells produce a hybrid (hamster/human) «./B; heterodimer;
arpBs-CHO (31, 41, 42) express endogenous a;f3;, weakly the
hybrid (hamster/human) «,/B5, and predominantly the human

arpBs integrins. Preliminary experiments indicated that the
Trx fusion proteins and the isolated chimeric EGF modules
supported cell adhesion in a similar manner, indicating that
thioredoxin did not alter the adhesion properties of the EGF
modules. Adhesion assays were performed on plates coated
with the isolated modules and indicated that both Bj-trans-
fected cell lines had the ability to bind to the chimeric modules,
whether in the presence or absence of serum. In contrast,
whereas wild-type CHO cells bound to fibronectin in the ab-
sence of serum, their adhesion to the EGF-RGD and V2 mod-
ules was strictly dependent on the presence of serum. Subse-
quent comparative adhesion assays were therefore performed
using a serum-supplemented medium. As shown in Fig. 3A,
wild-type CHO cells and the Bs-transfected CHO cell lines
bound specifically to the coated chimeric modules in a dose-de-
pendent manner. The EGF-RGD module induced only weak
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Fic. 3. Comparative adhesion of different cell lines to the
EGF-RGD and V2 modules. Wild-type (wt) CHO cells, B;-CHO cells,
and a;,B5-CHO cells were allowed to attach to fibronectin, the EGF-
RGD, and V2 modules for 1 h at 37 °C. The amount of adherent cells
was determined as described under “Experimental Procedures.” Non-
specific adhesion on bovine serum albumin was subtracted. A, adhesion
of wild-type CHO (white lines), B;-CHO (gray lines), and a;,8;-CHO
cells (black lines) were measured on EGF-RGD (H) or V2 (e) immobi-
lized at different concentrations. The data shown represent the mean
value + S.D. of triplicate experiments. B, adhesion was performed at a
saturating concentration of the chimeric modules (100 ug/ml) and com-
pared with fibronectin. Results are expressed relative to the adhesion
achieved on fibronectin for each cell line. The data shown represent the
mean value = S.D. of three independent experiments.

binding of wild-type CHO cells, whereas adhesion of B5-CHO
and aqp,B3-CHO cells reached much higher levels. The V2 var-
iant yielded a similar pattern but with higher adhesion values
for the three cell lines. Further experiments were conducted at
a saturating concentration (100 wg/ml) of modules, and binding
was compared with fibronectin (Fig. 3B). Similar results were
obtained under these conditions, with adhesion values on V2
reaching about 80% relative to fibronectin in the case of ;-
CHO and ayy,B3-CHO cells. Cell adhesion was totally inhibited
by a 20 uM concentration of a RGDW peptide and insensitive to
a RGES peptide. In addition, the unmodified C1lr EGF module
showed no significant cell binding activity, indicating that the
observed cell adhesion was strictly RGD-dependent. It was
concluded from these data that (i) V2 is a better ligand than
EGF-RGD, especially in the case of wild-type CHO cells, which
only express B; integrins; (ii) adhesion involves both 8; and B5
integrins, the latter being clearly responsible for the enhanced
adhesion achieved with B3-CHO and ayy,B5-CHO cells; (iii) as
arpBs-CHO cells predominantly express oy, 85 and only weakly
a,B3, adhesion by these cells likely involves mainly the former
of these integrins. Further support for this hypothesis came
from the inhibitory effect of peptide D-RGDW, known to block
arpBs preferentially to «,B5 (43), which was three-four times
more efficient in inhibiting adhesion of oy, 85-CHO cells than of
B3-CHO cells to the EGF-RGD and V2 modules (Table I).
Stress Fiber Formation on CHO Cell Lines Plated on Recom-
binant EGF-RGD Modules—We next tested the ability of the
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TaBLE 1
Inhibition by D-RGDW of cell adhesion to the EGF-RGD and
V2 modules

Cells were preincubated for 15 min at 4 °C with D-RGDW peptide at
various concentration and then allowed to attach for 1 h at 37 °C onto
microwells coated with Trx-EGF-RGD or Trx-V2. Adhesion was meas-
ured as described under “Experimental Procedures.” IC;, was deter-
mined as the concentration of D-RGDW yielding 50% of the maximum
inhibition.

1Csg
Trx-EGF-RGD Trx-V2
pglml
ar,B;sCHO 5.2 6.7
B;CHO 13.8 25

EGF-RGD and V2 modules to induce cellular signaling, as
assessed by the visualization of actin stress fibers by immuno-
staining and confocal microscopy. Wild-type and B;-transfected
CHO cells plated on fibronectin all showed characteristic cell
spreading and organization of actin stress fibers (Fig. 4, A, D,
and G). When bound to the chimeric modules, wild-type CHO
cells adopted a less spreading morphology, and their actin
filaments did not form organized stress fibers (Fig. 4, B and C).
In contrast, ay;,B3-CHO cells and B5-CHO cells attached to
EGF-RGD or V2 both displayed a typical spreading morphology
along with a characteristic network of parallel actin fibers (Fig.
4, E, F, H, and I), similar to the morphology observed on
fibronectin. These results provided evidence for the ability of
the chimeric modules to support both cell adhesion and spread-
ing. Based on the differential behavior of Bs-transfected cells
compared with wild-type cells, it was likely that cellular sig-
naling involved B; integrins as major receptors.

Inhibitory Effect of the V2 Module on Cell Adhesion—To
further investigate its functional properties, the chimeric V2
module was used as a soluble competitor for cell adhesion to
natural ligands. As described under “Experimental Proce-
dures,” these experiments were performed in serum-free me-
dium to avoid inhibition by serum matrix proteins. The differ-
ent CHO cell lines used in this study express a;f3;, the major
receptor for fibronectin, which also binds to fibrinogen, «, B4,
specific to fibronectin, «,B5, which recognizes a variety of li-
gands including fibronectin and fibrinogen, and oyy,B5, which
in its resting state binds to surface-coated fibrinogen. Parallel
inhibition assays were conducted using fibronectin and fibrin-
ogen as ligands. Control experiments showed that the unmod-
ified C1r EGF module had no effect on cell adhesion to fibronec-
tin and fibrinogen (Fig. 5). When cells were plated on
fibronectin, inhibition by V2 reached a maximal level of about
20% (Fig. 5A). On fibrinogen (Fig. 5B) V2 had a dose-dependent
and more pronounced inhibitory effect, reaching at 2 um con-
centration maximum inhibition levels of 60% for B5-CHO and
wild-type CHO cells and of 40% for «y,B3-CHO cells. These
results demonstrated the ability of the recombinant V2 module
to prevent interaction of integrins with their natural ligands.
The weak inhibition observed on fibronectin and the strong
inhibition observed on fibrinogen provided further support for
a major involvement of B5 integrins, compared with B; inte-
grins, in the recognition of the V2 module. This conclusion was
also consistent with the observed differential behavior of wild-
type CHO cells which, in both systems, were less sensitive to
V2 concentration than B5-CHO and ayy,85-CHO cells (Fig. 5, A
and B). Similar experiments were performed using EGF-RGD,
yielding comparable inhibition patterns, although with much
lower inhibitory effects, reaching maximal values of 13% in the
case of fibronectin and 21% in the case of fibrinogen (data not
shown).

Surface Plasmon Resonance Analysis of the Interaction be-
tween Purified Integrins and the Chimeric EGF Modules—
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Fic. 4. Visualization of stress fibers in different CHO cell lines
bound to fibronectin, the EGF-RGD, and V2 modules. Wild-type
(wt) CHO cells (A-C), B5-CHO cells (D-F), and «a;,B5-CHO cells (G-I)
were allowed to attach for 2 h at 37 °C on glass slides coated with
fibronectin (FN; A, D, and G), EGF-RGD (B, E, and H), or the V2 variant
(C, F, and I). Actin stress fibers were decorated with rhodamine-conju-
gated phalloidin. The bar represents 8 um.

Detailed information on the binding properties of the EGF-
RGD and V2 modules was obtained by surface plasmon
resonance spectroscopy, using the modules as immobilized li-
gands and purified «, 85 and a3, integrins as soluble analytes,
as described under “Experimental Procedures.” Initial experi-
ments showed that the integrins did not bind to an unrelated
protein (bovine serum albumin) or to the native Clr EGF
module. As illustrated in Fig. 6, a;B; and «,B3 both readily
bound to the immobilized EGF-RGD and V2 modules in the
presence of MgCl, and CaCl,. No binding was observed in the
presence of 1 mm EDTA (data not shown). Each integrin
showed comparable association and dissociation curves on both
modules, with a much faster dissociation phase for a3, (Fig. 6,
A and B) than for o, (Fig. 6, C and D). The kinetic parameters
of the interactions were determined by recording sensograms
at different integrin concentrations. The association (k,,) and
dissociation (k. rate constants, and the resulting apparent
equilibrium constant K, are shown in Table II. a;B; exhibited
higher %, values for both modules whereas, conversely, «, ;5
showed lower k. values. For both integrins, V2 was found to be
a better ligand than EFG-RGD, because of decreased % values
and, in the case of a5, to an increased %, value. The resulting
K, range from 31.5 nm for the interaction between a;B; and
EGF-RGD to 3.5 nM for the interaction between o5 and V2.
As discussed below, these values are comparable with those
determined for the binding of these integrins to their natural
ligands.

a, Integrin from a CHO Cell Lysate Binds to a Nickel-Sepha-
rose-Trx-V2 Column—We next tested whether integrins from a
total ap,B3-CHO cell lysate, containing «, oy, and aj inte-
grins, were able to interact with the Trx-V2 fusion protein
non-covalently coupled on a nickel-Sepharose resin. The fusion
protein was first incubated with the nickel-Sepharose resin and
then the resin was suspended in a crude a;y,B5-CHO cell lysate
for 2.5 h at room temperature. After extensive washes, bound
proteins were eluted with EDTA and analyzed by SDS-PAGE
and Western blotting using polyclonal anti-«, antibodies. As
shown in Fig. 7, «, was specifically detected in the sample
eluted from the Trx-V2 resin (Fig. 7, lane 9) but not from a
control sample eluted from a Trx-Clr EGF resin (Fig. 7, lane 8).
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Fic. 5. Inhibition by the V2 module of cell adhesion to matrix
proteins. Cells were preincubated with the soluble V2 module at the
indicated concentrations for 15 min at 4 °C and then allowed to attach,
in the absence of serum, to fibronectin (A) or fibrinogen (B). Cell adhe-
sion was quantified using the colorimetric assay described under “Ex-
perimental Procedures.” Results are expressed relative to the maximal
adhesion value measured in the absence of competitor. Each data point
represents the mean = S.D. from three independent experiments. [],
wild-type CHO cells; A, B;-CHO cells. X, a;y,8;-CHO cells; <, control
experiments obtained with B;-CHO cells incubated with the unmodified
Clr EGF module. Similar control curves were obtained for wild-type
CHO cells and oy, 35-CHO cells.

The nickel-Sepharose resin alone showed no binding (Fig. 7,
lane 7). Similar experiments designed to detect specifically the
as or oqq, integrins were both unsuccessful (data not shown).
These data provided direct evidence of the ability of the «, 5
integrin expressed by the oy, B3-CHO cells to associate with the
V2 module in such a way that allows formation of a stable
complex on the nickel-Sepharose resin. Such a stability is likely
rendered possible by the low dissociation rate constant of the
interaction, as observed by surface plasmon resonance analysis
(Fig. 6).

Comparative Analysis by NMR of the EGF-RGD and V2
Modules—NMR spectroscopy was used to obtain detailed struc-
tural and dynamic information on the two modules. Assign-
ment of the 'H and 5N frequencies of the backbone amides was
performed using two-dimensional TOCSY and NOESY, as well
as a three-dimensional NOESY-HSQC experiments. For both
modules, assignment could be obtained for all residues except
Gly?® and a stretch from Pro'® to Cys'®. Comparison of the 'H
frequencies of EGF-RGD and V2 with those of the native Clr
EGF module (27) revealed significant similarity in the C-ter-
minal part and indicated that the loop between the first two
cysteines was also disordered in the RGD-containing modules.
Further structural analysis of the EGF-RGD and V2 modules
based on a detailed comparison of their NOE patterns in the
three-dimensional NOESY-HSQC experiments showed no sig-
nificant variation in peak intensity or cross-peak pattern. It
was concluded therefore that the overall EGF module fold was
maintained in both modules, the loop harboring the RGD se-
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FiG. 6. Surface plasmon resonance analysis of the binding of « ; and a5, to the EGF-RGD and V2 modules. The chimeric modules
were immobilized onto the carboxymethylated dextran surface of a CM5 sensorchip using the amine coupling chemistry. Binding of the purified
integrins was measured simultaneously to immobilized EGF-RGD or V2 or to an activated-deactivated surface in the running buffer (150 mm NaCl,
25 mM Tris-HCI, pH 7.4, 0.1 mMm CaCl,,1 mMm MgCl,, 10 mM octyl-B-D-glucopyranoside) at a flow rate of 20 ul/min using a BIACORE 3000 apparatus.
Association and dissociation curves are shown for different «, 35 or a;f3, integrin concentrations. The specific binding signal shown was obtained
by subtracting the background signal (obtained by injection of the protein sample over a activated-deactivated surface). A, interaction between asf3;
and EGF-RGD. B, interaction between a5, and V2. C, interaction between «,8; and EGF-RGD. D, interaction between «,8; and V2.

TaBLE II
Kinetic and dissociation constants for the interaction of o3, and a,Bs with the immobilized EGF-RGD and V2 modules
The association (%,,) and dissociation (K ) rate constants were determined by global fitting of the data using a 1:1 Langmuir binding model
(BIAevaluation 3). The dissociation constants K, were determined from the % q/k,, ratio.

Ligand asPy ayBs
kon kose Kp Ko Ko Kp
w st st nm uls™1 st nm
EGF-RGD 0.8 x 10° 2.56 X 1072 31.5 2.2 X 10° 1.1x 1073 5.1
V2 1.5 X 108 1.09 X 102 7.2 1.7 X 10° 0.6 X 1072 3.5
Unbound  Washes Elutions 15N relaxation rates (R, Ry) and the {*H}-'°N NOE, which are
1 2 3 4 5 6 7 8 0 dependent on the mobility of the ®N-1H vectors in the pico- to
S At nanosecond time scale. In addition, the R, relaxation rate can
L also include a contribution from a local chemical or conforma-
& oy tional exchange. Relaxation rates could be determined for 38 of
94 000-- e the 43 assigned residues in the case of EGF-RGD and for 34 of
ey - the 41 assigned residues for V2. This confirmed that both
66 000-- modules comprise a relatively flexible N-terminal part, char-
e Sl : 1) 15 .
i : acterized by low {"H}-"°N NOE values (Fig. 84) and low R,
45 000~ 1

T

Fic. 7. The a, integrin subunit from a a,;,8;-CHO cell lysate binds
to a nickel-Sepharose-Trx-V2 resin. Samples eluted from a free nickel-
Sepharose resin (lanes 1, 4, and 7), a nickel-Sepharose-Trx-C1lr EGF resin
(lanes 2,5, and 8), or a nickel-Sepharose-Trx-V2 resin (lanes 3, 6, and 9) were
separated on a 7.5% polyacrylamide SDS-PAGE under non-reducing condi-
tions and then analyzed by Western blotting using polyclonal antibodies
directed against the «, integrin subunit. Unbound fractions (lanes 1-3),
washes (lanes 4-6), and EDTA/NaCl elution fractions (lanes 7-9) are shown
for the three resin types. Positions of molecular mass markers are shown.
The «, integrin subunit (apparent molecular mass 150,000 Da) is detected in
the unbound material from the free nickel-Sepharose (lane I) and nickel-
Sepharose-Trx-C1r EGF resins (lane 2), as well as in the fraction eluted from
the nickel-Sepharose-Trx-V2 resin (lane 9).

quence being flexible in both cases.
NMR spectroscopy also offers the possibility to characterize
protein dynamics at the residue level by measuring different

and/or R, relaxation rates (Fig. 8B) and a more rigid C-termi-
nal part, in keeping with our previous analysis of the native
Clr EGF module (27). Detailed comparative analysis of these
data for the two modules revealed very similar values for the
R, rate constants and the {'H}-'N NOE values, which both
sample internal motion at the pico- to nanosecond time scale.
In contrast, significant differences in the R, rate constants can
be observed, notably at the level of the RGD motif (Fig. 8B),
which shows significantly higher values in V2 than in EGF-
RGD. It was not possible to precisely measure the overall
rotational correlation time of each module, a prerequisite for a
detailed motional analysis based on the model-free approach
proposed by Lipari and Szabo (44). Thus, although our data
clearly suggest that the different affinities of the modules for
integrins are related to a differential motional behavior, it
cannot be concluded whether this difference arises from a slow
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Fic. 8. Comparative N relaxation data for EGF-RGD and V2.
Heteronuclear NOE values (A) and '°N relaxation rates (B) of R,
(squares) and R, (circles) as a function of protein sequence are shown.
Open symbols and dotted line, EGF-RGD module; filled symbols and
continuous line, V2 module. Error bars in B indicate the uncertainties
estimated from a Monte-Carlo analysis. The location of the RGD se-
quence is indicated. Note that residues 8 and 9 are not present in the V2
sequence, the numbering being otherwise identical for both modules for
the sake of clarity (see Fig. 1).

conformational reorientation of the RGD motif in V2 or a
higher mobility in EGF-RGD.

DISCUSSION

The present study describes an efficient method for the pro-
duction in a bacterial expression system of engineered EGF-like
modules containing an RGD sequence and their use as high
affinity ligands for cell surface integrins. The system used is
based on expression of Trx fusion proteins and allows production
of recombinant EGF-like modules in a soluble form, at a high
yield and with a conformation that retains the natural folding of
the human Clr EGF module used as a protein scaffold, namely
the Cys!-Cys®, Cys%-Cys*, Cys®-Cys® disulfide bridge pattern
characteristic of EGF-like modules. Based on the analogy with
the RGD-containing domain of snake disintegrins, our original
EGF-RGD module was modified by decreasing the length of the

19841

RGD-containing loop and thereby changing the position of the
RGD motif within the loop, leading to the V2 variant.

The EGF-RGD and V2 modules have been characterized
functionally using various methods aimed at measuring their
ability to promote cell adhesion, to inhibit cell adhesion to
natural ligands, to induce signal transduction, and to associate
with particular integrins using a resin binding assay and direct
analysis by surface plasmon resonance spectroscopy. Based on
these different assays, it may be concluded that the EGF-RGD
and V2 modules both exhibit preferential binding to B5 inte-
grins, compared with B, integrins. This conclusion is based on
the following observations. (i) When coated on a surface both
modules yielded high adhesion levels in the case of B3-CHO
cells (expressing «,B3) and aqp,B3-CHO cells (predominantly
expressing app,Bs). In contrast, significantly lower adhesion
levels were observed in the case of wild-type CHO cells (only
expressing 3; integrins), and adhesion in this case was strictly
dependent on the presence of serum, suggesting the require-
ment of one or more additional factors from serum, possibly
endogenous plasmatic ligands or growth factors. (il) As re-
vealed by visualization of actin stress fibers, cell adhesion led
to intracellular signaling for both B5-CHO and oy, B5-CHO cells
but not for wild-type CHO cells. (iii) In competition assays, the
soluble V2 module strongly inhibited cell adhesion to fibrino-
gen (the major ligand of «,B5 and «qp,B;3) and only poorly
inhibited cell adhesion to fibronectin (the major ligand of a58,).
In addition, for both ligands, wild-type CHO cells were signif-
icantly less sensitive to V2 concentration than Bs-transfected
cells (see Fig. 5). (iv) As shown by direct surface plasmon
resonance analysis using purified integrins, the EGF-RGD and
V2 modules exhibit significantly higher affinities for 85 than
for asB,, essentially because of a lower dissociation rate con-
stant. In this respect, however, it should be emphasized that
the affinity of the V2 variant for purified azB; (K, = 7.2 nm) is
not strikingly lower than that for « B85 (K, = 3.5 nMm). Despite
this similarity, V2 efficiently triggers intracellular signaling in
Bs-transfected cell lines and has no detectable effect on wild-
type CHO cells (see Fig. 4), consistent with the fact that, unlike
Bs integrins, signaling by 8; integrins not only involves binding
to an RGD motif but also requires recognition of a synergy
sequence, such as the Pro-His-Ser-Arg-Asn motif present on
fibronectin (45).

Another conclusion that can be drawn from our data is that
the modification converting EGF-RGD into V2 has more impact
on aB3; than on B; integrins. Thus, analysis by surface plas-
mon resonance spectroscopy clearly indicates that this modifi-
cation results in a 4-fold decrease in Kj for as;B3;, compared
with only 1.5 in the case of «,B5. This 4-fold K, decrease is
indeed very close to the increase in adhesion observed for
wild-type CHO cells (Fig. 3B), providing strong support for the
hypothesis that, in the case of Bs-transfected cells as well, the
observed increased adhesion on V2 may be due, for a large part,
to the better affinity of this module for «;B; integrins.

Other observations appear consistent with the hypothesis
that, in their soluble form, the recombinant modules recognize
a,B; preferentially to oy, Bs. Thus, binding assays using the
Trx-V2 construct attached to a nickel-Sepharose resin resulted
in the specific capture of the «, subunit from a a;p,8;-CHO cell
lysate and showed no evidence for binding of the aqp, or a5
subunits. This is in agreement with the fact that ayy,85-CHO
cells express the a5 integrin in a resting state with only low
affinity for soluble ligands, including fibrinogen (46, 47). Fur-
ther support for this hypothesis arises from the observation
that, in competition experiments, compared with B3-CHO cells,
adhesion of ap,B3-CHO cells to fibrinogen was slightly but
consistently less sensitive to inhibition by the soluble V2 mod-
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ule (see Fig. 5B), again suggesting a better affinity of this
module for «,B5 in this cellular model. Further experiments,
such as surface plasmon resonance analysis of the interaction
between the chimeric EGF modules and a purified oy, frac-
tion, will be necessary to reach a more definitive conclusion on
this question.

Direct analysis of the interaction between the immobilized
EGF-RGD and V2 modules and the purified o,8; and a58;
integrins used as soluble analytes yielded K, values ranging
from 3.5 to 31.5 nm. These values are comparable with those
determined by the same method for the interaction of integrins
with their natural ligands such as between «, 85 and osteopondin
(Kp = 0.43 nm) (48), a,B3 and the P1 fragment of laminin
(Kp = 450 nM) (49), or op,B5 and fibrinogen (K = 20-70 nm)
(50). For comparison, the affinity determined for the binding of
the Fab-9 antibody to the a5 integrin was also in the nano-
molar range (51). Likewise, although no data based on surface
plasmon resonance analysis are currently available for the inter-
action between integrins and disintegrins, the affinities esti-
mated by Scatchard analysis are in the nanomolar range (52). In
contrast, integrins were found to bind to cyclic RGD peptides
with affinities in the micromolar range or higher (53). The disin-
tegrin-like V2 module exhibited enhanced binding affinities com-
pared with the original EGF-RGD module, especially in the case
of a5B3;. Remarkably, the modifications leading to the V2 variant
had differential effects on the interaction with o,8; and 58,
with a decreased kg value in both cases and an increased &,
value in the latter case only. This observation implies that it
should be feasible, by introducing further modifications within
the RGD-containing loop of the EGF module, to design variants
with improved affinity for a particular integrin and decreased
affinities for others.

In this respect, NMR analysis of the EGF-RGD and V2
variants provided clear evidence that, in both cases, modifica-
tions in the RGD-containing loop had no impact on the C-
terminal part of the EGF module, which, as judged from all
measurements, retained a structured B-sheet fold comparable
with that described for the unmodified C1lr EGF module (27).
This observation opens the way to a large variety of changes
within the loop, in terms of both length and amino acid content.
Interestingly, NMR analysis revealed a differential dynamic
behavior of the RGD motif in the EGF-RGD and V2 modules,
suggesting that their different reactivity with integrins arises
either from a slow conformational reorientation of the RGD
motif in V2 or a higher mobility in EGF-RGD. Interestingly,
NMR relaxation studies performed on the tenth type III do-
main of fibronectin indicate that the RGD sequence is subject
to very rapid local motions (54-56). In contrast, in the third
type III domain of tenascin-C, the RGD motif is presented on a
rigid tight turn (55). Taken together, these data suggest that
the intrinsic mobility of the RGD motif within an integrin
ligand may affect either positively or negatively its reactivity,
depending on the target integrin.

Altogether, the results presented in this study establish that
chimeric RGD-containing EGF modules interact with high af-
finity with integrins and show a functional preference for o35,
which is involved in numerous pathological processes such as
tumor vascularization, cancer metastasis, or bone resorption.
As detailed above, it seems quite feasible to design improved
variants with selective binding properties for particular inte-
grins. In addition, the observation that the integrin binding
ability of these modules is retained in Trx fusion proteins
validates the possibility of incorporating them into multimodu-
lar proteins to use them as carriers for other biologically active
modules. We believe that these chimeric modules represent
valuable tools for cell targeting, without the limitations en-
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countered with other carrier systems such as peptides, phages,
and viruses (16, 25, 57, 58).
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